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Abstract 

Robotic surgery is a rapidly advancing field which has been improving outcomes from surgical 

procedures for over 20 years. Within the discipline of orthopaedics, several robotic systems exist 

which have been used commercially for elective surgery. There is, however, no commercially 

available robotic system for fracture surgery. This thesis will detail several facets of work relating to 

robotic fracture surgery.  

Clinical studies were carried out to define operating parameters for a fracture reduction robot, to 

facilitate more precise and appropriate design and construction. These involved measurements of 

forces required to reduce extracapsular hip fractures with a traction table and in open reduction of 

lower limb fractures. 

Thereafter laboratory studies were carried out to test the usability and performance of the robot in 

a cadaveric model. The robot was able to reduce the fracture fragments to within clinically 

acceptable positions in 7 of 9 cadavers tested. 

Interviews with patients on robotics and with regards to the RAFS system showed a lack of previous 

knowledge, but with hesitations and concerns in the patients alleviated with a demonstration of the 

system. The patients were optimistic regarding the technology and showed a higher than expected 

willingness to participate in potential research. Interviews with surgeons revealed that many 

expressed concerns regarding the capability and utility of the device in its current form, but 

expressed interest in the development of the system and were optimistic about the potential 

benefits it would confer in the future. 

Finally a study of three interfaces for manipulation of a 3D fracture model in a virtual environment 

demonstrated a superiority of the Xbox and Leap Motion controllers over the mouse and keyboard 

with regards to time to reduction and reduction accuracy. There was no significant difference 

between the Xbox and Leap Motion controllers on these parameters. 
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DT Drilling Template 

ED Emergency Department 
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EC Extracapsular 

FFC Fresh Frozen Cadavers 

GS Gripper System 

GT Grounded Theory 

GPU Graphical Processing Unit 

HEA Health Economics Analysis 

HRA Health Research Authority 

IAF Intra-articular Fracture 

ICD International Classification of Diseases 

IIS Interview and Interface Study 

IRAS Integrated Research Application System 

IT Information technology 

LCL Lateral collateral ligament 

LED Light-emitting Diode 

LNT Linear no-threshold (model) 

MAE Maximum Absolute Error 

MASH Mobile Advanced Surgical Hospital 

MBARS Mini bone attached robotic system 

MBP MacBook Pro 

MCL Medial collateral ligament 

MIS Minimally Invasive Surgery 

Mins Minutes 
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mm Millimetre 

MRU Musculoskeletal Research Unit 

N Newtons 

NHS National Health Service 

NIS Nationwide Inpatient Sample 

N Newtons 

Nm Newton metres 

NIHR National Institute for Health Research 

NOF Neck of Femur 

NRES National Research Ethics Service 

OOPR Out of Programme for Research 

ORIF Open reduction and internal fixation 

OT Optical Tracker 

PCL Posterior cruciate ligament 

PMMA Polymethylmethacrylate 

PMR Parallel Manipulator Robot 

PPI Patient Perspective Initiative 

PROFHER Proximal Fracture of the Humerus: Evaluation by Randomisation (PROFHER) 

PROMs Patient Reported Outcome Measures 

PUMA Programmable Universal Manipulation Arm 

QALY Quality Life Adjusted Years 

R&D Research and Development 
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RAS Robotic Assisted Surgery 

RAFS Robotic Assisted Fracture Surgery 

RCT Randomised Controlled Trial 

REC Research Ethics Committee 

RFM (E-E) Robotic Fracture Manipulator (End-Effector) 

RMS Root mean square 

RIO Robotic Arm Interactive Orthopaedic System 

RUH Royal United Hospital 

SD Standard Deviation 

Secs Seconds 

ST Specialty Training 

TA Thematic Analysis 

TAM Technology Acceptance Model 

THA Total Hip Arthroplasty 

TKA Total Knee Arthroplasty 

TSF Taylor Spatial Frame 

UGP Unique Geometry Pin 

UHBT University Hospitals Bristol NHS Foundation Trust 

UHMWPE Ultra high molecular weight polyethylene 

UK United Kingdom 

UKA Unicompartmental Knee Arthroplasty 

UoB University of Bristol 
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USB Universal Serial Bus 

USA United States of America 

UTAUT Unified theory of acceptance and use of technology 

UWE University of the West of England 

VR Virtual Reality 

WHO World Health Organisation 
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Foreword 

“If I had asked people what they wanted, they would have said faster horses” 

The above quote is often attributed to Henry Ford1. The statement stands as a commentary on 

innovation in technology and alludes to a discrepancy between what consumers’ prize as desirable, 

and what may actually be in their best interests. Whilst it might be concluded that Ford was implying 

that the consumer was wrong to want faster horses, conversely, it may also be argued that the need 

for a quicker method of personal travel would not have been established without the question being 

posed. 

A fracture is a break or disruption in the normal continuity of bone, following an imposed load which 

exceeds the mechanical limits of its structure2. Fractures of joints, otherwise known as intra-articular 

fractures (IAF), and fractures of the hip each pose specific problems for treating clinicians. These 

problems will be discussed in detail in the following chapters. There is much room for improving 

outcomes in both cases. This thesis is an account of exploratory work that provides the foundation 

for an innovative technology, that may one day be implemented in fracture surgery, to bring about 

these improved outcomes. 

Therefore, as part of to the development and implementation of technology to improve outcomes, it 

is important to determine the requirements, expectations and general views of the end users and 

recipients of the technology, not only to guide refinements, but also to educate consumers and to 

facilitate implementation by end users. In the case of surgery, it is necessary to determine the views 

of both surgeons and patients, as they are likely to have differing, but equally important 

perspectives. 

This thesis describes the work carried out to realise and test a robotic device capable of reducing a 

fracture, and the views of groups of people who would ultimately be end-users of the technology, be 

it in the capacity of patient or operator. It is set out in chapters, each of which describe some aspect 

of the work carried out, with a concluding chapter discussing the relevance of the work in the wider 

literature. 
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Chapter 1 – Introduction and Review 
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1 Why use robots in fracture surgery? 

Two conditions may exist for any new technology to succeed and be implemented in a wide-spread 

manner; 

1) The problem or deficiency is a significant one in terms of an economic or similarly 

quantifiable value 

2) The solution (proposed new technology) addresses the problem in a more efficient manner 

than its predecessors 

The history of civilisation contains many examples of the use of mechanical means to carry out tasks 

which would otherwise have been carried out by humans. Often, in each case the machines could 

carry out the tasks more quickly with lower overall cost, and invariably with less human effort, 

bringing about an improvement in the quality of life3. 

This literature review will discuss in detail the use of robots in surgery. It is important however, to 

first establish the reasons behind the motivation for the use of robots in the treatment of fractures 

of bones so that research questions and hypotheses can be defined. 

There are two categories of fracture which are referred to in this thesis. Fractures which extend into 

joints, known as intra-articular (inside the joint) fractures, and fractures of the hip. Both will be 

described in more detail in the following section. 

Broadly speaking, the management of fractures involves reduction followed by stabilisation. 

Reduction is the movement of the fracture fragment or fragments into the anatomically correct 

position, or the position they were in prior to the fracture occurring4. This reduction can be carried 

out without opening the skin (closed) or with an incision through the skin to allow access to the 

fracture fragments (open). Percutaneous reduction is a method whereby the fracture fragments are 

manipulated through very small (<5 millimetre) incisions without direct visualisation of the fracture2. 

Stabilisation of the fracture allows healing to occur and can be done either with plaster or internal 

fixation with metallic implants. 

With regards to intra-articular fractures, misalignment of the fracture fragments can alter the 

mechanics of the joint surface thereby potentially leading to post-traumatic osteoarthritis (PTOA)5,6. 

There is evidence that more accurate realignment of the articular surface whilst minimising the soft 

tissue insult can reduce the risk of PTOA5–8. Robotic surgery may be able to provide a solution for 

these fractures by carrying accurate fracture reductions in a less invasive manner9,10. 
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Hip fractures mostly occur in medically frail individuals with weak, osteoporotic bone11. These 

patients require surgical intervention which is expedient12 and with minimal complication so as to 

improve functional outcome and reduce morbidity and mortality13–18. In other cohorts, robotic 

surgery has been shown to decrease complications and reduce recovery times in general and 

gynaecological surgery19–21, therefore it may be possible that the same benefits could be conferred 

to patients with hip fractures. 

This thesis provides an account of work carried out in the investigation of robotic methods which 

may bring about such improvements in the aforementioned fractures. 
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4. The scale of the problem: fractured neck of femur 

The terms “fractured neck of femur” or “hip fracture” are commonly used plain English terms to 

describe fractures which not only occur in the anatomical neck of femur but also fractures of the 

proximal femur occurring at the level of trochanters  and up to 5 cm below the level of the lesser 

trochanter22. 

 

Figure 1 - Posterior view of the right pelvis and hip23 

 

Figure 2 - Anterior view of the right pelvis and hip23 
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In addition, it is important to determine the relation of the fracture to the capsule of the hip joint. 

Figure 1 and  illustrate these anatomical structures. The capsule is a condensation of three 

ligaments; the pubofemoral, ischiofemoral and iliofemoral. These three ligaments encase the 

majority of the femoral neck and form a distinct closed compartment24,25. Those fractures occurring 

above the insertion of the capsule are known as intracapsular (occurring inside the capsule), and 

those outside of this area as extracapsular (occurring outside the capsule). Figure 3 illustrates the 

patterns of intracapsular and extracapsular fractures and their sub-categories of classification. 

 

Figure 3 - Diagram showing a radiograph of normal right hip demonstrating the patterns of fracture 
with their colour coded sub-categories labelled on the left 

The blood supply to the femoral head is often compromised by intracapsular fractures and 

frequently, despite fixation, these fractures can subsequently develop non-union or avascular 

necrosis26,27. In displaced fractures, these rates can be as high as 33% for non-union and 16% for 

avascular necrosis13,28. The prevalent contemporary practice is therefore to undertake internal 

fixation for extracapsular fractures and undisplaced intracapsular fractures and to perform 

hemiarthroplasty or total hip arthroplasty in displaced fractures29,30. 

Hip fractures occur infrequently in younger individuals, with approximately 2% occurring in patients 

under the age of 50, and when they do, they are normally as a result high energy trauma. They are 

far more common after the 6th decade of life in a population where low-energy falls with underlying 

osteoporotic bone increase the likelihood of fracture31. Osteoporosis is a systemic disease which is 

characterised by a deterioration of bone micro-architecture resulting in low bone mass32. The World 
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Health Organisation (WHO) has defined osteoporosis as reduction in bone mineral density (BMD) to 

-2.5 standard deviations from the mean in a population of young adult women. This score is known 

as the T-score and BMD is generally measured by Dual Energy X-ray Absorptiometry (DEXA) 

scanning32,33. In a north American study of over 200,000 postmenopausal women, osteoporosis was 

associate with a fracture rate approximately 4 times that of normal BMD34. 

 

Figure 4 - Plain radiographs of an intracapsular fracture of the right neck of femur (A) and 
extracapsular fracture of the right neck of femur (B). The contralateral hips in both images can be 

used for comparison whereby they represent the “unfractured” appearances 



 
 

31 
 

In England, Wales and Northern Ireland, the National Hip Fracture Database (NHFD), a national 

clinical audit project which is designed to facilitate improvements in the quality and cost 

effectiveness of hip fracture care11, reported a total of 65,645 hip fractures in 201635. Contribution to 

the NHFD is a requirement for any trust wishing to benefit from the Best Practice Tariff (BPT), a 

financial incentive by the department of health for the effective management of hip fractures36, with 

177 eligible hospitals contributing to the data35. 

 

Figure 5 - Age-standardised annual incidence of hip fractures in women37 
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The mean age for patients sustaining a hip fracture is over 80 with almost two-fifths of them 

occurring in women29–31,38. For this older cohort morbidity is particularly high39, and some reports in 

the literature quote a 3-month mortality of 10% and a 1-year mortality of 30%40. There is a large 

global variation in hip fractures incidences, and the UK has a relatively high incidence of 350 per 

100,000 (age standardised)37, as illustrated by Figure 5.  Furthermore, the incidence is expected to 

grow with the ageing population and it is predicted that from the current level of 1.8 million annually 

this will more than triple within the next 30 years40–42. 

Osteoporotic hip fractures carry a high societal and economic cost. Several studies over the last 20 

years have estimated the costs to healthcare services43–50. Two separate studies have recently 

conducted economic investigations for hip fractures in the UK analysing data from an inpatient 

admission record database (Hospital Episode Statistics (HES))46,47. Whilst estimates for costs in both 

studies are similar, the study by Leal47 had a larger cohort of patients (33, 152 vs. 8208) and was 

more representative of the typical UK hip fracture population51 with regards to age and co-

morbidities. They found that the mean 1- and 2-year hospital costs were £14,163 and £16,302. Total 

current UK annual hospital costs were estimated at £1.1 billion and, with an expected growth in 

incidence of 32%52, to rise to £1.4 billion by 202547. In the US, a similar study48 on direct first-year 

healthcare costs of hip fractures arrived at a figure equivalent to £10,405 ($15,196), although the 

cohort studied was smaller and excluded those who were uninsured or covered by Medicaid. With a 

wider scope, Johnell et al. estimated that given a cost of £14,400 ($21,000) per patient, the global 

cost of hip fractures will be £90 billion ($131 billion) in the year 205045. 

Morbidity as a result of hip fractures can be more difficult to assess and quantify. A quality-adjusted 

life year (QALY) is a measure of disease burden and which takes into account the quantity and 

quality of life lived with that condition53. The basis of the score is that one QALY equates to one year 

in perfect health, and if health is less than this, a score of between 0 and 1 is determined to reflect 

this (0 corresponds to being dead). Another measure is the health state utility value (HSUV), which is 

derived from  

A recent multinational observational study, The International Costs and Utilities Related to 

Osteoporotic fractures Study (ICUROS), investigated the costs and quality of life consequences of 

osteoporotic fractures. The found that across their sample of 11 countries the mean QALY loss 4 

months after hip fracture ranged from 0.12 to 0.21 QALYs, which represents a significant reduction 

from the mean pre-fracture QALY of 0.7754,55. 
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5. The Scale of the problem: Intra-articular fractures 

Osteoarthritis (OA) is a disease affecting joints as a result of degeneration of the cartilage and or 

underlying bone56. It is the most common joint disorder, affecting up to 18% of those over the age of 

4557–59. Most OA is primary with no precipitating cause56, however approximately 12% of hip, knee 

and ankle OA can be attributed to a previous traumatic event60, otherwise known as post-traumatic 

osteoarthritis (PTOA). 

When only fractures are considered (in contrast to isolated soft-tissue injuries), the rate of PTOA is 

much higher61. Fractures of the tibial plateau and acetabulum carry a particularly high risk, with 

approximately one quarter of cases developing PTOA7,62–64. The distal tibial articular surface, known 

as the tibial plafond, carries an even higher risk with more than half of these patients developing 

PTOA65,66. 

Brown et al. carried out a study to identify the disease burden of PTOA by extrapolating from data 

on patients presenting to their adult surgical reconstruction unit with hip, knee and ankle OA60. They 

found that approximately 12% of the prevalence of symptomatic OA in the population presenting to 

their clinic is attributable to PTOA of the hip, knee or ankle. Following on from this, they concluded a 

top-down estimation for the economic impact of PTOA by using data for the costs of arthritis as a 

whole, published by the Arthritis Foundation of the USA. The current figure stands at $156 billion 

(£107billion) annually in lost wages and medical expenses67. Given a proportion of 12%, at the time 

of their extrapolation from a USA national cost of $124 billion, they arrived at a figure of $3.06 

billion dollars annually for PTOA alone60, although this makes a number of generalisations, such as 

the demographics of their sample representing that of the whole of the USA, and that the cost of 

medical care is also uniform across the country.  

It is therefore evident that PTOA has a significant impact on patients and the economy. Robotic 

surgery for intra-articular fractures may be able to reduce this impact by improving on the current 

methods of treatment. 
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Figure 6 - Graphic illustrating the cost of arthritis treatment for osteoarthritis, rheumatoid arthritis 
(RA) and PTOA60 
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6. Robotics in surgery 

The term robot was first coined in 1920 by Czech writer Karel Čapek to refer to the artificial humans 

created by a factory in his play R.U.R. (Rossum’s Universal Robots)68. It is derived from the Slavic 

word robota, which means “forced labour, compulsory service”69. In current use, robot can refer to 

any mechanical, electro-mechanical or even virtual artificial agent which can carry out commands, 

autonomously or semi-autonomously70. Robotics is the term used to describe the branch of 

engineering which deals with the design, construction, operation, and application of robots71.  

In general, robotics is a technology which has been used to emulate or offload work otherwise 

carried out by humans, often conferring benefits such as a higher degree of efficiency, accuracy or 

reliability71. Such potential advantages are what have led to adoption of robotics in surgery9,72. 

The earliest report of robotics in surgery dates back to 1986 when a robot designed for use in 

industry was utilised to place a needle for a neurosurgical biopsy73. In this particular case, the high 

precision and absence of tremor (when compared with a human counterpart) made it ideal for the 

task.  

Following on from this, surgical robotics have been slowly adopted into many surgical disciplines, 

and despite their widespread use in general surgery and gynaecology, adoption in orthopaedic 

specialties has been limited21. At the time of writing, the most comprehensive audit of robotic 

surgery has been by Anderson and colleagues at the University of California who conducted a 

retrospective interrogation of the US Nationwide Inpatient Sample (USNIS) database for ICD-9 

procedure codes. The International Classification of Diseases (ICD) is the international standard 

diagnostic tool for epidemiology, health management and clinical purposes and is maintained by the 

WHO74. Although conducting their work review in 2012, they sampled the time period between 

October 2008 and December 2009, as it was the only available dataset period containing robotic 

procedure codes. A summary of their findings with the top 5 procedures, and the only included code 

for orthopaedic procedures (81.54), is listed in Table 1 below. 

In addition to its outdated sampling, there are limitations with the study of Anderson et al.; not all 

hospitals are included in the NIS database (only 20% are, with 8 states not represented at all), and 

not all robotic procedures are coded as such. Nevertheless, it can be inferred that whilst the 

generality of surgical robotics has seen significant growth in recent years, the proportion of 

orthopaedic surgeries has occurred to the same level75. In particular, although there are 

commercially available robots for knee and hip arthroplasty76,77, there remains to this day none for 

fracture surgery. 
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Table 1 - Robotic surgical procedures adapted from Anderson et. al21 

ICD-9 Code Procedure Frequency % 

60.5 Radical prostatectomy 12,207 48.62 

68.41 Laparoscopic total abdominal hysterectomy 2,713 10.81 

68.51 Laparoscopically assisted vaginal hysterectomy 1,703 6.78 

55.4 Partial nephrectomy 852 3.39 

60.69 Prostatectomy (other) 714 2.84 

55.87 Correction of uretero-pelvic junction 517 2.06 

81.54 Total knee arthroplasty (TKA) 117 0.47 

 

Fracture surgery presents different challenges when compared to other types of surgery such as 

arthroplasty. Although there are broad patterns by which fractures tend to commonly occur, each 

one is unique in its geometry and therefore its precise reduction manoeuvre cannot be reliably 

predicted from available imaging. It has been a challenge for research groups to design robotic 

systems to carry out such surgery. A large proportion of the literature on robotic fracture surgery 

which will be discussed in the next section concerns the reduction of the fracture, and very little 

work to date has been carried out on fracture fixation. 

This summary will focus on four main branches of surgical robotics; 

1) Non-orthopaedic surgery 

2) Arthroplasty 

3) Computer navigation systems in orthopaedics 

4) Fracture surgery 

There has been far more development in non-orthopaedic specialties as the capabilities of current 

robotic technologies lend themselves more easily to particular types of procedure such as 

laparoscopic surgery. Arthroplasty is surgical joint replacement and is amongst the most common 

elective operations carried out worldwide today. Robotics in arthroplasty has been applied 

commercially and its use is slowly increasing with improving capability78, its application and 

acceptability is likely to be significant to adoption of robotic fracture surgery. 

One area which is considered an extension of medical robotics are surgical navigation systems. 

These systems often work passively providing the surgeon with intra-operative information and 



 
 

37 
 

feedback. Used primarily in arthroplasty, they work in conjunction with robotic tools to facilitate the 

accuracy of the system. 

Developments in these four areas have made possible the technology with which to produce future 

robotic instruments for fracture surgery, and are the basis for many of the techniques described in 

this thesis. 
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7. Robotics in non-orthopaedic Surgery 

The first implementation of a robot in the field of medicine was the Programmable Universal 

Manipulation Arm (PUMA) in stereotactic neurosurgery73. A simple design, the PUMA was a flexible 

robotic arm with six degrees of freedom that could carry out pre-programmed trajectories with high 

accuracy. Stereotactic surgery refers to a technique by which targets inside the body are located 

using a 3-Dimensional (3D) co-ordinate system, thereby allowing a surgical intervention such as a 

biopsy, ablation or injection to be performed. The key requirement of stereotactic surgery, 

recognised following its preliminary use in 1905 at Queen’s Square Hospital in London when placing 

electrodes in animal cerebella79, is the need for absolute accuracy. The PUMA robot was not only 

able to carry out stereotactic brain biopsies, but more significantly, it was able to carry these out 

with a high degree of accuracy (to within 2 millimetres) and without any resting physical tremor that 

would be present in a human surgeon73. Its use continues to this day and the modern version the 

neuromate (Renishaw, Gloucestershire UK) shown in Figure 7, has carried out tens of thousands of 

surgeries worldwide with an operating accuracy of approximately 0.6mm when used with 2mm 

Computer Tomography (CT) slices80.  

 

Figure 7 - The neuromate® stereotactic robot81 
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Enhanced operating accuracy is not the only benefit that robotics is able to confer to surgery. 

Although all applications of robotic assisted surgery (RAS) share a basic tenet, where tasks previously 

performed by a human are carried out by machines, there are a variety of principles by which they 

carry out their tasks, each having unique strengths and weaknesses72. 

Not all parts of the body are easily accessible to a human surgeon, and in this regard robots can 

assist in carrying out procedures with minimal exposure, or through very small incisions. This 

advantage was realised for carrying out prostatectomies by Davies and Timoney at the Centre for 

Robotics and Automated Systems of Imperial College, London. They developed a robot capable of 

carrying out the resection required for trans-urethral prostatectomy, with an accuracy and efficiency 

higher than is possible by human surgeons. A 3D model of the prostate is constructed following 

landmark orientation with a trans-urethral ultrasound scan (USS). The surgeon then defines the area 

of excision from this model and the robot carries out the resection with a mean duration of 10 

minutes82. This is compared to human resection which usually takes 40-60 minutes83. Importantly, 

however, the surgeon supervises all cutting and the robot itself has several safety features built in to 

prevent inadvertent resection of healthy structures82,84. 

 

 

Figure 8 - The da Vinci® Robotic system with the master console on the left of the picture 
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Augmenting the human hand is a principle tenet in surgical robotics. The most prominent example of 

this is the da Vinci® system (Intuitive Surgical Inc., California, USA) which is used widely in general 

surgical specialties which employ laparoscopic minimally invasive surgery (MIS), and to a lesser 

extent in gynaecological and cardiothoracic surgery21. The surgeon controls robotic arms from a 

console that may be located anywhere with sufficient network bandwidth and low latency. The 

console contains two handles and two foot pedals to allow manipulation of the robotic arms. 

The visual display is binocular, allowing easier 3D co-ordination for the surgeon. The handles of the 

master console provide haptic (vibration) feedback to the surgeon, and enhances the surgeon’s 

abilities by eliminating hand tremor and motion scaling, a technique by which large movements of 

the surgeons hands are reduced to much smaller, finer movements of the instruments. Furthermore, 

the robotic arms and instruments have 90 degree articulations and are capable of a larger arc of 

movement within each of the six-degrees of freedom (up/down, left/right, backwards/forwards) 

when compared with traditional instruments laparoscopic surgery85,86. Intuitive Surgical also claim a 

further degree of movement (articulating elbow rotation) with their portfolio of EndoWrist®87 

instruments bringing the effective total degrees of freedom to 788. The layout and functioning of the 

console is described in further detail in section 13. 

The da Vinci® system was initially a concept developed for the United States of America military as 

part of an initiative to allow surgical expertise to be deployed quickly to the battlefront without the 

need for the surgeon to be present in the zone of conflict. It was funded by the Defense Advanced 

Research Projects Agency (DARPA) and the preliminary model was based on an armoured vehicle 

which would contain robotic arms capable of undertaking various surgical procedures and was 

capable of telemanipulation from inside a Mobile Advanced Surgical Hospital (MASH) based at a safe 

distance up to several kilometres away from the front-line. Following a successful demonstration of 

bowel surgery, the technology was advanced further by the private sector for a company which 

would later become known as Intuitive Surgical72,89.  

Although Intuitive Surgical is now the fore-runner with regards to telesurgery, during much of its 

development it was in competition with another American company, Computer Motion, based at 

the time in Santa Barbara72. In the early 1990s, Computer Motion was arguably the leading producer 

of medical robotics, developing two notable systems; the Automated Endoscopic System for Optimal 

Positioning (AESOP) and ZEUS. The AESOP was a laparoscopic camera holder which enabled a more 

stable view and importantly, allowed for laparoscopic procedures to be carried out without the use 

of an assistant90,91. The ZEUS system became commercially available in 1998, and instigated the 

rivalry between Intuitive Surgical and Computer Motion. The ZEUS was a telemanipulated robot 
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which had three arms attached to a surgical table. Its preliminary success came about in cardiac 

surgery, and in particular anastomoses of coronary artery bypass grafts92. 

Designed with the concept of telesurgery in mind, this remains arguably the chief contribution of 

ZEUS to modern robotic systems. Operations are frequently carried out with the surgeon or 

“operator” in another room from the patient, and often in another building entirely. Network 

latency is the main hurdle in the maximum potential distance between the operator and robot, and 

in the infancy of the technology, the time delay between transmission of images and the reciprocal 

transmission of the operators input was thought to be too great. However, with greater investment 

in telecommunications infrastructure at the start of the century, and in particular with fibre-optic 

high speed networks, latencies were reduced to such a degree that a French team were able to carry 

out a laparoscopic cholecystectomy (gall bladder removal) using the ZEUS system on a patient 

located in Strasbourg (France) whilst the surgeon was in New York (USA)93,94. This equated to a round 

trip distance of 14,000 km with a mean network latency of 150ms. For reference the same team 

defined a maximum acceptable mean latency of 330ms following initial testing with tele-

manipulation95. Whilst cholecystectomy is a common and routine procedure, and indeed 

transatlantic expertise is not required in many cases96, the technology has important implications for 

use in more complex surgeries such as colectomy, gastrectomy and nephrectomy where specialist 

knowledge and experience is often required97. The similarities of the da Vinci® and ZEUS systems 

brought about direct competition, and following several lawsuits, Computer Motion and Intuitive 

Surgical merged into one company to bring about an end to the long-term patent disputes. The new 

company continued under the name Intuitive Surgical and the ZEUS robot was phased out in favour 

of the da Vinci® system72,98. 

Considering the future applications of such technology, is entirely feasible that more remote or rural 

areas could benefit from the provision of surgical expertise. Although the purchase of the robot 

would require a large initial outlay, the ability to perform specialist procedures locally rather than 

asking patients to travel to central locations or the surgeon and the necessary supporting team to 

travel to the patient.  

The Lancet Commission on Global Surgery has published a report titled “Global Surgery 2030”99. 

They found a gross disparity with approximately 5 billion people lacking access to safe and 

affordable surgical and anaesthetic care. Furthermore, they calculated that by 2030 the annual GDP 

loss as a result of surgical conditions would be $1.4 trillion annually, reducing economic growth in 

these regions by as much as 2% (Figure 9). 
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Figure 9 - Annual and cumulative GDP lost in low-income and middle-income countries from five 
categories of surgical conditions (injury, neoplasm, neonatal, maternal, digestive) - 2010 US$, 

purchasing power parity99 

With increasing application in emergent surgery such as appendicectomy, the benefits conferred by 

telesurgery are becoming more tangible in the age of centralised provision of healthcare. Fractures 

resulting from trauma are also an endemic problem in the developing world, and therefore access to 

remote expertise in the form of mobile robotic surgical units may be a solution to some of these 

problems. 
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8. Robotics in arthroplasty 

Arthroplasty refers to the surgery of joints (the articulations between bones), be it repair, 

replacement, or re-alignment. It is carried out for a variety of reasons, but by far the most common 

indication reported by joint registries is osteoarthritis100,101. The basic principles of arthroplasty are 

to restore range of motion and/or decrease pain from the affected joint. Almost any joint can be 

amenable to arthroplasty, but hip and knee arthroplasty are by far the most numerous operations 

performed due in part to their susceptibility to osteoarthritis, and their natural anatomy which lends 

to more straightforward emulation with prostheses102–105. The National Joint Registry (NJR) for 

England, Wales, Northern Ireland and the Isle of Man collects information on joint replacement 

surgery and monitors the performance of joint replacement implants. It was set up in 2003 by the 

Department of Health and Welsh Government, Northern Ireland joined in 2013 and the Isle of Man 

in July 2015100. 

Total hip arthroplasty (THA) provides a significant improvement in quality of life, and is amongst the 

most cost-effective surgical procedures available amongst all surgical specialties106. Although 

pioneers of hip replacement began their work in the early part of the 20th century107, no fully 

reproducible and reliable method of replacement came about until the work of Sir John Charnley in 

the 1960s108. His design was termed the low-frictional torque arthroplasty and amongst its primary 

features was the introduction of polymethyl methacrylate (PMMA) to fix the femoral stem and the 

acetabular cup. The articulating surfaces were of a small (22mm) metal head with an ultra high 

molecular weight polyethylene (UHMWPE) acetabular cup, resulting in low wear, a problem that had 

plagued previous designs for THA. His design was so successful that it virtually replaced all others 

and is the basis for the modern THA. 

Charnley had an implant survival of well over 90% at 10 year follow up108 (Figure 10), however, in 

search of a solution to implant loosening associated with cement fixation (implant loosening was 

later discovered to be largely attributable to wear particles from UHMWPE109), the cementless 

prosthesis was devised, which works on the principle of early press-fit and later biological fixation. 

The stem is usually coated with hydroxyapatite (an inorganic constituent of bone) and encourages 

bone ingrowth to augment the initial “press-fit” fixation obtained at the time of surgery110. In theory 

this is an interface which is constantly remodelling and therefore is more resistant to loosening 

when compared with cemented fixation111. 
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Figure 10 - Charnley's long term results following THA108 

 

However, data to support the use of cementless prostheses is lacking, with the theoretical 

advantage of longer survivorship has yet to be reflected in joint registries100,112,113. Therefore their 

use continues to divide orthopaedics, and the debate, whilst outside the scope of this literature 

review, is an important consideration114. Nevertheless, if a cementless prosthesis is chosen for 

implantation, one of the most important technical aspects of the procedure is the preparation of the 

femoral canal (the hollow inside of the femur). The standard technique is to enlarge the canal to 

accommodate the prosthesis by impacting the softer cancellous bone with an instrument known as a 

broach. This is a method prone to variation, however, and gaps can occur between the prosthesis 

and bone which cause poor ingrowth as a result of micromotion115,116.  

With this problem in mind, a solution was proposed whereby a robot carries out the canal 

preparation with higher accuracy and reproducibility to avoid gaps at the interface. The first 

orthopaedic robot, and the only one with FDA approval, the ROBODOC (Curexo Technology, 

Fremont, California, USA) uses a high speed reaming system to create the pre-determined femoral 

canal cavity76. The femur is pre-operatively CT scanned with reference markers in place (2 pins 

inserted into the femur under local anaesthetic), usually the day prior to surgery, and this data is 

uploaded on the ORTHODOC planning software which calculates the milling requirements with the 

chosen prosthesis. At the time of the index procedure, the femur is usually exposed through a 

standard posterolateral approach although the lower femur is secured with a positioning clamp 

which is not required if a robot is used. 
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Figure 11 - The ROBODOC system117 

 

A femoral neck osteotomy is performed and the ROBODOCs probes are then guided into contact 

with the locator pins which were inserted pre-operatively. The ROBODOC, after calculation of 

landmarks prepares the femoral canal with its cutting head, a method with sub-millimetre 

accuracy118. Once complete, the femoral prosthesis is inserted119. Whilst the ROBODOC has been 

shown to improve implant positioning and lead to less variance in leg length discrepancy120,121, this 

may not necessarily be a determinant of functional outcome following THA122. In addition, critics cite 

increased operative time, hospital stay and morbidity as a result of pin placement78 and increased 

radiation exposure from the CT scan. Indeed following a report on 97 THAs carried out at a German 

centre, the high incidence of technical complications (approximately 10%) in their group has led to 

concern in Europe and hence it is not in regular use there123.  

Although there is no way to directly estimate the risk of cancer from radiation exposure, studies 

have indirectly estimated risks by drawing on incidence of cancer from high dose exposure events 

such as that of the Japanese atomic bombings124 and extrapolating from their epidemiological data. 

With this method, it is estimated that number of 60 year old patients undergoing a CT scan of the 

hip that would lead to the development of 1 radiation induced cancer would be approximately 
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10,000124. Known as the linear no-threshold (LNT) model, this method of approximating risk is not 

without its’ flaws and has come under heavy scrutiny for overestimating probabilities and actual 

incidence125. Nevertheless, when faced with this information, the risks must be considered in context 

as the potential benefits of robotic surgery for femoral preparation have not yet been shown to 

produce a significant improvement. 

According to the NJR, there were a total of 108,713 primary total knee arthroplasty procedures 

performed in 2016, a number greater than that of primary THA (101,651)126. For Robotic-assisted 

knee arthroplasty, there are two commercially available systems; the Robotic Arm Interactive 

Orthopedic System (RIO) (Stryker Corporation, Kalamazoo, Michigan, USA) and the Acrobot system 

(Stanmore Implants Worldwide, London, United Kingdom) pioneered by Imperial College10. The two 

systems do share some common themes in design. In both cases, a pre-operative CT scan is used to 

build a 3-D model of the knee and cutting trajectories are calculated which are carried out following 

intra-operative registration of landmarks. This protocol would appear to be similar to that which is 

employed by the ROBODOC, however, the crucial difference is that the ROBODOC is an example of 

an autonomous robot, whereas the RIO and Acrobot belong to a sub-group known as active 

constraint robots. Rather than the robot carrying out the cuts following positioning, the surgeon is 

guided by the robot through haptic feedback. This ensures that whilst the surgeon has the freedom 

to guide the bone burr, the robot will not allow deviation of more than 0.5mm of the burr outside of 

the pre-determined “cutting zone” (Figure 12 – green area) and will resist the surgeon’s movement 

by stiffening and provide audio-visual feedback should this happen. The RIO and Acrobot are 

designed for unicondylar (partial) knee arthroplasty (UKA) though a minimally invasive approach, 

and have both shown improved implant positioning when compared to conventional surgical 

methods127–129. In a prospective randomised controlled trial, Cobb et al. compared conventional to 

robotic assisted UKA and found that in the robotic group all of the UKAs had tibiofemoral alignment 

within 2o of the planned position, while only 40% of the conventional group achieved this level of 

accuracy130. In a study on pairs of fresh-frozen cadavers, Citak et al. from the Hospital for Special 

Surgery (New York, USA) performed conventional UKA on one knee of the cadaveric specimen and 

robotic assisted UKA on the contralateral side131. Postoperative CT scans were obtained to 

determine accuracy. In the robotic group, surgical Root Mean Squared (RMS) errors were within 1.9 

mm and 3.7o in all directions of the planned implant position whereas in the conventional group 

these were 5.7 mm and 19.2o. Several other independent groups have obtained similarly positive 

results in favour of increased accuracy with robotic UKA132–134. 
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Figure 12 - The Navigation screen of the Acrobot Sculptor demonstrating the graphical interface 
which shows the actual and planned (green area) cavities for cutting77 

 

 

Figure 13 - The Acrobot Sculptor129 

Current robotic systems require a mounted platform from which to operate. It is not difficult to 

perceive that in the future with advances in miniaturization and nano-technology the need for 

external apparatus will be eliminated. Two groups are currently experimenting with bone-mounted 

systems for knee arthroplasty135,136.  
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The MBARS (mini bone attached robotic system) has been developed from the collaboration of the 

medical team from ICAOS, the Institute for Computer Assisted Orthopaedic Surgery in The Western 

Pennsylvania Hospital, and the Robotics Institute at Carnegie Mellon University135. Their experiments 

conducted on Sawbones involve the use a platform which is mounted to the distal femur, and 

contains a mill to resect bone from the femoral trochlea in preparation for patello-femoral joint 

replacement. Sawbones are bone models produced from synthetic material designed to simulate the 

bone and some limited soft tissues with regards to dimensions and mechanical properties137. An 

interesting proof of concept model, it must be noted that indications for patello-femoral 

arthroplasty are far more limited than total knee arthroplasty (comprising only 1.1% of all primary 

knee arthroplasties in the NJR100) and implant survivorship (78% at 10 years100) is strongly linked with 

progression of arthritis in the remainder of the knee and much less commonly due to poor implant 

positioning138, therefore decreasing the clinical need of the robot for this particular procedure. 

Figure 14 depicts a demonstration of the MBARS on a Sawbones model. 

With modifications, the technologies discussed in this section have the potential to be applied to the 

treatment of fractures, and lessons learned in their development can help guide the construction of 

any surgical robot. 

 

Figure 14 - The MBARS mounted on Sawbones135 
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9. Computer navigation systems in orthopaedics 

Many surgeons use templating pre-operatively, using plain radiographs to ascertain the approximate 

size of implants to be used so as to reduce differences in leg length and offset changes, improving 

post-operative outcomes and reducing the likelihood of dislocation139–144. This is not a fool-proof 

method, however, as plain radiographs suffer from variability of magnification which can lead to 

spurious results, even with digital calibration methods141. Furthermore, much of the surgical 

expertise of arthroplasty can be described as qualitative, whereby the surgeon will pick the correct 

size of implant based on the intra-operative “feel” taking into account an on-table assessment of 

implant position, stability and soft-tissue tension, in conjunction to drawing from their past 

involvement with similar procedures. Whilst there is no substitution for depth of experience in 

surgery, there is always a learning curve and naturally there exists a spectrum of ability between 

surgeons which is difficult to objectively quantify given the variation in patient caseload145–147. 

Therefore the idea behind computer navigation is the move away from a qualitative approach to 

surgery to a quantitative one where each step in the surgical procedure is more accurate and 

repeatable148. Such a principle may also be applied to robotic fracture surgery. 

Computer navigation systems are often described as passive surgical tools, in that they monitor the 

surgeon’s progress and make suggestions based on their imaging of the bone, regarding bone cuts, 

alignment and anatomy, and occasionally biomechanics10. The two most common technologies 

employed in navigator tracking are optical and electromagnetic149.  

Most commonly used in TKA, several studies have shown a benefit with the use of computer 

navigation150–152, whereas others have not153,154. Reasons for this discrepancy are unclear, but are 

thought to be as a result of unclear implant tolerances, which if not well defined, cannot be fed into 

the computer to allow better positioning148. Computer navigation has also been used in anterior 

cruciate ligament reconstruction (to aid tunnel positioning)155,156, and unicondylar knee arthroplasty 

to achieve good outcomes157–159. Pedicle screw placement in spinal surgery is one area where 

computer navigation has had a dramatic impact on the accuracy of surgery and reduction in 

morbidity as a result of surgical error, where malposition can lead to nerve and vascular injury160,161.  

A recent meta-analysis by Tang et al. including a total of 732 patients and 4,953 screws favoured 

navigation with regards to increased accuracy and decreased complication from screw 

placement160,161, with stronger evidence for screws deemed to be grossly misplaced or “absolutely 

hazardous” (Figure 15). 
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Computer navigation systems are essential to developing a robotic fracture system, as they will 

provide data on the relative positions of instruments and the anatomy. 

 

Figure 15 - Forest plot comparing “absolutely hazardous” screws between procedures with and 
without navigation160,161 

 

Figure 16 - Navigation at the lumbar spine on fluoroscopic images for pedicle screw placement162 
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Figure 17 - Polaris-ready instruments from Brainlab for Spinal Navigation162 
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10. Robotics in fracture surgery 

Fracture surgery is an area in which robotic surgery has not made significant advances. Prior to 

fixation of a fracture with metalwork, the fracture must be reduced to its anatomical or original 

position. This section will outline the work that has already been carried out by other groups in the 

treatment of fractures with robotic methods. Most of the available literature concerns studies which 

have primarily looked at fracture reduction163–167, and these accounts will be important for the 

development of the robotic system described in this thesis. 

The potential challenges which would need to be addressed when using robots to undertake 

fracture fixation were first described in 1995 by a team from Loughborough University167. Concerned 

with addressing the need for precision in guidewire insertion for sliding hip screw fixation of 

proximal femoral fractures, and the insertion of distal locking screws for intramedullary nailing of 

femoral fractures, they proposed a system whereby the surgeon undertakes the fracture reduction, 

and the robot assists in the vital steps required for fixation. In this regard, their design was 

composed of a “manipulator” robot that would be capable of performing pre-set drilling trajectories. 

They conducted preliminary experimental drilling tests of pig femora and found that the forces 

obtained varied between 17 and 25 Newtons (N). They did not conduct any other laboratory studies, 

however they were perhaps the first to recognise the need for navigation systems to work in 

conjunction with 2-D fluoroscopy to allow the robot to operate accurately and respond to 

intraoperative variation. 

Füchtmeier et al. were the first to successfully carry out reduction of femoral shaft fractures, albeit 

in vitro168. They carried out a pilot study measuring the forces required during reduction manoeuvres 

in femoral shaft fractures and found that forces of up to 250N were required166. Following this, they 

constructed a Sawbones model of a femoral shaft fracture, using implanted metal springs within the 

medullary cavity of the bone which would simulate the tensile forces required. Proximally the bone 

model was anchored in a clamping device, whereas distal to the fracture site, the bone was 

stabilised using a uniplanar external fixation device (Figure 18). 
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Figure 18 - Left: Bone model with intramedullary tension spring Right: The RepoRobo169 

They chose an industrial robot (RX130 Stäubli, Pfäffikon, Switzerland170) to carry out their reduction 

as it was able to deliver the force payload required and had 6 degrees of freedom (DOF), and named 

it the RepoRobo. To undertake the reduction, the RepoRobo was attached to the horizontal carbon-

fibre connecting rod of the external fixator using a gripper clamp. A key feature of their design was 

the implementation of a force-torque sensor which recorded the forces during the reduction 

manoeuvres and allowed the team to define threshold values at which the robot would 

automatically shut down to prevent overdistraction of the model. This of course has implications for 

the clinical setting where safety is the most important obstacle to the introduction of robotics. 

Despite this promising work, following unanswered correspondence and the lack of further 

publication of scientific data or reports, it is likely that no further progress has been made by this 

research group at the time of writing. 

Ralph Westphal’s group from the University of Braunschweig in Germany have perhaps made the 

most significant progress in the reduction of long bone fractures using robots. Their initial work 

focussed on the implementation of a telemanipulated system for femoral fracture reduction, using 

joystick controls and haptic feedback165,171. Using Sawbones and charge-coupled device (CCD) 

cameras to simulate intra-operative fluoroscopy, their test groups were set up in such a way that 

they were able to investigate the accuracy of robotic reduction, and compared this to manual 

reduction. The control groups consisted of manual, indirect reduction with the surgeon holding the 

bone ends in their hands or holding a T-handle attached to the bone ends with Schanz screws. Two 

robotic test groups were used, both carried out using indirect (CCD camera) monitoring similar to 

the controls, but one with haptic feedback and metric control mechanisms through the use of a 

joystick, and one without. Reduction accuracy was measured using an electromagnetic tracking 

system171. They found that although the robotic system was no more accurate than the control 

groups, the haptic and metric feedback resulted in far fewer images taken during the reduction 
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process. Interestingly there was no significant difference in the accuracy of reduction or reduction 

time between the two robotic groups. 

The group took their work one stage further, and implemented similar experiments in a more 

realistic setting. They used cadavers rather than Sawbones, and for imaging they replaced CCD 

cameras with one of two modalities; fluoroscopy or computer navigation (BrainLAB, Munich, 

Germany). They compared robotic and manual reduction using fluoroscopy to computer navigated 

manual reduction. Their results showed that the robotic group once again produced a reduction 

which was as accurate as manual methods, but could not demonstrate a significant difference in 

reduction time between the robotic and manual group using fluoroscopy (mean 28 seconds (sec) vs. 

47 sec respectively). Mean navigated manual reduction time was 70 sec which was statistically 

significant when compared with the robotic reduction group172. 

Developing their techniques further, the group have also incorporated an intuitive 3-D 

representation of the fracture, providing the surgeon with better feedback and more complete 

information to guide the reduction process. Their current setup consists of both fluoroscopy and 

navigation systems working together (Figure 19). They were able to show that this setup is more 

accurate than their previous methods, with mean deviations below 2mm and 2o in all directions169. 

Perhaps more importantly however, the team made significant advances in automated fracture 

reduction164. Having proposed the algorithm for the approach to reduction in long bone fractures 

based on CT- analysis, the team undertook automated fracture reduction on a formalin embalmed 

specimen. Five reduction attempts were carried out, with a mean accuracy of 1.2mm and mean 

reduction time of approximately 4 minutes (mins), which is an acceptable amount of time in a 

clinical setting however it must be remembered that the setup of the system takes approximately 20 

mins169. Seen as a feasibility study, the results are nevertheless very promising169.  

Furthermore, the group have been able to expand on their original work, to concern not only 

reduction but also the fixation of the femoral fracture. The operation normally carried out is 

intramedullary nailing, and two key steps are the drilling of the entry point in the proximal femur 

and the insertion of screws through the nail to fix it in place, preventing mainly rotation but also 

shortening at the fracture site. Known as “distal locking screws”, their insertion with fluoroscopic  
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Figure 19 - View of the 3D telemanipulator set-up. 1: Fluoroscopy device. 2: Fluoroscopy workstation. 
3: Surgical navigation system.4: RX 90 robot. 5: Robot control unit. 6: Control PC169 

guidance is technically challenging, and it can lead to an excessive use of intra-operative fluoroscopy, 

which has health implications for both the patient and theatre staff173. Indeed several groups have 

attempted to resolve this issue, either by techniques for fluoroscopic guidance174 or by the use of 

computer navigation175, both intended to minimise radiation exposure. However, perhaps the most 

significant advance has come from the laboratories of Smith and Nephew (London, UK), whereby an 

electromagnetic field guided system known as the SureShot™ has been developed which requires no 

fluoroscopy or external camera equipment to guide the surgeon for the insertion of distal locking 

screws176. Although a promising technology, its use in experimental robotics may however be 

restricted because of patent law.  

Yaniv et al. are the only other team that have successfully used robotic means to insert distal locking 

screws in a semi-automated fashion. Their setup consisted of a Sawbone model and miniature robot 

which using fluoroscopy aligns itself with the holes whilst the surgeon controls the drill177. 

Westphal’s team use a similar approach, and they found that from their sample of 40 trials, the 

robot-assisted distal locking did not miss the nail holes once, whereas the human control did so on 3 

occasions. Furthermore the number of x-ray images taken and the mean translational deviation 

(Table 1) were far lower in the robotic group169. 
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Figure 20 - Results of the robot-assisted distal locking procedure by Westphal’s group169 

 

By contrast, there have been no other research teams which have declared work on robotic means 

to provide an entry point for intramedullary nailing. Westphal’s group have shown that using only 2 

orthogonal views the computer software was able to calculate the drilling axes for the entry point of 

intramedullary nailing (Figure 21) in a cadaveric model. Once again, the robot was able to 

outperform the human control in minimising drill realignment and use of fluoroscopy. It should be 

noted that the team reported that an intramedullary nail could be “reliably and easily inserted” in all 

cases following the drilling although they did not elaborate on the specific methods used to carry 

this out169. Nevertheless, this is an important step towards fully robotic-assisted intramedullary 

nailing.  

The system employed by Westphal’s group uses bi-cortical Schanz pins inserted into the bone to 

achieve force transmission for the reduction manoeuvres. In the clinical setting, however, fracture 

reduction is often achieved by traction and torque forces exerted on the patient’s lower leg through 

the use of a traction table – a type of operating room table which has an extendable leg and groin 

post allowing a horizontal force to be applied (traction) to the required limb. A thorough description 

of the specifications of a standard traction table are provided in the methods (section 0). 
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Figure 21 - Four examples of automated computation of the drilling axes. The outer red lines 
illustrate the detected border and the inner green lines are the suggested drilling trajectories169 

A team from Japan have used the traction table in order to measure the forces required for 

extracapsular neck of femur fractures163,178. Their force measurement study was conducted on 7 

females with intertrochanteric fractures of the proximal femur, using a force sensor applied to the 

traction table. The surgeon carried out the reduction manoeuvre as normal and the force 

measurements were recorded. They found that the average maximum traction force applied to the 

lower limbs was 229 N (range, 146-295N), and the average maximum torque was, 3.2 Nm (range, 

1.6-4.4Nm) in internal rotation178.  

 

Figure 22 - Left: FRAC-Robo in a simulated operating theatre Right: The force sensor attached to the 

traction table178 

Their previous experiments with femoral shaft fracture had instigated the development of their 

reduction system, known as the FRAC-Robo (Figure 22)163. At the time of writing, this team has not 



 
 

58 
 

declared any reduction of fractures using the FRAC-Robo, although they did use the FRAC-robo to 

pull and rotate the limbs of healthy volunteers until they felt pain, showing similar maximum force 

readings to their fracture reductions, and concluded that on the basis of these findings that the 

system would be capable of generating sufficient force and torque to reduce fractures safely178. 

Another technique employed is the use of a parallel manipulator robot (PMR) to carry out the 

reduction. Two separate groups have reported on the use of PMR for femoral fracture 

reduction179,180. Wang et al. recently published their experiments with PMR in Sawbone and 

cadaveric models181. The PMR (Figure 23) was secured to a solid disk on the central pole of the 

traction table, and fixed to the distal femur using a trans-osseous wire and one self-tapping cortical 

screw. A fracture was then created proximally and the PMR was moved, according to the authors, 

“to an arbitrary position to simulate displacement”. Plain radiographs were then obtained using 

fluoroscopy which was fed into the surgical planning software and automated reduction would take 

place. They have developed this concept further, and have also suggested a design for a removable 

hybrid robot which does not need to be attached to a traction table, but carries out its reduction in a 

full parallel method180. 

 

Figure 23 - The respective setup of Wang et al. 181 (left) and Graham et al. 179 (right) 

Graham et al. have employed a similar parallel mechanism, but with the forces transmitted through 

the standard foot holder used in the clinical setting currently. Their experiments were primarily on 

Sawbones and unlike Wang’s group, they have not declared any recent research, their last 

publication dating from 2008179. 

The only other notable mention in the field of robotic fracture reduction surgery is the work of Seide 

et al. from Hamburg in Germany182, who have implemented an external fixator hexapod with robotic 

struts in the reduction of tibial fractures. The individual struts house motors to enable the fracture 

reduction, and are also modifiable to allow force transducers which can monitor the mechanical 
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properties of the fracture site (Figure 24). The motor units are controlled by a notebook computer, 

bringing about fracture reduction with slow successive movements over several clinic visits. The 

group reported good reduction in 2 patients with lower limb fractures and 2 with femoral fractures. 

 

Figure 24 - Motorised hexapod fixator182 

As a secondary experiment, the linear forces through the fixator struts were measured and using 

mathematical transformation of the matrix moments the software was able to compute the forces 

for the fracture site. Their findings of increased torque (bending moment) at the fracture site (Figure 

25 - right) correlates with the current theories on mechanical causes of non-union183.  

 

Figure 25 - Hexapod fixator with force sensors (left) Fixator bending moments in 2 patients182 (right)  

 

The data and the techniques reported by the studies in this section are a useful resource, not only 

for the development and continuing progress of the robotic system outlined in this thesis, but also 

for the development of future robotic systems. 
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11. Classification of robotic Systems 

Many authors have classified robotic systems either based on the types of assistance they provide, 

or how the human operator interacts with them. There is no one accepted classification system, 

although there are several common terms to describe particular systems. Broadly speaking, at one 

end of the spectrum will be a fully autonomous robot which will operate (with supervision) and carry 

out all steps of the index procedure. The FracRobo is an example of this whereby the fracture 

reduction is carried out intelligently by the robot without any need for human input. In contrast, the 

simplest robot will essentially be a mechanical extension of the human hand, fully controlled by its’ 

operator but with no autonomy. An example of this would be a tele-manipulated robot. 

There are two main steps to a surgical procedure: planning and execution. Planning is of particular 

relevance in fracture surgery where the unique configuration of each fracture mandates a strategy 

to ensure effective and accurate surgery, albeit with some degree of tolerance to allow for intra-

operative variation. As discussed previously, some robotic systems, such as the RoboDoc, rely on 

pre-operative imaging in the form of a CT scan to plan the correct trajectory for the surgical 

procedure. The robot is given the instruction set by which to carry out its activity, and once deployed 

will carry out the programme and won’t deviate from the preoperative plan unless it has further 

input from the human operator. The robot executes the procedure without the requirement for 

constant or dynamic intervention.  

In contrast, tele-manipulated and dynamic constraint robots rely on constant input and supervision 

from the human operator and cannot operate without it. Although not currently in production, there 

is a potential for an “intelligent” dynamic constraint system whereby the robot is given a plan which 

it is to adhere to, but is able to give feedback or suggestions, or change its plan based on the 

evolving surgical procedure and further information gained during the course of the procedure. One 

such example would be a fracture reduction dynamic constraint robot which would advise the 

operator of manoeuvres by which to reduce the fracture either through visual means or altering its 

constraint margins. 
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Figure 26 - A broad outline for classification of robotic systems for surgery 

 

 

 

 

 

 

 

 

 

 

Autonomous planning and execution 
FracRobo 

Tele-manipulated 
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Planned trajectory autonomously 
executed 
RoboDoc 

Planned dynamic constraint 
Acrobot Sculptor 

Intelligent dynamic constraint 
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12. Robotic interface systems 

All robotic systems employ an interface with which they can or will be controlled. Depending on the 

type of system, the degree and method of control will vary. For example, a fully autonomous robotic 

system may only require the user to review its actions (whether in real-time or as a part of pre-

planning) and not necessarily dictate them or approve or guide steps during the procedure. Other 

robotic systems will employ some degree of telemanipulation whereby the robotic system is there to 

augment the surgeons’ abilities by reproducing their actions, in what is known as a master/slave 

orientation184. Therefore, an entirely different (and arguably more complex) interface method will be 

required. In such cases, it is imperative that the interface does not hinder surgical activity and ideally 

improves on the traditional methods of surgery in some way, be it dexterity, control or strength, 

whilst at the same time upholding mechanical and software safeguards so that no inadvertent harm 

can come to the patient. 

In essence, the interface is comprised of the input system and the feedback or output display. The 

surgeon provides the input and there are several mechanisms by which this can be achieved. The 

feedback/output is the way that the robotic system alerts and informs the surgeon of the surgical 

environment and the actions of the robot within it. Feedback to the user is either through visual, 

audible or haptic stimuli. Audible feedback is commonly used in control mechanisms and is fairly 

simple but effective at alerting the user. The information relayed however can only be very basic and 

there is no literature on its use within medical robotics. 
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13. Input 

Input systems can be tactile or non-tactile (gesture). Human operators are far more familiar with 

tactile systems, and therefore they are far more commonly used for robotic controls. Such systems 

include any type of input interface that involves the surgeon handling robotic controls which bring 

about a movement of a robotic instrument. The da Vinci® system employs such control where the 

surgeon sits in a console and using the hand controls manipulate the robotic arms (Figure 27 and 

Figure 28). 

 

Figure 27 - The console used for the da Vinci® system185 

 

Figure 28 - Hand controls (below) used to bring about movements of the robotic arms connected to 
the surgical instruments (above) 185 
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The manufacturers of the da Vinci® system also employ several advantageous characteristics within 

the operating framework of the control arms. They are able to reduce the surgeon’s hand tremors, 

magnify the movements and produce a greater excursion (range of movement) than would be 

possible with normal manual instrument handling. Many other robotic systems in commercial use or 

development employ similar control methods186–189. 

Non-tactile or gesture based technology has become widespread over the last 7 years in particular 

within the consumer electronics industry190. Its use has also been implemented in the medical field 

to facilitate access to and control of radiological images during an operation where the surgeon is 

maintaining asepsis and therefore cannot use normal hand controls (mouse and keyboard). Wachs 

et al. reported on the use of “Gestix” during a brain biopsy procedure where real-time user hand 

gestures are captured by a camera for navigation and manipulation of radiology191. Similarly, in 

urological surgery, the Microsoft Kinect192 gesture recognition system was modified to allow 

manipulation of CT images whilst the surgeon is scrubbed therefore maintaining asepsis193.  

Although several teams have proposed schematics for the implementation of the Leap Motion 

controller (see section 0 for a detailed description of the device) for use with a robotic arms, 

experimental data on the performance of these devices is lacking194–197. 
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14. Visual Feedback 

When operating robotic systems, the user currently receives information regarding the interaction 

primarily from a visual interface. Either the surgeon can directly observe the movement or action of 

the robot on the patient or, as in cases of minimally invasive surgery, with the use of a monitor to 

display images from one or more fibre-optic cameras, fluoroscopic or CT-based imaging10. It has 

been shown however, that the use of fibre-optics in minimally invasive surgery provides a number of 

visual challenges which can make it more challenging to perform than open surgery198. The visual 

system interprets a variety of cues to facilitate the perception of geometry in 3 dimensions. The 

most important of these is stereopsis, which is the result of processing by the visual cortex of the 

angular disparity between the images relayed by the left and right optic retinas. However, single-

lens scopes capture images in only one plane and display them as such on the monitor. Hence there 

is no binocular disparity to allow the brain to recreate the 3 dimensional (3D) structure190. This 

results in a lack of depth perception when using a 2 dimensional (2D) laparoscope or arthroscope 

that may cause problems with overshooting targets and generally reducing the efficiency and speed 

of dextrous tasks199. Therefore in order to provide stereoscopic vision, 2 or more cameras must be 

used and then displayed on a format which allows the human eye to compose the 3D image. Several 

systems have been implemented to display the captured 3D images. In the case of the da Vinci®, the 

operator looks through a binocular eyepiece that has separate images for each eye, each displaying 

the operating field from a slightly different angle and facilitating the formation of a 3D image200. 

Other systems have been used such as head-mounted displays201, 3D monitors202 and auto-

stereoscopic displays202. Whilst many of these have been shown to improve surgical performance 

their use is yet to become widespread, mainly due to increased costs, and in the case of 3D 

monitors, complaints by some of visual fatigue and headaches from use203. 
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15. Haptic Feedback 

Haptics is a term that has been used to describe the technology of using forces, vibrations or 

motions as a means of delivering information to the user. In robotics, the goal of haptics is to enable 

to user to interact more easily and accurately with the robotic interface by providing tactile feedback 

to simulate the sensation of the robotic arms as extensions of the users own, particularly in tele-

manipulated devices. This is achieved by transmitting a force that would be analogous to that 

experienced by the robotic arm in the operating environment, via the controls, to the user. The user 

would then have the benefit of an extra sensory input, in addition to that of the visual one from the 

monitor, to manoeuvre the instruments204. 

Several tele-manipulated systems employ such technology 184, although few are in widespread 

commercial use. Several groups have carried out research in simulated environments on the 

potential for haptic feedback to improve outcomes. In most cases, however, whilst errors and 

unintentional injuries were reduced there was no convincing reduction in time taken and benefits 

varied with the level of surgical experience205,206. One group modified a da Vinci® system to relay 

force feedback via either a haptic mechanism or a visual one in a palpation task207. They found that 

direct feedback was superior to a graphical force display. Currently, however, there exists no form of 

commercially available force or haptic feedback system with the da Vinci® system185. 

Active constraint robotic arms such as the RIO and Acrobot (which have been described previously) 

are also variations of a haptic feedback system10,129,208. 

 

16. Summary 

A variety of interface systems and mechanisms for robotic surgery have been presented in this 

section. These will inform the selection of interfaces and provide a standard by which the robotic 

system in this thesis will be compared.  

 

 

 

 

 



 
 

67 
 

17. Social and healthcare perspectives on robotic Surgery 

As research methods in robotic surgery have begun to include clinical trials209–212, the opinions of 

both patients and surgeons (or end-users) has been sought to facilitate adoption and establish 

acceptability to both surgeons and patients. Much of the work in this area has been carried out with 

methods inconsistent with the production of reliable scientific reports, and hence in comparison to 

the evidence base published on clinical outcomes there is a relative paucity of literature on surgeon 

and patient perspectives213. Furthermore, the majority of the literature reports on non-orthopaedic 

surgical robots, such as the da Vinci® system, due to the relative maturity of the technology and the 

significantly greater commercial availability. 

Boys et al. conducted a web based survey of public perceptions on robotic surgery214. They had 749 

responders to the 24-point questionnaire, with 86% of them having previously heard of robotic 

surgery. Interestingly, although 72% indicated that they perceived robotic surgery to be superior to 

conventional surgery in terms of safety, speed and pain, 55% indicated that they would prefer 

conventional minimally invasive surgery to robotic surgery. It is noteworthy that over half (53%) of 

their responders had a background in healthcare, and sub-group analysis showed that fewer 

physicians preferred conventional surgery to robotic surgery when compared to non-physicians. Due 

to the nature of the survey, the reasons behind the responses could not be explored, however the 

findings are interesting and warrant the need for more in-depth qualitative research. 

The public attitude to robots in general is mixed with significant cultural variation215. A 2016 survey 

conducted by the British Science Association with over 2,000 responses found that 60% of the 

responders felt that the use of robots or programmes equipped with artificial intelligence (AI) will 

lead to fewer jobs within ten years, and that almost a third viewed the development of AI as a threat 

to the long-term survival of humanity216. Furthermore, the survey enquired whether the participants 

would be comfortable with robots and AI in roles where their lives could be in danger; 53% said they 

would not trust robotics in surgical procedures and 62% in the flying of commercial aircraft. There 

were some demographic differences, with men and younger responders looking more favourably on 

robots and AI. 

Eubarometer reports are regular public opinion surveys conducted on behalf of the European 

Commission, addressing a wide variety of issues relating to the European Union amongst its member 

states217. A special Eubarometer report (one that is not routinely carried out) was conducted on 

public attitudes to robots between February 2011 and March 2012218. A total of 26,751 interviews 

were carried out with 1,331 in the UK. The results are reported for each country individually, with 
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significant inter-member variety on every question, confirming the findings of other studies showing 

cultural variation in attitudes215,219. Whilst the report found that a majority of EU citizens have a 

positive view of robots (70%), there was a strong association with age (79% aged 15 -24 vs. 62% of 

those aged 55 and over), education (increasingly positive view with time spent in education) and 

occupational status (82% of managers vs. 57% of those who look after the home. 88% acknowledged 

that robots were necessary to do jobs that were too hard or too dangerous for people, however only 

39% felt that robots could boost job opportunities and 70% agreed that “Robots steal peoples’ jobs”. 

The respondents were shown two different images of robots and were asked to what extent each 

image corresponded with the idea they had of robots. The two images and the results for all 

surveyed member states are shown in Figure 29. 

 

 

Figure 29 - Results and images of robots from the Special Eubarometer report217 

Robot 1 is a depiction of an “instrument-like” and Robot 2 of a “human-like” robot. As can be seen 

from Figure 29, 81% respondents identified with Robot 1 in contrast to 66% for Robot 2, with results 

for the UK being similar to the EU average (82% and 64% respectively). Identifying robots as 

instrument-like rather than human like correlates with an earlier study on public attitudes carried 

out in the UK220, suggesting perhaps a cultural anonymity to the notion of robots with “personality”. 

When asked in which areas robots should be used as a priority, space exploration, manufacturing 
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and the military were proposed by 40-50% of respondents in contrast to 22% for healthcare, 11% for 

transport, 4% for the care of children, elderly or disabled. In addition, when provided with a list of 

tasks that could be carried out by robots, 57% said they would feel ‘uncomfortable’ having a medical 

operation carried out by a robot and 86% would feel ‘uncomfortable’ having their children or elderly 

parents looked after by a robot, whereas only 27% reported the same attitude to a robot assisting 

them at work. 

These findings have implications for the development of any surgical robot, as patient acceptability 

will determine its adoption both commercially and in a clinical sense. 
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18. Patient perspectives 

Markar et al. from University College London Hospital conducted a web-based survey with 155 

responders221. Approximately two thirds of the responders were medical, either doctors or nurses, 

or students in each field, with one third in non-medical disciplines such as law, finance, or sales. 

When asked the following question:  

 

When choosing type of surgery, what is the most important factor to you? Post-operative 

pain/Length of post-operative recovery/Post-operative complications/Cost/Operating 

Surgeon’s preference/Operative scar 

they found that 57% stated post-operative pain, followed by 25% who stated post-operative 

recovery. Fewer than 2% stated operative scar. Whilst only 1/3rd of the cohort were non-medical 

responders, the level of importance attributed to cosmesis by the cohort was relatively low in 

contrast to other studies on patient attitudes222,223. Of note, 70% of the cohort felt “Very 

uncomfortable” with the idea of an intelligent autonomous robot which performs per-programmed 

tasks independently. 

In the largest survey on patient attitudes towards robotic surgery, Linos et al. surveyed a sample of 

596 randomly selected patients who underwent traditional thyroidectomy between 2000 and 2010 

at the Department of Surgery at Hygeia Hospital, Athens Greece224. Conducting a telephone survey, 

they asked the patients whether they would prefer a robotic trans-axillary approach to the one they 

had, and subsequently requested them to justify their answer. Traditional thyroidectomy leaves a 

midline neck scar which is often regarded poorly in terms of cosmesis. The robotic method would 

avoid this scar, but with the potential downsides of increased pain and higher cost, which the 

patients were informed of prior to making their decisions. The investigators found that most 

patients opted to have traditional (non-robotic) surgery, citing that they would prefer to have less 

pain than a cosmetically acceptable scar. A smaller proportion of approximately 13% expressed 

concerns that the technology was “premature and not sufficiently tested”. 

In the only published study on patient views on robotics and navigation in orthopaedics, Jassim et al. 

conducted a survey on 98 patients attending an NHS lower limb orthopaedic clinic221. Whilst 

responses differed for varying demographics such as age and sex, when asked “Can you estimate 

what percentage of orthopaedic operations in the National Health Service (NHS) currently use 

robotics or navigation?”, there was a large proportion of patients who greatly overestimated the 

current use, as shown in Figure 30. The investigators also found a large discrepancy between what 
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patients thought were the capabilities of orthopaedic robotics, and the reality. Additionally, when 

asked whether they “would like their operation to be done using robotics or navigation”, 18% 

responded “no, not at all”, and one third each responded “yes, some” and “not sure”, with the 

remainder happy to have all or most carried out in that manner. 

 

Figure 30 - Bar chart of responses: Can you estimate what percentage of orthopaedic operations in 
the National Health Service (NHS) currently use robotics or navigation? From Jassim et al.221 

 

Considering the results, it is worth noting that the study is greatly affected by response bias in the 

structure of its questioning, particularly with the grouping of robotics and navigation into the same 

question, two technologies and in simple terms, words, which may have differing connotations for 

patients. 

Low socio-economic groups tend to be underrepresented in surveys on patient attitudes, and  

Agochiya et al. used purposive sampling of such a group when assessing patient attitudes and 

knowledge regarding robotic hysterectomy225. They found a large proportion, 80%, had never heard 

of the procedure. Furthermore, more than half would decline the procedure, mostly citing the lack 

of sufficient knowledge about what is involved as the reason for refusal225. 

Some qualitative studies in the literature have investigated the use of assistive robotic devices in the 

home for elderly patients226–228. Although not surgical in nature, these studies, utilising surveys and 

questionnaires, represent the only other significant reports on individual attitudes towards the use 

of medical robotics. In one study, elderly retirement home patients’ interactions with a robot were 

assessed with a questionnaire given before and after interacting with it227, showing an improvement 

in perception. Overall the study identified that the pre-existing attitudes and emotions could be 

useful in maximising acceptance, by providing educational materials to aid understanding. 
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Whilst not directly investigating attitudes towards robotics, Harrop et al. conducted a qualitative 

study as an embedded element in a randomised controlled trial (RCT) - The BOLERO trial (Bladder 

cancer: Open versus Laparoscopic or RObotic cystectomy)209. They carried out 10 semi-structured 

interviews with patients who had declined randomisation to the trial and analysed them 

thematically. 

The main reason that these patients declined to participate in the trial was the perceived lack of 

equipoise between the trial arms, which the investigators attributed mostly to the emergence of a 

clear treatment preference, which in the case of 9 out of 10 patients was the robotic arm. In general, 

the patients were well informed and to them robotic surgery seemed intuitive, advanced and 

pioneering. The one patient who preferred open surgery expressed a reticence to be operated on by 

a robot. Of interest, the paper highlights the importance of patient involvement in decision making, 

with evidence from studies showing that preference vary based on sex, education and health229. 

The studies on patient perspectives therefore provide an insight into the decisions and thoughts of 

patients on a variety of robotic surgeries. Many of these however do not explore in any depth the 

reasons behind these viewpoints, and in particular for trauma and orthopaedics, there is a paucity of 

data on patient perceptions. For the success of any robotic device, these opinions must be sought to 

develop patient acceptability and facilitate adoption. 
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19. Surgeon perspectives 

The decision to adopt surgical robotics remains a challenging one for any surgeon not used to the 

technology. A variety of barriers230 can compound a pre-existing reticence to robotics which some 

surgeons feel is a challenge to the status-quo, and one which perhaps does not offer any advantages 

over more conventional methods210,211. Although it is commonly perceived that disruptive 

technologies favour younger surgeons and trainees who can develop their skills to assimilate new 

changes230, several studies in trainees have highlighted that this may not necessarily be the case. 

A team led by Peter Black at the Department of Urological sciences of the University of British 

Columbia in Vancouver conducted 2 surveys of the attitudes of Canadian urology residents regarding 

robotic assisted surgery231,232. The first was in 2001 and whilst there were only 50 responders, 68% of 

residents viewed robotic assisted surgery as detrimental to their training, interestingly, with a higher 

proportion of those from programmes with an available robot232. This was attributed to the finding 

that residents are often involved as observers or assistants rather than first operating surgeons 

during such cases. The second survey in 2016, with 61 participants, demonstrated similar findings, 

with responders citing issues being limited console access and a general uncertainty regarding its 

role in their training. 

Although the adoption of the da Vinci® surgical robot in the US has been more widespread, a web 

based survey of 193 US general surgical residents found similarities of attitudes when compared to 

their Canadian counterparts233. Once more, a high proportion (46%) indicated that robotic-assisted 

cases interfered with their training, and only 18% reported experience of operating at the console. 

Similar studies in Gynaecology residents report the same findings, suggesting that perhaps the issue 

of training is one that will persist until adoption reaches a particular saturation point, as was the 

case with laparoscopic surgery at the time of its introduction234. 

Jaiprakash et al. present the only study on Orthopaedic surgeons’ attitudes in relation to robotic 

surgery235. Taking the concept of knee arthroscopy, which can be a technically demanding 

procedure, they conducted a questionnaire survey of the attitudes of consultants and residents 

regarding the difficulties of the procedure and their willingness to adopt robotic technology. They 

found that a high proportion of residents reported that knee arthroscopy is a difficult procedure 

with a long learning curve, however, less than 50% of them perceived there to be a role for semi-

autonomous robotic systems to assist surgery. 

In the case of any new technology, there is a theoretical framework by which adoption often 

proceeds, first popularised by Everett Rogers, a Professor of Communication and Journalism at the 
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University of Mexico, in his book Diffusion of Innovations236. Rogers identified five stages, illustrated 

with a graph demonstrating an ‘S’ curve (Figure 31). It begins with innovators and progresses to early 

adopters, then early and late majority and finally, laggards until there is 100% diffusion. Wilson237 

argues that before adopting any new technology, surgeons should consider at what stage on the S-

curve they should adopt, each conferring its own particular advantages and disadvantages. For 

example, an early adopter would be willing to take the risk of using a potentially untested 

technology but with potential benefit and perceived societal status for himself and/or the 

institution. It was these early adopters that were the subject of a survey on international attitudes 

on current and future robotic technologies in paediatric surgery, carried out by a team from the 

Hamlyn Centre, led by Ara Darzi238. 

 

Figure 31 - Diffusion of innovations239 

 

They collected a total of 48 responses, with 22 experts and 26 non-experts from 14 different 

countries, with the criterion for expert considered as experience of >30 robot-assisted MIS 

procedures performed in the paediatric setting as operating surgeon. Whilst this was not a study to 

assess likelihood of adoption, it did highlight that even in the group of surgeons frequently using the 

technology, one of the most highly rated limitations was the capital outlay and maintenance costs, 

which can, for some centres be prohibitively expensive. 
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In a similar evaluation, the adoption of surgical techniques was famously parodied by J Scott, a 

gynaecologist in the Christmas edition of the British Medical Journal240. The submission to the 

journal was a diagram only (Figure 32), and whilst it was submitted to the journal with a degree of 

intended jest, it has since been referred in describing metal-on-metal hip replacements241 and the 

medical-industrial complex242. Contrasting this to the Diffusion of Innovations Rogers, which assumes 

100% market share, it is likely that most surgical devices would never reach this point. However, the 

‘fall’ of the surgical technique as shown by Scott may also not occur as shown due to damaging 

reports but rather due competition of better techniques or devices. Applying the parabola to the da 

Vinci robot, it would appear that the point of ‘standard treatment’ has been reached, without yet 

any evidence that would deter its use. Whether the da Vinci continues to dominate or lose market 

share to other devices remains to be seen. 

As with studies on patient perceptions, it appears that more rigorous qualitative evidence is required 

to explore the viewpoints of surgeons, not only to facilitate adoption, but also to develop the 

technology further in the future. 

 

Figure 32 - Scott's parabola: the rise and fall of a surgical technique240 
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The ultimate goal of research in robotic fracture surgery is to produce a fully automated system to 

treat fractures, and in doing so, bring about an improvement in the care of those patients who 

sustain these fractures. In the introduction, the importance of two different fracture types was 

discussed; the extra-capsular neck of femur fracture (EC NOF) and intra-articular fractures. Each 

poses unique surgical challenges. 

It is possible to conceive a robot that can carry out a series of autonomous and semi-autonomous 

steps in order to perform a complete surgical procedure. Broadly speaking, the “tasks” required of 

the robot, in the case of a lower limb fracture would include; 

1) Identifying the fracture pattern from intra-operative images 

2) Ascertaining the vectors for automated reduction 

3) Reducing the fracture using external force on the lower limb and percutaneous manipulation 

of fragments 

4) Minimally-invasive insertion of a fixation device (IM Nail or Plate and Screws) 

5) Fixation of the fracture by “locking” the overall construct with screws and/or pins to prevent 

displacement 

6) Closure of the skin incisions 

Each task is one that is theoretically possible with the use of current robotic technology. For 

example, the insertion of a percutaneous intramedullary device would build upon the work already 

carried out by certain groups165,169. For some tasks, such as skin closure, skin clips are already 

commonly applied using a “staple-gun” which can be regarded as a primitive robot as it automates 

the process of skin closure by translating a task at the master end (the gripper) to applying a clip at 

the slave end243. There is, however, a paucity of data on the forces required to reduce these 

fractures and therefore an observational study measuring forces in vivo would be the first step to 

realising a robotic device capable of carrying out automated reduction. 

With regards to an intra-articular fracture, the technique of reducing the fragments would be 

different. Whilst EC NOF fractures tend to be reduced with closed reduction manoeuvres, intra-

articular fractures often require open reduction to enable the surgeon to visualise the joint and 

mobilise the fracture fragments. A percutaneous technique manipulating the fragments using pins 

would mitigate this, and minimise soft tissue disruption. With the fragments held in their position, 

fixation would be easier to achieve and could be carried out in a minimally invasive manner. 

The current state of robotic technology is such that electromechanical and imaging modalities may 

be used in conjunction to carry out percutaneous reduction, and the work outlined in this thesis is 
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the description of the path to design and construct such a device, to evaluate its use in cadaveric 

models and to establish end-users and patients’ perceptions of this technology. The successful 

implementation of this device in clinical practice would enable the acquisition of more rigorous 

evidence to support its use and the development of similar technologies. 

I spent a year out of my surgical training programme between February 2016 and February 2017, 

known as Out Of Programme for Research (OOPR). This period was necessary so that I could devote 

all of my time to research endeavours which would not have been possible while maintaining a full 

time clinical role. I estimate that approximately 70% of the work described in this methods section 

was carried out during that period, with the bulk of the remainder taking place before. As I restarted 

on my clinical programme only a handful of interviews were outstanding. I began my research 

following submission of my proposal in February 2013 and therefore a total of 5 years was spent on 

research endeavours culminating in the production of this thesis.  

The following chapters will report on the work I carried out to realise aspects of a robotic fracture 

system. Each chapter will report on separate, but intimately related studies. Although individual 

chapters will describe separate methods and report on results and discussion specific to that work, 

there will be portions of text which will serve as segues to provide an over-arching narrative 

structure.  

For the methods section in each chapter, the narrative style will be the standard of most scientific 

journals244; third-person past tense or “passive voice”. For the qualitative work, first person or 

“active voice” will be used. The reason for this (as will be elaborated on in the interview methods 

sections) is that the researcher’s own constructivist epistemology and the subjective nature of the 

data interpretation is more easily represented in this style of narrative. 
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Chapter 2: Clinical Studies 

Chapter 3: Design of the Robotic assisted Fracture System 

Chapter 4: Human cadaveric studies 

Chapter 5: Qualitative studies with patients 

Chapter 6: Qualitative and interface study with surgeons 

Chapter 7: Discussion 
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1. Aims 

This thesis draws together several areas of work which investigate robotic assisted fracture surgery, 

set out in the following chapters with aims summarised below; 

 

Chapter 2: Clinical Study 

To realise a robotic system that is able to carry out the reduction of fractures, two independent 

experiments of force measurements will be undertaken. Modifications were performed on a 

traction table and periosteal elevator to allow force measurements to be recorded during their 

routine clinical use. The measurements are important as they will allow the operating 

parameters for the robot to be defined. 

 

Chapter 3: Development of the RAFS System 

Following the results of the clinical study, this chapter will describe the process of the design and 

construction of the RAFS system, the selection of the fracture model and preliminary testing 

carried out at the BRL. 

 

Chapter 4: Cadaveric studies on navigation assisted robotic reduction 

Prior to implementation of the robotic design in a clinical environment, cadaveric testing may be 

used to ensure that the robot works safely and effectively within a simulation which most closely 

resembles surgical theatre. The robotic system constructed following the force measurement 

studies will be used to bring about reduction in the cadaveric model using a variety of fractures. 

Chapter 4 discusses the  

Chapters 5: Qualitative studies with patients 

Robotic surgery is a technology which is not in widespread use. Patients are likely to have 

concerns, reservations or queries regarding such technology. The aim is to explore the breadth 

and variety of patient perspectives and attitudes towards robotic assisted fracture surgery and 

how and why these may differ between individuals. 
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Chapter 6: Qualitative studies and Interface testing with Surgeons 

Similarly to patients, surgeons will have differing viewpoints on robotic surgery and will, as end-

users of the technology, have individual viewpoints that they are able to articulate. The aim is to 

explore these viewpoints. 

 

Reducing a virtual fracture is a task that the operator of the robotic tool will be required to 

complete. The primary aim is to determine which interface enables the operator to most 

accurately and quickly reduce the fracture fragments, by measuring performance in a completely 

novel situation, without prior learning or training in the interface. The secondary aim is to collect 

qualitative data on the interface systems and the RAFS system to inform the design of future 

iterations. 
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2. Research questions and hypotheses 

The following research questions and null hypotheses outline the aims of the project. These will be 

referred to individually in each chapter but are presented here to provide a collective summary. 

3. Research questions 

A. Measurement of forces required to reduce an extracapsular neck of femur fracture and during 

reduction of fractures of the lower limb with a periosteal elevator 

 

1. What are the forces required to bring about reduction of: 

a. Extracapsular neck of femur fracture in vivo 

b. Fracture of the distal femur in a cadaveric model using robotic tools 

2. What are the forces encountered when using a periosteal elevator during fracture reduction 

manoeuvres? 

 

B. Cadaveric studies on navigation assisted robotic reduction 

 

3. Is it possible to use a robot to reduce a fracture of the distal femur in a cadaveric model? 

 

C. Patient and surgeon perspectives on robotic fracture surgery 

 

4. What are patient perspectives on RAFS? 

5. What are surgeon perspectives on RAFS? 

 

D. Virtual fracture reduction interfaces 

 

6. What interface works best when surgeons are manipulating fracture fragments in a 

simulated environment? 

From these questions a set of null hypotheses can be derived to guide the methods and for 

subsequent analysis. 
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4. Null hypotheses 

1) The robotic system will be unable to reduce a fracture of the distal femur in a cadaveric 

model to within 2mm of translation. 

2mm was chosen as the parameter for reduction accuracy as this is the threshold commonly 

correlated with development of post traumatic arthritis in clinical and cadaveric models245.  

Work on patient and surgeon attitudes is a qualitative study based on interpretive principles and 

therefore a specific hypothesis cannot be ascribed to it.  

The interface study is a distinct aspect embedded within the surgeon interviews, with qualitative 

data on perceptions on the use of the interfaces and quantitative data on performance when using 

the interfaces; 

2) There will be no difference in the accuracy of reduction between interfaces 

3) There will be no difference in the speed of reduction between interfaces 

4) There will be no difference in performance (accuracy and speed) between surgeons of 

different experience 
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5. The RAFS research group 

This thesis details work carried out by myself as part of the National Institute for Health Research 

(NIHR) funded study on Robotic Assisted Fracture surgery. Details of the grant application and award 

are included in appendix 13. 

I was part a group of researchers based at the Bristol Robotics Laboratory, who were mechanical and 

electrical engineers and possessed skills and training which were vital to the study, and ones that 

were beyond my training. Several of the methodical and analytical areas in this thesis are examples 

of such instances and as they are often necessary to include for the completeness of the narrative, 

for each instance it will be fully clarified what proportion was contributed by each party. 

The Bristol Robotics Laboratory is a collaborative partnership between the University of the West of 

England (UWE) and the University of Bristol (UoB)246. The team of individual researchers who have 

had significant input into the overall study - “RAFS Research Group” - are listed below: 

Team at Bristol Robotics Laboratory (BRL) 

 Sanja Dogramadzi (SD) – Associate Professor; supervision of project 

Giuolio Dagnini (GD) – Postdoctoral researcher; Design, construction and testing of RAFS 

System 

Ionnis Georgillas (IG) - Postdoctoral researcher; Design, construction and testing of RAFS 

System 

Samir Morad (SM) - Postdoctoral researcher; Design, construction and testing of RAFS 

System 

 Amalia Tsanaka (AT) - Postdoctoral researcher; Design of RAFS System 

Team at University Hospitals Bristol NHS Foundation Trust (UHBT) 

 Roger Atkins (RA) – Professor of Orthopaedic Surgery; supervision of project 

Jane Rowett-Harris (JRH) – Research Nurse; patient recruitment for force measurement 

studies 

Payam Tarassoli (PT) 
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Contributions to the project and division of work 

In the chapters that follow, the methodology sections will detail the specific aspects of work that 

were carried out and every effort will be taken to be precise and clear with the exactly what facet of 

work and the researcher who undertook them. As a broad outline, I have provided in Table 2 a 

summary of the major aspects of work that I undertook, and those that were undertaken by others 

(without any contribution from myself), pertaining to each chapter. 

 

Table 2 - Summary of contributions to project 

 My contributions Undertaken by others 

2 – Clinical Studies Design of traction table adjunct 

Patient recruitment (most cases) 

Facilitating team presence and synchronicity to 

allow measurement of forces in periosteal elevator 

and neck of femur studies 

Analysis of data 

Measurement of forces 

Construction of force measurement 

devices 

3 – Development of 

the RAFS System  

Design of RAFS system 

Choice of fracture model 

Construction of RAFS system 

Testing RAFS in the laboratory 

4 – Cadaveric 

Studies 

Fracture production in cadavers 

Insertion of pins 

Robotic-assisted reductions 

Data analysis 

Collation of data on fracture 

reduction from Polaris and image 

fluoroscopy 

5 – Qualitative 

Study with patients 

All recruitment, data collection, and data analysis, 

with oversight and advice from supervisor 

 

6 – Qualitative and 

interface study 

with surgeons 

Overall design including fracture model and 

graphical interface of the fracture suite 

All pilot interviews and trials 

All surgeon interface experiments 

Data collation 

Data analysis 

Software design of the fracture model 

within Unity, initial setup of 

interfaces, and revision of software 

code following pilot studies  
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Chapter 2: Clinical studies 
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1. Introduction 

The first step in construction of the robot was to determine the operating requirements with regards 

to force reproduction. As described previously, the preliminary design for the robot was one 

comprised of two main components; an internal and external robot. With this basic mechanical 

blueprint, the requirements of the construct could be formulated. The forces that the robot would 

need to be capable of producing were important to determine as certain motorised devices would 

be incapable of very large forces and torques. Manipulation of the fragments would also require a 

robot capable of reproducing forces with six degrees of freedom. 

Therefore as the magnitude of these forces would dictate the mechanical characteristics of the 

robot, it was decided that the best way to ascertain these would be to conduct in vivo studies to 

measure forces in surgical fracture reduction before more permanent design and construction could 

take place by the mechanical engineers at the BRL. 

The two clinical studies described in this section were carried out to determine requirements for 

both the internal and external robot. These clinical studies were undertaken following ethical 

approval from a national research ethics committee (NREC) at Edgbaston, Birmingham. The 

application process is detailed in the methods section “Research ethics applications process” and 

therefore will not be discussed further here. The letter of approval is included in the appendix 4 with 

reference 14/WM/0085. 

To determine the requirements of the internal robot, the periosteal elevator study was carried out. 

The external robot is effectively a traction device and although the fracture model for the cadaveric 

study was one of a distal femoral fracture, these fractures are not routinely fixed with the leg in 

traction. Therefore, a clinical force measurement study in a distal femur fracture requiring that the 

leg be held on a traction table would be inconsistent with the normal, accepted best treatment 

method for these fractures and hence would not be conducive to study. Extracapsular neck of femur 

fractures are a group of fractures which are almost exclusively fixed with the leg in traction using the 

traction table247 and generally fixed with either a sliding hip screw or intramedullary device248. In 

contrast, only 8% of intracapsular fractures are treated with internal fixation248 and for this reason 

extracapsular fractures were considered for inclusion in the study. Furthermore, the data gained 

from the force measurements in the neck of femur fractures may be used in the design of a 

subsequent robotic tool used to deliver automated neck of femur fracture reduction. 
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2. Methods: Neck of femur force measurement 

Mechanically, the amount of force to bring about neck of femur fracture reduction can be assumed 

to be greater than or at least equal to that required for reduction of a distal femur fracture, as the 

soft tissue bulk around the proximal femur is greater than that around the knee. In this regard, they 

were thought to be suitable to identify the upper limit of force required for the external robot to 

produce. 

The inclusion criteria for patients being enrolled in the study was; 

1 Extracapsular fracture suitable for internal fixation 

2 Age greater than 18 

3 Abbreviated mental test score (AMTS) of 8 or higher 

Patients with neck of femur fractures were recruited after the point of presentation in the 

Emergency Department following screening, by the researcher PT in most cases and in a few cases 

by JRH. Section 4 summarises the differences between extracapsular and intracapsular fractures. In 

the UK, approximately 40% of fractures occurring annually are extracapsular248, therefore a large 

proportion of hip fractures were not suitable for inclusion in the study. Furthermore, to participate 

in the study, patients were required to give informed consent. The process of informed consent 

requires that the person have capacity to be able to do so249. A large proportion of neck of femur 

fracture patients suffer from a degree of cognitive impairment known as dementia, and as part of 

the guidance on the management of these patients, all undergo a cognitive screening on 

presentation to the emergency department. The tool used for this is known as the Abbreviated 

Mental Test Score and for the purposes of informed consent, a value of 8 out of 10 or higher is 

thought to be consistent with the ability to provide informed consent, although this was not 

assumed and the standard General Medical Council (GMC) guidance on obtaining informed consent 

was followed by the researcher at all times249. Despite this, the inclusion of adults lacking capacity is 

permitted in trials, but only if the risks and inconveniences have been considered against the 

anticipated benefits for the individual trial subject and future patients and that the benefits justify 

the risks250. For the purposes of this study the logistics of the resources recruiting these patients to 

comply with ethical standards was largely prohibitive and therefore they were not included. 

Following screening for eligibility, the researcher (PT) would approach the patients to discuss the 

study and to obtain informed consent if they wished to participate. Discussions would vary for each 

individual, however in each case the purpose of the study was described in lay terms, and any 

questions were answered. It was not necessary to obtain consent immediately, however, as nearly 
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all neck of femur fractures tend to undergo their surgery within 36 hours, it was often the case that 

the patients presenting overnight were having their surgery shortly after being screened by the 

researcher so in most cases consent was obtained promptly. 

The consent form and the patient information leaflet (which was provided to each patient) is 

provided in the appendix. During recruitment, ethical principles set out as per Good Clinical Practice 

(GCP) guidance were adhered to all times251. 

Prior to the study taking place, all clinical staff working in Trauma and Orthopaedics at the Bristol 

Royal Infirmary were made aware of the study, its aims, and impact on the clinical workflow. 

Nevertheless, for each occasion that a patient was recruited to the study, the operating surgeon and 

theatre team were informed in person by the researcher (PT). 

Following recruitment and with the permission of the clinical team for the study to take place, the 

robotics team at the BRL were promptly informed so that they could travel from the BRL to set up 

the force actuator and measurement equipment prior to the patient entering theatre. 
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Neck of femur force actuator and housing 

 

Figure 33 - Force Actuator (FTSens) shown above and its incorporation into the stainless steel housing 
(below) 

It was suggested by PT and RA (who were familiar with the traction table) that to measure reduction 

forces a device would need to be incorporated into the traction table adjuncts. Following a survey of 

the by the RAFS team at the BRL, a force actuator was incorporated into a bespoke stainless steel 

housing, to allow it to be added to the fracture table by the RAFS team. 

The mechanical measurement capabilities of the actuator are as follows; 

• Force - max F of ±2000N for z-axis ±1500N xy-axes (Resolution ±0.25N) 

• Torque – max F ±25Nm z-axis and ±35Nm xy-axes (Resolution ±0.005Nm) 
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Traction table set-up 

The traction table is able to apply traction, rotation and angulation to the limb via the foot holder 

with the use of the hand traction accessories located at the knuckles of the brackets. These are 

operated by the surgeon at the time of surgery. Therefore to measure these forces most accurately 

the actuator and housing was designed (following direction from PT and RA) to form a link between 

the leg holder and the table at a point closest to the leg holder. Figure 34 and Figure 35 illustrate 

this. 

 

Figure 34 - Foot holder with the actuator assembly (A) in place 
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Figure 35 - Actuator assembly (A) attached to the traction table adjuncts with the traction handle (B) 
used by the surgeon also visible 

 

It was crucial that a BRL team member was present to set up prior to the patient entering theatre as 

it would not be possible to do so after the patient is transferred to the operating table due to the 

nature of assembly. 
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Measurement of forces 

Following setup, the actuator was connected to the RAFS research computer by way of a single 

cable. This allowed the researcher (a member of the BRL RAFS team) to maintain a safe distance 

from the operative field to minimise interruption to the clinical team and also to maintain sterility. 

Following anaesthesia, the patient was then transferred to the traction table, and the affected 

(surgical side) foot placed into a foot holder with the hip and knee in extension. A perineal post 

would allow a counter to the traction force and the other limb was placed into a leg holder with the 

knee flexed and the hip in flexion and external rotation to allow the fluoroscopy arm access to 

obtain orthogonal images of the hip. 

Following completion of patient set up, prior to any formal reduction manoeuvre by the surgeon, the 

forces measured by the actuator were recorded. This measurement of forces would later be used to 

aid in the calibration and “zeroing” of forces measured by the actuator during fracture reduction and 

the procedure. Measurements of torques were recorded by the actuator, however, as the rotatory 

element of the traction table is locked with a screw after every manoeuvre, measurements did not 

display consistency such that they would be suitable for analysis. 

The measurement of forces would then be continued during the process of the surgeon carrying out 

reduction manoeuvres using the handle on the traction table end. This was carried out prior to the 

application of skin preparation and draping of the patient, i.e. before the institution of a sterile field. 

The forces were recorded by the BRL researcher real-time at a rate of 4Hz. Once the surgeon was 

satisfied with the reduction obtained, a note was made as a “time stamp” on the recording. As the 

assembly could not be removed whilst the patient was on the table, recording was continued for the 

duration of the procedure, and after the patient was removed from the table following the end of 

surgery, again, to assist in measurement accuracy by further “zeroing”. 
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6. Methods: Periosteal elevator force measurement 

The principle behind the internal robot is that it will be required to bring about reduction of 

fragments which are otherwise held by soft tissue attachments, by direct manipulation. It would 

achieve this by “levering” the fragments using a percutaneous pin firmly secured into the fracture 

fragments. To define operating parameters, however, a periosteal elevator was chosen, as the usual 

method of fixing fractures of the distal femur does not involve using a percutaneous manipulation 

technique. The periosteal elevator is a surgical instrument commonly used to lever bony fragments 

and to lift periosteum from bone, and therefore it’s use has similarities with the mode of action of 

the internal robot.   
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Periosteal elevator and force actuator 

The same force actuator (FTSens) was used for the periosteal elevator as for the neck of femur force 

measurements and is described in 1. 

The standard periosteal elevator design was divided in two parts between the tip and the handle and 

the FTSens was fixed in between. The tip of the device was kept intact in order to assure bio-

compatibility, but it could be removed from the device to allow proper sterilisation according to the 

trust protocol carried out by the Central Sterile Services Department (CSSD). A 5mm Acetal disk 

separates the tip and the FTSens (Figure 36). Six plastic PEEK socket head screws fasten the tip to the 

FTSens to ensure non-conductivity for patient safety. A formal verification process was conducted 

for checking the insulation parameters according to clause 4.10 of IEC60601-1 given that the device 

is classified as a Safety Extra-Low Voltage (SELV) sensor.  

During the measurements, the following protocol was followed: the tip of the device was sterilised 

in an autoclave by CSSD and the other parts of the device (FTSens and device handle) were put 

inside a sterile endoscope drape, leaving only the sterile tip in contact with the tissues (Figure 37) 

 

Figure 36 - The custom designed periosteal elevator with FTSens 
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Measurements with the periosteal elevator 

As only the tip of the device could be sterilised, the remainder was draped in the same manner as an 

endoscope or an arthroscope with a clear film drape. This setup is shown in Figure 37. This allowed 

easy handling by the surgeon whilst maintaining sterility and the cable between the force transducer 

and the research laptop. 

 

Figure 37 - The actuated periosteal elevator with clear endoscope draping 

Measurements were taken during routine use of the periosteal elevator during fracture surgery in 

open reduction manoeuvres. 
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7. Results 

As detailed in the methods section, the clinical studies were undertaken to determine operating 

characteristics for the robotic fracture reduction system. The preliminary design of the robotic 

system encompassed two distinct robotic systems to bring about fracture reduction; the internal 

robot and the external robot. 

4 patients were recruited for the periosteal elevator force measurements. 

20 Patients in total were recruited for neck of femur force measurement. Recruitment began in 

January 2015 and the last patient was recruited on the 2nd of December 2016. A cumulative 

recruitment graph for the neck of femur force measurements is shown in Figure 38. 

 

Figure 38 - Recruitment graph for the neck of femur force measurements 
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Neck of femur force measurement 

The mean cohort demographics were typical of the population sustaining extracapsular neck of 

femur (NOF) fractures248 (Table 3). 16 patients underwent spinal anaesthetic and 4 had general 

anaesthetic (GA). 

Table 3 – Extracapsular NOF force measurement patient demographics 

n 20 

Mean Age 74 

   Min 29 

   Max 90 

   SD 15 

M:F 10:10 

Mean Mass (kg) 64 

  SD (kg) 11 

Anaesthetic 
 

     Spinal 16 

     GA 4 

Fracture patterns  

31-A1 10 

31-A2 7 

31-A3 3 

 

The fractures were classified according the AO/OTA classification system252 shown in Figure 39 and 

summarised in. 
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Figure 39 - The AO/OTA fracture classification system for proximal femoral fractures 

 

Following calibration of the device to zero, measurements were recorded of forces and torques by 

the actuator. Force in the Z axis (Fz) is the traction force and thereby the pre-dominant reduction 

force. A typical force graph produced from the data for Fz is shown in Figure 40.  

 

Figure 40 - Force-time graph for Fz 
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There is a maximum peak (Fz Max) followed by decreasing force and a plateau period during the 

operation. The end of the Fz graph represents the end of recording, which was carried out by the 

researcher just before the patient was transferred from the traction table adjuncts. 

Rotations of the leg are also used by the surgeon to assist in reduction and these were represented 

by measurements of torque in the Y and X axis (Ty and Tz). 

For the purposes of defining operating characteristics of a robotic reduction device only the 

maximum force recorded (following calibration) for Fz was of interest and therefore this was used 

for analysis. For Ty and Tz, the maximum value of the combined measurements (T Max) was used. 

A summary of the force measurements and patient characteristics is provided in Table 4. The Peak-

Plateau value is the % of the Fz Max that is reduced at the end of the plateau portion of the graph, 

calculated by; 

𝐹𝑧𝑀𝑎𝑥 –  𝐹𝑧𝑃𝑙𝑎𝑡𝑒𝑎𝑢

𝐹𝑧 𝑀𝑎𝑥
× 100 
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Table 4 - Summary of Force Measurements and Characteristics for the NOF patients 

 

Table 5 - Mean Fz Max for Fracture patterns 

 31-A1 31-A2 and 31-A3  

Mean Fz Max 216 283 p=0.24 

 

 

Patient Fz Max T Max Peak-

Plateau 

(%) 

Anaesthetic Age Weight Sex Fracture 

Pattern 

1 116 0.2 22 Spinal 87 51 F A2 

2 365 6.3 26 Spinal 86 56 F A3 

3 604 5.4 34 Spinal 54 74 F A3 

4 92 3.7 17 Spinal 29 80 M A1 

5 168 9.2 19 Spinal 78 66 M A1 

6 175 5.4 18 GA 56 75 M A1 

7 98 2.9 28 Spinal 74 79 M A2 

8 147 5.5 21 GA 61 81 F A1 

9 443 10.1 14 GA 83 65 F A1 

10 112 5.3 26 Spinal 79 51 M A2 

11 350 5.8 24 Spinal 90 52 F A2 

12 151 6.6 33 Spinal 85 54 M A1 

13 239 4.3 26 Spinal 72 55 M A1 

14 97 13.8 28 Spinal 84 64 F A2 

15 290 4.5 30 Spinal 85 71 M A1 

16 269 6.9 21 Spinal 72 77 M A1 

17 288 7.1 24 GA 65 58 F A1 

18 331 10.7 38 Spinal 73 70 M A2 

19 393 8.9 31 Spinal 87 52 F A3 

20 261 6.7 27 Spinal 85 55 F A2 

Mean 249 6.5 25  74 64   

SD 137 3.01 6  15 11   



 
 

102 
 

 

Figure 41 - Scatter graph showing Mass against Fz Max values for the NOF patients 

 

 

Figure 42 - Scatter graph showing Age against Fz Max values for the NOF patients 
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Periosteal elevator force measurement 

Four patients in total were recruited for periosteal force measurement. The fractures were all lower 

limb fractures, with three fractures of the tibia and one of the distal femur. Table 6 shows the 

maximum forces and torques reached in each plane. Only four patients were recruited to the 

periosteal elevator study by the time construction had begun on the internal robot, and it was 

decided by the RAFS team that as the mechanical capabilities of the system had already been 

determined at that stage in design, further data would not be of any contribution, and the forces for 

reduction of the cadaveric specimens would be used to alter design. The force measurements for the 

extracapsular neck of femur fractures was continued however as it this data would be used to 

inform design of a traction assembly in further studies. 

 

Table 6 - Summary of measurements for the periosteal elevator 

  

FX (N) FY (N) FZ (N) TX (Nm) TY (Nm) TZ (Nm) 

1 23.4 15.5 75.5 1.3 3.7 0.1 

2 15.3 19.6 96.9 1.6 4.2 0.4 

3 20.9 12.1 80.8 1.9 3.2 1.4 

4 19.7 14.4 45.5 0.5 0.9 0.2 

Mean 19.8 15.4 74.7 1.3 3.0 0.52 

SD 3.4 3.2 21.5 0.6 1.5 0.58 

 

Statistical analysis methods and rational 

The data that were collected from the periosteal elevator are the maximal values obtained in each 

plane. Whilst there were many other data points, these were not recorded as they were not 

necessary to the aims of the study, which was to determine the maximum operating force of the 

robot. Moreover, although not necessary, the small sample size of 4 also precluded any form of 

reliable method of statistical inference of the data. 

With regards to the data from the NOF patients, the Shapiro-Wilk test was undertaken to determine 

whether the data were parametric or non-parametric (this method is described in more detail in 

Chapter 6, section 3). The data were found to be parametric, and a unpaired t-test was used to 

compare the two cohorts of fracture patterns. Linear regression analysis of the scatter plots in Figure 

41 and Figure 42 were carried out to demonstrate the strength of correlation. 
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8. Discussion of results 

The Force-time graph for the reduction manoeuvres of NOF fractures was a pattern that was 

predictable from knowledge of the mechanical  viscoelastic properties of biological skeletal tissue 

and previous studies in the literature178. 

The force graph in Figure 40 illustrates that after the application of traction by the surgeon 

conducting the reduction manoeuvre there is an increase in Fz. Subsequently there are several peaks 

of force which are in keeping with the sequential increase in traction whilst applying a “trial-and-

error” method to bring about reduction by the surgeon. In common clinical practise, surgeons will 

aim to apply the least amount of traction to bring about reduction, and will apply an initial amount 

of traction with a subsequent pause to obtain fluoroscopy images to check whether the fracture is 

reduced, and if further reduction is required more traction will be applied. Once the surgeon is 

satisfied with the reduction no further traction is applied and what can be seen from the graph is a 

gradual decreasing plateau of Fz. In some cases, traction may be released if there is an excessive 

application and the fracture is said to be “over-reduced”, and therefore traction will be removed. In 

the case of this cohort, there was no instance that the Fz graph reflected a clearly apparent case of 

this. Furthermore, as the aim was to define operating parameters (maximum values and spread of 

data), unless the excess traction was of a significant amount (>50 N) this would be relatively 

inconsequential. The other factor to consider would be that the “reduced” position is somewhat 

subjective and small variances in the traction force would be offset by the large differences that 

would account for surgeon technique, skill and personal preference with reducing fractures. 

With the fracture pattern subtypes, there were only three 31-A3 therefore this sub-group was too 

small for individual comparison. However the combined Fz Max values of A2 and A3 fractures when 

compared with A1 fractures alone were found to be higher although this was not statistically 

significant (Table 5), possibly owing to the small sample size. 

There was no correlation between the FzMax and patient age or weight (Figure 41 and Figure 42) 

following linear regression analysis, again, possibly owing to the small sample of size of the cohort 

but perhaps because no such correlation exists, as it has not been previously reported in any 

literature. 

The mean reduction from Fz max of 25% (the Peak-Plateau %) is explained by a variety of factors 

related to the material properties of bone and soft tissue with the application of traction, the 

significance of which will be reflected on in the discussion. 
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The periosteal elevator measurements showed that the angular forces applied to fractures (Fz, Fx, 

Fy) during reductions were much higher than values for torque. Whilst these measurements were 

helpful in the design of the internal robot, the very small sample size prevented any further 

conclusions or correlations to be drawn from the data. 
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Chapter 3: Development of the RAFS 

System 
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1. Introduction 

The fracture reduction robot (RAFS System) was designed following the studies into the NOF traction 

table and periosteal elevator force measurements. 

The RAFS group met on several occasions to discuss the various possible designs of the robotic 

system, and the clinical researchers (PT and RA) had significant input into the design of the RAFS 

System. They were not involved in the construction of the RAFS System.  

This section will briefly discuss the design of the internal and external robots and the navigation 

system. 
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2. Preliminary design of the Robot and selection of the fracture model 

General design aims 

The basic design of the robot that would carry out fracture reduction manoeuvres was formulated 

between the RAFS working group so that there would be a general idea regarding how the 

technology would work. Drawing on concepts of fracture reduction which are currently employed in 

orthopaedic surgery, the aim was for the robot to be applicable to as broad a range of fractures as 

possible, and for it to carry out a “closed reduction”. 

The term “closed reduction” implies that the fracture is not directly exposed as it is reduced2,253. This 

is in contrast to “open” reduction where following a surgical incision and approach, the fracture is 

visualised to allow the reduction to take place2,253. Removing the soft tissue envelope around a 

fracture has the benefit of allowing easier reduction as the fracture fragments become more mobile, 

however, soft tissue provides the fragment with vascular supply which when extensively stripped 

can significantly impair fracture healing and hamper union2,253,254. Furthermore open reduction 

carries the risk of introducing infection to the surgical site severely impacting outcome255–258. The 

method is often referred to as open reduction and internal fixation (ORIF)2,253. 

Hence it was decided between all the members of the RAFS working group that preferably the robot 

would carry out its reduction closed. Closed reduction would also encompass a variety of methods 

whereby the fragments are manipulated using wires or pins inserted into them which originate 

outside the body and pass through the skin and soft tissues. This approach is known as 

“percutaneous” reduction, and is routinely used with percutaneous fixation in the treatment of a 

variety of fractures253,259–264. This method is also referred to as closed reduction and internal fixation 

(CRIF)2,253. Not all fractures are suitable for this method however as interposed soft tissue in the 

fracture fragments can impede reduction necessitating open reduction253,265,266. 

In the clinical setting, with fractures amenable to treatment with CRIF methods, surgeons routinely 

use external force on the limb to overcome the effects of soft tissue tension on the fracture 

fragments which can often limit mobility4,265,266. Additionally, putting the limb under tension has the 

added effect of aligning the fracture fragments to a more anatomical position, a technique known as 

“ligamentotaxis”267. 
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Therefore the operating requirements of the reduction robot were defined as; 

1) Ability to percutaneously manipulate fragments 

2) Ability to apply an external force to facilitate reduction by ligamentotaxis 

The robot that would percutaneously manipulate fragments is termed the “Internal Robot” and the 

robot that would apply an external force to the limb is the “External Robot”. 
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3. Selection of the fracture model 

Selection of the fracture model was undertaken following discussion within the RAFS working group, 

primarily following discussions between PT and RA. The basic design of the robot had been 

previously created by the RAFS working group and is described in section “Design considerations of 

the RAFS System” in this chapter. It was decided by PT and RA that the fracture to be treated would 

need to exhibit certain characteristics to be suitable for the study. In the introduction, the 

importance of intra-articular fractures and fractures of the neck of femur are discussed. Whilst both 

fractures were considered for the model, neck of femur fractures were rejected for several reasons. 

Firstly, their fracture patterns vary from simple 2-part fractures to more complex multi-fragmentary 

fractures with a roughly equal distribution between268. The may exhibit high complexity in 3-

dimensional space if particularly comminuted (composed of many, disparate fragments), and 

therefore make it more difficult for the software to delineate between fragments. Furthermore, not 

all fractures can be reduced in a closed manner when in theatre and some require open reduction269 

which would not be in keeping with the percutaneous mode of fracture reduction that the robot was 

designed for. Therefore as these fractures were deemed unsuitable for the model, it was decided 

that intra-articular fractures would be explored. It would be incorrect however to refer broadly to 

“intra-articular fractures” as the term encompasses a much wider range of injuries and therefore 

whilst extra-capsular fractures were not suitable, some intra-articular fractures would also be 

equally unsuitable, although for differing reasons. 

There were several locations of intra-articular fracture that were considered (Table 7) by PT and RA. 

For each, several requirements were defined as PT desirable. Although not an exhaustive list, it 

would inform selection; 

1) There is a reasonably low variance between fractures of different individuals to allow a 

generalizable system 

2) The fracture can usually be reduced closed. 

3) The fracture pattern is one that causes significant morbidity for the patient and has a 

significant impact on the healthcare system such that the economic benefit of RAFS would 

outweigh the costs 

4) The fracture configuration is such that it would be amenable to manipulation using the 

preliminary robotic design 
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Table 7 - Fracture considerations for the model 

Fracture location Closed reduction 

possible? 

Low inter-

fracture variation 

High 

morbidity 

Amenable to robotic 

manipulation 

Proximal humerus 

 

Yes No Yes No 

Distal humerus 

 

Difficult No Yes Yes 

Distal radius 

 

Yes No No No 

Distal femur 

 

Yes Yes Yes Yes 

Proximal Tibia 

 

Yes No Yes Yes 

Distal tibia 

 

Yes No Yes No 

     

Referring to the table, the distal femoral fracture is the only one that meets all of the “desirable” 

criteria as defined by our group, and for this reason it was selected by PT and RA as the fracture 

model for the study. Not all distal femoral fractures are intra-articular, however, and for the 

consideration of the study only the intra-articular types were considered. 

Before describing the fracture pattern that was selected, the anatomy of the distal femur, and 

biomechanical properties of the bone and soft tissue structures will be discussed. This is important 

to understanding the reasons for the approach for fracture production (osteotomy) described in 

section 0, and furthermore  for the interpretation of the forces that will be required to overcome 

these restraints in order to bring about reduction of fractures. 
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4. Anatomy of the distal Femur 

Embryology 

In embryological development, the femur is formed from the limb buds around week 5, with the 

appearance of the hyaline cartilage model shortly thereafter270. Following this, the primary 

ossification centre appears at roughly the 12th week271. 

Osteology 

In the adult skeleton, the midshaft of the femur, or diaphysis, is nearly cylindrical in shape. It extends 

inferiorly and flares to form an area known as the metaphysis23. This slight curvature continues until 

the supra-articular portion of the distal femur, where two oblong eminences are formed known as 

the condyles. Posteriorly, the condyles exhibit a groove in between them, known as the 

intercondylar fossa, and anteriorly, another depression known as the trochlea serves as the 

articulating surface for the patella. Superior to each condyle there is a corresponding prominence; 

the epicondyle. The condyles are covered in cartilage and form the articulation with the tibia. The 

bony anatomy is illustrated in Figure 43. 

Soft Tissue 

The kinematics of knee joint are complex, however, put simply they consist of both gliding and 

rolling movements which bring about a range of motion of -5 degrees to approximately 160 degrees 

of flexion in normal physiological variants272–274. 

The soft tissues of the knee are comprised of muscles with their tendons, ligaments, menisci and 

neurovascular structures. In addition there exist fibrocartilaginous rings (menisci) attached to the 

intercondylar eminences of the tibia which deepen the articulation for the distal femur and act to 

increase conformity in addition to several lesser functions275. The periosteum is a thick “sleeve” of 

tissue that envelopes the entire length of long bones, other than the intra-articular portion276. 

The quadriceps are four distinct muscles with a common tendinous insertion into the superior aspect 

of the patella. The medial side of the knee is the site for the insertion of several muscles which arise 

from the posterior compartment of the thigh; the sartorius, gracilis, semitendinosus and 

semimembranosus. Additionally, it gives rise to the medial head of the gastrocnemius. Laterally, 

there is the biceps femoris, iliotibial band, and popliteus, as well as the lateral head of the 

gastrocnemius. The patellar tendon connects the inferior pole of the patella to the tibial tuberosity, 

forming the extensor mechanism of the knee. 
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Four ligaments provide primary static stabilisation to the knee. The anterior cruciate ligament (ACL) 

and posterior cruciate ligament (PCL) are intracapsular (inside the knee joint) whereas the lateral 

collateral (LCL) and medial collateral ligament (MCL) are extracapsular. The ACL originates from the 

medial wall of the lateral femoral condyle and inserts in front of the intercondyloid eminence of the 

tibia blending into the attachment of the anterior horn of the lateral meniscus. The PCL originates 

from the lateral edge of the medial femoral condyle and inserts on the posterior aspect of the tibia 

just below the articular surface. The ACL resists anterior translation of the tibia on the femur, and 

the PCL resists posterior translation of the tibia on the femur. The tensile strength of the PCL is much 

greater than that of the ACL, and both ligaments have a diverse range of fascicles and bundles with 

different portions being taut throughout the range of movement277.  

The MCL is found on the medial side of the knee and lies deep to the muscles. Proximally it attaches 

to the medial femoral condyle and distally on medial surface of the tibia approximately 4cm below 

the articular surface. It is usually described as being comprised of two distinct layers, a deep and 

superficial, although only the superficial layer has been found to have a significant stabilising role in 

resisting valgus stress and external rotation of the tibia278. The LCL attaches superiorly at the 

posterior aspect of the lateral femoral condyle and inferiorly at the lateral fibular head, and is the 

major static stabiliser to varus stress279. 
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Figure 43 - Bony anatomy of the distal femur. Top and left; anterior view, Top and right; posterior 
view. Bottom; Axial view of surface of condyles and notch23 
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Figure 44 - Diagram of a right knee viewed from an anterolateral perspective280 
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5. Biomechanical properties of tendons, ligaments and bone 

The structure of bone is complex and varies depending on its location within the skeleton, but 

fundamentally it is a composite material made up of collagen fibrils which are reinforced by 

mineralisation with hydroxyapatite281. Tendons connect muscle to bone and ligaments connect bone 

to bone, but other than this semantic distinction are generally similar in their structure and function, 

and like bone, are also mostly composed of collagen282. 

Collagen is the most abundant protein found in the connective tissues of mammals and even though 

28 types of collagen have been identified, over 90% of the collagen in the human body is of type I 

and type II283. Type I collagen is mainly found in skin, tendons and bone, and type II in cartilage284. In 

humans, type I and type II collagen are known as fibril-forming collagens as they form fibrils 

from three α chains in a right-handed triple helix, stabilised by intermolecular crosslinks285. These 

fibrils further assemble to form fibres286 in parallel configurations, and provide a primary mechanical 

restraint to tensile (but not compressive) stress287. 

In engineering, the term stress (σ) is used to quantify the force across a material and strain (ε) is the 

measure of deformation of the material288. 

Stress is defined by the ratio of force (F), measured in Newtons (N) to the cross-sectional area (A), 

measured in metres2; 

𝜎 =
𝐹

𝐴
 

Strain is defined by the ratio of the change in length (Δl) of a material to the original length (L) 

𝜀 =
𝛥𝑙

𝐿
 

The relationship between the tensile (or compressive) stress and strain for a given material is known 

as the stress-strain curve and is experimentally determined by applying load to the material and 

measuring the deformation at intervals. A tangent drawn at the elastic portion of the curve defines 

the Young’s modulus of elasticity (E); 

𝐸 =
𝜎

𝜀
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Ligaments and bone have nonlinear time and history-dependent viscoelastic properties, meaning 

that the rate (in reference to time) at which load is applied affects the E289. There are three major 

characteristics of tendons as a result of their viscoelasticity; stress relaxation, creep and 

hysteresis290. Hysteresis results from the cyclical loading and unloading of a tendon, producing 

different stress-strain curves (Figure 47). The difference between the curves represents energy 

dissipation usually in the form of heat from inter-fibrillar friction291. 

Stress relaxation is the reduction in strain of bone or ligament under a constant deformation and is 

shown in Figure 45. Creep is slow deformation under an applied load and shown in Figure 46. 

 

Figure 45 – A graph showing typical characteristics of stress relaxation in ligament or bone when 
subjected to a constant deformation 
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Figure 46 - A graph showing typical characteristics of creep in ligament or bone when subjected to 
constant load 

 

Figure 47 - A graph showing typical characteristics of hysteresis 
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Tendons and ligaments 

 

Figure 48 - The stress-strain curve for a typical tendon 

 

Figure 48 shows a typical stress strain curve for a tendon such as the patellar tendon showing three 

characteristic sections. The toe region represents the “un-crimping” of the collagen fibrils with a 

non-linear relationship and occurs until strains of approximately 2%292. At the linear region the fibrils 

orient themselves in the direction of the applied tensile load and the tendon deforms in a linear and 

elastic manner returning to its original length following the removal of applied load. The Young’s 

modulus can be determined from this region and some values for E for tendons in the knee can be 

found in Table 8. 

Beyond the linear region is the failure region where intra-mollecular crosslinks fail and there is 

irreversible plastic deformation of the tendon, known as the yield point. In the achilles and patellar 

tendons this can be at strains up to 15%292,293, and over 25% in the PCL294. Following the yield point 

there is once again a non-linear stress-strain relationship, leading to eventual rupture. The maximum 

stress which the ligament can withstand (the highest point on the curve) is known as the ultimate 

tensile strength (UTS)295. 
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Table 8 - Values for Young's Modulus and ultimate tensile strength for structures around the knee 

 Young’s Modulus (MPa) Ultimate tensile strength (MPa) 

ACL 128296 24.4296 

PCL 248294 35.9294 

MCL 332297 38.6297 

LCL 364298 39.9298 

Patellar tendon 363299 53.4299 
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Bone 

 

Figure 49 – Typical stress-strain curves for cortical and cancellous bone 

 

Whereas the function of ligaments is generally to transmit or resist tension, bone is required to 

withstand omnidirectional forces such as shear, compression and rotation as well as tension. 

Because of this, bone is anisotropic, meaning that it has different mechanical and structural 

properties based on its orientation300–304. Table 9 shows typical values taken from bending studies 

carried out in human femora305. 
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Table 9 - Values for E and UTS of human cortical bone (adapted from Caeiro et al.305) 

Compression Ultimate tensile strength 167-213 MPa 

Young’s Modulus 14.7-34.3 GPa 

Tension Ultimate tensile strength 107-170 MPa 

Young’s Modulus 11.4-29.2 GPa 

Bending Ultimate tensile strength 103-238 MPa 

Young’s Modulus 9.8-15.7 GPa 

Rotation/Torsion Ultimate tensile strength 65-71 MPa 

Young’s Modulus 3.1-3.7 GPa 
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6. Fracture patterns in the distal femur 

Fractures are the result of the catastrophic propagation of force through the bone, where following 

the application of stress the fracture point is reached. 

Most fractures of skeletal bones tend to occur in common or predictable configurations or 

“patterns”2. The broad reasons for this are that;  

1) Fractures tend to occur by similar mechanisms, causing a predictable combination of forces 

which propagate through the bone2 

2) The specific anatomy of certain bones generates areas which have a weaker structure than 

their surroundings and/or are an area of stress concentration306 

In the distal femur, the portion of bone above the condyles, known as the supracondylar ridges are 

particularly susceptible to fracture and the intercondylar notch is often a site of fracture 

propagation. In the elderly, these fractures commonly occur after a fall onto a flexed knee whereas 

in younger patients they may be as a result of high energy trauma307. 

Typically these mechanisms result in one of two fracture patterns8, a T-shape fracture producing 2 

fragments in addition to the shaft, or a purely supracondylar fracture producing one separate 

fragment with the two condyles. The hamstrings bridge the fracture inserting distally at the tibia and 

therefore cause shortening of the limb and occasionally overlap of the fragments at the time of 

injury. This also typically result in as small degree of separation of the condylar fragments. 
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7. Design considerations of the RAFS System 

Following the general design aims described in 0, this section describes the considerations for the 

two components of the RAFS system; the internal and external robot. 

Internal Robot 

The manipulation of a fragment of bone using a percutaneous method would mandate the need for 

an effector arm which is in continuity with the bony fragment, such that motion of the effector arm 

would bring about a predictable concurrent and corresponding motion of the fragment to be 

manipulated. There were several requirements that were paramount for the assembly; 

1) The effector arm can reproduce the force required for fracture reduction 

2) The effector arm would be able to move in 3D space corresponding to what was required for 

reduction 

3) The effector arm would be firmly anchored into the bony fragment such that 1 and 2 are 

possible in a dynamic reduction environment. 

A hexapod system was chosen as the design as these have shown in other studies to be capable of 

the forces and range of motion required182. The hexapod system is referred to as the robotic fracture 

manipulator (RFM) in the context of the RAFS System. Mounting on a carrier platform (CP) would 

enable versatility when specimens of varying dimensions would eventually be used for reduction. 

External Robot 

The aim was to design a system that would be able to be used in a clinical environment and 

therefore in order to apply the traction and rotation forces that would be carried out by the external 

robot, a standard design for fracture tables incorporating a foot-holder was selected. Traction and 

rotation would be carried out by motorised segments capable of reproducing force in the z-axis (Fz -

Figure 33) and torque in excess of what was measured in the clinical studies. Consideration was 

given to both the magnitude and rate of force being applied, such that the human operator would 

be able to ensure that safety parameters would not be exceeded. The external robot is referred to as 

the automated traction table (ATT) in the context of the RAFS system. 

Much of the electromechanical control of the internal and external robot will rely on built-in 

actuators to provide feedback on performance. However, to ensure that the movements carried out 

by the robots are bringing about the desired displacements of the fragments in 3D space, an optical 

navigation system will be used which is described in the next section. 
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8. Polaris Spectra and the navigation system 

The navigation system consisted of custom virtual reality (VR) software, an optical tracking system 

(Polaris Spectra, NDI Inc), and three interchangeable interface devices (Xbox, Mouse and Keyboard 

and Leap Motion). The interface devices are discussed in detail in section 0.  

The VR software displays the 3D models of the bone fragments created from the CT DICOM data and 

was designed by the RAFS team at the BRL. Using the interfaces the user can manipulate the 3D 

models. 

The Polaris Spectra is an optical tracking system which uses infra-red diodes and sensors to ascertain 

and track in real-time the position of up to 32 spherical optical markers. The range of detection is up 

to 1.8m in the volume of a pyramid (Figure 50), and has a tracking accuracy of 0.25mm308. 

 

Figure 50 - The area in which the Polaris Spectra can track tools309 

 

Figure 51 illustrates the components and mathematical transformations of the navigation system 

used in preliminary testing by the team at the BRL310. 
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Figure 51 - Components and transformations used in the navigation system310 
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9. Technical specifications of the RAFS System 

Table 10 shows the technical data on the capabilities of the RAFS system. Figure 52 and Figure 53 

illustrate the ATT and the RAFS System respectively. 

Table 10 - RAFS system technical data 

Parameter Value 

RFM Positioning Accuracy 0.03±0.01 mm (translational) 

0.12±0.01° (rotational)  

CP Positioning Accuracy 5 mm (translational) 

5° (rotational) 

ATT Positioning Accuracy 0.2 mm (translational) 

0.3° (rotational) 

RFM Operational Workspace ±25mm (x,y,z), ±17° (ϑx,ϑy,ϑz) 

CP Operational Workspace Cylindrical workspace 

±350mm (length), 300mm (diameter) 

RFM Load Capacity 350N (force), 15Nm (torque) 

ATT Traction Capacity  350N (force) 

Tracking System Accuracy 0.25mm 
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Figure 52 - ATT kinematics: rotational (ϑ1, ϑ4) and prismatic (d2, d3) DOF (A), and DH kinematics 
chain (B) 
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Figure 53 - The RAFS surgical system: schematics of the robotic system (A) and its integration with 
the navigation system in the cadaver laboratory (B) 
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10. Testing of the RAFS system 

Preliminary testing of the RAFS system was carried out in the BRL on Sawbones (Pacific Research 

Laboratories, Washington State, USA) by overseen the team at the BRL with involvement and input 

from PT at several stages. Sawbones are bone models produced from synthetic material designed to 

simulate the bone and some limited soft tissues with regards to dimensions and mechanical 

properties137. The system was able to successfully reduce a single fragment distal femoral fracture 

with a reduction accuracy of 1.15mm, 1.3°310,311. 

An example of the experimental set-up is shown in Figure 54. 

 

Figure 54 - Experimental set-up: the robotic system is connected to the fracture fragment F1 through 
the orthopaedic pin P while P2 is inserted into the femur fragment F2 acting as a reference. The 

infrared camera tracks both the robot and the fragments through the optical tools TR, T1, andT2 (A); 
close-up of the fracture fragments and the inserted pins with optical tools (B)310 
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Chapter 4: Human Cadaveric Studies 
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1. Introduction 

Following testing in a Sawbones model the next step therefore was to test the robotic system with a 

simulation which approximates the in vivo scenario more closely. 

The cadaveric model was the natural progression from the Sawbones, as human cadavers simulate 

all but the dynamic constraints and resting tone produced by muscles which exist in vivo. Since the 

Human Tissue Act of 2004312, it has been permissible to use cadavers for research purposes by 

performing surgical procedures on them, whereas previously this was not the case313. To test the 

capabilities of the robot in this model, lower limb cadavers were obtained and fractures produced by 

the researcher to allow pin insertion and subsequent robotic reduction. This methods section will be 

divided into subsections to detail the work undertaken. 

• Cadaveric selection 

• Fracture pattern selection 

• Fracture production 

• Pin insertion and registration 

• Robotic fracture reduction 

All cadaveric work, with the exception of performing CT scans, was carried out on the premises of 

the Centre of Comparative and Clinical Anatomy (CCCA) at the University of Bristol (UoB) and within 

the framework of the Human Tissue Act312. 
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2. Methods 

Cadaveric selection 

Chapter 3 describes the design of the RAFS system as being comprised of an internal and external 

robot. The external robot exerts a force on the lower limb by acting through a foot holder. 

Considering this design, although a fracture of the distal femur is being studied, the entirety of the 

lower limb below this point was required to be intact to facilitate the action of the external robot. 

Proximal to the fracture, the femur was necessary to replicate the normal anatomical environment 

as far as was possible and for this reason entire lower limb segments were requested. Initially, 

discussions took place between members of the team at the BRL and UBHT to determine the 

number of cadavers to be tested, mostly with input from PT and RA being the only clinically qualified 

researchers able to opine on the approximate numbers which would be necessary. It was 

determined that a minimum of 10-15 cadavers would be necessary for testing, and that further 

opinion from a clinical statistician would be necessary to determine this with more accuracy. 

Following consultation with a statistician, Rosemary Greenwood (Honorary Senior Lecturer, 

University of Bristol) 20 was decided to be the number for experimentation as this was a number 

likely to sufficiently power the study to answer the research question, and would to some degree 

account for unexpected difficulties which often occur with experiments involving cadavers. There 

was no a priori power analysis as no pilot study was carried out and no identical or wholly similar 

studies exist in the literature however, similar cadaveric studies have used sample sizes in 

accordance with this number. 

Cadavers were obtained by the Centre of Comparative and Clinical Anatomy (CCCA) at the University 

of Bristol (UoB). 

With regards to the ages and sexes of the cadavers, no specific requests were made. As has been 

discussed previously, advancing age and the female sex are likely to result in cadavers with smaller 

anatomy with lower mineral density and less extensive connective soft tissue restraints, which 

would lead to lower forces for fracture reduction. This is however in keeping with the typical 

population that sustain these fractures, therefore representative of a clinically relevant population. 

Furthermore, as a large number of fresh cadavers were required at the same time, the RAFS 

research group in conjunction with the CCCA decided that age and sex did not need to be specified. 

The cadaveric specimens provided were from fresh frozen cadavers314 (FFC), comprising the entirety 

of the lower limb with dissection/section from the femoral triangle and to include an intact femoral 
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head. The specimens were all collected within 6 months of commencing the cadaveric studies and 

no embalmment process was implemented.  

The need to obtain FFC was important, as embalmed specimens are known to display a higher 

degree of fracture comminution when subjected to loads to result in fracture315, and the process of 

embalming alters the biomechanical properties of soft tissues including tendons and ligaments by 

extensive tissue cross-linking316–318. 

Ten cadavers were harvested to provide twenty specimens. The cadavers were 8 male and 2 female 

with ages from 73 years to 103 years, and a mean age of 85 years. 

Knowing the number of specimens available for the study, it was then necessary to decide the 

fracture patterns that would be selected, and the numbers of each that would be produced. This is 

described in the following section. 
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Fracture pattern selection 

The typical fracture patterns in the distal femur and their mechanism of occurrence are discussed in 

Chapter 4. The decision was made by the RAFS research team that the 3-part patterns should be 

reproduced in the cadaveric specimens as the design of the robot allowed for manipulation of up to 

2 fragments simultaneously. Therefore the Y and T shaped fracture configurations were chosen. 

With 20 cadaveric specimens available, a further fracture pattern was chosen for inclusion, which 

was a combination of the Y and T shaped fractures. This was termed the “Y/T” fracture 

configuration. As discussed in Chapter 4, fracture patterns in the distal femur commonly occur in 

two broadly recognisable categories of Y and T Following discussion, however due to the 

osteoporotic nature of the bone in the population that sustain these fractures, comminution 

invariably results, and therefore the pattern of fracture may be less predictable, and the “Y/T” 

fracture was chosen to reflect this. 

Following discussion, the RAFS research group decided that 7 Y-shaped, 7 T-shaped and 6 Y/T-

shaped fractures would be created for robotic fracture reduction. These numbers were selected to 

allow an even distribution of patterns, to maximise the statistical validity of group differences in the 

experimental results. 
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Fracture production 

The cadaveric specimens included completely intact soft tissue around the distal femur, which was 

necessary to accurately simulate the clinical application of robotic reduction within the bounds of 

the soft tissue constraints and structures such as the neurovascular bundle. Therefore a method of 

fracture production was required that would not significantly interfere with the soft tissues around 

the distal femur. 

There are many studies on the production of fractures in cadavers, some dating back to the 19th 

century319,320 and mid-20th century321, and other more recent ones in the forensic science 

literature315,322. However, in each case the specimens were subjected to loading and the intent was 

to understand the mechanism by which fractures occur, rather than the investigators wishing to 

reliably produce fracture patterns to investigate means of treating them, which is the purpose of this 

study. Furthermore, whilst externally applied forces can be used to produce fractures, 

reproducibility is not particularly high, the data is mostly valuable in allowing us to infer the likely 

causative force post hoc knowing the fracture pattern, such as in a road traffic accident315,322. 

For the purposes of this study the production of fractures by the method of externally applied forces 

which exceed the mechanical limits of the bone, would not be suitable, as it would not be possible to 

ensure reliably predictable patterns with minimal variance that were suitable for reduction by the 

robot within the constraints of its design. 

It was therefore decided by the clinical investigators (RA and PT) that a more reliable and accurate 

method of fracture production would be necessary to carry out osteotomies. An osteotomy is the 

controlled production of a defect or fracture in bone323. It is commonly carried out in limb 

reconstruction surgery, where it can be used for the correction of angular deformity324 and for the 

creation of new bone through the process of distraction osteognesis323,325–327. Described techniques 

include the use of multiple drill holes and an osteotome (bone chisel) or the use of a powered bone 

saw325,327,328. In such procedures, it is important to carry out the osteotomy through a minimally 

invasive technique, so as to cause minimal disruption to surrounding soft tissues and vascular supply 

which are crucial if new bone regeneration is to occur 325.   

Although there are no documented studies on the accuracy and reliability of one technique over the 

other when producing a specific fracture pattern, one of the clinical researchers in the RAFS team 

has extensive experience with limb reconstruction surgery and the production of fractures cadaveric 

models for teaching. The method of fracture production using drill holes and an osteotome was 
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selected as it allows the most control when producing the specific fracture patterns. In this method, 

the drill holes act as a precursor for the fracture lines which are propagated using the osteotome.  
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Approach 

The anatomy of the distal femur with regards to its osteology and more importantly, its soft tissue 

attachments has been discussed previously in section 4. Important structures attaching to the 

condylar fragments include, though are not limited to, the collateral ligaments, tendons of 

hamstrings and gastrocnemius.  

As previously described, osteotomies in clinical practice are carried out through percutaneous or 

minimally invasive techniques, and the process of creating the fracture in this study with the use of 

osteotomies will be described in this section. All osteotomies were carried out by PT. 

Similar goals were applicable when selecting the approach for creating the fracture. The approach 

needed to be; 

1) Minimal, with an incision(s) which is no more than the size of the tools to carry out the 

osteotomy 

2) Carried out through the smallest number of incisions possible 

3) Not compromising structures crucial in stabilisation of the knee and distal femur 

Figure 55 is a diagram of the distal femur showing possible approaches which were considered. 

 

Figure 55 - Diagram of the distal femur showing three approaches for osteotomy labelled in blue 
arrows and text 
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The supra-patellar approach was selected as it had several advantages over the other potential 

approaches. Firstly, and most importantly, the incision lies over the centre of the intended fracture 

pattern, where the fracture lines meet in the middle of the “Y” or “T”. This means that a divergent 

technique of osteotomy could be utilised through a small single incision. Secondly, although the 

dissection is through the quadriceps tendon, it is longitudinal in the line of the tendon fibres, an 

approach which does not significantly alter the tendon’s mechanical strength329,330. Thirdly, unlike 

the lateral and infra-patellar approaches, it has a lower risk of damage to the important static 

stabilisers of the knee, the LCL and ACL. 

In order to ensure that the placement of the incision was correct, the borders of the patella were 

palpated by the investigator (PT) and the distal end of the incision was started 5mm proximal to the 

superior border of the patella and extended proximally to a length of approximately 20mm, as 

shown in Figure 56. 

Incisions were made with a number 10 blade surgical scalpel, dissecting through the skin, then 

subcutaneous fat, and directly thought the quadriceps tendon in the line of the fibres. Following this 

the dissection would be continued through the retinaculum and into the supra-patellar pouch 

containing the trochlea, thereby completing the approach.  

 

Figure 56 - Suprapatellar incision with the approximate patellar borders marked out in blue 



 
 

140 
 

Osteotomy 

Osteotomies in clinical practice are nearly always carried out with fluoroscopic support to assist the 

surgeon as it is a percutaneous technique where no bone landmarks are under direct vision327,328. 

During the period of fracture production in the CCCA, no fluoroscopic support was available 

therefore the osteotomies were carried out in a “blind” manner. This meant that drilling trajectories, 

and osteotome cuts were carried out using manual palpation of bony landmarks and the 

researcher’s skills in spatial triangulation. To assist the researcher in triangulation, green needles 

were inserted around the distal femur following diligent palpation to delineate bony landmarks. One 

needle was placed to define the centre of the intercondylar groove (Figure 57 – needle 2) and the 

other from the lateral aspect of the femur at the level of the joint (Figure 57 – needle 1).  

To ensure that the specimens did not move whilst osteotomies were being performed, the legs were 

stabilised using wooden blocks and stirrups on a metallic anatomy table.  

 

Figure 57 - Leg specimen stabilised in wooden stirrups and blocks with green needles to assist in 
triangulation 
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Drilling was carried out using an M4 wood drill bit and a DeWalt® DC725 cordless drill331(Figure 58). 

The drill holes were made to reflect the fracture pattern to be created, starting in the anterior cortex 

and then with the drill being angled in various planes to exit in the posterior cortex of the femur in a 

divergent manner. 

 

Figure 58 - Drilling undertaken to create required fracture patterns of the distal femur for cadaveric 
experiments 
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Following drilling, the osteotomies were completed carefully, with an osteotome and metal mallet in 

a stepwise manner to create the fracture along the drill trajectories (Figure 59).  

 

Figure 59 - Using the osteotome to complete the osteotomy (left) and osteotome used (right) 

 

To demonstrate this technique and to verify its capability at producing a reliable fracture pattern, 

the process was carried out on two cadaveric specimens. These specimens had already been 

stripped of their soft tissues for the purposes of surgical education and were therefore available for 

repurposing. This method was preferred to the exploratory dissection of our own samples post 

fracture as it would reduce waste of specimens and furthermore the stripped samples were thought 

to accurately model the process of osteotomy such that samples fully enveloped with soft tissue 

were not necessary.  

In both cases, the fracture osteotomies were created assuming a suprapatellar approach, with 

angulation of the osteotome or drill at the position of the assumed incision to enable extension of 

the fracture (Figure 60). 

Figure 61 shows a “Y” and “T” shaped fractures produced in the two demonstration specimens.  
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Completion of the fracture was assessed by digital palpation through the supra-patellar incision to 

ensure that the fracture fragments were detached and mobile from each other and the femoral 

metaphysis. This was further assisted by removing the leg from the wooden blocks and stirrups and 

flexing the knee whilst palpating. All fractures were carried out in their entirety by the investigator, 

PT. 

 

Figure 60 - Extension of the osteotomy using the osteotome 

 

Figure 61 - Two “stripped” specimens showing a "Y" fracture (left) and "T" fracture (right) 
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Pin insertion and registration 

The design and construction of the fracture reduction robotic system is described in Chapter 4. With 

the fractures completed, the next step in the preparation of the cadaveric specimens for 

experimentation was insertion of pins. The process of inserting the pins, and the method of 3D 

registration of the specimens will be described in this section. 

There were two types of pins that were used with the robotic system, they and will be described 

further in the following section. The pins and their respective dimensions and functionalities are; 

a) Manipulation pins: 6mm in diameter, 142mm in length. Inserted into the fragments to be 

used with the robotic system to bring about reduction 

b) Reference pins: 4mm in diameter, 135mm in length. These pins were used to provide a 

stable point for optical tools that are acting as reference frames for the tibia and femur 
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Pin considerations 

Both types of pin were manufactured from stainless steel by engineers at the BRL. The requirement 

for the manipulation pins was that they are able to transfer the forces required to bring about 

reduction. The experiments with the periosteal elevator gave some indication as to what forces 

would be required and therefore a 6mm pin was chosen for greater resistance to bending forces (in 

comparison to 4mm pins) and the anchoring system was added for rotational stability, which is 

important in allowing the robot to bring about rotation of the fragment and preventing a registration 

mismatch with inadvertent migration during transport. 

The pins have a custom design, referred to as the Unique Geometry Pin (UGP) with a threaded distal 

portion and a machined squared-hole proximal end which articulates with the anchoring assembly. 

The anchoring assembly is the combination of a circular drilling template (DT) and k-wires used in 

conjunction with the pins. The template has a central hole for the pins and 4 radial holes to allow 

passage of a K-wire (Figure 62). For the 6mm fragment pins the template was made of stainless steel 

whereas for the femoral and tibial 4mm reference pins it was made of polymethylmethacrylate. 

 

Figure 62 - Robot-Bone Fixation System. Computer software drawings of the Unique Geometry Pin 
(UGP) and its different cross-sections (A), the anchoring system (AS) (B1) and a detail of the Drilling 

Template (DT) (B2). The UGP is secured in the Gripping System (GS) and connects the RFM End-
effector (RFM EE) with the bone fragment. The Optical Trackers (OT) are used by the navigation 

system to determine the relative position of the UGP to the RFM EE. 
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The reference pins are used purely for registration purposes, so as to determine the position of the 

femur and tibia in relation to the fragments, therefore the only structural requirement was that they 

do not bend with inadvertent forces from transfer. For this reason, 4mm pins were chosen. 

 

 

Figure 63 - 6mm UGP with anchoring assembly circular drilling template 
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Insertion of manipulation pins 

To ensure that the manipulation pins were able to exert the greatest force without mechanical 

failure of either the pin or fracture of the fragment, it was important to ensure a central position 

within the fragment. Insertion of manipulation pins was carried out by PT in most cases and by 

researchers from the BRL under the supervision of PT in others (approximately 20% off pins). 

Bony landmarks for triangulation, as were used for fracture production, were no longer sufficiently 

accurate. Therefore fluoroscopic assistance (which at this point of the study was made available) 

was used with an OEC Fluorostar (General Electric, NY, USA) machine which was made available for 

this period of the study. 

To ensure further accuracy, the use of a 4.5mm cannulated drill bit from Stryker (Kalamazoo, 

Michigan, USA) was employed (Figure 64). A cannulated drill has a hole through it which allows 

drilling over a K-wire. 

 

Figure 64 - Stryker cannulated drill bit 

 

The first step in the insertion of the manipulation pin was therefore insertion of the guide-wire for 

the cannulated drill. Due to the configuration of the robotic manipulator arms, it was necessary to 
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have a degree of angulation in the coronal and sagittal planes so that the workspace of the robot 

was maximised. 

Pin insertion into fragments was carried out sequentially. The following describes the order of steps 

taken for the insertion of the manipulation pins, with letters corresponding to images in Figure 65: 

1) Using fluoroscopy, a 2 mm K-wire (Figure 66 - D) was inserted into the fragment aiming to 

replicate the ideal trajectory - A 

2) Once both AP and lateral views were confirmed to show ideal position of the K-wire, a small 

stab incision was made using a scalpel (Figure 66 - C) at the point of the wire entering the 

skin. This was to allow insertion of the cannulated drill bit - A 

3) The cortical bone was drilled using the 4.5mm drill bit - B 

4) The cortical bone was then tapped using an M6 tap (Figure 66 - B) on a T-handle (Figure 66 - 

E) - C 

5) The 6mm pin was inserted into the pre-drilled, pre-tapped hole. Fluoroscopic guidance was 

used to ensure that the pin trajectory did not deviate and that the pin was inserted to the 

ideal pin depth – D 

6) The template was inserted over the pin and pushed to the skin  

7) Two 1.8mm K-wires were inserted through the template and into the bone, using 

fluoroscopy to ensure that the wires would not traverse the entirety of the fragment and 

inadvertently “fixate” the fracture thereby blocking reduction. 

8) Steps 1-7 was repeated for the second fragment thereby completing the process of 

manipulation pin insertion - E 
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Figure 65 - Sequence of steps in manipulation pin insertion 



 
 

150 
 

 

Figure 66 - Tools used in manipulation pin insertion 
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Insertion of reference pins 

As the reference pins did not need to be in any specific place within the femur or tibia, fluoroscopic 

guidance and a cannulated drilling technique were not necessary. The following is the order of steps 

carried out for both femur and tibia pins; 

1) A small “stab” incision was made at the desired site of pin placement 

2) Using a 3.2mm drill bit, a drill hole was made through both anterior and posterior cortices 

3) The drill hole was tapped using an M4 tap and the T-handle 

4) The pin was inserted using the T-handle 
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Registration 

In order for the system to calculate the reduction trajectories which the robot would use, optical 

navigation (Polaris) is used which takes its reference frame from the position of the pins, as the 

optical markers are located on the pins. The process of registration involved the use of a CT scan to 

allow a creation of a virtual bony model from which the navigation system would cross reference its 

geometry. It would then follow that any movement of the pin would result in an equivalent 

movement of the fragment with the assumption that the pins were securely fixed in the bone and 

any mechanical bending of the pins was negligible. This setup is described in more detail in 0. 

Following pin insertion, the specimens were transported between the CCCA and the CT scanning 

suite at UHBT, in the anatomy lab transportation van. During transportation, the specimens were 

wrapped so that they were visually unidentifiable. The wrapping was removed for the scanning 

process to allow positioning. Figure 67 shows the scanning setup of the cadaver specimen, prior to 

going through the scanner. Specialised registration tools were designed and 3D printed by the team 

at the BRL and added to the pins to act as landmarks for referencing.  

 

Figure 67 - Specimen to be scanned on the CT scanner table, and two specimens awaiting scanning in 
the background 
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A standard clinical CT scanner (SOMATOM Sensation 16, SIEMENS) was utilised for scanning the 

specimens. In order to demonstrate the performance of the proposed workflow in real time, a 

standard trauma scanning protocol was employed. The slice width was 0.7mm and 3D 

reconstruction from raw data was performed on the CT scanner’s computer. 

 

Figure 68 - Left: The registration tool for referencing on the cadaveric specimen, and Right: A 3D 
reconstruction of the CT scan with the tool present 

The process of pin insertion and registration, combined with limited access to the CT scanner 

resulted in only 15 of the 20 fractures undergoing pin insertion and registration. This is discussed 

further in section 0. 
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Robotic fracture reduction 

The construction of the robotic fracture reduction system was carried out by the team at the BRL. 

Due to compliance within the framework of the Human Tissue Act312, experimentation had to be 

carried out on the premises of the CCCA. Therefore it was necessary that the system be 

transportable and this was implemented in the design. Furthermore this would be advantageous for 

potential future clinical use in an operating theatre environment should the system be considered 

for future trials. 

Following preparation and registration of the specimens, the next step was to use the system for 

robotic fracture reduction. The robotic system was transported from the BRL to the CCCA to allow 

this. 

Experimentations carried out that the CCCA with the robotic system were performed by the 

researchers from the BRL (GD, IG, SM) and PT in collaboration. 

The components of the robotic fracture reduction system were; 

1) Polaris Spectra 

2) Specimen fixation base 

3) Fracture reduction robot 

4) Fluoroscopy machine - OEC Fluorostar (GE) 

5) Computer system 
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Set up 

The most important element for the preparation of the fracture reduction was to ensure the 

immobilisation of the optical reference tools attached to the femur. This provided a stable reference 

frame for the functioning of the tracking system. 

Another purpose of fixation was to counterbalance forces and torques generated during the 

reduction process. The implementation of two fixation points and the fixation inside a Taylor Spatial 

Frame (Smith and Nephew, London, UK) ring allows us to adequately stabilise the leg. 

To achieve this, the femur was fixed at two points to provide sufficient support when traction and 

manipulation was performed by the internal and external robots. At both points, the femur was 

attached via Taylor Spatial Frame (TSF) rings to an aluminium Bosch profile which is part of the 

fixation base. The Bosch profile could be adjusted to alter its position relative to the base. The 

fixation base was clamped to the table with heavy-duty G-clamps (a simplified version of a surgical 

table). The leg could also be rotated around its principal axis, if required, and fixed inside the two 

TSF rings. The TSF ring was connected to the neck of the femur via 6mm diameter (∅) pin inserted 

approximately aligned with the intertrochanteric region and the other TSF ring was connected to the 

distal part of the femur via 3mm diameter K-wire no closer than 10cm to the fracture line. Figure 69 

shows the adjustable base created by aluminium profiles and connection elements allowing for rapid 

adjustments to different dimensions of the specimens. The fixation system with k-wires and a half 

TSF ring on the distal side and 6mm pin and the 270o TSF ring on the proximal side is shown in Figure 

70. 

 

Figure 69 - Adjustable fixation base for the specimen 
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Figure 70 - Fixated specimen using two TSF rings 

After securing the proximal part of the cadaveric specimen on the adjustable table, the foot and the 

tibia were firmly secured to the external robot via a foot splint. Cotton covers were placed around 

the foot to minimise damage to the soft tissues and prevent migration of the foot within the splint 

with applied robotic traction (Figure 71).  

 

Figure 71 - Placement of the foot in the foot holder 
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Positioning the Robotic System 

After securing both ends of the cadaver, specimen traction was applied to the tibia by the external 

robot, a degree of traction was applied to bring about approximate alignment of the fragments, and 

the measured traction forces were recorded. The application of traction was confirmed with the 

force actuator and the movement of fragments resulting from the traction was observed with 3D 

visualisation via the optical tool and the aid of the OEC Fluorostar (GE). Fluoroscopy was carried out 

all times by a certified radiographer and full radiation protection protections were maintained 

during these times. 

Following the application of traction, the carrier platforms of the internal hexapod robots were 

manoeuvred into the correct alignment to facilitate the coupling with the pins and subsequent 

fastening with grab screws, allowing reduction to take place. Figure 72 shows the complete setup 

before the initiation of reduction. 

From this set-up the reduction procedure can be initiated. The movement of the robot is dictated 

either from a pre or intra-operative session, where the surgeon virtually reduces the fracture using 

the User Interface. This generates trajectories that are sent to the internal robots via the controller 

to move each fragment to the desired position. 
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Figure 72 - RAFS System ready to carry out reduction manoeuvres 
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RAFS Computer System 

The RAFS computer system is a machine running a Microsoft Windows operating system and using a 

variety of programmes customised by the team at the BRL, is capable of the following operations; 

1) Control of internal and external robots 

2) Control and display of Polaris Spectra and navigation system 

3) Control of user interface to allow fracture reduction 

4) Diagnostics of robots and Polaris 

The BRL researchers, having the most familiarity with the system, were the sole operators of the 

controls for the Polaris and robots. However, it was the clinical researcher’s (PT) role to use the 

interface system to align the fracture fragments for the robot to carry out the manoeuvres. 
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Fracture reduction 

The clinical researcher (PT) would be presented with the current (real-time) position of the fracture 

fragments on the system screen as obtained by the navigation system (Figure 73 – B). He would then 

reduce the fracture fragments to the desired positions, shown as semi-transparent objects Figure 73 

– B. Reductions were carried out using the Leap controller which was the preferred interface of the 

researcher. Once satisfied with the reduction, instructions were sent to the internal robots to carry 

out the reduction manoeuvres, which they would do based on a pre-determined reduction 

trajectory calculated using an algorithm designed by the BRL team (Figure 73 - C). 

The instructed reduction was confirmed to have taken place by reviewing the real-time navigation 

images and with the use of limited (oblique plane) fluoroscopy to check that there was no major 

discrepancy in the navigation images (due to errors in referencing). 

 

Figure 73 - RAFS system in the cadaver laboratory. Optical tools attached to the orthopaedic pins and 
RFMs allow intra-operative real-time imaging and closed-loop control of the system (A); pre-

operative data are imported into the reduction software and the surgeon proceeds with the intra-
operative virtual reduction (B) generating the desired reduction trajectories F1Tjd and F2Tjd (C) for 

each fragment 
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Fracture fixation 

When the clinical researcher (PT) was satisfied with the fracture reduction performed using the user 

interface and the internal robots (confirmed by imaging) the process of temporarily fixing the 

fracture was performed. The temporary fixation was necessary to ensure the immobilisation of the 

fragments while detaching the internal robots from their carrier platforms to create space for 

further fluoroscopy images. 

The fixation was performed by PT, using a set of 2mm ∅ k-wires and with fluoroscopic guidance. 

Firstly, two K-wires were used to fixate the two reduced fragments, then, the two fragments were 

fixated to the femur via two K-wires each. This six-wire construct would confer stability against both 

translation and rotation. 

Figure 74 shows the K-wires as used in the specimen. 

 

Figure 74 - Red circles showing the wires from the outside of the specimen (left) and fluoroscopy 
showing the configuration of the wires in situ 

Following fixation the specimens were removed from the stabilisation assembly and underwent true 

anteroposterior, lateral and oblique radiographs using the fluoroscopy to allow assessment of 

reduction accuracy. Calibration of the fluoroscopy was carried out with the use of a polymethyl 

methacrylate plate with equally spaced radio-opaque calibration circles of known geometry (Figure 

75). All images obtained for measurement purposes were taken with the fractures centrally placed in 

the image due to peripheral distortion which can be seen in Figure 75. 
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Figure 75 - Fluoroscopic image taken with the OEC Fluorostar of the calibration plate showing the 
peripheral distortion 
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Assessment of reduction accuracy 

Assessment of reduction accuracy was made at three points in the workflow. 

1) Following Robotic Reduction 

There was a subjective assessment made by the clinical researcher (PT) based on images 

from the RAFS computer system with navigation software, and also with limited fluoroscopic 

views (oblique, partial AP). 

 

2) Following fixation 

Once the specimens had been transfixed with K-wires and subsequently dismounted from 

the base and the foot holder, further images were taken with fluoroscopy and graded by PT 

as per the metric in Table 11. This assessment of reduction was intended to mimic intra-

operative reduction in theatre in a clinical setting. Polaris would also report data on the 

position of the optical trackers and would calculate the translation and rotational 

displacement in the navigation software. 

 

         Table 11 - Metric for clinical grading of fracture reduction 

 

3) Following image review 

After fixation the images obtained with fluoroscopy were calibrated and assessed (Figure 76) 

for reduction accuracy using Sante DICOM Viewer (Santesoft, Nicosia, Cyprus) on a BRL 

computer. A displaced fragment causes a deviation from the normal alignment which can be 

quantified by measurements of translation and angulation on the fluoroscopic images in 

both coronal and sagittal planes.  

 

Descriptor Result 

Alignment within 1.5mm of anatomical position and <5o of 

rotation/angulation 

Acceptable 

Alignment within 1.5-2mm of anatomical position and <5o of 

rotation/angulation 

Borderline 

Malalignment of greater than 2mm and rotation of >5o Unacceptable 
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Translational accuracy ∆Ti, defined as separation of two points, was measured by 

researchers at the BRL at several points where displacement between one manipulated 

fragment and the femur was perceived to be the greatest.  

 

For each fragment, 12 data points were taken from two different fluoroscopic images (six 

points in the coronal plane and six in the lateral plane) to determine the mean and 

maximum values of translational error. Rotational (angulation) accuracy was measured as 

the difference between the axis defined by the femur (ϑRi) and the axis defined by the 

fragment (ϑFi). For each fragment 2 data points were taken from two different fluoroscopic 

images (one in the coronal plane, one in the lateral plane) to determine the maximum 

rotational error. 

 

Figure 76 - Fracture reduction assessment after robotic reduction: intra-operative qualitative 
assessment of the reduction using the navigation system (A); example of post-operative objective 
assessment using calibrated fluoroscopic images on the coronal (B) and sagittal (C) planes, with 

superimposed translational (B) and rotational (C) evaluation metrics. 
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The assessment of the cadaveric reductions signified the end of the cadaveric work in this thesis. The 

next section will describe the qualitative studies, which include the interviews with patients and 

surgeons, and the interface studies. 
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3. Results 

Of the 20 cadaveric specimens that had fractures created, 9 underwent fracture reductions using the 

RAFS system.  

The 9 fresh frozen cadaver specimens were composed of 4 right and 5 left lower limbs from 6 males 

and 3 females with mean age of 87 ± 11years. There were 5 Y-shaped fractures and 4 T-shaped 

fractures. 

A summary of reduction data is shown in Table 12. Assessments of the adequacy of reduction were 

based on the pre-defined parameters discussed in section 0. 

The RAFS system showed clinically acceptable reduction values on both Y- and T-shape in 5 

specimens, namely #1, #2, #3, #5, and#7 as shown in Figure 77.  

Columns ‘‘F1 RMSE’’ and ‘‘F2 RMSE’’ report reduction accuracies for fragment 1 and fragment 2 

respectively with regard to each specimen. Figure 77 illustrates the average reduction accuracies of 

F1 and F2 for each specimen, providing a visual representation of the overall reduction accuracies 

achieved using the RAFS system, compared with the clinically acceptable values. 

The column “RFM-Pins displacement” reports the deviation in position between the RFMs and UGP 

and is the result of deformations of the assembly due to applied loads. 

The ATT supported the fragment manipulation and facilitated the reduction of the fractures. The 

average traction force applied by the ATT measured during the nine reductions was 26 ± 18 N 

(maximum 51.6 N). Specimen-specific traction values are reported in column ‘‘Traction (ATT)’’, while 

manipulation forces and torques exerted by the RFMs during the reduction procedure are shown in 

column ‘‘Force/Torque (RFMs)’’ of Table 12.  

Finally, the surgical times to reduce the fracture on each specimen using the RAFS system are 

reported in column ‘‘Time’’. This was a sum of the total time from pin insertion to completion of 

reduction.  

Pin insertion took 33 ± 3 min; 3D registration 52 ± 6 min (undertaken at the BRL); robotic assembly 

setup 27 ± 3 min; intra-operative virtual reduction 2 ± 1 min; and physical reduction 9 ± 3 min. The 

total mean time to reduce a DFF with the RAFS system was 123 ± 7 mins (excluding set-up of the 

robot).  
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a T = T-shape fracture; Y = Y-shape fracture; R = right limb; L = left limb. 

b Translational RMSE calculated over 12 data points; rotational error calculated over 2 data points. 

c RMD = resultant maximum displacement (translational and rotational) between the UGP and the relative RFM end-effector calculated by 

Polaris Spectra 

d Average traction applied by the ATT during the surgical procedure. 

e Resultant average forces and torques applied by the RFMS during the surgical procedure. 

† As defined by parameters in section “Fracture fixationAssessment of reduction accuracy” 

 

 

 

Specimen 

a 

Reduction Accuracy RFMs-pin 

displacement 

Forces 
 

F1 RMSE b F2 RMSE b Mean Clinical 

grading† 

RFM1 

UGPF1c 

RFM2 

UGPF2c 

Traction 

(ATT) d 

Force/Torque 

(RFMs) e 

Time 

#1 – T,R 1.4 ± 0.3 mm 0.9 ± 0.2 mm 1.2 mm A 3.0 mm 2.5 mm 10.8 ± 

2.3 N 

70 ± 4 N 119 

min 
3 ° 3° 3° 3.1° 4.4° 4.8 ± 0.4 Nm 

#2 – Y,R 1.8 ± 0.1 mm 0.9 ± 0.3 mm 1.4 mm A 1.25 mm 3.25 mm 51.4 ± 

2.8 N 

113 ± 5 N 131 

min 
2° 2° 2° 1.6° 2.7° 3.2 ± 0.3 Nm 

#3 – T,L 1.0 ± 0.4 mm 1.4 ± 0.4 mm 1.2 mm A 2.25 mm 2.75 mm 24.0 ± 

0.8 N 

18 ± 0.5 N 132 

min 
2° 2° 2° 1.8° 3.5° 1.60 ± 0.1 Nm 

#4 – Y,L 0.7 ± 0.3 mm 2.8 ± 1.9 mm 1.8 mm B 2.25 mm 3.75 mm 12.5 ± 

3.1 N 

95 ± 5 N 119 

min 
2° 5 ° 3.5° 3.4° 23.0° 6.83 ± 0.6 Nm 

#5 – T,L 0.5 ± 0.1 mm 0.8 ± 0.4mm 0.7 mm A 2.5 mm 6.0 mm 51.6 ± 24 

N 

147 ± 10 N 117 

min 
3° 2 ° 2.5 1.1° 5.5° 6.31 ± 0.2 Nm 

#6 – T,R 0.8 ± 0.1 mm 1.2 ± 0.6 mm 1.0 mm B 2.25 mm 3.0 mm 10.4 ± 

1.2 N 

83 ± 8 N 127 

min 
3° 7 ° 5° 3.1° 1.3° 1.96 ± 0.3 Nm 

#7 – Y,L 1.0 ± 0.3 mm 1.1 ± 0.1 mm 1.1 mm A 2.75 mm 2.75 mm 45.6 ± 

5.1 N 

26 ± 7 N 123 

min 
>1° >1° >1° 2.7° 2.5° 3.24 ± 0.6 Nm 

#8 – Y,L 7.1 ± 3.6 mm 0.9 ± 0.4 mm 4 mm U 2.75 mm 1.00 mm 8.3 ± 2.6 

N 

60 ± 12 N 119 

min 
20° 3° 11.5° 18.1° 0.9° 1.91 ± 0.4 Nm 

#9 – Y,R 3.4 ± 0.8 mm 12 ± 1.5 mm 7.8 mm U 1.75 mm 2.75 mm 11.6 ± 

5.1 N 

75 ± 8 N 107 

min 
1° 13° 7° 2.5° 8.9° 2.12 ± 0.5 Nm 

Table 12 - Summary of reduction data for the RAFS system 
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Figure 77 - Fracture reduction accuracies achieved using the RAFS system on nine cadaveric 
specimens. The RAFS system was able to reduce distal femur fractures with acceptable clinical 

accuracy (Translational ≈1 mm, blue rectangle—Rotational ≈5o, red rectangle) in specimens #1, #2, 
#3, #5, and #7. Borderline—still acceptable—reduction accuracy was measured in specimens #4 and 

#7. The RAFS system was unsuccessful in reducing the fractures in specimens #8 and #9. 
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Statistical analysis methods and rationale 

The intended sample size of 20 cadavers was not met, due to limitations which will be discussed in 

the next section. The final sample of 9 cadavers however was able to provide useful data from which 

to draw conclusions on the technical capabilities of the RAFS system. 

RMSE was chosen over the use of variance with regards to the measurement of data points as it 

represents perturbations around where the true value lies rather than variance which assumes that 

all data points will regress to the mean value. 

Reduction accuracy, owing to the limitations of the measurement software, and accounting for the 

errors which would results in parallax magnification are reported to one decimal place. Polaris 

Spectra has a lower spatial accuracy, and for RFMs-Pin displacement values these were reported to 

the closest one-quarter of a millimetre and one decimal place in the case of angular deformity. 

In “Assessment of reduction accuracy”, the metrics for clinical grading of the fracture reduction are 

discussed. This method of analysis was necessary for several reasons. Firstly, the study is not a 

traditional experimental design as there is no control group, rather, the capabilities of the RAFS 

system are being assessed as to ascertain whether a reduction which would be comparable to what 

is sought in a clinical environment, and therefore a parameter was set which would most closely 

resemble this. Secondly, the ability of the human eye to accurately assess the rotational and 

translational deviations in a clinical environment has inherent limits, and therefore the metrics 

reflect this. Finally, the small sample size available for analysis resulted in the need for a tool by 

which absolute measures of reduction (in terms of millimetres and degrees of displacement) would 

be transformed into a grading which could represent the proportion of results in which the RAFS 

system either confirmed or refuted the null hypothesis. 
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Limitations and encountered problems 

The unknown complexities of conducting the cadaveric study resulted in the researchers only being 

manging to complete the study with 9 of the 20 specimens that were prepared for reduction. Those 

reasons will be briefly discussed in this section. 

 

Bending of the reference pins 

Following pin insertion, the specimens were transported between locations, for storage in freezers 

and CT scanning. This was carried out by the researchers but in part by anatomy staff at the CCCA. As 

the pins were protruding from the specimens any external pressure resulted in bending of the pins 

(Figure 78). This compromised the registration process and as a result, accuracy of the tracking 

system was off by a large degree, and hence no reductions were possible. This occurred in 3 

specimens. 

 

Figure 78 - Image showing a bent reference pin 
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Pin migration 

Apart from accidental damage to the pins, the design of the pins in the femur and tibia was such that 

there was less stability to rotation within the drilling template, as the drilling template was plastic in 

comparison to stainless steel for the fragment UGPs. Only very slight rotations of the pins resulted in 

reference errors and hence made the specimen unsuitable for reliable reductions. This occurred in 3 

further specimens, and whilst they were used for testing the system and reductions were carried out 

successfully, the inherent inaccuracies of the measurements of displacement by the navigation 

software preclude their inclusion in the final results. 

 

Pin insertion, CT scanning and 3D registration 

The process of pin insertion, CT scanning and registration was a labour intensive one. For the robotic 

reductions there was only a limited amount of time that a room and the OEC Fluorostar were 

available at the CCCA (approximately 2 weeks). During this period the RAFS team had to insert pins, 

transport the specimens in batches to the UHBT for the CT scanning (at a time convenient for the CT 

scanner), and return them to the CCCA in time to mount the specimens and perform reductions. 

Despite best efforts, 5 specimens could not complete this process and were therefore could not 

undergo robotic reductions. 
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4. Discussion of results 

The system was able to produce clinically acceptable reductions in 7 of 9 specimens showing that 

the system can accomplish a good reduction accuracy avoiding large deviations from the desired 

positions set by the surgeon operator in those cases. 

Specimens #4 and #6 presented average error of 1.8mm/3.5o and 1.0mm/5o respectively, resulting in 

sub-optimal—although still acceptable—reductions. A higher residual error for F2 (2.8 ± 1.9 mm/5o) 

in specimen #4 is due to a failure in the gripping system (GS) as shown by the relative rotation 

between UGPF2 and RFM2 of 23o (UGPF2 rotated inside the GS) reported in column ‘‘RFM2 

UGPF2’’of Table 12. The failure occurred because of a higher than the average torque applied by 

RFM2 during the manipulation of F2 (6.83 ± 0.6 Nm, see column ‘‘Force/Torque’’ in Table 12). A 

residual rotational error of 7o was measured for F2 in specimen #6. The initial displacement of this 

fragment prior to reduction was high (rotation over 45o) and the RFM2 was not able to achieve a 

sufficient reduction as the required movement of the RFM2 was beyond the designed workspace 

capabilities of the carrier platform construct. 

Reduction accuracy for specimens #8 and #9 were outside of the parameters defined as clinically 

acceptable (see section 0). Regarding specimen #8, the reduction accuracy achieved for fragment 1 

was 7.1 ± 3.6mm and 21 o. In specimen #9, the reduction accuracy for fragment 2 was 12.1 ± 1.5 mm 

and 13o (rotational), which of course is much higher than the clinically acceptable values of 1mm and 

5o. Once again, the mal-reductions obtained for fragment 1 of specimen #8 and fragment 2 of 

specimen #9 were related to the failure of the GS, not being able to keep the UGPs stationary inside 

the RFMs. The relative displacement between UGP and RFM (see column ‘‘RFMs-Pins Displacement’’ 

in Table 2), due to soft tissue-related forces and torques, was measured during each reduction 

comparing the relative position of each UGP provided by optical trackers. Although rotational 

displacements were used as a metric to evaluate safety of the connection between the pin and the 

and GS/RFM, linear displacements describe the bending of the UGP at the gripping section. Average 

linear and rotational displacements of 2.7mm (maximum 5.99mm) and rotational 4.9o (maximum 23o 

measured in specimen#4) quantify the deformation. 
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Chapter 5: Qualitative Study with 

Patients 
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1. Introduction 

During the design and testing of the RAFS system, interviews were conducted concurrently with both 

patients and surgeons to provide qualitative data which would both inform future iterations of the 

system but also provide an insight into the viewpoints of these groups on robotic surgery and in the 

case of patients, their experiences with sustaining a fracture and undergoing surgery. In the case of 

surgeons, the interviews would also encapsulate an additional study where the interfaces with which 

they would be interacting with the RAFS system would be presented to them, and their qualitative 

feedback on the interfaces would be recorded in addition to quantitative tests of their performance. 

This chapter will provide background and justification for the qualitative methodology, in addition to 

the process of conducting interviews and thematic coding as applied to both patients and surgeons. 

The process of patient recruitment and interviews will also be described however the same process 

for the surgeons, in addition to the interface study, will be described in Chapter 6. 
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2. Qualitative Methodology 

Embarking on mixed-methods research 

The objective assessment of performance in the interface study would result in data that would be 

purely quantitative, however, it was not only the subjects’ performance I was interested in, but also 

their views on the ease of use and accuracy of the interfaces, as well as their own performance. This 

therefore required a mixed-methods study design. 

I chose an “embedded” or “nested” design as described by Creswell and Plano-Clark332. Embedded 

designs have been used extensively in trials where the qualitative component runs concurrently and 

is supplemental to the main quantitative methodology, generally used to develop recruitment 

practices and inform design in feasibility trials209,333–337. 

In contrast, my study design would embed the quantitative component within the qualitative one as 

shown by B in Figure 79. 

 

Figure 79 - Two types of embedded study design (adapted from Creswell and Plano-Clark332) 
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Ethical review and HRA approval 

As this is a study involving patients and employees of the National Health Service (NHS), research 

ethics committee (REC) approval was required prior to undertaking any work. The process of 

application is described in appendix 3. The application for ethical review for the interview studies 

and interface study was separate from that of the cadaveric and was carried out by London - Chelsea 

Research Ethics Committee with reference 16/LO/0210 and the letter of approval is included in 

appendix 4. 

Following this, to conduct research at any NHS site further application and approval is needed from 

the local NHS research and development (R&D) department. The process is overseen and co-

ordinated by the Health Research Authority (HRA). I applied for and obtained NHS R&D approval for 

two sites, University Hospitals Bristol NHS Foundation Trust (UHBT) and Royal United Hospitals Bath 

Foundation trust (RUH). 

Ethical review was an important consideration when I was planning my study. Aside from the time it 

would take to apply for and obtain a favourable ethical opinion (which I factored into the timeline of 

my research), the application process was useful in making me consider carefully the issues when 

designing my study. 

Interviews for the patients which reflect on past experiences may cause emotional distress if the 

experience was an unpleasant one, for example if the memory was of a mechanism of injury or of a 

prolonged recovery. Also, images of the robotic system may cause distress for some. As a clinician, 

during my undergraduate time I had training in dealing with these situations. Furthermore, my time 

spent in the NHS as doctor has exposed me to such situations in the past and my reflections on these 

have provided my with invaluable experience. Any patients with concerns would be provided 

contact details of NHS counsellors who can address the issue further if required. On the subject of 

the robotic system, the images were reviewed by the Patient and Public involvement group (see 

section 0) and only those images deemed as suitable were selected. 

The participant burden, which will be time spent giving the interview. For the patients, this will be 

minimised by way of allowing participants to choose a time and date which is most convenient for 

them and the location of their interview (their home or UHBT). If travelling to UHBT, I would 

compensate them for their travel costs. 

With regards to the participant burden for the surgeons, I would do my best to accommodate to 

their working schedules and provide as much notice as possible, with flexibility in time and specific 

location of the interviews and interface studies. 
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The foundation of the qualitative methodology 

During my undergraduate and postgraduate medical training I received formal instruction on 

conducting consultations with patients. Generally known as “communication skills”, this is a feature 

of undergraduate medical curriculum which highlights the importance of official guidance on the 

most suitable approach to patient, and sometime colleague interactions. However, I was aware that 

although some of these skills would help me in conducting qualitative interviews, they would be 

insufficient to gain the most from the qualitative interview method and I would need to undertake 

specific training. Therefore prior to commencing the interviews I attended a qualitative interview 

skills course, the details of which can be found in the appendix 5. 

Broadly speaking, research is the generation of new knowledge by investigation and study. The 

qualitative courses that I attended were particularly useful in highlighting to me that qualitative 

research is fundamentally distinct from quantitative research in the logic employed to derive new 

information. Quantitative research in medicine generally relies on a mathematical approximation of 

a biological system, and draws conclusions based on systematic measured observation and statistical 

inference of data338. Qualitative research is suited to exploring social action and interaction, 

including beliefs, attitudes and perceptions of social phenomena339. When considering the 

applications of the findings from both quantitative and qualitative studies, the concept of 

generalisation may be considered340. Generalisation has been described as “an act of reasoning that 

involves drawing broad conclusions from particular instances—that is, making an inference about 

the unobserved based on the observed” by Polit and Beck341. They go on to argue that whilst 

generalisability is considered important in evaluating the validity of findings in quantitative studies, 

this is not necessarily the case for qualitative studies which aim to provide a rich, contextualised 

understanding of individual experience through the study of particular cases342. Such concepts were 

important when considering my analytical method. 

The performance of the robot or the interface was not the focus of this aspect of the study, rather 

the participants’ awareness of and beliefs about robotics and perceptions and attitudes towards the 

use of robotics in fracture surgery. I felt that in both surgeons and patients, a similar approach to 

exploring their viewpoints would be necessary and the most suitable method of doing this would be 

an interview. 

I considered other methods of qualitative data collection, including focus groups and surveys. The 

patient and public involvement group (0) provided useful qualitative data on the thoughts of an 

experienced group of patients on robotic fracture surgery, and there are instances in the literature 

of expert panels providing qualitative data on robotic surgery343. However, the ability to thoroughly 
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explore a person’s perceptions, attitudes and beliefs can only be reliably obtained from individual 

interviews, and there is a risk that focus groups may often overrepresent the viewpoints of certain 

more outspoken or vocal participants, whilst more reserved individuals may not equally contribute 

their own views344–346. Surveys have been conducted extensively in studies on robotic 

surgery214,232,233,238,347,348, and although they enable a large number of responses to be collected, they 

do not permit the thorough investigation of individual thoughts. Furthermore, the design would not 

permit me to investigate the reactions to the robotic system (in the case of patients), nor would it be 

suitable for carrying out an embedded study in the case of the interface study. 

Interviews have become the most extensively used sources of data in qualitative health research 

with the development and refinement of social research methods349–351 which adapted and 

expanded on the primitive philosophical foundations laid by early phenomenological proponents352–

354. Interviews are broadly classified in the literature as unstructured, semi-structured, or 

structured355. Structured interviews often include more closed questions with the aim of quantifying 

responses and thus are not well suited to exploring and reflecting on an individual’s subjective 

experience. Although no interview can be considered to be fully unstructured, some begin with a 

single broad question to encourage a conversation around a general topic, usually of which little is 

known. 

Semi-structured interviews are the middle ground between these two techniques and may be used 

in qualitative research when perhaps there is prior knowledge of the phenomenon under study, but 

mainly where the aims of the study are to achieve specific objectives within a known context339. 

In this study, I wanted to explore patients’ views on robotics in surgery and to introduce them to a 

new robotic system and gather their views on this. Similarly with the surgeons, I wanted to explore 

their perspectives on robotics but also to introduce to them the fracture reduction interfaces. I 

would gather not only their views on the interfaces, but also their interpretations on how they 

performed whilst using them. 

In both cases I needed to follow a programme of questions, some open-ended and some more 

closed and allow flexibility to adapt to responses from participants. Considering this, I opted for a 

semi-structured approach of individual face-to-face in-depth interviews. 
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Epistemological stance and selection of the analytical method 

It was necessary to choose a methodological approach to inform the collection and analysis of the 

data. In this work, I mostly based my analytical method on thematic analysis (TA)356–358.  

Thematic analysis is “essentially a method for identifying and analysing patterns in qualitative 

data”356. Braun and Clarke have relatively recently described a “non-linear model” for carrying out 

TA, and emphasised its flexibility for a wide range of theoretical frameworks and its ability to work 

with a large or small data sets358. One advantage of their method was that the approach is well 

described and systematic, an appealing characteristic for a novice in qualitative research such as 

myself, furthermore I felt it sufficiently robust to answer my research questions. In this section I will 

describe the general methods with which I have carried out my analysis, largely derived from the 

system described by Braun and Clarke358. 

All meanings, we know, depend on the key of interpretation359 

When considering my epistemological beliefs, it was necessary to determine whether I would 

employ an objectivist or constructivist approach to the overall conduct of my work. Objectivism 

refers to the idea that there is one particular “core” category or “truth” to be revealed through 

natural enquiry360,361. In contrast, constructivism posits that multiple realities can be derived from 

the unique interpretations of individuals as they interact with the world around them362,363. In this 

regard, the interview is a suitable method with which to arrive at my intended outcome, as it 

represents an interpretative process involving the construction of meaning between the interviewer 

and interviewee364. With a constructivist approach to interviews, the key value of data from 

interviews is in identifying the range of meanings and ideas put across by subjects365.  

In the context of my study, I felt that the constructivist notion of the co-construction of meaning 

from interviews aligned with my own view that the nature of the data which I wished to collect was 

not intrinsic, but created from the experiences of myself and the participants. 
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Methodological principles 

Memo-writing  

As I embarked on my interviews, I was aware that it was important to keep a written record of my 

thoughts on the research process, including data collection, analysis and emerging themes. This 

allowed to me continually refine my thoughts on my analysis and maintain a degree of reflexivity. To 

enable this, I kept a research notebook in electronic form on my mobile phone (section 0), and also 

when carrying out interviews, I would annotate a printed topic guide (Figure 80). 

 

Figure 80 - Annotated topic guide with patient identifiable information covered in red 
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When arriving at an interview, I would not only record the location, but also if I notice any significant 

environmental factors which I felt may have a bearing on the data collected. For example, the 

participants observed mood, or if they had a particularly difficult journey due to traffic which they 

made have alluded to. For the surgeons, I would record what time of day, and whether they were 

free later or had other scheduled events after the interview. When visiting a patients’ home, I would 

also record whether there were any distractions during the interview. 

With all qualitative research, it is necessary to immerse oneself within the data, to become familiar 

with it. Memo-writing was an important way to facilitate this and ensure that this took place as the 

interviews progressed, and prior to receiving the transcriptions of the interviews. In addition, I would 

listen to the audio recordings repeatedly, and particularly the same evening following interviews 

taking further notes. This allowed me to identify emerging ideas of interest, in particular for the first 

few interviews which were treated as “pilots”. 

Familiarisation with the data 

Although Braun and Clarke emphasise that their model is ‘non-linear’, the first phase in their method 

for carrying out TA is “familiarisation with the data”, which they describe as the ‘bedrock for the rest 

of the analysis’358. 

As I was taking memos during the interviews, this allowed me to become familiar with the data as it 

was being generated. Furthermore, following each interview, I would at the earliest opportunity, 

listen back to the audio recording in case there were any salient points of relevance which I may 

have missed during the interview. 

Although transcribing the interviews would have further enabled me to become immersed within 

the data, I largely outsourced the transcription of interviews for reasons described in section 0. 

Nevertheless, on receipt of each transcript I would re-listen to the audio whilst reading through the 

transcript to identify errors and make necessary corrections, a process itself which contributed 

further to familiarisation. 
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Coding 

I used my memos to inform the generation of my codes following transcription of the interviews. All 

coding was undertaken using NVivo data management software (see section 0). 

I felt that all aspects of the dialogue were important, so not only did I undertake line-by-line coding, I 

also coded phrases and words within sentences and lines which I felt were important to the 

emerging themes. This detailed approach is advocated by proponents of TA356,358 as the initial tactic 

which ensures that no data is missed. Whilst this resulted in a large number of primary codes, in 

many cases I merged these into secondary and even tertiary codes (Figure 81) prior to applying them 

to any developing themes which I would record as nodes in NVivo. As an example, I asked one 

patient participant to expand on her previous statement: 

 

Me 

Were you alluding to the potential safety of the robot, when you said that you wouldn’t want 

to be the first one? 

Interviewee 

I don’t know I think it’s just the idea of it not being done on another person, but then I think if 

it came down to it I probably would be happy being the first person, it’s just that thought of 

“actually it’s never been done before” but I wouldn’t not trust it though, because it’s been done 

on other things before you’re not really the first person. But I don’t think it would stop me from 

doing it. 

 

The areas in bold would be coded to a ‘node’ in NVivo. A node can represent either a single code, a 

collection of codes, or even a theme. As I had been taking memos and noting emerging themes and 

potential codes, I had constructed a preliminary set of nodes at which to code at in NVivo and I was 

able to assign these codes to the nodes. 

In the case of the passage above; 

“I think it’s just the idea of it not being done on another person” 

This was coded at the node ‘Willingness to undergo RAFS procedure’, but as themes became 

apparent from the active interpretation of the data, I went back and recoded the same passage at 
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nodes such as ‘Anxiety’ and ‘Hesitation’, and ‘Safety’, as inferred from what this participant was 

expressing with their choice of words in the context of the question in the interview. 

“I probably would be happy being the first person” 

Once again, as this would have been initially coded at ‘Willingness to undergo RAFS procedure’, but 

on further review I coded at the nodes ‘Acceptability’ and ‘Trust’. 

“Actually, it’s never been done before” 

This was not initially identified as a primary code, but revisited thereafter and coded to ‘Trust’ and 

‘Reticence’. Although it may seem as though two opposing codes are being used for the same 

passage, my interpretation of this statement was that it displays an insight to the inner narrative of 

the participant, showing the reasoning behind why they would be reticent at undergoing this 

procedure, with the word “actually” showing that they had perhaps initially considered a different 

stance, that of ‘trust’ in the technology. 

“I wouldn’t not trust it though” 

This was coded to both ‘Trust’ and ‘Willingness to undergo RAFS Procedure’.  
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Figure 81 - An example of the early coding tree in NVivo for patients 
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Application and Review of Themes 

Once data from the first few transcripts had been assigned codes, the next step was grouping the 

codes to themes. The themes were created by reviewing the data; within NVivo I expanded all the 

nodes so that their sub-codes were also visible, and subsequently printed out several copies of this 

for annotation using a technique known as mind mapping366,367. The aim was to identify associations 

between the nodes and to represent these in a graphical manner. As this was a process of discovery, 

trial and error resulted in the several iterations of the thematic map. This was the first step in 

refining the themes. 

Once a preliminary thematic map was drawn up, the codes and emerging themes informed the topic 

guide and questioning line for subsequent interviews. As interviews progressed, and new codes 

were defined, alterations were made to the map to reflect their place and reapplied to the previous 

transcripts. 

In the instance of isolated codes which could not be ascribed to a theme, these were nevertheless 

combined into a ‘miscellaneous’ node. 

 

Defining and Naming Themes 

During the process of constructing the thematic map names for concepts were defined, however 

these were not necessarily the final one. Braun and Clark describe the process of making final 

adjustments to themes and reviewing the data within them as ‘define and refine’; 

“By ‘define and refine’, we mean identifying the ‘essence’ of what each theme is about (as well as the 

themes overall), and determining what aspect of the data each theme captures”358 

This was the final phase of my thematic map, and could only take place once all the data had been 

collected and coded. 

I was cautious not to encapsulate too much into one theme, and used sub-themes where I felt that 

the primary theme may have appeared to be too diverse, and the integrity of the theme could 

become compromised. The goal were themes that were fully realised and could be easily 

summarised in a sentence or two, and with clearly defined titles which would give a reader an 

instant sense of what the theme embodies. 

I identified three primary themes for patients, and created these as new nodes within NVivo. From 

this point I collected previously arranged themes, nodes containing groups of nodes without a 
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theme, and isolated codes within a node, and assigned them to one of the three primary themes 

which I had created, as shown in Figure 82. 

 

 

 

Figure 82 - An example of the nodes at which the themes were coded 

The same process was carried out as for the surgeon interviews, but with a larger number of themes, 

as summarised in the results. 
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Reliability and validity 

As with the quantitative aspects of my work, it was important to be able to reflect on work produced 

and determine the ‘quality’ of the qualitative research. There is no general consensus on the most 

suitable method for assessing the quality of qualitative research339,368.  

LeCompte and Goetz369 were perhaps the first to describe a systematic method for assessing the 

quality of data, using terms such as internal and external validity and reliability, drawing parallels to 

quantitative research. 

A second perspective was provided by Lincoln and Guba370,371, who redefined these terms for a more 

constructivist stance and moved away from the relativist quantitative ‘criteriology’ of LeCompte and 

Goetz, as explained by Seale368; 

‘In qualitative research, the project of criteriology experiences particular contradictions because of 

the difficulty in regulating and constraining an endeavour whose guiding philosophy often stresses 

creativity, exploration, conceptual flexibility, and a freedom of spirit’ 

Lincoln and Guba describe trustworthiness and authenticity as the hallmarks of their method of 

quality assurance, each made up of several criteria. As I have described, my own epistemological 

beliefs are that of constructivism and therefore I have used Lincoln and Guba’s criteria to assess my 

qualitative work. 

Credibility, Dependability and Confirmability 

I kept memos throughout and maintained complete records during all phases of the development 

and conduct of the research. Throughout the process of interviews and coding, I was guided with 

regular supervisory meetings where the topic guides and emerging codes were discussed and 

amended. 

Anonymised samples of the interview transcripts were also sent to supervisors in between meetings 

to be independently coded to ensure that there was agreement on the coding framework. 

Having completed all my initial coding based on line by line analysis, I would also use the ‘Text 

Query’ tool in NVivo (Figure 83) to search for terms and apply a ‘synonym’ filter level and review the 

search results as a secondary measure to ensure I had not missed any references. 

As a novice to qualitative research, I ensured that I attended courses on qualitative data analysis and 

interview technique, as well as on how to use NVivo. I also ensured that I remained informed about 
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the evidence base and the methods I used by thoroughly researching the literature on qualitative 

methodologies so that I was able to provide a reasoned argument for the chosen method of analysis. 

One method of increasing credibility would have been to send the transcripts of the data to the 

participants, to ensure that the data was consistent with their views, however, my interpretation 

and coding of the data follows my epistemological stance and furthermore, the sheer number of 

interviews and the time scale for the study would not feasibly allow for this. 

Authenticity 

Lincoln and Guba state that authenticity is demonstrated when researchers can demonstrate that 

they have represented a range of different realities, a concept they defined as “fairness”. Much of 

what I will describe in the analysis of the data will be the search for variations in viewpoints on the 

same topic. 

 

 

Figure 83 - Text search query tool in NVivo 
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Sampling 

Data saturation is the process whereby data is collected and analysed until no further new 

knowledge is produced. It can be challenging to reliably determine the sample size before embarking 

on this type of research. Guest discussed this issue in detail and commented that there is no general 

consensus on the recommended sample size with ranges from as little as six in a homogenous 

sample to sixty in more heterogenous groups372. On average however, most quoted approximately 

twenty interviews372. 

As the ethical review committee required an estimate of sample size, I had to ensure that I provided 

them with a number that would be feasible and likely to result in data saturation. Furthermore, 

when considering the surgeons, I wanted a sample size that would adequately power the 

quantitative aspect of the interface studies. 

I considered several factors when making my estimate including information power, time 

constraints, guidance from my supervisors and the results from the pilot interface studies. 

Purposive and Convenience Sampling 

My inclusion criteria for the patients (in section “Patient recruitment”) required that they were over 

18 years of age and had sustained a fracture in the last 18 months. Other than this I did not narrow 

my criteria as I wanted to have breadth to my sample so as to collect a variety of viewpoints from 

patients having had both operative and non-operative treatment and of a variety of ages. 

Furthermore this would make the process of recruitment easier, therefore a method of convenience 

sampling373. With regards to the surgeons, my only criteria with regards to purposive sampling was 

to ensure that a variety of training grades (and by proxy; ages) were represented, to gather views 

from currently practising (fully trained) surgeons and those who have only just begun their training. 

It is likely that their views on technology would vary, and their interaction with the interfaces, being 

very similar to gaming consoles, would also be influenced by their previous experiences. This is 

discussed in more detail in section “Methodological approach to surgeon interviews”, but in 

summary, I chose to approximately recruit equal numbers of 3 cohorts of training grades. 
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Guidance by “Information Power” 

It was important to have a systematic approach to determining sample size. Malterud and Siersma 

are researchers based in Norway with significant experience in conducting qualitative studies and 

have described a pragmatic model for the assessment of sample size374. Their method revolves 

around the concept of “information power”, a term they use to describe the quality of data 

produced from the sample of interviews. They identified five items that have an impact on the 

information power of a sample, shown in Table 13. I present these five items in reference to my 

work; 

Table 13 - Information power – 5 items and their dimensions (adapted from Malterud374) 

 Higher information power 

Narrow  Aim → Broad 

Dense  Specificity → Sparse 

Applied  Theory → None 

Strong  Dialogue → Weak 

Case  Analysis → Cross-case 

Larger sample size (n) → 

 

1) Study Aim 

Whilst the broad aims of my study are similar for both patients and surgeons (i.e. to gather 

their views on robotic surgery) the interviews themselves would be investigating different 

levels of knowledge and expertise in each case. With patients, the likelihood would be that 

many, if not all, would have had no experience of robotic surgery other than that which may 

have been portrayed by media, whereas the surgeons are perhaps more likely to have 

encountered it in their surgical training and have more specific knowledge which could be 

explored. Nevertheless, from my own experience and from what is evident from the 

literature review in the introduction, robotic surgery is not in widespread use in 

orthopaedics and therefore I did not expect the majority of the surgeon group to have 

specific familiarity with the technology. Therefore, when considering whether the aim is 
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“broad” or “narrow”, I felt that in both groups I was asking them about a technology which 

was to some degree alien and unfamiliar, which would broaden the aim, however, the use of 

the demonstration in the patient group and the interface suite for surgeons would serve to 

narrow the aim by providing a specific topic from which to direct questions and collect 

views. 

  

2) Specificity 

 

Malterud states that “information power is also related to the specificity of experiences, 

knowledge, or properties among the participants included in the sample”. In the section 

above I discussed that amongst the surgeons a variation in experience is likely, in particular 

as they would be a variation in training grade and level. Nevertheless, it cannot be assumed 

that the more senior surgeons are more likely to have prior knowledge or experience in 

robotic surgery, particularly when considering that it is a relatively new technology and its 

use in general surgery has only recently gained traction, therefore more junior surgeons who 

would have undergone their basic training in the generality of surgery (which all surgeons do 

at the start of their careers) are more likely to have directly encountered robotics in their 

recent work environment. Sampling purposively in the surgeon group, therefore, would 

reduce the specificity of information power, and would need to be accounted for. 

 

In the patient group, it is highly unlikely that any of the patients would have undergone 

previous robotic surgery, and so their views would be similar to any random sample of the 

general population. Whilst this lacks inherent specificity, it would be difficult and unfeasible 

to purposively sample within this group. 

 

3) Theory 

 

There is no established theory on perspectives in robotic fracture surgery, however there 

are studies which have investigated other forms of robotic surgery. Nevertheless, I was not 

looking to build a theory for either the surgeon or patient group, rather to collect their views 

and derive themes from which to conduct my analysis. In general, the themes that would 

generate new knowledge, and for the purposes of the studies I would not alter sample size 

in consideration of the production of a theory. 
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4) Strength of dialogue 

 

In the sections on Reflexivity I discuss in detail the implications of my role as a clinician 

researcher in reference to both the interviews with the patients and the surgeons. In the 

surgeon group, the strength of dialogue will increase as I will be able to converse with them 

regarding issues which are specific and where prior knowledge is assumed. Bearing some 

similarities, the topics that the patient group would discuss would also be familiar to me and 

would also increase the strength of dialogue. In contrast, it is entirely possible that my role 

as a clinician researcher in both groups would have “negative” implications for the quality of 

data collected as the participants may avoid certain topics or adjust their responses. As a 

whole, however, I felt that strength of dialogue would be sufficient to not necessitate 

considering an increase in the sample size. 

 

5) Analysis 

 

With thematic analysis and the constructivist epistemological stance, the view is held that all 

opinions are valid and contribute to the data, even if held by only one case, although it may 

be the case that there will also be some themes which will display cross-case characteristics. 

Overall, however, the aim with both studies will be to conduct an exploratory analysis and in 

this regard, increasing the number of viewpoints by increasing the sample size might work 

counter to the ability to present important individual viewpoints and determine 

intersubjectivity, in addition to making the process of analysis more difficult for the 

researcher.  

 

Despite considering each of the 5 domains of information power individually, as detailed above, the 

determination of sample size was still a challenging undertaking. There were still several other 

factors to consider; time constraints, results from pilot interface studies (which would have an 

influence on the number of participants for the quantitative aspect of the study) and an a priori 

reflexivity on the overall methods of the studies. I will discuss the first two factors before surmising 

the sample sizes chosen, before discussing reflexivity separately. 

 



 
 

193 
 

Time Constraints 

I had to be realistic with regards to recruitment. It was important to note that in both cases I would 

be asking individuals to forfeit their time without receiving any incentive in return. Furthermore the 

process of the interview is an arduous one. I estimated that the entire activity could last up to an 

hour for patients and 90 minutes (including the interface study) for the surgeons.  

The time commitment required to complete the study, particularly for the surgeons with the added 

facet of the interface study, would be perhaps one reasons that potential participants may decline. 

Following identification of participants, they would be approached to see if they were agreeable to 

inclusion. This by no means guaranteed completion, however, and I was fully aware that there would 

be those participants who would express interest and I would expend time to enrol without them 

ultimately completing. 

This had important ramifications on the number of interviews I could complete in one day, and more 

importantly for surgeons, their ability to designate a free period of time in which to conduct the 

study. 
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Results from the pilot interface studies 

The pilot interface study was useful in producing basic preliminary qualitative data on the usability of 

the interface. In addition, it provided quantitative data on the time taken to achieve reduction. 

Although time constraints and reference to similar qualitative studies was the main determinant of 

sample size, the data from the pilot trials was used to ensure that the sample size would also be  

sufficient to determine if there was a clinically important difference in the time taken to achieve 

reduction.  

The time taken to reduction was used as the only parameter to calculate sample size as the 

sensitivity of all three interfaces was adjusted following the interface study and therefore the 

reduction accuracy parameters were not thought to be applicable to the final software. The times 

for each participant are shown in appendix 11 -Table 27. 

Considering what a minimally clinically important difference in reduction time would be, in the 

scenario of reducing a virtual fracture, is a somewhat abstract concept. Therefore I calculated 

sample sizes for a range of these time differences, shown in Table 14. With the sample size of 40 (20 

in each group), the study would be adequately powered to identify differences in time of 30 seconds 

given a sample standard deviation of 45 or less. 

With 3 participants completing 3 fracture models for each interface resulted in 9 data points from 

which to derive a mean and standard deviation (SD). The determinant of the sample size calculation 

will be the SD, however, and it is likely that the pilot interface study does not produce an accurate 

prediction of SD due to the nature of the results not being analogous to what will be carried out in 

practice. Therefore I calculated the sample size based on upper and lower end estimates from the 

pilot data.  

Postulating different SDs based on the values from Table 27, I calculated sample sizes on a variety of 

minimally clinically important differences of time in seconds. Assuming an alpha of 0.05, power of 

0.8 and allocation ratio of 1:1 with dependent values, the sample size calculations for the total 

sample (both groups) are shown in Table 14. Calculations were carried out using a web-based 

calculator375. 

The cells highlighted in light blue in Table 14 demonstrate the range of MCIDs in time based on a 

variety of standard deviations of time to reduction which would provide an adequately powered 

study with a sample size of 40 or less, i.e. 20 measurements per group if dividing equally. Therefore 

one participant, in this case a surgeon performing tasks on each interface, would produce 3 sets of 

results, and 20 surgeons would produce a sample size of 60. However, for parametric comparisons 
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of two matched groups the effective sample size would be 40, as two groups would be compared 

directly rather than all 3 simulatenously. 

Table 14 - Sample size calculations for a variety of MCIDs and postulated standard deviations. 
Sample sizes smaller than 10 are not entered in the table (N/A) 

 

 

 

 

 

 

From the surgical perspective, an MCID of 30 seconds would correlate with, based on my own 

experience as a surgeon, a significantly important period of time in the trauma theatre environment, 

therefore referring to the table my study would be adequately powered to detect differences in data 

sets with SDs up to 65 seconds, with a sample size of 20 surgeon participants. 

 

 

 

 

 

 

 

 

 

 

 

 
Standard deviation 

30 45 55 65 75 85 

MCID 
(seconds) 

15s 32 71 106 148 197 253 

25s 12 16 38 54 71 91 

30s N/A 18 27 37 50 64 

35s N/A 13 20 28 37 47 

40s N/A 10 15 21 28 36 

45s N/A N/A 12 17 22 29 
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Sample Sizes 

Most of the semi-structured interview studies reviewed in this thesis have included samples sizes of 

between 10-30 participants342,373,376–393. Bradshaw et al. comment that “qualitative samples tend to 

be small because of the emphasis on the intensive contact with participants and the findings are not 

expected to be generalisable”373. Whilst I have described a quantitative basis for the sample size 

required in surgeon group to determine differences for the interface study, a similar approach 

cannot be carried out for patients. 

With the surgeons a sample size of 20 would provide statistical grounding for quantitative 

conclusions for the interface study. Qualitatively, considering the level of “information power” for 

the surgeon group it was likely that the sample size of 20 would be sufficient, this number being 

consistent with similar studies in the literature. 

Sampling in the patients group as discussed was one of convenience, and in this regard, although the 

tenets of “information power” were considered, the time constraints as discussed above also had an 

influence on the number I would recruit. The recruitment aim of 20 participants was therefore a 

logistically realistic one, but one nonetheless that was considered to have a reasonable chance of 

answering the research question. 
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Reflexivity 

I was conscious of the fact that my medical training and role within orthopaedic surgery would have 

an impact on the data I would collect from both patients and surgeons. In the case of the patients, 

they were made aware of my role following the introduction of the study to them, and the surgeons, 

I was already familiar with therefore no personal introduction was required. My realization and 

recognition of this influence can be interpreted as form of reflexivity.  

Linda Finlay describes reflexivity as a “thoughtful, conscious self-awareness” and reflexive analysis as 

“continual evaluation of subjective responses, intersubjective dynamics, and the research process 

itself” 394. She goes on to compare reflexivity to reflection, and describes the two processes as 

existing on a continuum, with distinctions existing between both the depth of analysis employed and 

in some cases the chronology, with reflection always occurring after the event whereas reflexivity 

can occur during; “reflexivity taps into a more immediate, continuing, dynamic, and subjective self-

awareness”394. Her experience in research, and in particular her PhD thesis during which she 

interviews Occupational Therapists, as an Occupational Therapist herself, bears a great deal of 

familiarity to the research I had conducted. She states in her thesis; 

“I had insider knowledge: I understood their pressures, their work contexts, their professional 

humor, and I had shared similar experiences. At the same time, I needed to caution myself not 

to assume shared experience. As I noted in my diary, “My research participants and I are all 

white, middle-class therapists, concerned about people, engaged in a project of being ‘nice.’ … 

We share the same language and jargon, even the same jokes. But I can't assume 

commonality.”395  

In a separate work, she describes five “lenses” by which researchers can reflexively evaluate 

interviews396. I found two of these lenses to be particularly appropriate and specific for my 

qualitative work, for formulation of the methodology and analysis of data, and will discuss my own 

reflexivity pertaining to both surgeons and patients in their context. 
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Strategic Reflexivity 

This lens concerns itself with the methodological process of undertaking the interviews. The 

strategic aspect of the reflexivity in these cases refers the conscious decisions made to tailor the 

questions, interview narrative and even the logistical methodology based on the mindfulness of the 

existence of this shared knowledge. 

In the case of the patients, the questions I would be asking them and their responses to me would 

assume a level of knowledge in both cases. For example, they would be aware that as a clinician they 

could tell me about how they felt about the process of undergoing general anaesthetic without 

having to describe the process itself because they were aware that I knew what it would technically 

involve. Logistically, in clinic, I knew that many patients would have a limited time allocated to their 

appointment, and clinics often run late. This influenced my study design in two ways; firstly I allowed 

patients time to decide on their participation after they were first approached in clinic, knowing that 

it would be unfeasible to ask for an extra 45 minutes in addition to the time they had already spent 

there on the day of their appointment. Furthermore, the additional time to decide on treatment was 

ethically necessary as there may be the perception by some patients that as they were introduced 

the study by their treating clinician, and additionally my position as an orthopaedic surgeon, their 

reluctance or refusal to participate in the research may have implications for their treatment. 

Similarly with the surgeons, they could speak freely to me about aspects of fracture management 

that they would need to elaborate for a non-clinical researcher. In this regard the manner and type 

of questions I would ask would differ. For example, I would not need the surgeons to elaborate on 

what their daily workload and exposure to fracture surgery would entail, as I had first hand 

experience of their roles, and furthermore they knew this themselves i.e. there was implied 

knowledge. Logistically, I knew that I would need to work around their busy timetables and 

approach them to take part in the research at a time in their day which was most suitable to discuss 

what it would involve. Furthermore, my personal relationship with each surgeon would have 

implications for their desire to participate, and I was mindful that I should make them feel that 

reluctance to participate would not have any bearing on our relationship. 
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Contextual-Discursive Reflexivity 

The fragility of the results rests on the fact that participants present what they want to be 

known about themselves in interviews and that the resulting narratives arise from a co-created 

dialogue between participant and researcher. The whole is then repackaged and re-versioned 

as “research findings”390 

The patients were aware that I was an orthopaedic surgeon, and this knowledge would perhaps 

influence the version of the story that they would present to me. They may have felt that talking 

freely about negative aspects of their treating clinician or care, for example, may offend me. In 

contrast, others may have felt the opposite of this, and that my role as a representative would be a 

valuable opportunity to be more forthcoming with their views. Additionally, in the case of the RAFS 

system, they knew that this was my area of research, and one in which I was invested in. Their views, 

and general level of interest may have been influenced by a desire to present themselves as 

participants who were “useful” to my research, and perhaps would tell me things that I would “want 

to hear”. It is entirely possible also that in some cases they would attenuate their negative 

responses. 

Similarly, in the case of the surgeons, they were aware that the topic of robotic surgery was a 

subject that was important to me, having devoted a substantial portion of my training career to it. 

Additionally, being my friends and colleagues, they may have felt in some cases where they held 

particularly negative views that I would perceive them differently, and again, they would perhaps 

have some reticence to offend me by being forthright with such viewpoints. Furthermore, their 

performance in the reduction tasks would perhaps be influenced by knowing that I would be 

assessing their performance. I minimised this to a degree by making all surgical participants aware 

(even though the implied confidentiality set out in the consent form states this regardless) that their 

performance would not be shared in any way with other surgeons in the study. 

 

 

 

 

 

 



 
 

200 
 

Recording and data protocol for interviews 

The audio recorded interviews contain personally identifiable data and as such are subject to the 

Data Protection Act397. The security of the recording and its content was of primary importance 

during the study. In addition, the recording protocol detailed here fully complies with the University 

of Bristol’s Remote Working Policy398 and data protection policies399. 

All interviews were recorded with a Sony (Tokyo, Japan) handheld audio recorder, model ICD-

AX412F shown in Figure 84. 

 

Figure 84 - The handheld audio recorder used for recording all interviews 
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Whilst the recorder itself did not have the facility for real time encryption of recordings, following 

the end of each interview, the stored data was immediately removed from the recorder and 

transferred to the research computer (Macbook Pro) which has 256 bit AES encryption and is 

password protected. Hence the recording protocol was fully compliant with the remote working 

policy. 

Memos were kept on the researcher’s mobile phone (iPhone 6S, Apple) which also has 256 bit AES 

encryption and is only accessible with a 6-digit passcode or unique fingerprint identification. 

Rooms to carry out interviews were selected to maximise convenience for participants but also 

importantly to ensure that they would be free of interruptions, distractions and background noise to 

enable the highest quality of recording. 

Printed material, such as consent forms and annotated topic guides were kept in the research folder 

and stored as per data protection stipulated in the IRAS form (in a restricted access office within a 

locked filing cabinet). 
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Transcription of interviews 

Transcription of interviews was carried out in most cases by a University of Bristol certified 

transcription company, and in a few cases by myself. Prior to sending the transcriptions, I provided 

the transcription company with a custom template to allow for easier coding at the time of analysis. 

Although transcribing interviews myself would have undoubtedly meant I would have had more 

exposure to the audio data and increase familiarity, due to the time constraints of the study and the 

sheer number of interviews involved this was not feasible. Nevertheless, I would quality assure all 

transcriptions sent back to me by listening to the audio whilst reading the transcription. 

During this quality assurance, I found that the accuracy of the patient transcriptions was reasonably 

accurate, with only a handful of errors per page at most. However, errors were much higher with 

surgeon transcriptions due to the presence of clinical references which would have been difficult to 

decipher for the (presumably) lay transcriber. 

An added benefit of the quality assurance was that I was able to extrapolate further data on the 

nuances of the participant’s tone of voice, and in cases of deliberate pauses I would add these into 

the transcript. 
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NVivo software and coding of transcripts 

Once the interviews had been transcribed, they were anonymised and imported into NVivo, a 

qualitative data analysis software produced by QSR International (Melbourne, Australia). I had no 

familiarity with the software prior to beginning the study and therefore attended an introductory 

course at the University of Bristol. I found this particularly useful and the techniques taught in the 

course were adequate for the level of use which I required of the program for my study. 

I used NVivo version 10 and version 11 for Windows, when using University of Bristol computers and 

when using the research laptop. 

I also identified participants as nodes, and from information that I gathered from their interview I 

was able to add ‘classifications’ to each participant, which I did not initially plan on using as a 

method for primary analysis, but I felt would be useful for further sub-group interrogation of the 

data in the future. The classifications as displayed in NVivo are shown in Figure 85. 

 

Figure 85 - Node classifications 
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Patient interviews 

The ultimate aim of any surgery is to improve outcome for patients and therefore it was imperative 

the views of patients are taken into account when embarking on any new intervention or 

introducing a new technology in surgery. It is apparent from the summary on social and patient 

perspectives on robotic surgery presented in section 17 that there is a paucity of qualitative studies 

on this subject. 

The lifetime prevalence of fracture is estimated at 50% in middle-aged men, and 40% in women over 

the age of 75 years400. Considering this, any person could be a potential recipient of robotic fracture 

surgery. In the majority of cases patients attending fracture clinic will have sustained a fracture in 

the recent past. There are other groups of patients, without fractures, who also attend for follow up 

such as joint infections. I wanted to interview only patients who had sustained a fracture, so that I 

could explore their experiences of injury and any surgical operations they may have undergone, in 

addition to their thoughts on the technology. 

Prior to applying for ethical review, a preliminary topic guide and robotic fracture illustration 

material was set out before a committee of patient advocates, who are former and current patients 

themselves. The group is known as Patient and Public Involvement (PPI) and their role and 

contribution to the study is described in the following section. 
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Patient and Public Involvement 

Patient and Public Involvement (PPI) is a meeting of a group of individuals who are former or current 

patients. The PPI group in the Musculoskeletal Research Unit (MRU) of Bristol Medical School, 

University of Bristol, specialise in musculoskeletal research as they are being treated for, or have had 

treatment for in the past, for musculoskeletal problems such as arthritis. Locally they go by the name 

of Patient Experience Partnership in Research group (PEP-R)391. 

Although one aim of the PPI meeting was to get the group’s views on Robotic Fracture surgery and 

our project as a whole, it was primarily to receive feedback on the research documentation that 

would be given to potential study participants. 

The meeting took place on the 15th of September 2015 in the Learning and Research Building of 

Southmead Hospital in Bristol, and prior to the meeting the Plain English Summary and the Patient 

Information Sheet were distributed to the participants of the group. 

The meeting that followed lasted approximately an hour and was a discussion between the RAFS 

researchers (SD and PT) and the PPI group. They were asked their views on the research, and the 

documentation provided to patients, in addition to showing them photographs of the robotic 

system. 

The group were very helpful in that they highlighted parts of the documentation that may have been 

unclear or too complex for patients, and described in detail what changes they thought were 

required.  

Furthermore, they were able to convey their thoughts on the photographs of the robotic system, 

indicating those that they felt would be useful for the patients and ones that perhaps should not be 

shown to patients as they may cause distress or anxiety.  A general theme that came across from the 

group was that they felt “robotic tools” or even “smart tools” was more preferable as a term to 

describe the technology, rather than “fracture robot” or “surgical robot”, although this was not a 

unanimous feeling across all participants. 

Following this feedback, changes were made to the documentation for patients before submitting 

the application for ethical review. 
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Patient study workflow 

The workflow for each group of participants was considered carefully in the design of the study to 

ensure that participants were identified and approached in an ethical and sensitive manner, in 

keeping with the protocol considered by the ethical review committee. This process maintained 

confidentiality at all times and all participants were kept informed of the next step in the study if 

they were willing to continue to participate. Workflow for the patient group is shown below. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Patients in fracture clinic identified by treating clinician and/or 

identify themselves to clinician if responding to poster 

Those indicating willingness to participate 

screened for suitability 

Potential participants given 24 hours to decide whether to participate 

Interview time and location agreed following 

correspondence with the researcher 

Participants and/or researcher arrive at location for interview 

Informed consent obtained by the researcher 

Interview 

Closing remarks. End of interview 

 

 

 

 

Days/Weeks 

5 minutes 

45-60 minutes 
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Patient recruitment 

Patients who sustain a fracture of a bone initially present to the Emergency Department for 

treatment, followed by either admission to the hospital or follow up in a fracture clinic. Admission to 

hospital is based upon a number of factors, but generally speaking, more severe fractures requiring 

surgery and socially debilitating fractures (whereby the patient will be unable to return to their 

home environment) are admitted. In both cases, further follow up in fracture clinic after discharge 

from the ward is commonplace. This makes fracture clinic an ideal location for the recruitment of 

patients who have sustained a fracture. 

I considered recruiting at the Emergency Department or amongst inpatients in the hospital. However 

I felt that approaching patients in this setting might add to the psychological and physiological stress 

they may already be experiencing. Furthermore, the presence of clinician researchers in the 

inpatient setting may put undue pressure on patients to agree to participating with the incorrect 

perception that it would have implications on their care. Avoiding both these circumstances I 

decided to recruit solely from fracture clinic. 

Inclusion criteria for the study; 

1) Age 18 or above 

2) Fracture clinic patients who had sustained a fracture in the last 12 months 

Exclusion criteria for the study; 

1) Under 18 years of age 

2) Patients unwilling or unable to provide informed consent 

3) Patients involved in litigation with regards to their care 

The Trauma departments of both sites were made aware of the study by personal correspondence  

and departmental email. Laminated posters were also put in clinic to inform clinicians and patients. 

To recruit patients I would personally attend fracture clinics and make the treating clinicians know of 

my presence and remind them of the study, including patient eligibility. 

Suitable patients which were identified would be approached by their treating clinician to introduce 

the study and enquire about their potential interest. I did not want to approach them directly 

myself, for similar reasons to not recruiting inpatients. 

If they expressed an interest to their treating clinician, I would be introduced to the patient and 

would provide them with a Patient Information Leaflet (appendix 8). They were also given 
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information on how to contact me, and I took their contact information if they were willing to 

provide it. Patients were given a minimum of 24 hours before choosing whether they wished to 

participate.  

Patients who were willing to schedule an interview were offered the opportunity to have the 

interview at their home or at the hospital from which they were recruited. 

26 patients expressed an interest and were given the patient information leaflet. Of these, 2 did not 

respond to further communication and 4 declined to participate following further consideration, 

citing insufficient free time. 20 patients were interviewed in total. 
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Interview process including consent procedure 

At the commencement of the interview, I would reiterate and describe in detail what the study 

involved and that it would be audio recorded. Furthermore, I ensured that the patients were aware 

that there were images of the robotic system, X-rays and Sawbones and that they did not have to 

view these if they so wished. None of the patients declined to view the images. 

I would then ask the patients to read the consent form, and would ask them to sign the form 

indicating they had done this prior to starting the audio recorder. The protocol for audio recording 

as described in 0 was adhered to at all times. 

The topic guide was used during the interviews to facilitate discussion. Much like the surgeon 

interviews, the first 3 interviews were treated as pilot interviews to identify emerging themes and to 

revise the topic guide if needed. Consequently, however, no changes other than the layout of the 

questions were made. The chronology of the questions on the topic guide were set out so that I 

would be able to first get an insight to the patient’s injury and their life, primarily to frame their 

experience but also as a means to build rapport. The introduction to the robotic system and their 

thoughts would then follow this. 

During all interviews, I would use memo-ing to record my thoughts and emerging codes and themes, 

in addition to the coding of themes emerging from interviews which had already taken place, written 

on the topic guides. 

Prior to showing the images of the system, I would pause the audio recorder, and confirm once 

more that the patients were still agreeable to seeing them, describing what they would see. I would 

inform them that they could ask questions during the demonstration of the images, but I would also 

be asking their views on the system after the demonstration to facilitate a discussion during which 

they could also ask questions. 

I would then restart the recorder and proceed with the interview. Once the interview was 

concluded, I would thank the patients for taking part and would confirm once more (verbal consent) 

that they were happy for their data to be included. None of the patients refused to have their data 

included following completion of the interview. 
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3. Results 

The participants 

Of the twenty patients in the study, 19 were recruited from UHBT and 1 from the RUH (Patient 16). 

This is not a reflection of the difficulties of recruiting at the RUH, merely that I spent most of time at 

the UHBT whilst I was on my OOPR, and much of this time was spent in clinic recruiting. Otherwise 

all of the patients were local to the South West of England. 

Table 15 details the patient demographics. I used anonymised verbatim quotes from the interviews 

and therefore all the names attributed to the quotes, and in the table, are pseudonyms. 

The patients ages ranged from 18 to 78 with 10 males and 10 females. All the fractures had occurred 

within 4 months prior to the interview date. Although I had stipulated I would recruit up to 12 

months from the time of fracture, the proportion of patients on long term follow up for fractures is 

very low therefore the probability of recruiting them from clinic is small. 

Ten had undergone operative treatment for their fracture whilst nine others had been managed 

non-operatively, and in one case a patient sustained two fractures simultaneously and had one 

treated non-operatively and the other, operatively (Patient 17). For those patients managed 

operatively, their experiences of surgery were important in framing the discussion of potential 

robotic surgery and their perspectives on the perceived benefits or drawbacks. On the other hand, 

patients managed non-operatively had an equally valuable contrasting view that would be held by 

potential patients of RAFS; the prospect of surgery in the absence of any previous experience. 

When presenting quotations in the text, there are instances when square brackets are used to 

indicate a supporting text to clarify a statement, inserted by myself. This practice was applied for 

both the patients and surgeons. 
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Table 15 – Patient participants and their demographics 

Patient  Age Sex Occupation/Background Treatment 

Aaron 40-50 M Healthcare Operative 

Amy 18-30 F Student – Healthcare Operative 

Artemis 60-80 F Retired Healthcare Non-operative 

Andrew 30-40 M Lecturer Operative 

Eleanor 18-30 F Services management Non-operative 

Jackie 60-80 F Retired Healthcare Non-operative 

Jennifer 30-40 F Healthcare Non-operative 

Jemima 60-80 F Retired civil service Operative 

Jack 30-40 M Office Operative 

James 18-30 M Teacher Operative 

Kevin 18-30 M Student Operative 

Maureen 60-80 F Retired – Finance Non-operative 

Martin 40-50 M Engineering Non-operative 

Norman 50-60 M Research Management Non-operative 

Nicola 50-60 F Retail Non-operative 

Peter 60-80 M IT Operative 

Patricia 60-80 F Retired - Teacher Both 

Sam 18-30 M Engineering Operative 

Simon 18-30 M Real Estate Operative 

Vera 60-80 F Retired Non-operative 
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Figure 86 - Bar chart showing the distribution of patient ages 

Figure 86 displays the distribution of ages in chronological order, showing a reasonable variation in 

ages across the cohort. The equal distribution of demographics was not intentional, as recruitment 

took place in general fracture clinics taking all ages and I did not selectively recruit based on age. A 

line graph of cumulative patient recruitment is shown in Figure 87. 

The patients came from a variety of backgrounds, but perhaps a higher proportion of patients were 

from a healthcare or engineering background than could be expected to have occurred by chance 

alone. I suspect these characteristics may have had a positive influence on their willingness to 

participate, instilling a genuine interest in the research. Otherwise I provided no significant financial 

incentive for the patients other than the offer to cover their travel expenses, which about a third of 

patients declined. 
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Figure 87 - Line graph showing patient recruitment 
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Summary of patient themes 

I was able to identify three main categories of themes that arose from the thematic analysis of the 

transcripts will I will briefly describe below before presenting the findings from each theme in more 

detail. 

 

Experiencing fracture 

Daleks and WALL-E 

The prospect of robotic fracture surgery 

 

Experiencing Fracture 

As part of the initial discussion I would have with the patients I enquired about their fracture. Having 

experienced a fracture twice myself, I knew well the range of emotions one is subjected to at the 

time of injury and I wanted to capture this, as well the concept of ‘fracture’ and its connotations, in 

contrast to injuries perceived as relatively minor, such as sprains and bruising. I felt it was important 

to address the nature of their injury and the impact this had as it could potentially have some 

bearing on how they perceived robotic assisted surgery 

Pain  - “I'll never, ever, forget the pain” 

Awareness – “Something was not right” 

Injury Anxiety – “This is going to be bad” 

 “Emotional Trauma” 
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“Daleks and WALL-E” 

Prior to introducing the RAFS system, the patients were asked what they thought about technology, 

technology in healthcare and specifically whether they had any experience with, or had heard of, 

robotic surgery. “Daleks and WALL-E” refers to the direct comparisons that were drawn to robots in 

the media. Their views, whether informed or not, were then explored and several sub-themes 

emerged; 

 Robotics and Robots – “Giant arms” 

 Safety and Reliability – “Judgement” 

 

The Prospect of Robotic Fracture Surgery 

Following the introduction of the RAFS system, I used the images to frame a discussion regarding 

participation in trials, research, and the prospect of having RAFS in addition to their views on the 

utility of the demonstration. This area of discussion elicited the greatest number of sub-themes. The 

sub-themes that arose were; 

Demonstrating RAFS – “Seeing it in action” 

“Robot or Tool?” 

Research and Trials – “Guinea Pigs” 

Expectations and Hesitations – “Optimism” 
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Experiencing Fracture 

To understand those who I was interviewing, and to frame the discussion of potential treatments for 

their injury, I commenced my interviews by asking about how they sustained their fracture, and any 

other previous fractures. Furthermore, I felt that their experience of fracture, and its subsequent 

treatment would have an influence on decisions they would made and their viewpoints on topics I 

would raise. 

The initial pain of the injury is well described by many of the participants. At the time of the 

interview I would also ask them whether they ‘knew’ it was fractured. Whether perhaps the severity 

of the injury, either through pain or immediate deformity alerted them to the possibility of a 

fractured bone. The theme ‘Awareness’ captures these responses. 

By asking open questions regarding the pain and their emotions at the time of their injury, I would 

be able to capture the essence of what it would be to sustain a fracture. I knew from my own 

experience, that the physical trauma and pain is one aspect, but perhaps more importantly, there is 

the psychological or non-physical aspect, which is often overlooked by treating clinicians. 
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Pain  - “I'll never, ever, forget the pain” 

Immediately after sustaining a fracture, the body’s response is to generate a pain stimulus which has 

a powerful physiological and psychological effect. 

Many of the patients described the pain using superlative adjectives; 

So, yes, painful, a lot of my students ask me, "What's the pain like?" It's kind of banging your 

shin on a door, but just constant and a lot more painful than that. So, yes, that's what 

happened. (James) 

Here, James, a 18-30 year old teacher describes the experience of breaking his tibia whilst playing 

football. He alludes to the curiosity of those (his students) who have not had the same experience, 

when they ask him about his pain. This is perhaps because fractures are strongly associated, if not 

synonymous with pain for many people, and the experience is epitomised by the degree of pain. 

Very painful, I couldn’t walk on it or put any weight through it at all even though I’d had a few 

drinks I could still really feel it. (Kevin) 

Kevin, who is a student, injured his knee whilst out socialising one evening and describes the pain as 

bad enough that despite a degree of intoxication he was still unable to bear weight. 

I didn't know anything, I just knew it was very, very painful and I got a lift home. I couldn't put 

any weight on it at all. I was literally having to hop around the house, because it was that 

painful. (Kevin) 

When asked whether he had any notion of the extent of possible injury, Martin doesn’t express any 

particular thoughts, other than that of the presiding feeling of pain. When asked about any previous 

fractures, he recollects a previous experience; 

Oh, the shoulder was unbelievable. The ball snapped in half and all they could do for me was 

put it in a sling and I can honestly say I've never, ever experienced pain like that before. I know 

I was only young, only 17, but I'll never, ever forget the pain of that broken ball. I'll never forget 

that. (Martin) 

Even though the incident was 31 years ago, it had such a profound impact that he can still remember 

the pain vividly. Indeed, there are few emotional triggers that can embed themselves so strongly 

into our memories, and in Martin’s case, perhaps for the rest of his life. 
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Peter, describes the pain in similar terms. Whilst away from home, he twisted his knee when coming 

down muddy wooden stairs.  

A tremendous amount of pain, agony. I was lying then on the ground, on grass luckily, not 

knowing what the state of the leg was. Obviously it was a lot of pain. Managed to just pull 

myself up so that I could sit on the steps and then really backed myself into the cabin by just 

dragging myself while we just took stock. (Martin) 

The immediate pain limited his mobility to such a degree that he could only manage to “drag” 

himself to an area of comfort and safety. Other patients did not experience the same severity of 

pain. Whilst they did experience discomfort, they did not describe it to the same degree as others; 

No. I’ve never broken a serious bone in my body before so I don't really know what it feels like. 

It wasn't debilitating. It was harsh pain but I could function. (Norman) 

Norman, above, describing a fracture of his clavicle after falling off his bike. Interestingly, he goes on 

to describe that the initial ‘shock’ of the injury was more significant to him than the actual pain, in 

fact, he continued riding his bike home; 

I lay still for probably about 20 or 30 seconds, but then started moving because my young son 

who was with me was becoming rather concerned, and crawled, staggered off the road sort 

of onto the verge. Lots of people came round to help. That was really good, and made sure I 

was okay. I breathed deeply and tried to recover myself for ten minutes, quarter of an hour. 

Somebody who was passing by was a nurse. So he said, ‘You might have a fracture. You might 

want to think about doing something about that.’ Because I am a bit stupid, I didn't really hear 

that properly. So I got back on my bike and cycled home….couple of miles across Bristol. Got 

back home obviously in a bit of a mess, torn clothes and everything, and my young son who 

was with me was kind of a bit quiet and a bit shocked. So my partner made me come in and lie 

down in the living room, at which point I started to shake. So I thought, ‘Okay, probably that’s 

worth going to A&E for.’ We only live about 200 yards away. So we just walked down to A&E. 

(Norman) 

For him, the pain was not as important a trigger, and he does not mention the words “pain” or 

“painful” at all in his account. Only when asked by me; 

PT 

So at the time, how did it feel? You said you were still for 30 seconds. Was that because of 

pain? 
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Norman 

I was winded. Well, there was an increasing amount of pain, as I was lying there, but yes, it 

was mainly because I was winded and shocked. 

Another patient, Artemis, describes the experience of breaking her wrist; 

“It was uncomfortable. It looked swollen. It looked a bit funny, and probably, because I have 

broken both my wrists before, so I did know what to expect... I just put an ice bag over it, so 

when I got that it was much more comfortable. I had ice all the time… It was a bit painful. I 

thought, “How annoying”. (Artemis) 

Although she clearly describes discomfort, she uses the adjective ‘a bit’ to describe the pain, and 

reflects more on the annoyance of having pain rather than the pain itself. 
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Awareness – “Something was not right” 

AL was playing a team sport when he twisted his ankle. 

I felt what I realise now was a crunch in my foot. At the time, I thought I'd just pulled a muscle… 

it was only after I took my shoe off at the end getting in the shower did I realise that, actually, 

I'd done something quite significant. It was swelling, I found it hard to put my shoe back on. 

But I was still in a little bit of denial. I did the injury on the Sunday afternoon. It wasn’t until 

Tuesday morning that I finally thought to myself, “No, actually, I really do need to get this 

seen”. (AL) 

In his case, he did not initially seek medical attention, and goes on to explain the reasons for this 

when I ask him, specifically, whether he thought that he had broken his ankle at the time; 

…No. I've had quite a lot of little injuries and they’ve all felt really bad at the time. I've twisted 

my knee a few years ago and I've broke a finger and all these things that feel really bad, but 

actually, ultimately, weren't that significant…(AL) 

The experience of the previous injuries led him to believe that the pain of a ‘significant’ fracture 

would perhaps be more substantial. Interestingly, following assessment and investigation by the ED 

he was presented with his X-ray and reflects on his thoughts when seeing the images; 

I was quite surprised. I suspected there might have been a little fracture, but it was just... The 

bone was in three different pieces and it looked like a real mess. And I hadn’t eaten since 

breakfast and that was early afternoon by that point, so I felt a bit woozy. So I had to lie down 

a little bit… but yes, it was all fine in the end. (AL) 

For others, it was immediately apparent that they had sustained a significant injury and the 

implication that they had sustained a fracture was a thought that crossed their mind, but one which 

was by no means a certainty. Maureen had a fall onto her arm whilst stepping off a bus. She reflects 

on having a feeling that something was “wrong”; 

Not initially. I think I went into shock. Somebody came in off the bus, tried to lift me from 

behind, and that was when I went, “Oh, my arm,” that was when I knew I had done something 

to it….I knew something was wrong. I had hoped I hadn’t [fractured], but…I thought I maybe 

had. (Maureen) 

Similarly, for Simon, he wasn’t sure that he had broken it, but knew that his wrist didn’t feel normal. 

He describes the experience as not obviously suggestive of a fracture; 
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Clearly you have done something. I didn’t know that I had broken it. It wasn’t obvious…I 

couldn’t tell you that I had broken it. I just knew that it hurt, which is always the result of 

impacting…(Simon) 

Eleanor recollects the time when she sustained her injury whilst out with companions; 

Well, at the time I was like, “It’s broken,” but then I was with my boyfriend and my cousin and 

they were like, “Oh, it’s just a sprain, it’s just a sprain.” But it was really bad, I couldn’t put any 

weight on it and I nearly passed out. (Eleanor) 

Interestingly, her companions managed to convince her that it was a sprain despite her initial 

thoughts, and she delayed her presentation to the medical services for several weeks as a result. 

For Jennifer, the evidence of bruising alerted her to the possibility of fracture; 

The bruising got really bad really quickly, so I was like “Yes, that’s fractured”. (Jennifer) 

In the case of Jemima, the feeling of ‘looseness’ was what made her think that her humerus was 

broken, in effect, a mechanical disconnect; 

Yes. It felt loose. I mean, I felt it was in bits. (Jemima) 

Jack was playing rugby at the time, and knew from a combination of the noise and the pain that 

something in his ankle was not “right”; 

It made a loud noise. Then, yes, it was painful. It felt horrible. It is that general feeling that 

something is not in the right place. (Jack) 

Although Peter works in technology, he had some undergraduate experience of anatomy and 

presumed the presence of a break from the mechanism; 

Only in thinking that the dynamics of what had happened meant that the top step was against 

the outside of my leg at the fibular side. And it was below the knee level, so my assumption 

was that at least that was broken. Whatever else might be I just didn’t know….Absolutely no 

question of any load-bearing on it. It was excruciating agony if I put anything on it whatsoever. 

I just assumed at the time that it was broken in at least one place. (Peter) 

Taking this a step further, James recalls knowing the type of injury and the resulting fracture of the 

tibia based on his experience in Sports; 
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Yes, I think doing a sports degree and looking at injuries, as well, you've seen players in the 

past, YouTube, on TV, where they've had injuries and you think, "I don't want to do that one." 

To be honest, seeing Aaron Ramsey was quite a notorious one, then Mobara a couple of 

months before me doing the same thing. It was always an injury I didn't want to happen, but 

then I just remember being sat on the floor, holding my leg off to one side, thinking, "This is it, 

this is that one". (James) 

The majority of patients did therefore recall knowing that something was different about this 

particular injury, and in that regard were ‘aware’ of the possibility of fracture. 
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Injury Anxiety – “This is going to be bad” 

This sub-theme captures the anxiety that results from the time of injury, whether in reference to the 

injury itself, or the implications of having a fracture when the notion is first considered, with the 

implications of possible surgical treatment. 

When I saw that X-ray, I thought to myself, “How on earth is that going to heal on its own?”  

Luckily, I've been told that it will be fine without surgery, but I thought to myself, “Oh my gosh, 

this is going to be bad. They’re going to have to cut me open and pin it back together or 

something like that. (Andrew) 

Here Andrew reflects on his thoughts about the X-ray appearances, and the potential need for 

surgery. This response to the need for potential surgery is not uncommon, and will be explored in 

other sub-themes later, but in Andrew’s case, it caused him significant anxiety around the time of his 

initial injury. 

For Nicola, previous anxieties compounded the injury. She tells of how the stress of her personal life 

may have perhaps even contributed to the fall. Being on her own at the time of the fracture, she also 

describes her frustration at the time; 

Yes, and it also happened at a time – I think a lot of these things happen at a time when you’re 

stressed and you’re worried about stuff, and you’re not thinking about where you’re putting 

your feet. I’m really worried about my mum, made me really stressed, not thinking about what 

I was doing with my feet…landed up lying on the floor swearing at myself for quite a long time, 

in pain, wondering what I was going to do because I was on my own. (Nicola) 

Amy describes her anxiety with the appearance of the injury, having dropped a mirror on her big 

toe; 

I was just more horrified with how it looked…there was a lot of blood…I could see the nail was 

completely destroyed and I was more upset about how my nail had gone. (Amy) 

In her case the cosmetic deformity was a significant concern, as was the presence of blood. She uses 

the word “horrified” to describe how it looked, conveying how strongly she felt by what she saw. 

Jackie had a fracture of her wrist, and following application of plaster that same day had increasing 

swelling and tightness in her hand, which made her initial cast too tight. She recollects the colour of 

her hand; 
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unfortunately, the nurse who put the one on, on Thursday, put it on far too tight. So, I had a 

dreadful weekend and my hand went black and green. Really, it wasn’t very good….(Jackie) 

And when asked how she felt during that initial period; 

..yes, but you know, that was dreadful, shocking, actually, yes. Yes, it was awful. (Jackie) 
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“Emotional Trauma” 

It was interesting to see how much the participants would elaborate on the effect which their 

fracture had on their mood and life. I was not entirely surprised, and knew first-hand how frustrating 

it can be. Indeed, many described it as a huge inconvenience, and in the case of Andrew, he didn’t 

see how much the “little things” would impact on his day to day life; 

But it's just like lots of little, small-scale, every-day things. I can't carry anything in my hands 

when I'm on my crutches, opening and closing doors – that sort of stuff has been a real 

frustration.  And I don't think I expected those little things and I expected more big things, if 

that makes sense..(Andrew) 

Similarly for Amy, as a student she experienced a disruption to her studies, merely by virtue of the 

lack of normal mobility; 

I would say that it was quite a big inconvenience, because the time of year with study was 

annoying, because we do have a lot of lectures this term, and I did miss stuff and it was more 

just not having a the freedom to sort of move around, as I wanted to, so everything you do is 

such a big deal, so going to the lectures, having to carry stuff, have doors opened for you, it’s 

just a bit of a faff. (Amy) 

Artemis describes the disturbance to her activities of daily living, and the adjustments she made to 

minimise it; 

I don’t know. Everything takes longer, to get dressed, to get undressed, to get into bed. I 

bought one of these things to keep it dry so I could have a shower, which was nice. Getting 

comfortable in bed was difficult at first, putting it on the pillow. One of the nurses suggested 

at Henleaze that I should put it on a pillow to sleep, so that was good. (Artemis) 

Jack contrasts his current ankle fracture with a previous wrist fracture in terms of the inconvenience 

it has caused him 

But yes, I’d say the ankle is more inconvenient, partly because of crutches. You don’t have any 

hands and can’t walk anywhere, and partly not being able to drive. (Jack) 

Interestingly, he then goes on to talk about the ‘mental impact’ of the fracture when asked how 

much the fracture inconvenienced him, without me even asking probing questions regarding his 

mood; 
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Massive, yes, physically obviously muscle wastage which is horrible to see, but mentally really 

depressing, not being able to go out and do things, more of a mental impact on me to be 

honest, than a physical one. (Jack) 

As someone who had managed to cope by making adjustments in his life to deal with the physical 

inconvenience, he found it harder to deal with the emotional impact. Indeed, many of the patients 

described feelings of frustration and helplessness, and in some cases, depression. Norman was very 

open about how he had felt during the time of fracture when asked whether it had caused him any 

emotional distress; 

That’s a really interesting question. Okay. I want to say no but I will say this: so this goes back 

to the thing I was skirting around before. I have suffered from anxiety and depression at 

various times, and that’s come out in various ways, surfaced in various sorts of symptoms. 

Most recently, but this was probably five years odd now, in terms of panic attacks and related 

physical symptoms. I had various talking therapies and interventions over a period of years. It 

was getting better, so I’d had none since last August, until the fracture. I’ve had three since 

then. That could be coincidence, or it could be some sort of psychological shock thing. I don't 

know. (Norman) 

Remarkably, one of the participants, Patricia, describes that the emotional aspect only really 

surfaced after her plaster was removed, when the significance of what she had gone through 

became suddenly apparent; 

No, I've always been quite independent and, "I'm alright," sort of thing. But funnily enough, 

when the plaster came off, yes it did feel really free, but just then, I just felt – I don't know why 

– really quite depressed. I was thinking, "I should be feeling the other way around," because 

this was a sign of progress and recovery. But I think it just sort of hit me then, about what had 

happened, because I'd just been coping before, and just having to. Because everything has 

been a struggle, like getting dressed. Because of living by myself, I've had to learn to do 

everything myself. So I have to choose things that aren't going to be tight and things. (Norman) 

Vera fractured her wrist following a heavy fall and needed operative treatment, also described 

feeling “depressed”; 

Vera 

I’ve been quite depressed at times…Unnecessarily because I’ve got all the help I could possibly 

have, but you can’t help the way you feel, sometimes can you? 
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PT 

Why would you say that is, that you’re sort of feeling depressed? 

Vera 

Because I can’t do all the things I used to do, I suppose. I wouldn’t say it’s depression, just a bit 

tearful at times. 

 

Andrew also explained in detail the emotional impact of the fracture, something that I suspected 

affects everyone but to varying degrees. In his case, there were many aspects of his life which were 

influenced, and I present the excerpt from the transcript in its entirety, as I feel it embodies this sub-

theme; 

In short, yes. My wife and I have been trying for children for over two years now and we've just 

been admitted to a fertility clinic. And that’s also, obviously not too fine a point on it, stopped 

that in its tracks because trying for children requires a lot of physical stuff. And that’s had an 

emotional impact. We've just bought a house, there's a lot of DIY to do that I haven’t been able 

to do, that I would like to have done. So we've had to rely on a lot of favours from friends to 

help us move boxes around and put furniture together. And that’s put a bit of strain on my 

relationship with my wife. She's been very patient, but it's difficult because it slows everything 

down.  

So I think there's that side and there's also the... I've always been very active, very physically 

fit and I've done sports throughout my life and I find it's been very frustrating not to. It's a 

funny one, actually, because at first I was frustrated because I couldn't cycle, I couldn't do 

floorball, I couldn't do any of these kind of active things that I wanted to do. (Andrew) 

 

But for most patients, the emotional impact, although significant, is one that they are able to cope 

with, and perhaps the nature of fractures, being transient, leads patients to believe that in time they 

will recover, and it is this hope that allows them to maintain a positive outlook; 

Well, it does make you feel quite emotional at times, when I'm frustrated, because obviously 

you can’t do things. When you have a minute and you think, “Oh, my goodness, how did this 

happen? Look what’s happened,” it is quite emotional. I wouldn’t say it’s got me depressed or 
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anything. I have my down moments where I think, “Oh, this is a nuisance,” but no, I’ll get there 

(Peter) 

I think, looking into different injuries which are similar, understanding that it is a long process, 

I think, "Yes, I have to be patient with it." I think maybe it's frustrating because you see, you 

know, my housemate, a few other people go off to play games on the weekend or training. 

That's when you think, "Oh, if I go and watch, I'll wish I was playing today." You've just got to 

be realistic, stay positive and think, "Well, if I take my time with it, I can be back at that stage 

again, it's just taking my time." (James) 
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“Daleks and WALL-E” 

Well, the initial gut reaction is “that terrifies me” because, well, the word ‘robot’ implies a level 

of automation and a lack of control, I suppose, that with something so invasive is terrifying 

(Norman) 

This theme illustrates the initial thoughts of the patient participants when the topic is first discussed, 

in effect, their preconceptions of the idea of robotic surgery and first reactions. It was important to 

do this prior to introducing the robotic system as future patients or trial participants would have the 

same outlook prior to embarking on RAFS. 

The word ‘robot’ and ‘robotics’ carried a specific connotation for many of the patients, based on 

past experiences and media portrayal, in particular those robots which feature more prominently in 

popular culture such as the “Daleks” from the long-running British Broadcasting Corporations (BBC) 

Doctor Who television series401 and “WALL-E” from a popular 2008 film by Pixar studios402. In this 

theme, concerns regarding safety, reliability and ultimately the participants’ trust of robotics were 

discussed to explore these preconceptions. 
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Robotics and Robots – “Giant arms” 

When the patient participants were asked whether they had seen or heard of robotic surgery, most 

had not, and if they did, they found it difficult to elaborate and specify exactly what it was that they 

had seen.  

Amy, the health student, could only describe in broad terms her experience, despite being a student 

of medical sciences and regularly exposed to research articles; 

Amy 

I’ve heard about it a bit, it’s a fairly recent-ish thing…I don’t really know 

PT 

Yeah so, in general I just was wondering whether you’d heard about it being used, or seen it 

being used, or read about it in the newspaper? 

Amy 

Yeah I’ve seen it a bit but I don’t know masses about it really 

PT 

What have you seen? 

Amy 

Just occasional things like articles on special things they do, a few bits on animals but not I 

don’t think it’s used much in animals. 

Others had some notion of robotic surgery based on media portrayals; 

Maybe saw a man with a remote and like a video thing, but maybe that was something else. 

(Eleanor) 

Yes, I have watched a programme once on the telly where an operation was carried out with 

a robot. (Jennifer) 

Yes, you see it sometimes in films and things. And you, kind of, predict that it’s on its way in 

and it’s the future (Sam) 
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Only one participant, Simon, a man with an engineering background had a clear understanding of 

the technology, having seen demonstrations of the system on television; 

I have seen different procedures being done with robotics. Even to the extent where somebody 

can work sat in this room on somebody in America, because at the end of the day, if you have 

got a controller just like a Playstation, albeit a lot more complex, if the signals are going to 

something where the actuator is in, it doesn’t matter if there is a bit in the middle. (Simon) 

Interestingly, one patient participant brought up robotic prosthetics when asked about robotic 

surgery; 

PT 

You said you’ve seen it on TV. What were your views about that? 

Artemis 

It’s wonderful. 

PT 

You think it is wonderful? 

Artemis 

Yes. Tremendous. 

PT 

Why do you think that is? 

Artemis 

Well, it is giving people the chance to relearn, or reuse bits of their arm, or their leg, or 

whatever that they haven’t had. It is probably mainly arms, isn’t it? Robotic arms. 

PT 

You mean like prosthetic robotics? 

Artemis 

That’s right, yes. That’s what I’m thinking of…  
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It appeared that she had misconstrued the term robotic surgery as the action of carrying out surgical 

procedures to implantable robotic prosthetic devices. Another participant, whilst not confusing the 

two of them, did however draw parallels to prosthetics; 

I haven't, no. I know, like, robotics and possibly support limbs whilst walking or moving in some 

way, but not in terms of surgery (James) 

Following this I explored Artemis’s views of what she would think of a ‘robot surgeon’. I wanted to 

see what she would imagine given her initial views, whether she would expect the same sort of 

robotic arms involved; 

Yes. I wouldn’t expect a Dalek type thing…. Dr Who days. (Artemis) 

I asked the same question of all patients. Just as most hadn’t heard of or encountered robotic 

surgery, many could not conceive of how it might appear. However, those that had seen robotics in 

surgery, were able to imagine based on their previous experiences. 

I’d still imagine a surgeon, maybe not sitting – he’d be, like, using the controls but not… Yes, 

just like, a bit further away, just sat in the corner using the materials to dig around. Do you 

know what I mean? I think I’d expect him in the room, but I wouldn’t expect ...Yes, I’d expect 

him to still be operating the robotics (Eleanor) 

I’m imagining some sort of arm with some tools that are attached to it. Yes. Then, it can do 

the surgery with someone controlling it from somewhere else, in the world, I guess (Jack) 

The image with something with long arms, I don’t know, I have no idea. (Jennifer) 

I just imagine a sort of mechanical arm going down with a- I don't know whether it's got a 

scalpel, or whether there’s something other probe...but also, some kind of X-ray thing, so that 

it's going in the exact place (Patricia) 

What’s important is that all these participants described ‘robotic arms’. Two patients were able to 

conceptualise in more detail. James also describes a ‘giant arm’ but goes further to detail how he 

believes the system would operate, based on measurements and spatial co-ordinates fed into a 

computerised system; 

I can imagine these giant arms and a few other things. I think it would probably involve, 

maybe, some measurements first to… Say, if it's on my leg, measure the length of my leg in 
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which to do that operation or something similar or where machines are being used. Using 

some kind of computer to put some kind of coordinates or something in, to record it and to 

actually find the point it inserts, removes, etc. Maybe use MRI scans. (James) 

However, the most detailed description of all came from Peter. His background in information 

technology (IT) and his generally curious predisposition allowed him to elaborate in length on the 

type of machine, its operating characteristics, and the challenges which would be faced in the design 

and implementation of such a system; 

Obviously not having witnessed the surgery I got, but I assume that obviously there’s incisions 

to get in to where it’s all happening. There’d be- if it was just me in an operating theatre and 

a machine, a Wall-E from the other side, I’d have slight concern on that. Although from an 

antiseptic point of view, I can see tremendous advantages to that as well. We’re all just 

humans at the end of the day. 

Something like that. For this sort of precision surgery, obviously robotics in terms of 

manufacturing. You have consistency of components in terms of their size, placement, etc. 

Every leg is different. If there is the intelligence there or the programmability to scan my leg 

three dimensionally and say, “Right, an incision just to get the skin of here can only go to that 

depth,” and the scalpel does it, or whatever, brilliant. I don’t know if that’s the sort of thing 

that’s being talked about. Or is it that there is a local override surgeon capability, maybe in the 

next room where it’s all fully televised and full clarity and 3D? 

Stereo and 3D. You would need that for special orientation. So whether that then just makes 

the scalpel or the instrument steadier and more precise, that’s one thing. But, yes, I’m not 

going as far as to say it’s the next gurney comes in automatically and everything closes down 

on you. (Peter) 

The strongest account of a first impression came from Norman, who describes his viewpoint; 

PT 

As you know, the subject of my research is robotics and surgery. Have you ever heard about 

robotics being used in surgery? 

Norman 

Only in the vaguest of terms.  

PT 



 
 

234 
 

If I was to mention it now or you were to hear of it, what are you views on it? What are your 

first impressions?  

Norman 

Well, the initial gut reaction is “that terrifies me” because, well, the word ‘robot’ implies a level 

of automation and a lack of control, I suppose, that with something so invasive is terrifying. So 

I’ve got a really huge problem. Now, I am confident that it wouldn't be like that and there 

would be safeguards and measures and so on to make it okay, but that reaction is really strong. 

This was a common response amongst the patient participants. For many the prospect of surgery in 

itself is “terrifying”, and robotics may be something that amplifies this fear. Norman even applies a 

logical framework to reflecting on his reaction, rationalising that safeguards and measures would 

make it “okay”, but ultimately remarks that he cannot disregard his initial reaction. 
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Safety and Reliability – “Judgement” 

Ultimately the most concerning aspect of any surgery for patients is safety, and this is even more 

pronounced when robotics is introduced. I had prior expectations that participants may feel strongly 

about this aspect based responses from the PPI group and background reading of literature (section 

17), but I wanted to explore this to see how their views may compare, prior to being introduced to 

the RAFS system.. 

Almost all of the patient participants had some concerns, for many this was a matter of not knowing 

enough about the technology and hence they were seeking assurances that their concerns were 

addressed:  

So long as it doesn’t really go haywire, there’s no contamination of the skin, all materials that 

are used are fine, surgically. If the power shuts down, there’s an override, fail-safes, 

generators, everything. If you’ve got all of the fail-safes in place, I think it sounds relatively 

safe (Sam) 

The idea of ‘fail-safes’ or inbuilt mechanisms to ensure that mechanical processes are kept in check 

resonated with others: 

Because often, with the introduction of robotic technology, it's like, "Oh, you don't need so 

many people then." So I think that what I would be concerned about is scrutiny in the whole 

procedure, and that it wasn't just taken for granted that it'll do its bit, and that every stage is 

scrutinised, so that it's achieving what its meant to be.. (Patricia) 

However, despite assurances regarding ‘fail-safes’, several patient participants raised concerns that 

perhaps, due to the rigidity of a computer program, the robotic system would continue with a 

course of action even if it became unsafe, as it would not be able to recognise that is was 

‘programmed wrong’ as Jennifer describes here; 

Yes, because I mean, I know we have human error but you can get people to double check and 

double check that whereas with a machine, if that was programmed wrong, I don’t know 

would someone control the machine? (Jennifer) 

Martin goes into more detail and reflects on his experience with programming engineering 

machines, describing that the faults are often found out after and they are then ‘put right’; 

If it's performing surgery and it was a machine that was programmed, I would be a little bit 

warier of that, because everybody's different, aren't they? They're built differently and things 
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like that. I know where you're coming from, because I've programmed machines, myself, to do 

functions. If you were doing it in the human body, then I'd think, "Oh." Just because of what I 

said, everybody's shaped differently and stuff….people can programme machines incorrectly, 

but after you do the test, you usually find all these things out and you put them right. An 

automated machine that would do surgery on a human completely on its own, I think I would 

be a little bit nervous about that. I think most people would. (Martin) 

The concept of an incorrectly programmed machine is, after all, still ‘human error’ and Martin 

alludes to this when asked how possible he thinks this may happen; 

I suppose I would have to be concerned about the bloke who's pressing the buttons, really, 

because human error, generally, is more likely, I would have thought, than a machine. So, that 

is what I would think, possibly. (Martin) 

Jennifer describes precisely the same concern, despite not being from an engineering background; 

Yes, because I mean, I know we have human error but you can get people to double check and 

double check that whereas with a machine, if that was programmed wrong, I don’t know 

would someone control the machine? (Jennifer) 

Others had similar concerns with regards to the pre-programmed nature of a robot. Andrew touches 

on the same concern and segues from this to a similar theme that arose from many of the accounts; 

that the robot is perhaps lacking in ‘judgement’ when compared with a human counterpart.  

I suppose I have a couple of concerns. One is about precision. I'm sure they can be super-duper 

precise, more precise than hands. And the other one is about judgment, I suppose. So the 

surgeon’s there, every human body is different and maybe robotic forms of surgery... I don't 

know how controlled they are by the surgeon, or how automated they are. And so my feeling 

would be, are there assumptions programmed into the robot that might actually cause 

problems? (Andrew) 

Eleanor expressed similar concerns and used the words ‘sense’ and ‘experience’ to refer to the same 

attribute described by Andrew; 

It probably is safer and cleaner, but it’s just that it doesn’t have that sense. Like, if a surgeon 

saw something he’d be like, “Oh,” like, he’s very experienced. A robot doesn’t have the 

experience. I’m sure, like, you can programme in the stuff, but…(Eleanor) 

The same view was echoed by several others; 
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I guess it's a safety issue. Complications around something. Not having the same level of 

judgment as a human would, even if the actual movements are more accurate, if that makes 

sense. (Andrew) 

Not massively, only just that I’ve not really seen it that much to know much about it, so I feel 

like that the only worry would be that I don’t have much experience, but otherwise, I wouldn’t 

not trust it for any other reason (Amy) 

Yes. Perhaps. I don’t know if it is about safety. It might almost just be the thought of someone 

doing it, if it is a person, they can see if something is not quite right, and they can change their 

thinking to do it. The robotics is obviously put in with a computer thing, and it knows its path 

and what it’s meant to do. (Artemis) 

 

Not all participants had such reservations. Some were confident that the technology would be 

reliable and carry out its actions without any untoward events. Jackie, having worked in the 

healthcare, is assured by the practices she had witnessed and alludes to reports of safety concerns 

with other “stuff” describing them as “nonsense”; 

As I say, I worked in a hospital. I know how much time and effort and patience is put in to 

looking after people, which I don’t think, unless you actually see that day after day, you don’t 

realise. You know, you just read all this stuff in the newspapers about this, that and the other 

and I just think a lot of it is nonsense, to be honest (Jackie) 

Jemima sees robotic surgery as an ‘advance’ and thereby infers that they would be safe, or at least 

safer than current methods; 

No, I don’t, sir. I mean, I suppose it’s a bit- I can’t see why. I personally can’t see. Most of these 

things are advances, aren’t they? (Jemima) 

Several others rationalised their potential concerns by suggesting possible solutions, and what is 

most significant is that they presume that such solutions would naturally exist. 

It’s the same as someone doing it, they’re not going to get tired, are they, the worse that could 

happen is it would break down, and then you could fix it, couldn’t you (Kevin) 

The robot thing is just- there’s always just the fear that jokingly from, what if the power goes 

off? Joking because it doesn’t, but just if something goes wrong with the technology. We’ve 
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been working with computers for many, many years and know that stuff happens. So 

presumably there’d be all sorts of failsafes built into that. (Peter) 

We're all prone to break down and failure, aren't we? I mean, if you people maintain it and all 

the rest of it and make sure they're in good working order, then, yes, I haven't got a problem. 

(Martin) 
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The Prospect of Robotic Fracture Surgery 

I think I would, yes, because it’s not what I imagined, if you know what I mean. Yes, that’s not 

scary at all (Jackie) 

Following introduction of the robotic system, I was able to have a more informed conversation with 

the participants. Many topics of discussion emerged, and I organised these into the secondary 

themes presented here.  

Demonstration of the system – “Seeing it in action” 

‘Robot or Tool?’ 

Research and Trials – “Guinea Pigs” 

Expectations and Hesitations – “Trust” 
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Demonstrating RAFS – “Seeing it in action” 

Following the demonstration of the system, the participants were asked what their first impressions 

were. There was generally positive impression of the system, a sample of responses is presented 

here; 

I think that’s good. I think it’s good, yes (Aaron) 

I mean it’s really cool, the machine is really intricate and a lot more complex than I thought it 

would be (Amy) 

It was very good actually. I would trust it (Artemis) 

It's impressive (James) 

It’s pretty smart (Kevin) 

I thought it looked impressive, yes. (Sam) 

Oh, it's absolutely fascinating (Martin) 

Well, it looks very clever (Vera) 

 

Some of the participants were able to describe in detail their impressions, and how it differed from 

what they imagined; 

So, okay, so that’s quite different from how I envisaged because the surgeon is actually doing 

the operation. It’s purely you don’t have to use an invasive because you’re using x-ray and 

three dimensional x-ray you’d need to be able to get the orienting right (Peter) 

I think that’s good. I was thinking it was one of these things that moves along the floor on its 

own, sort of taking over a human being, but that’s great (Jackie) 

Larger and I imagined it to be... more integrated. When you’re in theatre, and so on, you’re 

obviously surrounded by a whole range of machines that go beep. I sort of imagined it to be 

part of an assembly of such machines that go beep, and it seems to be a much more discreet 

object and invention and slower. (Norman) 
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Simon went further to elaborate that it would be something that ‘makes sense’, and inferred that 

the system seems versatile so that if the robot cannot carry out its intended task, open reduction 

would be a natural next step. He therefore couldn’t see any reasons for it to not be used; 

It makes complete sense to me. For any injury that it would work for, I can’t see why you 

wouldn’t want to use it, because at the end of the day, if it doesn’t work, presumably you still 

have the option to say, “Alright. Let’s just cut it open and do it manually”. Therefore, if you can 

see that it has worked, and it is less invasive, I can’t see a reason why you wouldn’t use it. 

(Simon) 

Sam prior to seeing the system had described his preconception of robotic arms. I asked him 

whether the RAFS system exhibited any similarities to other systems he had experienced in his work; 

I suppose pretty similar, yes. I think so. Yes. From an engineering point of view it looked like a 

system that someone would design, I suppose, yes (Sam) 

I then asked questions to explore the utility of the demonstration, that is, whether or not the 

participants found it useful, and if they had to undergo a RAFS procedure would they wish to be 

shown something similar. Once again, most responses were positive; 

I mean… It’s good to know, it’s good to know, how it is working. (Aaron) 

I think, with it being new technology, if I was shown that alongside saying, "There is an x% 

success rate," then definitely. I think for anyone to see that and see, "This is it in action," it 

does work. I think it'll allow people to not stress about it if they're having that operation, yes. 

(James) 

Yes, I think that would be very helpful. In fact, it would've been helpful for me to have seen 

something like that, actually, on my wrist. Because I had to ask Mr D when I came in. I said, 

"I've had absolutely no idea what has been done to my wrist. (Patricia) 

Patricia touches on the usefulness of informing patients regarding their treatment, and how in her 

surgery she didn’t know what specific operation she had done until after treatment. In her case she 

wanted to be fully informed regarding the technical aspects. However, this was not a view shared by 

all the participants and two in particular expressed the view that the demonstration would not be 

something they would want to see. Vera felt that in the context of needing an operation; 

It might make me feel worse, I think. (Vera) 
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Kevin also didn’t feel that the demonstration would be something that he would need to see before 

undergoing a RAFS procedure, and expressed the general view that he would prefer to be given less 

information; 

PT 

So this demonstration I’ve shown you, would you want to see this before having the operation 

if you had a choice? 

Kevin 

Nah.. 

PT 

Would you prefer not to see it? 

Kevin 

Yeah, it’s just not for me, to see the bones and stuff, yeah….not really 

PT 

So you’re saying generally you prefer not have too much information be given to you? 

Kevin 

Yeah, exactly 

Whilst others didn’t express the same viewpoint, choosing to see a demonstration before a RAFS 

procedure, interestingly they did comment that they appreciate that others’ perspectives might not 

be the same as theirs; 

I think so, yes. I don’t know. It might freak some people out. Whereas some people, it would 

probably make me feel more confident, myself. (Jack) 

 

Sam 

Yes I think it was because you let someone know what they’re actually signing themselves up 

to and it’ll provide confidence if that’s the operation they’re going to have, definitely. 

PT 
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And if you were to have that operation, if you had that fracture, would you want to see that 

demonstration? 

Sam 

Personally, I would, yes. I like seeing all of that. But I understand that some people obviously 

wouldn’t. They would let the experts do the work 
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“Robot or Tool?” 

Some of the participants expressed an interesting opinion following the demonstration. When I 

asked Patricia if it was what she imagined it would look like, she gave the following response; 

I suppose I imagined that it would be less directed. When you talk about robotics, you imagine 

it being quite autonomous, like working by itself. I think having seen what you've shown me, 

as I said, it's like another tool, and it's actually just enhancing the surgeon's work, rather than 

replacing the surgeon. (Patricia) 

Without mention of the word from me, she describes the device as a ‘tool’. This is an important 

concept that came up in the Patient and Public Involvement, that by referring to the system as 

‘Robotic’ we are conceptualising a more negative perception for patients.  

I therefore wanted to explore whether this would be the case for the patients in my study, and 

wanted to see if any of them would bring up the same matter without being pre-empted with a 

question. Norman remarked on the same matter when asked for his first impressions; 

My first impression is that calling that a robot is very unhelpful. It’s perfectly fine. I’m trying to 

imagine if it’s happening to me how would I feel. I think it would be okay because I think that 

the manipulation is slow. I don't know what’s reassuring about it. It just doesn't feel or look or 

have the qualities or attributes of a robot. (Norman) 

However, the most productive discussion took place with Peter, who talked in detail with me 

regarding the nomenclature of the system. 

Robotics is going to be I think one of your challenges as well. It’s what it is, but as soon as you 

say robotics people envisage what I envisaged. But you can’t gild the lily really. You can’t hide 

it from people. It’s what it is, but I think to explain and show people the process and how it’s 

just using more sophisticated tools as you would a scalpel or whatever. 

I think very much, and perhaps putting my marketing hat on now, is to sell this to, as I say, 

people perhaps who haven’t had my experience in one way or another is to- I would push it 

that there is someone operating this system and it’s just that the automated part or the 

controlled part, and I’m sure you can dig out analogies of where it’s happening all the time. I 

hate to say it but a bacon slicer does that. 

But to put it over that it’s an extension of the surgeon. It’s a tool that’s used using all of the 

expertise, etc. that that individual has and their skills and the team is all there. There’s no fewer 
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people, but the final delivery of it is a bit like the little things you use to thread needles when 

your eyesight is going. That does it for you. Sorry I’m off on one. (Peter) 

He later refers to the same subject when asked about participation in research trials; 

So trying to split the two saying, “Do you want the touchy-feely hands-on surgeon?” if you 

want to put it that way, but I wouldn’t. I would be saying, “It’s an extension of the surgeon. 

It’s not either or, it’s, what tools would you be prepared for him to use? (Peter) 

He reiterates the importance of language and the associations it has with the perceptions of 

potential participants and their willingness to undergo such procedures. 
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Research and Trials – “Guinea Pigs” 

The prospect of having surgery by a robotic system which has not yet been fully tested, and is still in 

the trial stage, was also a concept that I explored with the participants. Following the 

demonstration, they were asked specifically if they would be willing to take part in a randomised 

trial, and what their thoughts were on it. Following this, I would then ask, if they were given a 

choice, having now been shown the demonstration, if they would choose RAFS or not.  

Nearly all of the participants expressed a degree of willingness to participate in a trial. Many had 

reservations however, and Aaron expressed a view shared by some, that whilst he would be happy 

to participate, he would not “want to be the first” 

PT 

And if, say if we said to you, we’re conducting a trial of comparing robots versus humans, 

would you be happy to be in that trial, or would you have any concerns? 

Aaron 

I don’t want to be the first one anyway.  

PT 

Can I just ask, why would you not want to be the first one?  

Aaron 

Not sure, I just have a feeling, you know…like superstition 

Amy also remarked on hesitation with regard to being the “first person”, but attested to the utility of 

the demonstration in helping her decide that she would participate in a trial, as did Artemis; 

I just think maybe the usual thing of being the first person, would be, a bit like, well, a bit 

cautious and a bit worried about that but I think it’s been tried on the models and everything 

I would be fine with that (Amy) 

Having seen it, I think I would probably say, “Yes, go for it”. (Artemis) 

Some had no particular reservations in participating; 

I think I probably would, actually, yes. I don’t see why not (Jackie) 

I’m very happy to do anything like that (Jemima) 
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I don’t think I’d mind either way (Kevin) 

But several others remarked that they would be happy, given certain stipulations and in particular if 

the robotic system carried certain potential benefits, as described by James; 

I think, from my point of view now, I would probably say I'd probably be happy to do that, but 

I think, maybe, if you're in that situation where you know you need an operation, I think you 

could probably be more reluctant to it, just for the fact that it's new. As I said, I think, if the 

video's there to support that it works and it's being tested and you say it's been used for x 

number of years, "This is how successful it's been," I think people will be more willing to do it, 

particularly if it's quicker or if it means that you're not going to have some massive, big scar 

down the side of your leg or your arm, when you could just a couple of pin insertions. (James) 

The importance of being provided with all of the information prior to engaging in a randomised 

clinical trial was stressed by several of the other participants; 

Yes. I think it would depend on the way it was presented, but I probably would be okay with it. 

(Jack) 

Well, as long as I had all the information, I’d do it. and there was enough evidence to say that 

it wouldn’t go horribly wrong, I’d probably think. (Jennifer) 

Yes and with information, if it's all explained to me properly (Martin) 

I think I'd have to know what sort of thing could go wrong, and how that could be noticed 

early, and remedied. (Patricia) 

Obviously my circumstances are different because I got some experience to rely on. It would 

take I think an awful lot of explanation as you’ve put it over to me. (Peter) 

Jemima even remarked that the randomisation process of the clinical trial was not that dissimilar to 

what happens in “real life”, such that you get no real choice in the matter of your treatment, 

implying that perhaps the notion of control over ones treatment is perhaps not an accurate 

reflection on the reality of the situation; 

I don’t see you’ve got any control anyway. You go into hospital and you just have to do what 

they tell you (Jemima) 

Andrew, despite working in academia, found himself slightly conflicted with his desire to support 

research, but also having a natural cautiousness regarding experimental surgery; 
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That’s a difficult one. As a researcher myself, I always like to support progress in that sense. I 

think it might be down to what the damage is, where it is, perhaps, on my body. If there's a 

possibility of it causing more complications, that can be a problem. Let’s say if it was a very 

complex joint – I don't know, my wrist or something like that – I might be a little bit more 

concerned than if it was a finger or an arm where it's relatively straightforward. I would 

probably... How would I feel about it? I suppose I'd love to be reassured that it has been tested 

in a range of different ways and it's been okay up to this point. I think that’s probably quite 

important. 

Yes. I think if I'd already got to the point of saying “yes” to any kind of trial, it wouldn't make 

a difference to me. I'd still have the same concerns that I would like to think carefully about. 

(Andrew) 

Norman also reflected on the anxieties associated with participating in trials, however he did not 

express any particular reluctance to engage in them himself; 

There’s always a measure of concern because you’re participating in a trial which by definition 

means the thing hasn’t been approved, whatever the thing is, be it a drug or any other sort of 

intervention, hasn’t been approved for safety yet because that’s the purpose of the trial, but 

I’ve got a strong belief in science and the effectiveness of RCTs and so on. So I would be fine 

with it (Norman) 

As expected, not all participants were so willing to take part in a clinical trial. Sam’s initial answer to 

the question was “no”, however he went on to describe that if a certain set of conditions were to be 

met then he would consider it; 

Yes, at the moment I would probably say no until I was confident in, same as the engineering 

one, they need to be proved and robust. Robust design and robust operation procedure. So I 

would want to make sure it was pretty decent being one of the guinea pigs…(Sam) 

His reference to the concept of being a “guinea pig” alludes to the concerns summarised previously 

about being the “first”, and this would be a natural reaction for anyone; 

But in general, of course, you would rather have it done on somebody else and then when it’s 

really clear that it’s really successful, then you would have it done yourself obviously (Sam) 

Ultimately, he does remark that he would take part in a trial but only if given the assurance that his 

outcome would be as “good as could be achieved by hands” 
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I would say, “Yes. I will take part in the trial”, as long as I had an assurance that the end 

assessment result, if they felt it was not as good as could have been achieved by hands, they 

would then improve it by finishing it with hand (Sam) 

Two participants, Vera and Maureen were quite clear in that they did not wish to take part in a trial. 

Vera answered “no” to the question and when I asked why she responded; 

Well, there’s something about trial that I don’t sort of think about that really…. I just don’t 

want to do anything like that at my age (Vera) 

Similarly Maureen responded; 

No, I don’t think so. I'm interested in knowing about it. I don’t think I’d be interested in coming 

along and doing a trial...I don’t know if I would want to look into it dear… Maybe that’s not a 

good enough reason. It’s a commitment to it, going to different places and doing whatever 

you’ve to do for it. (Maureen) 

I was not sure she understood what I initially meant by the trial, and took time to explain it to her, 

but despite the explanation she made it clear that she would still be unwilling to participate and 

therefore I didn’t press the issue any more; 

No, I think I would rather not, thank you. (Maureen) 

With some participants I was able to discuss the concept of choice, that if given the opportunity, 

would they rather have a conventional or RAFS procedure. There was a range of responses from the 

participants, from preference for conventional surgery to no particularly strong preference 

That’s a hard one, isn’t it really? Probably 10 years down the line you would be happy to choose 

the robot. At the moment, perhaps if I had the choice, I’d perhaps have more faith in you doing 

it (Artemis) 

Having seen what you’ve shown me now, I would be content in either group (Norman) 

And there were others such as Jemima who were convinced by the demonstration such that they 

would choose RAFS; 

I probably would choose the robotic thing because I think the chances of any human error don’t 

enter it in the same way. That would be roughly what I would think of. I think, yes. I think I 

probably would, yes (Jemima) 
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In summary, although many participants expressed an interest to participate in clinical trials, many 

did have reservations. From their accounts, the importance of being fully informed prior to 

participation was paramount in these reservations being alleviated. 
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Expectations and Hesitations – “Optimism” 

With the demonstration of the system I gave each participant a brief explanation of what benefits it 

would potentially bring in reference to how the RAFS would carry out the procedure and then asked 

the patients whether they felt these benefits would be of interest to them. I also explored their 

hesitations with the RAFS system. 

Most were very positive about the potential improvement in outcomes. The greater accuracy of 

reduction (which they were informed at the time of the demonstration could reduce the risk of 

arthritis), and the quicker recovery time were the biggest attraction for most participants; 

The overall greater accuracy, definitely, because, as I've experienced in this, the frustration is 

not necessarily the injury; it's the recovery process. And if that greater accuracy would lead to 

a less problematic recovery perhaps, that would definitely be a bonus to me (Andrew) 

Yes, it might. I mean, I think it would just depend on the circumstances. But I mean, if for 

instance, maybe you're going to get better sooner and then you were going to be operated on 

sooner…(Jackie) 

Yes, and also the fact that it’s a lot less invasive, I think is really reassuring (Jennifer) 

PT 

Given the choice, yes. In terms of the potential for more accurate fracture realignment? 

Simon 

That is the most attractive thing, yes. 

Jemima described her experience of working as physiotherapist who would rehabilitate patients, 

and noted the benefits of quicker recovery; 

Yes, yes, I do, especially if it gets people in and out quicker. Because, I mean, having been a 

physio and knowing how many of them languish and men who smoke too much and all this 

sort of lot, no, no. I have no problem with that at all. Let’s use whatever the lord gives us, you 

know, all the tools that you know how to use. (Jemima) 

The smaller scars associated with the minimally invasive nature of the surgery was not as highly 

regarded as the other benefits, such as Jack; 

PT 
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…the scar thing is quite important to you, do you think? 

Jack 

No, not necessarily. It would be more the likelihood of a faster recovery time, I think. 

Amy and Maureen expressed similar viewpoints; 

PT 

Is the smaller scar important to you? 

Amy 

Yeah, I think I would, but it doesn’t really bother me 

The recovery is more important than a smaller scar. I've got lots of scars and it doesn’t bother 

me, but I think the recovery is important (Maureen) 

Although Jennifer did suggest that cosmesis in her experience may be a factor for ladies and due to 

her experience treating patients with painful scaring, she prioritised this higher than other 

participants; 

Yes, especially on a woman, if it’s on your leg and you are dressed then you probably would 

want…Even anywhere you wouldn’t want a big scar…definitely scars because they can be 

painful as well (Jennifer) 

James also discussed the negative perception associated with large scars and the mental stigma that 

some patients may attach to them; 

Yes, I think the benefits are, if there's a kind of injury where the surgeon would have to make 

quite a large cut in order to be able to see it, it kind of reduces that. You're just making pins, 

which the machine's using to push the bone together or to make sure it knits correctly. So, I 

kind of see it from a visual perspective, you haven't got all those big scars, which are a reminder 

after, which could be a concern to some people with mental health issues or get mental health 

issues after a particular accident (James) 

Overall, however, the participants held in high regard “minimally-invasive” surgery as an alternative 

which would provide equal or better outcomes; 

For me personally, right now on my leg for example, no. But obviously when I was younger, 

with the scars on my back and everything, that is a lot bigger. For some people that have never 
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had a scar before, they would definitely probably much rather have it smaller. And it depends 

on what area as well (Sam) 

The more you can use it, the better, really. I know that it can add things. It won’t always 

replace, but that clearly is a better outcome than the older method of completely opening up. 

Particularly, where you have got such a large bone to work on, you are going to have pretty 

big scars. I mean, mine is relatively small. Yes, I think where it can be done with this kind of 

work, we should do it (Simon) 

Martin drew parallels with “keyhole surgery” and remarked that it was also a concern at the time 

but is now widely adopted and accepted; 

I suppose it's less trauma for the patient. I mean, if you're only going to do two incisions, and 

precise ones, small ones, rather than chopping everything about to get in there, then that's 

bound to be better. I mean, everybody, surely, must accept keyhole surgery now, that's been 

around for quite a long time, hasn't it? It was a big thing when it first… We could all see it on 

the telly, but I'm sure that's well accepted now, so why not something like this? (Martin) 

A couple of participants talked of the potential benefits for the health system as a whole. Nicola, in 

particular alluded to the current issues with medical recruitment in the NHS 

I mean, I suppose the other thing is – you know, generally speaking, we are told, and you get 

the feeling there are not enough doctors and they’re overworked and all of that….. I mean, 

when you’ve got a surgeon who’s really, really tried, doing his nth operation that day, or her 

nth operation that day, then there is going to be some human error. And there are plenty of 

situations where operations go wrong due to that, due to exhaustion and stuff, even though I 

think it’s amazing there aren’t more. 

If robotics is going to help that situation, make doctors’ lives easier and possibly more 

interesting, I don’t know, then great, you know, because it’s also going to help the patient. 

(Nicola) 

Remarkably she even touches on two other issues, NHS waiting times and the potential for 

disruptive technologies in healthcare training; 

If it’s going to mean fewer queues, it’s going to be quicker to get operations, and fewer 

mistakes and all the rest of it then yes, it’s excellent. But I wouldn’t want it to take doctors’ 

jobs away and all of that, you want it to add, you want it to improve the situation for everyone. 

(Nicola) 
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She concluded by noting that collaboration would be the ideal situation, such that the surgeon and 

the robot work together in order to produce the best outcomes; 

But I also like the idea of person and machine working together, so obviously, whether it’s the 

surgeon assisting the robot or the robot assisting the surgeon, whatever way they’re 

collaborating that should make it even safer, shouldn’t it, if you’ve got both. (Nicola) 

Jackie also commented on the potential benefit of RAFS for the overall health system, reflecting on 

the current bed crisis in the NHS403. 

Well, I’d rather be seen by a human being, but the thing is, if it was getting people to have 

their operations quicker, so as they're not hanging about, as they are these days, from what I 

can gather, I think perhaps it is a good idea because something will have to be done, wouldn’t 

it, because I mean, it’s just awful at the moment, from what I can gather. It’s just people lying 

in trollies for 12, 13 hours and it’s just the pits, really (Jackie) 

Most of the participants concerns regarding RAFS were addressed with the demonstration, however, 

some still expressed some hesitations. Jennifer indicates her concern that the possibility of requiring 

less staff theatre would be detrimental to the workforce as automation would take over human jobs; 

I think my question would be, if you had the robotic surgery, does that mean that you would 

have less staff in a theatre? (Jennifer) 

This was a view echoed by Nicola, but he also commented that whilst this would perhaps be for the 

greater good and it would be part of the natural progression despite this drawback; 

My concern is more about the whole kind of impact it would have on the NHS and doctors and, 

you know, if it could help by making operations more simple and quicker and easier and more 

trouble-free, then it’s going to help everyone, isn’t it? (Nicola) 

Interestingly, Simon was the only participant to express what is a logistical hesitation with the RAFS 

system, such that it would be unsuitable for use for smaller fragments, which is indeed a technical 

limitation; 

I say simplistically, there were two big pieces being put back together. But, if you have got 

something with a few shards for example, I don’t know how that would work if you were trying 

to do it robotically (Simon) 

Martin did allude to the likelihood that despite the assurances he now had from the demonstration, 

in an unexpected situation he still might be nervous about things; 
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If I was aware of it beforehand, then yes. Now, I'm a little bit aware of what you're doing and 

yes, I wouldn't have a problem at all. I might be slightly nervous if it was a bolt out of the blue 

- I suspect most people would be like that - but, no, I wouldn't have a problem, not now. 

(Martin) 

Peter, who himself works in IT, discussed how those at the age of retirement adapt to the use of 

technology, and as such would always be more hesitant with such things when compared with those 

such as their grandchildren; 

I think replacing the surgeon is where we are at the moment, and mostly people of my age, 

getting on for 67, who are adaptors to technology rather than being born into it like our 

grandchildren are I think are more cautious than perhaps we are having been brought up in IT. 

(Peter) 
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4. Discussion of findings 

In this section I have presented the themes that arose from my conversation with the patient 

participants. We discussed what it meant to have a fracture; the emotional and physical trauma 

associated with it. Patients rarely have the opportunity to talk with their treating orthopaedic 

surgeons in depth about how the fracture has affected them, as it is often overlooked in regard for 

the acute clinical problem. I was able to get a sense of what they had gone through, from the pain of 

injury to the inconvenience it has caused their lives, some more than others. 

I then explored their views on robotics. None had encountered robotic surgery prior to this, but 

most had some idea of what it perhaps may involve. Prior to showing them the system, I explored 

their concerns and reservations such if they had been put into a similar situation following a 

fracture. There were contrasting viewpoints; some described robotic surgery which was intelligent 

with capabilities beyond current human surgeons whilst others felt it would lack “judgement”. 

Nearly all had concerns regarding the safety of an unsupervised device. I understood that many 

wanted reassurances, however, that things wouldn’t go wrong. Moreover, they had questions which 

if addressed would dispel their worries.  

Following the introduction to material demonstrating the RAFS System, I found that there was a 

dichotomy to the patients views with regards to the utility of the demonstration itself. Most found it 

useful and wanted to be shown something similar should they need a RAFS procedure in the future, 

however some felt that they would prefer not to be made aware of their treatment. Many patients 

described the RAFS System as unlike what they were expecting, and the nomenclature of the 

technology was discussed, that perhaps the use of a “tool” would be more appropriate to represent 

what was being carried out by the system. 

Following this, I discussed the prospect of surgery and research, and their views on participation. 

Although most were open to the idea of participating, many did not want to be the “first” and 

expressed concerns regarding safety again. 

Finally I asked the patients whether they felt that the potential benefits of robotic surgery would be 

of interest to them. Nearly all the participants were positive about the potential benefits, such as 

quicker recovery and smaller scars, and would consider RAFS if provided with the necessary 

assurances. 
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1. Introduction 

The aim of the RAFS system is not to replace the surgeon entirely, but to augment the surgeon’s 

abilities. In this regard, the surgeon is the end-user of the technology and so their views are 

paramount to the design and final function of the system. Furthermore, robotics has been seen by 

some surgeons as a disruptive technology404 with the implication of replacing the surgeon 

altogether. Whilst this may not necessarily be a view held by many, it is important to explore the 

attitudes of surgeons throughout various stages of their training on their views, and in particular, 

concerns regarding RAFS. 

The surgeon interviews were divided into two parts; A and B (see 0). Embedded between the two 

parts is the interface study, therefore a mixture of both qualitative and quantitative methods have 

been employed to gather data from the surgeon interaction. 

Although my overall aims for the study are set out in section Error! Reference source not found., the n

ext section will discuss in more detail my own thoughts on the choice of methods used. 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

259 
 

2. Methods 

Methodological approach to surgeon interviews 

As a trainee surgeon I have a degree of insight and perspective on their general thoughts and views 

of the participants in this cohort. Nevertheless, even within a small self-selecting subset of the 

medical community (orthopaedic surgeons), individuals can hold vastly differing viewpoints. I was 

aware that it was important to have a methodological framework which would answer my research 

questions, but also have the flexibility and openness to allow my participants to express their views, 

such that any prior knowledge or opinions I had would not alter my questioning style nor the 

interpretation of the data. The interviews proceeded as per the topic guide, and although I 

maintained reflexivity during this period, I did not alter the topic guide significantly. 

My primary aim was to seek the surgeons’ views on robotic technology and the interface study. A 

secondary aim was to investigate their opinions and current practice on aspects of trauma surgery, 

including any technologies such as navigation or fluoroscopy that they use. 

I wanted to interview surgeons who were routinely carrying out fracture surgery, as they are most 

likely to be the end-user group of this technology. Therefore I excluded surgeons who only carried 

out elective orthopaedic surgery, and who did not have an on call commitment which would expose 

them to trauma admissions. Other than this I did not have any exclusions. 

I also felt it important to collect data on surgeons at various stages of training. Consultant 

Orthopaedic surgeons take on average 17 years to be fully trained (including medical school). Whilst 

they hold the most experience, and will be the determining factor when a technology is adopted, 

their experience with technology will be somewhat different to their trainee counterparts, who are 

likely to be younger. Furthermore, trainees are future consultants and will spend a greater portion of 

their working life with any newly developed technology. 

There are two distinct groups of trainees – core trainees and specialty trainees. Although core 

trainees will not necessarily progress to specialty training, I wanted to collect data from both these 

groups, in addition to consultants. Within the methodology I will use the umbrella term of “surgeon” 

to refer to this heterogeneous group, unless I explicitly label them otherwise. 

With a sample size of 20, my aim was to recruit approximately 6 core trainees, 7 specialty trainees 

and 7 consultants. This distribution of recruitment would also allow me to carry out quantitative 

sub-group analysis in the interface study. All consultants and specialty trainees would be in Trauma 
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and Orthopaedics, and in the case of core trainees, those who had a “themed” job with at least 12 

months of Trauma and Orthopaedic exposure indicating an interest in an Orthopaedic career. 

A secondary aim was to recruit consultants with differing specialist interests, for example, spinal 

surgery in contrast to hand, foot or hip and knee surgery. 

Since graduating from medical school, I have spent the entirety of my postgraduate life in the south-

west. I have worked in many of the hospitals in this area, with over half of my time spent at UHBT. 

As a result, I have become familiar, through working relationships (and subsequently social ones) 

with many of the trainees and consultants working in Trauma and Orthopaedics.  

The participants were either previous colleagues, or potentially future colleagues. Whilst I was more 

familiar with some of the participants on a personal level, I did not feel that this would introduce any 

scientific bias, and indeed I felt that it would make it more likely that they would be open about their 

opinions. Furthermore, as with a constructivist approach, the interaction between myself and the 

participants was an important property of the data I wished to collect, and would contribute to the 

overall analysis. 
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Recruitment and consent 

Once R&D approval was obtained I began the process of recruitment. I approached surgeons 

working at UHBT and RUH to describe my study to them and give a brief outline of what was 

involved. I considered sending an email to each respective T&O department (UHBT and RUH), 

however, I felt that the personal approach was more likely to result in successful recruitment as I 

could convey the importance of the study to me and answer any immediate questions they may 

have. Furthermore, e-mail fatigue is an ever-present problem in modern health care and it can 

become all too easy to ignore an email. 

Following this initial discussion, if those approached were interested in participating I would provide 

them with a participant information leaflet (see appendix 8) which described in more detail what 

would be involved, either by email or print, and would also enquire as to how they wished to be 

contacted thereafter to enquire about their willingness to participate.  

I was fully aware of the time commitment that I was asking of participants, therefore I was cautious 

about appearing too forceful and opted for a more unassuming approach to following up on their 

decision to participate. In all cases participants were allowed at least 48 hours to decide, and in most 

cases I left it a week before contacting them again. Of 24 surgeons that I approached, 22 agreed to 

participate and 20 were able to complete the study. The two surgeons that were unable to 

participate but had initially agreed cited scheduling difficulties as their reason. 8 consultants, 6 

specialty trainees, and 6 core trainees completed the study. 
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Study location and setup 

All interviews were conducted at the surgeon’s place of work, be it the RUH or UHBT. This was 

logistically more appropriate given the set up required for the interface study, and I felt it was 

convenient for the participants to find time just before or after a session of work, which would allow 

me to facilitate more flexible scheduling increasing the likelihood of their participation. 

The precise location was selected following discussion between myself and the participants. The 

requirement of the room was that it would afford us privacy for the duration of the interview, and 

that it contained a desk capable of holding the research laptop and interface study. In the case of 

consultants, it was usually their own office which was chosen, and in the case of trainees, either a 

free ward sister’s office (following permission) or multi-disciplinary room (which I would book in 

advance). As the quality of my recordings were important in obtaining the most accurate 

transcription, I also ensured that the rooms had adequate sound-proofing. In one case I was forced 

to change the location of the interview due to noise from construction work at UHBT. 

It was important that I arrived earlier than the surgeon participants at the designated location to set 

up the interview recording device and the interface study. Another important aspect was testing the 

interface trail to ensure it was working correctly. As a non-proprietary combination of peripherals 

and software, the set-up was prone to occasional erratic behaviour (see 0 - Troubleshooting the 

interface study Set-up) and it was necessary that I test it before the arrival of my participants to 

ensure it was working correctly. 

Whilst I did not formally record the duration of time for this set up process, I estimate it took 

approximately 15 minutes to complete, and hence I always planned my schedule accordingly to 

allow for this period of time. 

Factoring in the setup period had the effect of reducing the time burden for my participants. 

Furthermore, in instances where the interface study required troubleshooting, this was not seen by 

the participants as it may have had a potentially negative impact on their opinion of it. 
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Part A and B 

A workflow for the surgeon studies is provided in Surgeon study workflow. 

Following the setup of the recording device, the surgeon participants were invited to sign the 

consent form (appendix 6). At this point in time I would confirm that they had read the information 

leaflet I had given them, and if they were unsure or if they wanted to refer to it again I would 

provide them with a copy I had ready. I would reiterate what the study involved, and how the 

interview would be split into two parts.  

Once the consent form had been completed, I switched on the recording device and the interview 

began. I used my topic guide to direct my line of questioning, and whilst asking questions of my 

participants I would take note (memo) key codes that I would identify during the interview. 

Although I used the topic guide to direct my questions to address my research aims, I was conscious 

of allowing the participants liberty to discuss any other matters which they felt were important. I 

took the first 3 interviews as “pilots”, and following a process of open coding and other strategies 

laid out in 0 - Methodological principles, I revised my topic guide to triangulate on emerging themes. 

Once Part A had concluded, I paused the recording device to begin the interface study, as described 

in 0. The second part of the interviews following the interface study was conducted as per the same 

protocol as Part A. The surgeon topic guide is included in the appendix 10.  

Part B interviews focussed on qualitative feedback regarding the interface in addition to an overall 

discussion about robotics and its potential use in the clinical practice of participants. The same 

methodological principles as for Part A were followed throughout. 

The following sections describe in detail the methods by which the interface study was carried out. It 

is deliberately detailed to reflect the technical considerations of human interface devices and the 

need for the generalisability of the method across the three interfaces which were investigated. 
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Surgeon study workflow 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Invitation letter and information sheet sent by email 

and/or delivered personally to consultants and trainees 

Those indicating willingness to participate 

are asked to provide their availability 

Interview date confirmed with participant 

Confirmation reminder given to participants 72 

hours prior to the interview and Interface Study 

(IIT) 

Participants arrive at location for IIT 

Informed consent obtained by the researcher 

Interview; Part A 

Interface Study 

Interview; Part B 

Closing remarks. End of interview 

Interface 

 

 

 

Days/Weeks 

5 minutes 

30 minutes 

10 minutes 

15 minutes 

15 minutes 



 
 

265 
 

Interfaces and pilot interface study 

Most currently practising surgeons will have at some point throughout their lives interacted with 3D 

virtual objects within the setting of video games on a console or home computer. Indeed, when 

minimally invasive surgery was first introduced the skill set required to interpret the 2D images 

without stereoscopic assistance was a daunting task but one that was recognised as being less 

challenging for those who had grown up playing video games208. At the time, this applied to very few 

surgeons in senior positions however this is not the case in the modern day. 

The characteristics of an ideal interface device are; 

• Simple and quick to learn 

• Accurately represents the simulated environment 

• Allows precise control of objects within the simulated environment 

The fracture model and its visual representation within the reduction suite will be described in the 

following sections. The most important aspect of the interface in this study is the input and control 

device to manipulate the fracture fragments in the virtual environment. 

Models for both fractures were constructed within a game development engine called Unity405 by a 

member of the RAFS team (GD). The designs of the models were based on CT scans of both intact 

and fractured distal femurs, with additional input from the clinical members of the RAFS team with 

experience in in the treatment of these fractures (RA and PT) to verify their suitability. The engine 

allows the creation of 3D virtual objects, with options to customise the contouring, shadows and 

transparency. It can use the Microsoft Direct 3D Application programming interface or OpenGL to 

render the graphical components. 
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Figure 88 - The 6 degrees-of-freedom (DOF) of a 3D Object406 

To minimise the learning curve for surgeon subjects, we chose 3 methods of input which are likely to 

be familiar to most surgeons. Each input device also required the capability of allowing manipulation 

of 3D objects within 6 degrees-of-freedom (DOF), that is, translation and rotation in all 3 axes (Figure 

88). 

Furthermore, the devices need to be capable of interfacing with the computer (MacBook Pro, Apple 

– specifications in appendix 14) running the Unity software, via a Universal Serial Bus (USB 2.0) 

connection.  

3 devices were chosen which met these criteria 

1) Keyboard and mouse 

2) Microsoft Xbox 360 Controller 

3) Leap Motion Controller 

In addition to these, in all cases, foot pedals were used to allow changes in camera angles and 

fracture selection. Foot pedals are commonly used in the control of orthopaedic instruments in 

theatre and are simple to operate407.  

For the fracture model, anatomical terms for the planes will be used; sagittal, coronal and axial23 as 

demonstrated in Figure 89. 
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Figure 89 - Anatomical planes in a human: sagittal plane (red), a parasagittal plane (yellow), coronal 
plane (blue) and axial plane (green)408 
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Keyboard and Mouse 

The keyboard is an electromechanical input device which derives its origins from the typewriter and 

has been in use for over 60 years as the common method of text based entry in computer 

systems409. The modern form of computer mouse was first widely used following the introduction of 

compatible programmes by Microsoft410 and Apple411 in the early 1980s. It is the most common 

pointing device in use today with computer graphical interfaces412. 

The software suite for the fracture reduction interface ran on a MacBook Pro (MBP) running 

Windows 10 (Microsoft) as part of a dual-boot setup, the standard built-in keyboard was used with 

layout shown in Figure 90. 

 

Figure 90 - MacBook Pro with keyboard visible 

 

For the mouse, an external USB optical Dell mouse was used (Figure 91) with a standard two-button 

interface, ambidextrous design and scroll-wheel.  

 

Figure 91 - Dell USB Optical mouse 
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Microsoft Xbox 360 Controller 

The Xbox 360413 is a console with an ergonomic controller (or Gamepad) that is not dissimilar from 

other console controllers from other prominent manufacturers such as Sony and Nintendo414. It has 

a USB interface and legacy support which allows for backwards compatibility with a Windows PC and 

for that reason it was chosen for this study. 

The front of the controller is pictured in Figure 92 below, with the input buttons visible X (blue) and 

B (red), and the rear of the controller with input buttons R1 and R2, and L1 and L2. There are two 

joysticks, one on the top left of the controller and another towards the middle and bottom on the 

right. They are referred to as the left and right joystick for simplicity. 

 

Figure 92 - Front (top) and rear (below) of the Xbox 360 Controller 
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Leap Motion 

The Leap Motion controller (or device) is a small USB peripheral device (Figure 93) designed and 

manufactured by Leap Motion Incorporated (California, USA) which can record hand and finger 

gestures415.  

 

Figure 93 - Leap Motion Controller 

 

The controller operates with the use of Infra-Red (IR) camera technology. IR light is outside of the 

visible spectrum and therefore not perceptible to the naked eye but it is picked up by the IR sensing 

cameras of the Leap Motion device. 3 LEDs are used to generate the IR light which is observed by 

two monochromatic cameras with a sampling rate of 200Hz416. The area of observation is 

approximately hemispherical (Figure 95) with a radius of 1 metre417. It is connected via USB to the 

host computer which analyses the data to produce 3D positioning with a spatial accuracy to within 

0.7mm417. 

This allow the Leap Motion sensor to form a 3D image of the hand to include the position and 

movements of the fingers. 
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Figure 94 - An “exploded-view” photograph of the Leap Motion controller with the three LEDs and 
two cameras visible on the circuit board 

 

 

Figure 95 - The Leap Motion sensor area of observation 

 

 



 
 

272 
 

Foot pedals 

The foot pedals (Figure 96) which are used in tandem with the Leap Motion controller are also a USB 

peripheral.  

 

Figure 96 - Arduino Foot Pedals 

 

They have been modified by the RAFS engineering team to work with an open-source hardware 

controller, known as Arduino418, which is fully programmable. They are used in conjunction with the 

Leap Motion controller to allow fully hands-free operation of the fracture suite reduction 

manoeuvres. They are placed on the ground at foot level for use. 
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Design of virtual fracture model 

As discussed in the literature review, there are several interface modalities which can be used for 

the interaction between the user and the robotic tool or device, and in particular, for control of the 

robotic device. Before embarking on the interface study, a fracture model had to be designed for the 

simulation. 

Although the idea of 3D fragment manipulation may be a generally novel concept to surgeons, the 

visualisation of the normal anatomy of the bone and the recognition of fracture patterns is not. 

Whilst commonly fractures are viewed in 2D as either a plain film x-ray or fluoroscopy, CT scanning 

has become more frequent and 3D reformations of fractures are produced either by the scanning 

radiographer or as a function of the image viewing software which reformats the axial slices using 

the graphical processing unit (GPU) of the computer producing an “on-the-fly” 3D reconstruction419. 

Therefore surgeons are becoming more familiar with looking at 3D images, and indeed, as the 

natural environment is in 3D, the learning curve is not a steep one420. 

Arguably, however, a 3D geometric model could be constructed in a platform and 2D 

representations of this be presented to the surgeon participant, however, it would be very difficult 

to accurately mimic the “layering” present in x-rays, and the parallax error of a non-uniform imaging 

source which causes relative magnification of structures closer to the source. Nevertheless, the 3D 

spatial perception of surgeons is something that we felt to be important as part of our assessment 

and certainly something that may vary across training grades and age and therefore the format of 

the model was chosen as a 3D representation of a fracture. Furthermore, whilst current fracture 

fixation methods generally rely on fluoroscopy, the fracture reduction robot uses the model built 

from the CT scans. 

The selection of the distal femoral fracture as the model has been discussed in the previous methods 

section 3 for use during the cadaveric work. Fractures of the distal femur occur most commonly 

producing 2 (Figure 97 – left) or 3 (Figure 97 – right) fragments8, in addition to Y and T shaped 

variations of the 3 fragment variety. 

Three fracture models were chosen to be used with surgeon participants in the pilot phase of the 

interface study (Figure 98). The models were; 

A – Two part horizontal fracture 

B – Three part horizontal T-shaped fracture 

C – Three part Y-shaped fracture 
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Figure 97 - 3-part fracture (left) and 2-part fracture (right) 

        

 

Figure 98 - Fracture models for use in the pilot phase; A, B and C from left to right 

 

 

 

Commented [PT1]: Need to update these 
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The Unity fracture reduction suite and fracture manipulation 

The creation of the fracture model has been described previously. The fracture reduction suite in 

Unity allows the manipulation of the fracture fragments using the three interfaces. The coding and 

design of the reduction suite was carried out exclusively by GD of the RAFS team. 

Following selection of the fracture model to be tested (2-part vs. 3-part-T vs. 3-part-Y), the start or 

“splash” screen of the reduction suite allows the input of the surgeon name and selection of the 

interface device to be used (Figure 99). 

 

Figure 99 - Fracture Reduction Suite start screen 

Following selection of the interface device, the subsequent screen (Figure 100) is a display with 3 

views of the fracture model. Of note, the view which corresponds to manipulation by the interface is 

the one on the right of the screen.  

As the fracture is manipulated, the fragments will move in real-time in all views, however, an 

“upward” motion on the interface, be it mouse, Leap Motion gesture, or using the joystick on the 

Xbox 360 controller, will correspond to a superior translation on the view on the right hand side of 

the screen only. This particular aspect of the interface is described carefully to the surgeon subjects 

prior to use of the fracture reduction suite. 

The femur is a fixed object and therefore cannot be selected or moved, this is the framework within 

which surgeons are used to conceptualising fractures as the distal fragment is always considered to 
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be the displaced element. At the top right of the main screen is the control panel with functions 

which are intended to be used by the researcher only. These allow changes of the camera angles on 

the 3 views, and alteration of the transparency of the fragments as shown with fragment 2 in Figure 

101. This transparency can be increased so that the fragment is no longer visible. However, the 

fragment will still occupy its position in 3D space and therefore will not allow overlap by fragment 1. 

The model allows for some minor overlap of fragments (approximately 1.5mm) as this was thought 

(by PT and RA) to be consistent with clinical practice when fragments, in particular those that are 

comminuted at their cortical borders, can be “over-reduced”. 

 

Figure 100 - Fracture suite main screen 
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Figure 101 - Fracture suite showing reduced transparency of fragment 2 

The “Restart” button allows the restoration of the original fracture displacement upon first starting. 

The “Unbroken” button will demonstrate the fractures as anatomically reduced (Figure 102) and the 

“Save Final Position button” will save the position of the fragments within the Unity Windows folder 

as a matrix function of the difference between the “Unbroken” or reduced position. This is described 

in more detail in the results section Error! Reference source not found..  

 



 
 

278 
 

 

Figure 102 - The reduced or “unbroken” model 
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Starting position of fragments 

The starting position of the fragments is identical each time the program is started. Section 0 details 

the usual fracture patterns encountered in the distal femur and their typical direction of 

displacement following injury. To recap, the condylar fragments separate due to shortening of the 

thigh resulting from spasm of the hamstrings and flex with an apex posterior tilt as a result of the 

pull of the gastrocnemius.  

A slight anterior tilt (Figure 103) was selected for the fragments in the sagittal plane, as this was 

thought to convey a better sense of the 3D position of the fragments upon initially viewing the 

model, with the posterior and anterior cortical margins of the fragments clearly visible from the 

outset. With a posterior tilt (Figure 104) of the fragment only the anterior cortical margins are 

visible. In this regard, the fragment position is similar to that encountered clinically in the coronal 

plane, but not in the sagittal.  

However the position of fragments in theatre when the patient is anaesthetised will vary with the 

type of anaesthetic and patient positioning therefore nullifying the potential benefit of the virtual 

model more closely resembling the clinical picture. 

 

Figure 103 - Fragments with slight anterior tilt 
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Figure 104 - Fragments with posterior tilt 
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Keyboard and mouse 

When the mouse cursor hovers over the fragment the fragment highlights as green and as the left 

mouse button is depressed and held, the fragment is selected turning from green to pink (Figure 

105). The fragment can then be translated in the observable plane by moving the mouse.  

Should translation in the orthogonal plane be desired, the view (or “camera”) can be changed by 

pressing the “c” button on the keyboard. Rotation of the fragment is achieved by holding down the 

“alt” button whilst moving the mouse with the left mouse button still depressed. 

The fragment is deselected as soon as the left mouse button is released. To zoom in (enlarge) and 

zoom out (minimise) the view the scroll wheel is used. 

 

Figure 105 - Colour change to denote fragment selection 
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Xbox 360 Controller 

The fragment on the left is selected by depressing the “X” button and deselected upon release. The 

fragment will highlight pink as with Figure 105 to indicate selection. Translation of the fragment is 

achieved by using the left side joystick on the controller and rotation by using the right side joystick. 

The L1 button is used to change the camera view in the orthogonal plane and the L2 and R2 buttons 

used to zoom in and out respectively. 
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Leap Motion 

The Leap Motion drivers within Unity are able to overlay the image of the hand and finger position 

as sensed by the Leap Motion controller, in the 3D space of the fracture model (Figure 106). 

Movements of the hand within the observable area of the controller will therefore produce 

reciprocal movements of the virtual hand within unity. 

 

Figure 106 - Fracture model with virtual hand visible 

 

Selection of the fragment is achieved by movement of the hand to coincide with the space occupied 

by the fragment, at which point the fragment will turn green (Figure 107 - A).  

To select the fragment for manipulation, the foot pedal “GRAB” is depressed once and released. The 

fragment turns pink to indicate that it is selected (Figure 107 - B) and movements of the hand will 

produce reciprocal movements of the fragment. Although it is possible to move the fragment in 6 

DOF using only one view, rotation and translation in the sagittal plane is best achieved using the 

orthogonal camera view. The fragment is released when the “GRAB” pedal is depressed. To change 

the camera view to the orthogonal plane the “CAMERA” foot pedal is depressed.  
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Figure 107 - Fracture selection with the Leap controller. A (right) and B (left) 
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Viewing Screen 

The screen of MBP utilises In-Plane Switching (IPS) technology421 and has a 13.3 inch (33.78cm) 

diagonal size at a native resolution of 2560x1600 pixels with an aspect ratio of 16:10. This gives it an 

effective pixel density of 227 pixels per inch or a dot pitch of 0.1119mm. It has a 178o viewing angle 

in both the horizontal and vertical planes422. 

It was set with Apple factory standard colour calibration. 

For the purposes of the study the resolution was maintained at the native and no alterations were 

made to the colour calibration. Surgeon participants were asked to sit at their most comfortable 

distance from their screen to allow for the normal variation in visual acuity in the cohort. 
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Pilot interface study – background and aims 

The design and production of the interface systems and the fracture reduction suite was carried out 

at the BRL by GD of the RAFS team. During its development, aspects were trialled with other non-

clinical researchers at the BRL, to verify general usability standards and to adjust sensitivity 

parameters. Following ethical approval, pilot trials were carried out by PT. 

The use of the system and the interface study is part of the surgeon interviews, the workflow of 

which is described in detail in section 0. 

The pilot phase of the interface studies were carried out with several aims in mind; 

1) Familiarisation of the researcher with the technology 

 

The technical aspects of design, and development of the fracture reduction suite were carried 

out by a member of the research team who had a background in software coding (GD). The 

technology was therefore a novel application and unfamiliar to the researcher undertaking the 

interviews (PT). 

 

2) Troubleshooting 

There are often inherent problems with code and usability in the preliminary stages of most 

software. These are problems that either occur infrequently or are subtle enough that they may 

not be noticed on initial quality control, and only through more rigorous use and testing they are 

detected. 

3) User-friendliness 

Other than the clinical researchers (RA and PT), no other surgeons had been consulted in the 

design and usability of the system. The general thoughts of another cohort of surgeons was 

sought to ascertain whether there were any specific aspects of the system that could be 

improved before expanding to the full trial. 

4) Selection of fracture model 

 

Three fracture models were designed, however, it was decided that asking the participants to 

undergo reduction of all three fractures would lead to some degree of learning with progression 

between the three fracture models, which is contrary to the objective. Therefore only one was 

to be selected. 
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Pilot Interface study – methods 

The pilot interface study was a purely qualitative means by which to achieve the aims set out in 0. 

Following ethical approval and permission from the UHBT Research and Development department, 3 

surgical trainees were approached to take part in the study. Invitations were given out personally by 

the researcher PT, with the request that they allow for up to 30 minutes for the study. No financial 

(or other form of) incentives were provided. A Participant Information Leaflet was provided at 

request (appendix 8). 

Following informed consent, the participants were given a verbal explanation and demonstration of 

the interface system and had the opportunity to use the fracture suite to manipulate the three 

fracture models shown in Figure 98, using all three interfaces. The time taken to reduce fragments, 

were recorded (appendix 11), and participants were given up to 5 minutes to use each interface. 

During this time qualitative observations were made by the researcher (PT) on the general 

performance of the participants and the usability of the system. 

Once the pilot trial had been completed, the researcher (PT) would record qualitative responses (in 

written form) from the participants based on their use of the system. 

Excerpts of the participants’ responses can be found in appendix 11 and changes to the interface 

system and fracture suite are summarised in the following section. The results were also used to 

guide sampling as described in section 0. 

All of the participants in the pilot interface also later completed the interface study and surgeon 

interviews. Whilst it was accepted that this would introduce an element of bias, this was minimised 

by the short amount of time participants had with each interface in the pilot trials (5 minutes), as 

well as a minimum lead-time between the two studies of 4 months. 
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Changes to the Interface System and Fracture suite following Pilot 

 

Fracture model 

The fracture model selected was the T-shaped fracture (Figure 108). The 2-part horizontal fracture 

was found to be insufficiently challenging for the participants and therefore less likely to highlight 

significant differences in performance between surgeons. The Y-shaped and T-shaped fractures were 

reported to be approximately equal in difficulty to reduce however there were some aberrances of 

modelling noted on the Y-shaped fracture which some participants noted to be inconsistent with the 

clinical picture due to a higher propensity for fragment overlap. 

 

Figure 108 - T-shaped fracture model selected for trial 
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Displayed views 

Three views of the fracture were present in the preliminary Fracture Suite (Figure 109) however the 

responses from the pilot participants prompted a change to displaying two views only (Figure 110). 

The main reason for this was to maximise the size of the two given views, as each view takes up 

more window area. Furthermore, two orthogonal views are the “standard” for plain radiography and 

orthopaedic clinicians are more familiar with this. 

 

Figure 109 - Fracture suite with 3 views 

 

Figure 110 - Fracture suite with 2 views 
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Training simulator 

Perhaps the most significant change to the system following the pilot trial was the introduction of 

the Training Simulator. During the pilot trial, it became evident that following the explanation and 

demonstration of the fracture suite, the participants would then learn each interface in turn, but 

some participants took longer to understand the interface system than others. During this time they 

would have a potentially longer period of “learning” the system and the fracture model than others 

would, and this would therefore potentially introduce a confounder to the measurements to be 

taken. Furthermore, with successive fracture reductions the participants would become more 

familiar with the fracture pattern. 

The objectives of the interface study were to determine the interface with which surgeons were able 

to reduce the fragments mostly quickly and accurately, and which was most acceptable to them. It 

was therefore important that there would be minimal bias due to a learning effect where previous 

attempts with the system would disproportionately advantage some participants. One way around 

this would be to limit the learning time of each participant to a pre-determined amount, however, it 

is known that there is a great deal of variation in the rate of learning in simulated surgical 

environments and these often do not correlate with the performance of the individual following 

completion of the training423. 

Therefore it was decided that a means to demonstrate and allow learning of each interface would be 

required which would not be time limited, and would also not familiarise the participant with the 

fracture configuration or be too similar to the task of reduction in the trial. Considering this problem, 

the “Training Cubes” were developed. 

The idea and the design for the training cubes came from PT, however, the development and coding 

of the cubes was undertaken by GD. Figure 111 shows the training cubes main screen. The cubes are 

simple shapes which can be manipulated in 3D space using the interfaces in an identical manner as 

the fragments in the fracture model. 

Rather than provide the participants with a time limit, they were asked to familiarise themselves 

with each interface by stacking the cubes on top of each other as shown in Figure 112. The 

completion of the task verifies that the participants have learned the skills required to translate and 

rotate objects without familiarising them with the fracture fragments. 
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Figure 111 – Training cubes main screen 

 

 

Figure 112 - Training cubes in the “stacked” configuration 
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Interface studies 

The workflow for the surgeon interviews has been described previously in 0. Following the first part 

of the surgeon interview, the interface study was carried out. 

Prior to commencing the interface study, it was important to familiarise the participants with the 

equipment and controls being used. This untimed portion of the study consisted of descriptions of 

the mode of action of each and a summary of the controls for each interface. Instructions and 

descriptions were repeated if necessary until the participants could confirm their understanding. 

Following this, the participants would then be taken through the training simulator to further 

familiarise them with the interfaces. The training simulator involves using the interfaces to “stack” 

cubes and has been described in the section Training simulator. 

As the order in which the participants completed the interfaces was likely to have an impact on their 

performance due to a natural learning progression, prior to commencing the interview, but following 

recruitment, the sequence of carrying each interface was determined using a statistical 

randomisation system known as Latin Squares, which is described in the following section 0. 

Therefore as it was known a priori the order in which the interface study was to be carried out for 

each participant, the same order was used for the training simulator to ensure an approximately 

equal amount of time had passed between the training simulator and the interface study. 

I did not audio record any aspect of the interface study for several reasons. Primarily, I felt that the 

data it would produce would be difficult to interpret without any corresponding video data showing 

the movements of the surgeons. Furthermore, in the case of both audio and video recording of the 

interface study, I suspected that it might have an unwanted effect on the surgeons’ performance, 

thereby introducing a type of observation bias commonly referred to in the literature as the 

Hawthorne effect424–426.In addition the recordings would not necessary to answer the research 

questions on the speed and accuracy of the interface, and Part B of the interviews would 

nevertheless collect the surgeons’ feedback on the interfaces, with the added benefit of allowing 

time for the surgeons to reflect and contrast on all three interfaces before giving feedback on any 

one in particular. 

However during the interface study, as with the interviews, I would take memos to record my 

observations on any points of interest with the use of the interface study and the surgeons 

comments on it, contributing to the analysis. 
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Randomisation of interface order 

To ensure randomisation in such a way that no particular interface was, by chance alone, selected 

more often at a particular position within the experimental order for participants, a Latin Square 

design (otherwise known as a randomised block design) was used. 

With the three variables as the interfaces, three participants could be assigned to each block. 

Therefore, with a recruitment target of 21, 7 blocks were constructed. 

Table 16 shows the repeating block order, and Table 17 shows this extrapolated for 21 participants 

 

 

Table 16 - Randomisation block base order 

 

 

  

 

 

 

 

 

 

 

 

 

 

Table 17 - Randomised orders for all participants within a total of 7 blocks 

 

A B C 

B C A 

C  A B 

Participant Order of Interface 

1 Leap Xbox M+K 

2 Xbox M+K Leap 

3 M+K Leap Xbox 

4 Leap Xbox M+K 

5 Xbox M+K Leap 

6 M+K Leap Xbox 

7 Leap Xbox M+K 

8 Xbox M+K Leap 

9 M+K Leap Xbox 

10 Leap Xbox M+K 

11 Xbox M+K Leap 

12 M+K Leap Xbox 

13 Leap Xbox M+K 

14 Xbox M+K Leap 

15 M+K Leap Xbox 

16 Leap Xbox M+K 

17 Xbox M+K Leap 

18 M+K Leap Xbox 

19 Leap Xbox M+K 

20 Xbox M+K Leap 

21 M+K Leap Xbox 
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Following recruitment, each participant would be assigned a consecutive number based on their 

date of interview. This experimental block design also allowed for stratification to be maintained 

even if recruitment finished earlier than expected. 
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Interface studies 

Once the training cubes had been completed by the participants, they were then informed that their 

performance in the next section would be recorded. Now familiar with both the controls and the 

interfaces, the following instructions were given; 

Once ready to commence reduction, inform the researcher who will start the timer. 

Reduce the fragment to a position that you would deem clinically satisfactory for an in vivo 

scenario, or to the best of your ability. 

Inform the researcher as soon as you have finished your reduction. 

Your performance with regards to time taken and accuracy of reduction will be recorded. 

 

At the start of the first trial, prior to showing the model with the fracture, an undisplaced version of 

the fracture fragments in their anatomical positions would be shown to the participants (Figure 113). 

 

Figure 113 - 'Unbroken' Fracture Model 
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I would not interfere with the process of reduction but if the participants had any pressing questions 

these would be answered during the trial. I recorded the time to reduction and reduction accuracy.  

The process was repeated for all 3 interfaces as per the pre-determined order. If the surgeons 

enquired about their times, I would inform them however I would not volunteer this information, 

and did my best to remain impartial and not offer any feedback or personal opinion. 

Following completion of the interface, study Part B of the interview was commenced. 
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Troubleshooting the interface study Set-up 

 

There were two frequently encountered problems with the interface study. I will list both here and 

outline their solutions 

1) COM port translation 

Upon starting up Unity from a fresh reboot of the MBP into Windows 10, Unity would 

occasionally ascribe a different COM port to the foot pedals such that they would not be 

recognisable by the software, and an error message would display. This was remedied by 

either changing the COM port settings within Windows Device Manager or simply restarting 

Unity after disconnecting and reconnecting the foot pedals 

2) Leap Motion lag 

 

The Leap Motion device would on occasion display behaviour which resulted in a lag 

between the input (hand gestures) and the action on screen. I did not discover the reason 

for this occurrence however it was remedied with a reboot of the PC or changing the USB 

port of the Leap Motion, and restarting Unity. 
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3. Quantitative data and statistical methodology of interface studies 

In addition to memos recording my observations the quantitative data recorded for each interface 

study included 

1) Time to reduction 

2) Accuracy of reduction 

 

Time to reduction 

I recorded the time taken in seconds for the surgeons to complete their reduction using the 

stopwatch on my phone. I started the timer as soon as the surgeon had stated they were ready, and 

asked them to tell me when they felt their reduction manoeuvres were complete, at which point I 

stopped the timer. 

Accuracy of Reduction 

Once the timer was stopped, I would select the “save final position” button within the fracture 

reduction suite. Within the Unity platform this would record the final position of the two fragments 

and report them as matrices with the geometric deviation from the undisplaced position. 

The data would be saved to the fracture reduction suite subfolder within Unity’s program files in 

windows. An example is shown in Figure 114. All numbers are expressed in Unity metrics. 

 

Figure 114 - Example output of saved data on reduction accuracy. F1_d and F2_d representing each 
individual fragment. 

 

F1_d – Fragment 1 (F1) 

F2_d – Fragment 2 (F2) 

PosError – Position error 

RotError – Rotation error 

Fragment X Y Z Qx Qy Qz Qw PosError RotError

F1_d 67.39255 -124.009 213.4086 -0.00869 0.020004 -0.57833 0.815514 10.575 5.003

F2_d 28.59157 -137.01 218.0865 -0.5903 0.45434 -0.54781 -0.38082 1.226 6.661
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The co-ordinates provided above (X,Y,Z and Qx,Qy,Qz,Qw) would be used by Unity to calculate the 

error in position for each fragment. The ‘Q’ co-ordinates are different representations of the normal 

co-ordinates known as quaternions427 which allow Unity to carry out calculations of rotation of the 

fragments more efficiently and PosError is calculated from these. PosError and RotError were the 

only values used for analysis, and for further concise analysis the means of F1 and F2 were used as a 

combined “score” for reduction, as the output of the value of “Error” for position and rotation are 

equivalently numerically weighted. The higher the values, the further the deviation from the 

“unbroken” or undisplaced position i.e. the poorer the reduction. 
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Statistical methods 

To determine whether the distribution of the quantitative data was normally distributed statistical 

inference tests were carried out. Three measures were used; 

1) Skewness - √b1 

2) Kurtosis - b2 

3) Shapiro-Wilk test428 

The skewness and kurtosis and the Shapiro-Wilk test were calculated using SPSS 24429 (IBM Corp, 

Armonk, NY). All other statistical calculations were also carried out using SPSS. 

The Shapiro-Wilk test significance was accepted at an α=0.05 with a p>0.05 rejecting the null 

hypothesis that the data set is different from the normal distribution. This was carried out for all 

data sets for each fragment, and for the means of the two fragments. Examples of the histogram, 

probability plot and measurements of skewness and kurtosis can be found in the appendix 15. 

Table 18 – Results of the Shapiro-Wilk tests for the PosError and RotError of individual fragments 
across interfaces  

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Shapiro-Wilk 

 
Statistic df Sig. 

M
o

u
se

 +
 K

e
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o
ar

d
 

F1PosError 0.904 19 0.059 

F2 PosError 0.957 19 0.513 

F1 RotError 0.975 19 0.874 

F2 RotError 0.939 19 0.255 

Le
ap

 

F1PosError 0.921 19 0.119 

F2 PosError 0.894 19 0.038 

F1 RotError 0.744 19 0.000 

F2 RotError 0.927 19 0.153 

X
b

o
x 

F1PosError 0.811 19 0.002 

F2 PosError 0.921 19 0.120 

F1 RotError 0.814 19 0.002 

F2 RotError 0.923 19 0.129 
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Table 19 - Results of the Shapiro-Wilk tests for the means of PosError and RotError for both 
fragments and the times for reduction across interfaces 

 

 

 

 

 

 

 

 

 

 

 

As can be seen from Table 18 not all data sets were found to be parametric with those that were not 

highlighted in red. Table 19 displays the normality tests for the means of the two fragments, in this 

case only one variable (RotE on M+K) was not found to be parametric. 

When calculating for significant differences between two parametric data sets, the paired student’s 

T-test (two tailed) was used. 

When calculating for significant differences between one parametric and one non-parametric, or 

two non-parametric data sets, the Wilcoxon Signed-rank test430 was used as the data were paired. 
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PosE 0.943 19 0.295 

RotE 0.846 19 0.006 

Time 0.941 19 0.279 

Le
ap

 

PosE 0.916 19 0.096 

RotE 0.965 19 0.668 

Time 0.942 19 0.287 

X
b

o
x 

PosE 0.963 19 0.633 

RotE 0.922 19 0.121 

Time 0.949 19 0.376 
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4. Results and Discussion 

Interviews 

This section will detail the findings from the interviews with surgeons. The qualitative data from the 

interface study will be presented in the following section. 

The Participants 

Of the 20 participants recruited, 14 were from University Hospitals Bristol (UHBT) and 6 from the 

Royal United Hospital Bath (RUH). The reasons for this disparity in numbers, as with patient 

recruitment, was that I spent more time at UHBT on my OOPR. Figure 115 displays cumulative 

recruitment for surgeons, which shows that the majority of participants were recruited and 

interviewed in the first 6 months, with slower pickup and recruitment thereafter. This is due to the 

less time I could allocate to research whilst I was back in full time clinical work. 

All of the participants were clinicians working in Trauma and Orthopaedics who were known to me. 

There were 8 Consultants, 6 Specialist Trainees, and 6 Core Trainees. Table 20 summarises the 

participants with pseudonyms. In the case of consultants, their specialist interest is not provided in 

the interests of anonymity however, there was a good distribution without any subspecialty being 

over-represented. 

There was a variety of ages, with the youngest participants in the 25-35 age group and the oldest in 

the 60-70 age group. There were 5 females, and 15 males, which is a higher proportion of females 

than the national average working in the specialty of Trauma and Orthopaedics431. The individual 

ages and gender of the participants are not reported in Table 20 to maintain anonymity. 

The column, ‘Regular Gaming’ shows whether the participant, at some point during their life, had 

actively engaged in regular video console gaming, with the following criteria: 

• more than twice per week (or more than 3 hours per week) 

• more than 3 weeks per month 

• for a period of time greater than 6 months 

Although this is my own classification, it is broadly in line with Braun’s consensus on video gaming 

habits, in a cohort of the general population with a mean age of 23432 and a study on the impact of 

video games on trainee surgeons208. 
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Table 20 - Summary of the Surgeon Participants 

Participant Role Regular Gaming 

Catherine Core Trainee  

Harry Specialist Trainee  

Ali Specialist Trainee  

Gregory Consultant  

Harry Core Trainee  

Jane Consultant  

John Consultant  

Jeremy Consultant  

Felicity Specialist Trainee  

Kieran Specialist Trainee  

Lucy Specialist Trainee  

Matthew Consultant  

Patrick Consultant Yes 

Ryan Specialist Trainee Yes 

Jessica Core Trainee  

Steven Consultant  

Adam Core Trainee Yes 

William Consultant  

Timothy Core Trainee Yes 

Hamish Specialist Trainee Yes 
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Figure 115 - Line graph of surgeon recruitment 
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Summary of surgeon themes 

I was able to identify three over-arching themes that arose following discussions the surgeons; 

1. Fracture reduction and reflections on current practice 

I began my interviews by asking the surgeons about their thoughts and techniques for the reduction 

of a variety of fractures, including intra-articular fractures. I wanted to understand why they thought 

some fractures were more difficult to reduce, and methods they used to negate the difficulties they 

encountered when treating these fractures in theatre. I also explored views on what kind of 

outcomes they used when reviewing the results of their treatment, and whether they had any 

thoughts on current advances in orthopaedics or any future directions they envisioned. Several 

subthemes were identified; 

 The art of reduction 

The problem of intra-articular fractures 

 “Good enough” and the assessment of outcomes 

2. “I’ve heard of it, but I’ve had no experience at all” - On robotics and navigation 

This theme explored the surgeon’s preconceptions and views on robotics and navigation in surgery. 

3. Barriers and benefits 

A number of subthemes were identified in the discussions with surgeons following the interface 

study, including the prospect of their involvement in research trials. 

 “It’s a great idea, but it’s difficult to actually make it work in reality”- Capability, Logistics 

and implications for training 

“Do I believe in a perfect robot? Probably not, but I don’t believe in a perfect surgeon either” 

– Concerns and Reservations 

 ‘Looking Forward’ – Participation in Trials and Facilitating Adoption 

 ‘What robotics can do for you’ – Perceived benefits and Facilitating Adoption 
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Fracture Reduction and Reflections on Current Practice 

The aim of RAFS is to improve the outcomes of fracture surgery, and in the case of the RAFS system 

detailed in this thesis, this is brought about by reduction of the fractures without the need for open 

reduction. Anatomical reduction is the restoration of the fragment or fragments to their normal, 

pre-fractured positions.  

The three sub-themes that follow explore what reduction means for a surgeons; the technical 

difficulties, the importance of achieving the best possible reduction and the goals which they aim to 

achieve.  

The RAFS system is tool for reduction, and the views explored in this theme would determine the 

necessity for such a tool, and the standards by which it will be assessed and will be expected to 

perform at.  
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The Art of Reduction – “If the reduction is done for you, fixation is the easy bit” 

Well, it might make you lose the art of reducing the fracture yourself, because then you would 

start from a position where you haven’t done that many reductions yourself because a robot 

does them. (Ali) 

The theme “the art of reduction” explores the surgeons’ views on reduction, their techniques and 

difficulties they would encounter, and parameters for acceptability, as anatomical reduction may not 

always be achieved in clinical practice. The difficulties, if any, they experience with traditional 

techniques, and the importance which they attach to obtaining reduction would be useful in 

determining the necessity for the RAFS system, and perhaps provide information on its feasibility for 

future applications, such as in other fractures. 

Nearly all of the surgeons placed a great emphasis on the importance of obtaining reduction, often 

describing it as the most difficult aspect of the operation, as seen here by Harry; 

I think that’s the most difficult part of the actual procedure. If you manage to get the reduction 

right, the rest of the procedure is a technical aspect of it. As an SHO, you don’t tend to realise 

that and you’re all excited about putting screws and bolts in, but that is [the reduction] actually 

the most important part of the procedure, and that’s going to affect your outcome. That’s the 

bit which, in my opinion, probably comes the last in your [trainee surgeon] experience with 

regards to that. (Harry) 

Harry describes the rest of the procedure as “the technical aspect of it”, hinting that obtaining 

reduction requires a different skill-set, one which “probably comes last in your experience”. Several 

others alluded to the same when asked if they felt that fracture reduction may be difficult to 

achieve; 

It can be the reduction because you want to be sure that it’s as good as it can be, especially in 

a younger patient. Once it’s reduced usually the fixation isn’t too difficult. (William) 

Often the reduction can be the hardest, can’t it? I think, once you’ve got it reduced, then just 

putting on metalwork or screws is fairly straight forward. (Jeremy) 

But quality of reduction probably is the biggest single factor… open reduction will be that much 

more difficult, and that has to be balanced with the level of fixation you achieved… So if the 

reduction is done for you fixation is the easy bit. (Steven) 
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It’s, kind of, key to the whole operation really. If you get a good reduction you’re going to get 

a good fixation, but sometimes it’s challenging to get a good reduction and that just makes 

everything more difficult. (Catherine) 

So I think the most difficult part in that sense is holding the reduction to apply the plate and 

then once the plate is on, then the rest of it is not difficult. (Kieran) 

The surgeons were also asked about their techniques for reduction, either closed or open, and their 

views on any common difficulties they routinely encounter and how they alleviate these. Here 

Jeremy describes reduction in the distal femur; 

I think it’s important to go down and actually make sure you’ve recreated the line. I mean, 

you’ve always got to be mindful. What you don’t want to do is make a huge incision, and strip 

all the soft tissues, because then you’re going to impair the periosteal blood supply, and impair 

its healing. So, wherever possible, I’ll try and minimise this as I can, but I do think it’s a 

compromise between that and, obviously, seeing what I’m doing. (Jeremy) 

Other surgeons alluded to respect for the soft tissues and periosteum (thick sleeve surrounding the 

bone) when obtaining reduction with an open method, a relatively newer principle in orthopaedics, 

as mentioned by Jane; 

Jane 

There’s a much higher emphasis now on minimally invasive reduction. Also, if you like, always-

closed reduction. Indirect reduction. Even within open reduction, an emphasis on not stripping 

periosteum, compared to when I trained, when we were taught to strip the periosteum 

completely off fractures. 

PT 

And you do you think that’s a good thing? [not stripping the periosteum] 

Jane 

Yes. Absolutely. 

PT 

And why is that? 

Jane 



 
 

309 
 

Because it’s going to aid fracture healing, to have periosteum somewhere near the fracture. 

Ali describes his workflow when carrying out reductions, mentioning the importance of soft tissue 

attachments and his thoughts on open verses closed reduction; 

A lot of it will be indirect reduction first with traction. Then a reduction clamp if necessary. Try 

not to devitalise the tissues too much. Especially if it’s a comminuted fracture, you don’t want 

to disturb the soft tissue attachment. With closed techniques and traction techniques, you are 

less likely to get the reduction that you want, so I generally find it easier, I think if you’re 

struggling to close something open, then either your incision is not big enough… (Ali) 

Ryan also notes the importance of a “smaller biological footprint”, when talking about wrist fracture 

fixation; 

So, with wrists, closed reductions, I think it’s got a smaller biological footprint. There’s less soft 

tissue disruption and I think there's good evidence out there to demonstrate that you get 

perfectly adequate outcomes regardless of accuracy of reduction. (Ryan) 

Timothy, as a core trainee and therefore a relatively junior surgeon mentions the difficulty with 

achieving a balance between minimising the amount of soft tissues that are removed which are 

preventing the reduction of the fracture; 

the hardest thing I’ve found is making sure you’ve adequately exposed both fracture ends to 

get the soft tissue away so that you have a good view to reduce the fracture, being very 

conscious at my level that I’m not trying to remove too much soft tissue, important ligament 

muscles, nerves, blood vessels. You don’t just want to be removing everything. It’ll cause a 

poor wound and complications afterwards, but I think that would be the hardest part for me, 

not so much the reduction as making sure you’ve got your appropriate exposure and removal 

of soft tissue so you can reduce. Yes, so I’d find that the hardest bit of the operation. (Timothy) 

With regards to techniques for closed reduction, several surgeons commented on ligamentotaxis 

(applying tension to ligaments to reduce the fracture), such as in the spine; 

I think the techniques are completely different to long-bone fractures. I think the crux is to say, 

"Is there ability to use ligamentotaxis to reduce the fragments?" So there a number of the more 

old-fashioned implants which allow you to do that by distraction and reproduction of lordosis 

[the natural curve of the spine]. (Matthew) 

Or in the lower limb; 
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Not necessarily. My strategy for an intra-articular fracture if it was t shaped, would be usually 

to put a bridging spanning external fixator, so ligamentotaxis is really important, and that can 

often kick the joint into line over the tibia which is intact, but a straightforward, uncomminuted 

fracture, yeah you could hope to do that indirectly. The question is how easily you can assess 

the accuracy of reduction (John) 

And Jane with regards to the elbow, but conversely commenting on how it’s not as useful as in other 

bones and therefore limits the potential for closed reduction; 

Ligamentotaxis doesn’t work in the elbow, very well. The big fragments on the condyles tend 

to spin wildly out of place, and you can’t put them back into place closed. And then, there’s 

nearly always a central piece that doesn’t have any ligament attached to it. So, to get a distal 

humerus, t-shaped into condylar, to reduced closed, by-and-large, for the majority of them 

would be impossible. (Jane) 

But generally most surgeons advocated open reduction for difficult to reduce fractures. They 

described the technique of clearing out “debris” and the use of instruments acting as levers to bring 

about reduction, with forceps to hold the reduction; 

For example if it’s not reducible with simple in-line traction flexion extension then there are 

methods such as using the laminar distractor that I've seen. I'm aware of methods. Almost like 

the Kapandji technique, but using a McDonalds to dis-impact the fracture…as soon as you’ve 

cleared the soft tissue, the debris from the fracture ends, if it keys in together you will see it 

keying in together, and then you will feel a smooth fracture line. Then that’s a reassuring sign. 

(Kieran) 

So if its two or more weeks old, then you expect there to be quite a lot of callus so the callus 

needs unpicking… once the fracture is debrided and exposed then it’s just a matter of using 

two crocodile clips to approximate the fracture and get it reduced, maintaining reduction can 

be a little bit tricky and as long as you have a good assistant, and if it’s not coming with simple 

traction, is to use an instrument and just lever, like a McDonalds [bone reduction implement]. 

(Lucy) 

Yes, often, and you just need to work your way around the… Fully expose the fracture, if needed 

and visualise where the block’s coming from and clear it out. Often, it’s soft tissue caught or a 

fragment of bone. (Ryan) 
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The problem of Intra-articular fractures – “we are just built with a huge margin of error” 

The broad surgical goal with regards to intra-articular fractures is the restoration of anatomical 

alignment, however, often perfect alignment may not be achieved. This theme explores the 

parameters of acceptability that surgeons would define their operating goals, and the reasons for 

this. When considering adoption of the RAFS system, the surgeons would desire similar, if not better 

performance in terms of alignment, and therefore the information gathered here would be useful as 

a benchmark for the RAFS system, and ultimately be the standards by which it will be judged. 

As expected, the surgeons stressed the greater importance of reduction with fractures involving the 

joints, or intra-articular fractures, and proceeded to give their reasons for this, such as Jeremy here; 

about an intra-articular fracture, then there’s good evidence that you, obviously, want to 

restore the articular congruency, and you accept no more than, sort of, a few millimetres of 

displacement. So, I think to preserve the joint, and to minimise the risk of degenerative change 

down the like, you want to get it absolutely right, and the only way you can do that, I think, is 

if you can actually visualise the joint. (Jeremy) 

Many of the surgeons stressed the importance of reduction to reduce the risk of secondary 

degenerative change, or post traumatic arthritis; 

The intra-articular fractures need to be anatomically perfect to try to reduce the risk of 

secondary degenerative change in the joint. (Felicity) 

Yes, I'm trying to reduce the risk of long-term sequelae with stiffness or swelling; arthritic types 

of concerns. (Matthew) 

If you’ve got a very dorsally angulated, looking on the lateral view where your capitate is 

sitting, if that’s off-line with the radius, then that predisposes to arthritis and pain. (Timothy) 

To reduce the risk of osteoarthritis later in life. (William) 

The figure of 2mm was quoted by several; 

As long as you get a good reduction within 2mm of the articular surface so yes I think that’s 

important. (Kieran) 

Yes, I normally say, if I can get a radiological reduction within 2mm. (Matthew) 

With a tibial plateau fracture I would like to make sure there are less than 2mm of depression 

of the joint surface. (William) 
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Then articular step of less than 2mm would be very key (Timothy) 

However, when questioned whether this was evidence based, many were reluctant to base it purely 

on empirical evidence, such as Timothy who goes on to say it’s “generally accepted” and that the 

evidence is “debated” ; 

Then articular step of less than 2mm would be very key, although I know that’s debated in the 

evidence behind it, but it’s generally accepted dogma that we would want an articular step of 

less than 2mm. (Timothy) 

Similarly with Matthew; 

I think it's anecdotal practice, but also, I think there's a combination of varying literature. I 

couldn't give you a direct quote. (Matthew) 

 

And William; 

PT 

That view you have, is that from evidence that you’ve seen from your own practice or from 

studies that you’ve read? 

William 

A bit of everything. 

Jane even says that whilst the 2mm rule is adhered to in the distal radius, with evidence suggesting 

that there is “no need to reduce it better”, with the distal humerus the evidence is not as strong, but 

a ‘general rule’ is followed; 

PT 

I see. And how important is the articular surface, in a t-shaped intercondylar fracture {of the 

distal humerus}? Obviously, like you said, some of them do go onto have elbow replacements. 

How much can it tolerate, in terms of displacement? 

Jane 

Well, not very much. There’s a general rule that the convex side of a joint tolerates any residual 

displacement badly, compared to the concave side of a joint. So, that’s one of the reasons. For 
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a distal radius that’s concave, you can get away with 2mm and - evidence based - there’s no 

difference, and no need to reduce it better. For a convex side of a joint, that’s not the case, 

which is what the distal humerus is. 

Gregory also mentions 2mm in terms of operative goal, in addition to parameters of angulation in 

the distal radius; 

For instance, a distal radial fracture, I would want volar tilt of at least neutral and preferably 

closer to 11°. I’d want restoration of radial inclination certainly over 15°. I’d want shortening 

of less than 2mm. I’d want it within the parameters, I’d know what they were and I’d know 

what I was aiming for. (Gregory) 

However, when I asked him about those patients who fall outside these parameters; 

PT 

We know that, as you’ve mentioned 2mm and all these figures that come from studies- do you 

find that you see a lot of patients coming back who are outside these parameters, which do 

badly? 

Gregory 

No and most of them don’t. I suppose people tolerate it, particularly with the distal radius, 

they tolerate it very well. They tolerate some malalignment very well, and that’s why we know 

that maybe over 70, most of them it probably doesn’t make a difference what you do or what 

position they unite in.. 

John discusses the 2mm rule in the distal femur, and admits that the evidence for that is perhaps not 

as strong, and the complications “difficult to distinguish” 

We’re aiming for within a couple of millimetres, evidence for that in the distal femur, I’m not 

sure how good that is, the knee tolerates slight displacement much better than the distal tibia 

and ankle. And the other thing to say is that the majority of the splits are in the notch, where 

there is less weight bearing, if its condylar impaction that’s more important, but having said 

that there’s probably nothing you can do to change the natural history of the injury at that 

point. So joint congruency is important, axial alignment is important.. generally {with 

complications} they often present sometime later, is it implant related, is it malalignment, is it 

arthritis, difficult to distinguish. (John) 
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Others commented on the distal femur, noting that they would use open reduction if there was any 

concern with the quality of the reduction being achieved; 

I would only open it if I thought there was multifragmentary, and I wasn't getting a reduction 

based on my fluoroscopy. Then I'd open it. (Matthew) 

I’d definitely visualise the joint, and make sure I even get in there a put my finger along the 

joint to make sure it’s all congruent before I then go in and fix the distal block to the shaft. 

(Jeremy) 

Mini open, I would certainly open distally to see the joint surface and make sure it was 

congruent. (William) 

The “mini-open” approach described by William was advocated by others; 

And then the important thing there is to get the articular reduction done. If you have a 

technique that can get you the articular reduction without opening it, yes, but by definition 

you will open at least some part of it. (Steven) 

I think if you've got intact articular surfaces and they're extra-articular and you just want to 

get the alignment right, I think it’s got a low biological footprint and it’s low morbidity, low 

wounds and I think it’s a good technique. (Ryan) 

Ali even describes the technique, and interestingly comments on how difficult it would have been to 

carry out if operating without an assistant; 

{the procedure} was a minimally invasive technique with an incision from the tibia tubercle 

aimed towards the greater trochanter for the distal part of femur. Slid the plate up, so usually 

putting a periosteal elevator up the femur first to clear it for the plate, put the plate up, and 

fixed it…there were two of us and one held the reduction while the other did the plate so 

because someone held the reduction for me….I think it would have been really tough to do it 

on my own. (Ali) 

With intra-articular fractures in general, Felicity explains that even though there is evidence, there’s 

also an “accepted wisdom”. She goes on to explain, however, that this may not have much bearing 

on function; 

So, I think it’s more about what you’ve read and also the anecdotal evidence you get from 

talking to your bosses about that and sort of the excepted wisdom that intra-articular fractures 

need to be anatomically reduced to prevent secondary degenerative change. But actually, we 
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don’t see a large proportion of patients come back with degenerative change requiring either 

wrist replacement surgery or fusion of the joint. So, presumably, actually, their function isn’t 

particularly limited. (Felicity) 

But then comments that perhaps this is a reflection on the patient being treated; 

I suppose that depends on the patient themselves because an intra-articular fracture in a 99-

year-old female probably requires length and no dorsal angulation… the functional outcomes 

at a year, I think are similar, as long as you’ve managed them in a cast for six weeks. (Felicity) 

Others noted that in elderly patients the treatment of intra-articular fractures may be different; 

there may be a category of patients for whom it’s less important, such the very elderly who 

already have degenerative change. (Lucy) 

It’s difficult to put numbers in what you would accept as perfectly acceptable and perfectly 

not. It varies from person to person, comorbidities…all sorts of factors. (Harry) 

Interestingly, Harry goes on to say that whilst we aim for “anatomical” reduction, it doesn’t 

necessarily make a huge difference to patient outcomes; 

You can never get it microscopically absolutely anatomically reduced. There are always going 

to be a few microns here or there in which it isn’t anatomically reduced, and we haven’t got 

the technology to assess that, I think. And two is, we have got such a huge margin error, I don’t 

think that usually makes a huge difference to the patient outcome anyway. So the question I 

think you should be asking is, “Is it essential to get a full anatomical reduction?” I don’t think 

it is… I think we are just built with a huge amount of margin of error. (Harry) 

Similarly with Ali 

…because we interpret the evidence based on a paper that’s based on animal models, really, 

the two millimetre step off and advanced arthritis. It’s slightly questionable as to whether it 

does make a difference, but it comes down to, if you are saying that more anatomical reduction 

is important, then it’s got to be important too, really. Because that’s the assumption that we 

are making with that statement. (Ali) 
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Assessing Outcomes 

Following from the discussion on intra-articular fractures, the surgeons were asked how they 

assessed their outcomes. Broadly speaking these can be categorised as two categories; patient 

reported or functional outcomes, and radiological outcomes. The surgeons were unanimous in 

placing greater emphasis on the importance of patient reported and functional outcomes when 

compared with radiological outcomes; 

I think, for me, it’s always the clinical outcome. How the patient feels is the most important 

thing. (Ali) 

Then you want to see if they're back to work, whether they're self-employed or not. If it’s 

affected their earnings, if it hasn’t. Has it affected their lifestyle, if they're a carer for anyone? 

That sort of thing really. (Felicity) 

Definitely functional, because some people might have X-rays that are less than satisfactory, 

but then you ask them how they're doing and they're doing really well. Whereas sometimes 

you can have X-rays that look perfect, and you ask them how they're doing and they're saying 

they're doing pretty badly. (Lucy) 

I think clinical outcomes far outweigh radiological outcomes, don't they? (Matthew) 

You can have an excellent looking x-ray, but if the patient is unhappy with the result then that’s 

not a good outcome. (William) 

I guess the least important of those would be radiological. In terms of if you’ve got a great 

fixation on X-ray, and the patient’s functional outcome is poor, then what does it matter, I 

guess. (Adam) 

Ryan muses that as a surgeon he scrutinises himself based on radiological outcomes, however, he 

concedes that this is ultimately not the most important thing;  

From a personal point of view, I guess I scrutinise the X-rays and when it comes to auditing my 

own practice and looking at what I've achieved, I would look at radiology outcomes. But 

ultimately, it’s how the patient is getting on with their procedure that’s the most important 

and you can pick that up down the line in clinic. (Ryan) 

However, Lucy noted that although patient reported outcomes are more important, radiological 

outcomes are likely to be a significant determinant of these; 
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I think if one can get a good radiological outcome, in my mind, that gives the patient the best 

chance of reducing the risk of those problems in the future, therefore that’s why I think having 

a good radiological outcome is important (Lucy) 

Gregory, begins by conceding that whilst he does not use patient reported outcomes, he perhaps 

should if more time was available; 

Gregory 

I use clinical assessment and radiographs. I don’t generally use any scoring systems, though 

I’m sure I should. 

PT 

Is that because of a problem with time? 

Gregory 

Yes, I’ve never quite got around to it. 

When questioned further on the issue, he gives an interesting narrative on why many factors, other 

than the radiological outcome, are out of our control; and all of these have a bearing on patient 

reported outcomes; 

Yes, but they know what they want. They want pain free, adequate movement, don’t they? 

That’s what we want and you can report that. You can make up all sorts of numbers on PROMs, 

whatever you like, but ultimately, you can’t change most of that. All you can change is the 

alignment of the x-ray, you can’t change all the other stuff. They do well or they don’t do well, 

depending on how well they try, their mental make-up, whether they can park, how nice you 

were, all sorts of other factors which you can have some influence on. Surgically, we can only 

change the alignment of the bones and care of the soft-tissue. If you can align the bones better, 

as easily, then I think we’d all feel that you would get a better result and that would make 

sense. (Gregory) 
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 “Good Enough” 

One theme that arose from the discussions regarding the parameters by which fracture reduction is 

judged was the principle of “good enough”. Many of the surgeons alluded to a concept that 

perfection is likely unattainable, and the best result that can be achieved is what is perceived by the 

individual (surgeon) to be satisfactory, often using the term “good enough”. I explored what this 

mean to those who described it, as I felt that if “good enough” described the inability to do better, 

then perhaps this would be an area which RAFS would be of utility. 

One surgeon, Gregory, spoke in detail about this concept; 

I think the opening concept is, I will never do a perfect reduction. You never get a perfect 

reduction, so it can only ever be good enough. What you need to do is have certain parameters 

by which it is good enough and I think these should be declared prior to the start of the 

operation. Doing a distal radial fracture, I will get the volar tilt volar of neutral. I will get radial 

inclination of better that 15°. I will get shortening of less than 2mm. I think those should be 

declared, that is what I’m going to go for. I’m going to keep trying until I get there unless there 

are some reasons that turn out where I cannot and I have to reappraise that. (Gregory) 

I asked him whether he thought this was also surgeon-dependent, as the variability in performance 

between surgeons may lead to poorer outcomes in some cases; 

I think it is a bit. I’m not sure it should be. You should have made more efforts or you should 

have got more help in. There will be occasions when you go, “This is the best we could do, but 

probably it wasn’t good enough.” (Gregory) 

Harry describes how the aim for perfection may lead to worse outcomes, and that the aim should 

rather be “perfectly acceptable”; 

There are two aspects of it. One is, “Can I make it better?” And appreciating that is probably 

which comes with experience and hence, you have your peer review you whilst you’re 

operating. The aim to get perfection, the question is: are you to lose your reduction and get a 

worse-off fixation. 

You’re trying to achieve as best as you can, as perfect as you can. It’s difficult to put numbers 

on what you would accept as perfectly acceptable and perfectly not. It varies from person to 

person, comorbidities, fracture pattern, implants you have got on the day, what help you have 

got, and all sorts of factors (Harry) 
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William also notes that reduction adequacy is perhaps patient specific; 

It depends on the patient. Elderly patient who’s not very mobile, has only a few years left to 

live and is living in a nursing home might feel that a sub-standard reduction and fixation is 

perfectly satisfactory for them. If they’re a triathlete maybe they wouldn’t be feeling the same, 

they’d want perfection. If you can achieve the basic principles of orthopaedic fixation of 

fractures and then give them a good rehabilitation regime they’re as good as they’re going to 

be. (William) 

Jane uses the phrase “perfect is the enemy of good”, admitting that sometimes perfection can’t be 

achieved; 

Well, there’s a balance, isn’t there? Sometimes, perfect is the enemy of good. And it’s 

reasonable to accept something, depending on comminution and other factors, sometimes you 

can’t achieve perfect. But, by-and-large for an intra-articular fracture…you’d expect to get that 

perfect. (Jane) 

Kieran acknowledges that “it doesn’t have to be perfect”; 

It doesn’t have to be perfect, and a lot of times it won’t be perfect, but I think if you can get 

the length, alignment, and rotation roughly where you want it to be then I would be happy to 

fix that in that position. (Kieran) 

When Matthew was asked whether he was usually able to get reductions within 1-2mm, which he 

had stated as an operative goal, he responded with; 

There are times when you don't achieve that, due to more than expected comminution, difficult 

fragment intraoperatively, limitation to surgical technique. There are times when you just say, 

"I can't do any better. I will make things worse if I carry on." (Matthew) 

The qualitative results from the interface study will be discussed in more detail in section 0, 

however, it is worth noting that several surgeons alluded to the concept of “good enough” whilst 

carrying out their reductions, with some examples from John and Jessica; 

I wasn’t going to achieve any better, so I knew quicker with the Xbox that I got it as best as I 

could do, the other two took me a longer time and I didn’t think I was going to get there at all 

with the Leap Motion. (John) 

Jessica 
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It is more information. I think I am a lot more critical of it. I think, though, it is because I can 

see more. I think there are probably things that I accept as being an adequate reduction, but 

they maybe aren’t.  

PT 

You mean, in clinical practice? 

Jessica 

Yes. At the moment, just using those 2D X-rays, I think I’ve got a good enough reduction. But, 

actually, I think, maybe if I saw those reductions as that 3D model, then I might not think it 

was as good anymore. 
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“I’ve heard of it, but I’ve had no experience at all” - Experiences with Robotics and 

Navigation 

None of the surgeons interviewed had ever used robotics, and many had never encountered it in 

clinical practise. However, all had heard of applications of robotics in surgery, such as neurosurgery 

or general surgery, often with the da Vinci robot; 

Well the Da Vinci robot for prostatectomy and urology, but I haven’t seen it. (Ali) 

I’m aware that robotics is an increasing technology. The one I think that’s most famous is 

probably the da Vinci robot. I think that’s in cardiothoracic largely. And I know the urologists 

have been making big advances with robotics. (Harry) 

As an SHO I did a urology job at [a teaching hospital in the south of England]. Over there they 

do robotic urology surgery, especially robotic prostatectomy. That was quite an interesting 

experience to see. (Harry) 

you hear about on the news and things like that, and robotic surgery in other forms of surgery, 

general surgery, neurosurgery, but I’ve not seen it, and I’ve got no experience of it, no. (Jeremy) 

Well I’ve not seen it, but I’ve heard a lot about it in neurosurgery. (Jane) 

So, I hear about them using the da Vinci robot for prostatectomies. (Felicity) 

Yes. There is the da Vinci guy for doing the prostates. (Jessica) 

I’ve never used it, but I’ve heard of it. (Gregory) 

I can’t remember the name, what’s it called, is it da Vinci or something like that? (Hamish) 

Only one surgeon reported his experience with robotics in orthopaedic applications; 

Matthew 

In the US, in meetings. So there are whole sessions on robotic surgery. 

PT 

What kinds of things do they use, that you remember, that caught your eye? 

Matthew 

Applications; putting in screws, tumour surgery. So mainly tumour surgery. 
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Their overall impressions of what they had seen were relatively positive, Harry describes his views 

on the da Vinci robot; 

I really liked the idea of robotic surgery for that because although it required more ports and 

it did still require humans to be present to use some of the instruments within the abdomen. 

The robotics allowed the surgeon who was un-scrubbed, first of all, he was able to have a 3D 

view. Also, I thought the dexterity of the instruments were a lot better compared to standard 

laparoscopic surgery. He was able to do very fine movements because he was able to use his 

fingers almost… The way the robotic machine worked he would put his index finger and his 

thumb on both sides into it and he would be able to make fine movements with his fingers to 

control the instruments and it would give him tactile feedback as well (Harry) 

Others were also impressed with what they had seen; 

Yes, it looked like an interesting avenue, and something which I guess will be branched further 

and further. (Jessica) 

Well, certainly, the robot looks fantastic, in terms of the degrees of freedom the instruments 

can move through. (Felicity) 

Similarly, with Jane, who also indicates that perhaps the learning curve associated with using the 

machine results in relative overuse for those less familiar with it;  

Mostly very positive, and there’s no doubt that when you’re dealing with something that’s 

tiny… Neurosurgery really lend itself to it. The margins are small, and it’s a difficult place to 

access… 3D visualisation is key. I know that, sometimes, it’s perhaps slightly overused because 

people fancy getting the experience. (Jane) 

A concept which Lucy also alludes to; 

I think it looks very interesting, I think there may be a steep learning curve, certainly in the 

hands of someone experienced with it, such as Professor Darzi, he looks very competent when 

using it, and I’m sure his trainees are competent with using such a device but I’ve not actually 

seen it myself so it’s hard for me to say how it would work in the hands of an ordinary surgeon. 

(Lucy) 

Gregory had some general comments regarding technology in surgery; 

Well, I think it’s very interesting. I’m sure there is a role for it somewhere. I don’t really know, 

and I think it the moment, it hasn’t really been proven as far as I understand. I’m sure there is 
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a role for technology in enhancing what we do and if things can make it more precise, more 

reliably, quickly and easily enough, then I'm sure we will use it. That’s the nature of all of these 

things, you know? I think that if we had some device that could reliably correct it or warn us 

that we were trying to accept good enough when it wasn’t good enough or something like 

that, I’m sure that would get accepted. (Gregory) 

The surgeons overall were much more familiar with navigation, several had used navigation, such as 

Matthew, who used it for inserting pedicle screws in the spine; 

Fantastic. I wish I could use it for every single case. (Matthew) 

I asked him why it was not used more routinely; 

Cost, cost and cost. I think in the rest of the world, it's deemed to be a relevant cost 

expenditure, because of safe medicine. So therefore, I think for any moderate to complex spinal 

surgery, it will become par for the course. So yes, of course, I'd love to use it. (Matthew) 

Patrick had used navigation in knee arthroplasty, but comments that they were “prone to problems” 

I think it’s okay. As I say, I have assisted in a few navigated total knees, but they can be prone 

to problems. A main problem I have witnessed is when the orientation jigs aren’t attached 

correctly, and then therefore the whole cascade of bone cuts are wrong because you have 

miscalculated from the beginning (Patrick) 

Steven had also used navigation for arthroplasty, but had different reservations; 

So not so good for hips, better for knees. So it improves your radiological accuracy afterwards, 

but I’m not sure it improves function necessarily. (Steven) 

Similarly with Felicity, she expressed her scepticism that navigation is unlikely to improve outcomes; 

So, if we know that the alignment to the prosthesis doesn’t necessarily equate with outcome 

and then this doesn’t necessarily improve alignment, it seems like it might be a fairly expensive 

way of doing something which doesn’t improve outcome. (Felicity) 

Lucy felt that navigation wasn’t particularly useful in applications she’d experienced, and cited 

several drawbacks; 

My understanding is that there is steep learning curve but once surgeons are familiar with it 

generally its accepted that it can be a useful tool especially for complex surgery, such as knee 

replacements where there is previous deformity my personal experience is that usually the 
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surgeon tries to use the navigation system but after about 40 mins of trying, gives up and 

reverts back to a non-navigated system that they are familiar with, therefore I don’t consider 

it personally to be a very useful tool (Lucy) 
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Barriers and Benefits 

“It’s a great idea, but it’s difficult to actually make it work in reality” – Capability, Logistics and 

implications for training 

When asked in general terms, what they thought about the capability of the systems they had 

encountered in robotics, including the RAFS system they had been presented with, there was a 

mixture of responses, but overall most were sceptical that robotics would be able to reliably produce 

good results in real-world practice; 

I think it would be quite ambitious. It is a nice idea, and it sounds good in reality but fracture 

reduction is difficult for most fractures are complex fractures, so, I think it is a combination of 

experience and skill and I think it is going to be hard to get anything to do that, but, never say 

never. (Patrick) 

Ryan and Hamish expressed a feeling common to most of the surgeons, that the variation in 

anatomy and fracture configuration does not lend easily to robotic surgery, despite the purported 

capability of the system; 

My general thoughts at the moment are that surgery can be so variable and you need to 

respond to different scenarios and not everyone’s the same and it’s not a robotic-type thing 

necessarily you're doing. And therefore, you need to have the flexibility to adjust and change 

decisions and make decisions intra operatively. So, I'm a bit sceptical. I think it probably lends 

itself more, I guess, to things that can be very meticulously pre-planned, like implant surgery 

than perhaps soft tissue surgery where you don’t know what’s where and what’s going on. 

(Ryan) 

I think probably the robotics and the mechanical dexterity is there, as you've just shown. Isn’t 

it? But I don't know what’s involved in configuring this device. Everyone’s anatomy is slightly 

different and every fracture line is slightly different. What’s involved in making that work? You 

tell me. I don't know (Hamish) 

Lucy declared a similar viewpoint, and referred to a lack of intelligence or “reason”; 

At this moment in time I find it difficult to understand it, because it can’t reason itself. A lot of 

what’s done in surgery, whilst the techniques might remain standard you vary them very, very 

slightly for an individual patient. Where you position your retractors. Where you want your 

assistant. Things like that. In order to get a better look or a better view or whatever. I just find 

it difficult to understand how a robot can adjust itself to the patient’s needs. (Lucy) 
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When asked about applicability of the robotic system to elbow fractures, Gregory was unsure that it 

would be of utility; 

I mean those are big enough fragments for maybe a t-shape or some smashed up distal 

humerus perhaps. Of course, your problem is you’re going to struggle to get one pin in around 

the ulnar nerve, so that you’re probably going to have to do that bit open anyway. The other 

pin you might do- I think there is less easy access for percutaneous plates because there is so 

much neurovascular structure around. I suspect that that wouldn’t be an easy win, I don’t 

think. I wouldn’t be heading there to start with (Gregory) 

3 of the consultants, in particular, made clear that control of fragments is not always east and 

straightforward; 

I think, theoretically, it does sound good, because if you could… I suppose the beauty of it is, if 

you’re using a robot… I mean, I don’t know if it would work, but I guess you’re trying to do it 

through small incisions and things like that, so that you can control fragments, and things like 

that. What worries me is that, is a robot going to be able to do that? There’re going to be soft 

tissue attachments, there’re going to be things in the joint. (Jeremy) 

Also, if you have a really multi-fragmentary fracture you’re going to have so many bits of bone 

spiked with pins and what have you, is it really going to be feasible? (William) 

Well, you see, we often use joy-sticking in distal radial fractures. And it doesn’t always work 

as well as you might hope. So, I think sometimes it’s a great idea, but it’s difficult to actually 

make it work in reality. You push and you push and you push, and the fragment doesn’t go 

where you want it to go, no matter how hard you try. (Jane) 

Jeremy goes on to describe what he feels is the major drawback with robotics; 

What worries me, I think, is a lot of robotics that you hear about, you worry, how long is it 

going to set up, and is it going to get in the way, and is it going to increase your duration of 

surgery. (Jeremy) 

As did others; 

I think there’s going to be a time issue with this, a time in theatre issue, the setup time does 

take a while. (John) 

It looks very complicated, I think it will add time. (William) 
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It takes a long time to prepare to use it, so it adds to the operating time. (Lucy) 

Whilst the logistics of setting up the system were of concern, others also noted that surgeons are 

also likely to be slower due to the learning curve; 

Also, learning new techniques, people are going to be slower. And particularly in trauma 

operating, if you’ve got a patient cohort that you don’t want to have a long intraoperative 

time it might be a challenge to use robotics at the start on them. (Catherine) 

Steven also felt that the learning curve would introduce an element of delay, but perceived it as a 

normal thing, the “newer generation” which he refers to, and draws parallels with more recently 

trained anaesthetists having a higher degree of proficiency with local anaesthetic blocks. 

Interestingly he comments that one advantage of robotics is that it lends more easily to simulated 

training; 

I think it does introduce an element of delay. There is a big learning curve and the problem, 

like with most things, is the newer generation, if you’ve not trained with it then it’s that much 

harder to get a sort of hang of quickly… so for example on the anaesthetic side if you have the 

blocks, so the consultants who have been trained without the era of blocks, they find it much 

harder to the learn this technique. And it’s the same thing that, because it needs a lot of 

triangulation and things like that which we are not used to that can be a prohibitive thing… 

it’s like with anything that the more you do it the better you would be, with the added 

advantage that you can probably do simulated training without the patient. (Steven) 

Adam, a trainee, reflects that with the limitation on training hours imposed by the European 

Working Time Directive, simulation in robotics may be a way to “hone skills in other ways” 

Without a doubt, yes, because especially with EWTD, and the reduction of time that surgical 

trainees get in theatre, you’re obviously honing skills in other ways. Simulation has obviously 

a key role in surgery and has got good advancements ahead I would suggest. (Adam) 

Catherine echoed Steven and Adam’s comments; 

I imagine it would because if you’re using a machine to operate, there’s no reason why you 

couldn’t use a similar machine to give you the same training experience, despite the fact that 

you’re operating on a computer programme rather than on a patient. (Catherine) 

The question of training was raised by several others. Harry describes a hypothetical scenario in the 

future where a robotic system fails, which would necessitate someone with the skills to perform 
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traditional surgery in that eventuality. He compares this to the need for vascular surgeons to carry 

out certain procedures, rather than radiologists, who are not trained in open surgery. Interestingly, 

however, he concludes that despite this argument, he is “all for it”, perhaps indicating that whilst 

such an issue exists, it is likely something that is largely unavoidable, but should be appreciated; 

If we become so dependent on robots for precision, we can get deskilled at what we can do at 

the moment. So for example, if you see, in 50 years in the future, the robots, we are using only 

robotic technology to do it, but we have a power failure and the patient’s under anaesthesia, 

somebody has to step up and do it. We had part of this issue, which was raised when vascular 

surgery and radiology had a debate with regards to who should do interventional vascular 

surgery, and vascular surgery distinctly won that argument, I think. Because if you have failed 

an endovascular procedure, you need a vascular surgeon to take over and open up the patient 

to actually continue and complete the procedure. So keeping our skills up in going to be the 

difficult aspect of it once robotic surgery becomes a lot more common. But robotic-assisted 

surgery, I am all for it. (Harry) 

Others alluded to the same; 

Well, it might make you lose the art of reducing the fracture yourself, because then you would 

start from a position where you haven’t done that many reductions yourself because a robot 

does them. Then there’s a problem, and then what do you do? (Ali) 

Would I be happy for trainees to grow up knowing how to do that? The danger is that when it 

goes wrong, what do you do then? (John) 

I think the key would be to not lose the skills…I always wonder about assisted joint 

replacements, computer-assisted joint replacements – that if you don’t trust it or if something 

goes wrong, you need to be proficient enough to trust your own instincts. Relying solely on 

robotic surgery, there is that risk of de-skill. (Timothy) 

There were some positive comments however, generally stated with the caveat that if the system 

were to work as planned ; 

Yes, I’m sure it would, yes, because like you say, then you don’t run the risk of losing that 

reduction whilst you’re doing something. If it can do it accurately for you, then that’s great. 

(Ali) 

It looks really interesting and certainly that idea that the robot can produce finer movements 

than we can to hopefully achieve a better reduction is certainly intriguing. (Felicity) 
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Yes, great. Because I think half the problem is trying to do two things at once. In other words, 

hold your reduction and put your plates on. So if you've got something to accurately reduce 

your fracture and hold the fracture, great. (Matthew) 

Yeah I think so, I could certainly see a group of surgeons doing that, who are interested in 

articular fractures, as an adjunct to their techniques, definitely. (John) 
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“Do I believe in a perfect robot? Probably not, but I don’t believe in a perfect surgeon either” – 

Reservations, Hesitations and Concerns 

Many of the surgeons voiced concerns regarding the RAFS system and robotic surgery in general. 

The concerns were mostly in relation to malfunction; 

If you’re talking about robot malfunction, that’s entirely possible, we’ve all worked with 

computers that you’re doing something and the computer crashes so that would be potentially 

devastating especially if you’re doing remote surgery as there is no way the surgeon could get 

to the patient. (Lucy) 

Lucy relates robotic malfunction to personal computer crashes which she has experienced in the 

past, and notes that with remote surgery this would present a serious issue. Furthermore she goes 

on to state; 

What if an external hacker could hack into the computer and interfere with its function. (Lucy) 

Ali had similar concerns, worrying that if the robotic system malfunctions causing harm to the 

patient this would be difficult to control; 

Yes, because I’ve never used them before, so I don’t know, it’s difficult to trust something like 

that. I think we’ve got to be open to new technology. My concern would be what if it does 

something and harms the patient? How do we control that? (Ali) 

Similarly with John; 

The danger is that when it goes wrong, what do you do then? (John) 

However, he goes on to reason that human surgeons are perhaps as prone to mistakes; 

Well I can imagine that one could be, but just as a poorly trained surgeon could be… do I believe 

in a perfect robot? Probably not, but I don’t believe in a perfect surgeon either. (John) 

One surgeon cited concerns regarding the possibility of higher infection rates with the increased 

equipment deployed in theatre; 

I’d be slightly worried about infection rates because the more clutter in theatre and the more 

times you stick a pin through a patient, I would worry that infection rates might increase. 

(William) 
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Others were more pragmatic with their concerns. Ryan reasons that with a robotic system which 

carries out surgeons’ commands this would not be so difficult to embrace, as opposed to an 

autonomous one; 

I think if it’s essentially where your arm is just doing what you tell it to, it’s not hard to embrace 

that. If you're talking about a completely autonomous robot, I guess it’s like an autonomous 

car. Whilst it might work very nicely, you're always going to be a bit nervous sitting in it. (Ryan) 

Some surgeons indicated a concern for soft tissue handling, in particular with damage to nerves and 

vessels; 

Well, only in terms of how the reduction is performed and the soft tissue pressures that are 

passed through the skin when the limb is being manipulated, that sort of thing…I think my 

concern, as always with distal humerus fractures is the blood and the neurovascular structures 

around and on the nerve. (Patrick) 

I think it would be wise to have concerns. Just to be able to address them, and obviously tailor 

the robotic system in a way that would reduce the concerns. I guess it would depend on if you 

were doing it open or closed. Obviously if you’re doing it closed you want to make sure there’s 

no soft tissue getting in the way of your reduction. I guess the concern would be the automated 

robot not making recognising that and just cutting through tissue or something with the bone. 

(Adam) 

The concern that springs into mind is the soft tissues around it, because that was stripped back 

to just the bone. I can see pins in free-floating bits of bone, like that’s fine. But, if the pins are 

going percutaneously, and you are moving your hand around, there needs to be some sort of 

control on it so that you can’t move that pin around and it is ripping through the tissues and 

stuff like that. (Jessica) 

Yes, you don't want to put too much pressure on when you pick up a piece of bone or something 

like that (Hamish) 

Conversely to Lucy, Steven feels that like a personal computer, or navigation system, there is always 

an override or manual stop with such systems and expects this would be in place; 

I don’t think so, because again I think I’m sure all systems will have a manual override, like 

with, again I’m only going by the navigation systems that we have, that it tells you what you’re 

trying to do and then you can always override it saying that actually no, I still want to do it. It’s 

like asking you do you really want to delete this file and then you say yes. So if it’s used in the 
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right way. I guess you can take it either way, that you can just trust the system completely and 

then go by what it does and then that will introduce an element of error possibly, because 

experience will dictate otherwise, or you could stick with it. (Steven) 

He continues to reason that naturally such a system would have adjustable parameters to minimise 

inadvertent damage; 

I think the safety things, A, depending on how it works, but the safety things that I would like, 

as I said, the manual override bit, and the input data quality in terms of if it’s an elderly patient 

I want the computer, if it’s going to physically get hold of the fragments, how much pressure 

you put on it. So there has to be some way of either inputting that data or controlling it, 

because as you well know that in terms of the fracture reduction, if it’s in elderly you get sort 

of a big grip on it and the bone will just crumble. So those are the sort of things. And then the 

parameters that you want to set on it should be within your control, but otherwise if my 

understanding is right, it’s the same thing with computers, if the robot has enough number of 

cases then it will have some sort of learning itself so that it can deal with those situations and 

much like a surgeon. (Steven) 

Some surgeons had no pertinent concerns, but acknowledged that it might be a consideration for 

others; 

PT 

Some people mention safety concerns. Is that a foremost concern for you or not so much? 

Adam 

Well, yes and no. When I saw it I guess that I didn’t see that side of things, and everything went 

smoothly, but I can see how people would have reservations, I guess.  

And one surgeon even joked; 

PT 

Okay. Do you have any concerns about the sort of safety of robots? 

Felicity 

No, only with me behind the controls. 

Additionally, some were weary of the cost implications; 
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There would be cost implications….as long as it’s not two operations, you could put it in under 

local, that’s not so bad, but it’s still a theatre episode, which has a cost. (John) 

Robotics is obviously a very expensive new technology, so it’s going to have big set-up costs 

and I don’t know how great the benefits will be. (Catherine) 

I’d want to know how much it costs, how much time saving you’re going to make, where it can 

be used. (Ali) 
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‘Looking Forward’ – Participation in future Trials and clinical acceptance 

When asked about their willingness to participate in potential future trials and research in robotic 

surgery, there was a variety of responses ranging from those who were reticent to take part to the 

majority who would agree in principle as long as certain conditions were met; 

I am fairly risk averse so probably not, because I could see this going horribly wrong and people 

losing legs and things. (Ali) 

If demonstrated, I've seen it, it’s been proven in the literature, the patient is happy for it to be 

trialled on them, then I think it should go ahead. (Lucy) 

I think it would have to go through the proper channels, such as the MHRA and I’d have to see 

the evidence from studies. I think at the stage before using it in humans, whether there should 

be some animal studies where robotic assisted devices are used to show that they can be 

efficacious and safe, before I would consider using it and probably have to see some 

demonstrations maybe on cadavers or animal models before I would consider ever use it in an 

experimental study capacity. (Kieran) 

I’d participate in a trial, providing it was ethically approved, and morally appropriate and so 

on. For sure. (Jane) 

If you come to me with a finished package, yeah I need to be shown that it works in couple of 

cases and is reliable. (John) 

And others who were generally more open to the idea; 

With somebody who knew how it worked very closely by my side, yes. (William) 

No, as long as it's fully funded and costed. No, not at all. (Matthew) 

I don’t think so, because if you had any concerns or objections, and you thought, “Well, this is 

just not working,” then you just revert to standard techniques, and think, “Well, I’ll just do in 

manually.” So, I think I’d give it a go, yes, if it helps you. I mean, you never know. Yes. (Jeremy) 

Gregory reflects that much of current practise is unproven, and that trials are important to “find the 

information” 

No, absolutely. I think that we have to trial this stuff and I think you’d have to be convinced 

that it was going to work to merit it. Yes, I think again, perhaps not so much your generation, 

but the next one will look back and be amazed at how much unproven stuff we did, how much 
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we just had a go and, “Oh, this is a good idea, I’ll try this,” and so on. It wasn’t in trials and all 

the rest of it. I think that will become more constrained. I think provided it looks a reasonable 

idea, then we should be doing it because then we will find the information. (Gregory) 

However, when the surgeons were asked what evidence they would need to see before they could 

take on the use of a RAFS system in their own practice, many of them wanted rather more robust 

evidence. Felicity explains that this may be a reflection on the surgeons personality, such as their 

understanding of risk and risk aversion and perhaps a responsibility to maintain their 

professionalism; 

So, I’m a naturally quite conservative person. So, I suspect I would prefer data from a 

randomised control trial. Sometimes, I see surgeons who are my bosses and then they are keen 

to take on new technology. It’s great, but I always worry. And so, I think I’m probably just one 

of those more conservative people that would wait until other people have tried it. (Felicity) 

Two surgeons referenced randomised controlled trials (RCTs) as the level of evidence they would 

prefer; 

I think you need to see some sort of RCT or something, with a large number of patients… I think 

it should be shown that the robot can reproduce these results on, say, 500 patients (Kieran) 

I think you would want to see, at the very least, some big, randomised studies looking at 

outcomes, looking at complication rates and then, ideally, a meta-analysis obviously. 

(Catherine)  

Patrick cited the grading for evidence based medicine; 

Well, for me, it would not be like a level five case series, because I am not a knee surgeon, so I 

would be reluctant to take on something new. It would have to be level one or level two 

evidence, maybe a level three for a good case series? (Patrick) 

Although some surgeons were happy with experimental results, such as Adam; 

So if in cadaveric models it was shown to be safe, and malfunctions were minimal, then I think 

I would be a person who would be willing to try it (Adam) 

The surgeons were then asked, if hypothetically speaking, the evidence base was there to support 

the safety and efficacy of the system, would they see themselves using it? Most were positive, and 

felt that the system would be of benefit; 
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Yes. There’s less risk of exposure of the joint. You’re minimising blood loss, you’re getting a 

smaller wound, minimise the risk of infection. You know, probably earlier rehab if there were 

no big wounds, so I think there are some advantages there, yes. (Jeremy) 

Yes. It would be a shame not to be big open surgery, but yes. I would, yes, if it works. If I was 

happy with the interface, yes. (Ryan) 

In theory, I potentially like the idea of it. You’re able to have fine motor control. With that, I 

appreciate it’s very expensive and it’s got to be proven that the outcomes… That it’s worth that 

cost expenditure. In theory, personally, I quite like the chance to use new ideas, new 

equipment, variation in practice, I find. Yes, I would be interested, definitely. (Timothy) 

I can see myself using it potentially, yes. In the future. (Hamish) 

Although some remained unconvinced that they would use it in their clinical practice; 

Probably not. Just, because I don’t think it’s that difficult to do. I quite like the idea of it being 

minimally invasive, I suppose. So, I wouldn’t say, “No.” But, on the other hand, I’m not sure 

that it gives a huge advantage to where we are at the moment, already. (Jane) 

I think, really, is it going to be a cost efficiency saving, is it going to be safe for the patient, and 

is it going to make the operation quicker, or make my life easier? Those are the three main 

factors. (Ali) 

PT 

Your general thoughts are perhaps it’s not a technology you see in your current practice. 

William 

Overall, I would have to say that is probably true, yes. I’m sorry to disappoint. 

In the case of Harry, he explains why he feels RAFS has huge potential, but must be applied to 

situations with caution; 

The one thing I would like to clarify is that you don’t have the one answer for every problem, 

and unfortunately, in this day and age, everyone wants to find the one answer for every 

question. And as soon as you have got one answer for one problem, people start generalising, 

and then eventually, what happens is the result of the initial reason why you introduced it gets 

diluted and muddied. Then people go, “Well, it doesn’t work,” and then it obviously doesn’t 

work because you’ve been using it for the wrong reasons. So we have to be careful with how 
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we introduce any sort of new technology, with very, very stringent control of how we use it. 

And then I see a huge potential for improvement. (Harry) 

Overall, there was no apparent correlation with regards to willingness to participate in trials or use 

the RAFS system, and the grade of surgeon. 
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‘What robotics can do for you’ – Perceived benefits and Facilitating Adoption 

During the semi-structured interviews and the presentation of the RAFS system, the surgeons were 

informed that there were benefits that were perceived by the research team to be potentially 

conferred by the RAFS in future (see interview protocol in Appendix). They were asked for their 

views on each potential benefit, specifically, whether it was something that they valued highly or 

not. 

In the case of minimally invasive surgery, many saw this as a major benefit and something they 

would like to see, such as Jane and Jeremy; 

Yes. I do quite a lot of percutaneous and minimally invasive fixation, so I do that already, to 

quite a large extent… but I can see that, for, let’s say the distal radial fracture, that would be 

quite useful. I think there’s probably less applicability in the elbow, although it might be helpful 

in some ways (Jane) 

Yes. There’s less risk of exposure of the joint. You’re minimising blood loss, you’re getting a 

smaller wound, minimise the risk of infection. You know, probably earlier rehab if there were 

no big wounds, so I think there are some advantages there, yes. (Jeremy) 

Catherine and Lucy also felt this was a highly important benefit, explaining that the navigation 

techniques afforded by RAFS allow you to do more in confined spaces; 

I think that’s reasonably high. I’m thinking in terms of spinal surgery, there’s more and more 

minimally invasive surgery used at the moment, though there aren’t many centres that do it. 

Examples I’ve seen presented at meetings looks extremely promising, because we all want 

lower risks of infection and recovery, so I think in that sense it’s quite useful, and with robotics 

it would be helpful as you can be even more precise with your surgical techniques, but at the 

moment the minimally invasive stuff is done using normal fluoroscopy (Lucy) 

Yes. I think the biggest advantage would be improved vision because you’re going to be able 

to get a camera somewhere and see on a screen, rather than peer into a deep body cavity. And 

it might permit even more minimal access surgery than what we already do (Catherine) 

Kieran described it as the way forward; 

Yes absolutely. Percutaneous, definitely. Minimally invasive surgery is definitely the way 

forward (Kieran) 
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I asked Gregory about minimally invasive surgery, and whether it is an important thing to preserve 

the soft-tissue envelope; 

I think we’re unaware of this amount of damage that we cause. I think that when we can do it 

with less intervention- I mean I do a lot of my surgeries with relatively minimal intervention 

and I think the tissues just do so much better. They recover quicker and all the rest of it, it’s 

just so much lesser insult. (Gregory) 

He even admits that sometimes there is a compromise with regards to the quality of reduction but 

this may be a reasonable concession;  

I think we will do that then again, it’s that compromise. Where is it good enough? You might 

not get quite as good a reduction, but actually, you create all sorts of other lesser problems. 

(Gregory) 

With minimally invasive surgery, there is the potential to operate earlier without having to wait for 

the soft tissues to settle to allow safe incisions. Responses were equally positive with regards to this. 

Jessica and Hamish felt that it would lessen bed occupancy for those fractures in which swelling is an 

issue;  

What, you mean like we wouldn’t have to wait for the soft tissue swelling, because we were 

doing it percutaneously? Okay. Yes, I think that’s reasonably important, because beds are a 

massive issue, all the time. Especially ankles. We have a lot of people that end up sitting there 

for days and days waiting for swelling. (Jessica) 

Because if people are leaving hospital quicker they're getting better quicker, so rehab time is 

less, and there’s a socioeconomic impact as well of hospital stay. (Hamish) 

With regards to intra-operative benefits, the responses were mixed. The surgeons were asked what 

the felt about ‘increased accuracy of fracture reduction’. Many felt this was important, but Lucy was 

sceptical that RAFS would be able to reliably improve upon current fixation which she described as 

“done perfectly”; 

I think it’s difficult to prove that you would be able to improve on what we already do, I think 

fracture reduction is done perfectly with the current standard techniques (Lucy) 

Others did not feel that better reduction would necessarily equate to better outcomes, Felicity 

explains that the outcomes we look for might not be what patient’s cosset; 
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Potentially. I think the difficulty is that the human body doesn’t relate to outcomes that way. 

So, we know many times over that a perfect reduction doesn’t equal a good outcome for the 

patient. And sometimes a suboptimal reduction represents an entirely satisfactory outcome 

for a patient in terms of what they want to do and what they need to do because, for some 

people, the outcome is pain relief and you can achieve that by just making sure the fracture 

fragments don’t move. (Felicity) 

However, she goes on to say that this may not be the case in a younger patient; 

But then having said that, for a younger person, who could tolerate the extra operative time 

that might be a really good outcome to get a perfect reduction and especially when a perfect 

reduction may be associated with less degenerative change in the knee joint. (Felicity) 

A view shared by Hamish; 

It’s less important as you get older, isn’t it, because obviously it’s a time dependent thing. 

(Hamish) 

With regards to reducing the workload or burden on the surgeon, many did not feel it was a 

particularly important issue; 

I don’t think that’s as important. Obviously you don’t want to over-burden the surgeon, but I 

think surgery in its nature is demanding. So I'm not sure if that’s as important… (Lucy) 

Jessica alludes to it perhaps being more of an issue for older surgeons; 

I mean that’s nice. I don’t know if that is usually important, but yes, I guess, it is nice. Especially, 

if we are all working in time needing to go further and further back, I am sure by the time I am 

65, that’s going to be something that’s really important to me. (Jessica) 

Most of the surgeons did feel that potentially shorter surgical time was important;  

I think that definitely would be a bonus, especially with an aging population you want to 

minimise your time on the table for most patients (Catherine) 

Less anaesthetic time. Yes, absolutely. Less anaesthetic time. Less recovery time after a quicker 

surgery, yes. (Kieran) 

Felicity equates a shorter operating time with a lower infection rate; 
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I think I’m probably interested in having fewer complications and that might mean shorter 

operating time because I know that in other operations, it correlates that the longer the 

operating time, the more likely you are to get things like infection, wound breakdown and that 

sort of thing. (Felicity) 

Lucy wanted to clarify that efficient “surgery” should be the goal; 

I think that depends on what case you’re doing, there’s some surgery which you can’t rush. 

Surgery needs to be efficient, and efficient needs to be the more appropriate word, but I don’t 

think fast is right because it can lead to mistakes. So fast surgery, low priority, but efficient, 

high priority. (Lucy) 

The surgeons unanimously agreed that improved patient reported outcomes was a high priority, 

even if some qualified this with the implication that only if it could be shown to be the case; 

If that could be demonstrated, it would be highly important. (John) 

Yes, if you get better fracture reductions then hopefully that would lead to it. (Hamish) 

Gregory maintains that better outcomes follow better alignment, and gives some advice on how to 

facilitate adoption; 

If you can align the bones better, as easily, then I think we’d all feel that you would get a better 

result and that would make sense. Like all of this, once you get a technology that works, people 

use it. There were 10s of operation you could for the hip, then they produced hip replacement, 

they all get chucked out the window. You get a technology, you manage to secure these 

fractures more easily with something- and okay, there will be some initial resistances, once it 

gets going. The key is that you’ve got to prove that you can do that and that it’s cost-effective 

in this country. No, I think you work away at this stuff and, you know, maybe this will be a 

great success. Maybe it won’t, but you’ll learn some stuff and you’ll defer it to something else. 

That’s how it goes (Gregory) 
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Discussion of findings 

I began my interviews by asking about fracture reduction, and the surgeons spoke at length about 

the importance of reduction in the context of fracture surgery, more so than the fixation. Many 

described it as the most difficult aspect of the operation. All reported that obtaining adequate 

reduction requires skill, technical knowledge and experience. When describing their techniques for 

reduction, there was a general trend in describing techniques which minimised soft tissue 

disruption, with the caveat that should adequate reduction not be obtained in a closed manner, then 

open reduction would be mandated as this would be paramount. 

On the subject of intra-articular fractures, there was a general consensus that in comparison to 

extra-articular fractures, they necessitated more accurate reduction, tolerating less incongruity. The 

surgeons reported that they wanted to minimised the incidence of post-traumatic osteoarthritis by 

aiming for the best reduction possible. Many quoted a value of 2mm of articular displacement as the 

threshold for poorer outcomes, therefore they would base their operative aims to attain this. 

However when pressed on the empirical origins of this, none of the surgeons were able to cite 

specific studies. 

Many of the surgeons referred to the concept of “good enough” when discussing the outcome of 

surgery. Despite aiming for radiological parameters, they conceded that these would vary based on a 

variety of factors, including the requirements of the patient and the surgeon ability. Some implied 

that perfection was a relative term, and in its pursuit often poorer outcomes can result because of 

further trauma to the fracture. 

Whilst most of the surgeons viewed patient reported outcomes as the most important assessment 

of surgical result, these are not routinely used in a formal manner by them in the treatment of 

fractures. Some noted that ultimately, patient reported outcomes are based on a variety of factors 

which surgeons will have no control over, however, what can be accounted for is the quality of 

reduction and fixation, and if this can be maximised the patients will have the best chance of having 

a good outcome. 

Many of the surgeons had heard of the da Vinci robot, and a few had seen it used. None of the group 

had ever used robotic surgery in trauma and orthopaedics, although a few had seen it’s applications 

whilst at conferences. A much greater proportion had used and seen navigation in orthopaedics.  

Overall the group were sceptical that robotics would have utility and improve outcome in trauma 

and orthopaedics. They felt that variation in individual anatomy and the control of more 

comminuted or smaller fragments would prove challenging for a system that lacked the 
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“intelligence” of a human surgeon. Others had concerns that the set-up time in theatre would 

increase overall operative time. Some surgeons were concerned the system may malfunction 

causing inadvertent harm to the patient, although a few reasoned that like any other surgical 

technology there would be rigorous fail-safes in place. 

With regards to interest in participating in clinical trials with the robotic system, there was a 

spectrum of stances, with some eager to participate with assurances of safety, and others who 

would not wish to be involved at all. 

Finally, above all else the surgeons felt that the most important benefit of the system was the ability 

to carry out reductions in a minimally invasive manner, which would in turn reduce infection rates 

and recovery time. Whilst some disputed that the reductions achieved with the RAFS system would 

be better than with traditional methods, most conceded that the accuracy would be at least equal to 

open surgery, and in the case of closed reductions, better.  
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Qualitative data from the interface study 

Before starting the interface study, during the interviews, the surgeons were asked about their 

experience with gaming. Whilst there is no game available commercially that mimics the skills 

required for the Fracture Suite, extensive use of the Xbox controller may give some participants an 

unfair advantage over those with no experience at all.  

All of the 19 participants that took part in the interface study had at one point used a gaming 

controller. None of the participants reported current gaming activity which would be classified as 

‘regular gaming’, although when questioned on previous gaming experience, 5 participants admitted 

to having done so previously, such as Ali; 

PT 

Do you play that regularly? 

Ali 

No, not any more. I used to…We always had PCs in our house. Sega Game Gear, that’s a 

throwback. 

PT 

Yes and since? 

Ali 

Then, since then, PlayStations. 

PT 

You’ve got a PlayStation at home? 

Ali 

Yes. 

Several of the Core and Specialist trainees reported much of their gaming time was during 

University, when free time was more abundant, such as Adam; 

PT 
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We will just move on slightly to computer systems and interaction with. You've used a 

keyboard and mouse before, of course. Have you played any console games in the past? 

Adam 

Yes, as a kid. Well, not necessarily as a kid. (Laughter)  

PT 

Do you continue to do so? 

Adam 

No, not any more. Probably the most recent was living in the student house with eight lads. 

We obviously had Xboxes and PS4s. 

And Ryan; 

No. Well, apart from one of the guys had it in university and we used to play a bit of Pro Evo, 

which was great fun. I did play Pro Evo for a year or so of my life. 

Interestingly, several of the Consultants now admit to occasional gaming with their children; 

Jeremy 

Yes, I do. Tom, he’s 10, he’s got an Xbox, you know, we play regular Battlefront. 

John 

My kids have an Xbox 360 and it was disastrous trying to get the hang of it, and even as a lad 

at university with the straightforward asteroids and stuff….I’m moderately interested, but 

never something that I particularly…or was it because I was no good 

William 

We have at home a Nintendo Wii and an Xbox, but I can’t remember which model it is. I’ve 

used those… 

Once the surgeon participants had completed the interface study, they were asked to give their 

feedback on the interfaces, including a ranking of the interfaces. Qualitative feedback on the 

interfaces is summarised in the following sections. 
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Leap Motion controller 

 

I think I like the concept but actually, it’s quite difficult because there’s nothing in your hand 

and nothing to give you feedback, so it’s very different from operating with tools or 

instruments. So it’s a completely different way of moving, completely different skill set. And 

obviously, you have to move with the appropriate degree of pace, moving your fingers the 

appropriate amount. It would take a lot of getting used to (Catherine) 

The surgeon participants had a generally positive view of the Leap Motion controller, although with 

some caveats. Catherine above describes her experience with it, and tellingly finishes off with the 

phrase “it would take a lot of getting used to”. 

Many of the other participants felt the same way. Kieran also alludes to the learning curve 

associated with having to adapt to an entirely new way of interfacing with a system, much different 

from what he’s used to 

Yes, the hand gesture device. I think it was just tough to coordinate yourself, because I'm not 

used to that sort of device compared to the other two devices, which you use almost on a daily 

basis, but I think that once you get used to it there’s a lot of potential there. (Kieran) 

The participants felt that the Leap Controller was too sensitive, or did not provide control; 

Yes, definitely. I think the handheld one [Leap] was a bit coarse, in trying to get to grips with, 

sort of, where your hand was in the space, and move fragments… (Jeremy) 

The Leap Motion, I just wasn’t going to do it, I could tell fairly quickly I didn’t have the control 

that was going to allow me to fine tune reduction whereas the xbox one did, even though there 

was limitations with the views you had and it was particularly on that, lateral condyle (John) 

It made sense to me how it works and I knew which way to move my hand to make it move 

which way. As I say, I just found it, slowly trying to reduce the fracture then my hand would 

just shake a little bit because I'm hovering in mid-air. It’s almost like you need to make it so 

that you need to do larger movements for smaller movements. The machine was too sensitive. 

(Hamish) 

It was slightly difficult to get an idea of where I needed to place my hand in reference to the 

object on the desk (William) 
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The act of hovering their hand over the controller and maintaining the position was challenging for 

some of the participants, and some commented on it; 

And the other one you need a really steady hand and you're hovering your hand in the air Yes, 

which is easier if you're resting your elbow on something (Hamish) 

might be the better, but perhaps with your hand supported… (John) 

The leap thingy is quite nice. You almost get a feel that it is just your hand. That is quite a nice 

feeling, but yes, as I said, I kind of wanted an elbow prop to sort of steady that, rather than 

floating my whole arm (Jessica) 

I noticed that one participant had used their left hand to steady their right hand which was using the 

Leap, when I commented on this her response was; 

PT 

I noticed that you were holding your arm with the other hand with the Leap… 

Lucy 

Yes, because it’s sensitive, to try and eliminate, to try and get a really fine adjustment its really 

difficult because fine movement of the arm leads to massive displacement of the object, so I 

think supporting the arm helps reduce that problem…so as to help guide the arm, like when 

you’re using a drill you want to make sure you’re not being too rough, you use your other hand 

to guide it 

Despite this, many of the participants saw the benefits of the Leap Motion for use in theatre, and 

how with some adjustments of the system and some practise it could be much more useful, such as 

decreasing the sensitivity or allowing finger movements to action controls; 

Yes. It is cool, because you don’t have to touch it, so it doesn’t have to be sterile. I think, then, 

it has got a lot more scope for being brought into the operating theatre. Whereas, the mouse 

and the Xbox controller, etc., that would all have to be either inside one of those plastic bags, 

like we have over the top of the laparoscopic camera, which it takes away some of the finesse. 

Or, you’ve got to recreate something new that is autoclave-proof. Yes, I think for an operating 

theatre, the leap thing has got the most transferability into that scenario. (Jessica) 

Well, it's an easier, natural brain-to-hand manoeuvre to affect the position, as opposed to 

having to then think, "Which button do I push next to effect the motion?" (Matthew) 
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What I'm trying to say is if I was to practice on the sensor, the Leap, then I think it would be 

very easy to get very efficient very quickly, and for me to change my mind on what the easiest 

would be. I only found Leap probably the trickiest because it’s new, it’s novel. I think if I was to 

keep practicing it would probably be the best method…because there’s no intermediary device. 

You're using your own hands. The signal is being read by infrared or whatever sensor that is…If 

you were to almost simulate picking up the fracture, rotating it with your fingers, then you can 

get, I think, more accurate alignment. (Kieran) 

the Leap Motion, with some time and training and ability to adjust its sensitivity, might be the 

better, but perhaps with your hand supported…then that would work, and if you had finger 

controls, rather than the whole hand, and you can pinch (John) 

It’s probably the most sensitive but I think it also… So again, this is a very, not… I don’t know 

how to put it but very personal in the sense that you would have thought that as surgeons we 

would have better control of our hands, but funnily enough whereas with the mouse and with 

the joystick I can release that fragment as easily as I want to. So I just sort of let go of it and 

then that fragment’s dropped, which I’m more comfortable with, as against moving my hands 

and then having a separate foot grabbing or letting go of the fragments. If there was 

something in the hand thing that actually meant that if I just did that…(Steven) 
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Xbox controller 

 

The xbox, no question was much more intuitive, you could pick it up easily and you didn’t have 

to tell me how to do it twice, I could grab the grab the fragment, and I had four degrees of 

motion, maybe even five or six..did I have six degrees of freedom on one fragment with the 

controls at the same time? Which the other controls didn’t do. Intuitively there’s no question 

the xbox controller gave much better fine control, picked up more rapidly controlling, and I 

could do two movements with both hands. (John) 

In most cases, the surgeon participants favoured the Xbox controller over the other two interfaces. 

John, in the quote above, summarises what many felt when using the device. This is despite him 

having stated previously in the interview that he had not engaged in regular gaming because of a 

perceived lack of skill (see section 0), he goes on to say; 

For somebody who is not an Xboxer, there is absolutely no question, that those controls are 

much more intuitive (John) 

Several others commented that it was perhaps their favoured interface as they were already 

accustomed to using the Xbox controller; 

Probably the one, I don’t know what my times were but the one that I found the easiest, was 

the Xbox controller… I don’t know if that’s because I’m used to playing computer games like 

that. (Ali)  

I have to say, I am in favour of the Xbox controller because you have more of a tactile feedback 

from the actual thing in your hand, and I think you are more used to having used that over the 

past two years or so. (Patrick) 

The thing is I'm very used to a controller, so I actually found that the easiest, but that’s probably 

because I'm used to it the most. (Kieran) 

I'm not sure why, but in my brain the rotational movements on the Xbox, using the analog 

stick, made a lot more sense to me. I don’t know if that’s because I'm familiar with them. 

(Adam) 

This intrinsic familiarity, Jeremy argues, is an important reason why the Xbox would be the natural 

choice when selecting an interface for future surgeons to use; 
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Well, yes, I think if you’re going to train surgeons into the future, and using these kind of 

techniques, you want to use something that people are more familiar with, you know, an 

interface that people are used to using, so using something like an Xbox controller is a really 

good idea. I mentioned, yes, like in America they’re flying around drones, using Xbox 

controllers in America, and flying them around Syria. (Jeremy) 

 

 

Generally the feeling was that the mini-joystick controllers on the Xbox afforded a greater degree of 

control when compared to the other two interfaces; 

..almost contrary to what I said I felt [prior to conducting the interface study] the joystick was 

the easiest to do, barring that sort of last bit where I struggled to rotate it in a freedom of 

movement way which I thought was possible in the previous couple. So I thought the joystick 

was the easiest. (Steven) 

You could make fine adjustment movements slowly and slowly bring the fracture in. For the 

other ones, I didn't really understand how the mouse one worked, if I'm honest. I didn't quite 

clock it. (Hamish) 

Because I was able to rotate the fragments most easily with that one. (William) 
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Mouse and keyboard 

Only two of the surgeons, Jane and Lucy preferred the mouse and keyboard over the other two 

interfaces. Jane describes it as the most familiar and therefore the easiest; 

Jane 

And, the easiest one to do, I think, was the mouse. But that probably reflects my familiarity 

with a mouse.  

PT 

And between the Leap Motion and the Xbox one? 

Jane 

Not really. No. I’d say they were both similar. 

And indeed the same was true for Lucy’s account; 

of the three interfaces I found the mouse the easiest, probably because I’m most familiar with 

it 

 

In contrast, many of the other participants found the mouse and keyboard to be very restrictive in 

the way movement of fragments is brought about;  

I think the hardest was the mouse, because it’s almost like 2D. You could basically move it in a 

plane, but it was hard to then rotate, so I think it didn’t give you as many options as the Xbox 

controller, or the hand, in terms of spatial awareness (Jeremy) 

So, I think the mouse was the most difficult…the degrees of freedom are probably not as easy 

to control with the mouse (Patrick) 

The mouse and keyboard, I'm just always wary of having too much space in-between both my 

hands in order to manipulate something or do something (Lucy) 

I found the mouse much more difficult to use than the other two methods (William) 

In particular some reported what could be described as a “lag”; 

JB 
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Well, it moved faster. So, there’s a little time delay with the mouse, so when you move rapidly 

upwards, it comes more slowly behind you and you have to remember to correct the movement 

to come back. 

PT 

Like a lag? 

JB 

Yes. 

I think the mouse thing was rubbish, just because of the lag, and it's not sensitive enough. (AO) 

Whereas the other ones it felt like you were in a lot more control and it didn’t jump necessarily. 

It felt like you could move it quicker with the hand, certainly, because sometimes you would be 

holding the mouse and waiting for it to get moving…a bit of a lag (Adam) 

However John some had more moderate views on the mouse and keyboard; 

The mouse one was ok, because you’re familiar with the mouse other than there is a disjoint 

between the controls in terms of what you’re… so you press a button to get rotation, and it 

takes you a bit of time to work out that button is giving you rotation only in that plane, but 

it’s…you can keep going backwards and forwards, it sort of reacts quite nicely, you’re used to 

using a mouse, used to using buttons… 

And unlike most of the other participants, Ryan found it easier to control rotation with the mouse, 

despite it not being his preferred interface; 

PT 

Is there one which the rotation was a bit more reliable? 

Ryan 

I guess it’s easy enough to fine-tune with a mouse, to pick where your thing is. 
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General reflections on performance 

Several of the surgeon participants elaborated on how they felt they performed. What was 

commonly mentioned was that the simulation was unlike anything they had encountered before and 

naturally quite different to reducing fractures in theatre. Some remarked that the ‘learning curve’ 

would be something that would limit their assessment of the interfaces, such as Ryan; 

It was interesting. I’d like to actually do it again and spend a bit more time getting to know it 

because I suspect there's a learning curve and I’ll get much better at it. I didn’t really like how 

you can manipulate the pieces at all. It wasn’t very intuitive. I didn’t like the fact the rotation 

was reversed and there seemed to be no real stability with any of them. (Ryan) 

When further questioned about the rotation aspect; 

I was taking my time trying to figure them out. I wasn’t particularly happy with any of my 

reductions. I just couldn’t get the rotation in mind as well as you would be able to if you'd set 

the axis of rotation, which is a problem with it, actually. You can't set where you're rotating it 

from, whereas you can in real life, I guess. (Ryan) 

He also mentions that he wasn’t particularly happy with any of his reductions, something that 

several of the other participants also commented on; 

It’s difficult to judge the time based on that because I don't think I ever got the fracture 

reduced, I ever found the perfect position. And I think if I’d had more time… I think I spent more 

time messing around… (Hamish) 

.. my robotic skills are not the same as my operative skills, and that was what limited the 

fracture reduction. So, the reduction that I achieved with the robotic thing is not what I would 

accept. (Jane) 

I didn’t manage to get any of them. None of the reductions were perfect. They all had some 

sort of slight frustration. (Jessica) 

Jessica was not the only surgeon to find the process of reducing fractures with the interfaces 

frustrating; 

So you sort of almost… I certainly ran out of patience after that fiddling around and I suspect 

ran out of time as well. (Jessica) 
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One participant gave a particularly thorough account of why he felt the reductions achieved in the 

interface study were not as good as he “would be hoping for” in theatre; 

PT 

And with the reductions that you achieved, would you say that they were similar to what you 

would be aiming for in theatre? 

John 

No, I would be hoping to get better than that, so, the interesting thing about the mouse I was 

prepared to keep going, I’m not sure, I think I took the longest with the mouse, but my 

perception was that I had control but it was defeating me going between the one view and the 

other view and I recognise I wasn’t going to pick that up. The Leap Motion, I just wasn’t going 

to do it, I could tell fairly quickly I didn’t have the control that was going to allow me to fine 

tune reduction whereas the xbox one did, even though there was limitations with the views 

you had and it was particularly on that, lateral condyle, I just couldn’t get the rotation, as you 

could see the overlap with the front cortex, I couldn’t see that clearly enough to know whether 

I was improving it, but I did that in half the time I think, or significantly less at least I felt it did, 

and I wasn’t going to achieve any better, so I knew quicker with the xbox that I got it as best 

as I could do, the other two took me a longer time and I didn’t think I was going to get there 

at all with the Leap Motion. 

A minority however, such as William felt that their reductions were adequate; 

PT 

The reductions that you achieved, were you happy with them? 

William 

Not the last one, not as good as the other two. I think the first two were certainly 

acceptable…as far as I could tell from what I looked at then, obviously I didn’t look at the lateral 

film in great detail. Based on the AP the joint surface seemed to be nicely reconstructed and 

the fragments were in the place where I could fix them. 
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Reflections on the Fracture Suite 

The fracture suite provided the participants with a unique visualisation of the fracture to allow them 

to reduce the fragments during the interface study, this was an unfamiliar representation of what 

they are used to seeing in clinical practice and they were asked for their views regarding it, in this 

example Ali gives his view; 

It’s difficult, because sometimes you get used to looking at the 2D image, and seeing where 

your joint line is and things. You didn’t quite have that view. That made it a little bit tricky as 

well. Being able to make one of the blocks transparent to see the reduction of the other one, 

kind of helped a bit but, again, not as much as you thought it would. (Ali) 

The participants were also asked whether they felt that their clinical practice would benefit from it, 

and if they it would be preferable to fluoroscopy. I posed this question to Ali; 

PT 

For example, if you were in theatre whilst doing that distal femoral fracture, and you were 

presented with that 3-D model. A real-time 3-D model, that as you moved the fracture that 

represented it, what it was on the screen as well. Would that be something that was of interest 

to you? 

Ali 

Yes, definitely. That would be quite interesting. 

PT 

Yes? Do you think that would be better than fluoroscopy? 

Ali 

It’s difficult to say without trying it, to say if it would be better or not. Because, one of the 

things is, is it going to be quicker? It sounds to me like it might be more complicated to begin 

with. 

Lucy was also slightly hesitant, but mostly because she felt that the system, being a static camera 

view, did not allow her to fully assess her reduction; 

Even though the illustration is 3D, but you still don’t have a real 3D perspective for me, so I 

think when I was trying to put the pieces back on I wasn’t quite sure on the lateral view whether 
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I had a good reduction, so even though yes, you can manipulate the individual fragments, you 

can’t manipulate the whole bone, so if I could manipulate the whole bone, to make it spin 

round, then I would have had a better idea whether I had actually properly reduced my 

fracture… if I could spin the whole model round, I think my fracture reduction would me more 

accurate than it was in this simulation (Lucy) 

Others noted that moving the camera around the 3D model would increase the utility of the fracture 

suite; 

 

If I could have had more like, just sort of, panned around, for example, with the view to see, 

that would’ve helped. (Felicity) 

So you want to flip it round, to see from the bottom as well as from each side. And it’s only two 

views, which is effectively the same as what I would be able to get from an image intensifier. 

So the answer to that is, if you had the ability to do 3D manipulations, it would be useful to 

also have more of a 3D view to see it. (John) 

 

Overall however most of the participants had a positive view and preferred the 3D visualisation to 

fluoroscopic images; 

PT 

So would you say you prefer this visualisation of a fracture to a fluoroscopy?  

CB 

Yes, absolutely 

Digitally I suppose you can get a three-dimensional view, because X-rays remain two-

dimensional…you can get a more three-dimensional view of a fracture, which allows you to 

correct a deformity in all planes more easily, I suppose… if I had that image in front of me I 

think I would prefer it, definitely.(Lucy) 

If I could control them how I wanted to, which I struggled with on that interface, I think I'd 

definitely prefer the 3D. So, I think it was better to have the 3D. (Ryan) 
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I think that would advantageous, because you can look around. You don’t just get two static 

2D views, and you don’t have to interpose them in your brain or side by side. You can gain a 

3D view by looking around. So that would aid, in my opinion, my accurate reductions, I would 

say. (Adam) 

Probably a three-dimensional because, obviously, fractures behave in three dimensions. Again, 

that would take a bit of getting used to because we’re very in tune with doing things, 

translating two dimensions and turning it into three dimensions ..with a bit of intuition, that 

would be a little bit… That would be better because fractures are in three dimensions. 

(Timothy) 

I think that would advantageous, because you can look around. You don’t just get two static 

2D views, and you don’t have to interpose them in your brain or side by side. You can gain a 

3D view by looking around. So that would aid, in my opinion, my accurate reductions, I would 

say. (Jessica) 

If it’s being evaluated in that fashion as well, so if there’s something that is giving me a live 

picture similar to that then yes, it’s helpful (Steven) 
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Discussion of findings 

This section has summarised the qualitative comments of the surgeons with regards to the reduction 

interfaces and the fracture suite. 

With regards to the Leap controller, the surgeons felt that it was too sensitive and had the steepest 

learning curve of the three interfaces. As they were not used to interface, some found themselves 

having to steady one hand with the other due to muscular fatigue. Nevertheless, many recognised 

its utility for non-touch controls in an aseptic environment such as the operating theatre, and 

accepted that with some adjustments of the software and some time to practise, they may perhaps 

find themselves favouring the Leap over the other interfaces. 

The Xbox controller was the surgeons most preferred interface. The surgeons felt that it’s familiarity 

and the comfort and dexterity afforded by the design made it a natural choice to manipulate 3D 

objects.  

The Mouse and Keyboard was the least favoured of the three interfaces, as the surgeons felt it 

suffered from “lag” and did not allow simultaneous correction in more than one degree of freedom. 

There were a couple of surgeons however which did favour the Mouse and Keyboard based on its 

familiarity. 

Although the surgeons were instructed to reduce the fractures using the 3 interfaces to a clinically 

acceptable position, many admitted that the reductions in some cases were perhaps not as good as 

they would accept clinically, but they were unable to significantly improve on them using the 

interface. The timed element of the interface study also contributed to a degree of frustration for 

some. 

The surgeons felt that the fracture suite was a useful tool, and that the representation of fractures 3-

dimensionally would be useful clinically. However many fed back that it would be much more useful 

if the 3D model of the fracture could be freely rotated in space to facilitate better reductions. 
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Quantitative data from the interface study 

The two quantitative measurements for analysis were; 

1) Time to reduction 

2) Reduction accuracy 

The researcher would measure time to reduction in seconds and the reduction accuracy was 

calculated by the Fracture Suite in Unity as measurements of position error and rotational error (see 

“Quantitative data and statistical methodology of interface studies”). A total of 19 fracture 

reductions were carried out, as one participant declined to take part in the interface study but 

consented to the interview. 

The participants undertook reduction with three interfaces; 

1) Leap Motion (Leap) 

2) Xbox Controller (Xbox) 

3) Mouse and Keyboard (M+K) 

Individual values were available for fragments F1 and F2 in Unity. A summary of the data for 

reduction accuracy across all participants for each fragment for every interface are presented in 

Table 21. 

The raw data from which summaries are presented in this section can be found in the appendix. 

Abbreviations used in this section; 

SD – Standard deviation 

PosE – PosError 

RotE – RotError 

Lower values of PosE and RotE represent better reductions. 

The Mouse and Keyboard Unity raw data is included as an example in appendix 12. 
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Table 21 - Summary of reduction accuracy data across all participants for individual fragments (M+K 
= Mouse and Keyboard) 

 

 

 

 

 

 

 

 

 

 

 

 

 

The means for the PosError of F1 were higher than F2 for all three interfaces, and this was a 

significant difference in all cases. Differences in the F1 PosError or RotError between the three 

interfaces were not found to be significant in any case. The same was true for F2. 

 

 

 

 

 

 

 

XBox PosError RotError 
 

Mean SD Mean SD 

F1 8.958 2.125 5.354 2.595 

F2 3.040 1.180 4.876 1.652 
     

T-test p=0.0017 
 

0.35 
 

Leap PosError RotError 
 

Mean SD Mean SD 

F1 8.175 3.052 4.514 1.819 

F2 3.464 2.074 4.753 1.332 
     

T-test p<0.0001 
 

0.64 
 

M+K PosError RotError 
 

Mean SD Mean SD 

F1 9.668 1.973 7.543 1.907 

F2 3.430 1.727 7.087 2.968 
     

T-test p<0.0001 
 

0.54 
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Summary of cohort data 

Table 22 - Summary of reduction data for each participant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 22 shows a summary of the reduction data for each participant. The values for PosError (PosE) 

and RotError (RotE) are the average of the two fragments, F1 and F2. The time of reduction is shown 

in seconds. 

 

Participant Leap Time 

(secs) 

M+K Time 

(secs) 

Xbox Time 

(secs) 
 

PosE RotE 
 

PosE RotE 
 

PosE RotE 
 

Catherine 5.98 7.4 65 6.84 8.48 173 5.85 4.26 105 

Harry 6.74 3.96 146 5.91 5.83 190 6.12 8.88 43 

Ali 2.86 3.73 82 8.26 5.23 228 7.26 5.18 130 

Harry 5.78 4.75 120 6.81 6.02 135 4.83 3.53 97 

Jane 6.27 7.39 50 6.08 6.42 90 5.7 6.99 210 

John 3.99 4.18 84 7.45 8.09 192 6.09 3.32 65 

Jeremy 7.53 4.13 48 6.37 6.26 150 7.64 6.18 22 

Felicity 4.29 5.19 180 8.02 9.75 219 6.63 4.66 183 

Kieran 7.63 4.39 25 6.72 11.94 124 7.29 5.76 47 

Lucy 3.02 3.55 90 7.01 7.62 58 8.21 5.94 315 

Matthew 4.31 3.89 88 4.62 6.01 208 5.57 4.06 118 

Patrick 6.22 4.08 58 6.51 6.28 220 5.44 3.48 55 

Ryan 7.02 4.93 192 7.23 5.31 200 5.71 6.09 170 

Jessica 3.85 4.19 108 5.88 7.86 157 5.89 4.14 107 

Steven 10.9 3.23 138 2.89 3.58 188 5.75 3.49 198 

Adam 6.01 5.09 172 6.71 8.34 111 5.06 5.41 165 

William 5.5 4.85 40 5.15 8.89 60 6.21 4.24 16 

Timothy 5.36 3.5 59 8.21 8.24 117 3.64 5.43 115 

Hamish 7.2 5.52 152 7.69 8.83 128 5.12 6.18 165 

                    

Means 5.81 4.63 99 6.55 7.31 155 6.00 5.12 122 

SD 1.91 1.15 51 1.31 1.93 53 1.07 1.43 75 
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Figure 116 - Bar chart showing the mean reduction accuracy for the interfaces with lines denoting the 
standard error 

Figure 117 - Bar chart showing the mean reduction time for the interfaces with lines denoting the 
standard error 
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Table 23 shows the differences between the interfaces across the cohort. When comparing the Leap 

to the M+K, there was a significantly lower RotError and time of reduction. The time to reduction on 

the Xbox was also significantly lower that the M+K, but there was no significant difference in 

reduction accuracy. There was no difference in the time to reduction or the reduction accuracy 

when the Xbox was compared to the Leap Motion. 

 

Table 23 - Differences across the cohort between the three interfaces. Numbers displayed as p values 

 

 
 
 

 

Table 24 - Ranked interface preferences by participant (1 is most preferred) and performance data 
 

 

 

 

 

 

 

 

 

 

 

 
PosE RotE Time 

Leap vs. M+K 0.2727 <0.0001 <0.001 

Leap vs. Xbox 0.7344 0.2292 0.1888 

Xbox vs. M+K  0.1773 <0.001 0.1712 

 
1 2 3 Most 

accurate 
Quickest 
reduction 

Catherine Xbox Leap Mouse Xbox Leap 

Harry Xbox Leap Mouse Leap Xbox 

Ali Xbox Leap Mouse Leap Leap 

Harry Xbox Leap Mouse Xbox Xbox 

Jane Mouse Xbox Leap Mouse Leap 

John Xbox Leap Mouse Leap Xbox 

Jeremy Xbox Leap Mouse Leap Xbox 

Felicity Xbox Leap Mouse Leap Leap 

Kieran Leap Xbox Mouse Leap Leap 

Lucy Mouse Leap Xbox Leap Mouse 

Matthew Xbox Leap Mouse Leap Leap 

Patrick Xbox Leap Mouse Xbox Xbox 

Ryan Xbox Mouse Leap Xbox Xbox 

Jessica Leap Xbox Mouse Leap Leap 

Steven Xbox Mouse Leap Xbox Leap 

Adam Xbox Leap Mouse Xbox Mouse 

William Xbox Leap Mouse Leap Xbox 

Timothy Leap Xbox Mouse Leap Leap 

Hamish Xbox Leap Mouse Xbox Mouse 
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Table 24 shows the preferences of the participants as expressed by them following the interface 

study displayed alongside the most accurate (based on a mean of PosE and RotE) and quickest 

reduction interface. 

Table 25  shows the breakdown of results in groups separated by training level. The consultants had 

a lower overall time to reduction on two of three interfaces and this was significantly different 

(p<0.05) when compared to the CTs, but not the StRs. Otherwise there was no other statistically 

significant difference between the two groups. When gamers were compared with non-gamers, 

there was no significant difference between any of the parameters (Table 26). 

 

 

Table 25 - Mean values for reduction accuracy and time for consultants, StRs and CTs 

 

 

 

 

 

Table 26 - Mean values for reduction accuracy and time for regular gamers (n=5) and the rest of the 

cohort (n=14) 

 

 

 

 

 

 

 

 

 
Leap Time M+K Time Xbox Time 

 
PosE RotE 

 
PosE RotE 

 
PosE RotE 

 

Consultants 6.39 4.54 72 5.58 6.50 158 6.06 4.54 98 

StRs 5.55 4.90 91 6.45 7.76 130 5.36 4.51 100 

CTs 5.54 4.47 124 7.26 7.79 164 6.62 6.10 150 

 
Leap Time M+K Time Xbox Time 

 
PosE RotE 

 
PosE RotE 

 
PosE RotE 

 

Others 5.62 4.63 90 6.29 7.28 155 6.36 5.05 118 

Regular gamer 5.95 4.21 96 6.11 7.40 145 5.92 4.83 129 
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Discussion of results 

Fragment 1 consistently displayed poorer positional reduction accuracies when compared to 

Fragment 2 and this was a statistically significant difference across the cohort (Table 21). This is likely 

due to the nature of the graphical interface of the fracture suite which presents the user with a 

standard view with F1 further away in the field of view and partially obstructed by F2. Although the 

fracture suite allowed for F2 to be made transparent, nevertheless, it appears this did not 

compensate for the hindrance. This was universal to all three interfaces, however, and therefore did 

not prevent the amalgamation of the values of F1 and F2 for analysis. 

Referring to the null hypotheses set out in section 4; 

2) There will be no difference in the accuracy of reduction between interfaces 

3) There will be no difference in the speed of reduction between interfaces 

4) There will be no difference in performance (accuracy and reduction) between surgeons of 

different experience 

Table 23 summarises differences in reduction accuracy between the interfaces. Both the Leap device 

and the Xbox controller produced significantly better rotational reductions when compared to the 

mouse and keyboard, however there was no significant difference between the Xbox and the Leap. 

No statistically significant difference was observed between any of the interfaces with regards to 

positional accuracy, thereby suggesting that either rotational mal-alignment is a more subtle 

appearance which is not fully appreciated by the surgeon participants, or that all three interfaces 

performed equally in their rotational control.  

The surgeon participants also found it quicker to reduce fractures with the Leap Motion, but this 

again was only significant when compared to the M+K. The Xbox controller was not superior to the 

M+K in reduction times. This would lead us to conclude that overall the Leap is the best performing 

interface and the M+K the worst, although the difference is small. 

Finally, the consultants were overall the best performing group, but this was only significant when 

reduction times were considered and they were compared to the core trainees. Whilst there were 

no other significantly observable differences between the groups, the sub-groups were perhaps too 

small and the lack of finding a difference is a result of a type 2 error as the study was not sufficiently 

powered to address this. 

With regards to expressed preferences, 14 participants ranked the Xbox controller as first, 3 ranked 

the Leap as first, and 2 the Mouse and Keyboard. 
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In summary, when considering the null hypotheses, all three can be rejected, as in each case, there 

was an instance where either an interface or a sub-group performed significantly better or worse 

when compared to a counterpart.  
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1. Clinical and Cadaveric Studies 

This thesis describes the body of work which culminated in the production of a device capable of 

carrying out robotic-assisted fracture reduction. 

The conception of the device was formulated from the ideal that robotic assistance can provide a 

solution to improve on fracture reduction methods, not necessarily by imitating what is currently 

carried out by human surgeons, but rather, by doing things differently to work with the capabilities 

of the technology. 

The literature review outlines the problem of intra-articular fractures, and the evidence behind the 

morbidity associated with mal-reduction. The qualitative interviews with surgeons supports this 

evidence, and furthermore gives insight into the thought processes of treating clinicians with regards 

to Surgical ideals in fracture reduction and patient outcomes. Their expressed views suggested that 

they felt the most important part of the operation is the satisfactory reduction of fragments to 

reduce the likelihood and incidence of post traumatic arthritis, often quoting 2mm as a parameter. 

Nearly all advocated open reduction, in part to address any soft tissue obstacles to reduction, but 

more so to visualise or “see” the joint and to ensure the best possible reduction would be obtained. 

This was despite their consensus that minimally invasive techniques and closed reductions are 

preferable and have a lower likelihood of infection. Their views in the context of the literature are 

discussed in further detail in the second part of this discussion. 

Taking the surgeon participants’ views into account, it was apparent that the most desirable 

property of such a robotic device would be the capability of bringing about accurate reduction 

through a minimally invasive approach. 

When developing the RAFS system, the general design principle of percutaneous fragment 

manipulation was adopted and thereafter the aim of the clinical studies was to provide data to 

inform this design, and to assist with construction and capability requirements. Additionally, in the 

case of the neck of femur force measurements, the data could be used in the creation of a potential 

future device, utilising the automated traction table component, which could potentially reduce 

extracapsular neck of femur fractures. However, whilst the information extracted from the clinical 

force measurements would be essential to the development process, the basic foundations for a 

preliminary design had already been discussed by the RAFS team and decided upon prior to any 

force measurement experiments, based on work carried out in porcine and Sawbones models310. In 

essence the data was rather verifying that the preliminary design was suitable for larger scale 

construction and ensuring the mechanical capabilities were broadly adequate for the task, so that 
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cadaveric trials could begin. Therefore the selection of the periosteal elevator and the traction 

device was a deliberate decision based on the characteristics of the robot, rather than an attempt to 

approximate the standard technique of distal femoral fracture reduction in the clinical setting. 

The neck of femur force measurements provided data on the application of traction to reduce 

extracapsular fractures. The mean Fz Max of 249 N (SD 147) represent the cohort which were found 

to be normally distributed. In one isolated case the Fz Max was recorded at 604N. This was an outlier 

in a relatively young patient of 54 years of age with an A3 type fracture pattern. Otherwise the 

variation in forces required to reduce fractures (Fz Max) did not correlate with any patient or 

fracture characteristics. It may be that the numbers in the study were too small to identify any such 

correlations, although it is more likely that the measured Fz Max is a result the amalgamation of a 

variety of factors including the surgeons’ preference for the reduced position. Nevertheless, the aim 

of the study was not to identify such correlations, but to identify reliable operating parameters for 

the robotic device, and inform the design process of the automated traction table (ATT) component. 

Maeda et al. in a similar study to this one measured the forces during manual reduction in 7 

extracapsular fractures using an actuated traction table, reporting an average traction force of 

215.9N and a maximum of 295N178. They reported no correlations with fracture type or age of the 

participants in their patients. However in the same paper they describe the use of their FRAC-robo (a 

motorised traction table) to apply forces to the lower limbs of 32 healthy volunteers (16 male and 16 

female), with an end-point of perceived pain on the part of the subjects. Forces applied in this part 

of the study were much higher than those measured for the fractures, with a maximum value of 

433N. Whilst forces were higher for the male subjects, they no correlation between maximum 

traction forces and height, weight, girth of thigh, or BMI. Whilst these findings are in keeping with 

our own, it is important to note that the lower limbs of patients in our cohort are likely to exhibit 

very different structural properties due to the loss of skeletal integrity and the inhibition of muscle 

tone as a result of anaesthesia. The ATT is capable of 350N of traction force, which was deemed 

suitable to carry out the reductions in the distal femoral cadaveric model. However even if the 

overall design is suitable for neck of femur fracture reduction, it would not have be able to provide 

suitable traction force to reduce 4 of the patients in our cohort of extracapsular fractures as their Fz 

Max exceeded this threshold. If the ATT is to be used for such reductions in the future, changes will 

need to be made. 

The examination of the Fz time graph revealed a characteristic pattern in all cases whereby the Fz 

Max (i.e. the end of reduction), tailed off into a plateau. This pattern is one that has also been 

referred to by Maeda et al. in their study, but they did not comment as to why it might occur. 
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The traction device is an assembly which allows forces to be applied to the leg, such as a tension 

force which represents traction. The force applied however is not a constant one (such as in the case 

of a hanging weight), but the result of the balance of forces resulting from the forced change in 

length of an elastic structure (the lower limb). The applied tension at the leg is countered by the 

equal and opposite force at the proximal groin post, with the lower limb in between acting as a 

conduit for this force.  

The resultant force on the limb can be described as stress, and the deformation of the lower limb as 

strain. This deformation is beneficial, as it results in reduction of the fracture. Once reduced, 

however, the forces applied to the limb are constant as long as the structural integrity of the limb is 

maintained. However, as can be seen from the Fz graph, the forces tail off, and this can possibly be 

attributed to a combination of two phenomena resulting from the viscoelastic property of skeletal 

tissues; stress relaxation and creep. 

Creep is a phenomenon whereby there is a slow deformation of solid material under applied 

force433. Studies in animal models show that bone exhibits this property434. Soft tissues will also 

display this property, in particular those with higher collagen content, although to a lesser extent 

when compared with bone435. The overall length of the limb will not significantly alter as the traction 

table is locked in place, however any creep that occurs in the soft tissues would lead to a decrease in 

the overall elasticity thereby reducing the resultant traction force. It can be postulated that a 

continually applied force independent of strain, would allow for visible creep in the soft tissues, with 

a change in length of the limb. 

Stress-relaxation has also been described in skeletal tissues and represents a reduction in strain with 

no change in stress436. This perhaps is contributes more to the observed phenomenon of the plateau 

portion of the Fz Max graph, with a classical ‘tailing-off’ of strain. In summary, both properties are 

likely to play a role, but due to the amorphous nature of the lower limb, in particular with the 

skeletal discontinuity of fracture, more accurate inferences are difficult to make. The findings will be 

useful in the potential redesign of ATT for extracapsular neck of femur fractures. 

Following the construction of the RAFS System, the cadaveric experiments were conducted to test 

the hypothesis that the robotic system would be unable to reduce the fracture to within 2mm of 

translation. This tolerance was selected as it associated with poorer outcomes in animal studies, and 

inferences can be made with clinical outcomes in equivalent human studies245. Whilst it was known 

that the rotational accuracy of the reduction could be measured, this was not included as part of the 

hypothesis as this is a parameter not routinely quantified clinically due to the complex nature of 
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assessing small rotations with the naked eye. However for purposes of the experiments a threshold 

of 5o was chosen as a metric to assess the robotic system as the images would be later assessed 

using digital measurement tools. 

When considering the null hypothesis, based on the cadavers that were tested, 7 of 9 met the 

criteria for reduction accuracy, with two failures of reduction, and two which were deemed as 

borderline. Therefore, we can reject the null hypothesis in this regard. The periosteal elevator study 

yielded a maximum rotational torque around the pin (Tx) of 1.89Nm (Table 6). In the same plane, the 

torques identified by the RAFS system were much higher and at an average of 6.83Nm in specimen 

#2. The gripping system was designed to sustain torques identified in the periosteal elevator 

experiments, and the synthetic bone model trials carried out by the team at the BRL310,311, which also 

did not identify torques higher than 1.5Nm. As a result, the gripping system was unable to resist the 

torques created in the cadaveric study, which led to borderline reductions in specimens #4 and #6 

and unacceptable reductions in specimens #8 and #9. Additionally, in #8 and #9, the initial position 

of the fragments was much more displaced than the other specimens such that it necessitated 

movement of the RFMs beyond the designed workspace capabilities. A redesign of the carrier 

platforms and gripper system would negate these problems. 

The manipulation of UGPs in the fragments did not cause any cut-out, or fracture propagation such 

that the UGPs were fully capable of transferring force for translations and rotations to the fragment.  

However, there was significant bending of the UGPs as quantified by the RFM-Pin displacement, 

measured as displacements between the two optical tools (OT). This was likely to underestimate the 

true displacement at the fragment as the OT for the fragment is approximately 10cm from the 

fragment itself. For this reason, the Polaris navigation software could not be used for final 

measurement of reduction accuracy as an outcome. To counter this, and any bending between the 

OT and the fragment could only be measured with another tool closer to the threaded portion of the 

UGP, or UGP/RFM construct could be redesigned to be more resistant to bending. Nevertheless, for 

the purposes of the reduction paths the RAFS System was able to compensate for these 

displacements by recalculating the transformations to bring about the desired reductions. 

The traction applied by the ATT during the cadaveric experiments was much less than that 

experienced during the NOF force measurements, with a maximally applied force of 51.6N, and in 

this regard the operating parameters of the external robot were adequately designed for the 

reduction of the distal femoral cadaveric model. This was to be expected however, given the 

differences in anatomy. The higher traction forces resulted in tightening of the stabilising ligaments 

(ACL, PCL, MCL and LCL) which also resulted in higher reduction manipulation forces. On the 
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contrary, lower traction forces did not disengage the fragments sufficiently to allow manipulation. 

Nevertheless, the ATT was not found to be a limiting asset in the system and would therefore be of 

use in a future redesign of the robotic system. 

The problem of bent pins from transport would likely not be encountered in the clinical 

environment, as the patient and the robotic setup would be in a sterile and controlled environment 

(theatre) for the duration of their treatment, however, this was a significant issue in the study as it 

corrupted the fragment registration which prohibited robotic reduction.  

Overall ‘surgical’ time, that is the pin insertion, registration and manipulation took approximately 2 

hours. The large part of this was the registration process, carried out on computers in the robotics 

lab. Currently this requires user interaction in the BRL to identify anatomical landmarks, but could in 

future be automated using machine learning algorithms437. Nevertheless the time taken for the 

current setup to complete reduction is longer than what is quoted in the literature for the fixation of 

similar fractures438. Therefore as a reduction tool the RAFS system will need to significantly reduce 

the current time for setup and reduction if it is to become a desirable alternative to traditional 

methods. 

The carrier platforms in many instances did not allow true AP and lateral images to be obtained by 

the fluoroscopy machine and necessitated the dismounting of the specimens to obtain these images. 

It is possible that in future iterations of the RAFS system fluoroscopy will not be required if the 

optical tracking is resolved for more reliable positional accuracy, however, minimising the construct 

design would also be useful for clinician access to the patient therefore it should be considered in 

the future. A further limitation of the RAFS system is that in its current form it would only be suitable 

for large fragments, in fracture patterns without comminution as the UGPs will always require a 

fragment capable of withstanding loads imparted on them for the purposes of reduction. In this 

regard, the applicability of the system to a wider variety of fractures is limited, although conceivably 

it could be used in fractures of the distal humerus, and proximal and distal tibia. 
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2. Patient and Surgeon studies 

The interviews with the patients and surgeons were conducted in parallel, and the aims were to 

explore the views of the surgeons and patients on RAFS. 

The patients were questioned on their fracture and views on robotics prior to being shown images of 

the RAFS system – the demonstration. They were questioned further on their views following this, 

and the discussion on the findings from patient interviews will be divided into pre and post 

demonstration to emphasise the influence of prior assumptions and how these transformed with the 

supplementation of information. 

The surgeons interviews were divided into three parts, with recorded interviews before and after 

the interface study. During the interface study, their performance was recorded, and their 

qualitative feedback gathered for the purposes of informing the implementation of a unified 

interface for interaction with the RAFS system. The three sections will be discussed separately. 

In this section I will firstly present a discussion of the findings from the patient interviews and then 

those of the surgeons, before contrasting and comparing these. In addition, separately for patients 

and surgeons, I will elaborate on the reflexive approach to the interviews and the limitations of the 

qualitative sampling. 
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Qualitative study with patients 

The discussions with patients identified three overall categories of themes; Experiencing fracture, 

Preconceptions of Robotics and The Prospect of Robotic Fracture Surgery. The two over-arching 

themes of “Experiencing fracture” and ‘Preconceptions and perceptions’ capture the discussions 

prior to the demonstration of the RAFS system and will be discussed first. 

Pre-demonstration 

I deliberately began my discussions with the patients by asking them to reflect on their experience of 

sustaining a fracture and their subsequent treatment. This enabled me to build rapport, but just as 

importantly, to understand the emotional journey they had been through so that I could frame the 

discussion regarding potential surgery, and understand their responses in reference to this. I 

identified a significant psychological component to their experience of their injury, encapsulated by 

the sub-theme “Emotional trauma”, exemplified by this quote from a participant, Jack when asked 

about the emotional impact of the fracture; 

Massive, yes, physically obviously muscle wastage which is horrible to see, but mentally really 

depressing, not being able to go out and do things, more of a mental impact on me to be 

honest, than a physical one. (Jack) 

This was not uncommon, with many others expressing that they had felt ‘depressed’ as a result of 

the injury. Apart from the emotional trauma, ‘Experiencing Fracture’ highlights other sub-themes, 

which explore concepts of the physical pain of trauma and the awareness and anxiety associated 

with the severity of injury. It was important to quantify this degree of anxiety, as it would have 

implications for recruitment in future clinical trials. Several authors have highlighted the difficulties 

with obtaining informed consent in acute trauma situations, often as a result of the associated levels 

of anxiety439–441. The findings in this sub-theme would therefore be of use to inform future ethical 

review proposals. 

There are many studies in the literature which have identified psychological responses to trauma442–

448. In a prospective study of 215 orthopaedic trauma patients, Bhandari et al. found that 1 in 5 met 

the threshold for psychological distress447. Mason and colleagues in a cohort of similar size identified 

a similar rate, with a particularly high prevalence of 42% in those with severe lower limb injuries with 

only a fifth of these patients receiving mental health services445. Starr and colleagues conducted a 

questionnaire study on 580 fracture patients and found that 295 met the criteria of posttraumatic 

stress disorder (PTSD)443, a condition known to adversely affect clinical outcomes independent of the 

severity of initial injury449. In their study, emotional problems caused by the injury were more 
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strongly associated with the presence of posttraumatic stress disorder than were the physical 

problems as rated by Injury Severity Score, the sum of the Extremity Abbreviated Injury Scores, or 

the time elapsed since the injury443. 

My primary aim was not to highlight the psychological impact of fracture, but the natural course of 

the conversation with the patient participants led me there. Nevertheless, understanding what was 

important to the patients in terms of expectations of recovery and surgery facilitated a deeper 

understanding of what RAFS might mean to them. Contextualising their experience of fracture and 

recovery was an important step in understanding how these experiences would influence their 

perceptions of the RAFS system, its acceptability as a treatment, and whether they perceived that it 

could potentially offer them any advantages. 

Few of the participants were familiar with the concept of surgical robotics, as with similar studies in 

the literature225, but in this cohort even those with a background in the health sciences were 

relatively unfamiliar with this technology. The theme ‘Daleks and Wall-E’ explored the participants’ 

views on this technology. This data was gathered prior to the patients seeing a demonstration of the 

RAFS system, deliberately so that it would simulate a situation where a potential patient would be 

presented with a novel treatment option, such as in the acute setting of fracture. The title of the 

theme reflects the predictable pre-conceptions that patients would derive from popular culture and 

media. Two distinct sub-themes emerged; ‘Robotics and Robots’ and ‘Safety and Reliability’. 

Participants imagined how the robotic device might appear, as a physical object. Many of the 

participants imagined “giant arms” whilst only a few envisioned a humanoid type device. This was 

similar to other studies which report that the dominant public perception of robots was more as an 

instrument than human-like219,220.  

The sub-theme ‘Safety and Reliability’ explored a collection of responses on the matter of 

“judgement” with regard to the robot. Many felt that there was no substitute for the experience of a 

human surgeon, and this “judgement” of intra-operative surgical outcome would not be something 

the robotic system could replace. Surgical autonomy for a robotic system was perceived as 

potentially detrimental by some, with pessimistic perceptions on the ability of the system to make 

such decisions reliably. This view on autonomy may be in keeping with known cultural variations in 

the perception of robots as tools rather than human-like and displaying intelligence217,219,220. 

However, not all participants felt the same, and this was correlated to the participants demographics 

and occupation. Younger participants and those working in engineering or healthcare backgrounds 

were more likely to trust the RAFS system than others, a similar finding to other comparable 
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studies218,220. It is perhaps unsurprising that those who are likely to encounter technology in the 

workplace are also more likely to hold more positive views. 

The theme ‘Daleks and WALL-E’ therefore highlighted many discrepancies in what patients believed 

RAFS would involve, and the reality of the system. Patient education therefore would be paramount 

in the employment of RAFS in future applications. 

 

Post-demonstration 

All of the patients elected to view the images of the system, and responses to the demonstration of 

the system were largely positive, with a majority of participants finding it both informative and 

useful, and something that they would be interested in viewing should they potentially need surgery 

in the future. Only two of the participants (10%) felt they would not see any benefit if they were 

offered such a demonstration prior to surgery, citing an aversion to the clinical nature of the images, 

and a general preference to be less informed. This sub-group is similar in size to what has been 

reported in the literature as the proportion of patients who express a wish to not be involved in their 

own clinical decision making229. It is possible, however, that the true proportion of patients who 

would not want to view the demonstration would be higher, as this cohort is a self-selecting sample 

of patients volunteering to participate in research and therefore would not accurately represent the 

general population.  

Multimedia can be a useful adjunct in the process of obtaining informed consent450. Nishimura et al. 

conducted a meta-analysis on the impact of multimedia on understanding in consent for research, 

and found a non-significant increase in understanding when multimedia consent was compared with 

standard approaches451. However many of the included studies implemented older techniques such 

as tape recorders and may not be an accurate representation of current techniques involving custom 

designed animations on portable devices such as tablets452. Nevertheless, with the finding of a 

largely positive response to our demonstration, it would be reasonable to offer a similar 

demonstration to all future potential patients of RAFS to inform consent. 

It is noteworthy that following the demonstration, several of the participants expressed their view 

that the RAFS system was more of a “tool” than a “robot”. Their viewpoint may be a reflection of 

their individual perception of what constitutes a “robot”. The same participants alluded to the 

negative connotations with the word “robot”, and hence their suggestions were perhaps telling of a 

subtle undeclared aversion to the technology prior to the demonstration. The existence of the 

difference between the language of health care professionals and patients has been extensively 
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documented in the literature, with an emphasis on its importance for patient-centred care453–460. 

Strategies that have been employed by researchers to identify patient (or consumer) friendly 

vocabularies include the analysis of patient emails461 and social media460. Van Wersch et al. espoused 

the importance of consumer involvement in the development of evidence based clinical guidelines, 

finding that patients often had problems with the use of technical language but that they could 

contribute in a meaningful manner to refining these terms to more easily understandable 

counterparts462. Although not exclusively a medical term, ‘robot’ was seen in a less favourable light 

than that of ‘tool’, both by the patients in the interview studies and the Patient and Public 

Involvement group. On the subject of nomenclature and perception, Szollosy states that robots are 

often presented as ‘monstrous’ by the popular media, feeding off psychoanalytical principle known 

as projection, which is the transfer of feelings onto an object or idea463. He argues that robots are 

especially suitable vehicles for our anxieties regarding ourselves, and become containers for our 

fears about rationality: 

Robots are all the more terrifying because they represent both the horrors of reason—the 

inflexible doctrine of rationality, the precision and productivity of technology, the 

dispassionate methodology of science—and our animalistic impulses: the irrational violence, 

the impulsive desires for domination and control463. 

The responses in my study perhaps confirm the same fear, directly by the rejection of the term 

‘robot’ and concerns regarding safety, and indirectly by descriptions of ‘giant arms’ and perhaps the 

finding that most of the participants had never seen medical robotics, basing their preconceptions 

on media portrayals of robots in popular culture (suggestion that their preconceptions were based 

on the same portrayal that Szollosy describes). Significantly, clinical studies have established a link 

between the use of lexicon and the activation of pain centres in the brain464,465. The use of the 

appropriate terminology when describing the RAFS system is therefore an important consideration 

in patient with acute injuries and those patients planned for surgery. 

Only 2 patients in our cohort expressed a strong view that they would not participate in a research 

study involving RAFS, and one other was moderately unsure, reporting that it would depend on the 

circumstances in which it was indicated. Once again, it may be that this self-selecting cohort exhibit 

recruitment bias, as by virtue of their involvement in this study they are more likely to show 

willingness to participate in future potential research. A US based cross-sectional web-based survey 

of public interest in medical research participation found that 41% were interested in participation 

as healthy volunteers and 60% as diagnosed volunteers, with lower rates amongst the unemployed 

and those in ethnic minorities. Whilst the absolute figures may not be representative of the UK due 
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to differences in healthcare perception466, the finding that the presence of a disorder of health (such 

a fracture) increases the chance of participation, may hold true, which may explain the high rate of 

willingness to participate in this study. Those that did show an interest in participating did however 

raise a few caveats, such as the need to be fully informed and assurances regarding safety, which is 

in keeping with findings from a meta-analysis on interventions to improve recruitment to trials467. 

These findings add further emphasis to the importance of engaging patients and fully educating 

them regarding the technology to increase the likelihood of their agreement to undergo RAFS, 

particularly in the setting of research. 

The understanding of randomisation was not explored in the interviews, but the patients did receive 

an explanation of what a randomised trial would involve when asked about participation. The 

literature on patient perspectives and informed consent in clinical trials however suggests that 

randomisation is generally poorly understood392,393,468. Future randomised trials in RAFS must ensure 

that understanding of the randomisation process is evaluated. Notably, one participant did refer to 

randomisation as: 

I don’t see you’ve got any control anyway. You go into hospital and you just have to do what 

they tell you (Jemima) 

This statement is a comment on the underlying notion that patients often place trust and faith in the 

medical profession, forfeiting their “control”. Patient autonomy was put forward as one of the “four 

principles” of biomedical ethics by Beauchamp and Childress469. Although some have argued that the 

emphasis on respecting patients’ right to choose may occasionally lead to inadvertent issues470,471, a 

recent ruling from the UK Supreme Court is likely to extend the notion of autonomy in consent for 

surgical procedures472, which will have implications for the use of RAFS, or any surgical technology in 

the future. Jemima also touches on the concept of patients’ trust in the healthcare system. Whilst 

there is evidence that this is generally declining in some parts of the world473,474, patient trust in 

healthcare professionals nevertheless been shown to correlate positively with health outcomes475. It 

is therefore important to foster good relationships with patients, respecting their autonomy to 

generate trust and mutual understanding so that they can make informed decisions on surgical 

procedures such as RAFS. 

Regarding the perceived benefits of RAFS, the patient participants placed the greatest importance 

on the improved functional outcomes which would result as a consequence of the reduction in the 

risk of arthritis. This is a similar finding to other studies in the literature  which report on patient 

satisfaction and perceptions following elective operations476–479. The preference for smaller incisions 
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has been reported in one study carried out on patients undergoing hip arthroplasty480, although this 

is not a universal finding amongst other studies477. The patients did, however, unanimously agree 

that quicker recovery was particularly important to them, and accepted that minimally-invasive 

surgery would be beneficial if it were to decrease their recovery time as a result of less soft-tissue 

disruption and quicker wound healing. 

Reflexivity and limitations of sampling 

The patient participants were aware that I was an orthopaedic surgeon, and reflexively I understood 

that this disparity of position and power would have an impact on the interview process and that 

data that I would collect, as may be the case of many other qualitative studies in the literature383. 

McNair et al. 481 describe the use of reflexivity to overcome inadequacies in conducting interviews 

with those of a different background, where the GP researcher (Ruth McNair) created a “much 

deeper sense of herself” by identifying with the participants rather than taking on the role of the 

clinician, and using reciprocity to enhance rapport by allowing the patient participants to engage in 

the interview by directing questions at her. In my interviews I had similar interactions with many of 

the patients, and whilst their questions alluded to the implicit acknowledgement of the professional 

disparity, I nonetheless felt that by allowing them to engage with me in this manner I would be able 

to reduce it’s impact to some degree and permit them to feel that the interview was more a 

dialogue than an interrogation. 

The existence of a social and or professional disparity between patients and clinician researchers has 

been identified in the literature as bearing an influence on the data collected during interviews. 

Richards and Emslie were perhaps one of the first to underline this aspect and investigate it more 

thoroughly384. They compared the interactions with participants between two interviewers; Emslie 

the “sociologist” and Richards the “GP”. They found that these characteristics led to notable 

differences in the interview interactions. For example, they noted that as the perception of doctors 

is that of a higher social status in their cohort of participants, this difference led to a “deference 

amongst working-class respondents and social alignment amongst middle-class respondents”. 

Whilst other authors have also commented on the influence of the clinician researcher, in particular 

with regards to clinical trials and their recruitment381,382, the power disparity between researcher-

researched has been more extensively commented on in the literature regarding feminism380,383. 

Although the patient participants in my study were from a variety of backgrounds, on average they 

perhaps represented a higher level of education and social class than could be expected of a random 

sample of the population, the majority holding professional qualifications, which represents a 
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limitation of the study and the practice of qualitative sampling. However, with regards to the 

clinician-patient relationship, this would likely negate to some degree the effect of socio-economic 

status when interacting with them, as was the case for Richards and Emslie. However, the power 

disparity would likely be present regardless; as a clinician they would see me as a representative of 

the institution from which they were receiving care and perhaps feel that criticism or deference of 

the study or the RAFS system would also be akin to shunning the clinical care that they had received. 

Reflexively, to minimise this power disparity, I would introduce myself to the patients by my first 

name, and made sure to remind them that the study was entirely separate from the clinical care 

they would receive and would have no influence on it. Nevertheless, with some patients there was 

still the sense that it did exist; in one interview I was referred to as “sir”.  

Furthermore, as commented on in the last section, only two respondents stated that they would 

decline to participate in a clinical trial. Newington and Metcalfe381 conducted semi-structured 

interviews with individuals from clinical research teams based in London to identify factors 

influencing recruitment. On the subject of recruiter characteristics they stated that 

It was widely reported that patients were more likely to agree to participate research if they 

were asked by a medical doctor, specifically their usual doctor. Even for observational studies, 

which do not require a doctor to take consent, it was noted that recruitment was more 

successful if the doctor mentioned the study to the patient before the research nurse provided 

a more detailed explanation. In this respect, successful recruitment was seen as a team 

effort381. 

Therefore in the case of my study, it may be that the reason for the high rate of interest in 

participation was not necessarily that this was a self-selecting cohort of research interested 

participants, but perhaps that they felt compelled to tell me what I wanted to hear; that the study in 

which I had invested time and effort, and had approached them for their views (which I perceived as 

valuable), would be something that they would consider, even if in a hypothetical scenario. 
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Surgeon studies 

The discussions with the surgeons identified a variety of themes which encompassed thoughts on 

fracture reduction, the generality of robotic surgery, trial participation and perceived benefits and 

limitations of the proposed RAFS system. The interface study was nested between the two 

discussions; Part A and Part B. The three sections will be discussed separately 

Part A 

As of January 2018, following a search of the literature, there were no reported studies which 

investigate the attitudes and perceptions of orthopaedic surgeons on fracture reduction with semi-

structured interviews. There are, however, numerous web based surveys and reports on consensus 

opinions drawn at conferences or meetings, which tend to investigate one particular type of fracture 

or treatment482–489. 

This study therefore provides a unique insight into the views of trauma and orthopaedic surgeons on 

general fracture treatment. The theme ‘The art of reduction’ highlights the emphasis that surgeons 

place on the importance of reduction for the overall surgical outcome. One of the participants (Ali) 

made a reference to “the art of reducing a fracture”, and the theme reflects the creative nature of 

carrying out reductions which I have myself experienced to be the case. Comparisons between 

surgeons and artists, and the “artistic” nature of surgery has been recognised in the literature490–492, 

usually in broad reference to either the Renaissance era artists of the human anatomy such as 

Leonardo da Vinci or plastic surgeons who carry out aesthetic procedures490–492. There are fewer 

references regarding fracture reduction493, although interestingly Biber et al. use the term “art” to 

refer to femoral trochanteric fracture reduction494, a fracture which I had discussed with some of the 

surgeons due to its often unpredictable nature. Indeed, the importance of reduction is stressed by 

the AO group495 (a surgical working group for fracture treatment) as well as in general orthopaedic 

texts such as Charnley’s ‘The Closed Treatment of Common fractures”4. ‘The art of reduction’ 

however goes further to explore the psychological motivators of surgeons, identifying the general 

perception that reduction is the most difficult aspect of the operation and the “fixation is the easy 

bit”. In the context of our RAFS System these findings are highly important, as it can provide a 

solution to alleviate the difficulties experienced by surgeons when carrying out fracture reduction. 

The RAFS system can be described as tool which assists in the reduction of intra-articular fractures. 

From the discussions with the surgeons it is clear that such a tool would be useful in what they 

described commonly as the most difficult step of fracture surgery. Therefore whilst the need for 
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such a tool is explicit, the accounts from the surgeons suggested that implementation will need 

further validation. 

With regards to operative goals, the RAFS system would need to perform at least as well as, or if not 

better than its human counterparts. The surgeons were questioned on their operative aims with 

regards to intra-articular fracture reduction, and the reasons for these to determine the standards 

by which the RAFS system would be judged. 

There are a wide variety of studies in the literature reporting on intra-articular fractures, 

summarised by a review in 2010 by Giannoudis et al.245. These studies provide both experimental 

and clinical evidence for articular fracture management based on limitations of displacement. When 

I asked the surgeon participants about their operative aims in intra-articular fractures, many of them 

quoted a figure of 2mm of displacement of the joint line, which is interesting as it occurred without 

any prompting from myself. They often cited “evidence” although none of the surgeons quoted a 

particular study. The value of 2mm as a parameter for articular congruity was perhaps first 

popularised by Knirk and Jupiter in the distal radius496, who found that the best radiological and 

clinical outcome was achieved with reduction of the articular surface to within 2mm of anatomic 

alignment. Other studies investigating the distal radius have corroborated these findings at the same 

value of 2mm497–499, and similarly for the acetabulum500,501. The tibial plateau, however, is a lot more 

forgiving, with poor results when displacement exceeds 5-10mm502–504. There are no clinical studies 

which report on outcomes following articular displacement in the distal femur, however, there is 

evidence in rabbit cadaveric models that even 1-2mm if displacement can lead to cartilage 

degeneration505–507. The accounts from the surgeons in this study and the evidence in the literature 

therefore support the values used in our metric (section ‘Assessment of reduction accuracy’) for 

clinically acceptable reductions, and furthermore represent the threshold which likely needs to be 

met before any fracture reduction system is regarded as successful. 

Another theme that occurred from the natural course of my conversations with the surgeons was 

‘Good enough’. Interestingly, whilst many did describe their aim to reduce the joint to within 2mm,  

several in the cohort conceded that often “good-enough” was what they would actually be trying to 

achieve. Several others alluded to the same concept without using the words. The concept or 

principle of good enough (POGE) was perhaps first used in the academic literature in reference to 

the “good enough mother” by a paediatrician, Dr Donald Winnicott, in 1953508. He argued that no 

mother can be perfect, and being good enough in a variety of tasks is better than excelling in only a 

few.  
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The POGE has been applied more recently to the ethical considerations in software construction509. 

In such scenarios, perfect software for complex systems is difficult to produce and rarely 

guaranteed, often containing errors510. It is often more efficient to allow a certain tolerance to faults 

in order to produce results in a timely and cost-effective manner511. The POGE has also been 

referred to in general practice512. Malcolm Lindsay, a general practitioner, in a letter to the BMJ in 

2005 recalled an assessment of a patient which he reflected upon as perhaps lacking in precision, 

but “good enough to allow recognition of the emergency with appropriate referral”513. Two years 

prior to this, Richard Smith, the editor of the BMJ at the time also referred to the same concept in an 

editorial for the journal514. Here he recollects on a speech he delivered to new medical students at 

the Hull York Medical School; 

I asked the students when I spoke to them, “What was the greatest invention of the 20th 

century?” Was it quantum mechanics, aircraft, penicillin, the atomic bomb, the double helix, 

the randomised controlled trial? I suggested (slightly tongue in cheek) that it was D W 

Winnicott's “the good enough mother.” (Actually, it was jazz.) The attempt to be the best 

mother in the world, the best neurosurgeon, or the best medical editor will end in tears. Being 

a good enough mother is to be a good mother, whereas the attempt to be the best will 

guarantee that you won't be (indeed, you may be a highly damaging mother). Similarly, you 

should aim to be a good enough medical student and doctor514. 

The underlying assumption with the POGE is that striving for further benefit is likely deleterious in 

some manner. Ratnapalan515 states that “we should not confuse good enough with merely good”, 

and proposes certain criteria which should be met when claiming anything is good enough; 

• There are sufficient benefits. 

• There are no critical problems. 

• The benefits sufficiently outweigh the problems. 

• In the present situation, and all things considered, further improvement would be more 

harmful than helpful. 

She goes on to describe; 

Good enough is not mediocrity. It has to do with rational choices as opposed to compulsive 

behaviour. The good enough approach is a way to drive ongoing improvement and achieve 

excellence by progressively meeting, challenging, and raising our standards as opposed to 

driving toward an illusion of perfection515. 
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Similarly for the surgeons in this study, many alluded to the feeling that either with fracture 

reduction in vivo, or using the interfaces to reduce the virtual fracture, there would come a certain 

time when they would feel that improvements are unlikely to yield further benefits, and when 

considering a patient under general anaesthetic, or a fracture which may only sustain a certain 

amount of manipulation before losing further structural conformity with the risk of increasing 

comminution, further attempts to improve outcomes are indeed harmful. This finding is also of 

importance in the context of the RAFS system in two ways. Firstly, there is an implication that in 

cases where further improvement may be more harmful, this may be a surgeon-dependent 

situation. When Gregory was asked whether “good enough” was surgeon dependent remarked: 

I think it is a bit. I’m not sure it should be. You should have made more efforts or you should 

have got more help in. (Gregory) 

He admits that whilst it is surgeon dependent, he feels that this shouldn’t be the case and in those 

difficult cases help should be sought. RAFS can be regarded as a surgical tool which eliminates the 

surgeon variability with regards to reduction, and would therefore produce more reliable outcomes. 

Secondly, many surgeons suggested that operative outcomes and “good enough” were also patient 

dependent, and that what would be acceptable for a low functional demand patient aged 80 would 

not be so for someone aged 20. The RAFS system did not produce clinically acceptable results in 2 of 

the 9 cadavers tested, however, it is a procedure that is designed to be minimally invasive, trading 

reduced access for the preservation of the soft tissue envelope. It may be that even in the 2 

cadavers where displacement was less than optimal by our metric of 2mm, this would be still be 

preferable in some patients to an open reduction, which would result in more soft tissue dissection 

and could increase the chances of infection. 

A further finding was that the surgeons valued patient reported outcome measures (PROMs) above 

radiological outcomes, which is unsurprising given the general trend of the use of PROMs in 

evidence based medicine in trauma and orthopaedics516. This may seem contrary to the importance 

ascribed to the operative aims for intra-articular fractures by the same cohort (reduction within 

2mm). However, it is likely that this is a reflection on their (the surgeons’) inability to control many 

of the factors which influence PROMs, as opposed to the radiological parameters. By obtaining the 

best possible reduction then the chances of a good outcome with regards to PROMs are higher. 

Gregory once again summarises this situation succinctly: 
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You can make up all sorts of numbers on PROMs, whatever you like, but ultimately, you can’t 

change most of that. All you can change is the alignment of the x-ray, you can’t change all the 

other stuff. (Gregory) 

Whilst several of the surgeons had seen and used navigation, none of this group had ever used 

robotics in orthopaedic surgery and few had seen its applications.  However, the cohort is small and 

draws participants from only two centres in the south-west of England, therefore it is not 

representative of the general population of orthopaedic surgeons either nationally or 

internationally. With the expanding application of robotics, in particular for spinal surgery where 

adoption has been superior to arthroplasty, this paucity of awareness is likely to change in the 

coming years517. 

 

Interface study 

The interface study set out primarily to determine which of the three interfaces enabled the 

operator to most accurately and quickly reduce the virtual fracture fragments. The Leap controller 

and the Xbox controller had superior performance both in terms of accuracy of reduction and time 

for reduction when compared with the mouse and keyboard. Apostolellis et al. have previously 

compared the Leap Motion controller to the mouse in virtual simulation of a concert hall, with 

subjects performing both integrated and separate 3D manipulation tasks involving stage lights518. 

They were unable to find significant differences between the two interfaces, although their subjects 

had a marginal preference for the Leap controller on the post task questionnaire. Coelho et al. also 

compared the Leap Motion to the mouse, but asking their subjects to manipulate 3D objects in tasks 

which are similar to that employed in this study519. They found the Leap Motion controller 

outperformed the mouse in only one of the tests, however their qualitative assessment 

(questionnaire survey) of satisfaction resulted in a general preference for the Leap controller. In 

contrast, 2 older studies comparing the mouse to other interfaces with 3 degrees-of-freedom (‘free-

space’ devices) showed that 3D manipulation tasks may be superior on the mouse520,521 due to its 

ability to deconstruct 3D movements into several 2D transformations, thereby increasing accuracy. 

However, the Leap Motion controller is technologically superior to the ‘free-space’ devices used in 

these studies as it allows for six degrees-of-freedom, with a higher rate of and far more accurate 

input sampling so their results may not be applicable to our study. The Xbox controller, and other 

commercial variations on the joystick controller design such as the Playstation controller have been 

extensively studied for 3D manipulation tasks in the literature522–526, and all of the surgeons had used 

such devices at some point in the past. 
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Several of the surgeons noted that the Leap Motion controller induced a degree of arm fatigue, and 

in some instances frustration, which was also noted in the study by Apostolellis et al.518. In a study 

on free space devices, Berard et al. used biosignal analysis to show that using the free-space devices 

induced significantly more stress in their subjects than the mouse521. In our study 14 of the 19 

surgeons preferred the Xbox controller over the Leap Motion or Mouse, a finding that perhaps 

reflects the level of frustration experienced when during skill acquisition527. The learning curve is 

perhaps more steep for the Leap Motion as none of the surgeons had ever used a gesture device in 

contrast to the Xbox controller which is analogous to many other joystick controller devices in 

common use since the early 1980s528. 

Shumin Zhai is a Human-Computer Interaction research scientist who currently works for Google 

(California, USA), but from 1996-2011 worked at the IBM Almaden Research Center where he 

conducted a series of studies on 3D input devices529. In an article written in 1998 he suggested that 

aside from application specific requirements, there are (at least) six aspects to the degree of 

suitability of a 3D manipulation input device523: 

• Speed 

• Accuracy 

• Ease of learning 

• Fatigue 

• Co-ordination 

• Device persistence and acquisition 

Device persistence and acquisition refers to the commercial availability and longevity of a device. On 

“co-ordination” Zhai notes; 

One effective way of quantifying it is based on the ratio between the length of actual trajectory 

and that of the most efficient trajectory in the coordination spaces, including translation space, 

rotation space and the 2D space between translation and rotation. To produce the most 

coordinated path, one has to simultaneously move all degrees of freedom involved at the same 

pace towards their respective goal states523. 

Extrapolating Zhai’s suggestions to future iterations of the RAFS interfaces may provide the key to 

increasing its usability and adoption. Finding more efficient trajectories for co-ordinating the 

fracture model movement may lessen the degree of arm fatigue experienced by the participants and 

increase its accuracy at 3D manipulations. By addressing each of the six aspects individually the 

performance can be “fine-tuned”, necessary steps before any final product can be brought to 
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commercial markets230. This study assessed the three interfaces for speed and accuracy in an 

objective, quantifiable way, but also assessed for ease of learning, fatigue and co-ordination by the 

qualitative responses of the participants. The goal is to implement the RAFS device in a theatre 

environment, and the use of the mouse and Xbox controller by surgeons in theatre may lead to 

some difficulties with maintaining sterility without compromising usability, as plastic surgical drapes 

will need to be used530. The Leap Motion controller however requires no sterile preparation and has 

already been successfully used to control intra-operative imaging in a variety of procedures531–533. 

The learning curve is perhaps the main hurdle with regards to the Leap Motion controller, and it may 

be the case that following a longer period of familiarisation more of the surgeons would prefer its 

use over the Xbox, as noted by Lucy: 

If I was to practice on the sensor, the Leap, then I think it would be very easy to get very efficient 

very quickly, and for me to change my mind on what the easiest would be. I only found Leap 

probably the trickiest because it’s new, it’s novel. (Lucy) 

One aspect of the Leap controller which the surgeons noted that perhaps is not dependent on the 

learning curve was the ‘sensitivity’ of the device. Referring to the above quote by Zhai, the high 

sensitivity will have a negative impact on the co-ordination. This in effect can be a problem of 

‘motion scaling’ where small movements of the hand result in larger than desired corresponding 

movements of the 3D object. Scaling can be addressed very simply by adjustments in the software of 

the fracture suite and will be considered for future versions. 

The training cubes were introduced after the pilot study as a method to allow the participants to 

learn the interfaces and the controls before being introduced to the fracture model with the aim to 

lessen the learning curve at the time for virtual fracture reduction. When robotic surgery with the da 

Vinci is compared to standard laparoscopic surgery in training simulations with novice surgeons and 

those of varying grades, there is evidence to show that the learning curve is less steep for robotics, 

that is, skill acquisition is quicker534–536. However, this difference is less pronounced when 3D 

laparoscopy is compared with the da Vinci537,538. The ability to visualise in 3D therefore appears to 

confer some benefit in terms of skill acquisition, perhaps as it is a more natural way to interact with 

objects. Whilst the fracture model in this study had shadow contouring to show its 3D properties, no 

manipulation of the model other than dimensional appearances and opacity were permissible. This 

was commented on by several of the participants who felt that a freely rotate-able 3D model would 

be of significant benefit. The addition of this on future iterations of the fracture suite should resolve 

such requests and perhaps lead to more accurate reductions. 
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No significant difference was observed between the performance of the surgeons of varying grades, 

nor when gamers where compared with non-gamers. A literature review by Lynch et al. concluded 

that video game users acquire endoscopic but not robotic techniques quicker, and training on video 

games appears to improve performance539. More recently, a meta-analysis submitted as an 

undergraduate thesis to Concordia University, Vancouver, further supports the consensus belief that 

video game play has a positive effect on laparoscopic surgical training and performance540. The 

numbers in this study with respect to the sub-group cohorts are perhaps too small to identify such 

differences. Furthermore none of this cohort admitted to current levels of gaming which would be 

classed as regular. Further studies with a greater number of participants of varying grades, and 

perhaps purposive sampling to select current gamers may identify such differences. 

With regards to the a priori power calculation, the mean standard deviation with regards to time 

taken to achieve reduction from the final results (60) indicates that the study was adequately 

powered to detect a difference of at least 30 seconds between two groups. The MCID of 30 seconds 

was based on my own experience as a surgeon, although on reflection it may have been a factor 

which I could have enquired about in the surgeons’ interviews, as it could indicate whether my MCID 

was suitable and allow sample size calculations for future work in this area. 

I did not base my sample size calculations on the accuracy of reduction from the pilot study as the 

changes in sensitivity made to the software would reduce the applicability of the Unity data to the 

final version of the software. Furthermore, it would be presumed that in the clinical setting the 

surgeon would persevere with the interface until the desired reduction was achieved, and in such a 

scenario the accuracy of reduction with the interface is perhaps less significant than the time taken 

to achieve it.  

Further experiments with a greater number of participants and more time to adapt to the devices 

may determine a statistically significant difference between the Leap Motion and Xbox controllers, 

with a change in surgeons’ preferences. 

 

Part B 

The theme “Barriers and Benefits” explored the views of the surgeons on robotics in fracture surgery 

and the system which they were presented with, so that facilitators of adoption could be identified, 

and any apprehensions or barriers to adoption could be addressed. Concerns regarding safety, 

logistics and capability of RAFS were raised by all of the surgeons, and show similarities with the 

results of previous survey based studies of surgical robotics210,211. Much of the literature for surgical 
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trials focuses on the difficulties faced with the recruitment of patients, with few studies exploring 

surgeon willingness to participate in trials541. In many randomised trial designs, patients are assigned 

to a group and the surgeon carries out the designated procedure in accordance with the protocol. 

Surgeons wishing to participate must be willing to perform either procedure or intervention, 

however, it is natural that some surgeons may not have equipoise, holding that view that one arm of 

the study is superior. This would lead to a breakdown of equipoise and invalidate the results.  

Bednarska et al. using an online survey based method evaluated preference for and willingness to 

participate in an expertise-based versus a conventional RCT542. Expertise-based trial designs will 

randomise the patient as with traditional RCTs, however following allocation the patient will be 

assigned to a surgeon based on their preference and expertise for a particular procedure. Bednarska 

found that 54% of their respondents were willing to participate in an expertise-based RCT versus 

only 18% for the traditional randomised design, with a further 20% expressing no preference. In 

contrast, in our study many of the surgeons expressed a willingness to participate in an effectiveness 

trial, although some had strong reservations with regards to a safety trial. Effectiveness trials can be 

regarded as a type of study carried out to determine the performance of an intervention under ‘real-

world’ or pragmatic conditions543,544, whereas safety trials represent the first use of the intervention 

in humans545. However, the concept of robotics is somewhat alien to the surgeon participants and 

they were provided with relatively minimal information on the RAFS system. Furthermore, the 

technology and its’ sequalae represent a simulation more abstract than that of the choice given by 

Bednarska et al. to their respondents (two forms of common treatment for knee arthritis), therefore 

it is possible that our cohort were not in a suitably informed position to express strong opinions. 

There were several reservations which were voiced by the surgeons. The capability of the system to 

work reliably for fractures in vivo, and its ability to adapt to anatomy and differing fracture 

morphology were raised by a large proportion of the subjects. Other issues which were highlighted 

included concerns regarding increased operative time and impact on training, which are comparable 

to other studies on robotics in non-orthopaedic applications, commonly in reference to the da Vinci 

robot211,230,233,234,347,545. It is difficult to determine what impact these concerns have had on the 

adoption of the da Vinci robot, however since 2007 Intuitive Surgical (the maker of the da Vinci) has 

seen annual growth of around 20% in terms of units sold, a trend which is expected to continue with 

growth in the surgical robotics market as a whole546. The reservations with the RAFS system are 

therefore to be expected in the early implementation of a device and may not ultimately not have a 

significant impact on its acceptance. 
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The next step for the RAFS system will be the conduction of safety trials, but ultimately if it is to 

succeed, adoption can only be guaranteed by understanding and addressing the facilitators and 

barriers to adoption. 

In a unique study, BenMessaoud et al.547 conducted an examination to identify the facilitators and 

barriers to adoption in robotic-assisted surgery using a model of behavioural theory known as the 

unified theory of acceptance and use of technology (UTAUT)548.  

The UTAUT is a technology acceptance model (TAM) which was formulated by researchers in the US 

taking data from 4 organisations using 8 existing competing models. The UTAUT was then tested 

against the original data and found to outperform the 8 individual models548. It is designed as a tool 

to assess the likelihood of success for the introduction of new technology, and prior to the work of 

BenMessaoud et al., had never been applied to the adoption of surgical robots, although there are 

examples in other areas of healthcare549–551.  

They conducted semi-structured interviews with 21 surgeons split into two groups, users and 

nonusers, and contextualised the four main constructs of the UTAUT model for their study: 

Performance Expectancy, Effort Expectancy, Social Influence, and Facilitating Conditions. They found 

that the three main barriers to adoption were Perceived Ease of Use and Complexity, Perceived 

Usefulness, and Perceived Behavioural Control. This was applicable to varying degrees for both 

groups. When exploring facilitators to the technology they state this in conclusion; 

The results show that most surgeons were attracted to the benefits provided to their patients 

by performing surgery robotically. Another important factor was the surgeons’ attitude: Robot 

users were more open to change and enjoy the adventure of learning new technologies. Even 

though they acknowledged the steep learning curve for robotic-assisted surgery, they 

recognized the potential advantages547 

The study is an important one and is exceptional in the literature on robotic surgery as a systematic 

qualitative investigation into not only surgeon’s opinions, but the basis behind those opinions. 

Although one limitation of the study is that it was carried out exclusively on surgeons using the da 

Vinci® robot, the contextualisation of the model allows for its use in the assessment of more niche 

surgical robots. It is likely that our cohort of surgeons would display similar characteristics to those in 

the UTAUT study. The work reported in this thesis pertains to a device (RAFS) which is in its relative 

infancy in comparison to the da Vinci® robot. However, the cadaveric tests and the qualitative work 

are necessary steps in the realisation of commercialised end-product. The UTAUT model could 
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therefore be implemented to further qualitative investigations into surgeon perceptions of a revised 

RAFS system. 

 

Reflexivity and limitations of sampling 

I interviewed a variety of surgical training grades, with a proportion who were more senior than me 

(consultants) and others who were at the same level and some who were more junior to me. 

Medicine, and in particular surgical sub-specialities such as orthopaedic surgery, are competitive 

fields, and attract particular personalities which perhaps be more conscious of how they are 

perceived with regards to their technical ability and knowledge, in particular amongst their peers387–

389. In this regard I was conscious that the participants would be influenced by role, and how I would 

view them based on their responses and performance in the interface study. Chew-Graham et al. 

report on a series of semi-structure interviews carried out by two General Practitioners (GPs) on 

other GPs with regards to their experiences of managing lower back pain552. They noted that 

throughout the study it became apparent that the identity of the researcher was substantially 

influential on the data that was recorded. Some of the participants were not aware that they were 

talking to a colleague, and believed the interviewer to be non-clinical. In such cases “[the] interview 

was narrower in focus, with less discussion and diversion, and much less emotionally charged. 

Where respondents recognized the interviewer as a clinician, they shifted between treating her 

as a professional peer and a private confidante”. Whilst reflecting on this to be a generally positive 

influence on data collected, leading to “rich and intuitive responses”, they commented that there 

was the risk that a situation of “shared conceptual blindness” where the interviewer’s own feelings 

and opinions would guide the narrative. Furthermore, in some cases the interviewer was regarded 

as an expert and was questioned by the interviewees, thereby feeling that they were perceived to be 

acting as a judge of their own work. 

Coar and Sim investigated the inter-professional interviewing dynamic by conducting semi-

structured interviews on 15 practitioners on the topic of osteoarthritis 386. Specifically they asked 

their participants about their understanding of the disease process and how this influenced their 

clinical practice. Furthermore, at the interview’s conclusion they asked ‘‘What was it like being 

interviewed by a fellow professional?’’. Discussing the themes that emerged from their work, they 

felt that many of the participants saw the interview as “an examination”, where the despite the 

interview focusing on conceptual knowledge, it was perceived as testing factual knowledge. Much 

like Chew-Graham et al., they noted several advantages of the researchers position as a fellow 

professional; harnessing prior understanding of the topic and professional culture, enlisting feelings 
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of solidarity and professional co-operation to encourage disclosure, exploring sensitive issues and 

deviant views, and increasing the interviewers credibility385,386,552. They also commented on the 

potential drawbacks, such as “conceptual blindness” where novel insights into the topic of research 

are prevented as the researchers’ familiarity dominates data analysis. This is likely the main 

limitation of the I conducted my study, where my close relationship to both the participants and the 

topic would prevent me from exploring concepts which I was unaware of (‘unknown unknowns’553), 

or perhaps those which I deemed not as important.  

Coar and Sim described how in their study they negated this effect of conceptual blindness by 

employing a reflexive approach. I also adopted a reflexive approach, and their methodology 

therefore bears similarity to how I conducted the qualitative interviews with the surgeons, as 

described in the section on reflexivity in the qualitative methods. 

The reflexive approach in the surgeon interviews was therefore an essential aspect of the 

methodology, and my constructivist stance to data interpretation is consistent with this approach as 

it assumes that the data is not simply collected, but “co-constructed” by both participants. An 

alternative approach would perhaps have been to interview a separate cohort of surgeons with 

whom I had no familiarity. However, disregarding the effect the shift in relationship on the data 

collected, logistically, this would have been far more difficult, and I attribute my successful 

recruitment in a cohort who generally have little spare time, to my relationship with them. 

Therefore I felt that my role as a familiar colleague is not necessarily a positive or negative influence, 

but a factor which must be acknowledged in the broader scope of the study and its findings. 

With the patient group there was no attempt at purposive sampling, however with the surgeons I 

wanted to gather viewpoints and collect interface data from a variety of training grades, as I felt 

there would be differences in opinion which would increase the breadth of data. I therefore 

recruited to 3 approximately equal cohorts, representing each grade. Although this represents a 

limitation of the study, such that it reduces the specificity of the qualitative data collected, my 

qualitative aim was not to compare the viewpoints of these different groups, rather, the range of 

views of a group of surgeons. Considering this in the methodology, the sample size was not altered 

to reflect this, and was based on the power calculations for the quantitative aspects of the interface 

studies. Whether a difference in viewpoints exists between the training grades could be explored 

but would require larger samples sizes in each group. 

An important limitation of the qualitative studies as a whole, and one which pertains to both the 

surgeons and the patients, is that ultimately the groups were being asked to provide views on a 
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hypothetical scenario. The RAFS demonstration given to the patients and surgeons can be described 

as a type of vignette554. Whilst typically used in reference to fictional short stories or scenarios 

appropriate to a particular study555, Hughes and Huby refer broadly to Vignettes as “stimuli, 

including text and images, which research participants are invited to respond”554. They have been 

used extensively in the qualitative literature to explore the opinions of groups and individuals on 

health and social care topics554–563. Investigating the use of vignettes in qualitative interviewing, 

Jenkins et al. ask the question “how can a participant’s set of responses to a hypothetical scenario be 

used to aid our understanding of the complex and multi-faceted nature of social phenomena?” and 

note that that for the reliability and transferability of the findings the “plausibility of the vignette is a 

crucial consideration”556. Although I was not specifically exploring responses to social phenomena, 

when applying of the same principles of reduction and scrutiny to my study, the scenario which I 

presenting the participants was perhaps an unlikely one for both groups. None of the patients were 

in a position where they were imminently considering surgery, and the surgeons could not 

definitively consider the RAFS system for routine use, as the finalised product would likely be quite 

different from the system presented to them. It must therefore be assumed that their responses 

would differ for a real-life scenario. Nevertheless, despite the hypothetical nature of the 

investigation, the insights gathered are nonetheless useful and can at least be considered to 

represent a reasonable simulation of what the reality may be. 
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Conclusions 

In conclusion, following measurements of forces in vivo, a robotic device was constructed that was 

able to reduce a cadaveric fracture of the distal femur composed of two fragments to a clinically 

acceptable position in 7 of 9 specimens. Refinements to the design of the RAFS system will enable 

greater reliability and flexibility with a wider variety of fractures, and the data from the force 

measurements can inform the design of a robot capable of reducing extracapsular neck of femur 

fractures. 

Interviews with surgeons and patients on robotics and the RAFS system showed a lack of previous 

experience, with hesitations and concerns in the patients alleviated with a demonstration of the 

system. The patients were optimistic regarding the technology and showed a higher than expected 

willingness to participate in potential research. The surgeons expressed hesitations regarding the 

capability and utility of the device in its current form, although they accepted that it would be of use 

in select situations, and with further development the benefits it would confer would be valuable. 

A study of three interfaces for manipulation of a 3D fracture model in a virtual environment 

demonstrated a superiority of the Xbox and Leap Motion controllers over the mouse and keyboard 

with regards to time to reduction and reduction accuracy. There was no significant difference 

between the Xbox and Leap Motion controllers on these parameters. 
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Further work 

A redesign of the carrier platforms (to enable a greater arc of movement for the manipulator arms) 

and UGP gripping system would be the most important next step before further work is carried out 

using the RAFS system. This would again need to be tested in a cadaveric model before clinical trials 

would be carried out, however, the lessons learned from this study would greatly streamline the 

process. 

An increase in the traction force generated by the ATT would make the assembly suitable for studies 

involving reduction of extracapsular and femoral shaft fractures in vivo. 

The interface studies were only a very brief snapshot on the preliminary use of the devices. With 

some adjustments to the Fracture suite software, further work may involve surgeons spending 

longer with each interface and reducing a variety of fractures. Qualitatively, purposive sampling in 

the patient group to capture a more varied socio-economic cohort could increase the breadth of 

data gathered. In the surgeon group, a larger sample size within each training grade may allow 

comparisons of viewpoints between these cohorts. 

For my final words in the thesis I will leave a quote from one of the surgeon participants, Gregory, on 

the value of research; 

I think that we have to trial this stuff and I think you’d have to be convinced that it was going 

to work to merit it. Yes, I think again, perhaps not so much your generation, but the next one 

will look back and be amazed at how much unproven stuff we did, how much we just had a go 

and, “Oh, this is a good idea, I’ll try this,” and so on. It wasn’t in trials and all the rest of it. I 

think that will become more constrained. I think provided it looks a reasonable idea, then we 

should be doing it because then we will find the information. (Gregory) 
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1 Appendix 

3. Ethical review process 

Following initial design plans for force measurements, it became necessary to begin the process of 

ethical review as this is usually a relatively labour intensive and rate-limiting step. The requirement 

for ethical approval became evident from initial meetings and discussions and has also featured on 

the successful grant application for i4i. Although no actual interventions are being undertaken on 

patients at this stage of the project, the use of non-standard equipment exposes the patient to 

potential dangers with regards to safety. In particular, the adjunct for force measurement has the 

potential to undergo mechanical failure and this would be a particular concern which would need to 

be addressed before the ethical committee would be happy for the investigation to take place. 

Application for ethical approval is through the online portal known as the Integrated Research 

Application System (IRAS). I signed up to IRAS and submitted details of the study including specifics 

of the protocol, methodology and intended outcomes. Once this was done, the next step was to 

speak to the allocation system of the national research and ethics service (NRES) to book a time and 

venue for the ethics review meeting. Due to the nature of our study, a local ethical review board was 

not suitable and therefore we were required to apply for central allocation system. This is a more 

logistically difficult process as the meetings occur less frequently and are not generally in the vicinity 

of Bristol. Nevertheless the NRES booking was made for the 10th of January at Cambridge 

(Addenbrookes Hospital) and efforts were begun by me, Dr Dogramadzi and Professor Atkins to 

compile the required paperwork. A patient consent form and information leaflet were designed and 

the study protocol was attenuated and the up to date work was compiled for submission to the 

ethical review board. The documents were submitted to the committee administrators however 

there were several instances of insufficient evidence (e.g. written proof of insurance for the study) 

the meeting was cancelled as all evidence was required to be submitted 4 weeks in advance of the 

meeting and we were already within that timeframe. 

A second attempt at securing ethical review was again unsuccessful as the committee administrators 

at Birmingham requiring further information that were not asked for by Cambridge. They made 

further requirements which were fulfilled however Dr Dogramadzi and I attended an ethical review 

meeting in Edgbaston (Birmingham) on the 18th of February 2015 at which we were able to secure 

ethical approval to begin force measurement on 40 patients within a period of 2 years. 
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Further ethical review was sought for the qualitative aspects of the work in February of 2016. An 

application was made through IRAS in collaboration with the BRL and with a protocol based on 

guidance from Mike Whitehouse and Drew Moore. The meeting with the London – Chelsea REC took 

place at the Royal Marsden Hospital, Fulham Road, London on the 8th of February 2016. Following 

this a favourable opinion was given on the 17th of February. 
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4. Approval letters from REC 
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5. Details of qualitative skills courses 

 

 

Name of course Location Date Course description 

Introduction to 

Qualitative 

Interviewing 

 

Oxford University 5th October 

2015 

Understanding of the main features of 
qualitative interviewing 
Familiar with the key skills of 
interviewing, including body language, 
asking open questions, probing and 
active listening 
Gained practical experience of 
designing an interview schedule (topic 
guide) 
Developed qualitative interviewing 
skills using different techniques 
Explored issues associated with 

qualitative interviewing, including 

recruitment, ethics and challenging 

circumstances 

Introduction to 

Qualitative Data 

Analysis  

 

University of 

Surrey 

28th October 

2015 

 

Understand the main characteristics of 
qualitative interview data. 
Be familiar with the key skills of 
interviewing, including body language, 
asking open questions, probing, 
prompting and active listening. 
Have an awareness of some of the 
practical and ethical difficulties that can 
arise in research using qualitative 
interviews, and in qualitative 
interviews themselves. 
Have gained practical experience of 
designing an interview guide, carrying 
out and observing an interview. 
Have gained valuable experience of 

what the interview experience is like 

for interviewees. 

Introduction to NVivo 

10 for Qualitative 

Analysis 

University of 

Bristol 

8th December 

2016 

This course provides a step-by-step 

introduction to using NVivo 10 to 

support qualitative analysis. A range of 

the software's tools will be 

demonstrated and participants will 

have an opportunity to familiarise 

themselves with the following 

functions of the software: setting up a 

new project; organising data; creating 

or importing sources; making links 

between project items; basic coding; 

and carrying out queries and making 

reports. 
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6. Consent Form - Surgeon 
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7. Consent Form – Patients 
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8. Participant information leaflets 
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9. Patient topic guide 
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10. Surgeon topic guide 
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11. Results from the pilot interface studies 

Table 27 – Table showing the time to reduction for the 3 participants in the pilot study for each 
fracture model (Fra) and interface. 
 

Participant Leap Mouse Xbox 

  Time (seconds) 

Fr
a 

A
 1 55 65 43 

2 67 82 65 

3 92 84 88      

     

Fr
a 

B
 1 88 160 112 

2 118 131 95 

3 190 162 223      

     

Fr
a 

C
 1 120 188 165 

2 96 144 108 

3 172 162 152      

     

 
Mean 110 130 116  
SD 45 43 55 

 

Excerpts from verbal feedback: 

“The sensitivity of all three interfaces is too high” 

“Three views is too complicated, two views or a rotating view would be better” 

“The first fracture is too simplistic, I was much easier to reduce than the other two” 

“3D on the fly view would be the best, the three views are too small to see on the monitor” 

“The sensitivity of the Leap is too high, could do with reducing, same with the Xbox” 

“The T-shaped fracture I felt was easier to interpret than the Y-shaped one, the rotation with that 

one is hard to tell without more views because of the way the shadows work” 
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12. Raw data from the interface studies 

Table 28 - Raw data from the interface study - Mouse and Keyboard 1 
 

Fragment X Y Z Qx Qy 

 F1_d 69.06881 -124.247 212.1051 -0.06515 0.031755 

 F2_d 24.24024 -136.029 215.8775 -0.50881 0.513723 

 F1_d 67.39255 -124.009 213.4086 -0.00869 0.020004 

 F2_d 28.59157 -137.01 218.0865 -0.5903 0.45434 

 F1_d 69.11116 -125.231 214.0579 -0.03798 0.01797 

 F2_d 26.89728 -130.534 218.6954 -0.54423 0.493122 

 F1_d 70.82195 -125.635 213.4201 -0.05083 0.024046 

 F2_d 26.89909 -133.931 220.0758 -0.51128 0.468233 

 F1_d 69.55076 -124.506 211.4421 0.010959 0.03084 

 F2_d 25.55936 -138.072 215.3711 -0.50881 0.513723 

 F1_d 68.06441 -119.018 211.1668 -0.10766 0.017295 

 F2_d 28.76309 -137.09 216.3052 -0.59413 0.490382 

 F1_d 67.75134 -123.638 205.7641 -0.03685 0.076201 

 F2_d 30.19076 -135.329 219.1211 -0.59491 0.400781 

 F1_d 71.20787 -123.863 213.6225 -0.06057 0.03749 

 F2_d 23.19293 -137.244 218.9086 -0.5166 0.528684 

 F1_d 71.52473 -123.275 214.5228 0.085464 -0.01256 

 F2_d 26.68723 -137.816 217.2676 0.545855 -0.44555 

 F1_d 72.24944 -123.539 213.4086 -0.05235 0.051863 

 F2_d 25.20353 -136.615 216.4072 -0.50881 0.513723 

 F1_d 69.22295 -128.75 212.5072 0.032624 -0.00611 

 F2_d 28.12701 -134.968 219.235 0.511426 -0.46579 

 F1_d 67.64335 -125.795 212.3758 0.046228 -0.04357 

 F2_d 24.09579 -135.897 218.3118 0.531651 -0.52303 

 F1_d 70.53442 -123.386 210.6827 -0.06673 0.03748 

 F2_d 26.44325 -132.635 218.2546 -0.54084 0.464832 

 F1_d 71.09861 -123.281 209.1922 0.056778 -0.04081 

 F2_d 29.15234 -135.036 217.6856 0.545587 -0.44396 

 F1_d 73.79807 -134.765 206.7837 -0.03906 -0.04659 

 F2_d 29.42555 -136.951 216.8657 0.582988 -0.45552 

 F1_d 69.3566 -124.597 213.607 -0.05837 0.029735 

 F2_d 24.83541 -136.299 216.492 -0.52854 0.535247 

 F1_d 67.50997 -124.852 212.4888 -0.03896 0.086288 

 F2_d 27.49794 -136.585 217.3161 -0.5206 0.493843 

 F1_d 69.68782 -123.544 213.9383 -0.08857 0.019172 

 F2_d 25.37 -133.939 220.4161 -0.4657 0.525661 

 F1_d 70.08037 -123.392 213.1907 -0.09597 -0.01118 
 

F2_d 31.20934 -133.949 218.9246 -0.59053 0.393418 
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Table 29 - Raw data from the interface study - Mouse and Keyboard 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fragment Qz Qw PosError 

 
RotError 

 

 F1_d -0.53037 0.844662 9.44 9.44 8.762 8.762 

 F2_d -0.57755 -0.37899 4.234 4.234 8.19 8.19 

 F1_d -0.57833 0.815514 10.575 10.575 5.003 5.003 

 F2_d -0.54781 -0.38082 1.226 1.226 6.661 6.661 

 F1_d -0.58838 0.807492 9.734 9.734 6.566 6.566 

 F2_d -0.53057 -0.42325 6.824 6.824 3.887 3.887 

 F1_d -0.54135 0.838912 9.034 9.034 7.824 7.824 

 F2_d -0.54069 -0.47645 4.593 4.593 4.227 4.227 

 F1_d -0.62661 0.778643 8.883 8.883 4.656 4.656 

 F2_d -0.57755 -0.37899 3.273 3.273 8.19 8.19 

 F1_d -0.60495 0.788764 14.088 14.088 10.542 10.542 

 F2_d -0.51019 -0.38241 0.815 0.815 5.639 5.639 

 F1_d -0.58959 0.803253 9.359 9.359 6.248 6.248 

 F2_d -0.54303 -0.43654 3.383 3.383 6.274 6.274 

 F1_d -0.55128 0.831272 10.607 10.607 7.941 7.941 

 F2_d -0.59572 -0.31423 5.426 5.426 11.564 11.564 

 F1_d 0.576607 -0.81244 11.642 11.642 9.281 9.281 

 F2_d 0.651534 0.281133 1.79 1.79 14.604 14.604 

 F1_d -0.57578 0.814277 10.937 10.937 7.059 7.059 

 F2_d -0.57755 -0.37899 3.093 3.093 8.19 8.19 

 F1_d 0.607159 -0.79389 6.173 6.173 6.7 6.7 

 F2_d 0.471221 0.547205 3.076 3.076 5.303 5.303 

 F1_d 0.537769 -0.8407 8.519 8.519 7.502 7.502 

 F2_d 0.524965 0.410117 4.5 4.5 5.049 5.049 

 F1_d -0.56117 0.824155 9.664 9.664 8.097 8.097 

 F2_d -0.5226 -0.46724 4.891 4.891 2.511 2.511 

 F1_d 0.537054 -0.84064 9.471 9.471 8.073 8.073 

 F2_d 0.589888 0.396573 2.288 2.288 7.637 7.637 

 F1_d 0.544452 -0.83659 4.602 4.602 3.448 3.448 

 F2_d 0.519931 0.426967 1.194 1.194 3.723 3.723 

 F1_d -0.51539 0.854449 9.929 9.929 8.955 8.955 

 F2_d -0.54659 -0.36796 3.491 3.491 7.723 7.723 

 F1_d -0.60297 0.792124 9.374 9.374 6.616 6.616 

 F2_d -0.61368 -0.32939 0.927 0.927 11.169 11.169 

 F1_d -0.59519 0.798458 10.966 10.966 9.366 9.366 

 F2_d -0.46799 -0.53646 5.452 5.452 7.124 7.124 

 F1_d -0.54312 0.834075 10.688 10.688 10.673 10.673 
 

F2_d -0.55618 -0.43262 4.703 4.703 6.989 6.989 
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13. Invention for Innovation (i4i) grant 
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14. Specifications of equipment – MacBook Pro 
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15. Examples of normality tests 

 
 

 

 

 

Tests of Normality 

 

Kolmogorov-Smirnova Shapiro-Wilk 

Statistic df Sig. Statistic df Sig. 

VAR00001 .094 19 .200* .975 19 .874 

*. This is a lower bound of the true significance. 

a. Lilliefors Significance Correction 
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Descriptives 

 Statistic Std. Error 

VAR00001 Mean 7.5427 .43741 

95% Confidence Interval for 

Mean 

Lower Bound 6.6238  

Upper Bound 8.4617  

5% Trimmed Mean 7.5963  

Median 7.8240  

Variance 3.635  

Std. Deviation 1.90661  

Minimum 3.45  

Maximum 10.67  

Range 7.23  

Interquartile Range 2.39  

Skewness -.356 .524 

Kurtosis -.045 1.014 
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