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Abstract— Medicated chewing gum has been recognised as a new 

advanced drug delivery method, with a promising future. Its 

potential has not yet been fully exploited because currently there 

is no gold standard for testing the release of agents from chewing 

gum in vitro. This study presents a novel humanoid chewing robot 

capable of closely replicating the human chewing motion in a 

closed environment, incorporating artificial saliva and allowing 

measurement of xylitol release from the gum. The release of xylitol 

from commercially available chewing gum was quantified 

following both in vitro and in vivo mastication. The chewing robot 

demonstrated a similar release rate of xylitol as human 

participants. The greatest release of xylitol occurred during the 

first 5 minutes of chewing and after 20 minutes of chewing only a 

low amount of xylitol remained in the gum bolus, irrespective of 

the chewing method used. Saliva and artificial saliva solutions 

respectively were collected after 5, 10, 15 and 20 minutes of 

continuous chewing and the amount of xylitol released from the 

chewing gum determined. Bioengineering has been implemented 

as the key engineering strategy to create an artificial oral 

environment that closely mimics that found in vivo. These results 

demonstrate the chewing robot with built-in humanoid jaws could 

provide opportunities for pharmaceutical companies to investigate 

and refine drug release from gum, with reduced patient exposure 

and reduced costs using this novel methodology.  

 
Index Terms—Chewing Robot, Mechanical Occlusion, Chewing 

Efficiency, Medicated Chewing Gum, In Vitro - In Vivo Drug 

Release Xylitol, Saliva. 

I. INTRODUCTION 

HEWING a gum type substance has been a habit since 

ancient times when resin from the sapodilla tree was 

chewed to clean teeth and freshen breath [1].  More 

recently confectionary chewing gum has been chewed for its 

sweetness and fresh taste [2]. Sugar free gum is also 

recommended by oral healthcare professionals for its caries 

 
Manuscrip received January 30, 2020.  

K. Alemzadeh is with the Faculty of Engineering, Department of 

Mechanical Engineering, University of Bristol, Bristol, BS8 1TR. UK. 
(*k.alemzadeh@bristol.ac.uk) ORCID: http://orcid.org/0000-0002-9127-5530. 

Siân Bodfel Jones, Maria Davies and Nicola West (http://orcid.org/0000-0003-

preventative properties when consumed following mealtimes to 

recover the acid pH within the mouth [3]-[4]. Chewing gum has 

also been identified as a useful mode of drug delivery and is 

recognised under the term medicated chewing gum (MCG). The 

first example of a commercial MCG was launched in 1928 as 

Aspergum® which contained acetylasilic acid to alleviate 

headaches and is still commercially available in the USA [5]. 

Since then other drugs have been added to chewing gum with 

the most recognised product being Nicotine, successfully 

launched in the 1980’s as a substitute to smoking cigarettes and 

as an aid to smoke cessation [6]. Other examples of agents that 

have been included in MCG are aspirin, caffeine, 

dimenhydrinate, calcium carbonate, vitamin C, fluoride and 

chlorhexidine [5]. Recent studies suggest curcumin (CUR) 

chewing gums have potential therapeutic benefits to head and 

neck cancer patients [7]-[9]. 

There are several advantages to delivering pharmaceutical 

agents through chewing gum rather than conventional tablets 

that are usually swallowed with water. The greatest advantage 

being that the agent can be absorbed through the oral mucosa 

thus avoiding metabolism in the gastrointestinal tract and 

reducing first pass metabolism. A lower concentration of the 

agent can be prescribed because it has more bioavailability and 

a faster onset of action when it is absorbed into the blood 

circulation if delivered in this way [5], [10]. Other advantages 

include the fact that it is easy to administer for children and the 

elderly, does not require water for administration, can provide 

sustained drug release over time as well as being localised to 

target specific conditions in the oral cavity. Variation in the 

release rate of the agent which is determined by the chewing 

action and force of each individual, needs to be considered, as 

does the potential to swallow the gum. 

There have been limitations in the development of MCG due 

to difficulties in simulating the human masticatory action in 

vitro whilst also passing fluid over the artificial gum surface to 

enable the release of the pharmaceutical agents from the gum, 
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mimicking the human oral environment.  

Review of the literature demonstrates mastication apparatus 

have been developed for three main applications.  These are i) 

food science where the focus is bolus breakdown and flavour 

release [11]-[14], ii) dental science where the main focus is on 

material testing and failure points [15]-[17] and iii) the 

pharmaceutical industry for drug release [18]-[19]. 

Within food science the two most commonly used apparatus 

are the ‘AM2 apparatus’ which was developed by Alain Woda 

et al. [14] and the ‘artificial mouth’ developed by 

Christian Salles et al.[13]. The AM2 apparatus has been used to 

determine the breakdown of the food to form a bolus that can 

be easily swallowed [14] as well as highlighting variances 

between the type of bolus that is created depending on variances 

within mastication [20]. The apparatus design has most of the 

biomechanical masticatory features found in humans compared 

to other bolus forming mastication apparatus. The ‘artificial 

mouth’ designed by [13] has previously been used to determine 

the aromas that are created as the food bolus is formed for 

flavour determination [21]. It encompasses more of the 

physiological purposes than other apparatus that are used within 

food science. A review by Peyron and Woda [12] has 

highlighted five key principles to consider when designing a 

mastication simulator that is used for food science 

investigations. These are i) the incorporation of teeth or 

equivalent, ii) the volume inside the chamber, iii) the inclusion 

of saliva or equivalent solution, iv) maintaining temperature 

control and v) the kinetics and stress modalities of functioning. 

Although they have reviewed many simulators that claim to be 

adequate for various investigations, not many are found to 

incorporate these key five principles. A well-designed 

simulator should also be validated against human mastication 

in vivo and this is not commonly undertaken when designing 

new simulators.  

Some instruments designed specifically for testing dental 

materials are open systems therefore it is not possible to hold 

chewing gum in place [22]-[23].  Previous work by Alemzadeh 

and Raabe [15] developed a chewing simulator that replicates 

the temporomandibular joint and allows the six degrees of 

freedom but again it is an open system so cannot be used to 

investigate MCG. In order to investigate the release of active 

pharmaceutical ingredient (API) from MCG, the instrument 

needs to be a closed system that allows solution to pass over the 

occlusal surfaces and to be collected in order to quantify the 

release of substances from chewing gums.  

There are currently two chewing instruments recognised by 

the European Pharmacopoeia which are specifically designed 

for testing MCG in vitro, Apparatus A [18] and Apparatus B 

[19] developed by Christrup and Møller 1986 and Kvist et al., 

1999 respectively. Apparatus A consists of a non-transparent 

metal chamber which holds the gum and solution. It has two 

horizontal oscillatory pistons to simulate the jaw and one 

vertical piston to keep the gum in place. It is recommended to 

use 20 ml of phosphate buffered saline at pH 6 as the solution 

surrounding the gum and for the chamber to be heated to 37ºC 

[10], [18], [24]-[25]. Apparatus B consists of a double walled 

glass chamber with one lower vertical piston which moves up 

and down and one upper vertical stationary but rotating piston. 

The solution is agitated during the chewing simulation. The 

distance between the chewing platforms, the frequency of the 

chewing strokes, the angle of the twisting during chewing and 

the temperature of the chamber can all be adjusted [19].  

Changing these parameters has previously shown a variation in 

the degree of agents released from MCG [19], [26]. Ultimately 

the purpose of developing a chewing simulator is to have an 

instrument that will accurately simulate the human chewing 

action to reproducibly provide information that correlates with 

that obtained when using human participants.  Apparatus B has 

been shown to successfully quantify the release of various 

agents from MCG. It provided results that were similar to using 

trained human participants to chew gum [26]. The instrument is 

primarily designed to compare batches of gums as a quality 

control instrument but can also be useful as a research and 

development tool [26], [27]. It has been presented as a 

simplified and standardized model of the human jaw but with 

potential limitations with respect to in vivo predictive 

capabilities. For example, the simplicity in the design of the 

instrument limits its capability to fully mimic the complex 

physiological conditions in the oral cavity during chewing [27]. 

Further limitations are outlined below.  

Previous work comparing both apparatus A and B [25], [28]-

[30] observed that the in vitro drug release from the chewing 

gum formulations varied significantly with respect to the 

apparatus and the products being used. When using apparatus 

A no discriminatory drug release profiles under different test 

conditions could be generated, whereas with apparatus B, 

release profiles was higher using apparatus B than A. This is 

due to the additional twisting motion induced by the apparatus 

during mastication [29].   

More recent work in 2017 by Stomberg and co-workers [31] 

looking at the dissolution rates of soft chewable dosage forms 

highlighted “the principle of both methods A & B is a stamping 

procedure between two flat-faced, optionally rotating pistons. 

A further vertical piston in method A guarantees the right 

position of the gum between two horizontal ones. These 

methods describe chewing as a consistent process”. Due to this 

mastication simplification, the authors suggested an adjustment 

to the apparatus, the samples being placed on a 45º gliding steel 

unit, shaped like a human molar tooth [31]. The gliding unit 

attempted to imitate the occlusal plane of the natural dentition 

with the simulator squeezing the gum by a pre-set deformation 

force [31]. However, despite the authors valiant attempts, the 

four cusped molar tooth apparatus had limited occlusal surface 

anatomical accuracy and the mastication was very simplified.  

In 2019 Externbrink and co-workers [27] highlighted a need 

for new testing methodologies to evaluate the performance of 

potentially abuse-deterrent opioid products by chewing and 

reviewed both A & B apparatus and highlighted that Apparatus 

B has been described in the scientific literature and is 

commercially available (Erweka release tester, Erweka GmbH). 

They used Apparatus B and the results of their study indicates 

that the chewing methodology evaluated in their work may 

provide a useful in vitro tool to characterize the chewing 

resistance of a drug product and its drug release properties 
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following chewing. Overall, the chewing apparatus provides a 

simplified and standardized model of the human jaw with 

limited capability to fully mimic the complex physiological 

conditions in the oral cavity during chewing.  

Humans have a masticatory system that includes the lower 

jaw (mandible) and the upper jaw (maxilla) which are 

connected at the temporomandibular joint. The 

temporomandibular joint and the surrounding muscles 

determine the movement of the mandible and unlike other joints 

in the human body allows six degrees of freedom.  

A chewing simulator should ideally replicate the mechanics 

of dental occlusion or mechanics of mastication requiring the 

engineering of dental occlusion principles [32]-[36] and 

physiological features  [37] associated with relationships 

between tooth form and chewing motions [38] to define three 

types of food processing; shearing, crushing and grinding [38]-

[41], which neither Apparatus A or B fully take into 

consideration.  For foodstuffs, including chewing gum, to be 

effectively processed through mastication, mechanics of 

chewing sequences, shearing, crushing and grinding of the 

bolus need to take place [38]-[42]. To maximise the crush/shear 

ratio for optimum chewing efficiency [40]-[42] the Bennet 

movement of the mandible [43], Andrews’s six key occlusion 

principles [44] and occlusal curvatures [45] such as the Curve 

of Spee [46]-[47], Curve of Wilson [48] and Sphere of Monson 

[49] should be implemented. The MCG’s potential has 

therefore not yet been fully exploited. 

The aim of this study was to validate a novel closed system 

chewing robot for assessment of MCG. The robot is designed 

to more accurately replicate human mastication by 

incorporating the movements of the temporamandibular joint 

whilst also facilitating saliva to flow over the tooth occlusal 

surfaces. The amount of xylitol remaining in the bolus was 

assessed as the primary aim and compared between the chewing 

robot and human participants. As a secondary aim was to assess 

the amount of xylitol released from chewing the gum. 

II. DEVELOPMENT OF THE HUMANIOD CHEWING 

ROBOT  

A. Design and Modeling 

A digital skull model was reverse engineered from an 

artificial human skull (SOMSO® MODELLE GmbH, Adam 

Rouilly Kent, UK) using RE Imageware® V13.0 and 

CAD/CAM/CAE NX Siemens® V11.0 software. The skull is 

composed of two parts: the cranium with the upper jaw 

(maxilla) and the lower jaw (mandible), both with their 

respective teeth. The process from digitisation, alignment, 

landmark identification and clinical registration to surface and 

solid modelling and final prototyping is illustrated in Table I. 

The model product design specification (PDS) strategy was 

based on bioengineering [50]-[53], biomimetic and biologically 

inspired design [54]-[59] as the key engineering driver/solution 

to maintain design and manufacturing anthropomorphic 

properties of the human skull. This was dictated by study of 

skull anatomy, bones, muscles, in particular dentition and 

occlusal surfaces to understand functional morphology of the 

bones and the mechanism of chewing to overcome the major 

limitation of apparatus A and B to engineer a mechanical 

chewing robot.  

In phase 1 3D geometric morphometric analysis was carried 

out to identify the critical regions of the skull that must be 

aligned to optimise the digitising process, using a series of 

photographs from different angles to design different grids as 

shown in Table I a). Special fixtures were then designed to help 

digitisation process, aiding to identify clinical Landmark and 

registration processes. In phase 2 referential geometrical 

entities (RGEs) and 3D cephalometric analysis (CeA) were 

carried out to identify and construct the three anatomical planes 

(the sagittal plane, the Frankfurt plane & the coronal plane) for 

best alignment using 1) basion, nasion and sella point on 

maxilla and 2) the infradental, gnathion on the mandible as 

shown in Table I b,c. The image represents the skull with its 

clinically registered point cloud which was used for 

segmentation and feature extraction process using Imageware® 

software. In phase 3 features extraction and segmentations were 

carried out to identify facial bones (i.e. frontal, orbits, nasal, 

Zygomatic, temporal and cheek) and teeth as shown in Table I 

d,e) respectively. Table I e) shows mandibular teeth 

morphological traits, such as cusp boundary curves, occlusal 

surfaces for lingual and buccal sides. Teeth have different 

numbers of cusps, the greatest number being seen on the molar 

teeth and Table I f,g show details of the 3D feature extraction 

of a 3rd  molar with the cusps on the crown. Table I f) shows 

the detail of 3D feature extraction of a 3rd molar optimum 

tooth/cusps morphology and Table I g) shows surface quality 

analysis with needle plot, indicating values of the error which is 

the difference between the cusps surfaces created and the 

corresponding point clouds - (the maximum and average values 

are 101 µm and 7.5 µm respectively). In phase 4 the chewing 

trajectory information [60] was digitised and combined with the 

origin and insertion coordinates (x, y, z) of muscle lines of 

action [61] which were mapped and constrained to the digital 

model before multi-body dynamic simulation. Table I h) shows 

the frontal view of the digital skull with chewing trajectory 

information such as left/right condylion (which defines 

geometric kinematic axis & incisor points). Table I i) shows 

sagittal view of the muscle data (7 on each side). Table I i, j) 

show the springs representing the temporalis muscle. Its 

direction was derived by finding the resultant of the anterior and 

posterior temporalis. The line representing the resultant was 

extended until it intersected with the mandible at a suitable 

location and an insertion attachment feature was created at this 

point. Similarly for the origin point attachment a feature was 

created where the line intersected with the maxilla. Table I i, 

shows also the sagittal view of the alternate bilateral chewing 

bionic design with the removable mandibular and maxillary 

teeth. In phase 5, dynamic analysis and optimisation of chewing 

forces with muscle data was carried out, Table I k) shows the 

digital humanoid skull model with chewing trajectory and 

mechanical muscle actuators, where muscle insertions and 

origins were selected on both the mandible and maxilla 

respectively. Table I l, shows isometric view of the alternate 

bilateral chewing bionic design with functional springs after 
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removal of unnecessary skull features. In phase 6 both robots 

were prototyped to prove the concept, Table I m) shows the 

fully functional humanoid prototype whilst n) shows isometric 

view of the 4-bar linkage alternate chewing robot with built-in 

humanoid jaws. It is worth mentioning that the artificial human 

skull used in this study had no tooth loss, with normal 

occlusion, no dysfunction of the temporomandibular joint and 

without craniofacial skeletal changes. This is not a 

representative of large populations, however the digital skull 

model can easily be modified to represent various dental 

scenarios. 

 

TABLE I 

Bioengineering Design Phases of the Humanoid Chewing Robot 

The Reverse engineering processes from digitisation, alignment, landmark 

identification, clinical registration and features extraction to surface and solid 

modelling and final prototyping 

 

- Phase 1 – 

The 3D geometric morphometric 
analysis (GMA) 

- Phase 2 - 

The referential geometrical 
entities (RGEs) and the use of 

3D cephalometric analysis 

(CeA)  

 

 
a)   

 

 

b) 

 
c) 

- Phase 3 – 

RGEs features extraction and 

segmentations based on dental 

morphology and anatomical landmarks  

- Phase 4 - 

Mapping chewing trajectory, 

clinical alignment, chewing 

motion with correct forces and 
identification number of 

bilateral functional springs 

attached to the maxilla.  

 

 
d) 

 

 
h) 

 
e) 

  
f) 

  
g) 

 
i) 

 
j) 

- Phase 5 – 

Dynamic analysis and optimisation of 

chewing forces with muscle data  

- Phase 6 - 

Fully functional prototype  

   
k) 

 

 
m) 

 

 
l) 

 

 
n) 

 

 

B. Methods and Processes 

Medical reverse engineering (MRE) technology and 

advanced computer-aided design and computer-aided 

manufacture (CAD/CAM) has been used in conjunction with 

PDS strategy to design and develop the artificial oral 

environment built-in to digital skull using digitisation, 

segmentation (features extraction), surface/solid modeling as 

described in section A [62]. Reverse engineering (RE) has been 

used as a strategy to maintain the accuracy and integrity of the 

processes between anatomical Landmarks and representation of 

biological structures in the 3D design space for a skull [63]-
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[68]. It ensures that the reconstruction of the mandible, maxilla, 

mandibular condyle and temporomandibular joint (TMJ) meet 

the correct restoration of articulation, occlusion and mastication 

from a functional and correct shape point of view.  The 3D 

geometric morphometric analysis (GMA) [69]-[75], the 

referential geometrical entities (RGEs) [63], [67]-[68], [71]-

[72], [76]-[82] and the use of 3D cephalometric analysis (CeA) 

[83]-[87] have been integrated into the RE strategy. Analysis 

tools like 3D GMA and RGEs can determine biological shapes, 

anatomical landmarks and three anatomical planes respectively, 

with the 3D CeA able to relate the geometry of the planes of the 

mandible to the skull for characterising the dental and skeletal 

relationships for clinical registration and occlusion. The novel 

RGEs developed were based on dental morphology and 

anatomical landmarks to drive the bionic design strategy and 

processes for correct clinical alignment, segmentation and 

features extraction. The RGEs methods were also applied to 

extract accurate morphological traits in teeth and the condyles’ 

centre of rotation. The reason that RE [64]-[66] was chosen as 

a strategy is because it has a powerful design tool for model 

modification needed for obtaining an optimal product design. 

In other words, the RE allows design methods, functional 

principles, engineering constraints and aesthetical evaluations 

to be represented by point cloud positions and their differential 

geometric attributes into shape reconstruction processes 

normally involves digitisation, segmentation, surface and solid 

modeling respectively as presented in Table I. 

 

C. Multi-body Dynamics Analysis 

The bionic digital skull was then further used to investigate 

and test the kinematic structure in conjunction with multi-body 

dynamics simulation based on rigid body spring model (RBSM) 

[88] to visualise the performance of the digital skull for being 

anatomically correct. Clinical chewing trajectories (sagittal & 

frontal) [60] were mapped into centre of condyles and incisor 

tip with the muscle data [61] respectively to aid this as 

highlighted in Table I, k and enlarged in Fig. 1.  

 

 
Fig.  1 An enlarged version of Table I, k showing the digital skull model with 

chewing trajectory and mechanical muscle actuators, where muscle insertions 

and origins were selected on the mandible and maxilla respectively. 1, 
superficial masseter; 2, deep masseter; 3, anterior temporalis; 4, posterior 

temporalis; 5, anterior medial pterygoid; 6, posterior medial pterygoid; 7, 

inferior lateral pterygoid. 

These were used to simulate the bionic mandible and forces 

necessary during chewing, as these mechanical actuators can 

extend and contract during the chewing cycle while the incisors 

followed tear-drop shape chewing trajectory with 1 

chew/second [60]. Accurate identification of the Bonwill 

triangle (green colour) on the mandible is the key to the 

successful bionic mechanism design. This triangle defines the 

characteristics of the mandible. Fig. 1 shows the biological rigid 

bodies and how they were defined as a mechanical system. The 

mandible has been constrained to the maxilla with the 

temporomandibular joint (TMJ) disc between them to move in 

six degrees of freedom similar to the human jaw. NX Siemens® 

software was used to analyse the developed bionic model 

kinematically and dynamically. The interaction between rigid 

bodies, contacts between two surfaces, positioning of the 

contacts and material properties of the skull structures all had 

to be carefully modelled, ensuring that the softer materials like 

the TMJ disc (cartilaginous disc that separates the condyle and 

temporal) deformed under pressure and that the compression 

and expansion of the disc moved the condyle accurately before 

the removal of unnecessary skull features for prototyping of the 

final chewing robot was done.  

Once this was achieved, the mechanical actuators were 

replaced with a 4-bar linkage chewing mechanism for the new 

bionic design. Further dynamic analysis showed that the 

mechanism attached to the mandibular chin consists of a chain 

and cam which are synchronised, allowing the robot to chew at 

60 chews per minute [19], [24], [28-30] when the mechanism 

handle is turned as shown in Table I, l. The use of 4-bar linkage 

to describe 2D planar chewing trajectory was reported by 

Weiliang Xu et al. [89] and they developed a chewing device 

with six-bar crank-slider linkage for food evaluation [89] and 

[90]. In 2016 Singhatanadgit and co-workers [91] adapted the 

4-bar linkage mechanism for a new masticatory simulator to 

create loading patterns to test mechanical responses of the 

dental material test specimen. 

Multi-body dynamic simulation also identified that two 

bilateral functional springs attached to each side of the maxilla 

of the digital skull were sufficient for holding the mandible in 

the correct mechanical occlusion and balance the torque 

generated during chewing whilst being in contact with the 

mandible condyles and cam system. Attached to the mandible 

condyles is an axle connected to the left and right condyle 

brackets with bilateral functional springs attached to the maxilla 

of the replica skull. These springs allow various forces to be 

applied to the bolus and therefore the force applied to the bolus 

changes in accordance to its stiffness. The condyle brackets 

with built in chewing pattern and bilateral springs aim replicate 

the Bennet movement of the mandible. The attached chewing 

mechanism allows the robot mandible to move in the sagittal 

plane and allows occlusal curvatures such as curve of Spee, 

curve of Wilson and sphere of Monson to be replicated as 

shown in Table I, i,l. Finally, a mechanically driven chewing 

1 
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4 

 

3 
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robot was prototyped to verify natural movements to optimise 

mechanical occlusion, mechanics of chewing, chewing motion 

and chewing forces necessary for testing MCG in vitro. 
 

D.  Prototyping the Humanoid Chewing Robot  

The humanoid chewing robot consists of three main parts; 

Fig. 2, a) the custom-built simulator with humanoid jaws, b) a 

custom-built control box and c) a water bath (Cole-Parmer 

Instrument Company Ltd, Cambridgshire, UK). 

  

 
Fig. 2 a) the custom-built simulator with humanoid jaws, showing sagittal 

view of 4-bar linkage mechanism drive attached to the mandibular chin and 

occluded to maxillary jaw. b) the custom-built control box contains pumps, 

pneumatic solenoid valves and microcontrollers to simulate the oral 

environment. c) a water calibrated bath for heating the chewing chamber to 

maintain its temperature at the body level (37°C) using a diaphragm micro 

pump which circulates heated water through internal tracks designed in the 

mandible and maxilla. d) the removable chewing chamber contains a set of 

maxillary and mandibular replica teeth with the chewing gum in position e) 

silicon artificial cheeks that are used to encapsulate the chewing chamber 

preventing the gum from leaving and the artificial saliva from leaking f) surface 

of the teeth in the chewing chamber showing holes where air and artificial saliva 

enter and g) schematic showing the flow of air and artificial saliva into the 

chewing chamber to allow the gum to move as it would in a human mouth. h) 

contaminated saliva collection tube for later analyses. 

  

The simulator has three main parts; a modified replica of a 

human skull, a removable chewing chamber and the chewing 

mechanism which attaches to the anterior region of the replica 

mandible. Fig. 2, a) skull shows unnecessary facial features 

were removed from the maxillary jaw to aid delivery of the air 

jets and artificial saliva and additional attachments were 

fabricated for the bilateral springs which attached to each side 

of the skull to hold the mandible in the correct mechanical 

occlusion. 

The removable chewing chamber (Fig. 2, d-f) contains a set 

of maxillary and mandibular replica teeth and it is encapsulated 

by silicon artificial cheeks which prevent the gum from leaving 

the chamber and avoid artificial saliva leakage. Holes in the 

teeth allow pressurised air and artificial saliva to be delivered 

into the chamber which is controlled by two electronic 

pneumatic valves used in built-in control box with their own 

controller. Pneumatic manipulation of the chewing gum 

simulates the action of the cheeks and tongue to re-shape and 

re-orient the chewing gum when mandible jaw is fully opened. 

While artificial saliva is delivered into the chewing chamber 

when the mandible jaw is fully closed. The synchronisation of 

the air jets operation and artificial saliva delivery have been 

optimised with extensive testing. 

 Fig. 2, a) the simulator shows the mechanism handle attached 

to the shaft connected to the 4-bar linkage, attached to the 

mandibular chin. When the handle is turned it produces a 

constant rotational torque of 5 Nm at the joint, which in turn is 

transmitted to a crank creating the chewing motion. The 

chewing cycle has a duration of 1 second, opening and closing 

allowing 60 chews per minute [19], [24], [28-30], conforming 

with the chewing frequency used for the two chewing 

simulators recognised by the European Pharmacopoeia [24]. 

The chewing mechanism allows the maximum displacement 

between the maxillary and mandibular teeth in the chewing 

chamber to be 6.5 mm. 

The temperature of the chewing chamber was regulated at 

37°C with a temperature calibration water bath integrated with 

the control box. The water was supplied through internal tracks 

in the mandible and maxilla with a diaphragm micro pump 

circulation system (KNF Neuberger Ltd, Oxfordshire, UK). 

Fresh artificial saliva was used for each gum chewed. The 

control box also simulated the increasing and decreasing 

production of artificial saliva delivered into the chewing 

chamber over the 20 minute chewing period [92]. A tube was 

attached external to the chewing chamber via a connecting tube 

to collect the artificial saliva containing the released agents 

from the gum. A new collection pot was used every 5 minutes 

over the 20 minute chewing cycle thus providing a new sample 

for analysis after each 5 minutes of chewing. 

 

E. Artificial Saliva Flow Rate 

The amount of artificial saliva that was pumped into the 

chewing chamber was either 23.5 ml (samples 3, 4 and 5) or 47 

ml for all other samples over the 20 minute chewing period. 

This amount was calculated based on clinical data received 

from the work of  Cecilia Dong et al. [92] and our own in-house 

calculations based on the amount of artificial saliva that would 

evaporate due to the air jets manipulation of the chewing gum. 

Artificial saliva was continuously added to the chewing 

chamber over the 20 minute chewing period. The highest 

amount of saliva was delivered over the first five minutes with 

a maximum rate of 4.9 ml/min decreasing to 1.2 ml/min by the 

final five minutes when 23.5 ml artificial saliva was used. These 

amounts were doubled when the increased amount of 47 ml was 

used. Artificial saliva contained 0.7mM calcium chloride 

dihydrate, 0.2mM magnesium chloride, 4mM potassium 

dihydrogen phosphate, 20mM HEPES, 30mM potassium 

chloride and 0.1mM hydrochloric acid, pH adjusted to 6.8 using 

potassium hydroxide. 
 

F. Preparing Samples and Chewing  

Prior to commencement of robotic chewing, each chewing 

gum was weighed and the weight recorded using a 

microbalance (ATP Instrumentation Ltd, Leicestershire, UK). 

Ten replicas of the chewing chamber consisting of maxillary & 

mandibular teeth surrounded with artificial cheeks, which 

encapsulated the chewing gum, were prepared in a clean 
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environment prior to testing. These chambers were used to 

investigate the test chewing gum, Wrigley’s Extra White (The 

Wrigley Company, Plymouth, UK), containing xylitol as the 

investigative agent. A further 10 chewing chambers were also 

prepared containing Hubba Bubba Seriously Strawberry gum 

(The Wrigley Company, Plymouth, UK) as a negative control 

with no xylitol present in the gum (data not presented here). 

Each chewing chamber was loaded one at a time into the 

simulator. Artificial saliva passed through the system whilst an 

operator manually turned the handle of the chewing simulator 

maintaining a constant speed of 60 chews per minute [19], [24], 

[28-30].  The simulator was operated for a continuous period of 

20 minutes. The solution was collected from a tube connected 

to a collection vessel external to the chewing chamber at 5 

minute intervals (following 5, 10, 15 and 20 minutes of 

chewing). The chewing simulator was flushed with deionised 

water and artificial saliva between each 20 minute cycle and 

prior to inserting the next chewing chamber to avoid any carry 

over. After each 20 minute cycle the collected artificial saliva 

was frozen until analysis.  Every part of the chewing gum bolus 

was recovered from within the chewing chamber and weighed 

prior to dissolving for analysis. 

 

G. Chewing Using Human Participants   

Ethical approval was provided from the University of Bristol 

Faculty of Health Sciences Research Ethics Committee 

(application # 30882) so that 10 healthy adult dentate subjects 

who provided written informed consent were recruited to chew 

gum and expectorate into a sterile vessel. This number of 

participants is in line with the number used in other similar 

studies [19], [24], [28-30]. Exclusion criteria for participating 

in this study consisted of the use of daily medication that may 

cause dry mouth, wearing of orthodontic appliances and any 

known intolerance or hypersensitivity to the chewing gum. 

Participants refrained from eating any known xylitol containing 

food for 24 hours prior to taking part and were trained to chew 

and expectorate their saliva. Each subject chewed the Wrigley’s 

Extra White chewing gum for 20 minutes and expectorated their 

saliva into a sterile vessel when required. A new vessel was 

used for collection of saliva every 5 minutes so that the amount 

of saliva collected represented the total amount of saliva 

expectorated after 5, 10, 15 and 20 minutes of chewing. The 

weight of each gum pre and post chewing was recorded. 

 

H. Determining the Amount of Xylitol in Saliva Solutions and 

gum bolus    

Following chewing by either the robot or the human 

participants, the bolus and saliva solutions were analysed to 

determine the amount of xylitol present. Alongside this the 

original amount of xylitol available in the gum was measured 

from 10 unused pieces of chewing gum. The total amount of 

xylitol determined in the solution and gum bolus was compared 

to the known total amount of xylitol available in an unused 

piece of gum. 

The volume of saliva collected from each participant after 5, 

10, 15 and 20 minutes of chewing was recorded. A 

sorbitol/xylitol enzymatic kit (Megazyme, Megazyme 

International Ireland Limited, Wicklow, Ireland), and a UV-Vis 

spectrophotometer (Aquarius, Cecil Instruments, Cambridge, 

England) set at a wavelength of 492 nm were used to quantify 

the amount of xylitol in solution. The enzymatic kit instructions 

were followed for xylitol analysis. 

Standard solutions of xylitol were prepared in artificial saliva 

(0.05, 0.10 0.15 and 0.20 µg/ml) and a standard curve obtained. 

The amount of xylitol in solution was calculated from the 

standard curve. 

 

I. Dissolving Chewing Gum Bolus and Fresh Chewing Gum    

 The amounts of xylitol present in an unused piece of 

chewing gum and in the bolus after 20 minutes of chewing were 

analysed following dissolution.  The chewing gum/bolus was 

weighed and dissolved in a mixture of 3 ml toluene and 6 ml 

deionised water using a multi rotator (PTR-60 Grant-bio, Grant 

Instruments Ltd, Cambridgeshire, UK) until the gum dissolved.  

The solution was centrifuged (Denley BS400, Yorkshire, UK) 

at 1500 g in sealed polypropylene tubes for 10 minutes. 

The upper layer of toluene was removed and discarded 

leaving the dissolved xylitol in the remaining 6 ml aqueous 

phase. These solutions were then diluted as necessary using 

deionized water so that their concentrations were between the 

upper and lower bounds of the concentrations of the standard 

curve solutions as outlined in (H). The amount of xylitol could 

then be quantified using the enzymatic kit and a linear 

calibration curve. 

 

J. Statistical Analysis     

A Mann Whitney statistical test was used to compare the 

amount of xylitol that was collected following each time period 

from both chewing mechanisms.  The IBM SPSS statistics 24 

software package was used for all analyses. 

 

III. RESULTS 

A. Chewing Force Experiments 

Force measurement experiments were carried out to set 

correctly the bilateral springs to allow initial breakdown of the 

gum. Fig. 3 shows the results of measuring the initial force 

required to break the shell of the chewing gum using an Instron 

50KN 2580 series Static Load Cell (Instron, Massachusetts, 

USA). The results from the Instron Static Load Cell showed that 

an initial force of between 200 and 250 N was required to break 

the hard shell of the chewing gum. However, this force does not 

fully represent the force that would be required within the 

chewing chamber because the occlusal surface of the chewing 

chamber is more defined than the flat platform of the static load 

cell. A lesser force would be required to indent the gum as the 

cusps of the occlusion surface would more easily penetrate the 

gum shell. Six pieces of gum were tested and the maximum 

value required to break the gum shell recorded.  

To be able to measure occlusion force in the future, a direct 
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intraoral sensing device was designed. A custom-built dental 

arch shape bite sensor was designed and prototyped with a bite 

registration feature using an off-the-shelf force transducer. The 

prototype with protective layers held three FlexiForce A301 

sensors on the correct anatomical positions of teeth. These 

positions were incisor and two posterior working and non-

working side on 2nd molars. The design of dental arch was based 

on the digital skull as presented in Table 1 to make sure the 

sensitive area of the sensor pads sat correctly on the occlusal 

surfaces of the teeth. 

The purpose of fabricating such custom-built bite sensors 

(Tekscan, Inc., South Boston, Massachusetts, FlexiForce A301) 

was for future comprehensive study for comparison among the 

robot, human, commercial compression, and torsion testing 

machines and Apparatus A & B to investigate the mechanics of 

chewing sequences, shearing, crushing and grinding for 

effective release of xylitol, nicotine, caffeine occurred during 

the first 5 minutes of chewing a MCG. 

 

 
Fig. 3 Initial force required to break the shell of the chewing gum using an 

Instron 50KN Static Load Cell  

Table II highlights the different features of the chewing 

simulator. 

 
TABLE II 

The descriptions and specifications of the chewing simulator 

 
Functionalities Specifications 

The release of xylitol from 

chewing gum 

• Upper jaw, fixed 

• Lower jaw, 

mobile 

 

• Initial sample: 1- 5 g 

• Cycle time from 1 s 

• Chewing up to 1200 s 

• Forces up to 300 N 

• Chewing frequency 1 s at a 

constant speed, 60 chews per 

minute 

• Maximum volume supply as 

necessary 

• Working volume up to 47 mL 

Crushing, shearing and 

grinding of chewing gum 

The condyle brackets with built in 

chewing pattern and bilateral functional 

springs replicate the Bennet movement of 
the mandible 

Closed chewing chamber 

  

• Teeth   

The removable closed chewing chamber 

contain a set of maxillary and mandibular 
replica teeth and artificial cheeks 

 
 

 

• Artificial cheeks 

 

 

• Holes on the surface of the 

teeth allow air and artificial 

saliva to enter 

• Artificial cheeks encapsulate 

the chewing chamber 

preventing the gum from 
leaving the occlusal surface 

and the artificial saliva from 

leaking 

Tongue Pneumatic manipulation of the chewing 
gum in the closed chewing chamber 

simulates the action of the cheeks and 
tongue to re-shape and re-orient the 

chewing gum 

Fluids Artificial saliva inlet: up to 5 mL/min 

continuous flow 

Controls 

• Temperature 

 

• Motion and 

forces 

 

 

 
 

 

 
 

 

 

• Volume 

 

• Water used to maintain the 

chewing chamber at 37 ºC  

• The cam, 4-bar linkage and 

condyle brackets with built in 

chewing pattern and bilateral 

functional springs dictate the 

chewing trajectory emulating 
the Bennet movement of the 

mandible allowing various 

forces to be applied to the 
bolus in accordance to its 

stiffness 

• Saliva flow determined by 

micro pump circulation 

Sampling A Universal tube is attached external to 

the chewing chamber via a connecting 
tube to collect the artificial saliva 

containing the released agents from the 

gum.   

Practical aspects • Removable closed chewing 

chamber  

• Easy dismantling, cleaning 

and sterilising if necessary 

• Ease of sampling 

• No lubricant 

 

B. Saliva Flow Rate and Volume Calculations during 

Chewing 

The custom built-in control box had to be programmed to 

simulate the increasing and decreasing production of artificial 

saliva delivered into the chewing chamber over the 20 minute 

chewing period. Clinical data [92] were used and processed 

with MATLAB ver. R2018b to evaluate the flow rate of saliva 

produced in the human mouth over 20 minute period while 

chewing. Fig. 4 shows that the saliva flow rate reaches a peak 

value of 4.8 ml/min at the beginning of a chewing period. Then, 

the flow decreases tending towards a value of around 1.2 

ml/min. The data points were then linearly interpolated to give 

the approximate values of saliva flow rate every 30 seconds and 

plotted to produce a saliva flow rate versus time curve. 

Numerical integration was then used to approximate the 

quantity of saliva produced in each 30 second period as shown 

in Fig. 5.  
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Fig. 4 Evaluation of saliva production in a human mouth over a 20 minute 

period while chewing  

 

 
Fig. 5 Evaluation of the artificial saliva volume delivered in the chewing 

chamber per minute over a 20 minute period while the robot chew  

C. Determining Xylitol Release Using Human Participants 

and the Chewing Simulator 

Ten participants completed this study (8 females and 2 

males) and there were no reported adverse events. 

The mean amount of saliva collected over the 20 minute 

period from the human participants was 25.17 ml. The mean 

amount of artificial saliva solution recovered from the chewing 

simulator when 23.5 ml artificial saliva was delivered into the 

chewing chamber was 5.35 ml.  The mean amount of solution 

recovered after 47 ml of artificial saliva was delivered into the 

chewing chamber was 21.12 ml. 

The chewing chamber, with its chewing mechanism, was 

able to continually chew the gum into a bolus over a 20 minute 

period.  The gum bolus recovered from the chewing chamber 

imitated that of the gum bolus following 20 minutes of chewing 

by human participants. 

The mean amounts of xylitol released into the saliva 

solutions following each 5 minute time period using both 

human and robot chewing method are presented in Fig. 6. The 

amount of xylitol recovered from the bolus and from an unused 

piece of gum is also presented. 

 

 
Fig. 6 Amount of xylitol released from chewing gum into saliva and artificial 

saliva using human participants and a chewing robot (n = 10). Error bars show 

standard deviations. 

The results show that irrespective of the chewing mechanism, 

the greatest amount of xylitol was released from the chewing 

gum within the first five minutes of chewing. The amount of 

xylitol that was released for the later time periods decreased 

with each collection time. The overall trend for xylitol release 

was similar over the 20 minute chewing period irrespective of 

the chewing mechanism. The cumulative total amount of xylitol 

recovered from each time period and the amount recovered in 

the gum bolus were also similar irrespective of the chewing 

mechanism (p = 0.08), 20.55(g) for human participants and 

12.33(g) for the chewing robot.  Statistical analysis (Mann 

Whitney) comparing the amount of xylitol that was collected in 

the saliva after chewing the test gum using both chewing 

mechanisms at each time period is shown in Table III.   

 
TABLE III 

Amount of xylitol recovered following chewing with the test gum in the robot 
and with human participants with the statistical comparison between both 

chewing methods at each measuring point (n = 10). 

 Amount of xylitol 

recovered 

following chewing 
by human 

participants (µg) 

Amount of xylitol 

recovered 

following chewing 
by the chewing 

robot (µg) 

Mann 

Whitney 

Statistical 
comparison 

(P values) 

 5 minutes 422.74 275.46 0.049 

10 minutes 35.63 58.09 0.151 

15 minutes 16.23 32.67 0.041 

 20 minutes 9.68 19.00 0.096 

Bolus 20.55 12.33 0.326 

Cumulative 

values 

504.83 395.09 0.082 

 

The amount of xylitol in saliva that was collected following 

the first 5 minutes of chewing was greater following chewing 

by human participants than by the chewing simulator, but the 

difference only just reached significance at p = 0.049. There 

was also a significant difference between the amounts of xylitol 
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that were released after 15 minutes where the amount recovered 

using human participants was statistically less than the amount 

recovered using the chewing simulator (p = 0.041) but these 

values were relatively low compared to the total amount of 

available xylitol in the gum. There were no other significant 

differences between the amounts recovered at each other time 

point.  

The total amount of recovered xylitol compared to the 

amount of available xylitol in unchewed gum was 64% 

following chewing using human participants and 50% 

following chewing using the chewing simulator. The amount of 

artificial saliva collected compared to the amount that was 

delivered into the chewing chamber was 38%.   

There was no xylitol quantified within the solution collected 

from either human participants or the chewing robot following 

chewing with the Hubba Bubba negative control gum. This 

confirmed that there was no xylitol carry-over within the 

apparatus or the measuring procedure.  

IV. DISCUSSION 

This investigation tested a novel closed system chewing 

robot, demonstrating minimal xylitol retained in the bolus after 

20 minutes chewing, the recommended length of time for 

chewing gum after eating [93]. The xylitol release from 

chewing xylitol impregnated gum was similar to that achieved 

with human participant chewing, over a 20 minute period. 

Further, the trend of xylitol release, with time, was similar for 

both chewing methods. This novel robot is the first, to the 

authors’ knowledge, chewing simulator with built-in humanoid 

jaws and its removable chamber that attempts to accurately 

replicate human mastication and that closely mimics the human 

physiological features and mechanics of mastication, one of the 

greatest challenges faced in developing MCG [94]. 

Previous in vitro work investigating the release of substances 

from medicated chewing gums has involved techniques varying 

from the two instruments, recognised by the European 

Pharmacopoeia, known as apparatus A and B [19], [24]-[25], 

[95], to the use of a pestle and mortar to pound the chewing gum 

in solution releasing the agent of interest [96]. When analysing 

these methods it was clear that the human physiological features 

with mechanics of mastication and six degrees of freedom that 

are possible with human mastication were not accounted for 

limiting their applicability to modeling MCG drug release from 

chewing. This work presents a chewing simulator that replicates 

these whilst more closely reproducing the Bennet movement of 

the mandible, curve of Spee, curve of Wilson and sphere of 

Monson. This manuscript describes the chewing robot with 

built-in humanoid jaws design process and provides proof of 

principle that a simulator of this type can closely replicate 

human mastication and the amounts of agents released from 

chewing gum. At this initial stage, a direct comparison with 

Apparatus A and B was not undertaken, but will be investigated 

in future studies. A similar version of the chewing simulator, 

where the six degrees of freedom is taken into account to more 

closely simulate human mastication, has previously been 

designed by our group and successfully used to test dental 

materials in an open system [15], [97]. This newly developed 

robotic system operates with a closed chamber allowing the 

flow of solution through the system where it can then be 

collected and measured. The closed chamber also enables the 

chewing gum to remain on the occlusal surfaces of the teeth 

during mastication. This design allows commercially available 

gum to be sheared, crushed and ground in a comparable fashion 

to human mastication, applying forces up to 250 N to initially 

break through the hard shell of the chewing gum. The design of 

the spring functionality also allowed a varied amount of force 

to be applied during chewing based on the stiffness of the gum 

bolus. The resulting final robotic gum bolus reflected the 

human chewed gum bolus, after 20 minutes chewing of each, 

with both retaining minimal xylitol quantities. This 

demonstrates that the chewing mechanism of the simulator with 

built-in humanoid jaws has potential to replicate human 

mastication and that further work is required to validate the 

system. 

The delivery of a solution is a necessity when simulating the 

chewing of gum, as it enables the release of agents within the 

gum. The amount of solution that is used in an in vitro simulator 

also determines the dilution of the agent released. It is important 

to deliver the volume of solution representative of the amount 

that would be expressed into the oral cavity during the 

mastication cycle. The volume of saliva flow within the oral 

cavity varies between individuals as well as within a chewing 

cycle [98].  The amount of solution delivered over the 20 minute 

chewing cycle used in this study was determined by previous 

work carried out by Cecilia Dong et al. [92] alongside some 

predictive calculations to identify how much solution may be 

lost due to evaporation from the pneumatic mechanism being 

used to tumble the chewing gum within the chewing chamber. 

The flow rate based on human clinical data [92] indicates that 

it reaches a peak value of 4.8 ml/min at the beginning of a 

chewing period. Then, the flow decreases tending towards a 

value of around 1.2 ml/min. Based on this information our 

calculations showed a total volume of almost 38 ml was 

produced in the mouth over the 20 minute chewing period. 

However, these values would only be valid for a complete 

human mouth. The chewing chamber of the simulator isolates 

three molars on one side of the mouth, so it is reasonable to 

accept that only half of the saliva produced interacts with this 

chewing area. There are three main salivary gland groups which 

are paired and mirrored in the sagittal plane [98] therefore the 

total quantity of artificial saliva delivered to the chewing 

chamber during a 20 minutes test was calculated to be about 19 

ml, which is consistent with the 20 ml volume of artificial saliva 

recommended in a test cell by the European Pharmacopeia [24], 

[25]. However, in testing with 19 ml the final amount of 

solution recovered was lower than expected. The loss was 

potentially due/attributed to the evaporation of saliva from the 

system, and its adherence to the structures in the system. The 

amount of solution lost over the 20 minute chewing cycle was 

compensated for by increasing the quantity of solution 

delivered to the chewing chamber by the amount that it was 

calculated would be lost by evaporation. The fluid model 

computation analysis showed that 4.52 ml of artificial saliva 

could evaporate during 20 minutes of chewing, therefore the 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TBME.2020.3005863

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING 11 

total amount of artificial saliva required was 23.52 (19 +4.52)ml 

for the 20 minute operational period. This amount of solution 

was used for three chewing cycles, however there was concern 

that there would not be adequate recovered solution for 

analysis, thus the volume was doubled for the remaining 

samples with the calculations adjusted accordingly. However, 

when all the data had been analysed it was confirmed that the 

doubling of volume had not been necessary as the original 23.52 

ml yielded sufficient for analysis. 

The total volume of artificial saliva recovered from the 

chewing simulator was less than the amount that was delivered 

into the chamber. It is unavoidable that some saliva would be 

lost because it will be retained on the surfaces of the teeth and 

artificial cheeks, incorporated into the gum bolus and as 

previously mentioned, some will be lost due to evaporation 

through the pneumatic mechanism used in the chewing 

chamber.  The action of changing the collection vessel every 5 

minutes did not cause a loss of solution, taking only a couple of 

seconds, so any solution that may have been lost due to 

changing the collection pots was minimal. 

The ideal solution to be added to a chewing simulator would 

be whole stimulated human saliva to most closely represent the 

oral cavity, but human saliva is not a stable solution once in the 

environment and degrades rapidly. It is also difficult to replicate 

the actual composition of human saliva in the laboratory but 

there are various artificial salivas that are widely accepted for 

in vitro investigations [99]. Even though the European 

pharmacopoeia suggests using phosphate buffered saline when 

using the chewing simulators known as Apparatus A and B, it 

was decided that for this study we would use an artificial saliva 

that more closely represents the minerals within human saliva. 

The artificial saliva that was used in this study was a modified 

version of the one that was developed by Peter Shellis [100]. It 

has been used in previous studies [101]-[102] and represents a 

solution that is moderately supersaturated with respect to 

hydroxyapatite, slightly supersaturated with respect to 

octacalcium phosphate and approximately saturated with 

respect to dicalcium phosphate dihydrate Further work in 

developing the chewing simulator is required to determine the 

most appropriate artificial saliva to investigate the release of 

agents from MCG. It will be interesting to determine how the 

inclusion of mucins, enzymes and organic compounds, which 

are often included in artificial saliva, may affect the rate of 

release from chewing gums.  

The amount of xylitol that was recovered from the artificial 

saliva following each 5 minute time interval was similar to the 

amount that was recovered when using human participants, 

showing the potential of the chewing robot. The variance in 

xylitol released over the ten cycles being explained in terms of 

random movement of the gum during the robotic chewing 

cycle, similar to the random nature of human chewing, which 

also showed variance, demonstrated in Figure 6. Interestingly 

36% of the xylitol was not recovered in the human participants. 

Although a great number of studies about the properties of 

xylitol have been conducted, its exact mechanism of action has 

not yet been understood [103]. It is known that xylitol forms 

complexes with ions displacing the water molecules, which 

could contribute to concentrating xylitol in an environment 

such as the human buccal mucosa following its consumption 

[104]. These characteristics may contribute to loss of xylitol 

due to its adherence to, or absorption through, the buccal 

mucosa. As all the volunteers had been trained to expectorate 

their saliva into collecting vessels, swallowing the saliva was 

not an explanation of loss. Fifty percent of the xylitol was lost 

in the chewing robot, most likely due to loss of saliva in the 

mechanism of the robot as described or adherence of xylitol to 

the surface materials of the chewing robot. The authors 

acknowledge that the materials of the chamber could have been 

washed to capture some of this loss and the robot needs 

adaptation to minimise evaporation in the closed system.   

Irrespective of artificial saliva that was lost during the 

chewing cycle, it was encouraging to see that the amount of 

xylitol that was left in the gum bolus after 20 minutes chewing 

by both methods was very low at 2.6% following chewing by 

human participants and 1.6% following chewing by the 

chewing simulator. This shows that nearly all of the xylitol had 

been released into solution, confirming that the chewing 

simulator was effective in releasing the agent from the chewing 

gum at a similar rate to human participants. A combination of 

the similarities between the mastication action of the simulator 

and the human jaw along with the air supply, pumps and 

pneumatic solenoid valve that are built into the control box to 

enable tumbling of the gum in the chewing chamber, meant that 

exposure of all of the gum surface to the saliva was possible 

which enhanced the dissolution delivery of xylitol. Previous 

work by Catharina Kvist et al.  [19] and [26] has also shown 

that when using Apparatus B as a chewing simulator, the 

amount of xylitol that was released from the chewing gum was 

mostly released within the first 20 minutes of chewing, which 

correlates well with the amount released from the chewing 

robot. This work is the first stage in validating the system. This 

work has shown potential to reproduce human mastication and 

further work is required. 

 

V. CONCLUSION 

A chewing robot with built-in humanoid jaws to closely 

replicate the human masticatory action was successfully 

developed. The robot demonstrated similar in vitro release of 

xylitol, from a commercially available chewing gum, to that 

which was recorded in vivo, compared through the amount of 

xylitol recorded in both of the boluses post chewing although it 

is recognised that the sample size was small. The vast majority 

of the xylitol was released after 20 minutes irrespective of 

chewing methods, with the greatest amount released during the 

first 5 minutes. 

Future developments of the chewing simulator, such as 

creating different chewing patterns, will increase the robot’s 

versatility. The manually driven robot could be automated to 

make sampling and investigation more efficient in the future. 

The development of a chewing robot that closely replicates 

human mastication provides opportunities for pharmaceutical 

companies to investigate and refine drug release from gum, 

with reproducible results, reduced patient exposure and reduced 
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costs using this novel methodology. There are many advantages 

to developing MCG but in order to develop them safely and cost 

effectively it is beneficial that reproducible in vitro 

investigations are first performed.   
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