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ABSTRACT 

The technique of 3D printing enables the creation of a vast range of shapes with no setup beyond design. Printing 
materials which change shape once printed, so-called 4D printing, opens up still more possibilities. However, 
much prior work in 4D printing uses proprietary equipment and hard polymers. This work presents an alternative 
route using thermoresponsive hydrogels processed using accessible, low-cost techniques. The working material 
is a tough double network hydrogel comprised of the thermoresponsive polymer poly-N-isopropyl acrylamide 
(PNIPAM) and the polysaccharide alginate, formed by UV-initiated and ionic crosslinking respectively.  

An open-source, low-cost printer suitable for processing this hydrogel material is presented, which is at least a 
factor of 4 cheaper than alternatives and licensed such that others may replicate or modify it. This machine has 
been used to explore a new method for generating shape change in printed hydrogel pieces. PNIPAM-alginate 
hydrogels, initially printed flat, adopt a curved configuration when equilibrated in both ambient, and thermally 
contracted, conditions. The degree of curvature in these states differs in magnitude and direction depending on 
the dimensions of the printed piece and the angle of curing. This is demonstrated with 1D beams and gripper 
shapes. Potential origins for this effect including crosslink density and porosity variation are explored. While no 
conclusive evidence is found a theory based on solvent flow towards the first areas crosslinked is proposed. 
These findings form a complete package of technology and material to reproduce the results seen. 

An alternative approach to changing the properties of PNIPAM-alginate gels was trialled with the addition of 1-
6μg/ml concentration of gold nanorods. Despite the low concentration, significant effects on swelling ratio, 
elastic moduli, and thermoresponse were seen. This indicates that even at low concentrations nanoparticles can 
affect the hydrogel matrix containing them, relevant for workers on soft matter systems. 
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0. MOTIVATION 

The developing technology of 3D printing enables a single machine to create thousands of different shapes, with 

no set up beyond the digital design required. This has clear potential in fields requiring customisability, such as 

prosthetic design, and also in extreme environments where it is impossible to anticipate, or carry tools to meet, 

every need. We already see 3D printers revolutionising the lives of amputees1,2 and astronauts3,4 - it is inevitable 

that future applications will emerge as the technology develops and greater functionality is possible. 

The utility of prints could be increased further by the use of smart materials which respond to the environment 

around them by changing their physical properties, creating prints capable of changing in shape even after 

removal from the printer. These multifunctional objects open up entirely new design possibilities, of a versatile 

world of forms which can diversify still further over time as needed. These could have applications in responsive 

architecture, soft robotics, biomedical implants, and much more, enabling concepts which human designers can 

currently only dream of – although many examples are on view every day in the natural world.5  

The concept of time-evolution post-print was named ‘4D printing’ by Skylar Tibbits when launched in 2013.6  The 

prototypical example utilized two custom-designed plastics, one of which expands in contact with water, which 

are printed together as one part using a Stratasys Connex multi-material printer.7 Subsequent work using the 

same technology, this time blending between two plastics with differing responses, has been able to show 

curvature in two dimensions,8 and materials which deploy in sequence. 9 While work using these techniques is 

impressive and the closest to market of any 4D prints so far, the Stratasys Polyjet™ technology10,11 has a high 

capital cost (upwards of $0.25 million dollars) and the raw materials are proprietary and expensive. It is therefore 

desirable to increase the selection of printable smart materials available, methods by which they can be printed, 

and understanding of how the behaviour may evolve once printed. 

An alternative approach uses hydrogels, cross-linked polymers swollen with water into low-density materials 

capable of large deformations. The raw materials for some responsive hydrogels include the most prolific 

polymers on earth, which can be easily and sustainably harvested, then biologically degraded. Such soft 

materials are currently of interest to the medical community as substrates for cell growth, due to their similarity 

to biological extracellular matrices.12,13 Other potential applications are in engineering of microfluidics14 and soft 
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robots.15–17 Prior work has produced beautiful complexly curved surfaces using hydrogel nanocomposites and 

directional printing,18 and working self-regulating valves composed of two materials.14,19  

Within this thesis steps are taken towards replicating the achievements of hard polymer-based 4D printing for 

hydrogels printed using accessible, low-cost printing technology and simple, one-step techniques. While the 

additional dimension in 4D printing may be used to refer to any change of properties, such as conductivity, 

opacity, or malleability, the focus in this thesis will be on shape change – that is, using materials which change 

their original dimensions in response to stimuli. In order to move beyond the trivial case where a print shrinks 

uniformly as the environment changes, it will be necessary to develop materials with a range of responses, and 

combine them within a single print. 

Accessibility is important for verification and speed of development. Hobbyist 3D printing has shown the strides 

that can be made using open development methods20 and it seems plausible that this would also aid the 

development of 4D printing. Therefore, the equipment developed for this work derives from open-source 

projects and the modifications made for this project are publicly documented according to the requirements of 

open-source practice. The material used, a hydrogel composed of alginate blended with isopropyl acrylamide, 

developed from a formulation used by Bakarich et al.,21 is low cost and low-toxicity, and requires no specialised 

equipment to create.   

This thesis documents the process of developing 3D printing equipment, followed by the creation and 

characterisation of heat-sensitive hydrogels with variable properties. Two routes are investigated for modifying 

PNIPAM-alginate; firstly, the effects of a UV-curing direction and print dimensions, and secondly the effects of 

the addition of gold nanorods.   

The contributions of this thesis to the field are therefore: 

 One enabling technology: the combination of existing open-source 3D printing technology with 

illumination into an open-source, UV-curing printer capable of shaping and curing isopropyl acrylamide-

alginate gels. Control over UV-curing as a variable that can be specified during print adds an additional 

dimension of control. 
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 A previously-undocumented phenomenon by which initially flat isopropyl acrylamide-alginate 

(PNIPAM-alginate) hydrogels display bending behaviour at both extremes of their thermal behaviour 

as a result of curing conditions. The direction and magnitude of curvature can be sensitively varied as a 

function of illumination direction and sample dimensions using the equipment developed, providing a 

simple, effective route to shape-change. The relationship between curvature and dimension is 

explored, as are potential mechanisms behind the effect, and a hypothesis based on osmotic gradients 

proposed. 

 A parallel investigation extending the prior technology of adding gold nanorods to isopropyl acrylamide 

to incorporation within PNIPAM-alginate double network gels. Complex, non-monotonic effects on 

mechanical strength and thermoresponse are seen. Implications for future use of nanoparticles as 

additives in gels are concluded. 

The remainder of this introductory chapter will set the work in context, reviewing shape-changing materials, 3D 

printing, and their combination. Since many shape changing materials exist – indeed in the most limited case, 

that of thermal expansion or contraction, all materials could be said to change shape – this background must 

necessarily be selective. Within the brief of achieving a 3D printed shape change, the potential for modification 

of the material, and the limitations of processing using additive manufacture, suggest suitable criteria for 

narrowing down the field – while considering there is of course interplay between the choice of material and 

the mechanism for shaping it.  

The introduction will first briefly discuss additive manufacturing methods and shape changing materials 

compatible with additive manufacture – the latter drawing strongly on a review paper authored during the 

course of doctoral studies.22 The choice of hydrogels as a working material will be justified, and the options for 

varying their behaviour explored, focusing particularly on the use of nanocomposites.  Finally, theory relevant 

to the behaviour of hydrogels, and its limitations, will be outlined, along with the measurements required. 
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 APPROACHES TO ADDITIVE MANUFACTURE OF SHAPE CHANGING MATERIALS 

 ADDITIVE MANUFACTURE 

Additive manufacture (AM), commonly known as ‘3D printing’, was initially developed in the 1980s for rapid 

prototyping.23 Rapid prototyping is a general term covering a range of techniques whereby one piece of 

equipment can construct a vast range of geometries, rapidly progressing from computer-aided design to physical 

object, as required in the early stage of a design project. 

Within this field, ‘additive manufacture’ refers to the use of computer control to construct objects by building 

up the structure required layer by layer. This contrasts with the subtractive method it descends from, CNC 

(Computer Numerical Control) milling, where a precisely controlled bit removes material from an initial block. 

3D printing is isomorphic in its meaning to additive manufacture, but due to its wider use in informal settings 

tends to be used outside engineering and technologies. As of 2018, the technology is currently coming of age, 

encompassing a strong hobbyist, open-source community, in addition to a broad academic spectrum of users 

and industrial applications.24  

Within the academic sphere, interest in researching the techniques crosses many disciplines, including the 

biomedical, engineering, materials science and fine art communities.  Multiple methods exist for producing 

structures additively, including extrusion of filaments, selective photoreaction using masks, or joining of 

particulate matter. The review by Lewis covers the current variety of methods, materials, architectures and 

applications of small-scale printing,25 while the work of Gross et al. covers the evolution of the process. 26 Given 

the many variants of 3D printing currently available, this section will focus on only the two lowest-cost AM 

techniques.27 These are Fused Filament Fabrication and Stereo-lithographic Assembly. 

 FUSED FILAMENT FABRICATION 

Fused Filament Fabrication (FFF) traces out each layer by extruding working material from a nozzle. This requires 

rheological properties that permit initial flow at accessible yield stresses, but upon reaching the target position 

exhibit minimum spreading or shearing, while retaining enough strength to support the weight of additional 

layers. This switch in properties is commonly achieved by heating during extrusion, followed by rapid cooling 

and therefore solidification, ready for subsequent deposition. This is seen in the majority of ‘hobby’ level printers 



 

6 
 

which use thermoplastic materials, such as acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA), with 

accessible glass transition temperatures between 180 and 210°C. Alternative methods include triggering photo-

polymerisation in situ, 28 drying,29 use of epoxies with an appropriate curing time30, or printing into a solution 

which triggers curing.31 However, if the material is selected to have appropriate shear-thinning rheological 

properties the need for a time-dependent or triggered material state change is avoided.32–34 This richness of 

processing methods means that hydrogels, shape memory polymers, foodstuffs and many other materials are 

amenable to FFF.  

Due to the nature of FFF construction, certain structures, such as overhangs or totally enclosed ball joints, 

require the use of supports; either lightweight supports that are intended to be broken off, or sections rendered 

in a sacrificial material which is subsequently removed. Multiple material prints are also possible; these may be 

produced using separate nozzles for each material, use of the same nozzle but replacing the feed material, or 

even through dynamic mixing, as demonstrated by 

Lewis et al.35 Resolution varies dramatically 

depending on the material, but would typically be 

around 100 μm. For comparison, inkjet printing 

may attain 20 μm resolution in the xy plane 

dimensions and 100nm vertically.36 As observed by 

Lewis, this is sufficiently detailed resolution to 

manufacture structures such as auxetic cells and 

bioprint lines of single cells. 25 

 

 

 

 

  

Figure 1.1. Fused Filament fabrication requires filament (a) to be 

pushed through a (rather self-explanatory) ‘hot end’ by a motor (b). 

Here, it melts, and is extruded through the nozzle along a 2D path 

on the print bed. The bed then moves down to allow the next layer 

to be placed on top. From Scopigno et al. 47 
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 STEREOLITHOGRAPHIC ASSEMBLY 

From the well-developed technology of lithography the three-

dimensional technique of stereolithographic assembly (SLA) has 

evolved. The first version used a reservoir of photoreactive 

materials, which are illuminated through a mask or digital screen, 

solidifying exposed regions. The solid area is then lowered and 

covered with a fresh layer of liquid. This is again exposed, and solid 

areas in contact with the layers below are joined to it. Typical 

feature sizes for SLA are around 25 μm, 26 restricted by laser size; 

use of an array of digitally controlled micro-mirrors for focusing 

brings the resolution down to around 1μm. 37  The related light-

based technique of two-photon polymerisation has a diffraction-

limited maximum resolution of below a micron.38 Benefits of SLA 

include smooth surface finish, rapid production rates, non-contact 

processes, and the highest current resolution.  

Downsides to this technique include the amount of material 

required, although alterative configurations aim to reduce this 

issue. Importantly for a 4D printing application which potentially 

exploits multiple materials, the method is restricted to one material unless the operation is stopped, all resin 

removed and replaced, and a second process restarted. This causes a large amount of waste and requiring 

additional stages.39 The majority of SLA printing utilises highly crosslinked resins, although some novel 

formulations which can, for example, be fired and become porous ceramic are available.40 

An exciting actuating example comes from the Hebrew University of Jerusalem, where UV curable elastomers 

have been developed which are highly suitable for pneumatically actuated prints.41 However, their requirement 

for external pumps and pressure systems mean that an actuating device cannot be created exclusively using a 

printer, and thus are beyond the remit of this project. Shape memory polymers (SMPs) are the work-horse of 

shape-changing prints and will be covered more thoroughly in section 1.2.1. 

 
Figure 1.2. Diagram of Stereolithographic Assembly (SLA). This 

requires a vat of photocuring resin (b), upon which is projected 

or traced by laser an image of one layer (c). When solidified, 

the material is moved up to expose another liquid resin 

surface (e). This is repeated to form subsequent layers.   



 

8 
 

At micron-scale SLA, hydrogels are the principal responsive materials processed via two photon polymerisation. 

This method has been used for the fabrication of small scale hydrogel devices such as reversible ion-responsive 

hydrogel microcantilevers 42 and micropumps(shown in Figure 1.3).43   High spatial resolution manufacture is 

particularly relevant for hydrogels, as their material shortcomings decreases as the size of the device reduces – 

see section 1.2.2. However, these production methods are high-cost, and also proprietary, limiting 

experimentation with techniques. 

Both SLA and FFF share common downsides of AM; components are structurally weak compared to, for example, 

casting or vacuum forming, no economies of scale are possible, and as a result production time is slow. Work is 

ongoing to address the issue of weakness through reinforcement 44, use of print direction45 and, in the case of 

SLA, maintaining a continuous liquid interface between layers 46. The other issues are inherent to the process 

and are best addressed by making an intelligent choice of fabrication technique for the application. 

Of the two methods, FFF is vastly more affordable26,47 and better documented in the open-source community. 

It also offers the potential to switch between and combine multiple materials with increased ease, a key 

requirement for non-trivial shape change, and has already been successfully used to print materials with similar 

rheological properties to the polymer blends from which crosslinked hydrogels are formed. Therefore, FFF is the 

technique which will be used in this thesis. 

Figure 1.3. Ion-responsive hydrogel microcantilever showing bending induced by exposure to 1M NaCl (a), then water – inducing 

‘gripping’(b), and back to 1M NaCl for (c), release. This was fabricated with a photo-responsive polymer solution, cured using a laser 

capable of scanning in XY and movement in Z relative to the pre-cured substance. The printer system was developed by the paper 

authors.42 
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For the purposes of reproducibility, accessibility and affordability as highlighted earlier, the FFF system used will 

be developed from off-the-shelf and open source components; the performance and construction of the system 

is documented in Chapter 3.  

 SHAPE CHANGING MATERIALS COMPATIBLE WITH ADDITIVE MANUFACTURE 

Much work in 4D printing has hitherto focused on the use of shape memory polymers (SMPs). However, these 

materials are often proprietary, require complex or toxic syntheses, or are only compatible with proprietary, 

costly systems.  Here a case is made for an alternative approach using hydrogels; greener, more accessible 

shape-changing materials.  

 SHAPE MEMORY POLYMERS 

Shape memory polymers (SMPs) can undergo deformation into an intermediary shape, be ‘set’ in that 

intermediary shape, and then upon input of additional energy return to their original condition. At a microscale, 

the behaviour arises from a system of netpoints, which may be physical or chemical bonds, and chains between 

them. These change their flexibility under different conditions, the most common of which is a change in heat.  

In a typical application (shown in Figure 1.4), the system is heated above the glass transition temperature (Tg) of 

the chain sections, when they become flexible, and is then deformed by an external force while cooling occurs 

to below Tg, ‘locking’ the chains in place in a high energy state. When the temperature is raised above Tg, the 

chains regain mobility and release strain to gain entropy, and return to their original maximum entropy state, 

corresponding to the relaxed macroscopic shape. The family of SMPs, their composites and properties is large 

and more exhaustively listed in many recent reviews of SMPs. 48–50  
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SMPs are attractive for lower cost, lower density (and therefore improved energy to weight ratio, a key element 

if the actuator is required to move its own mass) easier processing and larger attainable strains compared to 

shape memory alloys or piezoelectric actuators.50 A major advantage of SMPs over other shape changing 

materials is their programmability, which opens up multiple applications after the manufacturing stage 

depending on the secondary shape imprinted. However, the materials do require intervention to achieve this - 

picking up and curling a strip, or stretching a material while it cools – this expands their potential, but does add 

another manufacturing stage. 

Significant amounts of work in 4D printing has already been dedicated to shape memory polymers, and multiple 

shape memory polymers have been used for demonstrations of 4d printing. These include approaches based on 

block copolymers with different glass transition temperatures,51 as well as polymers in different phases, such as 

semicrystalline methacrylated polymer.52 3D printing of shape memory polymers has been achieved with SLA 

(shown in Figure 1.5.)  and FFF, including multimaterial SLA printing. 8,53,54 

Figure 1.4 The molecular mechanism of a dual shape 

memory polymer throughout a thermal cycle. Black 

dots are netpoints; blue lines molecular chains of low 

mobility below transition temperature; red 

lines molecular chains of high mobility above 

transition temperature. Reproduced from Zhao et 

al.49 
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Figure 1.5. Shape memory polymer based on crystallites, printed using SLA technology, shows deployment over time. Such devices could 

be used as stents for medical purposes (top), or as self-closing circuits, self-repairing structures, or toys. From Zarek et al.54 

However, the most elaborate examples of printing using shape memory polymers have used the Stratasys 

Connex Polyjet™ technology to combine SMPs with different functional temperatures and contraction rates. 

This patented technology (US 6,259,962 B1) uses an inkjet-like head to extrude polymer inks and then cure them 

with UV light in place, meaning the variation of material can be achieved throughout the print. 10,11 This was 

utilised for both the initial 4D prints of Tibbits and further development to complex curved surfaces – another 

desirable feature of a 4D printed technology.55 Examples are shown in Figure 1.6.  The technology also allows 

blending between SMPs with different transition temperatures, resulting in blends with transition temperatures 

linearly interpolated between the components. However, while this technique shows good results, it is 

expensive (machines begin at around $20,000 USD26) and proprietary.  
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 HYDROGELS AS A MATERIAL 

Within this thesis hydrogels will be defined following Finch, as “polymeric materials which are able to swell in 

water and retain a significant fraction of water within their structure, but do not completely dissolve in water”. 

This lack of dissolution is caused by crosslinks between the polymer chains, which may be permanent covalent 

bonds or molecular associations, ie. hydrogen or ionic bonds. 56.  

While many synthetic hydrogels are weak, scientific interest in them as responsive materials remains strong, 

largely bolstered by their similarity to some extremely impressive and successful biological systems. Responsive 

hydrogels made of pectin are found in the vasculature tissue of plants, which react to increasing ion 

concentration with corresponding changes in volume that modify the uptake of liquids57. Hydrogels are also 

similar to the extra-cellular matrix, the organic frame which holds cells in place within multicellular animals, and 

Figure 1.6. Shape-changing objects rendered with the Stratasys Polyjet™ process. A-d:  A 3D printed box, made of blended shape 

memory polymers with differing transition temperatures such that, as the temperature is increased, they are triggered sequentially 

to return to their unstressed configuration, causing folding.. By Mao et al, 2015.  Right: a combination of fibres and lamina with 

different thermal responses is printed (e). Once it  heated, stretched, cooled and released, it takes a complex temporary shape (f). 

From Ge et al., 2013. 

a) b) 

c) d) 

e) 

f) 
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so are an exciting prospect in biomedical fields to shape cultured cells into synthetic organs, for fundamental 

biological studies, and even as vehicles for living cells as devices.58–61 Their soft nature and viscoelastic properties 

are also a good match to a wide variety of animal tissues, suggesting applications in robotics, internal and 

external medical devices, and human computer interfaces. 15,62,63 

Hydrogels may contain a tiny proportion - as little as 0.1% by mass64 - of polymer, and still hold their shape; they 

are capable of responding to biological,65 chemical,66 hygroscopic, heat,67 or light68 triggers, and may also exhibit 

shape memory characteristics69 – some relevant examples will be given here, but a wider picture is given in 

Oliver et al.22 and also in the reviews of Ionov and Tokarev.70,71  For the scientist, their ease of modification 

recommends them as model materials. One can vary the choice of polymer, copolymer or blend, 

polymer/solvent ratio, the solvent used, the crosslink density or the nature of crosslinks 72. Still further variation 

may be introduced by reinforcement elements of various shapes or chemistries, with surface modifications or 

without, with or without orientation, at different concentrations.22 

Hydrogels, of course, have downsides: they are typically slow to reach maximum deformation, brittle and exert 

a limited force. While they are easy to work with, and similar to some biological materials, they hold two major 

drawbacks; their slow response time and their lack of mechanical strength. Their need for hydration also 

presents challenges.73 

The problems of small force and slow response have a common origin: the intrinsic requirement for hydrogels 

to transport water. This makes their responses fundamentally diffusion-based and shows a power-law 

relationship between time and length scale.74 Delayed response also arises from the time-dependent viscoelastic 

behaviour of the sample.75 The relevant contributions of different phenomena depend fundamentally on the 

size of the sample and the dominant diffusion mechanism.7677  

Response rate can be increased with the addition of micro-channels76, mimicking the operation of vasculature 

and allowing integration into microfluidic devices. On a molecular level, the addition of graft chains, creating a 

comb-type hydrogel, has been demonstrated to improve the response speed of photothermally sensitized 

PNIPAM/magnetite nanocomposites by around a factor of three,67 while the presence of a non-crosslinked 

polymer is thought to introduce hydration channels.78  
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With regard to strength, hope for hydrogel-based devices is inspired by the properties of gels seen in nature. 

Synthetic hydrogels typically have fracture energies of about 10Jm-2; cartilage, meanwhile, withstands an 

additional two orders of magnitude, fracturing at around 1,000 Jm-2.79 Many strategies are currently being 

employed to strengthen hydrogels,  of which some of the most promising are nanoreinforcement and the use 

of double network structures, but it is commonly accepted there is a long way to go.73 

Possible solutions are improvements in gel nanostructure or microstructure. For example, the 20% of 20nm 

collagen fibres found in the cornea are theorised to be the source of its 4MPa tensile strength79 , while 

analogously fibre reinforcement of an epoxy-based hydrogel has been shown to increase its breaking stress by 

a factor of 20.80. The remarkable performance of cartilage is due to its anisotropic response, which has been 

mimicked by the inclusion of 1.5% wt of flakes of graphene oxide within  a hydrogel.81 Other promising 

nanocomposites have been demonstrated, with the addition of silicates and metal oxides found to promote 

cross linking, increase strength, and modulate shear response. 82 For responsive hydrogels specifically, cellulosic 

polymers have been used to sensitize hydrogels to temperature, pH, and redox potential.83. Metal oxide NPs can 

improve conductivity, add an orthogonal degree of responsiveness,84 and give additional properties such as 

antimicrobial activity.82 

Modification of gel nanostructure has also produced hydrogels with a large swelling ratio, rapid response rate 

and elastic properties that permit tying the sample in a knot, using a two-step synthesis where functionalised 

nanogels of less than 100nm in diameter are created, then joined together in a second stage.85 This approach 

generates heterogenous mesh-like structures relatively easily. 

Heterogeneity can also improve strength through the synergistic combination of two gels into interpenetrating 

network gels (IPNs). Here one gel network is formed around a second in such a way that the molecules are 

interlaced and inseparable without bond breaking.86 Double network gels (DNGs) are a special case of this, 

defined by their creator Gong as having a first network formed of a rigid, highly crosslinked polyelectrolyte, with 

a second network of loosely crosslinked ductile neutral polymers around them.87 
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 PRIOR USE OF HYDROGELS IN 3D PRINTING 

3d printing of hydrogels has been a topic of great interest to the bioengineering community, as they have similar 

properties to the extracellular matrix which encases many mammalian cells in vivo.88 This has led to the use of 

many different materials for 3d printing cells, including Pluronic™, peptides, PEGDA, alginates, and 

celluloses.13,89–91 

Focusing exclusively on 3d printed responsive materials, the field is smaller. Muscle cells contained in 

poly(ethylene glycol) diacrylate gels have been used to create ‘biobots’, although these require more carefully 

controlled environments than non-living smart materials.61. Prints combining hydrogels with different expansion 

rates upon hydration have been shown by the Woolongong group of Panhuis to create folding gel cubes.92 

(Figure 1.7, left) The same group have also used thermally responsive gels to create a working valve that self-

regulates to inhibit influx of hot liquids once a set temperature is reached. 

Work by the Lewis group at Harvard’s Wyss Institute elegantly uses the shear-alignment of cellulose within the 

hydrogel while printing to cause directional restriction of printed gel lattices, determined by the path of an 

extrusion based 3d printer. Examples of shapes produced are shown in Figure 1.7 (right). Notably, this is 
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accompanied by a mathematical model that allows the construction of the print patterns required to create 

arbitrarily curved shapes.18 

 SELECTED HYDROGEL AND MANUFACTURING ROUTES 

Following this review of the current environment, we can conclude that the manipulation of shape memory 

polymers is an established 4D printing technique at a research level, with materials, methods and predictive 

models.8,9,93,94 These can be used for printing programmable shapes with both curved surfaces and sequential 

deployment, and the examples produced are resilient and robust. The potential of this route is, however, 

constrained by the nature of the proprietary nature and high cost of both the materials and the machines used, 

specifically the proprietary Polyjet™ technology and its polymer formulations.11 Producing alternative 

approaches with a similar capacity would require a method for blending polymers with complementary 

properties using thermoplastic FFF, which is a challenging problem for a university lab operating at a low 

technological readiness level. Even without blending capabilities, the production of separate filaments with 

different properties presents a problem as the consistent diameter of the filament is key to achieving an optimal, 

repeatable outcome.  

Figure 1.7. Examples of responsive, shape changing hydrogels so far created with 3D printing. Left, two different hydrogels are printed 

by the group of in het Panhuis. When hydrated the outer layers swell, causing the shape to bend up into a box, and when heated their 

contraction opens the shape again.139 Right, the work of Gladman et al., Harvard. The print path of the head defines the alignment of 

cellulose fibres which resist expansion in one direction as the hydrogel swells. 18 
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Complex 4D hydrogel printing has also been achieved using proprietary systems such as the BioPlotter95 and 

custom installations at the Wyss institute.18,19,92 This is a more accessible option, as numerous open-source 

projects for the processing of paste-like materials exist, aimed at processing of food, ceramics, and solder paste. 

96–98 The high water percentage polymer blends which form hydrogel precursors are amenable to many of the 

techniques developed for dispensing other pastes and liquids, such as accessible syringe pumps are also directly 

translatable to this application. Further, fabrication of hydrogels is straightforward, requiring little specific 

equipment or complex syntheses.  With a wide variety of properties to tailor, the mechanical properties of 

hydrogels may be readily adapted.  

It is true that hydrogels depart from the traditional materials of engineering, and can be expected to be less 

robust and long-lasting. They do, however, offer novel advantages, as detailed by Quake and Scherer.99 Soft 

elements are necessary for fluidic mechanical devices; they are efficient to manufacture at small scale; and they 

can be easily integrated with hard elements as required. In addition, soft devices have increased compatibility 

with human and animal users, the ability to operate in unpredictable, extreme environments, and greater 

adaptability.  

While these characteristics make them suitable for certain specialist applications, such as synthetic extracellular 

matrices for tissue characterisation, contact lenses or soft robots, the author recognises that hydrogels are not 

going to find applications in consumer technology without both improvement in their toughness and resilience, 

and a dramatic change in the properties required of the materials of the built world. However, the understanding 

of what is possible is an essential first step towards defining what is pragmatically required in future materials, 

and any models or techniques developed to understand this laboratory test material would hopefully be 

transferrable into developing future work. Having said this, some prototype example devices have been made 

of hydrogels – such as a self-regulating microfluidic device14 and a device for selective trapping of cells in a 

laboratory context100 – and so there may be applications for this technology more immediately in niche areas. 

 PNIPAM-ALGINATE, A STRONG, THERMORESPONSIVE GEL 

As mentioned above, the toughest known hydrogels are those comprised of interpenetrating networks, which 

have dramatically improved properties compare to single networks. The double network gel (DNG), first 

presented by Gong et al in 2003,101 exhibits highly non-linear improvements in yield stress and mechanical 
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strength – for example, a poly (2-acrylamido-2-methylpropane sulfonic acid): poly acrylamide DNG yields at 17 

MPa, while the components individually yield at 0.68MPa and 0.05MPa respectively. The origin of this 

phenomenon is complex, but benefits are thought to derive from the denser network providing dissipative 

effects which prevent cracks from growing.102 Xin et al. consider that the properties of first gel formed are 

directly causative of the equilibrium swelling, modulus, strength and toughness of the composite gel, while 

demonstrating increases of up to 150 times in toughness in the final double system compared to the first lone 

network.103  

Double network gels where the two components have crosslinks of a different nature – one physical and one 

chemical – have been shown to push the performance still further, adding repeatable, self-healing effects arising 

from the ionic crosslinks to the benefits of covalent linking.104 An established responsive double-network 

hydrogel is poly-N-isopropyl acrylamide (PNIPAM)-alginate. This blends the well-characterised synthetic 

PNIPAM, a polymer which undergoes contraction at around 32°C, is non-toxic and easily processed,58,105,106 with 

the tough, abundant biopolymer alginate, upon which much bioprinting work has focused.88,107,108 

PNIPAM-alginate blends have already been used for responsive 3d printing applications, notably by researchers 

at the Woolongong.21,92,109 The high molecular weight, inter-chain hydrogen bonding and tailorable degree of 

crosslinking from alginate confer the high viscosity and shear thinning properties which are desirable for 

extrusion 3d-printing.109 Meanwhile, the PNIPAM network makes the resulting hydrogels thermoresponsive.110 

More details are given in Chapter 4, but in summary, the process involves a polymer solution of the IPAM 

monomer, blended with alginate chains to increase the viscosity further, extruded through a print head. When 

in the desired shape, UV illumination polymerises and crosslinks the PNIPAM network. Further layers may be 

printed on top until the desired shape is attained. When finished, the gel shape is coherent but weak; it may 

then be removed from the printer and immersed in a bed of CaCl2 so that the cations may penetrate the weak 

gel and finally crosslink the alginate network to its maximum strength, interlocking around the chemically 

bonded network to create a strong, flexible interpenetrating network gel.  

However, the work above used a proprietary Bioplotter (~$200,000); given that the materials used are accessible 

and affordable, it would be desirable to render these achievements on an open-source platform as a first step 

to developing a responsive hydrogel printing system accessible to all.111  



 

19 
 

The combination of PNIPAM and alginate has already been studied as a responsive hydrogel. The materials have 

been used as a blend,19 with the alginate not crosslinked,112 as a grafted copolymer,113,114 with crosslinking only 

in the PNIPAM and the sodium alginate acting as a filler78, and with the PNIPAM and alginate both joined into a 

single, heterogenous network.115,116 

 OUTSTANDING QUESTIONS IN 3D PRINTING SHAPE-CHANGING PNIPAM-ALGINATE 

Previously published work has demonstrated that combining alginate and PNIPAM as interpenetrated networks 

created strong, tough, thermoresponsive gels that were suitably robust to undergo mechanical 

testing.19,110,114,117 However, few works have assessed this behaviour in the context of 3D printing, examining 

how shapes made from this material would deform, or how their behaviour is modified with the addition of a 

further composite element. These points are addressed in the present work.  

Firstly: can PNIPAM-alginate be readily processed using a fully open-source printer, with both extrusion and 

curing? Secondly, for more complex print behaviour, one requires variation in the mechanical and 

thermoresponsive properties in different regions of the print. Could this be achieved by modifications to the 

PNIPAM-alginate hydrogels, either through processing or through the addition of varying percentages of a 

composite?  

A difference in shape-changing properties requires two or more formulations which differ in equilibrium volume 

both below and above the transition temperature of PNIPAM, or in mechanical properties which lead to one 

deforming the other out of equilibrium.  

The volume adopted is governed by the equilibrium configuration of the polymer-solvent network(s) – the 

relevant parameters governing this are covered in section 1.4 following. In practical terms, volume change often 

arises from a difference in average distance between crosslinks, polymer volume fraction, or chemical potential.  

Mechanical properties can be described in bulk by visco-elastic behaviour, covered in 1.5. The next sections 

review available models, relevant variables and testing methods.  
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 HYDROGEL BEHAVIOUR AND THEORETICAL UNDERPINNINGS 

 A THEORETICAL HYDROGEL MODEL 

Following the original work of Flory and Rehner on the swelling of a crosslinked polymer network, the Gibbs free 

energy of a gel can be expressed as the sum of the mixing and elastic contributions.118  This considers the increase 

in entropy caused by mixing polymer and solvent – favouring swelling –, the decrease in entropy as the number 

of possible chain conformations of each polymer is reduced by stretching – opposing swelling –, and the 

enthalpic contribution from the interaction of polymers and solvent. Enthalpy changes are material dependent, 

may be positive or negative, and are parametrized by , the Flory solvent-polymer interaction term. This 

describes the difference in energy between polymer-polymer, polymer-solvent, and solvent-solvent 

interactions. This has been extended by Brannon and Peppas to include ionic contributions.119   

For a double network gel composed of an ionic alginate network (1) and a covalent IPAM network (2), and using 

the independent network assumption from Zhang as a starting point120 (limitations to this will be discussed 

later), the energy could therefore be expressed as the sum of the two gels independently, as given by Koetting:121 

 

∆𝐺 = ∆𝐺 , +  ∆𝐺 ,  +  ∆𝐺 , +  ∆𝐺 , + ∆𝐺 ,   

Equation 1.1 

The terms correspond to the total Gibbs free energy of the entire system, (Gtot), the mixing energy of gel 1 

(Gmix,1 - here the alginate), the mixing energy of gel 2 ((Gmix,2 – here PNIPAM), the elastic energy of gel 1 

(Gel,1), the mixing energy of gel 2 (Gel,2), and the ionic energy of gel 1, (Gionic,1) assuming gel 2 to be uncharged 

(again, an assumption to be addressed later). 

Applying Flory-Huggins theory to a three-component system (labelled in subscript respectively as: 0, solvent; 1, 

alginate; and 2, isopropyl acrylamide) the mixing term can be approximated as: 

𝜕𝛥𝐺

𝜕𝑛
,

= 𝑅𝑇[ln[1 − (𝜙 + 𝜙 )] + (𝜙 + 𝜙 ) + �̅�(𝜙 + 𝜙 ) ] 

Equation 1.2 
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Here R is the ideal gas constant, T is temperature, φ the volume fraction of the polymer, and  is the interaction 

parameter. Here, the establishment of an individual interaction parameter is challenging and so it is replaced 

with an average  value. 

While the Gibbs free energy must be evaluated under 

conditions of constant temperature, the value of the 

temperature strongly affects the value of  for PNIPAM, as 

shown in Figure 1.8. Dependence of the Flory interaction 

parameter, χ, on temperature, for a selection of 

acrylamides. Isopropyl acrylamide represented by filled 

circles and showing a clear transition at approximately 

32°C.  From Bae et al.158  For a shape changing application, 

one would therefore expect to evaluate the swelling 

behaviour twice: once below the LCST where  is 

approximately 0.5, and once well above the transition, at 

approximately 1. A detailed calculation of  for PNIPAM is a 

function of both polymer concentration and temperature, 

and has been achieved through experimental fitting by 

Afroze et al.122  

Alginates do not fulfil the assumptions underlying the Flory model, most notably the assumption of a Gaussian 

polymer distribution, due to the nature of their rodlike junctions,123 so it should be understood that this is an 

idealised model as a starting point. More detail on the deviation of alginates from this simple model is provided 

in Chapter 4. 

The rubbery elasticity energy contribution can be expressed for network 1 as: 

∆𝐺 =
𝑘𝑇𝑣 ,

2
(3𝛼 − 3 − ln 𝛼 ) 

Equation 1.3 

Figure 1.8. Dependence of the Flory interaction parameter, χ, 

on temperature, for a selection of acrylamides. Isopropyl 

acrylamide represented by filled circles and showing a clear 

transition at approximately 32°C.  From Bae et al.158  
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Where k is the Boltzmann constant, T temperature, ve the effective number of chains in the network, and 𝛼  

equals the final volume of the whole IPN divided by the volume of the unswollen primary polymer network. 

The entropic contribution to swelling for network 2 can be expressed as: 

𝛥𝑆 , = 𝑘𝑣
1

2
ln

𝛼

𝛼
−

3

2

𝛼

𝛼
− 1  

Equation 1.4 

Here, k is the Boltzmann constant, ve the effective number of chains of network 2 within the network structure. 

The α parameters denote the change in extension as the polymers of the second network swell to equilibrium. 

With the superscript 0, 𝛼  gives the linear deformation factor for the joint network – the state of the polymers 

when both networks have been formed but not allowed to swell to equilibrium volume. This can be found as 

the inverse cube root of the volume fraction of the second network at this time, φ2, if known. If not directly 

measurable, this can be found as the cube root of the volume of both networks combined and not swollen (V0), 

divided by the difference between this volume and the volume of the primary network alone, V0 (thus, the 

contribution provided by the second), as shown in Equation 1.5. 

𝛼 =
1

𝜑
=

𝑉

𝑉 − 𝑉
 

Equation 1.5 

The second alpha parameter analogously describes the extent of the polymers of the double network when 

swollen: 

𝛼 =
1

𝜑
=

𝑉

𝑉 − 𝑉
 

Terms are defined as in Equation 5, with the addition of V, the total final volume of the combined swollen IPN. 

The final piece necessary to describe the behaviour is the ionic contribution, which has been expressed by 

Brannon-Peppas and Peppas119 as: 
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(𝛥𝜇∗) −  (𝛥𝜇 ) =
𝑉 𝑅𝑇

4𝐼𝑀

𝜑 + 𝜑

�̅�

𝐾

10 + 𝐾
 

Equation 1.6 

This expresses the difference in chemical potentials between ions outside (indicated with an asterisk) and inside 

the gel. Mr is the molecular weight of the repeat units of the charged polymer, I the ionic strength of the solvent, 

Vs the molar volume of the solvent, �̅� the specific volume of the charged polymer, and Ka the equilibrium 

constant of the anionic network, in this case alginate. Φ1,2 indicate the polymer volume fractions of both network 

1 and 2. 

By differentiating Equation 1.1, Equation 1.2 and Equation 1.3 with respect to the number of solvent molecules 

in the system, chemical potential may be related to the Gibbs free energy, yielding an overall expression for 

chemical potential difference in an IPN with contributions from all the relevant factors (where the elastic terms 

have been re-expressed as a function of the volume fractions and molecular weight between crosslinks): 

𝜇 − 𝜇 = 𝑅𝑇[ln[1 − (𝜙 + 𝜙 )] + (𝜙 + 𝜙 ) + �̅�(𝜙 + 𝜙 ) ]  +
�̅�

�̅� 𝑀 ,

1 −
2𝑀 ,

2𝑀 ,

𝑣
𝑣

2

+
𝑣

𝑣 ,

𝑣 𝑣 −
𝑣

2
+   

𝑉𝑠𝑅𝑇

4𝐼𝑀

𝑣 + 𝑣

�̅�

𝐾

10 + 𝐾
 

Equation 1.7 

Here, terms are as above, with the addition of 𝑀 , , the molecular weight between crosslinks of component 1, 

in this case alginate, 𝑀 , , the molecular mass of the alginate network, and 𝑀 ,  , the molecular weight between 

crosslinks of IPAM. 

Since this difference is by definition zero in equilibrium, Equation 1.7 can theoretically be solved in order to 

describe the swelling behaviour of an IPN – or, more realistically, to derive more esoteric measurements such 

as the molecular weight between crosslinks from easily measured characteristics such as the final swelling 

volume.  
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 DOUBLE-NETWORK COMPLEXITIES 

However, these theories derive from the idealised environment of polymer physics, which assumes, among 

other things, a Gaussian distribution for polymers in the network and point-like tetrafunctional crosslinks, two 

assumptions which are definitively not the case for alginates, as shown by the size and functionality of the 

junction zones.124  

Further complexities are introduced by the double network structure required for a resilient, thermoresponsive 

gel suitable for robust testing. The independent network assumption is of limited validity in many experimental 

conditions. It is certainly evident that some interplay between the networks occurs in double network hydrogels, 

as the magnitude of synergistic improvement in resilience is far greater than expected from non-interacting 

physically interpenetrated networks.125 The mechanism of this phenomenon is not well understood, but is 

thought to depend sensitively on the relative crosslinking densities of each network as well as the initial structure 

of the first network. 102,103  

In this case some electrostatic interaction could be expected. One network, alginate, is anionic; the second 

network, poly-n-isopropyl acrylamide, while theoretically neutral, can be expected to carry a small net charge 

due to its preparation method. Physical entanglement and the forming of unintended covalent bonds through 

the interaction of byproducts may also play a role in forming connections between the networks. 

Recently, more complex models have been developed which aim to capture the synergistic behaviour of double 

network gels, including facets such as the rate-dependence of stress-strain behaviour during loading and rate 

independence during unloading. Mao et al. match their experimental work on large deformations of an 

alginate/polyacrylamide double network gel with a viscoelastic mathematical description which successfully 

captures these complex aspects.126 While this work seems promising, it is not clear what this would imply for a 

thermoresponsive system.  

Lu et al. also develop a phenomenologically double network stress-strain relationship which reproduces the 

strain-softening behaviour and hysteresis typified by such gels.127 However, due to the phenomenological nature 

of the work, the variables used are not directly related to any physical observables in the gel. This limits the 

ability of these equations to be combined with other observations and link microscale gel phenomena with 

macroscale properties. 
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Due to the recent nature of these work, the hydrogel community has yet to reach a consensus on which models 

are appropriate for use, and research is still ongoing. 

Having said all this, and recognising the immense complexity represented by this system, it should at least be 

possible to compare results to the theoretical predications of Equation 1.7 or identify general trends suitable for 

treatment with a phenomenological model. For example, the simple correlation of E, the Young’s Modulus, with 

increasing crosslink density to an experimentally determined power has yielded reasonable results when 

predicting the deformation of 3d printed hydrogels previously.92 128 In practical terms, changes in the polymer 

volume fraction, the average molecular mass between crosslinks, the Flory interaction parameter as a function 

of temperature, or the chemical potential are all likely to affect the behaviour. Methods of investigating these 

parameters are given in section 1.6, while prior work on modifying volume and mechanical properties of 

hydrogels is described in the next section. 

 MECHANICAL BEHAVIOUR 

Anisotropic response across a hydrogel object can be achieved by varying chemistry or physical properties. Many 

examples exist where hydrogels have been used as a bilayer, either in combination with a material that does not 

substantially change volume, or with a material which still exhibits a relative difference. A subtler option is to 

grade the different materials, blending them together – this has the advantage of avoiding a discontinuity which 

could initialise cracks. Finally, the most subtle option, and that often employed by nature, is to introduce 

anisotropic distribution of material properties with localised directional constriction or restraint, as in the 

cellulose of the pine cone,129,130 or localised volume expansion in certain areas.  

 MODULATING RESPONSE ACROSS THE MATERIAL 

The simplest case to generate a bending response is to join two materials with differing responses to the same 

stimulus. This motif is seen in the classic bimetallic strip,131 the pinecone,129 and from the very beginning of work 

in hydrogel actuators.132 Lithographically patterning a bilayer structure introduces a second dimension to bilayer 

fabrication, as shown by Bassik et al.133 Only those areas exposed to polymerizing UV remain attached to the 

bottom layer, thus creating a surface with some bilayer bending regions and some flat monolayers. This is used 

to create an all-hydrogel version of a Venus flytrap. In another example of two dimensional patterning, Andres 
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et al. localise inkjet deposition of carbon nanotube composites within a polymer, creating folding regions with 

reduced hygroscopic swelling which act as hinges.134  

More complicated curvature from a two-material system was demonstrated by Wu in 2013,135  where hydrogels 

with thin, directed stripes of alternating chemical composition which varied in degree of expansion were used 

to create complex deforming surfaces. The relatively small lateral modulation involved is directly reminiscent of 

plant motion, where, as in nature, small effects add up to create an overall larger movement. 

These changes in composition can be achieved in many ways, but an appealing approach is the addition of 

nanoparticles in specific regions or with varying orientations. Due to the high surface to volume ratio of 

nanoparticles, a small amount of composite can be expected to have a large effect, creating material cost 

savings, and many working examples of shape-changing nanocomposites may be seen in nature.130 Plant 

behaviour has been synthetically mimicked by the orientation of high aspect ratio particles in a magnetic field136 

and the shear alignment of cellulose by print direction.18 However, surprisingly, 3d printing has not been used, 

to the author’s knowledge, to localise regions of nanoparticles. This would seem to be a simple and appealing 
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route for achieving shape change, allowing the flexibility of 3d printing to create myriad shape-changing designs 

and the efficiency of nanoparticles to use minimal material to do so.  

Therefore, blending PNIPAM-alginate with small amounts of gold nanoparticles was selected as an approach. 

These particles are inert, non-toxic, may be triggered remotely by laser light, and  have shown good performance 

in other shape changing composites based on PNIPAM.137,138 

An alternative route, following a similar principle, would be to modify the processing conditions within certain 

regions of the print, creating, for example, a higher density of crosslinks within a certain region. This would be 

analogous to the lithographic patterning used elsewhere, but able to operate in 3D as part of one continuous 

process, creating gradients in X, Y and Z. 

b 

c 

Figure 1.9. Examples of prior work combining just two different material properties to create responsive curvature upon hydration. 

A) a sketch of the combination of stripes of different hydrogels used by Wu et al. Due to their different swelling ratios, the flat sheet 

becomes helical. B) Experimental images showing angle and chirality can be controlled. C), the concept used by Erb et al. of magnetic 

orientation of microplatelets. When placed within a gelatin matrix, swelling becomes directional (d and e).  
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We see that just two different material configurations are sufficient to achieve multiple different shapes and 

responsive behaviour as desired. However, they should be characterised before combining them into more 

complex prints, and require a model to understand how material properties and shaping translate into form. 

 A ONE-DIMENSIONAL BENDING MODEL 

We begin with the simplest relevant model, derived by Timoshenko, which treats the system as a one-

dimensional beam. While of course the behaviour of the polymers and solvent within thermoresponsive gel is 

complex, with contributions at the molecular scale from entropic considerations, ionic interactions and elastic 

behaviour of the network,118,121 simplified assumptions arising from scaling laws have previously been 

successfully applied,139 and should at least provide a starting point. 

To programme the transition to a desired 3D shape, the actuation deformation of the materials involved must 

be related to the final shape parameters. The radius of curvature for a bilayer system with differing rates of 

expansion was found by Timoshenko to be governed by the equation:131 
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Equation 1.8 

where R is the radius of curvature, α1 and α2  are the linear expansion ratios of each layer when separate, Δλ = 

α1-α2 , the difference between their expansion ratios, a1 and a2 are the heights of the first and second layers 

respectively, h is the total height (ie., h = a1 + a2), m is the ratio of a1 and a2, and n is the ratio of the Young’s 

moduli of the layers 1 and 2, E1/E2.  
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Figure 1.10. Top: initial configuration of bilayer composed of two gels with different youngs moduli and coefficients of thermal 

contraction. Bottom, the curved configuration adopted upon heating this bilayer. 

As thermoresponsive gels undergo their transition above the Lowest Critical Solution Temperature (LCST), they 

contract from an initial volume vi to a final volume vf, here notated vf(1,2) to indicate that these volumes are not 

necessarily the same for each layer. In this simple model, we assume the contraction to be isotropic, so defining 

α(1,2) as the linear expansion factor and maintaining the subscript notation: 

𝑣

𝑣
=

𝛼

𝛼
= 𝛥𝜆 

Equation 1.9 

Thus the swelling ratio and change in volume for a two-material hydrogel bilayer can be related to the bend it 

will form. This equation holds under linear elastic deformations only, and relies on certain assumptions about 

ideal hydrogels. However, a full treatment of this complex phenomenon is beyond the scope of this primarily 

experimental work.  

Existing material models include the work of Cai and Suo, describing the phase transition of PNIPAM gels, and 

the recent work on double networks mentioned in section 1.4.2. These would require significant modification 

to be applied to PNIPAM-alginate.140  
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Bilayer hydrogels have been treated by Lucatonio et al, who 

developed a treatment which split each the bilayer system 

into a contribution from swelling as if the beam were free, 

and an elastic contribution arising from constraint.141 

Morimoto and Ashida consider a bilayer composed of gel on 

an incompressible elastomer, using an approach which 

separates swelling and bending components. The first is 

treated with a virtual one-dimensional homogenous 

swelling, and then, imposing the condition of balanced 

forces on the homogenous bending component, the final 

configuration is found. Results compared with a standard 

Timoshenko model show a significant difference. (Figure 

1.11)  

 TESTING REQUIREMENTS AND MODALITIES 

For the simplest model of deformation, the bimetallic strip of Timoshenko, we can see we require the swelling 

ratios for various gel compositions (i.e. the ratio of their volumes before and after transition) and their Young’s 

moduli in the final state. This simple requirement defines much of the relevant testing techniques that will be 

used within this thesis. 

Hydrogels are challenging to test by mechanical means due to their high deformability, low yield stresses, and 

low friction. Their high water content also introduces difficulties due to the change in properties as the piece 

dehydrates, potentially affecting the measurements.142  

As yet, no body of standards for hydrogel testing exists that is comparable to the large body of work on testing, 

for example, rubbers. The approach taken in this thesis is therefore to start from standards for testing soft 

materials, such as synthetic tissues, where they exist; to benchmark against well-cited papers in the field; and 

finally to adapt according to the availability of equipment locally. It should be noted that since hydrogels are the 

subject of investigation by mechanical engineering, bioengineering, chemical engineering, soft matter 

Figure 1.11 How the curvature predicted by a linear 

(Timoshenko) model differs fromtheir non-linear model for 

different crosslink densities. Differences are most significant 

for low crosslinker densities. 
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chemistry, biology and polymer physics communities, and this is far from an exhaustive list, one often sees 

discipline-specific assessment methods; these will be noted as they become relevant. 

 HYDROGEL ANALYSIS TECHNIQUES 

 SWELLING RATIO 

For measurements comparing the volume of the dry gel to that of it swollen in equilibrium, as required by 

Equation 1.7, simple drying and weighing is sufficient. While Flory-Rehner analysis suggests that the Young’s 

modulus of a gel should scale with the segment concentration of the polymer, or the number of monomers per 

unit volume,128 and therefore be directly correlated to the swelling ratio, this result rests on a number of 

simplifying assumptions which are not necessarily expected to hold true in this experimental situation. These 

include the requirement for a simple network structure, with no dangling ends or loops, the requirement that 

the polymer chains within the gel exhibit a Gaussian distribution, and the requirement that the affine 

assumption holds true.77,143 For this reason, Young’s modulus should also be measured via additional methods.  

 ELASTICITY: RESPONSE TO DEFORMATION 

The response to deformation of a hydrogel is obviously crucial to the performance of a printed hydrogel object. 

Less obvious is that if hydrogels are to be used as artificial extracellular matrixes, for example in bioprinting or 

drug delivery, the stiffness of the gel influences the life cycle of cells and the differentiation of pluripotent 

cells.144,145 Thus, characterising the resistance of the material to bending is important not only for this 

application, but for future work that may incorporate it within the life sciences.  

The elastic modulus (E) relates the stress (σ) – the force per unit area - to the strain (ε) – displacement relative 

to original length - within the elastic limit for an isotropical material subject to uniaxial stress.  

Simple models of elasticity are only appropriate in the small-strain region, where the relationships are linear -  

ie. where the material returns to its original shape when the force applied is removed and energy is conserved. 

In this regime the measure relating the stress and the strain is referred to as the Young’s modulus. The elastic 
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modulus is one of three moduli which describe the elastic properties of a material in response to different 

deformations, shown below. 

In reality, few materials exhibit true linear deformation. Biological materials in particular typically exhibit a J-

shaped stress-strain curve, where at higher strains more force is required for a given extension.146 This is 

advantageous in an evolutionary context, limiting damage.147 A fuller description of this behaviour requires a 

tensor treatment – relating the stress or strain for each face of a volumetric element.148 This will be described 

in more detail when considering the behaviour of specific prints in Chapter 4.   

Evaluating the elastic response introduces some difficulties when working with hydrogels due to their high 

extensibility and fragile nature; most testing protocols currently available were developed for materials 

thousands, if not millions, of times stiffer. However, as the field of hydrogels material science has developed, a 

selection of methods have evolved, with significant crossover with the testing of biological materials. Some 

commonly used methods for characterising the materials include nanoindentation,149 Atomic Force Microscopy 

(AFM), tensile testing and compression testing, which all have strengths and weaknesses.  

  

  

Figure 1.12. Sketches of the deformation modes of a cube of material. Left, shear modulus, characterised by G, centre, Young’s modulus, 

E, and right, bulk modulus deformation, K.   
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 NANOINDENTATION AND AFM PROBES 

Nanoindentation involves approaching a small (m-radius) probe towards the sample and measuring the load 

and displacement it experiences. From this the mechanical properties of the system may be determined. AFM 

may be used in many different modes, but the simplest uses a nano-scale probe to take the same measurements 

at a much smaller lengthscale. These methods provide good resolution and information on the microscale 

variations of the surface, but require an appropriate model to derive macroscopic mechanical properties from 

the result. For new materials without established models or calibration standards this can present a challenge, 

and for samples where the bulk behaviour is the object of study it is hard to quantify how many samples should 

be taken to achieve a measurement representative of the whole. The values found are also sensitive to surface 

roughness and particularly adhesion, which can cause errors.150  

 TENSILE TESTING 

Tensile testing requires mounting a bar of the material to be tested between two sets of jaws, which are moved 

apart at a steady rate while the load on them is measured. From this force-displacement data information about 

sample behaviour is derived. Yield stress and strain, the Young’s modulus, and the shape of the stress-strain 

curve for fitting are some parameters commonly extracted. 

For delicate materials such as hydrogels, however, it can be difficult to manufacturing a sample capable of 

enduring testing, and mounting the typically slippery, soft items. As hydrogels are highly extensible they will 

often show strong ‘necking’ phenomena, decreasing in area dramatically before yielding. This require 

measurement of the changing area in addition to the separation and load of clamps. Possibly the most 

challenging aspect of tensile testing of hydrogels is the suggestion that to prevent drying effects, they should be 

tested while immersed in water: this is difficult to combine with existing systems without the use of costly 

additional components which were not obtainable for this project.  

 COMPRESSION TESTING 

Uniaxial compression testing is a macroscopic case of nanoindentation, whereby a sample is contained between 

two parallel plates as these are approached together at a set rate, compressing the material and recording load 

and displacement. This may be continued until the point of yield, or oscillated to elucidate the process of 
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material recovery through defining hysteresis curves. Again, load and displacement are measured, and 

characteristic variables extracted, such as the Young’s modulus in the linear region of the graph, and the 

compressive strength – found as the ratio between the maximum load at failure and the original cross-sectional 

area. 

If unconfined, the materials will expand in cross-sectional area, yielding the Poisson’s ratio, . This is the ratio of 

transverse contraction strain to longitudinal extension strain in the direction of stretching force, and therefore 

defines how a sample changes volume in response to stress. Together with E, K and G (see Figure 1.12),the 

Poisson’s ratio satisfies a set of equations from which, if any three are known, the fourth variable can be 

established.  

For many hydrogels stress-strain behaviour is rate dependent, as the time taken for dynamic rearrangement of 

the molecules is of the same order as typical compression rates (~1mm/s to 60mm/s). Compression testing has 

been used to test many hydrogels and will be used within this thesis to determine the elastic response regime, 

the Young’s modulus for use in the Timoshenko model, and hysteresis behaviour.151–153  

 VISCOELASTICITY: RESPONSE TO SHEAR AND TIME-DEPENDENT BEHAVIOUR 

The Timoshenko model additionally requires the beams it describes to show purely elastic behaviours. Hydrogels 

are complex materials which can exhibit a large spectrum of viscoelastic behaviour, as a function of frequency, 

ageing, magnitude of stress and strain, and history.77,142 It is therefore required that the viscoelastic behaviour 

of the gels are assessed to determine in what situations, and within what limits, the elastic response dominates. 

Such experiments on gels typically use rheometry or dynamic mechanical analysis (DMA), with rheometry being 

used for more ‘liquid-like’ viscoelastic samples and DMA for more ‘solid-like’ polymer blends. Resilient gels such 

as PNIPAM-Alginate are amenable to both treatments; in this thesis, rheology is used as it is suitable for assessing 

both the crosslinked (post-printing) and uncrosslinked (before printing) materials. Crosslinked materials are 

evaluated in terms of their shear elasticity, to find their response to perpendicular strains. Uncrosslinked 

materials are evaluated for their yield shear and viscosity which inform their suitability and requirements for 

extrusion printing.33 
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 RHEOLOGY 

Rheology is the study of the behaviour of materials which exhibit viscoelastic behaviour - that is, solids that are 

not perfectly elastic and non-Newtonian fluids -  as they respond to applied force. A rheometer consists of a 

finely-controlled arm which can be oscillated at a range of rates and strains. This is vertically approached towards 

the sample, and rotated about the direction of approach, shearing the sample. Similar to the previously 

mentioned mechanical testing, load and displacement are monitored as the sample experiences various 

oscillation amplitudes and frequencies and the amount of energy returned and dissipated is used to infer the 

relationship between viscous and elastic behaviours within the sample. The principles and use of rheology within 

this work are described further in Chapter 2, Materials and methods.  

 POROELASTIC CONSIDERATIONS 

An additional complexity is introduced since the gel is a two-phase system consisting of ‘solid’ (at timescales 

shorter than the viscous relaxation time) polymers, enclosing pores filled with liquid. An external force will 

change the pressure within the pores, stretching the walls and thus contributing to the strain within the system. 

Consideration of the interplay between pressure and strain in a mixed material requires the theory of 

poroelasticity. However, as demonstrated by Wang et al., since viscoelastic stress relaxation is independent of 

sample size and poroelastic effects require time for diffusion (dependent on the diffusivity and the sample size), 

one can choose a sample size for which viscoelasticity dominates.154  

Helpfully, the simulation considered in the paper referenced above is directly applicable to this case. Taking an 

alginate diffusivity of approximately 6 x 10-9,155 we can see that with a sample size much greater than 100m 

viscoelastic effects dominate until a time period of 1010 s, and I intend my experiments to be shorter than that. 

This also indicates that nano-indentation measurements and AFM measurements would explore the poroelastic 

regime, directing attention towards macroscopic compression measurements as a more appropriate way to 

access the relevant properties. 

 THERMORESPONSE: RESPONSE TO TEMPERATURE 

Information about the rate of contraction would also be desirable, for the possibility of sequential activation as 

shown in Figure 1.6. Differential Scanning Calorimetry (DSC), measures the change in temperature as a sample 
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is heating and can be used to infer phase changes. For PNIPAM, the thermal switching behaviour can be seen as 

an endothermic peak on heating and an exothermic peak on cooling, as the amide groups fold inwards and form 

bonds with each other, or unfold and achieve a lower energy state, respectively. DSC has been used successfully 

to characterise the response rate and transition temperature of PNIPAM-NP composites and will be used in this 

thesis.156,157  

 CONCLUSION 

In this chapter, the applications for 3D-printed responsive materials and the availability and potential of existing 

printing systems were reviewed. It was noted that printing of responsive materials with shape memory polymers 

is well established, but limited by high material and equipment cost. Hydrogels and open source 3D printers 

were offered as an alternative, accessible route. Double network hydrogels were identified as working materials 

for their exceptional toughness, tailorability and high levels of deformation, and a focus on extrusion-printed 

PNIPAM-alginate hydrogels was justified based on their low toxicity, affordability, abundance, and proven 

performance.  

Methods for modifying hydrogels spatially within a print was considered, and some areas requiring further 

research were identified. One key point was that much published work uses custom or proprietary printing 

systems, limiting reproducibility: there is a gap for an open-source, well-documented enabling technology. This 

had first to be built and then to be used to print an established 3D printable material, PNIPAM-alginate. 

Secondly, noting the success of combining nanoparticles with PNIPAM, there is a natural extension in testing the 

performance of nanoparticles in a 3D-printable PNIPAM composite, namely PNIPAM-alginate.  

In order to interpret the results of hydrogel shape change, the relevant theory was reviewed and its limitations 

with regard to double network systems noted. A simple model for one-dimensional deformation, the 

Timoshenko bilayer, was introduced. From this, methods of determining the relevant material properties 

required to apply the Timoshenko model were discussed, and compression testing, rheology, and 

thermoresponse analysis focused on as the most relevant in this situation. The next chapter will detail the 

building of an appropriate open-source extrusion-based 3D printer, in keeping with the stated focus on 

accessibility and reproducibility. Subsequent chapters will detail the properties of PNIPAM-alginate bulk samples 

and  printed samples, and PNIPAM-alginate with the addition of gold nanorods. 
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 MATERIALS AND METHODS 

In this chapter, materials used throughout the subsequent work will be described. The principles behind 

methods and techniques which were used without development or refinement are outlined, and the relevant 

parameters and equipment used specified. In the case of methods designed explicitly for this body of work, 

these were considered to form part of the research, and are detailed in methods development sections in section 

4.3. 

 MATERIALS 

Alginate (medium viscosity) was sourced from Sigma Aldrich and stored in a sealed container at ambient 

temperature. Due to the high levels of variation within alginate properties, even from the same suppliers in 

different batches, the blended contents of a single batch from a single supplier was characterised for molecular 

weight, found to be 20.6 ± 0.6 kDa, and M:G ratio (see sections 2.2.4.4 and 4.2.2) and used throughout.12 

Calcium chloride was sourced from Sigma Aldrich and stored in a sealed container at ambient temperature. 

N-isopropyl acrylamide (IPAM) of 97% purity was sourced from Sigma Aldrich, and stored at below 5 °C in a 

laboratory fridge. 

2,2-Dimethoxy phenyl acetophenone (DMPA) was obtained from Acros Organics, and stored below 5 °C in a 

laboratory fridge. 

Methylene bisacrylamide (MBA) was sourced from Acros Organics and stored below 5 °C in a laboratory fridge. 

The formulation of IPAM monomer, photoinitiator (DMPA), crosslinker (MBA), alginate, and calcium chloride 

devised by Bakarich et al.3 was used throughout for PNIPAM-alginate gels. This comprises a molar concentration 

of 0.01M CaCl2, 1.45 x10-3M 20.6kDa alginic acid, 1.77M IPAM, 6.49 x10-3M MBA, and 0.0104M DMPA. 

Gold nanorods, synthesized using the cationic surfactant cetyl trimethylammonium bromide and citric acid, 

stabilized in aqueous solution at a concentration of >30 µg/ml,  were purchased from Sigma Aldrich.4 Their stated 

dimensions were 10 x 35 nm, corresponding to a primary plasmon resonance at 785 nm. These values were 

independently evaluated for the purposes of this thesis by means of transmission electron microscopy and 

dynamic light scattering (see section 5.4.1). The nanorod solution was stored at below 5 °C in a laboratory fridge. 
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 METHODS 

 COMPRESSION TESTING 

To determine the elastic behaviour of gel samples compressed uniaxially, mechanical compression testing using 

a small load cell was performed. This process sees a right cylindrical sample of material placed on a fixed plate 

while another flat plate is moved towards it. The position and force exerted on the mobile plate are recorded, 

from which the stress (σ) and strain (ε) experienced by the sample can be calculated.5 

Strain is simply found as the force (F) per unit area (A).  

𝜎 =
𝐹

𝐴
 

Equation 2.1 

The nominal or engineering stress takes A to be constant and equal to the area of the undeformed sample, A0 

while the true stress (σ’), a closer representation of the actual force experienced by the sample, represents the 

reality that for most materials A will increase with compression and decrease with extension. Analogously, 

engineering or nominal strain is evaluated as the ratio of the change in length (Δl) to the original length L0, while 

true strain (ε’) is defined with respect to the length at the time of the additional extension. So while engineering 

strain is given by Equation 2.2: 

𝜀 =
𝛥𝑙

𝐿
 

Equation 2.2 

True strain is defined as the change in length with respect to the instantaneous length at that time, L: 

𝜀 =  
𝑑𝐿

𝐿
 

Equation 2.3 

 

Combining Equation 2.2 and Equation 2.3, true and nominal strain can therefore be related by: 
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𝜀 = ln(1 + 𝜀) 

Equation 2.4 

Relating true and nominal stress requires knowledge of the volume change under stress, but for cases where 

volume can be assumed constant, this relationship between A0 and L0 may be used to express the true stress: 

 

𝜎 = 𝜎(1 + 𝜀) 

Equation 2.5 

Compression tests were performed on a Starrett FMS-500-L2 with an approach rate of 1 mm/min and a 100 N 

load cell. Sample dimensions were measured before testing with a digital micrometer (Silverline, Model number 

282378) and their diameter and height recorded for subsequent determination of stress and strain. Errors due 

to instrument precision were lower than variation due to changing levels of gel compression during 

measurement. An initial measurement error of ± 0.1 mm was assigned to represent this, which was propagated 

through further calculations according to standard error methods. 

Reproducibility within mechanical testing of hydrogels is typically poor, with up to two orders of magnitude 

difference found in the moduli reported by different groups for the same composition.6 This is likely to arise 

from the extreme sensitivity of the materials to processing conditions, the inherent heterogeneity of the gel 

structure, and details unintentionally omitted in the literature, as within a publication data are generally 

consistent. Therefore, the minimum number of required samples specified by comparable protocols5 was 

increased from 3 to 5, and visually defective samples were discarded.  

Data were recorded using the L2 software package, and processed using Python 3.0, with packages Numpy, Scipy 

and Matplotlib. Raw force-extension data were converted into engineering stress and strain using the 

dimensions recorded before testing, and into true stress and strain using the assumption of constant volume. 

Linear fitting was performed on the stress-strain graphs produced using the curve_fit function in Scipy to 

implement the Levenberg-Marquardt least squares fitting algorithm in the region of interest.7 Errors were 

assigned as the square root of the diagonalisation of the normalised covariance matrix. 
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 RHEOLOGICAL TESTING 

Rheology measures the balance between viscous (energy-dissipating) and elastic (energy storing) mechanical 

response within liquids, gels and other materials that exhibit behaviour which falls between these extremes. In 

this thesis rheological techniques are used to measure the response of both crosslinked gels and highly viscous 

liquids to shear strain, yielding information about their mechanical behaviour when printed and their suitability 

for printing. 

For rheological testing the sample is placed between a geometry mounted on a finely controlled arm, whose 

displacement and load may be monitored and a fixed plate. As the top geometry rotates the sample thus 

experiences variable shear rate and amplitude, and either the resulting stress or strain may be measured. A 

simple parallel plate geometry is appropriate for elastic hydrogels and viscous liquids, sketched in Figure 2.1. 

 

Applying shear to a sample generates shear stress and shear strain, analogously to linear stress and strain. Shear 

stress is defined as: 

𝜏 =
𝑓

𝐴
 

Equation 2.2.6 

Where τ is the shear stress, f  the shear force and A the area over which it acts.  

Correspondingly, the shear strain is: 

𝛾 = tan 𝜃 

Equation 2.2.7 

Figure 2.1. Sketch of a volume element of edge length l in shear, 

showing a force F acting on an area A to create a displacement Δx, 

forming an angle Θ to the vertical 
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With γ as shear strain and θ as the angle between the unsheared and sheared edge of the surface, as shown in 

Figure 2.1. 

For an ideal elastic solid, shear stress is in phase with the shear strain: the response of the material keeps pace 

with the force applied to it as it oscillates. For liquids, the stress response lags behind the strain by a phase factor 

δ, which is 90° for an ideal liquid. A viscoelastic material (and, in reality, any material to some degree) has 0 ≤ δ 

≤ 90° and may be characterised by the response time between shear stress and strain. Physically this is measured 

as the change in force experienced by the top geometry depending on the motion of the sample with respect to 

the driving oscillation.  

The change in amplitude of oscillations induced in the materials is the second factor uniquely identifying the 

materials’ viscoelastic behaviour. As known from common experience, elastic materials store energy and return 

it, whereas in liquids the energy used shearing them is dissipated as friction. The combination of these 

behaviours is expressed in rheological notation as a complex shear modulus G. Here the real part is G’, the elastic 

or storage shear modulus, and the imaginary represents G’’, the viscous or loss shear modulus. The angle thus 

defined on the complex plane is δ and therefore the complex shear modulus vector is a complete description of 

the system – at a given frequency, strain and point in time. Tan δ measures the ratio of energy dissipated to 

energy stored during single cycle and quantifies the system damping.8 

In this thesis, rheological testing was principally used in two modes. Firstly, on cured gels, to evaluate the elastic 

and viscous shear moduli as a function of the amplitude of oscillations, or of frequency. This predicts the 

behaviour a material will exhibit in a given regime. Secondly, on uncured gels, to assess their viscosity as a 

function of shear rate and therefore find the force necessary to initiate flow. Rheology was performed on a 

Malvern Kinexus Pro rheometer with a Peltier unit to provide thermal stability. Due to the high viscosity of the 

blend even when uncured, all measurements were taken with a 20 mm diameter parallel plate configuration, 

following Song et al.,9 and at an isothermal 25° C. 

 SMALL-AMPLITUDE OSCILLATION SHEAR TESTING 

For cured gels, a custom program was developed which would allow for variable sample heights, due to swelling 

to be compared. This loaded samples by compressing to a fixed force level of 0.1 N rather than a fixed height. 
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For each sample composition, a protocol based on Zuidema et al. was followed; a frequency sweep was 

conducted to determine the linear viscoelastic region (LVER) and ensure that testing was conducted in a 

consistent regime.10 1 Hz was found to be appropriate for all samples. The sample used for frequency sweep 

testing was then removed and allowed to rest for 1.5 h, which preliminary tests showed was sufficient to match 

virgin samples, while oscillation amplitude tests were conducted to determine the shear and loss moduli 

between 0.01 and 100 % strain. Finally, the frequency sweep sample was used for oscillation amplitude testing. 

Each composition was tested with at least three independent samples, the results averaged and errors assigned 

according to the standard error on the mean.  

 SHEAR-RAMP TESTING 

For the polymer-monomer uncured blend, shear-viscosity ramps were taken at shear rates 0.01 to 500 s-1 to 

investigate the variation in viscosity with the imposed force. This range corresponds approximately to shear 

rates experienced by polymers during extrusion through a 3D printer and at rest on the printbed.11 

 THREE-STAGE THIXOTROPY TESTING 

It was observed for uncured blends that the viscosities recorded in shear ramp tests depended sensitively on 

the age of the samples and their shear history. Therefore, it was desirable to determine the timescale of recovery 

and any variation of this with composition, and whether these could be considered constant throughout the 

extrusion, photocuring and ionocuring stages of print processing.  

A protocol was developed to mimic the forces experienced by the materials while printing and monitor their 

time evolution on relevant scales. This is also used as a method to gain insight into the forces contributing to 

self-organisation of the liquid as a function of composition. 

The process is based on three-stage thixotropy testing and, surprisingly, comprises three stages. 

The first stage imposes small angle oscillatory shear at a frequency and strain determined by frequency and 

strain sweeps to be within the LVER. This establishes suitable parameters under which the viscoelastic response 

is stable: for materials used in this work, 1 Hz and 1 % strain. Oscillations are performed for 30 s until a stable 

complex viscosity is reached.  
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Then, a higher shear is imposed for 30 seconds. This rate was assigned as 50 s-1 to represent the shear forces 

experienced during mixing – shear during needle extrusion will be greater. However, the lower rate is sufficient 

to destroy order in the sample and significantly reduce the complex viscosity. Finally, small angle oscillatory 

shear with the same parameters as the initial stage is imposed to monitor the rebuilding of structure within the 

system, which manifests as an increase in viscosity, an increase in elastic shear modulus, and a decrease in 

viscous shear modulus. The values obtained here represent the behaviour of the polymer at rest in the cast or 

on the print bed, although they will be reduced by the disturbance caused by the oscillation used as 

measurement. 

 DIFFERENTIAL VISCOMETRY 

The molecular weight of alginate was found using differential viscometry using an Ubbelohde viscometer. This 

equipment consists of a reservoir marked with two lines, which drains through a small capillary. Additional tubes 

allow the equalisation of pressure differences. The time taken for a polymer solution to drain through the 

capillary, relative to the time taken by the pure solution, is linearly related to the concentration. In the limit of 

zero concentration, this yields the intrinsic viscosity.  

The intrinsic viscosity, in turn, depends on the molecular weight of the polymer and characteristic values derived 

from solvent-polymer interactions, typically found experimentally. This relationship is given by the Mark–

Houwink equation,  

[𝜂] = 𝐾𝑀  

Equation 2.8 

Where K and a are experimentally determined, [𝜂] is the intrinsic viscosity, and M is the viscosity average relative 

molecular mass. M lies between the number average molecular mass and the mass average molecular mass, but 

is usually closer to the latter due to the greater contribution of large molecules to the viscosity.12 

Due to the thermal sensitivity of PNIPAM, the linear relationship between the normalised increase in draining 

time breaks down at temperatures over 20 °C.13 For this reason viscometry on PNIPAM was performed on an 

Ostwald viscometer in a water bath held stable at 21 °C, kindly provided by the ChemLabs team in the School of 

Chemistry. 
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 MICROSCOPY 

Today’s scientist has before her a vast selection of microscopic techniques. Those selected here for use were 

chosen based on availability of equipment, compatibility with sample characteristics and suitability for the 

resolution required.  The relevant material features to this thesis have length scales from microns (the pores 

within gels) to nanometres (the dimensions of nanorods). Since the fundamental resolution of a microscope in 

far-field mode is limited by the wavelength of the radiation used for imaging, confocal laser microscopy and 

electron microscopy were appropriate to study these features. 

 TRANSMISSION ELECTRON MICROSCOPY 

Transmission electron microscopy (TEM) uses the small de Broglie wavelength of a beam of electrons, 

accelerated at close to the speed of light, to image samples with atomic resolution. A sketch of the equipment 

is shown in  

 

Figure 2.2. A high energy beam of electrons is generated by thermionic or field-effect emission, and accelerated 

towards the sample by a voltage on the order of kiloVolts. In the perpendicular plane, the beam is shaped by 

electromagnets to focus on a sample, which they pass through before arriving at a detector – typically a charge-

coupled diode array. Electrons which must travel through the sample interact with its electronic structure, 

experiencing attenuation and interference effects in electron-dense regions. Thus, when the beam arrives at the 

detector it bears a greyscale image representative of the region of the sample it has intersected. The detector 

may be photographic film, a fluorescent screen, or a charge-coupled detector. 

As the name suggests, this is a transmission technique and therefore limited to thin samples, which additionally 

must have adequate electron contrast. A further requirement is that to increase the mean free path taken by 

electrons between scattering interactions, the chamber must be kept at low pressure – samples therefore must 

be dried and vacuum-resistant.  
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TEM images for this work were taken on a JEOL 1400 in the Chemical Imaging Facility of the University of Bristol, 

by Dr Jean-Charles Eloi. Samples were evaporated on carbon coated copper grids which had been pre-plasma 

treated to overcome the hydrophobicity of the nanoparticles.   

 

Figure 2.2. Key components of a Transmission Electron Microscope. A beam is generated by an electron gun, is focused and shaped, and 

passes through the sample before arriving at a screen. 

 SCANNING ELECTRON MICROSCOPY 

Scanning electron microscopy (SEM) uses the de Broglie wavelength of a beam of electrons, much smaller than 

that of light, to image samples at nanometre,  or even sub-nanometre, scales.14 A sketch of the equipment is 

shown in Figure 2.3. The beam is raster scanned across the region of interest and an image is built up through 

recording the intensity of scattered electrons received at each point. Samples must be dry and conductive, which 

can be achieved if necessary through a surface deposition coating of metal. This, however, requires that 

hydrogels are processed before imaging and the sample post-preparation may not be representative of the 

native material. 

Vacuum scanning electron microscopy images were taken on a JEOL IT300 in the Chemical Imaging Facility of 

the University of Bristol, assisted by Dr Jean-Charles Eloi. Different preparations were attempted in order to 

assess the effect of preparation on the gel, given in Chapter 4. All samples were sputter coated in silver and 

mounted on carbon pads. 
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Figure 2.3. Schematic of scanning electron microscope. Electrons are generated by the electron gun. Their wavelength may be modulated 

by varying the kinetic energy imparted by the accelerating voltage of the anode. The beam diameter is reduced by the condenser lenses 

– formed by electromagnetic fields –,   directed towards the region of interest by the deflection coils, and then brought into focus at the 

desired height by the final lens. An electron detector records the scattering from the sample and builds up a 2D grayscale image of the 

surface based on the intensity received at each location. Image by Dr Ioatzin Rios de Anda.15 

 ENVIRONMENTAL SCANNING ELECTRON MICROSCOPY 

Environmental scanning electron microscopy (ESEM) is a modification to the technique of SEM which enables 

operation at lower vacuum and therefore with wet samples. Here, electrons are generated in vacuum as before, 

but a gradient of low pressure is maintained between the electron gun and the sample, which may therefore 

take a small partial pressure of around 10 Torr.16 This enables a compromise between the high-vacuum 

conditions required for the electron beam and the lower vacuum required for testing hydrated samples, with 

image resolutions of down to 5 nm possible.17 

ESEM measurements were performed on a Quanta 200 - FEI FEG (field emission gun)-SEM in the Wolfson 

Bioimaging Facility, with the kind assistance of Dr Judith Mantell.  
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 CONFOCAL LASER SCANNING MICROSCOPY 

An alternative approach to improving resolution, confocal laser scanning microscopy retains the use of optical 

wavelengths but changes the geometry to a confocal rather than wide-field configuration to yield sub-micron 

resolution. In this situation a screen with a narrow hole is used to exclude light originating from regions of the 

sample not currently under examination, and further specificity is given by imaging fluorescent light generated 

when a specific laser frequency stimulates dye molecules within the sample. This generates a small but specific 

signal which is enhanced by a photomultiplier tube. By rastering the sample and scanner a 2D image can be built 

up. If the material does not absorb too much of the signal, internal structures may also be imaged to create a 

stack of images along the vertical section. 

 

Figure 2.4. Sketch of layout for confocal laser microscopy. Laser light (purple) is sent to a dichroic mirror which selects the required 

wavelength (aqua). This is focused onto the sample where it excites fluorescence. This generates a small amount of In-focus light which 

is able to pass through the pinhole, and is enhanced by the photomultiplier into a stronger signal. Out-of-focus light not emanating from 

that location is not able to pass through the pinhole and reach the photomultiplier and detector, thus reducing interference. Image from 

Dr Ioatzin Rios de Anda.15 

For this work a Leica SP5 CLSM with DM6000 stage was used to scan hydrogel samples immersed in aqueous 

rhodamine solution (0.5 mg/ml) at a wavelength of 543 nm. The gel samples were sectioned an hour before 

imaging and sealed into an imaging cell as shown in Figure 2.5, constructed from sections of 1 x 76 x 26 mm thick 

standard slides, joined with Norland 63 UV-curing adhesive. The cell was wholly filled with rhodamine solution 

and sealed with a 0.13 x 12 x 12 mm coverslip, again using Norland 63. A 63 x numerical aperture oil immersion 
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objective was used at a zoom of 7.09 to capture all images shown. These are 512 x 512 pixels, corresponding to 

a real space sample size 16.4µm to a side and a pixel size of 32.1nm. Images were taken with the help of Dr 

Ioatzin Rios de Anda. 

 

 

 

 OPTICAL MICROSCOPY 

A Leica optical microscope was used to capture visible light images of the print resolution obtained. Images were 

taken with the help of Abraham Mauleon Amieva. 

 SPECTROSCOPY 

Spectroscopic techniques involve exposing a sample to a spectrum of radiation, either transmitted or reflected. 

Comparing the incident and returned spectra reveals distinct frequencies to have been absorbed, emitted or 

shifted. Since each frequency corresponds to a precise energy change within the material, and these are 

fundamentally quantised and characteristic, the difference between the spectra reveals details of the energetic 

structure encountered by the incident photons.  

In the case of atomic spectroscopy, sharp lines emitted by a sample, or missing from a broad spectrum passed 

through the sample, correspond to electronic transitions between shells. Electrons moving to a lower energy 

lose energy and thus produce photons of a key frequency; electrons absorbing incident photons use that energy 

to move to a higher energy state and show their presence by dark lines missing from the spectrum. 

The energy states of atoms in molecules are more complicated, with considerations such as the spacing of the 

atoms, their geometrical configuration, and the stiffness of the bonds between them. Geometric features of the 

environment, or externally applied electromagnetic fields, may also affect the separation of states.  

 

Figure 2.5. Schematic showing imaging cell containing rhodamine-soaked hydrogel sample for confocal microscopy 
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 UV-VISIBLE SPECTROSCOPY 

Ultraviolet-visible (UV-Vis) spectroscopy records the interactions of the sample with photons in the ultraviolet 

to near infra-red region. The light absorbed yields information about electron transitions between discrete 

energy levels or band structures. 

UV Vis spectroscopy was conducted on a Perkin Elmer Lambda 35 with a Peltier cooling system, at wavelengths 

150 – 800 nm in a quartz cuvette with an optical path length of 10 mm. 

 FOURIER TRANSFORM INFRA-RED SPECTROSCOPY 

Infra-red (IR) spectroscopy refers to spectroscopic interactions with electromagnetic radiation of wavelength 

between 0.8 – 1000 µm. To retain a linear relationship with energy, characteristic frequencies are usually given 

in terms of their wavenumber, the reciprocal of wavelength. In this unit the relevant region is 14,000 - 400 cm-

1. Interactions in this energy range correspond to couplings with rotational and vibrational modes in the 

molecule.  Peaks in the spectrum indicate a resonant frequency in the system, characteristic of a given oscillation 

mode between chemical species. 

An energy band will be IR-active if it corresponds to a change in the electric dipole of the molecule, ie. if the 

bond it interacts with is asymmetric. Observed IR bands can be used to characterise interactions within a 

material, and shifts in the position or pattern of frequencies yield information about orientation and bonding as 

well as composition. 

Fourier Transform Infra-red Spectroscopy was performed on a Spectrum 100 FTIR spectrometer (Perkin Elmer) 

with an attenuated total internal reflection (ATR) configuration. In this measurement modality the incident and 

reflected spectra are compared via interferometry and a Fourier transform decomposition performed to 

translate the absorption into the wavenumber domain.  

 RAMAN SPECTROSCOPY 

Raman scattering derives from the interactions of the electric field component of incident radiation with the 

sample polarisability. As in other forms of spectroscopy, incoming photons are absorbed, shifting the sample to 
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a higher virtual excited state. These energy states rapidly decay and re-emit the temporary energy boost as 

electromagnetic radiation.  

However, it is possible that the energy after 

decay is not exactly the same as that before the 

interaction. If the energy afterwards is slightly 

higher, the energy difference is smaller upon 

relaxation than excitation, and the photon re-

emitted has a lower energy than the one that 

was absorbed. This is known as Stokes mode 

Raman scattering. The opposite, where the 

excitation decays to a lower state than the one 

originally excited by the photon, is also possible. This causes more energy to be emitted than was delivered – 

seen as a higher energy photon. This is called the anti-Stokes mode of Raman scattering. Since this is less likely, 

Stokes mode scattering dominates. A sketch of the transitions involved is shown in Figure 2.6. 

Only a small fraction – on the order of 10-6 - of the incident signal scatters inelastically through the Raman 

interaction, so the technique requires careful separation of the relevant signal from the reflected source. The 

vibrational modes which contribute to Raman shifts are those which change the electric dipole moment as a 

function of time, identified by those which are symmetric in space. 

For this work, Raman spectroscopy was conducted on a Perkin Elmer Raman Micro 200 with a 350 mW 785 nm 

laser. This wavelength was selected to minimise the fluorescence generated by the polysaccharides.  Samples 

were placed on an aluminium coated slide (Thermofisher Scientific) to enhance the Raman signal, and were 

focused using a 50 x magnification and 0.7 numerical aperture.  

Exposure time and number of repeats varied depending on the samples and are given in subsequent chapters 

as the results are presented.  

  

Figure 2.6 Diagram showing schematically the energy transitions involved 

in Rayleigh, Stokes Raman, and Anti-Stokes Raman Scattering 
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 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

Nuclear magnetic resonance spectroscopy (NMR) uses the sensitive shift in energy levels experienced by a 

particle with spin when an external magnetic field is imposed to extrapolate its molecular environment. 

A nucleus with net spin and therefore a magnetic moment will be aligned in an external magnetic field. The 

energy of a particle with its magnetic moment aligned with an external field, compared to the same particle with 

an antiparallel alignment, will differ. This results in a splitting of the energy levels for the particle, creating a 

band gap which the particle may cross by absorbing energy of the correct radio frequency. The energy level split, 

ΔE, and thus the energy of the appropriate photon for transition is given by: 

𝛥𝐸 =
𝜇𝐵

𝑠
 

Equation 2.9 

Here Bz is the component of the magnetic field in the z direction, µ the magnetic moment of the particle (well 

quantified for known nuclei), and s the spin of the particle (1/2 for the nuclei used here). 

Thus, for a known Bz the value of the energy gap can be found by probing with photons of different energies and 

monitoring for conditions where they are absorbed, indicating a match in energy values and resonance. The 

exact magnetic field and thus the magnitude of the energy gap is affected by the environment and bonding of 

the particle, and so the same nucleus (for example, 1H) will resonate to a different frequency depending on its 

location. Thus, NMR results measure the resonant frequency for  known standard and then calibrate the shift 

away from that standard for other nuclei, giving this value as a ‘chemical shift’ in parts per million (ppm). NMR 

for this thesis was kindly performed by Sarah Michel on a Varian VNMRS500 (500 MHz for the purposes of 

identifying the relative percentages of each monomer within alginate. A 1H proton NMR spectra was run at 80°C, 

following ASTM protocol F2259.18 The reference solvent was D2O, and the peaks were referenced to 

tetramethylsilane.  Processing details are given in the section on characterisation of alginate in Chapter 4.  

 DENSITY AND VOLUME MEASUREMENTS 

Density and volume measurements were performed using the buoyancy method. Three samples for each 

composition, of at least 1 cm3 volume and thickness approximately 3 mm, were selected, patted dry and weighed 
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in air in a swollen state using a Sartorius balance. They were then weighed in 5 cSt silicone oil (Sigma Aldrich) of 

known density 0.913 g/cm3, using a Specific Gravity Kit (Mineralab). The difference between the weights divided 

by the oil density yields the swollen volume. 

Samples were then wrapped in tissue and placed in containers with dessicant, sealed against water and air. 

These beads were changed every two days until desiccation was achieved. Samples were then weighed in dry 

state, both in air and in silicone oil, and the volume calculated. Volume swelling ratio was simply the swollen 

divided by the dry volume, averaged across all samples for a given composition, with errors assigned as the 

standard error on the mean. 

A similar method was used to verify whether unreacted monomer was being lost from the system. Three pairs 

of gels matched in volume were prepared. One of each pair was rinsed in 3 changes of DI water over 24 h to 

remove unreacted agents, while one was allowed to dry with no rinsing. Following drying their masses were 

compared to determine the ratio of reagents which were polymerized and fixed in the system. 

 DYNAMIC LIGHT SCATTERING 

Light scattered from particles undergoing Brownian motion within a solution fluctuates due to the random 

density variations of solute molecules around them. Surrounding particles scatter the light imprinted with these 

fluctuations, and the patterns in the resulting superposition yield information about the size and distribution of 

the scattering particulates.  Small particles move faster and their fluctuations evolve quicker; the time taken for 

correlations in signal intensity to die off is characteristic of the mean particle size and can be used to calculate 

the polydispersity.19 

Dynamic light scattering measurements were taken on Malvern Instruments Zetasizer Nano S, taking the 

refractive index of gold nanoparticles to be 0.227.20 Samples were filtered through a 0.8 µm filter before 

measurement, and thermally stabilised for 3 minutes prior to taking a measurement. Results are the average of 

three runs which are each made of 100 individual measurements. 
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 ZETA POTENTIAL MEASUREMENTS 

The zeta potential quantifies the voltage at the 

interface between a surface and liquid.  Any charge 

on the surface will accrue counter-ions, forming an 

electrical double layer. The zeta potential measures 

the potential difference generated by the charge 

bounded by the slipping plane. It is a function of the 

charge of the particle, any adsorbed layers, the 

solvent, and the temperature. For suspended 

particles, the electrophoretic mobility depends on 

the zeta potential. By using Doppler shift to record 

the velocity of the particles in response to a known 

imposed voltage, this can be calculated. 

Zeta potential measurements were taken on a Malvern instruments Zetasizer with solutions diluted with 

deionized water by a factor of 30 from their experimental concentrations. Calculations used the Smoluchowski 

model. 

 SMALL ANGLE X-RAY SCATTERING (SAXS) 

This technique records x-ray scattering from a sample to reveal its electronic density and structure at the 

nanometre to micrometre scale. To derive structure, the intensity of the scattered signal is recorded as a 

function of angle – typically in the range of 0.1 – 10 °. The angular dependency is usually parameterised in terms 

of q, the momentum transfer or scattering vector. This is defined by the equation following:  

𝑞 =
4𝜋 sin(𝜃)

𝜆
 

Equation 2.10 

Figure 2.7. Diagram of zeta potential concept, released under CC-BY-

SA 3.0  Modified and converted to SVG by Mjones1984. Original work 

by user Larryisgood. 
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Here θ is half the scattering angle as shown in Figure 2.8 – where the factor of two derives from diffraction 

geometry - and λ the wavelength of the scattering radiation. The intensity of the x-rays arriving after scattering 

as a function of q is recorded by a sensor, typically a charge-coupled device (CCD). This 2D image may be 

processed in a variety of ways to extract information about the shape and spacing of scattering surfaces within 

the sample.  

 

Figure 2.8. Schematic of small angle X-ray scattering. An x-ray soft (left) generated beams which scatter elastically as they interact with 

a target. The intensity as a function of angle 2θ is recorded on a CCD. 

As in all scattering-based observations, the relationship between the scattering angle and characteristic length 

scale of scattering surface is reciprocal, with the larger angles relating to a small spacing and smaller angles to 

larger length scales. At low q, the intensity represents scattering from a large number of particles and thus 

reveals long-range system order such as spacing or alignment. At intermediate q, contributions derive from 

approximately one particle, and thus carries information about the size and shape of individual components. At 

higher q values, known as the Porod regime, only a section of each particle influences the scattering pattern and 

therefore this regime represents the characteristics of the interface between an individual particle and the 

medium it occupies. A sketch of the regions and the information they give about a system is shown in Figure 2.9. 
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Figure 2.9. A sketch showing scattering intensity measured in SAXS as a function of momentum transfer q, and the regions of 

measurement which correspond to information about structure within the material (ordering and spacing of particles), the shape and 

size of individual particles, and the interface of the particles, respectively. 

All X-ray scattering was performed on a SAXSLAB Ganesha 300XL instrument in a Q range of 0.007 - 0.25 Å-1, with 

an exposure time of 7200 s per sample. Samples were sectioned into roughly rectangular sections of 

approximately 2 x 4 x 4 mm using a scalpel, and transferred directly to a flat mica cell for measurements. 

Remaining space in the cell was filled with deionised water to prevent dehydration effects. Background 

corrections were made using an empty cell, and sample thickness corrections were made using a cell half filled 

with water and comparing the beam intensities. All data presented in this work have already had thickness and 

background corrections subtracted. Fits were performed in SASview.21 

 DIFFERENTIAL SCANNING CALORIMETRY 

This technique compares the energy required to maintain two sample pans at the same temperature. As the 

temperature is varied, changes in the molecular arrangement and bonding of the sample result in the intake or 

output of energy. Differential scanning calorimetry (DSC) samples are typically on the order of a few milligrams 

in mass, corresponding to a few millimetres in dimension and a short diffusion time. This makes their behaviour 

representative of the bulk performance of thermoresponsive gels. Samples are sealed in pans to eliminate 

effects of mass change due to evaporation. 

Differential Scanning Calorimetry was conducted on TA Q200 (TA Instruments) with fully hydrated samples 

sealed in air within Tzero aluminium pans (TA instruments). A heat-cool-heat cycle was performed between 10 

and 50 °C at a heating rate of 3 °C per minute against a reference sample of an air-filled empty pan. 



 

73 
 

 REFERENCES 

(1)  Mancini, M.; Moresi, M.; Rancini, R. Mechanical Properties of Alginate Gels: Empirical Characterisation. 

J. Food Eng. 1999, 39 (4), 369–378. https://doi.org/10.1016/S0260-8774(99)00022-9. 

(2)  Lee, K. Y.; Mooney, D. J. Alginate: Properties and Biomedical Applications. Prog. Polym. Sci. 2012, 37 (1), 

106–126. https://doi.org/10.1016/j.progpolymsci.2011.06.003. 

(3)  Bakarich, S. E.; Gorkin, R.; in het Panhuis, M.; Spinks, G. M. 4D Printing with Mechanically Robust, 

Thermally Actuating Hydrogels. Macromol. Rapid Commun. 2015, 36 (12), 1211–1217. 

https://doi.org/10.1002/marc.201500079. 

(4)  Scarabelli, L.; Sánchez-Iglesias, A.; Pérez-Juste, J.; Liz-Marzán, L. M. A “Tips and Tricks” Practical Guide to 

the Synthesis of Gold Nanorods. J. Phys. Chem. Lett. 2015, 6 (21), 4270–4279. 

https://doi.org/10.1021/acs.jpclett.5b02123. 

(5)  ASTM. D395-14: Standard Test Methods for Rubber Property — Compression Set. ASTM Int. 2003. 

https://doi.org/10.1520/D0395-03R08.2. 

(6)  Oyen, M. L. Mechanical Characterisation of Hydrogel Materials. Int. Mater. Rev. 2014, 59 (1), 44–59. 

https://doi.org/10.1179/1743280413Y.0000000022. 

(7)  The SciPy community. scipy.optimize.curve_fit — SciPy v1.1.0 Reference Guide 

https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.curve_fit.html (accessed Oct 24, 

2018). 

(8)  Rudin, A. 11.5 Polymer Viscoelasticity. In The elements of Polymer Science and Engineering; Academic 

Press, 1999. 

(9)  Song, K. W.; Kim, Y. S.; Chang, G. S. Rheology of Concentrated Xanthan Gum Solutions: Steady Shear Flow 

Behavior. Fibers Polym. 2006, 7 (2), 129–138. https://doi.org/10.1007/BF02908257. 

(10)  Zuidema, J. M.; Rivet, C. J.; Gilbert, R. J.; Morrison, F. A. A Protocol for Rheological Characterization of 

Hydrogels for Tissue Engineering Strategies. J. Biomed. Mater. Res. Part B Appl. Biomater. 2014, 102 (5), 



 

74 
 

1063–1073. https://doi.org/10.1002/jbm.b.33088. 

(11)  Malda, J.; Visser, J.; Melchels, F. P.; Jüngst, T.; Hennink, W. E.; Dhert, W. J. A.; Groll, J.; Hutmacher, D. W. 

25th Anniversary Article: Engineering Hydrogels for Biofabrication. Adv. Mater. 2013, 25 (36), 5011–

5028. https://doi.org/10.1002/adma.201302042. 

(12)  Walton, D.; Lorimer, P. Polymer Properties and Characterisation. In Polymers; Oxford, 2000; p 30. 

(13)  Fujishige, S. Intrinsic Viscosity-Molecular Weight Relationships for Poly(N-Isopropylacrylamide) 

Solutions. Polym. J. 1987, 19 (3), 297–300. https://doi.org/10.1295/polymj.19.297. 

(14)  Goldstein, J. I.; Newbury, D. E.; Michael, J. R.; Ritchie, N. W. M.; Scott, J. H. J.; Joy, D. C. 10.1 What Is 

“High Resolution SEM Imaging”? In Scanning Electron Microscopy and X-Ray Microanalysis; Springer, 

2017; p 148. 

(15)  Rios de Anda, B. I. Self-Assembly of Multiple Soft Matter Systems, University of Bristol, 2018. 

(16)  Stokes, D. J. Investigating Biological Ultrastructure Using Environmental Scanning Electron Microscopy 

(ESEM). 

(17)  Donald, A. M. The Use of Environmental Scanning Electron Microscopy for Imaging Wet and Insulating 

Materials. Nat. Mater. 2003, 2 (8), 511–516. https://doi.org/10.1038/nmat898. 

(18)  ASTM. Standard Test Method for Determining the Chemical Composition and Sequence in Alginate by 

Proton Nuclear Magnetic Resonance ( 1 H NMR ); 2012. https://doi.org/10.1520/F2259-

10R12E01.Copyright. 

(19)  Malvern Instruments. Dynamic Light Scattering: An Introduction in 30 Minutes. MRK656-01. 2012. 

(20)  Johnson, P. B.; Christy, R. W. Optical Constants of the Noble Metals. Phys. Rev. B 1972, 6 (12), 4370–

4379. https://doi.org/10.1103/PhysRevB.6.4370. 

(21)  Butler, P.; Doucet, M.; Jackson, A.; King, S. SasView. http://www.sasview.org/. 2012. 

 



 

75 
 

 

 

  



 

76 
 

 AN OPEN-SOURCE, UV-CURING, EXTRUSION-BASED 3D PRINTER  

 ABSTRACT 

Preparation of complex PNIPAM-alginate gel geometries for shape-changing applications requires a cold-

extrusion based 3D printer, with capability to print at 0-10 °C and cure with UV. Existing publications use high-

performance, but proprietary and expensive solutions. To improve accessibility, reproducibility and 

customisation of the process, an open source solution has been developed as a platform for subsequent shaped-

gel work in this thesis. This combines a delta-configuration 3D printer body, a syringe-based extruder connected 

to an extrusion needle, simple environmental control and UV-curing intensity-modulated LEDs. Together, this 

enables extrusion with a precision of ±0.25mm, with curing controllable by the same G-code file used for other 

print variables. All components of the printer, including hardware, firmware, electronics and design software 

are provided open source under the Gnu General Public License, and therefore freely reproducible. The total 

cost of the system is a factor of 4 less than comparable starter-level cold-extrusion based printers, while 

incorporating UV-curing abilities that exceed current off-the-shelf provision. 

 RATIONALE, REQUIREMENTS AND EXISTING SOLUTIONS 

A requirement for accessibility in a 3D printer capable of shaping hydrogels places constraints upon the 

equipment to be used. Prior work, such as that conducted by the Wyss Institute team1 and the Woolongong 

group2, has made use of proprietary systems, built on a custom basis in-house, or high-end printers designed for 

tissue-printing applications. While still in their infancy as technologies, they already exhibit multiple 

functionalities, which may include UV exposure for curing and sterilization, temperature control, multimaterial 

blending, and more.1–4 These machines would typically be constructed on a custom basis, or purchased at costs 

of tens of thousand pounds. This presents challenges for replication, as well as accessibility.5 

The issue of accessibility is a particularly salient one in the field of 3D printing; one can readily see that following 

expiry of the patent on fused deposition modelling,6 and the release of the first open source machine optimised 

for replicability, the RepRap series, the capabilities of the field increased dramatically.7 In the world of science, 

CERN (the European Centre for Nuclear Research) has adopted open hardware protocols. This has enabled rapid 
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fixing of problems, bespoke designs, and independence from vendors, and also increased the impact of its work 

dramatically.8,9 

In recognition of the increase in capabilities, independence, and speed of improvements seen in open source 

projects, as well as the need for replication, the technologies used in this work all fulfil open source licensing. 

This is a category of intellectual property licence which freely permits reproduction and reuse, if certain 

conditions (such as not generating profit, or attributing original creators) are respected.10 Open source hardware 

is a growing research topic area within the scientific world and has potential for levelling the playing field 

between established and new groups, developed and developing countries, as well as democratising the practice 

of science and reducing the time taken to develop equipment of high quality.11–13 Transparent access to all parts 

of the system is also advantageous to the working scientist, enabling them to fully understand, tailor and 

improve their instruments and processes. 

 

Figure 3-1. The 3D printing process. An idea must be rendered as a Computer Aided Design model (CAD) using CAD software. This is used 

to produce an .stl file, a 3D file format defining a hollow manifold. This is processed by a piece of slicing software into 2D slices in the XY 

plane capable of being produced by a printer. At this stage, the depth of each slice (z resolution), the resolution in x-y, whether pieces 

are hollow, solid or in-between, and the use of any supports will be defined. Slicing software translates these pieces into instructions for 

the movements of the print head and the amount of material to extrude, rendered as a text called G-code. Finally, the G-code instructions 

are sent to the printer which interprets the instructions using its firmware, executing the specified movements, creating the print piece. 

This may then be removed for further processing or assembly. 

As sketched in Figure 3-1, the 3D printing process extends beyond the hardware. Designing, preparing and 

rendering prints all require access to software which may also place barriers to adoption. This aspect will also 

be considered. This chapter begins with a review of the requirements for processing the chosen hydrogel 

material, and available proprietary options, both as complete printers and bolt-on converting elements. The 
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composition and capabilities of the open source system developed are described, and processing choices 

justified. The performance of the setup developed for this purpose is evaluated and compared to commercial 

solutions. Finally, limitations are identified and future improvements are suggested. 

 PROCESS REQUIREMENTS 

The process of preparing a shaped gel of the working thermoresponsive material, PNIPAM-alginate double 

network gel (described in more detail in Chapter 4.2), is illustrated in Figure 3-2. The initial polymer blend 

comprises monomer, photoinitiator and crosslinker, as well as alginate polymers and a 0.01M concentration of 

calcium ions to crosslink them. This solution is viscous, with a high zero shear viscosity. This enables it to hold its 

shape on the print bed but also increases the pressure required to extrude it.  

 

Figure 3-2. Stages in processing of PNIPAM-alginate double network gels. IPAM = Isopropyl acrylamide monomer, PI = photoinitiatior, XL 

= crosslinker. 1 shows the printing process, 2 UV curing of the PNIPAM network, 3 a sketch of molecular binding of alginate networks 

around the PNIPAM network, and 4 the relaxed, equilibrated gel. 

Following shaping, UV light of the correct wavelength for a photoinitiator is directed on the printed shape, 

forming the covalently bonded PNIPAM network. Once this network is formed, the double gel is fixed in shape 

but fragile.  

Immersion in a 0.1M CaCl2 bath allows the uptake of further calcium ions to add more crosslinks to the second, 

alginate network. This increases the resilience and elasticity of the gel to its final level, making it easy to test. 

Finally, the fully formed gel is immersed in DI water to remove any unreacted monomer, photoinitiator and 

crosslinker, and allow the double network to take up water until it reaches an equilibrium state. Until the bath 

Viscous polymer blend 
(IPAM + alginate + 

0.01MCaCl2 + PI +XL) is 
shaped

Soft PNIPAM network  
formed, interpenetrated with 

lightly-crosslinked alginate

PNIPAM network is 
enclosed by tightly 
crosslinked alginate

Final double network gel of 
PNIPAM-alginate swollen to 
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immersion stages, the material should be kept at below 10 °C because the working material phase separates 

above this temperature, creating less stable and transparent gels (Bakarich et al., supplementary information2). 

The requirements of the printer thus emerge: 

 It must be open source – therefore, this directs towards extrusion-based systems since these are much 

more established than the few stereolithographic approaches. 

 Parts must be readily available or simple to manufacture.  

 Viscous polymer blends must be extruded, suggesting a strong motor or other methods will be required 

to generate the pressure needed to extrude through a nozzle. 

 Some method is required to connect the extrusion reservoir to the nozzle. 

 A UV-emitting element is required to initiate crosslinking and set the gel in the final shape. Ideally this 

should be controllable during printing. 

 There must be the ability to retain the print at a temperature below 10 °C for the duration of curing. 

 Prints should then be able to be removed and immersed in a CaCl2 bath for the final stage of printing.  

 Printer parts must be suitable for cleaning and, at end of life, appropriate chemical waste disposal. 

 PRE-EXISTING OFF-THE-SHELF SOLUTIONS 

There are two principal applications for paste extrusion-based printers: bioprinting and specialist food 

manufacture.14,15 These serve two distinctly different markets. Specialist bioprinting machines have been around 

for approximately 10 years, mainly targeting academic or commercial R&D sectors, and offer printing with a 

variety of ‘bioinks’. For this audience, ‘plug and play’ solutions are typically sought, with low degrees of process 

customisation and often a business model which relies on ongoing sales of custom consumables. Food printers 

are a smaller market sector, principally purchased as a novelty or with specialist event caterers in mind. Since 

food printing has not so far addressed issues of UV curing or chilled temperature control, commercial bioprinters 

are the more relevant comparison point. 
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The Biofactory™ and 3DDiscovery™ (both RegenHU, Switzerland) offer 

UV curing at three frequencies, as well as offering inkjet, paste printing, 

and heated polymers. Temperature can be controlled between 5-80 °C. 

This offers all the functionality needed to process PNIPAM-alginate 

blends to a high level of precision (±5 m), although print volume is only 

60 × 60 × 60 mm3. Control systems are proprietary, and prints must be 

prepared with RegenHU software. Cost is subject to negotiation but 

articles place it at upwards of $200,000.16  

The BioX from Cellink (Sweden) offers extrusion printing in the 

temperature range 4-65 °C and pressures of up to 700 kPa. UV 

crosslinking is offered at 270 nm wavelengths and a lightguide may be 

placed on the head for additional wavelengths. Maximum resolution is 1 

m and the total equipment cost was quoted in their press release as 

$39,000 USD.17 The cheaper INKredible model has 365nm and 405nm 

curing build in, but no temperature control, and retails for $5,000USD. 

Cellink printers are compatible with Repetier software, which is open 

source. 

The Discov3ry 3D printer (Structur3d printing, Waterloo, Canada) is an off-the-shelf solution which adds paste 

processing abilities to the popular Ultimaker range of 3D printers. This derives from the open-source RepRap 

stock, and the developers plan to open-source their paste dispenser in the future. It can be bought integrated 

with an Ultimaker (quoted as £4,794) or as an external unit to be incorporated into an existing printer. It is also 

available with dynamic mixing capabilities, which offer exciting potential in light of the observations in Chapter 

1 of the requirements for blending materials. Layer resolution is strongly material dependent, but a nozzle of 

between 0.2-0.5 mm can be positioned with XYZ accuracy of 12.5 × 12.5 × 5 μm3.   

In summation, the combination of cooling and UV illumination is only found on more expensive printers for the 

bioprinting market. These cost from $5,000-$200,000 USD or more. For non-biological, macroscopic shape-

changing applications many of the advanced features of a bioprinter are unnecessary – for example, the ability 

Figure 3-3. Discov3ry paste extruder module 

(Structur3d printing) 
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to maintain sterility and a print precision of ~15 m. To improve usability, these systems also commonly require 

proprietary file preparation methods, or other restrictions which limits the varying of parameters at will.  

There are more cost-effective bio-printers available. These are summarised by Ozbolat et al.: “affordable dual-

head bio-printers with thermal and photo-crosslinking capabilities range from $5000–10,000; however, the 

quality, resolution and operability of these cost effective bioprinters are inferior to higher priced instruments.”14 

At time of writing none are fully open-source and few support processing of OS file formats to enable the desired 

flexibility. If this could be overcome, the cheaper models would be of interest for this application. 

The Discov3ry 3D extrusion unit may be bought separately and mounted on an existing printer. It is functionally 

very similar to the MOST syringe pump described in Section 3.2.3.4, provided as a ‘plug-and-play’ solution. It has 

a volume of 60 ml, and costs $1299 CAD (~£770 GBP). This raises the alternative of purchasing a printer with 

some of the capabilities needed and adding functionality using some of the many open source options available. 

 COMPONENT SELECTION AND BUILD 

In essence, a 3D printer is a frame, set of motors, and controlling electronics and integrated power supply which 

can move a print head (also known as an effector) and print bed with respect to each other. The same electronics 

typically power and control an additional motor to drive material extrusion through this head, and modulate the 

temperature of the print head and bed. In this section the selection of a printer body, extruder mechanism, and 

relevant connectors will be given and justified. 

 3D PRINTER BODY 

Many inexpensive 3D printers are now available, most of which would be suitable for conversion to paste 

extrusion. Choices are often made on the basis of local available expertise and price. Selection for this project 

focused on the design decision of cartesian vs. delta printer, with outlines sketched in Figure 3-4. 

Cartesian printers are those which move in three mutually orthogonal axes (Figure 3-4, left), and have formed 

the bulk of the 3D printers sold to date. The extrusion head moves in Z, and the base provides articulation in X 

and Y; or alternatively the head moves in X and Z and the base Y. They are robust, have a large extant body of 

work, and have convenient beams for mounting extra components. They also take up a large work area, due to 
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the need for the large base to move. The area that the head can 

access is limited, particularly with typical bulky extrusion heads. 

Delta printers, the other design commonly seen, are equilateral 

triangular prisms with the triangular faces parallel to the ground. 

The print head is controlled via arms mounted on carriages 

which travel along the vertical edges of the prism. This design 

permits rapid movement of the head to all locations within a 

large hemispherical build volume, as the shortest path can be 

taken, and has a large amount of space for modifications and 

extra components.  

However, the delta format limits the weight that can be borne on 

the effector without detriment to precision. Most designs place 

only a heating element here and feed solid polymer filament to 

the head through a Bowden tube from a motor mounted on the 

sides. A similar layout is necessary for paste extrusion, with a pipe 

joining the dispenser to the effector head. This introduces a 

certain lag into the system (determined by the viscoelastic 

properties of the print material) due to the time taken for 

pressure exerted by the syringe plunger to be transferred. 

Another significant downside is the need to fill the entire length 

of the pipe between the syringe and the print head before 

printing – for syntheses that yield only small amounts of material, 

the few millilitres required to bridge this gap may be a significant 

percentage of the material available. This was, however, not a 

problem with PNIPAM-alginate, selected due to its cheapness 

and abundance. 

Figure 3-5. The Kossel Mini delta printer used in this project. At 

the time of taking this photo the original plastic filament 

extruder and hot end had been removed and replaced by the 

Universal Paste Extruder (top left) and a nozzle mount 

respectively. 

Figure 3-4. Cartesian (left) and delta (right) 3D printer. In 

Cartesian printers the extrusion head and bed both move, the 

head in the z dimension and bed in x-y. Delta printers access all 

x-y-z- space within them through adjusting the relative heights 

of three carriages connected to the extruder via rods. The base 

is static. Sketch from Sun et al.  
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The final major advantage of the delta is that since the base does not move, gel structures laid down on the base 

are not subject to lateral acceleration. This is helpful, as the polymer blend chosen is a polysaccharide that 

exhibits shear-thinning behaviour under stress. This is desirable when being extruded, but when in the final 

position the stresses experienced by the uncured gel could cause it to decrease in viscosity and exhibit 

undesirable flow behaviour. A static bed configuration prevents this happening. 

The threefold symmetry of the design means that the build contains repeated elements, and it is therefore 

recommended, by some, for first time builders who are required to master fewer processes. Build is well 

documented, for example by Think3DPrint3D under CC-BY 4.0.18 Finally, the small footprint and light weight 

design makes it easy to house in areas with limited space, and also to transport to different locations as required 

for testing. 

The Kossel Mini, a smaller version of the Kossel printer, both designed by Johann Rocholl,19 was selected 

following the recommendation of R. J. J. Allan (RIP). Part of the RepRap family, the printer (shown in aFigure 3-5 

with a mounted extrusion pump described  in 3.2.3.3) is of the delta type and licensed under the Gnu General 

Public Licence 2.0 + (GPL 2.0). This licence means that the design can be used for any purpose, including 

commercial, modification, or patented applications, on the condition the source is acknowledged, the licence 

remains the same and is stated, and changes are documented and republished. No warranty or liability is 

acknowledged. Use is therefore appropriate for a research project or publication, anywhere in the world, 

fulfilling criteria for customisability and accessibility. 

The printer is provided open source on the code repository Github.19 Parts are defined in openSCAD, an open-

source piece of CAD software (described more fully in 3.2.3.10). This makes modification of parts easy (if one 

writes openSCAD). Electronic control is provided by an Arduino Mega 2560 with a Reprap Arduino Mega Polulu 

Stepper (RAMPS) board.20 This will be discussed further in the electronics section. 

A Kossel Mini kit was purchased from Think3DPrint3D (Nottingham, UK) for £500 and assembled following the 

documentation provided. The hot printhead was removed, as were the fans, as unnecessary for this purpose. 

Further, the bed levelling probe, used to adjust print instructions for any skews in the print bed or other 

misalignment, was removed to make more room for additional print head features. 
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 EXTRUSION UNITS  

As a computer-controlled device which changes the volume of a chamber to extrude a defined volume of liquid, 

this is essentially a syringe pump. Many DIY hydrogel printers (such as the one used by Naficy et al. in their 2016 

work21) use syringe pumps intended for scientific purposes. These have the advantage of providing a precise and 

reproducible flow rate. However, if not interfaced with the printer, it is challenging to modulate the flow rate of 

the syringe pump in synchrony with the movement of the printer head. As an additional support for an open-

source standardized approach, the difficulties tend to arise from the idiosyncratic nature of the syringe pump 

firmware. 

In response to this, a number of open source extrusion pumps have been developed. These share the same 

operating principles as the original filament extruder, and thus can be incorporated into a standard 3D printing 

toolchain with only minimal adjustments to the printer firmware controlling them. Additionally, these solutions 

can be at least two orders of magnitude cheaper than an off-the-shelf pump.22 

 

Figure 3-6. Varieties of liquid extrusion for 3D printing: a) Syringe-based extrusion, b) air-pressure driven extrusion, c) screw-based 

extrusion. From Sun et al.15 

Three major approaches have been experimented with for this purpose, illustrated in Figure 3-6. The first uses 

straightforward displacement of a plunger on a syringe (shown in Figure 3-6, a), controlled by a stepper motor 

of similar nature to those used to move the print head on the 3D printer. This has numerous advantages. The 

most beneficial is that the extrusion may be controlled using the same stepper boards, motor and circuits as the 

rest of the printer, with only a few tweaks of constants in the firmware. The use of the syringe means it can be 

scaled for multiple volumes depending on the material required, while preparation of multiple disposable 

syringes may be used to speed up production, switch between materials, and provide appropriate chemical 
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disposal. Downsides include difficulty ensuring precision with strongly non-Newtonian fluids where a fixed 

displacement may not map to a well-defined volume extruded, a cumbersome form factor, and a limitation on 

the viscosity of liquids that can be processed. 

Secondly, a pressure-based extrusion method (Figure 3-6, b), where air or hydraulics are used to modify the 

pressure behind the extrudate and force it from the needle. This has the advantage of immediacy and precise 

control, but again presents challenges with synchronising and often requires higher power as an external pump 

must generate the change. 

Thirdly, progressive cavity pump or Moineau pump approaches (Figure 3-6, c). Here, a motor turns a screw in a 

tube stator, progressing a series of discrete cavities along the tube, which carry a fluid with them by the principle 

of positive displacement. Again, extrusion may be powered by a motor with the same control systems as others 

on the printer. This is a promising approach, commonly used in industries such as food processing, mining and 

drilling. It exerts very low shear on the fluid being transmitted which limits structural damage and allows 

processing of high viscosity materials.15 Difficulties are presented by the manufacture and cleaning of the 

complex shapes required. 

Syringe extrusion was the method selected for this project, principally due to its compatibility with disposable 

syringes designed for chemical handling and disposal, scaleability, and simplicity of assembly. Increasing 

numbers of open source plunger-based extrusion systems are available due to their many applications in science 

and engineering.22 Below, two models trialled due to their clear instructions and ease of assembly are detailed. 

 UNIVERSAL PASTE EXTRUDER 

This design, developed by Richard Horne and shown in Figure 3-7,23 uses toothed gears to wind in a timing belt, 

depressing the plunger on a syringe. It was among the first paste-based extruders developed, is simple, and can 

easily handle a variety of viscoelastic substances.   This extruder was used in early work with the printer (shown 

mounted in Figure 3-5). However, the high viscosity of the material used resulted in pressures at the limit of 

what could be exerted, which sometimes caused the gears to slip. This resulted in unreliable results and further 

damage to the gears. An additional downside was that, in the absence of some passive recovery system, no 

retraction was possible. Without this ability to pull back the plunger, extrusion-based systems suffer from 
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‘drooling’, where the nozzle continues to exude extrudate after active 

extrusion has stopped. This is a particular issue with low-viscosity and 

shear-thinning liquids, and severely limits the forms possible to those 

that can be achieved with a single continuous line per slice. The same 

limitation applies to extrusion heads which are not integrated with the 

printer. 

Retraction is a desirable characteristic for a head used for both 

extrusion and UV curing, as the head may need to pass over pre-

printed substances to cure them. Dropping extra uncured material on 

the piece at this stage would be undesirable. Additionally, resolution 

is already inherently limited by the viscosity of the material and lack 

of precision in placement decreases this further. 

  MOST SYRINGE PUMP 

The symmetry between an extrusion drive and a syringe pump runs two ways; not only is a syringe pump an 

extruder, an extruder is a syringe pump. Open source syringe pump designs, produced for multiple applications 

including accessibility to medical technologies, are therefore a fruitful resource for 3D printer builders. 

The Michigan Open Source Technology syringe pump (shown in Figure 3-8) was selected, as it benefits from a 

direct drive mechanism where the motor turns a screw-thread. A carriage mounted on the thread by a captured 

nut contains the syringe plunger. The body of the syringe is secured to a fixed point at the bottom of the thread, 

thus the rotation of the motor can be converted to an increased or decreased distance between syringe and 

plunger and thus extrusion. This configuration allows retraction, and the direct drive reduces the amount of 

moving parts and therefore slippage. The pump was assembled following instructions on the MOST page, with 

components printed on an Ultimaker 2 and on a Prusa i2s. The 3D printed parts holding the syringe were 

modified to accommodate the shape of the syringe plungers used, and to enable slip-on/slip-off of the retraction 

enabling section of the carriage. The motor originally provided with the Kossel Mini was repurposed as a driver 

for this system, and connected to the extrusion controller on the controlling circuit board (see 3.2.3.6).  

Figure 3-7. Universal paste extruder (Richard 

Horne). A motor turns a gear chain which pulls a 

toothed belt around a pulley. The belt contracts, 

bringing in a syringe holder, and with it 

depressing a syringe. 
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Approximate firmware values for extrusion were calculated by multiplying the steps of the motor (minimum 

discrete angle turned through) by the pitch of the screw thread to calculate the distance moved by the plunger 

for each unit step. This was found to be approximately 4000 steps/mm. Multiplying the distance change by the 

internal cross-sectional area of the syringe gave the approximate conversion between motor steps and volume 

extruded. This was adjusted based on 

final printing results to allow for the 

volume of polymer blend extruded 

not correlating exactly to the 

displaced volume. 

While the limits small syringes place 

on print size is a concern for scientists 

working with established methods 

and materials,24 small (10 mla) 

syringe sizes were appropriate for 

this project. Due to the iterative nature of materials research often only small volumes were available. A small 

volume had a more compact form factor and reduced potential waste due to unused material either becoming 

unreactive, or prematurely curing, in the syringe. 

 

 CONNECTING ELEMENTS 

The extruder and the print head required connecting, and the fixtures developed for microfluidics were 

eminently suitable for this. Of the kinds of tubing tried (PTFE, HDPE, and silicone), silicone was found to be 

suitable due to its high flexibility – as the print head is highly mobile and the extruders are not, the material 

joining them must necessarily flex. To join the 3 mm tubing to the syringe, a standard Luer-lock to barb union 

Figure 3-8. Top: Components required for the MOST syringe extruder. Bottom: 

assembled extruder.  From Wijnen et al.22 
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was used (male Luer lock-3/32” barb, Upchurch, UK)1; at the 

other end of the tubing a barb to threaded unit (3/32” 

barb/male 10-32 UNC, Upchurch, UK) enabled the connection 

to a final threaded unit holder with a female Luer lock for 

interchangeable needles (10/32 female UNC thread to female 

Luer-lock, Upchurch, UK). This final piece was secured 

between a 3D printed unit and a modified effector head. 

These were both custom designed in openSCAD in a 

parametric fashion (nozzle holder shown in Figure 3-9) 

meaning the design can be scaled by filling in the dimensions 

of different off-the-shelf union components and get a part 

designed to fit. The holder bolts onto the effector head 

through existing 3 mm holes in the piece, in a configuration 

shown in Figure 3-10. 

The head could then accept a variety of standard disposable Luer lock needles. 19 gauge (~1.1 mm) dispensing 

needles (provided cut off square at a length of 1”) was found to be the most successful when printing large 

volume items where resolution was of low importance. Higher resolution was possible with smaller needles, but 

this reduced print speeds due to the limitations of the pressure possible through the syringe extruder, in 

accordance with Poiseille’s law. As the methods of sample testing required a sample on the order of centimetres 

for reasonable precision, but were insensitive to fine print details, time to produce samples scaled inversely with 

needle diameter and a larger needle diameter was selected to enable the rapid (under 30 minutes) production 

of a 20 × 40 × 5 mm3 sample. With the addition of this component, printing of viscous liquids could be achieved. 

                                                                 

1 Due, presumably, to the large influence of the US market, many components were only available in Imperial 
units. Therefore dimensions are stated in the units used by the manufacturers for clarity as to which were used 
successfully together, despite not being an exact match. 

Figure 3-9 Nozzle holding component designed to fasten 

the end of the flexible pipe carrying polymer, and the 

dispensing needle, to the effector head. Designed in 

OpenSCAD and scaleable to the dimensions of the 

purchased component. 
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Figure 3-10. Cutaway drawing showing full print head. Labelled parts are a) tube carrying polymer from syringe, b) nozzle holder as shown 

in Fig 3.9, c) threaded union to needle holder, d) headsink, e) printed circuit board, f) UV LEDs, g) needle that extrusion comes from, h) 

focusing element, i) joints on the side which connect to rods that move the head, and j) effector mount which bears it all. 

 ELECTRONICS 

Few changes were made to the Kossel Mini in terms of electronics. Heated components were disconnected and 

the firmware was overwritten to allow extrusion at low temperatures, eliminating a safety setting which 

prevents motors trying to push polymers through unheated extrusion nozzles and potentially causing damage. 

Motor wires were extended to allow the extruder to be located above the printer, and an additional simple 

circuit was added for LEDs, detailed in Section 3.2.3.5. 

  



 

90 
 

 

 LIGHTING ELEMENTS 

Much prior work has, where sources are specified, used a standalone UV lamp or one fitted with a waveguide, 

such as the Dymax BlueWave 75 Rev 2.0 UV Light Curing Spot Lamp System to cure 3D printed gels.25,26 These 

retail for  above £4,000 and are not designed to allow computer control. A cheaper, more streamlined and easier 

to integrate alternative is to use LEDs mounted in a printed circuit board. Compared to lamps, LEDs are more 

efficient, more compact, easily modulated to deliver precise intensities, and deliver a well-defined range of 

frequencies, thus avoiding unwanted photo-triggered reactions. LEDS have been used by Sears et al. to create a 

‘cure on dispense’ system, where UV curing of emulsion inks enables the shaping of foams, with success.27 This 

shows the potential of head-mounted LEDs on extrusion-based printers, even when restricted to binary 

operation; either continually illuminating the gels during the print process, or to cure a final product once 

assembled. In this work this is extended to integrate printer control of LEDs and modulate curing in the same 

manner as other print variables such as speed and temperature. 

Surface-mounted deep UV LEDs of peak wavelength 

265±14 nm (Zhuhai Tianhui Electronic Co Ltd, Shenzhen, part number TH-UV265A-3535) and 365±13 nm 

Figure 3-11. Printed circuitboard layouts for circular arrays of UV LEDs of wavelength 265nm (left) and 365nm (right). Distances are 

given in mm, red indicates tracks, magenta cut lines, and grey solder pads. Smaller holes are for screws to secure to effector and larger 

hole is for needle (see Figure 3-10 for diagram showing positioning in use) 
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(suppliers as before, part number TH-UV365t3WA-5045) were sourced from Zhuhai Tianhui Electronic Co, 

Shenzhen, China, and a circularly symmetric PCB bearing 8 LEDs was designed by the same company to 

specifications provided, to fit around the print needle as shown in Figure 3-10. The circuit boards are shown in 

Figure 3-11 and are provided freely online as industry-standard Gerber files at https://github.com/MxEntropic.  

With a typical forward voltage of 6 V at 20 mA for 265nm, and 4.2 V at 500 mA for 365 nm, power losses could 

have been reduced by placing all LEDs in series, reducing the current. However, this would have required 

voltages of up to 48 V, which would be difficult to provide with off-the-shelf power supplies. As a compromise, 

the LEDs were connected in two parallel banks of 4, giving operating voltages and currents of 24 V, 40 mA for 

the 265 nm wavelength and 16.8 V, 1 A for 365 nm. This is beyond the capability of the Kossel Mini electronics 

to supply (12 V standard),20 so a separate power supply (Voltcraft) was added to provide power. 

The LEDs and printer were interfaced by a N-channel IRL540N MOSFET, connected as shown in Figure 3-12, 

allowing a spare pin on the Arduino Mega 2560 block to gate the power supply to the LEDs. Output pin D4 was 

selected as it supports pulse width modulation, allowing 256 levels of variation in intensity. UV LED brightness 

could then be set with the G-code sequence ‘M42 P4 S{0-255}’ where the number in brackets indicates the 

brightness level, 0 as off and 255 as brightest. This could be done during printing, as part of the G-code 

instructions sent to the printer, or while the machine was idle. 

The 365 nm wavelength had a power of 16.8 W and so required heat dissipation elements in use. This was 

provided by a recycled aluminium heatsink, cut to shape. The LEDs have a wide field of illumination and so a 

simple focusing element was added. Made from thin aluminium, it was hand-crimped to form a rounded shape 

and direct the light into a central spot of approximately 10 mm diameter, as shown in Figure 3-10. 
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Figure 3-12. Wiring diagram showing RAMPS connections used for gel printer. Clockwise from bottom left: An additional, higher voltage 

supply powers the LEDs, switched by a transistor with output pin D4, from the servo block of output pins, acting as a gate. Motors and 

corresponding endstops (switches triggered when the carriages reach their limits of motion) are retained, and interfaced via stepper 

drivers which provide the appropriate signals to the motor coils. The thermistor originally used for regulating hot end temperature during 

melted plastic extrusion is repositioned on the LED mount and used to monitor circuit heating effects. The extrusion motor remains, only 

now the extrusion compresses a syringe rather than feeding a filament through cogs. Heated bed is retained for processing materials 

requiring drying (such as cellulose solution) and thermistor allows temperature control. 18V and 5V are supplied to the board, 18V to 

drive the motors and heating elements and 5V for the internal operations of the Arduino. Diagram created by Neil Underwood, CC-BY, 

and modified by the author 
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To relate the voltage supplied to the LEDs to a final intensity, a voltage-intensity curve was defined for 265nm 

LEDs using a 254 nm UV radiometer (UVP). This is shown in Figure 3-13. 

 

Figure 3-13. Intensity of 265nm sensitive LEDs, measured with 254nm light sensor, as a function of voltage supplied at constant current. 

Errors are derived from the equipment sensitivity. 

The components tested exhibited a typical LED response curve with a turn-on voltage at around 20 V, increasing 

to an approximately linear relationship between 24 and 28 V. Measurements were discontinued at 28 V as this 

corresponded to the manufacturer’s maximum advised voltage per component. When using this element for 

curing, an operating voltage of 27 V was used. This yielded an intensity of 5.5 mW/cm2 without causing excessive 

damage to the LEDs that could shorten their lifetime. 

 COOLING CAPABILITY 

Following the observations of Bakarich et al. a method to maintain the temperature below 15 °C until 

crosslinking was complete was required. The 3D printer incorporates some degree of thermal control by default, 

using the proportional-integral-derivative (PID) algorithm to adjust the amount of energy supplied to a heater 

in response to thermal measurements to approach a set value. This could theoretically be adapted to 
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accommodate a cooled stage or containing box by replacing the heating element with Peltier (thermo-electric) 

or water cooling. However, adding these elements into an already small form factor would reduce build space, 

and the heat moved from the system would need to be dissipated some distance away to avoid overheating the 

electronics. 

No dynamic chilling control was required, only a fixed static temperature below 15°C. Further, the system was 

insensitive to thermal variation, as the  largely water-based system has a high specific heat capacity. Therefore, 

there was no need for active interface between the printer and the cooling system. A simple, effective way to 

achieve the desired specifications was to place the printer in a domestic refrigerator, running wires out for power 

and control. A second-hand consumer fridge was purchased from Display Refrigeration for this purpose, selected 

for its dimensions and glass door. This latter permitted observation while providing an additional safety measure 

against harmful UV exposure.  

The thermistor originally intended to monitor the temperature of the hot end in use was repurposed to monitor 

the temperature of the LED component, ensuring that temperatures did not exceed appropriate temperatures 

for the PLA effector head (below 120 °C). Bed temperature monitoring provided an indication of the temperature 

of the printed material in situ. 

 OPERATIONAL PRACTICE 

In operation, standard print parameters used were an extrusion width of 0.8 mm, an extrusion height of 0.5 mm, 

and maximum print speed of 10 mm s-1. Following the printing of the gel shape the extrusion head was removed 

to ensure no further drool and minimise the illumination-print distance. This step requires manual intervention, 

and it would be desirable to remove this in future iterations. The UV LEDs were illuminated, and curing was 

performed by rastering the head over the print at a speed of 0.6 mm s-1 at a height of 1mm over the final print 

surface. This speed was determined experimentally as ensuring total curing. 

There are of course two ways to vary the exposure of the gel; the intensity of the LEDs and the speed of the 

head. This offers interesting modulation possibilities which are discussed further in Chapter 4; however, within 

this thesis maximum intensity was used at all times. This choice was made to minimize premature crystallisation 

(see Section 3.2.4). 
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To generate the instructions for curing, a Python script was written which takes an existing G-code script – a set 

of instructions of moves and extrusions the machine must make to print - and appends UV curing instructions. 

This can be a simple raster over a given area, or an exact copy of the print pattern used but with illumination. 

The latter was appropriate for shapes with a high concavity, such as the flower shown in Figure 3-2.  

For speed of processing, prints were performed on glass slides (56 × 78 mm, ‘Clarity’ slides, Smith Scientific) 

which were then removed and placed in a 0.1 M calcium chloride bath in a petri dish for 24 h. Removable print 

surfaces allowed calcium chloride curing to occur simultaneously with printing, speeding up production. This 

also minimized contact between corrosive CaCl2 solutions and metal printer parts. During curing, prints de-

adhered from the slide, becoming suspended in solution and thus receiving even exposure to strengthening ions. 

Subsequently the ionised solution was replaced with deionized water for a further 48h to remove any unreacted 

monomers and allow the gel to swell to equilibrium volumes. When not being tested, samples were stored in 

vials of deionized water. 

 SOFTWARE AND FIRMWARE CHOICES 

The hardware of the printer is only one part of the printing process, and all must be accessible to enable 

appropriate reproducibility.5 While details of 3D printing vary according to the myriad of print materials and 

methods now available, the process can be broken down into well-defined stages illustrated in Figure 3-1. For 

this project, the following choices were made, ensuring that from concept to finished print all software and 

firmware was accessible. 

3.2.3.10.1 DESIGN 

All designs for printed hydrogel test samples were created in openSCAD. This was also used to generate all hard-

polymer 3D-printed functional parts required. openSCAD is free software which generates 3D solids from text-

based input: it can perform mathematical calculations, process recursion, and can take user-defined variables. 

Many existing works in paste extrusion and 3D printing are published in this language, which primarily drove 

adoption for this project. It is licensed as GPL 2.0. 
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3.2.3.10.2 SLICER 

The software which translates between a design and the printer movements necessary is known as a slicer. For 

this work, Slic3r (Prusa Edition) was used. Slic3r is compatible with all printers, highly customisable, and licensed 

GPL 3.0. Setting profiles were created for different print nozzles and styles of printing - such as a simple back 

and forth print for test samples and a slow print with extra perimeters for edges. The Prusa version was used as 

it is the most stable at time of writing. 

3.2.3.10.3 G-CODE SCRIPT MODIFICATION 

Where G-code script modifications were necessary (such as to allow light exposure or integrate extra wait times 

for materials to dry between layers), this was easily performed in Python 3.0. The process simply required 

reading in a G-code file in text format, identifying move commands, removing extrusion commands and inserting 

commands to turn the lights on. Options included rastering over the bounding box of the shape, at a given speed 

and with a specified focus size, or following the print moves exactly. 

3.2.3.10.4 PRINTER CONTROL 

A graphical interface on a connected laptop enabled retraction of syringe holder for un-loading and re-loading, 

movement of head away from print surfaces to unimportant regions, and test extrusion of material through the 

nozzle before printing to check set up, without needing to open the fridge. For this Pronterface was used, as it 

has both a graphical user interface and command line, suiting a wide range of users. The interface can be 

customised but offers as standard a visualisation of the print path taken and graphs of bed and head extrusion 

temperature. As before, Pronterface is compatible with all sorts of printers and operating systems, licenced GPL 

3.0. 

3.2.3.10.5 PRINTER FIRMWARE 

The firmware Marlin translates text instructions about locations and extrusion lengths into basic signals such as 

the voltages to be sent to motors. This runs on Arduino, a commonly-used open source electronics prototyping 

platform,28 and is licensed GPL 2.0. This was used much as received from Think3DPrint3D, with the only variables 

modified being default motor distances, steps per millimetre, and extrusion temperatures, to account for the 

changes in range of motion, configuration, and cold extrusion.  
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 PERFORMANCE EVALUATION 

The purpose of this section of work was to enable PNIPAM-alginate gel processing in a manner similar to that of 

published papers on shape-changing hydrogels,1,21 but using a fully open-source and reproducible solution. The 

system created can produce shaped PNIPAM-alginate gels which are elastic and transparent, suggesting no 

phase separation is taking place. This is supported by Raman spectroscopic observations shown in Chapter 4. 

The technologies used have been drawn from those provided by a GPL license, and innovations added have been 

documented and published under the same license at https://github.com/MxEntropic/protea-parts.   

 PRINT QUALITY 

The printer can position a needle of the finest gauge available with a precision of 100 m in X, Y and Z directions. 

However, for 3D print systems, this does not necessarily translate into an 100 m resolution on finished prints, 

due to material flow, expansion during curing, uneven curing rate, and other variations between layers. With an 

extrusion-based system used for multiple materials the resolution achievable will vary depending on material. 

This system has successfully extruded and shaped 6 wt.% cellulose nanocrystal solution, 4 wt.% carboxymethyl 

cellulose solution, cellulose nanocrystals with 

ferrofluid, alginate at 3 wt.%, and silk dissolved 

in lithium bromide (into an ethanol bath).  

Minimum resolution has not been tested fully 

since this was not a primary aim. However, at 

least 500m horizontal resolution has been 

achieved, with 200 m resolution in the vertical 

direction. As is standard in 3D printing, Z 

dimension resolution is higher than XY due to 

the inevitable effects of gravity. 

An additional consideration for printing 

PNIPAM-alginate hybrids is the unavoidable presence of an unreacted outer layer consisting of alginate and 

NIPAM monomer, where the radicals created by the photoinitator form peroxide radicals rather than inducing 

Figure 3-14 Printed 750m thick line of cured PNIPAM-alginate. Pores are 

water-rich regions formed during gelation process. Channels on either side 

are unreacted solution, meaning final gel is smaller than extruded line. 

Image taken with Leica microscope by Abraham Mauleon Amieva. 
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polymerisation.29 This manifests as a thin (~50m) layer of alginate and monomer solution on the surface of the 

print, shown in Figure 3-14. While the NIPAM monomers will not have crosslinked, there is no inhibitory effect 

on the alginate component when placed in CaCl2, leading to the formation of a thin alginate-NIPAM shell around 

the areas of the piece in contact with air.  

This can be easily removed by stretching the entire piece to generate cracks in this outer, much less elastic layer, 

and gently rubbing to remove them. This reduces the size of any prints created by a predictable amount. It also 

limits the smallest dimension that can be achieved in PNIPAM-alginate to the thickness of this layer (in the 

absence of other mitigating strategies such as the inclusion of oxygen scavengers1 or processing in an inert 

environment30). 

One further complexity is that, if the humidity in the 

environment is insufficient, the blend dries and NIPAM 

crystallises before polymerisation can take place. Once 

crystallised, the radicals cannot penetrate the 

monomer and no crosslinking will occur until the 

mixture is redispersed. This case is shown in Figure 

3-15. 

Since the UV illumination inevitably creates some 

heating, this places an extra constraint on the 

minimum PNIPAM-alginate resolution possible. Smaller samples exhibit a larger surface-to-volume ratio, drying 

more rapidly, and increases their temperature more rapidly if exposed to heat. During printing, adequate 

humidity (found experimentally as >70%) was monitored using a temperature and humidity sensor (Amazon 

UK). If necessary, humidity was raised with the addition of an open water container with immersed tissue paper 

to increase evaporation rates. 

 ACCESSIBILITY 

The entire process described above for 3D printing avoids any legal restrictions on accessibility, as all 

components are licenced according to the GPL and published on a freely available repository. Limitations on 

Figure 3-15. Crystallized 510m-thick line of PNIPAM-alginate. If 

the humidity is too low, the PNIPAM-alginate solution 

crystallizes rather than polymerising and crosslinking. 



 

99 
 

access to parts are minimised due to the use of standard components and provision of all designs, enabling 

adaptations to accommodate changes required. A price breakdown (neglecting labour costs) is provided in Table 

3.1. Excluding part printing time, a build could be completed in two days, assuming no particular familiarity with 

3D printers but a beginner level of soldering and familiarity with hand tools. 

Table 3.1 Cost of components of printer. *Converted at 1USD = 0.78GBP, values taken from xe.com 23/11/2018 

Comparing to the off-the-shelf solutions benchmarked in 3.2.2, this combination of equipment is at least a factor 

of 4 cheaper than other extrusion printers.  It additionally has two ‘advanced’ features only seen on higher range 

bioprinters – the ability to operate at temperatures below ambient, and UV curing. Further, since the bioprinters 

only implement UV for blanket curing or disinfecting, the on-head mounting allows modulated and localised 

exposure, allowing for more options during print. The potential of this will be explored further in Chapter 4. The 

small build volume allows containment in a refrigerator in place of dynamic chilling control, providing an 

inexpensive, controlled, chilled and humid environment suitable for gel processing.    

Component Cost 

Kossel mini body, printed, and all components 

required for assembly 

£499 

265nm UV LEDS – 8@$9USD* £56.16 

365nm UV LEDS – 8@$2.7USD* £16.85 

PCB design and manufacture - $45 USD £35.10 

30V Power supply ~£20 (if bought new – in this case used from lab) 

Transistor 0.15p 

Connector parts: 

Silicone tubing, barb union, luer union 

£30 

Extruder parts: linear bearings, regular bearings, 

threaded bar 

£15 

Second hand fridge £250 

Focusing element, bolts, heatsink Used found components 

Total: £923.28 
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 ISSUES AND IMPROVEMENTS 

Since the commencement of this project large strides have already been made in the availability of OS gel 

printers, to which this project is a small, simple contribution. The large volume extruder published in Hardware 

X by Pusch et al.24 seems promising, and for a budget in the thousands the Discov3ry and Hyrel printers have 

produced good results.27,31 It is suggested that any other researchers building their own equipment assess what 

is available on a regular basis to critically evaluate the current best option, including the possibility of hybridising 

self-built and integrated systems. 

The system presented here has 10 ml print volume and a 0.5 mm precision, sufficient for this stage of the project, 

but further developing work would benefit from larger volumes and higher precision. For this purpose improving 

the design by incorporating aspects from the Large Volume Extruder24 and auger-based designs would be of 

interest. The low shear exerted by an auger-based design could reduce the drooling seen, as this originates from 

shear thinning and viscoelastic lag in the materials. This could also be reduced by dropping the distance between 

syringe and printhead. Previously, delta printers have been modified to have a motor mounted on the effector, 

but this affects mechanical precision as the increased weight slows deceleration. The only other option would 

be to move to a Cartesian print body, but this would limit the curing patterns and speed possible. A screw-driven 

system would be the easiest upgrade to try, and open source designs are now available.32 A miniature servo that 

deployed a ‘tray’ under the nozzle to catch any unwanted drops, or retracted the needle, would also be an 

option.  

The LED circuits are inefficient due to the unnecessarily high currents used and remain highly lossy in operation, 

particularly since cooling is being maintained. The circuit could be redesigned to integrate a voltage converter, 

or a higher voltage could be supplied initially to drop the current. Re-adding the original fan mounted on the 

effector head would be one easy way to cool it further, requiring just a tweak of the design to allow space for 

the mount. Another desirable improvement would be to add a height probe to the head, to detect misalignment 

in the bed and correct for it, allowing greater precision in surface printing.  

To the knowledge of the author, no other G-code controlled UV-mounted head has been implemented. This has 

great potential even at this early stage, for which further evidence and applications will be provided in Chapter 

4. Simple improvements could be made by reducing the size of the focal spot via a lens or a true parabolic mirror 
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enclosure. This could be created cheaply by 3D-printing the shape and then adding a reflective coating. 

Alternatively, a fibre-optic cable could be used, reducing heating effects or even a UV laser as seen in the work 

of Llewellyn-Jones et al.33  

 

 CONCLUSION 

A fully open-source platform capable of proving the extrusion, chilling and curing capabilities required to process 

PNIPAM-alginate double network gels was sought. An appropriate system was developed and documented to 

enable replicability. The system produced combines existing designs for a delta printer and an open source 

syringe pump using microfluidic components and 3D printed parts, and has successfully been used to process 

silk, cellulose, nanocellulose crystals and alginate. Adding enclosure in a chilled environment and LED curing 

elements integrated with the on-board printer control produces a printer capable of processing shaped PNIPAM-

alginate double network gels, with a resolution of 0.5 mm in x and y dimensions, and 0.1 mm in the z dimension. 

Improvements to resolution of the gel extrusion and of the UV curing area illuminated would be desirable, and 

could be achieved using a progressive cavity pump and improved optics. However, at the current design stage, 

performance is comparable to that of off-the-shelf models. All processes are tailorable, from design to firmware, 

and costs for build are at least 4× lower than existing products (neglecting labour). Integration of an on-head UV 

curing element allows UV exposure to be modulated as another printing variable, it is believed, for the first time. 

This enables exciting applications that will be shown in Chapter 4. 
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 LIGHT-INDUCED GRADIENTS IN PNIPAM-ALGINATE PRINTS 

 ABSTRACT 

An existing 3D-printable PNIPAM-alginate formulation was characterised in terms of the molecular weight, 

copolymer formulation, and elastic moduli of the component gels both singly and as an interpenetrating network 

gel.  The viscoelastic properties of the uncured polymer blend were found to depend dramatically on the order 

of preparation, which was attributed to complexation effects. The blend was successfully processed into shaped, 

thermoresponsive gels using the open-source equipment and techniques documented in Chapter 3, 

demonstrating the applications of this accessible technology. 

Final pieces were printed in flat beam, disc and flower shapes. Following full crosslinking, these adopted curved 

configurations, both in in equilibration with water at ambient temperature and at temperatures above the 

lowest critical solution temperature (LCST). The radii of curvature differed in both magnitude and direction as a 

function of the thickness of the piece and the direction of curing illumination. This light-induced phenomenon is 

previously undocumented and could provide a facile route to programmable complex shape change in shaped 

gels. However, while a high sensitivity shows potential for programmed shape change, it inhibits sample 

reproducibility. Therefore, further investigation into the relation of curvature to dimensions would be required 

to accurately predict equilibrium configurations. 

The effect was theorised to originate from either a difference in crosslinking density or pore structure. Raman 

spectroscopy indicated a high similarity between both sides of a dried bending sample, making a difference in 

chemical bonds unlikely. Imaging of pores was attempted using scanning electron microscopy (SEM) and 

confocal microscopy, highlighting issues with reliance on dried imaging methods. Due to within-sample 

structural variation and small feature size, more data would be required to draw statistically valid conclusions, 

although a previously-undocumented population of sub-0.5 μm2 pores was recorded. A hypothesis for the origin 

of the effect is proposed, based on osmotic gradients between first-cured and uncured polymer blend. 
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 INTRODUCTION 

As outlined in Chapter 1, the working material is a double network hydrogel formed from the covalently bonded 

thermoresponsive network poly-n-isopropyl alcohol (PNIPAM) interpenetrated with a physically bound strong 

alginate network, crosslinked with divalent calcium cations. This gel was selected as it had already been 

demonstrated as suitable for responsive 3D printing, was non-toxic, abundant, and low cost. 

 THERMORESPONSIVE POLYMER: POLY N-ISOPROPYL ACRYLAMIDE 

One of the best characterised responsive hydrogel materials is poly-n-isopropyl acrylamide, PNIPAM. Above 

approximately 32 °C it becomes energetically advantageous for the polymer to preferentially interact with itself 

rather than the solvent, and its polymers coil in on themselves. This coil-globule transition occurs at a 

temperature known as the LCST, the lowest critical solution temperature. The exact details of the LCST are 

affected by molecular weight,1 temperature of processing,2 and crosslinking environment 3, but the result is the 

same: a gel that contracts to approximately 40% of its original volume. 

The degree of thermally-triggered contraction depends on the solvent and the level of crosslinking between the 

polymers. Higher levels of crosslinking cause a decreased ratio between the swollen and contracted states: while 

the minimal volume occupied is the same, a higher degree of cross linking imposes a constraint on the free gel 

which leads to a smaller volume in equilibrium. This has been shown experimentally many times,4 and has been 

described by Flory and Rehner among others.5  

While synthesis of PNIPAM gels may be achieved in a number of ways,3 commonly polymerisation and 

crosslinking are induced simultaneously via free radical or redox reactions within a concentration of monomer 

(isopropyl acrylamide) and a crosslinking agent (often methylene bisacrylamide). The chemical structure of the 

crosslinked gel and the crosslinker methylene bisacrylamide (MBA) are shown in Figure 4.1. 

The advantage of the free radical route is that the process of gelation may be triggered externally without 

contact, for example by illumination of the correct wavelength combined with a photoinitiator such as 

diethoxyacteophenone (DEAP).6 Redox-triggered gelation is also possible, which allows initiation inside opaque 

moulds and in gels with a high percentage of opaque filler.7  
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At a microscopic level, the effect of the degree 

of crosslinking is evident under SEM, with clear 

pores visible that decrease as the weight 

percentage of crosslinking agent added 

increases.4 This is supported by Raman 

microscopy imaging which confirms that 

PNIPAM gels segregate at a microscopic scale 

into water- and polymer-rich regions, forming 

a micrometer-scale pore structure.8 This 

length scale also contracts during the thermal 

transition. At the molecular level, UV Raman 

spectroscopy has clarified the change in 

conformation which underlies the packing 

transition of the amide groups, whereby these 

functional groups orient themselves inwards, 

forming hydrophobic pockets.9  

This contraction may be triggered by heating in solution or in air, and is fully reversible. With the addition of 

nanoparticles, the PNIPAM LCST transition may be triggered externally by laser or incoherent light 10,11 or 

inductive heating. 12 The nature of the thermal contraction is affected by the ionic environment, with the ‘sharp, 

yet continuous’ native transition becoming a discontinuous transition in the presence of higher ion 

concentrations.13 

PNIPAM has been shown to be non-cytotoxic to epithelial, smooth muscle, and fibroblast cells, and to exhibit 

sensitivity in endothelial cells depending on the source. It is considered a candidate for medical applications, but 

requires application-specific cell testing.14 

However, PNIPAM in its native state is brittle and weak. Its performance has been improved by the inclusion of 

laponite clay disks, graphene oxide, and metallic nanoparticles, among others.7,12,15,16 Another simple and 

promising route to improving mechanical performance is the inclusion of another hydrogel to form an 

n 

m 

Figure 4.1. The chemical composition of poly-N-isopropyl acrylamide gel. Top: 

a polymer of n units is shown crosslinked with a polymer of m units. Bottom: 

the chemical structure of methylene bis-acrylamide, a commonly used 

crosslinking agent. 
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interpenetrating network. Many other polymer networks have been trialled to improve the properties of 

PNIPAM, including silk fibroin, cellulose, poly(acrylamide), and alginate.17 It is difficult to directly compare their 

properties due to the different weight ratio of components used, but according to the principles of double 

network gels described by Gong, one expects both a high yield stress and strain from an additional network with 

physical crosslinks. This is because reversible bonds are able to dissipate the energy by peeling apart electrostatic 

bonds, rather than leading to rupture of the permanent chemically bonded PNIPAM network. Thus, properties 

such as the elastic modulus, the yield strength and the fracture toughness are seen to improve. 18 

 POLYSACCHARIDE: ALGINATE 

Within this subcategory of polymers that form physically crosslinked gels, alginate is an attractive candidate for 

combination with PNIPAM into a durable, 3D printable hydrogel. It is readily crosslinked by the addition of 

cations, is cheap and abundant, is generally regarded as safe, is bio-degradable, and is well-studied.19  

Alginate is a linear polysaccharide formed by the monomer units guluronic acid (G) and mannuronic acid (M). 

The ratio and ordering of these two units varies depending on the species, season and age of the algal form that 

it was harvested from. The structure however will always consist of blocks of G, blocks of M, and blocks of 

alternating MG – the lengths of these respective sections are what varies within the polymer depending on the 

source species, the season, and the place of origin.20,21  

Alginate gels are formed by chelation of cations within the pockets formed by the G-units, according to a concept 

known as the egg-box model shown in Figure 4.2. Here, the cations, attracted by the negatively charged carboxyl 

groups, enter the nanopockets, first binding in pairs and then into larger multi-strand junctions.22 Accordingly, 

the properties of alginate gels vary in their tensile strength and yield stress depending on the M:G ratio and 

average G-block size, as these directly relate to the number and nature of crosslinks.21,23 Choice of cation species 

also affects the mechanical properties of the get created, and this has been used to create IPN alginate 

‘grippers’.16,24 
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Basic sample preparation was adapted from the work of Bakarich,25,26 with a change of photocrosslinker from 

alpha ketoglutaric acid to dimethoxy phenylacetophenone (DMPA) to increase stability of the solution (detailed 

in section 2.5) and allow irradiation through glass, enabling the production of entirely enclosed moulded samples 

triggered to cure by UV light. Formulation is given in Materials, section 2.1.  

 DOUBLE-NETWORK PROCESSING STAGES 

The material passes through three distinct stages during processing: first as a viscous liquid polymer blend with 

only weak alginate crosslinks, then as a weak gel with a fully-crosslinked PNIPAM network but still only weak 

alginate crosslinking, and finally as a strong double network gel, with full alginate crosslinking surrounding the 

fully crosslinked PNIPAM network.  

 

 

 
Figure 4.2. The components of the biopolymer alginate. Top, guluronate (G) and mannuronate (M) are shown in their potential 

configurations. Bottom, the binding of alginates into gels proceeds by the chelation of an ion between two facing G-units (bottom left) 

which is then followed by other sites between the two strands, and finally combined into a multi-strand junction.  Figure adapted from 

Fang et al. 22 
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 BEFORE EXTRUSION: A VISCOUS POLYMER BLEND 

The initial gel polymer blend is viscous due to the addition of 0.01M calcium chloride. These calcium ions lightly 

cross-link the alginate, creating a high viscosity blend suitable for printing and otherwise shaping (see section 

4.4.3.1).  

Rheological experiments reveal that at very low shear rates, <0.01 s-1, the viscosity of the lightly-ionically-

crosslinked polymer blend is high. This is required for printing applications, as it corresponds to a negligible 

spreading on the print bed when in position. However, when shear is applied, the crosslink density is sufficiently 

low for the viscous shear modulus to dominate over elastic shear modulus, causing the liquid to flow under the 

shear regimes accessible to the printer. The viscosity may be adjusted by modifying the number of initial 

crosslinks via the molarity of the CaCl2 solution added, or by increasing the volume fraction of alginate or 

PNIPAM. However, all changes will also affect the final cured gel properties.  

Given the focus of this investigation was to find novel routes to modulating thermoresponsive behaviour, and 

previous investigations have assessed the results of modifying crosslinker concentration and PNIPAM:alginate 

ratio,27–30 here the composition of the gel was kept constant. 

 FORMATION OF FIRST NETWORK: UV-INITIATED CROSSLINKING 

Once the uncured gel is in position, illumination by deep UV light cleaves 2,2-dimethoxy-2-phenylacetophenone 

(DMPA) a type I photoinitiator, into dimethoxybenzyl and benzoyl radicals.31 The dimethoxybenzyl radical then 

degrades further into methyl benzoate and methyl radicals (shown in Figure 4.3Figure 4.4). Each radical thus 

produced is then available to initiate the free radical polymerisation of the isopropyl acrylamide through the 

opening of the vinyl bond. The UV-Vis absorption spectrum of DMPA as provided by the manufacturer is shown 

in Figure 4.4, highlighting the relevant frequencies to trigger activation. 
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Crosslinks between growing polymers of poly-N-isopropyl acrylamide are formed by the incorporation of 

methylene bis acrylamide (MBA, shown in Figure 4.1) in place of IPAM monomers, forming a bridge between 

two polymer chains. The crosslink density of the gel is affected by the relative concentration of MBA until a 

saturation point is reached.30 Results are relatively insensitive to the amount of cross-linking agent used when 

small amounts are present.32 

A higher crosslink density reduces the swelling of pure PNIPAM gels at temperatures below the LCST, due to 

geometric constraints on the motion of the polymers, as predicted by the model described in section 1.4.1. 

However, the minimum volume occupied by the network is insensitive to the crosslink density, as at this stage 

the packing of the functional groups is the limiting factor, rather than the larger scale polymer configuration or 

any longer-range forces.33 

One therefore expects the swelling ratio between ambient and high temperature volumes to decrease with 

crosslink density, and this has been demonstrated experimentally, showing that for both PNIPAM and PNIPAM 

interpenetrated with an alginate network, a greater crosslink density decreases the swelling ratio.4,30 Zhang et 

al. observe smaller PNIPAM pore sizes as the proportion of MBA is increased. Petrusic et al. also report that the 

swelling ratio increased for alginate/PNIPAM blends relative to pure PNIPAM, probably due to ionic repulsion; 

Figure 4.4. UV-Vis absorption spectrum of 2,2-Dimethoxy-

2-phenylacetophenone. Data provided by manufacturer,  

Sigma Aldrich. 

Figure 4.3. Major reaction products of 2,2-Dimethoxy-2-

phenylacetophenone following illumination by deep UV light. 

From Fischer et al. 31.   
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however, a relatively greater percentage of alginate in the blend decreased the swelling ratio due to the 

additional constraint of the alginate chains.30 

 FORMATION OF SECOND NETWORK: IONIC CROSSLINKING 

With the PNIPAM network formed, a secondary alginate network is formed interpenetrating with it by 

immersing the now-fixed sample in a bath of 0.1M CaCl2 for 2 days. Following this, samples are placed in 

deionised water for at least 48 h with a change of water every 24 h to remove unreacted monomer and allow 

swelling to an equilibrium state. 

 OBSERVATION OF ILLUMINATION-BASED ASYMMETRY 

As mentioned in Section 1.5, to produce prints with non-trivial shape-change requires some sort of variation of 

responsive properties is required throughout the sample. During the fabrication of initial samples an intriguing 

phenomenon was observed: samples showed a tendency to bend. The gels are observed to curve with a radius 

of curvature directed towards the source of illumination during the formation of the PNIPAM gel network: ie. 

the side with more illumination contracts more when heated.  

The configuration of the gel during curing – on top of a glass slide with the source of illumination located above 

– means that that this is not the only asymmetry: there is also a difference with respect to oxygen exposure, 

initial drying effects, and potentially sedimentation and heating. However, these can be eliminated as first-order 

contributors towards the phenomenon by a simple experiment. If the sample is prepared in identical 

circumstances with only the light source moved (illustrated in Figure 4.5), the curvature is observed to change 

to reflect the new location of the light source. This demonstrates that the level of illumination is the primary 

determinant of the different behaviour of the sample faces. 
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Figure 4.5 Schematic showing the behaviour of gel samples (left, green) produced in identical configurations save for the direction of the 

illumination (violet). Keeping all other variables constant, a rotation of the illumination by 180° produces a rotation of the asymmetric 

contracting effect by 180°, implying that this is the key origin of the observed effect. 

This is an interesting phenomenon, as prior work has required the manual introduction of a gradient of some 

other element in order to produce such effects. This has been achieved with a diffusion-based chemical 

gradient,34 diffusion-based substitution with non-thermally sensitive monomers,35 templating around silica 

particles gradated by electrophoresis,36 and sedimentation of PNIPAM with reactive crosslinking groups,37 all of 

which are time consuming and require additional fabrication stages.  

An examination of the literature suggests that this phenomenon has not been observed before in PNIPAM-based 

systems. The most relevant work is that of Kim et al. demonstrating curvature shaped by variation in density of 

photoinitiated crosslinks. This work used PNIPAM copolymerized with benzophenone pendant groups, the 

conversion rate of which is proportional to the light exposure and to the final expansion ratio and stiffness.37 

However, this was a copolymer based system, and had the limitations that the variation imposed by lithography 

is constrained to a 2D surface – further, the plane of a 2D surface - and, as the contracted PNIPAM volume is not 

a function of crosslinking, the only shape change that can be triggered by heating is a return to a flat 

configuration. Additionally, while the group made use of a half-tone based masking approach to reduce the 

number of masks needed, the need for prior construction of masks with the appropriate spacing is still a 

production limitation. 
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Contrary to this and the examples given in section 2.3, the method of introducing anisotropy is rapid, tailorable, 

facile, and can be incorporated in the production method already used for 3D printing hydrogels. Aims were 

therefore to explore the variables involved in the phenomenon, investigate potential mechanisms, and create 

or validate a mathematical model enabling the design of a print that would produce a specific curvature. 

In this chapter, initial work focuses on characterising the materials used to enable subsequent calculations and 

replicability; finding the M:G ratio of alginate and the average molecular weight between crosslinks of both 

PNIPAM and alginate. The next step was to extract material properties such as the uniaxial and shear elastic 

moduli from the samples, which required the generation of protocols for creating testable samples – that is, 

samples with reproducible properties in the formats used in literature. With these data, observations of the 

deformation behaviour of simple shapes such as beams and discs could be compared to theoretical descriptions 

such as the Timoshenko model. Finally, investigations into the molecular and microporous composition of the 

illuminated and non-illuminated sides of the gel were conducted to investigate the cause of the effect.  

 METHODS DEVELOPMENT 

The samples required for compression testing, rheological testing and simple deformations were cylinders, discs, 

and beam structures, respectively. 

 GEL PRECURSOR MIXING PROCESS 

To form the gel precursor for initial extrusion, 450mg of alginic acid and 3g of isopropylacrylamide (IPAM) were 

weighed and blended, dry, in a THINKY ARE-250  planetary mixer for 2 minutes at 2,000RPM to maximise 

blending of components of the dry mix and ensure Ca2+ ions encountered both reagents simultaneously. Then 

15ml of 0.01M CaCl2 was added, and the wet mixture blended for 20 minutes at 2,000RPM, again in the 

THINKY ARE-250. The blend was allowed to rest for 24h in a sealed container to ensure the biopolymers were 

completely hydrated (following the recommendation of Michael Avery, pers. comm, as recommended in Song 

et al.38). Immediately before gel shaping and formation to retain maximum reactivity and prevent premature 

gelation, 40mg of DMPA and 15mg of MBA were added to the 15ml of solution, blended for 2 minutes at 

2,000RPM in blend mode and then 2 minutes in degas mode at 2,200RPM on the ARE-250. 
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The use of the Thinky mixer allows even blending of relatively highly concentrated alginate solutions without 

the chain shortening damage caused by sonication, and much more rapidly than with magnetic stirring. Notably, 

the Thinky mixer permitted the introduction of both IPAM and alginate to the solution at the same time; the 

prior methodology by Bakarich et al. required first blending of IPAM with CaCl2, MBA as crosslinker, and alpha 

ketoglutaric acid as photoinitiator with solution alginate added as a final step. If this order was varied the mixture 

separated and precipitated.  

The choice of different mixing protocols made a distinct difference to the viscosity of the blend produced. 

Mixtures where IPAM was blended with CaCl2 solution initially had a notably lower viscosity than those where 

alginate encountered the Ca2+ ions first. Alginate first or simultaneous mixes were sufficiently gelled to be 

invertable in a vial, while IPAM-first mixes flowed. However, following ageing, the IPAM-first mixtures converged 

on the behaviour of the simultaneous blends. This behaviour was subsequently investigated in section 4.4.3. 

Air bubbles were visible by eye in the blend, and vacuum degassing was considered and attempted. However, 

due to the high viscosity of the blend, six repeats of 15 minute cycles of dropping to low pressure – on the order 

of 10Pa – followed by a return to atmospheric pressure were insufficient to remove visible bubbles 

(>100microns). This was time consuming, added another cost and accessibility barrier to reproduction, and may 

still have been insufficient to prevent the inclusion of air bubbles within final prints as a result of print processing. 

This stage was therefore discarded, and all samples, both printed and cast, can be expected to contain defects 

from bubbles. 

 CURING PROCESS 

For printing purposes, it is advantageous if the curing reaction proceeds as quickly as possible; this shortens the 

overall print time and prevents crystallisation of unreacted monomer in a low humidity environment. However, 

it has been observed that phase separation of the two gels may take place if the cross-linking of the UV network 

happens too quickly. This is apparent by opaque regions visible in the gels. This can be minimized by conducting 

the exposure at temperatures below 15° C, as noted in the supplementary material to Bakarich et al. 39 

Cast gels were formed using the methods described in section 4.3.3, and cured using a 254nm 6W UV lamp 

(Model UVS-26 EL UVP) in a UVP 95007201 CHROMATO-VUE C-10 mini UV-viewing cabinet. Printed gels were 
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produced following the methodology in section 3.2.3.7 and were cured in the printer, as documented in Chapter 

3. Curing measurements of UV absorption as a function of time were taken by aligning a quartz cell containing a 

0.8mm thick sample of gel between the UV lamp and a UV radiometer sensitive to 254nm wavelengths. The 

intensity of the radiation arriving at the detector was recorded every 15 seconds to investigate the changing 

opacity of the sample over time. 

Following photocuring of the PNIPAM network, fixing the blend in the desired shape, gels were placed in 0.1M 

CaCl2 for 24 hours, before swelling in DI water for 48 hours to an equilibrated state, changing every 24h to 

remove any unreacted monomer, crosslinker or photoinitiator species. 

Samples were then sectioned further, if appropriate, and stored in DI water until testing. All samples were patted 

dry on towels before testing or examining, to remove surface water. 

 SAMPLE PREPARATION METHODS 

Initial material characterisations were performed using cast, rather than printed, gel samples to eliminate 

additional sources of variation caused by print properties. Cast samples were prepared through two methods as 

appropriate for different applications. 

 FOR CURED GEL RHEOLOGY AND OPTICAL MEASUREMENTS 

For viscoelastic rheological measurements and optical thermomechanical measurements, samples were cut 

from the centre of cast sheets to remove unrepresentative strain effects caused by boundary conditions.  Strain 

effects in z were unavoidable in this method and derived from the need for two reproducible flat surfaces on 

the top and bottom face of the cylinder. This is a limiting factor on the quality of the results. Said sheets were 

created by placing rubber spacers of the desired height between two glass surfaces, one quartz and one silicate, 

filling with polymer blend, and securing the sides together using plastic bolts on both sides. A schematic is shown 

in Figure 4.6. 
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Figure 4.6. Casting process sketch. Two glass plates (a and f) contain the sample. A is quartz glass, transparent to UV. Each plate contains 

four holes. Bolts (d) are inserted into each hole, with spacers (c) to keep the plates a fixed distance apart. Polymer blend (f) is added and 

nuts (b) are screwed onto the bolts to fix it together. 

For the rheological samples, the sectioning was done using custom ‘cookie cutters’ matched to the 20mm 

diameter of the rheometer geometry and 3d printed on a standard heated-plastic based extrusion system using 

poly lactic acid (PLA), a commonly used 3D printable biodegradable plastic. This gave a reproducible shape and 

size but created a rougher edge.  

The dimensions of samples for optical measurements were chosen to be large enough to minimize error when 

recording size changes on the order of -30% linearly with a camera of sensor size 1776 x 3000 pixels 

(corresponding to approx. 55 pixels/mm when the sample was correctly aligned in the viewer), but to not take 

too long to print when produced on a 3D printer, and fit on the largest glass slides available (58x76mm) for ease 

of transport before curing. The z height was determined by the smallest available spacer value which exceeded 

the minimum number of layers required to constitute a bulk 3D print (5) multiplied by the maximum acceptable 

resolution in z (0.5mm), and was chosen as 3mm. 

 SHAPE CHANGING SAMPLES 

For measurements which required the production of more complex shapes, 3D printed gel samples were 

prepared using the methods and parameters given in 3.2.3.7 and on the system described as a whole in Chapter 

3. 

 DEVELOPMENT OF TESTING METHODS 

Mechanical testing of soft, slippery materials such as gels has as yet few established standards, particularly when 

compared to those existing for traditional engineering materials. Methods were therefore developed specifically 

for this application, based where possible on those found in literature, or adapted from protocols for testing 

rubbers or biological tissues. 
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 SHAPE CHANGE TESTING 

To measure the shape-change of the gels, samples needed to be immersed in water baths both at ambient 

temperature and at temperatures of over 40 °C, and photographed with a clear scale indicator. Challenges 

included a low opacity and a high mobility during testing due to convection currents in the water baths and low 

inertia. 

Therefore, a simple mounting rig was designed and laser-cut from clear 3mm thickness acrylic. This mount slots 

together over the edge of a square glass tank, fixed in place with Sugru, an air-drying water-proof silicone putty. 

The arm of the rig contains a small cut out square. 

Small laser-cut clear hooks were glued to the samples using cyanoacrylate, chosen to minimise the disruption to 

the gel network and creation of potential fracture initiation sites. This minimizes rotation and translation of 

samples during an exchange of water and ensures they are anchored in the same fixed position. Increased 

contrast and distortion reference was provided by dark gridded paper, laminated and inserted as a backdrop.  

Images were taken using a Moto 4 mobile phone, arranged on a tripod to provide a constant viewpoint. Images 

were corrected for any distortion using a cage transform in GIMP (GNU Image Manipulation Program) using the 

gridded background as a reference. The 3mm thick sample holder was used to assign a scale to the sample using 

ImageJ. The thickness of each sample was taken as an average of 10 measurements across the thickness, 

reported as a mean with errors from standard deviation. The length of each side, exposed and unexposed, were 

recorded using the segmented line feature. Finally, the curvature of the strip was recorded by assigning 20 points 

along the unilluminated side of the sample and performing a fit to a quadratic function.  If the radius 

corresponding to maximum curvature was not parallel with the y-axis when these points were plotted, the image 

was rotated before analysis to achieve this, as the fit used did not include a rotational variable. 
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 RESULTS AND DISCUSSION 

 DETERMINATION OF ALGINATE CHARACTERISTICS 

As mentioned in section 4.2.2, alginate shows substantial variation in the distribution of its two constituent 

monomers, mannuronate (M) and guluronate (G). The behaviour of the polymer varies greatly as a function of 

its molecular weight, the M:G ratio, and the distribution of M versus G-units,21,23,40 none of which properties are 

provided or characterised by the manufacturer as standard. As a result, it is essential to characterise the alginate 

source to allow comparison to others’ work. 

 MOLECULAR WEIGHT 

Molecular weight was determined using viscometry as described in Materials and Methods. The solute used was 

0.1M NaCl solution to reduce viscosity and therefore experiment times, following Mackie.41 

The intrinsic viscosity and the specific viscosity were both plotted as a function of concentration. Linear fits were 

used to extrapolate the intrinsic viscosity, [η], yielding values of 371±1 and 360±6 dL/g. These were then 

converted to molecular weight following the Mark-Houwink equation as given in Materials and Methods. K and 

a were assigned as 0.0178 and 1 respectively, following Mackie for a matched M:G alginate ratio and solute.41 

 G:M RATIO AND DISTRIBUTION 

The G:M ratio may be determined by the unique signatures of the anomeric protons in the H1 NMR spectra of 

the G units, and those of combinatorial sequences of G and M. Following the process defined by ASTM F2259-

10,42 NMR was kindly performed on the sample by Sarah Michel, and the spectrum in Figure 4.7 produced. 

Using the Mark-Houwink-Sakurada parameters following Mackie et al.41 and combining the two values as a 

weighted average, the molecular weight was found to be 20.6 ± 0.6 kDa, corresponding to an average degree of 

polymerisation of 98.2 for the MG distribution found in the following section. 
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The spectrum of Figure 4.7 was analysed according to the processes laid out in ASTM F2259-10. Following a 

comparison of the peak intensities, and area integrations, the proportions and statistical distribution of the 

monomers were calculated and are presented in Table 4.1. Here N(G,M) gives the number average block length 

of G and M respectively, and N(G>1) the number average block length of G when single G units are discounted 

(that is, when only blocks long enough to participate in the egg-box stage of ion binding are considered).  

Ratio M:G  1.12 ± 0.01 

N(G) 2.92 ± 0.1 

N(G>1) 4.9 ± 0.5 

N(M) 2.6 ± 0.1 

F(G) 0.528767 

F(M) 0.471233 

F(GG)  0.347945205 

F(MM)  0.290410959 

Figure 4.7. H1 NMR spectrum of alginate used in this thesis, showing peaks integrated to determine the ratio of guluronate to 

mannuronate monomer units.  
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Table 4.1. Relative frequencies of G, M and monomer sequences. F(X), where X is a monomer sequence, indicates the relative strength 

of signal deriving from that sequence compared to the strength of the polymer as a whole. 

The alginate source used here is notably rich in guluronic acid, with 53% guluronic acid content. The signal 

strength for the triad MGM – indicating a lone G unit – compared to the overall G signal indicates that 9.56% of 

guluronate residues are found in this format, leaving the majority of G units to participate in bonding. One 

therefore expects an average of 48.2 G units participating in binding per polymer, arranged in blocks of average 

size 4.9, and with approximately 5 flexible units between each pair.  

The high proportion of binding G blocks will result in multiple rigid, rod-like junction regions, on average 4.9 

units long along the long axis, connected by more flexible chain sections. From SAXS of crystallized guluronate, 

it is known that the unit cell, consisting of two molecules, has dimensions 8.6 x 8.7Å.43 Since each G-pocket is 

this gives an aggregated region of approximately 43-50nm long. Estimates for the persistence length of alginate 

vary between one monomer unit – an ideally flexible chain – to approximately 17.44  

This information was combined with the molecular weight and converted to a degree of polymerisation using a 

weighted average monomer mass, again according to the ASTM process, yielding a value of 7– this is significantly 

lower than the value found via viscometry, and likely reflected breakdown due to the heating and hydrolysis 

processes conducted in preparation for NMR rather than the state of the polymer as used. 

 DETERMINATION OF PNIPAM CHARACTERISTICS 

 MOLECULAR WEIGHT 

To determine the average degree of polymerisation PNIPAM was polymerised in the absence of crosslinking 

agent, at the same ratio (0.5% PI to monomer by weight) and at the same polymer fraction (0.2) in DI water 

using the same light source. The polymer thus formed was characterised for molecular weight by differential 

viscometry. Fujishige shows that at 25°C and above the relationship between reduced viscosity and 

F(GM) 0.180821918 

F(GGG)  0.259739392 

F(MGM)  0.092616104 

F(GGM) 0.088205814 
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concentration for PNIPAM departs from linearity.45 Therefore, an Ostwald viscometer in a water bath was used 

for this stage to enhance thermal stability. The temperature was held at 21±0.2°C, with higher temperatures 

occurring during the testing of higher concentrations. Results are presented in Figure 4.8. 

 

Figure 4.8. Relationship between concentration and reduced viscosity for a polyisopropyl acrylamide sample of unknown molecular 

weight, measured using differential viscometry. Viscosity errors are assigned through standard error propagation of the error on the 

mean, with each measurement taken 4 times. Concentration errors derive from the precision of the pipette. 

It is obvious that the highest concentration point (13.3g/ml) for the reduced viscosity does not lie on the trend 

expected from the other values. A fit including this point yields an uninformative intrinsic viscosity of 60±50 

ml/g, and a low adjusted R2 of 0.46. This point may be unreliable due to a viscosity which exceeds the laminar 

flow regime for this capillary with – the value is only 30% over the maximum used by Fujishige,45 but could still 

cross the transition. Another possibility is the 0.4°C increase in temperature during the process. Details of the 

sensitivity of the behaviour of dilute PNIPAM between 20°C and 25°C are not available, but the data from Qu 

and Zhou suggests some effects begin at 20°C.46  

Fitting to the inherent viscosity data and the three other reduced viscosity points gave [η] as 93 ± 2 ml/g (R2  = 

0.99) and 84 ± 15 ml/g (R2 = 0.47). This suggests the true value lies in the range 80 ± 20 ml/g, and this value was 

used for subsequent calculations.  
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 AVERAGE DISTANCE BETWEEN CROSSLINKS IN A PURE PNIPAM GEL 

Volumetric swelling ratio for a pure PNIPAM gel was found by the method described in section 2.2.5 as 13.3 

when calculated by volume and 13.7 when calculated by mass, corresponding to a polymer fraction of 

0.075±0.008 for an ideal, transparent PNIPAM gel, and of 0.14±0.1 for gels with higher opacity (corresponding 

to a more heterogenous network). Both are calculated below because they bound the conditions which PNIPAM 

may take up within a double network gel – either totally extended and transparent, or contracted and opaque. 

Molecular weight between crosslinks (Mc) is calculated using the following equation:47  

1

𝑀
=

2

𝑀
−

�̅�
𝑉

[𝑙𝑛(1 − 𝑣 ) + 𝑣 + 𝜒 𝑣 ]

[(𝑣 ) / − 𝑣 ]
 

Equation 4.1 

Here Mn  is the average polymer mass in the absence of crosslinking, found in section 4.4.21, V1 is the molar 

volume of solvent (18 cm3 mol-1 for water), v̅ the specific volume (reciprocal of density, volume/mass) of the dry 

polymer (taken from density measurements of the amorphous dry material), 2 the polymer fraction in the 

swollen state (found above; the reciprocal of the swelling ratio), and χ1 is the Flory interaction parameter. 

The parameter χ1 is a function of both polymer volume fraction φ and temperature T. To third order it can be 

evaluated with the following expansion: 

𝜒 = 𝑥 +  𝑦𝑇 +  𝜑(𝑎 + 𝑏𝑇)  +  𝜑 (𝑐 + 𝑑𝑇) + ⋯ 

Equation 4.2 

Here x, y, a, b, c and d are numerical coefficients. These were taken following Afroze et al.,48 and evaluate to 

0.364 for a volume fraction of 0.075, and 0.435 for a volume fraction of 0.14, both at 21°C. 

This gives the molecular weight between crosslinks as 7.00±0.03 kDa for ideal transparent gels and 3.5±0.1 kDa 

for opaque gel. For a monomer mass of 113.16 g/mol, the degree of polymerisation is therefore 61.8±0.3 for 

transparent and 31±1 for opaque gels. Taking the length of one monomer unit as approximately that of two C-C 
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bonds, or 0.3nm, this yields an average expected distance between crosslinks of 18.5±0.1nm in transparent gels 

and 9.3±0.3nm in opaque, and presumably something between for the PNIPAM network in a translucent 

PNIPAM-alginate gel. 

From the ratio of monomer to crosslinker, the average distance between crosslinks is expected to be ~272 

polymer units, notably higher than both calculated through swelling methods. Verification of the percentage of 

monomer reagent contributing to the final polymer network was conducted according to the protocol detailed 

in section 2.2.5, and determined that 65±11% of solid reagents in the gels were fixed in the network for pure 

PNIPAM. This adjusts the expected degree of polymerisation to 110±12, still higher than the prediction from 

swelling-based calculation.  

This suggests that additional contributors are confining the swelling of the gel. These could be charge or 

hydrophobic mediated inter-chain interactions, or joins formed by entanglement between PNIPAM networks 

during polymerisation rather than incorporation of MBA units.  

Taken overall, this suggests that swelling-based measurements are a more appropriate way to record and 

characterise network properties than stoichiometric calculations alone. A low concentration of crosslinker was 

used due to the advantageous properties of double network gels with only a lightly crosslinked covalent 

network.49,50 However, it is clearly undesirable to waste monomer unnecessarily, and it is unclear what role 

unreacted monomer or un-crosslinked polymer could be playing in the composite. This could be examined 

further through additional stoichiometric measurements with varying concentrations of crosslinker, or the 

complementary use of inverse size exclusion chromatography or NMR cryoporosity measurements to investigate 

the resulting gel structure.51,52 The issue of obtaining an accurate picture of a double hydrogel in its native state 

will be returned to in section 4.1.1.2. 

 UNCURED NIPAM-ALGINATE POLYMER-BLEND PROPERTIES 

First, the properties of the polymer blend before UV-curing were assessed, to validate printability and 

production methods.  

 SHEAR RAMPS 
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Shear ramps were performed uncured PNIPAM-alginate solution to assess the shear thinning behaviour and 

quantify the observed preparation-order variance described in section 4.3.2. within the limits previously 

identified as relevant to extrusion-based 3D printing, shown in Figure 4.9. A shear rate of 0.01s-1 reflected 

conditions at rest on the bed, and a rate of 500s-1 the maximum relevant strain while extruding.53   

 

Figure 4.9 Viscosity-shear rate measurements comparing the behaviour of polymer blends with NIPAM and calcium components blended 

together before adding alginate, or all components blended simultaneously. 

The blend where dissolved calcium chloride and NIPAM monomers were first dissolved in aqueous, and then 

alginate added by stirring, had a maximum shear stress of less than half of the blend with all components added 

and blended simultaneously. Both examples had the same shear history and ageing characteristic.  

Higher viscosity at low shear rates indicates that a simultaneous mix is more suitable for holding its shape on 

the printbed. While the higher resistance to flow with respect to the pre-mixed solution remains at all shear 

rates, substantial shear-thinning behaviour is still seen. This demonstrates both both blends may be successfully 

extruded. Due to the higher viscosity at low shear, and ease of production, simultaneous blending was used for 

all subsequent work. The origin of this phenomenon was of interest, however, and further investigations into 
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the mechanism of action and the relevant timescale for ageing processes to rebuild the structure were 

conducted.  

 ZETA POTENTIAL MEASUREMENTS 

The alginate-calcium network is the dominant contributor to viscosity in the alginate-NIPAM-CaCl2 aqueous 

solution, and its high viscosity at low concentrations is part of its appeal as a working material. Since this network 

is bound by charge, zeta potential measurements were relevant to assess the electrostatic interactions of the 

double network solution. Measurements were taken as described in section 2.2.7 and are given in Table 4.2. 

NIPAM monomer -(27.25 ± 4.3) 

Alginate -(49.69 ± 4.1) 

NIPAM + CaCl2 -(9.2 ± 2.1) 

NIPAM + Alginate + CaCl2 -(31.9 ± 3.9) 

Table 4.2. Zeta potential values for components of the double network gel, in milliVolts. 

The negative value for alginate is as expected for the anionic polymer, which derives its charge from the 

carboxylate ion on each sugar ring; the net charge on the polymer depends on the pH of the solution. This 

negative charge is of course the mechanism by which the divalent calcium cations bind the alginic acid polymers 

into a gel.  

However, the fact that the zeta potential for NIPAM combined with calcium chloride is less negative than the 

NIPAM alone suggests that the calcium ions are forming a coordination complex with one or more isopropyl 

acrylamide molecules. This would reduce the availability of ions to bind alginate polymers. The sequestration of 

ions that would otherwise increase binding could explain the lower viscosity of solutions in which calcium and 

NIPAM were blended first. The significant effect of assembly processes for low-molecular weight gelators, even 

while maintaining the same ratios of components, has been documented by Draper et al.54 

However, alginate polymers are still more negatively charged then NIPAM or PNIPAM, and over time, calcium 

ions could be expected to migrate toward the greater negative charge on the alginate. There they could form 

the more stable ‘egg-box’ configuration, creating crosslinks and showing the age-related viscosity increase 
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observed. To determine if the timescale of this restructuring is relevant when constructing samples, the three-

stage thixotropy test protocol detailed in section 2.2.2.3 was performed. 

 SHEAR-REBUILD PROCESSES 

A three-stage shear-rebuild protocol was developed that mimicked the processes undergone by the polymer 

blend when creating samples (see section 2.2.2.3). Data were collected for alginate and NIPAM-alginate as used 

in creating shape changing hydrogels, and results are shown in Figure 4.10 and  Figure 4.11 respectively. Both 

showed a clear two-phase rebuild process following disruptive shearing. This occurred in approximately 20 

seconds, before attaining a steady state that persisted for the duration of observation (terminated after 600 s 

for initial studies and after 150 s for data collection).  

However, the values attained after rebuilding were significantly lower than those measuring during the initial 

oscillation phase. In the case of alginate alone the data obtained post-shearing show a regain of 75% of the 

elastic shear modulus recorded in the initial stage, and in the case of the full NIPAM-alginate blend as used in 

printing, 40% of the value measured in the initial section. While a reduced modulus could be expected, as the 

oscillation used to measure will disrupt the material slightly, this difference implies that on a timescale of hours 

the viscosity of the NIPAM-alginate blend would increase further. The elastic shear modulus of the alginate blend 

50s -1 shear im
posed, m

oduli not m
onitored 

Figure 4.10.  Three-stage rebuild behaviour for 2% wt alginate with 0.01CaCl2. The experiment begins at t=0 with an 

initial rest period to allow temperature equilibration, and therefore measurements start at ~330 s 
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was more than 4 times greater than when NIPAM was added, suggesting the addition of the monomer inhibits 

interactions between the polysaccharide strands.  

The two-stage rebuilding is intriguing and has not been recorded previously in literature. It is hypothesized that 

the two stages represent the formation of hydrogen bonds and electrostatic bonds respectively. If so, the 

method could potentially reveal information about the behaviour of different bonds in alginate-based blends. 

However, much more research would be needed to determine this. Some additional studies of the effect of 

additional components on the behaviour of NIPAM-alginate blend during this test have been conducted, and 

are presented in section 6.2 and section 7.3 with preliminary analysis. 

There are implications for 3D printing scenarios and for sample preparation. Clearly over time the post-shearing 

steady state elastic and viscous shear moduli transition to the value recorded before shearing, and possibly still 

higher if loading reduces sample integrity before the first recordings are taken. Therefore, the amount of time 

the polymer is left undisturbed before extrusion will affect the viscosity of the blend and therefore its extrusion 

rate. The time elapsed between forming into the desired shape and curing may also affect the properties of the 

final sample, since the structural rebuilding will be continuing at rest and may be ‘locked in’ at the level reached 

by the time the monomer is polymerised and crosslinked. 

50s -1 shear im
posed, m

oduli not m
onitored 

Figure 4.11 Three-stage rebuild behaviour for NIPAM-alginate polymer blend.  
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This could be a subject of further study and would be required if an application requiring high reproducibility or 

fine tuning of mechanical parameters were identified. However, given the focus of this work on shape change, 

it is sufficient that the time-dependence of the material is noted and that times between shaping and curing 

should be matched for all samples to within a few minutes to prevent significant variation.  

During printing, there is a possibility that cure-on-deposition systems as used by Sears et al.55 would ‘lock in’ the 

less viscous structure. The slow curing rate used in this study (light curing took approximately 25 minutes) mean 

that the different ages of first versus last layers printer (typical print duration 8 minutes) were unlikely to have 

a large effect, but the possibility is noted. 

 CURED PNIPAM-ALGINATE GEL PROPERTIES 

 GELATION PROCESS  

PNIPAM gels show a decrease in intensity of light transmission following crosslinking.56 This has implications for 

the light dose delivered to lower layers and the maximum sample dimensions, as well as providing insight into 

the formation of the gel network. Simple exposure of a thick sample of uncured polymer indicated the maximum 

penetration depth of UV for curing was approximately 8mm. To monitor the process, measurements were taken 

as described in Section 4.3.2, and results are shown in Figure 4.12.  

Figure 4.12 Transmission intensity of deep 

UV light through a PNIPAM-alginate system 

as a function of time, for samples held at 

ambient (blue triangle) and chilled (yellow 

circle) temperatures. Errors are derived 

from instrumental sensitivity and if not 

visible are smaller than markers. 
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The decrease in optical transmission during curing for PNIPAM and related gels has been attributed to the 

formation of ‘frozen in’ inhomogeneities in the gel network, and is proportional to the rate of crosslinker 

added.56 This implies the measurement of transmission intensity is indicative of the rate of gelation.  

This is further supported by the shape of the graph, which corresponds to the sigmoidal form predicted by kinetic 

modelling of free-radical network polymerisation.57 The rate of gelation has implications for the properties of 

the gel formed; at a slower rate of reaction, the incipient gel network has greater time to relax and even out 

inhomogeneities before they become fixed by crosslink formation.56 This is thought to be the origin of improved 

gel properties when prepared at lower temperatures.2 

The minimum transmission level recorded is slightly above 1 μW/cm2, showing that photoinitiation can still take 

place under a layer of cured gel, albeit at a slower rate. However, since only one frequency of UV is monitored 

it would be desirable to perform a full-spectrum characterisation of the UV sources used, as the range of 

phototriggering frequencies is broad (see Figure 4.4), and it is possible that multiple photon energies contribute 

to the crosslinking and polymerisation activity.  

 FOURIER-TRANSFORM INFRA-RED SPECTROSCOPY 

Data from FTIR confirms the successful combination of both networks, as the spectra obtained from PNIPAM-

alginate (Figure 4.13) contain features of both PNIPAM and alginate gels measured separately (also shown).  
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Figure 4.13 FTIR spectroscopic data from gels of PNIPAM, alginate and PNIPAM-alginate. Also shown is the spectrum expected from a 

linear unweighted combination of PNIPAM and alginate. Inset: the chemical structure of alginate (a) and of PNIPAM (b). Features 

characteristic of PNIPAM (the isopropyl doublet at ~1377)58 and of alginate (the antisymmetric C-O-C stretch around 1081-1027)59 are 

indicated. These can clearly be seen in the spectrum of both. 

Significant changes are visible in the FTIR spectra of PNIPAM-alginate, but as for Raman spectroscopy, 

deconvolution would be necessary to thoroughly analyse the data. However, it can be concluded that PNIPAM-

alginate as measured contains contributions from both alginate and PNIPAM molecules, and also differs from a 

linear sum of the two spectra.  

This hypothetical linear sum is also shown in Figure 4.13 (grey line). While it is similar to the combined spectrum 

as measured, there are some differences – for example the lack of a double peak at ~1620cm-1 and the shift of 

the C-O-C antisymmetric stretch from 1022 cm-1 in alginate to 1028cm-1 in PNIPAM-alginate. This latter is 

associated with a decrease in hydrogen bonding and may result from the alginate being physically 

interpenetrated with the PNIPAM.60,61 Similarly, the blueshift seen for the C-H stretching peak, found at 2970 

cm-1 in PNIPAM and alginate separately, and at 2975 cm-1  in PNIPAM-alginate may indicate an increase in the 

number of water molecules around each methyl group.62,63 Such changes would be representative of direct or 

indirect interactions between the PNIPAM and alginate molecules. 

a) 

b) 
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Further analysis of the spectra of PNIPAM-alginate structures could reveal details of the interaction between 

networks in this double network gel and elucidate some of the as-yet-unknown mechanism behind the high 

toughness of such structures.64 

 DETERMINATION OF ELASTIC CONSTANTS 

To gain predictive power over the finished materials, elastic constants for the material were required, ideally 

both below and above the LCST. Rheology is a rapid, well characterised method to quantify the magnitude of 

the elastic and viscous shear moduli in a gel-like material and determine the frequency dependence. For shape-

changing applications the response time of the gel is on the order of seconds, giving the timescale of interest. 

The calculation of elastic constants permits both calculations of the theoretical conformation expected and 

comparisons to others’ work. 

 SHEAR ELASTIC BEHAVIOUR 

Shear modulus measurements of cured gels are a common measurement modality for the hydrogel community 

due to equipment availability and ease of measurements. For these purposes, samples of opaque PNIPAM 

(referred to as PNIPAM(O)) and transparent PNIPAM (referred to as PNIPAM(T)), with high and low degrees of 

variation in crosslink density respectively, samples of alginate, and samples of PNIPAM-alginate were tested for 

their elastic and viscous shear moduli as a function of strain. Data are presented in Figure 4.14. 
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Figure 4.14. Elastic (circle) and viscous (triangle) shear moduli of gels as tested using rheometry as described in Materials and Methods. 

Error bars are standard error on the mean taken from three samples. 

From the data in Figure 4.14, PNIPAM (T) has an elastic shear modulus of 4.8±9 kPa, PNIPAM (O) a modulus of 7 

± 4 kPa. Puleo et al. find a compatible value of 6.5 kPa.65 Crossover between elastic and viscous regions occurred 

after 12% strain. Large errors likely derive from issues of sample reproducibility – these measurements were 

made at the beginning of the project and sample preparation improved throughout.  

Alginate was the stiffest gel measured with an elastic shear modulus of 8.8±1.6 kPa. However, the LVER for 

alginate was the smallest of the samples measured, as expected from the flexible nature of the ionic crosslinks, 

and a crossover between elastic and viscous behaviour was seen at under 1% strain. This is larger, but on the 

order of, the values found by Stokke et al. for various alginate stocks using the same weight percentage and a 

similar protocol.66  

PNIPAM-alginate, as expected, combined the desirable characteristics of both components: this gel was stiffer, 

at 8 ± 3 kPa, and retained an elastic-dominated response up to a strain of 12%.  

PNIPAM-alginate, Elastic  
modulus 

PNIPAM-alginate, Viscous  
modulus 
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 UNIAXIAL ELASTIC CONSTANTS 

Compression data were taken as given in Materials and Methods to compare the behaviour of PNIPAM and 

alginate gels separately to the composite double-network gels. Results were transformed into true stress and 

strain and are presented in Figure 4.15, Figure 4.16Figure 4.17. While the assumption of constant volume is not 

exact for the alginate gels used in this study, the magnitude of the deviation is small and should not affect the 

qualitative conclusions presented here. Each series represents a sample, and each graph shows a separate 

composition. 

The behaviour of the gels is in accordance with prior work on double network hydrogels by Gong, de Moura, 

and others.27,49,67 The maximum recorded yield stress of PNIPAM-alginate, at ~185kPa, is significantly greater 

than the sum of that of plain alginate gels, ~28kPa, and plain PNIPAM, at ~13kPa.  

 

Figure 4.15. Compression data for PNIPAM gels, converted into true stress and strain and shown to failure. For visibility, only every fifth 

data point is shown. 
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Figure 4.16 Compression data for alginate gels, converted into true stress and strain and shown to failure. For visibility, only every fifth 

data point is shown. 

 

Figure 4.17 Compression data for PNIPAM-alginate gels, converted into true stress and strain and shown to failure. For visibility, only 

every fifth data point is shown. 
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Within the elastic limit, taken here as ϵ < |0.01|, linear fits to the data were used to determine the Young’s 

modulus of each of the materials. An enlarged graph of this region for each composition is shown in Figure 4.18, 

Figure 4.19, and Figure 4.20. These show that at small strain, a linear fit is appropriate. While there is significant 

variation in gradient for samples within each batch, the fit for each individual trend to the data points is fair. This 

suggests the origin of variation is sensitivity to sample preparation, creating a high standard error on the mean. 

Comparing to the full data series of Figure 4.17 shows strain hardening. This matches expectations for double-

network models, namely that the toughness of the composite gel derives from the work of plastically deforming 

the bonds within. 49,64 

 

Figure 4.18 Stress-strain data from small-strain region for alginate samples, with linear fits used to calculate the Young’s Modulus. 
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Figure 4.19 Stress-strain data in small strain region for PNIPAM samples, shown with linear fits used to calculary Young’s Modulus. 

 

Figure 4.20 Stress-strain data in small strain region for PNIPAM-alginate samples, shown with linear fits used to calculate Young’s 

Modulus 
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The Young’s moduli found from these fits are for PNIPAM 17.2±0.5kPa, for alginate 53±7kPa, and PNIPAM-

alginate 150±19 kPa. This shows an increase in stiffness which is again, as expected, non-additive. The modulus 

values obtained for PNIPAM-alginate are within error of the 170±3 kPa reported by Bakarich et al. for the same 

composition, obtained through tensile testing.25 

A common theoretical assumption used in hydrogel characterisation is that E ≈ 3G, arising from an assumption 

of isotropy, constant volume and relative incompressibility – ie. that K is large (see for example Doi 68). Since E 

here is ~150±19 kPa, and G at most 7 ± 4 kPa, one of these assumptions clearly does not hold true here. This 

would indicate that either the results represent material values in different testing regimes, the bulk 

compressibility K differs between modes, or the samples of 7mm and 3mm thick respectively are not 

comparable. 

During rheological gel testing the strains induced are positive and in shear mode. Conversely, compression 

testing exerts a normal, negative strain, bringing the polymers closer together. Polymers are generally expected 

to have a higher yield stress in compression than in tension, suggesting that the bulk compressibility affects the 

yield stress.69 However, in this case the values for E obtained by compression agree with others’ tensile testing 

results. 

Viscoelastic materials also exhibit different behaviour depending on the strain rate applied. In this case the shear 

measurements were taken more rapidly (1Hz frequency) and so would be expected to have a higher value than 

the compression measurements.70 At a rate of 1mm/min, compression tests theoretically allowed a longer time 

for material rearrangement and viscous relaxation, reducing the stress experienced by the materials. 

There is little prior work on relevant hydrogels showing a systematic difference between tension and 

compression. One of the few examples is Puleo et al, where the fracture strain of pure PNIPAM was found to be 

30% in tension and 79% in compression. This was attributed to the ability of water to redistribute in compression 

but not in tension.65 However, this differs from the expectations of poroelasticity, which would suggest a higher 

resistance to deformation for samples within which fluids cannot redistribute,71,72 such as when contained within 

non-porous plates during compression testing. While both predictions match what is seen, the interpretations 

of material behaviour differ. Work by Wang et al. also suggests that the decay behaviour measured is sensitive 

to the sample size, which may have played a role in the difference between these samples.70  
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In the absence of prior evidence for a systemic difference between the testing methods, the possibility of 

anisotropy in the samples must also be considered. This is also suggested by the work in 0. This could be further 

investigated by probing vertical cross-sections of both samples with nanoindentation or AFM to look for 

variation within the bulk. These techniques would also yield information about the bulk compressibility and the 

Poisson’s ratio, thus investigating two possibilities simultaneously.71 

 MEASUREMENT OF THE ELASTIC RESPONSE ABOVE LCST 

Measurements in 4.4.5.1 and 4.4.5.2 were taken in ambient conditions. To use a Timoshenko-type bilayer model 

to predict the heated configuration, the Young’s modulus of gels above the critical transition would be required.  

Compression measurements of gels held above the LCST, in the contracted state at a temperature of <50°C, 

were attempted for both shear and uniaxial testing. However, the results were highly variable between samples, 

ranging from a Young’s modulus of 35kPa to 180kPa. A significant increase relative to ambient temperatures is 

predicted, both by literature and theory.17,25,30,73 Since none of these results are of the magnitude expected, this 

suggests a problem with the methodology of the experiment. This could be due to the deformation of samples 

when heated, rendering the measurements of area used for stress-strain conversion inaccurate, or the samples 

not remaining in the collapsed state for the duration of the test, possibly due to confounding effects of 

compression.74 

 SHAPE CHANGE IN PRINTED PNIPAM-ALGINATE GELS 

The general problem of predicting the deformation of hydrogel shapes as temperature-based contraction occurs 

is challenging, as it deals with the large-scale deformation of anisotropic viscoelastic structures, an inherently 

non-linear problem.75 To investigate the previously undocumented phenomenon of illumination-based graded 

response, a reduced dimensionality system was selected for further examination. Target shapes of beams 60x3 

mm in x and y, and with heights from 1-5 mm in 1 mm intervals, were generated using the printer system 

described in Chapter 3. These were printed in batches of three. Significant variation (± 0.3 mm) was seen in the 

output dimensions following the full curing and equilibration process. This may be due to unevenness in UV 

exposure or flow issues in the nozzle, for which suggestions for improvement are made in section 3.5.2. Due to 
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the non-zero viscosity of the gels before curing, spreading was seen in the 

prints. This resulted in the deformation sketched in Figure 4.21. 

Samples were photographed in the conformation they assumed following 

equilibration at ambient temperatures, and also in their equilibrated 

conformation above LCST. Since the gels approximate neutral buoyancy to 

1 part in 1000, gravitational effects are taken as negligible. All samples are 

suspended from a central point, mounted with the un-illuminated face 

attached to the suspension point using the method described in 4.3.4.1. 

 SWOLLEN EQUILBRIUM CONFIGURATIONS FOR GRADATED BEAMS 

Considering first the case of ambient temperature, qualitatively changes are seen in the shape adopted by the 

beams, as shown in Figure 4.22. Increased curvature is seen in the thinner samples. While the equation for beam 

bending produced by Timoshenko76 predicts an increase in radius of curvature with height of beam, presuming 

all other variables to be held constant this would be a linear relationship (see section 1.5.2). It should also be 

noted that the total angle subtended depends not only on the curvature but also on the aspect ratio of the 

shape. Morimoto and Ashida demonstrate that as beam length increases with respect to the height the effects 

of the free ends of the beam are reduced. Curvature therefore tends towards a circular configuration rather 

than a parabola with increasing aspect ratio.77  

Figure 4.21. Sketch of print deformation resulting 

from flow of uncured polymer. The largest effect 

seen was on the 5mm high samples which were 

5.8mm in width at base and 2.6mm at the top. 
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Not all samples produced exhibited well-shaped, consistent bends under ambient conditions, and therefore 

these samples were rejected. The 3mm height sample batch was particularly variable, as shown in Figure 4.23. 

This could be a particular sensitivity of this dimension: it seems likely that if the equilibrium configuration is 

closer to flat then small variations in mounting, humidity or light intensity during manufacture will be sufficient 

to change the configuration. Alternatively, this could be a batch production issue; while the origin of the bending 

phenomenon is unknown (see  section 4.4.8  for further investigations), it is hard to say what is necessary to 

reduce or control it.  

Figure 4.22. Equilibrium configurations taken up by beams printed flat and then allowed to equilibrate. L-R, beam heights of 1mm, 

2mm, 4mm and 5mm thick. While samples vary, curvature opposes the direction of illumination (all samples are mounted with the 

illuminated side facing down) and the degree of curvature decreases with thickness.  
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Figure 4.23. Examples of 3mm beams in ambient conditions and the variation shown in their configurations. 

Producing samples one at a time would be a slow, but simple, testing step. The current illumination spot size 

and sample spacing means multiple samples are illuminated at once and the light beams may not be 

approximately parallel to the print bed for all samples, or of equal intensity throughout the spot. This is 

supported by the observation that of three 5 x 3 x 3mm beams, one curves left at maximum contraction, the 

other right, and the third straight up (see Figure 4.27 for an illustration and further discussion). The distortion of 

the printed samples from the target shape, forming a trapezoidal prism rather than a true rectangular beam 

(shown in Figure 4.21), may also play a role. If a series of single-sample prints showed improvement, the next 

step would be to improve light collimation with methods detailed in section 3.2.5. 

 CONTRACTED EQUILBRIUM CONFIGURATIONS FOR GRADATED BEAMS 

During heating, the beams initially display bending behaviour to take up well-shaped parabolas, arcs of ellipse, 

and circles. Thinner samples are generally quicker to respond (deforming substantially within seconds).  

 

Figure 4.24 shows an example of deformation over time with stills taken at 4 second intervals.  

For such thin samples, curvature is greatest for the first few minutes of immersion and then straightens out to 

stabilise at the shapes seen in Figure 4.25. This could be due to the initial contraction of the skin of the sample 
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causing a differential stress relative to the still-swollen inside, which is then relieved as hot water molecules 

diffuse throughout the sample and the contraction state becomes uniform across the sample.  

 

 

Figure 4.24 Timelapse series of a 1.3±3mm x 5mm x 65mm gel strip, initially at 21 °C, immersed in 50 °C water at T=0. Images are 4 seconds 

apart and start in the top left, progressing left to right. Total sequence thus represents 192 s. 

After being held at a temperature of <50 °C for 1 h a stable contracted configuration is reached. These samples 

are less regular than the swollen gels due to bubbles in the gel, but many still show a pronounced curve and 

change in conformation beyond a simple scaling (Figure 4.25). Interestingly, the direction of the final curvature 

depends on the height of the sample. Thin samples (<2mm initially) adopt a final curvature with a radius parallel 

to the original illumination (the inverse of the ambient direction of curvature) and thicker samples (>4mm) finish 

with curvature opposing direction of illumination (parallel to the ambient curvature, but with a decreased radius 

of curvature). 
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In their maximally contracted configuration, samples between 2 and 3mm thick produce an angled joint, rather 

than a continuous curve. This is thought to arise from the forced strain caused by adhesion to the sample holder 

preventing the contraction of one side of the test piece, creating an elastic strain which is relieved by the 

adoption of a bent configuration.  This provides an illustration, both of the effect of sample testing protocols, 

and also of how this material could be used to actuate joints, as well as continuous bends. 

  

Figure 4.25. Series showing trend of curvature with increasing height for the final, maximally contracted configuration. Sample heights as 

printed (ie before contraction): a) 1mm, b) 2mm, c) 4mm, d) 5mm. Magnitude and direction of curvature both change consistently for all 

samples. 

a) b) 

c) d) 
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 ILLUMINATION DEPENDENCE OF EFFECT 

The relevance of the illumination direction is highlighted in the case of beams which collapsed between printing 

and curing. Originally constructed as 5 x 3 x 60 mm (z-y-x), instabilities caused them to tilt during curing, as 

shown in Figure 4.26. 

T= 50°C, t=300 s T= 50°C, t=3600 s 

Figure 4.26. Two beams printed at 5 x 3 x 60 mm and cured with illumination directly from above. (A) is as printed and B) tilted 

following print. The different illumination directions with respect to the printed parts impose different contraction gradients 

leading to plane elliptical (C) and helical (D) deformation. 

A) B) 

C) D) 

B) C) A) 

b) c) 

Figure 4.27. Illustration of theorised origin of off-plane bending in thick samples. If the light source used during curing (as seen in 

A) is not approximately parallel, then beams b) and c) receive different gradient exposures during curing. This could explain the 

observed behaviour of one beam in three that curves in the z-direction (B) and one that contracts both in z and x directions (C).  
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This caused the curing differential to occur, firstly through a smaller thickness, and secondly at an angle through 

the piece. The thermoresponsive gradient thus produced contracts into a helical, rather than planar, curve, 

shown in Figure 4.26 d). This underscores the importance of directional curing as a variable, since the biggest 

difference between the two printed pieces shown in Figure 4.26 is illumination.  

While variation is seen between beams in the same orientation printed at the same time, these do not show 

differences in helical versus planar curvature: rather in direction of curve, with a component perpendicular to 

the length of the beam. This would be compatible with illumination over three samples which is not parallel, as 

illustrated in Figure 4.27. 

If these interpretations are correct, it suggests the intriguing possibility of using the process of curing to add 

different functionalities to the same print. The integrated curing modulation demonstrated in section 3.2, easy 

to incorporate into G-code during slicing or post-print, could modify the dose delivered. Illumination direction 

could be controlled modestly by some overriding of the firmware to alter the effector angle while rastering post-

cure, or placing a sample off-centre to a light source with a large half-angle and moving the head relative tp the 

sample. Alternatively, if a directional light source were mounted on a ball joint adjustable by servos, a 

hemisphere of solid angle could be accessible while printing.  

With more precise control over light direction, the figures presented in section 4.4.7 to summarize the 

relationship between radius of curvature and sample height could be improved. Inspired by Figure 4.26, helical 

configurations could also be explored, with pitch and radius as independent variables. 

 TWO-DIMENSIONAL CASES 

Extending into a two or two-and-a-half dimension (as only low surface features are possible currently) print 

allows a demonstration of the potential utility of such a system. A flower or gripper shape, capable of opening 

and closing, is a common demonstration model for the field. A five-pointed flower shape with decorative ridges 

and centre was produced using the same methods. The change in shape between immersion in water at ambient 

temperature and at 50 °C for such a sample is shown in Figure 4.28.  
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One of the petals shows different curvature to the others: this is attributed to receiving a different curing dose 

due to the incompatibilities between the fivefold symmetry of the print and the rectilinear direction of the curing 

raster. 

The behaviour of this sample is similar to five beams as seen in the previous section, joined at a central point. A 

distinctly different behaviour is seen for circular discs, which in some cases change their Gauss curvature when 

heated: shown in Figure 4.29 and Figure 4.30.  

Figure 4.28. Top: left, a 3D printed flower at embient temperature, showing slight bowing towards sample mount. Right: initial 

curvature of flower following immersion for 2 minutes; detailed features visible. Bottom left: shape following 20 minutes 

immersion.  Note difference angles of petals.  Bottom right: maximally contracted configuration following 1h immersion at 50 

°C. Tangents to petal tips now form an obtuse angle with respect to the original printed plane. At full contraction, the widest 

point is 17mm across; less than half of that at ambient.  



 

150 
 

 

An uniform bending into a bowl shape has a high elastic energy cost for the shape. Therefore it is energetically 

advantageous for the symmetry to be broken and for a ‘taco’ shape, of a circle bowed into a cylinder, to be 

formed. This configuration has a curvature of zero in one direction and thus a reduced bending energy. This 

could be the origin of the behaviour seen in Figure 4.29, as the contracted material is stiffer and therefore would 

require more energy to deform if the initial bowl configuration was retained. Due to the sensitive nature of gel 

systems there are many potential sources of symmetry breaking, although it seems likely that in this system the 

deciding factor is the geometry of the sample mount. For a thicker gel disc, as shown in Figure 4.30, the energy 

cost is too high even below the LCST to retain a spherical geometry. However, following the effects of thermal 

contraction the direction of curvature inverts, analogously to the beam situation. The geometry adopted will 

Figure 4.29. Disc of 20mm in radius and 1mm in depth in ambient conditions (left) and after 15 minutes in water at 50°C (right). 

This view is from the side and so backing squares are further away: see scale bar for accurate size reference. 

 

Figure 4.30. Disc of radius 20mm and height 2mm, demonstrating a switch in curvature: net curvature is upwards (away from 

original illumination) before heating and downwards (towards illumination) after. 
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minimize the strain energy of the system and is likely to be a function of the gradient and the radius: height 

ratio, as well as any external influences such as the mount. 

The examples presented in this section show definitively that shaped PNIPAM-alginate gels prepared using the 

equipment in Chapter 3 undergo large, non-trivial changes in surface curvature and configuration upon simply 

placing into hot water. These changes differ depending on sample geometry and curing conditions. As a function 

of these variables, sample curvature may be dramatically increased, decreased, and in some cases inverted as 

the gel is transferred from ambient to heated water. This demonstrates a rich selection of potential mechanisms 

for actuating systems. For some samples the macroscale configuration changes over time as the heated solvent 

permeates the sample, leading for example to a beam which curls up and then extends itself.  

While it would be desirable to have more reproducible samples and therefore more precise control over the 

final contracted shapes, the behaviour documented above demonstrates the potential of the technique. To 

explore deformation of 2D surfaces a method of collecting data on the topology of a curved surface would be 

desirable, such as laser scanning or photogrammetry techniques.78 A more precise understanding of the 

phenomenon would benefit from more reproducible samples, which in turn would result from an understanding 

of the relevant phenomena that must be controlled to see the result.   

 MATHEMATICAL MODELS OF BEAM DEFORMATION 

While the specimens processed showed substantial variance, a sketch of the variation in minimum radii of 

curvature as a function of beam thickness in both ambient and contracted states can be made, and are shown 

in Figure 4.31 and Figure 4.32 respectively. 
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Figure 4.31 Minimum radius of curvature for PNIPAM-alginate gel beam samples equilibrated at ambient, as a function of their height 

when fully swollen. Errors in x come from the standard deviation of 10 measurements of thickness and in y from the covariance of the 

coefficient of the quadratic term when fitted; if not visible these are too small to see. 

Figure 4.31 shows negative curvature (here defined as away from the direction of illumination during 

preparation), increasing as a function of h. It is not clear whether the increase is linear or non-linear – for 

simplicity it will assumed to be linear. 

 

Figure 4.32 Minimum radius of curvature for fully thermally contracted PNIPAM-alginate gel beam samples, as a function of their height 

when at full contraction. Errors are as described in Figure 4.31 caption. 
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Figure 4.32 shows more complex behaviour: the smallest radius of curvature (corresponding to greatest 

curvature) occurs for the thinnest samples. The radius increases, (samples become straighter), before decreasing 

again and becoming negative for the thickest sample. The samples with a radius above 100mm are those which 

show bending – this measurement may have been affected by the sample holder. The general shape is non-

monotonic, and changes sign at the highest value.  

Comparing these shapes to the predictions made by models of beam bending, such as the Timoshenko bilayer 

equation (see section 1.5.1) could give insight into the material properties underlying the deformation. In this 

section scaling arguments are used to consider the bending behaviour which would be exhibited by simple 1D 

beams with different contraction-depth profiles and, by comparing these to the results found experimentally, 

assess the suitability of a Timoshenko-type model for this bending behaviour. 

As a simplifying assumption, each layer will be treated as an elastic body, disregarding the complex time-based 

responses of the material (see section 4.4.5.2 for discussion). In the following section, two bilayer 

approximations were compared to the behaviour depicted in Figure 4.31 and Figure 4.32. While no 

discontinuities are visible in the samples, the bilayer strip is a standard analytical model in the field.79–81 Due to 

its simplicity of application, particularly compared to a full continuum elasticity treatment, was trialled for 

effectiveness. The two situations considered are shown conceptually in Figure 4.33. 

 

 

 

 

 

Figure 4.33 Schematics of the models considered in this section as potentially representing the behaviour of samples created and tested 

in section 4. 4.6.  Light green represents a low level of contraction, λlow. Dark green a higher level of contraction, λhigh. In the Timoshenko 

equation (1.8), the overall difference in contraction λ is λhigh – λlow. Model a) takes m as constant and only varies h. Model b) considers a 

fixed thickness of λhigh. In this situation varying sample height, h, affects the ratio between the heights of λhigh and λlow regions, 

parametrised in the Timoshenko equation as m.  

 

a) b) 
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For convenience, the Timoshenko equation for bending of a bilayer beam introduced in section 1.5.1  is 

reproduced here:  
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Equation 4.3 

Here Κ is the curvature and R is the radius of curvature. Defining α1 and α2 as the linear expansion ratios of each 

layer when separate (here a temperature increase causes contraction and therefore α1, α2 <1), Δλ is the 

difference between the contraction ratios α1 – α2. The sign of the difference gives the direction of curvature. a1 

and a2 are the heights of the first and second layers respectively, after contraction; h is the total height (ie., h = 

a1 + a2); m is the ratio of a1 and a2; and n is the ratio of the Young’s modulus of the layers 1 and 2, E1/E2.  

Despite multiple investigations into potential differences between the sides (see section 4.7) , it has not been 

possible to measure a quantifiable difference between them. Therefore, m, Δ λ, and n must all be considered as 

unknown functions of h. In the work described in section 4.4.6,  the radius of curvature R is measured and the 

height h varied. For direct comparison to this form, Equation 4.3 may be inverted and separated: 

𝑅 =
ℎ

6𝛥𝜆(ℎ)
𝑓(𝑚, 𝑛) 

Equation 4.4 

Where f(m,n) is: 

𝑓(𝑚, 𝑛) =
3(1 + 𝑚 ) + (1 + 𝑚𝑛) 𝑚 +

1
𝑚𝑛

(1 + 𝑚 )
 

Equation 4.5 
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For some hydrogels, E (and therefore n) is a function of λ. However, analysis (full details of which are provided 

in the appendix) suggests that this is not the case for the system under study, and that the simplification of 

setting n=1 is applicable here. This is confirmed by Figure 4.34, demonstrating the exact value of n does not 

affect the general shape of the f(m,n) curve, which is a continuous positive function with a minimum ≤ n, 

followed by a linear increase. 

Figure 4.34. Dependence of f(m,n) on m for n in the range 0.4 – 2.0, corresponding to a Young’s modulus ratio between the bilayers of 

5E1:2E2 and E1:2E2 respectively.  

Thus f(m) can be evaluated for the two conditions presented in  

 

 

 

Figure 4.33, firstly where m is constant and secondly where m is a function of h. The first case, a), is simple: with 

m constant and n fixed the term f(m,n) evaluates to a constant and, if the relationship were to be valid in this 

case, the h/6Δλ term must contain the observed behaviour of Figure 4.31 and Figure 4.32.  

For case b), m can be described in terms of h: 
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𝑚 =
𝑎

ℎ − 𝑎
 

Equation 4.6 

Substituting this into Equation 4.5 yields Figure 4.35 for physically plausible different values of a, the thickness 

of the hypothetical higher contraction layer, in millimetres. 

Figure 4.35 Dependency of f(m, n) as a function of h for the situation shown in Figure 4.33 

Physically, h ≥ a > 0, and therefore for this situation, following an initial minimum the radius of curvature should 

increase with h.  

The observed behaviour for samples equilibrated at ambient temperature (Figure 4.31) shows a linear increase, 

similar to that shown in Figure 4.35. The minimum value of h here is limited by surface effects (see section 

3.2.4.9) and so the experimentally accessible portion of the graph may not include the non-linear region.  

Comparing to Equation 4.4, for case a) of a fixed ratio between high and low contraction layer thickness the 

dependency on h would come from the h/6Δλ term, implying Δλ is a constant within error for the region 

measured. Physically, this would mean that the difference in swelling between the top and bottom following 

curing is not affected by the sample thickness. Given for all samples the lengths are the same during curing and 
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expand during equilibration to different amounts, this is observationally not true (Appendix, section 7.1.2), and 

can be rejected as a description. 

For case b), a linear relationship between h and R emerges from f(h,a) (following the initial minimum). 

Therefore, the h/6Δλ term must reduce to a constant, implying Δλ is proportional to h. This is compatible with 

measurements in ambient conditions (see appendix) and therefore a reasonable description of Figure 4.31. 

However, there are relatively few data points and the trend could be non-linear; if so, a more complex model 

such as an elastic continuum treatment might be required.77 

For the heated situation (Figure 4.32), the behaviour is more complex. A non-linear increase in radius is seen 

which crosses between positive and negative values, presumably discontinuously since R=0 is undefined. Neither 

f(m,n) or h/6Δλ, where λ is a polynomial, describe such behaviour for either case. It seems that λ(h) would need 

to contribute this complex behaviour. 

In summation, the Timoshenko bilayer model commonly used to calculate equilibrium configurations for bilayers 

of unequal contraction ratios is an adequate description of the conformation of these PNIPAM-alginate samples 

in ambient conditions. The best fit is with the assumption that a fixed-depth layer of higher linear contraction 

ratio is formed, regardless of thickness. This implies the difference between contraction ratios on the top and 

bottom surfaces decreases linearly with height; this makes intuitive sense, as in the limit of a very thick sample 

it seems likely no bending would take place.  

However, the equilibrium forms produced by contraction are not amenable to such a treatment, showing a 

switch in sign which implies a discontinuity not present in any simple versions of the Timoshenko relationship. 

Thus, the behaviour of λ(h) is shown to be complex, possibly representing multiple competing effects. 

In the next section, potential sources of the observed variation in expansion ratio λ are considered, and 

experiments conducted to test for measurable differences between illuminated and non-illuminated gel 

surfaces.  
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 THE ORIGIN OF ASYMMETRY 

It is clear from the bending behaviour described in 4.2.3.4 that some difference exists between the illuminated 

surface and the non-illuminated surface of a PNIPAM-alginate which causes them to have different expansion 

ratios, both in the ambient and the contracted state. To the eye and the optical microscope, they look identical.  

One possibility for the varying behaviour between the illuminated and non-illuminated sides in samples is a 

difference at the molecular level. This could theoretically be a phase separation effect between the two 

components of the blend, or a variation in cross-link density or other configurational parameter in the PNIPAM 

network. The intensity of illumination is expected to affect the amount of free radicals available to trigger 

crosslink formation, providing a mechanism. 

 BONDING DIFFERENCES EXAMINED THROUGH RAMAN SPECTROSCOPY 

Raman spectroscopy is a candidate to assess differences in molecular bonding and composition, as this 

technique is highly sensitive to changes in bond energy arising from mechanism stress,82,83 orientational 

effects,84,85 and hydrogen bonding,86 among others. See section 2.4.3 for an overview of the concept. Within the 

PNIPAM-alginate literature, Raman spectroscopy has been used to track the molecular conformation of 

molecules as they undergo their phase transition between expanded and collapsed configurations33, assess the 

effect of electrospinning,87 and determine the characteristics of alginate from various sources,88 which suggests 

that it might be able to shed some light on the origin of this phenomenon.   

To test for different chemical characteristic on either face, such as a greater population of crosslinks between 

PNIPAM chains or a different proportion of PNIPAM to alginate, Raman spectroscopy was conducted according 

to the parameters given in section 2.4.3 on a dried sample, 1mm thick when hydrated, seen to exhibit bending. 

Four spectra were taken for 25 seconds each (determined as the maximum exposure without saturating the 

detector) at each of 15 locations on both surfaces of a dried gel sample observed to exhibit the bending 

phenomenon. Images were taken of each location, and the resulting spectra analysed using lmfit, a Python 

package which implements the Levenberg-Marquardt least squares algorithm for peak fitting purposes. 

The model chosen for the peaks was a combination of a linear fit and a Voigt peak, defined as a convolution of 

Gaussian and Lorentz peaks with a parameter defining the weighting between the two. This model was selected 
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to reflect the fact that neither relaxation effects (inherent to the system and modelled well by a Gaussian 

distribution) or decoherence effects (arising from the effects of motion and variation within the sample, and 

modelled well by a Lorentzian peak) are dominant with the irregular environment of a blended gel.89  

The region between 1050-1700cm-1 was selected for study as it contains the bands expected to correspond to 

the amine groups involved in PNIPAM-PNIPAM crosslink formation. These are the N-C bond, at roughly 1158 cm-

1, the Amide III peak representing the overlap of CN and CH resonances at 1283 and 1322 cm-1, the Amide II peak 

of the N-H deformation at approximately 1547 cm-1, and the Amide I peak of the carbonyl stretch at 1642 cm-1 

(values taken from Rockwood87) These key peaks are indicated on the example spectrum shown in Figure 4.36. 

Peak characteristics were fitted using a customisation of peak-fitting code written by Chris Brasnett,90 with the 

Voigt model specified above. The average height, location and width of each peak were computed for the fifteen 

samples from both the top and bottom surfaces (shown in Table 4.3).  A chi-squared test was performed 

between the two sample groups, but no significant difference was found between any properties of the five 

peaks hypothesized to be relevant, or indeed any of the others.  An example fit with the locations of the key 

peaks annotated is shown in Figure 4.36. 
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Figure 4.36.  A typical Raman spectrum obtained from a dried PNIPAM-Alginate gel. Fits are shown in red and highlighted with blue 

vertical lines. Peaks identified as those deriving from amide groups and therefore potentially affected by the crosslinking involving them 

are labelled. Note, the fitting is less reliable in the difficult case of a peak with a shoulder (as seen around 1160), but bias can be expected 

to be consistent between spectra and therefore still able to detect systematic differences between the illuminated and unilluminated 

groups. Inset: optical image of scan location. 

 

Amide III, C-N and C-H 
overlap, 1287.5, 1319.1 
cm-1 

Amide II N-H 
1551.3 cm-1 

Amide I, C=O, 
1646cm-1 N-C, 1157.9 

cm-1 
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Values from top surface 

Peak 

identification 

Wavenumber 

(cm-1) 

Standard 

Deviation 

Height 

(A.U.) 

Standard 

Deviation 

Width 

(cm-1) 

Standard 

Deviation 

C-C skeletal 1130.6 2.3 x 10-13 2.5 0.0 3.4 8.9 x10-16 

N-C bond 1157.9 2.3 x 10-13 4.3 8.9 x10-16 9.5 0.0 

Amide III C-N and 

C-H overlap 

1287.5 4.5 x 10-13 18.3 3.6 x 10-15 38.3 7.1 x 10-15 

1319.1 0.0 4.5 8.9 x 10-16 4.4 8.9 x 10-16 

Methyl group 1345.3 0.0 4.1 8.9 x 10-16 1.9 4.4 x 10-16 

Methyl group 1390.4 0.0 4.6 1.8 x 10-15 3.3 1.3 x 10-15 

CH3 Scissors 

deformation 1453.2 0.0 7.8 3.6 x10-15  43.8 1.4 x 10-14 

CH3 Scissors 

deformation 1454.3 2.3 x 10-13 7.4 0.0 39.1 0.0 

Amide II N-H 1551.3 2.3 x 10-13 3.9 4.4 x 10-16 0.4 5.6 x 10-17 

Alginate – C-O-O 1622.9 2.3 x 10-13 3.2 8.9 x 10-16 0.7 1.1 x 10-16 

Amide I C=O 1646.1 2.3 x 10-13 5.7 0.0  2.3 4.4 x 10-16 

Values from bottom surface 

Peak 

identification 

Wavenumber 

(cm-1) 

Standard 

Deviation 

Height 

(A.U.) 

Standard 

Deviation 

Width 

(cm-1) 

Standard 

Deviation 
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It was hoped that this methodology would detect differences in the chemical composition between the sides. 

Specifically, if there were a difference in the proportion of alginate and PNIPAM, or if the alginate and PNIPAM 

were binding somehow differently, this should show as a shift in the height or wavenumber of the peaks. This is 

not seen. Although not previously documented in literature, it was hypothesized that a change in crosslink 

density, since this involves substitution of a C-N-C bridge for the free amide groups (see Figure 4.1), would be 

reflected in a change in the amide I, II and III peaks, and the N-C bond. Due to the identical nature of the peaks 

C-C skeletal 1130.6 3.4 x 10-9 2.5 2.0 x 10-8 3.4 2. x 10-8 

N-C bond 1157.9 3.3 x 10-9 4.3 4.0 x 10-10 9.5 2.7 x 10-9 

Amide III C-N and 

C-H overlap 

1287.5 5.5 x 10-3 18.3 5.1 x 10-3 38.3 3.7 x 10-2 

1319.1 6.0 x 10-9 4.5 7.0 x 10-9 4.4 1.3 x 10-8 

Methyl 1345.3 2.0 x 10-7 4.1 2.2 x 10-6 1.9 1.6 x 10-6 

Methyl 1390.4 5.6 x 10-8 4.6 5.5 x 10-8 3.3 7.9 x 10-8 

CH3 Scissors 

deformation 1453.2 4.2 x 10-6 7.8 4.3 x 10-6 43.8 6.7 x 10-5 

CH3 Scissors 

deformation 1454.3 2.1 x 10-6 7.4 2.0 x 10-6 39.1 2.9 x 10-5 

Amide II N-H 1551.3 2.9 x 10-6 3.9 9.6 x 10-6 0.4 1.4 x 10-6 

Alginate – C-O-O 1622.9 1.6 x 10-7 3.2 2.0 x 10-6 0.7 6.7 x 10-7 

Amide I C=O 1646.1 1.4 x 10-7 5.7 7.5 x 10-8 2.3 5.9 x 10-8 

Table 4.3. Peak centres, heights and widths from the Raman spectra of the illuminated (top) and unilluminated (bottom) faces of a 1mm 

thick  PNIPAM-alginate sample exhibiting bending. Peak fit parameters are assigned by automated peak fitting of a Voigt curve. Standard 

deviations are for the parameters shown, from 15 samples in each batch. Peak assignations derive from Rockwood and coworkers. 
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measured on both sides, it is concluded there are either no differences in crosslinking density for this dimension, 

or differences in crosslinking density do not affect the Raman spectra. This second possibility could be tested by 

taking spectra from gels with different percentages of MBA added and empirically different swelling ratios. 

One detail that would not be detected using the approach above is a difference in the interaction with solvent. 

Dried gels were used for testing due to the difficulty of identifying peaks in wet samples, attributed to the large 

degree of variation in energy levels caused by random solvent molecules. However, this misses potential 

variation in water content, and also of density of the blended polymer. 

 PORE STRUCTURE INVESTIGATED THROUGH MICROSCOPY 

An alternative cause of the observed effect was some difference in the micro-scale structure of the materials, 

such as a change in the average pore size, between exposed and unexposed faces. This had previously been 

observed to cause bending phenomena in responsive hydrogel samples exposed to an acetone gradient or 

hydrothermal precipitation.34,37 Porosity has also been demonstrated to affect the mechanical response of 

biopolymer gels.91  

 Water-rich pore domains within the polymer were expected to be on the order of 10m.86 This determined the 

magnification required and focused attention on electron and confocal microscopy.8,27  

 SCANNING ELECTRON MICROSCOPY 

Scanning electron microscopy (SEM) is suitable for imaging with a resolution of 1nm and was therefore 

appropriate for identifying micro-scale features. However, this introduced two problems. Firstly, standard SEM 

requires a vacuum to prevent loss of electron beam intensity and collimation; therefore, samples must be dried. 

It is unlikely that the water can be extracted from a water-rich material such as hydrogel without changing the 

structure substantially from the form it would take in a wet state, and since the wet state is the object of interest 

this raises questions about how relevant such data are.92  

Secondly, hydrogels, and particularly hydrogels derived from polydisperse biopolymers, often acquire 

microscopic variation due to small-scale fluctuations in polymer density.73 Therefore, to draw meaningful 
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conclusions about gel features a statistically valid, and representative, number of such features must be 

analysed.  

To address the first problem a variety of hydrogel preparation methods were attempted and the results 

intercompared. These included critical point drying from solvent exchange with ethanol (a good solvent for 

PNIPAM);93 critical point drying from solvent exchange with acetone (also a good solvent for PNIPAM);93 air 

drying; and lyophilisation from aqueous phase. Samples were cut with a razor to expose inner surfaces, mounted 

on carbon pads, and coated with silver prior to imaging. Imaging was conducted according to the methods 

described in section 2.2.3.2 and example images are shown in  Figure 4.37.  

This process revealed polydisperse pore structures, with angular, irregular shapes, thin walls and ragged wall 

features. Each sample (sectioned from the same material block before processing)  showed significant variation 

over the ~4mm surface prepared (for example, compare Figure 4.37 a) and b), from the same sample with the 

same processing) raising the question of which area could be considered representative throughout the sample.  
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c) 

a) b) 

e) 

d) 

Figure 4.37. The variation in appearance of PNIPAM-alginate 

hydrogels under SEM following a,b) Critical point drying from solvent 

exchange with acetone; c)  critical point drying from solvent 

exchange with ethanol; d) lyophilisation from aqueous solvent; and 

e) ambient air drying from aqueous. Images were taken with a 5kV 

beam, in high vacuum mode, with a working distance of 

approximately 15mm. 

A) B) 

C) D) 

E) 
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Samples varied depending on processing, with observations suggesting larger pores following air drying. This 

would be compatible with a longer time taken for the meniscus of water to pass through the gel, causing more 

disruption to the sample. A smaller-featured result seems to be obtained by critical point drying from ethanol, 

or lyophilisation. This may represent a shrinking from the native state or an accurate preservation of the smallest 

length scales in the gel: it is not possible to say based on this evidence. Post-preparation, all gels had significantly 

reduced in volume and deformed from their original hydrated size, making it doubtful their inner structure 

remained true to hydrated conditions. 

Due to substantial levels of variation, deriving reliable statistics on the dimensions of pores within samples from 

the 2D images was not possible. Since any investigation into variation within pores as the source of the effect 

would require a valid baseline for measurement, a different approach, Environmental Scanning Electron 

Microscopy (ESEM), was trialled.  

 ENVIRONMENTAL SCANNING MICROSCOPY 

A route to avoiding one of the problems highlighted in 4.1.1.2 is to use ESEM. This technique, described further 

in section 2.2.3.3, allows imaging of samples under higher pressure than pure SEM. This means samples can be 

imaged in a more representative state. 

Following Stokes,94 an initial pressure of 12 Torr (1,600Pa) and temperature of 18°C were selected. Relative 

humidity was held at 100%. However, under these conditions the gel surface appeared smooth, which was 

attributed to the absence of significant contrast between the electron density in the pores and in the walls. 

Reducing the pressure and temperature gradually to 5 Torr and 10°C revealed the presence of small deposits on 

the surface, probably small discontinuous pieces of gel created during preparation, were dried, but otherwise a 

smooth surface. Reducing further to 2.65 Torr created a textured surface. Round features resembling bubbles 

or craters of 1µm or smaller appeared at 2.25Torr. With further lowering of pressure, features up to 2µm were 

visible, forming lines or other ordered regions of larger pores. These changes are shown in Figure 4.38. 
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The gradual appearance of indented circular features was attributed to the sublimation of water vapour, leaving 

an uneven surface with contours that then could be imaged with the electron beam. The water vapour inside 

these chambers then expanded, causing them to increase in size (as shown in Figure 4.38, inset b-i) and c-i) and 

merge. The alignment of pores into lines tens of microns in length is also visible in Figure 4.38 c). This 

demonstrated regional variation in the pores formed in the material, which should be borne in mind when 

sampling pore regions. The need for low pressures before pore features were visible and the shrunken 

appearance of the hydrogels following extraction from the instrument suggests that even environmental SEM 

does not produce images representative of the hydrated hydrogel. 

2.25 Torr 2.65 Torr 

1.65 Torr 0.8 Torr 

a) 

b) 

c) d) 

c-i) b-i) 

Figure 4.38 Environmental Scanning Electron Microscopy of PNIPAM-alginate hydrogels with no sample preparation. Pressure 

decreases from left to right and top to bottom. Sequence shows a) A textured surface with no pores visible at 2.65 Torr; b) crater or 

bubble features appearing at 2.25 Torr; c) increased prominence and indications of micro-scale grouping  at 1.65 Torr; d) still further 

round features at 0.8 Torr. Insets b-i and c-i show the same feature at 2.25  and 1.65 Torr respectively, indicating clearly the size increase 

and merging of features due to pressure reduction.  
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This evidence of the change in sample with pressure suggests that the angular appearance of pores in high-

vacuum SEM as seen in Figure 4.37 is not representative of the hydrated state, and that the size and shape of 

pores visible can be a function of the stage of dehydration during which observations are being made, as they 

expand and merge during depressurization. While many preparation methods stress the need for rapid drying 

to preserve structure, it is clear that processing parameters are very important and should accompany hydrogel 

SEM data when presented. The pore walls in a hydrated state are also significantly thicker than the dried images 

would suggest, meaning that a porosity measurement (ratio of pore area to solid material) would be 

overestimated from this state. The question of the real size of pores in a hydrated state is still unresolved by 

these studies, and so a final attempt at confocal microscopy, which can be conducted on samples in liquid, was 

attempted. 

 CONFOCAL MICROSCOPY 

A sample exhibiting bending behaviour was freshly sectioned and imaged using confocal microscopy using the 

methods described in Chapter 2. Example microscopy images are shown in Figure 4.39. Bright areas were 

identified as bulk gel regions (presumably, preferentially bound by the hydrophobic rhodamine when freshly 

sectioned) and dark features as pores 

(regions of higher solvent concentration and 

therefore less fluorophore).  A selection of 

images were taken along a linear distance of 

approximately 300 μm in the direction of 

illumination gradient.  

From each image, ~130 pores of radius > 

0.2μm were manually identified in ImageJ 

and areas measured. Total area was 

computed as a fraction of the gel area 

measured. Histograms of pore area data are 

presented in Figure 4.40. No significant 

difference in pore sizes or total porosity were 

Figure 4.39 Four typical confocal microscopy images of PNIPAM-alginate gel. 

The striped contours within the large, irregular shaped blobs are believed to be 

an imaging artefact rather than a true feature. 
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noted across the range of the sample measured; it is possible that some difference would be evident across a 

larger scale. Sectioning the top and bottom of large samples (with the surface ‘skin’ removed to ensure a 

representative sample) as in Luo et al.37 would be the quickest way to investigate this.  
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Figure 4.40. Pore size distribution as measured 

from 16 x 16 μm Images of hydrogel taken across 

300μm of gradated gel. Pore sizes are plotted as 

histograms with a bin size of 0.5  μm2 

Total porosity: 38% 

Total porosity: 42% 

Total porosity: 43% 

Total porosity: 45% 

Total porosity: 40% 

Total porosity: 45% 

Total porosity: 42% 
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However, Figure 4.40 clearly shows a large population of circular 0 - 0.5 μm2 pores which have not been 

documented previously for PNIPAM-alginate. A smaller population of larger-area (0.5 - 5 μm2) irregularly shaped 

pores is also observed. Larger sample sizes would be required for confirmation of systematic patterns in the 

population; however aggregated measurements from Figure 4.40 (corresponding to approximately 1,000 

individual measurements) produces a histogram (Figure 4.41)  which suggests the true pore size distribution 

may be multimodal. 

Given the double-network nature of the gel, it is tempting to propose that the different pore sizes correspond 

to the two different gel components. However, while no prior work has used confocal microscopy to examine 

the pore structure of PNIPAM, alginate or their combination, and so no data from the same modality are 

available, data from other methodologies are incompatible with this hypothesis.  

From existing measurements of dried gels, the larger pores of Figure 4.40 have similarities with those seen in 

gels of linear PNIPAM, found by Nguyen et al. have a pore size of 2.8 ± 0.9 μm as measured by cryoSEM.95 

Figure 4.41. Histogram aggregated pore size data for all pores measured in Figure 4.40. Inset: The same data converted to probability 

density, with an increased y-scale for improved visibility. Line indicates a kernel distribution function with a bandwidth of 0.4μm. This 

is significantly larger than the bandwidths suggested by the Silverma ‘rules-of-thumb’, 107 making under-smoothing unlikely.   
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Alginate gels have been measured as nanoporous with pore sizes ~5-6nm for various molecular weights and M:G 

ratios, using a thermoporometry technique.96 In observations taken for this work the smallest pores visible are 

0.2μm, so alginate pores of that size would not be visible.  

Most pores observed and reported in Figure 4.40 are much smaller than the PNIPAM-alginate pore size was 

recorded by de Moura and co-workers using SEM. The composition closest to that used in this work is reported 

with a uniform pore size of 16.0 ± 2.0 μm. Note that this is not exactly the same material as examined in this 

work, using a ratio of PNIPAM:alginate which is 1:0.017 by weight instead of 1:0.15. Petrusic et al. use a closer 

ratio of 1:0.2 but find a still larger pore value of 90 ± 27 μm.30 Within both works it is shown that the addition of 

more alginate and more crosslinker reduces the measured pore size: therefore, if the work of de Moura were 

adjusted to match the proportions used in the work a still larger pore size would be expected.  

This validates the concerns raised in section 4.4.8.3 and 4.4.8.4 that SEM preparations can systematically distort 

pore measurements.  In this instance, comparisons between Figure 4.38 and Figure 4.40 imply SEM 

measurements can lead to an over-estimation of pore size in native states, under-estimation of wall size, and 

under-estimation of pore roundness, and potentially erase features such as the presence of a second population 

of smaller pores. 

It seems likely that the large, irregularly shaped pores are those that have been previously observed under SEM 

following drying, and by Raman mapping.8,27,30 The large quantity of small pores measured here by confocal 

microscopy has previously gone unnoticed and therefore neither been noted or remarked upon. Pore size affects 

many potential applications, including cellular interactions for biological applications,52 mechanical properties 

for deployable subjects,27 swelling ratio27 and rate of thermal response.17 Therefore, this fuller understanding of 

the porous structure of PNIPAM-alginate has consequences for many of the communities working with PNIPAM.  

The regular shape and dimensions of the small pores are reminiscent of small, isolated regions of phase 

separation. The irregular shape of the larger pores suggests a more advanced state of demixing, perhaps with 

regions beginning to merge.  

The general phenomenon of pore formation, microsyneresis, occurs during polymerisation, when the growing 

polymer network is unable to mix homogenously with the amount of solvent present.  A phase separation results 

in which polymer-rich regions and solvent-rich regions separate: the latter manifest as pores.73,97 Therefore, it is 
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tentatively suggested that the qualitatively different pores represent two distinct stages of microsyneresis 

during gel production, with different characteristic length scales and energies. These would depend on the 

entropy of mixing, and thus depend on the volume fraction of the difference polymer species, and the Florey-

Huggins parameter χ (see section 1.4.1). For PNIPAM, χ is a sensitive function of polymer volume fraction, the 

polymer and solvent involved, and the temperature.48  

Further testing on different ratios of PNIPAM and alginate blends, and the components singly, would give 

perspective on whether confocal pore measurements correlate as expected with macroscopic phenomena and 

whether the 0 - 0.5 μm2 pores are a unique feature of PNIPAM-alginate processed as in this work, or have 

previously been overlooked in PNIPAM also. For more detail on the thermodynamics of pore formation, it would 

be interesting to quench gel formation after each cross-linking stage and examine the pore distribution. The 

issue of potential dependence of pore size on illumination dosage also remains an open question. 

 WORKING HYPOTHESIS FOR ORIGIN OF PNIPAM-ALGINATE MACROSCOPIC BENDING 

From the evidence collected there is no definite answer for the interesting and promising bending phenomenon 

seen. However, some candidates can be assessed. 

 CROSSLINKING DENSITY VARIATION 

At first glance it may seem that as the crosslinking and polymerisation is photo-triggered, gel sections exposed 

to more light would have a higher density of crosslinks. They would receive more energy and would also be the 

first macromolecules to form, which are expected to have a more tightly crosslinked structure.56 This situation 

has been demonstrated; 10mm thick acrylamide gels have been shown to develop gradated crosslink density in 

the direction of illumination, as determined by swelling ratio.98 However, this explanation does not fit the 

observed behaviour for PNIPAM-alginate. 

Firstly, at ambient temperature the PNIPAM-alginate gels take up a configuration which expands more at the 

surface where most illumination is received. This is the inverse of what would be expected for a higher PNIPAM 

crosslink density in the gel, which Flory-Rehner swelling calculations suggest, and experimental results for 

PNIPAM confirm, constrain ambient swelling.4,5,47 Secondly, the contracted PNIPAM-alginate gels adopt a curved 

configuration. The final configuration of PNIPAM-alginate is expected to be constrained by excluded volume 
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considerations, for which the crosslink density is not relevant to first order. Some experimentalists find that 

crosslinking degree does not affect the volume assumed following the LCST, as demonstrated by Zhang for 

PNIPAM and Petrusic for PNIPAM-alginate.4,30 On the other hand, de Moura and co-workers do find a difference 

in contracted volume, perhaps as a result of the larger range of crosslinker values used – from 2.5% to 10% of 

the monomer mass.27 The ratio of alginate:PNIPAM used in this work are closer to that of Petrusic et al. but use 

a crosslinker ratio closer to de Moura. It is possible that there are small variations in the final contracted volume 

between the samples reported by Petrusic et al, but whether these would be large enough to produce the 

magnitude of effect shown is unclear from the data provided.30 

A higher density of crosslinks at the base could explain the behaviour seen in ambient conditions, but not easily 

the contracted behaviour. One would also expect a change in crosslink density to cause a difference in the Raman 

shifts seen on both sides, which is not observed, as detailed in section 4.4.8.1. A difference in the proportion of 

PNIPAM versus alginate would also be seen in these measurements. This explanation for the bending of the 

sample measured by Raman spectroscopy can therefore be set aside. 

 POLYMER VOLUME FRACTION VARIATION 

However, the Raman spectra were taken on dried gels, and so a shift in the proportions of polymer and solvent 

would not be observed. This would correspond to a change in pore volume fraction or in the density of the 

polymer-rich regions surrounding the pores. A lower polymer volume fraction would have a larger equilibrium 

volume at ambient temperature, and attain a smaller volume in a contracted state, fitting what is observed at a 

macroscopic level in Section 0 

Unfortunately, it was not possible to obtain clear, statistically valid information on the pore densities on each 

side of the bending samples. While previous studies have achieved imaging of a pore gradient,37  the PNIPAM-

alginate system  presents difficulties due to its inhomogenous nature and the small scale of the pores (~0.2 -10  

µm diameter) relative to the gradient dimensions to be observed (1-5 mm). Both conditions require many 

individual images to be processed to achieve relevant results. This could be improved with the commitment of 

more time or the creation of a digital image processing pipeline, potentially leveraging machine learning,99 or 

stitching together of images. Alternative options would be fine sectioning followed by cryoporosity 

measurements,52 thermoporometry with DSC,96 or simple weight measurements as described in section 2.2.5. 
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The difficulty here would be sectioning fragile gels to sub-millimetre precision, as resins or other reinforcement 

may interrupt the native network structure. 

 FORMATION OF OSMOTIC PRESSURE GRADIENT VIA SLOW CURING 

How could such a gradient occur? The hypothesis is that the illuminated, polymerised cross-linked top layer has 

a lower chemical potential than the bulk uncrosslinked monomer-rich polymer blend. This leads to an osmotic 

pressure gradient from bottom to top, and therefore a net flow of water towards the illuminated side. This 

creates a more water-rich region in the first areas to crosslink, which is preserved as more crosslinked are added 

between PNIPAM and alginate polymers. 

This process would be limited by diffusion. No studies on diffusion behaviour of PNIPAM-alginate are available, 

but alginate is likely to dominate due to its higher characteristic diffusivity relative to acrylamides.100,101 

Assuming the alginate polymer blend shows Fickian behaviour, swelling would be inversely correlated with 

sample thickness, for a fixed amount of curing time.102 This may be the origin of the observed linear relationship 

between radius of curvature and sample height in ambient equilibrium shown in Figure 4.31.  

The more complex behaviour shown in Figure 4.32 is harder to explain. As theorised in section 4.4.7,competing 

effects which operate in different regimes are a possibility. If the osmotic gradient theory is valid, the amount 

of solvent transported will decrease with sample height. Possibly, when it drops below a key level, a second-

order effect comes in to play, such as a higher percentage of crosslinking on the illuminated side, as described 

in 4.4.9.1. The sample measured in section 4.4.8.1 may have been too thin to show this phenomenon. 

Alternatively, there may be some change in the network structure due to changes in χ, temperature or Φ that 

lead to a more or less compact double-network. 

The mechanism for the formation of an osmotic gradient could be the inclusion of more hydrophobic MBA units 

during crosslinking, or the conformational restriction of the crosslink on the polymers. Increased osmotic 

pressure with a higher crosslink density of MBA has been previously recorded for acrylamide gels by Mallam et 

al.103  
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Empirical testing of this theory would be relatively straightforward, requiring osmotic pressure readings from a 

crosslinked versus an uncrosslinked polymer blend, all other factors held constant. Unfortunately, access to an 

osmometer could not be arranged but this measurement would confirm or exclude the mechanism. 

Why has this not been observed before? Possibly due to the increased viscosity of the PNIPAM-alginate system 

relative to PNIPAM alone, the relatively slow reaction rate of the UV system and photoinitiator, and the 

increased opacity which allows a curing gradient to be perceived. According to the Einstein-Stokes equation, a 

higher viscosity material would be expected to show lower mobility. With a localised photon source curing would 

therefore also be local.100 For this phenomenon to be seen the time taken for water to diffuse a substantial 

fraction of the height of the gel must be on the order of curing times, which are of course increased by reduced 

optical transmission. This could be tested experimentally by measuring the diffusion rate of water-soluble dyes 

though uncured polymer and comparing to characteristic effect length scales from Figure 4.32. 

 FUTURE DIRECTIONS AND DEVELOPMENTS 

In addition to determining the method of action of this effect, a more exact description of the parameters 

determining the gradient across a piece would be required to link a print to its final configuration. If the 

hypothesis given in section 4.4.9.3 is correct, then sample reproducibility could be improved by tighter control 

of humidity, illumination and timing. Following, if illumination-graded samples could be characterised well 

enough to relate gel printing dimensions and conditions to both ambient and contracted equilibrium 

configuration, this simple, accessible, cost-effective method could replicate a substantial amount of the 

capability previously demonstrated to create complex shape change (see section 1.5) in a one-step 

technique.16,104,105 

While the method for developing macroscopic PNIPAM curvature detailed here does not yet match the precision 

of the surfaces created by lithographic methods,106 the use of a light source on a computer-controlled head to 

provide variation in curing allows arbitrary complexity with no set up costs beyond the generation of path 

instructions. Further, that this equipment is also capable of producing shaped gels before curing allows a 

transition into at least a low-z 2.5D structured surface (full 3D would require overcoming limitations in printing 

high structures without prior curing). Finally, the method used is developed for PNIPAM-alginate, a durable, 

cheap material, and it can be performed using open-source, accessible technology as documented in Chapter 3. 
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 CONCLUSION 

In summation, this chapter documents an as-yet unrecorded phenomenon which permits the tailoring of 

curvature in a facile, easily automated manner across the surface of a 2.5D UV-cured tough PNIPAM-alginate 

gel. 1D samples have been created and characterised in terms of shape change, and some 2D samples indicate 

potential for future work in generating self-folding and rolling structures such as grippers. While sample 

variability is high due to uneven curing, it is shown that this also indicates potential for complex shape 

programming. Sample behaviour is compared with the commonly-used Timoshenko bilayer approach for 

predicting final curvature of a composite beam.  

These predictions are compatible with data for the ambient equilibrium configuration, but indicate more 

complex behaviour for the heated contracted states as a function of height. This suggests that either competing 

phenomena may be operating to change the contraction ratios between the sides as a function of height, or a 

more complex mathematical model is required. 

Physical observations of gradated differences throughout samples demonstrating bending were sought. A 

difference in crosslinking density seems to be unlikely based on Raman spectra. SEM and ESEM results were 

inconclusive, although they revealed the dependence of dried hydrogel pore structure on preparation methods. 

Confocal microscopy revealed a previously unrecorded population of pores of 0 - 0.5 μm2 cross-sectional area 

pores, but many more observations would be required to draw statistically valid conclusions about pore size 

variation throughout the relevant length scales. Improved automation of processing could assist in gathering the 

relevant data. 

Based on the evidence a suggestion for the origin of the bending effect – solute diffusion in the direction of 

increased crosslinking density – has been proposed. A comparison of osmotic pressure exerted by crosslinked 

versus uncrosslinked polymer blends would provide evidence for this mechanism. If correct, measurement of 

diffusion rates through cured gels could provide an explanation for the change of curvature direction, and 

control of humidity during curing could improve the reproducibility of samples. 
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 THE EFFECTS OF ADDITION OF GOLD NANORODS TO PNIPAM-ALGINATE HYDROGELS  

 REFERENCES 

Responsive printable materials require variable degrees of response to achieve useful and interesting shape 

changes. Prior work has successfully combined gold nanorods and other nanomaterials with PNIPAM, to create 

materials with a tailorable speed of response and the potential for remote action. However, PNIPAM is not 

printable in isolation, and the combination of PNIPAM-alginate hydrogels with nanoparticles has not been 

tested. A commercial source of gold nanorods was added to the PNIPAM-alginate composition presented in prior 

chapters and the results assessed for thermal response, swelling properties, and viscoelastic behaviour, using 

compression and rheology. While no significant thermal change was measured, it was found that the elastic 

shear modulus increased non-monotonically with concentration, peaking at a factor of six compared to the 

unmodified gel when the concentration was 1-2 g/ml. This change was not reflected in compressive testing 

measurements of the Young’s modulus, demonstrating the limitations of extrapolating from shear testing to 

compression. Potential mechanisms for the change in gel performance were examined using SAXS and rheology, 

and a theory based on network structure changes is suggested. The significant variation in gel mechanical 

performance at such a low concentration is indicative that the addition of nanoparticles can have an unexpected 

and hard to predict effect on hydrogel matrix properties. 

 INTRODUCTION AND BACKGROUND 

It is evident that for smart material prints to change shape, rather than just rescale while retaining the same 

proportions, the comprising materials must vary spatially in their response to stimuli. This could be achieved in 

multiple ways. Different stiffnesses, as in plant-inspired hygroscopic materials, can constrain movement.1 

Alternatively, varying sensitivity to external triggers can affect the onset of response, for example, triggering at 

different temperatures;2 or exert different magnitudes of response. 

As described in the introduction, there are many ways this could be implemented with hydrogels. Many authors 

have explored the route of combining different gel compositions, or responsive gels with stiff materials.3–5 These 

have been achieved using layer-by-layer assembly,6 photopatterning,7 soft lithography8 or manual fabrication 
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from dissimilar components (as shown in Figure 5.1).9 These processes are inherently geometrically limited, and 

the multiple stages limit mechanisation and scale-up of production.  

An alternative and appealing option is to create a 3D printed object using multiple materials, ready to actuate 

straight off the print bed. This has been demonstrated by Naficy et al. with a combination of responsive and 

non-responsive printable hydrogels.10 In that work, bending angle was determined by the Timoshenko equation 

given in Chapter 1.5.1. Since two binary materials were used, no sequential deployment analogous to that shown 

in Chapter 1.2.1.1 for SMPs was possible.  

Additional materials for printing responsive hydrogel objects are desirable, and a ‘family’ of gels which vary in 

response would be ideal. This requires at least two printable gels, similar enough to be processed together on 

the same printer, but different enough when cured to cause shape change of the overall print. One promising 

route to this is the addition of a small weight percentage of some other component to the existing printable 

PNIPAM-alginate.  

Prior existing examples within printed shape-changing materials have used ions for selective reinforcement,11 

dyes for selective sensitisation,12 and high aspect ratio nanocellulose for orientation-specific responses.13 Since 

concentration can be varied smoothly, this also raises the prospect of grading properties smoothly across the 

print, allowing for optimisation.14  

 PRIOR NANOCOMPOSITE MODIFICATION OF POLY-N-ISOPROPYL ACRYLAMIDE NET-

WORKS  

Nanoparticles exhibit enhanced and novel effects due to their size, and due to their high surface-to-volume ratio 

blend well with matrix materials when used in composites. PNIPAM nanocomposites with concentration-

dependent responses have been demonstrated multiple times. For example, polymer gels have been combined 

with single walled carbon nanotubes (SWNT) to enhance the speed of thermal response.9 The same effect has 

been achieved through combination with graphene oxide (GO) flakes to create microvalves and self-folding 

structures.15,16 Directional effects of inclusions has been exploited to create anisotropic effects, both though 

alignment of iron oxide particles in PNIPAM17 and through the extrusion-based alignment of cellulose mentioned 

in previous chapters.13   
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Gold nanorods sized to exhibit plasmon 

resonance modes at 785 nm have successfully 

been used with PNIPAM hydrogels, allowing 

remote laser triggering through their 

sensitivity to IR frequencies.18,19 This hybrid 

material was then incorporated into a 

dynamically adjustable microlens device.20 

Triggering in the infrared region is particularly 

appealing for biological applications as both 

PNIPAM and much of the human body are 

transparent in this range. Infrared triggering 

has already been used to deploy shape-changing implanted medical devices in animals.21 

However, as mentioned in Chapter 4.2.1, PNIPAM in its native state is brittle and unsuitable for practical devices. 

Additionally, due to its viscosity, it cannot be printed with extrusion methods. Double network systems such as 

PNIPAM-alginate are a promising solution for rendering the material more tractable, both by enabling processing 

of uncured blends in a printer and by producing tougher, more resilient samples. It is therefore of interest to see 

if the sensitising effect of nanocomposites persists for a PNIPAM-alginatae double network gel, to what extent, 

and what other outcomes there are when such hydrogels are combined with these nanoinclusions. 

As a starting point, gold nanorods (AuNR), with a plasmon resonance at 785 nm, were selected for combination 

with the PNIPAM-alginate system examined in Chapter 4. Firstly, it was hoped that AuNR in PNIPAM-alginate 

would enable remote triggering of gel contraction through IR laser stimulation of printed objects, as 

demonstrated conceptually with pure PNIPAM.22 Secondly, it was possible that the addition of AuNR would 

modify the LCST for the PNIPAM-alginate composites as a function of its concentration, as previously shown for 

graphene oxide in PNIPAM,23 enabling sequential deployment. Thirdly and finally, the addition of AuNR to 

PNIPAM-alginate could contribute reinforcing stiffening effects, as seen with in-situ synthesised gold particles in 

Figure 5.1. Hybrid PNIPAM/PNIPAM-SWNT actuators arranged to produce 

a flower with different folding rates for two rows of petals. From Zhang et 

al.9 
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PNIPAM.24 These three possibilities were each suggested by the literature, and would increase the repertoire of 

3D printable hydrogel materials available and the capacity of the models created from them. 

It should be noted that this is a test model: the cost of gold nanorods as well as concerns about their toxicity25 

make other solutions, such as carbon nanotubes9 or iron oxide nanoparticles,7 attractive for future development. 

However, many nanoparticles carry toxicity concerns,26 so this issue cannot be totally avoided if nanoparticles 

are to be used. Gold is non-toxic in bulk, gold nanorods are well studied, and available commercially in a well-

characterised format. For novel applications, it is important that the number of variables in the existing system 

is reduced as much as possible to ease identification of the origin of effects. Additionally, the fact that CNTs, GO 

and iron oxide nanoparticle composites are black in colour presents challenges for use in a UV-based curing 

system, driving the choice of AuNR as a working material. 

 METHODS DEVELOPMENT 

 PROCESSING 

For the preparation of nanoparticle-containing samples, the process described in Chapter 4 was modified by the 

addition of the appropriate volume of nanoparticles in aqueous media to the CaCl2 solution (while retaining the 

same molarity of CaCl2); from there the procedure was the same. 

A nanoparticle suspension was added to the 15 ml synthesis batch volume in quantities from 0.5 to 3 ml: at a 

concentration of 30 g/ml. This corresponds to a final concentration of 1-6 g/ml in the hydrogel 

nanocomposites as prepared. This is a very low concentration, imposed by the cost and concentration of 

commercially available products, and it would be desirable to increase the weight percentage in future work. An 

increase in this concentration could be achieved through in-house synthesis to reduce the cost, a decreased 

sample size with proportional cost savings, or both. However, Hribar et al. observed photothermal effects in 

shape memory polymers modified with 1.8x10−13 M gold nanorods27 – two orders of magnitude lower than the 

concentration used in this work. The following data will demonstrate that there is measurable variation in 

PNIPAM-alginate gel behaviour even at this low percentage, suggesting that a low concentration can still yield 

information about the effect of gold nanorods on double-network PNIPAM-alginate gels.  
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A potential confounding effect on all measurements taken on PNIPAM-alginate gels, with the addition of a 

nanoparticle suspension, is the presence in the suspension of the surfactant cetrimonium bromide (CTAB) and 

a weak organic acid citric acid at >0.1 wt.%. It is known that surfactants increase the equilibrium volume occupied 

by PNIPAM,28 and its transition temperature.29 The addition of CTAB to alginates has also been shown to 

decrease the hydrophilicity of binding parts of the polysaccharide chain, and to increase binding and aggregation 

through the promotion of both hydrophobic and electrostatic interactions.30 

To assess whether the effects on the system could be explained wholly or partially by the presence of CTAB and 

citric acid being included with the nanoparticles, comparison samples were created with these components 

added, both separately and together, at an equivalent concentration to that delivered by the addition of a 3ml 

AuNR suspension in a 15ml batch synthesis (0.0002%wt). These samples are denoted Citric, CTAB or Citric and 

CTAB where referenced in the following sections. 

 RESULTS AND DISCUSSION 

 NANOPARTICLE CHARACTERISATION 

The manufacturers of the gold nanorods used throughout this study state their dimensions as (10 x 35 nm) ± 

10%. The percentage of particles conforming to this size is >90%, and their plasmon resonance is stated to occur 

at 785 nm. These characteristics were verified using DLS, a Zetasizer, transmission electron microscopy (TEM) 

and UV-Visible spectroscopic observations. 

UV-Visible spectroscopy was performed at a dilution factor of 30, with deionized water, and yielded the 

spectrum shown in Figure 5.2. 
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Figure 5.2. A typical UV-Visible spectrum from the gold nanorod suspension used for further experiments. 

As stated by the manufacturers, the nanorods showed broad resonance peaks in the 785 (major) and 510 (minor) 

nm regions, consistent with a gold nanorod of the stated size. However, this was not conclusive evidence as it 

could also represent a mixture of materials with resonant peaks at 785 and 510 nm. To determine their 

dimensions further, transmission electron microscopy was used. 

 TRANSMISSION ELECTRON MICROSCOPY 

TEM images of particles were taken to determine their sizes and aspect ratios (example images are shown in 

Figure 5.3), using parameters given in Materials and Methods. 

 

A total of 75 particles from these images were measured using ImageJ, and yielded average dimensions of 34±4 

nm in length and 12±4 nm in width. Of the 75 particles measured, 9 were approximately circular in cross-section, 

with the remainder well-formed rods. Electron diffraction patterns were taken of these anomalously shaped 

particles. (Figure 2, right). The radii of the first four rings were measured using ImageJ.  
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TEM studies showed significant nanoparticle aggregation, but given the contrary evidence of zeta potential and 

DLS measurements (see 5.4.1.2), taken in solution, it is likely that this was caused by the drying process and the 

plasma treatment necessary for the particles to adhere well to the TEM grid. 

Particle analysis of the TEM images revealed average dimensions of 11.8 ± 3.6nm and 33.9 ± 4.2nm for their 

width and lengths respectively (errors of approximately 20% of the total particle dimension). This is greater than 

the error stated by the manufacturer, of ± 10%. Around 20% of the particles observed from the TEM images 

were not rod-like – again, more than the manufacturer’s value of 10%. 

The electron diffraction pattern from the anomalous round particles was compared to the face-centred packing 

Bragg peaks expected from gold particles. The ratios between the first four peak spacings are expected to be 

0.75:0.50:0.75, and were found by measurements of the ring diameters with ImageJ as 0.73:0.51:0.72, indicating 

compatibility with a face-centered cubic (FCC) structure. The lattice constant could not be determined as the 

scale on the image did not correspond with the real space distance between the peaks as projected. Based on 

the polycrystalline diffraction pattern shown, the compatibility of the peaks with the FCC atomic packing mode 

and the known potential for the AuNR synthesis used to create non-rod morphologies,31 these are identified as 

gold nanoparticles rather than contaminants of other material. 

Figure 5.3. Left: A typical transmission electron microscopy image of the gold nanorods used for blending with PNIPAM-alginate 

hydrogels. Nanorods were observed to aggregate on the TEM grids but this is not thought to be representative of behaviour in 

solution. Right: A selective area electron diffraction (SAED) image of a circular aggregate. 
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The DLS value found for the hydrodynamic radius of the AuNR, 38.8±7.2nm, is compatible within errors with the 

values found via TEM and with the manufacturer’s stated values. This means that there is probably an adsorbed 

double layer of CTAB molecules on the surface of the particles which is 3.2 ± 0.2nm thick.32  

Overall, these measurements give us a picture of a rod, approximately 12x34nm, with a bilayer coating of 

surfactant which is positively charged.  This can be usefully compared with the other characteristic dimensions 

of the system – the length of the average alginate G-block participating in binding is approximately 2.2 nm and 

the length of the more flexible regions in between is again approximately 2.2 nm (for full data and derivations 

see Section 4.4.1). While measurements from single networks cannot be expected to be reproduced exactly in 

interpenetrating networks, the degree of polymerisation between crosslinks in a pure PNIPAM gel found in 

Chapter 4 is 61.8 ± 0.2, corresponding to an average length between crosslinks of  ~19 nm (see section 4.4.2 for 

methods). Figure 5.4 shows a sketch, to scale, which illustrates the relative sizes of the components. 

 

Figure 5.4. A schematic showing the relative sizes of the two gel networks and the AuNR components. The nanorod is 11.8 ± 3.6nm in 

width and 33.9 ± 4.2nm in length; Lc denotes average length between crosslinks for PNIPAM and is ~19nm, corresponding to 61.8±0.2 

repeat units of monomer; GB denotes average size of G-blocks in alginate, which are the primary units involved in binding during gelation, 
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here approximate 2.2 nm long, corresponding to 5 repeat units. The width of a PNIPAM strand is shown as approximately ten times the 

length of a C-C bond, ~1.75nm. The bilayer on the CTAB surface is taken to be 3.2 ± 0.2nm.32 Hand-drawn by the author. 

 ZETA POTENTIAL & DYNAMIC LIGHT SCATTERING 

The zeta potential of the gold nanorods, alginate and NIPAM were measured to determine their surface charge, 

and thus electrostatic interactions. Dynamic light scattering (DLS) was used to reveal average hydrodynamic 

radius of the particles. 

These data suggest that in dilute solution the addition of AuNR results in binding to alginates and a decreased 

charge on the resulting complex. The addition of CTAB and citric acid, separately or together, has no effect larger 

than the error. However, the addition of the nanoparticle solution creates a complex with half the zeta potential 

of the alginate – NIPAM – CaCl2 solution. This would support a decreased average electrostatic repulsion 

between the polymers upon the addition of nanoparticles. 

Table 5.1. Zeta potential measurements for NIPAM, calcium chloride, alginate, CTAB, citric acid, and gold nanorods. 

The zeta potential of the nanorods was measured as 31.6±3.3mV, from an average of eight runs, in the 

suspension as provided and at the concentration used in this work. This is compatible with the value found by 

Ferhan et al. (31.9 ±2.5mV) but slightly below other values found for CTAB-coated nanoparticles (around 

40mV).25,33–35 

 

Component Zeta potential (mV) 

NIPAM -27.25 ± 4.3 

Alginate -49.69 ± 4.1 

NIPAM + CaCl2 -9.2 ± 2.1 

NIPAM + alginate + CaCl2 -31.9 ± 3.9 

Au NR (with CTAB + Citric at <0.03%wt) +31.6 ± 3.3 

NIPAM + alginate + CaCl2 + CTAB -32.6 ± 3.3 

NIPAM + alginate + CaCl2 + citric acid -32.0 ± 3.3 

NIPAM + alginate + CaCl2 + citric acid + CTAB -28.9 ± 3.9 

NIPAM + alginate + CaCl2 + AuNR -15.7 ± 3.9 
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DLS meaurements of AuNR showed the hygroscopic radius of the solvation sphere surrounding the nanorods to 

have a number averaged peak centred at 40 nm, with full width at half maximum of 7nm. This is compatible with 

the measurements observed with TEM, UV-Vis and with the manufacturer’s stated specifications. 

 RHEOLOGY OF UNCURED POLYMER BLENDS WITH NANOPARTICLES  

For printing as before, a high viscosity at low shear levels approximating print bed conditions, and a viscosity 

suitable for extrusion at the shear conditions generated by the syringe extruder were required. With these 

satisfied, small differences in rheology could be corrected for by adjusting software-derived extrusion 

parameters to modify the pressure as required. Therefore, rheological assessments of the viscosity of the 

material as a function of shear strain were conducted. 

 

 SHEAR RAMPS 

Shear ramps were performed as in section 4.4.3.1 to assess printability and the affect of nanoparticles. Results 

are presented in Figure 5-5, and show a decrease in the viscosity of uncured gels with an added nanoparticle 

solution. This indicates a decrease in the interaction strength between components in the blend. Shear thinning 

behaviour was seen at all nanoparticle loadings, indicating suitability for extrusion printing. The yield strength 

of the gel was decreased relative to plain gel, showing suitability for extrusion at an equal or lowered mechanical 

pressure exerted by the syringe. The decrease in viscosity by an order of magnitude at low shear might cause 

some loss of resolution during print as the gel would tend to flow more on the bed. There could also be issues 

with over-extrusion as a more viscous material would take longer to stop flowing when pressure was removed. 

However, these issues could potentially be addressed with extrusion parameters, and these data demonstrate 

that the nanoparticle-modified gel could be processed with existing equipment. 

 



 

201 
 

 

Figure 5.5. Viscosity changes as a function of shear rate for concentrations of between 1-5g/ml of gold nanorods added to uncured 

PNIPAM-alginate gel. 

 LASER RESPONSE 

Having established the printability of gold nanorod-laden PNIPAM-alginate gels, their response to infra-red laser 

stimulation was assessed. Notably, laser-triggered behaviour relies solely on the plasmon resonance of the 

nanoparticles and so no response would be expected from a PNIPAM-alginate sample without NPS. 

A sample bed capable of rastering in two parallel directions was kindly lent by Dr Chris Hutton, who also provided 

a custom Labview interface. A 40 × 3 × 20mm sample of PNIPAM-alginate with a 2 g/ml concentration of 

nanorods was placed on the stage and illuminated with a 0.22 mW laser, pulsed at 1 kHz. The frequency profile 

was a 30 nm FWHM bandwidth at 800 nm. The spot profile was approximately 3 mm in diameter and Gaussian 

in shape, corresponding to an average intensity of 3.2 mW/cm2. Due to the pulsed nature of the setup, the peak 

energy transmission was 62 kW/cm^2. No response was seen following exposure for 500 seconds.  
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It is possible that the pulsed nature of the laser did not allow sufficient time for the heat generated by the 

nanoparticles to reach the PNIPAM polymers, or that insufficient average power was provided to trigger the 

contraction against the opposition of the alginate gel. In favour of the suggestion that more power was required 

to trigger a response, successful work triggering contraction of electrospun PNIPAM-AuNR hydrogels has used a 

2 W laser.36 While the system used did have the capacity to go higher, there were safety concerns around the 

possibility of burning samples or generating unwanted reflections from the set up (shown in Figure 5.6). 

Moreover, this is a very high-power requirement, meaning that a shape-changing technology which required 

such a source would be limited in its applications. 

Another possibility is that the concentration of nanoparticles was too low. Unpublished work presented by Ximin 

He at SMASIS 2016, Stowe, Vermont, USA demonstrated ‘artificial phototropism’ via photothermal responses of 

PNIPAM pillars composited with gold nanoparticles. While these shapes were formed using soft lithography 

techniques, this shows the concept for laser triggered deformation of shape-changing gels at the micron scale is 

possible. However, it is still unknown how the presence of alginate would change the results. 

The experimental setup used pillars 1 mm × 8 mm in dimensions, with a 500 mW laser and a concentration of 

465 g/ml of nanoparticles. It seems reasonable that a similar concentration, if not more, would be required in 

a PNIPAM-alginate composite. As mentioned in Section 5.2.1, while it would be desirable to investigate this to 

explore the original idea of 3D printed remote-controlled shape changing gels, creating samples of the size used 

in this thesis would require some methodological changes. 
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Figure 5.6. PNIPAM-alginate gel set up for laser testing. Sample (centre bottom, in petri dish) is exposed to beam from above, while the 

two motors raster in the x and y directions respectively. 

 DIFFERENTIAL SCANNING CALORIMETRY 

To assess the potential for staged deployment through different concentrations of nanoparticles, differential 

scanning calorimetry was performed as stated in Chapter 2. Full DSC results are presented in Figure 5.7Figure 

5.7, and the extracted parameters, the onset time of transition, the rate of transition, and the energy required 

to transition, are shown in Figure 5.7. 

All samples showed a pronounced endo- (on heating) and exo- (on cooling) -thermic peak corresponding to the 

characteristic LCST transition between 30 and 40°C, and matching that seen in literature. Physically, this 

represents an increased amount of thermal energy contributing to molecular reconfiguration – the methyl 

groups folding together to reduce the surface area exposed to water37 - rather than increasing the temperature 

of the sample. This is the DSC signature of the macroscopic gel contraction seen. 
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The area within the curve represents the energy absorbed by the sample. The magnitude of the difference in 

heat flow is likely to be due to differing amounts of hydration within the samples. A drier gel would be expected 

to show a smaller change in energy during heating or cooling as a result of its lower specific heat capacity. 

Correspondingly, such a gel would also have fewer isopropyl groups in contact with water able to exchange 

energy and reorient during the LCST transition, resulting in less energy absorbed or emitted during this process 

and a decrease in the magnitude of the peak. While all samples were sealed into pans for testing, some were 

sealed a week before testing. It could be the case that significant amounts of water were lost due to issues with 

the sealing press. 

The location of these peaks varied depending on the sample composition, as does the height of the peak and its 

total area. The peak centre, the onset temperature for the endothermic peak while heating, and the energy of 

transition were calculated for different nanoparticle compositions and are shown in Figure 5.9. Pure PNIPAM at 

Figure 5.7. DSC data from approximately 2mm cubed gel sections of PNIPAM, PNIPAM-alginate, and PNIPAM-Alginate with 1, 2 

and 3ml of added AuNR solution. 
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a matched polymer fraction, and PNIPAM-alginate with only CTAB added, were also compared and are 

presented in Figure 5.9. 

 

Figure 5.8. Key values relating to the thermal transition of pure PNIPAM, PNIPAM-Alginate and PNIPAM-Alginate with CTAB at equivalent 

concentrations to 3ml of nanoparticle solution. Left axis shows temperature and indicates the onset of the transition as black squares 

and the peak of the transition as red circles. Right axis shows the energy consumed and corresponds to the yellow stars. Error bars 

represent standard error on mean from two heating cycles.  

PNIPAM without additives shows the lowest temperature of onset and energy of transition. The addition of 

other materials could be expected to inhibit the polymer’s ability to reconfigure, requiring more energy and 

increasing the onset temperature. The peak maximum is very similar for all compositions. PNIPAM-alginate with 

CTAB shows the highest energy of transition and latest time of onset; approximately one degree after pure 

PNIPAM. However, variation in transition temperatures could be due to variation in hydration, as noted earlier. 
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Figure 5.9. Key values relating to the thermal transition of PNIPAM-alginate with 0, 1, 2 and 3ml of nanoparticle solution added. Left axis 

shows temperature and indicates the onset of the transition as black squares and the peak of the transition as red circles. Right axis 

shows the energy consumed and corresponds to the yellow stars. Values are means calculated from two heating cycles and errors bars 

represent the standard error. For the peak maximum series, error bars are too small to be visible. 

Comparing the nanoparticle-bearing samples, higher transition temperatures are seen for concentrations which 

have larger heat capacities (see Figure 5.7) and are hypothesized to contain more water (1 and 3ml). Since the 

limiting factor on the response of PNIPAM is the diffusion rate of water multiplied by the distance it must travel 

and hydrogels shrink as they dehydrate, drier hydrogels would rid themselves of water more rapidly and at a 

lower temperature during heating. On the other hand, this theory would suggest that the energy of transition 

and temperature of onset would show synchronous trends, which is not seen here: 2.0ml of NP leads to the 

earliest onset, while PNIPAM-alginate with no additions has the lowest energy requirement.  

More interesting explanations of the shift in the LCST temperature would be a change in the mobility of water 

moving out of the gel,38 constriction of the isopropyl groups by additional binding to other chemical species in 

the gel,29 tension in PNIPAM polymer chains,39 or a change in PNIPAM polymer density, since the Flory-Huggins 
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interaction parameter, χ, is a function of both temperature and polymer concentration.40 The likelihood of these 

effects will be evaluated further in future sections in conjunction with the results shown there. 

As a result of the lack of samples tested at the same hydration level, the influence of the concentration of AuNR 

on PNIPAM-alginate thermal response is undetermined. However, even if the results persist in a better 

controlled experiment, the magnitude of the effect seems to be small – causing a shift of a degree or so. For 

comparison, prior work has used stages separated by 5°C increments of thermal response.41 Given the long time 

taken for hydrogels to equilibrate, it seems possible this variation in thermal response would be comparable to 

variations in temperature found in an unmodified gel system. This makes it unpromising as a candidate for 

staged deployment of printed thermoresponsive PNIPAM-alginate. 

 VOLUME SWELLING RATIO  

The third possibility then presents itself: could AuNR have a reinforcing effect upon the gels, changing their 

mechanical properties? 

A key determinant of many mechanical properties of hydrogels is their polymer volume fraction, ϕ. This defines 

the volume of material taken up by polymers rather than solvent in the network when the hydrogel is swollen 

to equilibrium in a given solvent. Intuitively, it makes sense that a hydrogel with a lower level of hydration will 

be stiffer and less able to deform. For PNIPAM it is also of interest for predicting the thermal response, as it is 

one of the parameters which affects the polymer-solvent interaction parameter χ.40 Finally, for a fixed number 

of crosslinks the swelling ratio affects crosslink density, which is, in simple gel models, linearly related to the 

elastic shear modulus. It was therefore of interest to measure the variation in polymer volume fraction as the 

concentration of nanoparticles varied.  

Concentrations corresponding to 1-6 g/ml of gold nanorods, and 0.1% by weight of CTAB and citric acid, were 

prepared and tested as detailed in materials and methods. 
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Figure 5.10. A comparison of the polymer volume fractions of PNIPAM-alginate double network gels with various concentrations of gold 

nanoparticles, evaluated when swollen to equilibrium at 20°C. Errors are the standard error on the mean (volume) and the error of the 

pipette (concentration). 

 

 

 

 

 

 

 

 

 

Figure 5.11. A comparison of the polymer volume fractions at equilibrium for different hydrogel compositions, including alginate and 

PNIPAM singly, in combination, and with the addition of 0.1%wt of citric acid, CTAB, or both to the combined gel. Error bars show standard 

error on mean of three samples. 
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The smallest polymer volume fraction seen for PNIPAM-alginate with nanorods is the unmodified concentration, 

corresponding to the largest water uptake. As can be seen from the equations presented in Chapter 1.4.1, this 

implies it has the lowest crosslink density and therefore the largest molecular weight between crosslinks.  

It is energetically favourable for a charged network to expand, minimizing the electrostatic repulsion in the 

system, if this exceeds the entropic and enthalpic cost of stretching the polymers (described mathematically in 

section 1.4.1). This is seen when alginate is added to PNIPAM to make the base composite (see Figure 5.11 and 

also Petrusic).42 It has been shown that ionised pure PNIPAM networks also exhibit increased swelling and 

transitions at a higher temperature compared to neutral PNIPAM.43 The zeta potential measurements ( Table 

5.1) indicate that the addition of nanoparticles to alginate creates a complex with a reduced net negative charge, 

which would result in a lower repulsion and less expansion, as is seen in Figure 5.10. 

The trend for PNIPAM-alginate volume fractions with the addition of nanoparticles is broadly linear, significantly 

different from zero (ANOVA) and shows a gradient of 0.00452 ml/g, corresponding to an increase of about 

0.005 of polymer volume fraction for each microgram of nanoparticle solution. The linear trend is broken by a 

local maximum at a concentration of 3 g/ml, rising again to 5g/ml before decreasing. Both binding with CTAB-

stabilised gold nanorods and surfactants are recorded in the literature for alginate networks.30 PNIPAM has also 

been observed to change in microscopic conformation in response to the addition of nanoparticles, namely 

graphene flakes, exhibiting smaller pore sizes. Since this latter correlates with less swelling, this is also as 

expected.44  

This could be due to an anomaly in the samples, or a deeper matter arising from the interplay of the two 

components – this will be discussed in more detail in Section 5.4.6. It can be deduced that nanorods themselves 

are a significant contributor to the effects of the nanorod solution, since PNIPAM-alginate with 3 ml of nanorods 

has a polymer volume fraction of 0.11, almost twice the value of the unmodified gel, and that with just citric and 

CTAB 0.07. However, while both citric acid and CTAB cause an increase in polymer volume fraction relative to 

native gel, together they seem to counter each other, with the effect of each singly being more than that of 

both. 

Citric acid dissociates in water into citrate and hydronium ions. The former is a chelating agent and could be 

expected to uptake some of the available calcium ions from solution, removing their availability to bind alginate 
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chains and thus encouraging greater swelling. However, the latter will enable the protonation of carboxyl groups 

in the alginate backbone, promoting hydrogen bonding between the strands. From the polymer volume increase 

observed it seems the latter effect dominates.  

Aggregation of alginates by the cationic detergent dodecyltrimethyl ammonium bromide (DTAB) has been 

recorded, mediated by the hydrophobic interactions between the tail and the chain.45 This resulted in a radius 

of hydration decreasing linearly with the concentration of DTAB. Interestingly, this binding is insensitive to the 

monomer species within the polysaccharide, participating equally with M and G residues. This chemical is related 

to CTAB, differing only in the length of the tail (12 carbons instead of 16). If CTAB were able to involve M residues 

in binding this would highly increase the number of crosslinks possible in alginate and compact the gel 

significantly. 

In summary, the addition of the nanorod solution to PNIPAM-alginate double network gels causes a clear change 

in their swelling ratios. The polymer volume fraction increases with the fraction of nanorod added, roughly 

doubling with the addition of the maximum quantity used in this study (3ml of a 15ml batch). This increase is 

attributed to increased binding of alginates through electrostatic and hydrogen bonding interactions, and arises 

due to both the nanoparticles and the extra chemicals in the supernatant. 

Difference in volume swelling ratio has been exploited as a source of responsive shape changing behaviour for 

prints (see Naficy et al.10, Studart and Erb46) so this result is potentially of interest. The swelling ratio for 3.0 ml 

of NP is 50% of that for the unmodified gel. However, this is an expensive route to achieve the outcome - similar 

changes in volume swelling ratio can be obtained by the simple addition of citric acid (see  
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Figure 5.11 5.11 above), a different percentage of alginate (see Panhuis et al., de Moura et al. 42,47) or the addition 

of aluminium ions.48 Nonetheless the effect on volume swelling ratio is significant and would make predictions 

of the shape change of printed samples inaccurate were it neglected. 

 RHEOLOGY OF CURED GELS WITH NANOPARTICLES  

Cured gel samples were prepared using the method described in Section 4.3.3.1 and tested with the 

methodology described in Chapter 2, Materials and Methods. Pure alginate gels were constrained between two 

plates during the calcium ion curing stage to ensure a flat surface on the final sample. As this increased the linear 

distance for ions to diffuse to reach the centre of the sample, the time in the ion bath was increased to 48h, with 

the bath being refreshed at 24h. Graphs are the average of at least three samples of each composition, with the 

error bars representing standard error on the mean. 
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 PNIPAM-ALGINATE WITH VARYING NANOPARTICLE CONCENTRATIONS 

Amplitude oscillation sweeps were performed at a frequency of 1Hz to determine the values of the elastic and 

viscous moduli in the linear viscoelastic region, and the crossover point, as a function of concentration of 

nanoparticles. To find these first values, a line parallel to the x-axis was fitted to the region below 1% strain using 

Origin to assign the stationary value in this region and the corresponding error. ANOVA methods confirmed that 

at a P(0.05) significance level the data were not significantly different to the assigned fit. The crossover point 

location and errors were assigned by locating the lowest and highest strain values for which the error bars on 

the data points intersected, assigning the centre as the mean and the half-width as the error. Averaged data are 

presented in Figure 5.12 and key features are plotted as a function of concentration in Figure 5.13. 
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Figure 5.12. Viscoelastic behaviour as a function of strain amplitude, 

for gel samples with varying quantities of nanoparticles added to the 

double network PNIPAM-alginate gel. Samples are evaluated at a 

frequency of 1Hz and data shown are the average of at least three 

samples. Key values from these graphs are extracted and plotted as a 

function of concentration in Figure 5.13. 
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Figure 5-13 A summary of the differences in viscoelastic behaviour as a function of the concentration of gold nanorods added to PNIPAM-

alginate gels. Both elastic (square) and viscous (triangle) shear moduli are plotted in the approximately linear region below 1% strain and 

plotted against the left-hand y-axis. The right-hand axis corresponds to the shear value at which the crossover between elastic and viscous 

behaviour occurs. These values are indicated with crosses. Values shown are derived from the graphs in Figure 5.12, and error bars, if not 

visible, are too small to be seen. 

Examining the shear moduli as a function of nanoparticle concentration (Figure 5.13) the values of 1 and 2 g/ml 

show an increase of at least a factor of two over the unmodified gel and increased concentrations. This non-

monotonic response is surprising, as hydrogels are generally taken to exhibit mechanical properties which scale 

with their polymer volume fraction.49,50 One expression of this was formulated by de Gennes: 

 

𝐸 ≅ 𝑇𝑐 (𝜈 𝑎 ) 

Equation 5.5.7 

Here E is the elastic modulus (since only scaling laws are considered in the argument from which this is drawn, 

it applies equally to the shear and uniaxial elastic modulus), T is temperature, c concentration, ν the excluded 

volume parameter (fixed for a given solvent and polymer combination) and a is the effective length per 

monomer unit. As can be seen by comparing Figure 5.10, we would thus expect an increase in shear modulus 

proportional to the polymer concentration to the power 9/4, which is not seen. The non-monotonic shape 

suggests there may be competing factors in play. 
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On the other hand, adding charged elements could change the alginate crosslink structure, which has its own 

effect upon gel performance for a fixed polymer volume fraction. Additional ions provide more sites for bonds 

to form around, theoretically distributing the load and making the gel stiffer. This would be expected to proceed 

until all available G blocks were saturated with ions. Beyond this point, further additions might reduce the 

Young’s  modulus, as has been observed by Donati et al. for intermediate G:M ratio alginates with increasing 

calcium concentrations.51 They attributed this to the networking junction zones ‘zipping’ together, creating large 

aggregates rather than gel networks.  

Varying nanoparticle concentration often results in a non-linear mechanical response, as reinforcement effects 

increase with weight until aggregation begins at a critical threshold. Beyond this, the elastic modulus decreases 

as the addition of more particles only increases the aggregate size and therefore the presence of failure initiation 

sites. Potentially the AuNR, being stiffer and at a larger length scale than other components, are reinforcing the 

system until a critical threshold. Beyond this threshold the network is disrupted rather than reinforced, as 

recorded by Bhattacharya et al.52 However, this occurred at weight percentages of 1-5%, rather than 0.001%, 

the maximum recorded here. 

There is also the possibility that the structure of one network directs the second, as (for example) an uncured 

alginate with larger aggregates could eliminate NIPAM monomers from the alginate-dense region. This would 

cause local phase separations and affect the degree of interpenetration between the two networks as the 

PNIPAM network is forming. In turn this would reduce the interfacial area between the networks and the efficacy 

of stress transfer between them. It has been observed for some double network hydrogels that an optimum 

crosslink density for one network exists, around which fracture stress declines in both directions.53 

The crossover points have sufficiently large errors that no meaningful conclusions can be drawn. This arises from 

the imprecision of assigning these points, exacerbated by the large error size. One cause of the variation 

between samples, noticeably larger at higher strains, is slippage. While manufacturing, it was observed that the 

stickiness of the surfaces varied between compositions, resulting in some samples losing contact with the 

geometry during testing. While normal force monitoring from the instrument suggested that the results are 

reliable at least until 5% strain, the errors could be reduced by the use of a corrugated geometry or even 

sandpaper to increase grip. 
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 PNIPAM-ALGINATE WITH CTAB AND SURFACTANTS  

As mentioned in 5.3.1, the presence of citrate ions and CTAB surfactants in samples to which AuNR suspension 

was added may also have affected their shear response. This was tested by preparing samples with the addition 

of citric acid, CTAB, and both together, at the equivalent concentration which would have been incorporated by 

the addition of the greatest concentration AuNR used in this study. This corresponded to 0.02% wt of each 

(approx. 0.5mM). 

This graph elucidates somewhat the effects of each of the components of the nanoparticle solution. The addition 

of CTAB, a cationic detergent (coloured aqua on Figure 14), increases both viscous and shear moduli, and causes 

the crossover point where viscous effects dominate over elastic ones to shift to a lower strain. This would 

correspond to an increase both in the stiffness and/or number of bonds which deform elastically (represented 

by the elastic modulus), and in the energy required to deform the components inelastically. The fact that the 

Figure 5.13. Viscoelastic behaviour as a function of strain amplitude - elastic shear modulus (squares) and viscous shear modulus 

(triangles) are shown.  The nanoparticle solutions added (labelled with AuNR), also contains CTAB  and citric acid, both of which will 

affect the gel. This was tested by preparing PNIPAM-alginate hydrogels with only citric acid, only CTAB, and with citric acid and CTAB 

added, in the absence of nanoparticles.  
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elastic contributions break down at a smaller strain than native gel suggests the bonds are less extensible. This 

is supported by the observations of Yang et al., who observe increases in viscosity of more dilute alginate 

solutions with the addition of equivalent concentrations of CTAB.30 They attribute this to hydrogen bonding and 

hydrophobic interactions, whereby the CTAB molecules act as additional binding sites between the alginate 

polymers.  

The addition of citric acid (yellow on Figure 5.13) again increases both the storage and loss moduli. Here the 

linear region continues to higher strains. This is likely to be due to an increase in the pH leading to protonation 

of carboxylate groups in the alginate backbone and increased hydrogen bonding.  

However, the addition of citric acid and CTAB together (royal blue, Figure 5.13) have less effect on both shear 

moduli than either separately. This suggests they preferentially interact with each other rather than the 

polymers. 

The addition of the full nanorod solution has an effect greater than either citric acid or CTAB separately, and 

therefore certainly more so than the combination. It can be concluded that while the changing behaviour of 

PNIPAM-alginate hydrogels is definitely affected by the presence of CTAB and citric acid at a 0.1% concentration 

in the nanoparticle solution, the presence of these elements is insufficient to explain all the effects seen.  

 ALGINATES WITH VARYING NANOPARTICLE CONCENTRATIONS 

To clarify the effects of different system components, samples with only alginate and nanoparticles were 

prepared in an equivalent manner to PNIPAM-alginate samples and tested equivalently. 
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Figure 5.14. Viscoelastic response as a function of strain for alginate gels with the addition of 0, 1 or 3ml of gold nanorod suspension to 

the polymer blend before crosslinking – triangles are viscous, and squares, elastic, shear modulus. Overall polymer/solvent ratio was 

kept constant. Samples were tested at a frequency of 1Hz. 

3% w/t alginate gels crosslinked with calcium chloride showed an increase in elastic shear modulus with the 

addition of nanoparticles. This is likely due to the positively-charged nanoparticles and CTAB in the suspension 

acting as additional electrostatic binding sites.  

In contrast to the behaviour of PNIPAM-alginate gels of the last section, the response of pure alginate gels to 

nanoparticle addition did show a monotonic trend. A greater concentration of NR yielded higher elastic and 

viscous shear moduli in a roughly linear relationship, with the crossover points remaining fairly consistent. While 

it is important not to overclaim from the limited data points available, this suggests that the non-monotonic 

behaviour seen in the elastic shear moduli as a function of concentration is somehow related to the double 

network structure. 

The moduli of the pure alginate samples are significantly greater – from 50% to 100% - than the equivalent 

PNIPAM-alginate hybrids. This could be attributed to the longer immersion time required to cure these gels (see 

Materials and Methods), resulting in a higher crosslink density. Alginate gels have approximately 2% higher 

swollen density than the PNIPAM-alginate gels, which would also be expected to increase their shear moduli.  
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 COMPRESSION TESTS 

The linear elastic modulus is relevant when considering the response of the material to axially applied stress. It 

is required to apply the Timoshenko model and to inform the development of more complex models of linear 

elasticity. While the Lamé equations relate elastic shear, here denoted as G, and the linear elastic modulus, E, 

this requires knowledge of one additional elastic constant – either the Poisson’s ratio or the bulk compressibility 

– and additionally the assumption of isotropy. Since E is easier to measure for gels and will provide an indication 

of whether the material can be considered anisotropic, E was measured through compression testing.  

 PNIPAM-ALGINATE WITH VARYING NANOPARTICLE CONCENTRATIONS 

Compression tests were performed on samples with 0, 0.5, 1, 1.5, 2, 2.5 and 3.0ml of AuNR suspension per 15ml 

batch. Samples were prepared as described in Materials and Methods. The force-extension data were 

transformed into engineering stress-strain graphs, for which examples are shown in Figure 5.15 and Figure 5.16. 

Complete data are provided in the appendix.  

For soft materials such as hydrogels, plotting true stress and strain – which take into account the change in 

length and area throughout the experiment – is a more accurate representation of the forces experienced by 

the material during testing. This transformation was made according to the techniques described in Materials 

and Methods. 

5.4.7.1.1 STRESS-STRAIN GRAPHS 

The stress-strain curves yielded showed strain-hardening, an increase in the magnitude of stress response with 

increases in strain. Examples of results from a classic engineering stress-strain plot and a transformation into 

true strain are presented, showing the linearization effect of the latter. All strain values were negative under the 

true strain transformation, reflecting the compressive mode of testing. Gradient fits were performed in the 

region of strain magnitude less than 0.01 to obtain Young’s moduli in the same strain region as rheological data.  
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Figure 5.15. Engineering stress-strain data for PNIPAM-alginate gels with the addition of 1ml of nanoparticles, corresponding to a 

concentration of 2g/ml of gold nanorods and 0.0067% by weight of CTAB and citric acid. Lines shown are linear fits to the strain region 

below 1%. 

 

Figure 5.16. True stress-strain data for PNIPAM-alginate gels with the addition of 2.0ml of nanoparticles, corresponding to a concentration 

of 4g/ml of gold nanorods and 0.02% by weight of CTAB and citric acid. Lines shown are linear fits to the strain region below 0.01. 
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5.4.7.1.2 LINEARIZATION OF GEL RESPONSE IN ELASTIC REGIME 

Linear fitting on this region was performed as described in Materials and Methods for both engineering and true 

stress-strain plots. 

Figure 5.17. Stress-strain data below 10% strain for PNIPAM-alginate gels with the addition of 1ml of nanoparticles, corresponding to a 

concentration of 2g/ml of gold nanorods and 0.0067% by weight of CTAB and citric acid. Lines shown are linear fits to the strain values 

below 1%, with a gradient corresponding to the Young’s modulus in the elastic regime. For clarity, only alternate data points are shown. 

 

 

 

 

 

 

 

 

Figure 5.18. Stress-strain data below 10% strain for PNIPAM-alginate gels with the addition of 1.5ml of nanoparticles, corresponding to a 

concentration of 1g/ml of gold nanorods and 0.0033% by weight of CTAB and citric acid. Lines shown are linear fits to the strain values 

below 1%, with a gradient corresponding to the Young’s modulus in the elastic regime. For clarity, only alternate data points are shown. 
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The gradients extracted by this fitting, corresponding to the engineering and true Young’s moduli,were plotted 

as a function of the volume of nanoparticle suspension added, shown in Figure 5.19. No obvious trend is seen. 

 

 

However, when the variables were transformed according to the concentration scaling relationship of Equation 

5.5.7 using the measured values for polymer volume fraction (proportional to concentration) from Figure 5.11, 

yielding Figure 5.20. For both true and engineering moduli, fitting shows a weak linear inverse correlation (R2 ≈ 

0.5) between the adjusted elastic modulus, with a gradient of -8 ± 3 x106 µg/ml·Pa.  

Figure 5.19. The elastic moduli extracted from the linear region below 0.01 strain during compression testing on PNIPAM-alginate gels, as 

a function of the concentration of gold nanorods incorporated in said gels.  
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Figure 5.20. The effect of nanoparticle concentration on the uniaxial elastic modulus divided by the polymer volume fraction found 

previously to the power of (9/4), eliminating density effects. 

While the fit is poor, it suggests there may be negative linear correlation between the concentration of 

nanoparticle suspension added and the elastic Young’s modulus (E). This could be due to screening effects of 

charged species between the negative polyelectrolytes, reducing electrostatic repulsion and thus resistance to 

compression – a situation sketched in Figure 5.21. This would be expected to increase linearly with 

concentration. For both true and engineering calculations the Young’s modulus is an order of magnitude larger 

than the elastic shear modulus, but does not reflect the characteristic hump shown by the shear modulus at 

concentrations of 1-2 g/ml. Figure 5.22 shows a like-for-like comparison of the elastic moduli measured with 

each method, adjusted for polymer volume fraction. 
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This contradicts both the scaling argument of equation 5.1, which should apply equally to both moduli, and the 

assumption that E ≈ 3G (shown as a dashed grey line in Figure 5.22), as discussed in section 4.4.3.5.2. All the 

considerations given there apply, including the possibility of the testing measuring the viscoelastic response in 

a different regime. Alternatively, there may be information contained about changes in material properties.  

These data are intriguing, and there may be interesting results from investigating further how the direction of 

testing (normal or shear), the direction of strain (positive or negative) and the characteristic time of testing affect 

the performance of nanoparticle-laden double network hydrogel. A changing relationship between E and G 

suggests variation in the Poisson’s ratio, which would imply a change in molecular packing.54 Alternatively, the 

results may reflect some anisotropy in the material, perhaps arising from curing direction as seen in Chapter 4 

or alginate junction zone compaction. 

Figure 5.21. Schematic illustration of the effect of additional positive charges (red crosses) to the equilibrium spacing of an alginate

network (green solid lines; straight lines represent guluronate units and bent mannuronate. Ca++ ions are black and red). In the right-

hand case, the addition of more free positive charges reduces the effective negative charge experienced by the junction at the centre 

of the grey oval, and thus reduces the repulsion between negatively-charged polymers (represented here by blue dotted lines) relative 

to the left-hand case. 
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Overall this highlights a salient point for the testing of gels – were only one testing modality, shear or 

compression, used, and a simple extrapolation made, this complex behaviour would not have been noted and 

inappropriate conclusions may have been drawn, potentially assigning a trend where none is shown, or even a 

trend in the opposite direction. This demonstrates the necessity of a careful consideration of testing modes, 

ideally matching the test method as closely as possible to the use-case to limit the extrapolation required. The 

use of multiple independent methods is also advantageous. 

 COMPARISON OF THE EFFECT OF SURFACTANT WITH THE ADDITION OF NANOPARTI-

CLE SUSPENSION 

As observed in 5.3.2, it is unclear whether the effects of the addition of nanoparticle suspension derive from the 

nanoparticles, the surfactant and citric acid used to passivate them and thus found in the solution, or some 

combination of the above. As a control, samples were generated using only the addition of surfactant, in 

equivalent quantities to a given nanoparticle concentration, and tested in the same manner. Results are shown 

in Figure 5.23. Only CTAB was included in this control, due to time limitations. Analysis of the average gradients 

for both sample sets in the below 1% strain region yielded values of 1200 ± 50 Pa for the compressive elastic 

Figure 5.22. Summary of elastic shear (G) and Young’s (E) modulus changes for PNIPAM-alginate gels with the addition of 

nanoparticles, divided by the polymer volume fraction of each gel to the power of 9/4 to adjust for polymer density. 
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modulus of a 3.0ml nanoparticle/PNIPAM-alginate gel and 1050 ± 60 Pa for samples with equivalent 

concentration of CTAB in the gel.  

 

Figure 5.23. Engineering stress-strain graph for PNIPAM-alginate gels with the addition of 3.0ml of nanoparticles (red, top), corresponding 

to a concentration of 6g/ml of gold nanorods and 0.02% by weight of CTAB and citric acid, and for PNIPAM-alginate gels with just 0.02% 

by weight of CTAB added. 

This shows a decrease in Young’s modulus with the addition of CTAB, corresponding to a less stiff gel. As 

mentioned above, this could be due to more rapid relaxation times in the AuNR gel, or a higher initial value. 

Comparing to Figure 5.13, the values for AuNR  are a factor of 8 higher than CTAB gels, significantly larger. The 

data in Figure 14 also indicate a crossover point at lower strain for CTAB alone, suggesting that the component 

has more effect on the gels when there are no alternate components to interact with. Prior work has observed 

agglomeration between CTAB and alginate.55 

This could create loops and agglomerations in the alginate around the additional netpoints introduced by CTAB, 

reducing the degree of interpenetration of the two networks and their ability to transmit stress.  

In summation, the effect of gold nanorods and accompanying detergents and acids in solution on PNIPAM-

alginate gel elastic behaviour is complex. The behaviour of hybrid gels in shear seems to have a peak elastic 

modulus at a concentration of 1-2g/ml of AuNR, while compression elastic measurements showed a decrease 

with concentration. The lack of agreement between these measurements was perhaps due to different testing 
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regimes, a disparity between samples, or some changing property relating to the bulk compressibility. 

Discriminating between these possibilities would require further testing, potentially with a nanoindentation 

method. 

From the variation in swelling ratio presented in 5.4.5, and the differences in shear modulus from 5.4.6, it seems 

possible that the addition of nanoparticle solution causes changes to the combined network structure of the 

two gels. This could manifest as the formation of aggregates or phase separation, a change in crosslink density 

or strength in either component, or a change in the geometric relationship or bonding between the networks.  

The working hypothesis was that differences in the structure begin in the lightly cured blend, and then are locked 

in by photocrosslinking of the interpenetrating NIPAM monomer into a solid gel. Subsequent immersion in CaCl2 

then solidifies the remaining binding sites on the alginate strands. For insight into gel characteristics such as 

aggregration or network changes, small-angle X-ray scattering was used to examine the statistical distribution 

of junction zones, as in Stokke et al.56  

 SMALL ANGLE X-RAY SCATTERING 

Small angle X-ray scattering (SAXS) can elucidate information about the structure of the sample at the 

nanometre length scale. Prior works have used SAXS to characterise the junction structure of alginates56–58, and 

to explain the changes in gel structure underlying shifts in rheological behaviour.59 Integrated data from small-

angle neutron scattering and light scattering has revealed structural details in PNIPAM gels corresponding to 

regions of higher crosslink density, as well as the fundamental polymer parameters such as average molecular 

weight between crosslinks.60 

SAXS was performed on calcium cross-linked alginate, PNIPAM, NIPAM monomer in alginate gels and fully cured 

PNIPAM-alginate to determine characteristic gel length scales at each stage in the gel preparation process, for 

comparison with those found by, for instance, swelling methods.  

Double-network gels exhibit complex scattering patterns and so to provide a simpler window onto the structural 

changes single-network alginates with nanoparticles and surfactants added were also prepared. SAXS 

measurements were performed as stated in materials and methods, and data obtained were analysed and fitted 

with SASView. 
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 ALGINATE GELS WITH NANOPARTICLE SOLUTION 

One appropriate model for describing scattering from a gel is that of a mass fractal. This represents a structure 

which exhibits geometric self-similarity at different length scales. Intuitively, this matches the working picture 

of a gel: a sponge-like structure with pores of different sizes, or at a polymeric level, a branching tree-like 

structure. The extent of self-similarity is mathematically quantified by the fractal or Hausdorff dimension. This 

is a numerical measure of how the size of a space scales depending on the distance between points being 

considered: for example, for a volume with some voids, how the mass contained within measurement boxes of 

length r depends on the length r being considered. This relationship goes as M(r) α r-D, with D being the 

dimensionality. 

Scattering from such self-similar structures is predicted to follow Porod-like behaviour.61 This applies when the 

momentum transfer q (see definition in Materials and Methods) is such that correlations between surface 

segments and interfaces average, giving rise to an overall measure of surface roughness with a scattering 

intensity dependent on q-n. Here n is the Porod exponent, characteristic of the scattering target and the q region. 

This can be generalised for structures whose character varies depending on the length scale. For length scales 

below l, the smallest feature size of the target, the surface appears even and classic Porod scattering is seen. 

Here n= 4. At length scales between l and the correlation length ξ, scattering detects surface structure, and n = 

6 - D (where D is the fractal dimension of the surface); and at length scales above ξ, the correlation length, the 

entire sample is probed. Here n = ‐D for the same definition of D.61 

The following formulation, developed by Mildner and Hall, calculates the intensity of mass fractal scattering as 

a function of q.61 This is implemented in Sasview and was used to fit the alginate data shown in Figure 5.24 and 

Figure 5.25. Generally, scattering has the format shown in Equation 5.8: 

𝐼(𝑞) = 𝑠𝑐𝑎𝑙𝑒 ×  𝑃(𝑞)𝑆(𝑞)  +  𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 

Equation 5.8 

Here, I(q) is the scattering intensity. Scale is a system dependent property which relates to sample volume, 

number of particles and scattering length density of particle and solvent. In this situation, it is approximately the 

same for all samples and is treated as a fitting parameter. P(q) is the form factor, a function of q which gives 
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information about the size and shape of particles. Correspondingly, S(q) is the structure factor, describing 

interactions between particles. In the absence of interactions, S(q) = 1. Background is the contribution from 

non-sample interactions: here set to a finite but small value (0.0001) as this correction is performed manually 

by subtracting the scattering from an empty cell before fitting data. 

For this implementation of a mass fractal, the material has no well-defined shape and so the form factor is as 

for an ellipsoid with no preferred orientation (after Guinier)62: 

𝑃(𝑞) =
3[𝑠𝑖𝑛(𝑞𝑅) − 𝑞𝑅 𝑐𝑜𝑠(𝑞𝑅)]

𝑞 𝑅
 

Equation 5.9 

Here R is the radius of the ellipsoidal building block, corresponding to the smallest length scale of the system – 

below this there is no further structure. 

The structure factor combines the mass fractal dimension, Dm, and the cut-off length 𝜁, beyond which no self-

similarity is seen, in the following equation: 

𝑆(𝑞) =
𝛤(𝐷 − 1)𝜁

[1 + (𝑞𝜁) ]( )/

sin[(𝐷 − 1) tan (𝑞𝜁)]

𝑞
 

Equation 5.10 

Here Γ  is Euler’s gamma function, analogous to a factorial function for non-integer values and defined for 

complex numbers z  with a positive real as: 

𝛤(𝑧) = 𝑥 e d𝑥 

Equation 5.11 
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Figure 5.24. Guinier plot of scattering intensity as a function of momentum transfer for alginate gels. Shown for alginates with the addition 

of 1.0ml of nanoparticle solution (Alginate 1.0, red upward pointing triangles), with 3.0ml (Alginate 3.0, blue left-pointing triangles) and 

plain alginate (green circle. Fits describe a mass fractal model (Equation 5.8-Equation 5.11) for which parameters are given in Table 5.2 

The overall shape of each scattering dataset is similar for alginates with all additives, suggesting the fractal gel 

structure of alginate is not significantly disrupted. Figure 5.24 suggests addition of 1.0ml of nanoparticle solution 

increases scattering intensity while the addition of 3.0ml has virtually no effect. This is unlikely to be due to the 

increased electron density due to the addition of gold, as that would cause both series to increase. It could be 

due to changes in the average junction size or another network parameter, which would match what is observed 

at a macroscale, with, for example 1.0ml having a higher shear modulus and 3.0ml having much the same as 

native gel.  

Initial fitting of the mass fractal model to 0.01<q<0.08 for the data in Figure 5.24, presented in Table 5.2, showed 

fractal dimensions of 1.82±0.05 for the plain alginate network, 1.711± 0.03 for 1.0ml, 1.803±0.06 3.0ml of 

nanoparticle suspension, and 1.89±0.03 for the equivalent of CTAB. This value is compatible with literature 

values for SAXS on alginate gels which find dimensions of 1.8-2.05, attributing the higher numbers to an increase 

in junction zone functionality. However, the excessively small reduced χ2 values indicated overfitting.  
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Table 5.2. Mass fractal fits to SAXS data from alginate networks with added nanoparticles 

Noting the similarity of the scale values and the radius, these values were fixed at 0.015 and 30 respectively, 

reducing the degrees of freedom. With these values fixed, and a cut-off length of 100 Å imposed, the fractal 

dimensions shown in Table 5.3 were obtained. 

Table 5.3. Mass fractal fits to SAXS data with fewer free parameters 

This is compatible with the Porod models which have been fitted to alginate gels with fractal dimensions of 1.8-

2.05 by Stokke et al.56  With a reduced χ2 of approximately order 1, this suggests this model is reasonable if 

coarse grained, and continues to return mass fractal values compatible with literature. The imposition of 30 Å 

as an approximate junction radius is plausible, corresponding to an average junction zone consisting of 7 ~4.3Å 

guluronate units.63  However, the large error suggests a high degree of polydispersity, which is to be expected 

in this biopolymer.63 More complex models, such as the ‘broken rod’ model of two unlike cylinders represented 

by weighted Bessel functions,58,64 may better describe some of this variation but are beyond the scope of this 

work. 

The values found are 1.81±0.003 for the plain alginate network and that with 3ml of nanoparticles added, 

increasing to 1.93±0.001 for 1.0ml of nanoparticle suspension added. The increase seen for 1.0ml is unlikely to 

be due to the increased electron density due to the addition of gold, because that would cause both series to 

Composition Scale Error Radius Error Fractal 

dimension 

Error Cutoff 

length 

(set) 

Reduced  

χ2 

Alginate 0.0121 0.003 29.2 4.28 1.817 0.054 150 0.01246 

Alginate 1.0 0.0224 0.003 30.9 2.59 1.711 0.03 150 0.01995 

Alginate 3.0 0.0129 0.003 30.5 4.18 1.802 0.055 150 0.00703 

Alginate with CTAB 0.0175 0.002 30.3 2.36 1.894 0.029 150 0.03288 

Composition Fractal dimension Error Reduced χ2 

Alginate 1.81 0.003 0.46 

Alginate 1.0 1.93 0.001 0.19 

Alginate 3.0 1.81 0.003 0.43 
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increase. The similarity between the values for alginate and alginate with 3ml of nanoparticle suspension, and 

dissimilarity with a 1ml addition, matches the non-monotonic trend observed in PNIPAM-alginate shear moduli 

and shown in Figure 5.12. While the shifts in fractal dimension are small, an increase would correspond to a 

higher degree of branching in the network. This would be expected if more junction zones were laterally 

associating, hypothesized to cause an increase in the resistance to shear by Donati.51 With the addition of a 

greater amount of nanoparticles, the network is may then reach saturation and compact itself, partially losing 

its flexible polymeric nature.  

However, this is not comparable with the shear data from alginates and nanoparticles alone (5.4.6.3), where a 

linear increase in elastic shear modulus accompanies an increase in nanoparticles. A potential explanation for 

this would be that the increase in association for PNIPAM-alginates causes larger junction zones which then have 

a decreased ability to transmit force between PNIPAM and alginate networks due to their relatively lower 

surface area. For pure alginate networks, there would be no penalty for a reduction in surface area if the strength 

of the single network remained consistent, and thus no decrease. 

A higher degree of branching in alginates would correspond with a higher degree of porosity in the PNIPAM 

network, since the alginate defines the absence of PNIPAM. The addition of linear sodium alginates has been 

theorised to allow the more rapid transport of water from the bulk of PNIPAM hydrogels during contraction65 – 

possibly the presence of a more or less branched network would have an effect on the rate of swelling and 

deswelling, which may explain the small enhanced thermal response seen for 1ml of AuNR in Figure 5.9. 

 ALGINATE GELS WITH CTAB AND SURFACTANTS 

As referred to earlier, the additional chemicals present in the nanoparticle solutions could cause confounding 

effects. These were therefore tested separately and results are shown in Figure 5.25. 
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Figure 5.25. Guinier plot of scattering intensity as a function of momentum transfer for alginate gels. Shown for alginates with the addition 

of 0.02% wt CTAB, (Alginate with CTAB, red upward pointing triangles), 0.02%wt citric acid (Alginate with citric, blue downward-pointing 

triangles), 0.02% of citric and 0.02% of CTAB (yellow diamonds) and alginate with nanoparticle solution, containing both CTAB, citric and 

gold nanorods. (Alginate with NP, red squares). Series with NP, and plain alginate (blue circles) are virtually superimposed. Lines shown 

fit to a mass fractal model (equations 5.4-5.7) for which parameters are given in Table 5.4. 

To control for the effect of other chemicals included in the nanoparticle suspension, the same approach was 

applied to scattering data of alginates with other chemicals. To enable comparison, the values for alginate and 

alginate with nanoparticles are reproduced here. 

Composition Fractal dimension Error Reduced χ2 

Alginate 1.81 0.003 0.46 

Alginate with CTAB 1.98 0.001 0.74 

Alginate with Citric 2.02 0.001 0.84 
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Table 5.4. Mass fractal fits to Alginate with citric and CTAB 

The fractal dimensions are again within the range observed by Stokke.64 The addition of both citric acid and CTAB 

increases the fractal dimension, potentially by creating binding sites, and unlike that trend shown for swelling 

ratios (see Figure 5.10) the effect of both citric and CTAB seems greater than either singly. However, the fit 

quality is low. The higher increase in fractal dimensions could be due to the increase in hydrophobic self-

interaction between alginates, and their tendency to form aggregates.45 

Again, the result of citric and CTAB differs from that of the complete nanoparticle solution, demonstrating the 

role of AuNR in the observed affects. 

 APPROACHING PNIPAM-ALGINATE DOUBLE NETWORK GELS 

PNIPAM gels measured using small angle neutron scattering (SANS) have previously been fitted with a sum of 

Ornestein-Zernicke functional forms.60 This scattering function describes material-characteristic correlation 

lengths. Within a gel, this is related to the mass between crosslinks and the characteristic size of regions where 

the crosslink density is locally higher or lower. This is qualitatively different from the alginate forms shown 

above, and it was of interest to see the scattering characteristic of the double network gels.  

Interpenetrated PNIPAM-alginate hybrid gels, crosslinked PNIPAM, alginate, and alginate interpenetrated with 

IPAM monomers were tested, and results shown below. 

 

Alginate with Citric and 

CTAB 

2.07 0.001 2.83 

Alginate 3.0ml 1.81 0.003 0.43 
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Figure 5.26. SAXS from gel samples of alginate, alginate with NIPAM monomer, PNIPAM and PNIPAM-alginate. Background scattering 

from the containing cell has been subtracted. 

In Figure 5.26 we see that PNIPAM and alginate show wholly different and distinct scattering behaviour, 

corresponding to the higher ‘roughness’ of the alginate gel. When immersed in IPAM monomers, the alginate 

retains its characteristic mass-fractal structure, although there is an increase in scattering at low-q relative to 

alginate. This scattering region gives information about the size and shape of fundamental particles in the system 

and may indicate an increase in aggregation.  

The NIALG model deviates from the fit generate at higher Q, and for PNIPAM-ALGINATE a mass-fractal fit is poor, 

suggesting that following photo-crosslinking of the second network the gel structure has fundamentally changed 

and is no longer adequately represented by a mass fractal description. The combined PNIPAM-alginate gel 

scattering data lies intermediate between PNIPAM and alginate gels. The shape of scattering data for PNIPAM 

is similar to previously published work reproduced in Figure 5.27. 
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In summary, the scattering behaviour of PNIPAM and alginate gels are qualitatively different, and scattering 

from hybrid PNIPAM-alginates clearly shows a different form to alginates interpenetrated with IPAM. The 

addition of nanoparticles, CTAB or citric acid shows small shifts in the characteristic dimensions of a mass fractal 

fit to the scattering data in the Porod region, which may indicate a change in functionality of the alginate 

network. However, the shifts are very small and far from conclusive.  

For future developments, it would be interesting to examine any potential templating effects which changes in 

the binding of alginate in the uncrosslinked network cause to the shape of PNIPAM gels formed. The masking 

effects of double network systems could be avoided by stripping the alginate from the double network gel 

Figure 5.27. Fitting of small angle neutron scattering data from heterogenous PNIPAM gels, from Hirokawa et al. Dotted lines indicate 

Ornestein-Zernicke type fits, each corresponding to scattering from a different length scale in the material: the size of tightly bound

regions Itight(q), the size of loosely bound regions Iloose(q), the size of the constituent microgels, Imicro(q) 
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formed in situ with nanoparticles and comparing it to an unblended sample. This could be achieved by removing 

the calcium ions with a more strongly chelating agent such as ethylenediaminetetraacetic acid and soaking to 

remove free alginate polymers, leaving only the PNIPAM network, a suggestion made by Sarah Michel. SAXS or 

confocal comparisons between PNIPAM formed around alginate and PNIPAM formed around alginate with NPs 

would elucidate the method by which nanoparticle inclusions affect the double network gels. 

5.4.  CONCLUSION 

In summation, the addition of gold nanorod solution at a concentration below 6 g/ml to PNIPAM-alginate 

double network gels does not affect the thermal response significantly, but does cause large changes in the 

elastic shear modulus as measured by strain ramps at a 1Hz frequency. These changes are non-monotonic, show 

a peak value at a concentration of 1-2g/ml, and are not matched by an increase in the uniaxial elastic modulus. 

These effects persist when adjusted for changes in the polymer volume fraction, which increases by almost a 

factor of two with the addition of the maximum concentration. While citric acid and cetyl trimethylammonium 

bromide, also present in the suspension, cause changes in the gels both in isolation and together, these are 

smaller than the effects of the complete solution with nanorods. 

The lack of infra-red laser triggering and the small magnitude of thermal shifts, as established by DSC, are likely 

due to the low concentration of nanorods used. However, even for this low concentration, the effect on the 

mechanical properties of the gel is large, with a seven-fold increase in instantaneous elastic shear modulus. 

Observed decoupling between the behaviour of the elastic shear modulus and uniaxial elastic modulus 

demonstrates that the assumption of a linear relationship between them, common in materials analysis of 

hydrogels, is inappropriate in this case. The decrease in uniaxial modulus with concentration was attributed to 

the screening effects of charged species reducing the electrostatic repulsion between alginates. 

Further investigations into the mechanism of the shear modulus increase and the swelling ratio changes were 

inconclusive. It is likely that competing effects are taking place in the gels. The charge on the AuNR, and the ions 

and surfactants in solution, will interfere with the charge-mediated formation of the alginate network which 

contributes much of the toughness of the hybrid gel through its energy-dissipating physical bonds. This is 

supported by SAXS data suggesting larger aggregates in alginate gels. This will in turn affect the porosity of the 

PNIPAM network, affecting diffusion rates and thermal response. The concentration of nanoparticles used in 
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this research is too low to have significant reinforcement effects, but could have templating effects on the 

formation of the gels.  

Much of the complexity of this analysis arose from the poorly-characterised behaviour of alginates and the 

multi-component system of the nanoparticle solution. While polyelectrolytes are required for a classic double-

network gel, and the low cost and abundance of alginate is appealing, using a less variable source with well-

described behaviour as a composite with PNIPAM would enable separation of contributions from the double-

network and the nanoparticle components. Another route to simplify the system, and separate charge 

contributions from those of reinforcement, examining nanoparticles with different functionalisations would be 

a promising direction. 

While the lack of thermal response makes this method of modification unsuitable for hydrogel 4D printing, the 

accompanying changes in elastic properties would be important information for programming shape change in 

hydrogel systems or tissue engineering purposes. This suggests that, even at low concentrations, researchers 

should carefully assess the affect on the gel matrix of the addition of nanoparticles. Testing modalities that 

directly probe the mechanical characteristics needed for prediction, in the relevant time regime should be 

favoured, to minimize the assumptions required in obtaining the values of interest. 
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6. OVERALL CONCLUSIONS AND FURTHER WORK 

This thesis sought to improve the accessibility of 3D printing materials that change their shape in response to 

temperature, with a view to increasing the speed of technological developments and the ability to replicate 

scientific findings. Challenges were identified as the use of proprietary, high-cost technologies and materials and 

a limited palette of ways to create the anisotropic properties required. The thermoresponsive double-network 

hydrogel PNIPAM-alginate was selected as a printable smart material, resilient to testing and with much 

potential for modification. 

An open-source 3D printer with UV curing capacity and chilled operating temperatures was developed. While 

lower in resolution, it is significantly lower cost – by a factor of between 5 and 1000 – than commercial systems 

with equivalent capabilities. As a result of this and appropriate licencing and documentation, it can be readily 

accessed, customised and improved by any interested parties. In this way, accessibility and reproducibility are 

improved.1,2 

The UV curing capability of this printer created gradations in ambient swelling and thermoresponse withi printed 

PNIPAM-alginate pieces, using a previously undocumented phenomenon. This manifests as a difference in 

contraction and swelling between the directly illuminated face of the printed piece and the unilluminated - but 

still cured – side. Pieces initially printed flat therefore take on curvature both at ambient equilibrium and at 

maximum thermal contraction. The direction of curvature in either condition varies depending on the thickness 

of the piece. This method of creating gradation and bending is easy, rapid, one-step with the printer developed 

in this work, and requires no preparation of masks or moulds, all of which are necessary for other documented 

methods of creating curved gels.3,4 The cause of the effect remains unknown but an osmotic gradient towards 

the first areas to polymerise is suggested. 

Finally, a second approach to varying the properties of PNIPAM-alginate gel, this time with the addition of gold 

nanorods, was attempted. It was found that the maximum concentration of nanorods added (6g/ml) was 

insufficient to create laser-induced heating. However, this very low concentration did increase the thermal 

transition temperature somewhat and reduce the swelling ratio of the gel at ambient temperature. The shear 

elastic modulus increased for a dose of 1-2g/ml, decreasing for higher concentrations, while the Young’s 

modulus decreased linearly. While not a cost-effective method of generating anisotropy, this shows that as little 
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as one part per million of gold nanorods can significantly affect mechanical properties of the hydrogel matrix 

surrounding them. This fact could be relevant for future workers interested in nanoparticle/hydrogel 

composites, such as those developing nanoparticle-enhanced responsive actuators or reinforced hydrogels.5–8 

This could also be relevant when developing synthetic tissues or hydrogel drug delivery, where stiffness affects 

cell interactions.9,10 

In the section following, the three topics of work will be addressed separately in terms of outstanding questions 

and high-priority next steps. 

6.1.  OUTSTANDING QUESTIONS AND RESEARCH PRIORITIES 

6.1.1.  AN OPEN-SOURCE UV-CURING EXTRUSION 3D PRINTER 

The printer developed uses an open-source printer body design, hardware and firmware, with open source 

syringes, connectors, and custom LED illumination integrated with the 3D printer electronics. The printer is 

capable of processing PNIPAM-alginate with a resolution of ± 0.25mm and to a maximum print size of 40mm 

diameter and 5mm height. Details for the printer parts are available on GitHub ( 

https://github.com/MxEntropic/protea-parts ) . More detailed documentation to assist others in assembling the 

system would be desirable, potentially by uploading to the Instructables website (run by Autodesk) as practiced 

by Marzo et al. to accompany their paper.11,12 

The priority for future development is improving sample reproducibility. For this, even, well-defined illumination 

is the first requirement. This could be achieved using a more complex focusing element and collimator for the 

UV source, possibly shifting the beam to be offset from the needle location on the print-head to remove 

obstruction. The intensity and size of the UV illumination should be characterised, and when the source is better-

defined and even curing prints. This should allow better definition of the bending properties of printed objects 

and provide a more reliable data set to model the deformation behaviour of the gels. This will enable 

investigation of the next development. 
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6.1.2.   LIGHT-INDUCED GRADIENTS IN PNIPAM-ALGINATE PRINTS 

The source of the observed curvature in PNIPAM-alginate prints is currently unknown, although it clearly has a 

dependency on sample thickness and illumination direction. This shows promise due to the interest in gradated 

systems,13–15 and the ease of the technique compared to templated approaches. 1–4 Further investigation 

requires both microscale materials testing to establish the basis of the phenomenon and more precise definition 

of macroscale bending behaviour to achieve desired shape-change. 

Work must first focus on probing into the origin of the effect. Confocal microscopy showed promise as a 

technique. Comparison of horizontal sections from different layers of a thick sample coupled with automated 

image processing to process a large number of pores seems to be the most efficient way to test for differences 

in porosity. Atomic force microscopy imaging of the local Young’s moduli throughout the sample could also 

prove informative.16 The aim of this work would be to correlate the mechanical properties of the gels as 

produced with the print conditions used and the final equilibrium configuration. 

At this stage it would also be interesting to explore the bimodal pore distribution observed: is this unique to 

PNIPAM-alginate, or present in all PNIPAM samples if examined appropriately? How is it affected by the 

conditions of fabrication and what effect do the pores have on the mechanical and chemical properties of the 

material? The answers could have implications for those working with PNIPAM.5,6 

A microscopic understanding of gel properties would inform investigation into the mechanism by which the 

gradient is introduced, and therefore requirements for the improvement of print quality. As mentioned in 

Chapter 3, the theory about osmotic swelling could be tested using an osmometer. If this is the case, humidity 

control should improve reproducibility.  

Once sample production processes are refined, generation of more beam samples and samples with off-

perpendicular illumination to investigate helical curling could follow, hopefully with reduced errors. The data 

thus generated would clarify the behaviour to be matched by theory. 

To be useful in printing shapes with desired equilibrium configurations, a model of the shape-changing behaviour 

is required.  Some work based on the Föppl–von Kármán equations of continuum elasticity has been done with 
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the kind assistance of Joshua Robinson.7 This suggests that the addition of an expression of a thermally sensitive 

gradient to the equations of elasticity for a thin plate should produce a modification to the curvature term within 

the total elastic energy – a promising start which matches observations so far. This makes predictions for both 

1D and 2D cases and could be compared to the behaviour of beams and discs with varying aspect ratios. If further 

data suggests more complex behaviour than described by this formalism, finite element analysis such as that 

used by Zhang, Breger and co-workers 17,18 may be necessary to understand the behaviour.  

If the osmotic gradient theory is correct, swelling rates could be adjusted independently of thickness by 

modulating the time allowed for diffusion to take place, improving the diversity of final shapes available. A lower 

intensity curing dose for a thicker layer would allow greater solvent transport time and permit independent 

choices of curvature and thickness. Varying only curing dose and time could potentially lead to results similar to 

those of Na et al.4 The curved shapes thus generated are of interest not only to the engineer, but to the 

mathematician, to inform and test understanding of elastic and geometric theories.19 

Long term, the use of curing as a variable in hydrogel printing could provide a route to tailoring not only the 

shape, but the physical properties within a volume. Perhaps a matrix defining the swelling ratio required for 

each voxel of a print could be included in the 3D model sent to a slicer, and the print produced could vary 

dynamically in properties the way current prints vary in shape. This could have applications for technologies 

such as ‘morphological computation’ in soft robots, where intelligent navigation of obstacles arises naturally due 

to the mechanical properties of the robot body.20,21  

6.1.3.  GOLD NANOPARTICLE ADDITIVES IN PNIPAM-ALGINATE GELS 

The work done investigating the effect of low concentrations of nanoparticles on PNIPAM-alginate yields 

information on the subtle effects of even small amounts of additive on the double-network gels, which can be 

detrimental to the desired outcome. While a general trend of the addition of nanoparticles disrupting 

electrostatic interaction is shown, many outcomes are complex, potentially reflecting effects on the 

polymerisation and crosslinking of both networks.  

Further insight into the interaction between gold nanorods and P/NIPAM-alginate at multiple stages during the 

formation of the gel would clarify the process. This could be enabled by staged examination of the gels 
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throughout the manufacturing process using a combination of rheological observations and confocal microscopy 

as demonstrated successfully in the earlier chapter. 

Preliminary work on three-stage shear rebuilding protocols conducted on NIPAM-alginate blends with the 

addition of citric acid, CTAB and various concentrations of nanoparticles shows differences between the 

compositions. For all, rebuild rate shows the interesting two-stage phenomenon, but the rate of rebuilding – 

related to inter-molecular forces and structure – varies. Some preliminary analysis has been done on this data, 

using Python to find the amplitude decay envelope and detect the time values for each stage. These are well 

fitted by exponential curves and show differences between formulations.  

However, relating this behaviour to physical interactions is challenging as there are many potential microscopic 

explanations for the behaviour. A simple first step would be to run the measurements on alginic acid with the 

sodium ions removed as much as possible and note if both stages still persist: if one disappears or decreases 

significantly, this lends weight to the theory that the stages represent chelation of ions and formation of 

hydrogen bonds respectively. Alternatively, the two stages could represent initial formation of small networks 

which then extend until they join, or an entirely different phenomenon could be at work. To assess the validity 

of these theories, measurements could be complemented by molecular dynamics, taking an approach similar to 

Bauer and Bauer22 to examine the network development and to Hecht and Srebnik23 to look into ionic and 

hydrogen bonding. Thanks are due to Professor Hamerton for this suggestion. 

As in the previous section, some salient lessons were learnt about appropriate methods for hydrogel analysis, 

focusing on the importance of matching viscoelastic regime and hydration levels. 

6.2.  SUMMARY 

In conclusion, this work completely documents a new, simple way of shaping PNIPAM-alginate. While many 

questions remain unanswered about the origin and variables affecting this phenomenon, the ease of inducing 

the effect coupled with the availability of the system for reproducing it place it as a useful tool for those working 

on responsive soft materials. Additional insights into the sensitivity of PNIPAM-alginate to mixing order and the 

addition of micrograms per millilitre of nanoparticles may prove useful to researchers working with these and 
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similar materials. The importance of methodological choice and parameters when working with such sensitive, 

variable materials is highlighted throughout.   

The same sensitive nature which makes thermally responsive hydrogels appealing as a technology – they can be 

easily driven out of equilibrium, a requirement both for adaptive technology – makes them complicated to 

predict.  However, engineering with soft, responsive materials has potential for making the synthetic world more 

compatible with the natural world. This is a small contribution to bringing a flexible, adaptable future a little 

closer. 
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7. APPENDIX 

7.1.  MATHEMATICS OF SHAPE CHANGING GELS 

7.1.1.  JUSTIFICATION FOR ASSUMING INDEPENDENT BETWEEN MODULUS RATIO AND HEIGHT 

Naficy et al. observe that for PNIPAM-polyurethane double network gels the relationship is such that Equation 

7.1 holds, where -ν  is a material specific parameter, predicted by theory to be 27/4 for fully swollen networks 

and 8 for more compact networks.1 

𝐸 ≈  𝜆  

Equation 7.1 

This then means that for some hydrogels n can be re-expressed as the ratio of the linear expansion ratio of each 

hydrogel, λ1,2: 

𝑛 =
𝜆

𝜆
 

Equation 7.2 

Where α = ν + 1. Naficy et al. find for PNIPAM-polyurethane α is 6.9.2 The question arises whether PNIPAM-

alginate, a double network material that has a more complex structure due to the variation in the alginic acid 

binding blocks and the rod-like nature of the junctions, also follows this relationship between E and λ.  

Data from de Moura et al. on the swollen and dry weight and compressive Young’s moduli of different PNIPAM-

alginate sample compositions3 was reprocessed to yield the linear expansion ratio (simply the cube root of the 

swelling ratio, assuming isotropic expansion) and plotted as ln E versus ln λ to yield, if the relationship holds, a 

linear distribution with gradient ν. Results are shown in Figure 7.1. 
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Figure 7.1. Swelling ratios versus Young's moduli for various PNIPAM_alginate compositions reprocessed from data by de Moura et al. 

Lines shown are fits to series representing ambient equilibrium  swelling (blue circles) and contracted gels (orange diamonds). Both are 

poor fits, with gradients of -0.70481 and -0.1772  ln kPa for swollen and contracted conditions respectively. Two data points in each series 

represent compositions containing no PNIPAM at all, being pure alginate, and these are indicated by hollow markers.  

The gradients found from compositional data indicate some sort of linear correlation between ln E and ln λ but 

the fit is poor (R2<0.5) and the deviation from the trend greater for samples with a higher proportional of 

alginate. Since the highest ratio of alginate:PNIPAM in the data used for Figure 7.1 was 15.4:220.9 while the 

composition being considered here is 45:300, it seems likely that the PNIPAM-alginate composition in this study 

will deviate further from the trend. Therefore, n may be approximated as independent from λ. While there is a 

possibility that n may vary as a function of h, f(m, n) is relatively insensitive to changes in n,4 and as shown in 

figure 1.4 displays the same broad features regardless of its value: namely, a positive-valued function with a 

minimum at m≤1, followed by a linear increase in f(m,n) with m. Therefore, the dependency of n can be ignored 

for the purposes of this section and it will be set to 1. 

7.1.2.  RELATIONSHIP BETWEEN LINEAR EXPANSION AND SAMPLE HEIGHT 

 



 

260 
 

In section 4.4.7 the linear expansion ratio (LER) and sample height were stated to be variable in their relationship 

as a function of height. Figure 7.2 shows the percentage difference between the length of the illuminated and 

unilluminated beam surfaces plotted against the height of the beam. Since both surfaces are equal in length as 

printed the difference between them is indicative of a difference in LER. Lengths were measured using the 

segmented line tool in ImageJ and heights taken as the average of 10 measurements across the beam. 

  

Figure 7.2 Relationship between the percentage difference in LER between top and bottom surfaces of illumination-gradated beams and 

the height of the beam. Errors in height are the standard deviation of 10 measurements of beam width and errors in percentage are fixed 

as 25% of the value. 

 

7.2.  STRESS-STRAIN GRAPHS FOR ALL PNIPAM-ALGINATE COMPOSITIONS 

In Chapter 5, compression tests were used to generate the Young’s modulus of PNIPAM-Alginate gels with 

varying concentrations of gold nanorods within the elastic limit. Example graphs were shown; full details of all 

concentrations are shown below.  
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7.2.1.  FULL STRESS-STRAIN DATA 

The following graphs show engineering stress plotted against strain for samples of the composition given in the 

legend. Tests were taken to rupture or a 50N force on the load cell, whichever was the lesser. Lines indicate fits 

to the values below |0.01| strain. Error bars are derived through standard error propagation and principally 

derive from errors in the measurement of initial sample dimensions, arising from measuring deformable 

materials with digital micrometer calipers. 

 

Figure 7.3 Native PNIPAM-alginate. The two groups visible reflect two different batches and show different behaviour. However the 

moduli fitted pass a test for normality and the values are within error of each other, so data were combined for a final value. 
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Figure 7.4. . PNIPAM-alginate with 1.0ml of gold nanoparticle solution in a 15ml batch. 

 

Figure 7.5. PNIPAM-alginate with 1.0ml of gold nanoparticle solution in a 15ml batch. 
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Figure 7.6 PNIPAM-alginate with 1.5ml of gold nanoparticle solution in a 15ml batch. 

 

Figure 7.7 PNIPAM-alginate with 2.0ml of gold nanoparticle solution in a 15ml batch. 
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Figure 7.8 PNIPAM-alginate with 2.14ml of gold nanoparticle solution in a 15ml batch. 

 

Figure 7.9 PNIPAM-alginate with 2.5ml of gold nanoparticle solution in a 15ml batch 
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Figure 7.10 Repeated data for PNIPAM-alginate with 2.5ml of gold nanoparticle solution, due to anomalour value and interrupted sample 

manufacturing process 

 

 

Figure 7.11 PNIPAM-alginate with 3.0ml of gold nanoparticle solution in a 15ml batch 
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Figure 7.12 PNIPAM-alginate with the equivalent CTAB content of 3.0ml of gold nanoparticle solution in a 15ml batch 

7.2.2.  SMALL-STRAIN REGION 
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These graphs focus on the fitted region and permit inspection of the fit quality for the composition given in the 

caption. The gradients of these lines were used to determine the Young’s moduli for these compositions.  

Figure 7.13 Native PNIPAM-alginate 

 

Figure 7.14 PNIPAM-alginate with 0.5ml of gold nanoparticle solution in a 15ml batch 
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Figure 7.15 PNIPAM-alginate with 1.0ml of gold nanoparticle solution in a 15ml batch 

 

Figure 7.16 PNIPAM-alginate with 1.5ml of gold nanoparticle solution in a 15ml batch 
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Figure 7.17 PNIPAM-alginate with 2.14ml of gold nanoparticle solution in a 15ml batch 

 

Figure 7.18 All data from both batches of PNIPAM-alginate with 2.5ml of gold nanoparticle solution per 15ml batch 
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Figure 7.19 PNIPAM-alginate with 3.0ml of gold nanoparticle solution in a 15ml batch 

7.3.  THREE-STAGE SHEAR REBUILD PROTOCOL AS A PROBE OF MOLECULAR INTERACTION 

As mentioned in Sections 4.4.3.3. and 6.3, three-stage shear rebuild measurements showed an intriguing two-

phase rebuild process. This differs between samples with different compositions (see Section 4.4.3.3.). Work has 

been done to fit exponential functions to the envelope of this displacement oscillation; this may yield 

information about the interactions of molecules during structural rebuilding. 
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Figure 7.20 Following segmentation of modulus versus time data into separate decay stages, peaks are identified (red dots) and a fit to a 

function of form a·exp (bx) + c performed (green line). 
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