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Abstract

This research considered an extensive study of double network poly (acrylic acid)
and single network polyacrylamide hydrogel as an insole material for the diabetic foot
by testing on compression strength, stress relaxation, compression fatigue, shear stress,
and shock absorption properties. The previous studies on hydrogel fatigue were mainly
focused on fatigue fracture in tension and crack propagation. This study focuses on the
mechanical behaviour of hydrogels under diabetic foot-specific loading conditions.
The expected testing conditions include minimum 20 000 fatigue cycles under

maximum compression stress of 250 kPa at a 200 mm/ min strain rate.

The hydrogel synthesis and testing started with double network poly (acrylic acid)
hydrogel. The developed double network poly (acrylic acid) hydrogel displayed
fatigue properties up to 3000 loading cycles at maximum stress of 390+30 kPa.
Further, maximum average shear stress and shear modulus of 80 kPa and 140 kPa

respectively were observed at 84% strain before fracture.

Developed Single network polyacrylamide hydrogel displayed good fatigue
properties up to 13,000 loading cycles at maximum stress of 520+50 kPa and 200
mm/min crosshead speed. When the maximum stress condition was reduced to 35050
kPa, the maximum number of loading-unloading cycles was increased up to 20 000
indicating a single network polyacrylamide hydrogel capable of withstanding more
than 20 000 cycles at 250 kPa.

Hydrogels showed superior recoverable and viscoelastic properties when compared
with available insole materials. The developed finite element model was validated with
pressure insole test data and used to investigate the pressure distribution properties and

to optimize the thickness suitable for insole applications

The additional properties of a hydrogel such as high thermal capacity and structural
similarity to soft tissues are seen as added advantages when compared to other insole

materials to prevent re-ulceration.
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Chapter 1

INTRODUCTION

Foot ulcers are a major problem worldwide caused by the complication of diabetes
mellitus. High morbidity, costs, and mortality are associated with foot ulceration [1]
[2] [3]. Globally, an estimated 463 million adults were living with diabetes in 2019
and the diabetic population is expected to rise to 700 million by 2045 [4] [5]. The
recurrence rates of healed ulcers are between 30% and 40% in the first year [6] [7].

Prevention and proper treatment of these ulcers are therefore of high priority.

When a healthy person feels a high-pressure point or pain on the foot planter,
naturally the weight on the foot is shifted to a different position to reduce the pressure
on the painful area. Diabetic patients with peripheral neuropathy cannot feel the
soreness due to atrophied nerve endings. This can give rise to pressure points and
eventually wounds that heal badly [8] [9]. If these high pressures under the foot are
not adequately reduced, or “offloaded,” ulcers may occur or present ulcers may not
heal [10].

Abnormal plantar pressure distributions are mainly caused by rheumatoid foot pain
and diabetic ulceration [11] [12]. These painful foot-related diseases can be
successfully relieved or resolved by distributing elevated pressures with the use of a
proper foot insole [12] [13]. The type of insole best suited to achieve this is still an

area of development [14].

Four main techniques are used in clinical practice for the reduction of mechanical
pressure, ulcer prevention, and ulcer healing [15]. They include, “casting, footwear (
shoes, insoles, socks, insole plugs, metatarsal bar), Surgical offloading (Achilles
tendon lengthening (ATL), silicone injections, metatarsal head resection, an external
fixation) and other offloading techniques ( bed rest, crutches/canes/wheelchairs,
bracing, non-removable walkers, offloading dressings, felted foam/padding, callus

debridement, walking exercise, and gait modification)” [15, p. 100].



There are different types of orthotic insoles designed for diabetic foot ulcer patients.
The orthosis should have the capability to distribute force in a larger area to reduce
peak pressure most effectively on the plantar foot. The orthosis is expected to confirm
with the arch of the foot and is rigid enough to support the foot under body weight
[16].

The effectiveness of different materials used for these insoles has been researched
[17] [18]. EVA (ethylene-vinyl acetate) foam, Plastazote (Polyethylene) foam, soft
PVC, flexible polyurethane foam, polyurethane gel, and medical-grade silicone gel are
the most commonly used insole materials [15]. The choice of material is based on
personal experience, cost, and availability. According to Campbell, Newell, and
McLure [19], “The ideal insole material would progressively deform throughout the
full range of load to accommodate the shape of the bony prominence and transfer a

portion of the load to other less prominent regions of the foot” [19, p.51].

The shear or friction forces play a critical role when prescribing foot orthosis for a
diabetic patient with ulcer formation risk [16]. According to the study of Curryer and
Lemaire [17], the gel materials perform better than the foam materials at reducing
shear forces. The material behaviour similar to soft tissue works as a better-replacing
material for diabetic patients with thin fat pads [20].

Applications of hydrogels vary from contact lenses, hygiene products, agricultural
applications, and wound dressings to many other simple and sophisticated products.
The load-bearing capacity is not a major concern in many of these products.
Nevertheless, tough hydrogels developed in recent years have not been investigated

thoroughly for mechanical strength limitations and fatigue properties.

Hydrogels were considered the first biomaterial used in the human body due to their
structural similarity with soft tissue. They have a polymeric three-dimensional
structure filled with water [21] [22]. Hydrogels closely simulate natural living tissue,
more than any other class of synthetic biomaterials due to their high water content (50—

90%), porosity, soft consistency, shock absorption, stimuli-responsiveness, and low



sliding friction [23] [24]. Besides, from the diabetic foot ulcer management aspect,
hydrogel hydrates the wound by promoting autolytic debridement.

Recent studies found that a moist environment and the ability to interact with the
wound helped improve healing and reduced the risk of infection and pain [25] [26]
[27]. The ability to absorb contaminated exudate results in the isolation of bacteria
within hydrogel and high water content allows transmission of oxygen to the wound
[28]. Hydrogels have a marked cooling and soothing effect on the skin, which is
valuable in painful wounds [29]. The physical consistencies of the hydrogel are much
similar to the human fat pad as that capable of acting as a layer of artificial fat pad to

protect bony prominences [30].

The Finite element method (FEM) can be used for predicting the stress distributions
in the foot—insole interface if the complex geometry and material conditions of the foot
and insole are properly modelled. The FEM can be used for comparing the effects of
pressure distributions for different insole conditions by varying the material property,
foot geometry, and loading condition. The finite element method has been employed
previously in many foot-related biomechanics studies [9] [31] [32]. The peculiar
behaviour known as poroviscoelasticy has to be considered when modelling hydrogel.
This can be considered as a combination of the viscoelastic behaviour of the polymeric
network and the poroelastic behaviour caused by the water movement within the
hydrogel [33].

In this work, polyacrylic acid (PAA) and polyacrylamide (PAAmM) based hydrogels
were developed with a better pressure-relieving ability for diabetic insoles. The
composition variations (monomer concentration, crosslinker percentage, initiator
percentage, swelling percentage) The processing paramerters (sterring speed, the
mixing temperature and oven temperature during synthesis) and the testing parameters
( compression ratio, strain rate in compression, and the number of cycles compressed)

were identified as hydrogels' property changing parameters.

In this thesis, the main concerns will be to synthesize and mechanical
characterization of PAA and PAAm hydrogels under loading conditions of the foot



and to optimize the mechanical properties under the constraints of low cost and simple
processing so that it can be used in the diabetic insole applications which were not
tested and thoroughly studied by any of the researchers based on literature review.
Finally, the mechanical and pressure distribution properties were compared with
available insole materials for effectiveness by using finite element analysis and

pressure insole readings.

1.1 Motivation

Orthotic insoles are commonly used in the treatment of diabetic feet to prevent
ulcerations. Choosing suitable insole material is important for effective foot orthotic
treatment. The softer gel materials allow the foot to sink further into the material, thus
increasing the force-bearing area of the foot [34]. Hydrogel has a specific relaxation
property that cannot be found in either pure solid or pure liquid due to its liquid-filled
porous structure. The key research question is what mechanical properties would
decide the suitability and limitations of the hydrogel as a diabetic insole material.

The poor mechanical property was one of the main reasons for underutilizing the
hydrogel for important applications. The conventional hydrogel has low fracture
toughness, brittleness, and has low extension under the applied force. The research gap
includes the lack of experimental test results on hydrogels under different loading
conditions of the foot such as compression fatigue, shear, stress relaxation, and shock
absorption properties. The inherent moisture surface and drying of hydrogel with time
are some of the drawbacks that need to be addressed when using hydrogel as an insole
material for diabetic patients.

1.2  Aim

e Systematic design of hydrogel-based insole material for diabetic foot based on

experimental studies and finite element analysis models.



1.3 Objectives

Objective 1: To optimize hydrogel composition for the desired mechanical
properties of the diabetic insole by synthesizing hydrogel with different chemical

compositions.

Objective 2: Material characterization of hydrogel for strength, physical and
chemical stability, and repeatable use.

e Systematically evaluating their mechanical properties.
e Optimized samples are tested for stress relaxation, creep, shear, and fatigue.

e Testing samples under different swelling percentages, temperature values,
thicknesses, and strain rates.

Objective 3: Finite element analysis and pressure insole testing to ensure that

desired pressure relief is possible.
e Development of finite element model of the hydrogel.

e Observe pressure distribution under constant load.

1.4 Thesis overview

To address the above aims and objectives, this thesis is divided into the following main

chapters.
Chapter 2 Literature review

In this chapter, the mechanism of soft tissue damage in the diabetic foot, pressure
and stresses acting on foot plantar, methods available to relieve foot pressure, the
effectiveness of diabetic insoles, mechanical testing of insole materials, different types
of hydrogels and their properties, and finite element model development of hydrogel
were reviewed. The critical analysis of the literature elaborates ulcers recurred in

patients, even if they wore therapeutic footwear. The main factors affecting the ulcer



recurrence were identified and the alternative material with special properties suitable
for the diabetic foot was identified as hydrogels.

Chapter 3 Materials and Methods

This research was conducted under three approaches. The first approach was to test
the commercially available insole materials and to gain a comprehensive insight into
their properties. The second approach was to develop fundamental hydrogel products.
Thus, poly (acrylic acid) (PAA) based double network (DN) hydrogel and single
network (SN) polyacrylamide (PAAm) were synthesized, optimized and the
mechanical properties were tested for compression, stress relaxation, hardness, and
rebound resilience. In addition to that, hydrogel samples were subjected to shear and
compression fatigue tests. As the last approach, developed and optimized hydrogel
was tested under different thickness, friction conditions, and adding polyethylene

glycol (PEG) as a plasticizer to improve softness suitable for the diabetic foot.
Chapter 4 Results and Discussion

The test results and discussion of available insole materials, PAA hydrogels, and
PAAmM hydrogels were covered under this section. The limitations of SN PAA and DN
PAAmM hydrogels under the loading conditions of diabetic foot was assessed and
compared with available insole materials. In addition to mechanical tests, finite
element analysis and pressure insole results were used to decide on the pressure

distribution ability of hydrogels.
Chapter 5 Conclusion

This chapter concludes the thesis with a summary of major findings from this thesis

and suggestions for future work.



Chapter 2

LITERATURE REVIEW

2.1 Tissue damage due to repetitive load

The plantar soft tissue is located beneath the bones of the foot. The main function
of this is to distribute vertical and shear loads during walking. The heel pad consists
of organized fibrous compartments retaining body fat. The deep macro-chamber and
superficial micro-chamber are two layers in the fat pad. In people with diabetes,
increased macro-chambers stiffness causes the easy stress transfer from the calcaneus
to the skin but decreased micro-chambers stiffness may cause diminished cushioning
capacities in diabetic heels [35]. As a result, the process of ulceration in diabetic feet
may start in deeper plantar soft tissue [36].

The different properties of the plantar soft tissue of diabetic and non-diabetic were
studied to understand the possible mechanism of ulcer formation. Soft tissue properties
indicate the presence of diabetes [37]. The change in properties like thinner soft tissue
can be due to diabetes or aging so that when considering mechanical properties, the
age, the tissue state is in whether living or cadaveric, diabetic status must be considered
[38]. The epidermal layer of plantar skin shows thickening in people with pure diabetes
[39] but thinning in diabetes complicated by foot ulceration or sensory peripheral
neuropathy. A 15% reduction in average epidermal thickness of plantar skin was
visible in people with diabetic foot ulceration [40]. Based on mechanical compression
properties, diabetic tissue showed significantly higher modulus (1146.7 kPa)
compared to non-diabetic tissue (593.0 kPa) but the change in energy loss was not
significant in diabetic and non-diabetic tissues (68.5 vs. 67.9%) [41]. In contrast, some
researchers stated an increase in energy loss in diabetic soft tissue [35], an increase in
peak shear stress by 52—62%, increase in final shear modulus by 47% in diabetic tissue
[42].



2.2 Foot pressure

According to Fernandez-Seguin et al [43], “The pes cavus foot showed a significant
reduction in their weight-bearing area (neutral feet: 165.04 + 20.68 cm?; pes cavus:
118.26+ 30.31 cm?); p<0.001 and significantly increased pressures under all zones of
the forefoot except the fifth metatarsal (metatarsal pressure: in neutral feet 503.8 £9.32
kPa; in pes cavus 656.12+ 22.39 kPa; p<0.001)” [43, p.789].

An upper limit or threshold plantar pressure value (207 kPa) was established by
Owing et al [44] for the prevention of ulcer recurrence. This study was conducted on
a group of 49 patients with diabetes and neuropathy. In the same study, the mean
barefoot plantar peak pressure measured with the EmedO platform was 566 kPa.

The test results for barefoot walking showed the peak pressure for patients with a
history of diabetic foot ulcer and diabetic neuropathy patients as 738.6 £322.3 kPa and
568.0 £123.8 kPa, respectively with p= 0.2075. The peak shear stress values for the
same patient groups were 135.3 6 = 60.6 kPa, 86.4 + 30.3 kPa, respectively with
p=0.0465 [45].

The shear and pressure data collected on healthy individuals by Stucke et al [46]
showed the peak pressures measured to be 362 + 106 kPa in the heel and 527 + 123
kPa in the forefoot. Similarly, the average peak shear values were higher in the forefoot
than heel but the peak pressure locations and peak shear locations were not similar.
The highest shear stress of 37 .7+£7.6 kPa occurred in the forefoot directed anteriorly

and the heel peak shear stress of 21.2 5 kPa occurred in the posterior direction.

2.3 Methods available to relieve foot pressure

The methods used to offload the foot include bed rest, wheelchair, crutch-assisted
gait, total contact casts (TCC), felted foam, half shoes, surgical offloading, therapeutic
shoes, and removable cast walkers [47]. TCC is considered the “gold standard” in
achieving pressure redistribution because of the close fit of the cast material to the
plantar surface of the foot. This increases the plantar weight-bearing surface area to

help distribute the plantar pressure. TCC is quite effective in treating the majority of



noninfected, nonischemic plantar diabetic foot wounds, with healing rates ranging
from 72% to 100% over 5 to 7 weeks. But Wu et al [47] argue that “TCC application
is time-consuming and often associated with a learning curve. Most centres do not
have a physician or cast technician available with adequate training or experience to
apply a TCC safely. Impaired activities of daily living, such as difficulty sleeping
comfortably, and bathing difficulties while trying to avoid getting the cast wet are

some other difficulties faced by patients” [47, p.426].

Certain designs of TCCs may also cause postural instability [48] and alter gait
parameters [49]. Patients are often resistant to cast applications or removable cast
walkers (RCWs) due to the extra costs associated. Clinicians, therefore, have to use

alternative methods such as insoles that are less costly and effective.

2.4 The effectiveness of Insoles for diabetic foot

Many specially designed therapeutic footwear or orthoses are currently used to
reduce the high plantar pressure in diabetic patients [9]. According to the study of Bus
et al. [50], custom-made insoles were more effective in reducing peak pressure
compared to flat insoles, but with considerable variability between individuals. During
balanced standing, the heel region experiences the highest plantar pressure [31]. This
can redistribute to the mid-foot region with the use of a custom-made insole [9].

In general, custom moulded, thicker, and softer orthoses have been shown to reduce
the peak plantar pressure and redistribute it in a more uniform pattern but Cheung and
Zhang [31] argues that the insole’s custom-moulded shape is more important in
reducing peak plantar pressure than the stiffness of the material from which it is made.
The custom-moulded insole has 40% less maximum pressure compared to the flat
insole with similar thickness and material [51]. But Mills et al [52] argue that soft-flat
insoles are more comfortable than all contoured insoles. Increasing thickness beyond
around 0.75 cm is ineffective and a range between 0.5 and 0.75 cm is more suitable
[51]



The diabetic patient-specific orthotic developed with metatarsal bar based on
plantar pressure data showed a 58% reduction in peak pressure compared to the flat
insole (50 Shore A EVA). The insole with a metatarsal bar reduces pressures up to 29
kPa under the metatarsal heads. The average pressures were reduced to 219 kPa at the
1%t metatarsal region and 208 kPa at the 2" to 4™ metatarsal areas. The flat insole
showed an average and maximum peak stress of 240 kPa and 325 kPa respectively
[53].

The type of orthosis and the material are some of the factors that should be
considered when prescribing the insoles to prevent complications due to pressure
redistribution. For example, the semi-rigid material customized insole is prescribed for
diabetic patients with neuropathic ulcers, whereas a softer insole is required for elderly
patients with thin fat pads [31].

For a diabetic foot, the expected minimum reduction in peak pressure is 30% during
walking or the peak pressure should be less than 200 kPa when measured with a

calibrated pressure measuring system with a sensor size of 2 cm? [54]

The shear force acting on the foot plantar is an important factor in preventing foot
ulcer formation in diabetic patients. Pollard et al [55] found that Plastazote® reduced
the peak longitudinal shear force by 30-50%. The effectiveness of five different
materials (three foam materials and two gel materials) in reducing plantar shear force
was tested by Curryer and Lemaire [17]. The gel materials showed better shear force
reduction compared to foam materials. The braking and propulsive impulses were the
main two parameters considered in this test. The percent reduction in shear forces in
each material is listed in Table 2.1. The gel materials (Soft Shear and Conformagel®)
can perform better in shear than foam materials (Plastazote, Spenco, and PPT) because
the top layer of gel can glide relative to the bottom layer. This behaviour can be defined
as a ball-bearing effect [17] [56].
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Table 2.1: Comparison of the percent reduction in shear force in foam and gel insole materials.

Material Description Shear force reduction
(%)
Braking | Propulsion

Plastazote® Expanded closed-cell polyethylene foam 6.0 7.0

Spenco® Neoprene rubber foam with nylon cover 10.0 6.0

PPT® Open-cell urethane foam 115 6.5

Soft Shear® Medical grade silicone gel (fabric cover both | 21.0 13.0

sides)
Conformagel® Hydrogel wound dressing 28.0 16.0

Source: adapted from [17]

2.5 Insole materials

Polyethylene (PE) foam, silicone rubber, and ethyl vinyl acetate (EVA) are the most
common insole materials due to their availability with different thicknesses, hardness,
and densities. Latex foam, Dynafoam®, Plastazote®(closed-cell polyethylene foam),
Orthofelt®, PPT®, Spenco®, and Molo®, insole materials were tested by Leber and
Evanski [57]. The plantar pressure was measured by using Harris and Beath
footprinting techniques. They observed an average pressure of 398.15 kPa in patients
with forefoot plantar area pain. Plastazote, Spenco, and PPT showed the highest
reduction in plantar pressure of 53%, 53%, and 51% respectively. Tong and Ng [58]
tested four types of 6.4 mm thick materials for plantar pressure (slow recovery Poron,
Poron, Poron + soft Plastazote, and Poron + firm Plastazote). Poron + firm Plastazote
showed as the most effective material by reducing mean peak pressure by 27%.
Plastazote insoles can achieve approximately 32-48% pressure reduction after
contoured to the shape of the foot due to an increase in the surface area [59]. The

custom insoles were made from 1.27 cm Plastazote with a Shore A value of 35 [60].

Seven types of EVA and polyethylene foam materials with Shore A hardness
ranging from 15 to 58 tested by Lo et al [61] found the highest compressive stress of
1139 kPa was withstood by the highest hardness material and the lowest hardness EVA

sample had the minimum compression stress (98 kPa). The coefficient of friction
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without sock varies from 0.32 to 0.54 and the shear angle from 3.76° to 15.26° and the
coefficient of friction varies from 0.22 to 0.39 and the shear angle varies from 3.7° to
12.43° with the sock.

Very recently, researchers have experimented on using hydrogel insoles for diabetic
patients with foot-related issues. Patwa et al [62] investigated the polyvinyl
alcohol/carboxymethyl cellulose (PVA/CMC) based magnetic hydrogels prepared by
physical crosslinking as an alternative for diabetic shoe inserts. The master of applied
science thesis of Kermen [63] experimented on PVA hydrogel which is reinforced by
bacterial cellulose (BC) natural nanofibers (PVA-BC). The most important test,
compression fatigue, had not been conducted in all of these researches.

2.6  Properties of diabetic insole materials and testing

Durability under cyclic loading, resilience, compressive stiffness, insole-skin
friction, shear modulus, pressure distribution, water vapour permeability, perspiration
resistance, and thermal comfort properties are generally taken as the key requirements
for the evaluation and selection of suitable materials for orthotic insoles [61]. The
comfort perception of the insole is affected by the design, contour, and hardness of the
insole material. The comfort is inversely related to the hardness of the material [52].
A performance index was developed by Lo et al [61] by combining the above-

mentioned properties for accommodation, cushioning, and control.

2.6.1 Resilience

Resilience is the ratio between the energy released after impact to the impact energy
applied. This is measured through the ratio between the heights of the pendulum
returned after impact to the height of the pendulum released. The test standards for
rubber are DIN 53512 or 1SO 4662 and the test piece size is 50 mm x 50 mm x 12.5
mm length, width, and thickness respectively. [64] The test arrangement used by Lo
et al [61] measured the impact force reduction by implementing loadcell under the test
material after dropping the ball bearing at a height of 400 mm. The EVA polymers
with a density of 290 kg/ m3, a hardness of 65 Shore A, and a thickness of 12 mm had
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a resilience of 41% [65]. The lowest resilience of 8% to 20% was shown by
Polyurethane with hardness varying from 15 to 35 Asker C when compared with EVA,

Polyethylene, and Latex foam materials [64].

2.6.2 Fatigue resistance

The compression fatigue resistance test simulates the cyclic compression forces
exerted during walking. Peaks of the vertical forces occur when the heel strikes the
ground and during the propulsion phase. Tong et al [66] considered the walking
frequency was approximately 1 step per second and vertical peak pressures vary
between 200 kPa to 500 kPa in the cyclic compression test conducted on three different
types of diabetic insoles. The compression fatigue test conducted by Fauli et al [64],
for diabetic insole material selection, used 100,000 compression cycles, with
maximum stress of 700 kPa and a frequency of 1Hz. The thickness of the sample was

measured 30 min after the end of the fatigue test.

2.6.3 Shear

Seven types of insole materials were tested for insole-skin friction, and shear
properties by Lo et al. [61]. Materials with high frictional force on the foot plantar
resulted in a high shearing load [18]. The dynamic coefficients of friction and the shear
angles of the insole-sock interface are lower than those of the insole-skin interface.
Hence, diabetic patients are recommended to wear socks because the dynamic friction
coefficient and the shear angle between the insole and sock are lower than those of the

insole and foot plantar. [61]

The thermal changes in the foot of diabetes and peripheral neuropathy patient have
an association with shear stress applied on plantar during walking [67]. Keeping a
lower temperature on the plantar surface can reduce reulceration [68]. Wrobel et al
[69] developed an insole to reduce shear stress on the foot. This dynamic foot orthoses
(DFO) has a free-floating distal segment to reduce sliding friction at the metatarsal
heads. Frictional resistance was reduced first at foot plantar skin by using neoprene

rubber top cover with 4-way stretch darlex® (Richardson Products Incorporated,

13



Frankfort, 1L, USA) multi-directional stretch fabric on both sides and second deep
tissue shear reduction by using a silicone layer that slides on EVA base material lined
with ballistic nylon. This insole is capable of reducing the temperature at forefoot and

midfoot increase by 64.1% and 48% respectively compared to standard insoles.

2.6.4 Optimum stiffness of insole material

The effectiveness of insoles is strongly dependent on the stiffness of the material
used. At low load, the optimum distribution of loads achieves at low stiffness. At a
higher load, a material achieves optimum cushioning with higher stiffness. As a result,
people with higher BM or BMI have to use stiffer insole materials to minimize plantar
pressure. This behaviour is shown in Table 2.2. The increase in load indicates an
increase in stiffness to achieve the minimum peak pressure (Table 2.3). An 80 kg
person developed minimum dynamic peak pressure of 383 kPa with a material having
Shore A hardness 10+1. Pressure on foot plantar can be reduced on standing and
walking by at least 16 and 19% respectively by optimizing the stiffness of cushioning
materials. The optimum stiffness is not affected by the cushioning material’s thickness
[34].

Table 2.2: The relationship of tested insole materials between hardness and stiffness

Minimum peak stress at 50%
Material type Shore A Hardness compression strain (kPa)
Static Dynamic
1 2+1 25+1 36x2
2 312 36+2 51+2
3 10+1 99+2 155+4
4 14+1 149+4 227+4
5 18+2 18543 2763

Source: adapted from [34]
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Table 2.3: Variation of peak pressure for gradually increasing the external load on heel model
and polyurethane foam material under static loading.

Net force range on | Minimum peak | Material type with
single heel area (N) | pressure range (kPa) | minimum peak
pressure
0-110 0-40 1
110-290 40-140 2
290-365 140-175 3
365-530 175-250 4
530-550 250-270 5

Source: adapted from [34]

2.7 The temperature inside the shoe

The lowest and highest temperatures inside a shoe were 15.9°C in winter and 37.5°C
in summer respectively [70]. A higher foot temperature (32-35°C) could be observed
in patients with diabetic neuropathy compared to patients without neuropathy (27-
30°C) [71] [72]. This temperature rise is due to enzymatic autolysis and inflammation

of tissues as a result of repetitive stress on the foot.

Foot temperature changes cannot be found in different locations of the foot and
change in vertical pressure has no effect on temperature change but temperature
increase can be observed during walking [73]. After 5 min walking, the temperature

increases by an average of 9.1°C under the hallux [74].

2.8 Hydrogel

Highly tough hydrogels have been developed with different approaches. Double
network (DN) hydrogels, sliding-ring hydrogels, nanocomposite hydrogels,
macromolecular microsphere composite hydrogels, physical interaction enhanced
hydrogels, and tetra-PEG hydrogels are some of them. Among them, DN hydrogels
have been demonstrated to achieve extremely high mechanical strength (fracture
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compressive stress of 17.2 MPa and strain of 92%, fracture tensile stress of 1-10 MPa,
and strain of 1000-2000%) [23]

The first DN hydrogel was developed by Gong et al [75] in 2003. This consists of
a two-step sequential free-radical polymerization method. The first network consisted
of poly(2-acrylamido-2-methyl propane sulfonic acid) (PAMPS) and the second
network was polyacrylamide (PAAm). Since then, different DN gels, including
microgel-reinforced DN gel [76], inverse DN gel, void-DN gel, jellyfish DN gel,
polysaccharide-based hybrid DN gels, and lamellar bilayers DN gels have been
developed by different methods. All of these DN hydrogels have shown stiffness
(elastic modulus) of 0.1-1.0 MPa [77].

“The networks of DN gels can be cross-linked by physical noncovalent or chemical
covalent bonds, chemically cross-linked polymer networks are generally stronger than
physically cross-linked ones, but chemically linked network makes the gels very
difficult to be repaired or recovered from damages and fatigues, due to irreversible,
permanent bond breaking. According to the research of Gong et al. [75], the following
results can be highlighted. The mechanical strength of the DN gel is affected by the
first and second network cross-linking density; A dramatic increase in mechanical
strength occurs when the first network is highly cross-linked and the second one is
loosely cross-linked; If the first network cross-linking density keeps at 4 mol% and
changes that of the second network from 0 to 0.1, 0.5, 1.0, and 2.0 mol %, all the DN
gels showed similar elastic modulus, regardless of the cross-linking density of the
second network; When the second network has a crosslinking density of 0-0.1 mol%,

the highest fracture strength and strain are obtained.

Table 2.4 shows some examples of a highly cross-linked first network and loosely
crosslinked second network DN gels [75]. The DN gel consisting of poly (acrylic acid)
(PAA) as the first network and PAAm as the second network has fracture stress 21
times higher than that of the PAA single network gel.” [73, pp. 1156-1157]
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Table 2.4: Compression properties of hydrogels at room temperature

First Second Fracture DN SN
. O] O
network network Water content | Fracture Stress | Strain max/ “max
(wt-%) (MPa) (%)
PAA-1-42 - 99 0.1 65 -
PAA-1-0.1 95 0.7 77 7
PAAmM-1-0.1 89 2.1 95 21
PAAmM-1-1 - 93 0.7 98 -
PAAM-1-0.1 92 5.4 92 7.7

a pP-x-y: P, x, and y represent the abbreviated polymer name, molar monomer ratio, and the
crosslinker ratio in mol-% from the monomer, respectively. Source: adapted from [75].

“There was a limited study on fatigue and shear properties of hydrogels. Recently
more attention has been given to the study on the fatigue fracture of hydrogel under
cyclic tensile load [78] [79] [80]. Most of these reported hydrogels are polyacrylamide-
based. Compression fatigue testing has been conducted for the application of nucleus
pulposus replacement [81] [82]. The maximum strain in these compression tests has

been reported in the range of 15% -25%.

Shear strength is another important parameter to be considered in biomedical
applications. Direct shear testing [83] and mechanical lap testing [84] are the two main

methods used for the shear testing of hydrogels.

Even though few researchers have tested hydrogel for rebound resilience [85] no
studies were found for double network DN PAA hydrogels for rebound resilience and
had done a comparison with other insole materials with similar hardness” [86, p. 1101].

2.8.1 Poly (Acrylic Acid) (PAA) Hydrogels.

PAA hydrogel has high absorptivity and biocompatible properties. Due to this
special structure, PAA was used in applications such as wound dressings, filtration,
hygiene products, medical waste solidification, and cosmetics [87] [88] [89]. The
studied properties of PAA hydrogel were, swelling [90] [91], diffusion [92], Physico-
chemical [93], and mechanical properties [94]. The main concern in this type of
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hydrogel is its poor mechanical properties and the large volume change during
swelling [95] [96].

The compression properties of different types of hydrogels tested by Gong et al
[75] showed that SN PAA with 1M PAA and 4 mol% MBA showed fracture stress of
0.1MPa at fracture strain of 65%and swelling water content of 99%. When the second
network of 1M AA and 0.1 mol% MBA was added, this DN PAA increased fracture

stress up to 0.7 MPa at a fracture strain of 77% and swelling water content of 95%.

PAA hydrogels with superior mechanical properties were prepared based on a
single network (SN) structure with dual cross-linking. The network consists of
covalently cross-linked PAA chains enabled by MBA and ionic cross-links enabled by
Fe3* irons from Fe(NOs)3-9H20 [87]. The high material cost of Fe(NOs)3-9H,0 and
longer stirring time (12 h) were the main drawbacks of this method. The fracture stress

decreases gradually with the increase of the water content of the hydrogel.

The polymerization of acrylic acid monomer could be started with free radicals
created by an initiator such as KPS (Figure 2.1). Next, the PAA monomers are
propagated in the presence of SO, (Figure 2.2). PAA hydrogels are obtained by

polymerization of the acrylic acid monomer and a crosslinker as shown in Figure 2.3.

K>S0 —» 2K + 82082'
82082' —>» 2S04

Figure 2.1: Free radicals created by dissolving KPS in water
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Figure 2.2: Free radical polymerization of acrylic acid and cross-linking with MBA

2.8.2 Polyacrylamide hydrogel

One of the most commonly used hydrogels is polyacrylamide (PAAm) due to its
easy synthesis and availability. Polyacrylamide was first synthesized by C. Moureu in
1893 but its commercial usage was started in 1954 [97].AAm is biodegradable and

soluble in water, ethanol, and acetone [98].

PAAmM is a hydrophilic polymer for the preparation of hydrogels [99]. The basic
chemical formula of AAm is CH,=CH-CONH.. The common method for the synthesis
of PAAm hydrogels is covalently crosslinked free radical polymerization. The aqueous
solution of acrylamide was initiated by either ammonium persulfate or potassium
persulfate and free radical polymerization of AAm was initiated in the presence of SO

(Figure 2.4). The presence of MBA results in the formation of PAAm crosslinked
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hydrogels. The crosslinker is capable of connecting to the growing polymer chain of
AAm due to the identical reactive ends of Bis and AAm (Figure 2.5)

“PAAmM is a key component in several recently developed tough hydrogels. Ronken
et al [100] showed PAMPS/ PAAmM compositions with lower water content result in
stiffness parameters closer to cartilage and Wang et al [101] synthesized extremely
stretchable and tough hydrogels by mixing two types of crosslinked polymers:
ironically crosslinked alginate and covalently cross-linked polyacrylamide” [100,
p.533].

Orakdogen and Okay [102] prepared PAAmM hydrogels from AAm monomer and
MBA crosslinker. They used three monomer concentrations of 3, 5, and 7 w/v %. This
is approximately equal to 0.4 M, 0.7M, and 1M solution of AAm. The MBA
concentration was varied between 0.2 mol% and 1.8 mol% for each concentration of
AAm. The increase in elastic modulus was visible with the increase in MBA
concentration in all three monomer concentrations. The highest elastic modulus was
shown by the gel with a LM AAm concentration. The minimum requirements of MBA
for the onset of gelation were 0.03, 0.19, and 0.55 mol% for AAm concentrations of
7, 5, and 3 w/v% respectively. So that the higher concentration of AAm solution has a
lower threshold concentration of MBA. The fraction of effective cross-link form is less
than 20% and it further decreases below 1% with the decrease in monomer
concentration. This is due to cyclization and multiple crosslinking reactions with the

reduction of monomer concentration. [103]
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Figure 2.3: Basic reaction of acrylamide cross-linking with bis crosslinker

2.8.2.1 Safety

Acrylamide in the monomer state is considered to be a neurotoxicant at low levels.
Acute exposure to acrylamide through inhalation could cause central and peripheral
nervous system damage and effects such as drowsiness, fatigue, and hallucinations.
The contact with skin would irritate and be considered a probable carcinogen in
humans [104]. The synthesized polymers were dialyzed against distilled water for 4

days to remove the unreacted monomers [105].

2.8.3 Effect of synthesis temperature

The elevated synthesis temperature lowers the degree of polymerization [106] and
shortens the polymer chains than those that were prepared at lower temperatures. The
few cross-linking junctions in the short polymer chain resulted in a loose network due
to much freedom to move by chains. In contrast, long polymer chains prepared at low

temperatures are less flexible due to many cross-linking junctions on the chain [107].
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2.8.4 Swelling properties of hydrogels

The swelling percentage (SW) of the hydrogel is an important parameter that affects

mechanical properties. SW is calculated by (2.1).

SW = =24 % 100% (2.1)

d

Where Ws and Wy are swelling and dry weights of hydrogel respectively. The
swelling behaviour of PAA tested by Mannadova et al [90] showed an increase in the

degree of swelling with the increase of the pH value of the swelling solution.

The cross-linking density is an important factor in deciding the swelling ratio of
hydrogels [108]. The swelling capacity increases with increasing cross-linker (MBA)
content to a maximum value, and then decreases when the MBA content further
increases [109]. This behaviour is due to the higher restriction with the increase in
MBA content [87]. 2-hydroxyethyl methacrylate (HEMA)-acrylic acid (AA)
comonomer gel tested by Johnson et al. stated the unswollen hydrogels are highly
entangled and resistant to deformation. During the swelling process, the polymer
structure becomes disentangled by the influx of water. Decay in stiffness can be

observed with swelling due to this reason [110].

Flory—Rehner's theory [111] is applied for analysis in swelling of non-ionic
hydrogels. Hydrogels swelling equilibrium is attained through the balance of enthalpic
mixing. The entropy change from polymer-solvent mixing is positive and promotes
swelling. The elastic force imposed by the network structure leads to contraction. This

theory can be expressed by using the Gibbs free energy equation shown in (2.2)
AG = AGy + AGpix (2.2)

Where AG,and AG,,;, are free energy of elastic reactive forces and free energy of

polymer and solvent mixing respectively.
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2.8.5 Drying of hydrogels

Hydrogels contain more than 90% of water and the volume is 20 times larger than
dried condition. Much labour, equipment, and time are required for the drying process.
When the hydrogels were dried at 110°C or higher for 30 to 40 h while flowing air,
cracking and distortion occur on most of the gels. The uneven drying was the main
cause of cracking. As a solution, porous particles such as activated clay or alumina
clay were used during the drying process. One option was to dry the hydrogel at 50°C
in an oven for 24 h [105]. The next method suggested was to start from the lowest
temperature 50°C or lower which can evaporate the water in the hydrogel to a high
temperature that does not deteriorate the hydrogel (less than 250°C). It was not
recommended to increase temperature suddenly without a sufficient amount of
humidity in the drying chamber. The amount of water vapour humidity in the chamber
should reduce gradually. The amount of water vapour that evaporates from the surface
of the hydrogel and the amount transmitted from the gel interior have to be balanced
to prevent cracking. When the powdered or granular porous material is applied to the
surface of the hydrogel, the vapour generated from the hydrogel is first absorbed by

the porous material by keeping constant humidity on the surface [112].

2.8.6 Crosslinking density, monomer, and initiator concentrations

The crosslinking density of hydrogels has a greater impact on the mechanical
strength of the hydrogels. The young’s modulus of a 2-hydroxyethyl methacrylate
(HEMA)-acrylic acid (AA) comonomer gel hydrogel increase with crosslinking
density up to a maximum value, after that decay in Young’s modulus can be observed.
This could be due to further exposure to UV forms ozone that can create oxygen
radicals. The oxygen radical is capable of breaking bonds [110]. Yazici and Okay
[113] prepared PAA hydrogels at different crosslinked polymer volume fractions. It
showed that the effective cross-link density increases with the initial monomer

concentration and decreases the swelling capacity.

About 7000 monomers can be positioned between two crosslinks of PAAmM
hydrogels [79] [78]. Polyacrylamide —Alginate hydrogel prepared by Fitzgerald et al
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[114] showed a decrease in modulus when radical initiator (Ammonium persulfate
(APS)) content was increased. Poor gelation occurred below 0.17 wt.% (0.0037 mol%)
initiator. The reason for this behaviour is, chain length becomes shorter when there is
an excess of radical initiators. This leads to early termination and shorter chains that
provide less stiffness. Longer chains assist in resisting applied load. The entanglement
ability of longer chains is higher and gives more resistance to the applied load.

The elastic modulus increase by 415% when the monomer concentration increases
from 2M to 4M. On the other hand, when increasing the monomer concentration, the
hydrogel inhomogeneity increases due to an increase in the viscosity of the solution.
The increase in MBA concentration increases elastic modulus [114]. The acrylamide-
only hydrogels also showed similar behaviour. The monomer concentration has a

higher effect than the MBA concentration to increase modulus [115].

2.8.7 Spatial inhomogeneity

The concentration fluctuations of gel can be classified into two categories; time
dependant liquidlike fluctuations and time-independent solidlike fluctuations.
Inhomogeneous crosslink density distribution known as spacial gel inhomogeneity can
be seen in hydrogels [116]. The main reasons for spatial inhomogeneity are different
reactivates of the functional groups, cyclization, multiple crosslinking, and microgel
formation [103]. As a result, the optical clarity and strength of the gel reduce. In
general, gel inhomogeneity reduces with the introduction of ionic units and increases
with crosslink density [117]. The initial monomer concentration of PAAm hydrogel
affects the degree of inhomogeneity [118]. When the monomer concentration is
increased, the effective crosslinking density also increases, as a result, spatial
inhomogeneity increases. The concentration differences between loosely and densely
crosslinked can be reduced by decreasing the degree of swelling after preparing gels.
The spatial inhomogeneity of PAA hydrogels was investigated by Yazici and Okay
[113] by using light scattering measurements. The maximum degree of spatial

inhomogeneity of PAA hydrogels was shown at critical monomer concentration.
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2.8.8 Fatigue properties

The ability to withstand a large number of compressive cycles is the main
requirement of insole materials. Hydrogel with both covalent and ironic cross-links
shows better fatigue properties. Some of the hydrogels are self-recovery. However,
self-recovery hydrogels are also susceptible to fatigue fracture [80]. These hydrogels

contain covalent polymer networks and reversible noncovalent networks.

Two types of samples were used for fatigue tests; uncut samples and precut
samples. The irreversible changes that happen in mechanical properties during uncut
sample testing were defined as fatigue damage. For example the reduction in elastic
modulus with the number of fatigue cycles. The gradual extension of the crack during
the precut test is called the fatigue fracture. Polyacrylamide [78], poly(2-acrylamido-
2-methyl propane sulfonic acid)-polyacrylamide (PAMPS/PAAM) [119] , and
alginate-polyacrylamide [79], poly (vinyl alcohol) (PVA) - polyacrylamide (PAAmM)
[80] were some of the hydrogels tested for fatigue fracture. Among these hydrogels,

alginate-PAAmM and PAAmM-PVA can be considered as self-recovery hydrogels.

The parameters related to fatigue damage include the change in elastic modulus
with the number of cycles [75], the stress-strain hysteresis loop changes, fracture
stress, and recovery efficiency. During the deformation of the self-recovery hydrogel,
the covalent network provides the elasticity needed for recovery. The reversible
physical bond break during deformation dissipates energy, toughens the material, and
reforms upon unloading. The stress-strain behaviour of PAAm/ PVVA hydrogel remains
unchanged after five thousand tensile loading cycles under maximum stress of 10 kPa
[80]. When a sample is subjected to cyclic stretches over thousands of cycles, internal
damage build-up until a steady-state is reached. When a cut sample is under cyclic
loading, the crack propagates with the cyclic loading if the maximum load applied is

above a certain value.

The gradual softening of hydrogel under cyclic load was explained by the Mullins
effect. The large hysteresis or energy dissipation in fully chemical crosslinked double
network hydrogel is due to the partial fracture of covalent bonds [120]. However, the
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hysteresis in the hydrogel is different from that in rubber. The hysteresis of the tough
hydrogel can be modelled by modifying the free energy function with additional
damage variables. For example, Zhang et al [121] expressed a coupled cohesive-zone

and Mullins-effect model to predict fracture energies and crack-tip fields of tough gels.

2.8.9 Toughness, Energy density, and Energy release rate

The toughness (fracture energy) was measured by Zang et al. [119] in
PAMPS/PAAM hydrogels using a pure shear test. The test was conducted in a sealed
acrylic chamber to prevent drying. The energy release rate (G) was defined in (2.3)
[122].

G = HW (D) (2.3)

Where H was the undeformed thickness of the sample and W(L) was the energy
density (energy per volume) of the sample. W(A) was obtained by the area below the
stress-strain curve of the sample. The toughness was defined as the critical energy
release rate when the crack propagates. The fatigue threshold toughness of single
network PAAm hydrogels was about 53 J/m? [79]. This value was much lower than

the fracture energy of around 10 000 J/m? under static loading conditions.

In PAMPS/ PAAmM double network hydrogels, the PAAmM network with low density
crosslinking showed a threshold of around 400 J/m? and the PAAmM network with high-
density crosslinking showed around 200 J/m?. The effective energy release rates of
uncut samples were tested at the 2000™" fatigue cycle for comparison purposes [123].

The fatigue fracture in elastomers is described in the Lake-Thomas model [124].
According to that, fracture propagation does not occur below the critical level of strain.
When a chain in the hydrogel network is pulled closer to the breaking point, the entire
chain is pulled to the same level. The Lake-Thomas model estimates the threshold for
fracture by the chemical energy in a unit area of a single layer of chains. Because when
the network breaks at a single point, the energy in the entire chain similarly dissipates

energy.
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2.8.10 Shear testing

The hydrogel was shear tested for different load-bearing applications such as the
replacement of cartilage and diseased or damaged tissues. Poly(vinyl alcohol) (PVA)
hydrogels tested by Stammen et al. [83] showed a shear tangent modulus between 0.1
and 0.4 MPa. These results were strain magnitude dependant. No statistically
significant difference in shear tangent modulus could be found for samples with a
swelling percentage of 75% and 80%. The tested sample was 6 mm in diameter and 6
mm in thickness. The samples were bonded to Plexiglas slides by using cyanoacrylate
adhesives. The lap shear testing was conducted and shear modulus (G) was calculated
according to (2.4), where Fparaiiel is the load applied on moving plate, A is the cross-
sectional area of the sample, AL is the recorded displacement and L is the initial
thickness of the sample

T _ Fparallel
G= Yy  Aftan—1(AL/L)] (2.4)

The rheology method was used by many researchers to assess the properties of
hydrogels. Degree of crosslinking, structural homogeneity, and molecular weight. The
main rheological testing method used to characterize hydrogel is small-amplitude
oscillatory shear (SAQS). During this test, small-amplitude torsional oscillation
generates shear in the sample [125]. The tested equilibrium shear modulus (Ge) for
five types of hydrogels was: agarose 1200 Pa; collagen 120 Pa; fibrin 160 Pa
methylcellulose 340 Pa [126]. Yeung et al [127] tested the PAAm hydrogel with AAm
concentration vary from 3% to 12% w/v and MBA 0.05 to 0.6% wi/v. The results
showed that shear modulus varies in the range from 10 Pa to 50 kPa. The highest shear
modulus of 55.292 kPa was shown with 12% w/v AAm and 0.6 % w/v MBA

concentration.

2.8.11 Stress relaxation

Stress relaxation can be defined as a time-dependent decrease in stress under
constant strain. The crosslink link (MBA) concentration in PAAm-Alginate hydrogel

changes the stress relaxation behaviour. The viscoelastic stress relaxation response can
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be increased by decreasing the MBA concentration [114], Single network hydrogels
such as PAAm with covalent bonds are capable of recovery after deformation as long
as the bonds are not broken. Hydrogels with only ironic bonds such as alginate undergo
permanent deformation. When these two networks are combined, each network
behaves differently to dissipate energy from the applied load. First, the covalent
network stretches. Next, the alginate physical bonds break and reform under
deformation [128]. The acrylamide network moves more freely in the hydrogels with

a lower degree of covalent crosslinking. [129]

2.8.12 Biocompatible, biodegradable properties and safety

Biocompatibility is defined as “the ability of a material to perform with an
appropriate host response in a specific application” by Williams [130] and “property
of any medical material that is used in contact with a living body” by Ikada [131]. The
toxic chemical used in the synthesis process of synthetic hydrogels presents a
challenge in biocompatibility. The unreacted monomers, initiators, crosslinkers are
toxic to tissues or encapsulated cells. The various purification methods such as solvent
washing or swelling for a longer period in a large solvent container have to be

conducted to remove hazardous chemicals. [132]

The biodegradability of the hydrogel is another factor to be considered. The rate of
degradation and breakdown of the network is considered in designing biodegradable
hydrogels. Some tissue engineering applications may not require complete degradation
such as corneal and cartilage replacement. The incorporation of cleavable groups into
the polymer network of crosslinks can be considered to make degradable hydrogels.
Biodegradation is achieved through a biological process such as enzymatic digestion
[133].

Poly(2-hydroxyethyl methacrylate) (PHEMA) [134], poly(vinyl alcohol) (PVA)
[135], poly(ethylene glycol) (PEG) [136], hyaluronic acid and natural materials [137]
are some of the biocompatible hydrogels used in tissue engineering applications.
PAAmM and PAA hydrogels were used as biomaterial after thorough washing.

Acrylamide/ crotonic acid and acrylamide/ itaconic acid copolymer hydrogels
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biocompatible with rats implanted for 10 weeks [138]. Polyacrylamide-chitosan
hydrogels have shown biocompatibility with no cytotoxicity and were a possible
candidate for controlled delivery of antibiotics. This hydrogel was washed extensively
with distilled water to remove any unreacted chemicals. Before the application, the
hydrogels were washed three times with sterile phosphate-buffered saline and UV light
was applied for 30 min [139].

2.8.13 Mechanical behaviour of hydrogels

The basic properties of hydrogels such as stiffness and fracture strength can be
calculated from a stress-strain curve. Constitutive models of stress-strain curves are
used for characterizing the behaviour of materials. The mathematical representation of
the physical behaviour of the material is defined as a constitutive model. Common
three types of materials stress-strain curves under quasi-static loading are shown in
Figure. 2.6. The hydrogel exhibit nonlinear elastic or hyperelastic behaviour similar to
soft biological tissues (Figure 2.6(c)) [140]. The nonlinear constitutive models are

expressed as a function of change in internal energy per change in strains [141].

(@) (b) (©)
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Figure 2.4: Common behaviour of stress-strain curves for quasi-static loading and relevant
constitutive models. (a) Linear elastic (e.g. polymers) (b) Nonlinear elastic or hyperelastic (e.g.
elastomers) (c) nonlinear elastic or hyperelastic (e.g. soft biological tissue and hydrogels)

The theories applied for small deformations do not apply to the large deformation
of the hydrogel. The large deformations change the structure of hydrogel considerably
[142]. In most gels, the fracture behaviour depends on the strain rate but the
deformation properties such as stiffness and elastic modulus do not depend on the
strain rate [109] [143]. Crack after a time delay in a three-point bending test under

constant load was due to the activation energy for crack nucleation. High activation

29



energy leads to a longer time delay [144]. The mechanical properties of hydrogels can
be improved by modifying the microstructures [145].

2.8.14 Viscoelastic and Poroelastic properties

Viscoelasticity and poroelasticity are time-dependent behaviours in polymer gels.
Poroelasticity results from the migration of a liquid [146], while rearrangements of
polymer chains and reversible crosslinks contribute to the viscoelasticity of the gel
[147] [148]. Another perspective of viscoelastic behaviour was described as the
behaviour of an elastic solid network surrounded by an aqueous solution [129]. Some
researchers considered only the viscoelastic property in modelling hydrogels. Wang et
al [129] proposed a method capable of separating viscoelasticity and poroelasticity
gels by using an unconfined parallel-plate stress relaxation test. They developed a
theory on the poroviscoelasticity of hydrogel based on the theory of linear
poroviscoelasticity by Biot [149] and the non-linear field theories of hydrogels [150]
[148]. The large deformation viscoelasticity model for the type of DN hydrogels was
presented by Mao et al [151]. This consists of a covalently-crosslinked polyacrylamide
network with long chains, and an ionically-crosslinked alginate network with short
chains. Wang and Hong [150] formulated a unified theoretical framework for the
transient behaviour of polymeric gels to account for both solvent migration and

viscoelastic deformation.

Viscous material behaviour can be expressed as shown in (2.5) based on Newton’s

law. Where n is viscosity, o is the stress and ¢ is deformation strain.

o(t) =1 x =& (t) (2.5)

2.8.15 Characterization of stress relaxation behaviour using Prony model

Hydrogel's stress relaxation behaviour is modelled as a linear viscoelastic material.
The Prony series is used to represent linear viscoelastic relaxation [152]. The common
model for viscoelasticity is represented by springs and dashpots in various
configurations. The Prony series model is composed of a free spring and a finite series
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of Maxwell elements in parallel. Each Maxwell element is an individual spring and

dashpot in series (Figure 2.7)

1\
1A

Figure 2.5: Prony series for modelling viscoelastic behaviour

The effective relaxation module, E(t), is expressed by the (2.6) [152]. Where E, is
the long-term elastic modulus and the n, g;, and t; are material constants of the Prony
series parameter.

Eo

E(t) - 1_2?=1 gi

[1— X, g:(1— e /)] (2.6)

2.8.16 Effect of temperature

The temperature-sensitive hydrogel undergoes a phase transition in which
discontinuous volume change occurs in a narrow range of temperature [153]. Poly (N-
isopropyl acrylamide) (PNIPAAmM) hydrogel can change the volume at a temperature
close to 32°C, which is known as lower critical solution temperature (LCST) [154].

The slight increase in the swelling ratio can be visible with the increase in
temperature in PAAm hydrogels. But in PNIPAAm hydrogels, the swelling ratio
decreases with the increase of temperature. The elastic modulus of PAAm hydrogel
[155] and poly (N,N-dimethylacrylamide-co-methacrylic acid) hydrogels [156]
decrease as the temperature increase. But in PNIPAAmM hydrogels, reduction in elastic
modulus from 25°C to 30°C temperature and increase in elastic modulus from 30°C to
40°C temperature were observed. Above LCST, the collapsed PNIPAAmM chains
improve the mechanical properties of the hydrogel [155]. Fatigue and fracture shear

studies conducted by Zang et al [123] showed that poly(N -isopropylacrylamide)
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(NIPA) hydrogel fracture energy, maximum critical stretch, and maximum nominal

stress increases with temperature increase from 31°C to 39°C.

2.9 Finite element analysis

The finite element analyses (FEA) enable efficient parametric evaluations for
different insole shapes and material modifications, without needing to fabricate and
test orthoses in a series of patient trials. Researchers [9] [157] [31] have used FEA to
study what effects orthotic thickness and stiffness have on plantar soft tissue and
plantar pressure distribution. ABAQUS FEA software was used by most of the
researchers [31] [158] for the analysis of foot insole interaction. Some researchers have
used ANSYS software [159]. Maas et al [160] have described the advantages of using
FEBIO open-source FEA software recently designed specifically for analysis in

computational solid biomechanics.

2.9.1 Finite element model generation

Castro et al [161] presented a comparison between the performances of two Finite
Element (FE) solvers for the modelling of the poroelastic behaviour of highly hydrated
collagen hydrogels. The Neo-Hookean hyperelastic model was used. V-Biomech has
shown its potential for the validation of biomechanical characterization of soft tissues,
while Abaqus’ versatility is useful for the modelling and analysis of tissue engineering
applications, the development of visco-hyperelastic numerical material used
experimental tests such as compression, creep, and stress relaxation [162] and to
develop the initial hyperelastic material model such as Ogden hyperfoam material
model [163].

The uniaxial compression of hydrogel was performed using viscoelastic and
poroelastic material models. The commercial software package Abaqus was used by
Forte et al to model gelatine gels [164]. The deformation of elastic structure and flow
of the liquid through the porous structure of hydrogel is considered for the rate-
dependant and rate-independent behaviour. The rate-independent behaviour of the

solid network of hydrogel seemingly follows the Ogden hyperelastic model [164].
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The Ogden hyperelastic model strain energy potential W is defined in (2.7). Where
N, the order of the model varies from 1 to 3. A is the principle stretches, p and o are
material parameters, the units of p is pressure and a is a dimensionless quantity. D is
an incompressible parameter used to indicate volume change. Second term W,,,ume
accounts for the volume change of the material.

W = Z’iilﬁ—i(ﬂ(f" + A7+ A7 = 3) + Wooume (2.7)

The Ogden model is implemented in most commercial finite element packages. The
model works reasonably accurately for high strains. The Ogden model reduces to the
Neo-Hookean model when o =2 [165]. If N =2, a1 = 2, and a2 = —2, the Ogden model

reduces to a Mooney—Rivlin model [166].
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Chapter 3

MATERIALS AND METHODS

3.1 Materials

All the chemicals used were analytical grade. Acrylic acid (AA) - 99.5%

(Daejung,), Acrylamide (AAm)

- 98% (Sigma Aldrich), N, N’-methylene-

bisacrylamide (MBA) 99 % (Sigma Aldrich) and potassium persulfate (KPS) - 95 %
(Duksan) used on synthesis of hydrogels. Additionally, polyethylene glycol (PEG)
(Sigma Aldrich) (M=2700-3000 g/mol) was used as a plasticizer (Table 3.1). All the

chemicals were used as received unless otherwise noted. The initial composition was

chosen according to literature, ensuring that the mechanical properties (compression

strength and stiffness), were in line with the desired properties for foot insole

applications.
Table 3.1: Material used for the synthesis of hydrogels
Material Abbreviation Purity (%) Source
o Daejung Chemicals
Acrylic acid AA 99.5
and Metals Co. Ltd
Acrylamide AAmM 98 Sigma Aldrich (SA)
N, N'-methylene-
) ] MBA 99 SA
bisacrylamide
Duksan Pure
Potassium persulfate KPS 95 )
Chemicals Pvt. Ltd
Polyethylene glycol) PEG - SA
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3.2 Poly( Acrylic acid) hydrogels

During the development of DN PAA hydrogels, the crosslinker mole percentage
was changed in the first network relative to monomer concentration. The crosslinker
mol % of the first network solution was locked based on the results and subsequently,
the crosslinker percentage of the second network was optimized from 1 to 0.1 mol %
(Table 3.2).

The chemical compositions shown in Table 3.1 were used to prepare the samples
and each sample was triplicated. The best sample selected from Table 3.2, based on
the compression test, was used for other mechanical tests. “The first network of 1M
10 ml AA solution was prepared by mixing 0.7 ml of acrylic acid in 9.3 ml of deionized
water. Next 4 mol% of MBA was added as crosslinker (CL) and 0.2 mol% of KPS was
added as the initiator (I). The mixture was stirred at speed of 250 rpm and temperature
of 50°C with a magnetic stirrer for 15 min (Figure 3.1 (a))” [86, p. 1101]. The mixture
was transferred into cylindrical plastic containers of 35 mm internal diameter (Figure
3.1 (b)) and heated at 70°C for one hour. After drying the samples, the second
crosslinking solution with 1M AA, 0.1 mol% MBA, and 0.2 mol% KPS were prepared
and the samples were swelled for 24 h in the solution.

The swollen samples were placed in the oven (Mammert universal oven UT 110) at
70°C for 1 h to develop the DN hydrogels. The DN PAA hydrogel samples were
swelled for 48 h in deionized water to remove any unreacted molecules. Next, the
samples with 3, 4, and 5 mol % CL were fully dried (Figure 3.1(c)) and swelled
(Figure 3.1(d)) to the average swelling percentage of 75+5% before testing (Figure
3.1(e)). The best crosslink percentage of the first network was selected based on
stiffness, fracture strength, less stickiness, easy removal from the mould, and cost of
the materials. The sample nomenclature was developed as follows: composition with
1M AA and 4 mol% CL in the first network and 1M AA and 0.1 mol% CL in the
second network was referred to as IMAA 4CL /IMAA 0.1CL.
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Table 3.2: DN PAA Hydrogel synthesis chemical compositions

First network Second network

AA MBA (mol-%) KPS (mol- | AA (M) | MBA (mol-%) | KPS (mol-%)
(M) %)

1 2 0.2 1 0.1 0.2

1 3 0.2 1 0.1 0.2

1 4 0.2 1 0.1 0.2

1 5 0.2 1 0.1 0.2

1 6 0.2 1 0.1 0.2

Figure 3.1: (a) Stirring of hydrogel precursor solution on a hot plate at 40°C. (b) 10 ml of
hydrogel precursor solution in plastic containers. (c) Dried hydrogel samples (d) Dry hydrogel
samples are kept in distilled water to swell to the desired amount. (e) Swollen sample weight
measure before testing the hydrogels.
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3.3 Polyacrylamide hydrogels

The SN PAAmM hydrogel was synthesized by keeping monomer and initiator
concentration constant at 1M and 0.2 mol% respectively and using 1 mol% and 2

mol% crosslink concentrations.

The single network of 1M AAm 10 ml solution was prepared by mixing 0.725 g of
AAm in 10 ml of deionized water. 1 mol% of the MBA was added to the solution as
crosslinker (CL) and 0.2 mol% of KPS was added as an initiator (I). All the chemical
compositions used for initial sample preparation are given in Table 3.3. The mixture
was stirred with a magnetic stirrer for 15 min and transferred into cylindrical plastic
containers of 35 mm internal diameter. All the containers were filled with 10 ml of
mixture to achieve the minimum thickness requirement of 51 mm in the final sample

and kept inside the oven at 70°C for one hour.

The synthesized polyacrylamide (PAAmM) hydrogel samples were swelled for 48 h
in a deionized water container to remove any unreacted molecules. The samples were
fully dried to measure dry weight and the dried samples were swelled to 60% swelling
before testing. This composition with 1M AAm and 1 mol% CL is referred to as 1M
AAm 1CL [167].

Table 3.3: PAAm with different MBA composition

AAmM (M) | MBA (mol-%) | KPS (mol-%)

1 1 0.2
1 0.8 0.2
1 0.5 0.2

3.4 Improve softening and nonstick properties

Polyethylene glycol (PEG) 0.05, 0.1, and 0.15 mol-% were added to SN PAAmM
hydrogels as shown in Table 3.4. The initial PEG composition was based on literature
[168] and the suitable range was selected based on the mechanical test results ensuring
that the mechanical properties (stiffness and fatigue strength), were in line with the

desired properties for foot insole applications. The triplicated samples were first tested
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for stress vs strain behaviour and selected the composition that gives the desired
stiffness of 200 kPa at 0.5 strain. Next, the selected composition was tested for fatigue

behaviour under maximum stress of 400 kPa and strain rate of 200 mm/min.

Table 3.4: PAAm chemical composition with the addition of PEG

AAmM (M) | MBA (mol-%) KPS (mol-%) PEG (mol-%)
1 1 0.2 0.05
1 1 0.2 0.10
1 1 0.2 0.15

3.5 Calculation of swelling properties

The percent mass swelling was determined by using the equation (3.1).

% Swelling = (MM;SM x 100%

(3.1)

where Mg and M;s are the dry mass and swollen mass of the sample respectively.

The test samples with desired swelling percentages were obtained by keeping a
dried hydrogel sample and calculating (Ms-Mg) amount of distilled water in a sealed

container for 24 h.

3.6 Hydrogel insole development

The optimum composition of DN PAA and SN PAAm hydrogel was identified as
1MAA 4CL- 1IMAA 0.1CL and 1M AAm 1CL respectively. Using this composition,
hydrogel insoles were developed by using a mould as shown in Figure 3.2(a) and the
developed hydrogel insole is shown in Figure 3.2 (b). As a solution for the shrinking
of the hydrogel insole, a large sheet of hydrogel was moulded (Figure 3.2 (c) and (d)).
The desired shape was cut from the sheet of the hydrogel for testing. The strength of

the hydrogel sheet was further improved by reinforcing it with cotton mesh.
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Figure 3.2: Hydrogel insole development (a) Insole mold (b) Hydrogel insole prepared by
using a mold. (c) Glass mold is used for making hydrogel sheets. (d) Sheet of hydrogel

3.7 Mechanical Characterization

“Mainly compression, creep, stress relaxation, fatigue, shear and rebound resilience
tests were conducted. All hydrogel samples were triplicated and average stress-strain

behaviour was considered for calculations.

The mechanical tests were conducted on a Testometric M350-10 AT universal
material testing machine (Rochdale, England, +/-0.5% down to 1/1000" ) at ambient
temperature (30°C), with different crosshead speeds (1, 5, 10, 20, and 100 mm/min).
The graphs of force vs displacement and force vs time at constant displacement (stress
relaxation) were generated. The weight, diameter, and thickness of the samples were
measured before and after the test. The stress (o) was calculated by using the equation

(3.2)
o = F/nr? (3.2)

Where F is the applied load and r is the original radius of the specimen. The strain
( ¢) was calculated from the ratio of change of the thickness (t) and the initial gauge

thickness (to) of the measured sample (equation (3.3))

e =t (3.3)
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The modulus (stiffness) is the change in stress (o2 - 61) divided by the change in
strain (e2-g1). In this research, the modulus was calculated from the slope (derivative)
of the stress-strain curve due to the non-linear behaviour of hydrogels (3.4)” [86, p.
1102]

Modulus (Stiffness) =(c2 - 61) / (e2 - €1) =do /de (3.4)

The test samples with the correct swelling percentage for all the mechanical tests
were prepared by measuring the dry weight of the samples and then keeping them
inside the sealed containers for 24 hrs with a measured amount of distilled water
required for the desired swelling percentage. The correct swelling percentage was
calculated based on swelling weight and dry weight and the applicable maximum force
was calculated based on maximum stress and the sample contact area before starting

the mechanical tests.

3.7.1 Compression test

The general test setup used for compression testing is shown in Figure 3.3(a) and
Figure 3.3(b). Dry and swollen sample weights were measured and the mass swelling
percentage was calculated before the test. The weight of the sample was measured after
the test to calculate any water loss during the test. Initial compression tests were
conducted at 10 mm/min crosshead speed and 80% swelling percentage for PAA and
60% swelling percentage for PAAmM hydrogels. The DN PAA hydrogel samples in
Table 3.1 and Table 3.2 were compressed until the break, cracks appear, or up to 80%
strain. The chemical composition with the highest compression strength was selected
for the next modification in the composition and finally, the optimum composition was
used for other testing methods. The compression strengths were measured at different
crosslink percentages, swelling percentages, and crosshead speeds. The sample was
kept in a moisturized container to minimize dehydration during the test (Figure 3.3(b)).
Water droplets were sprayed on the inner surface of the container to maintain the
humidity. All the samples were weighed before and after the test. Test conditions and
parameters include; crosshead speeds 10 -200 mm/ min, sample diameter 20+0.4 mm,
thickness 5+0.3 mm, 50-120+5% swelling.

40



(a) (b)

L Load

Flat indenter

Top plate
Hydrogel sample
Bottom plate : Fixed plate

Figure 3.3: (a)Schematic diagram of the hydrogel compression test. (b) Test arrangement for
compression, stress relaxation, creep, and fatigue tests

3.7.2 Criteria for selecting the best composition

According to the research conducted by Chatzistergos et al on the effectiveness of
pressure distribution ability of insole materials with different stiffness showed that
optimum stiffness range was between 71 kPa and 551 kPa at 50% strain. The studies
conducted by Tang et al [66] showed that when wearing EVA insoles, the maximum
peak pressure was 255 kPa with 35 Shore A. By considering these results, the

minimum stress for force calculation in fatigue testing was set to 350 kPa.

3.7.3 Effect of crosslink percentage

Set of AA triplicated samples with composition IMAA XCI/1M 0.1 CL where X
varies from 2 to 6 and swelling of 80+5% shown in Table 3.1 were tested at 10 mm/min
crosshead speed. The samples were compressed up to 80% of strain until breaking.
And maximum compressive strength was recorded. The sample with the highest
compressive strength and desired stiffness was selected as the optimum crosslink

percentage.

3.7.4 Effect of strain rate

The hydrogel samples with the best chemical composition were triplicated and
compressed at 10, 20, 50, 100, and 200 mm/min crosshead speeds. By considering

average values, the variation of stress with strain was plotted in the same graph.
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3.7.5 Effect of swelling percentage

Triplicated hydrogel samples with optimum chemical compositions were swelled
to 40, 60, 80, 100, and 120 swelling percentages and tested at 100 mm/min crosshead

speed.

3.7.6  Effect of temperature on hydrogel behaviour.

The compression behaviour of DN PAA and SN 1M AAm 1CL hydrogel was tested
at 20°C, 30°C, and 40°C. The samples were kept inside a heat-resistant container to
minimize heat loss (Figure 3.4 (a)). First, the set of triplicated samples was kept inside
a refrigerator for one hour in sealed containers. Another set of sealed triplicated
samples was heated inside the oven at 60°C for 30 min. Next, a set of triplicated
samples was kept at room temperature (30°C). All the samples were measured for
temperature (Figure 3.4(b)), weight, diameter, and thickness before and after the test.

Average values were considered for calculations.

(@)

Figure 3.4: compression testing hydrogel samples at 20°C and 40°C (a) Test arrangement with
heat resistant material wrapped around the container (b). Measuring temperature before and
after testing.
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3.7.7 Available insole materials

Polyurethane (PU) gel and Ethylene-vinyl acetate (EVA) samples (Figure 3.5(b)
and (c)) were selected as available insole materials. PU samples were cut from PU gel
insole ( SIDAS - 18 rue Léon Béridot - 38509 Voiron — FRANCE) (Figure 3.5(a)).
These samples were subjected to compression, stress relaxation, and rebound

resilience tests.

(b) (©)

\

Figure 3.5: (a) PU gel insole (b) Pu gel sample prepared for testing: Diameter =23.5 mm,
Thickness=4 mm. (c) EVA sample: Dameter= 24 mm, Thickness 4 mm

3.7.8 Stress relaxation

The same test setup shown in Figure 3.3 was used. The test was conducted using a
step compression method. Samples were kept in constant displacement and variation
of force with time was observed. The stress relaxation test for PAAm hydrogel was
conducted in two different ways. First, the sample was compressed with a preload
speed of 10 mm/min and held at constant strain for 300 s. During the second method,
the samples were compressed up to maximum stress of 250 kPa, and the strain was

kept constant for the 60s and then release for 40s. This cycle was repeated five times.

3.7.9 Creep

Variation of displacement with time under constant force was observed. Samples
were compressed at 10 mm/min preload speed until reaching 200 kPa for 60 s interval

and 40 s release up to a total of 300 s.
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3.7.10 Shear

Shear properties of hydrogel were tested by bonding the hydrogel sample onto two
metal plates as shown in Figure 3.6. First, two sandpapers were bonded to the metal
plates and the next hydrogel samples were bonded to sandpapers by using
Cyanoacrylate glue. Torsional and horizontal compression effects incurred during
loading were neglected, and the shear modulus (G) was calculated by using the
equation (3.5), where T, y, Fs, A, and d were shear stress, shear strain, recorded load,
cross-sectional area, and recorded displacement of the sample respectively.

t 5

G=<=
14 d/to

(3.5)

Moving
plate

DN PAA
Hydrogel
sample

Fixed plate

Figure 3.6: Shear testing

3.7.11 Rebound Resilience and hardness

Rebound resilience is defined as the ratio of the energy returned to the energy
applied to a test piece as the result of a single impact of a striker terminated by a
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suitable indenter [84]. Figure 3.7 shows the rebound resilience tester (Precision
scientific equipment corp., New Delhi, India) used and it contains a scale from 0 to
100. First, the thickness and hardness of all the samples were measured before starting
the test (Table 3.5). The hardness of each sample was measured by using a portable
Shore A hardness tester (0-100 HA) (Figure 3.8(a)) and thickness was measured by
using a thickness gauge (H.W. Wallace & Co Limited, England, Resolution: 0.01 mm
) (Figure 3.8 (b)). Next, a sample was kept at 0 level by holding from the pin of the
vertical rod and the pendulum was lifted to 100 mark level and dropped onto the
sample. This test was repeated three times on a single sample. The maximum rebound
heights were recorded and the average value was considered for results.

Table 3.5: Samples used for rebound resilience testing

Material Manufacturer (Tmhirgl)(ness

EVA foam 4
EVA foam DSI Samson Group, 5
EVA foam Colombo, Sri Lanka 6
EVA foam 10
Silicone Oppo Medical Inc, USA. 5
PU gel 4
PU gel SIDAS, Voiron, France .
DN PAA hydrogel 5
DN PAA hydrogel 7
SN PAAM hydrogel 5
SN PAAmM hydrogel | - 75
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(@) (b)

Figure 3.8: (a)Hardness testing with portable Shore A hardness tester. (b) measuring insole
thickness with Thickness gauge

46



3.7.12 Fatigue testing

The foot is most at risk for re-ulceration in the first 20-30 days after healing when
patients start to resume full walking activities [53]. The number of steps walked by
foot ulcer patient range between 1461-2154 [169] and the step cycle is approximately
1 Hz [170]. The peak pressure recorded after wearing an insole varies from 200 kPa to
500 kPa [66] but the peak pressure has to keep below 200 kPa to prevent re-ulceration
[54].

By considering the above factors, machine limitations, and safety, the minimum
number of loading-unloading cycles requirement was 20 000 cycles at a constant
crosshead speed of 200 mm/min under maximum average stress of 200 kPa. A constant
swelling percentage of 80% and 60% were kept for DN PAA and SN PAAmM samples
(Table 3.6).

Typically, during the loading-unloading cycle, the hydrogel samples were
compressed to a pre-set maximum strain and then returned to the initial length. To
examine the recovery of the hydrogel and to keep a constant swelling percentage, after
every 1000 cycles, the samples were measured for weight, diameter, and thickness,

relaxed for 10 min controlled times, and the cycle was restarted.

Table 3.6: Hydrogel samples used for fatigue testing

No | Sample Swelling Diameter Thickness
percentage (mm) (mm)
(%)
1IMAA 4CL/ 1M
1 AA-0 1CL 8045 23+1 510.5
2 1M AAm-1CL 6515 20+£0.4 5+0.3
1M AAm 1CL
3 0.15PEG 65+5 20+0.4 5+0.3
IM AAm 2CL
4 0.15PEG 65+5 20+0.4 5+0.3
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3.8 Pressure insole testing

To investigate, simulate and compare the effect of hydrogel and other insole
materials on pressure redistribution under foot plantar, Tactilus® pressure-sensing
insole (Sensor Products Inc., 300 Madison Ave STE 100, Madison, NJ 07940, United
States) and the Tactilus 4.1 software were used for recording the pressure values. The
pressure insole was placed in between bottom plate or insole material to observe the

interface pressure between ground or insole and indenter (Figure 3.9(a))

The barefoot maximum stress on diabetic foot is 700 kPa. The load was applied by
using stainless steel indenter as shown in Figure 3.9(a). The dimensions of the indenter
were given in Figure 3.9 (b). First, the barefoot condition of the diabetic foot was
simulated by applying a force that generates maximum peak stress of 700 kPa. Under
the same load, the peak pressure reduction and the effectiveness of uniformly

distributing plantar pressure by hydrogels and other insole materials were tested and

compared.
@ (b)
rIRVIN i
Indenter
Pressure
insole

|

Figure 3.9: (a) Test arrangement for pressure insole readings. (b) Indenter dimensions
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Chapter 4

RESULTS AND DISCUSSION

4.1 Existing insole materials

According to Figure 4.1 (a) and (b), SIDAS® PU gel and EVA samples respectively
did not show any significant variation in stiffness with the crosshead speed of
compression. The stiffness of these insole materials can be considered rate-
independent in the tested strain rate range 10 mm/min to 100 mm/min. This behaviour

complies with the results of Ross-Murphy et al [109] and van Vliet [143].

The closed-cell EVA material’s elastic zone, a plateau region with stress increase
slowly and densification region where stress increases rapidly as the closed cells
compress and behave as solid material can be visible in strain ranges 0 to 0.1, 0.1 to
0.5, and above 0.5 respectively. At 100 mm/min crosshead speed and 0.5 strain, EVA
and PU gel showed 140 kPa and 649 kPa respectively indicating high stiffness of PU

gel insole and high softness of EVA material.

The minimum peak pressure at 50% strain for diabetic insole vary from 155+4 kPa
to 350 * 5 kPa for patient’s body mass varies from 50 kg to 125 kg when the hardness
of insole material changes from Shore 10A to 20A respectively (the detailed
relationship can be found in Table 2.2 [34]. The tested EVA material satisfies this
requirement but the PU gel was in a higher stiffness range.
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Figure 4.1: Variation of stress with the strain (a) 4 mm thick SIDAS® PU gel (b) 4 mm thick
EVA

4.2 Double network polyacrylic acid (PAA) hydrogels!

4.2.1 Effect of crosslink percentage on compression behaviour

The PAA hydrogel with composition given in Table 3.1 was tested and stress vs
strain and stiffness vs strain were plotted as shown in Figure 4.2 (a) and (b)
respectively. DN PAA with crosslinker mol % varying between 2 and 6 was tested and
from 2CL to 3CL, a considerable increase in stiffness was visible. The stiffness
increased by 69% from 2CL to 3CL at 50 % strain. The increase in CL value has not
contributed to a significant increase in stiffness (Table 4.1). This indicates the
maximum number of crosslinks achieved at 3CL and further addition of CL has not
contributed to property improvement. With the increase in CL mol%, a proportionate
decrease in stickiness was observed. The 2CL and 3CL samples showed high
stickiness and handling difficulty. By considering the above factors, 4CL composition

was selected for further improvements and testing.

! Part of this results were published in R. Udayanandana, P. Silva, and T. Gunasekara,
"Mechanical properties of double network poly (Acrylic Acid) based Hydrogels for potential
use as a biomaterial,” in 2019 41st Annual International Conference of the IEEE Engineering
in Medicine and Biology Society (EMBC), Berlin, 2019, pp. 1101-1104.
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Figure 4.2: Compression of DN PAA hydrogel under CL mol% vary from 2 to 6 and swelling
percentage of 75+5% (a) Variation of stress with strain at 10 mm/min cross-head speed (b)
Variation of stiffness with strain at 120 mm/min cross-head speed.

Table 4.1: Variation of stiffness with CL mol% at 50% strain and 10 mm/min crosshead speed.

PAA CL | Stress at 50% | Stiffness at 50%
mol% strain (kPa) strain (MPa)

2 275 1.730

3 445 2.931

4 500 3.255

5 483 3.716

6 468 4.024

4.2.2 Crosshead speed variation

A significant variation of stress cannot be observed with the variation of strain rate
in PAA hydrogels (Figure 4.3). The stress values of 459 kPa, 462 kPa, 532 kPa, and
539 kPa at 50 % strain were shown by crosshead speeds of 10 mm/min, 50 mm/min,
100 mm/min, and 200 mm/min respectively (Table 4.2). According to Yang et al [171],
when the strain rate is below 0.12 s (crosshead speed: 36 mm/min), the modulus
increases rapidly and when the strain rate is above 0.12 min, the modulus remains
almost constant. The fracture stress increases when the strain rate vary from 0.25 min
! (crosshead speed: 1.25 mm/min) to 25 min™ (125 mm/min) [164]. The mechanical
behaviour of hydrogel depends on the solid matrix deformation and the movement of
the fluid in and out of the pores during the deformation. When the speed of
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compression is much higher than the speed of liquid transfer between pores, hydrogel

behaves as an elastic material.

800

7004 | T PAA SWE5+5% 10 mm/min

—e— PAA SWB515% 50 mm/min

600 | —*— PAA SWB5+5% 100 mm/min ¥
v— PAA SW65+5% 200 mm/min

Stress (kPa)

0.0 0.1 0.2 03 0.4 05 06
Strain (mm/ mm)

Figure 4.3: Variation of stress with the strain of PAA hydrogel at different strain rates of
compression

Table 4.2: The crosshead speed and strain rate and stress at 50% strain

Crosshead speed (mm/min) | Strain rate (s) Stress at 50% strain
10 0.03 459
50 0.17 462
100 0.33 532
200 0.67 539

4.2.3 Variation of mechanical properties with the swelling percentage

PAA hydrogel showed an inverse relationship between swelling percentage and
stiffness (Figure 4.4). The expected stress at 0.5 strain was 220 kPa to 280 kPa when
the load was applied between 300 N to 600 N [34]. The 80% and 120 % swollen
samples show the stress of 355£16% kPa and 280+6% respectively. The 80% swollen
samples were selected for further testing by considering the increased tendency of the
material to fracture with the swelling percentage.
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Figure 4.4: Variation of stress with the strain of PAA hydrogels under different swelling
percentages.

4.2.4 Fatigue

The IM-4CL/ 1M-0.1CL (PAA) sample was tested with 110 N maximum force and
a test speed of 100 mm/min. The maximum force accounts for maximum stress of
365+11 kPa. At the end of 3000 cycles of the test period, two cracks were appearing
in the sample (Figure 4.5 (b)). The strain-softening of the sample with the number of
cycles is visible from Figure 4.5(a) by the movement of the hysteresis loop towards
the right-hand side. After the completion of each 1000 loading cycle, there was only a
1% loss of total weight. This was due to water loss and the effect on mechanical
properties was negligible. The endplates were completely dry before and after the test,
indicating water loss occurs only by evaporation. The long-range movement of water
in poroelastic behaviour was not visible during compression. The 60% swollen

samples used in this test were considered to be the reason for this behaviour.
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Figure 4.5: Compressive fatigue test of 1M AA 4CL/ 1M AA 0.1CL (PAA) at 80£5% swelling
and 200 mm/min crosshead speed (a) Variation of stress with strain up to 3000 cycles (b)
Hydrogel samples deformation and crack propagation with number of cycles

4.3  Single network polyacrylamide (SN PAAm) hydrogels®

4.3.1 Compression of PAAm hydrogels with different MBA compositions

PAAmM hydrogels with different crosslinker mol% were tested as shown in Figure
4.6. When the MBA (CL) mol% was reduced, the stiffness reduces gradually (Figure
4.6 (b). The area between the loading and unloading curves shows an increase in
energy loss with a reduction of MBA composition. The higher value of strain at the
end of the loading curve when stress was zero indicates the lower recoverability rate
at low CL mol% (Figure 4.6 (a)). By considering these factors and handling difficulty
due to an increase in stickiness with lower CL mol %, 1 mol % CL was selected for

further testing.

2 Part of this results were explained in “R. Udayanandana, P. Silva, and T. Gunasekara,
"Compression Fatigue and Stress Relaxation Properties of Single Network Polyacrylamide
Hydrogels," in 2019 Moratuwa Engineering Research Conference (MERCon), Colombo,
2019, pp. 533-537.”
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Figure 4.6: PAAmM hydrogels with different CL mol %.(a) Variation of stress with strain for
loading and unloading curves. (b) Variation of stiffness with strain for loading.

4.3.2 Compression strength

“Compression of a single network PAAmM-1CL (1M AAm-1CL) sample until the
fracture is shown in Figure 4.7(a) and Figure 4.7(b). The maximum compression stress
of 946 kPa was observed at 59% strain under the 10 mm/min crosshead speed and 65%
swelling. A similar composition of PAAm hydrogel tested by Gong et al [20] at 93%
swelling and 97% fracture stain showed 700 kPa fracture stress. The modulus of
toughness or strain energy density and energy release rate of the single network PAAmM
hydrogel during initial compression was calculated to be 136.6 kJ/ m® and 683 J/m?
respectively based on the area under the stress-strain curve in Figure 4.7(a). The crack
propagation rate vs energy release rate curve developed for PAAm hydrogel during
extension by Tang et al [78] showed that above energy release rate threshold of 7 J/
m?, crack propagation rate proportional to energy release rate. A similar curve for

compression of PAAm hydrogel was not found in the literature.

The stiffness of the sample varied from 1 MPa to 3.7 MPa at 30% to 50% strain
respectively. The maximum stiffness of 4.9 MPa was observed at 58% strain (Figure
4.7(b))” [167, p.534]. The stiffness values were higher than the recommended value
of 155 kPa to 276 kPa at 50% strain for a diabetic foot [34].
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Figure 4.7: Compression strength of single network PAAm hydrogel- swelling of 65+5% and
a crosshead speed of 10 mm/ min (a) Variation of stress with strain (b) Variation of stiffness

with strain.

4.3.3 Compression at different swelling percentages

The compression of PAAm hydrogel at 60, 80, and 100 swelling percentages are
shown in Figure 4.8. The average maximum compression strengths of 765+30% kPa,
661+20% kPa, and 335+30% kPa showed at 60%, 80%, and 100% swelling
respectively indicating a reduction in compression strength with an increase in
swelling percentage. Higher fatigue life is also expected when the swelling percentage
is 60%-80% [78]. The stress values of 532 kPa, 479 kPa, and 335 kPa at 0.5 strain

indicate the reduction in stiffness with the increase in swelling percentage.
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Figure 4.8: Variation of stress with strain for SN PAAm hydrogel at 60, 80, and 100 swelling
percentages and 100 mm/ min strain rate.
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4.3.4 Crosshead speed variation (Different strain rates)

According to Figure 4.9, PAAm, samples did not show any significant variation in
stiffness with the strain rate of compression. Two possible reasons for this behaviour
were identified. First, the selected strain rates during the test were in a higher range
similar to strain rates in walking. According to Yang et al [171], the constant modulus
could be observed at a strain rate above 0.12 s (crosshead speed: 36 mm/min). Second,
the nonlinear elastic behaviour is shown by PAAmM hydrogels at selected compositions.
A similar relationship for starch gel was shown by Gamonpilas, Charalambides, and
Williams [172]. This can be considered as the nonlinear elastic behaviour of PAAmM
hydrogel due to insignificant variation of the stress-strain curve with crosshead speed.
The PAAm hydrogels displayed elastic or viscoelastic behaviour depending on
network crosslink density. Viscoelastic behaviour can be visible when the monomer
concentration was less than a critical value or the monomer to crosslinker (M/C) ratio
was more than some critical value. When the M/C ratio (by weight) was between 10
and 200, elastic behaviour can be expected [173]. The PAAmM hydrogel used for the
testing in Figure 4.9 has an M/C ratio of 46 and a monomer concentration of 7.2 %
w/v indicating compliance with Zhang, Dauber, and Foegeding [173] test results.
PAAmM hydrogel displays viscoelastic property at a given M/C ratio of 37.5 with
monomer concentration less than 2.4% w/v and constant monomer concentration of
5% wi/v with M/C ratio higher than 200 [173]. The structural definition for this is the
formation of an inhomogeneous network when monomer concentration is low at a
given M/C ratio [174]. Consequently, the gel permeability is high and solvent flows
within the matrix possible during deformation [175]. When the crosslinker
concentration is low (high M/C ratio), the network chains are longer and more flexible
to occur chain rearrangement during deformation with time, causing rate-dependent

behaviour.
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Figure 4.9: Compression of PAAmM hydrogel at different crosshead speeds

4.3.5 Effect of thickness variation

As shown in Figure 4.10(a), the samples show a gradual increase in stiffness with
reduction of thickness and the error percentage of the average value is higher when the
thickness reduces. The stiffness of the diabetic insole material is expected to be in the
range of 155 kPa to 276 kPa at 50% strain for minimum peak pressure development in
foot plantar [34]. The 5 mm, 7 mm, and 9.5 mm thickness PAAmM hydrogel samples
tested under friction on surface contact showed the stress of 532 kPa, 336 kPa, and 218
kPa respectively at 50% strain (Table 4.3). Therefore, the 9.5 mm PAAm hydrogel
sample showed the most suitable properties at 60% swelling when friction acting on

the contact surfaces.

The frictionless condition testing showed that both 5 mm and 7 mm samples had
the stress of 181 kPa and 171 kPa respectively at 50% strain (Figure 4.10(b) and Table
4.4). 1t can be concluded that the thickness dependant behaviour under friction is due
to barrelling effect of the sample and the silicone oil applied on the surface of the gel
sample showed a thickness-independent low stiffness value suitable as diabetic insole

material.
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Figure 4.10: The variation of stress with strain for different thickness PAAmM hydrogels (a)
Without applying silicone oil on the sample surface. (b) After applying silicone oil on the
sample surface.

Table 4.3: Stress at 50% strain for different thickness values of PAAmM hydrogel tested without
applying silicone oil on the sample surface.

Thickness Stress at 50% strain
5 532+30%
7 336+10%
9.5 217+5%

Table 4.4: The stress at 0.5 strain at the frictionless condition for 5mm and 7 mm thickness

Thickness (mm) | Stress at 0.5 strain
5 180.8 + 8%
7 171.4 +12%

4.3.6 Creep

The PAAmM hydrogel with three thickness values (5 mm, 7.5 mm, and 9.5 mm) was
tested for three cycles of repeated creep at compression stress of 200 kPa for 60s
interval and 40s release (Figure 4.11). The gradual increase in peak strain with the
thickness could be observed in the results. This could be due to the increase in

barrelling effect with thickness. A negligible increase in maximum strain in each cycle
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could be observed as an indication of better recoverability of PAAm hydrogel at
different thickness values (Table 4.5)

08
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Figure 4.11: Repeated creep behaviour of PAAm hydrogels at 5 mm, 7.5 mm, and 9.5 mm

Table 4.5: Increase in the strain at each cycle of loading with 5 mm, 7.5 mm, and 9.5 mm
thickness values.

Thickness | Increase in strain
(mm) per cycle (%)
5.0 0.6
7.5 1.2
95 0.3

4.3.7 Stress relaxation

The stress relaxation behaviour for 5 mm, 7 mm, and 9.5 mm thickness values
showed that the stress relaxation was independent of thickness variation during the
first 300s but the peak pressure reduction with thickness was observed during the
impulsive load application at the start of the first and second cycles (Figure 4.12). This

behaviour was probably due to an increase in shock absorption ability with thickness.
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Figure 4.12: Stress relaxation of PAAm hydrogel at thickness values. Of 5 mm, 7 mm, and
9.5 mm.

4.3.8 Fatigue

“When the load applied on the samples was kept at 180+10 N, variation in
maximum strain 60+£4% and stress 520+50 kPa could be observed (Figure 4.13(a)).
Hysteresis in the first cycle of loading clearly showed the residual strain after
unloading. When the sample was loaded, unloaded, and then reloaded during
consecutive cycles, the same stress produces an increased strain, indicating a strain-
softening of the hydrogel sample. Mullins effect has been considered as the major
factor for the softening of the network of hydrogels over consecutive loading cycles

[176]. This strain-softening may stem from the breakage of covalent bonds [120].

The breaking of most sacrificial bonds in the network of the hydrogel is irreversible.
Such bond-breaking progresses cycle by cycle, and the stress-stretch curve keeps
changing until it reaches a steady-state. This progressive damage over many cycles is
called shakedown [79]. Since the network is significantly damaged in the steady-state
after many cycles, the stress-strain hysteresis is relatively small, and the hydrogel can
be assumed as elastic. The energy release rate is well defined in the steady-state, G =
HW, where W is the area of the stress-stretch curve in the steady-state and H is the
distance between the two jaws when the sample is undeformed [79]. During the
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13,000™" cycle, the difference between the energy release rates calculated from the
loading and the unloading curves is 12%, while it is 33% during the initial cycle. The
area within a hysteresis loop is energy dissipated during a cycle (usually in the form
of heating or breaking of covalent bonds). This energy represents the plastic work from
the cycle. The hysteresis loss of the first compressive cycle, rather different from the
elastic behaviour of the subsequent cycles, resulted in sacrificing the covalent bonds
of the PAAm network.

The hydrogel sample variation during fatigue cycles could be observed in Figure
4.13 (b). After the completion of each 1000 loading cycle, there was only a 1% loss of
total weight, indicating that water loss can be neglected. This could be due to the 60%
swelling hydrogel used in the testing. The presence of both solid skeleton and fluid
phase support carrying loads in hydrogels. Due to the negligible water drain, the
mechanical behaviour of the tested hydrogel can be described by using the theory of
rubber elasticity or single-phase models of viscoelastic material” [167, pp.534-535].

According to IWGDF guidelines [54], after wearing a diabetic insole, the peak
pressure should be less than 200 kPa. By considering the safety factor of 2, PAAM
samples were tested under maximum stress of 400 kPa. The maximum number of
fatigue cycles was increased up to 20 000 at this stress (Figure 4.14). The Foot is most
at risk for re-ulceration in the first 20-30 days after healing when patients start to
resume full walking activities [169]. The maximum number of steps walked by
diabetic foot ulcer patient vary between 1461-2154 and the peak stress range between
240 kPa and 325 kPa [53]. Based on these facts the expected minimum number of
fatigue cycles of 20 000 was satisfied by the SN PAAmM hydrogel.
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Figure 4.13: 1M AAm 1CL hydrogel compressive fatigue test. (a) Variation of stress with
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4.3.9 Temperature effect

A significant variation of average compressive stress and stiffness vs strain of
PAAM hydrogels cannot be seen under 20°C, 30°C, and 40°C temperatures. The
highest average stress and stiffness values of 362 kPa and 2.1 MPa at 0.5 strain were
at 30°C (Figure 4.15 and Table 4.6). The swelling percentage of triplicated samples
was measured before and after each test. The observed average weight reduction after
the test was 0.1% and its impact on mechanical properties was negligible based on the

results obtained at different swelling percentages in section 4.3.2.

The maximum and minimum values of the PAAm average curve vary by 30%, 15%,
and 20% at 20°C, 30°C, and 40°C. The accuracy of the load cell of UTM, the variations
in temperature distribution inside the oven, and the inhomogeneity of structure are the

main factors affecting this variation in results.

(a) (b)
700 2500
600 —=—PAAM-20C ' e PAAm 206
—+— PAAmM-30C T 2000 - —a— PAAM 40°C
500 4 —+— PAAmM-40C
s
F 400 =
g 2
@ a0 | 2
g 300 B l £ 10004
& »
200
5004
100
0 : . . . ; w 04— o o4 o5
0.0 0.1 02 0.3 0.4 0.5 0.6 0o o1 0z 03 04 05 08
Strain (mm/ mm) Strain (mm/ mm)

Figure 4.15: Variation of hydrogel compression properties under 20°C, 30°C and 40°C
temperatures (a) (c) PAAm stress vs strain behaviour(d) PAAm stiffness variation with strain

Table 4.6: The stress and stiffness values at 0.5 strain for 20°C, 30°C, and 40°C temperatures

Temperature (°C) | Stress at 0.5 strain (kPa) | Stiffness at 0.5 strain (MPa)
20 344+30% 1.8+30%
30 362+15% 2.1+15%
40 348+20% 2.0£20%
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4.3.10 Drying properties of PAAm hydrogels

The three 10 ml disk shape samples of PAAm hydrogels were observed for the
reduction in weight at ambient conditions (dry bulb temperature 32+1°C, wet bulb
temperature 27°C, and Relative Humidity 70%) The rate of weight reduction during
the 2nd day (48 hrs) was 0.13 g/hr and this rate was reduced to 0.004g/hr in 5" day
(120 hrs) (Figure 4.16).

8 —=— PAAmM-S1
—e— PAAM-82
—&— PAAM-S3

Weight (g)

Time (Days)

Figure 4.16: Drying rate of PAAm hydrogel at room temperature 30+1C and relative humidity
70£3%

4.3.11 Variation of dry weight with the initial volume of solution.

The PAAmM hydrogel with dry weight variation with initial liquid volume showed
almost linear behaviour with equation y = 0.09297 x — 0.0958 (Figure 4.17). The
variation of test results was 5%. This curve can be used to make hydrogel samples with
different volumes and calculate the swelling percentage at each stage of drying. The
drying of the PAAm hydrogel can be stopped at the desired swelling percentage based

on the weight of the sample.
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Figure 4.17: Variation of PAAm dry weight with initial solution volume.

4.3.12 Variation of PEG mol%b in 1M AAm 1CL

The softening behaviour of 1M AAm 1CL was observed with the increase of PEG
content from 0 to 0.15 mol %. The addition of 0.1mol % PEG showed the desired

stiffness of 200 kPa at 0.5 strain (Figure 4.18)
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Figure 4.18: The variation of stress with strain for different concentrations of PEG
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4.3.13 Fatigue property after adding PEG

The strain energy density of SN 1M AAm 1CL 0.1 PEG hydrogel was reduced and
stiffness increased drastically during the first 100 cycles (Figure 4.19 (a)). The addition
of PEG improved softness and damping properties and reduced the recovery rate after
compression. The behaviour in the stress-strain curve became almost linear at the end
of 100 cycles. The fatigue life was limited to 2000 cycles at the maximum stress of
400 kPa (Figure 4.19 (b) and (c)).

(a) (b)
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1M AAM 1CL 0.1PEG

300
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- "
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Figure 4.19: (a) The stress vs strain behaviour of 1M AAm 1CL 0.1 PEG under maximum
stress of 400 kPa for 100 cycles (b) sample after 1000 cycles (b) sample after 2000 cycles

4.4 Comparison of properties of insole materials and hydrogels

4.4.1 Compression stress and stiffness

The stiffness of the sample increased with crosshead speed under constant swelling
percentage. The sample tested at 100 mm/min showed maximum stress and
compression module of 800 kPa and 3 MPa respectively at 58% strain and 62%
swelling (Figure 4.20(a) and (b)).
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Figure 4.20: Compression behaviour of PU gel, EVA, DN PAA hydrogels, and SN PAAmM
hydrogels (a) Variation of stress with the strain (b) Variation of stiffness with strain.

4.4.2 Stress relaxation

Stress relaxation describes how polymers relieve stress under constant strain. All
tested materials showed viscoelastic properties. The PU Gel, EVA, silicone, and
PAAmM hydrogel samples were tested for repeated stress relaxation (constant strain for
60 s, unloading for 40 s, and peak stress of 250 kPa) (Figure 4.21 (a) and (b)). The
gradual increase in maximum constant strain in each cycle to maintain peak stress of
250 kPa (Figure 4.21 (a)) indicated the deterioration of material property in EVA and
PU Gel. The reduction in stress at 10s from the first cycle to the 5" cycle indicated the
deterioration of stress relaxation ability of EVA and PU Gel materials (Table 4.7). The
residual strain at the unloaded state indicates the shape memory of the material. The
highest to lower shape memory was shown by EVA, PAAm PU gel, and Silicone. The
gradual increase in strain value at the unloaded state indicates the fast deterioration of
shape recovery property of EVA while PAAm and Silicone show superior shape
recovery due to constant strain. The lowest stress value at the end of the relaxation

period showed the superior viscoelastic property by PAAm hydrogel (Figure 4.21(b)).
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Figure 4.21: The repeated stress relaxation test conducted on EVA( St. error 1.1%), PU Gel
(St. error 1.0%), Silicone (St. error 1.0%), and PAAm (St. error 2.1%) (a) Variation of strain
with time (b) Variation of stress with time.

Table 4.7: Peak pressure reduction and increase in deformation with number of cycles

Material Stress reduction | Stress reduction | Increase in
in10sat 1% in 10 s at 5" strain from 1% to
cycle (%) cycle (%) 5% cycle under

strain (%)

EVA 13.6 11.6 6.8

PU Gel 25.9 24.8 5.9

Silicone 24.3 22.8 0.6

PAAM 27.1 31.7 0.2
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443 Creep

The cyclic creep test under the constant stress of 200 kPa was conducted for EVA,
PU gel, PAAmM hydrogels (Standard error 3%), and Silicone materials (Figure 4.22(a)).
The highest strain value was shown by EVA due to its low stiffness compared to other
materials (Figure 4.22(b)). The sudden increase in the strain in EVA and PU gel at the
start of the loading cycle shows the lower shock absorption ability compared to PAAmM
hydrogels and Silicone materials. The highest to lower creep recovery at the unloading

period was shown by Silicone, PAAmM, PU gel, and EVA respectively.
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Figure 4.22: The repeat creep of EVA, PU gel, Silicone, and SN PAAm hydrogels (Standard
deviation:0.011) (a) variation of stress with time (b) Variation of strain with time
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4.4.4 Shear

The fracture shear stress and average shear modulus values of DN PAA hydrogel
were 82+3% kPa at 0.84 strain and 74+3% kPa respectively. The PAAm hydrogel
showed fracture shear stress of 83+3% kPa at the strain of 4 and an average shear
modulus of 18+3% kPa (Figure 4.23). This result is compatible with the PAAmM
hydrogel shear modulus tested by Yeung et al [127]. This showed shear modulus
variation between 10 Pa to 50 kPa for different compositions of AAm and MBA.. Shear
modulus of the subcalcaneal soft tissue range from 18 kPa to 124 kPa [42] indicating
shear modulus of SN PAAm hydrogels giving protection for tissue damage due to
lower shear modulus of 19.8 kPa (Table 4.8) by reducing initial effect before soft
tissue deformation. The higher shear modulus of EVA material shows the inability to

create a ball-bearing effect [56] on the foot during shear.
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Figure 4.23: DN PAA (Swelling 60%)and SN PAAm (Swelling 50%) hydrogels shear stress

Shear Strain

variation with strain: Error percentage 3%, Crosshead speed 5 mm/min.
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Table 4.8: Shear modulus of hydrogels and EVA

Shear
Material modulus The standard
(kPa) error (kPa)
EVA 128.7 4.1
PAA 72.0 0.63
PAAM 19.8 0.75

4.45 Rebound Resilience

The impact forces are applied on the insoles during heel strike heel-strike peak that
occurs at the first stage of human stance. The rebound resilience of hydrogel was
compared with EVA, Silicone rubber, and PU gel (Table 4.9). The lowest rebound
height (highest shock absorption) was given by the SN PAAm hydrogel sample. It
could be observed a 62% reduction in rebound resilience of 5 mm PAAm hydrogel
compared to 5 mm EVA. The high viscous component of hydrogel contributed to

absorbing high impact energy compared to other insole materials.

Table 4.9: Rebound resilience values comparison between hydrogel and insole materials

Material Manufacturer Thickness Rehound Hardness
(mm) resilience (%) (Shore A)

EVA foam 4 | 32+1 20

DSI Samson
EVA foam Group, 5 | 34+1 12
EVA foam EOI?(mbO, Sri 6 | 38+l 20

anka

EVA foam 10 | 55+1 10
silicone ﬁgp&g"ﬁd'ca' 5 | 3541 7
PU gel SIDAS, 4 | 35+1

Voiron, 5
PU gel France 8 55i1
DN PAA hydrogel - 5+0.2 | 21+1 .
DN PAA hydrogel - 7+0.2 | 23+1
SN PAAm hydrogel - 5+0.2 | 13+1 -
SN PAAm hydrogel - 7.5+0.2 | 28+1 -
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45 Pressure redistribution properties comparison with pressure insole
readings

During the pressure insole test, a maximum 200 N constant load was applied using
the universal testing machine (Figure 4.24). The no insole maximum stress of 698
+10% kPa within the range of diabetic barefoot maximum stress [45] was reduced
below recommended 200 kPa [54] when EVA and PAAm hydrogel insole was used.
The PAAmM hydrogel with 7 mm thickness showed an 11.5% reduction in mean peak
pressure compared to the 7 mm thick silicone rubber insole. The comparison of 5 mm
thickness EVA and PAAm showed that EVA material has a 9% lower mean peak
pressure this is mainly due to the low hardness of EVA. When the thickness of the
PAAmM hydrogel was increased to 7 mm, the average peak pressure of PAAm showed
a 1% lower value than EVA (Figure 4.25).

Thin silicone sheet to
protect pressure insole

Indenter

Pressure
insole

Insole

Figure 4.24: Testing different insole materials pressure distribution with Tactilus pressure
sensor under the constant load of the indenter.
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Figure 4.25: Variation of peak pressure of PAAm hydrogel and other insole materials.

4.6 Finite element analysis

4.6.1 Material model development

According to the similarity of the theoretical curve shown in Fig 2.4 (c) and the test
results are shown in Fig 4.7, Fig 4.8, and Fig 4.9, stress-strain behaviour showed the
hyperelastic nature. Further, the time-dependent stress-strain relationship of viscous
material showed in (2.5) proved by the creep curves and stress relaxation curves shown
in Fig 4.11and Fig 4.12 respectively. The behaviour of hydrogel showed an initial
hyperelastic (large strain) followed by a time-dependent strain (assumed to be zero
volume loss), under creep compression loading. Hence the PAAm hydrogel behaviour
can be considered as hyper-viscoelastic. A similar model was used by Kdilcti [177] and
Lei etal [178]. The model parameters were determined by fitting with the experimental
results (Table 4.10) and the Ogden hyperelastic material model was selected based on
stability and least deviation from the experimental curve. The FEA model was created
as unconfined compression and the element type was CAX4H (4-node bilinear
axisymmetric quadrilateral, hybrid, constant pressure). The hydrogel sample with

19.5+£0.5 mm diameter and 5 mm thickness was compressed between two plates as
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shown in Figure 4.27(a). The Ogden hyperelastic material model coefficients were
calculated in Abaqus finite element analysis software [152] based on experimental test
data.

The Ogden hyperelastic material model shows close agreement with the
experimental stress-strain curve (Figure 4.26) indicating hyperelastic behaviour of the
hydrogel sample. The Ogden hyperelastic model with N=3 parameters consisted of
M1=3.47, 01=5.03, 12=2.32, 02=6.02, u3=1.25, 03=2.82, D1=0, D=0 and D3=0.

The viscoelastic material model coefficients, g_i Prony =0.6, k_i Prony=0.4, and
tau_i Prony=60, curve fit with stress relaxation curve indicating the viscoelastic
behaviour of the sample (Figure 4.27(d)). The experimental average stress of 335.6
kPa matches the average FEA stress of 335.8 kPa ( SD 95.85 kPa) when the friction
coefficient was 0.4 (Figure 4.27 (b) and (c)).

Table 4.10: Experimental compression data used for FEA hyperelastic model

Stress
Strain (MPa)
0 0
0.1 0.017
0.2 0.0496
0.3 0.0983
0.4 0.1916
0.5 0.382
0.6 0.7508
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Figure 4.26: The Ogden hyperelastic N=3 and experimental curve fittings.
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Figure 4.27: (a) the FEA model arrangement used in parameter identification (b) FEA results
under constant load (c) Stress values at A, B, and C points. (d) Stress relaxation curves fitting
to identify relaxation parameters.

4.6.2 Verification of FEA model with pressure insole readings and peak

pressure variation with thickness

The top surface of hydrogel and indenter contact was considered as frictionless due
to the smooth surface of stainless steel indenter contact with hydrogel surface and the
bottom surface was rough due to bottom plate rough surface contact with hydrogel
bottom surface (Figure 4.28(a)). Figure 4.28(b) shows the FEA model for vertical
stress variation for a 5 mm PAAm hydrogel sample. The stress vs time curves of the
FEA model and pressure insole results (accuracy 10%-Table A.1)) overlap each other
showing validity of the FEA model (Figure 4.28(c)). The expected stress of below 200
kPa can be achieved when the thickness of the PAAmM hydrogel sample was above 6
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mm under a constant force of 200N. Significant reduction in peak pressure can be

observed up to 8 mm. the thickness increase beyond 8 mm does not reduce peak

pressure significantly and may cause unbalance of the foot (Figure 4.28(d)). An

increase in thickness from 5 mm to 10 mm in steps of 1 mm results in a reduction in
peak pressure by 6.3%, 5.2%, 7.1%, 1.8%, and 4.2% respectively (Table 4.11).
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Figure 4.28: (a) FEA model to simulate pressure insole test arrangement. (b) FEA vertical
pressure distribution for 5 mm thickness sample. (c) comparison of peak pressure variation
with time for FEA model and pressure insole.

Table 4.11: Thickness and peak pressure values from FEA model

Thickness (mm) | Peak pressure (kPa) | Percentage reduction (%)
5 205 -
6 192 6.3
7 182 5.2
8 169 7.1
9 166 1.8
10 159 4.2
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4.7 The thermal conductivity comparison

Warmer temperatures on soft tissue are prone to ulceration and the tissue resistance
to breakdown is increased when cooled to 25°C to 28°C [179]. The low thermal
conductive insulated diabetic footwear and repeated loading lead to high plantar tissue
temperatures and an increased tendency to DFU. The faster gait resulted in higher
temperature when EVA is used as insole material [180]. The comparison of Silicone
EVA and PAAm hydrogel showed that PAAm hydrogel had the highest thermal
conductivity (Table 4.12).

Table 4.12: Thermal conductivity of PAAm hydrogel, EVA, and Silicone rubber

Material Thermal conductivity (W/m .K) Reference

PAAmM hydrogel | 0.41 to 0.57 at 23% to 88% water content | [181]

Silicone rubber | 0.20 [182]

EVA 0.11t00.13 [180]
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Chapter 5

CONCLUSIONS

The overall aim of this project was the development and mechanical
characterization of hydrogel-based insole material for diabetic feet based on
experimental studies and finite element analysis models. The two types of hydrogels
developed include double network polyacrylic acid (DN PAA) and single network
polyacrylamide (SN PAAmM) hydrogels. The compression strength of SN PAAM (900
kPa) was higher than the double network polyacrylic acid hydrogel (796 kPa). The
fatigue cycles of DN PAA were limited to 3000 cycles compared to SN PAAM
hydrogel which can withstand 20 000 cycles at maximum stress of 400 kPa. The non-
linear stress vs strain curve in both PAA and PAAmM hydrogels can be identified as

hyper-elastic.

When the PAAmM hydrogel samples were tested under friction, the desired stiffness
of 155 kPa to 276 kPa at 50 % strain was achieved at 9.5 mm thickness but when the
top and bottom surfaces were lubricated with silicone oil, the samples showed
lowering stress to below 200 kPa and thickness independent stress values at a given

strain.

The finite element results showed that the peak pressure reduction can be observed
with the increase of thickness. The 5mm to 10 mm thickness PAAm hydrogel modelled
in ABAQUS finite element software showed that peak pressure reduction below 200
kPa can be observed above 6 mm thickness. The recommended thickness of PAAmM

hydrogel was 8 mm for effective pressure distribution.

PAA, PAAmM, SIDAS® PU gel, and EVA samples did not show any significant
variation in stiffness with the crosshead speed of compression. This strain rate-
independent elastic behaviour was probably due to the selection of high crosshead

speeds between 10 mm/ min to 200 mm/ min but the stress relaxation curves showed
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the viscoelastic nature. These materials can be considered as hyper-viscoelastic by
considering both non-linear hyperelastic and viscoelastic behaviours.

The highest stress relaxation property was shown by PAAm hydrogels when
compared with other insole materials. The repeated stress relaxation test showed
deterioration of stress relaxation property in PUGel, silicone, and EVA material. The
slowdown of shape recovery rate or residual permanent deformation of EVA material
could be visible during the unloading cycle when compared with PAAmM hydrogels.
The constant strain value and lowest stress value at the end of the relaxation period
prove the better recoverable and viscoelastic property of PAAm hydrogel. The creep
test showed the better shock absorption property of PAAm hydrogel and Silicone
rubber compared to EVA and PU gel at impulsive loading.

The maximum stress acting on diabetic foot is 200 kPa and the number of steps per
day is 2000. The highest risk time for re-ulceration is the first 20-30 days after healing
an ulcer. The SN PAAm is an insole material for diabetic feet capable of withstanding
for more than 20 days under maximum stress conditions of diabetic feet by providing
additional benefits of better pressure redistribution, suitable shear properties, and high

thermal conductivity.
Future Perspectives

The improvement of fatigue strength and minimizing drying of PAAm hydrogel
are the main two properties to be considered. Adding humectants such as glycerin,
applying a coating or polymer seal on hydrogel are suggested as a solution for drying.
The addition of glycerine would reduce the compression strength and fatigue life even
though it prevents the drying of the hydrogel. On the other hand, the addition of
polymer seals such as polyurethane sheath would improve the fatigue life. The
combined solution of glycerine added hydrogel with sealing is suggested to be tested

for strength and fatigue life as a future improvement.

The options for the improvement of fatigue life of SN PAAm hydrogel include
recent research developments of adding nanoparticles such as montmorillonite

nanoclay and cellulose. The tough hydrogels such as dually crosslinked single network
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PAAM/ PVA hydrogels are suggested to be tested according to the procedure given in
the thesis.
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Appendices

Appendix A: The specifications of Tactilus pressure insole

Table A.0.1: The specifications of Tactilus pressure insole

Sensor Specifications

Value

Type of Sensor

High-Performance V-Series Sensor

Technology

Resistive

Pressure Range

0-30PSI (0 - 2.1 kg/cm?)

Number of sensing points

16 x 8 (128 sensing points) per foot

Overall Sensor size

Shoe sizes 9 US (36 EU)

Sensing Point Size

0.62inx0.44in (1.6 cm x 1.1 cm)

Scan speed Up to 300 Hz
Sensor thickness 50 mils (1.27 mm)
Communication USB/WiFi
Accuracy +10%
Repeatability +2%

Hysteresis + 5%
Non-linearity +1.5%

Recording software Tactilus 4.1
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