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Abstract28 

29 

Background. Digitigraded mammals, e.g. dogs and cats, stand or walk on their digits or toes. 30 

Their paw pads beneath the digits or toes, rather than the entire sole of the foot, are in contact 31 

with the ground surface during locomotion. Digitigrades generally move more quickly and 32 

quietly than other animals. So far, little is known about the micro-scale structural 33 

characteristics of digitigrades' paw pads and its connection with the superior biomechanical 34 

functioning of their feet.35 

Methods. In this study, we investigated the micro-structure of the paw pad of German 36 

shepherd dog (GSD) using SEM and histological examination, and assessed the 37 

biomechanical functions of the micro-structured epidermis layer by using dynamic finite 38 

element (FE) simulations.39 

Results. We found that there exists a thick layer of stratified epithelium of a honeycomb like 40 

structure with conical protuberances (i.e. dermal papilla) embedded in each cell unit. Our FE 41 

simulation analyses revealed that this specially structured layer is capable of effectively 42 

attenuating the ground impact across a range of impact velocities. Moreover, this cushioning 43 

capacity becomes more pronounced with increased impact velocity. More importantly, this 44 

layer can also significantly reduce the mechanical stress transmitting to the soft dermal 45 

papillae and dermis by using an off-loading mechanism. 46 

Discussion. This would provide more insights into the biomechanical functioning of the 47 
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digitigrade's paw pads, and also facilitate the development of bio-inspired ground contacting48 

components of robots and machines, and also the design of footwear and orthotics devices.49 

50 

Introduction51 

52 

For land mammals, the foot is normally the first part of the body to touch the ground surface 53 

at each step during locomotion, which is cyclically subjected to large transient ground 54 

reaction force (GRF) that may reach as high as two or three times the body weight due to the 55 

interaction between the foot and the ground (Jayes & Alexander, 1978; Bryant et al., 1987; 56 

Budsberg, Verstraete & Soutas, 1987; Budsberg et al., 1995). A shock wave caused by GRF 57 

usually transmits along the animal body and reaches to the skull. The GRF and the shock 58 

wave have been suggested as the primary etiological agents in degenerative joint diseases and 59 

injuries of the musculoskeletal system (Collins & Whittle, 1989; Whittle, 1999; Gill &60 

O’Connor, 2003a; Gill & O’Connor, 2003b; Chi & Schmitt, 2005). As the only body part in 61 

contact with the ground during locomotion, the feet of land mammals play a critical role in 62 

attenuating and transmitting GRF effectively to minimise potential damages of the 63 

musculoskeletal system (Jahss, Kummer & Michelson, 1992).64 

65 

The feet of digitigrade mammals, e.g. dogs and cats, are anatomically different from those of 66 
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plantigrades or unguligrades (Boyd et al., 1995). Digitigrades have relatively long carpals and 67 

tarsals, and stand or walk on their digits or toes. Their paw pads beneath the digits or toes, 68 

rather than the entire sole of the foot, are in contact with the ground surface during 69 

locomotion. The soft tissues of paw pads of digitigrades may be more prone to tissue injuries 70 

(Gustås et al., 2004; Warner et al., 2013). Additionally, digitigrades generally move more 71 

quickly and quietly than other animals. So, their paw pads may have superior capabilities to 72 

attenuate ground impacts and absorb kinetic energy. 73 

74 

Over the past decades, a large number of studies have been conducted to investigate the 75 

biomechanics of the footpads of land mammals (Alexander, Bennett & Ker, 1986; Ker, 1999; 76 

Weissengruber et al., 2006; Ledoux & Blevins 2007; Chi & Roth 2010; Natali, Fontanella &77 

Carniel, 2010; Qian, Ren & Ren, 2010; Fontanella et al., 2013). However, most of those 78 

investigations were focused on the mechanical behaviour of heel pads of plantigrades, e.g. 79 

humans (Natali, Fontanella & Carniel, 2010; Qian, Ren & Ren, 2010; Fontanella et al., 2013). 80 

Very few studies have been performed to study the biomechanical behaviour of the paw pads 81 

of digitigrades. Alexander et al. examined the bulk viscoelastic material properties of paw 82 

pads of some mammals, and found they are similar to those of heel pads, which may 83 

contribute to moderating ground impact and preventing from chattering (Alexander, Bennett84 

& Ker, 1986). A recent study found that the structural properties of the animal's footpads, 85 
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unlike other biological supporting structures, scale interspecifically by changing both 86 

geometry and material properties in order to maintain and operate the musculoskeletal 87 

locomotor system (Ledoux & Blevins, 2007). Indeed, a good understanding of the mechanical 88 

design principle of animal's footpads may advance the design of ground contacting 89 

components of legged robots, machines or healthcare products, e.g. footwear insoles and 90 

bases. However, so far little is known about the structural characteristics of digitigrades' paw 91 

pads at micro level and its connection with the foot biomechanical functioning.92 

93 

The objective of this study is to investigate the mechanical and structural characteristics of 94 

digitigrades' paw pads at micro level using German shepherd dog (GSD) as an example model. 95 

GSD is one of the most popular breeds of dog around the world, and is preferred for many 96 

types of work, including disability assistance, search-and-rescue, police and military roles 97 

because of their strength, locomotor capability and intelligence. Histological examination of 98 

paw pad tissues was conducted using tissue staining and scanning electron microscopy (SEM) 99 

methods. Micromechanical analysis based on finite element (FE) method was used to 100 

investigate the effect of micro-structure on biomechanical functioning. We hypothesize that 101 

the paw pad of digitigrades has multi-layer micro-structure as the heel pad of plantigrades, 102 

and this multi-layer structure contributes to the superior cushioning capacity and also 103 

structural integrity of the paw pads.104 
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105 

Materials & Methods106 

107 

Ethical statement108 

This study was conducted with the approval of the Institutional Review Board Committee of 109 

Jilin University, Changchun, P.R. China (NO. 20140418).110 

111 

Histological examination112 

Two adult cadaver GSDs were donated for this study by the police dog training base of the 113 

Public Security Bureau of Jilin Province in Changchun City. They died of an accident during 114 

training and were immediately frozen and stored for four weeks before transporting to our lab 115 

at Jilin University. Both dogs do not have any recorded histories of musculoskeletal disorders 116 

or diseases, and their feet are in healthy intact condition. Their forefeet were amputated, and 117 

the tissue samples of the metacarpal pads were prepared by the Animal Experiment Centre of 118 

Bethune School of Medicine at Jilin University. The metacarpal pad specimens were cut into 119 

ten 5-μm-thick slices in the sagittal plane and transverse plane and two cubes of 120 

approximately 8mm×8mm×8mm and two cuboids of approximately 8mm×8mm×3mm. The 121 

samples were then placed in l0% neutral buffered formalin for 48 hours, and thereafter were 122 

embedded in paraffin and dehydrated for 3 hours at 60°C. The 5-μm-thick slices were stained 123 
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with haematoxylin and eosin, and also Masson's trichrome stain for histological examination. 124 

The cubes and cuboids were washed in distilled water and then air dried. All the samples were 125 

mounted on aluminium stubs and coated with gold palladium for observations (the cubes were 126 

observed in the sagittal plane and the cuboids were observed in the transverse plane) with a 127 

scanning electron microscope (EVO 18, Carl Zeiss Microscopy GmbH, Jena, Germany).128 

129 

Finite element modeling130 

Based on the footpad micro-structure found by the SEM and histological examinations (see 131 

figures 2 and 3 in the Results section for details), a micromechanical FE model of the 132 

epidermis layer of the paw pad was constructed to investigate the biomechanical function of 133 

the footpad layer. The model consists of stratified epithelium structure and embedded dermal 134 

papillae (see figure 1). To simplify the modelling, only 1% portion of the layer was 135 

constructed by using cylinders to represent dermal papillae (see figure 1B and 1C). A 136 

rectangular plate was firmly connected to the top surface of the layer to represent the 137 

corresponding effective mass (Qian, Ren & Ren, 2010). Another fixed rectangle plate beneath 138 

the tissue layer was used to simulate the ground surface. The three-dimensional (3D) 139 

geometry of the layer and plates was created using Solidworks software (Dassault Systèmes 140 

Corp., Waltham, U.S.A.). Those geometric parts were then imported into and assembled in 141 

the FE modelling software ABAQUS (Dassault Systèmes Corp., Waltham, U.S.A.). 3D 142 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.2340v1 | CC BY 4.0 Open Access | rec: 4 Aug 2016, publ: 4 Aug 2016



tetrahedral elements were used for the mesh generation of the stratified epithelium structure 143 

and the papillae, and hexahedral elements were used for the two plates. In total, 26266 144 

elements were used for the whole model construction (see figure 1A).145 

146 

In this study, the stratified epithelium and dermal papillae were considered as homogeneous, 147 

isotropic and linear elastic materials (Luboz et al., 2014). Their material properties were 148 

defined based previous literature data (Cheung et al., 2005; Luboz et al., 2014). To simplify, 149 

the top and bottom plates were modelled as rigid bodies. The material properties and the 150 

element types of each part of the model were listed in Table 1. The dermal papillae were 151 

considered as being firmly embedded in the stratified epithelium structure without relative 152 

motions. Whereas the footpad-ground interface was defined as a contact surface with a 153 

frictional coefficient of 0.6 (Cheung et al., 2005). The top plate representing the effective 154 

mass of the layer portion has a mass of 0.11kg, which was estimated from the mass of a 155 

representative cadaver dog and also the percentage of the layer portion. 156 

157 

Dynamic simulation analyses158 

In this study, dynamic FE simulations were conducted to analyse the biomechancial function 159 

of the structured epidermis layer in stance phase of locomotion. The top plate, together with 160 

the stratified epithelium and the dermal papillae, was defined to contact the ground plate 161 
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vertically with an initial velocity in the range from 1mm/s to 35mm/s, which was estimated 162 

from the metacarpal marker data in the stance phase of normal walking of GSDs (Qian et al., 163 

2014). The dynamic responses of the vertical GRF and also the vertical displacement of the 164 

top plate were simulated at eight different impact velocities: 1mm/s, 2mm/s, 4mm/s, 6mm/s, 165 

10mm/s, 20mm/s, 30mm/s, 35mm/s.166 

167 

To investigate the effect of the structured epidermis layer on the biomechanical functioning, 168 

an uniform model was also constructed by assuming that the entire layer is composed of the 169 

same homogeneous, isotropic and linear elastic material as that of the stratified epithelium. 170 

The same dynamic FE simulation cases were also conducted for the uniform model by using 171 

the same loading and boundary conditions as those for the structured model. In addition, 172 

material property sensitivity analyses were also performed to examine the effect of the 173 

Young's modulus of the dermal papillae on the footpad functioning by changing the elastic 174 

modulus of the dermal papilla to 0.0004MPa, 0.04MPa, 0.4MPa and 4MPa respectively from 175 

the baseline value of 0.004MPa.176 

177 

Results178 

179 
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The scanning electron microscope (SEM) and histological examination results of the paw pad 180 

samples of a representative dog are shown in Figure 2−4. We can see that the bottom surface 181 

of the paw pad, which was in direct contact with the ground surface during locomotion, is 182 

covered by a layer of spike-like stratum corneum (see figure 2A and 3A).  Above that is a 183 

thick layer of stratified epithelium of a honeycomb like structure with conical protuberances 184 

(i.e. dermal papilla) embedded in each cell unit (see figure 2A and 2B). The dermal papillae 185 

are composed of matrix tissues and are basically the small protrusions of the dermis 186 

projecting into the honeycomb cells of the stratified epithelium (see figure 3A and 3B). 187 

Interestingly, we found that this kind of honeycomb structure only exits in the bottom 188 

epidermis layer of the paw pad in contact with the ground surface during locomotion. The 189 

epidermis of the other parts of the footpad, e.g. the layer by the side wall, doesn't show the 190 

structured honeycomb pattern (see figure 4). Further up superiorly is the dermis layer lying 191 

adjacent to the stratified epithelium and dermal papillae. In the middle of the dermis layer, 192 

reticulated layer of bundles of collagen fibers with few interspersed elastic fibers are 193 

distributed (see figure 3C). Above the dermis layer lies the subcutaneous layer constraining a 194 

large amount of subcutaneous adipose tissues (see figure 3A), which are separated by 195 

collagenous membranes into many small compartments (see figure 3D).196 

197 
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To investigate the mechanical functioning of the characteristic honeycomb structured 198 

epidermis layer, dynamic FE simulations were conducted at eight different initial loading 199 

velocities using both the structured model (consisting of the dermal papillae and the stratified 200 

epithelium) and the uniform model (see details in Materials and Methods section). Figure 5 201 

shows the simulated vertical GRFs and the vertical displacements of the top plate by both 202 

models under a loading velocity of 30 mm/s. We can see that the GRFs and vertical 203 

displacements show typical single-hump patterns associated with a loading and unloading 204 

cycle. From Figure 5A, it can be seen that the structured epidermis layer significantly lowers 205 

the peak vertical GRF acting on the paw pad leading to a 35% drop in peak force from 1.3N 206 

to 0.85N in contrast to the uniform model. Whereas the peak vertical displacement of the top 207 

mass is increased by about 38% in the structured model (see figure 5B).208 

209 

Figure 6 shows the simulated von Mises stress distributions in the footpad sample by both 210 

models under the peak vertical GRFs. The uniform model presents much higher maximum 211 

von Mises stress (3.157MPa) than that of the structured model (2.455MPa) probably because 212 

of the stress concentrate in the ground contact area. We can also see that the von Mises 213 

stresses on the top surface of the structured model (around 10-6MPa) are much lower than 214 

those in the uniform model (around 10-3MPa). In the structured model, the von Mises stress 215 

drops dramatically along the longitudinal axis of the dermal papillae from bottom to top (see 216 
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the four white nodes in figure 6A with von Mises stresses of 0.976, 0.0005, 0.0002, 217 

0.0001MPa respectively in a bottom-up order). Whereas in the uniform model, higher von 218 

Mises stresses are shown at the same nodes along the longitudinal axis also with a bottom-up 219 

decreasing pattern (see the four white nodes in figure 6B with von Mises stresses of 1.04, 220 

0.389, 0.225 and 0.065MPa respectively in a bottom-up order). However, the stress decreases 221 

much more gently than in the structured model. Interestingly, an opposite trend is found in the 222 

simulated stresses in the stratified epithelium. The structured model predicts higher von Mises 223 

stresses than the uniform model at the same nodes (see the three red nodes in figure 6A with 224 

von Mises stresses of 0.472, 0.408, 0.305MPa respectively in a bottom-up order, and the 225 

corresponding red nodes in Figure 6B with von Mises stresses of 0.284, 0.25, 0.135MPa 226 

respectively from bottom to top). The bottom-up decreasing pattern in stress along the 227 

longitudinal direction also presents for both models in the stratified epithelium. However, the 228 

stress decreasing grade of the structured model is lower than that of the uniform model.229 

230 

Figure 7A shows the predicted peak vertical GRFs acting on the footpad by both models at 231 

eight different initial impact velocities. We can see that the peak GRFs increase with 232 

increased impact velocity in both models, and the increasing slope of the uniform model is 233 

greater than that of the structured model. The ratios of the peak GRFs predicted by the 234 

structured model over those by the uniform model at different impact velocities are shown in 235 
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Figure 7B. It can be seen that the peak GRF ratio decreases rapidly with increased impact 236 

velocity indicating that greater cushioning capacity is provided by the honeycomb structured 237 

epidermis layer at higher impact velocity.238 

239 

Figure 7C shows the simulated peak vertical displacements at the top plates by both models 240 

and Figure 7D also shows the peak displacement ratios between the two models at different 241 

impact velocities. It can be seen that the peak vertical displacement increases with increased 242 

impact velocity in both models, and higher peak displacement is generated by the structured 243 

model. Similarly, the maximum von Mises stresses predicted by both models and also the 244 

stress ratios between the two models at different impact velocities are shown in Figure 7E and 245 

Figure 7F. We can see that the maximum von Mises stresses generally increase with increased 246 

impact velocity in both models, and the structured model generates lower stresses than the 247 

uniform model especially at impact velocity higher than 10 mm/s.248 

249 

Figure 8 shows the results of the material property sensitivity analysis investigating the effect 250 

of the Yong's modulus of the dermal papilla on the peak vertical GRFs and the peak vertical 251 

displacements at the top plate at different impact velocities. We can see that the peak vertical 252 

GRFs and the vertical displacements almost increase linearly with increased impact velocity. 253 

Softer dermal papilla material leads to lower slope in the peak vertical GRF curve, but results 254 
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in higher gradient in the peak vertical displacement curve. This indicates that decreasing the 255 

Yong's modulus of the dermal papilla would greatly attenuate the peak vertical GRF 256 

especially at higher impact velocities. However, there is a plateau in this cushioning capacity 257 

increase. When the Yong's modulus of the dermal papilla is lower than a critical value of 258 

0.04-0.004MPa, the slopes of both peak vertical GRF and peak vertical displacement curves 259 

will stop increasing with decreased Yong's modulus. In this scenario, the cushioning function 260 

of the footpad reaches a maximum capacity.261 

262 

Discussions263 

264 

Our SEM and histological examination results suggest that the paw pad of GSD consists of 265 

three layers: the outmost stratum corneum, intermediate epidermis and dermis layer and also 266 

the subcutaneous layer. The bottom part of the stratum corneum is in direct contact with the 267 

ground surface during locomotion, and is composed of the hardest material (Young's modulus 268 

E ≈ 6MPa, Luboz et al., 2014) among all the three layers presumably to endure the 269 

tremendous pad-ground wear, friction and impact during locomotion (Meyer et al., 1990; 270 

Luboz et al., 2014). The subcutaneous layer consists of adipose tissue, which are basically 271 

adipocytes filled with lipids. They are separated by collagenous membranes into many small 272 

compartments. Similar structures were also found in the subcutaneous layer of the footpads of 273 
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human beings and other animals, e.g. elephants and leopards (Alexander, Bennett & Ker,274 

1986; Weissengruber et al., 2006; Hubbard et al., 2009; Qian, Ren & Ren, 2010; Mihai, 275 

Alayyash & Goriely, 2015). The mechanical behaviour of adipose tissue was normally 276 

considered as equivalent to a hydrostatic system filled up with incompressible fluid (Pond,277 

1998; Ker, 1999; Chi & Roth, 2010). Indeed, the subcutaneous layer is formed by the softest 278 

material (Young's modulus E ≈ 0.001MPa, Luboz et al., 2014) among all the three layers, and 279 

is the foremost energy absorber of footpads (Ker, 1999; Weissengruber et al., 2006). The280 

epidermis and dermis layer lies in between the hardest and softest layers of the footpad, of 281 

which the Young's modulus has about 6000 times difference. So far, little is known about its 282 

biomechanical functioning during locomotion. In this study, we found that in the footpad of 283 

GSD, the bottom part of the epidermis layer has a distinctive honeycomb structure at 284 

microscale level consisting of stratified epithelium and dermal papillae. Our dynamic FE285 

analyses reveal that this specially micro-structured layer may provide multiple biomechanical 286 

functionalities.287 

288 

Cushioning is one of the most important biomechanical functions of animal's feet. Our FE289 

simulation results showed that the structured epidermis layer is capable of attenuating the 290 

peak GRF across a range of impact velocity much more effectively than a uniform epithelium 291 

layer. This is expected as the dermal papillae filled in the cell units of the honeycomb 292 
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structure is much softer than the epithelium tissue. Interestingly, this structured epidermis 293 

layer brings in a favourable mechanical characteristic to the footpad enabling stronger 294 

cushioning capacity at higher impact velocity. This property is highly desirable for the 295 

locomotor system because our simulation results suggest that the peak GRF almost increase 296 

linearly with increasing impact velocity. Because both the stratified epithelium and the dermal 297 

papillae are modelled as linear elastic rather than viscoelastic materials in this study, this 298 

helpful velocity-dependent feature is very likely due to the honeycomb structure at the 299 

microscale level. Moreover, the material property sensitivity analysis suggests that the 300 

increasing cushioning capacity of the epidermis layer plateaus after the Young's modulus of 301 

the dermal papillae is lower than 0.04-0.004MPa. Indeed, this honeycomb micro-structures 302 

consisting of stratified epithelium and dermal papillae was also found in the paw pads of other 303 

digitigrade mammals, such as cats and leopards (Hubbard et al., 2009; Ninomiya et al., 2011), 304 

suggesting that this characteristic structure may be desirable for their quieter and faster 305 

locomotion patterns.306 

307 

The moderated GRF due to the cushioning function could lead to low mechanical stresses in 308 

the footpad tissues. This is supported by our FE simulation results, which show that the peak 309 

von Mises stress in the epidermis layer is noticeably lowered by the honeycomb micro-310 

structure especially at higher impact velocities. This agrees with the suggestion by a previous 311 
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experimental study that a honeycomb structure is advantageous as being a shock absorber 312 

during impact (Yamashita & Gotoh, 2005; Burlayenko & Sadowski, 2010; Qian, Ren & Ren,313 

2010). However, a closer examination of the stress distributions predicted by our FE models 314 

in the whole epidermis layer reveals that only the stress in the dermal papillae is decreased, 315 

whereas higher stress is found in the stratified epithelium due to the honeycomb structure. It 316 

appears that the structured layer provides an offloading mechanism by transferring load to the 317 

hard stratified epithelium whilst reducing the stress in the soft dermal papillae. This leads to 318 

significantly lowered von Mises stress at the top surface of the epidermis layer (around 10-319 

6MPa), which is almost 1000 times lower than that of an uniform layer. It's evident that the 320 

honeycomb micro-structure consisting the hard stratified epithelium and the soft dermal 321 

papillae provides an excellent offloading function to protect the soft materials in the dermis 322 

and subcutaneous layers, and hence to maintain the structural integrity of the footpad.323 

324 

In addition to the lowered GRF and tissue stress, the structured epidermis layer also results in 325 

increased vertical displacement, due to the soft dermal papillae embedded in the cell units, 326 

showing an rising tendency with increased impact velocity. This is generally undesirable 327 

because large vertical displacement may lead to long stance duration and low moving speed 328 

during locomotion. Moreover, it may also worsen the lateral stability of stance feet. In this 329 

study, the stratified epithelium and the dermal papillae were considered as linear elastic 330 
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materials in the modelling. However, biological materials are non-linear and viscoelastic in 331 

nature. The viscous effect and the increased Young's modulus due to the material non-332 

linearity would help to attenuate the vertical displacement when the impact velocity increases. 333 

Moreover, the vertical displacement would be further damped by the subcutaneous layer, 334 

which consists of adipose tissue and acts as a hydrostatic system (Pond, 1998; Ker, 1999; Chi 335 

& Roth 2010). Indeed, all the three layers in the paw pad work as a whole to meet the 336 

biomechanical requirements of animal locomotion. The tough stratum corneum layer sustains 337 

the harsh ground-pad interactions. The intermediate epidermis and dermis layer weakens the 338 

ground impact and offloads the high tissue stress. The large bulk of adipose tissue in the 339 

subcutaneous layer further moderates the ground impact and tissue displacement by absorbing 340 

the impact energy. Finally, all the envelope interfaces between layers together ensure the 341 

structural integrity of the whole pad system. 342 

343 

Conclusions 344 

345 

We investigated the micro-structure of the paw pad of GSDs using SEM and histological 346 

examination, and assessed the biomechanical functions of the honeycomb structured 347 

epidermis layer by using dynamic FE analyses. It was found that this specially structured 348 

layer is capable of effectively attenuating the ground impact across a range of impact velocity. 349 
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More importantly, it can significantly reduce the mechanical stress acting on the dermal 350 

papillae and dermis by using an off-loading mechanism. This would provide more insights 351 

into the biomechanical functioning of the digitigrade's paw pads, and also facilitate the 352 

development of bio-inspired ground contacting components of robots and machines, and also 353 

the design of footwear and orthotics devices. Dogs are well adapted to cold climates. A recent 354 

study suggested the structured epidermis layer may provide a heat conserving mechanism as 355 

well (Ninomiya et al., 2011). It is worth a further investigation to understand how this 356 

honeycomb micro-structured layer achieves multiple physical functionalities in impact 357 

attenuation, stress off-loading and heat conservation simultaneously.358 
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Figure Captions488 

489 

Figure 1 The micro-scale finite element model of 1% portion of the paw pad of a 490 

representative GSD. (A) Assembly model with the top plate and the ground surface. Yellow 491 

arrows represent the direction of the impact velocity. (B) Model of the stratified epithelium492 

with embedded dermal papillae. (C) Model of the dermal papillae.493 

494 

Figure 2 Scanning electron microscope image of the stratified epithelium. (A) Sagittal section 495 

of the stratified epithelium. White line represents the profile of honeycomb crust. (B) 496 

Transverse section of the stratified epithelium. Abbreviations: SC, stratum corneum; SE, 497 

stratified epithelium; DP, dermal papillae.498 

499 

Figure 3 Histology of the paw pad of a representative GSD. (A) The whole mount of the paw 500 

pad. (B) Stratified epithelium and dermal papillae. (C) Dermis layer. Collagen fibers are in501 

blue. (D) Collagenous membranes and adipose tissue distributed in the subcutaneous adipose 502 

tissue. Abbreviations: CM, collagenous membrane; AT, adipose tissue. (A) and (B) were 503 

stained with hemotoxylin and eosin; (C) and (D) were stained with Masson. Scale bars in (B), 504 

(C) and (D) represent 200μm.505 

506 

Figure 4 Transverse section near the side wall of the paw pad. The boxed area is the side wall 507 

of the footpad that is not in direct contact with the ground surface.508 
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509 

Figure 5 The predicted time histories of the vertical GRF (A) and the displacements of the 510 

top plates (B) by both the uniform model and the structured model.511 

512 

Figure 6 The simulated von Mises stress distribution under peak GRFs at the impact velocity 513 

30mm/s by structured model (A) and uniform model (B).514 

515 

Figure 7 The peak vertical GRFs (A), the peak vertical displacements (C) and the peak von 516 

Mises stresses (E) predicted by the structured and uniform models at different impact 517 

velocities; and the peak vertical GRF ratio (B), the peak vertical displacement ratio (D) and 518 

the peak von Mises stress ratio (F) between the structured model and the uniform model 519 

across different impact velocities.520 

521 

Figure 8 The simulated peak vertical GRFs (A) and peak vertical displacements (B) by the 522 

structured model across different impact velocities when Young’s modulus of the dermal 523 

papilla is set as different values E1=0.1 E0, E2=10 E0, E3=100 E0, E4=1000 E0, where524 

E0=0.004MPa.525 

526 
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Tables527 

528 

Table 1 The material properties and the element types of the paw pad used in the FE 529 

modelling of this study530 

Component Element type Young’s modulus
E (MPa)

Poisson’s ratio
ν

Stratified epithelium 3D tetrahedron 6 0.495

Dermal papilla 3D tetrahedron 0.004 0.495

Top plate 3D hexahedron - -

Ground plate 3D hexahedron - -
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