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A B S T R A C T   

Viscoelasticity of porcine skin and its material substitute, modelled by variously concentrated bovine gelatin, was 
determined in static (creep test) and dynamic (oscillatory test) mode by the means of rotational rheometry to 
obtain creep compliance and complex shear modulus. Mechanical properties characterization was also supple
mented with large deformation compression test in order to determine and correlate shear and compression 
moduli of gelatin with its concentration dependence. Obtained data was fitted with fractional viscoelastic models 
(Poynting-Thomson, Maxwell) in order to quantify in detail gelatin’s transition from viscous-like behavior to
wards solid-like state with increasing gelatin concentration and hence crosslinking density. Potential of gelatin as 
biomaterial for skin surrogate was identified as well as a concentration region in which gelatin exhibits closest 
viscoelastic behavior to native porcine skin used.   

1. Introduction 

During its lifespan skin has to be able to adapt itself to and resist the 
load/impact of many external mechanical stimuli varying significantly 
in the mode of deformation (White et al., 2013) (tensile (Yang et al., 
2015), compression, friction (Bhushan et al., 2010; Leyva-Mendivil 
et al., 2017)), its intensity and time period of their impact. Additionally, 
skin has to maintain its properties in certain temperature and humidity 
window (Wu et al., 2006). All these requirements can be met to the large 
extent owing to unique viscoelastic properties stemming from skin inner 
structure/morphology (Depalle et al., 2015). Skin comprises of three 
layers epidermis, dermis and hypodermis (top to bottom) which are 
together about 1–3 mm thick. 

Detailed material knowledge of human skin in terms of its mechan
ical and stress-response properties has always been fundamental for 
many research fields ranging from cosmetics over dermatology and 
sensors applied directly onto skin (Zhou et al., 2019) to biomechanics 
and tissue engineering (Auger et al., 1998; Lee, 2000; Mansbridge, 2002; 
Vig et al., 2017). Another significant motivation fueling the research of 
viscoelastic properties of the skin is to be ultimately able to design 
material surrogate of the skin (Chanda, 2018). Although quite diverse 
materials can be used (Dabrowska et al., 2016; Morales-Hurtado et al., 

2015), hydrogels in particular are a group of materials with high po
tential in this regard (Yi et al., 2021). Among them gelatin, a natural 
polymer extracted from collagen, is a promising candidate owing to its 
biocompatibility and mechanical properties tailorable through concen
tration and chemical crosslinking. Therefore, gelatin has been used in a 
number of biomedical applications (Alarcon-Segovia et al., 2021; Auger 
et al., 1995) including a component in additive technology of 3D 
printing of human skin (Jin et al., 2021). Its mechanical properties can 
be further improved through crosslinking, which is most frequently 
performed using glutaraldehyde (GTA) due to its easy availability and 
inexpensiveness (Bigi et al., 2001). 

In order to in detail determine skin’s viscoelastic properties variety 
of techniques (Pissarenko and Meyers, 2020) such as indentometry 
(Jachowicz et al., 2007), tension test (Yazdi and Baqersad, 2022), 
cutometry are employed, however rheological measurement remains a 
key method in this regard (Holt et al., 2008; Cheng et al., 2008; Pail
ler-Mattei et al., 2014; Verdier et al., 2009). Viscoelasticity of the ma
terial is typically determined through creep (Higgs and Ross-Murphy, 
1990; Normand and Ravey, 1997) and relaxation tests and through 
dynamical measurement of its complex mechanical modulus, G*. All of 
these tests are designed to capture time response of the material to an 
impulse (aka forcing) which is static for creep (deformation response to 
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constant stress being applied to the sample) and relaxation (stress 
diminishing with time in the sample being deformed to a constant level) 
while time varying (typically harmonic deformation forcing within 
linear viscoelasticity range) in the case of oscillatory measurement. 

Standard approach to mathematical modelling of viscoelasticity 
typically involves the use of two basic elements – an elastic element 
represented by a spring and its viscous counterpart represented by a 
dashpot. These are linked either in series (Maxwell model), in parallel 
(Kelvin-Voight model) or more complicated network, such as in Zener or 
Poynting-Thomson models (Oyen, 2014). Although on the qualitative 
level these phenomenological models provide satisfactory results 
capturing the basic character of creep (Kelvin-Voight) or relaxation 
(Maxwell) test, they are far from being able to closely follow character of 
real material, whose steep initial increase and subsequent extremely 
slow levelling off are well beyond capabilities of a simple exponential 
function featured in the fundamental viscoelastic models (Bonfanti 
et al., 2020b; Macosko, 1996). Even though these shortcomings can be 
dealt with to a certain degree by including a number of basic elements 
(springs and dashpots) in the model, the resulting system still fails to fit 
the experimental data and also is overcomplicated due to large number 
of fitting parameters (two for each element) (Heymans and Bauwens, 
1994). 

To overcome these disadvantages a new group of fractional visco
elastic models (Heymans and Bauwens, 1994; Long et al., 2018; Main
ardi, 2010; Schiessel et al., 1995; Xu and Jiang, 2017) based on the idea 
of non-integer order of derivative have been proposed and proven to be 
an effective tool for description of experimental viscoelastic data (creep, 
stress relaxation) of the most diverse systems ranging from shape 
memory polymers (Fang et al., 2015) over gels (Faber et al., 2017; 
Holder et al., 2018; Rosalina and Bhattacharya, 2002; Zhang et al., 
2018) and food (Mahiuddin et al., 2020) to biological (Bonfanti et al., 
2020a; Carmichael et al., 2015; Craiem et al., 2006; Li and Tian, 2021; 
Mahiuddin et al., 2020) and geological systems (Di Giuseppe et al., 
2009; Chen and Ai, 2020; Wang, 2021). The key concept is an intro
duction of another element called a spring-pot which exhibits behavior 
between the spring and the dashpot and by design captures power-law 
materials (Bonfanti et al., 2020b). 

The current work investigates a potential and feasibility of variously 
concentrated gelatin to model time dependent mechanical properties of 
skin. The study is based on detailed mechanical characterization ob
tained from viscoelastic rheological measurements as well as a 
compression test. Collected rheological data is fitted with suitable 
fractional viscoelastic models in order to quantify its time dependent 
behavior. 

2. Experimental 

2.1. Material  

1. Porcine skin preparation 

Porcine ears were cleared and stored at − 20 ◦C. Prior to sample 
preparation ears were defrosted naturally in room temperature and 
thoroughly cleaned under running water. Subsequently circular 
cartilage-free samples 25 mm in diameter were cut out.  

2. Gelatin 

Gelatin from bovine skin, type B suitable for cell culture purchased 
from Sigma Aldrich was used in this study. 

2.2. Gelatin samples preparation 

Gelatin samples were prepared in a concentration series spanning 
from 10 to 50 wt %. Corresponding amount of gelatin for preparation of 
x [%] concentrated gelatin was calculated (Eq. (1)) and dissolved in 10 

mL of demineralized water at 60 ◦C for at least 15 min while mixing. 
Subsequently the solution was degassed (to remove air bubbles) in a 
vacuum temperature chamber and injected (due to high viscosity 
pouring was typically impossible) into a cylindric molds sized according 
to used test (rheometry diameter = 25 mm, thickness = 2 mm; 
compression test diameter = 20 mm, thickness = 8 mm). Gelatin was 
always let to cool down to lab temperature for 20 min prior to samples 
removal and other testing. 

x=
mgelatine

mwater
(1)  

2.3. Methods  

1. Rotational rheometry 

All rheological tests were performed using an advanced modular 
rotational rheometer Physica MCR502 (Anton Paar, Austria) inter
connected with water-cooled Peltier system P-PTD 200. A parallel-plate 
measuring system with a diameter of 25 mm (PP25) was used, while the 
plate gap was set to the sample thickness, i.e. 2.0 mm. All of the mea
surements were performed at 0.2 ± 0.02 N normal force and at 25 ◦C. In 
frequency sweep tests angular frequency tested ranged from 0.1 to 100 
rad s− 1 with logarithmic sampling of 10 pt/decade. Strain applied to all 
investigated samples during this measurement was set to 0.5%, i.e. 
within the viscoelastic region determined from amplitude sweep be
forehand. Creep test comprised measurement of strain for 300 s after 
exerting constant shear stress of τ0 = 10 Pa with sampling adjusted to the 
dynamics of the test.  

2. Compression test 

Compression tests were carried out using a tensile test machine 
Testometric M350 5CT (UK) with a 10 kgf and a 1 kgf load cell employed 
for gelatin and porcine skin, respectively. Cylindric samples 20 mm 
across and 8 mm/1.5 mm (gelatin/porcine skin) thick were loaded at the 
center of two metal plates and compressed at a constant rate of 5 mm 
min− 1/1 mm min− 1 (gelatin/porcine skin) while corresponding force 
was recorded. Measurements were performed at room temperature.  

3. Scanning electron microscopy (SEM) 

Morphology of investigated systems, i.e. gelatin samples and porcine 
skin, was imaged using scanning electron microscope Nova NanoSEM 
450 (FEI, Japan), prior to which the samples were first lyophilized 
overnight in order to remove water content and then sputter coated with 
a thin layer of gold.  

4. Fractional viscoelastic models 

Fractional viscoelastic models work with a spring-pot (Fig. 1), which 

Fig. 1. A fundamental fractional viscoelastic element – a spring-pot; the value 
of α determines whether it behaves more like an elastic (spring) or a viscous 
(dashpot) element. 
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is a basic fractional element representing continuous transition between 
a spring and a dashpot and has a following governing equation (Bonfanti 
et al., 2020b): 

σ(t)= cα
dαγ(t)

dtα , (2)  

where σ [Pa] denotes time dependent stress, γ [− ] is time dependent 
strain, α is the order of Riemann-Louville fractional derivative, 0 < α < 1 
(also sometimes referred to as the fractional exponent) and cα [Pa sα] is a 
“property” of the spring-pot. 

Substituting spring-pot in standard viscoelastic models, generalized 
fractional models are obtained. In our work generalized fractional 
Poynting-Thomson (FPT) model (Fig. 2) was used (Bonfanti et al., 
2020b; Xu and Jiang, 2017). 

The creep compliancy of FPT model as a function of time is given as: 

J(t)=
tλ

η3Γ(1 + λ)
+

tα

η1
Eα− β,1+α

(

−
tα− β

η1/η2

)

, (3)  

where Γ is gamma function and Ep,q (z) is Mittag-Leffler function 

Ep,q(z)=
∑∞

n=0

zn

Γ(pn + q)
(4) 

Complex modulus of the FPT model relevant for dynamic measure
ment of samples in oscillations is defined as follows: 

G∗(ω)=
η3(iω)

λ
[
η1(iω)

α
+ η2(iω)

β
]

η3(iω)
λ
+ η1(iω)

α
+ η2(iω)

β (5)  

3. Results and discussion 

3.1. Morphology 

Gelatin samples have rather uniform porous structure with pore size 
decreasing with gelatin concentration (Fig. 3 a-c). This in turn leads to 
denser system which is consequently also reflected in better mechanical 
properties in terms of higher shear G and compression E moduli. 

On the contrary to simple porous structure of gelatin, skin sample’s 
inner structure is much richer with complex hierarchical structure, from 
which only individual fibers are distinguishable in the SEM (Fig. 4 b), 
which is ultimately responsible for more graduate onset of deformation 
in the creep test (Fig. 5) as well as steeper increase of elastic part of 

complex shear modulus (Fig. 10) then observed in gelatin samples 
(Fig. 11). 

3.2. Rheology  

1. Creep test 

Typical creep test for porcine skin sample is shown in Fig. 5. 
Instantaneous elastic response of skin’s compliance to step shear stress is 
followed by gradually slowing increase of J with time, which within the 
investigated time frame showed no signs of reaching equilibrium 
compliance conditions. Although at the very beginning of the test a brief 
interval (0–0.01 s) marked with oscillations, where the skin behaves as 
an underdamped oscillator (so called creep-ringing (Ewoldt and 
McKinley, 2007; Goudoulas and Germann, 2016)), can be observed 
(Fig. 5 right), these manifestations are significantly smaller compared to 
gelatin. Porcine skin, owing to its extremely complex hierarchical 
structure comprising triple helical collagen molecules (1.5 nm in 
diameter) on the lowest level assembled in parallel into fibrils (50–500 
nm thick), multiple of which form fibers and whole tissues (Gautieri 
et al., 2012), thus exhibits gradual creep of compliance with time when 
subjected to constant stress. 

On the contrary, gelatin samples (Fig. 6) exhibit pronounced creep- 
ringing in the first phase of the creep as gelatin together with rheom
eter forms an underdamped mechanical oscillator (Goudoulas and 
Germann, 2016). The oscillations tend to diminish sooner with gelatin’s 
concentration (Fig. 6 right) as the damping of the system increases due 
to gelatin’s changes in structure, i.e. higher crosslinking density and 
smaller pore size (Fig. 3). Apart from that increasing gelatin concen
tration also considerably affects value of immediate compliance, which 
decreases in non-linear fashion, as well as the shape of the creep curves, 
which flatten out. All of these manifestations clearly mark transition of 
gelatin from viscous-like to solid-like material with increasing concen
tration, which from material point of view stems mostly from higher 
crosslinking density and partially from decreasing pores’ size. 

In order to be able to quantify the character of the measured creep 
data in detail and correspondingly relate it to changes in the structure of 
the investigated system, data was approximated by the generalized FPT 
model (Fig. 2). Even though exceptional well agreement between FPT 
model and data was obtained, very symmetrical results in terms of the 
exponents of the parallel elements of FPT model and zero value for the 
third one in series (Table 1) hinted at the fact that possibly even simpler 
fractional model could suffice. Trying the very basic spring-pot model 
did not yield satisfactory fit, however two spring-pots in series i.e. 
generalized fractional Maxwell model (FMM - Fig. 7) did. Creep 
compliance for FMM has a following form: 

J(t)=
tα

η1Γ(1 + α) +
tβ

η2Γ(1 + β)
. (6) 

Also, with one exponent in the Maxwell model being practically 
equal to zero (β = 0.002) means that one of the spring-pots basically 
functions as a standard spring. Indeed spring-pot in series with a spring 
which accounts for immediate part of the compliance is sufficient for 
capturing the character of the porcine skin sample in creep, which is 
consistent with results from fitting using more complex FPT model 
where also the element in series functioned as a simple spring (λ = 0). 
Therefore, the special case of fractional Maxwell model containing a 
spring-pot and a spring in series (Fig. 7) was employed for all further 
experimental creep data approximation. 

Although without rigorous physical meaning, for α < 0.5 elasticity 
plays a leading role and the closer α approaches zero the more Hooke’s 
elasticity prevails (Di Paola and Zingales, 2012). Another interpretation 
relates the order of fractional derivative α to the Deborah number 
(Metzner et al., 1966) as follows: 

Fig. 2. Generalized fractional Poynting-Thomson viscoelastic model.  
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Fig. 3. SEM of variously concentrated gelatin (a–c: 10%, 30%, 50%).  

Fig. 4. SEM of porcine skin (a: sideview of the whole sample, b: detail of individual fibers).  

Fig. 5. Creep test of porcine skin in linear (left) and logarithmic (right) time scale to highlight creep-ringing at the initial phase of the test; experimental data 
(symbols connected with dashed line) fitted by the generalized fractional Maxwell viscoelastic model (full line). 
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De=
1
α (7) 

with large De for solid-like materials while small De mark liquid. 
Thus, porcine skin with α = 0.33 signifies rather elastic-type of behavior 
despite any clear signs of the creep curve reaching plateau in the 
investigated time frame. Indeed, especially in the case of natural ma
terials, the final extremely long phase of the creep can often be mis
interpreted as viscous flow due to limited (always finite) duration of the 
test. 

For gelatin samples FMM identifies instantaneous elastic part of 
compliance as well as in the case of skin sample yielding β = 0 for all 
investigated concentrations (Table 2). Spring constant k (= η2) in thus 
simplified FMM model is seen to increase non-linearly with gelatin 
concentration (Fig. 9) marking gradual increase of the samples!’ 

elasticity. Although transition of gelatin from more viscous-like system 
of at low concentrations to more elastic-like material as the loading 
approaches 50% is apparent from the flattening of the measured creep 
dependence, the usage of the FMM enables one to capture this trans
formation even quantitatively with α parameter, which gradually de
creases from α10% = 0.83 to α50% = 0.27 (Table 2, Fig. 9) turning the 
spring-pot in the Maxwell model from dash-pot-like more into a spring 
(Fig. 1). This finding agrees with physical-mechanical expectations of 
the system rising from larger number of intermolecular interactions for 
more concentrated gelatin leading ultimately to higher crosslinking 
density (Fig. 8). 

Mechanical spectra, i.e. G*(ω), were determined from subjecting 
samples to a sinusoidal shear deformation γ(t) = γ0eiωt of amplitude γ0 =

0.5% (within linear viscoelasticity region) and obtaining corresponding 
complex stress response. 

σ(t) =G∗γ0eiωt = |G|eiθγ0eiωt =(G
′

+ iG′′)γ0eiωt, (8)  

where G*(ω) is frequency dependent complex dynamic shear modulus, 
real part of which (G′) defines storage (elastic) modulus in phase with 

Fig. 6. Creep test of gelatin in linear (left) and logarithmic (right) time scale to highlight creep-ringing at the initial phase of the test; experimental data (connected 
symbols) fitted by the generalized fractional Poynting-Thomson viscoelastic model (line); legend: gelatin concentration. 

Table 1 
Fitting parameters of the generalized fractional Poynting-Thomson model.  

sample rheo- 
mode 

α β λ η1 η2 η3 

porcine 
skin 

creep 0.333 0.333 0.000 90.4 36.1 253.6 

porcine 
skin 

oscillatory 1.000 0.115 0.354 16.2 6580 36 207 

gelatine 
10% 

oscillatory 0.004 0.270 1.000 1444 70 495 
790 

gelatine 
20% 

oscillatory 0.000 0.261 0.698 3552 243 459 
447 

gelatine 
30% 

oscillatory 0.000 0.324 0.282 5257 267 73 674 

gelatine 
40% 

oscillatory 0.000 0.361 0.256 8397 276 85 709 

gelatine 
50% 

oscillatory 0.001 0.421 0.243 12 
501 

303 89 703  

Fig. 7. Generalized fractional Maxwell model (left) and its special case when β 
= 0 (right). 

Table 2 
Fitting parameters of the fractional Maxwell model employed for the creep test.  

Sample α β η1 η2 (= k) 

porcine skin 0.333 0.002 1272 2514 
gelatine 10% 0.825 0.000 6574 1149 
gelatine 15% 0.594 0.000 5670 1255 
gelatine 25% 0.498 0.000 8399 2151 
gelatine 30% 0.405 0.000 9687 3158 
gelatine 50% 0.265 0.000 40 807 18 042  

Fig. 8. Changes in interactions with gelatine concentration.  
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excitation deformation and imaginary part (G′′) gives loss modulus or 
viscous part responsible for energy dissipation. 

Although the creep test data is well fitted with it, the fractional 

Maxwell model failed to provide satisfactory results for frequency 
measurement of complex shear modulus and therefore FPT model (Eq. 
(5)) was employed with much better results even though both compo
nents (G′ and G′′) of the complex shear modulus were approximated with 
the same set of parameters. Extracted parameters are given in Table 1. 

Even though the very same set of parameters for a concrete model 
determined from creep data fitting should work even for oscillatory 
data, in reality this is unfortunately not the case and even though the 
model is capable of fitting dynamic rheological data the parameters are 
quite different. This is at least partially due to numerous effects con
nected with sample geometry imperfections, loading and normal force 
application prior to measurement. Moreover, the measurement region is 
always restricted either in time (for creep) or forcing angular frequency 
(for oscillations) the result of which being mismatch between fitting 
parameters in each method. This transpires even in the case of complex 
modulus G* fitting, where basically two curves need to be fitted 
simultaneously. Nevertheless, at least qualitatively the fractional model 
captures its character. 

Spectra of both, porcine skin (Fig. 10) and gelatin (Fig. 11), systems 
exhibit higher values of storage modulus over loss modulus with tan δ =

G′′/G′ of about 0.3 and 0.05 for skin and gelatin, respectively. Particu
larly in case of gelatin, such low tan δ values indicate well-developed 
network, in which elasticity dominates over viscous flow, for which 
they are typical (Van den Bulcke et al., 2000). 

Storage and loss moduli of porcine skin both increase gradually with 
angular frequency which is characteristic for complex material 
comprising structural elements, e.g. fibers, fibrils and collagen 

Fig. 9. Fitting parameters of fractional Maxwell model for gelatin (symbols) 
and porcine skin (line).  

2. Oscillatory test 

Fig. 10. Mechanical spectrum of a porcine skin; experimental data fitted with FPT model (left) and fitted FPT model extrapolated into wide frequency 
domain (right). 

Fig. 11. Mechanical spectra of gelatin fitted with FPT model; legend: gelatin concentration.  
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molecules, with different relaxation times. 
On the other hand, gelatin exhibits plateau or gently rising frequency 

dependence of G′ for low (10% and 20%) or more concentrated (30% 
and above) samples, respectively. An exceptionally good fit of me
chanical spectra with FPT model (Fig. 11) enables one to use the fitting 
parameters (Table 1) and predict the behavior of the material outside 
the measured frequency domain. Thus, master curves of variously 
concentrated gelatin samples were obtained (Fig. 12), from which it can 
be seen that the character of the gelatin’s spectrum considerably 
changes between concentrations 20 and 30%. A well-defined G′′ peak at 
low frequencies (10− 3 to 10− 2 rad s− 1) observed for 10 and 20% is 
connected with relaxation of polymer chains’ disengagement (repta
tion), and marks cross-over frequency at which gelatin turns from liquid 
(G′′ > G′) into elastic state (G′ > G′′). For more concentrated gelatin 
(from 30% on) G′ > G′′ holds always as the density of crosslinks is too 
high for material to exhibit viscous flow even at very low frequencies. 
This is also reflected in the values of FPT model parameters with the 
spring-pot in series functioning at first as a dashpot (λ = 1) with large 
viscosity (η ≈5 × 105Pa s) for 10% gelatin, while exhibiting more elastic- 
like behavior for 30, 40 and 50% gelatin (λ ≈ 0.25). 

Instantaneous elasticity present in the system due to physical cross
links in gelatin’s chains is modelled by one of the spring-pots in parallel 
(α = 0). Its “modulus” (η1) was seen to increase from 1400 Pa to 12 500 
Pa reflecting rise in the density of physical crosslinks in the system with 
gelatin concentration (Fig. 13). 

A fundamental topological parameter characterizing the polymer 
network introduced by de Gennes is the entanglement molecular weight, 
Me, which is defined as an average molecular weight between topolog
ical constraints (Degennes, 1971). It is typically inferred from plateau 
modulus G0

N often obtained as a value of storage modulus at frequency of 
loss modulus minimum (G0

N = G′

(ω)G′′→ min) (Liu et al., 2006). Rela
tionship between G0

N and Me is given as 

G0
N =

4
5

ρRT
Me

, (9)  

where ρ [kg m− 3] is density, R [J mol− 1 K− 1] molar gas constant and T 
[K] thermodynamic temperature. 

Availability of wide range mechanical spectra for gelatin, owing to 
FPT model predictions, allows one to identify G′′ minima and subse
quently extract G0

N and calculate Me. 
Polymer network can be described in terms of density of its crosslinks 

ρx [mol m− 3] which can be estimated as: 

ρx =
|G∗|

RT
(10)  

and then used for the determination of mesh size: 

ξ=

̅̅̅̅̅̅̅̅̅̅̅̅̅
6

πρxNA

3

√

, (11)  

where NA = 6.022 × 1023 [mol− 1] is Avogadro’s constant. 
Entanglement molecular weight decreases with gelatin’s concentra

tion (Fig. 13) as in the more concentrated gelatin there is higher inci
dence of interparticle interaction leading to creation of junction zones 
(Fig. 8). These are regions of partially reformed triple-helices (of gela
tins’ polypeptide chains) stabilized by weak interactions (H-bonds), 
which act as physical crosslinks (Joly-Duhamel et al., 2002). Higher 
helix concentration consequently results in gelatin’s better mechanical 
properties manifested by higher shear and compression (shown) later on 
modulus. 

C. Compression test 
To expand the gelatin’s mechanical behavior to the macroscopic 

scale of large deformations a compression test of porcine skin and 
gelatin samples was carried out. Contrary to the tensile test for the 
compression test it is rather difficult to precisely identify at which point 
the breakdown of the sample occurs. Therefore, only initial phase, i.e. 
loading (compression) of the gelatin samples with pressure, which has 
been intentionally clipped at the strain of 60%, value attainable for all 
samples, is presented (Fig. 15). 

Porcine skin exhibits convexly shaped compression test curves 
(Fig. 14) with two linear regions. One is located at the beginning (ε =
0–20%) of the test with compression modulus E0 = 1.75 kPa while the 
other appears at more substantial compression deformations (substan
tial scatter of the onset of the second phase between the four measured 
porcine skin samples is caused by imperfect nature of skin samples, 
whose top and bottom are not perfectly parallel) and has modulus of 
about 30 kPa (E1). Both values approximately correspond to skin’s shear 
modulus |G*| determined at the ends of investigated shear rate range in 
rheological measurements. 

Compression tests of gelatin samples show region of linear elasticity 
for all investigated samples (10–50 wt % gelatin concentration) up to 
about 25% of strain above which the derivative dσ/dε increases 
(Fig. 15). Compression modulus, E, of the individual samples was 
calculated from the linear region, namely for ε ​ ∈ ​ (5%;10%), as a 
value of the derivative of the experimental engineer stress-strain curves: 

E=
dσ
dε (12) 

Extracted modulus values as well as the compression test curves both 
show that in terms of compression deformation even lowest concen
trated gelatin investigated (10%) has slightly better mechanical prop
erties than porcine skin with more concentrated gelatin samples clearly 
exceeding compression modulus of porcine skin. 

Fig. 12. Extrapolation of fitted data with FPT model into wider frequency domain; legend: gelatin concentration.  
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Even though gelatin’s compression modulus, E, is about one order of 
magnitude smaller compared to the absolute value of complex shear 
modulus, |G*|, measured in oscillations at frequency of 10 rad s− 1, its 
concentration dependence has a quite similar slightly convex character 
(Fig. 16), which supports the idea of gradual reinforcement of the gelatin 
polymer network with crosslinks due to more frequent gelatin in
teractions as gelatin concentration is increased. Despite different 
deformation mode (shear versus compression) and magnitude (small 
versus large) the fundamental effect of gelatin concentration on its 
mechanical properties is maintained. 

To comprehensively assess viscoelastic properties of gelatin as a 
possible surrogate for natural skin it can be claimed that although much 
simpler in terms of its structural complexity, gelatin of appropriate 
concentration responds to both static (creep) and dynamic excitation in 
many regards in a way much similar to a real skin. This concentration for 
the used bovine gelatin was identified as 40%, at which complex dy
namic modulus G* at relevant angular frequencies (5–10 rad s− 1 cor
responding to walking–running (Holt et al., 2008)) as well as parameters 
of FMM exhibited highest agreement. 

IV. Conclusions. 
Experimentally determined viscoelastic properties of porcine skin 

using rotational rheometry (creep and oscillatory test) were modelled 
with generalized fractional Maxwell model (two spring-pots in series) in 
order to improve upon accuracy and comprehensibility of the fit offered 
by traditional viscoelastic models used. Fitting revealed that even a 
special case of fractional Maxwell model comprising a spring-pot and a 
standard spring in series is capable of very precise approximation of the 

Fig. 13. Evolution of gelatin’s network characteristics (crosslinking density/black squares/, mesh size/blue circles/and entanglement molecular weight/black 
crosses/) with concentration. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 14. Compression test of porcine skin.  

Fig. 15. Compression test of gelatin; legend: gelatin concentration.  

Fig. 16. Compression and shear modulus versus gelatin concentration.  
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creep test data. Progressive decrease of α exponent captures gelatin 
transition from viscous-like to more elastic-like state with its concen
tration in the system. This finding is further supported by gradual in
crease of spring constant k in the model as well as both compression and 
shear moduli increasing with gelatin content. On structural level this 
transition of viscoelasticity more towards elastic part of the spectrum 
stems from higher density of intermolecular interactions between 
gelatin molecules. 

For fitting response to dynamic excitation (mechanical spectra) of 
material a more complex fractional model (Poynting–Thomson) was 
employed, which was able to fit gelatin exceptionally well with model’s 
parameters confirming an increase of its elasticity with gelatin concen
tration. This was also confirmed by gradual decrease of calculated 
entanglement molecular weight of gelatin with concentration. 
Improvement of mechanical properties, namely compression modulus, 
with concentration of gelatin was observed even at large scale de
formations during compression test. 

Even though gelatin’s porous internal structure is much simpler 
compared to hierarchical structure to be found in biological system of 
porcine skin, it certainly has the potential to model the skin in terms of 
mechanical properties as has been shown for small deformations using 
rheometry. Performed large scale deformation compression test con
firms this finding with even low concentrated gelatin exhibiting higher 
compression modulus than porcine skin. Thus, from the viewpoint of 
viscoelastic properties, gelatin and its modifications (e.g. through 
crosslinking) can be seen as suitable material for further testing (e.g. 
large deformation viscoelasticity) in the field of skin substitutes. 
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R. Moučka et al.                                                                                                                                                                                                                                

http://refhub.elsevier.com/S0167-6636(23)00005-4/sref42
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref42
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref43
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref43
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref43
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref44
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref44
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref45
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref45
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref46
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref46
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref46
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref47
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref47
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref47
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref48
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref48
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref49
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref49
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref50
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref50
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref51
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref51
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref52
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref52
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref52
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref53
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref53
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref54
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref54
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref55
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref55
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref56
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref56
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref56
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref57
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref57
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref57
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref58
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref58
http://refhub.elsevier.com/S0167-6636(23)00005-4/sref58

	Fractional viscoelastic models of porcine skin and its gelatin-based surrogates
	1 Introduction
	2 Experimental
	2.1 Material
	2.2 Gelatin samples preparation
	2.3 Methods

	3 Results and discussion
	3.1 Morphology
	3.2 Rheology

	CRediT author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


