
journal of the mechanical behavior of biomedical materials 124 (2021) 104795

Available online 24 August 2021
1751-6161/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Guide to mechanical characterization of articular cartilage and hydrogel 
constructs based on a systematic in silico parameter sensitivity analysis 

Seyed Ali Elahi a,b,*, Petri Tanska c, Satanik Mukherjee d,e, Rami K. Korhonen c, Liesbet Geris d,e,f, 
Ilse Jonkers a, Nele Famaey b 

a Human Movement Biomechanics Research Group, Department of Movement Sciences, KU Leuven, Leuven, Belgium 
b Soft Tissue Biomechanics Group, Biomechanics Division, Mechanical Engineering Department, KU Leuven, Leuven, Belgium 
c Department of Applied Physics, University of Eastern Finland, Kuopio, Finland 
d Prometheus, Division of Skeletal Tissue Engineering, KU Leuven, Leuven, Belgium 
e Biomechanics Section, KU Leuven, Leuven, Belgium 
f GIGA in Silico Medicine, University of Liège, Liège, Belgium   
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A B S T R A C T   

Osteoarthritis is a whole joint disease with cartilage degeneration being an important manifestation. Tissue 
engineering treatment is a solution for repairing cartilage defects by implantation of chondrocyte-laden hydrogel 
constructs within the defect. In silico models have recently been introduced to simulate and optimize the design 
of these constructs. These models require accurate knowledge on the mechanical properties of the hydrogel 
constructs and cartilage explants, which are challenging to obtain due to their anisotropic structure and time- 
dependent behaviour. 

We performed a systematic in silico parameter sensitivity analysis to find the most efficient unconfined 
compression testing protocols for mechanical characterization of hydrogel constructs and cartilage explants, with 
a minimum number of tests but maximum identifiability of the material parameters. The construct and explant 
were thereby modelled as porohyperelastic and fibril-reinforced poroelastic materials, respectively. Three 
commonly used loading regimes were simulated in Abaqus (ramp, relaxation and dynamic loading) with varying 
compressive strain magnitudes and rates. From these virtual experiments, the resulting material parameters were 
obtained for each combination using a numerical inverse identification scheme. 

For hydrogels, maximum sensitivity to the different material parameters was found when using a single step 
ramp loading (20% compression with 10%/s rate) followed by 15 min relaxation. For cartilage explants, a two- 
stepped ramp loading (10% compression with 10%/s rate and 10% compression with 1%/s rate), each step 
followed by 15 min relaxation, yielded the maximum sensitivity to the different material parameters. With these 
protocols, the material parameters could be retrieved with the lowest amount of uncertainty (hydrogel: < 2% and 
cartilage: < 6%). These specific results and the overall methodology can be used to optimize mechanical testing 
protocols to yield reliable material parameters for in silico models of cartilage and hydrogel constructs.   

1. Introduction 

The main function of articular cartilage is to provide near frictionless 
rotation of joints while absorbing shocks and minimizing peak loads in 
the underlying subchondral bone. Knee articular cartilage defects affect 
the mechanical integrity of the tissue, with malalignment or joint 
instability changing cartilage loading, potentially contributing to carti-
lage degeneration and the development of osteoarthritis (OA) (Beynnon 
et al., 2002; Li et al., 2020; NovarettiJoão et al., 2020; Shefelbine et al., 

2006). Since cartilage does not contain any blood vessels (avascular) or 
nerves (aneural), it has a very limited self-healing capacity once 
damaged. 

Tissue engineering (TE) treatments are a potential answer to OA joint 
repair. These rely on cell-based procedures (Brittberg et al., 1994; Jacobi 
et al., 2011) aiming to restore cartilage integrity. Hydrogel-based TE 
procedures aim at repairing large cartilage defects by implanting bio-
logical implants, i.e. chondrocyte-laden hydrogel constructs or scaffolds 
within the defects (Kundu et al., 2015). The chondrocyte is the only cell 
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type within the cartilage and is responsible for synthesizing extracellular 
matrix (ECM). The solid part of ECM is primarily composed of pro-
teoglycans (PGs) and collagen fibrils (Mohammadi et al., 2013). Me-
chanical loading is crucial in stimulating ECM formation by 
chondrocytes (Kisiday et al., 2004). 

Hydrogel constructs are often suggested as ‘easy to use’ scaffolds to 
embed chondrocytes for in vivo application. In this context, different 
hydrogel-based scaffolds have been proposed to enhance cartilage repair 
(Drury and Mooney, 2003). Alternatively, hydrogels are also being used 
to study mechano-transduction and -responsiveness of chondrocytes in 
vitro. Hydrogels are interesting scaffolds as they have a structure com-
parable to the extracellular matrix of cartilage (Hosseini et al., 2021). 
Although there are many appropriate materials for scaffolds, alginate 
has received much interest since it has lots of advantages for cartilage 
repair, including tunable mechanical characteristics and a simple pro-
duction procedure (Farokhi et al., 2020). However, accurate mechanical 
characteristics and role of mechanical loading in cell-seeded alginates 
yet must be determined. 

In the last decades, in silico modelling, or more specifically, finite 
element (FE) modelling has been used extensively to unravel the role of 
mechanical loading in cartilage degeneration and regeneration within 
the cell-seeded hydrogel implants for cartilage repair approaches (Wil-
son et al., 2005a; Mononen et al., 2016, 2018; Orozco et al., 2018; Kelly 
and Prendergast, 2006; Bandeiras and Completo, 2017; Zahedmanesh 
et al., 2014; Walter et al., 2019; Elahi et al., 2020). The mechanical 
properties of the cartilage and hydrogel implants are crucial parameters 
of these models. Thus, accurate mechanical characterization of the 
cartilage tissue and hydrogel is essential. 

Measuring mechanical properties of soft tissues and particularly 
cartilage is highly challenging due to their anisotropic and heteroge-
neous structure (Elahi, 2018; Elahi et al., 2018). Mechanical charac-
teristics of such tissues are typically approximated through inverse 
mechanical characterization methods, where constitutive and geometric 
models are developed of which the model parameters are then altered to 
achieve best match with corresponding experimental results (Evans, 
2017). 

Constitutive models of cartilage mechanics have been previously 
proposed by various groups (Li et al., 1999; DiSilvestro et al., 2001; 
Ateshian et al., 2009; Jones et al., 2016; Kazemi et al., 2013; Kazemi and 
Li, 2014; Ebrahimi et al., 2019; Babalola and Bonassar, 2009). Among 
these models, the fibril-reinforced poroelastic (FRPE) material model 
(Ebrahimi et al., 2019) has been shown to accurately predict the 
contribution of different constituents of cartilage tissue to its overall 
mechanical behaviour. As for hydrogel constructs, poroelastic (Babalola 
and Bonassar, 2009), poroviscoelastic (Nguyen et al., 2009a) and 
porohyperelastic material models have been used, among which the 
porohyperelastic material model most accurately simulates the behav-
iour of hydrogel constructs under mechanical loading (Zahedmanesh 
et al., 2014). It remains however a challenge to experimentally deter-
mine the different parameters that accurately describe their mechanical 
behaviour. 

A variety of mechanical testing protocols have been reported in 
literature for cartilage and hydrogel constructs mechanical character-
ization (Ebrahimi et al., 2019; Nguyen et al., 2009a; Danso et al., 2018; 
Olvera et al., 2015; DiSilvestro and Suh, 2001; Wilson et al., 2005b; 
Ateshian et al., 2003; Patel et al., 2019). The prevalent testing config-
urations reported in literature are unconfined compression, confined 
compression and indentation. These testing configurations can be either 
load- or displacement-controlled, whereby the imposed variable follows 
a certain protocol which is typically a combination of ramps, relaxation 
phases and dynamic loading regimes at different magnitudes and rates. 
It is challenging to select the optimal testing protocol, i.e. one that 
probes the tissue in the relevant loading regime as well as allows to 
observe the effects of the different tissue constituents and hence material 
parameters. 

Recently, based on a systematic literature review, Patel et al. (2019) 

provided a guide to the mechanical characterization of cartilage and 
hydrogel constructs. Yet, where this guide does an excellent job in trying 
to homogenize testing approaches between research groups, it does not 
consider if the suggested protocols are suited for reliably obtaining 
material parameters for subsequent in silico modeling. To this end, the 
sensitivity of the different testing protocols to the resulting material 
parameters, which depicts the identifiability of the material parameters 
using each testing protocol, has to be determined. The loading protocol 
that yields the highest sensitivity to the material parameters can be 
considered as the ideal protocol for material parameter characterization. 
Such a systematic sensitivity analysis would require comparing the 
outcome of hundreds of experimental protocols, which is both expensive 
and time-consuming. However, in silico modelling can be used to 
simulate a wide array of experiments, greatly decreasing the costs and 
time of the parameter sensitivity analysis. 

This paper aims to provide a guide for the selection of the most 
efficient testing protocols for the characterization of material parame-
ters for in silico modelling of hydrogel constructs and cartilage explants, 
with a minimum number of tests but maximum identifiability of the 
material parameters. To this end, we present, to the authors’ knowledge, 
the first systematic FE-based parameter sensitivity analysis of the testing 
protocols to the material parameters of relevant constitutive models for 
hydrogels and cartilage. We focus on unconfined compression testing as 
it allows including lateral sample displacement (measured using optical 
techniques) together with measured reaction force as experimental 
measures into the sensitivity analysis (DiSilvestro and Suh, 2001). As an 
outcome, we provide a blueprint for experimentalists to optimize their 
mechanical testing protocols to ensure reliable experimental data 
collection of the relevant material parameters required for in silico 
models of cartilage and hydrogel constructs. Furthermore, the devel-
oped methodological framework is sufficiently generic so that it can be 
applied for the optimization of the mechanical characterization of other 
biological tissues. 

2. Methods 

2.1. Material model 

2.1.1. Constitutive modelling of the hydrogel construct 
The hydrogel construct was modelled as a homogenous porohy-

perelastic material. The hydrogel was assumed to be composed of a 
compressible porohyperelastic solid matrix saturated with an incom-
pressible fluid that can be exuded from or absorbed into the porous solid 
matrix. The stress in the porohyperelastic material was estimated using 
an effective stress concept that couples the behaviour of the solid and 
fluid phases (Zahedmanesh et al., 2014): 

σh= σsm − pI, (1)  

where σh is the Cauchy stress tensor caused by external loading applied 
to the hydrogel, σsm is the Cauchy stress tensor of the solid matrix, p is 
the isotropic pore fluid pressure and I is the identity tensor. 

The solid matrix was modelled with a neo-Hookean hyperelastic 
material: 

σsm =Ksm
ln(J)
J

I + Gsm
J

(

FFT − J2
3I
)

, (2)  

where F is the deformation gradient tensor and J is the determinant of F. 
Ksm and Gsm are the bulk and shear moduli of the solid matrix, respec-
tively, which are functions of Young’s modulus (Esm) and Poisson’s ratio 
(ϑsm) of the solid matrix: 

Ksm =
Esm

3(1 − 2ϑsm)
(3)  
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Gsm =
Esm

2(1 + ϑsm)
(4) 

The pore pressure is obtained using Darcy’s law (Holmes and Mow, 
1990): 

q= − k∇p, (5)  

where q is referred to as the effective fluid velocity, k is the permeability 
of the material and ∇p is the pore fluid pressure gradient. 

Summarized, the porohyperelastic material model contains three 
unknown material parameters (Esm, ϑsm and k). 

2.1.2. Constitutive modelling of the cartilage explant 
The cartilage explant was modelled as a fibril-reinforced poroelastic 

(FRPE) material (Ebrahimi et al., 2019) composed of a porohyperelastic 
non-fibrillar matrix saturated with an incompressible fluid that can be 
exuded from or absorbed into the non-fibrillar matrix. The non-fibrillar 
matrix was reinforced with 4 primary collagen fibril families organized 
in an arcade-like pattern (Wilson et al., 2005b) and 13 randomly ori-
ented secondary collagen fibril families. 

The stress in the cartilage was estimated as: 

σc= σnf + σf − pI, (6)  

where σc is the total Cauchy stress tensor in the material, σnf is the stress 
tensor of the non-fibrillar matrix and σf is the stress tensor of the fibrillar 
network. 

The stress in the non-fibrillar matrix was estimated using a Neo- 
Hookean hyperelastic material model: 

σnf =Knf
ln(J)
J

I + Gnf
J

(

FFT − J2
3I
)

, (7)  

where the bulk and shear modulus can be expressed in terms of Young’s 
modulus (Enf ) and Poisson’s ratio (ϑnf ): 

Knf =
Enf

3
(
1 − 2ϑnf

) (8)  

Gnf =
Enf

2
(
1 + ϑnf

) (9) 

The fibrillar network was assumed not to resist compression and to 
have a non-linear stress-strain behaviour in tension. This model was 
chosen due to its ability to simulate the mechanical behaviour of human 
tibial cartilage (Ebrahimi et al., 2019). 
⎧
⎨

⎩

σf = 0 if εf ≤ 0

σf =
1
2
Eεf ε2

f + E
0
f εf if εf > 0

, (10)  

where σf and εf are stress and strain in the fibril families and Eεf and E0
f 

are the strain-dependent and initial fibril network moduli, respectively. 
The stress in the fibrillar network was calculated as the sum of the 
stresses in the primary and secondary fibrils (Orozco et al., 2018): 
{
σf ,p = ρzCσf
σf ,s = ρzσf

, (11)  

where σf ,p and σf ,s are the stresses in the primary and secondary fibrils, 
respectively. C is the ratio between primary and secondary fibril density, 
which was set to 12.16 and ρz is the depth-dependent relative collagen 
density, which was calculated as a function of normalized distance from 
the surface of the cartilage explant z (surface = 0, bottom = 1) (Wilson 
et al., 2004; Eskelinen et al., 2019): 

ρz= 1.4z2 − 1.1z+ 0.59 (12) 

The stress tensor of the fibrillary network can then be written as: 

σf =
∑totf

i=1
σf ,i ef→⊗ ef→, (13)  

where totf is the total number of fibril families, σf ,i is the stress in the 
primary and secondary fibrils, ef

→ is the fibril orientation vector and ⊗
denotes the outer product. 

The pore pressure was calculated using Darcy’s law (Eq. (5)), while 
permeability was assumed to be void ratio-dependent: 

k= k0

(
1 + e
1 + e0

)M

, (14)  

where k and k0 denote current and initial permeability and e and e0 
denote current and initial void-ratio and M is the permeability void-ratio 
dependency constant. The initial void-ratio was set to 3 (Ebrahimi et al., 
2019). 

Summarized, the FRPE material model contains six unknown mate-
rial parameters (Enf , ϑnf , Eεf , E

0
f , k0 and M). 

2.2. Finite element model of hydrogel construct and cartilage explant 

The FE models were constructed in Abaqus/CAE (V2017, Dassault 
Systèmes Simulia Corp., Johnston, RI) and, as detailed in section 2.1, 
different constitutive models were employed to simulate the behaviour 
of hydrogel constructs and cartilage explants. 

Hydrogel constructs and cartilage explants were modelled as cylin-
ders with dimensions comparable to the typical dimensions used in our 
bioreactor set-up (hydrogel constructs: diameter and height of 8 mm, 
cartilage explants: diameter and height of 4 mm). Since hydrogel was 
modelled as a homogeneous isotropic material the model geometry was 
constructed in an axisymmetric manner (Fig. 1a). As we wanted to 
implement the 3D collagen fibrils orientations in addition to their depth- 
wise content, the cartilage geometry was constructed in 3D (Fig. 1b) and 
modelled as FRPE material. 

The hydrogel samples were meshed by 512 linear axisymmetric pore 
pressure continuum elements (element type CAX4P). The cartilage 
samples were meshed by 5508 linear pore pressure continuum elements 
(element type C3D8P). Mesh convergence was ensured by modelling 
both hydrogel construct and cartilage explant using half, twice and four 
times of the selected element numbers. The reaction force and maximum 
lateral displacement in the models were verified as convergence 
parameters. 

Boundary conditions were applied as shown in Fig. 1a and b: the 
bottom nodes were fixed in the vertical direction (y-direction) and were 
free to move in the horizontal directions (x and z directions). A zero pore 
pressure (free fluid flow) was assigned to the nodes of the lateral surface 
of the cylinder. The nodes of the top surface were subjected to a 
compressive strain in the vertical direction, while they were free to 
move in the horizontal direction. 

The compressive strain was applied according to three loading re-
gimes: ramp loading, ramp loading followed by 15 min of relaxation and 
10 cycles of dynamic loading (Fig. 1c) with different strain levels and 
rates (Table 1). The different loading protocols were chosen based on the 
experimental guide provided by Patel et al. (2019). The relaxation time 
was chosen based on the required time for the models of both hydrogel 
and cartilage to reach an equilibrium. In the case of the 10-cycle dy-
namic loading, the height of the sample may decrease after each loading 
cycle due to fluid exudation. To avoid this, a pre-compression of 5% 
strain was applied to the samples before applying the dynamic loading. 

To assess the effect of extremely low or high loading rates on me-
chanical characterization of hydrogel constructs and cartilage explants, 
in addition to the loading protocols given in Table 1, the following 
loading protocols were analysed: 
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• Dynamic loading of the hydrogel construct with 15% of strain at a 
relatively low frequency of 0.001 Hz. 

• Ramp loading of the cartilage explant with 20% of strain at a rela-
tively low strain rate of 0.001%/sec. 

• Ramp loading of the cartilage explant with 20% of strain at a rela-
tively too high rate of 100%/sec. 

We did not test strain levels exceeding 20% as increasing the strain 
level in the mechanical characterization tests will cause cartilage and 
hydrogel sample damage and result in inaccurate mechanical charac-
terization (Patel et al., 2019). 

2.3. Parameter sensitivity analysis method 

For both the hydrogel and cartilage sample and each loading pro-
tocol given in Table 1, a parameter sensitivity analysis was performed. In 

each of these parameter sensitivity analyses, the material parameters of 
the FE model were varied using a design of experiments method, 
adapted from (Elahi, 2018; Frauziols et al., 2016). The sensitivity of the 
FE model responses to the material parameters can then be used to 
determine the identifiable material parameters for each of the uncon-
fined compression testing protocols of Table 1. The loading protocol that 
yields the highest sensitivity to the material parameters can be consid-
ered as the ideal protocol for material parameter characterization. 

2.3.1. Input parameters 
The material parameters of the porohyperelastic and FRPE material 

models were the input parameters for the parameter sensitivity analyses 
of the hydrogel constructs and cartilage explants, respectively. To 
compare the sensitivities, the material parameters were normalized and 
centred from − 1 to 1 in their ranges (Table 3 and Table 4). In literature, 
a variety of mechanical properties has been reported for hydrogel 

Fig. 1. Mesh and boundary conditions of a) hydrogel construct and b) cartilage explant models. c) Applied strain-time curves of the 3 loading regimes and the studied 
loading parameters in the FE simulations (blue parameters: detailed in Table 1). d) Examples of the obtained nominal stress-time curves from each of the 3 loading 
regimes and FE simulation target outputs studied in the parameter sensitivity analysis (red outputs, s1,s2 and s3: the average slope of the nominal stress vs. time curve 
at three equally distributed zones of the ramp loading. Pmax and Pequi: the nominal stress at the maximum point and at the end of the 15 min relaxation, Pmax 10: the 
maximum nominal stress at the tenth cycle). The mean slopes in the relaxation loading are the same as the ramp loading. 
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constructs (Nguyen et al., 2009b; Matyash et al., 2014; Kaklamani et al., 
2014; Julian et al., 1988). The material parameter ranges for the 
hydrogel construct were selected based on mechanical characterization 
results of Alginate hydrogel (Nguyen et al., 2009b; Kaklamani et al., 

2014), whereas the ranges for the cartilage explant were selected based 
on previous mechanical characterization of healthy human tibial carti-
lage (Ebrahimi et al., 2019). 

2.3.2. Design of experiments method 
For each parameter sensitivity analysis, a set of FE simulations was 

defined using a full factorial design of experiments with interactions 
between pairs of the varied material parameters. This resulted in 2m (m 
being the number of varied material parameters, i.e. 3 for hydrogels and 
6 for cartilage) simulations that covered the maximum and minimum 
values of the parameters (Table 2 and Table 3) plus a simulation at the 
centre of the ranges. Therefore, in total n number of simulations were 
performed for each analysis: 

n= 2m + 1, (15)  

where n = 9 for the hydrogel simulations and n = 65 for the cartilage 
simulations. 

2.3.3. Selection of outputs from the FE simulations 
Two results at different instants of the loading procedure were taken 

from the FE simulations: (i) the reaction force (RF(t)) at the bottom 
surface of the cylindrical sample and (ii) the lateral displacement (LD(t))
at the middle node of the lateral surface of the cylinder. The nominal 
stress P(t) can be derived from RF(t), by dividing it by the initial cross- 
section area of the cylinder. These variables were used to define the 
outputs for the three loading regimes (shown in Fig. 1d):  

• Four outputs were defined for ramp loading: The average slope of the 
nominal stress vs. time curve at three equally distributed zones (s1,

s2 and  s3)and the lateral displacement at the maximum applied 
strain (LDmax).  

• Three outputs were defined for relaxation loading: The nominal 
stress at the maximum point (Pmax)and at the end of the 15 min 
relaxation (Pequi), and the lateral displacement at the end of the 
relaxation (LDequi). Note, that a relaxation loading is always preceded 
by a ramp loading, hence s1, s2 and  s3 were also obtained.  

• Two outputs were defined for dynamic loading: The maximum 
nominal stress at the tenth cycle (Pmax 10)and lateral displacement at 
the time when the maximum strain was applied in the tenth cycle 
(LDmax 10). 

2.3.4. Definition of approximating function 
A first-order polynomial response surface including interactions be-

tween pairs of the material parameters (xi) was fitted on the output 
values obtained from n (Eq. (15)) FE simulations. The fitted functions 
are obtained as (Elahi, 2018; Frauziols et al., 2016): 

Yapprox= β0 +
∑m

i=1
βi × xi +

∑m

i,j=1

j>i

βij × xi × xj, (16)  

where Yapprox is the approximated output parameter using the fitted 
surface to the outputs of FE simulations, β0 is the average of outputs 
obtained from the FE simulations, m is the number of material param-
eters and βi and βij are the sensitivity coefficients of the material pa-
rameters and their interactions in the fitted function, respectively. To 
compare the sensitivity of the FE simulation outputs to each of the 
material parameters, these coefficients (βi and βij) were normalized by 
the average output (β0). The absolute value of the normalized co-
efficients represents the sensitivity of the FE simulation output to the 
corresponding parameters. The higher the absolute value of the coeffi-
cient, the more sensitive the FE model output to a change in this material 
parameter. The positive and negative values of the coefficients show the 
direct and inverse relationship between the studied output and the 
parameter, respectively. The higher the absolute value of βi, the better 

Table 1 
Specifications of the different compressive loadings applied on the top surface of 
the cylindrical hydrogel and cartilage samples.  

Loading regime Loading parameters 

Strain level (% of the sample initial 
height) 

Strain rate/ 
frequency 

Ramp 10 1%/sec 
20 1%/sec 
20 10%/sec 

Ramp + 15 min 
relaxation 

10 1%/sec 
20 1%/sec 
20 10%/sec 

10-cycle dynamic 5% pre-compression+5% of 
amplitude 

1 Hz 

5% pre-compression+15% of 
amplitude 

1 Hz 

5% pre-compression+15% of 
amplitude 

0.1 Hz  

Table 2 
Ranges of the hydrogel material parameters used in the parameter sensitivity 
analysis.  

Material 
parameter 

The minimum value of the 
range 

The maximum value of the 
range 

Esm  0.02 MPa 0.08 MPa 
ϑsm  0.1 0.4 
k 1 × 10− 12 m4N− 1s− 1 4 × 10− 12 m4N− 1s− 1  

Table 3 
Ranges of the cartilage material parameters used in the parameter sensitivity 
analysis.  

Material 
parameter 

The minimum value of the 
range 

The maximum value of the 
range 

Enf  0.3 MPa 0.9 MPa 
ϑnf  0.15 0.45 
Eεf  10 MPa 30 MPa 

E0
f  0.3 MPa 0.9 MPa 

k0  0.6 × 10− 15 m4N− 1s− 1 1.8 × 10− 15 m4N− 1s− 1 

M 2 6  

Table 4 
Uncertainty of the material parameters obtained through an inverse identifica-
tion of the hydrogel construct using different testing protocols and in compari-
son with a known random set of material parameters. The uncertainty is 
expressed in terms of percentage difference from the corresponding ground truth 
parameter. The testing protocol with an asterisk is the optimal testing protocol 
based on the parameter sensitivity analysis.  

Testing protocol Measured 
outputs 

Uncertainty in the 
identification of 
material parameters 
(%) 

Esm  ϑsm  k 

*Relaxation loading (20% strain-10%/ 
sec) 

RF + LD 0.01 0.21 1.40 

Relaxation loading (20% strain-10%/ 
sec) 

RF 1.11 31.19 21.00 

Ramp loading (20% strain-10%/sec) RF + LD 8.18 42.6 12.14 
10 cycle dynamic loading (5% pre- 

compression +15% of amplitude) 
RF + LD 5.08 25.15 34.25  
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the identifiability of the corresponding material parameter xi . In other 
words, a loading protocol that yields the highest absolute values of βi,

will yield the most reliable material parameters during an inverse 
identification process of an experiment that uses that specific loading 
protocol (see Fig. 2). We will refer to this loading protocol as the optimal 
testing protocol. 

2.4. Inverse identification verification method 

The results of the performed parameter sensitivity analysis were used 
to provide a guide for the selection of the optimal testing protocols for 
the mechanical characterization of hydrogel constructs and cartilage 
explants. 

2.4.1. Numerical verification method 
Since there is no ground truth for the validation of the obtained 

mechanical properties based on the inverse characterization of hydrogel 
constructs and cartilage explants, a numerical verification is used. This 
3-step numerical verification determines the uncertainty during inverse 
identification and quantifies the improvements made by the proposed 
testing protocols in the following steps:  

1. FE simulations for both the hydrogel construct and the cartilage 
explant were performed with the optimal testing protocol as 
described in the previous section and using a known set of material 
parameters, within the ranges given in Tables 2 and 3. The results of 
these simulations (RF(t) and LD(t)), were used as virtual experi-
mental data. Next, an inverse identification procedure (Elahi et al., 
2019) was performed starting with random initial guesses for the 
material parameters.  

2. The same process is repeated but now with conventional testing 
protocols suggested in the literature (Patel et al., 2019). Besides, the 
effect of having no access to the lateral displacement (LD(t)) as an 
experimental output on the uncertainty in inverse identification was 
studied by using only reaction force (RF(t)) as the output of experi-
ment in one testing group.  

3. The errors of the resulting material parameters from steps 1 and 2 
with respect to the known material parameters used in the virtual 
experiments were calculated and compared. 

2.4.2. Inverse identification method 
The material parameters of both porohyperelastic constitutive model 

(Esm, ϑsm and k of hydrogel constructs) and FRPE constitutive model (Enf , 
ϑnf , Eεf , E

0
f , k0 and M of cartilage explants) were obtained using an in-

verse identification method. This method optimizes the reaction force- 
time-response and maximum lateral displacement-time-response (RF 
(t) and LD(t)) of the models to the corresponding results of the experi-
ments (virtual experiments in this paper). The optimization was per-
formed using the Nelder-Mead simplex algorithm (fminsearch in Matlab 
R2018b) (Nelder and Mead R, 1965). The normalized mean square error 
between the simulation and experimental results was used as the 
objective function in the optimization algorithm: 

OF=
1
l

∑l

i=1

(
RFsimi − RFexpi

RFexpi

)2

+
1
k

∑k

j=1

(
LDsimj − LDexpj

LDexpj

)2

, (17)  

where RFsim
i and RFexp

i are simulated and experimental reaction force 
values, LDsim

j and LDexp
j are simulated and experimental lateral 

displacement values, l is the total number of reaction force data points 
and k is the total number of lateral displacement data points. The Matlab 
script of the optimization procedure is provided as supplementary ma-
terial (section S3). 

3. Results 

The results of the parameters sensitivity analysis are detailed in the 
supplementary materials (section S1, Figs. S1–S8). In the following 
paragraphs, the optimal testing protocols selected based on the afore-
mentioned analysis, are presented, after which it is shown how the re-
sults of the inverse identification validate the selected protocols. 

3.1. Hydrogel construct 

3.1.1. Selection of optimal testing protocol 
The parameter sensitivity analysis results show that the output pa-

rameters of a relaxation loading protocol with 20% strain level and 
10%/sec strain rate (Fig. 3a) are highly sensitive to all three material 
parameters: Pmaxand Pequiare highly dependent on Esm (Figs. S1a and 

Fig. 2. Workflow to determine the optimal loading protocols for mechanical characterization of hydrogel constructs and cartilage explants.  
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S1b), LDmaxis highly dependent on all three material parameters 
(Fig. S1a) and LDequiis highly dependent on ϑsm (Fig. S1b). 

Dynamic loading provides similar dependencies to the material pa-
rameters as ramp and relaxation loading, depending on the loading 
frequency (compare Figs. S4a and S4c to Figs. S1a and S1b). Since 
performing dynamic loading tests requires more specific loading devices 
than performing ramp and relaxation loadings, the optimal testing 
protocol was chosen as a combination of ramp and relaxation loadings. 

3.1.2. Inverse identification verification 
The uncertainty of the identified material parameters of the hydrogel 

construct using different testing protocols are compared in Table 4. For 
each loading regime, only the testing protocol with minimum identifi-
cation uncertainty is given in Table 4. The optimal testing protocol 
identified the material parameters of the porohyperelastic constitutive 
model with very limited uncertainty (variation from true value < 2%). 
Note that all the data points (in terms of RF and LD) were used in the 
inverse identification algorithm for optimization purpose (not only the 
studied output parameters in the parameter sensitivity analysis). To 
determine the effect of using LD as an additional experimental output 
from unconfined compression tests on mechanical characterization re-
sults, the material parameters were identified using only RF as test 
output in one of the test groups. The results show a considerable (about 
30% and 20%) increase in uncertainty of identification of Poisson’s ratio 
(ϑsm) and permeability parameter (k). 

When repeating the inverse identifications using three different sets 
of known material parameters and for different initial guesses in the 
fminsearch optimization algorithm, the same ranges of uncertainties 
were obtained. 

3.2. Cartilage explant 

3.2.1. Choice of testing protocol 
The parameter sensitivity analysis results suggest that the output 

parameters of a ramp loading test at low strain rate (1%/sec) and a 
relaxation test are highly sensitive to the non-fibrillar matrix parameters 
(Enf and ϑnf – Figs. S5a and S5c). The output parameters of ramp loading 
at a higher rate (10%/sec) are significantly sensitive to the fibril pa-
rameters (Eεf and E0

f ) and the initial permeability (k0 – Fig. S5b). Using 
these results, a two-step ramp plus relaxation loading protocol at 
different loading rates (Fig. 3b), while measuring both RF and LD, pro-
vides maximum sensitivity to the different parameters. Since compres-
sive strain levels over 20% have been reported to cause defects in the 
cartilage tissue (Orozco et al., 2018; Hosseini et al., 2014), each of the 
two steps of the proposed optimal protocol (Fig. 3b) is limited to 10% 
compressive strain. Besides, according to the parameter sensitivity 
analysis results (supplementary materials), the dependency of output 
parameters of the ramp loading on the material parameters had the same 
trend for the 20% and 10% compressive strain tests. Furthermore, we 
propose to apply the higher loading rate in the first step since this higher 

loading rate causes more reaction force within the sample, which may 
cause defects in the tissue at higher strain levels.  

- Inverse identification verification 

The same numerical verification as the hydrogel construct (section 
3.1) was used to validate the selected optimal testing protocol for the 
cartilage explant (Fig. 3b). The uncertainty of the identified material 
parameters of the cartilage explant using different testing protocols are 
compared in Table 5. For each loading regime, only the testing protocol 
with minimum identification uncertainty is given in Table 5. The pro-
posed optimal testing protocol resulted in the lowest uncertainty (vari-
ation from true value < 6%) compared to other loading protocols. 
Besides, the results show an increase in uncertainty of material identi-
fication (especially for permeability parameters k0 and M with about 
22% and 26% increase, respectively) by removing lateral displacement 
from experimental outputs. 

4. Discussion 

4.1. Relevance of the study 

Finite element (FE) models of bioreactor setups for cell-seeded 
hydrogels or of human cartilage are used to identify the local mechan-
ical environment of the constructs or tissue, which can bring insight into 
mechanoregulated degenerative or regenerative processes. For instance, 
FE studies have shown that proteoglycan loss in mechanically injured 
articular cartilage is controlled by maximum shear strain, deviatoric 
strain and fluid velocity within the cartilage (Orozco et al., 2018). 
Another study showed that chondrogenesis in cell-seeded hydrogels is 
controlled by compressive principal strains within the constructs 
(Zahedmanesh et al., 2014). Several adaptive cartilage degradation and 
regeneration algorithms are proposed in the literature (Mukherjee et al., 
2020; Hendrikson et al., 2017). These can only be translated to realistic 
FE models if the material parameters are accurately identified, which 
highlights the importance of this study. 

Different experimental methods with various loading protocols have 
been used in literature to identify material parameters of hydrogel 
constructs and cartilage explants through inverse mechanical charac-
terization (Patel et al., 2019). However, there is limited insight into the 
degree to which these testing protocols yield accurate material param-
eters, suitable for subsequent FE modeling. An experimental protocol 
must allow unique identification of each parameter with a minimum of 
uncertainty. This usually entails a combination of tests with different 
sensitivities to the different material parameters. In the present study, 
we derived optimal mechanical testing protocols for accurate charac-
terization of hydrogel constructs and cartilage explants, shown in Fig. 3. 
To enable broad applicability, we focused on unconfined compression 
testing with and without optical measurement of the lateral displace-
ment, which is a relatively simple testing procedure available in many 

Fig. 3. Optimal testing protocols based on the parameter sensitivity analysis for inverse identification of material parameters of a) the porohyperelastic material 
model for hydrogel constructs and b) the FRPE material model for cartilage explants. Strains are in percentage of the sample initial height (nominal strain). 
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research groups. 

4.2. Parameter sensitivity analysis 

4.2.1. Hydrogel construct 
The permeability (k) has a limited effect on the reaction force output 

for all loading regimes (ramp, relaxation, dynamic loading). This is 
because the fluid exudation in the saturated porous materials is a time- 
dependent process. The tested loading rates might not have been small 
enough to allow fluid exudation. We verified this by performing sensi-
tivity analysis of dynamic loading with 15% of strain at a relatively low 
frequency of 0.001 Hz (data in the supplementary materials, Fig. S4d). 
This increased the dependency of the nominal stress at the 10th cycle of 
loading (Pmax 10) on k by around 190% in comparison to the minimum 
frequency considered (0.1 Hz in Table 1, for the dependency of Pmax 10 
to k at this frequency, see Fig. S4c). Therefore, to increase the identifi-
ability of k from the measured reaction force in dynamic loading, lower 
loading frequencies are advisable. 

On the other hand, the effect of k can be observed on the maximum 
lateral displacement obtained from the ramp and dynamic loadings 
(LDmax), indicating the importance of measuring this lateral displace-
ment during an experiment. Therefore, including LD measurement as an 
experimental output includes the effect of k in the test results. Fig. S1a 
shows an inverse relationship between LDmax and k, since an increase in 
fluid pressure and, consequently, more lateral bulging is expected for a 
smaller k. This effect was far less at the end of relaxation loading (LDequi), 
shown in Fig. S1b, because the fluid exudation stops at the equilibrium 
point and the response of the material is only due to the solid constit-
uents. At this point, the horizontal displacement is prominently depen-
dent on ϑsm. As a consequence, k has maximum identifiability by 
measuring LDmax at the end of ramp loading, while ϑsm can be identified 
with less uncertainty by measuring LDequi at the end of relaxation 
loading. 

The inverse identification verification results (Table 4) showed that 
Young’s modulus of the solid matrix (Esm) can be identified with small 
uncertainty using any of the loading protocols. In agreement with the 
results of our parameter sensitivity analysis, identification uncertainties 
of the Poisson’s ration of the solid matrix (ϑsm) and material perme-
ability (k) were lowest for the tests where the lateral displacement was 
measured. 

4.2.2. Cartilage explant 
The dependency of the reaction stress parameters (red parameters in 

Fig. 1d) on the non-fibrillar matrix modulus and Poisson’s ratio (Enf and 
ϑnf ) and fibril moduli (E0

f and Eεf ) in all the loading protocols were 
relatively dominant. This guaranteed the influence of these parameters 
on the test outputs, which shows the identifiability of these parameters 
through inverse identification using the test outputs. 

The Poisson’s ratio and modulus of the matrix (Enf and ϑnf ) have a 
significant effect on the output parameters of ramp loading at low strain 
rates (Fig. S5a). At higher strain rates, the fibril moduli (E0

f and Eεf ) 

dominate. This is in agreement with findings of Quiroga et al. (2017). 
Wilson et al. (2005b) observed that in ramp loading with a strain of 5% 
or lower, the fibers are not stretched and the response is mostly due to 
the non-fibrillar matrix. To evaluate this effect, we additionally studied 
the sensitivity of ramp loading with a 5% strain level and a 1%/sec strain 
rate on the material parameters. The obtained results had the same trend 
as the parameter sensitivity analysis results shown in Fig. S5a (ramp 
loading with 20% strain level and 1%/sec strain rate). We, therefore, 
conclude that within the tested ranges, strain rate is more important 
than strain amplitude to allow distinction between the constituents. 
Thereby, if the strain level is in a safe range that does not cause an injury 
to the tissue, selection of an optimized strain rate would increase the 
identifiability of the material parameters of cartilage tissue. 

The dependency on the permeability parameters (k0 and M) is low to 
non-existent for all of the loading protocols (Fig. S5a). According to 
literature, decreasing the strain rate to 0.001%/sec would increase the 
effect of the permeability on the reaction stress (Olvera et al., 2015; 
DiSilvestro and Suh, 2001). This was evaluated by performing a sensi-
tivity analysis on the unconfined compression ramp loading with the 
20% strain level and a very small 0.001%/sec strain rate (see Fig. S6b). 
However, no increase in dependency was observed. This can be due to 
the narrow range selected for the permeability parameters in this study 
(Table 3). The range for these parameters can be much wider, especially 
for OA cartilage (Ebrahimi et al., 2019). 

Still, a ramp loading at 10%/sec strain rate is an optimal protocol 
among the variations studied within this research. Increasing the strain 
rate from 1%/sec to 10%/sec in the ramp loading increased the effect of 
permeability parameters on both reaction stress and maximum hori-
zontal displacement, relatively (compare Figs. S5a and S5b). This results 
in a better identifiability of permeability parameters at 10%/sec strain 
rate. To see the effect of higher strain rates on the dependency of the 
tests on the permeability parameters, another sensitivity analysis was 
performed on ramp loading with 20% strain level and 100%/sec strain 
rate (Fig. S6c). Interestingly, the high strain rate caused a reduction of 
dependency on the permeability parameters compared with the 10%/ 
sec strain rate (compare Figs. S5b and S6c). 

According to the inverse identification verification results (Table 5), 
a two-step relaxation loading protocol effectively increases the accuracy 
of material parameter identification. Based on these results (Table 5) 
and confirm the results of the parameter sensitivity analysis, the un-
certainties in the identification of matrix and fibril parameters were 
small. On the other hand, the low dependency of the experimental re-
sults on the permeability parameters increases the uncertainty of their 
inverse identification (Table 5). Nonetheless, by measuring the hori-
zontal displacement of the sample, we can decrease this uncertainty. 

Each of the proposed mechanical characterization testing protocols 
needs to be preceded by a preload step to ensure contact between the 
loading plate and the sample. The applied preload needs to be small 
compared to the maximum load applied during the test (we propose less 
than 5% of the maximum load). This preload has to be followed by a 
relaxation until the measured reaction force becomes stable. Then a 

Table 5 
Uncertainty of the material parameters obtained through inverse identification of the cartilage explant using different testing protocols and in comparison with a 
known random set of material parameters. The uncertainty is expressed in terms of percentage difference from the corresponding ground truth parameter. The testing 
protocol with an asterisk is the optimal testing protocol based on the parameter sensitivity analysis.  

Testing protocol Measured outputs Uncertainty in the identification of material parameters (%) 

Enf  ϑnf  k0  M E0
f  Eεf  

* 2-step relaxation loading (10% strain-10%/sec) 
(10% strain-1%/sec) 

RF + LD 1.31 1.84 2.96 5.74 1.36 1.45 

2-step relaxation loading (10% strain-10%/sec) 
(10% strain-1%/sec) 

RF 2.12 2.67 25.36 31.25 6.32 5.36 

Ramp loading (20% strain-10%/sec) RF + LD 5.21 4.36 28.69 42.23 5.37 7.35 
Relaxation loading (20% strain-10%/sec) RF + LD 4.36 6.34 49.32 62.21 11.14 15.87 
10 cycle dynamic loading (5% pre-compression +15% of amplitude) RF + LD 7.98 9.12 30.65 40.98 8.54 5.12  
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sinusoidal strain with a small amplitude compared to the maximum load 
applied during the test (e.g. less than 5% of the maximum load) has to be 
applied to the sample and recovered back to the preload to ensure a 
stable initial condition. At this point, the force and displacement must be 
the same as they were initially after applying the preload.- Using the 
developed method for mechanical characterization of other biological tissues. 

Mechanical characterization of biological tissues is a challenging but 
essential task for understanding their mechanical behaviour and 
developing in silico frameworks. The most important step in mechanical 
characterization is defining proper testing protocols and measuring 
those outputs that are sensitive to variations in mechanical properties of 
the tissues. To this end, the developed systematic parameter sensitivity 
analysis in this paper can be adapted for other biological tissues by using 
their specific constitutive models and testing protocols that are 
commonly used for their characterization. Moreover, the potential of 
newly designed testing protocols for reliable mechanical characteriza-
tion of biological tissues can be assessed using the method developed in 
this paper. 

4.2.3. Limitations 
There are some limitations to the current study, summarized below:  

• The goal of this paper was to suggest experimental protocols that can 
be performed at any typical mechanical laboratory with a uniaxial 
testing device, allowing to obtain the best possible results in terms of 
the material parameters of established constitutive models of artic-
ular cartilage tissue and hydrogel constructs. It is known that the 
existing constitutive models face convergence difficulties when 
wider ranges of material parameters are used, which limits the range 
of material parameters that could be included in the present study. 
This limitation must be addressed by improving the constitutive 
models, which is out of the scope of this study. Therefore, the validity 
of the proposed protocols to study damaged cartilage or hydrogels 
with mechanical properties well outside the range evaluated here 
needs to be considered with caution. The results of this paper are 
therefore valid for a selected range of values of the parameters, 
relevant for healthy human tibial cartilage and hydrogels. These 
ranges were selected using the results of mechanical characterization 
performed in literature. A different parameter range can change the 
dependency of the outputs on that parameter. Caution is needed 
when extrapolating our findings to other types of cartilage and 
hydrogels, whose material parameters can vary over a wide range 
depending on the species, age and location of cartilage samples or the 
different types of hydrogels.  

• First-order polynomials with interaction between pairs of parameters 
were fitted to the results of the FE models. The ANOVA results (R2 >

0.99) validate the quality of the approximated function. However, 
fitting a higher-order function may increase the agreement between 
the approximated function and FE simulation results. 

• To perform the parameter sensitivity analysis, certain output pa-
rameters (e.g. average slope of nominal stress – time curve or 
maximum lateral displacement) had to be selected from the FE 
simulation results. Dependencies of the studied output parameters on 
the material parameters give an overview of the dependency of the 
whole output data. However, there is a possibility that the selection 
of other output parameters would reveal different dependencies on 
the material parameters. For instance, the phase lag between applied 
strain and reaction force in dynamic loading could be an interesting 
output parameter to study in addition to the studied output param-
eters in this paper. 

• In this paper, several loading protocols for mechanical character-
ization of hydrogel constructs and cartilage explants were selected 
based on established experimental studies (Patel et al., 2019). They 
are therefore considered to be the most commonly used and most 
practically feasible. Nevertheless, other combinations of loading 
protocols, i.e. loading types, ranges and rates, could be tested using 

the same parameter sensitivity analysis method presented here, 
which might yield an even better loading regime for mechanical 
characterization of the samples. 

5. Conclusion 

This paper presented an in silico parameter sensitivity analysis to help 
identify the optimal experimental protocol for unconfined compression 
testing of hydrogel constructs and cartilage explants. For hydrogels, our 
analysis yielded a single step ramp loading followed by 15 min relaxa-
tion as the optimal protocol. For cartilage, a two-stepped ramp loading 
each followed by 15 min of relaxation was found. When using the 
experimental results of the proposed testing protocols in an inverse 
identification scheme, thereby including the measurement data of the 
lateral displacement, material parameters of the porohyperelastic 
(hydrogel) and fibril-reinforced poroelastic (cartilage) material models 
can be obtained with minimal uncertainty. Compared to conventional 
tests, an improvement of uncertainty in identified material parameters 
from 42% to 1% was obtained in this respect for hydrogels, and from 
56% to 1% for cartilage. Although the proposed loading protocols are 
simple, measuring the lateral deformation of the samples in addition to 
the reaction force allows for a unique identification of the different 
material parameters. To Summarize, we suggest a simple loading pro-
tocol while analysing just one additional output (lateral deformation) 
which enables unique identification of the material parameters of state- 
of-the-art constitutive models of cartilage and hydrogel. Although the 
current study focused on unconfined compression for a relevant range of 
parameters representative for tibial cartilage, the proposed in silico 
framework can be expanded to other parameter ranges and hence other 
cartilage types as well as to other experimental test protocols. 
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