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Abstract
Background Load-relaxation under a constant state of deformation is a common characteristic of hydrated materials, includ-
ing hydrogels and biological tissues. Overall, mechanical response in such materials is a strong function of underlying struc-
ture, which in hydrogels depends on whether the gel is formed through physical or chemical cross-linking. In order to use 
hydrogels in biomedical applications where their properties are matched to those of native tissues, it is critical to understand 
these underlying structure-properties relationships.
Objective The objective of current work is to quantitatively characterize the load-relaxation behavior of physical and chemi-
cal gels and perform a comparative analysis with several biological tissues.
Methods Microindentation-based load-relaxation experiments were performed on three physical (agar, alginate, and gelatin) 
gels and one chemical (polyacrylamide) gel with a range of experimental time frames.
Results All three physical gels exhibit strong time-dependent load-relaxation behavior where faster indentation leads to pro-
nounced load-relaxation over short time-scales. The polyacrylamide gel is largely time-independent and exhibits negligible 
relaxation within short time-scales. The material property intrinsic permeability, which relates to underlying pore structure, 
was time-independent for both physical and chemical gels.
Conclusions A comparative analysis reveals that different aspects of the time-dependent properties of biological tissues are 
captured by physical and chemical hydrogels, with implications for tissue engineering applications.
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Introduction

Hydrogels are ideal materials for biomedical applications 
due to their biocompatibility, hydrophilicity, and tissue-like 
water contents [1]. They are being studied as artificial tissue 
scaffolds to facilitate regeneration of damaged tissue [2, 3]; 
as drug carriers to provide targeted drug release [4]; and as 
synthetic extra-cellular matrices to study cell-matrix interac-
tions [5]. Success of hydrogel biomaterials largely depends 

on how closely they can imitate the mechanical properties 
of native tissues. Historically, tissue stiffness has been the 
primary design variable for fabricating hydrogel biomateri-
als, although biological tissues are much more complex than 
a linear elastic material. Most biological tissues deform in a 
time-dependent manner and undergo load-relaxation under 
constant deformation. Several studies have characterized 
load-relaxation behavior of both soft and stiff tissues [6–9], 
and demonstrated its critical role to regulate tissue func-
tion and cell mechanics [5, 10]. Recreating load-relaxation 
characteristics of native tissues is therefore an important 
prerequisite for hydrogel biomaterials.

The load-relaxation behavior of biological tissues 
involves coupled viscoelastic and poroelastic relaxation. 
Topological reorganization of the biopolymer networks of 
cell cytoskeleton [11] and extra-cellular matrix (ECM) [12] 
induces viscoelastic relaxation in tissues. Poroelastic relaxa-
tion occurs due to intrinsic fluid migration within the porous 
ECM structure [13]. Similarly, hydrogels also undergo 
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coupled viscoelastic and poroelastic relaxation where the 
dominant relaxation mechanism largely depends on whether 
the gel is formed through physical or chemical cross-links 
[14]. Physical gels formed by reversible and non-covalent 
cross-links predominantly undergo viscoelastic relaxation 
whereas covalently cross-linked chemical gels exhibit poroe-
lastic relaxation.

Load-relaxation also critically affects the effective elastic 
properties of hydrogels and biological tissues. Most biologi-
cal tissues exhibit significantly greater effective modulus at 
faster loading than slower loading [6, 15–17]. Such time-
dependent stiffness is essential to prevent excessive tissue 
deformation and damage specially during impact conditions. 
Hence, hydrogels to be used as artificial tissue replacements 
must closely mimic this time-dependent effective tissue  
modulus as well. In addition to elastic modulus, load-relaxation  
is also linked to microscopic porous structure since fluid-
flow induced poroelastic relaxation is a function of gel or 
tissue permeability [13]. If the permeability of hydrogel 
scaffolds is not comparable to native tissues, it will not be 
able to capture the tissue-like poroelasticity which is a criti-
cal requirement for tissue engineering of fibrous connective 
tissues like cartilage and tendon [18].

Mimicking time-dependent mechanics of native tissues in 
hydrogels has been an active research field for more than a 
decade. Several physical and chemical hydrogels have been 
developed to mimic some aspects of native tissue load-
relaxation behavior by tailoring gel composition parameters 
using trial-and-error method [19–21]. However, a rigorous 
understanding of the structural basis for hydrogel’s time-
dependent mechanics has not been established. It remains 
poorly understood whether physical or chemical hydrogels 
are more representative of native tissues in terms of load-
relaxation characteristics. More importantly, it remains 
unclear how comparable are the time-dependent effective 
modulus and permeability of different hydrogels to those of 
various biological tissues.

Indentation testing has been shown to be a powerful tech-
nique for the mechanical analysis of compliant, hydrated 
materials including biological tissues [13] and hydrogels [1]. 
Using indentation techniques, the viscoelastic [8, 22], poroe-
lastic [23, 24] or poroviscoelastic [25] material parameters 
can be deconvoluted from creep or load-relaxation data. 
An advantage of using indentation for characterization of 
such materials is the simple execution of mechanical tests, 
without the need to “grip” the samples, and relatively for-
giving requirements for sample preparation in terms of flat 
surfaces. All of the analyses best suited for these materials 
are based on the same underlying elastic Hertzian contact 
mechanics for contact between a spherical probe and a sam-
ple half-space [26]. These existing analyses allow for studies 
of structure-properties relationships in hydrated materials 
using straightforward methods for data analysis based on 

curve-fitting, not requiring inverse finite element analysis 
or other computationally intensive techniques for analysis 
of large quantities of experimental data.

The objective of current work is to quantitatively charac-
terize load-relaxation behavior of hydrogels with different 
gel structures and demonstrate how closely they compare 
with native tissue time-dependent properties (i.e. effective 
elastic modulus and permeability). Three physically cross-
linked gels, namely agar, alginate, and gelatin, and one 
chemical gel, polyacrylamide, are considered as model sys-
tems. All four gels consist of distinct gel structures (Fig. 1) 
with different gelation mechanisms. Agar is a polysaccharide 
extracted from seaweeds with a sugar-based skeleton that 
forms thermo-reversible physical gel. Randomly coiled poly-
mer chains of agar transform into double helices on cool-
ing that entangle with each other to form the gel network 
(Fig. 1(a)) [27]. Alginate is also polysaccharide in which 
sugar units contain guluronate-mannuronate blocks. The 
gulurontate blocks of adjacent polymer chains form ionic 
cross-links in presence of divalent cations (for example, 
Ca2+ ) to form the alginate gel (Fig. 1(b)) [28]. Gelatin is 
a protein derived from collagenous tissues of animals (for 
example, skin, tendon, and bone). Here, gelation occurs 
due to rearrangement of polymer chains into ordered triple 
helix configurations (Fig. 1(c)) upon cooling which act as 

Fig. 1  Schematics of different types of hydrogels studied in this 
work. (a) In agar gel, polymer chains with double helical configura-
tions form the gel through physical entanglements. (b) alginate gel is 
formed by ionic cross-links (blue circles) between gulurontate blocks 
of adjacent polymer chains. (c) gelatin gel is obtained through the 
formation of ordered triple helical junctions among polymer chains. 
(d) in polyacrylamide gel, polymer chains are chemically bonded by 
covalent cross-links (red squares)
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physical cross-links in gelatin gels [29]. By contrast, poly-
acrylamide is a synthetic polymer which is transformed into 
gel by chemically joining acrylamide chains with covalent 
cross-linkers such as bisacrylamide (Fig. 1(d)) [30].

Load-relaxation behavior of all four gels have been inde-
pendently characterized in the literature [14, 23, 31], but an 
in-depth and systematic comparison of their time-dependent 
properties in close relevance to native tissue properties is 
not established. Such comparative analysis will not only 
elucidate the structural basis of hydrogels time-dependent 
mechanics but also establish fundamental guidelines to 
design hydrogel biomaterials with native tissue-like time-
dependent properties. Here, spherical microindentation 
experiments are used to quantify the load-relaxation behav-
ior of all four hydrogels. Systematic load relaxation tests as a 
function of experimental time-scale are performed to reveal 
how nature of cross-linking and gel structure affect time-
dependent load-relaxation behavior of hydrogels. Experi-
mental findings are further analyzed theoretically and com-
pared with various biological tissues, providing insight into 
comparative advantages of physical and chemical gels for 
tissue engineering applications.

Materials and Methods

Hydrogel Preparation

Agar, sodium alginate, calcium chloride, and porcine gelatin 
(300 g bloom) were obtained from Sigma-Aldrich Inc. (NC, 
USA).

Agar (3 % w/w) and gelatin (10% w/w) gels were prepared 
by mixing the solid polymer with distilled water at room 
temperature. The mixtures were stirred with a magnetic bar 
in hot plates at 90 ◦ C (agar) or 65 ◦ C (gelatin) until clear 
solutions were obtained. The polymer solutions were poured 
into glass petri dishes (50 mm diameter) and allowed to cool 
for four hours. The petri dishes were filled with distilled 
water and stored in a 4 ◦ C refrigerator for 24 hours.

Alginate gel (4% w/w) was prepared by mixing sodium 
alginate with distilled water at room temperature. The solu-
tions were poured into 30 mm diameter polystyrene dishes 
and covered with filter paper. The dishes were then sub-
merged into 200 mM CaCl2 solution for 24 hours to induce 
ionic cross-linking. The gels were removed from the plas-
tic dishes and placed in distilled water for 24 hours while 
refrigerated.

Polyacrylamide gels (Petrisoft, EasycoatⓇ ) were obtained 
from Matrtigen LLC (Brea, CA, USA). The manufacturer 
used bisacrylamide as cross-linker to fabricate the poly-
acrylamide gel. A gel with polyacrylamide concentration of 
10.9 wt% (0.2 wt% biacrylamide) was used here. Gels were 
obtained in 100 mm polystyrene dishes and were immersed 

in distilled water for 24 hours before performing indenta-
tion tests.

All the gels were thawed for one hour before testing and 
all the tests were performed under fully hydrated conditions 
(distilled water).

Indentation Experiments

Microindentation experiments were conducted using a TA 
Electroforce 5500 low-force mechanical tester (TA instru-
ments, New Castle, DE, USA) equipped with a 22 N load 
cell. Stainless steel spherical probes of radii (R) 3 mm (agar 
and alginate) or 6 mm (gelatin and polyacrylamide) were 
used for indentation tests. The indentation depth ( �0 ) was 
fixed at 0.5 mm for agar gel and at 1 mm for other three gels. 
The combination of indenter radius and depth were selected 
to ensure the measured forces were within the resolution 
of a 22 N load cell. For each test, the probe was manually 
brought in contact with the gel surface and subsequently, 
the machine was programmed to indent the gel to a depth 
( �0 ) within a prescribed ramp time ( tr ) from 0.4 s to 100 s. 
After the indentation ramp to peak depth, the probe was 
held at fixed position for specified time (100 s) to capture 
load-relaxation behavior of the gel. In addition, relaxation 
tests with longer hold time (11000 s) were performed for 
polyacrylamide gel. For each ramp time, three indentation 
tests were performed and results were presented as the aver-
age of the three measurements.

Analysis

Linear elastic model

Apparent elastic modulus of different gels was measured 
based on linear elastic Hertzian contact model [26]. The 
Hertz model was originally developed to describe the con-
tact behavior of two ellipsoidal bodies. For spherical inden-
tation, the Hertz model can be applied assuming the spheri-
cal indenter to be a rigid sphere (significantly larger than  
gel stiffness) and the gel to be an elastic half-space (elastic  
sphere of zero curvature). The corresponding load-displacement 
relation during ramp loading ( t ≤ tr ) is given as:

where �(t) is the applied indentation depth and Ea is the 
apparent elastic modulus for a given ramp time ( tr ) and � is 
the Poisson’s ratio. Ea was determined by fitting equation 
(1) to the load-displacement curve from the ramp phase. A 
Poissons ratio ( � ) of 0.5 was assumed, which is a common 
assumption for macro-scale hydrated testing of hydrogels 

(1)P(t) =
4

3

Ea

1 − �2
R1∕2�(t)3∕2
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where the water migration is negligible during ramp load-
ing [24, 32].

Poroelastic model

The empirical poroelastic model of Hu et al. [24] was 
used to determine the intrinsic permeability of hydro-
gels based on a poroelastic (PE) material assumption. 
The theory assumes the hydrogel to behave as an incom-
pressible material at the beginning of relaxation since 
water does not have time to migrate and reach a new 
equilibrium state. As such, the force at the beginning of 
relaxation can be calculated from elastic Hertzian contact 
as P0 = 16∕3GaR

1∕2�
3∕2

0
 , where Ga is the apparent shear 

modulus of the hydrogel. When the gel reaches equilib-
rium state due to complete solvent migration, it acts as 
a compressible material. The equilibrium force ( P∞ ) is 
then given by P∞ = P0∕2(1 − �d) , where �d is the drained 
Poisson’s ratio. Based on these assumptions, an empirical 
equation for load-relaxation was derived [24] based on 
finite element simulations:

where D is the diffusion coefficient and a is the contact 
radius ( a =

√

R�0 ). Load relaxation curves for different 
ramp times were fitted to equation (2) to determine the 
diffusion coefficient (D). Intrinsic permeability (k) was 
then calculated as k = D�(1 − 2�)∕2G(1 − �d) , where � is 
the solvent viscosity ( � = 0.89 × 10−3 Pa.s).

Poroviscoelastic model

In hydrogels, both poroelastic and viscoelastic relaxations 
can occur concurrently resulting in a poroviscoelastic (PVE) 
relaxation. It has been shown that the coupled effect of 
poroelasticity and viscoelasticity can be presented as [25]:

where PPE and PVE are the poroelastic and viscoelastic 
responses of the gel. The poroelastic ( PPE ) response can 
be described based on the empirical model of equation 
(2). The viscoelastic response can be represented based  
on the Generalized Maxwell Model [8]. It consists of  
a linear spring connected in parallel with n number of 
Maxwell units (series connection of a linear spring and 
a dashpot). The model defines the relaxation modulus  
E(t) using a series of exponentials as:

(2)
PPE(t) =P∞ + (P0 − P∞)(0.491e

−0.908
√

Dt∕a2

+ 0.509e−1.679
√

Dt∕a2)

(3)PPVE(t) = PPE(t)PVE(t)∕P∞

(4)E(t) = (E∞ +
∑

n

Ene
−t∕�n )

where E∞ is the elastic modulus of the linear spring; En is 
the modulus of the spring in nth Maxwell element and �n is 
the characteristic relaxation time of nth Maxwell element 
( n = 2 ). The corresponding viscoelastic load relaxation 
( PVE ) can be derived as:

The original Maxwell model is derived based on step load-
ing assumption. To account for finite ramp time effect, a 
ramp correction factor ( Xn ) is incorporated which is defined 
as [8]:

The poroviscoelastic model of equation (3) with the expres-
sions of PPE and PVE from equations (2) and (5) was fitted to 
the load-relaxation curves using a least-square optimization 
algorithm [25].

Results

Load‑Relaxation Behavior

The load-relaxation curves of four gels for two ramp times 
( tr = 0.4 s and 100 s) are illustrated in Fig. 2. The hori-
zontal axis corresponds to the hold time (i.e. total time (t) 
minus ramp time ( tr )) where the spherical probe was held 
at fixed position. All three physical gels exhibited consider-
able load-relaxation where the degree of load-relaxation was 
much greater in agar and alginate gels compared to gelatin 
gels. Larger load-relaxation occurred in all three physical 
gels for faster initial indentation, but the relaxation curves 
with different ramp times roughly converged together after 
around 40 s (Fig. 2(a)–(c)). This demonstrates that ramp 
time largely affected the gel relaxation at short time-scales, 
whereas the long-term gel response was mostly ramp time-
independent. In contrast to physical gels, polyacrylamide 
gel showed a roughly elastic response with negligible drop 
in indentation load (P) within an identical hold time of 100 
s (Fig. 2(d)).

The effects of gel structure and type of cross-linking on 
gel relaxation behavior were observed to be more evident 
when load-relaxation curves were normalized by P0 (Fig. 3). 
All four gels exhibited distinct rate of load-relaxation as a 
function of ramp time ( tr ). For tr = 0.4 s (Fig. 3(a)), both 
polysaccharide gels (agar and alginate) showed rapid load-
relaxation where the indentation load dropped below 30% 
of P0 within just 100 s, where the drop in indentation load 
for the protein (gelatin) gel was less than 10%. For signifi-
cantly slower indentations with tr = 100 s (Fig. 3(b)), agar 

(5)PVE(t) =
16�

3∕2

0
R1∕2

9
(E∞ +

∑

n

EnXne
−t∕�n )

(6)Xn =
�n

tr
[etr∕�n−1]
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and alginate gels also exhibited significant load-relaxation 
where the percentile drop in indentation load (P) was around 
60%. The gelatin gel showed around 7% drop in indenta-
tion load for tr = 100 s. However, the chemically crosslinked 
polyacrylamide gel demonstrated less than 1% drop in load 
in the same time period for both slow and fast indentations.

Time-dependent relaxation behavior of the gels was fur-
ther investigated by systematically varying ramp time from 
0.4 s to 100 s (Fig. 4). The ramp time effect was monotonic 
for all three physical gels where degree of load relaxation 

within a fixed hold phase (100 s) increased with decrease 
in ramp time (Fig. 4(a)–(c)). For agar gel, degree of load-
relaxation was equivalent for tr ≤ 10 s (Fig. 4(a)), indi-
cating ramp time effect was negligible beyond this limit. 
Alginate showed the most pronounced time-dependent load-
relaxation where the ramp time effect diminished for tr ≤ 
2 s (Fig. 4(b)). In contrast, degree of relaxation in gelatin 
showed negligible ramp time-sensitivity beyond tr < 50 s 
(Fig. 4(c)). Polyacrylamide gel demonstrated roughly elas-
tic response with negligible relaxation over 100 s for all 

Fig. 2  Load-relaxation curves 
of different gels for two differ-
ent ramp times ( t

r
 = 0.4 & 100 

s) (a) agar gel, (b) alginate gel, 
(c) gelatin gel, and (d) poly-
acrylamide gel

Fig. 3  Normalized load-relaxation 
curves of different gels for two 
different ramp times (a) t

r
 = 0.4 s 

and (b) t
r
 = 100 s. The load (P) is 

normalized by the peak indentation 
load ( P

0
 ) at maximum depth ( �

0
)
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ramp times (Fig. 4(d)). Load-relaxation tests with longer 
hold time (11000 s) were also performed for polyacrylamide 
gel (Fig. 4(d), inset). It was observed that load relaxation 
curves of polyacrylamide gel for different ramp times did 
not exhibit any consistent correlation with ramp time and 
the associated variability was also small ( ∼ 5%).

Apparent Elastic Modulus

The apparent elastic modulus ( Ea ) was observed to be 
strongly dependent on the experimental ramp time (Fig. 5) 
for each material. Agar gel showed marked increases in Ea 
with decreasing ramp time. Alginate and gelatin gels dem-
onstrated moderate ramp time dependency and Ea of poly-
acrylamide gel remained approximately constant for varying 
ramp times. For agar gels, Ea increased from 109 kPa to 
399 kPa as the ramp time was varied from 100 s to 0.4 s. 
Alginate and gelatin gel moduli roughly varied from 100 
kPa to 60 kPa in the same range of ramp time. The apparent 
modulus of polyacrylamide gel was around 50 kPa irrespec-
tive of fast or slow indentations.

Intrinsic Permeability

The intrinsic permeability (k) of all four gels were observed 
to be largely time-independent. As illustrated in Fig. 6, k 

was roughly constant for various ramp times in the range 
from 0.4 s to 100 s for all four gels. While k was time- 
independent for all four gels, it was observed to strongly 
vary with gel structure. The permeability of the chemical  

Fig. 4  Normalized load-
relaxation curves of four gels 
for a broad range of ramp times 
( t
r
 )- (a) agar gel, (b) alginate 

gel, (c) gelatin gel, and (d) 
polyacrylamide gel. The load 
(P) is normalized by the peak 
indentation load ( P

0
 ) at maxi-

mum depth ( �
0
 ). The inset in (d) 

corresponds to long relaxation 
tests (11000 s) of polyacryla-
mide gel. Each curve represents 
the average of three indentation 
measurements and the error bars 
represent the corresponding 
standard deviation

Fig. 5  (a) Variation of apparent elastic modulus ( E
a
 ) with ramp time 

( t
r
 ) for all four gels. Each data point represents the average of three 

indentation measurements and the error bars (comparable to the size 
of the symbols) represent the corresponding standard deviation
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gel (polyacrylamide) was smaller than all three physical gels 
by at least two orders of magnitude. Specifically, intrinsic  
permeability of polyacrylamide was found to be in the  
order of 3.3 - 3.8 nm2 which was in good agreement with 
the values reported in literature [32, 33]. Gelatin and agar 
gels showed intrinsic permeability in the order of 200-400 
nm2 which were in the same order of other similar studies 
[25]. Alginate demonstrated the largest permeability values 
in the order of 1000-3000 nm2 which was comparable to 
literature values [34].

Discussion

The time-dependent load-relaxation behavior of four hydro-
gels with distinct microscopic gel structures has been inves-
tigated in this work. Experimental findings demonstrate 
that load-relaxation characteristics of hydrogels is a strong 
function of the gel structure. Pronounced relaxation occurs 
at shorter ramp times for physical gels whereas chemically 
cross-linked polyacrylamide demonstrates negligible load-
relaxation for both fast and slow indentations (Figs. 2–3). 
The effect is largely determined by the relative competi-
tion of intrinsic viscoelastic and poroelastic relaxation 
times of the gels. For all three physical gels, the degree of 
load-relaxation roughly time-independent beyond tr < 2 s 
(Fig. 4(a)–(c)). Polyacrylamide gel shows roughly elastic 
response in the limit of 100 s, implying its intrinsic relaxa-
tion time-scale is larger than 100 s.

Poroelastic relaxation time ( Tp ) is commonly determined 
as Tp ≈ a2∕D [13]. Tp represents the time required by the 
liquid to migrate over a characteristic distance equal to the 
contact radius ( a =

√

R�0 ) within the porous gel structure 
with diffusivity, D. To achieve reliable poroelastic proper-
ties, the ramp time must be sufficiently small compared to 
poroelastic relaxation time ( Tp ). Based on the microinden-
tation results, Tp of the gels is in the order of 104 − 105 s 
which is two orders of magnitude larger than the longest 
ramp time ( tr = 100 s). Therefore, it is reasonable to assume 
that negligible fluid migration occurs during the ramp phase. 
However, for nanoindentation testing with a ∼ 1 �m , Tp is 
in the order of 1-10 s and significant poroelastic relaxation 
can occur during ramp phase. This duality of ramp time and 
experimental length-scale associated with hydrogel poroe-
lasticity has been studied in ref. [35]. In contrast to poroe-
lasticity, significant viscoelastic relaxation can occur during 
ramp loading. The ramp correction factor ( Xn ) of equation 
(6) accounts for this ramp time effect on gel viscoelasticity.

Poroelastic relaxation time varies quadratically with con-
tact radius (a) whereas viscoelastic relaxation is largely size-
independent. Several earlier studies performed multi-scale 
indentation experiments on polyacrylamide gel to explore 
this length-scale effect [23, 32]. However, degree of micro-
scale load-relaxation in the polyacrylamide gel was not 
observed to be as strong as that of agar or alginate gel. For 
example, the drop in indentation load (P) was reported to be 
around 20-25% of peak indentation load ( P0 ) for polyacryla-
mide gel [32]. In contrast the relative drop in agar and algi-
nate gels can be as large as 70-80% (Fig. 4(a)–(c)). In gen-
eral, a poroelastic relaxation limit (1-P∞∕P0 ) is restricted by 
the ratio of undrained ( � ) and drained ( �d ) Poisson’s ratios 
of the gel through 1 − 1−�

1−�d
 [36]. Based on incompressibility 

assumption ( � = 1/2), the poroelastic relaxation limit of 
polyacrylamide gel is around 30% which is close to the gel 
response in this work (Fig. 4(d), inset).

In hydrogels, viscoelastic and poroelastic deforma-
tions are coupled. While the poroelastic relaxation time 
( Tp ∼ 104 − 105 s) was much larger than the experimental 
time-scale, it was still active during load-relaxation of the 
hydrogels. In practice, the poroviscoelastic model is more 
representative of the hydrogel responses compared to pure 
poroelastic assumption. In Fig. 7, the poroelastic, viscoelas-
tic, and poroviscoelastic contributions to the load-relaxation 
responses of agar and polyacrylamide gels have been com-
pared for a ramp time of 2 s. The short-term load-relaxation 
response of the agar gel is dominated by viscoelasticity 
(Fig. 7(a)). The poroelastic effect is only evident beyond 50 s 
when the viscoelastic relaxation is approximately complete. 
Similar poroviscoelastic behavior has also been observed for 
the other two physical gels. Hence, the strong load-relaxa-
tion response observed over short time-scales for physical 

Fig. 6  Intrinsic permeability (k) of different hydrogels for various 
ramp times ( t

r
 ) as measured using poroelastic (open symbols) and 

poroviscoelastic (filled symbols) models
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gels is due to gel viscoelasticity. Indeed, for slower indenta-
tions ( tr > 10 s) where indentation ramp time is comparable 
to viscoelastic relaxation times of physical gels, significant 
relaxation occurs during indentation ( 0 < t < tr ), even before 
the initiation of experimental relaxation regime ( t > tr ). 
Consequently, the gels exhibit a softer response during the 
ramp phase followed by reduced load-relaxation under con-
stant displacement (Fig. 4(a)–(c)). In contrast, the response 
of the chemically cross-linked polyacrylamide gel is entirely 
dominated by poroelasticity as shown in Fig. 7(b).

It is of interest to compare the load-relaxation behavior 
of hydrogels with various biological tissues. In Fig. 8, nor-
malized load-relaxation curves (similar to Fig. 3) for six 

different tissues are compared with the hydrogels studied 
in the current work. Data are presented for human cornea 
[37] , murine heart [38], porcine brain [39], porcine liver 
[40], lapine meniscus [41], and porcine cartilage [8]. All 
the data were obtained using microindentation tests with 
contact radius(a) in the order of 0.3 - 1 mm similar to 
current work. Interestingly, all six tissues exhibited rapid 
load-relaxation behavior such that the relative drop in the 
indentation load was 40-80% within just 100 s of hold 
time. The variability in load-relaxation behavior among 
different tissues is also characteristic of tissue microstruc-
ture and function. For example, the strong load-relaxation 
as observed for cartilage is important to support dynamic 
compressive loads. The comparison of tissues and hydro-
gels indicates that both agar and alginate gels can closely 
mimic the load-relaxation behavior of meniscus and car-
tilage. In contrast, gelatin and polyacrylamide gels are 
unable to recreate the extent of load-relaxation observed 
in different tissues.

Apparent elastic modulus of all three physical gels 
decreases gradually for slower indentation due to pro-
nounced load-relaxation within the ramp phase whereas the 
variation of gel modulus with ramp time is negligible for 
the chemical gel (Fig. 5). The effect is more pronounced 
for agar gel compared to alginate and gelatin gels although 
all three gels are physically cross-linked gels. The observed 
differences can be understood based on the cross-linking 
mechanism of the gels. Agar gels are formed through physi-
cal entanglements which are primarily located at the heli-
cal chain ends (Fig. 1(a)). Faster indentation induces faster 
disassociation of these easy-to-break physical cross-links, 
which requires higher mechanical load, resulting in stiffer 
gel response. Cross-links in alginate gels are formed over 
finite regions through ionic bonds (Fig. 1(b)). Gelatin gel is 
cross-linked through the triple helical junctions which also 
expand into finite regions (Fig. 1(c)). Since breaking these 
finite cross-links is more expensive, faster indentation does 
not entail as strong effect as agar gel. Similarly, presence 

Fig. 7  Comparison of poroe-
lastic ( P

PE
 ), viscoelastic ( P

VE
 ), 

and poroviscoelastic ( P
PVE

 ) 
relaxations with experimental 
load-relaxation curves for (a) 
agar and (b) polyacrylamide 
hydrogels. The ramp time was 
2 s

Fig. 8  Load-relaxation behavior of various biological tissues and four 
hydrogels studied in this work. The load (P) is normalized by the 
peak indentation load ( P

0
 ) at maximum depth ( �

0
 ). Data for various 

biological tissues are compiled from refs. [8, 37–41]. Hydrogel data 
are replotted from Fig. 3(a)
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of rigid chemical cross-links makes the polyacrylamide gel 
modulus relatively ramp time-independent as well.

In Fig. 9, the variation of apparent elastic modulus ( Ea ) 
with ramp time for three tissues is compared with the hydro-
gels studied in current work. Data are presented for murine 
brain tissue (white matter) [6], bovine meniscus [16], and 
cartilage [17] as measured by microindentation tests with 
contact radius, a = 0.3 − 0.6 mm comparable to current 
work. The vertical axis is normalized with modulus values 
( E∗ ) corresponding to largest ramp times to compare ramp 
time sensitivity of various materials. For brain tissue, E∗ is 
1.4 kPa for tr = 160 s whereas E∗ of meniscus is 1.4 MPa 
for tr = 100 s. For cartilage, E∗ is 1.4 MPa for tr = 240 s. 
Hydrogel data are replotted from Fig. 5. Interestingly, the 
ramp time sensitivity of cartilage closely follows agar gel 
whereas both brain tissue and meniscus demonstrate simi-
lar ramp time sensitivity to alginate and gelatin gels. The 
alginate and gelatin gels demonstrate comparable ramp time 
sensitivity since they have similar elastic modulus over short 
time-scales ( tr = 0.4 s). More importantly, the chemical 
polyacrylamide gel is inadequate to recreate the ramp time-
dependent elastic modulus of the three biological tissues, 
which is an important limitation for designing engineering 
tissue scaffolds.

Permeability of hydrogels also critically affects their 
ability to transport nutrients or release drug molecules 

under physiological environments. In contrast to elastic 
modulus, intrinsic permeability (k) of both physical and 
chemical gels do not vary significantly with ramp time 
(Fig. 6), indicating transport properties of the gels are 
not affected by loading time-scales. However, permeabil-
ity of the hydrogels strongly depends on gel structures 
where physical gels are found to be more permeable than 
chemical gels. Intrinsic permeability (k) is also indicative 
of effective pore size since k ∼ �2 , where � is the aver-
age pore size in the polymer network of hydrogels [13]. 
Based on the permeability results (Fig. 6), the pore size 
of alginate gel is around 30 - 60 nm whereas the pore size 
of agar and gelatin gels is around 14-18 nm. In contrast, 
the polyacrylamide gel has a pore size around 2 nm. The 
permeability values as calculated from pure poroelastic 
and poroviscoelastic models were comparable (Fig. 6). It 
confirms that pure poroelastic analysis can also be used to 
obtain a reasonable estimate of gel permeability.

Intrinsic permeability of physical and chemical hydro-
gels is compared with various biological tissues in Fig. 8. 
Permeability values of physical gels are taken from current 
work and ref. [31]. To represent chemical gel, data for poly-
acrylamide gel with different concentrations are obtained 
from ref. [42]. Data for heart, kidney and liver tissues are 
obtained from ref. [9]. Cartilage data is taken from ref. [36]. 
It is noted that all the permeability values of different hydro-
gels and tissues were measured using the same poroelastic 
model (equation (2)) to ensure accurate comparison. As 
observed in Fig. 9, permeability of physical gels is gener-
ally higher than chemical gels due to relatively larger pore 
sizes and open configurations. The permeability of chemical 
gels decreases gradually with increase in elastic modulus, 
indicating the permeability can be controlled systematically 
in terms of polymer or cross-link concentration. Previous 
theoretical studies have shown that elastic modulus varies 
quadratically ( E ∝ c2 ) and permeability varies as k ∝ c−3∕2 
with gel concentration (c) [1, 43]. It leads to a scaling rela-
tion between intrinsic permeability and elastic modulus as 
k ∝ E−3∕4 . The chemical gels closely follow this scaling 
relationship as indicated by the solid line in Fig. 10. In con-
trast, physical gels show large scatter in permeability values 
with respect to elastic modulus since the gel structures are 
highly dynamic due to mobile cross-links. Biological tissues 
demonstrate a broad range of permeability where perme-
ability also meets the function. For example, both liver and 
kidney tissues demonstrate large permeability in the order of 
300-400 nm2 since fluid transport is critical for blood filtra-
tion (liver) or waste product removal from body (kidney). 
Heart tissue exhibits average permeability in the order of 10 
nm2 , comparable to polyacrylamide gel with similar elastic 
modulus. Cartilage has a small permeability in the order of 
0.01 - 0.1 nm2 , representative of very complex and dense 
structure of cartilage.

Fig. 9  Variation of apparent elastic modulus ( E
a
 ) with ramp time ( t

r
 ) 

for different hydrogels and biological tissues. E
a
 is normalized by the 

modulus values for the largest ramp time, denoted by E∗ to compare 
different materials. Data for murine brain tissue (white matter) are 
obtained from [6] where E∗ = 1.25 kPa for a ramp time, t

r
 = 160 s. 

Data for bovine meniscus are compiled from [16] for which E∗ = 1.4 
MPa and t

r
 = 100 s. Modulus values for bovine cartilage are taken 

from [17] where E∗ = 1.02 MPa for a ramp time, t
r
 = 240 s. Hydrogel 

data are replotted from Fig. 5
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In summary, this work demonstrates that indentation is 
a straightforward yet powerful technique to elucidate com-
plex structure-property relationships of soft and hydrated 
materials such as hydrogels. By systematic microindenta-
tion experiments under identical conditions, it was quanti-
tatively elucidated how the molecular gel structure (physical 
vs. chemical) affects the load-relaxation response of various 
hydrogels. Time-dependent mechanical and transport prop-
erties of the hydrogels have been investigated in close com-
parison with various biological tissues, which are highly rel-
evant for biomedical applications. The detailed comparative 
analysis has provided useful insights into the relative advan-
tages of physical and chemical hydrogels as synthetic tissue 
phantoms. Overall, the findings have established important 
design guidelines for the next generation of hydrogel bio-
materials to closely mimic the time-dependent mechanics of 
native tissues for tissue engineering applications.

Conclusion

The time-dependent load-relaxation behavior of four differ-
ent hydrogels is investigated in this work. By combining 
systematic micro-indentation experiments with theoretical 
analysis, it is demonstrated how the time-dependent char-
acteristics of hydrogels are dictated by gel structure. Physi-
cally cross-linked gels demonstrate strong time-dependent 

behavior, where faster indentation entails a stiffer gel 
response followed by pronounced relaxation. On the con-
trary, chemically cross-linked polyacrylamide gel exhibits 
largely time-independent behavior during microindenta-
tion. The poroviscoelastic analysis reveals that the short-
term load- relaxation of the physical gels is dominated by 
the gel viscoelasticity, where faster indentation makes the 
gels more viscous by exaggerating the cross-link breakage 
kinetics. Load-relaxation behavior of the chemical gel is 
largely controlled by poroelasticity. Comparison of hydro-
gels and various biological tissues reveal that physical gels 
are more representative of biological tissues in terms of 
load-relaxation and time-dependent elastic properties. The 
chemical gel can better mimic the tissue porous structure. 
The indentation-based analysis presented here provides a 
fast and robust approach to design hydrogel biomaterials 
with native tissue-like time-dependent characteristics.
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