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Characterization of drying-induced changes
in moduli and internal stresses in a constrained
gel using laser vibrometry†

Karthik Yerrapragada, Haocheng Yang, Wonhyeok Lee and Melih Eriten*

Hydrogels, water-saturated polymer networks find widespread use in soft robotics, biomedical, pharmaceutical

and food industries. Both solid and water constituents of hydrogels are sensitive to external stimuli such as

temperature, humidity, osmolarity, and light. For instance, common hydrogels swell or shrink in the presence

of chemical potential gradient between the sample and surrounding environment. Corresponding changes in

internal water content lead to significant changes in mechanical properties of hydrogels. Besides, internal

stresses build up if the gel samples are constrained during swelling or dehydration. In the present research, we

utilize modal analyses technique on drying hydrogels to identify dehydration-induced changes in elastic

moduli and internal stresses. In particular, natural frequencies and damping ratios of the first two axisymmetric

transverse vibration modes are measured on clamped gelatin disks using non-contact laser vibrometry at

various water loss states. Experimental modal frequencies are then compared to the predictions of a pre-

stressed thick plate model. The evolutions of elastic moduli and internal stresses for water losses up to 80%

are identified. The broadband loss capacity of gelatin is also determined from the measured modal damping

ratios. Highly transient mechanical response observed on the gelatin disks further demonstrates the need for

non-contact and rapid mechanical characterization of hydrogels. As illustrated in this work, vibration and

wave-based techniques are promising candidates to fulfill that need.

1 Introduction

Soft materials often undergo visible elastic deformation upon
application of small forces.1 Hydrophilic polymer networks swollen
by water are an important class of soft materials in medicine, food
industry, structural and robotics.2–9 Multiphasic nature of hydro-
gels leads to considerable variations in mechanical properties and
internal stresses with changing operating conditions such as
temperature, humidity and osmolarity.10 Proper characterization
of evolution of material properties11 and internal stresses due to
constrained boundaries12 are critical in reliability and safety of
hydrogels in load-bearing applications as listed in ref. 13. For
instance, the performance of injectable hydrogels as vocal cord
replacements would depend heavily on changing levels of humid-
ity, temperature, pH in human body.14 In addition, hydrogels are
being used in high-strength and load-bearing applications.13

Mechanical properties of hydrogels are characterized con-
ventionally by rheometry, uniaxial tension/compression and
indentation.15–19 Those tests are conducted on specialized

commercial testers with specially-prepared samples and fixtures.
The samples are either partially or fully destroyed during the tests.
Therefore, high throughput measurements with conventional tech-
niques are resource-intensive and time-consuming, and thus not
suitable for in operando characterization. Vibration and wave-based
characterization offers a viable alternative for soft materials.20–26 For
instance, laser vibrometry21 is shown to characterize dynamic and
viscoelastic properties of multiphasic biological tissues such as
cartilage considerably faster than conventional techniques.21 Studies
utilized vibration techniques to understand parametric resonances
in soft materials and water droplets;27 develop variable stiffness
artificial muscles for vibration absorption;28 and achieve broadband
vibration attenuation using soft materials.29 Vibration-based mon-
itoring of mechanical properties of various plants also delivers
important information on plant genetics and phenotyping.30,31

Recent applications of vibration-based techniques on hydro-
gels are promising for accurate, non-destructive and quick
mechanical characterization.8,10,11,32,33 In particular, Schwarz
et al. measured the axisymmetric vibration modes of circular
gelatine plates. The work identifies the elastic moduli frommodal
frequencies and compares them with the values obtained via
atomic force microscopy and uniaxial compression.11 Similarly,
Kim et al. utilizes video-based vibrometry to obtain natural
frequencies and moduli of hydrogel structures.8 Wang et al.10
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monitor modal damping ratios of beams made of polyacryl-
amide hydrogels. They report that hydrogels have significantly
lower damping than PDMS, making them a suitable material
system for vibration and wave-propagation applications.
Another recent study by Guisquet and Amabili successfully
extracts viscoelastic properties of hydrogel samples from vibra-
tions during highly transient sol–gel transition.33

Dynamic mechanical analysis and rheometry deliver the
storage and loss moduli of materials over a range of loading
frequencies. Gels with low stiffness (high water content) and
high adhesion can result in sample sticking during DMA
techniques as described inref. 33. Our group also observed
high adhesion when testing oil-imbibed open cell foams with
indentation-based DMA.23 One needs to suppress adhesion via
surface treatment and/or lubrication in those techniques to re-
use the samples. However, that would also trigger nonlinear
interfacial mechanics such as slip and make the identification
harder. Shear wave and optical coherence elastography provide
mechanical characterization by imaging waves and static/
dynamic strains induced by often contact-based actuators.
The moduli of the material actuated are then identified from
the shear wave speeds and strain magnitudes with an assumed
constitutive behavior. Internal stresses, dispersion and impe-
dance contrasts could lead to significant scatter and losses in
wave and strain amplitudes, and could hinder accurate identifi-
cation of moduli in complex soft materials.34–38 In simpler
cases, especially when the gels are homogeneous and stress-
free (in as-cured state), those methods can be used to identify
material properties as well as vibration-based techniques.

Inspired by the recent successes of vibration-based charac-
terization, we conduct modal analyses, and investigate drying-
induced changes in elastic moduli and internal stresses in
constrained gelatin disks. Note that hydrogels can swell or
dehydrate depending on the chemical potential gradient
between the sample and surrounding medium, and changing
water amount inside the sample can lead to orders of magni-
tude changes in mechanical properties.4,39–42 Li et al.,40 for
instance, provide a scaling relation that explains swelling and
deswelling-induced variations observed in elastic moduli and
fracture energies of hydrogels. Besides the changes in mechan-
ical properties, de/swelling under constrained configurations
would result in built-up of internal stresses. In general,
vibration-based techniques require the knowledge of internal
stresses to account for their influence on measured wave
speeds and identify elastic properties accurately. Extensive
acoustoelasticity literature on engineering structures such as
beams, frames, trusses, plates and shells exemplify how inter-
nal stresses alter modal frequencies.43–48 Those structures are
made of engineering materials mechanical properties of which
can change significantly only under extreme temperatures and
pressures.

The above-mentioned studies on vibration-based character-
ization neglect the changes in material properties as their
samples and experimental protocols prevent excessive water
gain/loss. It is known that hydrogels with low polymer fractions
can lose 80% of their original water content when left or tested

under ambient conditions for extended duration, as will be
demonstrated in this work. That huge change, under con-
strained geometries will lead to simultaneous alterations of
elastic moduli and internal stresses. In this work, we conduct
laser vibrometry on constrained gelatin disks and characterize
drying-induced evolution of material properties and internal
stresses. To the best of the authors knowledge, such a char-
acterization over a broad range of water losses is missing in the
literature. In addition, we clearly demonstrate that internal
stresses should be accounted for in vibration-based mechanical
characterization of constrained soft multiphasic materials. If
not, unreasonably high (small) moduli can be identified under
tensile (compressive) internal stresses. Specific to the dehy-
drated gel disks that we tested here, the mean moduli identi-
fied without internal stresses can reach five times the mean
moduli identified with internal stresses. Such an error is
undesirably large for mechanical characterization.

In Section 2, we provide details of the sample preparation,
vibration tests, gel dehydration and brief description of the
modal frequencies obtained from the pre-stressed thick plate
model (more details and derivation can be found in Section S1
of the ESI†). In Section 3, we report the drying-induced changes
in modal frequencies and damping ratios, and identify the
elastic moduli and in-plane stresses as a function of water loss
during dehydration.

2 Methods and analysis
2.1 Sample preparation

Disk samples are prepared by mixing gelatin powder (7201A
Gelatin, Type 1, Neogen Corp.) into water with 10% (w/v)
concentration. The mixture is then heated to 50 1C and stirred
with a magnetic stir bar (Vevor) at 150 rpm until homogeneous
solution is achieved. Food coloring agent (Wilton Brands LLC)
is added to the solution with 0.1% (v/v) concentration to obtain
dark green solution for stronger laser reflection and enhanced
signal-to-noise ratio in vibration tests. The solution is then
degassed using a vacuum pump (3.6 CFM, 1/4 HP, Vevor) and
chamber (1.5 gal, Vevor), and poured into several 3d printed
fixtures to form the hydrogel disks shown in Fig. 1A. The radius
of each disk as set by the designed fixture geometry is 15 mm.
Volume of the solution that is poured is controlled to obtain a
target average thickness of 4 mm. Smaller thicknesses lead to
geometric changes due to self-weight during transportation and
curing of gels. In addition, after the curing process is complete,
thicker samples which have higher bending rigidity can over-
come any gravitational effects. A small amount of super glue
(Gorilla Glue Inc.) is applied to the fixtures to ensure sticking
boundary with the poured gel and simulate clamped boundary
condition. After the gel disk samples in solution state are
created to the desired thickness, they are left to rest for
5 minutes at room temperature to allow curing sufficient for
transportation. The samples are then wrapped by thin PVC
films to prevent dehydration and refrigerated for 1 hour at 4 1C
for rapid curing. Before vibration testing, the cured disk
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samples are removed from the refrigerator and left to equili-
brate at room temperature for 5 minutes.

2.2 Vibration tests and dehydration

Next, the fixtures with the disk samples are connected to a shaker
(Type 4810, Bruel&Kjaer) via 10–32 internal threads at the bottom
(see Fig. 1B). The 3D printed fixtures can be assumed rigid within
the frequency range of interest (o500 Hz) as the lowest fixture
mode is found to be greater than 1 kHz. Initially, each fixture is
subjected to a sine-sweep (0 to 1 kHz within 10 s) at small
amplitudes, 20 mm peak to peak shaker displacement and
300 mm peak to peak material displacement at resonance. The
velocity of the material point in the middle of the attached gel
disk vmat is measured by a scanning laser vibrometer (PSV-400,
Polytec, Inc.) to coarsely identify the frequencies of the axisym-
metric modes. In this study, the focus will be on the first two
axisymmetric modes. After coarse identification of the modal
frequencies for a given sample, we perform fine sine sweeps
(sweep rates range between 2.5–4 Hz s�1) around the resonances
to accurately obtain the modal frequencies (f1 and f2) and damp-
ing ratios (z1 and z2) of those two modes. To verify the axisym-
metry, we also conduct scanning vibrometry at resonances and
obtain the mode shapes of those two modes on an independent
sample in the wet and dry (water loss of 80 wt%) states. The
vibration of thematerial point is sampled at 2.56 kHz in those fine
sweeps. Representative time–frequency plots of the instantaneous
amplitudes (spectrogram, mm s�1 Hz�1) of the material response,

|vmat| are shown in Fig. 1D for the two modes, where the peak
responses are used to identify the modal frequencies f1 and f2, and
half-power method is used to identify the corresponding damping
ratios z1 and z2.

The same vibration testing is performed for all six samples under
ambient conditions, 25 1C and 30–40% RH. Total time to complete
the vibration testing of all samples is 30 min (5 min per sample)
while they are in the wet state. The weight of the samples is
monitored before and after the vibration tests and the water loss
is determined as the weight percentage (wt%).49 After the first round
of vibration testing, the average water loss is measured as B4 wt%.
Before the subsequent rounds, the samples undergo accelerated
dehydration via air flow provided by a fan (see Fig. 1C). Samples are
weighed every 5 min to achieve target water losses around 15, 30, 45,
60 and 75–80 wt%. At each water loss state, another round of
vibration testing and modal analysis is completed on each sample.
Note that the dehydration rates under ambient conditions (about
0.15% per min) are an order of magnitude lower than under air
drying (about 1.6% per min). Therefore, additional drying during
vibration testing has a minor influence to the measured modal
parameters. Those vibration tests on six samples at six different
water loss including the as-cured (wet) states, will help us investigate
the drying-induced changes in modal parameters.

2.3 Pre-stressed thick plate model

The theoretical model based on Mindlin plate theory to
describe the transverse linear vibrations of the gelatin disk

Fig. 1 Experimental details: (A) gelatin preparation and curing to a fixture; (B) components in vibration testing; (C) dehydration process, and (D)
representative time-frequency-amplitude plots of the material response |vmat| around mode 1 and mode 2 as processed from frequency sweep data.
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with initial stress is shown in eqn (1) and (2) in a non-
dimensional form (ref. 46).

k
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whereW(x,t) and c(x,t) are the transverse displacement and the
rotation of the cross section with respect to the undeformed
configuration and they depend on the radial position only
considering only axisymmetric vibration. Detailed derivation
of eqn (1) and (2) from dimensional form can be found in
Section S1 of the ESI.† The disk is subjected to uniformly
distributed initial in-plane tension or compression. The in-
plane force is assumed to yield uniformly distributed initial

stress s0 along the radial and the circumferential direction
only. a and b are defined as

a ¼ R

hf
; b ¼ s0

E
(3)

The peak to peak vibration amplitudes at resonance are
smaller than the thickness of the sample (around ratio of 0.1).
Thus, linear perturbation assumption holds true for the vibra-
tion analysis. Galerkin’s method is used to obtain the non-
dimensional modal frequency defined as

ln ¼ Ron

ffiffiffiffi
r
E

r
(4)

and the solution is influenced by a, b, Poissons ratio n and
shear correction factor k. From eqn (4), one can see that the
ratio between ln of the second and the first mode is the same as
the ratio between on of those modes at a given water loss state.

Fig. 2 Evolution of modal frequencies with water loss: (A) first mode frequency f1; (B) second mode frequency f2, and (C) frequency ratio f2/f1. The
dashed curves denote the regression analysis.
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The full process of obtaining ln and mode shapes from eqn (1)
and (2) is also described in Section S1 of the ESI.†

3 Results and discussion
3.1 Modal frequencies

Fig. 2A and B show the drying-induced evolution of the first and
second modal frequencies, respectively. The mean and stan-
dard deviation of frequencies are presented in Fig. 2. The
samples show similar water loss levels as evident with low error
levels along x-axis. At all water losses, samples possess reason-
ably close modal frequencies, which suggests consistency in
sample preparation, initial geometries, and dehydration pro-
cess. Both mode shapes at extreme water loss states on an
independent sample confirm axisymmetric profiles (inset iso-
metric view plots in Fig. 2A and B). In addition, the theoretical
mode shapes are compared with experiments in Fig. S1 and S2
of Section S2 of the ESI† for extreme water loss states. For all
samples, both modal frequencies increase with dehydration;
nearly 3-fold for the first mode and 2.5-fold for the second.
There are three factors to consider in explaining that increase.
First, as the samples lose water, their volume shrinks. This
leads to thickness reduction since the disks are glued to the
fixture to ensure clamped boundary conditions; radii of disks
are fixed at 15 mm. Reduction in thickness, however, would
lead to reduction in bending rigidity and thus modal frequen-
cies. Secondly, water loss in a sample inherently means
increase in polymer fraction, and gels with higher polymer
fractions are stiffer; i.e., have higher elastic modulus.40,50,51 The
increase in modulus definitely helps explain the increases in
modal frequencies. Note that the elastic modulus and density
of a sample define the wave speed, and the thickness is the only
geometric factor aside from the disk radius influencing the
modal frequencies. At a given water loss state, all of those
quantities are expected to be close if not near identical. There-
fore, the ratio of modal frequencies would cancel out both the
wave speed and geometric factors and deliver a constant value,
frequency ratio, f2/f1. For instance, frequency ratio for the
axisymmetric modes of a thin circular clamped plate (Kirchoff
plate) is around 3.9 whereas for a thick plate (Mindlin plate) as
our samples, it is around 3.52,53 Fig. 2C shows the measured
evolution of frequency ratios with dehydration. Note that
the frequency ratios cluster around 3 for as-cured samples
(B0 wt% water loss), and this is in agreement with the thick
plate theory. However, as the water loss increases, the fre-
quency ratios decrease and nearly saturate between 2.5 and
2.6 for the samples at extreme 70–80 wt% water loss states.
Considering that plate theories suggest drying-induced thick-
ness reduction would further increase the frequency ratio,
another dominant factor must be behind the significant
increase in modal frequencies. This leads us to study the third
possible factor: in-plane stresses that build up due to con-
strained dehydration. As well-known in above-mentioned plate
theories, in-plane stresses would decrease the frequency ratios.
In fact, when in-plane stress dominates the bending rigidity,

membrane approximation would be applicable for vibration
modes, where wave speed is largely determined by the in-plane
stress. In this asymptotic case, more dehydration would lead to
increase in in-plane stress and thus in wave speed and modal
frequencies. Besides, the frequency ratios for the lowest two
axisymmetric membrane modes is approximately 2.3, which is
quite close to the lowest frequency ratio shown in Fig. 2C.

Regression analysis is performed on the data using Origin
2023b (OriginLab Co., US) to determine the trends. The natural
frequencies of the first two modes show strong linear trend,
fi = Ai + Bix where x is the water loss in wt%. At low water loss
(up to 45%) the slopes Bi’s are (0.76, 1.59) with R2 = (0.99, 0.99).
At higher water loss from 45% up to 75%, the frequencies
increase at higher slopes for the two modes (1.73, 3.84) with
R2 = (0.96, 0.96). Along with the material modulus, the internal
stress effect also increases. The evolution of frequency ratio are
fit to a decaying exponential function of water loss f2/f1 = 2.53 +
0.52e�0.036x with R2 = 0.99. This fit quantifies asymptotics of
physical response: at zero water loss the fit yields a frequency
ratio of 3.04, which is close to the predictions of thick plate
theory. At high water loss asymptotic, the fit predicts 2.53, a
frequency ratio close to membrane modes.

In summary, out of the three changes induced by dehydra-
tion, increase in elastic modulus and in-plane stresses promote
increasing modal frequencies while reduction in thickness has
an opposite effect. Next, we will analyze the experimental modal
frequencies further against predictions of the pre-stressed thick
disk model.

3.2 In-plane stress and elastic moduli

Predictions of pre-stressed thick plate theory can provide
reference for how radial in-plane stress and elastic modulus
of the gelatin disks evolve with drying. However, before we can
estimate modal frequencies of a pre-stressed thick plate, we
need the thickness of the disks, hf at each water loss state. As a
first order approximation, we first convert the water losses
measured as wt% to volumetric changes and assume that the
whole disk will endure similar volumetric change. We set the
density of the gels to r = 1120 kg m�3 while converting weights
to volumes. The gelatin density values set is similar to the
values obtained in literature.11,54 Since the radius of the disk is
fixed, then that change will be fully reflected on the thickness;
i.e., thickness will reduce the same amount as water loss. This
approximation assumes uniform thickness reduction and
omits the out-of-plane strains due to radial in-plane stresses
(bi-axial loading in radial and circumferential directions). Upon
visual inspection of the dehydrated samples, we confirm nearly
uniform thickness reduction except for the boundary of the
disks where the gels are glued to the fixtures. Modal parameters
would not be sensitive to the variable thickness around the
boundaries for a clamped configuration. Omission of out-of-
plane strains is justifiable only for small pre-strains. Since in-
plane stresses and strains were initially unknown to us, we
measured drying-induced thickness reduction on independent
samples and confirmed that near identical reduction in thick-
ness and water amount (see Fig. S3 in Section S3 of the ESI†).
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For large strains under volumetric changes, nonlinear stress-
diffusion problem and poroelasticity needs to be considered in
gels, e.g., ref. 55–60.

After relating the thickness of the disks, hf to the degree of
water loss, we can determine the frequency ratios from the
thick plate theory as a function of in-plane stress normalized to
elastic modulus b = s0/E, which can also be interpreted as a
measure of pre-strain. From the equations of motion, one can
obtain another non-dimensional parameter influential in
modal frequencies, radius-to-thickness ratio of the disks, R/hf.
Since we can estimate that parameter from the experimentally
inferred thickness, b serves as the only free parameter that
control the frequency ratio. Assuming homogeneous, isotropic,
linear elastic material response and uniform radial in-plane
stress distribution, we estimate the b values for all samples at
different water loss states. The mean and standard deviation
frequencies of the six samples for the identified internal stress
and Young’s moduli are shown in Fig. 3A and B. Fig. 3A shows
the evolution of the estimated b values with dehydration. At as-
cured (wet) state, b values cluster around 0, meaning that the
in-plane stresses in the gelatin disks are negligibly small, and
reach up to 0.12 at 60 wt% water loss state. This range of
average radial in-plane strains verify small strain linear elastic
response for gelatin as reported elsewhere.18,19 For a couple of
samples, negative values of b; i.e., compression is needed in the
theory to match the experimental frequency ratios at the wet
state. This is primarily due to variations in the initial thickness

hi, which we control solely with solution volume poured into
disk shape during sample preparation. Note that b = s0/E
increases with water losses up to 60 wt% water loss state, and
then reduces slightly upon further drying. One would expect
nominal in-plane stresses s0 to be a non-decreasing function of
water loss. Hence, we anticipate that dehydration beyond 60
wt% induces more rapid increase to elastic modulus E than it
does to in-plane stress s0, and thus normalized in-plane
stresses quantified by b = s0/E decreases.

To further check that, we estimate the elastic moduli from
the first modal frequencies measured at each water loss state,
and show it in Fig. 3B. Note that estimations from the second
modal frequency would deliver identical results as the normal-
ized parameter b = s0/E is estimated from the measured
frequency ratios. The elastic moduli E estimated for all samples
increases from 40 kPa at the wet state to 130 kPa at the 60 wt%
water loss state. Further drying induces a sharp increase in
moduli, around 300 kPa at 75 wt% and 550 kPa at close to
80 wt% water loss states. This rapid stiffening of the gels
explains the slight reduction of the normalized in-plane stres-
ses b = s0/E (Fig. 3A). The range of moduli estimated from the
measured modal frequencies is consistent with the reported
values for gelatin and various hydrogels.10,11,18,19,33,51 Besides,
de Gennes proposed that elastic modulus for swollen gels
should scale with a power of 2.25 of concentration.50 Moduli
obtained from uniaxial compression of gelatin suggest
concentration-dependent increase but with lesser scaling

Fig. 3 (A) Evolution of normalized in-plane stress b = s0/E with water loss; (B) evolution of estimated elastic modulus E with water loss, and (C)
frequency ratio as a function of normalized in-plane stress and radius-to-thickness ratio. Markers in (C) correspond to the experimental data. Inset
sketches in (C) illustrate four extreme conditions for the disks. Arrow in (C) indicates increasing water loss. The dashed curves denote the regression
analysis.
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powers than de Gennes’ argument; e.g., scaling powers ranging
from 1.5 to 2 in ref. 61,62. Roughly, 80 wt% water loss state
corresponds to 3.5-fold increase in concentration of the gelatin in
our tests; i.e., from 10 at the wet state to about 35% (w/v) at the
extremely dry case. De Gennes’ scaling law then predicts a 17-fold
increase in the moduli. Recently, a different exponential scaling
law is proposed by Xu et al. to explain dehydration-induced
stiffening in polyacrylamide hydrogels.51 Moduli reported in that
work increase 9-fold with about 60 wt% water loss. Therefore, 14-
fold increase we report in Fig. 3B is consistent with scaling laws
and previous observations of concentration-dependent moduli.
For internal stress parameter predictions, Fig. 3A, we can obtain
linear trends for both low and high-water loss levels with slopes
(0.002, �9.8 � 10�4) and R2 = (0.98, 0.80). The evolution of
Young’s modulus can be fit using a linear function up to 45%
water loss levels with a slope 3.84 and R2 = 0.85. Beyond 45%
water loss, an exponential function e0.1x with R2 = 0.99 is fit to
capture the rapid and nonlinear growth in moduli.

To summarize the evolution of thickness and in-plane
stresses of the tested gelatin disks, and corresponding fre-
quency ratios, we project the experimental estimations on to
the predictions of the pre-stressed thick plate theory in Fig. 3C.
Note that the frequency ratio is a surface that can be fully
parametrized by radius-to-thickness ratio R/hf and normalized
in-plane stress b = s0/E. Besides, for a set R/hf value, frequency
ratio is a one-to-one function of b. Therefore, once comple-
mented with one of the modal frequency expression, measured
frequency ratios can deliver in-plane stress s0 and modulus E
uniquely for drying hydrogels. This paves the way for non-
invasive, quick and in operandomechanical characterization for
soft swollen materials. On the continuous frequency ratio curve
predicted by the theory, we sketched side views of disks at four
cases corresponding to extreme values of parameters R/hf and
b. Case I is the limiting case when both parameters are small;
physically corresponding to a thick stress-free plate. As dis-
cussed above, the frequency ratio for that case is close to 3 as
predicted by the Mindlin plate theory.53 Case II corresponds to
stress-free thin plate asymptote. Case III and IV are stressed
versions of the thick and thin plates, respectively. Note that
experimental data projected on the theoretical surface reveal
that tested gelatin disks obey stress-free thick plate theory
initially (Case I), and then evolved quickly towards stressed
thick plate (Case III) and then take a turn towards stress-free
thin plate (Case II) direction with increasing water loss. This
evolution clearly demonstrates the major challenge of mechan-
ical testing and characterization of soft multiphasic materials
in uncontrolled operating conditions. The asymptotic cases
providing simple estimations rarely represent the physical state
of the gels being tested. Because we measure the water loss and
infer major geometric changes, we could identify mechanical
properties such as in-plane stresses and moduli from linear
modal frequencies. In unconstrained settings, acoustoelasticity
would promise similar identification.63 On constrained systems
without geometry information, one can utilize nonlinear vibra-
tions in identification as an analog to large acoustoelastic
effects64 used in inverse problems. Also, in a hypothetical

setting, one can neglect internal stress built-up and utilize only
first modal frequency to estimate the moduli of the disks as
done elsewhere.11,34,65 The mean moduli identified by that
method can reach to 2 MPa, five times the mean moduli that
we identified (see Fig. S4 in ESI†). Such high moduli were not
observed in the literature: moduli reported for bovine gelatin
were lower than 180 kPa even at very high concentration
values66 and below 700 kPa for polyacrylamide hydrogels at
80% dehydration levels.40,51 Besides, such identification would
fail to predict higher modal frequencies as the frequency ratio
remains unaltered without internal stress. Such an error is
unacceptable for mechanical characterization. We also perform
indentation-based characterization to cylindrical gel samples
prepared identically as in gel disks. We obtain mean moduli
around 33 kPa from five different indents. Those values are very
close to B40 kPa obtained from vibration-based characteriza-
tion shown in Fig. 3B (see Section S5 of the ESI† for details).

3.3 Modal damping ratios

In this work, we utilize frequency sweep tests to identify modal
parameters. Alternatively, transient excitation could be used. In
either case, amplitude and duration of vibrations are primarily
controlled by damping of the hydrogels. The effect of water loss
on damping ratios z1 and z2 is shown in Fig. 4A and B. For all
cases, the damping ratios range from 2.7 to 5.7%. This range is
consistent with reported values in ref. 10, 3 to 5.5% for
polyacrylamide hydrogels. Damping ratios reported for poloxo-
mer hydrogels are also close to our measurements; 1–2% in the
fully-cured state.33 In any case, those damping ratios deliver a
minimum of 10-fold dynamic magnification around reso-
nances and thus promise clear identification of modal frequen-
cies even under small excitation. For the first mode, the
damping ratio reaches a peak when the water loss is around
30 wt% and decreases with further drying. The damping ratio of
the second mode exhibits a monotonically increasing trend
with drying. This difference in damping ratio evolution leads to
an interesting consequence for decay rates of individual modes
throughout transient response. Next, we assume a linear vis-
coelastic response and convert the measured modal damping
ratios to the loss tangent tan(d) E 2z and map it against
measured modal frequencies in Fig. 4C. Since the modal
frequencies range from 40 to 350 Hz (Fig. 2A and B) during
the dehydration process, this map provides a quick and broad-
band characterization of overall loss capacity of gelatin. The
estimated loss tangent values vary from 6 to 10%, and that
range is consistent with the ranges reported for other multi-
phasic soft materials such as gelatin from bovine skin;66

polyacrylamide hydrogels,10 and cartilaginous tissues extracted
from condyle, patella, and meniscus regions of bovine knee
joints.21 Note that damping can be introduced by a complex
modulus in the physical equations of motion (eqn (1) and (2))
or modal viscous damping added to the ODEs obtained after
Galerkins projection. Damping parameters in either case would
be fitted to the measured modal damping ratios. Since the loss
tangent values quantifying the ratio of loss to storage moduli
reside below 0.1 for all dehydration states, linear elastic
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formulation we adopted in this paper would lead to less than
10% error in moduli estimation when compared to a viscoe-
lastic formulation.

It is well-known that the dissipation in hydrogels can be due to
poroelastic effects and viscous damping from the polymer chain
network as observed by ref. 10. Considering that the diffusivity of
gelatin is on the order of 10�10 m2 s�1 and the smallest thickness
that we measure at dry state is around 1.5 mm, we can obtain
poroelastic time constant on the order of 104 s. The vibration
frequencies that we measured are in the range of 40 to 350 Hz.
Hence, poroelastic dissipation in a vibration cycle is expected to be
negligible during vibration tests. The remaining source of damping
is viscoelasticity, attributed to the load-induced reconfiguration of
polymer network. The water content in the gel will influence the
load-sharing between the polymer network and water, but diffusion-
related losses will be very small compared to solid network reconfi-
guration and thus viscoelastic losses. Therefore, damping capacity
shown in Fig. 4C report mostly viscoelastic dissipation stemming
from solid network. One can envision that modal frequencies can
coincide with poroelastic time constant for small samples at very
slow loading rates; e.g., very thin gels. Then, poroelastic dissipation
would be as influential as viscoelasticity, and thus damping capacity
would depend largely on modal frequencies and water amount –
asymptotically reaching similar values as 75% dry cases.

Another interesting observation is about the decay rates that
can be quantified by 2pzifi. Commonly, decay rates of higher
vibration modes are much larger than lower modes, and thus
lower modes dominate the later stages of transient responses in
structural materials. This separation in decay rates facilitates
reliable mode decomposition, model order reduction and con-
trol for dynamic systems. However, for the gelatin disks at
around 30 wt% water loss state, decay rates of the axisymmetric
modes are close to each other; 24.19 and 35.06 rad s�1 for the
first and second mode, respectively. Therefore, transient
responses of gels at those water loss states would contain
contributions from both modes at detectable levels of vibra-
tions, adding another complication to transient-vibration-
based identification of those materials, especially in nonlinear
regimes.

4 Conclusion

In this article, we conducted modal analyses on drying gelatin
disks and identified drying-induced changes in elastic moduli
and internal stresses. In particular, we measured the forced
response of the clamped gelatin disks subjected to frequency
sweep excitations in the transverse direction and captured the

Fig. 4 Evolution of damping ratios with water loss: (A) z1; (B) z2; (C) loss tangent vs. frequency.
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frequencies and damping ratios of the first two axisymmetric
bending modes. We then dehydrated the samples and repeated
the modal analyses at six different water loss states (0 to 80%
water loss by weight). We observed that the modal frequencies
increased nearly 3-fold for the first and 2.5-fold for the second
mode. Measured damping ratios reached a peak around 30%
water loss for the first mode and exhibited a monotonic
increasing trend for the second mode. We then compared the
experimental modal frequencies to the predictions of a pre-
stressed thick plate model, and identified the elastic moduli
and internal stresses as a function of water loss. Based on the
identification process, the elastic moduli increased an order of
magnitude while internal stresses reached up to 10% of elastic
moduli with dehydration. At low water losses, the bending
rigidity controlled the transverse vibrations, whereas at high
water losses, the increase in internal stresses dominated the
increase in bending rigidity and thus, the gelatin disks vibrated
akin to pre-tensioned membranes. Without internal stress
formulation, one can not explain the drying-induced changes
in the frequency ratio, and elastic moduli estimations would be
unrealistically high. Finally, we converted the measured modal
damping ratios to the loss tangent, which demonstrated a
quick and broadband (40–350 Hz) characterization of the loss
capacity of gelatin. Highly transient mechanical response that
we observed on the gelatin disks called for a non-contact
and rapid mechanical characterization technique, and the
vibration-based methodology that we outlined in this work
clearly fulfilled that need.

Immediate applications of that methodology can be found in
soft robotics, and agri-food, biomedical and pharmaceutical
industries. For instance, hygroscopic actuators used in soft
robotics experience significant dehydration-induced stiffening
that influence their actuation energy and strain capacities.67

Water-retaining hydrogel beads are utilized in sustainable agri-
culture to alleviate irrigation needs. Those beads swell and shrink
while constrained by granular media (soil).68 So, changes in
stiffness of those beads are accompanied by constrain-induced
stresses. Highly transient phase transformations and constitutive
changes occur in cheese-making during rennet-induced gelation
process. Viscoelastic properties of cheese vary orders of magni-
tude during that process.69 Since manufacturability-recently 3D-
printability of cheese depends largely on mechanical properties,
characterization in a non-destructive and real-time manner is
essential in increasing yield and reducing food waste. In tissue
engineering, tissue scaffolds made of biodegradable elastomers
can experience almost 2.5-fold increase in modulus due to
degradation, which may then alter the fate of the cells and
resulting engineered tissue.70 The non-destructive technique we
demonstrated here can provide high throughput real-time char-
acterization in all those applications. Through the current study
we can observe that without internal stress formulation the errors
to characterize the Young’s modulus of evolving constrained soft
materials can be large. As we illustrated in this work, vibration
and wave-based techniques are promising candidates especially
for in operando mechanical characterization of soft multiphasic
materials.
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