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a b s t r a c t

Gels are composed of crosslinked polymer networks and solvent molecules imbibed into the networks.
Gels are both ubiquitous in nature and important engineering materials widely used in many
applications. Due to their biocompatibility, stimuli-responsiveness, and compliance, gels gain an edge
over traditional materials, such as metals and composites in many modern engineering applications.
In the past, the static and kinetic properties of gels have been widely studied. However, the dynamic
properties of gels, particularly their structural damping, remain largely unknown even though gels
are often under dynamic conditions in various applications. The literature of soft materials is lacking
both damping data for hydrogels and a standard testing method to that end. This work reports
experimentally identified structural damping data for a set of hydrogel samples via resonant vibration
tests for the first bending mode. Beam-shaped samples of rectangular cross-section are clamped
vertically at both ends and tested under linear base excitation. An analysis of the frequency response
functions based on the Euler–Bernoulli beam theory is conducted to extract Young’s modulus and
structural damping factor. In the experiments, polyacrylamide gels of three different compositions and
polydimethylsiloxane (PDMS) elastomers of two different compositions are prepared and tested. The
remarkable result is that the hydrogels have 80% less damping than PDMS, even though hydrogels are
an order of magnitude softer than PDMS. The molecular origins of the structural damping of hydrogels
and PDMS are discussed. The low damping of gels may open new avenues of research and applications
of soft materials in structural dynamics and wave propagation, such as metamaterials and topological
insulators, among others.

© 2020 Published by Elsevier Ltd.

1. Introduction

Gels are aggregates of cross-linked polymer networks and
solvent molecules (Fig. 1a). They are ubiquitous in nature. Most
soft biological components, from cells, tissues to organs, are gel-
like materials. They play indispensable roles in basic biolog-
ical functions. Gels are also important engineering materials.
The synthetic polymer networks of the gels support an osmotic
pressure difference between internal and external solvent, en-
abling selective solvent molecules to migrate in or out. Many
gels are made stimuli-responsive. They can swell or de-swell in
response to the external environment, such as relative humid-
ity [1], temperature [2], pH [3], light [4], glucose [5,6], and electric
field [7]. Because of the good biocompatibility and universal
stimuli-responsiveness, gels have been used in many engineer-
ing fields, such as microfluidics [8], drug delivery [9,10], tissue
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engineering [11], sensors [12,13], actuators [14–16], wearable
electronics [17,18], tissue phantoms [19], among others.

In many cases, both the living organs and synthetic gels are
often exposed to dynamic conditions, such as vibration [20],
impact [21,22], explosion [23,24], and ultrasonic diagnostics [25,
26]. Recently, there has been an increasing interest in realizing
elastic/acoustic metamaterials with soft materials. For instance,
soft materials have been used to create a significant contrast
in impedance to achieve Mie resonances [27]. Soft materials
gain an edge over traditional hard materials such as silicon and
copper [28,29] through compliance and stimuli-responsiveness.
Compliance enables soft materials to generate large elastic de-
formation [30] and diverse instability patterns [31]. The stimuli-
responsiveness makes active control possible over the dynamic
properties of the system, such as resonant frequency [32], damp-
ing [33], band structure and gap width of phononic crystals [34],
etc., which brings many potential extensions to existing appli-
cations, such as metamaterials for waveguiding and localiza-
tion [35], sensors [36], and wave rectification [37,38]. Despite
the advantages, a problem that has hindered soft materials from
being broadly applied in the dynamic and wave propagation
applications is their high damping. A systematic study of the
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dynamic properties, especially damping, of hydrogels and soft
materials, is in increasing need.

Despite the importance, very few studies have been conducted
within this area. To the authors’ knowledge, there has not been
an effort to quantify damping of hydrogels or to compare with
other soft materials. Specifically, we are interested in the fun-
damental bending (flexural) vibration mode, and to this end, we
use a simple setup with clamped–clamped boundary conditions
under base excitation. Low-amplitude (linear) horizontal base
excitations are carried out for vertically mounted samples in
the frequency range covering the first bending mode of each
sample. The first bending resonance neighborhood is recorded
and fitted with the Euler–Bernoulli beam model to extract the
modal viscous damping ratio, which is related to the structural
damping. We carry out the measurements on the most commonly
used hydrogel, the polyacrylamide (PAAm) gel with three dif-
ferent compositions and the widely used silicon-based organic
elastomer, the Polydimethylsiloxane (PDMS), with two different
compositions (Fig. 1b). By comparing the results on hydrogels
and PDMS, we conclude that although gels are softer in terms
of modulus, they have lower damping ratio, which is opposite to
the modulus-damping relations of most conventional materials.
This result shows that hydrogels are potential new materials for
dynamic applications such as active wave guiding, localization,
sensing, harvesting, and insulation.

2. Material and methods

2.1. Fabrication of PAAm hydrogel samples and PDMS samples

To characterize the damping ratio of gels, beam-shaped poly-
acrylamide (PAAm) gel samples are prepared. A 50% (w/w) glyc-
erol solution (99% Sigma Aldrich, Catalog # G7757, Batch
SHBK7272, CAS: 56-81-5) is prepared as the solvent instead of
the pure water to prevent drying of the gels during testing in air.
The monomer acrylamide (98% Sigma Aldrich, Catalog # O1700,
Batch BCBZ5156, CAS:79-06-1) is dissolved in glycerol solution of
the required weight according to different recipes. The crosslinker
agent N,N’-Methylenebisacrylamide (Bis) (99% Sigma Aldrich, Cat-
alog # 146072, Batch MKCC5908, CAS: 110-26-9) is dissolved in
deionized water with a mass percentage of 2%. The two solutions
are fully mixed to realize the mass concentration of acrylamide
and Bis to be (i) 25%/1.2%, (ii) 25%/0.8%, and (iii) 25%/0.06%.
The initiator ammonium persulfate (APS) (98% Sigma Aldrich,
Catalog # A3678, Batch MKCG5404, CAS: 7727-54-0) is dissolved
in deionized water with a concentration of 40 µg/mL. A 125 µL of
the APS solution and 5 µL of catalyst tetramethylethylenediamine
(TEMED) (99% Sigma Aldrich, Catalog # T7024, Batch MKCF5518,
CAS: 110-18-9) are added to every 5.385 mL of the mixture. The
mixture is injected with N2 gas for 30 min and poured into a glass
mold with a thickness of 2 mm. To guarantee complete curing, the
mixture is left without disturbance for 1 h at room temperature,
which is around 22 ◦ C. The cured hydrogel is then taken out of
the mold and cut into rectangular prisms. The cut samples are
put into 50% (w/w) glycerol solution for 24 h to guarantee fully
swollen. The dimension of each sample (L × b × h) is measured
after it is fully saturated (Fig. 1a). The weight of the sample is
also measured by a digital balance, and the density values are
obtained by averaging three samples for each composition. The
polymer weight concentration of the gels in the swollen states
are also calculated. The results are shown in Table 1.

We also prepare the polydimethylsiloxane (PDMS) samples.
The base polymer agent and the curing agent from PDMS Kit
Sylgard 184 (Electron Microscopy Sciences, Catalog # 24236-10,
Batch 181002) are mixed with a mass ratio of (i) 10:1 and (ii)
20:1 compositions. The mixture is degassed in a vacuum chamber

for 1 h and poured into the glass mold with spacing 2 mm.
The mold is put into the oven for curing at 60 ◦ C for 1 h. The
PDMS samples after curing are cut into rectangular prisms. The
dimensions (L × b × h) of the samples are measured (Fig. 1b).
The weight is measured by a digital balance to obtain the density.
The mass densities of each composition are averaged over three
samples. The density values, polymer concentrations and sample
dimensions are shown in Table 1.

2.2. Tensile test

To get reference values of Young’s modulus of the samples,
we conduct a series of uniaxial tensile tests on the Instron Model
5944 Universal Test System. A 2kN load cell is used for testing
PDMS samples and a 5N load cell is used for hydrogel samples.
Loading speed is set to be 0.2 mm/s and the total strain is
restrained to be below 10% to ensure a linear response. During
loading, both force F (N) and displacement u(mm) are recorded.
The Young’s modulus E is obtained through E = FL/uA, where
A = b × h is the cross-sectional area and L is the length of the
sample.

2.3. Dynamic testing

2.3.1. Dynamic testing setup
Various methods exist for viscous damping identification, such

as the logarithmic decrement using free vibration data or half-
power points method using steady-state harmonic frequency re-
sponse data [39]. In the experiments here, frequency response
function (FRF) plots are obtained around the first bending mode,
and model simulations are matched with the experimental data
to identify elastic modulus and viscous damping ratio (knowing
the mass density and resonance frequency for each sample). A
schematic of the experimental setup for the dynamic testing
of the soft materials (hydrogel and PDMS samples) for bending
vibrations is shown in Fig. 2. The sample is clamped at both ends
to create fixed–fixed boundary conditions. Unlike cantilevered
stiff materials [40] tested in vertical direction for damping iden-
tification (i.e. excitation parallel to the gravitational field), soft
materials do not have sufficient bending stiffness to sustain its
weight. Hence we clamp both ends of the soft material samples
vertically for horizontal base excitation to minimize the gravity
effect. The clamped sample is mounted on the armature of the
APS-113 long-stroke shaker to provide base excitation in the form
of white noise over the frequencies of interest. An accelerometer
is attached to the base clamp to measure the base excitation. The
velocity of the sample at a single point is measured using a laser
Doppler vibrometer (LDV). The velocity and base acceleration are
acquired through the data acquisition card (NI DAQ 4431) and
the FRF is calculated in LabVIEW Signal Express. The experimental
setup is shown in Fig. 3 along with a close-up view of a hydrogel
sample in the clamps (not to scale) for horizontal base excitation.

2.3.2. Extraction of material parameters
The clamped–clamped configuration shown in Figs. 2 and 3 is

modeled here as a uniform beam based on the Euler–Bernoulli
beam theory (which is justified given the lower vibration mode
and relatively high length to thickness ratio). This is a rea-
sonable assumption since the experimental samples are thin
beams, deformations are small, and the material is assumed to
exhibit geometrically linear behavior. For a clamped–clamped
Euler–Bernoulli beam, the transverse displacement (relative to
the moving base) per translational base acceleration FRF, , can
be obtained as

β(x, ω) =

∞∑
r=1

σrφr (x)
ω2

r − ω2 + i2ζrωrω
(1)
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Table 1
Sample dimensions, density, and Young’s modulus.

Hydrogel 1.2% Bis Hydrogel 0.8% Bis Hydrogel 0.06% Bis PDMS 10:1 PDMS 20:1

Length (mm) 49.8 ± 0.3 50 ± 0.1 49.7 ± 0.4 49.1 ± 0.4 49.6 ± 0.2
Width (mm) 3.9 ± 0.5 4.3 ± 0.4 4.0 ± 0.5 3.3 ± 0.2 2.7 ± 0.1
Thickness (mm) 2.5 ± 0.1 2.7 ± 0.1 3.4 ± 0.2 2.3 ± 0.1 2.3 ± 0.1
Mass density (kg m−3) 1190 ± 109 1185 ± 132 1179 ± 117 1057 ± 37 1119 ± 46
Polymer weight % after swelling 10.8 7.5 3.3 / /
Young’s modulus E from tensile testing (kPa) 293 ± 23 193 ± 6 15 ± 1 1956 ± 126 946 ± 89

Fig. 1. Schematic of the molecular structures and the photo of the (a) hydrogel and (b) PDMS samples.

Fig. 2. Experimental schematic for dynamic base excitation of hydrogel and PDMS samples around for the first bending mode (sample not to scale).

Fig. 3. Experimental setup with a close-up view of a sample (hydrogel) and
clamps.

where

σr = −m
∫ L

0
φr (x)dx (2)

and the mass normalized eigenfunction mode shape for the rth
mode is

φr (x) =
1

√
mL

[
cos

λrx
L

− cosh
λrx
L

−
sin λr + sinh λr

cos λr − cosh λr

(
sin

λrx
L

− sinh
λrx
L

)]
(3)

where m = ρbh is the mass per unit length of the beam and
the eigenvalues (λr > 0, r = 1, 2, . . .) are the roots of the char-
acteristic equation (for clamped–clamped boundary conditions):

1 − cos λr cosh λr = 0 (4)
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The natural frequencies of the beam are then

ωr = λ2
r

√
EI
mL4

(5)

where E is the modulus of elasticity (i.e. Young’s modulus) and
I = bh3/12 is the second moment of area for a rectangular
cross-section. In the experiments, the focus is placed on the first
vibration mode, i.e. r = 1.

Note that the velocity measurement taken by the LDV in the
experiments is the absolute velocity response of the beam in the
inertial reference frame (rather than relative to the moving base).
Therefore, the relative displacement FRF given by Eq. (1) must be
modified to express the absolute velocity response of the beam:

βabsVel =
1
jω

+ jωβ(x, ω) (6)

where x = Lm is the point of the velocity measurement in the
experiments.

The Euler–Bernoulli model given by Eqs. (1)–(6) is used to
extract the elastic modulus and damping ratio from the experi-
mental data. Using the experimental FRF along with the measured
dimensions and mass density in Eq. (5), the elastic modulus can
be determined. The modal damping ratio is determined by fitting
the Euler–Bernoulli model to the experimental data using Eqs.
(1) and (6). While viscous damping is a standard model, another
damping model would be to assume structural damping, in which
case the FRF given by Eq. (1) becomes:

β∗(x, ω) =

∞∑
r=1

σrφr (x)
(1 + iγ )ω2

r − ω2 (7)

where γ is the structural damping factor related to the complex
part of the modulus of elasticity (γ = tan δ in terms of the loss
tangent). Note that the viscous damping and structural damping
models [40] can be bridged to one another at ω = ωrwith2ζr =

γ in view of Eqs. (1) and (7), where the focus is placed on the first
bending mode (r = 1) in this work.

3. Results and discussion

The hydrogel samples of 25% PAAm/1.2% Bis, 25% PAAm/ 0.8%
Bis, 25% PAAm/ 0.06% Bis and the PDMS samples of 10:1 and
20:1 base to curing agent ratio are tested. Three samples of
each hydrogel composition and PDMS composition are tested.
The three samples are cut from the same batch of gel or PDMS.
One dynamic test is performed on each sample, and the error
bar comes from sample to sample variation. Fig. 4 shows one
representative curve of the dynamic testing results of each hydro-
gel and PDMS composition and the Euler–Bernoulli fitting results
for each case. Based on the Euler–Bernoulli model, the damping
ratio ζ (from the first bending mode) and Young’s modulus are
extracted for each sample and averaged for each composition. The
extracted values are shown in Table 2.

The Young’s modulus extracted from dynamic testing can be
compared with those from tensile testing (Table 1) for validation.
From both tests, the extracted Young’s modulus increases as
the crosslinker density increases for both hydrogels and PDMS
samples. The values extracted from the two independent methods
agree reasonably well. There are some discrepancies. It could be
due to the sample to sample variation. The multiple samples
prepared for dynamic testing are cut from the same big piece of
gel, while the samples prepared for tensile testing are cut from a
different piece of gel. Both PDMS and PAAm gels are synthesized
through radical polymerization which naturally would introduce
sample-to-sample variation. The error may also be introduced
during the chemical weighting process, as the weight of some

of the constituents, for instance, Bis, is below 1 mg which is
hard to be weighed accurately. Another origin of the discrepancy
may be from the idealized clamped–clamped boundary condi-
tions in the analysis of the dynamic testing results. Because the
samples are soft, they can easily generate creases and local large
deformation near the clamped region. Despite our efforts in keep-
ing the condition as close to the clamped–clamped condition as
possible, in reality, it may still deviate from the perfect clamped–
clamped condition. Mathematically speaking, any deviation from
this ideal boundary condition (assumed in the Euler–Bernoulli
model) would change the characteristic equation of the eigen-
values (Eq. (4)), which would in turn affect the identified elastic
modulus. Nonetheless, we get reasonable agreement between
the modulus values obtained from the two independent testing
techniques, with the largest discrepancy that appears for the
softest gel samples is 44%. The discrepancies for other samples
are much smaller.

The main purpose of this study is to characterize the structural
damping of hydrogels and explore how it differs from elastomers
such as PDMS. The dynamic testing results give a very consistent
measure of the damping values, with very small error bars be-
tween measurements and a clear difference between hydrogel
and PDMS as can be seen in Table 2. For better visualization,
in Fig. 5, we show a comparison of the FRFs for the hydrogel
and PDMS samples. The data of the five samples corresponding
to three hydrogel compositions and two PDMS compositions are
plotted. The frequency for each composition is normalized by
its resonant frequency to better illustrate the magnitude of the
quality factor. The narrower the peak width and the greater the
peak value, the greater the quality factor and equivalently, the
less the damping ratio. It can be observed clearly from the peak
sharpness that the damping of hydrogels is significantly less than
that of PDMS. Besides, based on the peak heights of the hydrogels
of different compositions, a conclusion can be drawn that the
samples with higher crosslink density, which results in higher
stiffness, have lower damping ratio.

There are two possible dissipation mechanisms in hydrogels.
Gels are composed of crosslinked polymer networks and solvent
molecules (Fig. 1a). One source of dissipation could be the friction
between the polymer chains when the polymers reconfigure,
and the other is the friction between the polymers and the
solvent when the solvent migrates through the polymer net-
work. The two mechanisms give rise to macroscopic viscoelastic
and poroelastic behaviors respectively [41,42]. From our previous
study [43–45], it has been shown that the viscoelastic effect of a
swollen PAAm gel is negligible. The reason is that more than 95%
of the gel content is water and the network is highly straightened
due to swelling, so chances are low for the polymer chains to
rub against each other during deformation. Comparatively, the
poroelastic behavior related to solvent transport in the network is
more dominant in gels. In our previous work, we have measured
that the typical diffusivity of solvent in PAAm gel is in the order
of D = 10−10 m2/s. The thickness of the PAAm gel sample tested
in this study is around h = 3×10−3 m. Therefore, the poroelastic
response time scale is around t = h2/D = 9×104 s. The structural
vibration carried out in this study is in the frequency range of
tens of Hz, which is far away from the poroelastic time scale.
Therefore, in this frequency range, the gel behaves mostly like
an elastic material without much dissipation. On the contrary,
the polymer chains are more densely packed in elastomers such
as PDMS (Fig. 1b), and the viscoelastic behavior of the material
is more significant. Conclusively, the intrinsic difference in the
molecular structures between gels and elastomers determines
the difference in their damping behaviors — significantly lower
damping in hydrogels than in PDMS. The damping of polymers
and polymeric gels can be related to many factors: the polymer
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Fig. 4. Velocity FRFs (experimental vs. model) for (a) hydrogel 1.2% Bis, (b) hydrogel 0.8% Bis, (c) hydrogel 0.06% Bis, (d) PDMS 10:1, and (e) PDMS 20:1.

Table 2
Extracted damping ratio and Young’s modulus values of hydrogels and PDMS samples from the dynamic testing.

Hydrogel 1.2% Bis Hydrogel 0.8% Bis Hydrogel 0.06% Bis PDMS 10:1 PDMS 20:1

Damping ratio, ζ 0.0156 ± 0.0049 0.0194 ± 0.0059 0.0276 ± 0.0012 0.0759 ± 0.0085 0.0796 ± 0.0014
Young’s modulus Y (kPa) 219 ± 41 122 ± 32 27 ± 6 2271 ± 117 1509 ± 64

concentration, polymer chain length, network topologies and the
interaction properties between the polymers and solvent. The
subject itself is complex enough to deserve many future works
to follow. Based on the current results, it seems to indicate that
among the different compositions of hydrogels and PDMS, the
one with lower crosslink density has higher damping (Table 2). It
might be because as the crosslink density decreases, the polymer
chains between two crosslinkers are longer and more coiled
chains may be developed. Also, as the crosslinker to monomer
ratio increases, the crosslinking efficiency during curing may
become lower, causing more dangling chains and side chains to
be developed. These factors may attribute to higher viscoelas-
tic characteristics of the network. Additionally it is known that
the water molecules near the polymers in the hydrogels are
less mobile because of the hydrogen interactions between water
molecules and the polymers [46]. Therefore, for hydrogels with
lower crosslink densities, the water concentration is higher (Ta-
ble 1), and there exists more mobile water molecules that could
cause more viscous dissipation. It might be another reason for
the higher damping in the hydrogels of lower crosslink densities.
Summarily, the current results clearly show that the presence
of solvent in the polymer network can significantly reduce the
damping of the polymeric materials, but the detailed relation
between molecular structures and the macroscopic damping of
hydrogels requires more systematic studies in the future.

The key observation of this study that hydrogels have much
lower damping than PDMS despite the modulus of hydrogels be-
ing much lower than PDMS is, in fact, contradictory to most ma-
terials’ behaviors. An Ashby plot of the mechanical loss coefficient
tan δ = 2ζ against Young’s modulus for many different materials,
ranging from ceramics, metals, and alloys to soft materials such
as elastomers, biological materials, PDMS and hydrogels is drawn
in Fig. 6. The data was collected from Cambridge Engineering
Selector (CES) EduPack software [47]. A tendency line E tan δ =

0.02 is introduced, beneath which materials tend to be softer and
less damped, and above it, the materials tend to be stiffer and
more damped. In general, stiffer materials tend to be less damped
and softer materials tend to be more damped. Most of the ma-
terials fall on the tendency line, such as ceramics, metals and

Fig. 5. Velocity FRF comparison of hydrogel and PDMS samples.

hard composites. However, hydrogel stands out as unusually soft
materials with relatively low damping. Compared to other soft
materials such as PDMS, rubbers, and other polymeric materials,
the hydrogel is less dissipative and softer at the same time. Plus,
hydrogels are biocompatible and stimuli-responsive. All these
characteristics indicate that hydrogels are potentially useful in
future applications related to dynamic problems involving passive
and active wave guiding and manipulation.

4. Conclusion

This work characterizes the dynamic properties of extremely
soft materials. The hydrogel and PDMS samples of different com-
positions are clamped vertically and excited horizontally during
the dynamic testing. Young’s modulus and structural damping are
extracted from the dynamic test. The Young’s modulus value of
each sample is compared with a separate uniaxial tensile test
for verification. The result proves the reliability of the dynamic
method. In experiments, hydrogels samples of three compositions
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Fig. 6. Ashby plot of mechanical loss coefficient over Young’s modulus.

and PDMS samples of two compositions are tested. In compar-
ison, PAAm gels are significantly less damped than PDMS even
though PAAm gels are much softer than PDMS. Gels are com-
pliant, bio-compatible and stimuli-responsive and also stand out
from other soft elastomeric materials due to its low damping.
As a result, hydrogels can sustain wave and vibrational energy
flow better than most other soft and lossy materials. Additionally,
hydrogels can be easily 3D printed. All these characteristics of gels
provide new opportunities in designing future stimuli-responsive
metamaterials and phononic crystals for wave guiding, focusing,
and localization, among other applications.
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