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Studying the high-rate deformation of soft
materials via laser-induced membrane expansionf

Katherine M. Evans, (2 Christopher L. Soles (2 and Edwin P. Chan () *

Cavitation is a phenomenon that occurs when the internal pressure of a material exceeds the resistance
to deformation provided by the surrounding medium. Several measurements, such as the blister test,
bubble inflation, and cavitation rheology, take advantage of this phenomenon to measure the local
mechanical properties of soft materials at relatively low deformation rates. Here, we introduce a new
measurement called laser-induced membrane expansion (LIME) that measures the shear modulus of
a thin membrane at high strain rates (~10° s to 108 s by using laser ablation to rapidly expand a
thin (tens of microns) elastomeric membrane. To demonstrate the capabilities of this measurement,
we use LIME to study the mechanical properties of poly(dimethylsiloxane) (PDMS) membranes at several
thicknesses (from 10 pm to 60 um) and crosslink densities. We find that the shear modulus of the
PDMS measured by LIME was weakly dependent on the crosslink density, but was strongly strain
rate dependent with values ranging from 10° Pa to 10% Pa. This measurement platform presents a
new approach to studying the mechanical properties of soft but thin materials over a range of
deformation rates.

1 Introduction

From balloons to soap bubbles to foams and emulsions,
cavitation is a common occurrence in everyday life. While it
is a phenomenon that is often used to drive form and function,
there have been significant efforts to leverage the expansion
process of a bubble or cavity to quantify the mechanical
properties of soft materials. These different cavitation-based
measurement approaches, as a function of deformation rate,
are summarized in Fig. 1(a). A classic measurement is the
blister test. In this test, a thin membrane is draped over a
small hole with the edges of the membrane clamped to form a
free-standing membrane.'” It is then inflated by pressurizing
one side of the membrane, and the deformation of the
membrane can then be used to quantify its mechanical proper-
ties, such as adhesion energy and elastic modulus. This test is
a quasi-static test, with strain rates of 10° to 10* s™*, and
typically applied to thin membranes. Another test is the bubble
inflation test, which dates back to the 1970s.*® In this test,
a cavity forms in a bulk material with the application of a
pressurized gas. By measuring the cavity radius as a function of
pressure, the mechanical properties, including elastic modulus
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Fig. 1 (a) The different cavitation-based approaches for measuring the
mechanical properties of soft materials at different deformation rates. (b)
Schematic of the LIME experiment and ablation target.

and shear viscosity, can be determined. Large extensions are
achieved, with typical strain rates spanning from 107° to
10% s~ . A derivative of the bubble inflation test is nanobubble
inflation, which measures the viscoelastic properties of ultra-
thin films.”

There are more recent cavitation-based measurements that
can study the mechanical properties of soft materials at higher
strain rates. One such measurement is cavitation rheology,
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which relates the critical pressure required to grow a spherical
bubble in a soft gel to its elastic modulus and surface energy.®’
The deformation rate of cavitation rheology can range from
quasi-static (10~* s7%) to intermediate rates (10> s~ ). A related
technique, known as inertial microcavitation-based high strain
rate rheometry, monitors the internal pressure of a cavity to
quantify the elastic modulus.'® As the name implies, this is a
high strain rate test, with strain rates ranging from 10° s *
to 10° s~'. In this test, a laser or high-amplitude focused
ultrasound is used to induce cavitation, and then the time-
dependent oscillation of the bubble radius can be related to the
viscoelastic properties of the material. A very recent develop-
ment that is particularly relevant to this work is laser-induced
cavitation (LIC)."" In LIC, a laser-sensitive seed microparticle is
intentionally ablated to nucleate and expand a cavity inside a
bulk material. By measuring the radius of the bubble as a
function of time, the shear modulus and viscosity can be
determined. Similar to inertial microcavitation, this is also a
high deformation rate test with rates on the order of 10° s
However, in LIC, the initial growth and decay process is
measured to determine the material properties.

While these recent approaches are promising as they can
study soft materials at high deformation rates, they have only
been demonstrated to measure the mechanical properties of
bulk materials. In this work, we present a new cavitation-based
measurement approach that measures the high strain rate
shear modulus of a thin elastomeric membrane, which we
call laser-induced membrane expansion (LIME). We develop a
scaling relationship relating the radius of the expanding bubble
with the materials and experimental properties to show that the
mechanism of the initial membrane expansion and subsequent
retraction is a balance of three energies, (1) inertia of the
membrane material, (2) the strain energy density of the elasto-
mer, and (3) the blast energy initiated from the laser ablation
process. We show that by controlling the thickness of the
elastomeric membrane, LIME is able to achieve deformation
~!. LIME is a promising measure-
ment approach for measuring the mechanical properties of
thin membranes at deformation rates over several orders of
magnitude.

rates from 10° to 10° s

2 Results and discussion
2.1 LIME experiment

We developed LIME as an offshoot of laser-induced projectile
impact testing (LIPIT), which uses a pulsed laser to cause
propulsion of a microparticle at high velocities in the direction
of the laser path.">™** Here, we use this concept of laser-based
propulsion to drive the expansion of a polymer membrane in
order to study its mechanical properties. A schematic of the
LIME experiment is shown in Fig. 1(b). In this experiment, the
laser absorptive material is prepared by first depositing a thin
layer (~30 nm) of gold onto a glass coverslip, which serves as
the ablation target to facilitate membrane expansion. Next, we
spin-coat the polymer film of interest onto the gold-coated
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cover slip. Crosslinked poly(dimethylsiloxane) (PDMS, Dow
Corning Sylgard 184) was chosen as the material because it is
a commonly used elastomer whose mechanical properties have
been studied extensively. We note that PDMS is simply used as
a representative material here, but we expect that other poly-
meric materials can be studied using LIME. To study the effect
of elastic modulus on the membrane expansion process, three
crosslink densities were studied here, 7.5:1, 15:1, and 30:1
denoting the composition of the base PDMS component to
the crosslinking agent by mass. Additionally, the PDMS film
thickness was also systematically varied between 10 pm and
60 pm.

A pulsed diode-pumped solid-state IR laser (Flare NX, wave-
length = 1030 nm, pulse length = 1.5 ns, Coherent Inc.) was
used as the ablation laser to ablate the gold layer. The laser
power of ~500 pJ was constant across all experiments con-
ducted. The expansion of the PDMS membrane was monitored
using an ultrafast camera (SIMD12, Specialized Imaging Ltd)
with a frame rate of 10° s~'. Additional experimental details
and parameters can be found in the ESL¥

Fig. 2(a) shows LIME data for a 10 pm thick 15:1 PDMS
membrane. In frame 1, a bright spot can be seen at the top of
the frame, which is from the plasma generated by the laser
ablating the gold layer. Frames 2-5 show a rapid expansion of
the membrane. Rather than forming a spherical cap, the shape
of the membrane is more oblong. The oblong shape of the
expanding PDMS membrane is most likely attributed to adhe-
sive interactions between the peeling edge of the membrane
and the substrate. This effect will be explored systematically in
a follow-up work as it is an interesting way to study adhesion at
fast deformation rates.

Fig. 2 LIME data for a 15:1 PDMS membrane with thickness and inter-
frame time of (a) 10 um/140 ns, (b) 35 pmm/140 ns, (c) 60 pmm/320 ns.
Scale bar = 50 pm.
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As a first-order approximation, we model the shape of the
expanding membrane as a spherical cap, with the radius (R)
defined in the vertical direction since the important metric is
how far and fast the membrane expands away from the sub-
strate (see Fig. 2(a), frame 2). The initial radius, R,, is 25 pum for
all experiments. It is defined by the initial spot size of the
plasma from the laser ablation process and is independent of
the properties of the PDMS membrane (see Fig. 2(a), frame 1).
The stretch ratio, defined as / = R/R,,, reaches a maximum of 1.,
=9.0 in frame 5. From frame 6 onwards, the membrane begins
the slow retraction process. By frame 10, A = 7.9, indicating that
the retraction process is many times slower than the expansion
process. Given the high 4., reached, we expect there is perma-
nent damage done to the PDMS membrane during the expan-
sion process, but it is difficult to discern this from our LIME
results. Fig. 2(b) and (c) show the LIME data for a 35 um and a
60 pm thick 15:1 PDMS film, respectively. Qualitatively, they
follow the same expansion process as the 10 pm thick film:
plasma generation, followed by a rapid expansion of the
membrane to a large stretch ratio, and finally, a slow retraction
process. However, the membrane thickness does affect 4., and
the critical time to reach this maximum. The 10 um thick film
reaches A, = 9.0 at 700 ns. The 35 pm thick film reaches 4, =
4.2 at 840 ns. The 60 pm film reaches 4, = 1.8 at 1600 ns, which
is five times lower in stretch and over two times slower
compared to the thinnest membrane of the same PDMS for-
mulation. Thus membrane thickness is a practical handle to
control the rate of expansion and the extent of stretch.

Fig. 3 summarizes the radius (R) versus time (¢) data for all
the materials studied using LIME. The results show the obser-
vations quantitatively from the high-speed images. There is a
very rapid increase in the radius at short times, followed by a
plateau for a few hundred nanoseconds, and then a very slow
retraction of the membrane. Due to the limited number of
frames that can be captured by the camera and the slow
retraction process, the entire membrane retraction process
was not captured as we focused on the expansion process.
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Nevertheless, the effect of film thickness on /,, and critical time
to reach 4, can be seen from Fig. 3. At a given crosslink density,
we find that 1 is shifted to longer times and reaches a lower A,
with increasing membrane thickness. This is an important
result since it shows that the kinetics of the expansion process
is affected by the membrane thickness, which implies that the
deformation rate (¢) can be experimentally adjusted simply by
changing membrane thickness. The crosslink density of the
elastomer has a slight effect on the maximum radius of the
expanded membrane. By and large, A,, increases with decreas-
ing crosslink density for a given film thickness. There are
exceptions, such as for the 10 pm thick films, rendering the
crosslink density a challenging parameter to use to control the
stretch ratio. Additionally, the critical time to reach 4, is quite
similar for the same membrane thickness regardless of cross-
link density.

2.2 Model for the inertial expansion of a membrane

To estimate the shear modulus of these membranes using the
results in Fig. 3, we turn to prior studies of membrane expan-
sion of soft materials to aid in the identification of the key
parameters. A classic model for describing a high-rate and
high-energy expansion process is Taylor’s blast, which relates
the radius of the shock front to time as,

U

1/5
( > 2/5
PmK

where U is the energy of the blast, p, is the density of air, and K
is a dimensionless constant related to the thermal properties of
air. This expression shows that the rate of shock wave expan-
sion is governed by the energy input that drives expansion and
is balanced by the density of air that impedes this expansion.
This balance results in an inertia-dominated process, charac-
terized by a time dependence of R ~ >/,

Originally developed to relate the expansion rate of a shock
front to the blast energy after a nuclear explosion,'® it has since
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Fig. 3 Radius (R) vs. time (t) results for all of the LIME experiments on PDMS elastomers with crosslink ratio of (a) 7.5: 1, (b) 15:1, (c) 30 : 1. Dotted lines are

the fits from eqgn (5). Error on the tis £3 ns and error on R is £6 pm.
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Fig. 4 Models of laser-induced expansion. (a) Laser ablation on a solid
target in air, adapted from Chemin et al.,*® and (b) laser-induced cavitation
(LIC), adapted from Tiwari et al.'! (c) Radius versus time data from LIC
(open circles) and LIME (pentagons) showing the fit to LIC from eqn (2).
The solid and dashed lines show the expected radius versus time curve for
Taylor's blast, which scales as R ~ t2°. The black dashed line is a fit of the
LIC data using eqgn (2).

been adapted to fit other expansion processes, including laser-
induced cavitation (LIC) of air.'® Chemin et al. monitored the
shock wave front that formed after laser ablation of a solid
target in air and found that the change in radius of the shock
front with time is consistent with the solution to Taylor’s blast
(Fig. 4(a)). In the case of LIC of air, U in eqn (1) is defined by the
laser-ablation energy. Although the energy associated with LIC
of air is many orders of magnitude lower compared to a nuclear
blast, the kinetics of the shock wave follow the same scaling.
Thus eqn (1) serves as an upper bound on how the radius of the
membrane in a LIME experiment can be expected to change
with time. Although both experiments use laser ablation, there
is an additional constraint in LIME that alters the membrane
expansion process.

Another experiment that studied the laser-induced expan-
sion of soft materials is LIC of PDMS, discussed briefly in the
introduction.'” Here, a laser ablative seed microparticle was
used to rapidly generate a cavity in a bulk sample of PDMS.
The growth rate of the cavity is then related to the shear
modulus and viscosity of the PDMS. This experiment is parti-
cularly relevant to LIME as both measurements use laser
ablation to nucleate a cavity to expand an elastomer. The key
difference between the two experiments is the geometry of the
sample (bulk vs. membrane) and how the cavity is initiated
(ablation seed vs. gold film). Nevertheless, the results between
the two measurements share similarities.

We first discuss the results of the LIC of PDMS elastomers.
Using the radius vs. time data extracted from LIC experiments
of PDMS from Tiwari et al,"" we employ Buckingham II
dimensional analysis to develop a scaling relationship that
relates the experimental parameters to the key materials pro-
perties. Full details on this analysis, as well as its relevance in
other contexts, can be found in the ESL{ In brief, Buckingham
IT is a type of dimensional analysis that can be used to gene-
rate dimensionless relationships even if the exact form of the
expression is unknown.'” In this analysis, all the relevant
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Table 1 Experimental parameters and materials properties identified for
LIME and LIC. Also included are the corresponding dimensions of these
variables

Variable Description Dimensions Test

R Radius of expanding membrane [L] LIC, LIME
h Membrane thickness L] LIME

U Laser ablation energy [ML*/T%] LIC, LIME
Vel Membrane tension [M/T?] LIC, LIME
Pm Surrounding medium density [M/L?] LIME

Pp Membrane density [M/L?] LIC, LIME
t Time [T] LIC, LIME

variables are identified and used to form the dimensionless
IT groups. The relevant variables for both the LIC and LIME
experiments are shown in Table 1.

Using this methodology, we are able to generate a scaling
relationship for the LIC of PDMS data from this analysis, shown

in eqn (2),
U 1/5
R=c|— Iy g — R 2
1 (pp) 2 U3/5p?)/5 ( )

where U is the energy of the laser, p;, is the density of the bulk
PDMS elastomer, and ¢, and c, are proportionality constants with
magnitudes x 1. The parameter ) is a stiffness parameter that
describes the elasticity of the expanding elastomer. Since this
parameter is a function of 1 and #, its exact form will depend on
the specific material, which is discussed in the ESIT and below.

Eqn (2) has two terms. The first term has a time dependence
of £/ and should look familiar: this term is the same expres-
sion as the scaling relationship for Taylor’s blast. Again, this
first term relates the balance between the incident energy from
the laser ablation event (U) causing the forward motion of the
membrane and the inertia of the membrane defined by its
density p,,. Since the membrane material has elasticity, the
expansion is also constrained by membrane tension (y.;), which
is defined by the second term of eqn (2). Specifically, the
second term is a balance between membrane tension versus
the product of membrane density and blast energy and has a
time dependence of t°°. The LIC data and the fit using eqn (2)
are shown in Fig. 4(c). For the majority of the PDMS expansion
process, LIC follows the same time dependence as Taylor’s
blast. It is only right before the cavity begins to contract that the
radius of the cavity deviates from the prediction of eqn (1). This
is an important observation because it shows that the expan-
sion process is inertia dominated and the retraction process is
membrane tension dominated.

From the insights given from Taylor’s blast and LIC, we now
apply this understanding to the LIME results. As mentioned
previously, LIME shares similarities with LIC, albeit in a thin
membrane geometry. We also apply Buckingham IT analysis to
develop a scaling relationship, which is defined as,

n 1/5
U \
R=cy Pm — 25— ¢ Lﬁ %5 — ¢oh (3)
pp pp U2/5pp/
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Full details on how the Buckingham II analysis was con-
ducted for LIC and LIME can be found in the ESILf{ This
relationship is similar to eqn (2), with a few important devia-
tions. The first term is again Taylor’s blast that describes the
inertia-dominated expansion process at short times. However,
there is an additional parameter in this term, which is the ratio
of the density of the surrounding medium to the membrane
density. This additional parameter is necessary to account
for the fact that two separate materials (PDMS and air) are
displaced during the expansion process. The second term is
identical to that of eqn (2), which again describes the resistance
of expansion due to membrane tension. The third term, which
is unique to LIME, is a correction factor to account for the finite
thickness of the membrane. It depends on / because it is
another inertial term: there is a finite amount of material
that must be displaced. This third term also suppresses the
expansion process, which is observed from the results shown in
Fig. 3. While eqn (2) and (3) are very similar, the modification of
the second term due to y. and the addition of the third term
cause deviation of the expansion process from Taylor’s blast,
as can be seen in Fig. 4(c).

The parameter 7, is the membrane tension term that is a
function of the shear modulus, stretch ratio, and film thick-
ness. The exact form of the expression is material specific.
Here, we choose the neo-Hookean model, for its simplicity
with the fewest number of fitting parameters, to describe the
nonlinear deformation of the PDMS elastomers. For a thin
membrane, v, is defined as,

h Rh
Y = Iﬂ(iz — )~ (4)

R,
Since the stretch ratio of the membranes is quite high (1 > 1),
the /~* term is negligible, and the approximate functional form
can be used. Substituting 7y, into eqn (3), the resulting expres-
sion is given by,

G = Gsh
=T e  Ca(h Ro)utS/s (5)
where p is the shear modulus of the material, and C,, Cs, C, are
proportionality constants. We note that u should more appro-
priately be defined as the complex shear modulus (u* = p’ +iu),
which takes into account elastic (1') and viscous (u”) effects that
dominate at different deformation rates. For our current LIME
experiments, where the strain rate is quite high, we expect that
this complex shear modulus is primarily elastic.

2.3 Shear modulus measured via LIME

We use eqn (5) to fit the LIME results, and the fits are shown in
Fig. 3. To determine the shear modulus of each individual
membrane, the term in the denominator, C,(h/R,)u, was treated
as a constant that was found from fitting the R vs. ¢ data.
Once that constant was determined, u was then extracted by
substituting the relevant membrane thickness for /2 and setting
R, =25 um and C, ~ 1. From Buckingham IT analysis, we know
that C, is a proportionality constant that should be ~1.
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Fig. 5 Shear modulus of the PDMS elastomers as a function of strain rate
and crosslink ratio measured using quasi-static tensile testing (circles) and
LIME (pentagons). Also shown is the shear modulus value estimated from
the acoustic wave speed (C;) measurements separately reported by
Veysset et al.,?° and Lee et al.?! For the study by Lee et al., the PDMS
elastomer crosslink ratio was 10 : 1.

The strain rate is estimated as € = v,,/h, where v, is the
initial velocity of the expanding membrane. Because it depends
on membrane thickness, the strain rate inherently changes
from sample to sample. Thus, not only can LIME determine the
high strain rate shear modulus of the elastomer, we can also
use it to characterize how the elasticity changes with strain rate
by changing the membrane thickness. From Fig. 5, we find that
the strain rate of our LIME experiments spans several orders of
magnitude, ranging from 10° to 10® s™, resulting in a change
in shear modulus of ~2 MPa to ~300 MPa. For comparison,
we also measured the shear modulus of the same three PDMS
systems under quasi-static uniaxial test conditions (¢ = 0.3 s 1),
and the results are also shown in Fig. 5. For PDMS elastomers
at 7.5:1, 15:1, and 30: 1 crosslink ratios, the shear moduli are
0.64 MPa, 0.18 MPa, and 0.046 MPa, respectively.

The shear modulus measured by LIME is much higher
compared to the quasi-static values. However, this is not
particularly surprising as strain rate stiffening is a well-known
phenomenon in polymers that causes the mechanical proper-
ties, including the shear modulus, to change.'®'® The increase
in shear modulus as a function of strain rate may not be due
only to strain rate stiffening. Prevalent in many high-rate
deformation experiments, it is probable there is a temperature
rise at the strain rates imposed by LIME due to adiabatic
heating. Since elastomers can be modeled as entropic networks
(i.e. rubber elasticity), an increase in temperature will lead to a
proportional enhancement in the shear modulus of the PDMS
elastomers. Both strain rate stiffening and temperature rise are
plausible factors that contribute to the increase in shear
modulus of the PDMS membranes seen here.

We also compared our results with acoustic wave speed
studies of PDMS using LIPIT,* and Brillouin light scattering
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(BLS).>' In both studies, the authors were able to image or
directly measure the longitudinal acoustic wave speed of the
PDMS (Cp), which is related to its elastic modulus (E) and
density, E = pC;>. Based on the estimated acoustic wave speed
(~1.14 km s ') and PDMS density (p = 980 kg m ), we
estimate that u ~ 390 MPa. As shown in Fig. 5, this value is
consistent with our experiments.

Although the film thickness is paramount for controlling the
shear modulus, we find that the crosslink density has very little
effect. Under quasi-static conditions, the shear modulus of a
30:1 PDMS elastomer is ~10 x less than the 7.5:1 PDMS
elastomer. From the LIME results, we find that the shear
modulus of the 7.5:1 and 15:1 elastomers are similar at a
similar strain rate, and we estimate that u ~ ¢ for all three
elastomer systems. Only the thinnest PDMS membranes with
the lowest crosslink density (30: 1) show a noticeable reduction
in the shear modulus, but it is only approximately 3 x lower
than the 7:5 and 15: 1 elastomers. From the LIME experiment,
it is unclear how the permanent crosslinks alone determine the
elasticity of these materials. It is known that PDMS has both
chemical crosslinks and physical entanglements. Under quasi-
static conditions, the entanglements can potentially slip
past each other, so the resistance to deformation is mostly
attributed to the chemical crosslinks. However, the same
entanglements likely do not have sufficient time to disentangle
at high strain rates, and thus contribute to the elasticity of the
elastomer.

3 Conclusion

In this work, we have developed a new technique, LIME, that
can measure the high strain rate mechanical properties of
polymer membranes. We developed a scaling relationship
between the growth kinetics of an expanding membrane with
the materials and experimental properties of the system, which
allows us to extract the shear modulus of a polymer of interest.
We demonstrated that the thickness of the film can be used to
control the strain rate of expanding membrane, with strain rate
varying between & = 10° to 10® s~'. The high strain rate shear
modulus of the PDMS elastomers was found to vary between
10° to 10® MPa depending on the strain rate. With the simpli-
city in sample preparation, along with the broad range of strain
rates accessible by LIME, it opens up measurement opportu-
nities for studying molecular effects such as dynamics of
disentanglement in soft materials. Additionally, while not
explored here, the range of strain rates achieved by LIME could
potentially be expanded by changing the energy of the ablation
process, which is something that we will explore in the future.
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