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We measure the response of open-cell polyurethane foams filled with a dense suspension of fumed
silica particles in polyethylene glycol at compression speeds spanning several orders of magnitude. The
gradual compressive stress increase of the composite material indicates the existence of shear rate
gradients in the interstitial suspension caused by wide distributions in pore sizes in the disordered foam
network. The energy dissipated during compression scales with an effective internal shear rate, allowing
for the collapse of three data sets for different pore-size foams. When scaled by this effective shear rate,
the most pronounced energy increase coincides with the effective shear rate corresponding to the
onset of shear thickening in our bulk suspension. Optical measurements of the radial deformation of the
foam network and of the suspension flow under compression provide additional insight into the
interaction between shear thickening fluid and foam. This optical data, combined with a simple model of
a spring submerged in viscous flow, illustrates the dynamic interaction of viscous drag with foam
elasticity as a function of compression rate, and identifies the foam pore size distribution as a critically
important model parameter. Taken together, the stress measurements, dissipated energy, and relative
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motion of the fluid and the foam can be rationalized by knowing the pore size distribution and the
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1 Introduction

Concentrated suspensions of rigid particles exhibiting discon-
tinuous shear thickening (DST) can transform from fluid-like to
solid-like under shear.’™ The highly dissipative nature of this
transition can be harnessed in a variety of applications.’”
In particular, DST has led to a variety of composite materials,
designed for low-velocity impact mitigation.® Specifically, this
includes fabrics®™* and foams'*° saturated with shear thick-
ening fluid, and foams made of a shear thickening gel.*"*>
These materials are flexible at low applied stress but become
rigid under sudden impact, making them suitable for impact
protection as well as damping applications.?*™*

Of the aforementioned composite materials, some of the
most remarkable behavior arises in open-cell foams saturated
with shear thickening fluid (STF). An STF-foam composite can
generate a dramatically enhanced stress response under con-
ditions where the bulk suspension alone would not exhibit
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significant thickening and an open-cell foam offers only weak
resistance to compression. Prior work has associated this
enhancement with an increased effective shear rate y.¢ experi-
enced by the STF as it is forced to flow through narrow channels

and constrictions inside the foam'®'”
. Ve
Yeff = a (1)
foam

where v, is the rate of compression of the foam and dfoam is
some length scale characterizing the internal foam geometry.
When 7. reaches the critical shear rate for the onset of shear
thickening in the neat STF, the STF-foam composite’s resis-
tance to compression increases strongly. While this captures
the qualitative behavior of the material, it remains difficult to
link this effective shear rate to the foam geometry. Furthermore,
this description only considers how the foam affects the STF and
neglects the opposite interaction, namely how the STF changes
the behavior of the foam. This feedback becomes important
during shear thickening, where the rapidly increasing viscosity
of the STF can generate significantly enhanced drag on the foam.

Here we investigate both directions of this dynamic inter-
action in open-cell foams submerged in a bath of STF and then
compressed. For this purpose, we choose a suspension com-
prised of fumed silica nanoparticles dispersed at 30% solid
volume fraction ¢y in polyethylene glycol (PEG). Up to a critical

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Steady-state rheology for the neat shear thickening fluid (STF), a fumed silica and PEG suspension at volume fraction ¢y = 30%. Inset:
Transmission electron microscope image of a fumed silica particle. (b) Stress—strain responses of the neat STF, neat (dry) foam, and the three composite
STF-foam materials with different pore sizes, compressed at speed v. = 150 mm s~*. Note that the compression plate must accelerate at the beginning
and end of a given compression, so the domain of constant speed is approximately 0.05 < ¢ < 0.65. The stress drop at the very end of each compression
corresponds to the sudden deceleration of the compression plate and the relaxation of the suspension to its unthickened state. (c) Schematic of the
experimental apparatus. A cylinder of foam is submerged in a volume of STF and centered underneath a compression plate connected to a load cell,
which moves downward at speed v, during testing. The compression plate is 25.4 mm in diameter and 13.4 mm tall. (d) Images of the three different foam
types with small, medium, and large pores (left to right). (e) Schematic of an idealized foam cell. (f) Normalized distributions of the cell diameters for the

three foam varieties. Cell sizes are normalized by their mean value (dcey).

shear rate jpgr & 30 s ', this suspension is Newtonian with
nearly constant viscosity #, at which point the viscosity jumps
up discontinuously by over an order of magnitude (Fig. 1a);
this is known as discontinuous shear thickening (DST).>®*”
At vertical loading speeds of v. = 150 mm s~ ', neither the neat
suspension nor the dry foam produces significant stress on the
load cell, while the STF-foam composites generate stresses o
that exceed 100 kPa as a function of axial compressive strain ¢
(Fig. 1b). Fig. 1c shows the experimental setup used for com-
pression tests of the composite STF-foam material. We perform
compression tests with the same suspension on three open-cell
polyurethane foams with different average cell sizes (Fig. 1d, e
and Table 1). Each individual foam network contains a wide
distribution of cell sizes about the mean (d..) (Fig. 1f). The
smooth increase of the data in Fig. 1b and the fact that the

Table 1 Foam parameters

Cell size Strut thickness Avg. strut length
Foam label (mm) (um) (mm)
Large pore 6.1 = 0.4 490 £ 83 2.7 £ 0.9
Medium pore 1.2+£0.1 110 £+ 16 0.50 & 0.1
Small pore 0.85 £ 0.06 56 + 9.0 0.28 £ 0.07

This journal is © The Royal Society of Chemistry 2025

150 mm s ' display similar behavior
(despite their average cell sizes differing by almost an order of
magnitude) highlight the difficulty of associating a single
length scale dipm in eqn (1) with the stress-strain response

stress curves for v, =

of the composite material. Nevertheless, we find that a scaling
with characteristic j.;r emerges if instead we consider the
energy dissipated during compression, i.e., the area under
stress-strain curves as in Fig. 1b. We then show that this energy
scales with v./dam for different foam types, and undergoes a
pronounced increase centered around v./dgoam = Jpst, if we take
the foam length scale to be the average pore diameter of the
foam pore size distribution.

The optical transparency of our suspension enables us to
study the effect of the STF on the foam by tracking the defor-
mation of the foam network under the influence of viscous
flow. A dry open-cell foam compresses by successively collap-
sing layers of cells perpendicular to the direction of compres-
sion, causing the foam to maintain a near-constant radius
under compression. However, when the foam is instead filled
with a viscous fluid that is forced to flow out radially during
compression, the foam struts experience viscous drag forces
that can cause the foam to bulge out radially. Comparing the
speed of radial foam expansion to the radial fluid speed just
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outside the foam reveals how viscous drag affects the foam
along with signs of viscosity changes in the STF. Finally,
analyzing these data with a simple model makes it possible
to relate the measured speed of radial foam expansion to both
the average pore size during compression and the width of the
pore size distribution.

2 Materials and methods

2.1 Dense suspension preparation and rheology

We use a suspension of fumed silica (Aerosil OX-50, Evonik/Palmer
Holland, average particle size ~500 nm, dry density 2.2 g cm >, see
Fig. 1a inset) and polyethylene glycol (PEG, Sigma-Aldrich, My, =
200 g mol ', density 1.1 g cm ™2, 5y = 50 mPa s). The PEG and fumed
silica are combined using a Heidolph high-torque mechanical
mixer (ramping from 500 to 3000 rpm), starting with the full
volume of PEG and gradually adding the fumed silica. Adding
the particles first results in a gel-like material that is difficult to mix.
The mixture is sonicated and mechanically mixed in cycles until
a steady rheological state is reached. Due to the strong shearing
forces from the initially inhomogeneous suspension, active super-
vision is necessary to prevent the sample container from spin-
ning out or the mixing attachment from grinding against the
chuck jaws.

The shear rheology is sensitive to temperature increase
during mixing, so suspensions are allowed to rest for several
hours before any measurements are taken. The entire prepara-
tion protocol (mechanical mixing, sonication, resting, testing)
typically takes over a week to produce ~300 mL of suspension.
The suspension is stored under house vacuum to prevent the
hydrophilic PEG from absorbing moisture from the air.>®
To minimize rheological disparities during STF-foam testing,
the same large STF batch is used for all compression tests on all
three foam types. Periodic rheological measurements ensure
there are no aging effects over time.

All shear thickening suspensions discussed in the following
refer to Aerosil OX-50 in PEG-200 with a volume fraction of
¢v = 0.30. The density of these suspensions is 1.43 g cm >, The
suspension rheology is measured using a stress-controlled
rheometer (Anton Paar MCR301) with a 25 mm parallel-plate
geometry and a gap size of 0.5-1 mm. Dynamic viscosity is
recorded with an initial ascending ramp from 7-1000 Pa,
followed by a descending ramp back to 7 Pa, where the upper
limit is chosen to prevent sample ejection. Fig. 1a is the
measured viscosity of the STF as a function of shear rate,

showing pronounced DST at a shear rate jpgr ~ 30 s .

2.2 Foam preparation and characterization

We test three grades of ester-based polyurethane (PU) open-cell
foam (U.S. Plastics Corp.), with small, medium, and large pores,
shown in Fig. 1d. For average cell size, strut length, and strut
thickness see Table 1. The data in this table are from optical
measurements (DSX-1000 digital microscope, Olympus), assum-
ing all in-focus foam elements are “in-plane” when extracting
lengths using image analysis software. Although the foam cells
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often are taken as Kelvin cells (Fig. 1e), they are in fact largely
disordered cells with varying numbers of 3, 4, and 5-sided faces.*
Distributions of the cell diameters d..; for all three foams are
shown in Fig. 1f; the slight left skew of the distribution has been
discussed previously in the literature.*>*' Analysis of PU open-cell
foams of different d..; has shown®"* that the average pore size,
ie., the average size of the various openings in the cell facets,
scales with average cell size according to (do) = f(dcen), with a

1 1
factor f between 3 and 5 This factor depends on the details of the

manufacturing protocol and the relative size of the network struts.

1
In the following we take (dj) = Z<d°e”>’ which should be appro-

priate for our medium and small pore foams.

Foam specimens are cut into cylinders (21.1 mm diameter,
25.4 mm height) using a laser cutter (ULTRA X6000, Universal
Laser Systems). The diameter of the cylinder face closest to the
laser typically is ~1 mm smaller than the face furthest from the
laser due to heating.

2.3 STF-filled foam sample preparation

Individual foam cores are submerged into ~150 mL of well-
mixed suspension; this leaves ~2 cm of fluid clearance above
the foam, ensuring that the impactor plate is always submerged
in fluid before axial strain is applied (see sketch in Fig. 1c).
To remove trapped air bubbles, samples are placed under 2
Torr vacuum for 10 minutes prior to compression.

2.4 Compression testing protocol

The stress-strain response of each foam-STF sample under
compression is measured using a universal testing instrument
(zwick-Roell Z1.0, equipped with a 1 kN load cell). Stress is
calculated as the raw force reading divided by the surface area
of the foam’s top face, the area of which is assumed to remain
constant. The strain ¢ is the global axial strain, given by

hy — h([)
60 ===
the original height of the foam. The impactor plate and the
surface below the foam are coated with sandpaper to prevent
the foam from slipping laterally.

The compression protocol includes several steps. First, the
plate’s starting height is adjusted so it is submerged in the
suspension to minimize bubble formation and other possible
suspension-air interfacial effects. The plate then moves down-
ward onto the foam until it reaches a pre-stress of 0.2 N. Next
the STF-foam sample undergoes two conditioning cycles at
3 mm s~ ' to a strain of 70% (corresponding to a height change
of 17.5 mm) in order to standardize the shear history of the
sample.i This depth was chosen because PU foams are resilient
against repeated compression up to a strain of 75%.%

After conditioning, the plate pauses above the sample for 3 s
before commencing the measurement phase at a preset impact

speed, which we vary from 0.1 mm s ' to 150 mm s,

, where A(t) is the height at time ¢, and A, is

+ Foam samples submerged in silicone oil, used for comparison with foam-STF
samples, do not undergo conditioning due to the risk of slipping.

This journal is © The Royal Society of Chemistry 2025
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corresponding to strain rates from 0.004 s~' to 5.91 s ' as
defined by j = v./h,. Although the compression tests are speed-
controlled, there are brief acceleration transients at the begin-
ning and the end of the pre-set travel distance (17.5 mm)
while the system is ramping up to the targeted speed and
during stopping; this effect is exacerbated for high compres-
sion rates. We therefore limit our analysis to the strain range
0.05 < & < 0.65.

2.5 Particle image velocimetry protocol

Compressions are filmed with a Phantom high-speed camera
(V12 and VEO models, 1200 x 708 px image size). For particle
image velocimetry (PIV), filming rates of 50-4000 fps are used
to accurately correlate particle motion between frames.

To map the flow of the STF at the boundaries of the foam,
fluorescent red polyethylene microspheres (Cospheric, density
1.2 g em ) with a diameter of 75-90 pm are added to the
suspension as tracers. The comparable densities of the tracer
particles and the suspension allow the tracers to remain evenly
suspended for several hours at a time. A vertical slice of the
suspension is illuminated with a laser sheet of 505-550 nm
wavelength (Motovera self-leveling green laser); this plane is
perpendicular to the axis of compression and to the camera.
The laser sheet is about 2 mm thick at close range.

Examples of high-speed videos are included as ESI.{ Videos
are analyzed using the openPIV Python package. The output
of the PIV analysis is a 2D vector field (v, v,) for every frame,
describing the flow field outside of the foam at that time step.
We use an interrogation window size of 32 px in the leading
frame, a search area size of 36 px in the following frame, with
an overlap of 17 px. We select these parameters to include
several tracer particles in each interrogation window. In addi-
tion to tracking the fluid flow, we also track the radial deforma-
tion of the foam edge. For each video frame, we fit a spline to
the foam edge in order to distinguish it from the surrounding
fluid. We subdivide the spline into 20 equal length pieces and
track these individual segments over time. This allows us to
compare the foam and fluid motions locally. In the case of the

(a) (b)
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oil-foam control experiments, the foam solid is very likely to
slip relative to the compression plate at late strains; for this
reason, we consider only the motion tracking data for ¢ < 0.4.
For large v. and low strain, the Python curve-fitting protocol has
larger uncertainties. Thus, to maintain consistency throughout
our datasets, we focus on the motion tracking data for ¢ > 0.2
for all speeds.

3 Results and discussion
3.1 Stress-strain response of STF-foam composites

For a given foam type, the compressive stress response of the
STF-foam composite increases with increasing compression
speed v., as shown in Fig. 2a-c. Across various pore sizes, larger
pores require faster compression to achieve a given stress. This
trend is best illustrated by the 10 mm s~' curve in all panels of
Fig. 2, where the onset of non-zero stress occurs at larger
strains as the foam pore size increases. A key feature of Fig. 2
is the smooth shape of the stress-strain response, which is in
stark contrast to the highly discontinuous rheology of the neat
STF at the onset of DST (Fig. 1a). Furthermore, we observe a
saturation of the stress response: as previously shown in
Fig. 1b, at 100 mm s~ ! and 150 mm s !, the curves become
effectively independent of foam type and thus pore size. These
observations are consistent with the literature."®"” In particu-
lar, Dawson et al.'” find that while the stress response of their
STF-foam is highly dependent on pore size at low strain rates,
it becomes pore-size independent at shear rates exceeding the
shear thickening threshold.

However, these data are clearly incompatible with a single
length scale df,am characterizing the internal foam geometry
in eqn (1), even if this length scale is strain dependent. The
measurements indicate that any such length scale must have an
inherently wide distribution, which in turn generates a wide
range of effective, local shear rates within the foam. We can
rationalize the smooth stress response and its saturation
behavior using the distribution in pore sizes in the foam.
As the foam network is compressed, pores of varying size shrink

(c)

125] Small pore (dcen = 0.85 mm)
E 100 Compression speed (mm/s) T
< 75| 150 i
b 100
2 — 50 ]
o
n

Medium pore (dcen = 1.2 mm)
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Fig. 2 Average compressive stress—strain response of the (a) small, (b) medium, and (c) large pore foams for a range of impact speeds. Each curve is the
average of at least two compression tests at a given compression speed. The full set of impact speeds is presented in the ESI.+
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as a function of strain. This means that, over the course of a
compression, more and more of the STF inside the foam
becomes shear thickened as the fraction of pores small enough
to trigger DST increases. Once v, is sufficiently large that jpgr is
met for even the largest pores from the very beginning of the
compression, everything shear thickens at once. Increasing v.
further will not change the stress response, leading to the stress
saturation we observe in Fig. 2 for a given foam type. For v, =
100 and 150 mm s~ ', the compression speed is then large
enough to have triggered DST across even the foam with the
largest pores.

While linking the rheology of the neat STF to the detailed
compression response of the composite material via the dis-
tribution of pore sizes is not straightforward for the stress-
strain data (Fig. 1b and 2), such a link emerges naturally when
considering the energy dissipated Ey;ss during compression.
Egiss is given by the integral of the stress ¢ over a strain range
¢ € (&, &),

Egiss = J ‘ ode (2)

&

and is shown in Fig. 3. Here ¢; = 0.2 and & = 0.65 for all data and
small, medium, and large pore sizes are shown as blue stars,
red squares, and gold triangles, respectively. For all foam types,
as a function of compression speed Eg;g first increases gradu-
ally, then exhibits a rapid increase by about an order of

(a) A Largg pore &
B Medium pore P
510_ % Small pore £ -y
=
n A 4
3 & A
a AL
1 |
an @t
0.1 1 10 100
Ve (MmM/s)
(b) i
VAN
e
— WL
10 - -
=
= i
14 A 5
AA ﬁ*l* :
0.1 1 10 100 1000

vc/dfoam (1/3)

Fig. 3 (a) Energy dissipated as a function of compression speed v, for
three pore sizes. (b) Same data as in A but plotted as a function of effective
shear rate V/dioam. Where the average pore size (dg) was taken as the
characteristic length scale dioam, Showing collapse of the three curves. The
vertical dashed line denotes jpst = 30 s72.
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magnitude, which shifts to larger v. for larger pore sizes, and
finally returns to a more gradual increase.

If the same Eg4;5s data are instead plotted as a function of an
effective shear rate v./ds,am they can be collapsed by making
dtoam proportional to (d..;;). Most interestingly, if we equate the
characteristic length scale dgy,,m With the mean of the pore size

1
distribution, (d,), and use that (dy) =~ Z<d°e“> in polyurethane

open-cell foams,*"*> we find the data collapse such that the

steepest rise in Egiss occurs right around jeg = ypsy = 30 s~ for
the neat STF; this is shown in Fig. 3b. For effective shear rates
Jeg < 10 s~ ', there is only gentle growth of Eg, in the
composite material. This aligns with the idea that at low v,
only a small fraction of pores in the foam lead to DST in the
suspension, so the overall effective viscosity of the sample
remains low. At intermediate rates 10 < je¢ < 50 s ', the
viscosity of the STF inside the composite is highly sensitive
to the pore size distribution, leading to the strong increase in
Egiss- This coincides with a greater fraction of foam pores
initiating DST in the suspension, such that the overall effective
viscosity of the suspension increases strongly. Finally, for jeg >
50 s, the reduced slope in Egi shows that the majority of
pore sizes has now become involved in generating DST.

Therefore, the shape of the transition between these regimes
in Eg;ss reflects the shape of the (cumulative) distribution of the
pore sizes. The collapse of the three datasets across the whole
transition region thus indicates that despite having different
means, their pore size distributions must have nearly the
same shape.

3.2 Velocimetry measurements of foam and suspension

We leverage the optical transparency of our suspension to
monitor the expansion of the compressed foam and the flow of
the STF local to the foam boundary as described in Section 2.5.
We make these measurements for a small pore foam sub-
merged in STF, and also for a foam submerged in a high-
viscosity, Newtonian silicone oil (y = 10 Pa s) as a control to
distinguish non-Newtonian effects from Newtonian ones.
We determine the relative magnitudes of spring forces from
the elastic foam network and the viscous drag forces of the filler
fluid using the relative radial motion of the foam boundary and
the local fluid.

We present exemplary fluid PIV and foam tracking results in
Fig. 4 for an STF-foam sample at low and high compression
rates. In the low-speed case shown in Fig. 4a, the foam
collapses locally and buckles inward as the STF flows outward
radially. We observe this behavior in low-speed compressions
of both foams filled with oil and with STF. In contrast, the
foam bulges out significantly when compressed quickly. For
v, =100 mm s~ ', this radial expansion begins at very low strain
and continues throughout the compression. Once the impactor
stops moving, the foam relaxes back to its original shape. This
general behavior is observed in both the STF-foam and the oil-
foam composites. In Fig. 4, the magnitudes of the local flow
field vectors are normalized by the compression speed v..
Comparison of panels A and B shows that, for a given strain

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Particle image velocimetry (PIV) analysis of the fluid outside the foam for different strains ¢. The 2D vector field includes both radial and axial
velocity components; the contour shading in green denotes the magnitude of the radial component normalized by the compression speed. The white

form is the foam, and the black rectangle is the impactor plate. (a) Slow compression, vc = 1 mm st and (b) high speed compression, v. = 100 mm s,

¢, the normalized high- and low-speed flow fields appear
similar. The area of strongest flow is concentrated near pro-
nounced curvature in the foam boundary, due to either inward
buckling or radial expansion as a consequence of fluid drag on
the foam network.

In order to quantify the effect of drag from the suspension
on the foam struts, we calculate the ratio of radial speed of the
foam boundary to radial speed of the fluid directly outside the
foam, 4 = Vy foam/Vr fiuia- TO this end, the foam boundary in Fig. 4
is subdivided along the vertical z-direction into 20 equal length
segments at every strain step. We then extract vy foam and v; syid
for each segment and calculate the /4 ratio as a function of
compressive strain. Fig. 5a and b show A averaged over a central
subset of ten segments, chosen to include the regions of
strongest flow along the foam boundary. The error bars indi-
cate one standard deviation.

In the following analysis of A(¢), we exclude strains where the
impactor was either accelerating to reach the preset speed or
the foam was becoming too compressed to allow for a straight-
forward extraction of A (note the large deformations of the foam
boundary at ¢ & 60% in Fig. 4 and the large error bars in Fig. 5a
and b at large strains and high compression speeds, where A
also increases because the impactor must come to a stop).
These excluded regions are shaded gray in Fig. 5, leaving the
strain interval 0.2 < ¢ < 0.4 for more detailed comparison with
a simple model in the next section. Nevertheless, even cursory
inspection of the curves in Fig. 5a and b indicates that in all
cases, except for the slowest compression of the oil-filled foam,
a steady-state of the radial foam expansion is not reached.
Under steady-state conditions, the balance of foam elasticity
and viscous drag from the fluid implies v; foam =~ 0 and we thus
expect A — 0. Values of A closer to unity at a given strain

This journal is © The Royal Society of Chemistry 2025

1

therefore signal that the fluid drag is (still) causing significant
radial foam expansion. In particular, when the filler material is
highly viscous, it cannot escape the foam without pulling the
network structure along with it, such that 7 — 1.

For the slowest oil-foam compression shown in Fig. 5a, Ao
decays quickly and is near zero in the region of interest ¢ €
(0.2, 0.4), indicating that the foam is not expanding radially.
When v, is increased, A,; starts at a non-zero value and
decreases with increasing strain. For the two highest speeds,
60 and 100 mm s~ ', A,; & 0.8 and stays relatively constant as a
function of strain in the region of interest. These data are
shown to demonstrate the relationship between elasticity and
viscous drag in foam filled with a high viscosity Newtonian
fluid, resulting in a monotonically evolving A, as a function of
strain and compression rate.

Performing the same measurements on the STF-foam sys-
tem reveals key differences compared to the oil-foam. First, at
the slowest compression speed shown, v, =3 mm s~ ', where we
do not expect significant shear thickening, the ratio Agrr
decreases with strain in a manner similar to the 10 mm s~
Newtonian oil case. This is surprising at first glance, as the oil
viscosity is 10 times greater than that of the unthickened STF;
one might therefore have expected the STF to relax faster than
the oil to A values around zero (but see below for further
discussion). Second, at a compression speed of 10 mm s,
the STF-foam begins to bulge radially around ¢ = 0.25, leading
to a pronounced increase in Agrg.

Such a change in slope of A(¢) is unique to the STF-foam
system; we never observed this in the oil-foam case. The
smooth, continuous increase in Asyg beyond & = 0.25 mimics
what we observe for the stress response in Fig. 1b and 2, which
we related to the broad distribution of pore sizes in the foam

Soft Matter, 2025, 21, 1192-1202 | 1197
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Fig. 5 Ratio of foam and fluid radial speeds, 4 = V; toam/Vr fuia. @S @ function of strain ¢ for the small pore foam submerged in Newtonian (left) and STF
(right) fluids. Experimental measurements are shown in the first row (see Section 3.2), and model curves (see Section 3.3) in the second row.
(a) Experimental measurements of A(¢) for an oil-filled foam (3 = 10 Pa s). (b) Experimental measurements of /() for an STF-filled foam. (c) 4 predictions
from the model for the oil-filled foam, using k/L = 20 Pa. (d) 4 predictions from the model for the STF-foam, using k/L = 0.6, 2.5, 20, 20 Pa for v, = 3, 10,

30, 100 mm s~%, respectively. Additional parameters describing the STF-foam interaction are w = 0.5(do) and (do) =

0.19 mm. We include examples of

model outputs for different input parameters in the ESI,T namely variations in k, w, {do), and () > 7pst). In all panels, the gray shaded regions indicate
parts of the compression cycle that, in the experiments, may be affected by the acceleration of the impact plate; this also is where the experimental
uncertainties are largest. In panels (a) and (b), the data are averages of two independent measurements and the error bars correspond to one standard
deviation. In panels (c) and (d), the model parameter characterizing the inertial response is taken as L/m = 100 m kg~ for all v..

network: if the foam were completely uniform in its porosity, we
would expect an abrupt spike in A upon the onset of DST as the
bulk of STF throughout the foam shear thickens at once. The
fact that this upturn in Agry occurs at v, = 10 mm s~ agrees well
with the transition from low to high dissipated energy from
Fig. 3 for the same small-pore foam filled with STF. The change
of slope in / for v, = 10 mm s~ can therefore be attributed to
the onset of DST inside the foam once the strained pores are
small enough for the effective internal shear rate to exceed jpsr,
as opposed to the 30 and 100 mm s~ ' cases, where DST appears
to take place from the very beginning of the compression.
Indeed, at speeds v. > 10 mm s ', Jgrp increases further and
throughout the whole strain interval of interest maintains
a large value, which eventually saturates at Aspg ~ 1 for
V. =100 mm s .

3.3 Modeling the radial foam expansion

Elastic foams saturated with fluid can be categorized as por-
oelastic materials.>*” The deformation of the elastic foam is
coupled with the fluid flow through an internal pore pressure,

whose variations are related to fluid volume flux by Darcy’s law,

q= —%Vp where g is the fluid flow rate, k is the permeability

198 | Soft Matter, 2025, 21, 1192-1202

of the foam, # is the fluid dynamic viscosity, and Vp is the
gradient of the fluid pressure in the foam pores. The full set of
equations ruling the behavior of the poroelastic material also
depends on various elastic moduli of the system. Several
authors have applied poroelastic theory to foam-like structures
saturated with fluid*®**** in order to model 3D material stresses
and pore pressure. When this analysis has been extended to
explicitly describe the time-dependent deformations of a por-
oelastic composite, either volume flow rate or external pressure
have to be fixed to predict the radial expansion.*® In the present
experiments, neither of these quantities are fixed. In the
following, rather than dealing with the complexities of a full
3D model, we propose a simpler approach to describe the foam
expansion as the system is being compressed. The 1D model
developed here is designed to capture the radial deformation of
the foam given the radial fluid flow as a function of time.

In order to link the radial expansion during the compression
of an STF-filled open-cell foam to the distribution in pore sizes,
we approximate the foam as a uniform cylinder of elastic
material that is expanded radially from within by radial viscous
drag. This effectively reduces to a one-dimensional model of
a mass m connected to a spring of stiffness k, driven by a fluid
of radial speed vgyiq and viscosity (). In the case of the STF,

This journal is © The Royal Society of Chemistry 2025
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n(e) depends on the strain-dependent effective shear rate.
We assume the viscous drag to be directly proportional to the
relative speed between foam and fluid, as we expect the flow
inside the foam to be laminar (for a cell size of 0.85 mm, a
minimum viscosity of ~1 Pa s, and a maximum speed of
150 mm s~ ', the Reynolds number in this regime is less than
0.2). The equation of motion governing the radial expansion
dynamics is then given by

mx — OC(])ﬂuid — x) +kx =0. (3)

Here, x(t) = r(t) —ro is the radial deviation of the foam edge from
its unstrained value. We define the viscous drag coefficient
o = Ln(e) such that L has units of length and reflects the impact
of foam geometry on the drag force. In the following, L will
be assumed constant for a given foam. Solutions to eqn (3)
then give ¥ = Vgam, Which together with vg,q, enable us to
calculate /.

As the foam is compressed by the impactor moving axially at
constant speed, the speed of the outflowing incompressible
fluid increases. Equating the volume flux Q = 2nrh()vauig,
escaping through the foam lateral surface, and the volume
variation below the plate Q = nry’*|dh/dt|, leads to vayia(t) =

1
Evcro /(hy — vet), where h(t) = hy — v.t. Comparison with PIV data

(as in Fig. 4) validates this approximation over the strain
interval ¢ € (0.2, 0.4).

We numerically solve eqn (3) to find the best value of k/L to
mimic the experimental data presented in Fig. 5a and b in the
region ¢ € (0.2, 0.4). Inertial effects represented by the first term
only affect the curvature of 4 for extremely small strain values
and are negligible in the strain region of interest. For a given
fluid speed and prescribed viscosity, the solution of eqn (3) is
thus parameterized by the ratio k/o = k/Ly which compares the
relative strengths of foam stiffness and hydrodynamic drag,
and expresses a characteristic relaxation rate of the composite
material. In eqn (3), the elastic restoring force of the spring
dominates over fluid drag when kx 2 ovguig, which is equiva-

Ve I . .
lent to k/o h—“—o when rewritten in terms of v, r, and A,.
0 X

When this condition is met at some x, further foam expansion
is hindered and /4 ~ 0. Conversely, as long as kx < ovgyiq, the
viscous drag force dominates over foam elasticity and causes
the foam to keep expanding radially such that 4 maintains a
non-zero value.

In the simplest, Newtonian case, i.e. the foam filled with
silicone oil shown in Fig. 5¢, the viscosity is n = 1, = 10 Pa s.
In Fig. 5c, a fixed ratio k/o = 2 s~ " captures the behavior
of the A curves from experiments for all speeds shown in
Fig. 5a. For k/u = 2 s, the model predicts that the foam
expansion behavior transitions from elasticity-dominated to
drag-dominated at a foam expansion x/r, = 0.1 for compres-
sion speeds v. = 5 mm s '. This transition is indeed seen in
the experimental data in Fig. 5a, where 4 ~ 0 forv, < 5mms ',
while 4 is non-zero for larger compression speeds and appro-

aches unity for v, > 5 mm s .

This journal is © The Royal Society of Chemistry 2025
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In the STF case, we take the viscosity to be:

No forjer < Ppsts
= (4)

100m  for e = Jps,

with 7o = 1 Pa s and jpgr = 30 s~ * according to the rheology
shown in Fig. 1a. Note that this form of 7 assumes the existence
of a secondary Newtonian plateau (not shown in Fig. 1a). As we
show below, this captures the experimentally observed behavior
well even though our model does not consider the possibility
of shear jamming, i.e., the transition of the fluid to a solid-
like state.

The effective local shear rate j.¢ is calculated by considering
the pore size distribution of the foam network. At each step of
the integration of eqn (3), we take jeg = v./[(1 — €)d,] to account
for these effects using a pore size d, picked from the distribu-
tion of initially unstrained pores, which is scaled by the
instantaneous strain ¢. We then solve eqn (3) throughout the
range of pore sizes, and take the global response to be the
Gaussian-weighted sum of these “local” solutions. We approx-
imate the unstrained pore size distribution by a Gaussian of
width w = (d,)/2 centered around an average pore size (d,), such
that d € ((dy) — w, (dy) + w). As we did for the collapse of the

1
Egiss data in Fig. 3b, we again use (dy) = Z(dceu), ie, {dy) ~ 0.2

pm for our small pore foam.

In comparing the oil-filled and STF-filled foam data, it is
important to consider how each liquid interacts with the PU
foam material. In particular, plasticization of the PU by the PEG
leads to chemically induced swelling and softening of the foam
material.** As a consequence, we find that the spring constants
in the linear compression/extension regime for foams soaked
in PEG are ~10 times softer than when soaked in silicone
oil (see ESIt). In addition, the ester-based PU comprising
our foams is hydrophilic. Therefore, we can expect greater slip
between the foam struts and oil than for the case of PEG-based
STF.*>*® In our model, plasticization decreases the spring
constant k while the reduced slip increases the drag coefficient
L. Taken together, this decreases the ratio k/L more than tenfold
compared to the oil-filled case. Despite the fact that the STF
viscosity 71, is 10 times smaller at the slowest compression
speeds, the even larger decrease in k/L therefore indicates that
the relaxation of the STF-filled foam, given by the rate k/a,
should be slower than for oil. This slower relaxation is borne
out by the data for 3 mm s~ in Fig. 5b, and captured by the
model when we set k/o: = 0.6 s~

As the compression speed v, is increased, DST is triggered
according to eqn (1) in the region of the pore size distribution
where sufficiently small pores lead to ¢ 2 ypsr. For v. = 10, 30,
and 100 mm s, reasonable fits to the data are obtained only if
we increase k/L. In particular, the model requires k/L = 2.5 Pa to
closely reproduce the slope change in 4 around ¢ = 0.25 for v. =
10 mm s . A value of 2.5 Pa is roughly a factor 4 larger than
what we used to fit the behavior at lower speeds, before the
occurrence of DST, where k/L = 0.6 Pa. We interpret this
increase in k/L as a stiffening of the elastic response of the
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foam material, and thus as an increase in effective spring
constant k, induced as shear-thickened fluid surrounds the
plasticized foam struts. The behavior of A(¢) for v. = 30 and
100 mm s~ ' can be reproduced if k/L is enlarged further to 20 Pa.
This is in line with the idea that with increasing v., a larger range of
pore sizes has become involved in triggering DST, which then also
leads to an enhanced stiffening of the foam network.

These results show how tracking the radial dynamics during
compression, when analyzed through the lens of the model
given by eqn (3), can provide information about the fluid-foam
interaction. Changes in this interaction are reflected with
remarkable sensitivity through changes in the ratio k/L required
for matching the experimental data, despite the model’s sim-
plicity. In particular, while a single value for k/L can capture the
behavior of A(¢) for the oil-filled foam irrespective of v, this is
not possible for the STF-filled foam. Therefore, the speed-
dependent increase of /L from 0.6 Pa to 2.5 Pa can be taken
as a proxy for how the emergence of strong shear thickening
inside the foam network feeds back onto that same network by
strengthening its mechanical response. The other two para-
meters relevant for modeling the STF-filled foam, the width w
of the pore size distribution and its mean (d,), can be obtained
from the measured distribution of cell sizes (Fig. 1f), scaled by
the factor = 0.25. Reasonable adjustments to w do not change
the model output significantly, whereas it is sensitive to the
value of (dy). To illustrate the sensitivity of the model to parameter
variation, we compare model output for a range values of k/L, w,
and (d,) in the ESLt Finally, comparison of the top and bottom
rows in Fig. 5 shows that the model captures much of the behavior
of A(e) also during the early and late stages of the compression,
ie., in the areas shaded gray. However, especially for the faster
impact speeds and ¢ > 0.4 the experimental uncertainties become
too large for quantitative analysis.

During sufficiently rapid foam compression, the STF will be
driven into the DST regime and potentially even further into a
shear jammed state. In either case, the suspension locally will
undergo a dramatic jump in viscosity wherever the shear rate for
DST onset is exceeded. In transitioning from DST to a shear-
jammed state, the viscosity continues to increase until the suspen-
sion locks up and becomes solid-like. This process is driven
by propagating shear fronts.””*® Our experiments cannot provide
information about whether cells within the foam are shear
jammed. In our simplified model, we approximate this by introdu-
cing a sufficiently large viscosity jump at a critical local shear rate.
We find good agreement as long as the viscosity jump is large
enough (see ESIt). Therefore, the model is agnostic to the exact
mechanism (DST or shear jamming) while capturing the experi-
mentally observed behavior of the STF-filled foam.

4 Conclusions

We investigated the compressive response of an elastic foam
network filled with a discontinuously shear-thickening fluid
experimentally through stress measurements and PIV analysis
to gain insights into the interaction between foam elasticity and
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non-Newtonian viscous drag. Under compression, the foam
network submerged in the STF amplifies shear fields in loca-
lized regions, leading to a gradual yet pronounced global
thickening at compression rates significantly lower than those
expected out of the bulk rheology of the fluid. For three foams
of differing pore sizes, the data shows that the rise in the total
energy dissipated is set by the compression speed scaled by the
average pore size of the foam, je = v./(do). This choice of (d,) as
the characteristic length scale in eqn (1) links the DST rheology
to the foam geometry.

We also demonstrate that the STF greatly influences the
deformation of the foam, just as the presence of the foam
affects the behavior of the interstitial STF. We show that the
STF can exert drag forces on the solid network through which it
travels by comparing the relative speeds of the expanding foam
boundary and the local fluid through the speed ratio 4. This
quantity directly reflects the force balance between viscous drag
and solid elasticity, and clearly distinguishes between unthick-
ened (low speed, low viscosity) and thickened (high speed,
high viscosity) states. For compression rates that correspond
to local shear rates approaching ypsr, the behavior of 1 is more
complex, reflecting the gradual spread of shear thickened
regions throughout the material. A simple 1D model of a spring
driven by viscous drag successfully reproduces the behavior of 4
for Newtonian and strongly non-Newtonian rheologies using
eqn (1) to estimate local internal shear rates. By integrating a
Gaussian distribution of pore sizes (and therefore of shear
rates) into the model, the model is able to capture even the
non-monotonic behavior of / at the onset of shear thickening.
The agreement between model and experiment 4 allows us to
connect a small number of model parameters to physical foam
features (the center and width of the pore size distribution)
which are essential to explaining the smooth stress increase
with strain, despite the abrupt thickening of the neat STF.
Thus, knowing only the foam elasticity, STF rheology, and the
pore size distribution of the foam, we can model the balance
between viscous drag and foam elasticity in STF-filled foams as
a function of strain and compression rate. This could aid in the
design of advanced impact mitigation technologies with custo-
mizable mechanical properties by tailoring the fluid rheology
together with the foam network architecture.
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