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blocks for robotic granular materials. The particle size variation, which is achieved by inflation, gives

rise to changes in stiffness under compression. We design and fabricate inflatable particles that can
become stiffer or softer during inflation, depending on key parameters of the particle geometry, such
as the ratio of the fillet radius to the wall thickness, r/r. We also conduct numerical simulations
of the inflatable particles and show that they only soften during inflation when localization of large
strains occurs in the regime r/t — 0. This work introduces novel particle systems with tunable size
and stiffness that can be implemented in numerous soft robotic applications.

1 Introduction

Granular materials composed of discrete frictional particles pos-
sess a host of complex yet tunable mechanical properties that
have been the subject of study for decades™™3, Granular metama-
terials can be designed to exhibit targeted mechanical responses,
such as phononic band gaps and the ability to propagate solitons
and edge modes®6. Although granular metamaterials are typi-
cally composed of homogeneous particles with identical proper-
ties”"10 recent work has realized granular metamaterials where
properties of individual particles can be varied, unlocking further
functionality} 172, To maximize the tunability of granular meta-
materials, we need a diverse range of particles capable of dynam-
ically varying properties such as size, shape, and stiffness within
a granular packing.

In this work, we design and fabricate inflatable particles with
tunable size and stiffness, which can form the basis for future
studies of robotic granular materials. Tuning the individual parti-
cle properties in a robotic granular packing could provide control
over the interparticle contact network, which will enable the pro-
gramming of the global mechanical properties of the packings.
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Previous studies have incorporated changes in particle stiffness
and actuation™3. A unique contribution of the current work is the
ability to control the stiffness-inflation pressure relationship of an
inflatable particle. Specifically, we can control whether the parti-
cle’s compressive stiffness increases or decreases with volumetric
strain by adjusting key geometric parameters, which allows the
particles to either stiffen or soften during inflation.

This study focuses on two types of inflatable cylindrical parti-
cles: type I: cylindrical shells and type II: toroidal shells. Type I
particles are empty inside and expand radially, as well as along
the cylindrical axis of the particle, when inflated. In contrast,
type II particles mostly expand radially, with minimal deforma-
tion along the cylindrical axis. Images of the two particle types
are shown in Fig. [1 We limit the expansion of type II particles
along the cylindrical axis by connecting the top and bottom sur-
faces with a central pillar.

The particle geometries are specified by several dimensionless
ratios. In this work, we vary the shapes of both types of parti-
cles mainly by changing the ratio of the cylinder’s corner radius
(r in Fig.[I) to its thickness (¢ in Fig.[I). We measure the force
response as a function of pressure when these particles are com-
pressed radially. Studying these two particle designs allows us to
determine how the particle deformation during inflation affects
its compressive stiffness.

For both types of particles, we find that the compressive stiff-
ness can increase, decrease, or stay the same during inflation.
With finite element method simulations, we show that the slope
of the stiffness versus inflation pressure curve is negative only
when substantial strain localization occurs near the cylinder’s
“corners” (where the top wall meets the side walls) during in-
flation, resulting in strain softening. We also demonstrate that
the mode of particle deformation—whether cylindrical or ra-

Journal Name, [year], [vol.], 1@ |1

Page 2 of 11



Page 3 of 11

A z Surface Air inlet
thickness
(v2 Fillet radius
X y
(r)
Height

Wall
thickness

()

-
Particle
radius (R)

T(w/2)

Surface
thickness
2)

Air inlet
- Fillet radius

Height Wall
) thickness
B, t
Particle Pillar ¥2) ©
radius (R) radius (R,)
C
y Particle
I radius
, X R)
Pillar
radius
Wall
~
(Ra) thickness

U]

Soft Matter

Fig. 1 Schematic of the two types of particles (left) with images in the uninflated (middle) and inflated (right) states. Side views of (A) type | and
(B) type Il particles. (C) Top view of a type Il particle. The type | and Il particles have been inflated to ~ 3.4kPa and ~ 8.6kPa, respectively. All scale

bars correspond to 10 mm.

dial—during inflation has little impact on stiffness variation, as
both type I and type II particles exhibit similar stiffness behavior
across different inflation pressures. These findings are used to de-
sign particles with specific variation of the compressive stiffness
with inflation pressure, i.e., increasing, decreasing, or constant
stiffness.

The remainder of the article is organized as follows. In Sec.
we describe the manufacturing processes for type I and type II
particles. We also describe the finite element method (FEM) sim-
ulations conducted to understand the compressive stiffness for
type I particles during inflation. In Sec. |3} we discuss experi-
mental measurements of the particle stiffness versus the inflation
pressure for type II particles. In Sec.[4, we summarize the con-
clusions and propose promising directions for future research. In
Appendix A, we show the experimental results for the relation be-
tween the change in radius of type II particles and the inflation
pressure.

2  Methods

2.1 Particle Fabrication

The inflatable particles are fabricated from EcoFlex™ 50, a two-
part elastomer that reaches a 00-50 shore hardness upon curing.
A schematic of the fabrication process is shown in Fig.[2| The par-
ticles are molded as two halves and then attached to each other.
The molds for each of the parts and for the final assembly are
3D-printed in PLA on a Prusa™ MK3S+ printer. The fabrication
process involves first molding the top and bottom halves (mold A
in Fig.[2) and then assembling the two parts using mold B in Fig.[2]

2| Journal Name, [year], [vol.], 1@

to make the particle. During the molding process, a silicone tube
is attached to the top part of the particle using Silpoxy™, which
serves as an air inlet. After the two parts of the particle are cured,
they are glued using a thin layer of uncured EcoFlex™ 50 and
pressed in place using the second part of the mold. This parti-
cle assembly process ensures sufficient contact between the two
particle layers so that leaks are avoided.

The geometry of the uninflated type I particles is characterized
by four dimensions: the height H, particle radius R, wall thickness
t, and fillet radius r, as shown in Fig.[l} In addition to these pa-
rameters, uninflated type II particles are also parametrized by the
inner annular radius R,. The structural and mechanical properties
of type I particles are governed by three dimensionless parame-
ters — H/t, R/t, and r/t — which are derived from the system’s
four geometric parameters. Type II particles with five defining
dimensions are characterized by four dimensionless parameters:
the same three as type I particles (H/tz, R/t, and r/t) and R,/t.
The experiments select H = 10 mm, R = 10 mm, ¢ = 2 mm, and
0.1 mm < r <4 mm for type I particles and H = 10 mm, R = 20 mm,
6mm<R,<12mm, ] mm <t <4 mm, and 0.1 mm < r <3 mm
for type II particles. For type I particles, we fix H/t =5, R/t =5,
and vary r/r. For type II particles, we fix zero, one, two, or three
of the dimensionless parameters at a time, while varying the rest.

The air inlet in type I particles allows airflow into the cavity
of the particle, as shown in Fig. . The central pillar in type II
particles has channels connecting the inlet tube to the outer cavity
to allow airflow into the particles, as shown in Fig. [IB. The air
inlets in the type I and II particles enable changes in the particle’s



Soft Matter Page 4 of 11

Molds for particle type | Molds for particle type Il
B

D

(EIEIEIIIEN

Molding particle type Il

connect add silpoxy b pour in EcoFlex 50 B
A 1/8" tubing ¢
AN
""""" i PSS
AT TAAVAVAYAVAS DR
s ORI
z
Step 1 N Surface
% !
Assembling particle type Il Fillet
icle: t B place bottom part ® R R T P ] T radius
particle: top . AV ROLOMSSREEA (1)
of the particle 2 R 2 ; 55 I#égg;ﬂll"‘{‘{sﬁ;é?&wa“
f i , G v vany o Mg
N in mold B coat top part £ ,g‘gﬁg_ B ke ’%‘é}ﬁﬁa‘g 2 <—Wall
. with a thin layer S : <\ ~~J thickness
i t
particle: bottom of EcoFlex 50 Particle (®
Step 4 Step 5 radius (R)

Fig. 3 (A) Sketch of the spring network model for (left panel) a type |

carefully align channels and
place the top half over particle (cyan) with r/t =4 compressed between two parallel rough, rigid
the bottom half ’ ‘ plates (black) in a direction perpendicular to the cylindrical axis. (center
inflatable panel) Cross-sectional view of the particle in the left panel, which shows

press cover on top particle the connections between nodes of the spring network (blue lines) and

Step 6 Step7 rough surface of the walls modeled by spheres on a square lattice. (right

panel) The inflation pressure is applied through forces ﬁmr split evenly

Fig. 2 Summary of the particle fabrication process. Each type of particle on each node of each triangle f that tessellate the interior surface of the

requires two sets of molds: one for molding the two halves (mold A) and cylindrical shell of the particle. (B) Spring network meshes (blue lines)

one for assembling the two halves together (mold B). The components for type | particles with different ratios of the fillet radius to the wall

of the molds are 3D-printed out of Polyvinyl Lactic Acid (PLA). The thickness r/t (from left to right and from top to bottom): r/t =0, 0.5,

blue (green) molds are used for type | (type Il) particles. The fabrication 1, and 2. The Cartesian coordinate systems in both panels illustrate the
process for both particle types is nearly identical, except for the use particle orientations.

of slightly different mold designs. The seven-step fabrication process
for type Il particles is shown. The particles (pink) are molded from
EcoFlex™ 50.
FEM simulations of particle deformation.

size and stiffness. 2.3 FEM Simulations for Type I Particles

To understand the particle compressive stiffness as a function of
inflation pressure, we employ two FEM models to simulate the de-
formation of type I particles: a hyperelastic model implemented
in ABAQUS, and a more general spring network model that allows
us to tune the pressure-dependent Young’s modulus. We focus on
modeling type I particles due to their simple geometry compared
to type II particles.

For the first FEM approach, we use an incompressible neo-
Hookean model™ in ABAQUS to simulate inflatable particles
made from EcoFlex™ 50. The strain energy density for a neo-
Hookean material is

2.2 Experimental Measurements of Particle Stiffness

The stiffness of the particles is measured under uniaxial compres-
sion in the direction perpendicular to the cylindrical axis using
a materials tester (Instron™ 3365) over a range of inflation pres-
sures p < 20 kPa. The particles are inflated by connecting them to
a high-pressure air line whose output pressure can be regulated
to within +0.069 kPa. The inflation at a given p will change the
particle radius, which we denote as R(p), as well as all of the
other particle dimensions (i.e., r, #, H, and R,). The compressive
stiffness k of the particles during inflation is determined from the
slope of the force-displacement curve obtained from the materi-
als tester. Specifically, it is calculated based on the compressive where C; = 30 kPa is proportional to the Young’s modulus, I} =
force versus the displacement of the compression plate, measured A} + A3 + A} is the first invariant of the right Cauchy-Green de-
from the point of initial contact with the particle at each fixed formation tensor .%, and A;, A,, and A3 are the eigenvalues of .#
inflation pressure. The maximum displacement is 2 mm, which in descending order. For an incompressible material, C; is half
corresponds to a compressive strain of ~ 5%. We also image the of the shear modulus in the limit of zero deformation, which
particles during the compression tests at each inflation pressure yields a Young’s modulus of 6C; = 180 kPa at zero strain for
to determine their size and shape, enabling comparisons to the EcoFlex™ 5015116, In addition, we set the static friction coeffi-

U=Ci(lh —3), M
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cient between the particle and the rigid, rough parallel plates that
apply the compressive strain to be u = 0.15 (Fig. [BA).

Hyperelastic materials can strain soften. Under uniaxial exten-
sion, A; = 4,4, = A3 = 1/V/A, where A is the extensional defor-
mation, and Eq. [I] becomes

U=C¢ <12+%73). (2)

We can then calculate the second derivative of U with respect to
A, which gives the Young’s modulus:

d*u 4

For this model, Y decreases with increasing A. Note that Y = 6C;
in the limit of zero deformation with A = 1.

To vary the degree of strain softening, we developed another
FEM-based model for type I particles. We meshed the particles
using N; ~ 10* Delaunay tetrahedra that include a total of N ~
2600 nodes connected by N; ~ 116,000 linear springs as shown in
Fig.[3)A and B. The potential energy for spring i is

2
u 1
Ui:% a(ﬁ,,'—l)z—i-(l—a) (\/Z_\/Z> ) 4

where y; is the characteristic energy scale of the spring, A; =1;/1;o
is the stretch of the spring with instantaneous length /; and rest
length /;9, and 0 < a < 1. The cylindrical shells are meshed such
that the average equilibrium rest length is (/;9) = I mm, which
yields a number density of ny ~ 10 mm 3 for the spring networks
of type I particles. We set u; = 0.018 J so that the effective Young’s
modulus of the spring network for the type I particle is ¥ ~ ngu; ~
180 kPa, which is the same as that for the ABAQUS model. The
second derivative of U; with respect to A; is

d*U; 1—

1 1

which resembles Eq. [3} except that we can tune the local Young’s
modulus by changing a. Here, a = 1 corresponds to a linear
spring, and a < 1 corresponds to a spring that softens upon
stretching.

To simulate purely repulsive, frictional contacts between the in-
flatable particles and compression plates, we model each rough,
rigid parallel plate using a collection of M monodisperse spheres
fixed to maintain a square lattice with spacing d = d;, where d; is
the sphere diameter, as shown in Fig.[3JA. Each node of the spring
network within the inflatable particle also includes a sphere with
diameter d; that only interacts with the spheres within the com-
pression plate through the interaction potential:

» 2 N M 7 2 s
nm nm
= o o2 — 6
P 2;,;2(6& ) (d‘v )7 ()
where u,, the repulsive energy scale, r;,, is the distance between

the nth sphere in the inflatable particle and the mth sphere in the
sth wall, and ©(-) is the Heaviside step function, which ensures
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that the node spheres and spheres that make up the walls do not
interact when they are not in contact. We set dy = 0.75(l;0) =
0.75 mm and u, = Su;. To inflate the particles to pressure p, we
first identify all N, triangles in the mesh that cover the interior of
the particle. For the fth triangle, we assume that the total force
resulting from the inflation pressure is

I?‘,,wjr:pAﬂf7 (7

where A ¢ is a vector normal to the triangle pointing outwards
with a magnitude equal to the triangle area. We then evenly dis-
tribute 17“1,, r on the three nodes associated with the fth triangle.

For both FEM-based modeling approaches, we first apply a
given inflation pressure, followed by compression tests with the
inflation pressure held fixed. In the ABAQUS model, at each p, we
perform a static analysis with a compression step size of 0.35 mm
and record the reaction force on one of the compression plates.
In the spring network model, we apply the compression quasi-
statically. That is, we apply successive compression steps with
size 0.35 mm to reach a desired total compression. After each
compression step, we use the FIRE algorithmZ to minimize the
total potential energy Uy, = ):fy:’ (Ui + U, at fixed p until the sys-
tem reaches a force-balanced state, such that the net force mag-
nitude on each node is less than 10~24;/ (I; ). In both ABAQUS
and the spring network model, we only measure the perpendicu-
lar component of the force F on one of the compression plates in
response to each compression step. In the spring network model,
F=— YM  9U,/d7,, where 7, is the position of the mth sphere
on the compression plate with s = 1. We determine the particle
stiffness k by calculating the slope of a linear fit of F versus the
compressive strain up to strains of 10%.

3 Results

In this section, we present experimental measurements of the
compressive stiffness k for type I and II particles, along with nu-
merical simulation results for k in type I particles, all analyzed as
a function of inflation pressure. First, we show that the slope of
k versus inflation pressure p can be tuned from positive to nega-
tive as we change the internal structure of the type I particles. In
particular, the slope of k versus p decreases with decreasing r/z,
becoming negative for r/t < 0.5 for type I particles. We imple-
ment a neo-Hookean model for type I particles in ABAQUS and
show that it recapitulates k versus p over a wide range of r/t. For
particles with negative k versus p slopes, we observe localization
of large strains near the corners of the cylindrical particles during
compression. In contrast, when the slope of k versus p is positive,
localization of large strains does not occur. Using a more gen-
eral spring network model, we show that strain softening, arising
from the localization of large strains, gives rise to the negative k
versus p slopes. Finally, we find that the dependence of the slope
of k versus p on r/r is similar for both type I and type II particles.

3.1 Compressive Stiffness for Type I Particles

While it was expected that the compressive stiffness & of inflatable
particles depends on the inflation pressure p, a key finding of this
work is that modifying the particle geometry allows us to tune this
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Fig. 4 (A) Compressive stiffness k of type | particles with different ratios of the fillet radius to the wall thickness r/t (indicated by color) normalized
by ko at zero inflation pressure plotted versus the inflation pressure p (in kPa). Both the experimental (solid symbols with dashed lines) and ABAQUS
simulation results using a neo-Hookean model (open symbols with solid lines) are indicated. Each data point in experiments is an average over three
samples measured three times each, with the error bars indicating the standard deviation. (B) k/ko versus p for type | particles simulated in ABAQUS
with the same r/t =2, R/t =5, and H/t =5, but different #: + = Imm (upward triangles), 1.5mm (squares), 2mm (circles), 2.5mm (diamonds), 3mm
(leftward triangles), and 4mm (pentagons). (C) Spatial distribution of the maximum principal strain, A; — 1, at p = 6.89 kPa inflation pressure from
the ABAQUS simulations. The particles from left to right and top to bottom have r/t =0, 0.5, 1, and 2. The cross section is through the particle
center and perpendicular to both compression plates and the particle’s long axis. The Cartesian coordinate system illustrates the orientation of the
particles. The color bar indicates values of A; —1 for all panels. (D) Mean value of the highest 1% of (A1) —1 values in the particle as a function of
the inflation pressure for type | particles with different r/t from ABAQUS simulations.

pressure dependence. In Fig. @A, we show k(p) for type I particles
for several values of r/¢. We find that k increases with pressure for
large values of r/t, k is nearly independent of p for r/¢ ~ 0.5, and k
decreases with p over a large range of p for r/r = 0. This behavior
is in contrast to linearly elastic particles, where k is independent
of pressure.

The ABAQUS simulations of the neo-Hookean model recapit-
ulate the experimental results to within an average normalized
root-mean-square error of A=Y" | (kf —k#)?/(kF)? ~ 0.03, where
kE and k* are compressive stiffness values from the experiments
and ABAQUS simulations and n > 10 is the number of measure-
ments. Note that ABAQUS simulations using the Mooney-Rivlin
or Yeoh hyperelastic models can better match the experimental
results for k(p) at r/t =0 when p > 4 kPa. We further demon-
strate that scaling all of the geometrical parameters by the same
factor does not change k(p). Specifically, in Fig. 4B, k(p) does not
vary significantly when we change r, r, H, and R, while keeping
the ratios r/t =2, H/t =5, and R/t = 5 fixed.

3.2 Numerical Simulations of the Compressive Stiffness of
Type I Particles

To explain the compressive stiffness k versus pressure p behav-
ior for type I particles for different values of r/¢ in Fig. @A, we
calculated the spatial distribution of the principal strains at each
inflation pressure. In Fig. [[C, we show how the spatial distribu-

tion of the maximum principal strain A; — 1 depends on r/t. For
large r/t, the maximal strain distribution is spatially uniform. As
r/t decreases, A — 1 becomes non-uniform and the largest maxi-
mal strains occur near the fillet. In Fig. [4D, we also show that the
mean value of the largest 1% of maximal strains in the particle
((A1) — 1) increases with decreasing r/t. In the previous section,
we showed that the most significant strain softening occurs in the
r/t — 0 limit. The results in Fig. Ep suggest that the localization
of the largest strains near the fillet controls the strain softening
(i.e., decreases in k with increasing p) in the r/t — 0 limit.

To further understand the pressure-dependent compressive
stiffness, we also carried out numerical studies of the spring net-
work model for type I particles, which allowed us to tune the
degree of strain softening during deformation. In Fig.[5/A and B,
we plot the mean of the largest 1% strain, (A;) — 1, as a function
of p for a =1 and 0, where the parameter a that tunes the de-
gree of strain softening is defined in Eq.[4 We find that (4;) — 1
decreases with increasing r/t, for all values of a. Therefore, the
most substantial strain softening occurs in the r/r — 0 limit. In
addition, we show in Fig. [5[C that (A;) — I increases with decreas-
ing a, which confirms that the most significant strain softening
occurs as a — 0, as well as r/r — 0.

In Fig. @ we plot k(p) from the spring network model for three
values of a and four values of r/r in panels (A)-(D) with com-
parisons to the experimental and ABAQUS simulation data. We
find that the spring network model with a = 0 is most similar to
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Fig. 5 The mean of the highest 1% of strains (A;) — 1 plotted as a function
of the inflation pressure p for type | particles with various r/t modeled
using spring networks with (A) a =1 and (B) 0. (C) Mean of the highest
1% of strains (A;) — 1 plotted versus a at p = 6.89 kPa for type | particles
with various r/r modeled using spring networks. The vertical dashed lines
in (A) and (B) indicate the pressure used for the data in (C).

the experimental data for k(p) when considering all values of r/z
for type I particles. Note that for linear spring networks with
a =1, the type I particles exhibit only increasing stiffness with
increasing inflation pressure for all r/z. These results emphasize
that strain softening is necessary to achieve decreasing compres-
sive stiffness k with increasing p. a = 0.33 for the spring network
model gives the same form for the strain-dependent Young’s mod-
ulus Y (1) for both the spring network model and neo-Hookean
model implemented in ABAQUS, yet the results for k(p) for these
two models are slightly different. The deviations are caused by
the fact that ABAQUS enforces local incompressibility, whereas
the spring network model does not.
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3.3 Compressive Stiffness of Type II Particles

Type I particles expand both radially and along the cylinder axis
during inflation, whereas type II particles mainly expand radi-
ally. Purely radial expansion is desirable for studies of quasi-2D
packings of inflatable particles that are easily visualized during
applied deformation. In this section, we determine the compres-
sive stiffness k(p) for type II particles. In this case, four ratios,
r/t, H/t, R/t, and R,/t, specify the geometry of the particle. We
experimentally measure the compressive stiffness versus the in-
flation pressure for different combinations of the initial values of
r/t, H/t, R/t, and R, /t.

We first demonstrate that scaling all of the geometrical param-
eters that describe the type II particle shape by the same factor
does not change k(p). Specifically, in Fig. |7, k(p) is similar when
we vary r, t, H, R, and R,, while keeping the ratios r/t = 1.5,
H/t=5,R/t =10, and R, /t = 6 unchanged.

Next, we vary one parameter, r/t, while keeping the other three
parameters unchanged. Similar to the results for type I particles
in Fig. , the sign of the slope of k(p) is determined by r/¢ for
type II particles as shown in Fig. [7A. At low pressures (< 6 kPa),
k(p) has a strong dependence on r/t. For large r/t (> 1), the slope
of k(p) is positive; and for small /¢ (< 0.5), the slope is negative.
At larger pressures (2 7 kPa), k(p) reaches a plateau for most type
II particles. We suspect that restricting type II particles to inflate
only in the radial direction results in greater radial strains at the
top and bottom regions compared to type I particles, leading to
increased strain localization.

In Fig. , we keep r/t fixed, while varying the rest of the di-
mensionless parameters. We find similar behavior for k(p) as that
shown in Fig. [7A, ie., k first increases with p and then reaches
a plateau. If we vary R,/t between 3 and 6, while keeping r/z,
R/t, and H /t unchanged, we find no significant difference in k(p).
We further observe that while keeping r/t = 1 fixed, varying the
other three ratios alters the behavior of k(p). Although the slope
remains positive in both cases, it decreases for smaller values of
R4/t, R/t, and H/t.

Finally, we examine the case where all four ratios, r/f, H/t,
R/t, and R,/t, are varied. As shown in Fig. [7[C, k(p) increases
with p at small p and the slope of k(p) at small p is mainly de-
termined by r/¢. However, the four dimensionless ratios that pre-
scribe the initial shape of the particle are important to determine
the p-dependent compressive stiffness, especially at large p. Simi-
lar results are found for the evolution of the particle radius R with
p, as shown in Appendix A.

4 Conclusions and Future Directions

In this article, we combined experimental and numerical studies
to characterize the properties of two types of inflatable particles
with initial cylindrical shapes. We investigated how the initial
geometry of the particle affects the pressure dependence of the
compressive stiffness k(p). The initial ratio of the fillet radius
r to the shell thickness ¢ plays a dominant role in determining
k(p). We show that k can decrease, remain the same, or increase
with the inflation pressure p, for both types of particles, for dif-
ferent values of r/t. In particular, k(p) decreases with pressure
for small r/¢(< 0.8) and increases with pressure for r/t > 0.8. We
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Fig. 6 Compressive stiffness k for type | particles plotted versus the inflation pressure p, normalized by the stiffness ky at p =0, at various fillet
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simulations with a neo-Hookean model (black open circles with dash-dotted lines). The error bars are calculated using the standard deviation from N,
independent runs, where N, =9 for the experiments and 6 for the spring network simulations.
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Fig. 7 Relative stiffness k/ky as a function of the inflation pressure p (in kPa) for type Il particles with different combinations of r/t, H/t, R/t, and
Ry/t. In (A), we show k(p) when (circles) all parameters are scaled proportionally at fixed r/t = 1.5, as well as for (pluses) r/tr = 1.0, (crosses) 0.5,
and (diamonds) 0.1 all at fixed R/t =10 and R,/t =6. In (B), we show (cyan) k(p) for R,/t =6 (circles), 5 (diamonds), 4 (leftward triangles), and 3
(rightward triangles) at fixed r/t = 1.5 and Rt = 10. We also show k(p) when two ratios are varied: R,/t =6 and R/t = 10 (blue pluses) and R,/t = 4
and R/t = 6.67 (red squares) both at fixed r/t =1.0. In (C), we show k(p) when all four ratios are varied. In all plots, each data point is an average
over three samples measured three times each. The error bars indicate the standard deviation and the dotted lines are added as guides to the reader.

find that at small r/z, large strain localization near the “corners”
of the cylindrical particles leads to strain softening, resulting in a
decrease in compressive stiffness with increasing pressure.

This work introduces a novel method for fabricating particles
with controllable size and stiffness. Our results suggest several
promising future directions. First, further investigations of the de-
pendence of k(p) on all dimensionless ratios that characterize the
particle shape are necessary to describe the pressure-dependent
stiffness, especially at large p. Second, it will be interesting to

study the structural and mechanical properties of packings of the
inflatable particles presented in this work. For example, size and
stiffness changes in the particle packings can change the topology
of the interparticle contact networks, as well as the force distri-
butions. Tuning the particle size and stiffness of even a single
particle can have a significant impact on the contact networks,
force networks, and mechanical properties of the packing. One
potential application of this study is to use packings of inflatable
particles to build quasi-2D robotic granular materials, whose size,
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shape, and stiffness can change independently and can be opti-
mized to yield packings with specified and adaptable properties.
This work raises intriguing questions about the general behav-
ior of stretchable and inflatable systems. It may be useful to
conceptualize stress and strain distributions in stretchable sheets
through a few key design parameters, which could, in turn, en-
able inverse design of complex inflatable structures. Balloon-like
inflation systems are particularly interesting due to their non-
monotonic pressure response to inflation, a phenomenon that has
been extensively studied experimentally and theoretically 18722,
However, the dependence of compressive stiffness on geometric
parameters, as demonstrated in this work, represents a distinct
effect occurring at smaller strains, separate from previously ob-
served non-monotonic behaviors. Our findings suggest that fur-
ther research could explore the role of geometry in governing bi-
stability and non-monotonic responses in inflatable systems.
Inflatable structures play a central role in soft robotics, serving
as actuators. However, current design strategies primarily focus
on the final inflated shape rather than the internal stress distribu-
tion within the material. Stiffness modulation in soft robotic sys-
tems is typically achieved through decoupled mechanisms such
as phase change or particle/layer jamming?3"2Z. Qur results sug-
gest a coupled approach, where both shape transformation and
stiffness modulation are integrated into a single system through
thoughtful geometric design of inflatable components, opening
new possibilities for adaptive and multifunctional soft robots.
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Appendix A

In this Appendix, we describe the relationship between the parti-
cle radius and inflation pressure p for all of the type II particles
studied in the experiments in Sec. Since type II particles
mainly expand in the radial direction when inflated, we use the
ratio R(p)/R to quantify the change in particle size. As shown in
Fig.[8} R(p)/R increases linearly with p for only one type II parti-
cle (r/t =3, R,/t =12, R/t =20, and H/t = 10). For the rest of the
type II particles, R(p)/R is concave upward, consistent with strain
softening. R(p)/R is is most strongly influenced by R/t and H/t,
however, all four dimensionless shape parameters affect R(p), es-
pecially at large p.
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