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Abstract— Soft robots can achieve exceptional adaptability
through tunable morphological and mechanical properties.
Incorporating materials with dynamically adjustable charac-
teristics can enhance this versatility further. Granular meta-
materials, consisting of discrete particles with individually vari-
able properties, offer a promising approach to bulk property
adaptation by adjusting the properties of constituent particles.
This work introduces variable size and variable stiffness (VS?)
particles, in which both particle size and stiffness are inde-
pendently modulated through concentric pneumatic chambers.
We characterize the achievable workspace, mapping particle
responses to independent chamber inflation. To demonstrate
their use in a granular assembly, we arrange an array of VS>
particles in a hexagonal packing and validate that behavior in
packed configurations aligns with free-space characterizations.
This study establishes a foundation for adaptive granular ma-
terials and provides a platform for further computational and
experimental exploration of 2D and 3D granular metamaterials
with tunable properties.

I. INTRODUCTION

Soft robots have the potential to adapt to diverse tasks and
environmental changes by adjusting both their morphology
and corresponding behavioral control strategies [1]. Extend-
ing this adaptability to the material properties of the robot
itself can further enhance its functionality. For instance, a
robot composed of adaptable materials could reroute forces
around a damaged area to achieve self-recovery or modify
properties like stiffness and vibration response to suit specific
operational needs.

Granular metamaterials—consisting of discrete particles—
are an intriguing platform for creating adaptable materials, as
individual particle properties can be widely tuned to achieve
different material responses [2]. While stimuli-responsive
materials traditionally adjust only one property, such as
stiffness, in response to a specific input, mechanical metama-
terials offer the potential for broader or novel responses [3].
However, most metamaterials have been designed as contin-
uum solids or fixed structures, limiting them to static, rather
than adaptive, behaviors. Developing assemblies of active
particles that can continuously and dynamically adjust in
stiffness, size, and shape would unlock structural reconfig-
urations and a greater range of bulk property adaptations.
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Fig. 1. Packed configuration of variable stiffness and variable size (VS?)
particles, which are soft pneumatic particles with independently controllable
stiffness and size.

We define a bulk property as a metric where the material
is evaluated as a whole, such as compressive and shear
stiffness. Recent work has also demonstrated that granular
metamaterials can be designed to exhibit computational
behavior, implementing input-output relations such as logic
gates, further broadening their functional capabilities [4].

Prior work on adaptive particle assemblies, such as robotic
matter and particle jamming, has primarily focused on
reconfiguring inert particles within an assembly [5]-[7].
Examples where bulk property adaptation is driven by in-
dividual particle adjustments are relatively rare. In cases
where particles exhibit changes, the focus has often been
on a single attribute, such as size. For example, Eristoff et
al. developed granular actuators with particles that expand
volumetrically [8], while Li and Batra et al. demonstrated
robotic particles capable of individually changing diameter
for collective translation [9]. Witthaus et al. explored parti-
cles that change stiffness to modify force chains across the
assembly [10].

We posit that a material composed of particles capable of
adapting both their stiffness and size could achieve more
versatile and efficient bulk property adaptations. Further-
more, in dynamic systems, the choice of adaptation pathways
is crucial. Just as there exist infinite possible paths for a
locomotion robot, there analogously exists infinite possible
grain-level adaptations to achieve a desired time-ordered
property state progression for a granular material. What is the
most efficient adaptation path? Is it energetically favorable
to wildly adapt one grain or to mildly adapt many grains, if
both options will produce the same overall property state?

In this work, we present a particle design that enables
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Tj: stiffness

Fig. 2. Schematic diagrams. (A) Single torus geometry, defined by two
dimensions, the major radius R and minor radius r. A cross-section of
the torus depicts wall thickness ¢ and inflation pressure p. (B) Concept
schematic of the VS2 particle. The inner torus T, dictates particle size,
and the outer torus Tz controls stiffness.

us to address these questions (Fig. 1). Moving beyond
previous active particle designs limited to either stiffness
or size modulation, our design enables independent control
over both. We denote the particles as variable stiffness and
variable size particles, or VS2 particles. These soft robotic
particles use pneumatic pressure as a mechanical input to
modulate stiffness and size independently. Typically, increas-
ing pressure in soft inflatable structures results in an expan-
sion if unconstrained, or increased stiffness if constrained.
Recent results have shown that geometry can further tune
this stiffness-pressure relationship [11]. Building on these
insights, we developed particles with a concentric chamber
structure analogous to stacked pouches [12], [13], featuring
two rings with distinct external constraints, allowing stiffness
and size to be adjusted independently. This advancement
paves the way for more dynamic and adaptive behaviors in
granular metamaterials.

In the near term, the VS? particles will serve as bench-
marks for validating computational metamaterial simulations.
To address the challenges of modeling 3D particle inter-
actions, we first developed ‘“2D” particles, with stiffness
and size changes constrained to a two-dimensional plane.
Future work will focus on refining the simulations for 3D
interactions and developing fully 3D particles with adaptable
stiffness and size.

II. THEORY & DESIGN

When inflating a structure, the pressure acts in all direc-
tions normal to the inner surface. Soft, inflatable structures
intended for 2D behavior should reduce the effect of out-of-
plane deformations due to pressure. We designed the VS?2
particle with two concentric toroidal-shaped pressure cham-
bers. The geometry of a ring torus, or donut, with a hollow
interior, reduces the change in the out-of-plane dimension
due to inflation relative to other circular structures without
a center hole. Further, the absence of edges or corners
on a torus reduces stress concentrations and non-idealized
deformations during inflation. Geometrically, a torus exhibits
2D inflation behavior while existing in 3D space.

TABLE I
DIMENSIONS OF THIS VS2 PARTICLE (MM). SL: STRAIN-LIMITING

\ Major radius R Minor radius »  Thickness ¢ ~ SL?
To 13 5 3 No
Ts 26 3 2 Yes

A ring torus is defined by its major radius R and minor
radius r, where R > r (Fig. 2A). The cross-sectional view
shows that the torus is hollow and pressurized to gauge
pressure p, with uniform wall thickness ¢ (Fig. 2A, inset). In
our design, the torus walls are elastic, and increasing internal
pressure increases the torus size. The following derivation
assumes small deformations and uniformly elastic walls, and
is intended to provide insight into the mechanical behavior
of the VS? particle. We calculate wall hoop stress along
the minor circumference o, and axial stress along the major
circumference o (Fig. 2A, inset):

pr

OR =57 Or = 20R. (1

Stress o and strain € are related by Young’s modulus, E:
o = Ee. We define strain as the change in radius divided by
the original radius, where the original radius is the uninflated
radius of the particle: eg = AR/Ry. We can thus rewrite the
major radius as the uninflated radius Ry plus another term
that is proportional to strain along the major radius ep:

R=Ro+ AR = Ry + Ryerg. 2)

We omit the analogous equations for the minor radius for
brevity.

Both the minor and major radii increase when pressure
increases. Rearranging the above equations, the total radius
of the particle as a function of pressure is

R+ = (Ro +10) + 5= (Ro + 2ro)p. 3)
Inflating the torus increases the total radius. This size in-
crease is more sensitive to the minor radii dimension by a
factor of two, which comes from Eqn. 1.

The VS? particle design requires independently controlled
stiffness and size. As such, we have two connected, concen-
tric tori that are independently inflatable. We refer to the
inner torus that dictates size as T, and the outer torus that
modulates particle stiffness as T3 (Fig. 2B). The walls of
T have a strain-limiting layer that restricts the volumetric
expansion of the torus. Thus, inflating T3 increases stiff-
ness [14]. The total VS? particle radius is

Rtot = Ra + Ta + 27’5. (4)

The particle must increase in size with inflation of T}, so
the wall of T cannot be entirely inelastic. Both Eqn. 3
and Eqn. 4 provide a framework to design particles of the
described concept geometry.

III. FABRICATION METHODS

We modified the theoretical particle design for physical
implementation. Fig. 3 shows the VS? particle in computer-
aided design (CAD) and physically realized. Two tori and
the rigid center comprise one VS? particle.

Authorized licensed use limited to: Yale University Library. Downloaded on July 30,2025 at 15:46:57 UTC from IEEE Xplore. Restrictions apply.



Fig. 3. Assembled VS?2 particle with two toroidal pressure chambers and
a rigid inner support. (A) Section and isometric view from CAD. (B) Side
and isometric view images of realized particle.

Fig. 4.  Fabrication steps for Tjz. (A) Additively manufactured negative
molds for casting silicone. (B) Two torus halves to be glued together. (C)
Inserted silicone inlet tube and wrapped strain-limiting string (pink).

Inward expansion of 7;, upon inflation does not change
particle size, and the minor cross-section of 7, is modified
to a D-shape and constrained by a rigid center. The rigid
center restricts inward and out-of-plane expansion, analogous
to a bicycle rim. The rigid center has a hollow core, which
can be utilized for housing electronic components in future
untethered designs.

To decouple stiffness and size changes in the VS? parti-
cles, we added a strain-limiting layer to constrain expansion
of g, while g is free to expand with inflating 77,. The wall
thickness and minor radius of T,, is greater than that of Tp,
so the main driver for particle size is the inflation of T}, and
not T. We list the dimensions pictured in Fig. 3A of the
VS?2 particle in Table L.

We fabricated the VS? particles using casting and rapid
prototyping techniques, shown for Ts in Fig. 4. First, we
designed and 3D printed (PRUSA i3 MK3) negative molds
(Fig. 4A). The two-part mold makes one-half of the hollowed
torus shape, and dowel pins align the two parts. We poured
silicone elastomer (Smooth-On DragonSkin 10 Slow, Shore
10A) into the bottom mold. The uncured silicone is vacuum-
degassed before the top mold is pressed into the elastomer.
After curing, we removed the formed silicone half-torus and
glued them together along the flat face using a silicone
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Fig. 5. Size characterization, plotted as particle radius versus inflation
pressure of T, (N=5). T, is cyclically inflated with 20 mL to 66 kPa and
deflated, while Tz is uninflated (soft, blue line) or inflated with 6 mL to
48 kPa (stiff, pink line). The region between the two curves represents the
set of achievable radii by varying T} inflation (shaded green). Photos show
an example VS? particle with both T, and T uninflated on the left and
both maximally inflated on the right.

adhesive (Smooth-On Sil-Poxy) (Fig. 4B). We inserted and
glued a silicone tube (1/8” outer diameter, Shore 50A) to
the top of the torus and added the strain-limiting layer
by winding an effectively inelastic string (nylon thread,
210D/3), approximately 90 revolutions per particle (Fig. 4C).
The torus is fully sealed except for the open end of the
silicone tubing. Ty, is similarly fabricated. We used silicone
adhesive and a rigid alignment fixture to bind T,, and Tjp
along the center line. The rigid center was 3D printed and
inserted into the particle’s center.

IV. CHARACTERIZATION
A. Variable Size

We characterized particle size based on inflation pressure
for five individual VS? particles. Each VS? particle’s size
torus, T,, was inflated with an additional 20 mL of air,
generating approximately 66 kPa of pressure, at which point
both the inflation pressure and size were measured. Tjz was
either uninflated or maximally inflated with 6 mL of air, or
approximately 48 kPa. The inflation of Tz was limited due to
out-of-plane, monkey-saddle-shaped deformations observed
at higher pressures. Particle size was measured using video
data (1080p, RGB) analyzed via MATLAB’s imfindcircles()
function, assuming a circular VS? particle shape. Pressure
data was recorded for one inflation cycle (approximately
30 sec duration) at a 2 Hz sampling rate with an analog
pressure gauge (3.4-103 kPa range, Carbo Instruments).
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Fig. 6. Stiffness characterization. Force versus displacement for uninflated
and maximally inflated tori (N=5). Inflation of T}, increases particle size,
and inflating Tz increases stiffness but also size. Photos show a soft
(uninflated Tg) and stiff (maximally inflated T}s) VS?2 particle undergoing
6 mm linear compression for uninflated T%,.

Fig. 5 shows the average VS? particle size for one inflation
cycle of T, at both the minimum and maximum inflation
pressures of Tg. The inset shows T, in its uninflated and
maximally inflated states, while T} is fully inflated.

Increasing the pressure in either chamber increases the
particle size from its uninflated radius of 31 mm. Inflating
T, alone results in a radius change of 1.8 mm (5.8%) when
T} is uninflated and 2.0 mm (6.2%) when T} is maximally
inflated. Inflating T3 increases the total radius up to 1.2 mm
(3.9%) when T, is uninflated. The maximum radius increase
is 3.2 mm (10%). Within this, the particle can access its
entire stiffness range for radii between 32.2 and 32.8 mm,
or 0.6 mm (1.9%) range.

B. Variable Stiffness

We characterized the stiffness-tuning abilities of five
VS? particles using linear compression. Each particle was
mounted at the center, and compression was applied incre-
mentally on the side up to 6 mm, at 1 mm increments, with
two measurements taken per particle. A flat acrylic piece was
mounted to a force gauge (Torbal FC500, 500 N x 0.1 N)
to ensure uniform displacement across the particle surface.
Stiffness was measured in four inflation configurations: with
combinations of T, and Tjs each in their uninflated and
maximally inflated states.
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Fig. 7. The approximate total achievable workspace of area and stiffness
for a VS? particle. The volumetric inflation AV at each vertex is listed for
To and Tjg.

TABLE II
VS2-PARTICLE STIFFNESS k FOR THE MAXIMAL AND MINIMAL
INFLATION RANGE (N=5).

AVy (mL) | AV (mL) | k [N/mm]

0 0 0.76 +0.14
20 0 0.78 +0.16
0 6 1.08 £0.14
20 6 1.16 +£0.20

Fig. 6 shows the force measurements for varying dis-
placements. Stiffness £ is calculated from the slope of a
least-squares fit of the force-displacement curve in the linear
region, which we define as a displacement range of 1-
3 mm (Table II). Under small deformations in this linear
region, stiffness depends solely on the inflation of Tz and
is independent of the inflation of T,. The particles have
an average stiffness of 0.77 N/mm when uninflated and
1.12 N/mm when inflated, resulting in a stiffness variation
of 45%. For displacements greater than 3 mm, the inflation
of T, begins to have an effect, as inflating 7, increases both
stiffness and size.

We suspect that linear displacements less than 3 mm
primarily deform T3, while larger displacements also deform
T, as reflected in the results shown in Fig. 6. Additionally,
we propose that inflating 7, deforms the cross-sectional
shape of T}.

We combined the results from the stiffness and size
characterizations to create a workspace for the VS? particle
(Fig. 7). The four corners correspond to the uninflated and
maximally inflated pressures for both T, and 7. Any radius
and stiffness within these bounds can be achieved by varying
the pressures applied to both tori. Future work will focus
on discretizing this workspace and mapping the numerical
inflation values to corresponding stiffness and size.

V. DEMONSTRATION IN GRANULAR ASSEMBLY

The VS? particles are intended for use in a granular
packing, where neighboring particles and wall boundaries
constrain expansion and cause deformation. To qualitatively
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Fig. 8.  Top-down view of masked VS? particle in free and packed
configurations, for maximally inflated T, and varying T} inflation for
stiffness. Scale bar is 10 mm.

Fig. 9.  Variable size in the granular assembly. (A) All particles are
uninflated. (B) Two particles, located in the bottom row center and middle
row center-right, are maximally inflated. The closeup view focuses on the
two size-changing particles.

validate this intended use case, we assembled particles in a
packed configuration. A rigid containment box was made
from laser-cut acrylic and additively manufactured corner
pieces, and dimensioned to keep the particles in contact
when uninflated. We placed ten VS? particles in the box
in a hexagonal packing arrangement, where each particle is
in contact with at most six other surfaces. We then inflated
a single particle to observe how its behavior in the packed
configuration differed from the free, unconstrained state.
We evaluated the size and shape deformation of a single
inflated particle, both unconstrained and packed with six
neighboring particles. Shape deformation was assessed using
the root-mean-squared error (RMSE) of the particle radius
compared to a circle. We define the radius RMSE as:
S =1 s
N
where r; is the distance between point ¢ on the perimeter and
the centroid, 7 is the average distance between the perimeter
and centroid, and NV is the number of points. The RMSE of

RMSE =
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Fig. 10. Variable stiffness in the granular assembly while inflation volume
and nominal size are kept constant. The particle is (A) soft then (B) stiff.
The closeup shows an enlarged view of particle-particle contact and the
change in the right particle’s rg.

a perfect circle is zero. The more non-circular a shape, the
higher its RMSE.

We evaluated the particle at maximally inflated 7, for
both minimally and maximally inflated T, and report the
mean values from three trials for both the free and packed
configuration in Table III. The particle size as average radius
and the shape deformation as RMSE are both calculated from
the mask overlaid in Fig. 8. In the packed configuration,
the particle’s average radius was reduced 1.2% from its
unconstrained radius for the soft state and 1.5% for the
stiff state. Comparing the normalized shape deformation,
the particle’s RMSE/R;,; value more than doubles in the
packed configuration, increasing by a factor of 2.3 for the
soft state and 2.4 for the stiff state. The particles are visibly
deformed and non-circular in the packed configuration. The
similarity between soft and stiff in the above reported values
is likely due to the size-stiffness coupling of T} inflation; if
the particle size is constant and the stiffness increases, we
would expect a smaller change in RMSE/R; ;.

TABLE III
MEAN TOTAL RADIUS R¢ot, RMSE, AND NON-DIMENSIONALIZED
RMSE COMPARING PACKING CONFIGURATION AND T3 INFLATION
AVERAGED OVER FIVE MEASUREMENTS.

Config. | AV (mL) | Rios (mm) | RMSE (mm) | RMSE/Riot

Free 0 32.1 0.116 0.361%
Free 6 33.6 0.142 0.424%
Packed 0 31.7 0.383 1.21%
Packed 6 33.1 0.475 1.44%

Next, we qualitatively assessed more complex adaptations
in a granular packing. All the particles started uninflated
(Fig. 9A), and then we maximally inflated T, for the center
particle on the bottom row and then the center-right particle
in the middle row (Fig. 9B). When T, is inflated, the
particle increases in size, expanding into the open space and
deforming at the contact of neighboring particles and walls.
We demonstrated the size variation of the VS? particles in
a packed configuration behaves as intended. Inflating T’
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increases both stiffness and area, making it challenging to
observe changes in stiffness independently from size.

To isolate the effects of particle stiffening within a packed
configuration, we varied the stiffness of a central particle in
the assembly while maintaining an approximately constant
particle size by holding the total inflation volume fixed. The
total inflation volume was held constant, AV, + AV =
20 mL, while AV was varied between 0 mL (Fig. 10A) and
6 mL (Fig. 10B) to control the stiffness. Qualitatively, the
stiff particle maintains a more circular shape and displaces
neighboring particles more than the softer, more deformable
particle. This demonstration highlights the potential of the
VS? particle design, suggesting that further characterization
could enable us to further decouple variable stiffness from
size changes and, more broadly, to map inflation to precise
stiffness and size combinations.

Taken together, these preliminary results suggest that the
VS? particle could be used as a platform to study adaptive
granular materials.

VI. CONCLUSION

We designed and fabricated the VS? particle, a soft
pneumatic particle that has independently inflated toroidal
chambers that control stiffness and size. The particle size
is coupled to the inflation of both tori, with the inner torus
offering a greater size range. The particle stiffness depends
on the inflation pressure of the outer torus. In a packed
configuration, these particles can exhibit variable stiffness
and variable size behaviors, providing a platform to probe
questions around adaptive granular metamaterials.

To enhance the functionality of the VS? particles, we will
focus on improving the fabrication processes to achieve more
consistent behavior across future iterations. Currently, the sil-
icone adhesive is much stiffer than the torus walls, so varying
the amount applied can influence the overall performance.
By optimizing the uniformity of the strain-limiting layer,
we can further enhance consistency. Additionally, increasing
the density of string wrapping on T or reducing rg could
mitigate size changes while preserving the variable stiffness
behavior. Conversely, with a lower string winding density
and higher inflation pressures, the silicone chamber may
expand beyond the string constraints, leading to bulging or
rippling effects. We also plan to integrate a pneumatic control
system to facilitate simultaneous inflation and deflation of the
particles, streamlining operations and enhancing responsive-
ness. The current particle-box configuration is limited by the
total assembly pressure or the packing fraction. Excessive
assembly pressure can elevate contact stresses, leading to
particles dislodging from the box. To address this, we can
either maintain the total pressure or stress within the box
or implement constraints to limit out-of-plane motion, or a
combination of both.

Studying the individual behaviors of active particles that
can vary in stiffness, size, and shape, as well as the overall
dynamics of their assembly as a bulk material, will have
substantial implications. Insights gained from this research

could advance our understanding of adaptive granular mate-
rials, influencing fields such as soft robotics, adaptive struc-
tures, and bio-inspired design. By exploring the interplay
between individual particle characteristics—such as stiffness
and size—and their collective behavior, we can uncover
efficient adaptations for adaptive granular metamaterials.
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