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1. Introduction

Achieving biomimetic materials and structures that can revers-
ibly switch their geometries, actively or passively vary stiffness,
and sense external stimuli has long been a target for designing
next-generation soft robots.[1] Robotic materials and structures
with these functions have been predominant to realize distin-
guished applications, ranging from soft actuators,[2] and wearable
electronics,[3] to reconfigurable robots.[4] However, one of the
main distinctions between living organisms and existing artificial
robots is that the former can achieve multifunctionality with their
integrated body structures,[5] while the latter requires separately
assembled components including actuators, sensors, and control

systems to function. Integrating shape
morphing, stiffness variation, and self-
sensing abilities into an adaptive mono-
lithic structure is highly desirable, as it
eliminates the potential mechanical mis-
match and delamination of separately
bonded actuator/sensor components,[5]

while significantly improving manufactur-
ing scalability. Nevertheless, material and
structure designs that can accommodate
these multiple functions within unified
bodies remain limited.[5]

In soft robots that can achieve revers-
ible shape morphing, the elasticity
(e.g., bendability[6]) and elastic instability
(e.g., buckling[7] and snapping[8] instabil-
ities) of materials have been utilized.
However, these require the softness of
either the intrinsic material (i.e., low
Young’s modulus) or the resulting struc-

ture (e.g., thin shells or slender beams).[9] The inborn softness
limits their applications where tunable stiffness is required.[10]

For example, bioinspired soft robots (e.g., elephant trunks and
octopus tentacles inspired) need to be soft and compliant for
safe interactions with environments and to be stiffened when
manipulating heavy objects.[11] One approach to solving the
intrinsic trade-off between high morphing ability and low stiff-
ness tunability is to modulate the mechanical properties with
responsive materials driven by stimuli such as temperature,[12]

magnetic field,[13] or electric field.[14] Nevertheless, these
methods either require large temperature changes to activate
a slow-phase transition (e.g., shape memory polymers[15]) or
involve high magnetic/electrical fields that are not easily
achievable (e.g., magnetorheological materials[16] and electro-
active polymers[17]). Another approach is to utilize jamming
transition of discrete granular particles, laminar, or fiber struc-
tures between fluid-like plasticity and solid-like rigidity.[18]

However, it is challenging to achieve programmed and
reversible shape morphing by jamming because of the highly
disordered characteristics of their underlying structures.[19]

Besides shape morphing and stiffness tuning, robotic materials
and structures are expected to perceive their own shape and sense
external stimuli.[5d,20] Current structural sensing technologies
largely rely on adopting layered structures (Table S1, Supporting
Information), in which themorphing/stiffening layer and the sens-
ing layer are bonded together.[21] However, the mechanical mis-
match between the sensing and the actuation layer usually leads
to delamination.[22] Other methods involve using smart sensing
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the geometric contacts of stiff, architectured particles under confining pressure to
achieve these functions. The applications of these structures by designing smart
self-sensing architectures and soft grippers are demonstrated. The design provides
a new paradigm of multifunctional robotic structures, with potential multiscale
applications in adaptive robots, smart devices, and reconfigurable architectures.
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materials like liquid–metal elastomers for both actuation and
self-sensing without introducing extra components.[20b,23]

However, liquid metals cannot work at temperatures below the
melting point. Thus, it would be highly desirable to develop mul-
tifunctional robotic materials and structures that integrate morph-
ing, stiffness tuning, and sensing within one integrated body.

To address this problem, nature has been a source of inspira-
tion as biological creatures including scorpions, spiders, and ver-
tebrates have rigid structured skeletons or shells connected with
soft materials (i.e., muscles and skins) for integrated shape trans-
formation and sensing.[24] The rigidly structured frameworks are
made of solid, discrete building blocks[24b�d,25] which can be
found widely in nature, from the microscale layers in nacre,[24b]

the millimeter-scale armadillo armors,[24c] to the macroscale
plates in turtle shells[24d] (Figure 1a). These rigid building blocks
can rotate, slide, assemble, and separate within a soft matrix, pro-
viding a feasible way to reconfigure the morphology and tune
properties at the macroscale.[24b�d,25]

Inspired by this fascinating design of biological structures
made of rigid building blocks connected with soft materials,
in this article, we present morphable, stiffness-tunable, and
self-sensing robotic structures from architectured particle assem-
blies. Unlike continuous soft material systems, macroscale

deformation is achieved by the relative motions and dislocations
of discrete architectured particles bonded by soft membranes in
our system.[26] With these discrete architectured particles, more
internal degrees of freedom of the structures are released.[27] By
designing the geometry of individual particles, we demonstrate
the reversible shape-morphing ability of our structures with zero,
positive, and negative Gaussian curvatures under the activation
of confining pressure. Our structure can transform from a soft
state to a rigid state under boundary confinement. Furthermore,
instead of coupling to extrastrain sensors, we coat the particle
surfaces with conductive layers and demonstrate the structures’
self-sensing ability. Our design seamlessly integrates shape
morphing, stiffness tuning, and piezoresistive sensing into
one monolithic structure of “three-in-one” functionality and
offers a platform for reconfigurable architectures, soft robotics,
smart wearables, etc.

2. Results and Discussions

2.1. Design Principles and Fabrication Procedures

To decompose a curved surface into discrete particles, we utilize
a tessellation method and choose trapezoidal particles as our

Figure 1. Schematic illustrations of morphable, stiffness-tunable, and self-sensing robotic structures from architectured particle assemblies.
a) Morphable, stiffness-tunable, and self-sensing structures inspired by nature which can be designed from architectured particles. b) Programmed
discrete architectured particles enclosed in the rubber envelope with shape-morphing ability activated by negative pressure (gripper shape).
c) Varying the stiffness by negative pressure. d) Self-sensing ability via surface-conductive architectured particles.
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basic elements (Figure 1a, see Experimental Section).
Trapezoidal particles possess large contact surfaces[24b] and are
widely used in architectured materials for enhanced mechanical
performance.[28] Following the geometrical construction princi-
ples,[29] a center angle θ can be obtained when the two trapezoidal
particles with different tilting angles (α and β) are in contact
(Figure 1a).

θ ¼ αþ β � π (1)

With n pairs of particles, a curved surface can be obtained
(See Experimental Section). The designed particles are 3D
printed with stereolithography (SLA) method. Printed particles
are enclosed in an air-tight rubber envelope (thickness:
0.2mm) in designed order and then connected to a vacuum
pump with a soft tube. The discrete particle assemblies are
weakly coupled by the envelope which can easily be bent and
twisted (Figure S1, Supporting Information). To trigger the
reversible shape transformation, we apply negative pressure to
the rubber envelope. With increasing negative pressure, the
discrete particles form surface contacts with their neighbors,
transforming from the initial flat state to the targeted curved
shape. When negative pressure is removed, the curved structure
will return to the flat, relaxed shape under gravity and the
elasticity of the envelope (Figure 1b). Additional fabrication
information can be found in Experimental Section, and
Figure S2, Supporting Information, provides a fabrication pro-
cess illustration.

Besides shape changing, the confining pressure at boundaries
also increases the apparent bending modulus of the assembled
structure due to enhanced contact between neighboring particles
(Figure 1c). Compared with most continuous shape-morphing
materials triggered by heat or other stimuli with slow actuation
speed,[9a] our robotic structures could achieve shape morphing
and stiffen simultaneously with a fast response time (�0.3 s
for actuation and �0.4 s for recovery, Movie S1, Supporting
Information). Moreover, the enhanced contacts between particles
under confining boundary stress provide a way to sense through
their contact resistance in our robotic structures. To achieve
this, we manufacture surface conductive particles by sputter
coating a uniform thin conductive Au layer (�22 nm thick,
see Experimental Section) on the surface. Under the confining
boundary stress, the assembled conductive particles form a con-
ductive path. Once a load is applied, the contact resistance
between particles will change, leading to a change in the overall
resistance (Figure 1d). Unlike traditional layered structures that
integrate sensing layers and actuation layers with easily delami-
nated interfaces (Table S1, Supporting Information), our robotic
structures achieve shape morphing, stiffening, and self-sensing
within one integrated body.

2.2. Shape Morphing and Stiffness Tunability

In our design, rapid shape morphing (�0.3 s for actuation and
�0.4 s for recovery, Movie S1, Supporting Information) can be
achieved by quickly applying negative pressure to the structure.
As a demonstration of the concept, we start by producing 1D arc-
shaped structures (Figure 2a). We tessellate the arc surface into
trapezoidal particles and arrange the architectured particles into

the rubber envelope. When the boundary confining pressure is
applied, the discrete particles move in contact with each other
and assemble into the arc shape. We also create a hook shape
with varying curvature along the length direction to show the ver-
satility of our design (Figure 2a). Not limited to curved surfaces
with zero Gaussian curvatures, we expand our design to 2D sur-
faces with non-zero Gaussian curvatures. We first tessellate pos-
itive and negative Gaussian curvature surfaces into particle
assemblies using a method described in a recent work.[30] The
3D-printed particles from the tessellation can then be deployed
to the designed curved surfaces with negative pressure. Unlike
continuous materials where geometric frustration may occur
when deformed into non-zero Gaussian curvatures, in our
design, the particles can move easily because of their discrete
nature and the structure can be deployed quickly upon activation
(Figure 2a). When negative air pressure is applied, the soft rub-
ber film will wrinkle and shrink along with the movement of the
particles. The rubber film will locally deform under pressure.
Figure S3, Supporting Information, shows the deformation of
the rubber membrane under negative pressure in the saddle sur-
face. As the wrinkled membranes have smaller tensile stiffness
compared with the flat state, it means that membrane contribu-
tion to the overall apparent bending stiffness is even less than
what is estimated in Experimental Section.

To quantify the stiffness tunability of our structures as a
function of increasing boundary confining pressure, we design
structures that will remain flat under pressure and perform
three-point bending tests to measure their apparent bending mod-
ulus. The height of the particles is set to 7.5mm for all the sam-
ples, and the length of the square medial section is set to 10mm
for all the samples. (Figure S4, Supporting Information,
see Experimental Section). We first analyze the mechanical
response of particle assemblies with tilting angles α¼ 60°–80°
under 0 and 80 kPa with three-point bending experiments and
finite element analysis (FEA) method (Figure 2b,c). The FEA
results and the experimental results are in good agreement with
error. The deviationmay be due to the estimation mismatch in the
material properties and the frictional coefficients. Moreover, it is
found that our structures exhibit elastoplastic behaviors under
negative pressure. Unlike fiber or layer jamming,[31] no distinct
slip point is observed throughout the loading process in our struc-
ture. However, microscale rotations and rearrangements of par-
ticles may occur, resulting in the yielding of the structure and
hysteresis loop during the loading–unloading cycle[18a,31]

(Figure S5, Supporting Information). To quantify the influence
of particles’ geometric parameters on the mechanical response,
we analyze the slope of the initial linear regimes at small indenta-
tion displacements (0.2mm) governed by the elastic behavior
under different confining pressures and tilting angles. The appar-
ent elastic bending modulus Eb can be calculated as[18a]

Eb ¼
Kl3

4bh3
(2)

where K is the slope of the initial elastic regime from the
force–displacement curve of the three-point bending test, and
l, b, h are the length between the support span, width, and height
of the sample, respectively. For particles with a tilting angle of
α¼ 60°, the apparent bending moduli increase from �1.7 to
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Figure 2. Actuation and mechanical properties of robotic materials. a) FEA and experimental results for zero Gaussian curvature arc shape and hook
shape; positive Gaussian curvature dome shape; and negative Gaussian curvature saddle shape. Color bars represent the displacements along U2 (y-axis)
and U3 (z-axis) directions. b) Comparison of FEA and experimental results under three-point bending tests. The inset shows the FEA plots indicating the
deformation and stress contour of the robotic structure under three-point bending test; color bars represent von Mises stress within the structure from
FEA. c) Force–displacement curves of the structure under various confining pressures via three-point bending test. The colored line represents the
average values and the shaded areas represent the standard deviation between the three different tests. d) Effects of tilting angle on the apparent bending
moduli under various confining pressure. The error bars are standard deviations obtained from three separate experiments. e) Demonstration of the soft-
to-stiff transformation under confining pressure (weight: 1 kg, confining pressure: 80 kPa). f ) Tunable apparent modulus versus response time for mate-
rials with shape programmability and tunable stiffness. The solid lines represent the range of tunability in each reference. Photo credit: Bojian Zhang and
Xudong Yang, Nanyang Technological University.
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�31MPa by over 18 times, with the confining pressure increasing
from 0 kPa to 80 kPa. Unlike jamming structures where there is a
distinct transition,[18a] the stiffness increases almost linearly with
the confining pressure in our case (Figure 2d). Moreover, the
apparent bending modulus decreases with increasing tilting angle
α. This is because larger tilting angles make the structure open
smaller gaps under loading, which costs less energy and results
in a lower apparent bending modulus. To demonstrate the stiff-
ness tunability, we place a 1 kg weight on our structure. When
negative pressure (80 kPa) is applied, it becomes stiff enough to
support the weight without significant[32] deformation
(Figure 2e). Compared with other materials with active shape
programmability and tunable stiffness, such as shapememory pol-
ymers, liquid metals, magnetorheological materials, or
hydrogels,[2b,15,16,32,33] (Figure 2f and Table S2, Supporting
Information), our robotic structures have the advantage of fast
response (�0.3 s for actuation and �0.4 s for recovery, Movie
S1 and S2, Supporting Information) without the need of thermal
or magnetic actuation sources which are undesirable in many
practical applications.

2.3. Self-Sensing Ability

Robotic structures are expected to perceive their own shape and
sense external stimuli for automatic and intelligent interaction
with surroundings.[1,34] In our design, we use sputter coating
to generate a thin conductive gold layer (�22 nm) on the archi-
tectured particles (Figure 3a, see Experimental Section).[35] The
bonding strength between the metal layer and the polymer layer
varies with the sputter-coating parameters (e.g., sputtering time)
and the polymer surface properties.[36] For the gold sputter
coating on the polymer, the adhesion strength ranges from
6.4MPa to more than 35MPa,[36,37] which is larger than the
stress in the three-point bending simulation. The morphology
of the surface and the resistivity of the conductive particles
can be found in Figure S7 and S8, Supporting Information.
With the surface-conductive particles, our structure can achieve
self-sensing ability. First, in a relaxed state, the conductive par-
ticles are in loose contact with each other. The contact resistance
between neighboring particles is too high to be measured by our
instrument (>1 GOhm), and the structure is insulated. When
the confining pressure brings the particles into close contact,
the contact resistance between two neighboring particles reduces
to R1 and the structure becomes conductive. Once loading is
applied, the structure deforms and the particles rotate against
their neighbors, resulting in concentrated contact forces at the
particle edges. This high concentration of the contact force at
edges further decreases the contact resistance between particles
to r1 (Figure 3b). The change in the contact resistance between
particles at varying loads offers a feasible way to sense the
structures’ own deformation under external load.

To elucidate the working principle of our self-sensing struc-
ture, we utilize numerical methods[38] to investigate the contact
between the surfaces of neighboring particles. With the obtained
real contact area by elastic contact theory with conjugate gradient
techniques,[38] the contact resistance between two conductive
particles is calculated by the tunneling theory[39] (Figure S10,
Supporting Information for details). We use two cubic particles

to validate our model (Figure 3c). The contact resistance of the
two cubic particles decreases with increasing pressure and the
results of our model agree well with the experiment. After vali-
dation, we numerically investigate the real microscopic contact
area changes of the trapezoidal particles under three-point bend-
ing. The contact forces between two particles are obtained from
FEA and the forces are used to calculate the real contact area
under three-point bending using the proposed method
(Figure 3d). With the increase in loading displacements, the con-
tact forces increase, and the real contact area also increases,
which result in lower contact resistance.

We also investigate the structure’s sensing performance with
piezoresistive tests. We measure the resistance change of our
structure with different numbers of conductive particles in
three-point bending tests (Figure 3e). To characterize the sensi-
tivity of our structure, the Gauge factor (GF) is employed and
defined as

GF ¼ ΔR=R0

ε
(3)

where ε ¼ 6Dd
l2 is the flexural strain and l, D, and d are the support

span, deflection of the indenter, and the height of the specimen,
respectively. ΔR and R0 are the change in resistance and the
initial resistance, respectively.

Typically, the resistance will increase under deformation in
flexible sensors.[40] However, it is observed that in our structure,
the resistance exhibits a nonlinear, negative response as a func-
tion of strain. For the structure with three conductive particles, it
exhibits the highest sensitivity (GF¼�5.28) at a small strain
range (0–0.5%), while the sensitivity decreases with increasing
strain. With increasing deformation of our structure, the sensi-
tivity further decreases (GF¼�1.78 at ε>2%) as the contact
region between particles reaches to a limit (Figure 3d). To inves-
tigate the influence of the numbers of conductive particles, we
compared the sensitivity of our structure with 3, 5, and 7 conduc-
tive particles (Figure 3e). It is observed that with increasing num-
bers of conductive particles, the sensitivity also increases within
the same strain range. This is because more conductive particles
result in larger changes in the contact area under deformation.
To test the recoverability and repeatability of our structure, we
perform cyclic tests at different maximum flexural strains
(1.4%, 2.8%, and 5.6%) (Figure 3f ). The results show a good
recoverability of our structure. The long-term stability of our
structure is measured with �200 cycles (Figure S11,
Supporting Information), in which excellent durability and
repeatability are observed.

2.4. Applications

So far, we have created robotic structures that can change shape,
vary stiffness, and self-sense from architectured particle assem-
blies. The multifunctionality of our robotic structures offers ver-
satile applications in smart architectures and soft robotics.

With the capability to change shape, vary stiffness, and
self-sense, we first demonstrate its potential application as smart
architectures (Figure 4a,b). The ancient discipline of architec-
tures for human accommodations has been extended signifi-
cantly to smart architectures with structural responsiveness,
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adaptivity, and intelligent detection.[41] Existing solutions for
smart architectures with sensing abilities require installing
and distributing large numbers of external sensors or strain
gauges for strain, deformation, and crack detection.[42] In our

work, the robotic structures can not only be deployed from a flat
shape to predesigned architectures (Figure 4a) but also detect the
applied load without the need for external strain sensors.
Figure 4a shows the loading capacity of our robotic structures

Figure 3. Self-sensing ability of the robotic structures. a) Cross section of the conductive particles. A thin gold layer (22 nm) is generated by sputter
coating on the architecture particles. b) Schematic illustration of the sensing mechanism and FEA plots indicating the deformation and normal force
contour under three-point bending test; color bar represents the magnitude of normal force within the neighboring particles. c) Simulation and experi-
mental results of the resistance change for two cubic particles under loading. d) The increase of the contact force in FEA and the increase of the contact
area in simulation for two trapezoidal particles under three-point bending. e) Sensitivity of the samples with different numbers of conductive particles.
f ) Resistance change under cyclic tests of different strains (three conductive particles, six cycles for 1.4% and 2.8% strain, and ten cycles for 5.6% strain).
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Figure 4. Applications of the robotic structures. a) Demonstration of smart architecture applications of our robotic materials. The smart arc-shape
architecture under 0, 50, 100, and 200 g loadings. b) The corresponding resistance changes under different loadings. c) Demonstration of load capacity
and good shape adaptivity by a soft gripper made with our robotic structures, grasping of objects (From left to right: a balloon, a tomato, an egg, an
apple, an orange, a banana, and a pear) with arbitrary shapes, and various weights ranging from less than 1 g to more than 200 g. d) Demonstration of
weight-sensing ability of the gripper. The self-sensing gripper grasping objects with different weights. e) The corresponding resistance changes under
different weights. f ) Demonstration of shape-sensing ability of the gripper. The self-sensing gripper grasping different positions of a gourd-shape
object. g) The corresponding resistance changes at different positions of the object. Photo credit: Bojian Zhang and Xudong Yang, Nanyang
Technological University.
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with loads ranging from 0 to 200 g, and Figure 4b shows the dif-
ferent stages of resistance change within this load range. As
shown, the resistance remains constant without loading and
drops by �0.4% when the 50 g load is applied. When the load
is removed, the structure recovers to its initial shape, and the
resistance recovers to the original level. With increasing loads
(100 and 200 g), the resistance drops to lower levels (by 1%
and 2.5%, respectively) due to the larger deformation of our
structure which results in lower resistance. The cyclic test shows
good stability and sensitivity of our robotic structure as smart
architectures. Unlike traditional structural sensing technologies
that require extra sensors, our robotic structure achieves load
sensing by the intrinsic contact resistance between particles,
which saves manufacturing costs and enables fast deployment
and large-area monitoring.

In addition to smart architectures, we explore the multifunc-
tionality of our robotic structures in the application as fast-
responsive and self-sensing soft grippers. Herein, we develop
soft four-finger grippers from the robotic structure. Each finger
shares an identical geometric design, while the particles in one of
the four fingers are made conductive for self-sensing. With the
fast shape-changing ability and variable stiffness, our gripper can
adapt to and lift objects with arbitrary shapes and diverse weights
ranging from less than 1 g to above 200 g (Figure 4b). With the
self-sensing ability, our gripper can sense its holding weight
without the need for extra sensors (Figure 4d,e). To obtain the
sensing range of our gripper, we performed the sensitivity test
with different weights (Figure S12, Supporting Information). As
shown in Figure S12, Supporting Information, the resistance
drops with the increase in weight (below 135 g). When the weight
keeps increasing (above 135 g), the resistance remains stable and
does not decrease. This is because the contact resistances
between the conductive particles have saturated with increasing
load. Besides detecting the weight of the object, we also demon-
strate the potential of the gripper in identifying the shape of the
object without visual feedback (Figure 4f,g). To keep the weight
the same, we chose a gourd-shaped object with a fixed weight
(50 g) and various radii at different heights. When we first place
the object entirely enclosed by the gripper, the resistance drops
by 20%. We then move the gourd all the way down to the top end
of the object, and the reference resistance data are recorded to
represent the different diameters of the object (Figure 4g).
The resistance drops by �51%, �17%, and �32%, respectively,
when it detects the largest diameter (54mm), the neck region
(30mm), and the medium diameter (40mm). This resistance
change during grasping demonstrates the potential application
for the unknown objects’ shape recognition.

3. Conclusion

In this work, we develop robotic structures that can change
shape, vary stiffness, and self-sense based on architectured par-
ticle assemblies. In contrast to traditional soft robots that achieve
shape changing via intrinsic material or structural softness, our
robotic structures achieve programmable shape changing and
stiffness variation by tuning the interparticle contacts. Besides
shape changing and variable stiffness, our robotic structures
achieve self-sensing by monitoring the contact resistance

between neighboring conductive particles. Unlike traditional
solutions by attaching sensors to the actuation layer which
may lead to delamination, our robotic structures achieve
self-sensing by integrating conductive architectured particles into
one monolithic structure.

Recent progress in additive manufacturing enables flexible
and scalable manufacturing of these robotic structures.
Various 3D printing methods (such as SLA, fused deposition
modeling, selective laser sintering, etc.) and materials can be uti-
lized to fabricate the architectured particles, while a broad choice
of conductive coatings can be used to achieve sensing capability.
In principle, it is feasible to scale our robotic materials up to
meter scale via large-scale manufacturing, targeting different
applications ranging from soft robotic applications to smart
architectures, as demonstrated in Figure 4.

Despite these advantages, our robotic structures still have sev-
eral aspects that can be optimized. 1) The rubber envelope and
the architectured particles are fabricated separately due to
manufacturing limits, which could be created via a multimaterial
printing platform in the future. 2) The conductive layer could be
achieved and optimized with cheaper conductive material to save
cost in future applications. 3) Closed-loop control algorithms and
wireless communication systems could enable the efficient and
convenient operation of the sensing signals from our robotic
structures, offering on-demand stiffening and structural sensing
for broader applications, including in healthcare devices and
haptic interfaces.

Finally, we believe our robotic structures with shape-changing,
stiffness variation, and self-sensing functionality within a
monolithic structure may provide more opportunities for smart
materials and structures in next-generation robotic, medical, and
architecture systems.

4. Experimental Section

Design and Fabrication of Robotic Structures: We first considered two
trapezoidal particles with different tilting angles in contact. A central angle
θ will be formed due to the difference between the two tilting angles
(Equation (1))

If we fill the curved surface of a radius R with the upper surface of the
particles, and the central angle θ is small enough, then the upper surface of
the two particles could be considered colinear. Thus

D1 þ D2 ¼ 2Rθ (4)

When the height of the particle is given, then the parameters of the
trapezoidal particles are defined. With n pairs of the two particles assem-
bled, a 1D curved surface with the central angle ð2n� 1Þθ was displayed.
We used SLA 3D printing (Form3, Formlab, USA) to create the architec-
tured particles. This technique provides a high spatial resolution (25 μm)
and yields parts with high geometrical fidelity, which is critical to making
particles with consistent surface roughness. The 3D-printed structured
particles were attached to a silicone–rubber film (Zhongyu Company,
China) using silicone glue (Xinzhanxiang Adhesive Company, China).
The thickness of the film was 0.2 mm. The initial distance between adja-
cent particles was 0.3 mm. Then a rubber bag was made to provide an air-
tight space. A tube was then inserted into the bag to pop the air out. The
tube was fixed to the bag to avoid its free and vibration movement in the
bag. A pump (VP-30 L, JOANLAB, China) was connected to the tube for
popping out air. The detailed dimensions and weights of robotic structures
are listed (Table 1).
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Design and Fabrication of Robotic Structures: We used sputter coating to
fabricate the conductive particles using a commercial sputter coater
(Polaron SC7620, Quorum Technologies, UK). The sputter-coating rate
was 0.092 nm s�1. A thin layer of gold was sputtered on the surface of
the structured particles. To find the appropriate sputter-coating time,
we performed four-point probe tests to evaluate the resistivity of the par-
ticle as the function of coating time (Figure S7, Supporting Information).
The resistance reached a stable state when the coating time was 240 s. The
obtained coating layer had a thickness of �22 nm.

Characterization and Measurements: We used a universal testing
machine (MARK-10 with 25 N load cell, USA) to conduct quasistatic
three-point bending tests. The diameters of the loading rod and the
two supporting rods were all 10 mm. The span between the two support-
ing rods was 80mm. The loading rate was 2 mmmin�1, the total loading
displacement was 8mm. Tomake the results consistent, the heights of the
particle for the three tilting angles were 7.5mm. The lengths of the medial
sections were all set to 10mm. For the piezoresistive characterization
of the sample, the resistance data were collected by a two-probe
method using a high-resolution digital multimeter (34465 A, Keysight
Technologies, USA). The specimens used for three-point bending experi-
ments and resistancemeasurement consisted of 12 particles, with an over-
all length of 12 cm along the medial section direction. In the three-point
bending experiments, particles with three tilting angles (60°, 70°, and 80°)
were adopted to explore the influence of the geometrical parameters. To
estimate the mechanical contribution of the rubber envelope to the overall
bending modulus, we considered the three-point pointing sample as a
three-layer composite beam (membrane–particles–membrane). The
upper limit of contribution from the rubber membranes on apparent bend-

ing stiffness can be calculated by the parameter α ¼ Emh3m�Emðh�2hmÞ3
E�h3 . Here,

Em is the effective elastic modulus of the rubber membrane, hm is the
membrane’s thickness, h is the particle thickness, and E* is the apparent
bending modulus of our robotic structure obtained from experimental
data. As hm is much smaller than h, thus, we obtain that α � 6Emhm

E�h . At
zero negative pressure, E*=2.14MPa, and we obtained α � 1. This means
that the membrane dominates the modulus when the particles are not in
contact. However, at the pressure of 80 kPa, E*=31MPa, we obtained
α¼ 7%, which means that the membranes’ contribution is much smaller
than the contribution from particle contacts in our robotic structures at
large negative pressures.

In the piezoresistive characterizations, samples with 3, 5, and 7
conductive particles were used to investigate the influence of numbers
of particles on the sensing performance. The morphology of the surface
was characterized by an optical microscope (Zeiss Axioskop microscope,
Carl Zeiss, Germany) (Figure S6, Supporting Information) and laser

scanning confocal microscope (VK-X1000, KEYENCE, Japan) (Figure S7,
Supporting Information). It can be clearly seen that the surface of the
structured particles had a layered structure, which is because of the
layer-to-layer printing technique of SLA.

Finite-Element Simulation: The finite-element simulation was conducted
using the commercial package ABAQUS 6.14/Explicit (Dassault Systèmes
Simulia Corp., USA). In all the simulations in this report, the structured
particles were meshed with a eight-node linear brick, reduced integration,
hourglass control, and C3D8R element. To avoid the nonconvergence of
the simulation, the membrane was meshed with Hex element shape using
the sweep technique and the medial axis algorithms to minimize the mesh
transition. The thickness of the membrane was set to be 0.2mm, which is
consistent with the experiment. For the properties of the rubber envelope,
according to the data provided by the manufacturer (Zhongyu Company,
China), the shore hardness of the rubber film was 65 A. However, in our
fabrication process, we used silicone glue to fix the architectured particles
on the rubber film, which was then connected by a soft tube to the vacuum
source. Considering the influence of the glue layer on the rubber film and
the soft tube, we used our three-point bending experimental data to fit
the effective modulus of the rubber film with the glue layer in our
finite-element simulation. The effective elastic modulus of the rubber layer
with glue was 13.6MPa. Detailed parameters used in the simulation are
listed, and material properties of the 3D printed particles are obtained
from the resin manufacturer (Formlabs Clear resin) (Table 2).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Table 1. Dimensions and weights of robotic structures.

Sample Dimensions [mm] Weight [g] (With membrane)

Three-point bending samples h¼ 7.5; l¼ 10 �14.56

Dome surface h¼ 6; lengths vary �49.35

Saddle surface h¼ 6; lengths vary �38.51

Robotic arc shape surface h¼ 7.5; l¼ 30 �34.65

Robotic gripper h¼ 7.5; l¼ 10 �154.66 (With connector)

Table 2. Parameters used in the finite-element simulation.

Parameters Density
[g cm�3]

Modulus
[MPa]

Poisson’s ratio Friction coefficient between
the indenter and the rubber

Friction coefficient between the
particle and the rubber

Friction coefficient
between the particles

Particle 1.2 2200 0.3 0.84 0.15 0.68

Membrane 1 13.6 0.48
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