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SOFT ROBOTS

Grasping with kirigami shells

Yi Yang, Katherine Vella, Douglas P. Holmes*

The ability to grab, hold, and manipulate objects is a vital and fundamental operation in biological and engineer-
ing systems. Here, we present a soft gripper using a simple material system that enables precise and rapid grasp-
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ing, and can be miniaturized, modularized, and remotely actuated. This soft gripper is based on kirigami
shells—thin, elastic shells patterned with an array of cuts. The kirigami cut pattern is determined by evaluating
the shell’s mechanics and geometry, using a combination of experiments, finite element simulations, and theoret-
ical modeling, which enables the gripper design to be both scalable and material independent. We demonstrate
that the kirigami shell gripper can be readily integrated with an existing robotic platform or remotely actuated
using a magnetic field. The kirigami cut pattern results in a simple unit cell that can be connected together in se-
ries, and again in parallel, to create kirigami gripper arrays capable of simultaneously grasping multiple delicate
and slippery objects. These soft and lightweight grippers will have applications in robotics, haptics, and biomedical

device design.

INTRODUCTION

Grasping and manipulating objects is an essential part of daily life
for both humans and robots. Humans can perform precise grasping
and manipulation based on their hand morphology (1), and hand
morphology has inspired a variety of robotic gripper designs rang-
ing from linkage-based hard grippers to soft grippers. Although the
mechanics and kinematics of robotic grasping have been extensively
investigated (2), grasping in unstructured environments and han-
dling slippery, deformable, and fragile objects, even when assisted
by either adaptive end effectors or computer vision and learning,
are still grand challenges in the frontier of robotic grasping and
manipulation (3).

Compliant end effectors are an emerging technology for human-
machine interactions and are highly desired in biomedical applica-
tions (4), food packaging (5), and rehabilitation (6). Compliance, or
softness, enables the gripper to grasp unfamiliar objects and objects
that are in unstructured environments. Innovations in soft gripper
design include novel design forms, such as tentacle or finger-based
grippers (7, 8, 9, 10), anthropomorphic soft hands with fingers and
palm (11, 12), and a universal gripper (13). Depending on their de-
formed configuration, these grippers may perform power grasping
by enveloping an object with multiple contact points, precision
grasping by pinching an object with one contact point per finger, or
both (14, 15, 16). Enveloping objects through gentle power grasping
has been realized using the pneumatic and hydraulic actuation of
soft, architected elastomers (17, 18, 19, 13). Reliance on fluid actua-
tion is limiting, because it requires external tethered support, it can
be difficult to adapt to different environments, and the physical lim-
its of soft lithography restrict miniaturization (20). The require-
ment of an additional, tethered support system and challenges with
miniaturization also occur in cable-driven actuation (21). Alterna-
tively, soft grippers may be actuated by the deformation of stimuli-
responsive materials (22), which can deform in response to light
(23), temperature (24), electric (25), magnetic (26), and chemical (27)
stimuli. These materials may pave the way to multiscale, untethered
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grasping; however, stimuli-responsive materials often sacrifice re-
sponse speed and precision.

Softness, broadly defined, is a function of both material and ge-
ometry. The extremely high compliance of slender structures—
regardless of their modulus of elasticity—enables them to bend and
conform to various shapes (28), making them an ideal candidate for
grasping (29, 30). Compliant mechanisms enable various design
strategies to provide shape morphing and grasping motions by ob-
taining kinematic motion from the finite deformation of structural
components (29, 31). Through the bending of flexible members or
rigid elements connected with flexible hinges, complex motion can
be achieved from simple topological designs (32), such as origami-
inspired shape morphing mechanisms (33, 34, 35). In general, al-
though the force transmission of soft grippers is limited compared
with rigid robotic grippers, their compliance increases the grippers’
adaptability, allowing autonomous grasping and manipulation on
objects with irregular shapes, especially in compact spaces and un-
structured environments (36, 29). Recently, by taking inspiration
from the paper-cutting arts of kirigami, engineers have been able to
spatially tailor the stiffness of thin sheets by using cuts. Distinct
from the shape-shifting of an origami sheet, which is mainly gov-
erned by folding pattern geometries, shape-shifting of a kirigami
sheet is governed by pattern geometry, topology, and external loads
that induce stretching, bending, and twisting (37, 38, 39, 40, 41).
Despite the various possible kirigami tessellations, linear parallel cuts
(42) are often used to create architected materials (43, 44, 37, 45, 46)
and mechanical and electrical devices (42, 47, 48, 49, 50) across
multiple length scales due to their simplicity and mathematically
predictable behaviors. The geometry of this pattern is characterized
by the length (£.) and width (z.) of a single slit and the longitudinal
(€,) and transverse spacing (£) between adjacent slits (Fig. 1 and
Movie 1). By controlling these geometric parameters in the tessella-
tion, deformed configurations upon uniaxial stretching can be
programmed a priori (46).

In this work, we present a simple design strategy for soft grippers
enabled by the predictable deformation of kirigami shells that are
capable of rapid and precise grasping of delicate objects and can be
miniaturized, serialized, and untethered. Using experiments, finite
element simulations, and theoretical modeling, we show that this
gripper is scalable and material independent and can be actuated by
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Fig. 1. Demonstration of a kirigami shell as a soft gripper. (A) 2D geometry of kirigami shell and its morphology upon stretching. Performing thumb-index finger
gripping: holding/caging a hydrogel sphere (B) and pinching a raspberry (C). Scalable grippers: a hand-size gripper pinching a wallet (D) and a coin size gripper pinching a
raspberry drupelet (E). (F) Gripper with extended appendages gripping a grain of sand. (G) Portable hand tool gripping medical pill using modified appendages. Scale bar, 10 mm.
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UNIVERSITY

Movie 1. Grasping with kirigami shells. The versatility of kirigami grippers al-
lows them to collect a wide range of objects, including something as delicate as a
raspberry. They can be scaled up to grasp large objects and down to grasp an indi-
vidual grain of sand. Connecting kirigami gripper unit cells in series and/or in
parallel enables them to grasp slender objects and manipulate multiple objects
simultaneously. These structures can be made of a variety of materials, and we
demonstrate how to actuate the grippers using a magnetic field.

simply stretching the kirigami shell. We find that a shell with a
four-petal flower shape, composed of four arranged slits, is the most
fundamental form of kirigami shell that can transfer a linear uniaxial
actuation to a more complicated grasping motion (Fig. 1A). When
the kirigami shell is fully closed, it forms a capsule, giving rise to
two grasping postures, pinching with appendages or enveloping
with the capsule. Enveloping, which provides many contact points
between gripper and objects, is a very effective grasping scheme
to secure objects, especially for capturing slippery and delicate
objects.

We have integrated the kirigami gripper onto a commercially
available robotic arm to rapidly and precisely grasp a variety of
objects with different shapes and stiffness (Fig. 1, B and C, and
movie S1). Figure 1 (B and C) shows that the kirigami shell grasps a
hydrogel sphere and a raspberry, respectively, mimicking human
hand-gripping postures (I). Because of the simplicity of fabrication
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and actuation, which we detail below, the size of the shell can be
scaled (Fig. 1, D and E), and the shape of the appendages can be
customized (Fig. 1, F and G) to grasp millimeter-scale objects, such
as a raspberry drupelet (Fig. 1D), or microscale objects, such as a
single grain of sand (Fig. 1F). We also demonstrate how the kirigami
shell can be made into a tool that can be used by a hand, or picked
up by a robotic end effector, to perform gentle and precision grasp-
ing by gripping a medical pill (Fig. 1G). Such a hand tool would be
portable and easy to actuate and thus may have potential to assist
people with hand deformities and disorders. Moreover, we demon-
strate a kirigami gripper array relocating multiple objects into spa-
tially organized layout similar to transfer printing (51, 52) and an
untethered kirigami gripper that is remotely actuated by a magnetic
field to capture a falling object in 60 ms.

RESULTS

Shape morphing of kirigami shells

To fabricate kirigami shells, we used a polyethylene terephthalate
(PET) sheet with an average thickness of 0.127 mm. A particular
kirigami two-dimensional (2D) precursor was then patterned onto
the PET sheet via laser cutting. Then, the kirigami sheet was mounted
onto a stainless steel cylinder with a radius of ry and heated in oven
for 1 hour to form a kirigami cylindrical shell with a single principal
curvature of ko = 1/ry (Fig. 2A). This cylindrical curvature with a
finite, arbitrary magnitude would trigger the shell to warp into a
cylindrical metasurface upon stretching. We find that this deforma-
tion does not depend notably on the size or overall geometry of the
kirigami shell but is governed by the geometric parameters shown
in Fig. 1A (note S1). The curved edge used here is a half-circle with
a radius of ¢,. To understand the morphology and provide a road
map for theoretical modeling, we used experiments and numerical
simulations [finite element analysis (FEA)] to perform uniaxial ten-
sile tests on kirigami shells. The mechanical response as we quasi-
statically stretch the end by controlling the displacement is shown
in Fig. 2B (movie S2). Similar to a typical stress-strain curve for soft
elastic materials, we observed a nearly linear deformation in the
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Fig. 2. Shape morphing of kirigami shell. (A) Fabrication of kirigami patterned thin shell. (B) Experiment and FEA simulation showing a typical mechanical response of
kirigami shell under uniaxial tension. The solid line represents the averaged results, and the shaded area represents the standard deviation. (C) Free-body diagram illus-
trating the structural decomposition for mechanical modeling and FEA results showing displacement and strain energy during shape morphing. (D) FEA results showing
variation of elastic membrane energy (U™ and bending energy (U) in the decomposed structural components in terms of the applied extension. Scale bar, 10 mm.

initial stage (stage I) followed by a stiffness softening (stage II). In-
stead of stopping the extension at failure due to the propagation of
the cuts, or crack tips, we stopped the extension when the kirigami
shell is just fully closed (stage III). The maximum von Mises stress
occurs at the tips of the slit due to stress concentration (note S2),
which can be further reduced by increasing the radius of the
rounded slit tips.

On the basis of our observations of the deformation of the kirigami
shell from initial stretching to final closure, we decompose the
kirigami shell into four kinds of structural components: (i) two han-
dling tabs, (ii) four shells (parallelogram shells), (iii) a central elastic
hinge, and (iv) two appendages (Fig. 2C). Because the thickness of
shell is much smaller than any other dimension, we ignore the vari-
ation of stresses through the thickness. A free-body diagram of static
analysis shows the internal forces (Fy, Fy) acting on the cross-section
of the joint connecting tab and the edge of the skew shell (Fig. 2C).
The function of the handling tab is primarily transferring the uniaxial
tensile load to the shells through the internal forces and moments.
The configuration of the tab may not alter its functionality (note
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S2). Because of the existence of natural curvature (i), addi-
tional internal bending moments (My, M,) will be introduced. Be-
cause the shear effect through the thickness is ignored for thin
shells, deformation caused by the forces and moments would only
generate internal stretching and bending strains (53). To visualize
the contribution from bending and stretching, we first plot the elas-
tic strain energy per unit area on the surface of the kirigami shell at
the three deformation stages (Fig. 2C). Next, we plot the bending
energy and membrane energy from each structural component as a
function of the extension (Fig. 2D). We observe that bending energy
dominates the elastic strain energy in all structural components,
which contributes 96.4%, 81.7%, 73.5%, and 80.1% of the elastic
strain energy in shells, hinge, appendages, and tabs, respectively.
This percentage is lower in components that contain tips of the slits
and loading points where local stretching causes higher membrane
energy. We also notice that the strain energy in the appendage is
significantly lower than that in the shells and the hinge, except near
the slit tip. Therefore, we consider the shells and central elastic hinge
to be the active shape-shifting components, whereas the appendages
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Fig. 3. Rational design for gripping performance. (A) Pulling-out tests of object size effect on holding force, schematics, and experimental results. (B) Schematics for
static analysis and FEA simulations illustrating change of elastic energy during pulling test. (C) Nondimensionalized gripper characteristic length (£./A¢) as a function of
the 2D geometric parameters (£./2, £./2,) and natural curvature for shell with a constant thickness. (D) Experimental results showing that holding force increases mono-
tonically as navigating through the nondimensionalized gripper characteristic length landscape.

are underactuated and can be varied (note S3), and the tabs are pri-
marily used for handling.

Rational design for gripping performance

Because we demonstrated the morphology and the grasping func-
tionality of the kirigami shell gripper, we next use experiments and
modeling to quantitatively evaluate the robustness to external forces.
Robustness of a gripper to external forces is defined as the maximum
pull-out force the gripper can resist (7, 54). It is also the enveloping
holding force, typically measured by the force required to pull a tar-
get object out of the gripper (13). In general, this holding force de-
pends not only on the weight but also on the geometry and the size
of the object. For the sake of simplicity and to capture the essential
gripping mechanism, we select spheres with various radii (R) as the
target objects. On the basis of this metric, we performed pull-out
tests in which a sphere was first enveloped in a fully closed kirigami
shell gripper and then was quasi-statically pulled out (Fig. 3A).

To understand the effect of object size on identifying the rela-
tionship between the kirigami pattern geometry and the gripper’s
robustness, we investigate the holding force with constant kirigami
geometric parameters of £./8x = 5 and £./€x = 2 using three 3D-printed
spheres (R=3, 4, and 4.75 mm). Figure 3A shows that the holding
force (Frolding) increases monotonically with the increase of the
sphere’s radius. When the gripper is fully closed, the contact angle
(o) is identical to all three spheres. As the sphere is pulled, o in-
creases until reaching about m/2, where the pulling force (F,) ap-
proaches its maximum value (Fholding) and the sphere is pulled out
(Fig. 3B). At this point, the distance separating the appendages
approximately equals to the diameter of the sphere (2R). A simple
static analysis without friction (note S4) shows that this reaction
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force, denoted by Fy, is balanced with the pulling force and can be
calculated by Fr = Fy/(2cosa). Therefore, pulling a sphere with a
larger diameter leads to larger deformations of the shells, which
produce a higher resisting force from the appendages to the sphere.

Seeking a theoretical explanation of how kirigami pattern geom-
etry relates to robustness, we derived a simplified closed-form theo-
retical model using energy methods. On the basis of the conservation
of mechanical energy, the work done by F, must be equal to the
change of elastic energy in the gripper to pull out the sphere. A con-
servative assumption is to ignore the interfacial friction (note S4)
and local deformation between sphere and appendages for evaluat-
ing the robustness. Because the elastic energy is dominated by
bending, we can approximate the total elastic energy of the active
shape-shifting components i e, the skew shells and hlnge with the
total bending energy U® = U? + Uh, where U” and Uh denote bend-
ing energy of the skew shell and hinge, respectively. From the FE
simulation, we observed that the change of elastic energy mainly
occurs in the shells as the sphere was pulled, except in regions where
stress was concentrated (Fig. 3B and movie S3). During the closure
process, elastic energy stored in the shape-shifting components is
Ut + Uh During the pull-out process, elastic energy converted to
the external work done is mainly U?. Thus, to pull out the sphere,
we assume that work done by F, only needs to overcome a certain
amount of U° without changing Ub In other words, the robustness
is correlated to the ratio of Ub/(Ub + UE)

Using shell theory, we model the shape-shifting of the skew shell
and the hinge as bending of a cylindrical thin shell along its trans-
verse direction and its axis direction, respectively. By assuming a
linear elastic material response, the bending energy of the skew shell
is given by (note S5)
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and the bending energy of the hinge is given by
4(1 +v) Dy pgsi
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where D = 12(1 z) is the shell’s bending rigidity defined by Young’s

modulus E, shell thickness h, and Poisson’s ratio v. The effective

length L, = \j (7 - 7) +(8y — t)? is used to relate a parallelogram-

shaped cylindrical shell to a rectangular shell (46). The nondimen-
sional natural curvature of the cylindrical shell is given by g = k¢Le.
Last,  is the vertical displacement and 6 is the angle of rotation of
the skew shell and the hinge (note S5). Then, the energy ratio is
expressed as

U _ 1 3)
Ul + UE 1+2As0/0

Here, we define a gripper characteristic length A, as

Ly sin(xgLe)
—_— 4

(Ey - tc)KO ( )
Through mathematical manipulation, we nondimensionalize this
equation by the slit length €. and express €./Ag in terms of £./€,

and £./¢y as
¢ t,
ool
- (2-0) %)
0 . 3 & )2
4(1+v)7€sm(1<020 (2 2e> +<E—a>)

We find that €./A; decreases monotonically as both £./¢, and €./
€y increase for a given curvature, o = 0.35 mm™ (Fig. 3C). In addi-
t10n €c/Ag also increases monotonically as ¢ increases for given
geometrlc parameters (£/8x = 5, £/€y = 2). Because Ub/(Ub + Ub) is
a monotonic function of £./Ag, we expect that the robustness to ex-
ternal forces is also a monotonic function of £./Ag, i.e

= 4(1+v)

>’|r==
0 |©

Fholding ~ }%—; (6)

Because ¢ is small compared with £ and €, in our kirigami pat-
terns (8c/t. ~ 20, £,/t. ~ 10), we neglect the impact of the slit width
in the subsequent analysis. To validate the theoretical model, we
performed pulling tests with a 3D-printed sphere (R= 4 mm) and
four kirigami shells of varied geometry characterized by (./€s, £c/€y)
of (2.5, 2.5), (3.5, 2.0), (5.0, 2.0), and (5.0, 1.5), with t.= 0.8 mm for
each (Fig. 3D). As predicted by the model, when we navigate the
geometric landscape from downhill side, marked by a circle, to up-
hill side, marked by a triangle, the holding force increases mono-
tonically as the increasing of €./A,. The corresponding 2D precursor
of each gripper is also shown in Fig. 3D near its marker.

The appendages are underactuated components, and that means
that the passive deformation of the thin shell buffers the force trans-
mission between actuation and pinching. A lower force transmis-
sion enables the gripper to delicately grip objects of variable stiffness
without adjusting the applied actuation. The pinching force acting
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from the appendages to the sphere is the horizontal component of
the reaction force, Frsina. Thus, the force transmission also mono-
tonically grows with €./A4 (fig. S6). To demonstrate the actuation
buffer capacity, we attached the kirigami shell to a commercially
available two-finger robotic gripper (Robotiq model Hand-E) driv-
en by an industrial robotic arm (Universal Robots model UR5) to
grip various objects ranging from rigid objects like a stone to soft
and fragile objects like a raspberry. For a classic two-finger grip-
per, to perform such a task without damaging the target object,
the traveling distance of the fingers needs to be adjusted based on
the size and stiffness of the target. By simply attaching the kiriga-
mi shell to the robotic gripper, there is no need to adjust the trav-
eling distance due to the fact that kirigami shell adapts itself to the
actuation by storing elastic energy in the shell without feedback
control.

Modular gripper array

Transfer printing techniques perform precise and deterministic
manipulation of materials in micro-/nanoscale device fabrication
(52). In robotic manipulation on the other hand, such delicate and
precise manipulation of multiple objects simultaneously has not
been practically realized. The ability to simultaneously grasp many
objects is of particular importance for efficient food handling and
packaging using robotics (5). To show the potential impact of these
grasping mechanics, we demonstrate a unique capability designed
for collecting and relocating multiple spatially organized objects
without changing their relative orientation in one grasping opera-
tion using a modular gripper array.

The modular kirigami shell gripper can be assembled into several
configurations by patterning the unit cell in series, in parallel, or both to
exhibit different griping capabilities. By simply repeating the unit
cellin series, a gripper array can be achieved as illustrated in Fig. 4A,
where the unit cell is highlighted in blue. To grasp multiple objects,
we identified the grasping acquisition region (7, 55) and grasping
repeatability of a single shell gripper with small sphere (note S6).
For a grasping operation repeated 100 times, the success rate is de-
fined as the percentage of successful grasping operations, where a
grasping operation consisted of picking up an object and placing it
in the assigned container, and ranges from 70 to 100% (fig. S7A).
Here, the success rate of grasping small objects measures the repeat-
ability and precision of the robotic grasping operation. For shallow
shells, the acquisition region is about the same as the shell area pro-
jected on the grasping surface. Figure 4B illustrates that within the
acquisition region, individual hydrogel spheres with different sizes
were automatically collected and moved into individual unit cell
grippers by the appendages of the gripper array when stretched at
the holding tabs.

In addition, each N-by-1 array can also be placed in parallel. By
replacing the fingers of the Robotiq Hand-E with a custom-built
connector, we can directly integrate the gripper array to the Univer-
sal Robots URS5 robotic arm. Figure 4C demonstrates the open and
closed configuration of an 8-by-3 gripper array. Because the gripper
is fabricated with a thin shell of PET, we attached an additional felt
layer (red) on the appendages to cover the sharp edge and prevent
potential damage to the target objects. We precisely picked up and
relocated 24 hydrogel spheres, from an 8-by-3 matrix configuration
to an 8-by-3 matrix configuration, in one grasping operation (Fig. 4D
and movie $4). Each hydrogel sphere was gripped delicately and
placed precisely in the desired location.
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Fig. 4. Demonstration of kirigami shell gripper array. (A) Schematic drawing of a kirigami gripper array composed of N unit patterns in series. (B) Automatic aligning
of multiple objects into each unit capsule of an N-by-1 gripper array within the acquisition region. The gripper is fabricated from transparent PET to show the inner view.
(C) Photo images showing an 8-by-3 gripper array prototype. A felt layer (red) was added to the appendages to avoid sharp edges for grasping hydrogel spheres (yellow).
(D) Precision grasping and placing of 24 hydrogel spheres in one grasping operation. Scale bar, 10 mm.
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Fig. 5. Demonstration of rapid grasping under magnetic actuation. (A) Fabri-
cation of magneto-kirigami gripper. (B) High-speed camera images showing cap-
ture of a free-falling stone in an aquatic environment in a magnetic field with a
constant magnetic flux. Scale bar, 10 mm.
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Untethered magnetic actuation

Because grasping via a kirigami shell is a mechanics-based approach
that is independent of the constituent materials and applied actua-
tion stimulus, here, we demonstrate a rapid untethered actuation
using a remote magnetic field. External magnetic actuation is recog-
nized as a long-range untethered actuation with high response speed
and precision, which are highly desired in surgical robots and drug
delivery (56, 57). Instead of generating structural compliance from a thin
sheet of a hard material, such as PET (Young’s modulus ~ 3.5 GPa),
the kirigami shell is fabricated with an elastomer [polyvinylsiloxane
(PVS)]-based soft composite material.

As shown in Fig. 5A, we poured uncured PVS into a patterned
mold filled with cellulose paper. This cellulose paper has uniaxially
aligned fibers, which are schematically shown as blue dashed lines
in Fig. 5A. We introduced this anisotropic material with the PVS for
two reasons: (i) it produces a differential absorption through the
thickness, giving rise to the formation of a cylindrical curvature
perpendicular to the fiber direction and (ii) it enhances the strength
and stiffness of the PVS polymeric matrix (the Young’s elastic modulus
of this composite is about 8 MPa). After the PVS cured, two end blocks
covering the reservoirs were removed. Then, these reservoirs were
injected with iron particles (=3 pum in diameter) mixed in uncured
polydimethylsiloxane (PDMS) (weight % ~ 3:1) and placed in the
oven for 1 hour at 80°C. The PVS and PDMS elastomers are chemically
very similar, so there is a strong adhesion at the interface between
these two materials. The silicone rubber kirigami grippers had a
thickness of h = 1.1 mm and ¢y = 0.31.

Despite the weak ability to retain remnant magnetization upon
removal of external magnetic field, the Fe-PDMS composite block
responds to the magnetic field rapidly and provides enough actua-
tion force to close the gripper. Quasi-static tests were performed to
obtain the force required for closure (fig. S9A), and dynamic tests
were performed to identify the response speed under magnetic ac-
tuation (fig. S9B). As shown in Fig. 5B, the gripper is fully submerged
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in water vertically, clamped at the top, and surrounded by a mag-
netic field with a constant magnetic flux of B = 27.6 mT. At this
magnetic flux density, the force balance between magnetic force
and elastic restoring force of the ferromagnetic end (bottom) is in
static equilibrium. A free-falling limestone was released from the
water surface, whose motion was captured using a high-speed digi-
tal camera (Photron FASTCAM Mini; movie S5). When the falling
stone touches the gripper, it perturbs the static balance, leading to
the closure of the gripper actuated by the magnetic field. Because the
response speed of the kirigami gripper (¢ ~ 60 ms) is less than the
time required to travel across the gripper, the limestone is captured
by the gripper.

DISCUSSION

In summary, we have developed a soft gripper design that has a simple
form and robust dexterity. The kirigami gripper enables an integrated
solution combining scalability and remote control without sacri-
ficing operation speed and precision. With magnetic actuation,
the soft gripper can grasp an object in milliseconds. In addition, it
can be modularized to perform more complicated grasping opera-
tions, such as gripping and aligning multiple objects in one grasp-
ing operation. This remains a challenge for many existing robotic
grippers. In addition, we also developed a portable hand tool using
the kirigami gripper, which may serve as a haptic assistant tool for
people with hand deformities and disorders. We envision that the
kirigami gripper will lead to a broad range of applications in robotics,
human-machine interactions, and health care.

The kirigami gripper combines advantages of both hard and soft
grippers to create a simple, low-cost, rapid, precise, and remotely
controllable soft gripper. There are open questions that remain to
be addressed to use these structures. Although the gripper is
mechanics-based and material-independent, materials used to build
the gripper need to sustain moderate elastic strains, e.g., elastomers.
Elastoplastic materials, such as PET, can also be used if moderate
plastic deformation could be tolerated at the tip of the slit. In addi-
tion, because bending energy is a cubic function of the thickness,
U ~ h> as we scale up the size of the gripper, in meters for exam-
ple, input energy required to close the gripper increases significantly.
Our model suggests that reducing the thickness of the hinge relative
to the skew shells when scaling up the gripper may help reduce the
force required to actuate without reducing the robustness. However,
such an increase in energy cost is not an issue as we scale down the
gripper in meso-, micro-, or nanoscale. Kirigami design and fabri-
cation has been implemented extensively in micro- and nanoscale
(43, 44, 45); we expect that the application of this proposed grasping
mechanism may have an impact in microrobots with microscale
fabrication techniques.

Moreover, the ferromagnetic material used here for remote
magnetic actuation is pure iron microparticles, which easily lose the
induced magnetization upon removal of external magnetic field. By
incorporating hard magnetic materials that have high coercivity,
such as neodymium-iron-boron (NdFeB), more complex motion
may be achieved. For example, if the ferromagnetic blocks at the tip
of the handling tab (Fig. 5A) are magnetized, a magnetic-guided
locomotion or cargo delivery may be possible. Besides magnetic ac-
tuation, we anticipate that the kirigami shell could also be actuated
through other external stimuli when incorporated with correspond-
ing stimuli-responsive materials.

Yang et al., Sci. Robot. 6, eabd6426 (2021) 12 May 2021

MATERIALS AND METHODS

PET films

The PET film was produced by Dupont Teijin Films. Two types of
the PET films were used in the experiment: transparent film for
showing grasping acquisition region and alignment and semiclear
film (white) for general experiments and demonstration. The Young’s
modulus of the film was tested approximately as 3.5 GPa following
ASTM D882, and the Poisson’s ratio was obtained from the manu-
facturer as 0.38. The thickness was measured as 0.127 mm. All the
kirigami shells were digitally designed with Adobe Illustrator CS6
and then cut out from a flat PET sheet with a laser cutter (Epilog
Legend Helix laser machine). Then, the sheet was mounted onto a
steel bar with the desired radius and placed in oven at 80°C for
1 hour. The curvature was then measured with an image process
technique. For the purpose of photographing the samples, red or
orange colored adhesive film was added on top of some PET films.
No measurement was taken from these colored films.

Tensile and holding tests

Force and displacement for both tensile and holding tests were
measured using Instron 5940 single column testing platform (fig.
S8). For tensile test, two acrylic plates (McMaster-Carr) were cut
and glued (Loctite 403) to the two ends of the kirigami shell. Then,
the sample was mounted onto the test platform. The same approach
was used to fabricate holding test samples. The sample was then
mounted onto a house-built linear stage with a 3D-printed object
enveloped inside (fig. S8C). The sphere was connected to the
Instron with a Nylon string. The string pulled the sphere at a rate of
0.1 mm/s. The displacement versus pulling force relations were
recorded automatically by the software that comes with Instron.
Because of the size limitation of our laser cutting machine and test
apparatus, we selected four pairs of geometric parameters (£./€x = 2.5,
/8y = 2.5), (/€ = 3.5, £/, = 2.0), (£./€, = 5.0, £/€, = 2.0), and
(Lc/€x = 5.0, £/8y = 1.5) across the £./A4 landscape to fabricate the
shell grippers for testing. Here, the slit length was 15 mm for all sam-
ples. For each gripper sample, holding force measurements were
repeated five times. The results were averaged.

Force transmission

Pinching-actuation force transmission was measured with the
Instron 5940 and a flexible force sensor (Tekscan FlexiForce OEM),
as shown in fig. S8B. At a given actuation force measured with load
cell on the Instron, the pinching force was measured with a Tekscan
force sensor. Data were manually recorded. The force transmission
was measured by the slope of the linear regression, as shown in fig.
S6. To demonstrate the correlation between actuation force and
pinching force, we selected three pairs of geometric parameters as
(Lc/€x = 3.5, £c/8y = 2.0), (£/€x = 5.0, /8y = 2.0), and (€./€x = 5.0,
£./8, = 1.5). Here, the slit length is 12 mm for all samples. Each sample
was tested for about 100 given actuation forces, and the correspond-
ing pinching forces were recorded. Then, linear regression was used
to find the slope representing the force transmission.

Magnetic soft gripper

A molding approach was used to fabricate the soft gripper. The
main body of the gripper was fabricated with PVS (Zhermack Elite
Double 8). The embedded cellulose paper was classical cleanroom
wipes (Texwipe TechniCloth Nonwoven Dry Wipers Texwipe TX609).
This wipe paper was made of 45% polyester and 55% cellulose and
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has a unidirectional fiber network. The magnetic tip was composed
of PDMS (Dow Corning Sylgard 184 elastomer kit) mixed with iron
particles (McMaster-Carr) in a weight ratio of 1:3 (uncured PDMS
to iron particle). Magnetic field was generated by a high-pull NdFeB
cylindrical permanent magnet and measured using a Gaussmeter
(PCE-MFM 3000). The mechanical response of the fabricated grip-
per under uniaxial tension is shown in fig. S9A. The tests were per-
formed five times using the Instron 5940, and the results were
averaged. As observed, actuation force and extension required to
close the gripper were 0.386 N and 11.5 mm, respectively. These
values were used to estimate the required magnetic flux density (B)
of the applied magnetic field. Figure S9B shows the gripper closing
process under magnetic actuation as we turn on the house-built
electromagnet. Because the cylindrical curvature plays a role as an
imperfection to bias the shell deformation, it is not necessary to pre-
cisely control the curvature here.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/54/eabd6426/DC1

Note S1. Pattern selection of kirigami shell.

Note S2. Numerical simulations.

Note S3. Variation of appendages.

Note S4. Evaluation of friction.

Note S5. Theoretical modeling.

Note S6. Grasping acquisition region.

Fig. S1. Geometry and deformation of kirigami patterned sheet versus kirigami patterned shell.
Fig. S2. Effect of tab configuration on shape-morphing of kirigami shell.

Fig. S3. Simplification of mechanical modeling guided by finite element simulation.

Fig. S4. Demonstration of the variation of gripper appendages.

Fig. S5. Effect of friction on pulling force.

Fig. S6. Force transmission between actuation and pinching.

Fig. S7. Investigation of gripper grasping region.

Fig. S8.Images demonstrating experimental setup for measuring actuation force, pulling
force, and pinching force.

Fig. S9. Magnetically actuated kirigami shell gripper.

Movie S1. Kirigami shells grasping various objects with distinct shape, size, and mechanical
properties.

Movie S2. Finite element simulations showing shape morphing of kirigami shell.

Movie S3. Finite element simulations showing energy evolution of kirigami gripper as object is
pulled out.

Movie S4. Gripper array transfers 24 hydrogel spheres simultaneously.

Movie S5. Magneto kirigami gripper capturing free-falling stone.
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