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Abstract

The origami-inspired method of fabricating a 3D structure from a 2D sheet through folding
offers significant advantages over conventional approaches, such as assembling, particularly in
terms of speed, versatility, and the ability to function untethered. Compared to conventional
structures composed of links and joints, crease-based hinges experience less friction, making
them better suited for shape transformation and kinematic applications, particularly at smaller
scales. In recent years, advancements in wireless self-folding technologies for smart sheet
materials have led to growing interest in applications such as remotely creating precise
structures and tools for use in hard-to-reach places, including inside the body. In this work, we
introduce a novel origami gripper system that integrates a versatile crease design and a
dual-stage magnetic actuation method. It allows a planar object to be wirelessly self-folded into
a gripper, seamlessly enabling it to remotely grasp an object after formation. The gripper’s novel
crease design, inspired by scissors linkage systems, allows for sharper fold angles to achieve
gripping behavior. The resulting gripper measures 48.75 x 45 mm? and weighs just 2.562 g.
Self-folding is driven by Joule heating induced by an external magnetic field, which contracts a
heat-responsive shrink film at the hinges. A kinematic model describing the structure’s
transformation is presented alongside its physical implementation and proof-of-concept
experimental verification, demonstrating the system’s potential for untethered, programmable
manipulation.

Supplementary material for this article is available online

Keywords: magnetic induction heating, self-folding, shape memory polymers, origami,
origami gripper
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1. Introduction

The realization of smart materials with physical program-
mable properties has been actively studied in recent years.
Some of the smart materials exhibit kinematic characterist-
ics of shape transformability, often realized as a joined-link
mechanism produced by 3D printers [1-4]. However, when
designing transformable structures at centimeter to millimeter
scales, due to the accuracy of fabrication processes, the friction
around structure joints becomes non-negligible thus hindering
the expected motion.

In contrast, origami-inspired fabrication offers a transform-
ative approach to creating 3D structures by folding 2D sheet
materials. This method minimizes friction at hinges, enabling
smooth and reliable transformations. By integrating active
materials at hinge joints, a technique known as self-folding,
these structures achieve programmable transformation while
retaining the functional advantages of traditional linkage sys-
tems, such as precise shape and movement control. The result-
ing geometries and motion patterns can be accurately modeled
through crease pattern design, allowing for tailored mechan-
ical behavior [5, 6]. Additionally, origami structures provide
exceptional versatility; by modifying fold creases, they can be
adapted to achieve diverse macroscopic forms, altered phys-
ical properties (e.g. light deflection and absorption [7], electro-
magnetic inductance [8]), and specialized functionalities such
as grippers [9—-14], pH-responsive chemical carriers [15], and
deployable scissors-like systems [16].

Self-folding technique is a widely used method in the field
of micro-robotics as a way to drive the transition of origami
structures. There are many stimuli of self-folding, including
but not limited to heat [17-20], light [21, 22], pH [15, 23],
magnetic field [24-26], and stretch force [27], etc. Heat-driven
method is one of the most common stimulation methods,
which achieves self-folding by triggering the deformation of
shape memory materials (shape memory polymer, SMP, [28—
30] or shape memory alloy, SMA, [31-34]) around the hinge
joints, causing them to fold along specific directions, and these
materials act as joints to drive the adjacent structure to fold
through the torque generated by the deformation. However, the
heat-driven self-folding method applied to a small-scale struc-
ture often requires a global heating environment to activate
the deformation of the smart material by heating the environ-
ment around the structure. Such a requirement constrained the
method to achieve better performance in the workspace where
the ambient temperature is limited.

In the case of SMA, it can be stimulated either by global
heating or by applying an electric current. However, SMA-
based origami structures typically require a connection to a
power supply, which limits their ability to operate remotely.
While some SMA origami structures have been developed
by embedding wireless receiving circuits that convert energy
from an alternating magnetic field into current to stimulate the
SMA [33], the added size and weight of these receiver com-
ponents remain significant constraints.

In our previous study [35], we proposed a miniature ori-
gami robot made of electrically conductive material and SMP,
which is capable of remotely heat-stimuli self-folding by mag-
netic induction, and remote navigation by an external mag-
netic field. However, with the conductive material, the 2D
sheet of the origami robot becomes rigid. When the mater-
ial is used as the exoskeleton of the origami robot, the adja-
cent planes contact each other after folding, making the over-
all structure stiff and stable, which lacks the flexibility to be
further transformed.

This paper proposes a novel crease pattern of origami grip-
per design inspired by scissors linkage system that transforms
from a flat deployed state to a 3D cylindrical shape that can
act as a gripper. The hinge joint of the gripper is made of
shape memory polymers, allowing each hinge joint to exper-
ience little friction and enable remote folding through mag-
net induction. Following the self-folding process, the hinges
retain a degree of flexibility, allowing further actuation under
an external magnetic field. The shape transformation mechan-
ics were modeled using a bar linkage kinematic model, provid-
ing a theoretical basis for the design. To verify the perform-
ance of the proposed crease pattern, we fabricated a gripper
that has a size of 48.75 x 45 mm? in sheet state. By apply-
ing magnetic induction, the fabricated sheet can be self-folded
into an untethered origami gripper, and then be actuated to
achieve grasping by an external magnetic field. Compared to
existing tendon-driven and pneumatic origami gripper designs
[10, 14, 36], the proposed system offers the significant advant-
age of being fully untethered, eliminating the need for onboard
electronics, cables, or external mechanical connections during
operation.

In this work, we present three key contributions to the
field of remotely actuated origami systems: first, we propose
a novel origami crease pattern that enables a single 2D sheet
to be transformed into multiple distinct 3D configurations,
including a functional gripper, by tuning a single design para-
meter. This versatile crease design, inspired by scissors link-
age mechanisms, allows for sharper fold angles and more
compact folding behaviors compared to traditional crease pat-
terns, expanding the design space for multifunctional origami
devices. Second, we develop a kinematic model that quant-
itatively describes the transformation behavior of the single-
unit origami structure, capturing the relationship between
input folding angles, unit cell geometry, and overall structural
deformation. This model provides predictive capabilities for
optimizing design parameters and actuation inputs, offering
a robust theoretical foundation for controlled folding beha-
vior. Third, we demonstrate a dual-stage actuation system that
integrates magnetic induction heating to trigger self-folding
via a heat-responsive shrink film, followed by magnetic field-
driven manipulation for object grasping. This combination of
wireless actuation mechanisms enables untethered, program-
mable transformation and functional deployment, offering sig-
nificant advantages in terms of energy delivery, control preci-
sion, and application versatility. Together, these contributions
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establish a new platform for the design and actuation of multi-
functional, remotely operated origami devices, with potential
applications in soft robotics, deployable tools, and biomedical
systems.

2. Methods

We arrange the method section as follows. In section 2.1, we
present the design of the self-folding origami gripper structure
and develop a kinematics model of the structure. In section 2.2,
we present the induction heating-based self-folding method
and the experiment setup. We also show the magnetic actuation
method applied on folded structure in section 2.3. Finally, we
outline the fabrication process of the proposed origami sheet.

2.1. The kinematic origami gripper

The design and transformation process of the proposed kin-
ematic origami structure is illustrated in figure 1(a). It consists
of multiple identical single units with mountain fold hinges,
valley fold hinges, and through cuts. The different ranges of
the diagonal angle o, which is between mountain fold and val-
ley fold, provide three different types of folding patterns—
positive diagonal angle (o > 0, figure 1(a)), zero diagonal
angle (a = 0, figure 1(b)), and negative diagonal angle (o < 0,
figure 1(c)). Each structure has the same dimensions in length
and width and consists of the same number of single units.

When o = 0 (figure 1(b)), the mountain fold hinges are
parallel to the valley fold hinges. When the structure is fold-
ing, both mountain fold and valley fold provide parallel com-
pression direction which is parallel to the horizontal plane, it
is not able to generate an out-of-plane translation during the
transformation process. This structure is similar to the scissors
linkage structure in the conventional bar linkage system.

When the diagonal angle is with a value, the compression
direction of the mountain fold hinges is different from the val-
ley fold and not parallel to the horizontal plane. The deviation
of the diagonal angle provides an out-of-plane translation. The
positive and negative values of diagonal angles affect the struc-
ture translation direction differently. When the value of the
diagonal angle is positive, the overall folding direction of the
origami structure is in the same half-space as the folding dir-
ection of the valley fold within the structure. When the value
of the diagonal angle is negative, the folding direction of the
origami structure is in the opposite half-space to the folding
direction of the valley fold within the structure.

Compared with the structure with o« = 0, both positive
and negative diagonal angle structures obtain higher compres-
sion ratios due to the out-of-plane transformations. Due to
the fact that the positive diagonal angle structure contracts
a majority of its components inward during the compression
process, the structure becomes more compact and achieves a
higher contraction ratio. Furthermore, the negative diagonal
angle structure experiences collision between adjacent struc-
tures during the early stage of compression, which prevents

the structure from contracting to a fully compressed state in
experiments. We therefore chose the positive diagonal angle
structure for the origami gripper.

Figure 2(a) illustrates the sketch of a 3 x 2 origami crease
pattern which consists of six identical single units arranged in
three rows and two columns. The edge length of the T-shape
panel connected to the diagonal edge is L, and the edge length
of the half T-shape panel connected to the diagonal edge is L.
The distance between these two edges is W5, and the widths
of these two edges and their corresponding panels are W, and
W3, respectively. Figures 2(b) and (c) are the folding results of
a single unit with different viewing angles under the same 6;;.
i, is the angle between the T-shape panel and the horizontal
plane observed from the plane perpendicular to the main hinge
(yz-plane).

As shown in figure 2(d), the global folding angle, 8, is the
angle between the bisector prolongation of the angle formed
by the longer edges of the adjacent half T-shape panels and
the z-axis located in the center of the main hinge in xz-plane.
Four points related to the gripper performance are shown in
figure 2(d). The position vector of point P, and P5 after rotated
by 6;, from the plane state are expressed from figure 2(d) as
below,

N (L, cos by,

OP,=|%+Ww,|, (D
_L2 sin ein
[(L, — Whtan ) cos 6y,

OP; = W, . @
| (L — W tana) sin 6,

In addition, vector P,P; forms an angle 6;, with the z-axis due
to the linkage mechanism. The angle between the projection
of P,P; onto the yz-plane and the z-axis is defined as 6oy, as

illustrated in figure 2(d). The vector P,P; can be expressed as
follows:

—L,cos b,
—L,sinf, sinfyy | . 3)
L, sin 6, cos Oy

e
P,P; =

Based on the position vector of point P, and P,P;, we derive
the coordinates of point P; as:

0
OP, = % + Wo — Ly sin 6, sinOoy | - “)
Ly sin 6, (cos Oy + 1)

o= =
With OP; and PP, located on the yz-plane at x =0, we can
further derive the coordinates of point P, as:

0

—

OP4 = | %2 + W, + Wy cosOou — Lo sinipsinfoue | . (5)
Ly sin6;, (cosOoy + 1) + Wy sin oy
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Single unit

Valley fold

Self-folding
by magnetic
induction

The kinematic origami gripper

0.87L

 — N
«— «—
Grasping Natural
by magnetic deployment

field

Figure 1. The deformation process of the origami structure with different diagonal angles. Kinematic origami gripper (positive diagonal
angle) (a), scissors structure (diagonal angle = 0°) (b), and modified origami gripper (negative diagonal angle) (c).

— —
Since the angle formed between vectors P,P; and P,P3 is
90° — a, the global folding angle, 6, can be determined as:

Oout = 2arctan (tanasinbyy,) . (6)

P/, is the point of P; symmetric about the z-axis. The dis-
tance P; and P{, Wy, can be calculated as:

w.
Wou =2 (73 + W, — L, sin 6y, sin 90ut> . @)

Here, W, represents the compression distance for a single
unit. The radius, 7, of a single folded unit is given by:

% + W, — L, sin 6, sin Oy,

r= . ¢))

Sin Oyt

Figure 2(e) illustrates a structure consisting of multiple
units, we defined the folding angle of the multiple-unit struc-
ture as the global folding angle, ¢y, which can be expressed:

Gout = 2NOoy = 4Narctan (tan ausin by ) , 9

where N is the number of columns.

We conducted modeling calculations based on the
equations above to analyze the deformation of the origami
gripper (figure 3). Figure 3(a) shows the relationship between
diagonal angle « and global folding angle 6, with different
main hinge folding angle 6;, ranging between 15° and 90°.
When a > 0, all 6, are positive and 6, gradually increased
from 0° to 180°. In contrast, when « < 0, all curves are sym-
metric with respect to the point in o = 0° compared to o >
0. Figure 3(b) shows the trajectory of P; and P{ when 6y, is

changed from 0° to 90° with o = 30°. The z-coordinates of
two points are increased from 0 mm and reach the highest point
through the origami structure deformation. The x-coordinate
of both points close rapidly because two half T-shape panels
next to the main T-shape panels in the center lean inside the
structure as the side views of the structure in 6;, = 30° and
60°. The x-coordinate of the two points gradually changed to
0 mm and two curves intersect. Finally, the bottom of two half
T-shapes comes over the center main T-shape to the opposite
side. To see how « and 6;, affect the deformation, we put four
plots of 6, and Wy, with a = 30° and 45° by changing 6;, in
figure 3(c). Compared to the result of modeling in o = 30° and
45°, Wou With o = 30° is smaller than its with o« = 45° before
each plot reaches 0°. In addition, 6, at a =30° is smaller
than its with a = 45°. Therefore, by changing the diagonal
angle «, the deformations of the final structure are differ-
ent, which enables the gripper to fit the object’s dimension to

grasp.

2.2. Self-folding by magnetic induction

The self-folding process of the origami structure is driven
by magnetic induction heating. When the conductive mater-
ial is placed into an alternating magnetic field, it generates
a time-varying induced current, which generates joule heat
with the resistance in electrical-conductive material. When
the conductive material, copper in this study, is heated up to
a certain temperature, it triggers the thermal response shape
memory polymer (polyvinyl chloride—PVC is used in this
paper) to shrink. Because the PVC sheet is sandwiched by the
copper sheets using adhesive, it produces torque to drive the
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2 columns

iy ol

(a)

d
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-
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main hinge(s)

N
_ 1 a I W,
(Ps) I W,

Figure 2. The net diagram and 3D deforming model at 6;, = 30°. (a) The designed pattern (3 rows X 2 columns), parameters and points
with parentheses which are going to be Py, P2, P3 and P4 (b) from bird view and (c)(d) from side view. Points Py, P>, P3 and P4, the distance
Wout and the global folding angle 6,y are shown in (d) for single unit. (¢) Shows the several units and the total global folding angle, ¢ou.

copper layer to move during the shrinking process to achieve
self-folding.

The temperature increase of the copper sheet over time 7,
T(1), is given by [35]:

P Joule

B8S

where S is the conductive surface area of the sample copper
sheet, p is the density of the sample (8.96 gcm_3), d, is the
thickness of the test sample, ¢, is the specific heat capacity
of the sample materials (390J kg K—! for copper), and T, is
the room temperature during the experiment. The convective
heat transfer coefficient, /3 , is given by solving the following
equation:

__BS_
T() = (1-e ') oty 7, (10)

dT,(t
6(Td(t)_Ta) :—PdGCT(), (11)
where T(t) is the cooling temperature of the sample sheet. A
detailed model to predict the induction heating self-folding by
considering factors such as the heat rates of the copper receiv-
ers, their design, materials, position on the coil, and magnetic

field characteristics is described in [37].

2.3. Experiment setup and actuation

Figure 4 illustrates the experimental setup of the induction
heating and actuating origami gripper. The system includes
one horizontal induction coil for magnetic induction self-
folding, and one horizontal actuation coil for grasping move-
ments. The induction heating coil is placed 4 mm under the
workspace surface and embedded into the center of the actu-
ation coil.

The induction heating coil is wound outward from the cen-
ter, with a diameter of 76 mm and a thickness of 5.8 mm. It
is designed as a double-layer coil comprising 200 strands of
enameled wire, manually braided into a Litz wire configura-
tion. An alternating magnetic field with a resonant frequency
of 100kHz is applied to the coil.

The actuation of the origami gripper is controlled by a
horizontal actuation coil located below the induction coil. 16
pieces of 2 x 2 x2mm?® cubic neodymium magnets (N45)
are attached to the back side of the origami sheet with their
north pole facing upward. After the self-folding process is
completed by the induction coil, the origami structure is then
driven to open and close by a vertical magnetic field generated
from the horizontal actuation coil.
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Figure 3. Simulation results of origami structures. (a) The
relationship between diagonal angle o and 6oy, (b) the locus of Py
when o = 30°, (c) the relationship between 6y, Gout and wour when
a =30° and a = 45°.

Figure 5 shows the final pattern of the origami gripper
whose size is 45 mm in width and 48.75 mm in length. The V-
shaped holes, which are located around the through cuts, are
proposed to reduce the collision and friction between adjacent
T-shape panels when deforming.

2.4. Fabrication

The origami gripper shown in figure 5 consists of three
layers: the structural layers which are used copper (50 um
thick) in this paper and a shape memory polymer contrac-
tion layer. Figure 6 illustrates the fabrication process of the
self-folding sheet. The contraction layer, which is made of
thermo-responsive PVC (24 pm thick) film, is sandwiched by
two structural layers using heat-resistant silicone adhesives
(High-Temperature Glue-on-a-Roll, McMaster-Carr, 20 ym
thick). Two copper structural layers are cut by a vinyl cut-
ter (Silhouette Cameo 3) into a design pattern with mountain

creases and valley creases. In the fabrication process, after
one copper sheet placed on the mat was cut, place the silic-
one tape over that layer (figures 6(a)—(c)). Then, cut the sil-
icon tape (figure 6(d)). Peel off the back layer which sandwich
the PVC layer by two copper structural layers (figures 6(e) and
(f)). Removing the external PVC (figure 6(g)), the origami part
of the gripper is then ready to be attached with magnets using
silicone tape.

3. Results

3.1 Induction induced self-folding of single-unit and
multiple-unit structure

Figure 7 and supplementary video S1 shows the induc-
tion heating-based self-folding results of a 1x 1 single-
unit structure (figures 7(a)—(d)), a 2 x 1 multiple-unit struc-
ture (figures 7(e)—(h)) and a 3 x 1 multiple-unit structure
(figures 7(i)—(1)). The unit in each origami was made in the
same dimensions (18.75mm x 22.5mm). All the structures
were not attached with magnets. The figure shows as the num-
ber of single structural units increases, the overall folding
angle increases. However, it also increases the weight and area
of the structure, resulting in a decrease in heating efficiency.
Therefore compared with the 1 x 1 unit structure and 2 x 1
multiple-unit structure, the heating time of the 3 x 1 multiple-
unit structure increased. Figure 8§ illustrates the comparison of
the simulated global folding angle ¢, with the experimental
results. The global folding angle of the origami structure and
the main hinge folding angles were measured by the image
tracking software (Tracker). All three sheets with different
numbers of units were all stopped further folding when the
main hinge folding angle, 6;,, was around 60°. This may be
because the area of the structure that is perpendicular to the
magnetic field decreases as the folding angle increases, and
the energy received is less than the heat loss of the environ-
ment when 6;, was around 60°, resulting in the hinges not able
to be obtained more energy for shrinking.

In addition, the global folding angles of the three types of
structures were smaller than the results of the simulation, this
is because each diagonal hinge is only connected by PVC,
which still has a certain folding ability in the direction perpen-
dicular to the diagonal hinge. During the self-folding process,
the structure was compressed in the perpendicular direction
under the influence of gravity, which leads to the difference
between the experimental results and the simulation results.

3.2. Magnetic grasping and releasing origami structure

The origami structure was placed on the center of the platform
with magnets attached to the bottom layer. The horizontal coil
generates a vertical magnetic field that has an opposite direc-
tion of the magnets, causing the structure with the magnets
to start repelling and moving away from the plane. Figure 9
shows the relationship between the global folding angle ¢y
and the applied magnetic flux density. The magnetic flux dens-
ity was measured manually by a Gauss meter (Hirst GM07).
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Figure 5. The final design of origami gripper. This design includes four areas: copper T-shape panel, hinges that drive folding due to PVC
shrinkage, holes with no space and magnets. (a) Back layer, (b) front layer.

To evaluate the grasping performance of the structure
actuated by the magnetic field, figure 10 shows the perform-
ance of the gripper grasping different objects and cotton in
different sizes and weights. Each object was placed in the
center of the platform and the origami gripper was held hori-
zontally above the object by a pair of non-magnetic tweez-
ers, with the folding direction facing downwards to minimize
the influence of the structure’s own weight on the experi-
ment’s performance. The magnetic flux density of the hori-
zontal coil was incrementally increased, causing the origami

sheet to fold and securely hold the object. When the grip-
per was closed, it was lifted to see if the cotton was lif-
ted together. Each cotton with different sizes and weights
was tested five times, and the success rate was derived
and shown in figure 10(b). A boundary curve, generated
from the successful data points using MATLAB, outlines the
region where the gripper achieved reliable performance (suc-
cess rate >50%). All grasping experiments presented in this
section were performed using the same gripper sample. No
observable fatigue or mechanical degradation of the PVC
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Figure 7. No magnets induction heating self-folding process with a single (1 x 1) unit (a)—(d), 2 X 1 unit structure (e)—(h), and 3 x 1 unit
structure (i)—(1). The full process is also shown in supplementary video S1.

hinges was detected after repeated grasping and releasing
operations.

3.3. Seamlessly performance from self-folding and grasping

The experiment (figure 11 and supplementary video S2) shows
the whole process of the origami structure self-folding by
the magnetic induction coil and grasping a cotton swab by
the magnetic actuation coil. 16 pieces of 2 x 2 x 2mm? sized

cubic magnets were attached to the origami sheet as described
in section 2.3 after fabrication. The sheet was placed above
the center of the magnetic induction coil. When the induction
coil was on, the flat origami sheet was folded into a 3D struc-
ture. After the self-folding process was completed, the struc-
ture was actuated by the magnetic actuation coil. A strength-
increasing magnetic field was generated by the actuation coil
in the opposite direction of the magnets placed on the origami
structure, causing the repulsive force on the magnets to drive
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the whole structure away from the plane, leading the structure  own gravity to lift up when the cotton rose. When the actu-
to fold further. During the application of the magnetic field, ation coil was turned off, the gripper released the cotton and it
the gripper was able to grasp a cotton swab and overcome its  dropped to the platform.
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Figure 10. Grasping performance of the gripper with different objects undering an applied magnetic field. (a) Grasping results with
different objects. (b) Grasping performance of cotton with different sizes and weights. The blue circle and the red cross indicate the
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Figure 11. Magnetic induction induced self-folding, grasping of the origami gripper. (a) Placement of the origami sheet and turning on the
magnetic induction coil. (b)—(d) Self-folding of the copper origami sheet. (e)—(h) Grasping performance of the self-folded origami gripper,
with horizontal actuation coil on, the gripper starts grasping the cotton and can be lifted up will anchoring the cotton. The gripper will drop
off when turning off the actuation coil. The full process is also shown in supplementary video S2.
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The alignment of the cube magnets caused the structure
pre-folded in advance of the heating process due to repuls-
ive forces. It also prevented the situation where some hinges
folded in the opposite direction to the expected direction due
to the collision at the diagonal hinge during the self-folding
process. However, the inclusion of magnets introduces addi-
tional weight to the structure, increasing its overall weight
from 1.602 g to 2.562 g. The increased weight exceeded the
torque capacity of the PVC at the hinge, rendering it insuffi-
cient to lift the adjacent copper structure as intended.

Furthermore, the orientation of the magnet placement
serves to restrict the folding of the overall structure in
the roll direction, which also results in a reduction in the
overall compression rate of the structure. These combined
factors—including increased structural weight, limited hinge
torque generated by PVC, and restricted folding freedom—
contribute to the relatively long deformation time observed in
the experiments.

In addition, discrepancies were observed between the self-
folding results and the model predictions. Each hinge is solely
supported by PVC sheets, which limits the torque generated
during self-folding. Consequently, if the structure’s weight
exceeds a certain threshold, the PVC cannot provide sufficient
support to lift the structure out of the plane. Future improve-
ments may include adding bridges between adjacent patterns
(as in [18]) or implementing consecutive stilts along the hinge
to enhance stiffness and structural integrity (e.g. [30]).

4. Conclusion

This study presents a remotely foldable and actuatable kin-
ematic origami gripper inspired by the mechanical principles
of scissors linkage systems. The gripper utilizes mountain
and valley folds connected by shape memory polymer hinges,
minimizing joint friction and enabling smooth self-folding
and magnetic field-driven actuation for grasping tasks at sub-
centimeter scales. The thermal stimuli required for self-folding
are delivered via magnetic induction, which remotely heats
the structural copper layer of the gripper. Additionally, a kin-
ematic model of the system is developed and experimentally
validated, providing a quantitative understanding of the grip-
per’s folding and actuation mechanics. This integrated design
shows promise for further miniaturization and potential applic-
ations as a remotely self-assembled functional structure.
Future work will focus on optimizing the origami fab-
rication process and system design to incorporate a larger
number of unit cells within the same device footprint. This
includes improving magnetic induction heating uniformity
across larger-scale structures and balancing the trade-offs
between added structural stiffness from inter-unit contact and
the actuation energy required to achieve full folding. To
ensure long-term operational reliability, systematic fatigue
testing of the PVC hinge structures will be conducted, espe-
cially under repeated actuation cycles. Additionally, develop-
ing a coupled electromagnetic—thermal-mechanical model to
quantitatively link the applied magnetic field strength to the
resulting gripping force will provide valuable guidelines for

optimizing actuation efficiency and performance. Exploring
alternative material configurations and crease layouts may
further enhance the scalability, versatility, and energy effi-
ciency of the origami gripper system under different operating
conditions.
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