IEEE TRANSACTIONS ON ROBOTICS, VOL. 41, 2025

IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2026, Vienna, Austria. Cite as T-RO paper.

3D-Printable Crease-Free Origami Vacuum Bending
Actuators for Soft Robots
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Hendrik Cools, Bram Vanderborght

Abstract—While vacuum-based bending actuation offers bene-
fits such as safety and compactness in soft robotics, it is often over-
looked due to its limited actuation pressure, which restricts both
bending angle and force output. This study presents a crease-free,
origami-inspired vacuum bending actuator that advances both
state-of-the-art vacuum bending actuators and traditional origami
deformation principles by introducing orderly self folding through
optimized stiffness distribution. Achieved through finite element
method, this design provides several advantages: 1) Self-folding
allows for high bending angles (up to 138°) in a compact form. 2)
The crease-free design facilitates 3-D printing from a single soft
material using a consumer-level fused filament fabrication printer,
specifically thermoplastic polyurethane with a Shore hardness of
60 A, potentially higher flexibility and durability. 3) The compact
configuration enables modular design, supporting reconfiguration
as demonstrated in adaptable locomotion soft robots. 4) The large
bending angles allow the actuator to wrap around objects, offer-
ing extensive contact compared to other designs. This capability,
combined with its vacuum-driven mechanism, enables synergy
with self-closing suction cups in an octopus-like vacuum gripper,
providing large versatility and grasping force for handling a wide
range of objects, from small, irregular shapes to larger, flat items.

Index Terms—3-D printing, experimentally validated, origami,
pneumatic actuator, soft robot, vacuum bending.

1. INTRODUCTION

ENDING actuators are vital components in soft robotics.
They enable grasping motions in soft grippers, facilitate the
creation of soft manipulators, and function as legs in locomotion
for soft robots [1], [2], [3]. Apart from actuation via smart
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materials, such as electrical [4], [5], [6], magnetic [7], [8], [9],
thermal [10], [11], [12], or photo-responsive materials [13], [14],
[15], the most affordable and broadly used bending actuators are
driven by fluidic pressure or tendon. Fluidic bending actuators
typically consist of internal deformable hollow chambers that
dictate the desired output motions. In contrast, tendon-driven
bending actuators use tension cables to mimic the function
of muscles or tendons. Compared to tendon-driven actuators,
fluidic bending actuators generate a more uniform force along
the entire actuator. In addition, unlike tendon-driven systems,
pneumatic actuators generate force in multiple directions. This
multidirectional and distributed force generation makes pneu-
matic actuators highly versatile and extensively utilized in soft
robotics.

Among fluidic actuators, positive pressure pneumatic systems
are often used since unlimited positive pressure can generate
higher force and faster actuation [16]. Vacuum-driven actuators
are limited in the force and speed they can generate, primarily
due to the constrained negative pressure they can achieve (e.g.,
typically up to 1 bar below atmospheric pressure). Furthermore,
their deformations are less predictable due to buckling. Never-
theless, compared to pneumatic actuators, vacuum actuators are
inherently fail-safe. This is because compressed air, if leaked,
can dislodge debris or particles that may pose a risk to delicate
human tissues such as the eyes. Furthermore, vacuum actuators
are highly compatible with suction cups, which are increasingly
popular due to their compactness and strong adhesive forces, a
capability that can compensate for the limited force transmis-
sion of vacuum actuators [17], [18], [19], [20]. Likewise, other
vacuum-related functionalities can be seamlessly integrated,
such as vacuum jamming for achieving variable stiffness in
soft robots [21], [22]. In contrast to positive pressure actuators,
vacuum actuators decrease in volume during actuation instead
of expanding. Consequently, their compactness enhances their
integration and allows them to be used in confined spaces.

Because of the restricted negative pressure, vacuum bending
actuators demonstrate considerable limitations in bending an-
gles [2], [23], [24], [25], constraining the performance in prac-
tical grasping or moving tasks. Thus, many vacuum grippers,
originated from mimicking octopus tentacles, often use tendon
or pressurization to drive bending motions, although the primary
grasping force contribution arises from the mounted vacuum
suction cups [2], [26], [27]. This results in more intricate robotic
systems. This underscores the demand for advanced vacuum
actuators capable of achieving greater bending angles, which
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Overview of the BSVA. Advantages of the design include: 1) The crease-free design allows high-quality 3D printing fabrication and versatile designs. 2)

Modular structure allows for configurable robots. 3) Self-folding based on origami principle enables high bending angle. 4) Vacuum actuation ensures seamless
integration with self-closing suction cups. 5) Integrated with self-closing suction cups, results in octopus-tentacle-like versatile grippers that adaptively manipulate

various objects with a single vacuum control system.

would lead to simplified vacuum-only systems that combine vac-
uum actuators with vacuum suction cups and/or vacuum-based
stiffness modulation.

Incorporating (un)folding techniques inspired by origami or
kirigami into bending actuators opens new avenues for enhanc-
ing bending performance and integrating intelligent functions
into vacuum actuators. Origami, seen in animals and plants, not
only enables significant folding and bending, but also incorpo-
rates functions such as bistable mechanisms similar to those
observed in earwig wings. This inspires a surge of structural
intelligence in academia [28], [29], [30]. More specifically in
soft robots, examples of functions enabled by origami include
in situ stiffness manipulation for tuning force or sensitivity [31],
a linear artificial muscle capable of high strain and stress [32],
areconfigurable suction gripper that can undergo flexible shape
changes [33], and innovative applications like energy-efficient
bistable sensor placement on branches [34]. Zhang et al. [35]
proposed the development of soft origami robots using pro-
grammable and processable multifunctional elastomeric sheets,
laying a sturdy foundation for the rapid advancement of intelli-
gent robots.

In contrast to traditional pressurized pneumatic actuators,
origami actuators exhibit minimal strains and hysteresis, primar-
ily relying on folding and unfolding rather than stretching, which
enhances their dynamic performance. However, conventional
origami machines usually require stiff materials (e.g. plastics,
metals, and papers) with premade creases to achieve controlled
folding trajectories [36]. While this origami method enables the
creation of continuum-deforming structures akin to fingers [37]
or trunk-inspired designs [38] in rigid robotics, its applicability
within soft robots is limited, as they depend on soft elastomer
materials for their adaptability and safety. Nevertheless, sev-
eral origami soft robots have been researched [39], [40], [40],

[41], [42]. However, the design flexibility and scalability of
these origami-based soft robots are constrained by the use of
linkages or premade creases in their design, which leads to
complex manufacturing processes often necessitating multima-
terial approaches and labor-intensive manual work. Molding
with varied thickness in elastomers can produce airtight pneu-
matic actuators, such as soft twisting actuators [43]. However,
their actuation is usually limited to linear shrinkage or expan-
sion and tends to generate low force, while offering significant
flexibility.

This study presents a novel design for an origami-inspired
vacuum bending actuator that is free of creases (see Fig. 1).
Although it was based on the origami deformation principle,
a significant progress is that no crease was required to be
premade in the structure due to proper stiffness distribution. The
actuator itself forms temporary creases during actuation. This
innovative crease-free design has multiple advantages. 1) Due to
its orderly self folding behavior, this compact actuator achieves
higher bending angles than other vacuum-based actuators, as
demonstrated through extensive characterization, with bending
performance comparable to that of a human finger. 2) Its compact
configuration enables the application of a modular design to the
origami-inspired vacuum bending actuator, opening up possi-
bilities for reconfiguration. This modular and reconfiguration
approach is assisted by vacuum, which generates cohesive forces
between the modules. These capabilities are demonstrated on
a reconfigurable locomotion robot. 3) The crease-free design
potentially improves surface contact flexibility by eliminating
fixed folding tracks and enhances durability by reducing the
risk of crack propagation along premade creases. In addition,
it enables airtight fabrication of the actuator via fused filament
fabrication (FFF) 3-D printing using a single soft elastic mate-
rial. This is demonstrated through fabrication with thermoplastic

Authorized licensed use limited to: Vrije Universiteit Brussel. Downloaded on November 12,2025 at 14:53:33 UTC from IEEE Xplore. Restrictions apply.



PRINTABLE CREASE-FREE ORIGAMI VAC

WANG et al.: 3D- ) y UM
IEEE Transactions on Robotics (T-RO

polyurethane (TPU), which possesses a Shore hardness of 60 A,
considerably softer than the filaments commonly used in soft
robotics, most of which exhibit Shore A hardness values ex-
ceeding 80. Consequently, 3-D printing with this TPU posed
challenges, necessitating custom modifications and configura-
tions of the 3-D printer, as detailed in the article. The flexibility
of the TPU enhances the adaptability of the actuator, reduces its
tendency to buckle, and enables smooth pressure-driven bending
motion with reliable control. 4) Finally, the compatibility and
synergy of this new vacuum-driven actuator with suction cups,
in particular a new type of self closing suction cups, is demon-
strated in an octopus-like tentacle vacuum gripper capable of
grasping irregular and flat objects.

II. MATERIALS AND METHODS

This study aimed to develop a 3-D-printed, origami-inspired,
bending soft vacuum-driven actuator (BSVA). As detailed later
in this paper, these BSVAs can be employed in various soft
robots, including grippers, locomotion robots, and configurable
modules. Initially, the materials, design, and fabrication of the
BSVA are presented. FFF was utilized to manufacture the BSVA
in asingle print using a single TPU material, specifically Recreus
Filaflex 60 A. Due to the high flexibility of this material, print-
ing smooth and airtight structures with FFF poses challenges.
Therefore, the necessary printer modifications and 3-D printing
parameters are discussed in detail.

A. Material Selection and Characterization

Recreus Filaflex 60 A is softer than other common TPU
filaments, such as NinjaFlex, which has a Shore hardness of
85 A. Recreus, Inc. supplies this soft TPU filament (1.75 mm
diameter). In this article, this soft elastomer is selected because it
enhances adaptability and reduces the required actuation power,
which is crucial for vacuum actuation since the maximum
pressure difference between the actuator and the environment
is limited to 1 atm. Although the mechanical properties are
provided in the material documentation of Recreus, standard
compression (ASTM D575) and tension (ASTM D412) tests
were conducted to investigate the mechanical properties of
printed TPU samples. ASTM D575 method is used to character-
ize rubber properties in compression, while ASTM D412 is used
to evaluate the tensile properties of vulcanized thermoset rubbers
and thermoplastic elastomers. The tension and compression
samples were 3-D printed using a solid infill with a concentric
printing pattern. As demonstrated in Fig. 2, the printed TPU
material samples have an obvious nonlinear behavior during
the strain range approximately from 30% to 110%, while a
relatively linear stress—strain relation in both the small strain
and large strain range. This hyperelastic material property can
be characterized by a polynomial model with parameters: Co =
1.31938144, Cp; = 0.08074091889, Cyp = —0.01073863042,
C11 = 0.120896547, Cyo = —0.544133955. Based on the ex-
perimental results, Young’s modulus of 6.65 MPa can be derived
via linear regression in the 0% to 25% strain window.

BENDING ACTUATORS FOR SQET ROBO . ] ]
) paper, presented at ICRA 2026, Vienna, Austria. Cite as T-RO paper.

ET R TS 5953

12

Stress (MPa)

[
W

0 200 400 600

Strain (%)

Fig. 2. Quasi-static material mechanical property tests are conducted on
printed TPU specimens according to compression test ASTM D575 (orange
colorrange) and tensile test ASTM D412 (blue color range). The circular samples
were used for compression testing, while the dogbone-shaped samples were
prepared for tensile testing.

B. Design of the Crease-Free Vacuum Bending Actuator

The design of the crease-free vacuum bending actuator con-
siders key aspects such as durability, fabrication, flexibility,
and actuation. Conventional origami machines typically rely
on premade creases created by folding or variations in shell
thickness. The folding method can lead to shell fragility due
to crack propagation, increase the likelihood of leaks, and
impose limits on the minimum thickness. Repeated folding at
the creases reduces durability. The thickness variation method
requires relatively thicker shells to create the desired thickness
differences, which can compromise overall flexibility. Since soft
robots are typically made from elastomers, where flexibility and
conformability are essential for effective interaction with objects
and environments, the presence of creases restricts deformation
and elasticity, thus limiting flexibility.

While many soft robots can be efficiently molded or 3-D
printed, the inclusion of creases hinders the feasibility of au-
tomated fabrication methods like 3-D printing. Creases reduce
the thickness of actuator walls, compromising airtightness, and
complicate nozzle trajectories, leading to increased extrusion
and retraction frequency and ultimately poor print quality.

Furthermore, vacuum bending actuator behavior involves
structural shrinkage and material compression. When the
origami structure is formed with premade creases, the elastic
restoring force is limited. Without sufficient elasticity, the actua-
tor cannot reliably recover its initial shape upon vacuum release,
necessitating the use of an overpressure source that complicates
the system. To address these challenges, a crease-free design
approach is proposed.

In traditional origami designs, such as the folding box shown
in Fig. 3(a), creases are manually created to locally reduce the
default stiffness of a sheet. When subjected to a compressive
force parallel to the sheet’s surface, creased sheets fold more eas-
ily and compactly, whereas smooth sheets only exhibit relative
bending. By incorporating properly distributed creases, a sheet
can be engineered to exhibit multiple directional stiffnesses.
Under compression or surface pressure, such a sheet folds
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Origami-based crease-free vacuum bending structure. (a) Schematic diagram of an origami box. The top face (transparent) is considered a void surface,

yellow faces with pre-made creases are side faces, and green sheets are end faces. (b) A section of the 3-D-printed bending actuator, the top face (transparent) and

side faces (yellow) self fold under air pressure and generate bending behavior.

sequentially along the premade creases. Thus, the creases can
be assumed needed to enable directional stiffness by reducing
default stiffness.

Since the key mechanism lies in achieving a proper stiff-
ness distribution, and creases are unsuitable for elastomers,
pneumatic actuation, and 3-D printing, alternative methods are
required. Instead of reducing stiffness, enhancing partial or
directional stiffness can be employed to create a similar stiffness
distribution. Meanwhile, because of the lower default stiffness
of elastomers, moderate stiffness enhancement will not affect
compliance and flexibility. Different strategies can achieve this,
including varying material thickness, multimaterial composi-
tions, or integrating stimulus—responsive materials. In this study,
a structural design approach is selected to generate the required
stiffness distribution, and fundamentally verify the effectiveness
of the proposed approach.

The conceptual design of the bending module is inspired by
the folding behavior of an origami box. Specifically, the design
mimics the fundamental stiffness distribution of an origami box.
Fig. 3(a) depicts the schematic diagram of an origami box. The
origami box, e.g., the rectangular cuboid, consists of four vertical
faces, with two of them having crossed creases. The stiffness of
the top face (transparent) I is lowest since it is void, the stiffness
of face Il is lower than III due to a pair of crossed creases. When a
horizontal force compresses the box, face II is more susceptible
to stress and folds. Subsequently, faces I1I tilt towards each other
and gradually incline closer to the bottom. If multiple origami
boxes are attached via face III, they can generate a bending mo-
tion. Maximum folding with minimal force is achieved when the
creases are as long as possible. However, point ¢ [see Fig. 3(a)]
cannot cross the symmetrical middle line because this would

cause interference between the two side faces (yellow) during
folding. Consequently, the relationships between the dimensions
of the origami box can be described as follows:

3 =10+103 )]
a = tan (11 /13) )
la > 15. 3)

The top face (transparent) is designed to be as thin as possible
to emulate the void top opening of an origami box. The side
faces (yellow) exhibit higher stiffness than the top face due to
their increased thickness and smaller surface area. The width
of the bottom of the side face (/5) should be smaller than [3
to prevent it from yielding under air pressure. However, the
thickness must not be too high to avoid hindering the elastic
bending of 5. As a result, the crease shown in Fig. 3(a) is absent
here; instead, I, marks the boundary of the slopes of the end
faces (green) to differentiate stiffness between [3 and [5. The
dimensional relationships of the vacuum bending module can
be described as follows:

I3 =14 -cos(B)+ 0.5 15 4)
ly > 3. ®)

The end faces (green) is designed thicker to connect with
adjacent module sections, forming a larger vacuum-bending
actuator. This increased thickness enhances their stiffness to
support fluidic channels, creating a connection to the vacuum
source. Following this design in Fig. 3(a), the bending module
deforms like the origami box, which is confirmed through finite
element method (FEM) modeling in the next section. As will be
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is compared to a bending human finger.

discussed in Section D, the minimal wall thickness of horizontal
and vertical planes, is 0.3 and 0.4 mm, respectively. Taking
these design restrictions, the dimensions of the vacuum bending
module as depicted in Fig. 4 are selected.

C. Structural Mechanics Analysis

FEM modeling was performed on ANSYS to evaluate the
design of the vacuum bending module deformation since the
influence of top surface and thickness were unknown, which
is different from a regular origami box. The ratio between the
longest edge and the shortest edge is less than 70, which may not
cause a singularity issue. Therefore, the model is analyzed using
structural mechanics. The geometric model of a BSVA module
was built and imported from Solidworks and did fillet to sharp
corners. To reduce computation cost, the geometric model is cut
in half since it is symmetric, and an elastic material model is
used with Young’s modulus of 6.65 MPa, and Poisson’s ratio of
0.39. Frictional contacts were defined for mating faces, with the
model fixed on one side and pressure applied to all other faces.
The mesh contained 70 042 elements. A uniform mesh size of
0.4 mm was used for the entire body and a refined 0.2 mm mesh
size for the top and back faces using face sizing. The analysis
was carried out in Static Structural mode with 150 substeps.

D. 3-D Printer Modification and Configuration

Whereas the design of the vacuum bending module allows
both formative and additive manufacturing, the latter is selected.
Formative manufacturing, e.g., molding, is extensively used to
manufacture fluid soft robots. However, multistage molding is
predominantly employed for creating hollow structures, which
are crucial for pneumatically driven soft robots. This is exempli-
fied in the fabrication of a manually fabricated vacuum artificial
muscle [32] and a flipping robot [1]. This multistage approach
creates weak interfaces between parts that were molded in
different stages. As a result, the soft robots produced using this
method have a limited lifespan due to delamination at these
interfaces. Conversely, recent advancements in additive manu-
facturing on the material and system level have spurred research

BSVA. (a) Section view of BSVA geometrical model. (b) Section view of a segment of BSVA. (c) The dimensions of a segment of the BSVA. (d) BSVA

on 3D-printed soft robots [44], [45], [46], [47], [48], [49], [50],
[51]. Nevertheless, the print materials used in these examples
have limited flexibility (>Shore A 70). While stereolithography
(SLA) offers high-resolution fabrication, the available soft resins
are often limited in flexibility and elasticity. Some silicone-like
or silicone-based resins provide high stretchability, but they tend
to be either too viscous for fabricating thin-shell structures,
insufficiently elastic, or prohibitively expensive for practical
robotic applications [52]. Moreover, for pneumatic robots with
complex internal cavities, the need for support and the diffi-
culty of their removal pose additional challenges, increasing
the risk of compromised airtightness. On the other hand, FFF
faces challenges due to the compressibility of flexible filaments,
leading to issues such as 1) filament extrusion failure due to
too little pressure build-up or buckling; 2) flow rate fluctuation
due to uncontrolled feeding; 3) nozzle clogging and 4) oozing
due to slow retraction; 5) overhang printing failure, stringing or
other quality issues during printing. To tackle these challenges
and be able to 3-D print the airtight vacuum bending module
out of the softest TPU filament in the market (Recreus Filaflex
60 A), a regular consumer desktop FFF printer (Prusa MK3S)
was modified.

To solve the filament extrusion issues, the original hotend
Polytetrafluoroethylene (Teflon) tube was replaced by a Teflon
tube with an inner diameter of 2.0 mm and an outer diameter
of 4.0 mm. As shown in Fig. 5(a), the new Teflon is longer
and the end near the nozzle was trimmed to a cone shape, the
other end was trimmed to a wedge shape. Therefore, the gap
between the nozzle and the Teflon tube is eliminated, and the
gap between the Teflon tube and the idlers is minimized. As such,
TPU filament cannot be extruded through gaps around the idler,
and melted TPU will not accumulate near the nozzle. First-layer
calibration was used to adjust the idler tension to an optimal
extrusion of TPU filament. The first printed layer in Fig. 5(b) is
expected to have no gap or visible overflow between lines, which
will support a porous-less solid infill. Clogging and oozing are
common issues for flexible filaments. A critical parameter that
influences both the occurrence and resolution of this issue is
retraction. Excessive retraction can easily cause clogging over
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Fig. 5. 3-D printer modification and calibration. (a) The Teflon tube was

replaced and cut to fit the gap between the extruder idlers. (b) First layer
calibration ensures correct line width and spacing. (c) Overhang printing tests.
(d) A view of the 3-D printed overhang area in a bending module, which is
almost smooth with minor oozing. (e) A failed printing for a crease-based design.
(f) The printing quality of a sheet with creases.

time, leading to inconsistent flow rates. Conversely, insufficient
retraction can result in excessive oozing and stringing, which de-
grade print quality, obscure details, and potentially compromise
airtightness. Thus, the retraction is tuned to a moderate value
through multiple printing tests (see Table I).

The module is printed with its top face on the print bed
(upside down) for two reasons. First, this allows the thinnest
top face to be printed directly in contact with the print bed.
Second, it reduces the need for printing overhangs. However,
printing overhangs is unavoidable to achieve a sufficiently long
l5 in Fig. 3(b). If 5 is too short, it limits bending because there
is not enough internal space for folding the top face and side
faces. To 3-D print this overhang, a very low print speed is
selected, together with a high fan speed (details in Table I),
to achieve the maximum possible overhang distance. Fig. 5(c)
illustrates the overhang printing quality for distances ranging
from 1 to 5 mm. Based on this, the overhang distance is set to
3 mm. Fig. 5(d) illustrates the internal surface of the vacuum
bending module, clearly showing that the overhang can be
printed, although its surface finish is not as smooth as that of
the other faces. Additional settings, as detailed in Table I, were
adjusted or enabled to ensure optimal airtightness and detail.
Finally, it is crucial to note that the filament was stored in
an environment with relative humidity maintained below 20%.
This precaution is essential because TPU filament is sensitive to
moisture, which can cause bubbling during printing, resulting in
poor print quality and potential clogging issues. With all printing
parameter optimization, the final printed bending actuator has

TABLE I
TPU 3-D PRINTING PARAMETERS

Parameter Value Unit
Resolution
Layer height 0.1 mm
First layer height 0.2 mm
Extrusion width 0.4 mm
Retraction
Retraction length 2 mm
Retraction speed 25 mm
Speed
Perimeter 15 mm
Small perimeter 0 mm
External perimeter 8 mm
Bridges 8 mm
Temperature
Nozzle 15 mm
Bed 10 mm
Fan settings
Fan speed 70 %
Bridge fan speed 100 %
Other settings
Infill percentage 100 %
Bridge flow ratio 1.3 1
Layer height limits 0.08-0.22 mm
Extrusion multiplier 1.2 1
Avoid crossing perimeters Enabled
Detect bridging perimeters Enabled
Fill gaps Enabled

a good surface quality and high bending angle which can be
compared to human fingers as shown in Fig. 4(d).

To demonstrate how the crease-free design enables FDM 3-D
printing, a bending module with creases along the folding area
(see Fig. 5 E) and a sheet with creases \(see Fig. 5 F) were
fabricated using 3-D printing. Since creating creases by folding
elastomers is challenging, carvings were introduced to function
as creases. However, this approach results in nonuniform sheet
thickness, increases the complexity of the nozzle trajectory,
and requires more frequent filament extrusion and retraction.
Consequently, it leads to poor printing quality, as shown in
Fig. 5(e). Even when printing a flat sheet, as in Fig. 5(f), the
carved trajectory causes surface irregularities and unevenness.
Therefore, for 3-D printing origami-based soft actuators, the
crease-free design is a critical method. It reduces the complexity
of the printing trajectory and improves overall print quality,
aligning with the findings of [44].

III. EXPERIMENTS AND RESULTS

A. Characterization of the Bending Module and Actuator

Based on this vacuum bending module, a vacuum bending
actuator was manufactured by designing 4 modules in series
and printing the entire actuator in one print using the FFF
technique described earlier. Using a test bench equipped with
force sensing and deformation tracking capabilities, the actuator
bending angle, bending force, and hysteresis were analyzed.
First, the bending angle is measured in free bending by fixing
the actuator horizontally with its bending direction oriented
against gravity. The bending angle is calculated by tracking a
red dot on the actuator tip. The video-capturing device is the DJI
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Fig. 6.

Characterization of the bending module and the bending actuator. (a) The bending actuator presses against a flat surface at —80 kPa. (b) Volumetric strain

contour of a bending module. (¢c) Vacuum pressure changes when the actuator was cut off vacuum source to test airtightness. (d) The bending angle and force of a
bending actuator at different vacuum, and the bending angle of a bending module at different vacuum. (e) Bending force changes at different bending angles under
actuation, the force fluctuation indicates friction occurs between the shells and the cavity interior faces. (f) Hysteresis curve of the bending actuator.

Osmo Action 3, while the vacuum sensor and regulator are the
FESTO SPAN-B2R-Q4-PN-PN-L1 and the SMC IRV 10-CO06,
respectively. The vacuum pressures are relative values regarding
atmospheric pressure, and the vacuum generator is an oil-free
pump, Varan Motors TC-99. The blue curve in Fig. 6(d), which
shows the bending angle as a function of pressure, demonstrates
the high sensitivity to pressure. It achieves its maximum bending
angle of 138° at approximately —50 kPa, with each module
having an individual bending angle of 74°.

The bending force is measured by clamping the bending
actuator horizontally on a tensile testing machine (Tinius Olsen
UTMS Model 5ST). The force exerted by the tip on the object
is recorded as the bending force. The red curve in Fig. 6(d) indi-
cates that the bending force remains at a low level, smaller than
I N. Itreaches around 0.7 N at —10 kPa, increasing with a higher
vacuum. The force increment from vacuum —40 to —50 kPa is
higher than the others in the range from —10 to —80 kPa. In
Fig. 6(a), the bending actuator presses the object at —80 kPa.
It clearly shows a distortion deformation in the middle of each
module. While the high flexibility of the TPU material ensures
high sensitivity to vacuum, it also leads to this low resistance to
external impact, thereby limiting the maximum bending force.
This shape distortion results in a slower increase in bending force
after —50 kPa. The low bending force of vacuum bending actua-
tors is primarily constrained by two factors: the limited actuation
pressure (a maximum of one atmosphere) and low structural
stiffness. To achieve high flexibility (more adaptive to objects),
characterized by a large bending angle, the structural stiffness
must remain low, even when soft materials are used, due to the
inherent limitation of the actuation pressure. This article argues

that the design of vacuum bending actuators should prioritize
their key advantages—high adaptability and flexibility—rather
than focusing on force generation. Force generation can instead
be addressed through more efficient, compatible vacuum-based
mechanisms, such as vacuum jamming for variable stiffness
or vacuum suction cups, etc. The latter has been integrated
into the octopus gripper demonstrator presented in this study,
highlighting a practical and synergistic approach to enhancing
overall performance.

It is worth mentioning that the deformation of the top and side
faces [see Fig. 3(a)] also leads to friction between these surfaces,
affecting the bending behavior at higher bending angles. This is
confirmed through structural mechanics analysis in FEM on a
module level of the bending actuator, as illustrated in Fig. 6(b).
The simulation outcomes clearly indicate contact between the
top and side faces in the cavity. This frictional contact forms
even at a low vacuum of —20 kPa. To evaluate the feasibility
of reducing distortion in the bending actuator in Fig. 6(a),
simulations considering sheet thickness and bottom overhang
length were conducted. Detailed results of these simulations are
provided in Supplementary Material 1. The findings reveal that
the design of vacuum bending actuators is a balance between
stiffness and flexibility. Due to the inherent limitation of vacuum
actuation pressure, higher structural stiffness leads to a reduction
in the maximum achievable bending angle. To reach the highest
flexibility, a low-stiffness design is adopted.

To further evaluate the influence of internal friction on an ex-
perimental level, a bending force test was conducted. The bend-
ing actuator was first actuated while constraining the bending
tip. The constraint was then released at a speed of 0.4 mm/s, and
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TABLE II
COMPARISONS WITH BENDING ACTUATORS

Bending force/  Bending angle/

Actuation Actuators Fabrication Materials weight (N/g) length (°/mm)
Vacuum VBA [24] Hand made Silicone, PE film 2/72=0.028 67/132=0.5
Vacuum Wall-climbing [44] Hand made PVC and TPU 12.57 178/52=3.4
Vacuum V-SPA [23] Hand made Foam and glue / 27.3/45=0.6
Vacuum Vacuum-actuated [25] Molding Silicone (85 A) 0.42/ 15/93=0.2
Vacuum SOVAs [47] 3D printing TPU (85 A) 3.4/13.1=0.26 80/22=3.6
Vacuum LSOVA [53] 3D printing TPU (85 A) linear linear
Vacuum This work 3D printing TPU (60 A) 0.9/2.5=0.36 74/23=3.2
Cable VEL actuator [54] 3D printing TPU (70 A) 4.6/ 90/216=0.4
Overpressure  Multimaterial actuator [S5] molding Diels-Alder reaction /112 100/101=1
Bistable steel PBRA [56] molding TPU, prestressed steel 3/ 230/165=1.4
SMA PBRA [57] molding Silicone, SMA 118.8/13.5=8.8 75/60=1.3

the bending force against the constraint object was monitored.
The contact force at vacuum levels of —10 and —80 kPa is shown
in Fig. 6(e). At —10 kPa, the contact force gradually decreases
as the object moves away from the actuator tip, because the
bending angle is small at lower vacuum levels and without
significant folding behavior. At —80 kPa, although the bending
force trend also decreases as the object moves away, there is
significant fluctuation during the process. This fluctuation is
caused by friction between the top and side faces, as well
as between the object surface and the actuator tip. When the
bending actuator is actuated while constrained, the top face
deforms and makes contact with each other and interior faces,
generating friction. This friction slightly hinders the bending.
Once the bending force overcomes the static friction, the actuator
bends suddenly, creating an impact that results in force peaks
around displacements of 20 and 34 mm. Ultimately, the bending
actuator intermittently reaches the maximum bending angle.

The hysteresis in the bending-pressure relationship of the
bending actuator, occurring between actuation and deactivation,
is crucial for soft robots, as it influences the actuation speed, en-
ergy efficiency, and controllability of the actuator. To investigate
it, the actuator was depressurized to —80 kPa and repressurized
to 0 kPa with a pressure ramp of 10 kPa per second, while the
bending angle was tracked in free bending (e.g., no contact). The
results in Fig. 6(f) show that the bending angle increases almost
linearly during loading. However, during unloading, the angle
only decreases rapidly at vacuum levels lower than —20 kPa. The
hysteresis observed during the unloading phase can be attributed
to two phenomena. First, it arises from internal friction between
the faces of the module. However, more significantly, it is caused
by buckling of the faces during actuation which leads to folding.
Despite its soft and flexible nature, the bending module initially
exhibits higher stiffness during bending. The actuator stiffness
is reduced whenever its faces undergo buckling under loading.
This instability phenomenon does not occur during unloading,
in which the folds are already formed, contributing further to
the hysteresis. This is a clear disadvantage of the crease-free
design. In traditional origami-based soft robotic actuators, the
folds/creases are inherent to the design. Hence, these actuators
do not suffer from this buckling phenomenon and have superior
hysteresis.

Airtightness is crucial for the energy efficiency of pneu-
matic actuators. To evaluate the airtightness, the actuator was

vacuumed to —80 kPa and then disconnected from the vacuum
source to monitor the pressure change. The blue curve in Fig. 6(c)
indicates good airtightness, with the vacuum dropping only from
—80 to —79 kPa after 10 min, which is a negligible loss of just
1 kPa.

To evaluate the performance of this new origami-based bend-
ing actuator, its key performance indicators, including bending
force and angle are benchmarked against recently published
works that present bending actuators (see Table II). The ma-
jority of comparisons focus on vacuum bending actuators since
the same actuation method. To make comparison possible the
bending force and angle were normalized into a force-to-weight
and a bending angle-to-length ratio. The origami-based actua-
tor, presented in this article, demonstrates the highest force-to-
weight ratio and a top-tier bending-angle-to-length ratio. Only
the SOVAs [47] demonstrate a higher bending-angle-to-length
ratio. However, their bending mechanism differs fundamen-
tally, relying on the tension generated by a relatively hard yet
compliant thin film across the bending modules. Moreover,
while the SOVAs design is compatible with FFF using stiffer
materials (e.g., Shore A 85), it is not suitable for printing
with softer materials such as Shore A 60, which are essential
for achieving greater flexibility and compliance in soft robotic
applications. Compared to other bending actuator mechanisms,
such as cable-driven systems, overpressure actuation, bistable
mechanisms, and stimulus— responsive materials like shape
memory alloys (SMAs), vacuum bending actuators typically
produce lower force. Unlike these mechanisms, the force gener-
ated by vacuum bending is inherently constrained by the limited
pressure differential of one atmosphere, making significant force
enhancement impractical. As aresult, vacuum bending actuators
should prioritize flexibility over force generation, leveraging
their adaptability and compliance. For applications requiring
higher bending forces, complementary methods such as vacuum
granular jamming or integrated suction cups can be used to
augment performance. However, for applications with stringent
demands for high bending force, vacuum bending actuation may
not be the optimal choice.

B. Miniaturized Self-Closing Suction Cups

The advantages of this new bending actuator are high-
lighted by the design, fabrication, and characterization of an
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Fabrication and characterization of the minimized self-closing suction cup. (a) The setup for measuring the suction force. (b) Suction force of the minimized

self-closing suction cup. (¢) An assembled suction cup mold. (d) The fabricated suction cup. (e) Sectional view of the suction cup. (f) Sectional view of the suction

cup mold.

octopus-like redundant gripper (see Section III-C). The vacuum
actuation of the bending actuator enables synchronized oper-
ation with vacuum suction cups without requiring additional
systems. Conversely, the integration of vacuum suction cups
enhances the overall gripping force of the vacuum bending
actuators, effectively addressing their inherent limitation of low
bending force. Multiple suction cups can also improve the
redundancy of the gripper, as they can still generate adhesion
force even when the bending actuator does not provide sufficient
friction or when some suction cups are not in contact with
the object. Previously published works [2], [26], [S8] typically
present octopus-inspired grippers composed of bending actu-
ators either without suction cups or with suction cups actuated
independently. However, integrating bending and suction within
a single vacuum system poses challenges, as not all suction
cups maintain contact with the object during grasping due to
variations in size and shape. This can result in some suction cups
remaining open, causing air leaks that reduce energy efficiency,
orinloss of suction on cups that are in contact, ultimately leading
to grasp failures.

In related work, self-closing suction cups can automatically
self-close whenever the suction cups are not in contact with
objects, thereby preventing any leaks [20]. Although compact,
the design from that research was still too large for the intended
vacuum bending actuator. Hence, following the same principle,
this paper introduces a new design of these self-closing suction
cups, scaled down to be compatible with the crease-free vacuum
bending actuator. Fig. 7(e) and (d) illustrates the 3-D geometric
model and molded cup, respectively. Due to the requirement
for numerous suction cups and the tight tolerances of the self
closing mechanism, a mold capable of producing multiple cups
was 3-D printed using an SLA 3-D printer (Prusa SL18S). Fig. 7(f)
provides a sectional view of the 3-D model of the mold, with
the blue section line indicating the suction cup body area. The
suction cup achieves its self-closing function by utilizing a soft

cap that seals the vacuum port. As illustrated in Fig. 7(e), the
suction cup contains a vacuum port and a cap with a thin gap.
When the suction cup is not in use, the vacuum causes air to flow
across the thin gap, creating an air pressure gradient around the
cap. This pressure gradient forces the cap to deform, thereby
sealing the vacuum port. Silicone Smooth-On Mold Max 14 NV
was chosen for its exceptional flexibility (modulus of 0.24 MPa
and strain at fracture of 600%), ensuring the cups can conform
effectively to irregular objects and surfaces. Moreover, its low
viscosity in its uncured state (7.5 Pa.s) facilitates the molding
process by flowing easily into narrow gaps and corners. Fig. 7(c)
displays the assembled mold, where the top mold was pressed
onto the bottom mold following the casting of silicone into it.
Subsequently, the mold underwent degassing in a vacuum tank.

The miniaturized self closing suction cup underwent char-
acterization by securing it on a tensile machine (Tinius Olsen
UTMS Model 5ST), depicted in Fig. 7(a). Fig. 7(b) illustrates
the suction force plotted against negative pressure. This suc-
tion force notably exceeds the bending force of the crease-free
vacuum bending actuator [see Fig. 5(d)]. Furthermore, measure-
ments conducted using a pressure sensor (FESTO SPAN-B2R-
Q4-PN-PN-L1) confirm that the suction cup achieves complete
closure at a source vacuum pressure of —50 kPa or lower.
Whenever fully closed, the suction cup will not adhere to an
object anymore, even when pressed against a flat surface. At
vacuum range from —20 to —40 kPa, the suction cup can
still gradually adhere to a flat object when pressed against it,
indicating minor leakages. However, this vacuum leakage is
negligible to activate bending actuators as it does not cause a
noticeable loss of vacuum.

C. Octopus-Inspired Gripper

To demonstrate the flexibility of grasping various objects,
achieved through the synergy of self closing suction cups
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Characterization of octopus-like gripper. (a) An octopus-like gripper without mini self-closing suction cups grasps a solid ball with a diameter of 40 mm.

(b) An octopus-like gripper with suction cups grasps a solid ball with a diameter of 30 mm. (c) An octopus-like gripper grasps a solid ball with a diameter of 50 mm.
(d) An octopus-like gripper grasps a ball with a diameter of 50 mm. (e) A sectional view and a fabricated octopus-like gripper. (f) Top view of the octopus-like

gripper. (g) Influence of mini self-closing suction cups on gripping force at
of 30 mm.

and crease-free vacuum bending actuators, we designed a new
vacuum gripper. This gripper, which integrates three vacuum
bending actuators, was monolithically 3-D printed. Fig. 8(e)
shows the side view and sectional view of the 3-D model of the
gripper. The base of the gripper is 3-D printed via SLA. Fig. 8(f)
shows the top view of the fabricated octopus-like gripper. Self
closing suction cups were adhered to the apertures of the bending
actuators using LOCTITE 495 adhesive.

To assess the influence of suction cups in the octopus-like
gripper, a comparative gripper was fabricated without suction
cups for benchmarking purposes. Spherical objects were chosen
as test targets because bending actuators are well-adapted to
curved surfaces. Fig. 8(a) shows the vacuum gripper without
suction cups grasping a sphere with a diameter of 30 mm by
pressing on it, with the primary gripping force generated by
friction between the actuator and the objective surface. Fig. 8(b)
shows an octopus-like gripper grasping the same small object
using central section cup adhesion and bending actuator friction.

—80 kPa. (h) The gripping force of the octopus-like gripper on a ball with a diameter

Although six suction cups were not in use, the total bending
angle was not affected, clearly illustrating the benefit of their
self closing functionality. Fig. 8(c) and (d) shows the octopus-
like gripper grasping larger objects with diameters of 50 and
60 mm, respectively. The gripping force, e.g., the maximum
force pulling force on the object that leads to a failure of the
grasp is shown in Fig. 8(g). It is clear that the gripper that is
equipped with suction cups can withstand much higher forces
and this for every size of the sphere. For small spherical objects
(30—40 mm) only the central suction cup is connected. Never-
theless, its gripping force is four times greater than that of a
gripper without suction cups. Without suction cups, the grasp
relies solely on friction, and although the use of soft materials
increases adaptability and contact area, the gripper still cannot
fully conform to the object. In addition, its maximum bending
force is relatively small, which translates in a small gripping
force. For larger objects (50-60 mm), more suction cups make
contact, enhancing the gripping force. This increased contact
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Octopus-like gripper demonstrations. (a) The octopus-like gripper grasps an orange (83 g). (b) The Octopus-like gripper grasps an apple (197 g). (¢) The

Octopus-like gripper sucks a bottle via a central suction cup (43 g). (d) The Octopus-like gripper grips a bottle without a suction cup in use. (¢) The Octopus-like
gripper grasps a cup of yogurt (125 g). (f) The Octopus-like gripper lifts up a big box (170 g).

is facilitated by the high bending angle achievable with the
crease-free vacuum bending actuator.

Fig. 8(h) presents the gripping force vs pressure relation of
the octopus-like gripper and its benchmark gripper for grasping
a small sphere with a diameter of 30 mm. Even at low vacuum
of —10 kPa, the gripping with suction cups can handle higher
gripping forces than the gripper without suction cups at —80 kPa,
clearly demonstrating the advantages of using self closing suc-
tion cups. However, the gripping force does not significantly
increase at vacuums above —50kPa [see Fig. 8(h)]. This gripping
force plateau arises because upon increasing the vacuum, the
suction area of the cup decreases, which decreases its suction
force. This limitation arises because the soft suction cup is tightly
pressed against the surface by air pressure, which restricts the
vacuum cavity area. In addition, the thin body of the suction cup
stretches and slides when pulled, and any gap formation results
in detachment from the surface.

In addition, a significant advantage of the octopus-like gripper
is its ability to lift objects larger than the gripper itself, as long as
the suction cups conform to the surface. For example, as shown in
Fig. 8(g), on aflat object larger than 177 mm, which is the overall
size of the gripper, the gripper can exert force greater than 5 N.
This benefit arises from the fact that the suction force of the cups

[see Fig. 7(b)] is larger than the bending force of the actuator
[see Fig. 6(d)]. If the bending force was higher, the suction
cups would detach from the object’s surface, illustrating the
importance of matching the suction and actuator characteristics.

The octopus-like gripper was mounted on a robot arm to
demonstrate the adaptability and versatility, with a constant
vacuum input of —80 kPa. Fig. 9(a) demonstrates stable grasping
of an orange with arough peel, with nearly all suction cups firmly
attached to the surface. This highlights how the softness of the
suction cups enables effective conformity to rough surfaces. In
Fig. 9(b), an apple with an irregular shape is grasped, where a few
suction cups do not make contact with the surface. Nevertheless,
adequate force is generated, thanks to the flexibility of the
bending actuator and the vacuum efficiency of the self closing
suction cups. Furthermore, a unique example is holding a bigger
object, such as alarge box in Fig. 9(f). Because the bending force
is substantially lower than the suction cup force, all the suction
cups are tightly adhesive to the target surface rather than being
peeling off by bending actuators.

The gripper can operate in various modes, including suction
cup-only, contact-triggered, and bending-only modes. Fig. 9(c)
demonstrates that at a low vacuum level of —20 kPa or lower, the
gripper can grasp small objects without activating the bending
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Fig. 10. Vacuum bending modules and configured locomotion robots. (a) A
locomotion robot is assembled by inserting air hoses into the bending modules.
(b) A locomotion robot assembled by buckling the bending modules. (c) A
deformation of a locomotion robot that tightly sucks on the ground. (d) A
sectional view of a bending module that can be assembled by inserting air hoses
with a diameter of 4 mm. (e) A locomotion robot was being assembled via a
PTGE tube (diameter 4 mm).

actuators. In this suction cup-only mode, the gripper effectively
grasps multiple small lightweight targets without compressing
them together. The smallest object that can be grasped must has
a flat face with a bigger diameter of 16 mm to seal the suction
cup. If no suction cup is mounted, because the tip of bending
actuators is flat, the smallest object that can be grasped must have
a diameter higher than 20 mm. This can be easily improved by
modifying the actuator tip design. When the vacuum is increased
to —30 kPa, as shown in Fig. 9(d), the actuators bend, resulting
in additional contact between the suction cups and the objects. In
this contact-triggered mode, the suction cups act as triggers for
the bending action. Fig. 9(e) illustrates the bending-only mode,
where a cup of yogurt is gripped by the bending actuators at
—80 kPa without using the suction cups. This demonstrates that
the gripper can still function even when the suction cups are not
sealed, as they self-close to conserve vacuum.

D. Reconfigurable Modules and Locomotion Robots

Due to the compactness of the bending module, it can be used
to create modular and reconfigurable soft actuators, Fig. 10(a).
In addition, aside from actuation, the vacuum can be exploited
to cohere the modules. Consequently, simple geometrical fits,
including mechanical interlocking or a tube connection, respec-
tively, in Fig. 10(b) and (e), are sufficient for creating airtight
and high-strength interfaces. Fig. 10(d) shows a sectional view
of the vacuum bending module, where the inner channels with a

diameter of 3 mm can accommodate an air hose for its connec-
tion to other modules.

Based on this modular approach, a series of vacuum modules
were used to construct two types of locomotion robots that can
be reconfigured between these forms (see Fig. 11). Each robot
consists of four bending modules: one with a suction cup at its
end, two regular bending modules, and one with a rough surface
at the end. The two robots differ in the orientation of the last
module with the rough surface, which can be flipped to switch
configurations. In the first configuration [see Fig. 11(a)], this
last module bends inward, while in the second [see Fig. 11(b)],
it bends upward. Their locomotion mechanism relies on oscilla-
tory movement induced by a constant vacuum. Experimental
results will demonstrate how this reconfiguration alters their
locomotion gait.

Their oscillatory locomotion on a flat, smooth surface when
connected to a constant vacuum source (-60 kPa) results from
the following sequence of events: 1) Initially, airflow causes
the suction cup to adhere to the surface (see Fig. 11). 2) This
adhesion generates vacuum pressure that activates the bending
modules, causing the softrobot to bend. 3) The bending produces
a pulling force on the suction cup that eventually overcomes the
suction force, causing the cup to detach. This detachment leads to
a sudden loss of vacuum pressure, triggering an elastic rebound
of the robot back to its original straight posture, which results in
a jump. The jump is propelled forward due to increased friction
at the rear end, which remains in contact with the surface. Upon
landing, the cycle repeats. Thus, the robot maintains continuous
forward movement as long as it is powered by vacuum and the
suction cup can form a seal on the floor. The gait, or jump-
ing frequency and distance, is altered by the reconfiguration.
Whereas the first design [see Fig. 11(a)] generates a locomotion
with a speed of 403 mm/s with a jumping frequency of around
3.7 Hz and a jumping distance of 109 mm, the second design
[see Fig. 11(b)] generates moves with a speed of 167 mm/s, a
frequency of around 3 Hz and a jumping distance of 55 mm.
The reduced speed of the second configuration is attributed to
the direction of the elastic force at the rear bending end, which
is not oriented against the floor. Consequently, it generates less
frictional force, despite the rougher surface texture of the bottom.

Itis important to mention that the locomotion of these robots is
also dependent on the vacuum. At —80 kPa and lower pressures,
the vacuum generated by the suction cup surpasses the maximum
bending force of the robot. As aresult, the robot is pressed tightly
to the ground and remains firmly attached, as shown in Fig. 10(c).
This is because in this case, the vacuum suction force, calculated
as 18 N by multiplying the vacuum pressure by the suction cup
area of 36 mm?, is significantly higher than the bending force
of the actuator. For lower vacuum between —10 and —60 kPa
the suction generated by the suction cup is too low to support
the bending of the actuator and it detaches prior to generating the
jumping movement. This highlights the importance of balancing
the suction and bending force in the soft robot. Nevertheless, the
locomotion can be adapted by changing the configuration of the
soft robot, including changing, adding or removing bending
modulus or by changing the dimensions of the suction cup or its
material.
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Reconfigurable locomotion robots based on vacuum bending modules. (a) The locomotion robot composed of 1 suction bending end, 1 bending end, and

2 bending modules. The suction end bends upward while other modules bend downward. It was placed on a flat smooth face and connected to a vacuum pump via
a flexible air hose. The robot can jump forward approximately a body length (109 mm) in around 0.3 s. (b) The locomotion robot composed of 1 suction bending
end, 1 rough bending end, and 2 bending modules. The suction end and rough end bends upward while middle modules bend downward. The robot can jump

forward approximately half a body length (55 mm) in around 0.3 s.

A wide variety of locomotion patterns can be generated by
reconfiguring the current modules and by adding or replacing
modules in the soft robot. In addition, when multiple connections
are included in a single module, more complex soft robots and
oscillating patterns can be generated as well. It is important to
note that reconfigurability is not intended to replace 3-D printing
but to complement it, as it allows the recycle used modules,
saves material and time, and avoids the need for complex support
structures that are difficult to remove after printing. For specific
applications, such as grippers, 3-D printing remains the better
choice to ensure robust performance.

IV. CONCLUSION

A significant focus of soft robotics research is addressing the
tradeoff between compliance (softness) and force transmission
through the development of novel materials, advanced designs,
and control mechanisms. Despite their inherent safety and com-
pactness, vacuum-actuated soft robots have been largely over-
looked due to their relatively low force transmission and bending
angles compared to positive pressure and tendon-driven actua-
tors, which are limited by a maximum actuation pressure of one
atmosphere. Origami robots, on the other hand, exhibit high flex-
ibility. However, integrating origami mechanisms with vacuum
actuation presents several challenges, including manufactura-
bility, reliability, and material selection. Traditionally, origami
robots are manually folded, which is both labor-intensive and
time-consuming. Furthermore, the use of crease structures often
renders actuation incompatible with pneumatic systems due to
leakage risks. The formation of creases also restricts material

choices to those with low elastic strain, such as plastics, metals,
and paper. The application of more adaptive soft elastomers
remains difficult due to the challenges associated with creating
and maintaining creases.

Through theoretical analysis of origami principles, we exam-
ined how stiffness distribution enables orderly sequenced fold-
ing and deformation. Inspired by the design of an origami box,
we propose a structure with varying local stiffness to optimize
stiffness distribution, achieving a similar effect to crease-based
origami folding. Instead of reducing stiffness in specific regions
through creases, this approach enhances stiffness in selected
areas to create the desired stiffness distribution. The crease-free
design facilitates automated fabrication with elastomers, allow-
ing the actuator to be 3-D printed using FFF techniques and
flexible filaments with relatively low Shore hardness (60 A). In
contrast, traditional designs require dense creases that compli-
cate the nozzle movement paths during printing, and frequent
extrusion and retraction can lead to parts prone to leakage.

Beyond enabling automated fabrication, the crease-free de-
sign offers several additional advantages compared to origami
machines with premade creases. Eliminating sharp creases en-
hances durability by improving fatigue resistance, thereby ex-
tending the lifespan of the actuator during repeated cycles. The
design is also fully compatible with vacuum actuation, allowing
seamless integration with vacuum-driven mechanisms such as
suction cups, which supports adaptable and robust robotic sys-
tems. Moreover, the crease-free surface retains the flexibility and
compliance characteristic of soft elastic materials, resulting in
superior conformability during contact compared to traditional
origami designs with creases.
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Compared to other bending actuator designs in the literature,
the actuator demonstrates higher pressure sensitivity and can
attain significant bending angles of 138° at the actuator level
and 74° at the individual module level. The critical factor fa-
cilitating the self folding and bending behaviors of the actuator
lies in the proper design of its stiffness distribution. While this
article presents a structural design that eliminates the reliance
on creases for origami robots, stiffness distribution can also be
achieved through alternative methods, such as varying material
thickness, using multimaterial compositions, or incorporating
specific stimulus-responsive mechanisms.

The vacuum bending actuator offers excellent flexibility but is
limited by low stiffness, resulting in low force generation. This
article addresses this limitation by combining a novel crease-free
origami-based bending actuator design with self-closing suction
cups. The resulting soft gripper integrates three such actuators,
each equipped with self-closing suction cups, providing excep-
tional versatility for grasping a wide range of objects. Mimicking
the behavior of an octopus tentacle, the gripper operates solely
using a single vacuum source. Due to the high suction force of the
cups, the gripper has a high holding force, one thatis much higher
compared to friction-based methods. This approach is made
possible by the self closing feature of suction cups. Whenever
activated by vacuum, these miniaturized self closing suction
cups generate adhesion force when in contact with an object,
but automatically self close when not in contact. This principle
is vital for the synergy between the cups and the bending angle.
In addition, the combination of self closing suction cups with
the actuator provides excellent versatility in picking up a variety
of objects, ranging from small, round, and irregular items to
those significantly larger than the gripper itself. Especially large
flat objects, which are, by definition, impossible to grasp using
friction alone.

Although it is possible to create the gripper and its parts using
formative manufacturing (e.g., moulding), its design also allows
it to print in a single print and with a single flexible filament
(Shore hardness 60 A) on an FFF 3-D printer. This required
modifications to the FFF 3-D printing setup, which can inspire
and facilitate more potential designs and fabrications for soft
robots, while also providing insights for material advancements
in 3-D printing. For users of FFF printers with soft filaments,
managing friction between the extruder and filaments is pivotal
in ensuring sufficient and stable flow rates at the nozzle. The
emergence of softer elastic 3-D printing materials holds promise
for addressing challenges in soft robot development.

Finally, the research emphasizes that the crease-free vacuum
bending actuator module can serve as a fundamental unit for
numerous potential applications, including grippers and loco-
motion robots. This modular design offers opportunities for
recycling actuators and streamlining 3-D printing fabrication
processes, thereby mitigating issues associated with support
removal. Leveraging the vacuum bending module, more intricate
soft robots can be effectively fabricated.

Despite the multiple advantages offered by the novel vacuum
bending actuator and its combination with self closing suction
cups, several limitations persist. Currently, the 3-D printing
layout of the vacuum is constrained by the need to place the

thinnest layer on the printing bed for stable printing. However,
this challenge can potentially be addressed through multimate-
rial 3-D printing, which can generate supports with different
materials for the TPU thin layer. Moreover, while the force
transmission of vacuum systems can be enhanced by integrating
suction cups, typically sufficient for standard applications, the
ultimate adhesion power remains constrained by atmospheric
conditions. This limitation may impede the applicability of the
actuator for heavier tasks. However, variable stiffness techniques
such as granular jamming or other related vacuum technologies
are complementary approaches that can significantly enhance
the maximum payload capacity of vacuum actuators. Future
research will explore sequential vacuum actuation strategies,
involving bending, suction, and subsequent granular jamming,
within the entire vacuum end-effector system.
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