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Abstract

Soft fluidic actuators produce continuous and life-like motions that are intrinsically safe, but current designs are not yet mature

enough to enable large deployment with high force and low-cost fabrication methods. Here, soft fluidic actuators with two

superimposed origami architectures are reported. Driven by a fluid input, the presented dual-origami soft actuators produce

quasi-sequential deployment and bending motion that is guided by unsymmetric unfolding of low-stretchable origami com-

ponents. The dominance between the deployment and bending can be shifted by varying the unfolding behavior, enabling

pre-programming of the motion. The proposed origami-inspired soft actuators are directly fabricated by low-cost fused deposi-

tion modeling 3D-printing, and subjected to a heat treatment post-processing to enhance the fluid sealing performance. Finally,

soft gripper applications are presented and they successfully demonstrate gripping tasks that each requires strength, delicacy,

precision and dexterity. The dual-origami approach offers a design guidance for soft robots to embody grow-and-retract motion

with a small initial form factor, promising for applications in next-generation soft robotic systems.

Corresponding author(s) Email: kjcho@snu.ac.kr

ToC Figure
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Figure 1: ToC Figure. This work establishes a soft fluidic bending actuator design method where two
folded origami architectures are superimposed, to produce pre-programmable quasi-sequential deployment
and bending motion in response to single fluid input. Versatile soft gripper utilizing the advantages of
compactness and deployment is demonstrated. Low-cost 3D printing and heat treatment post-processing are
applied for fabrication of the dual-origami soft actuators.

Introduction

Advances in soft robotics have presented the way robots interact with human or un-
structured environments. In response to external stimuli, such as fluidic pressure,
(Marchese et al., 2015; Usevitch et al., 2020; Shah et al., 2021; Katzschmann et al., 2018; Heng et al., 2021; Cianchetti et al., 2014; Hawkes et al., 2017)electric
signals,(Acome et al., 2018; Xing et al., 2020; Li et al., 2017b) magnetic fields, (Goudu et al., 2020; Joyee and Pan, 2019)

and motor-tendon actuation,(Manti et al., 2015; Vikas et al., 2016; In et al., 2015) the architected soft mat-
ters, mostly elastomers, produce continuous and adaptive motions that allow delicate handling
of fragile objects or shape adjusting to unstructured environments. By utilizing the inherent
features of softness, soft robots are gradually being used for safety demanding applications or
near human applications such as soft grippers,(Goudu et al., 2020; Joyee and Pan, 2019; Brown et al., 2010) soft
manipulators,(Xing et al., 2020; Hawkes et al., 2017) mobile robots,(Hawkes et al., 2017; Shah et al., 2021; Katzschmann et al., 2018; Li et al., 2017b; Joyee and Pan, 2019; Vikas et al., 2016)

assistive wearable robots,(Heng et al., 2021; In et al., 2015) and minimally invasive surgical
tools.(Cianchetti et al., 2014; Runciman et al., 2019) The established design method for soft fluidic robots
is to embody anisotropic deformation in soft bodies by carving geometric patterns of extensible
fluidic networks and embedding inextensible strain-limiting appendages (e.g., paper strips, fabrics,
tendons).(Polygerinos et al., 2017; Ilievski et al., 2011) Consequently, the applied fluid causes asymmetric extension
of fluidic networks and strain-limiting appendages, and the whole soft body produces pre-programmed motion
such as bending,(Ilievski et al., 2011; Mosadegh et al., 2014; Tang et al., 2020; Yap et al., 2016) twisting,(Connolly et al., 2015)
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and contraction.(Yang et al., 2017; Koizumi et al., 2018) Researches to date have mainly focused on architecting flu-
idic networks and have achieved rapid actuation,(Mosadegh et al., 2014) high aspect ratio design,(Becker et al., 2020)

and high force generation.(Tang et al., 2020; Yap et al., 2016) However, the current design method compels soft
robots to be shaped as a long elastomeric beam or a cylinder because their form factors are subordinated to
inextensible strain-limiting appendages, which may limit their spatial efficiency, and make it inconvenient
for soft fluidic robots to be used with other mechanical elements due to physical interferences.

Origami deployable architectures have unique feature that are folded into compact forms when not in use,
and be transformed into large shapes to be functional. This deployment combined functionality pro-
vides portability and mobility at the folded state while it can generate large motions at the deployed
state. For example, in nature, flying insects such as ladybugs and earwigs fold and retract their hind
wings for reduced inertia, and only deploy and flap them during flight.(Deiters et al., 2016; Saito et al., 2017)

With additional benefits such as desired shapes or motions which can be robustly guided by kinemat-
ics, and a large variety of constituting materials (from compliant paper to steel plate), the origami de-
sign has been considered as a promising method for deployable machines with possible applications in
mobile robots, (Baek et al., 2020; Lee et al., 2021; Lin et al., 2020) manipulators, (Kim et al., 2018; Suzuki and Wood, 2020)

space missions,(Schenk et al., 2014; Pehrson et al., 2020) and biomedical tools.(Suzuki and Wood, 2020; Johnson et al., 2017)

Likewise, several researches of soft fluidic robots have adopted origami deployable architectures. Martinez et
al developed paper-elastomer composite soft fluidic robots including Yoshimura origami cylinder structure
(so-called bellows-like pattern) that grow or bend due to glued facets or an attached strip.(Martinez et al., 2012)

Li et al presented soft fluid robots in which an origami skeleton is sealed by flexible skin, and negative
pressure is applied to fold the crease lines in a pre-programmed sequence.(Li et al., 2017a) Chen et al developed
a hybrid actuator with a motor-driven tendon and a fluid-driven asymmetric Yoshimura origami cylinder, in
which the effective length of the bending configuration can be changed.(Chen et al., 2021) These existing works
successfully imported origami deployable architectures’ large range of motion into fluidic networks, while
they have not yet focused on designing or programming additional motions beyond kinematics of origami
deployment.

Recently, implementation of soft and compliant materials widened the accessible regime of origami fold-
ing over origami kinematics.(Faber et al., 2018; Mintchev et al., 2018; Kim et al., 2019) Our previous work, ‘a dual-
morphing stretchable origami’, presented an entirely stretchable origami that deploys by unfolding and then
produce additional motion by anisotropic stretching.(Kim et al., 2019) Although this dual-morphing principle
that utilizes both morphing principles of unfolding and stretching could achieve extreme shape morphing,
there exist several limitations originating from the essential use of highly stretchable materials: i) low force
due to incapability of holding high pressure, ii) poor reliability due to non-linearity of materials and Mullins
effect, iii) slow response time due to heavy reliance on material response speed iv) difficulty in control due
to difficulties in kinematics analysis of stretching behavior, and v) narrow material selection with only a few
specific materials (expensive silicone elastomers or high-tech 3d printing materials) available. In addition, a
complex fabrication process using sacrificial molds, as well as the need for deposition of multiple materials
to achieve functional motion (e.g. bending) over deployment and balloon-like bloating, significantly increase
fabrication cost. These drawbacks presented challenges for practical usage of dual-morphing principle in
real-world applications, highlighting a need for a new design method of a different working principle that
does not rely on stretching, broadens the range of applicable materials, and enables large deployment, high
force, and low-cost/easy fabrication (the detailed comparison of the dual-morphing principle and the current
work is shown in Table 1).

In this paper, we present a soft robot with a small initial form factor that undergoes quasi-sequential
deployment and bending motion driven by a single fluid input, enabled by a dual-origami design in which
both the fluidic network and the strain-limiting layer are compliant origami architectures. We selectively
placed the folded strain-limiting layer in between the facets of the folded fluidic network, building the latter
to be more extensible than the former. Accordingly, in an early stage of the response to fluid pressure,
the two elements both unfold simultaneously, and the whole body mainly deploys while slight bending
also occurs simultaneously, depending on the stiffness of the origami strain-limiting layer. And when the
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Dual-origami design Dual-morphing origami design
Deformation Extremely large Large

Morphing
modes

1 (unfolding) 2 (unfolding and stretching)

Working
principle

Asymmetric unfolding of Origami unfolding and

two origami structures material stretching
Motion Quasi-sequential Quasi-sequential

deployment and bending deployment and inflating
Material
property

Flexible but non-stretchable Highly stretchable only

Material
stiffness

E¿ 10 MPa E¡ 0.5 MPa

Number of
materials

1 1 (only balloon-like bloating available) or

more (for pre-programming)
Pre-

programming
method

Tuning the relative length and
stiffness of origami structures

Selective disposition

of multiple materials
Applied

pressure level
High (¿ 100 kPa) Low (¡ 30 kPa)

Output force ¿ 3 kgf ¡ 300 gf
Reliability Good Poor (due to materials’ non-linearity and Mullins

effect)
Response time Fast Slow
Kinematically

defined
Yes No

Fabrication Low-cost 3D printing (FDM) Layer mold stacking requiring sacrificial molds or
high-tech multi-material 3D printing

Table 1: Comparision of the dual-origami design and dual-morphing origami design.

strain-limiting layer is almost fully unfolded, the fluidic network unfolds solely to drive the whole body to
bend, accessing the regime outside of origami kinematics by utilizing flexibility of the soft material.The
motion is pre-programmable through adjusting design parameters of the origami strain-limiting layer. The
finite element analysis (FEA) and experimental results provide relationships between the quasi-sequential
deployment and bending motion and the geometries, to select an appropriate parameter value for a given
desired motion. Dual-origami soft actuators can be directly printed by a low-cost fused deposition modeling
(FDM) 3D printer using flexible filaments such as thermoplastic polyurethane (TPUs) or thermoplastic
elastomers (TPEs), with an introduction of a heat treatment post-processing for soft fluidic robots to leverage
high pressure holds (>200 kPa). The proposed design can generate high force (>3 kg), the same way
other low-stretchable soft fluidic robots that can hold high fluidic pressure (e.g., pouch motors, HASEL
actuators).(Acome et al., 2018; Niiyama et al., 2015) Using dual-origami soft bending actuators as deployable fingers
and integrating them with a commercial suction cup, we built a versatile soft gripper that allows the selective
use of two gripping mechanisms, without spatial interference between the suction cup and the fingers. Our
new design method for soft robots achieved an effective spatial extension from a limited form factor, and
embodies not only portability but also cooperative abilities with other mechanical elements through growth
and retract.
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Results

Design of Dual-origami Soft Bending Actuators

A common six-module dual-origami soft fluidic bending actuator that is initially folded and deploys through
dual-origami unfolding is shown in Figure 2A and Figure 3. Two integral components of the dual-origami
design are the origami fluidic network and the origami strain-limiting layer based on conventional deployable
origami architectures. We selected Miura-ori polyhedron and zigzag folded Miura-ori as the parent origami
frame of two components, respectively.(Tachi and Miura, 2012) These origami architectures have large potential
deployment ratios springing from their asymmetric geometries where the facets are serially connected via
crease lines at each end, as well as additional advantages of flat-foldability and rigid-foldability. A single-
Miura-ori polyhedron module is comprised of four parallelogram facets connected in a closed form, and when
folded, each layer contains two parallelogram facets and a diamond shaped crease line loop (Figure 2B). A
single-module zigzag folded Miura-ori is identical to half of the Miura-ori polyhedron, which is comprised of
two parallelograms not in a closed form (Figure 2B). For soft robotic application, we modified/determined
their geometry as follows: (1) For both origami architectures, we merged two parallelograms on the same
layer by removing the shared crease line because the folding of the removed crease line can be replaced by the
bending of the merged flexible facet. (2) The Miura-ori polyhedron’s diamond shaped crease-line-loops at
the top and bottom were enclosed by plates of the same shape for fluidic actuation. (3) We optionally made
a V-cut at the crease lines of the zigzag folded Miura-ori to tune the folding stiffness. As shown in Figure
2A and B, the proposed dual-origami design is in the initial folded form where the zigzag folded Miura-ori
strain-limiting layers are interposed between the facets of the Miura-ori polyhedron fluidic network.

Both origami components are built to be C-channel-shaped geometry in which their facets are serially
connected in the direction of stacking via C-channel shaped crease lines. When bending moments are applied
at the C-channel shaped crease lines, bending intensively occurs as if origami unfolding occurs. Because the
applied fluidic pressure at the Miura-ori polyhedron fluidic network produces bending moments at entire
crease lines directly (fluidic network) or indirectly (strain-limiting layer), dual-origami components unfold
simultaneously. We defined a single module dual-origami unit as the structure consisting of a flat fluidic
network with two parallel facets and a strain-limiting layer of a single facet connected to it. A multi-module
dual-origami can be readily designed by the stacking module units and connecting them via C-channel-shaped
crease lines.

The quasi-sequential deployment and bending behavior of a representative six-module dual-origami soft
fluidic bending actuator was experimentally measured and plotted in Figure 2C (red line). This peculiar
motion can be distinguished into two modes that quasi-sequentially appear in accordance with the applied
fluid pressure level (Figure 2D). The first mode, a deployment-dominant mode, appears at relatively low fluid
pressure (P < 40 kPa), and both the origami fluidic network and the origami strain-limiting layer unfold

simultaneously. Therefore, the deployment ratio (λ = (L−L0)
L0

, where L is the effective layer length and L0 is
its initial value), in response to applied fluidic pressure, rapidly increases compared to the bending angle
(φ) (Figure 2E, red area). As the applied fluid pressure increases, the second mode, a bending-dominant
mode appears, and the unfolding speed of origami fluidic network overwhelms the unfolding speed of the
origami strain-limiting layer. This is because the strain-limiting layer is nearly completely unfolded yet the
fluidic network is not, and thus φ surges while λ slowly increases (Figure 2E, gray area). When the applied
pressure is decreased, the deployed soft body retracts due to its own elasticity. We also built a conventional
soft bending actuator (widely known as PneuNet design),(Ilievski et al., 2011; Mosadegh et al., 2014; Tang et al., 2020)

and plotted its behavior for comparison (Figure 2B, black line). Although the initial length L0 of the dual-
origami design (29.5 mm) was much lower than the L0 of the conventional design (107 mm), the dual-origami
actuator was unfolded similarly in scale to the conventional actuator, and the bending trajectories overlapped
near 16<φ<80 ° (the conventional design is still advantageous for large bending because of the trade-off
relationship between deployment and bending, which is further discussed in section 2.2). The aspect ratio of
the dual-origami bending actuators was initially 0.657 and increased up to 3 when unfolded, which is similar
to the conventional soft bending actuator’s aspect ratio of 2.89 (dimensions of both actuators are shown in
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Figure 4).

Figure 2: Design and principle of the dual-origami soft fluidic bending actuator. A) Unfolding of six-
module dual-origami soft fluidic bending actuator. Note that the colors (red and yellow) are virtually
overlaid to distinguish the components, and are actually monochromatic (white). B) Parent paper origami
structures and their schematic drawings of behavior in a dual-origami soft fluidic bending actuator. C)
End-tip trajectories of dual-origami soft fluidic bending actuator (red) and conventional soft pneumatic
bending actuator (black). D) Quasi-sequential deployment and bending motion of six-module dual-origami
soft fluidic bending actuator. Insets represent corresponding simulation result. E) Deployment ratio (λ, red)
and bending angle (φ, blue) in response to applied pressure.

Rich media available at https://youtu.be/KEtq1ovht6c

Pre-programing of Quasi-sequential Deployment and Bending Motion

The bending angle of the two-module dual-origami soft fluidic bending actuator is geometrically derived
as φ ≈ (θfree − θori) and the change in effective layer length can be written as ∆L ≈ 2θorilnetwork (See
Experimental Section/Methods for details on Simplified kinematic model. Variables are defined in Figure
5A; θori and θfree are the angles between the two-module dual-origami soft fluidic bending actuators with
an attached and unattached origami strain-limiting layer, respectively. llayer and lnetwork are side lengths of
the origami layer and the fluidic network, respectively). The ratio of the bending angle to the deployment

ratio can be derived as φ
λ = φ

∆L/L0
= L0

2lnetwork

(
θfree

θori
− 1
)

= CA0, where A0 = L0

lnetwork
is an initial

6
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Figure 3: Dimensions of A) dual-origami soft fluidic bending actuator and B) conventional soft bending
actuator.

aspect ratio and C = 1
2

(
θfree

θori
− 1
)

. We named C as the bending-to-deployment ratio factor because it

represents the dominance of bending to deployment during the quasi-sequential deployment and bending
motion. A high value of C means that the dominance of bending is large; when the robot only bends
without deployment, C →∞ (e.g., when the inextensible strain-limiting layer is attached, like conventional
soft bending robots), and when the robot only deploys without bending, C = 0 (e.g., origami fluidic network
without a strain-limiting layer). For common dual-origami soft fluidic bending actuators, it was observed
that C rapidly increase at the transition pressure at which the dominance shift occurs (Figure 5B).

In order to better understand the quasi-sequential deployment and bending motion, we investigated the
relationship between the geometric parameters of the origami strain-limiting layer and θori or θfree by
performing experiments and FEA simulations (Figure 5B-E). A crease line width of one side (w) and a
ratio between llayer and lnetwork (Λ) were considered as the important geometric parameters because
it was expected that the rotational stiffness of the crease line would increase with increasing w and the
maximum value of θori would be geometrically determined by Λ (Figure 5A). In both the experiment and
simulation, the response of θfree to applied fluid pressure was constant even though geometric parameters of
the origami layer at the nearby modules were changed (Figure 5C). On the other hand, the response of θori
to applied fluid pressure was affected by w and Λ. It was noteworthy that the change in w gradually shifts the
response while Λ changes it significantly (Figure 5D and E). For example, the increase in w from 3 to 12 mm
decreased θori from 58.16to 49.56 at 100 kPa (Figure 5D, for Λ= 0.476), and the increase in Λ from 0.238 to
0.476 increased θori from 25.47 to 54.43at 100 kPa (Figure 5E, for w= 6 mm). The result also indicates that
the amount of deployment and bending should be selectively pre-programmed with consideration of their
tradeoff relationship; φ decreases as θori increases but λ is proportional to θori. Accordingly, C was 0.158
at 20 kPa for the most deployable case, while C was 0.825 at 20 kPa for the most bendable case, which is
about 5.22 times difference (Figure 5B).

To confirm the pre-programmability of the quasi-sequential deployment and bending motion, six-module
dual-origami soft fluidic bending actuators with different geometric parameters were built (Figure 5F-M).
As shown in Figure 5F, J, Figure 6 and 7, we could design clear differences in motion determined by w
and Λ ; their end-tip trajectories were plotted in Figure 5G and K, respectively. λ decreased from 4.78 to
4.32 and φ increased from 90.9 to 106.9 as w increased from 3 mm to 12 mm, whereas increase of Λ from
0.238 to 0.476 greatly increased λ from 2.35 to 4.75 and decreased φ from 144.75 to 99.66 (at P= 200 kPa,
Figure 5H, I, L and M). The result confirms that the quasi-sequential deployment and bending motion is
more sensitive to Λ than w. Therefore, it would be recommended to determine Λ for coarse adjusting in
precedence to w for fine adjusting. Additionally, thickness of the strain-limiting layer (t) can be considered
for pre-programming of the motion. However, it should be noted that a small change in t would change
motion dramatically because the bending stiffness of the layer is proportional to t3, and therefore it is not
recommended to tune t for motion pre-programming. (Figure 8shows simulation result that small change

7
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of t= 0.6 mm to 0.8 mm increases C significantly from 0.115 to 0.296 at 18 kPa).

Rich media available at https://youtu.be/KaL5q5oI27U

Rich media available at https://youtu.be/J_f9CUrlAvM

Development of Multi-Purpose Soft Gripper

Soft grippers with soft fluidic bending actuators acting as fingers have emerged as a promising technol-
ogy for safe and delicate pick-and-place including foods, pharmaceuticals, and logistics applications. With
conventional soft grippers, however, the object size that can be gripped is limited by the initial configu-
ration (Figure 9A). To widen the gripper opening, prestressed or bidirectional soft fluidic actuators were
developed,(Wang et al., 2017) but the problem where the grippers should only approach the object vertically to
avoid collisions still remains, which may reduce the work efficiency and increase the burden of the manipulator
control and operation.

We constructed a dual-origami two-finger gripping unit where each finger at both sides is a six-module dual-
origami fluidic soft fluidic bending actuator. The initial configuration was designed to be parallel to the
objects to achieve a wide gripper opening (Figure 9B). The total width of the two-finger unit was relatively
small compared to conventional soft robotic finger, but the finger unit could grip larger objects, even objects
larger than its initial size. In addition, because the compactness greatly reduced the risk of collision, the
finger unit could approach to objects via various paths (vertical, horizontal, and diagonal from bottom to
top, Figure 9C).

The motion and closed configuration were pre-programmed via FEA simulation and prototyping for fast and
versatile grip. When all strain-limiting layers were built with the same parameters that prefer deployment
over bending (Design II of Figure 9D), the closed configuration was achieved at 100 kPa with a 93 mm gap.
On the other hand, when the modules at the bottom were designed to be bent greatly (Design I of Figure
9D), the gripping unit formed a narrow-closed configuration with a 65 mm gap at 40 kPa. Therefore, Design
I can be considered as the suitable unit that allows for fast grip with sufficient contact area during power
grip (grip that wraps around an object).

The gripping force of Design I gripping unit was measured (experimental setup is shown in Figure 10 and
explained in the Experimental Section). We tested gripping three PLA cylinders of different diameters, 25
mm, 50 mm and 75 mm. While the gripping unit was holding the cylinders, the cylinders were pulled at a
uniform speed (3.3 mm/s). As shown in Figure 9E, the peak force appeared during power grip, and then a
relatively uniform force was measured during pinch grip, and finally the cylinder was completed pulled out.
At 220 kPa, the peak force of 3.15 kgf, 1.53 kgf, and 1.25 kgf were measured for 75 mm, 50 mm, and 25 mm
cylinders, respectively (Figure 9F). The gripping unit is lightweight (56.8 g), and the payload-to-weight ratio
exceeds 55. We also tested for repeatability of the gripping unit. After 1000-cycles at 40 kPa, the bending
angle of the gripping unit was change by 8.19% compared to the 200-cycles (Figure 11).

As an application that leverages the spatial benefit of the retractable finger gripping unit, we developed a
versatile soft gripper that uses both dual-origami fingers and suction gripper (VSS40-S-X, F.TEC, Figure
12A). For conventional grippers that complementarily utilize the advantages of finger grip and suction grip
(in order to grip from rough and rounded object to flat and smooth object), protruding fingers interfere
with the suction gripper when contacting the objects, and this problem required additional actuators and
control strategies; e.g., attaching linear actuator to suction gripper. In the case of our proposed versatile
gripper, the folded fingers are at the rear of the suction cup; they inherently do not interfere with the
suction gripper. When the finger units are actuated, they deploy to the front of the suction gripper and
can grip the object by themselves or even collaborate with the suction gripper. We attached the versatile
gripper to a conventional robotic arm (M1013, Doosan Robotics) and conducted a pick-and-place task for
ten objects (Figure 12B and Figure13). The soft fingers could grip various objects ranging from soft and
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light objects (e.g., 6-g mask, soft doll, confectionery) to a 2.5-kg dumbbell (Figure 12C). The suction grip
was selectively used for flat objects, and fingers could be sequentially used for collaborative grasping (soup
bowl). Moreover, by attaching artificial nails at the tip, the fingers could pick up a flat coin, reorient it in
the upright position, and insert it in a slot precisely (Figure14 and Experimental section for detail, tasks
that each requires strength, delicacy, precision and dexterity were conducted).

Rich media available at https://youtu.be/Sej0WkrWAJg

Rich media available at https://youtu.be/fziF-cVWy5A

The pre-programmability of the motion also enables customizing the dual-origami two-finger gripping unit
according to the object shape. As shown in Figure 15A, we built a two-finger gripping unit customized for
box-shaped objects. Two stain-limiting layers at the bottom and middle modules were designed to be long
(Λ= 0.531, w= 6 mm) while the strain-limiting layer at the top module was designed to be short (Λ=
0.231, w= 9 mm). Consequently, the two-finger gripping unit undergoes two-step motion of first widening
the gripper opening significantly (from 68 mm to 215 mm) and then closing it moderately (Figure 15A). In
the demonstration of the soft gripper with the developed two-finger gripping units, the box-shaped objects
with different sizes (width of 100 mm to 208 mm, Figure 15B) were picked and placed (Figure 15C, D, and
Figure 16).

Rich media available at https://youtu.be/mbY8TSlohXg

3D printing and Heat Treatment of Dual-origami Soft Fluidic Bending Actuator

Soft fluidic robots are principally fabricated through molding and casting of
elastomers.(Polygerinos et al., 2017; Ilievski et al., 2011; Marchese et al., 2015) However, the inevitable process of
detaching cured elastomer from the molds has led to difficulties in designing complex fluidic networks
because the molds are usually buried within the elastomeric structure. As a solution, using sacrifi-
cial molds, made of soluble or low melting materials such as polyvinyl alcohol (PVA) and wax, were
proposed.(Koivikko and Sariola, 2019) In our previous study,(Kim et al., 2019) we have fabricated zigzag folded
shaped origami architectures by the layer stacking method using PVA molds. However, these fabrication
processes are complicated and time-consuming, while requiring experienced hands due to low material
stiffnesses of the sacrificial molds. Meanwhile, 3D printing has been recently studied as an automotive fab-
rication method for soft robots.(Polygerinos et al., 2017; Yap et al., 2016; Low et al., 2020; Sachyani Keneth
et al., 2021; Wallin et al., 2018) In particular, FDM is a prominent and popular open-source technology with
economic merits of low initial and maintenance costs. The final products can be built without supports by
bridging gaps within a few centimeters, and in recent studies, researchers have directly fabricated conven-
tional soft bending actuators made with commercially available TPU filaments.(Low et al., 2020; Yap et al., 2016)

However, because FDM printers directly add molten material line by line, defects and gaps often occur at
the boundary lines, leading to failure or fluid leakage at high fluid pressure.

We fabricated a dual-origami soft fluidic bending actuator using an FDM 3 printer as shown in Figure 16A.
The printed actuator can be actuated immediately after gluing a urethane tubing with an adhesive, but
failure or leakage occasionally happened when high pressure (>200 kPa) was applied. For robust fabrication,
we attempted a heat treatment of the fluidic soft actuator in an oven, expecting leakage prevention and
enhancement of pressure holding. It was important to heat using the appropriate temperature and time; i)
when either of them was insufficient, the post-processing was of little avail, and ii) when the conditions were
excessive, the processed product was deformed or even melt and collapsed (Figure 17). During the process,
the soft bending actuator was placed between aluminum blocks to prevent possible deformation of modules
at both ends. The post-processing was successful at 172C for 2 hours (for reference, melting temperature
of TPUs, Tm>190C), and the white or transparent TPUs turned yellowish after post-processing. As seen
in micrographs in Figure 16B, it was observed that the boundaries between printed lines became blurred
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and were filled with adhered materials regardless to build direction. We verified the effectiveness by printing
small test pouches and comparing maximum sealing pressure for raw and heat-treated pouches. As a result,
the raw pouches could withstand 129 kPa on average, while the heat-treated pouches could withstand 756
kPa on average, which is an increase of 5.58 times (Figure 17).

10
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Figure 4: Parametric study of two-module dual-origami soft fluidic bending actuator and pre-programming
of the quasi-sequential deployment and bending motion for six-module dual-origami soft fluidic bending
actuators. A) Geometric parameters ( lL and w) and output angles (θori and θfree). B) Bending-to-
deployment ratio factor ( C) in response to applied pressure. C) Experimental and simulation results
of the angle between two-modules in response to applied pressure without a strain-limiting layer, (D and
E) with strain-limiting layers of different D) length ratio and E) width. F) For strain-limiting layer with
different width, six-module dual-origami soft fluidic bending actuators were placed in raw and actuated
simultaneously by same applied pressure. Experimental and simulation results for G) end-tip trajectories,
H) deployment ratio (λ) and I) bending angle (φ) were plotted. (J, K, L, and M) Same procedure as (F-I)
were performed for strain-limiting layer with different length ratio (Λ).
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Figure 5: A parametric study of the relationship between the quasi-sequential deployment and bending
motion and the thickness of the strain-limiting layer (t). Data are achieved using FEA simulation. A) End-
tip trajectories of the 6-module dual-origami fluidic soft actuators with variable t. B) Bending-to-deployment
ratio factor in response to applied pressure (< 50 kPa, deployment state) with variable t.

Figure 6: A dual-origami two-finger gripping unit. Gripping motion and affordable object size of A) a
conventional soft gripper and B) a dual-origami two-finger gripping unit, and comparison of their C) possible
approaching paths. D) Motion and configuration design of the gripping units. E) The gripping force of the
Design I gripping unit (P= 200kPa) when the gripped cylinder (D= 50mm) is pulled-out. F) Peak gripping
forces of the Design I gripping unit in response to applied pressure for different cylinder diameters.

12
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Figure 7: Experimental setup for gripping force measurement of the dual-origami two-finger gripping unit.

Figure 8: Repeatability test results of the dual-origami two-finger gripping unit. A) Side view of the dual-
origami two-finger gripping unit at applied pressure of 40 kPa and number of cycles N40kPa. B) Variation
of bending angle φN with the number of cycles N40kPa.

13
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Figure 9: A versatile soft gripper. A) Overview of the developed gripper. B) Pick-and-place for various
objects of irregular shapes and sizes. C) Depending on the object and environment, finger grip (green),
suction grip (red), and collaborative grip (yellow) could be considered respectively.

Figure 10: A soft gripper customized for box-shaped objects. A) Overview of the two-finger gripping unit
for box-shaped objects. B) Box-shaped objects of different sizes. (C and D) Soft gripper picking and placing
different boxes.
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Figure 11: Fabrication and reinforcement of the dual-origami soft fluidic bending actuator. A) 3-step process
of fabrication. Oven heat treatment post-process can be considered as optional if high force of the actuator
is not required. B) Micrographs of raw surface and heat-treated surface.

Figure 12: Failure cases of the heat treatment. A) Deformation occurred when the soft robot was heat-treated
without constraining aluminum blocks. B) The soft robots melted when heat-treated at an excessively high
temperature (180C 6 hours).
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Figure 13: Maximum sealing pressure of the raw air chamber and the heat-treated air chamber.
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Experimental Section/Methods

Simplified kinematic model

The six-module dual-origami soft fluidic robot can be represented as connected linkage model, and its lengths,
angles, and positions were defined as shown in Figure 20. With the assumption that the stretching of the
material is negligible (E˜10 MPa, strain is ˜ 1% at applied pressure of 100 kPa), it can also be assumed that
lengths (L, h1, h2) are constant.

For positions ~pn, following relationships can be established:

~p0 =

[
0
0

]
(1)

~p4n−3 = ~p4n−4 +

[
h1 cosβ2n−1

h1 sinβ2n−1

]
(2)

~p4n−2 = ~p4n−3 +

[
L cosα2n−1

L sinα2n−1

]
(3)

~p4n−1 = ~p4n−2 +

[
h2 cosβ2n

h2 sinβ2n

]
(4)

~p4n = ~p4n−1 +

[
L cosα2n

L sinα2n

]
(5)

For angles αn and βn, following relationships can be established:

For n is odd,

αn+1 − αn = { 2θn + π, for αn < 0 and αn+1 > 0
2θn − π, else

(6)

βn+1 = { −
π
2 + θn + αn + 2π, for αn < 0 and βn+1 > 0

−π2 + θn + αn, else
(7)

For n is even,

αn+1 − αn = { −2θn − π, for αn > 0 and αn+1 < 0
−2θn + π, else

(8)

βn+1 = {
π
2 − θn − αn − 2π, for αn > 0 and βn+1 < 0

π
2 − θn − αn, else

(9)

17
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Initial conditions αn and βn:

α1 = π − θ0 (10)

β1 = π
2 (11)

By solving for (6-11), angles αn and βn can be expressed as follows:

For n ≥ 2, n ∈ N , m1,m2 ∈ Z,

an = 2
∑n−1
k=1

{
(−1)

k+1
θk

}
+ 1+(−1)n

2 π + π − θ0 + 2πm1 (12)

βn = −π2 + (−1)
n
[
2
∑n−2
k=1

{
(−1)

k+1 · θk
}

+ θn−1 + π − θ0

]
+ 2πm2 (13)

When all modules are same, following relationship for θn is established:

θn = { θori, n is odd
θfree, n is even

(14)

Finally, positions can be obtained as a function of θn by substituting (1-5) and (10-14).

For 2N-module structure, bending angle φ can be calculated from end-tip position ~p4N :

~p4N =

[ ∑N
k=1 {L (cosα2k−1 + cosα2k) + h1 cosβ2k−1 + h2 cosβ2k}∑N
k=1 {L (sinα2k−1 + sinα2k) + h1 sinβ2k−1 + h2 sinβ2k}

]
(15)

In case of all modules are same and L >> h1, h2, φ can be calculated from (15),

φ ≈ tan−1
{ ∑N

k=1 cosα2k−1+cos2k∑N
k=1 sinα2k−1+sinα2k

}
= tan−1

{∑N
k=1 sin{(2k−1)(θfree−θori)}∑N
k=1 cos{(2k−1)(θfree−θori)}

}
= N (θfree − θori)

(16)

In Figure 20C, the model was compared with the experimental result, and it was well suited for low applied
pressure.

Change in effective layer length ∆L can be approximated as a length of an arc:

∆L ≈ 2Nθorilnetwork (17)

A ratio of the bending angle to the deployment ratio can be derived from (16) and (17):
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φ
λ = φ

∆L/L0

= L0

2lnetwork

(
θfree

θori
− 1
)

= CA0

(18)

Where we defined bending-to deployment ratio factor C as:

C =
1

2

(
θfree
θori

− 1

)
and A0 = L0

lnetwork
is an initial aspect ratio.

Figure 14: Linkage model for dual-origami soft fluidic actuator. A) 6-module dual-origami soft fluidic actu-
ator’s linkage model and position vectors. B) Definition of angles for calculating position. C) Comparison
of model for bending angle and experimental result.

3D printing process

Commercially available flexible filament eFlex (TPU, shore hardness 87A, eSUN) was used as the 3D printing
material, and all experiments were conducted with robots made of this material. Other flexible materials
including eTPU-95A (TPU, shore hardness 95A, eSUN), NinjaFlex (TPU, shore hardness 85A, NinjaTek),
and eLastic (TPE, shore hardness 85A, eSUN) were also tested and it was confirmed that all of the tested
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materials can be used. Open-source slicing software Ultimaker Cura (Ultimaker BV) was used to prepare
stereolithography (STL) files and they were imported into DIY 3D printer CORE 200 (Making Tool) using
a 0.4 mm nozzle. For stable printing, the print speed was set as slow as 20 mm/s, and it took about 4
hours to print the six-module dual-origami and about 9 hours to print the dual-origami two-finger gripping
unit. For stiffer material eTPU-95A, 40 mm/s of print speed could be applied, and the printing time was
halved. Printer performance affected the consistency of soft robots’ motion because a small error in strain-
limiting layer thickness (related to bending stiffness˜t3) significantly changed the dominance of deployment
and bending.

Characterization and Measurement:

For the parametric study, we prepared five six-module dual-origami soft fluidic bending actuators for each
geometric parameter. Red or blue dots were marked with a pen on the side edge of the modules. A protruded
diamond shaped crease line loop at the bottom was surrounded and held by 3d printed rigid parts, and then
these rigid parts were fixed to an aluminum optical breadboard. Dual-origami soft fluidic bending actuators
were installed vertically to the gravity direction to ensure that gravity does not affect the deployment. For
every specimen, photographs were taken for applied pressure from 0 to 200 kPa with 10 kPa increments,
which was precisely controlled by a pressure regulator (RVUM, PISCO). The photographs were analyzed
with MATLAB (MathWorks). The center positions of the marked circles were automatically found and
characterized based on the color information. The angle between adjacent modules (θori and θfree) was
derived by calculating the angle between straight lines connecting points, and effective layer length (L) was
derived using cubic Hermite spline of points at strain-limiting layer side. The bending angle (φ) was derived
by calculating the angle between the axis in the height direction and the line connecting the floor and the
end-tip trajectory. For the gripping force measurement, a regulated constant pressure (from 100 kPa to
220 kPa with 20 kPa increment for each experiments) was applied to the two-finger gripping unit holding
a cylinder located at the end of the rail connected to a load cell (333FDX, KTOYO) and a linear actuator
(P16-P, Actuonix Motion Devices, Inc.). To estimate the scale of friction, the rail without external gripping
force was also pulled and the friction force was measured to be as low as below 50 gf.

Finite Element Analysis

Finite element analysis was conducted using FEA software ABAQUS (Dassault systems). Uniaxial tensile
test for eFlex was performed following iso standard ASTM D412, and the result was imported into ABAQUS
as a material property. All simulation conditions were set identical to the experimental conditions; the
protruded diamond shaped crease line was set as a fixed boundary condition, and the contacts between
facets were considered using the ‘general contact condition’. Nodes corresponding to the points marked in
the actual experiment were selected and their unique nodal displacements were collected to calculate the
angle between adjacent modules, deployment ratio, and bending angle.

Gripping tasks

Figure 14 shows the soft gripper successfully conducting gripping tasks designated at the manipulation
competition of Robosoft 2021. The first task requires strength to grip a heavy and large fruit (1-2 kg), and
the second task requires delicacy to grip a small sized delicate fruit. Korean radish weighing 1.3 kg and
raspberry were chosen respectively. The third and fourth tasks were to pick a coin an insert it into a coin
slot, requiring precision and dexterity respectively. The Korean 100-won coin (24 mm diameter) was chosen
and the coin slot was fabricated as 4 mm X 27 mm using an acrylic plate.
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Conclusion

In this paper, we have presented a soft fluidic bending actuator that undergoes characteristic quasi-sequential
deployment and bending motion, attributed by an asymmetric extension of dual-origami components; a
folded fluidic chamber and a folded strain-limiting layer. The proposed design embodies spatial benefits of
deployment and retraction that originate from origami architectures, as well as inherent adaptiveness of soft
fluidic robots. The dual-origami soft fluidic bending actuators can be directly and automatically fabricated
through accessible 3D printing technology, and additional heat treatment post-processing was introduced
to reinforce the material adhesion. Furthermore, we have investigated the kinematic features of the flexible
soft origami robot and established a bending-to-deployment ratio factor to quantify the dominance shifting
from deployment to bending. The relationship between design parameters and the motion was also explored
and the tradeoff relationship between deployment and bending was demonstrated through pre-programming
of six-module dual-origami fluidic bending actuators. Moreover, we built the deployable two-finger gripping
unit that can generate high holding force (˜3.15 kg, weight 56.8 g), and applied them into a versatile soft
gripper that cooperate with a commercial suction gripper. The demonstration has successfully shown that
the deployable finger units can not only grow and adapt to various objects, but also can make place to the
suction cup for efficient use of the entire system.

We believe that our approach provides a new design guidance of soft fluidic robots to embody the grow-and-
retract motion with a small initial form factor that considers space usage, differentiating from conventional
design methods that primarily focus on motion generation. In addition, the proposed design principle
is implemented by non-stretchable and flexible materials, allowing wide range of material choice compared
to our previous work using stretchable materials.(Katzschmann et al., 2018; Heng et al., 2021; Cianchetti et al., 2014) Fu-
ture work may include fabrication using light and thin materials such as thermoplastic sheets (e.g., polypropy-
lene, polyethylene), composite fabrics, and papers, to improve scalability and functionality. Further improve-
ment such as sensor integration, real-time control and analytical modeling would complement the complexity
of the combined motion of deployment and bending. We expect that the unique property of a small form
factor soft robot with grow-and-retract motion would be considered as a powerful option for applications
in next-generation soft robotic systems, including portable or mobile application, medical devices, wearable
robots, and integrated robotic systems.
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