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Abstract—Soft robots have long been attractive to robotic
engineers due to their remarkable dexterity; however, reports
that standardize soft actuators into modularized off-shelf
devices akin to rigid robots are still rare, and the mechanical
efficiency of existing designs is still limited. This work identifies
origami folding to enable the design of LEGO-like modularized
soft actuators with high mechanical efficiency in terms of
payload capability and workspace. Herein, three modularized
origami actuators that can generate translational, bending, and
twisting motion are designed, prototyped, and tested. The
translational actuator can contract to 40% of its original length,
and the twisting and bending actuators can exert 31° and 52°
angular motions, respectively. The translational actuator can
exert a blocked force of about 821 times self-weight. The motion
of origami soft actuators is accurately modeled using rigid body
kinematics, and complex systems built by them are captured by
homogeneous transformation. Finally, the modularized design
and efficient kinematic model are verified on a manipulator and
a reconfigurable letter. Benefiting from the unprecedented
modularity and mechanical efficiency, these LEGO-like origami
actuators are promising for practical applications like food
handling and healthcare.
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[. INTRODUCTION

The conventional rigid-bodied robots are built-up with
rigid links and joints, which are difficult to be used in
unstructured environments that require high adaptability and
safe interaction with humans. Soft robotics is emerged as a
promising solution to overcome the drawbacks of rigid robots
and has been extensively studied in the past two decades [1],
[2]. Soft robots are essentially made of flexible and/or soft
materials that can deform and absorb much of the energy
arising from collisions. The intrinsic softness equips the soft
robots with a continuously deformable structure that can
mimic the muscular organs of biological systems and gain a
relatively large number of degrees of freedom (DOF)
compared to their rigid counterparts [2].

The intrinsic coupling of material, structure, and actuation
brings unprecedented challenges to the design of soft robots
[3]. Robotic designers usually rely on intuitions, experiences,
or bio-inspiration to design the structure of soft robots, which
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Fig. 1. A robotic manipulator built by modularized origami soft actuators is
able to lift a toy. (a) The robotic manipulator at the initial state and (b)
actuated state.

can provide only limited scope. For instance, the two most
widely used soft actuator designs: PneuNets and fiber-
reinforced structures, deform along the low stiffness direction
upon actuation to give rise to bending, contraction, or twisting
motion [4]-[7]. Their mechanical performance in terms of
motion and payload is deeply coupled with the structure and
material, making the design of a soft robot with complex
motions more challenging as simply superposition is not
applied to the existing designs. Additionally, the basic
kinematics applicable to rigid robots is invalid for soft robots
due to their intrinsic softness, and an efficient model to
capture the complex kinematic motions of soft robots is still
missing [8]. Apart from the structure design, the low payload
capacity remains a critical challenge in practical applications,
which is less than 10 N for the majority of existing designs
[9]-[11]. Herein, we identify origami folding to overcome the
listed challenges in modularized structure design, mechanical
efficiency, and kinematics model.

The origami folding principle, involving folding (“ori”
two-dimensional paper (“kami”) into complex three-



dimensional shapes, has been long inspiring engineers to
design compact kinematic structures [12], [13]. The basic
structure of origami is simply a collection of spatially
organized folds, which can be classified into mountain folds
and valley folds based on the folded configuration, either
convex or concave shape, respectively [12], [14]. The
physical origami structures normally consist of rigid panels
and compliant fold regions, which are also known as hinges.
The compliance of the hinges ensures safe interaction with
humans and the environment, while the rigid parts enable high
mechanical efficiency and motion accuracy. Utilizing this
simple folding principle, many origami-based robots and
actuators have been developed to solve aforementioned
problems. For instance, origami-based bellows have been
proven that can be used to realized different kinematic
motions, and they can be activated by multiple methods, e.g.,
pneumatics [15], [16], cable-driven [17], [18], and magnetics
[19]. Although the versatility of origami patterns has been
verified in these works, their ability to be used as modularized
actuators akin to LEGO-like building blocks is yet to be
demonstrated.

Herein, we design three modules of soft actuators using
origami folding to generate contraction, bending, and twisting
motion, respectively. Providing the facets are made of rigid
materials, the physical origami structures will merely fold
along the hinges without deformation on the facets during the
motion, which means the rigid body kinematics and
supervision principle are also valid in modeling the kinematic
motion of origami soft actuators. Hence, we use the
homogeneous matrix to model the kinematic motion of
origami soft actuators in this work. Additionally, we can build
complex semi-soft robot systems using the three proposed
modules by decomposing the motion into basic contraction,
bending, and twisting motions, and model their kinematics
using the superposition principle, taking the robotic arm
shown in Fig. 1 as an example.

To characterize the mechanical efficiency and verify the
modularized design principle, we prototype three origami soft
actuators using a lamination technique [20]. Herein, we
prepare the rigid origami panels using 3D printing, then
tessellate the facets onto TPU-coated fabric using hot-
pressing, and finally, fold the tessellation and seal the soft

actuator to ensure airtightness using ultrasonic welding. To
evaluate the workspace, we conducted 300 times of repeatable
free travel tests. The experimental results show that the
translational actuator contracts to 40%+0.5% of its original
length, while the twisting and bending actuators can exert
31°+40.6° and 52°+0.6° angular motions within 300 times
working cycles. Regarding the payload capacity, we tested the
blocked force of these actuators in different pre-deformation
states. The experiments reveal that the contraction actuator
can generate a peak blocked force of 78 N at -50 kPa, which
is 821 times of its self-weight (9.5 g). Our work here
demonstrates the potential of applying origami structures in
the field of soft actuators and soft robots.

The main contributions of this letter are as follows:

three types of modularized origami soft actuators with
high mechanical efficiency;

a comprehensive model to simulate the kinematics of
the modularized soft actuators and complex systems
based on them,;

experimental characterization and demonstration of
the modularized design principle and kinematic model

II. STRUCTURE DESIGN AND KINEMATICS MODELING

A. Design of the Two-dimensional Folding Patterns

The principles of origami folding are leading to paradigm
shifts in the design, fabrication, and perception of structures
and machines. In theory, by rationally designing the spatial
distribution of folds, any complex 3D geometry can be created
by folding a thin sheet [12]. The basic technique of origami
folding is simple: fold a planar sheet either into or out of the
plane to form a convex (mountain) and concave (valley) hinge
shape, one being the inverse of the other. However, variation
and complexity arise when multiple folds come to interact
together [21], [22]. So far, master artisans of origami have
passed down tradecraft to select a few kinematic origami
patterns for engineering applications to generate different
types of motions [22]. However, a generalized principle to
convert these patterns into practical soft actuators is still
missing.

In conventional rigid robotic systems, complex motions
are normally decomposed into a combination of prismatic
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Fig. 2. The 2D folding pattern and folded configurations of the proposed soft actuators, including (a) a bending, (b) contraction, and (c) twisting actuator,
respectively. In all the folding patterns, the red dotted lines represent the valley creases and the solid blue lines represent mountain creases, and black solid

lines are the glued boundaries.
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Fig. 3. The fabrication process of the origami actuators. The main steps are:
(a) 3D printing the facets with supportive materials for positioning; (b)
tessellating the facets onto TPU-coated fabric by thermo-compression; (c)
dissolving the supportive materials; (d) and finally fold the pattern and seal the
actuator.
and rotational motions. To simplify the structure design of
soft robots, we introduce this modularization concept to
develop soft actuators. As shown in Fig. 2, we propose two
new patterns and a variation of the Kresling pattern [23], [24]
to achieve linear contraction, bending, and twisting motion,
respectively. Additionally, to ensure the off-shelf assembly
of modularized actuators to build complex systems, we
require the cross-section of the bases to be identical, i.e.,
square shape in this work.

As shown in Fig. 2(a), to create a bending motion of the
top base with respect to the bottom base, we tessellate the
collapsed side face with a waterbomb unit [25], which is
composed of four valley folds and two mountain folds that can
generate three DOFs of motion, i.e. one symmetric bending
and two asymmetric twistings. Hence, it is necessary to
introduce a symmetric constraint to the waterbomb unit to
ensure pure bending. As shown in Fig. 2(a), it is achieved by
adding rational folding designs to the adjacent and opposite
side faces. The kinematics of the bending module is
determined by the height, H, and length, L. The higher the
ratio of height over length, the larger the bending workspace
for the origami actuator. To be noted, the hole on the top facet
serves as the pressure inlet.

Similar to the bending pattern, the folding pattern of the
contraction module is also based on the waterbomb unit [25],
as shown in Fig. 2(b). Herein, two opposite side faces are
tessellated with waterbomb units, and the remaining two faces
are tessellated with parallel folds. The kinematic motion of the
contraction actuator is determined by the height, H, and
length, L, as illustrated in Fig. 2(b). The actuator undergoes
contraction while preserving the diameter of the cross-section,
making it superior to the widely used McKibben muscles in
mechanical efficiency. Regarding the twisting actuator, we
adopt the widely used Kresling pattern, which is built by
compressing thin-walled cylinders with distortion on the ends
[22], [26]. To ensure the consistency of the cross-section for
all three modules, we make a variation to the basic Kresling
folding pattern [23], which is shown in Fig. 2(c), as well as its
kinematic motion. To be noted, axial contraction is also
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inevitable when the actuator produces twisting motion. The
kinematic twisting motion is characterized by the height, H,
length, L, and two section angles between the folds and
boundaries, ¢ and S .

B. Kinematics modeling

The proposed origami actuators are assumed to be rigidly
foldable, which means that they can only fold without
inducing any facet deformations. Hence, we can use rigid
body kinematics to analyze their motions. The kinematic
model of the soft origami actuators is crucial as it permits the
understanding of how to assemble the modularized actuators
to generate complex motions. Without considering the
thickness of the origami facets, the width of the folds, and
constituent materials, the single DOF origami actuators can be
described using the homogeneous transformations, which can
be calculated by

s = TR TP M
0 1

where 1T is the homogeneous transformation matrix from
the (i — 1)-th coordinate frame to the i-th coordinate frame.
1R and '~1P are the rotation matrix and the position from
the (i — 1)-th coordinate frame to the i-th coordinate frame,
respectively.

The global coordinate systems for each module are
specified in Fig. 2, where the origin is attached to the center
of the bottom base, and the z-axis is along the height direction,
the coordinate system x,Yy,Z, is attached to the bottom base
and xyz is attached to the top base. By substituting to (1), the
homogeneous transformation matrix of motion on the top base
is denoted as

1 0 0 O
01 0 O
T, d,) =
trans( C) 0 0 1 dc
0 0 0 1
H
cosa 0 sina 7 sin 2y
1
Tyena(@) =| © 0,0 @
—sina 0 cosa > cos?y
0 0 0 1 J
cosfd —sinf 0 O
sin@ cos8 0 O
Trwist (6, d) =
thSt( t) 0 0 1 dt
\ 0 0 0 1

where d, is the distance between the top and the bottom facet
of the contraction actuator, « is the bending angle, 6 is the
twisting angle, d, is the axial contraction distance during the
twisting motion, and tany = ZH—L, which are all indicated in
Fig. 2 The kinematics of a complex system created by
assembling the modularized actuators in series can be
calculated by simply multiplying the homogeneous
transformation matrices accordingly.

ITII. FABRICATION AND CHARACTERIZATION TESTS

A. Fabrication and Material Choices
To ensure rigid foldability of the origami actuators, their



facets are required to be made of non-deformable materials,
then the deformations are restricted to the hinges. Herein, we
use 3D printable PLA for the facets and flexible
thermoplastic polyurethane-coated nylon fabric (TPU-coated
fabric) for the hinges. To ensure airtightness, the TPU-coated
fabric forms a closed air chamber and the PLA facets are
tessellated onto the TPU-coated fabric by thermo-
compression. It is crucial to establish an efficient approach to
position the isolated facets onto the TPU-coated fabric to
ensure the high fidelity of the fabrication process. Herein, we
take advantage of the support material in 3D printing to
ensure the accurate position of the panels. Thereafter, the
support structure will be removed after the panels are bonded
to the fabric. Although some traditional positioning
approaches also can be used to accomplish this task, such as
bolt positioning [27], some holes will be left on the surfaces,
which requires extra work to ensure airtightness and may
induce some shape errors. Therefore, the origami actuators
can be prototyped with high fidelity and efficiency.

The prototyping process is divided into four basic steps,
as shown in Fig. 3. Firstly, fabricating the PLA panels with a
thickness of Imm using a 3D printer (Flashforge Creator Pro
2). Herein, the dissolvable PVA support structures are
remained after removing the parts from the printer. Then,
tessellating the panels to TPU-coated fabric using a hot-
pressing machine at 180 °C for 15 seconds. Thirdly,
dissolving the support material in water. Finally, folding the
tessellation and sealing two bases and side edges using an
ultrasonic welding machine. As shown in Fig. 3, the
prototyped origami actuators are initialized at the
undeformed state, hence negative pressure is applied to the
actuators to coordinate the motions.

B. Blocked Force Tests

The modularized origami-based actuators are designed to
be of high mechanical efficiency in a way that they can exert
a high payload and undergo a large range of motion. With
these advantages, these proposed soft actuators are expected
to be applied to build lightweight grippers or manipulators and
compact reconfigurable robots. To evaluate their
performance, we characterize their payload capability and
workspace. The experimental setup for the payload capability
characterization is shown in Fig. 4, where the motion of the
actuator is constrained by two clamps upon actuation of
various negative pressure. The pneumatic actuation system
consists of an air pump, a proportional valve, and a pressure
sensor. The air pump can produce a vacuum pressure of -
80kPa at a flow rate of 15 L/min. The proportional valve
(SMC ITV2090-212CLS) can control the negative pressure
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Fig. 4. The experiment setup for the payload capability, where the origami
actuators are clamped on an Instron machine, and the blocked force under
various actuation pressure are recorded.

change from 0 to -50 kPa at a rate of 1.67 Pa/s. A pressure
sensor and a force sensor are used to measure and record the
pressure and the blocked force simultaneously.

To evaluate the blocked force, each origami actuator goes
through three repeatable tests, and the experimental results are
elaborated in Fig. 5. It is observed that the contraction actuator
can generate a blocked force as high as 78 N under -50 kPa as
indicated in Fig. 5(a), which is 821 times of its self-weight,
9.5 g; and the bending actuator can also exert 46.6 N blocked
force at -50 kPa with a payload over weight ratio at 537, as
shown in Fig. 5(b). Additionally, we also investigate the load
capacity under different pre-deformations. As shown in Fig.
5, the blocked force generated by the actuators decreases as
pre-deformation increases because of the reduction of motion
range. For instance, under a pre-contraction of 15 mm, the
blocked force generated by the contraction actuator reduces to
14 N at -50 kPa; and a 12.4 N blocked force is generated by
the bending actuator at a pre-bending of 30°. Nonetheless, the
actuators can still generate a blocked force more than 100
times its self-weight.

C. Workspace Characterization

To evaluate the workspace of the proposed origami
actuators, we conducted 300 times of repeatable free travel
tests for each actuator, and capture the motion range every 25
times. The initial height of the contraction actuator is 40 mm,
and it can generate a 24 mm contraction at -20 kPa as shown
in Fig. 5(c). Considering the thickness of the panels is 1 mm,
the maximal contraction rate achieved is 60%+0.5% as
shown in Fig. 6(a), which is far superior to conventional
McKibben muscles whose contraction ratio is less than 25%
[28]. The physical bending actuator with thick panels can
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Fig. 5. The characterization tests for three modularized origami actuators, including the blocked force for (a) contraction actuation and (b) bending actuator
under different pre-contractions, respectively; and (c) the maximal range of motion of three actuators during 300 times repetitive tests.
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Fig. 6. The configurations of origami actuators in the initial and fully folded state for the (a) contraction actuator, (b) bending actuator, (c) twisting actuator
and two assembled system, including (d) double-layer twisting actuator and (e) combination of three origami actuators.

undergo an 0=52.1 ° + (.7 ° bending under -20 kPa as shown
in Fig. 5(b). Regarding the twisting actuator shown in Fig.
6(c), it can generate a 6=31.4° £ 0.7° twisting motion at -20
kPa. To be noted, the maximal motion deviations for all three
types of origami actuators are within 2.2%, which indicates
extremely high repeatability and motion accuracy.

D. Programmable Motions

Akin to modularized designs in rigid robots, these
proposed actuators can also be assembled to build a complex
system to fulfill desired motions. For example, two layers can
be added to amplify the workspace, as shown in Fig. 6(d);
and the three types of soft actuators can also be assembled
together to build a three DOF structure, as shown in Fig. 6(¢).
Rather than re-modeling the new complex system in
conventional soft robots, we can directly model its
kinematics using the homogeneous transformation. For
instance, the position of Point A in the center of the bottom
base for the system shown in Fig. 6(e) can be computed by

2P = Tywist (6, dt)Ttrans(dc)Tbend(a’)flP 3)
6.73
—4.11
40.16
1

where Ttwist(ei dt) > Ttrans(dc) , and Tbend ((Z, ]/) are
described in (2), with 6= -31.4°, @=52.1°, H=40 mm, d;=8
mm, d. =16 mm, and tany = 0.5 according to the
experimental results; 3P =[0 0 0 1]7 is the position of
point A in the local coordinate system of the bending actuator,
x'y'z', and P is the position of point A under the global
coordinate system, X¢YyoZg-

IV. APPLICATIONS

The characterization tests reveal that the modularized
origami actuators can carry high payloads and generate a large
workspace with impressive repeatability and accuracy, which
lay the foundations for applying them in practical scenarios.
For instance, to design a manipulator for food handling, the
engineer merely needs to decompose the complex handling
motion into three basic motions, i.e. contraction, bending, and
twisting, then assemble the modularized origami actuators at
the corresponding positions. Finally, actuate and control the
system to fulfill desired tasks. Similar to the programmable
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motion in Section III, we can also model the kinematic motion
of the complex system using the homogeneous transformation
based on the model depicted in (2). In this work, we
demonstrate the modularized design principle and efficient
kinematics modeling of these modularized origami actuators
on a robotic arm and reconfigurable robot.

A. Robot Arm

As shown in Fig. 7(a), the robotic arm consists of three
modularized origami actuators with three types, i.e. a 2-layer
twisting actuator, a translational actuator, and a bending
actuator, 3D printed rigid links joining the modularized
origami actuators, and a hook at the end to lift target objects.
Herein, the modularized actuators are connected to the same
pressure source and actuated simultaneously; but individual
control is also achievable by redesigning the pneumatic
actuation circuit. Upon a vacuum pressure of -30 kPa, a mug
(Fig. 7(b)) and a mass weighting 0.5 kg (Fig. 7(c)) are lifted.
The kinematic motion of the robot arm can be obtained using
homogeneous transformation by multiplying the matrix
depicted in (2) for each origami actuator. Herein, the
kinematic motion of this robotic arm, denoted by the position
of point A, can be computed by

4P = Toise (0, ) Trist (0, ) 3T Terans (A T Tyena () 4P
40.17
—78.16
188.16
1

where Tpyist(8,de) 5 Tirans(de) » and Theng(a,y) are
calculated by substituting the parameters into (2) with 6= -
31°, @=52.1°, H=40 mm, d,=8 mm, d,=16 mm, and tany =
0.5 according to the experimental results. 4T and T are the
transformation matrixes of two linkages, respectively, and
they can be computed by substituting the parameters
illustrated in Fig. 7(a) into (1), with h; =80 mm, h, =60 mm,
and[=80mm. §P=[0 0 0 1]7 is the position of point
A in the local coordinate system of the bending actuator; and
9P is the position of point A in the global coordinate system.
Although the structure is simple, this robotic arm
demonstrates the potential for applying the proposed soft
actuators in food handling or other relevant scenarios.
Benefiting from the built-in compliance of hinges, the robotic
arm can also ensure safe interaction with the environment.

4)



B. Reconfigurable Letter

To further demonstrate the modularized design principle
and kinematic modeling of the modularized origami actuators,
we design a reconfigurable letter as shown in Fig. 7(d-e),
which consists of six bending actuators and rigid linkages
joining the actuators. Herein, the origami actuators are
actuated individually, and two bending actuators are bonded
together to form a two-layer bending actuator, which aims at
amplifying the bending angle. As shown in Fig. 7(e), the letter
reconfigures from an I-shape to L-shape by actuating one of
the two-layer bending actuators. Taking the center of the robot
as the origin, the position of the tip, point A in Fig. 7(e), can
be computed by

(5)

2P (1)T Tpena (@, V) Tpena (@) iP
161.73
0
71.73

1

where T is computed by substituting parameters in Fig. 7(¢)
into (1), with h3 = 50 mm. Ty, is derived from (2), with H
=36mm,y =225%anda=45°. 3P =[0 0 140 1]7is
the position of point A in the local coordinate system x3y3zs,
and P is the position of point A in the global coordinate
system.

Applying negative pressure to all the actuators, the robot
will further change its shape from the letter “L” to the letter
“C”, as shown in Fig. 7(f). Considering the configuration is
symmetric, we focus on the lower half to model the
kinematics of the system. Then, the position of the tip is
computed by

AE)P (1)T Thena (@) Thena(@) iT Thena(@) E}P (6)
122.51

0
32.33

1

Similarly, the transformation matrix T and Ty,,q are the
same as in (5). 3T can be computed by substituting parameters
in Fig. 7(e) into (1), with h, = 60 mm. 3P =
[0 0 40 1]7 is the position of point A in the local
coordinate system xsyszs, with hs = 40 mm, and 3P is the
position of point A in the global coordinate system. This
reconfigurable letter verifies the modularized design principle
and efficient kinematics model proposed in this paper. It is
strongly recommended to use the modularized origami
actuators to build locomotive robots in the future.

V. CONCLUSION

In this study, we proposed a novel concept of
modularized origami soft actuators and designed three types
of actuators that can generate contraction, bending, and
twisting motion, respectively. Akin to the rigid robots, the
motion of the proposed origami actuators can be modeled by
rigid body kinematics, and complex motions can be achieved
by simply assembling the origami actuators rationally and
modeled by homogeneous transformations. To prototype the
modularized origami actuators with high fidelity, we take the
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Fig. 7. The demonstration of the modularized design principle and
applications on (a-c) a manipulator and (d-f) reconfigurable letter. Herein,
(a) and (d) are initial configuration, (b) and (c) are verification for lifting a
mug and a 0.5 kg weight, respectively, and (e) and (f) are two activated
configurations (letter “L” and letter “C”).

benefits of PVA support material in 3D printing technology
to ensure the positioning of PLA panels onto the TPU-coated
fabric. Using this prototyping method, these modularized
origami actuators can be fabricated in two hours and are able
to generate a robust and large range of motion, and also exert
high payloads. With prototyped origami actuators, we
characterized the payload capability and workspace of the
three types of modularized origami actuators. After that, we
demonstrated the modularized design principle and efficient
kinematics model on a manipulator and a reconfigurable
letter.

The modularized origami actuators are expected to lead
the paradigm shifts in the design and modeling of soft robots
shortly. However, to bring the proposed modularized origami
actuators into real industrial applications, we still need to
solve the challenges in materials with high fatigue strength
and closed-loop control of the system. In our future study, we
will investigate more types of origami actuators and closed-
loop control of a soft robot system built by modularized
origami actuators.
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