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Abstract—Conventional soft pneumatic actuators (SPAs) are
made of soft materials that facilitate safe interaction and adaptabil-
ity. In positioning and loading tasks, however, SPAs demonstrate
limited performance. In this article, we extend the current designs
of SPAs upon integrating a tendon-driven parallel mechanism
into a pneumatic origami chamber, inspired by the performances
and structures of vertebrates. The inner rigid/outer soft actuator
exploits the advantages of both, parallel mechanisms to achieve
precise, versatile motion, and SPAs, to form a compliant, modular
structure. With the antagonistic actuation of tendons-pulling and
air-pushing, the actuator can exhibit multimode motion, tunable
stiffness, and load-carrying maneuvers. Kinematic and quasi-static
models are developed to predict the behavior and to control the
actuator. Using readily accessible materials and fabrication meth-
ods, a prototype was built, on which validation experiments were
conducted. The results prove the effectiveness of the model, and
demonstrate the motion and stiffness characteristics of the actuator.
The design strategy and comprehensive guidelines should expand
the capabilities of soft robots for wider applications, and facilitate
the development of robots with rigid-soft hybrid structures.

Index Terms—Origami robots, parallel robots, soft robot
materials and design, Soft sensors and actuators.
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I. INTRODUCTION

INSPIRED by the softness and natural compliance of bio-
logical systems, soft pneumatic actuators (SPAs) have been

widely explored and applied in the field of robotics and human–
robot interaction [1], [2], [3]. As opposed to conventional rigid
actuators, their soft counterparts have bodies made out of intrin-
sically deformable materials, whose elastic moduli are compara-
ble with those of natural organisms, while exhibiting a number of
passive degrees of freedom (DoF). Correspondingly, the passive
compliance generated by flexible materials and compressed air,
provides more sensitive, reliable protection, independent of the
control algorithm [4], [5], [6].

Over the years, soft robotic designs that employ structures
similar to cephalopods have been proposed [7], [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17]. These actuators contain no
endoskeleton and consist entirely of elastomers like silicon rub-
bers. Analogous to the working principle of animal ligaments,
elastomers can realize actions such as extension, bending, and
twisting, when pressurized through the embedded pneumatic
channels, while rebounding passively when depressurized. Such
deformation-induced motion is dexterous and safe for interac-
tion with the environment. However, their performance deterio-
rates when a high payload is required, due to their intrinsically
flexible, isotropic structures. Moreover, the large deformation
of elastomers leads to nonlinear characteristics, which makes
accurate position and motion control of soft actuators still a
challenge [18]. Entirely soft structures and their infinite dof
render the control much harder upon loading.

SPAs with rigid elements have been proposed to expand their
capabilities [19], [20]. Such hybrid structures can contribute
to enhancing their load-carrying capacity and better control
their motion [21]. Rigid shells [22] and frames [23] have been
proposed to constrain the deformation of the elastic pneumatic
chambers. The soft chambers are thus protected, and their motion
types confined. Nevertheless, few attempts have been reported
to enhance their positioning accuracy or simplify the motion
control, upon integrating additional rigid elements. Origami
robots, whose morphology and function are generated by fold-
ing, have drawn increasing attention in recent years [24], [25],
[26], [27], [28], [29], [30], [31], [32]. The integration of origami
structures into SPAs has been shown to enhance their off-axis
stiffness [33]. The load-carrying capacity of SPAs with origami
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structures has been improved accordingly; even vertical weight-
lifting tasks can be realized [34], [35]. Furthermore, due to their
reconfigurable structures, origami chambers can be actuated
under lower pressure, and their motion regulated with a higher
extension/contraction ratio [35], [36], [37], [38], [39], [40], [41].
However, most existing designs utilize simple, hollow chamber
structures, which typically exhibit prescribed, unimodal motion
upon inflation. The nonlinear relationship between pneumatic
pressure and elastic deformation renders accurate open-loop
motion control still challenging and highly dependent on the
payload.

It is worth noting that many animals, such as mammals,
birds, and fish, possess bones or cartilages inside their bodies.
Accurate, powerful motion can be achieved with rigid skeletons,
while soft muscles and tissue provide compliant interaction.
Recently, several concepts have been proposed to integrate rigid
endoskeletons into soft bodies to form hybrid structures [42],
[43], [44], [45]. Among these designs, most of the rigid compo-
nents are connected in series to form passive, hyper-redundant
endoskeletons. The rigid skeletons constrain the motions of the
soft chambers and reduce the passive deformation in undesirable
directions. The stiffness in specific directions is accordingly
enhanced, so that the load-carrying capacity can be readily
improved. However, since most rigid components are serially
connected through revolute joints that are confined to the same
plane, only single-mode, unidirectional bending can be realized.
Moreover, the capability of extension/contraction is restricted,
which unavoidably reduces the dexterity and functionality of
the actuator. In addition, passive hyper-redundant endoskele-
tons contain a large number of passive dof. Accurate motion
control will still be hard to achieve, due to the nonlineari-
ties involved, especially in the presence of a payload [46],
[47], [48].

Here, we report the design, fabrication, modeling, and per-
formance of a rigid-soft hybrid actuator, aiming at the weak-
nesses of SPAs in accurate multimode motion control and load
carrying. Through integrating a tendon-driven rigid parallel
mechanism into a pneumatically driven soft origami chamber,
the proposed actuator forms an inner rigid/outer soft hybrid
structure, similar to vertebrates. The motion of the origami
chamber is thus confined by the parallel mechanism in a fully
controllable three-dof workspace, including extension, con-
traction, omnidirectional bending, and circular swing. Accord-
ingly, the intrinsically compliant actuator can achieve accurate
motion control dispensing with complicated analysis of nonlin-
ear deformation, since the kinematics of the inner mechanism
can be expressed in a simple, symbolic form. The tendons inside
the mechanism and the air inside the origami chamber form an
antagonistic actuation system, rendering the actuator to perform
bidirectional output force and tunable stiffness. Benefitting from
the antagonistic actuation system and the hybrid structure, the
actuator can execute weight-lifting maneuvers when loaded with
tenfold its weight, a challenge for most soft robotic actuators.
In addition, the foldable, rigid-soft hybrid design principle leads
to several merits, including low cost, simple-to-fabricate, high
extension ratio, low demand of input pressure, and no radial
expansion.

Fig. 1. Bioinspiration from vertebrates and its implementation in robotics.
(a) Invertebrates are either entirely soft or inner soft/outer rigid. In contrast,
vertebrates possess inner rigid/outer soft hybrid structures. (b) Most robots
exhibit either entirely soft or rigid structures, just like invertebrates. Inspired
by vertebrates, our design has an inner rigid/outer soft hybrid structure. The
images of the prototypes are reproduced with permission from the authors.

The rest of the article is organized as organized as follows. In
Section II, the bioinspiration concept is introduced, along with
the particular implementation of the rigid-soft hybrid actuator
from the perspective of both structure and actuation. This is fol-
lowed in Section III by a detailed description of the mechanical
design, as well as the fabrication method. Section IV includes the
models that characterize the kinematic and quasi-static behavior
of the actuator. The performance of the actuator, validation of
the design principle and the models, besides the multimodule
behavior are introduced in Section V. Finally, Section VI con-
cludes this article.

II. BIOINSPIRATION AND IMPLEMENTATION

A. Bioinspiration of the Rigid-Soft Hybrid Structure

Broadly speaking, animals can be divided into two cate-
gories, invertebrates and vertebrates [49]. Invertebrates account
for more than 90% of the world’s animals, which include
cephalopods, arthropods, echinoderms, etc. These animals either
are entirely soft or carry rigid exoskeletons, as shown in Fig. 1(a).
The soft ones achieve more friendly interactions with the envi-
ronment. However, their soft structures are relatively weak in
body-supporting [50]; the capability of stiffening is essential
for load-carrying motions [51]. On the contrary, although more
or less compliant parts exist in their bodies, the rigid ones
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with exoskeletons exhibit high stiffness to environmental impact
due to their tough armors, just like what ironclad beetles have
demonstrated [52]. Their motions can be accurate and powerful;
nevertheless, it is apparent that compliant, safe interactions with
them pose tough challenges.

Compared with invertebrates, vertebrates, like humans, carry
more advanced structures that can be regarded as combina-
tions of soft and rigid components. As shown in the bubble
intersection of Fig. 1(b), vertebrates have rigid skeletons that
are wrapped in soft muscles. Rigid skeletons ensure motion
accuracy and maintain the body structure, while soft muscles
actuate skeletons and provide soft interactions. In this way,
the inner rigid/outer soft hybrid structure can execute accurate,
powerful motions, while maintaining the safety of interactions.
It is noteworthy that not all the skeletons of vertebrates are
connected in series. There are also some skeletons in parallel
structures that can perform more versatile motion types, e.g.,
the ulna and the radius in human arms or some bird wings, as
depicted in the bubble intersection of Fig. 1(a).

Inspired by the hybrid structures of vertebrates, we pro-
pose an origami actuator with a hybrid structure, as well as
a hybrid actuation system. As shown in Fig. 1(b), most soft
and commercial robots exhibit either entirely soft or entirely
rigid structures, similar to invertebrates. On the contrary, in our
design, a rigid tendon-driven parallel mechanism is wrapped in
a soft pneumatic origami chamber, which has a design principle
similar to that of human arms and is distinct from other novel
hybrid designs that possess serially connected endoskeletons
inside rubbery chambers [42], [43], [44], [45], hollow origami
structures [30], [53], [54], [55], [56], and distributed rigid-soft
structures [31], [33], [57], [58], [59]. The parallel mechanism
functions as a rigid skeleton inside the body of a vertebrate,
while the tendon and the pneumatic pressure work antagonis-
tically like muscle pairs arranged around bones, resulting in
a different structure and control logic with existing designs
of pneumatic/tendon-driven hybrid actuators [60], [61], [62].
Consequently, the hybrid origami actuator can simultaneously
realize simply-controlled accurate motions, soft interactions,
load carrying, and variable stiffness, in principle.

B. Concept of the Rigid-Soft Hybrid Actuator

As shown in Fig. 2(a), the proposed actuator mainly con-
sists of a pneumatically driven soft origami chamber and a
tendon-driven rigid parallel endoskeleton. The origami chamber
comprises discrete, rigid, thin panels, and smooth folds. The
inflation of the chamber is confined by the origami without losing
compliance, besides being suitable for extension, contraction,
and omnidirectional bending. The endoskeleton consists of rigid
links with flexible joints, and forms a foldable parallel mecha-
nism. The totally passive flexible joints ensure the compliance
of the endoskeleton, while the motion of the moving platform
is constrained to three-dof, as opposed to infinitely many dof of
most SPAs.

The origami chamber [see Fig. 2(b)] forms a sealed cylin-
drical soft structure so that it undergoes extension when in-
flated, contraction when deflated. Consisting of rigid panels and

Fig. 2. Concept of the bioinspired rigid-soft hybrid origami actuator.
(a) Structure of the actuator. The actuator can be divided into two parts, the soft
origami chamber and the rigid parallel endoskeleton. (b) Structure of the origami
chamber. The 0.6-mm carbon fiber sheets are discretely pasted up on a piece of
air-tight fabric based on the Yoshimura pattern, with a 2-mm gap between each
two sheets. (c) Structure of the parallel endoskeleton. Three foldable linkages
with identical structures form a foldable 3-URU parallel mechanism, together
with the moving and fixed plate. The pneumatic actuation system is off-board
and inflates the origami chambers through silicon tubes connected with the
transparent cover.

fabric-based, unstretchable folds, the chamber produces negli-
gible elastic deformation, thus having low demand of actuation
pressure. However, the simplified structure is also accompanied
by control problems. The positive pressure can be regarded as
a one-way actuation, to some extent. Since neither predesigned
pneumatic channels nor elastic deformation exist, the motion of
the origami chamber cannot be controlled by means of pressure,
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unlike most SPAs made of elastomers. The chamber can achieve
no prescribed motion trajectory but simply extend when inflated,
except for passive deformation caused by an external force.
Hence, controllable elements are indispensable to solve and
simplify the control issues.

The endoskeleton [see Fig. 2(c)] comprises three limbs and
shares the same base and moving platforms with the origami
chamber. This system can thus be regarded as a 3-URU parallel
mechanism with flexible joints. The parallel endoskeleton pos-
sesses three-dof and is axially foldable, which can work together
with the cylindrical origami chamber and constrain the motion of
the moving platform. Unlike conventional rigid parallel mecha-
nisms, neither bulky motors nor pneumatic cylinders are directly
connected to the joints. Instead, three tendons are inserted into
the three foldable linkages, intended to constrain the rotations
of the flexible joints. The motion of the moving platform is thus
geometrically confined by the lengths of the tendons. Similar
to positive pressure, tendon-driven actuation is also a one-way
actuation system that can only constrain the joint rotation in
one direction (tendon tension). Therefore, the moving platform
is still structurally compliant, capable of producing passive
bending and contraction, although the passive deformation is
constrained to a three-dof workspace.

From the viewpoint of the structure, both the origami chamber
and the parallel endoskeleton are versatile mechanisms that can
achieve extension, contraction, and omnidirectional bending.
The origami exhibits structural compliance because of its recon-
figurable structure; however, such a feature is also accompanied
by control problems. In contrast, the three-dof motion of the
parallel endoskeleton is fully constrained by the three tendons;
however, the multilink structures exhibit lower compliance and
cannot form sealed modules, rendering them less interactive and
hard to operate as modular actuators. Consequently, a proper
combination of the soft origami chamber and the rigid parallel
endoskeleton can integrate the merits, while avoiding the weak-
nesses of both origami chambers and parallel mechanisms. The
proposed rigid-soft hybrid actuator is modular and compliant, by
virtue of the integration of the pneumatic origami chamber. The
sealed chamber protects the tendons from environmental inter-
ference, thus ensuring the geometric constraints. Correspond-
ingly, such a hybrid system makes the versatile motion fully
controllable. The control strategy is also simplified, since the
kinematics of the whole actuator lies on the tendon-constrained
parallel mechanism, which can be expressed in symbolic form.

From the viewpoint of the actuation, the two one-way ac-
tuation sources act antagonistically on the moving platform
(tendon-pulling, air-pushing). Hence, a hybrid actuation system
that can simultaneously control the stiffness and the motion
of the actuator is obtained. The tendons will produce tension
because of the antagonistic force provided by the air pressure.
In this way, fairly accurate motion control can be achieved by the
tendon-driven system, together with the parallel endoskeleton.
Besides, tuning the pressure inside the chamber will lead to a
variation of the internal force; the stiffness can be accordingly
adjusted. Variable stiffness is a key factor for compliant, de-
formable structures to enhance their load-carrying capacity [3],
[51]. Therefore, the proposed design theoretically ensures both

the positioning and the load-carrying capacity of the actuator.
Moreover, since the input pressure has no correlation with the
endoskeleton confined by the tendon-driven system, the stiffness
of the actuator can be adjusted actively and stepwise at any
configuration.

III. DESIGN AND FABRICATION

A. Design of the Origami Chamber

The origami chamber is the core actuation component to
achieve the stiffness variation, and determine the load-carrying
capacity of the actuator. The expected three-dof motion requires
the chamber to exhibit omnidirectional bending and exten-
sion/contraction capabilities. Besides, aiming at the common
weakness of other SPAs, the desirable features of the origami
chamber include: large extension/contraction ratio; no radial
expansion; low threshold pressure; and ease of fabrication. The
Yoshimura pattern [63] is a cylindrical folding origami that has
been reportedly used to design soft linear actuators [34], [64],
[65]. However, this pattern is actually a solid structure and is
discontinuously foldable [66]. Most existing designs employ
low-stiffness shells like laser-machined paper sheets [33], [64]
or polymers (e.g., PET) [54], [67] to build Yoshimura structures.
The low-stiffness shells can be readily deformed during the fold-
ing process. The contraction ratios are accordingly improved;
even omnidirectional bending can be realized. However, the
hollow origami chamber in our design requires positive pres-
sure; these low-stiffness shells are readily inflated into a right
cylinder when pressurized. Moreover, small holes are inevitable
on laser-machined origami shells, which will lead to serious air
leakage.

To alleviate the aforementioned shortcomings, a rigid-soft
hybrid Yoshimura origami chamber, consisting of air-tight fabric
and carbon fiber sheets, is designed as described here. Shown in
Fig. 2(b) are the 0.6-mm carbon fiber sheets pasted up on a piece
of fabric, in accordance with the Yoshimura base-crease pattern,
with a 2-mm gap between each two sheets. Due to the precise
soft gaps between the rigid sheets, the proposed 3-D origami
chamber can be formed by means of a simple circular enfolding
of the 2-D piece. Complex and time-consuming manual folding
is thus avoided, unlike existing designs of origami structures.
The carbon fiber sheets will keep rigid during the folding process
of the chamber. The 2-mm fabric gaps form smooth folds to
connect the rigid panels, as well as to ensure the folding process
(extension/contraction) and the passive bending deformation.
In this way, the radial expansion will be effectively avoided
during the motion process, due to the unstretchable fabric and
the high-stiffness sheets. Fig. A1, given in the Supplementary
Material, shows comparisons between the proposed rigid-soft
hybrid chamber and its common low-stiffness counterpart made
of thick paper. It is shown that the hybrid chamber performs
better in holding its structure when pressurized. In addition,
since almost no elastic deformation exists and no commonly
used elastomer (e.g., silicon rubber) is utilized, the hybrid cham-
ber will be readily inflated, while exhibiting an extremely low
threshold pressure.
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B. Design of the Tendon-Driven Parallel Endoskeleton

The tendon-driven parallel endoskeleton is mainly designed
to accurately control the configuration of the moving platform,
and produce antagonistic actuation together with the positive
pressure. As shown in Fig. 2(c), the endoskeleton carries three
equally spaced foldable linkages that connect the base and the
moving platforms. Each linkage consists of two rigid panels
with the same geometric parameters and five revolute joints.
The axes of rotation of the first two joints intersect at right
angles, thereby forming a universal joint. The last two joints are
similarly arranged so that the endoskeleton can be regarded as a
parallel mechanism with a 3-URU topology. Then, the mobility
of the moving plate can be calculated as

F = λ(n− j − 1) +
∑
i

fi

= 6× (8− 9− 1) + 6× 2 + 3× 1 = 3 (1)

where λ = 6 accounts for the dof of a rigid body in space, while
n and j, the numbers of links and joints, respectively. As well,
fi denotes the dof associated with the ith joint.

Apart from the omnidirectional bending, the three-dof en-
doskeleton can also achieve vertical translation, which ensures
the folding capability of the whole actuator. Furthermore, 4-mm
panels are used as rigid links in order to improve the folding
range (i.e., the contraction ratio). Instead of conventional rigid
hinges, soft, but unstretchable fabric pieces are utilized to form
flexible hinges between the rigid panels, which simplifies the
fabrication, enhances the folding capability, and makes the skele-
ton more compliant. In this way, the rigid-soft hybrid linkages
possess foldable structures similar to those of the origami cham-
ber, consisting of rigid thin panels and smooth folds. In addition,
silicon rubber panels are attached to the back of the revolute
joints, providing additional elasticity to keep the tendons in ten-
sion. The initial configuration of the linkages is slightly folded
to avoid partial singularities and ensure pretensions. Therefore,
the actuator can perform controllable motion all the time, even
in the absence of air supply when unloaded.

As shown in Fig. 2(c), the tendons are inserted into the lower
links to confine the tendon routes, and make the structure more
compact, inspired by the tendon-driven robotic hands. The two
ends of each tendon are connected to the upper link and the
worm-wheel roller, respectively. The length of the tendon is
constant, except for the part between the upper and lower links
so that the rotations of the revolute joints can be controlled
by rolling the inserted tendons. Worm gears are designed to
transmit the rotation from the micro dc motors to the rollers.
Due to the self-locking characteristics of the worm gears, the
structure, rather than the motors, will withstand the antagonistic
force generated by the air pressure. Hence, micromotors with
relatively low output torque can be utilized to form antagonistic
actuation; the integration will benefit from the microstructures.

C. Fabrication of the Origami Chamber

The origami chamber, consisting of discrete carbon
fiber sheets and air-tight fabric coated with thermoplastic

Fig. 3. Fabrication process. (a) Origami chamber. Step 1: Carbon fiber sheets
cut, with a engraving machine; step 2: Paste the carbon fiber sheets onto the
lower fabric; step 3: Paste another piece of fabric onto the sheets and paste the
rims of two pieces of fabric together; and step 4: Roll the 2-D structure into a
3-D cylinder and paste onto the two plates. (b) Foldable linkage. Step 1: Connect
two rigid panels; step 2: Seam the panels by pasting a piece of fabric; step 3:
Wrap the filament tape around the seam and cut the side without fabric; and step
4: Paste a silicon rubber panel onto the connected panels.

polyurethane (TPU), can be obtained based on a layer-
fabrication method, as shown in Fig. 3(a). The base structure is
a rectangular 0.6-mm carbon fiber panel, whose two facets can
be bonded with fabric tapes (Mileqi Adhesive). Cut by a 2-D en-
graving machine based on the crease pattern shown in Fig. 2(b),
two kinds of sheets can be separated from the base structure.
It is noteworthy that a mold should be pressed on the lower
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fabric during the second step, in order to improve the fabrication
accuracy. The discrete sheets are then manually placed into the
mold and adhered to the fabric through the prebonded tape. A
second piece of fabric is used to form a sandwich structure, to
improve the stretch strength and air tightness, after removing the
mold. Finally, wrapping the 2-D structure around the base and
the moving platform, a 3-D origami chamber is obtained. The
origami chamber, together with the fixed and moving plates,
forms a closed structure via gluing (Instant Adhesive 5569,
Kaibingtuan). The radial edges of the chamber can be sealed
through stacking and pasted by soft fabric glue, making the
whole system air tight. The formed hollow structure is relatively
simple and simple-to-fabricate, without predesigned, complex
pneumatic channels inside the chamber, unlike most SPAs made
of silicon rubber.

D. Fabrication of the Tendon-Driven Parallel Endoskeleton

As described previously, the parallel endoskeleton has a hy-
brid structure consisting of rigid links and flexible hinges, similar
to the origami chamber with rigid panels and smooth folds. The
rigid links, together with the moving and base platforms, are
3-D printed. The flexible hinges are fabricated based on a new
method, using unstretchable fabric pieces and stretchable silicon
rubber panels. The fabrication process is illustrated in Fig. 3(b).
Two rigid links are tied together by a piece of fabric on only one
side of the links. Filament tape (Scotch 8915, 3 M) is wrapped
around the hinge, and manually cut on the side free of fabric,
in order to enhance the torsional stiffness of the flexible hinge.
A 1-mm silicon rubber panel (Ecoflex 00-10) is pasted on the
back of the hinge using silicon glue (Instant Adhesive 5562,
Kaibingtuan). Two small fabric pieces can also be pasted upon
the back of the silicon rubber and form an uncovered gap. These
two pieces are used to adjust the partial stretchability of the
silicon rubber; the uncovered gap is the only part that stretches
with the rotation of the hinge. In this manner, the stretching of
the silicon rubber can be tuned to provide little but sufficient
elasticity to the flexible hinges, in order to keep the tendons
under tension.

IV. MODELING

A. Kinematics

The proposed endoskeleton that constrains the three-dof mo-
tion of the proposed actuator can be modeled as a 3-URU parallel
mechanism with flexible joints. Thus, the inverse kinematics
of the mechanism will contribute to the motion control of the
actuator. This mechanism is a versatile type that exhibits various
kinematic characteristics upon changing the arrangements of the
universal joints [68]. However, current research on the kinemat-
ics of this type has mainly focused on the translational 3-URU (or
3-UPU) and 3-URU wrists that generate three translations (3T)
and three rotations (3R) motions, respectively [69], [70]. Few
works have reported on the analysis of the 3-URU mechanism
with 1T2R (one translational and two rotational) motion. In this
section, the kinematics of the proposed 3-URU endoskeleton
with 1T2R motion is analyzed. Note that the axes of the first and

the fifth revolute joints (inside the universal joints) of each limb
should be neither parallel nor intersected at the rotation center
of the platform, to enable such kind of motion.

Schematics of the endoskeleton are illustrated in Fig. 4. The
base and the moving platforms (i.e., platforms A1A2A3 and
C1C2C3) bear the same geometric parameters, and are mutually
parallel at the initial posture, as depicted in Fig. 4(a). The lengths
of the two links in each limb are identical. The angle between
the moving platform and the upper universal joint is identical
to that between the base platform and the lower universal joint.
Thus, the parallel mechanism (namely, the endoskeleton) carries
a symmetric structure. For kinematics modeling, two reference
frames, the spatial {S} and its tool counterpart {T}, are con-
structed at the centers of the base and the moving platforms,
respectively.

As stated previously, the proposed parallel mechanism can
generate 1T2R motion, including contraction/extension and om-
nidirectional bending. The latter can be regarded as a rotation
around any radial direction stemming from a given point, with
no rotation around the z-axis. In order to describe the three-dof
motion, a set of variables is introduced. Three generalized co-
ordinates, α, β, and h, are defined as shown in Fig. 4(b). Here,
α denotes the angle between the x-axis and the projection of
the z′-axis on the Oxy-plane; β denotes the angle between the
z′-axis and the z-axis; h represents the distance between the
centers of the base and that of the moving platforms, namely O
and O′. The radial bending direction is represented by α. The
posture of the moving platform can be obtained by a rotation
around an axis perpendicular to the z-axis, according to Euler’s
rotation theorem. Thus, the axis of rotation e, with respect to the
spatial frame {S}, can be expressed as

e =
[
cos
(
α− π

2

)
, sin

(
α− π

2

)
, 0
]T

. (2)

Then, the rotation matrix that represents the posture of the
moving platform can be derived based on the product-of-
exponential formula [71], [72] as follows:

R = exp (ê(−β)) = I+ sin(−β)ê+ (1− cos(−β))ê2 (3)

where R ∈ SO(3); and I ∈ R3×3 is the 3× 3 identity matrix.
Since all the links bear the same lengths, it is apparent that the

mechanism architecture is symmetric with respect to the plane
of the centers of the three revolute joints, B1, B2, and B3. The
intersection of the z′-axis with the z-axis, labeled BO, is also
located in this plane because of the symmetry. As a consequence,
�OBOO

′ is an isosceles triangle, as the lengths of its two sides
are equal (i.e., lOBO

= lO′BO
). Moreover, the base angle of

�OBOO
′ satisfies

γ = ∠BOOO′ =
β

2
. (4)

Then, the position of the moving platform (given by pointO′),
in the spatial frame {S}, can be expressed as

pO′ =

[
h sin

β

2
cosα, h sin

β

2
sinα, h cos

β

2

]T
. (5)
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Fig. 4. Schematics of the endoskeleton. (a) Initial configuration. (b) Bending around a specific direction. (c) Single foldable limb consisting of two rigid links
with the same length l and five revolute joints R1 −−R5. In the kinematic model, three parameters: α (the angle between the x-axis and the projection of the
z′-axis on the Oxy-plane); β (the angle between the z′-axis and the z-axis); and h (the distance between the center of the base and that of the moving platform)
are the generalized coordinates.

The coordinates of the joints on the moving platform, in the
spatial frame {S}, can then be expressed as

pS = R pT + pO′ (6)

wherepS denotes the coordinates in the spatial frame {S}, while
pT the coordinates in the tool frame {T}.

Moreover, the coordinates of C1, C2, and C3 in the tool frame
{T}, as well as the coordinates of A1, A2, and A3 in the spatial
frame {S}, are displayed as follows:

pT, C1
= pS, A1

=

[√
3

2
r, −1

2
r, 0

]T
pT, C2

= pS, A2
= [0, r, 0]T

pT, C3
= pS, A3

=

[
−
√
3

2
r, −1

2
r, 0

]T
(7)

where r denotes the radius of the circumscribing circle of either
the base or the moving platform.

Then, the distance between two universal joints in each limb
is

lAiCi
= ‖ pS, Ci

− pS, Ai
‖, i = 1, 2, 3. (8)

The angles that represent the rotations of the three revolute
joints can then be expressed as

φBi
= arccos

(
2 l2 − l2AiCi

2 l2

)
, i = 1, 2, 3 (9)

where l is the link length.
It is noteworthy that the three tendons are used to control the

rotations of the three revolute joints. As shown in Fig. 4(c), the
two ends of the tendon are located at the middle point of each
link. Therefore, the length of the tendon can be derived as

lDiEi
=

‖ pS, Ci
− pS, Ai

‖
2

, i = 1, 2, 3. (10)

In this way, the relation between the tendon length and the
configuration of the moving platform is obtained, then applied
to the motion control of the proposed actuator.

B. Quasi-Statics

The quasi-static analysis leads to the relations between the
output force and the input pressure, under different actuator
configurations. Such relations are crucial in controlling the input
pressure, as needed to realize weight-lifting tasks and tune the
stiffness appropriately. The weight-lifting tasks mainly refer
to a pushing-up process, rarely achieved by most soft robotic
actuators. Benefitting from the antagonistic actuation system,
the thrust force generated by the pneumatic pressure, can prompt
the actuator to achieve pushing up tasks. In this section, the thrust
force generated by the input pressure of the origami chamber,
rather than the thrust force generated by the elastic rubber panels
(antistretching) and the tensile force generated by the tendons,
is analyzed since the latter two contribute little to force output.
Accordingly, the analysis considers only the linear deformation
of the origami chamber, since the weight-lifting task is mainly
a translational process; the Yoshimura pattern deforms more
regularly during this motion. Further, it should be noted that the
crease DE shown in Fig. 5(a), namely, the longest valley crease
of the base crease pattern, is assumed to be length changeable,
to solve the nonrigid foldable problem of the Yoshimura pattern,
which is in accordance with the deformable 2-mm-width folding
crease of the rigid-soft hybrid origami chamber. Then, other
creases can exhibit constant lengths during the deformation
process. Two constants, a and θ, which denote the length of
the creases, AB and BC, and the base angle of the isosceles
triangle ABD, are given as known parameters.

As for the quasi-static model, the principle of virtual work is
utilized to build the relation among the output force, the input
pressure, and the deployment height of the origami chamber.
The relation can be expressed as

F = −P
dV

dh
(11)
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Fig. 5. Schematics of the origami chamber. (a) 2-D base crease pattern unit
with two known geometric parameters; solid lines represent mountain creases;
dash dot lines represent valley creases. (b) 3-D origami pattern after folding.
(c) Half layer of the 3-D pattern; three triangular pyramids drawn in dash lines
are added to form a regular pentahedron. (d) Top view of the half layer.

where F denotes the output force. P is the input pressure, while
dh and dV represent the small changes of the deployment height
and the internal volume of the origami chamber.

As shown in Fig. 5(b), the Yoshimura origami pattern carries
a multilayer symmetrical structure; the origami chamber is
assumed to be evenly deployed during the morphing process.
Hence, a half layer is used to analyze the relationship between
volume and height, in order to simplify the derivation process,
as depicted in Fig. 5(c). Since the half layer is an irregular
octahedron, three triangular pyramids are added to form a regular
solid, namely, a pentahedron. Then, the volume of the half-layer
chamber can be represented as the volume of the regular penta-
hedron subtracting the volume of three triangular pyramids, and
can be written as

V = Vp − 3Vt (12)

where Vp represents the volume of the regular pentahedron

Vp =
1

3
h
(
S�DEF + S�HIJ + (S�DEFS�HIJ)

1/2
)

(13)

with h denoting the height of the half-layer chamber. Moreover,
S�DEF is the top-face area of the pentahedron, which varies
with the height changes. As well, S�HIJ represents the bottom
face area of the pentahedron, which is constant, regardless of
the height changes.

Moreover, Vt represents the volume of each added triangular
pyramid outside the origami structure. Since�ABD is assumed
to be constant during the morphing process, the three pyramids
bear the same volume, namely

Vt =
1

3
hS�ABH (14)

where S�ABH denotes the constant base area of the added
triangular pyramid.

As shown in Fig. 5(d), D′ represents the projection of vertex
D on the bottom plane. The length of the virtual crease D′G can

be expressed as

lD′G = (l2DG − h2)1/2 (15)

where lDG denotes the length of the virtual crease DG, which
is a constant and can be derived from the known parameters.

The stretchable crease DE remains parallel to the bottom
plane during the morphing process. Hence, its projection on the
bottom plane D′E ′ bears the same length as DE. Therefore, the
length of the stretchable crease DE can be expressed as

lDE =
√
3 (lD′G + lGO) =

√
3

(
1

4
a2tan2 θ − h2

)1/2

+
3

2
a.

(16)
Substituting (13), (14), and (16) into (12), the internal volume

of the origami chamber is obtained as

V = −
√
3

4
h3 + f(h) + a1h (17)

where f(h) is a function of the height h, defined as

f(h) =
3

4
ah((−h2 + a2
)1/2

+
(
−h2 +

√
3a(−h2 + a2)

1/2 + a3

)1/2)
(18)

with constants a1, a2, and a3, defined as follows:

a1 =

(
11
√
3

16
+

√
3

16
tan2 θ

)
a2

a2 =

(
1

4
tan2 θ

)
a2

a3 =

(
3

4
+

1

4
tan2 θ

)
a2. (19)

Then, substituting (17) into (11), the output force of the
origami chamber is obtained as

F =
3
√
3

4
Ph2 − Pg1(h)− Pg2(h)− Pg3(h)− Pa1 (20)

with the definitions as follows:

g1(h) =
−6ah2 + 3aa2
4(−h2 + a2)1/2

g2(h) =
−6ah2 + 3aa3

4(−h2 +
√
3a(−h2 + a2)1/2 + a3)1/2

g3(h) =
−9

√
3a2h2+6

√
3a2a2

8(−h2+a2)1/2
(−h2+

√
3a(−h2+a2)1/2+a3

)1/2 .
(21)

Equation (20) reveals the correlations of the input pressure, the
deployment height, and the output force of the origami chamber.

The variation interval of the output force can then be predicted
at a given pressure and a specific range of deployment. Moreover,
the output force can be adjusted along with the deployment via
the active regulation of the input pressure through the propor-
tional valve. The aforementioned model illustrates the capability
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Fig. 6. Tracking performance. Dash lines represent the prescribed trajectories; solid lines represent the measured ones. (a) Line trajectory with variable speed.
(b) Four arc trajectories with the initial heights [h in Fig. 4(b)] of 35, 40, 45, and 50 mm. (c) Nine circular trajectories with the initial heights of 30, 40, 50 mm and
the diameters of 20, 30, 40 mm.

to both control the output force to realize weight-lifting maneu-
vers and to adjust the actuator stiffness by suitably tuning the
antagonistic force.

V. EXPERIMENTAL VALIDATION

A. Experimental Setup

The objective of the proposed design is to achieve controllable
three-dof motion with relatively high positioning accuracy and
variable stiffness. Thus, in order to validate the proposed design
principle and demonstrate the unique capabilities of the actuator,
several tests on the tracking performance, stiffness characteri-
zation, static force characterization, and weight-lifting perfor-
mance, were conducted. Moreover, the multimodule behavior
was also tested to demonstrate the modularity and the potential
applications of the actuator.

The experiments were conducted with a module prototype.
The pneumatic source inflated the prototype through a soft
silicon tube. The input pressure was regulated by an off-board
proportional valve (ITV1010, SMC), in combination with a
pressure sensor (PSE532, SMC). The on-board micromotors
and the proportional valve were synchronously controlled with
pulsewidth modulation signals, generated by an off-board micro-
controller (Mega 2560, Arduino). A digital to analog converter
(DAC) module (DC2376 A, ADI) was connected between the
controller and the proportional valve, to provide a stable voltage
input. Such a closed-loop system could keep the inner pressure
of the chamber around the prescribed value during the motion.
The micromotors, with assembled Hall encoders, realized the
position and velocity control of the tendon-driven system, based
on a cascaded feedback proportional-integral (PI) controller. As
to the measurement instruments, the three-dof motion of the
proposed actuator was measured by a motion capture system
(OptiTrack Prime 41), with an absolute measurement accuracy
around 0.3 mm. A force sensor (Mini 45, ATI), fixed upon the
end effector of a six-dof industrial robot (UR 10), was used
to measure the interaction force, to demonstrate the stiffness
characterization of the actuator. For the blocking-force measure-
ments, a universal testing machine (5966, Instron) was utilized.

B. Tracking Performance

To demonstrate the controllable versatile motion and vali-
date the proposed kinematic model, three different kinds of
trajectories were prescribed to test the tracking performance
of the actuator, under a low input pressure value of around
3 kPa. First, a line trajectory with variable speed was tested.
The three micromotors were controlled simultaneously with
the same input so that the actuator should exhibit contraction
and extension. As shown in Fig. 6(a), the result exhibited small
positioning errors of 0.19 mm in the contraction, and 1.27 mm
in the extension, with well-controlled motion speeds from 2.5 to
6.5 mm/s. The 1.08-mm error offset in the extension process may
be mainly caused by the manually assembled Hall encoders, as
well as the backlash of the micromotors and the worm gears. In
addition, it should be noted that the motion speed was restricted
by the maximum speed of the motors, which could be further
improved by changing the three motors with others showing a
better performance.

As described in the previous sections, the actuator can produce
a 1T2R motion including extension, contraction, and omnidirec-
tional bending. The latter can be regarded as a rotation around
any radial direction, i.e., the moving platform can rotate about
any specific axis parallel to theOxy-plane, and execute a circular
swing around the z-axis, as depicted in Fig. 4(b). Hence, two
kinds of trajectories, the arcs perpendicular to the Oxy-plane
and the circles parallel to the Oxy-plane, were selected to both
test the bending performance and validate the kinematic model.

As shown in Fig. 6(b), the moving platform of the actuator
was first set to move along four arc trajectories whose axes
of rotation lie at four different heights. The actuator was set
to execute a reciprocating motion, starting from the straight
configuration in each test. The measured trajectories showed
good agreement with the prescribed ones. The mean positioning
errors were 0.80, 1.27, 1.18, and 1.06 mm for four different
heights. As a consequence, there was no obvious indication
that the height of the moving platform affected the tracking
performance. Additionally, nine circular trajectories, at three
different heights and with three different diameters, were tested.
As shown in Fig. 6(c), the experimental process, as well as the
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results, demonstrated high motion versatility and controllability
of the actuator. The positioning errors grew with the height and
the diameter. The error accumulation during the circular motions
might have caused this effect. However, considering the motion
range in each limb of the parallel endoskeleton, as well as our
manual fabrication method, the actuator proved to exhibit an ac-
ceptable positioning accuracy, based on the proposed kinematic
model.

C. Stiffness Characterization

To demonstrate the variable stiffness and validate the effec-
tiveness of the proposed antagonistic actuation system, stiff-
ness tests under four different conditions were conducted. As
shown in Fig. 7, both the axial and the lateral stiffness of the
prototype were tested, with an initial actuator length of 60 and
90 mm. In each case, the origami chamber was actuated with a
supply pressure of 0, 3, 5, and 8 kPa, to generate different but
not excessive antagonistic forces, according to our quasi-static
model. The prototype was placed on a fixed platform during the
tests; reciprocating passive deformations were imposed by the
industrial robot, with a force sensor fixed on its end effector.
In this way, the force–displacement relations of the prototype
could be recorded under all conditions. The stiffness variation
under different pressure values were measured; the influence of
the initial length was also evaluated.

The plots in Fig. 7(a) illustrate the forces generated with four
different pressure values in the first condition, namely, axial
pressing with an initial actuator length of 60 mm. The unpres-
surized prototype exhibited noticeable axial compliance, which
generated 4.2 N with an axial displacement of 4 mm. On the con-
trary, the stiffness of the prototype increased significantly when
pressurized. The 4-mm axial displacement generated around
24 N when the prototype was actuated with a supply pressure
of 3 kPa, about 5 times the unpressurized condition. Further, the
interaction force rose to 54 N when the pressure increased to
8 kPa, close to 13 folds of the unpressurized condition. It should
be noted that the 3-kPa pressure is the lowest supply pressure of
our proportional valve; 8 kPa is still an extremely low pressure.
In consideration of the commonly used input pressure of other
SPAs (from tens to hundreds of kilopascal), the low demand
for air pressure makes the proposed actuator much safer, more
energy efficient, and with more potential to be untethered [73],
[74], [75].

The axial stiffness, with an initial actuator length of 90 mm,
was then measured as a contrast. The results shown in Fig. 7(b)
indicate that the generated forces had no obvious difference
from the previous ones. The generated force of the unpressurized
prototype reduced to 2.4 N, with an axial displacement of 4 mm,
due to the deformation decrease of the silicon rubber panels
integrated inside the parallel endoskeleton. As a consequence,
the force of the 8-kPa pressurized prototype (57.7 N) reached
24 times the value of the unpressurized condition. In addition,
the increment of the initial actuator length also reduced the
hysteresis of the prototype. The larger volume of the origami
chamber might contribute to such a phenomenon, because the

Fig. 7. Force-deformation curves obtained during the stiffness characteriza-
tion test and the experimental setup. (a) Axial press with the initial actuator
length of 60 mm. (b) Axial press with the initial actuator length of 90 mm.
(c) Lateral push with the initial actuator length of 60 mm. (d) Lateral push with
the initial actuator length of 90 mm.

4-mm deformation process of the larger chamber caused a
relatively lower variation of the internal volume.

Further, the industrial robot was driven to laterally knock
the prototype; the lateral stiffness was measured accordingly.
The plots in Fig. 7(c) and (d) illustrate the results with initial
actuator lengths of 60 and 90 mm, respectively. Apparently,
the stiffness variation was still evident, along with the change
of the supply pressure. The actuator with smaller initial length
exhibited a higher lateral stiffness. This was mainly caused by
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Fig. 8. Force-deformation curves obtained during the static force character-
ization test. Dash lines represent the predicted results; solid lines with error
shadow represent the measured ones. The 30-mm actuator length is defined as
the initial position, namely the vertical displacement at this point is 0.

the smaller moment arm of the external force, as well as the larger
deformation of the silicon rubber panels. When the initial length
increased to 90 mm, the generated force of the unpressurized
prototype decreased to 2 N, with a lateral displacement of
10 mm, thus showing a superior structural compliance. At the
same time, the stiffness can also be enhanced more than 7 times
with a supply pressure of 8 kPa, which ensured the manipulation
capability of the proposed actuator. It should be noted that the
maximum working pressure of the current unloaded prototype
is limited to 12 kPa by the fracture of the small 3-D-printed
connectors of the endoskeleton, since an increase of the input
pressure would convert into that of the internal force.

D. Static Force Characterization

To demonstrate the force output capacity and validate the
proposed quasi-static model, a universal testing machine was
used to constrain the origami chamber at different lengths,
and measure the output forces under different input pressure
values. During the measurement process, the base platform of
the origami chamber was vertically fastened to the stationary
clamp of the universal testing machine. The movable clamp
of the machine pressed the output platform of the origami
chamber to the whole actuator length of 30 mm, namely the fully
contracted configuration, and set it as the initial position. Then,
the heights of the deployed origami chamber were determined
by the actively controlled vertical displacement of the movable
clamp; the output forces, generated by the input pressure, were
recorded at different heights.

Fig. 8 illustrates the experimental process, as well as the
comparison between the measured results and the predicted
ones based on the quasi-static model, under three different input
pressure values. The measured relations between the vertical dis-
placement and the output force showed an acceptable agreement
with the predicted values, which means the proposed model is
effective and can be used for the control of the proportional valve.
It can be also noticed that the accuracy of the proposed model is
relatively higher with a lower input pressure. Such phenomenon

may be mainly caused by the inconspicuous deformation of
the rigid carbon fiber sheets of the origami chamber, which is
ignored in the proposed model. Such deformation will expand
the internal volume of the origami chamber, thereby increasing
the output force. Additionally, it is noteworthy that the output
force exhibited small variations, along with the passive vertical
displacement under specific input pressure. The variations can
be compensated based on the proposed model, which means the
actuator can be potentially used to realize constant force output
with a controllable working length. Therefore, this actuator has
the potential to replace the expensive, commercial active contact
flange that is widely used in the field of surface treatment.

E. Weight-Lifting Performance

As stated previously, the input pressure can adjust the stiffness
and the output thrust force of the actuator. Since the actuator is
able to generate translational motion and thrust force, it should
be capable of producing bottom-up weight-lifting maneuvers.
Hence, the weight-lifting performance was tested to validate
such capability, and to demonstrate that the motion can still be
precisely controlled upon loading.

The actuator was placed vertically with different weights
loaded on its moving platform during the experiments, then
set to track prescribed trajectories. The experimental results,
as well as the real-time conditions, are shown in Fig. 9. It is
apparent from Fig. 9(a)–(c) that the position and the velocity
of the actuator were fully under control with weights from 1 to
3 kg. The 1-mm error in the lowest part of Fig. 9(a) was mainly
caused by the higher internal force, due to the 3-kPa limitation
of the proportional valve, which was expected to be lower under
1-kg weight. Such error diminished when the load increased
to 2 or 3 kg. However, the stability of the translational motion
decreased slightly, since larger weights led to higher moments
on the output platform of the actuator. As a consequence, the
bottom-up weight-lifting capability was constrained to 3 kg by
the accompanied moment from the weights; this capability can
be improved with more stable weights to be used in the test.
However, it is noteworthy that the 3-kg weight-lifting capability
is still acceptable. Considering the weight of the whole actuator
(301.4 g) and that of the origami chamber (57.5 g), the actuator
proved to be capable of pushing up tenfold its self-weight and
52-fold the weight of the origami chamber. It is worth noting that
such a weight-lifting performance benefits from both the hybrid
structure and the hybrid actuation method. The parallel mecha-
nism and the inserted tendons contribute more to motion control;
the origami chamber and the pneumatic pressure support a higher
payload and form a compliant, modular structure. Neither the
tendon-driven mechanism (see Fig. A2 in the Supplementary
Material) nor the pneumatic origami chamber (see Fig. A3 in
the Supplementary Material) alone can execute such controllable
motions under payload.

The input pressure values were calculated based on the quasi-
static model to balance different payloads during whole motion
ranges, and regulated by the proportional valve and the pressure
sensor. It is worth noting that the setting load of the model is the
sum of the actual payload and a small preload, to obtain a higher
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Fig. 9. Weight-lifting performance. (a)–(c) Tracking performances loaded with different weights of 1, 2, and 3 kg. (d) Tracking performances with different
input pressures of 3.5, 3.7, and 4.0 kPa, when loaded with 2-kg weights. (e) Bending performances loaded with different weights of 0.5 and 1 kg. (f) Bending
performances with different input pressures of 3.5, 4.0, and 4.5 kPa, when loaded with 1-kg weights.

stiffness. To validate the effect of the actuator stiffness, the
influence of the input pressure on the weight-lifting maneuver
was further tested. The plots in Fig. 9(d) show the trajectories of
the actuator loaded with 2-kg weights, with input pressures of
3.5, 3.7, and 4.0 kPa. It was apparent that higher input pressure
values exhibited better stability during the contraction process,
since the pneumatic force carries more external loads. Moreover,
the response speed, as well as the accuracy, was also improved
by the higher pressure value during the extension process. As a
result, the balance between the soft and the rigid actuation can be
modulated according to the working condition, while the motion
performance can benefit from a higher stiffness. However, the
input pressure should not be set too high, especially under small
payloads, since it risks bringing about an unbearable load on
the tendon-driven system (see Fig. A4 in the Supplementary
Material).

In addition to translational motion, the weight-lifting bending
performance was also tested. It has been demonstrated in Fig. 7
that the increment of the pressure value contributed more to the
axial stiffness than to the lateral one. Hence, lighter weights
were utilized during the bending tests. As shown in Fig. 9(e),
the moving platform of the actuator was set to move along two
arc trajectories at different heights, loaded with 0.5 and 1-kg
weights, respectively. Overall, the measured trajectories still
showed good agreement with the prescribed ones. The moving
platform went further at the bending boundaries when loaded

with 1 kg than that loaded with 0.5 kg. This phenomenon should
be mainly caused by the moment generated from the external
weights. It was also more evident at the higher arc trajectories,
due to the existence of a larger moment arm.

Later, to further validate the effect of the actuator stiffness on
the weight-lifting bending, the influence of the input pressure
was tested. The higher arc trajectory was utilized to make the
difference more distinct. The plots in Fig. 9(f) demonstrate the
measured trajectories of the actuator loaded with 1-kg weights
and input pressures of 3.5, 4.0, and 4.5 kPa. In general, all
the three trajectories demonstrated acceptable tracking perfor-
mance. However, it was apparent that the moving platform went
further at the bending boundaries, along with the reduction of the
pressure value. The actuator could attain a higher stiffness with
a higher pressure, then showing better resistance to the external
moment.

It can be noticed from the weight-lifting bending tests that
a higher external moment will reduce the accuracy of the ac-
tuator, while a higher input pressure will improve it. Such a
phenomenon is a specific feature of the proposed hybrid-driven
system. When partial compression occurs due to the passive
compliance and the external moment, the tendon inside the
compressed linkage will loosen, since the tendon can only
generate tensile force. Although the positioning accuracy can
be reduced, such kind of passive compliance generated by this
hybrid-driven system provides more interaction friendliness.
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Fig. 10. Multimodule pick-and-place manipulation. Two different modes of manipulation were tested and different trajectories were utilized. (a) Upright
manipulation. Step 1: The three modules executed extension and bending; step 2: The first module executed circular swing and other two modules executed
contraction; and step 3: The first module kept stable and other two modules executed extension and bending. (b) Suspension manipulation. Step 1: The first two
modules executed extension and bending, and the third module kept stable; step 2: The first two modules kept stable, and the third module executed extension and
contraction; step 3: The first two modules executed bending, and the third module executed extension and bending.

Moreover, the passive deformation can also be compensated by
actively increasing the input pressure. It should be noted that the
control scheme of the current prototype is open-loop at the whole
actuator level. The passive deformation can be detected and
actively compensated if closed-loop feedback control is realized
by adding sensing elements inside the actuator.

F. Multimodule Behavior Test

Considering the motion capability and the modular structure
of the proposed actuator, three actuators were connected in series
via hot melt adhesive that is readily peeled off, then forming a
modular continuum manipulator to demonstrate the potential
applications of the actuator. The motion and the stiffness of
each actuator were individually controlled during the test. The
third module was equipped with a suction cup for controllable
attachment and detachment to objects. It should be noted that
the numbers of proportional valve, pressure sensor, and micro-
controller were all increased by a factor of three.

1) Pick-and-Place Manipulation: The proposed actuator can
generate both tensile and thrust force, due to the antagonistic
actuation from the tendons and the positive pressure. Thus, two
different kinds of pick-and-place manipulation tests, namely, up-
right manipulation and suspension manipulation, were demon-
strated as described in the following.

The first test involved vertically placing the three-module
continuum manipulator on a fixed platform, and relocating the
object from the starting location to the target one. As shown in
Fig. 10(a), the initial configuration of the manipulator was fully
contracted. Then, the manipulator reached the object via the
shape-morphing (extension and bending) of all three modules.
After picking up the object by actively depressurizing the suction
cup, the second and the third module contracted back to the initial
configuration, while the first module was kept bent. Later, the
first module was set to move along a circular trajectory, until
the bending of the manipulator was directed toward the target
location. Finally, the second and the third modules extended

and bent toward another direction, in order to place the object
steadily on the target location. Different motion types like
contraction, extension, omnidirectional bending, and circular
swing, were all displayed during this manipulation process. The
versatility of the proposed actuator was proved to enrich the
motion capability of the multimodule manipulator. Moreover,
the balance between compliance and stiffness also contributed
to the upright manipulation tasks, which means the stiffness
of the manipulator was capable of finishing the transfer task
vertically, while the compliance of the manipulator ensured the
shape-morphing process.

The second test consisted in finishing a pick-and-place ma-
nipulation task with another trajectory. The three-module con-
tinuum manipulator was hanging on a fixed platform, opposite
to the former placement. As shown in Fig. 10(b), the initial
configuration of the manipulator was still fully contracted, while
the suction cup faced toward the ground. The third module was
kept contracted, as the first two modules extended and bent
until the suction cup was set parallel to the object. Then, the
third module extended to reach the object and picked it up via
contraction. Finally, all the modules bent toward the opposite
direction to transfer the object to the target location. Unlike
the former test, the tensile force from the tendons contributes
more to the load-carrying capacity in the suspension manip-
ulation. However, the stiffness generated by the antagonistic
actuation was still indispensable to hold the morphing shape
during the weight-lifting bending and the oblique extension of
the modules. As a consequence, both the controllable versatile
motion and the stiffness characterization improved the function-
ality of the actuator. The serially connected modular contin-
uum manipulator also benefited from these features, and could
accordingly finish controlled pick-and-place tasks in various
modes.

It is noteworthy that motion versatility and workspace can be
enhanced upon increasing the number of individually controlled
modules. However, further extension also yields problems of
dead-weight, which will make the first modules bear a higher
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Fig. 11. Multimodule partially adjustable stiffness. Five different combinations of high and low input pressure were tested. (a) First module 3 kPa, second module
9 kPa, and third module 9 kPa. (b) First module 9 kPa, second module 3 kPa, and third module 9 kPa. (c) First module 9 kPa, second module 9 kPa, and third
module 3 kPa. (d) First module 9 kPa, second module 3 kPa, and third module 3 kPa. (e) First module 3 kPa, second module 3 kPa, and third module 9 kPa.

load, thereby affecting their performance. Hence, further en-
hancement of the modularity and scalability also requires lighter,
stiffer materials for the endoskeleton, besides micromotors with
better performance. The load-carrying capability (especially
in the suspension manipulation) of the proposed actuator will
be further enhanced if the motors can output higher torque.
Moreover, if the working condition requires high load-carrying
capacity and has no restriction on the manipulator volume, the
actuators can be readily scaled-up, as few standard parts would
be needed. Then, larger motors with better performance can be
employed.

2) Partially Adjustable Stiffness: The motion versatility,
generated by the independently controlled three-dof motion
of the three modules, was demonstrated in the pick-and-place
tasks. Similarly, the independently controlled stiffness could
also improve the performance of the multimodule continuum
manipulator [58], [76].

Fig. 11 illustrates the behavior test on the selective mechan-
ical tuning capability of the three-module manipulator. The
manipulator was vertically placed onto a fixed platform, just
as in the upright manipulation test. Then, an external force
generated by an industrial robot was applied to the output bar
connected with the moving plate of the third module, to produce
passive deformation of the whole manipulator. During the test,
different input pressures were applied to different modules, to
verify the possibility of partially tuning the stiffness level. As
shown in Fig. 11(a), the first module was supplied with a 3-kPa
input pressure, while the other two modules were supplied with
9 kPa. It was apparent that the first module with relatively
lower input pressure performed most of the deformation; the
other two modules, with higher pressure, almost kept straight
during the passive deformation. Then, the second and the third
modules became those with the lower pressure, respectively.
Their deformation state changed accordingly; the passive mo-
tion range of the manipulator also changed significantly, which
can be noticed from Fig. 11(b) and (c). As a consequence,
the stiffness of the continuum manipulator was proved to be
partially adjustable. Further combinations of the independently
controlled stiffness could further generate more forms of pas-
sive deformation, as depicted in Fig. 11(d) and (e). Since safe

interaction and load-bearing bring about completely different
requirements for continuum manipulators, such a capability can
make the manipulator capable of executing various operations
in the presence of interference from external loads. Although the
current tests only exerted actions on the distal end, the compliant
origami chamber can also prevent the inner mechanism from
being disturbed by external obstacles under a low force and
generate passive deformation under a high force, similar to the
present situation. The interaction between a human hand and
the proposed continuum manipulator with partially adjustable
stiffness is also demonstrated in the Supplementary Video. The
deformation state will be more varied if the manipulator consists
of a higher number of modules.

VI. CONCLUSION

In this article, a rigid-soft hybrid origami actuator, inspired by
the physiological structure of vertebrates, was introduced. The
pneumatic origami chamber, together with the tendon-driven
endoskeleton, formed an inner rigid/outer soft hybrid structure
and an antagonistic actuation system that can produce a specific
motion with the required stiffness. A prototype was built based
on novel, replicable fabrication methods of both the origami
chamber and the parallel endoskeleton. The motion, as well as
the stiffness of the prototype, can be effectively controlled based
on both kinematic and quasi-static analyses. Experiments on
motion capability, stiffness variation, static force output, weight-
lifting maneuver, and multimodule behavior were conducted.

The results showed that a single proposed actuator can exhibit
various motion types, including extension, contraction, omnidi-
rectional bending, and circular swing. All these motions were
fully controllable based on the symbolic kinematic model of
the rigid parallel endoskeleton, unlike other current designs of
SPAs. The mean positioning errors of the unidirectional and
bidirectional translational motions were 0.19 and 0.73 mm,
while the positioning accuracy of the bending motion was still
comparable. As to the variable stiffness, up to 24 times axial
variation and 7 times lateral variation can be realized with a
small input pressure range of 0–8 kPa. The hybrid actuation, as
well as the hybrid structure, prompted the actuator to produce
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accurate translational motion when loaded with a 3-kg weight,
which was ten times the weight of the whole actuator and 52
times the weight of the origami chamber. Other merits included
high extension ratio, low threshold pressure, no radial expansion,
and better air leakage resistance (see the Supplementary Video),
which benefit from the rigid-soft hybrid origami chamber, con-
sisting of discrete carbon fiber sheets and unstretchable fabric.
Owing to the distinctive features and the modular structure of
the proposed actuator, a continuum manipulator can be obtained
by connecting three actuators in series. Accordingly, the manip-
ulator can perform controllable pick-and-place manipulations
in various manners and adjust the stiffness of each module
independently.

This work proposed a design concept of integrating tendon-
constrained parallel mechanisms into soft pneumatic chambers
and forming an antagonistic actuation system, which built a
bridge between conventional rigid parallel mechanisms and
novel soft actuators. The proposed design, fabrication, and mod-
eling methods will provide guidelines to explore more kinds of
hybrid actuators with various motion types and unique features,
considering the various topologies of the existing designs of
parallel mechanisms. Considering the present actuator’s capa-
bility of achieving precise, multimode motion as an intrinsi-
cally compliant actuator, meanwhile capable of load-carrying,
compliance-needed, or human-involved object manipulations
should be the most suitable application. Its modular and scalable
feature renders both a larger workspace (serially connecting
more actuators) and miniaturization (using pop-up methods to
fabricate the mechanism) achievable, while powerful micromo-
tors are also desired. Using smart materials like SMA or twisted
and coiled polymer (TCP) to replace the motor-driven cables will
highly contribute to the miniaturization of the present actuator,
while the precise control of their length is still challenging. Mul-
timodal locomotion should be another suitable application, since
its multi-dof motion renders multigait crawling and direction
turning readily achievable. Meanwhile, the fabric-based origami
chamber requires low pressure to inflate, thus the untethered
upgrading should be a primary focus of future work, to get
rid of the tubes directly connected to the modules. Moreover,
the closed-loop control of the current design is realized on the
motor level, i.e., Hall encoders were assembled on the motor
to realize the position and velocity control of the tendon-driven
system based on a cascaded feedback PI controller. In future
work, sensing elements like liquid metal or AgNWs can be inte-
grated inside the silicon rubber panel of the foldable linkage, to
realize closed-loop feedback control at the whole actuator level
and further improve the motion accuracy. In addition, lighter
materials with higher stiffness can also be applied to construct
the endoskeleton, to withstand higher antagonistic forces for a
larger range of variable stiffness.
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