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Pneumatic soft robots offer promising solutions for safe human-robot interaction and exploration tasks in
unstructured environments. However, compared with the positive pressure (>1 atm) input, the limited driving
capacity of the negative pressure (<1 atm) input restricts the bidirectional payload output performance of the
soft pneumatic actuators (SPAs). In this paper, we propose the nested dual-chamber origami (NDO) structure
which enables the bidirectional compounding actuation, i.e. applying positive and negative pressure input
simultaneously to generate linear motions in opposite axial directions, to enhance the SPA’s bidirectional
payload performance. Based on the analysis on the correlation of the symmetries and the motion modes of
the soft origami chambers, a linear NDO actuator is constructed by coaxially nesting the external Yoshimura
origami (EYO) chamber and the internal Pleated origami (IPO) chamber. The quasi-static models of the
chambers are derived to present the NDO deformations. The resisting force of curved convergent creases is
derived by defining the proportional relation between the length of the folding region and width of the origami
facet based on the small-strain folding (SSF) principle. The theoretical models are validated by the mechanical
behaviors of the 3D-printed NDO actuator in experiments and the payload enhancement is verified. The average
enhancement of the contraction force (and elongation force) of the NDO actuator reaches 101.7% (and 70.5%)
over the single-chamber EYO actuator and 21.2% (and 19.7%) over the sum of independent single-chamber
EYO actuator and IPO actuator. The practicality of the NDO actuator is verified by driving a compact gripper
with high payload performance in both gripping and stretching motions. The bidirectional enhancement with
compact design will promote the development and application of soft pneumatic actuators.

1. Introduction actuators, and thereby broadening the application boundaries of soft

pneumatic robots.

Soft pneumatic robots, due to the advantages of compliance, adapt-
ability and simple actuation [1], attract broad interest fields including
medical rehabilitation [2,3], human enhancement [4], exploration of
unstructured environments [5-7], universal grippers [8,9] and bionic
robots [10-12]. Soft pneumatic actuators (SPAs) working as the core
component of such robots, predominantly determine the robotic sys-
tem’s performance, therefore have received extensive explorations on
diverse aspects, such as the motion modes [13-17], perception [18-20],
variable stiffness [21,22], embedded fluidic control circuits [23,24] and
sustainable fabrication [25,26]. These extensive and detailed researches
have led to a significant improvement in the performance of such

The payload capability, as one of the most important properties of
SPAs, is considered as a pivotal requirement in constituting soft robotic
arms [27] and grippers [28,29], and in applications such as the rescue
operation [30]. However, due to the inherent softness of materials and
structures, a substantial portion of the input energy is consumed by the
in-plane stretching of the materials and the output force in undesirable
directions, which limits the output performance in the desired direc-
tion [31]. Many researches proposed methods to enhance the payload
performance of SPAs, including the following three main aspects: (1)
Increase the scale of the actuator by leveraging the advantage of easy
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fabrication [32,33]. (2) Employ the soft-rigid coupled structural design
to guide the output force in desired direction [34-36]. (3) Increase
the stiffness of the material to restrict excessive inflation and to bear
high pressure, thereby more energy can be concentrated in the desired
deformations [37,38]. For example, Li et al. [33] presented a fluid-
driven origami-inspired artificial muscle which can be easily fabricated
in multiscale. Dong et al. [36] proposed a soft-rigid coupled linear
actuator that prevent the soft skin from buckling to achieve increased
axial output force. Long et al. [38] proposed an elastic-soft hybrid
pneumatic actuator that composed of PLA-CF sheets and TPU-coated
fabric to reduce the energy loss caused by the hyperelastic materials.

Among the available methods, the origami-inspired SPA (OSPA),
which obtains output by the design of folding creases [39-41], is
considered as a promising method to enhance the payload capacity
utilizing the reinforcement of the origami structure. The OSPA exhibits
a remarkable ability to guide the output force through the strategic
layout of the creases [42,43]. It generates large displacements mainly
via folding deformations rather than the material’s in-plane stretch-
ing, which allows for the utilization of soft materials with higher
stiffness [44] to significantly restrict the undesired deformations and
mitigate energy loss. Furthermore, the thin-walled structures of OSPAs
can be straight-forwardly fabricated with scalability, which enables
them to maintain high specific power at large scales [32,45].

Although the state-of-the-art methods effectively improved the pay-
load capacity of the single-chamber SPAs, challenge still remains in
achieving bidirectional high payload performance. As shown in Fig.
la, due to the disparity between the negative and positive pressures,
the pneumatic actuation imposes limitations to generate high payloads
simultaneously in opposite directions. The maximum relative negative
pressure is around 1 atm, while the positive theoretically has almost no
limit, such disparity greatly limits the performance in direction driven
by the negative pressure. In order to reduce energy loss, the airtight
chambers are usually designed to be thin-walled structures, causing
the buckling failure under large negative pressure input which leads
to reduced lifespan and undesired motions. To avoid this, the negative
pressure value is limited in the soft robotic actuation, which further
constrains the payload performance.

To enhance the SPA’s bidirectional payload performance by utilizing
compounding pressure actuation, i.e. applying positive and negative
pressure simultaneously to drive the SPA in the opposite directions,
feasible approaches have been put forward : (1) Connecting two actua-
tors in series to enable bidirectional rotations through compounding
pressure actuation [46,47]. (2) Placing multiple chambers in paral-
lel externally to facilitate bidirectional bending motions [48-50]. For
example, Yi et al. [47] proposed an origami soft robotic joint that antag-
onistically actuates two rotary origami chambers using compressed air
for joint rotation, which obtained a much higher torque-to-weight ratio
compared with commercial servo motors. Lee et al. [50] presented a
soft pneumatic bending actuator which consisted of three chambers and
was able to perform omnidirectional bending deformation with high
output force. Although these approaches have successfully enhanced
the bidirectional payload capability of SPAs for rotational and bending
motions, respectively, they encounter limitations when utilized for typi-
cal linear SPAs. The method of connecting actuators in series inevitably
introduces extra matching components, which limits the potential to
achieve a compact design. The method following the external parallel
design is difficult to realize linear bidirectional payload enhancement.

Researches on the modeling of the SPAs promote soft robotic
applications by predicting and hence controlling the output of the
robots [51-54]. Existing researches on OSPA have provided numerous
kinematic and mechanical models for describing the origami units’
behavior [55]. Kinematics-based analysis represents the origami struc-
tures using creases folding angles as variables. It is first to determine
the constraint conditions, such as the developable, flat-foldable, and
loop closure constraint [56,57]. Then, Kinematic models that reveal
the trajectories of the panels based on the constraints are developed
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by different mathematic methods like the spherical trigonometry [58],
Denavit-Hartenberg transformation matrix [59] or quaternions [60].
Mechanics-based analysis is used to simulate the physical behaviors
of the origami structures due to applied loading, self-folding, or other
external effects. Generic mechanical models include Finite Element (FE)
Models [61,62], and reduced-order models like bar and hinge mod-
els [63,64] and plate theory based models [65,66]. The FE models can
analyze the specific mechanical behavior of structures with extremely
high precision, even in the buckling state of the origami structures, but
are also a time-consuming “black box”, making it difficult to reveal
the theoretical behaviors of the origami structures. The bar and hinge
method represents an origami pattern using bar and rotational spring
elements, without considering the local effect around the boundary
edges. The plate theory based method introduces additional rotational
springs to the connection between the origami panels and the compliant
creases for detailed deformation representation. Existing studies have
primarily focused on the behaviors of origami structures with straight
creases, or the developable curved creases [67-69], while the origami
structure with curved convergent creases has yet to be systematically
investigated.

In this paper, we proposed the nested dual-chamber origami-inspired
(NDO) structure, which enables bidirectional compounding pressure
actuation, to enhance the bidirectional payload performance of SPA.
By combining the small-strain folding (SSF) principle [70] for foldable
structures and the kinematic assumptions, a theoretical analysis on the
origami structure with curved convergent creases was conducted. The
main contributions of this paper are summarized as follows:

(1) According to the analysis between the structural symmetries and
motion modes, the NDO structure was proposed by coaxially
nesting the external Yoshimura origami (EYO) chamber and the
internal Pleated origami (IPO) chamber, to enhance the lin-
ear bidirectional payload performance of SPAs by compounding
pressure actuation. Both chambers meet the point, axial and
plane symmetry, and generate opposite axial translations under
same input pressure state.

(2) The quasi-static model was derived and validated to present the
NDO structure’s mechanical behaviors and to estimate the pay-
load enhancement capability. The resisting force of the curved
convergent creases of the IPO chamber are derived based on
the SSF principle by redefining the proportional relationship
between the length of the folding region and the width of the
facet.

(3) Prototype of the NDO actuator was designed and fabricated to
verify the quasi-static models and the effectiveness of the NDO
enhancement. Actuated by the opposite axial motions of single
NDO actuator, a compact one degree-of-freedom (DOF) gripper
with both high gripping and stretching forces was constructed to
validate the practicality in soft robotic application.

2. Concept of the NDO structure

The origami structures of OSPAs offer insights into potential so-
lutions for payload limitation in the direction actuated by negative
pressure. The origami structures, which are capable of achieving var-
ious motion modes from programming the accumulation of crease
folding, are able to construct origami chambers that generate linear
motions in opposite directions under same pressure state. Chambers
that generate elongation or contraction motion under positive pressure
state achieve large payload in corresponding direction, achieve limited
payload in the reverse direction under negative pressure (Fig. 1a).
By coaxially nesting two types of chambers, the NDO structure that
generates bidirectional motion with compounding pressure actuation
can be created. As the bidirectional motion of the NDO actuator is
generated by applying opposite relative pressure to the two chambers
simultaneously, e.g., positive pressure in the external chamber and
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negative pressure in the inner chamber when output elongation, and
negative in the external and positive in the inner when output contrac-
tion, the payload limitations existing in the direction actuated solely
by negative pressure can be avoided, thereby achieving bidirectional
payload performance.

To construct the bidirectional payload enhanced airtight cham-
ber with origami structure, it is necessary to clarify the relationship
between the kinematic behaviors of the soft origami chambers and
the corresponding structural characteristics. Unlike rigid structures,
which achieve motion through kinematic pairs at the joints of moving
components, soft origami structures generate motion by deforming the
soft material, such as the bending around the creases. The motion
depends not only on the specific configuration of the origami structure
but also the properties of the soft material, which is a highly coupled
process integrating kinematics and mechanics. This complexity makes
it extremely challenging to represent the motions with explicit analysis.
Conversely, if the origami chambers conform to certain structural
symmetry, the analysis of their motion modes can be substantially
simplified.

The geometric symmetries of OSPAs, including point, axial and
plane symmetry, not only simplifies the mechanical analysis of the
origami chambers by decomposing the chamber into identical seg-
ments, but also imposes constraints on their motion modes. The con-
straints during the deformation process can be described by the follow-
ing principles: (1) For point symmetry, planes symmetric about a point
remain parallel. (2) For axial symmetry, the line segments connecting
points symmetric about an axis remain perpendicular and intersect
with the symmetry axis. (3) For plane symmetry, the line segments
connecting points symmetric about a plane remain perpendicular to the
symmetry plane.

Depending on the constraints of symmetries, the active motion
modes of OSPAs can be characterized by whether there is symmetric
point, or whether there is symmetric plane or axis that is perpendicular
to the relative planes. The correspondence is summarized in Fig. lc.
When the chamber conforms to single symmetry, its motion mode is
determined by such symmetric constraint. Chambers with point sym-
metry generate purely spatial translations (vii). Chambers with axial
symmetry perform twisting motion around the symmetric axis, e.g., (ix)
the Kresling chamber. Chambers with plane symmetry generate bend-
ing or rotation around axes perpendicular to the symmetric plane,
e.g., (i, ii) the variants of Yoshimura chamber. When the chamber
conforms to multiple symmetries, its motion mode is determined by
the combination of the symmetric constraints. As shown in Fig. 1c,
chambers with point-plane symmetry can only undergo translation
along the direction vectors that define the symmetric plane, e.g., (iii)
combination of the variant of Yoshimura chambers. Chambers with
point-axial symmetry (or plane-axial symmetry) execute linear motion
along the symmetric axis, such as (viii) the combination of two mir-
rored Kresling chambers [40] (or (iv) the cropped Yoshimura variant).
Chambers that conform to all three symmetric conditions realize linear
motion along the symmetric axis, e.g., (v) the Pleated chamber [32,71]
and (vi) the Yoshimura chamber [4,39]. These analyses of the motion
modes in soft origami chambers benefit the design of OSPAs.

According to the demand of bidirectional performance enhance-
ment, we designed the NDO actuator with the EYO chamber and the
IPO chamber which meet all symmetric conditions (Fig. 1d). The EYO
chamber generates linear elongation motion when inflated and con-
traction when deflated, which is developed by stacking and circularly
patterning parallel straight creases. The IPO chamber generates linear
contraction motion when inflated and elongation when deflated, which
is developed by circularly patterning curved convergent creases. The
linear motion of IPO chamber is generated by the pressure difference
of the lateral folding pleats, while the linear motion of EYO chamber
is mainly generated by the pressure difference of the end surfaces.
Thus, constructing the NDO actuator by nesting IPO chamber within the
EYO chamber is able to enhance the payload performance inherently.
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Table 1
Design parameters of the EYO chamber.

Geometry parameter Value

Young’s modulus E 30 MPa (TPU95A)

Thickness 1y 0.75 mm

Height Hy, 58 mm

Folding units in one layer 2

Folding layers v 3

Edges of trapezoid facet a,b,c 50, 72, 18.23 mm
Angle of trapezoid « 52.88°

Width of trapezoid facets Ly, 14.53 mm

Angle at horizontal crease 6, 81.63°

Angle at vertical crease g, 304.94°

As a result, the integrated NDO actuator generates elongation force
by applying positive pressure to the EYO chamber and negative pres-
sure to the IPO chamber, and generates contraction force by applying
positive to IPO chamber and negative to EYO (Fig. 1e). This nested
design effectively enables the utilization of compounding actuation,
and levitates the payload limitations. In the following contents, we will
undertake theoretical modeling and experimental verification to assess
the payload enhancement capabilities of the NDO structure.

3. Modeling of the NDO actuator

The kinematic and mechanical models of SPAs serve as the foun-
dation for predicting their behavior and provide design guidance for
the geometric parameters, which are essential in the further design and
application of soft robots. In this section, we derive the quasi-static
model of the NDO actuator based on the geometric configuration and
parameters of both chambers, revealing the relationships between air
pressure, displacement, and output force.

The output force of the NDO actuator can be basically divided into
two types of forces: the axial resisting force generated by the stiffness
of the chambers and the axial active force generated by the pressure
difference. Therefore, the output force of the NDO actuator can be
derived as

Fupo = Fy + Fp = Fyg + Fys + Fpgr + Fpa, (@]

where Fpp and Fyy are the resisting forces of the IPO chamber and the
EYO chamber, respectively. Fp, and Fy, are the active forces of the
IPO chamber and the EYO chamber, respectively. Fy = Fyp + Fy, is
the output force of the EYO chamber, and Fp = Fpr + Fp, is the output
force of the IPO chamber.

According to the Eq. (1), the output force of the NDO actuator
is directly related to four component forces. The remainder of this
section addresses how to analyze each of these forces in two chambers
separately.

3.1. Modeling of the EYO chamber

The resisting force of the EYO chambers is related to the bending
deformation around the creases and the tensile deformation of the
facets, which has been verified in the previous work using the SSF
principle [70]. Here, we consider a quadrilateral cross-section chamber
design, as shown in Fig. 2a. According to the SSF principle, deformation
of the origami structure can be analyzed as a cantilever beam being
bent at the adjacent area of the creases and stretched along the facets.
The bending region and the in-plane tension displacement of the actua-
tor are expressed as nt and '"TM (Fig. 2b), where the coefficients n and m
that indicate the bending region and stretching extent of EYO chamber
can be calibrated experimentally. By incorporating the static analysis of
combined bending and tension deformations, the relationship between
resisting force Fyy and the height of EYO chamber Hy can be derived
as Eq. (2).
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The specific meaning of the parameters Hyy, a, b, ¢, u, v, ty,
and Ly, are defined in Table 1. Parameters ending with a subscript
‘0’ (e.g., Hyy) correspond to the initial conditions. It can be observed

from the formula that once the design parameters of the EYO structure
are established, the resisting force is solely dependent on the height of
the structure during deformation.

The active force of airtight chamber can be derived from the equi-
librium relationship between the work done by the active force and the
energy generated by the pressure difference in the quasi-static state. It
can be derived as

dVv
Fy=P—=PS, 3
A 10 3
where F, and V represents the active force and volume of the chamber
with inner pressure P at height H. S = % is considered as the

equivalent area of the chamber.

According to [28], the volume of typical EYO chamber can be sim-
plified to be a linear function of the length of the chamber. Therefore,
the active force of the EYO chamber Fy, can be expressed as

Fyp = PySy, 4



Thin-Walled Structures 219 (2026) 114187

Non-foldable
67.5° ~_region

@D 4-4
A

U, Magnitude
+1.036e-+01
+9.501e+00

+8.637e+00

+00

X. Liu et al.
<
P
(@) ©,
l" i
b
\\ :
Mour 3
pleats =
creas
up =28
—> [
w
Ly
(b) R T Inflated

Ryo =+ (yyo=0)
Initial state of single pleat of IPO

Equatorial section of IPO

e+00
+8.637e-01
+0.000e+00

Folding
unit
\

Fig. 3. The analysis of the resisting force of typical IPO chamber. (a) The IPO chamber is abstracted into a thin-walled structure with little impact of the membrane
thickness during deformation. (b) Parameters of the outline of the pleat in the initial state, including definition of the width of the facets, initial radius of the
creases and the corresponding central angle. (c) The equatorial section of the IPO chamber and bending deformation near the valley and mountain creases. (d)
and (e) are the deformation state of the valley creases and mountain creases observed on the mountain plane and valley plane defined in the equatorial section

of the IPO chamber.

where the equivalent area of the EYO chamber Sy is a constant which
can be calibrated experimentally. Py is the relative pressure in the EYO
chamber.

So far, we have completed the analysis and modeling of the resisting
force and active force of the EYO chamber. Next, we will proceed to
analyze and model the IPO chamber.

3.2. Modeling of the IPO chamber

A typical IPO structure contains several identical arc-shaped pleats
(up = 8 in Fig. 3). During the pressurization process of actuation,
the valley folds of the lateral folding pleats gradually bulges out-
ward to occupy the space created by the expanding radial distance.
To derive the reduced-order model of the IPO chamber that reveals
the theoretical relation between the geometric parameters and the
deformation of the folding pleats, the kinematic behavior of the IPO
chamber is simplified as unfolding the lateral pleats with minimum
thickness (Fig. 3a). Inspired by the SSF principle, which analyzes the
deformation of the origami structure efficiently, the unfolding motion
of the curved convergent creases is treated as a cantilever beam being
bent at the adjacent region around the crease, while the length of the
folding region [/, and [, is treated to be proportional to the width of
the facets (Fig. 3c), which avoids the situation that the theoretical
length of the folding region is greater than the width of the facets.
The mountain creases and valley creases are assumed to maintain in
arc shape, without changing their length. The inner crease, which is
initially straight, can be regarded as an arc with a central angle of 0°
and infinite radius. The folding angle along the crease is assumed to be
the same as the folding angle on the equatorial section. To unify the
output force analysis of the NDO actuator in the axial direction, the
resistance of the IPO chamber is transformed into the pseudo resisting
force Fpy along the axial direction based on the principle of virtual
work as
/ Mmdﬂm + f Mvdﬂv

dHp ’
where M, and S, are the out-of-plane bending moment and the folding
angle of the mountain creases, respectively. M, and dp, are the out-
of-plane bending moment and the folding angle of the valley creases,
respectively. Hp is the height of the IPO chamber.

()

Fpg =

We first derived the folding angle of the creases, f,, and f,, based
on the kinematic analysis of the IPO chamber. Since both the valley and
mountain creases of the structure are assumed to consistently maintain
in arc shape and remain constant (Figs. 3d and 3e), the relationship
between the radius and corresponding central angle of the creases can
be derived as

RV = Rno¥mo
R, sin (%‘“) =5
J , (6)
RVJ/V = HPO

() - He
Rvsm<7V>——

where R, and y,, are the radius and central angle of the mountain
creases, respectively, R, and y, are the radius and central angle of
valley creases, respectively. Parameters ending with the subscript ‘0’
represent the corresponding parameters in the initial state.

The dihedral angles of the creases on the equatorial plane of the
structure are further analyzed (Fig. 3c). By establishing a Cartesian
coordinate system on this plane, the vector analysis method can be
adopted to solve the corresponding angle values in triangle OPQ. The
dihedral angle of the mountain creases and valley creases can be
derived as

op-(op- 0*Q>

pn = 2arccos | ——m————

o] -l - o]

5 )

By =P+ P

where the magnitudes of the vectors dP, 00, as shown in Figs. 3d and
3e, can be derived as

|oP| = mP - MO =Ry (1~ cos %‘“)
, (8
|oe|=ve-vo=r, (1 —cos%")
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and the vectors OAP, 0Q can be expressed as
- Ym
OP = (O , Ry, <1 —cos (7>))

6Q=<“OQ”$nLPOQ,|

, (C)]
O_’Q“ cos APOQ)

The bending moments around the creases, M, and M,, are deter-
mined by angular displacements 4p,, and 48,, and the corresponding
lengths of the folding regions /,, and /,. The facets of the curved
convergent folding units, which are assumed to be perpendicular to the
related creases during deformation, are defined in the initial state (Fig.
3b). The width of the facets of the mountain folding units L, at an
angle 6, with the horizontal is defined as the length of the line segment
where the plane passing through the radius and perpendicular to the
pleat intersects the pleat. The width of the facets of the valley folding
units L, at a distance 4 from the equatorial plane is defined as the
length of the line segment where the plane passing through the radius
and perpendicular to the pleat intersects the pleat. The length of the
folding region of the mountain creases and valley creases, /., and /,,
which are treated to be proportional to the width of their facets and
can be represented as

cos( mo
lm=qu=qu0 1_#

Cos(ﬁ}’mﬂ)
I, =gqL, = R —(%m,) - R Imo
v=4Ly =4 mo " 0 mo COS 2

where L, and L, are the width of the facets of mountain and valley
creases, respectively. 0., (0, < r,/2) and 6, (0, < y,/2) are the equato-
rial section angles, respectively. y,, and y, are the central angles of the
mountain creases and valley creases, respectively. ¢ is the coefficient
that indicates the length of the folding region and can be calibrated
experimentally.

According to the SSF principle, quasi-static analysis of the folding
units is treated as a cantilever beam being bent at the bending region /;
and /,. Together with the folding angles derived in Eq. (7), the folding
moments generated by single mountain crease or valley crease can be
derived as

El EI A
Mm=/de=/d_m=/dm—ﬁm
Pm 2,

, an
EI Er,A
Mv=/de=/d V:/dV_ﬁV
Py 21,
3

where I, = % and I, = 1‘3”?# are the moments of inertia of the
cross-section of the mountain crease and valley crease, respectively. For
curved convergent creases, since the width of the facets approaching
zero near the ends of the creases, effective unfolding motions cannot
be achieved. Therefore, the foldable parts of the pleats are considered
to exist only in the middle parts of the creases. This is also verified
by preliminary finite element analysis (FEA) results (Figs. 3d and 3e).
Abaqus/Standard was used for the FEA of the quasi-static deformations
of the IPO chamber. The simulation parameters of the IPO chamber
are presented in Table 2. Detailed meshing methods can be referred
to Supplementary S3. The bottom end-face of the chamber are fully
constrained, while the upper end-face employs point-plane coupling
to restrict its self deformation, simulating the adhesive bonding con-
straints between the end-face and high-stiffness components in practical
applications. By substituting Eqs. (7) and (10) into Eq. (11), the mo-
ment generated by individual mountain crease or valley crease can be
derived as

M,, = Dy, Apy, = Dy by
, 12)
MV = DVAﬁV = Dvﬁﬂl

(10)
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where D, and D, are coefficients that are independent of the deforma-
tion state, and can be expressed as

3 K
B Etpymo

/7 1 dk
S n
9 Jo 1-cos (VTO) / cos (kymo)

13

P

ESH
D, = Pm/ ! dk
12gR0 Jo <V 2 y
1—(2ksm(%°)) —cos(%")

where K represents the ratio of the length of the foldable part of the
creases to the total length of the creases.

By substituting the Egs. (6) and (12) into Eq. (5), the pseudo
resisting force of IPO in vertical direction can be derived as

W 1 OBm 1
Oy, dHe = oy, dHp |
dym dyy

FPR (ymvyv) =”Pﬁm (Dm+DV) (14)

Together with the relationship among f,,, y,, and y, have been derived
in Egs. (7), the differential parts of the equation can be obtained. Thus,
the relation between the pseudo resisting force and the displacement
of IPO chamber can be estimated.

As for the active force of the IPO chamber, unlike the capacity of
EYO chamber that has been verified to be almost linearly related to
its height, the capacity of IPO chamber exhibits a distinct non-linear
relationship with its height. According to Eq. (2), the active force of
IPO chamber can be derived as

dV;
Fpp = PP_dHI; = PpSp, (15)

where P; is the relative pressure in the IPO chamber, V; is the capacity
dvp

of IPO chamber. Sp = aHy is the equivalent area of IPO chamber which
varies at different heights and can be calibrated using curve fitting
experimentally.

Although we have derived the quasi-static model of the IPO cham-
ber by adopting the reduced-order method, the modeling methodology
based on a set of assumptions may exhibit certain limitations in practi-
cal applications. In contrast to the EYO chamber that deformed almost
in the same way whether passively compressed or actively deflated,
deformation of the IPO chamber when passively compressed is quite
different from the actively inflated situation and nearly unpredictable.
Here, we analyze the resisting force of IPO chamber based on the
predictable unfolding motion of the creases when actively inflated.
Therefore, for situations when the IPO chamber is compressed without
sufficiently pressurized (the pressure value reaches the specified value
when the cavity is pressurized to the target position under load-free
condition), the model might struggle to provide an accurate analysis.

4. Design and fabrication of NDO actuator

To validate the NDO concept and the quasi-static models, a proto-
type of the NDO actuator was designed and fabricated as shown in Fig.
4.

In designing the dimensions for the two chambers, a critical issue
that should be addressed is the potential structural interference due
to the radial expansion of the IPO chamber and the minimum radial
dimension of the internal space within the EYO chamber as the actuator
contracts. As shown in Fig. 4a, the maximum external contour of the
chamber is confined within a cylindrical boundary during the radial
expansion of the IPO chamber. This boundary is defined by the diame-
ter of the circumscribed circle of the equatorial layer cross-section and
the overall height of the chamber. Thus, the maximum radial diameter
D¢ during the unfolding process can be defined as the diameter of a
circle. The circumference of the circle is equal to that of the contour
of the shape intersected by the equatorial plane. The minimum radial
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dimension d,;, of the EYO chamber is determined by the diameter of
the inscribed circle of the end face shape.

For the EYO chamber, combined with the matching requirements,
the simplest typical Yoshimura chamber with a quadrilateral end face
was chosen. The detailed design parameters are shown in Table 1.

As for the IPO chamber, the number of pleats is related to the initial
central angle of the arc. To ensure the maximum contraction of the IPO
chamber, the width of the facets should be sufficient to compensate
for the length of the connecting plate required when the valley folds
transitions from a straight line to a semicircular arc. With the same
initial height, a smaller central angle of the arc results in a shorter
length provided by the facets. Thus, a decreasing number of pleats will
result in an increasing central angle of the mountain crease, and their
relationship can be derived as

2

Hpg w
NCy—— :
z 2sin(7/up) ) HPO
R —|R,, - ==
'm0 ( 2

up
(16)

Ymo = 2 arcsin ( Hpo )
0=
" 2R,
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Table 2

Design parameters of the IPO chamber.
Geometry parameter Value
Thickness 7, 0.6 mm
Height Hyp, 60 mm
Width of the pleat w 2.2 mm
Angle of the mountain crease arc y,, 70°
Angle of the valley crease arc y,, 0°
Angle of the mountain crease f,, 0°
Angle of the valley crease f,, 45°

The complete derivation of the formula can be referred to Sup-
plementary S2. To compare the energy consumption and output force
performance of IPO chambers with various numbers of pleats, FEA was
conducted in Abaqus/Standard in two situations (see Supplementary
S3): (1) Inflate the chamber to contract in load-free state (Fig. 5a);
(2) Inflate the chamber in initial length with fixed ends (Fig. 5b).
The simulation result indicates that the 8-pleats IPO chamber costs
relatively low energy among the tested chambers (4, 6, 8, 10, 12 pleats)
when contracts and generates the greatest output force. Practical manu-
facturing has confirmed that IPO chambers with fewer pleats results in
a larger overhang angle at the actuator’s end, leading to manufacturing
defects (see Supplementary S3). Taking these facts, an IPO chamber
with 8 pleats with an initial central angle of 70° was selected. The
specific parameters are presented in Table 2.

After completing the design of the two chambers, we further utilized
fused deposition modeling (FDM) 3D printing technology, with the
high-stiffness Thermoplastic Polyurethane (TPU) material (TPU-95A,
eSUN), to fabricate the chambers efficiently and reliably (Fig. 4b). The
thicknesses of the IPO and EYO chambers are 0.6 mm and 0.75 mm,
respectively, which ensures airtightness, smooth folding motion, and
restricts the energy consumed by the deformation of the origami struc-
ture. The printing path in each layer of the chambers was designed
to be continuous to avoid nozzle skipping that could induce filament
retraction and result in porous printing walls [24]. The printing path
width is 0.38 mm, which is between half the membrane thickness
and one membrane thickness, leading to partial overlap between the
two printing paths in each layer and ensuring the airtightness of the
structures. Moreover, the membranes were printed without supporting
structures to prevent discontinuous paths and potential damage to the
membranes during removal. In addition to the two soft chambers, two
end caps, fabricated from photosensitive resin using stereolithography
apparatus (SLA), were designed to enclose the origami structures at
both ends, forming the NDO actuator (Fig. 4c). Channels and air inlets
for both chambers are integrated into the end caps, contributing to a
more compact design.

5. Experiment validation

In this section, we will experimentally investigate and verify the
effectiveness and the quasi-static model of the NDO actuator, which
includes the resisting and active forces of the two chambers. The
coefficients n, m, g and K will be calibrated to derive the specific model
for the resisting force. The equivalent areas of both the chambers,
expressed as the change in volume with height, will be obtained
experimentally.

5.1. Performance of the EYO chamber

The experiments on the EYO chamber were conducted using a pneu-
matic setup, which includes a pneumatic system (Fig. 6a) and an ex-
perimental platform (Fig. 6b). The pneumatic system is designed based
on the Pump-valve method through a microcontroller (STM32f103c8t6,
ST Inc.) to regulate two solenoid valves for each pneumatic channel.
Corresponding displacement and force data is measured by a laser
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sensor (HG-C1100, Panasonic Inc.) and 1-DOF force sensors (DYMH-
103, 0-10 kg and 0-50 kg, DAYSENSOR Inc.). The schematic diagram
of this experimental setup is shown in Fig. 6¢c, a single-chamber EYO
actuator was installed on this setup to explore its mechanical properties
and payload performance.

We first conducted the resisting force test on the EYO chamber.
During this test, the single-chamber EYO actuator was compressed and
released intermittently using a ball screw, with its chamber connected
to the atmosphere. The compression speed was set slow (0.3 mm/s) to
minimize the effects of inertial motion. The displacement and output
force data were recorded and shown in Fig. 6d. The coefficients n
and m calibrated from the test were found to be n = 0.19, m =
0.01, respectively. The modeling results and the median values of the
measured data show good agreement.

Then, to investigate the active force, the EYO actuator was repeat-
edly deflated and inflated by the pneumatic system at initial length. The
data for pressure and force were recorded (Fig. 6e). The equivalent area
of the EYO chamber Sy, derived in Eq. (4), was obtained by calculating
the slope of the fitting line, resulting in Sy = 3481 mm”. The well-
fitting result further validates the strong linear relationship between
the relative pressure and the active force of the EYO chamber.

Moreover, the quasi-static model of the EYO chamber, Fy = Fyg(Hy)
+ Fys(Py), was tested and verified. An experiment was conducted to
validate the relationship between relative pressure and displacement
of the EYO actuator in the contraction and load-free condition. The
experimental data and modeling results are shown in Fig. 6f. The good
agreement between the modeling results and the median values of
the measured data effectively validates the quasi-static model of the
EYO chamber. Processes of characteristics of the EYO chamber can be
referred to Supplementary Movie S1.

So far, we have evaluated the basic performance of the EYO cham-
ber and calibrated coefficients of the quasi-static model based on the
test results. Next, we will carry out analogous experiments and analysis
on the IPO chamber.

5.2. Performance of the IPO chamber

The performance of the IPO chamber was tested on both the men-
tioned pneumatic setup and the hydraulic setup for measuring the
volume change. In the hydraulic setup, the pneumatic system was
replaced by a syringe filled with water, which served as the fluid supply
for the actuators (Fig. 7a). The syringe’s linear motion was actuated
by a ball screw at a low speed of 0.3 mm/s, and the displacement
was measured using a laser sensor (HG-C1200, Panasonic Inc.). Fluid
pressure was monitored with a pressure sensor (XGZP6857 A, CFsensor
Inc.). The schematic diagram of this experimental setup is shown in Fig.
7b. A single-chamber IPO actuator was fabricated for the subsequent
experiments.

The equivalent area and coefficients of resisting force for the IPO
chamber were calibrated simultaneously in the hydraulic experimental
setup, based on the principle of virtual work as

dHg

Fpg = PsSs aH,

an
where Sy = # - 12.12mm? is the sectional area of the syringe. Py is
the pressure of the liquid inside the syringe and actuator. d Hy is the
displacement of the syringe. The experiment was conducted in a load-
free condition by slowly compressing the syringe, which expelled water
into the IPO chamber to induce contraction. Compared to using air
as the experimental medium, the nearly incompressible water results
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in negligible energy loss during chamber pressurization and provide
a directly measured of the volume change of the IPO chamber. The
experimental and modeling results of the resisting force are depicted
in Fig. 7c.

The coefficients K and ¢ in Eq. (12), calibrated by the test, were
found to be K = 0.97, ¢ = 0.25. The modeling of the resisting force at-
tributes the energy cost during deformation to the unfolding motion of
the creases. This ensures that the quasi-static model aligns substantially
with the experimental results when the material exhibits negligible
stretch. However, in actual conditions, once the creases are almost
unfolded at the displacement around 8 mm, the contraction motion
of the actuator will inevitably generate material in-plane stretching,
which results in a significant difference from the modeling results at
relatively large displacements.

The equivalent area of IPO chamber is another key model param-
eter affecting its active force, which is derived from the Eq. (15) as
the slope of the displacement-volume fitting curve in the hydraulic
experiment. The volume change and relative displacement of the IPO
chamber during the hydraulic test are depicted in Fig. 7d. The resulting
equation is Sp = 16 (Hpy — HP)2 — 365.5 (Hpy — Hp) + 2889.1 (mm?).
We further tested the equivalent area in different displacements in
the pneumatic setup. The IPO actuator was inflated pneumatically to
specified displacements, then both ends of the actuator was fixed and
further pressurized by increments of 15 kPa. The equivalent areas, in
the pneumatic experiment, was obtained by calculating the slope of the
fitting curves of the axial force and the pressure during the additional
pressurization stage. The modeling result derived from volume change
showed significant differences from the pneumatic experiment in the
low-pressure stage. The primary reason is the substantial difference
in the unfolding extent between the two tests. During the hydraulic
experiment, the actuator was tested in a load-free condition, and the
pressure required to reach small displacements was relatively low,

resulting in only minor unfolding of the creases. However, in the
pneumatic experiment, the pressure was increased by at least 15 kPa
increments, which led to more unfolding of the creases and a larger
volume at the same displacement. When the pressure exceeded 35 kPa,
the pressure increments tended to produce less volume change, which
made the model consistent with the experiment at the higher-pressure
stage.

Based on the above experimental results, we have calibrated the
quasi-static model of the IPO chamber, Fp = Fpr(Hp) + Fpa(Pp, Hp).
Fig. 7e displays these experimental results which exhibit a high degree
of alignment with the experimental observations during the phase of
minor displacement. Once the creases have been adequately unfolded
to generate larger displacements, the resistance encountered primarily
arises from the substantial in-plane stretching of the facets. As men-
tioned earlier, the quasi-static model is derived based on the unfolding
motion with negligible in-plane stretching, therefore, once the displace-
ment of the IPO chamber exceeded 8 mm (Fig. 7e), it constitutes a
domain that falls outside the predictive scope of the present model.
This results in significant errors in the subsequent portions of the
displacement range. Processes of characteristics of IPO chamber can be
referred to Supplementary Movie S2.

5.3. Performance of the NDO actuator

Having completed the testing and analysis of the basic performance
of the single-chamber EYO and IPO actuators respectively, this section
will focus on the performance of the NDO actuator. This includes the
quasi-static model of the NDO actuator, derived in Eq. (1), and the NDO
structure’s capability to provide bidirectional payload enhancement
through compounding pressure actuation.

We first validate the quasi-static model by examining the rela-
tionship between the relative pressure and displacement of the NDO
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actuator. The test followed the procedure of the EYO validation test,
with the EYO chamber connected to the atmosphere and the IPO cham-
ber connected to the pneumatic system. The experimental and modeling
results are presented in Fig. 8a, showing obvious consistency at smaller
displacements. The model shows discrepancies when the displacement
exceeds 8 mm, due to the lower stiffness of the IPO chamber predicted
by the model under excessive deformation. Processes of characteristics
of the NDO actuator can be referred to Supplementary Movie S3.

Next, the model was validated by assessing the relationship between
relative pressure and output force of the NDO actuator. The IPO cham-
ber pressure was set to 40, 50 and 60 kPa, while the EYO chamber
pressure was adjusted to five equidistant values from —20 to 0 kPa.
The test was conducted at displacements of 4, 6, 8 and 10 mm. The
results are shown in Fig. 8b. The model’s predictions are consistent
under lower relative pressure and smaller displacement. However, as
the relative pressure and displacement increase, the model’s underesti-
mation of the material’s in-plane stretching leads to an overestimation
of the predicted output force.

Then the NDO structure’s effectiveness in enhancing bidirectional
payload performance under common pressure ranges was verified
(lower pressures that cause less in-plane stretch). The output force
of the NDO actuator and the independent actuators was tested under
various displacements and pressures. In the elongation state, the EYO
chamber pressure was Py = 20 kPa and the IPO chamber pressure
was P, = 0, —10 and —20 kPa. In the contraction state, the EYO
chamber pressure was Py = —20 kPa and the pressure of IPO chamber
was P, = 40, 50 and 60 kPa. The experimental results are shown in
Figs. 8c—e. Compared to the sum of two independent actuators, the
NDO actuator’s output force showed enhancement at nearly all tested
displacements and pressure combinations. The average enhancement of
the contraction force reached 101.7% compared to the EYO actuator
and 21.2% compared to the sum of the independent actuators. The av-
erage enhancement of the elongation force reached 70.5% compared to
the EYO actuator and 19.7% compared to the sum of two independent
actuators.

The bidirectional payload enhancement of the NDO structure under
higher pressure state was further tested. We first tested the output
forces of both chambers under high pressure at different displacements
to identify the pressure limits before irregular deformation (see Sup-
plementary Movie S4). The results are depicted in Figs. 8f and 8g. The
EYO chamber’s buckling pressure ranges from —50 to —40 kPa, leading
to significant deformation and a decrease in axial force. Buckling in
the EYO membrane causes indeterminacy in motion direction and un-
controlled vibrations, compromising precision and reliability. The IPO
chamber’s distortion pressure ranges from —45 to —30 kPa, resulting in
macroscopic bending and a reduction in output force.

The NDO structure was then tested with pressure near the buckling
pressure. The EYO chamber’s pressure was set 5 kPa below the buckling
pressure, and the IPO chamber’s relative pressure was set 5 kPa below
the distortion pressure. The positive pressures were 40 kPa for the
EYO chamber and 100 kPa for the IPO chamber. The results in Fig. 8h
show that the NDO structure still enhances payload in the contraction
direction under higher pressure states. In the elongation direction,
although the NDO structure enhances payload, the IPO chamber is
prone to excessive deformation, limiting additional enhancement. The
average enhancement of the contraction force reached 79.4% compared
to the EYO actuator and 9.3% compared to the sum of the independent
actuators. The average enhancement of the elongation force reached
17.2% compared to the EYO actuator.

In addition to experimental validation of the NDO’s effectiveness,
we further conducted FEA to investigate the interaction mechanism
between the two chambers. The material properties of the TPU95A was
obtained with uniaxial tensile tests of the Dogbone specimens printed
in two orthogonal directions (Supplementary Material S1).

Since the NDO actuator incorporates two chambers coaxially nested,
the coupling effect between these chambers results in varied output
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performance and stress state under different combinations of displace-
ments and pressures. For example, when applying the EYO chamber
with moderate pressure (-5 kPa), the EYO chamber is able to reach
a displacement about 6 mm (Fig. 6f). In comparison, the PO chamber
only generates negligible displacement (Fig. 7e). Such a displacement
disparity causes the presence of the IPO chamber to impede, rather
than facilitate the motion of the EYO chamber under low pressure
situation. Fig. 9a shows FEA result of the displacements generated by
individual EYO actuator, or NDO actuator with IPO chamber in various
pressure (0, 15 and 30 kPa, refer to Supplementary S4 for detailed FEA
process). The result indicates that the desired improvement is able to
maintain the throughout the motion only when the pressure difference
is sufficient to generate a displacement comparable to that of the inde-
pendently actuated EYO actuator. Consequently, a pre-pressurization
of the IPO chamber becomes necessary in this scenario to achieve the
desired displacement enhancement.

Once the payload enhancement is ensured, the contribution of the
IPO chamber is able to improve the output force generated by the
pressure difference P, — Py. We stimulated EYO and NDO actuator
with different P, in the displacement of 6 mm. As shown in Fig. 9b,
introduction of IPO chamber acts to lower the intersection points of
all segments with Py = 0 while simultaneously increasing their slopes.
Subsequent FEA further verified the efficacy of the IPO chamber in
delivering a dual performance enhancement to the NDO actuator under
different displacements (Fig. 9c).
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Performance comparison of linear SPAs in existing literature.

Research
deformation during inflated

Dimension (mm)

Axial force (N)
(contraction, elongation)

Pressure range (kPa)

[11] Elongation $31%52

[15] Contraction 530%210*(Thin thickness)
[28] Elongation $40%40

[33] Elongation 46*16*150

[36] Elongation $34*131

[46] Contraction $30%260

[72] Elongation $48.8%6

[73] Elongation 84%19*175

This work 75%75%73.5

Elongation & Contraction

(-60, 96) (=50, 72)
(0, 50) (—200, 0)
(=52, 160) (=60, 192)
(=90, 0) (-428, 0)
(0, 50) 0, 22)

(0, 100) (=270, 0)
(0, 120) (0, 149.7)
(0, 100) 0, 112)
EYO(-38, 40) (—218, 208)

& IPO(-40, 100)

Although the NDO structure can still enhance the output of the
single-chamber actuator when contact happens with large displacement
(Fig. S6f), analysis of the output behavior remains challenging for the
modeling method presented in this study. To validate the reliability of
the NDO actuator when contact happens, we tested the NDO actuator in
the situation that periodical contact happens (Supplementary Material
S5). The testing result is depicted in Fig. 9d. The output force response
proves highly repeatable over 5000 successive cycles without failure,
well demonstrates the reliability of the actuator even with periodical
contact between the chamber walls.

A comparison among the NDO actuator and other existing designs
has been conducted. As shown in Table 3, unlike most SPAs that focus
on unidirectional force output, the proposed coaxially-nested actuator
is capable of achieving high bidirectional force output with compact
design. Moreover, the NDO actuator also demonstrates superiority in
payload performance in opposite directions over SPAs that emphasize
bidirectional force output.

The testing results validating the analytical modeling of the NDO
structure together with its robust bidirectional payload capability. In
the subsequent section, we will utilize this NDO actuator as a soft
actuation core to design a robotic system and apply it in practical
applications.

6. NDO gripper with enhanced stretching and gripping force

To better demonstrate the enhancement in bidirectional payload
capabilities, two soft grippers were constructed, one with EYO actuator
and the other with NDO actuator, as shown in Fig. 10a. When the
actuators elongate, the ends of the gripper move apart, and get close
when the actuators contract. The gripping space of the gripper ranges
from 0 to 57 mm, which is similar to the size of the cross-section
of the gripper. The compact design and bidirectional output facilitate
the gripper’s ability to separate obstacles, simultaneously pass through
narrow openings, and accomplish gripping task.

The stretching and gripping forces of the gripper were measured
to quantify the force enhancement. The experimental setup is able
to transfer these forces to a force sensor attached to the gripper’s
end, as shown in Fig. 10b. By adjusting the position of the limiters
fixed on either side of the force sensor, we can measure the gripper’s
output force at various gripping positions. Based on this setup, we
conducted tests at four different positions (L = 15, 25, 35, 45 mm),
using either the EYO or the NDO actuator as the actuation device.
The results from the stretching and gripping tests are presented in Fig.
10c. For the NDO actuator, the IPO chamber’s internal pressure was
maintained at 100 kPa during gripping, and at 0 kPa during stretching.
The pressure in the EYO chambers for both actuators was adjusted
uniformly from —45 to 40 kPa. The data revealed that, in the gripping
mode, the average increases in force were 3.5, 6.8, 4.4, and 16.9 N,
respectively, and in the stretching mode, the average increases were
14.3, 13.9, 17.4, and 9.2 N, respectively. This demonstrates that the
NDO actuator consistently enhanced the gripper’s output forces across
all tested positions and modes.
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The gripper was further tested and applied in a simulated narrow
and confined environment (Fig. 10d). A simple soft robotic manipu-
lator, equipped with two single-chamber EYO actuators for vertical
motion, was constructed. The NDO actuator, which is only 128 g, is
used to retrieve a 2 kg cylinder weight with a 35 mm diameter from a
30 mm gap between two 2.3 kg bricks placed on 100 Cw sandpapers,
which provided significant friction resistance (Figs. 10e and 10f and
Supplementary Movie S5). The soft manipulator was designed to first
use its stretching force to separate the bricks and create a sufficient
gap (stage (ii)), then grip the weight’s smooth sides (stage (iv)), and
lift it out of the narrow environment(stage (v)). The EYO gripper
could only separate the bricks but failed to grip the weight with inner
pressure at —32 kPa which causes buckling on the chamber (stage
(iv)). In contrast, the NDO gripper successfully completed the task with
40 kPa in the IPO chamber and -26 kPa in its EYO chamber, without
any irregular deformation (stage (iv)). This comparison demonstrates
the advantages of the NDO structures, highlighting its potential for
applications requiring large bidirectional payload output.

7. Conclusion

This paper presents the NDO structure which enables compounding
pressure actuation for bidirectional output to overcome the inherent
payload limitations in the direction actuated by negative pressure
for linear SPAs. We constructed a linear NDO actuator by coaxially
nested the EYO chamber and IPO chamber, according to the analysis
on the structural symmetries and the motions of origami tubes. The
two chambers conform all three symmetric conditions, performing
opposite linear translation under same pressure state. The EYO chamber
with parallel straight creases generates elongation under positive pres-
sure, while the IPO chamber with curved convergent creases generates
contraction under positive pressure.

To predict the mechanical behaviors and carry out parametric study
on the structure, the quasi-static model of the NDO actuator is derived
involving the resisting and active force. The resisting forces of the
chambers are derived based on the SSF principle. Specifically, the
resisting force of the IPO chamber, which consists of curved convergent
creases, is derived by redefining the proportional relationship between
the length of the folding region and the width of the facets, rather than
the thickness of the facet in the SSF method.

The quasi-static model and the payload enhancement are validated
with a 3D-printed NDO prototype. Within the validated pressure range
of the model, the average enhancement of the contraction force of
NDO actuator reaches 101.7% compared to the single-chamber EYO
actuator and 21.2% compared to the sum of the single-chamber EYO
and single-chamber IPO actuators. The average enhancement of the
elongation force of NDO actuator reaches 70.5% compared to the EYO
actuator and 19.7% compared to the sum of the single-chamber actu-
ators. Although its enhancing effect attenuates under higher pressure
conditions, it can still provide a favorable enhancement effect over EYO
actuator. A compact gripper driven by the NDO actuator shows large
stretching force and gripping force. The experimental results prove that
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Fig. 10. NDO gripper and experiments on the mechanical performance. (a) An compact NDO gripper whose gripping range is similar to its cross-section was
constructed. When the actuators elongate (contract), the gripper’s end moves apart (close). (b) The experimental setup for measuring the stretching and gripping
force of the gripper. (c) Experimental results of the stretching and gripping force of the gripper driven by the NDO actuator or the EYO actuator. (d) Experimental
setup of the heavy object retrieval task in the confined narrow environment. (e) and (f) show tasks finished by EYO gripper and NDO gripper, respectively, with
the compounding actuation pressure states of the NDO gripper represented as Pp&Py .

the NDO actuator consistently enhanced the output force of the gripper
across all the four tested clamping displacements in both gripping(17.4
N max) and stretching force (16.9 N max). By comparing with the
gripper driven by the EYO actuator, the high bidirectional payload
and stable performance of NDO actuator (128 g) enable the gripper
to separate the 2.3 kg-each obstacle and pick up the 2 kg weight,
accomplishing the heavy object retrieval task in the confined narrow
environment. Hence, the practicality of the NDO approach is validated
in soft robotic application.

Future research includes optimizing the NDO structure to achieve

a greater range of motion, and optimizing the analysis of the origami
units to account for in-plane stretching.
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