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Abstract. The capture of irregular, dimension-variable non-cooperative space debris remains a critical chal-
lenge for on-orbit servicing. This paper proposes a continuum gripper based on modified right-angle Miura-ori
tessellation, integrating deployable folding and controllable large-range bending. Geometric relations of crease
parameters are derived to build a parametric model mapping two-dimensional fold patterns to three-dimensional
deployed configurations. An improved Denavit–Hartenberg (D–H) method provides closed-form kinematic so-
lutions, with workspace evaluated via Monte Carlo simulation. A tendon-driven three-finger prototype is tested.
Kinematic experiments verify position prediction accuracy and workspace positioning capability. Grasping tests
on typical debris simulants confirm passive adaptation and stable enclosure. Load experiments achieve a 265.8 g
payload and 100 % grasping success rate, validating the mechanism’s controllability and adaptability for on-orbit
grasping applications.

1 Introduction

The exponential proliferation of space debris poses severe
risks to spacecraft and satellite operations, rendering the cap-
ture of non-cooperative orbital targets an urgent challenge
(Nishida et al., 2008; Debus and Dougherty, 2009). Contact-
type capture mechanisms represent one of the most effective
strategies for active debris removal; however, conventional
systems primarily target cooperative objects with standard-
ized fixtures, leaving a critical gap for irregular debris (Sharf
et al., 2018; Botta et al., 2019; Liu et al., 2018).

Contact capture devices can be broadly classified into rigid
and compliant approaches. Rigid capture, realized through
robotic manipulators with dedicated end-effectors such as the
FREND arm (Debus and Dougherty, 2009), is restricted to
cooperative targets with standardized grappling fixtures and
fails for irregular debris lacking predefined interfaces. Com-
pliant systems offer higher adaptability and impact attenua-
tion (Sharf et al., 2018), yet existing implementations – in-
cluding tether nets (Sharf et al., 2018; Botta et al., 2019),

inflatable booms (Liu et al., 2018) and underactuated tendon-
driven grippers (Tian et al., 2019) – exhibit limited controlla-
bility, shape adaptability or load-bearing capacity, motivating
the exploration of alternative structural paradigms.

Origami principles have recently been leveraged in com-
pliant capture mechanisms (Fang et al., 2022). Owing to their
vast design space, large deformation capability and topolog-
ical reconfigurability, origami structures offer minimal part
counts, low mass and high shape-morphing capacity, mak-
ing them attractive for space-constrained deployable systems
(Fang et al., 2022). Jeong and Lee (2018) proposed a cable-
driven three-finger gripper based on the twisted-tower pat-
tern. Li et al. (2019) employed Waterbomb origami as a com-
pliant backbone for a vacuum-driven end-effector. Yasuda
et al. (2022) introduced a bistable leaf-like mechanism for
energy-efficient closure. Chen et al. (2016, 2020) established
parametric kinematic models and programmable compli-
ance for Waterbomb-based mechanisms. Long et al. (2025)
demonstrated a high-performance elastic–soft hybrid actua-
tor with origami structure. Jones and Walker (2006) estab-
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lished the piecewise-constant-curvature framework for con-
tinuum robots. Advances in modular space robotic architec-
tures (Post et al., 2021) and data-driven control frameworks
for soft robots (Yu et al., 2026) have further demonstrated the
potential of origami-integrated manipulation for aerospace
applications. However, existing designs still face limitations:
no existing work has developed closed-form forward and
inverse kinematic solutions specifically for Miura-ori-based
continuum manipulators that simultaneously achieve deploy-
able bending and rigorous motion control for space capture.

As summarized in Table 1, the proposed Miura-ori contin-
uum manipulator outperforms existing origami-based con-
tinuum robots (Jeong and Lee, 2018; Yasuda et al., 2022;
Chen et al., 2016, 2020), compliant manipulators (Sharf et
al., 2018; Botta et al., 2019; Liu et al., 2018; Tian et al., 2019)
and soft grippers (Li et al., 2019; Long et al., 2025) across
six key performance indices: (i) structure, modified right-
angle Miura tessellation enabling both folding and bend-
ing; (ii) deployment, high stowage-to-deployment ratio ab-
sent in existing designs; (iii) bending, controllable large-
range motion via constant-curvature assumption; (iv) kine-
matics, closed-form forward and inverse solutions through
an improved Denavit–Hartenberg (D–H) formulation (Jones
and Walker, 2006); (v) workspace, quantitative validation via
Monte Carlo simulation; and (vi) space suitability, integrat-
ing modular design principles (Post et al., 2021) and intel-
ligent control frameworks (Yu et al., 2026). This work ad-
dresses the limitations identified in all three categories and
provides a new technique for flexible on-orbit capture.

Motivated by the above, this paper presents an end-effector
continuum capture device based on the Miura-ori pattern.
The folding sequence of Miura-ori naturally mirrors contin-
uum deformation, yielding a lightweight, highly flexible and
low-cost system capable of absorbing impact energy during
capture. The kinematic redundancy inherent to origami con-
tinua enables grasping of space debris with arbitrary geome-
tries. When mounted on a servicing spacecraft, the device can
capture non-cooperative targets, including tumbling debris,
spinning defunct satellites and evasive objects (Fig. 1). The
proposed configuration overcomes the limitations of rigid-
capture systems that rely on dedicated grappling interfaces,
broadening the spectrum of retrievable debris, enhancing op-
erational flexibility, relaxing precision-control requirements,
and by virtue of its low mass and stowable volume, signifi-
cantly reducing launch costs.

2 Design of the Miura-derivative origami continuum

2.1 Parametric design of Miura creases

Starting from the two-dimensional crease pattern of the con-
ventional Miura unit (Fig. 2a), we rearrange the peripheral
creases so that the four corners become right angles, thereby
transforming the Miura cell into a rectangular unit. As illus-
trated in Fig. 2b, the new crease pattern is tessellated from

Figure 1. Application diagram of origami continuum gripping
mechanism.

these rectangular units in an n×m array; joining the left and
right edges of the pattern produces an origami tube. Each
new unit is composed of two distinct right-angled trapezoids
that together form a rectangle. The rectangle has an overall
length of (a0+b0) and a center-line length of (a1+b1), with
a width of 2h; within each unit, an inclined crease subtends
an angle α with the horizontal axis.

Rolling the Miura-derivative rectangular array illustrated
in Fig. 2b yields an origami tube whose cross-section is de-
picted in Fig. 2c. The tube forms a hollow n-sided frustum;
the outer and inner polygons have edge lengths of (a0− b0)
and (a1−b1), respectively, subtending a central angle θ . The
fully folded tube is characterized by an inner radius r1 and
an outer radius rd .

To ensure the rigor of geometric derivation, the follow-
ing assumptions are adopted for the Miura-derived origami
unit. (1) All creases are ideal hinges with no thickness or de-
formation. (2) All facet panels are rigid and do not undergo
in-plane deformation during folding. (3) The origami tube
is formed by symmetric tessellation of uniform rectangular
units. (4) Folding motion follows a continuous and single-
valued geometric mapping without self-intersection. The fol-
lowing geometric relationships are derived: h= a1−b1

2tan
(
θ
2

) −
a0−b0

2tan
(
θ
2

) . In the equations, ai and bi denote the horizontal

length parameters of the creases, and θ is the central angle of
the regular polygon; the same notation is used hereafter. The
inclined crease angle is defined as α = π−θ

2 , while the inner
radius r1 = a1−b1

2sin(θ/2) and outer radius rd = a0−b0
2sin(θ/2) character-

ize the geometric dimensions of the origami tube in terms of
crease structural parameters.

By establishing the geometric parameters of the folding
pattern, we derived closed-form expressions that relate the
origami tube’s inner and outer diameters to these parameters.
This relationship quantifies how tube dimensions vary with
design variables, providing a theoretical basis for the design
of origami-based tubular space structures.
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Table 1. Comparison with existing origami continuum robots, compliant manipulators and soft grippers.

Performance index Origami-based
continuum robots

Compliant manipulators Soft grippers Proposed Miura-ori
continuum grasper

Crease/structure Twisted tower (Jeong and Lee,
2018), leaf-like bistable (Ya-
suda et al., 2022), Waterbomb
(Chen et al., 2016), origami bel-
lows (Chen et al., 2020)

Tether net (Sharf et al., 2018;
Botta et al., 2019), inflatable
boom (Liu et al., 2018), tendon-
driven fingers (Tian et al., 2019)

Waterbomb magic ball
(Li et al., 2019), hybrid
pneumatic (Long et al.,
2025)

Modified right-
angle Miura
tessellation

Actuation Cable-driven servos (Jeong and
Lee, 2018), elastic energy (Ya-
suda et al., 2022), passive fold-
ing (Chen et al., 2016, 2020)

Impulse ejection (Sharf et al.,
2018; Botta et al., 2019), gas
inflation (Liu et al., 2018),
tendon-servo (Tian et al., 2019)

Vacuum (Li et al.,
2019), pneumatic
pressure (Long et al.,
2025)

Tendon-driven
servos

Deployment/stowage Partial folding, no quantitative
ratio reported (Jeong and Lee,
2018; Yasuda et al., 2022; Chen
et al., 2016)

None (fixed configuration)
(Sharf et al., 2018; Botta et al.,
2019; Liu et al., 2018; Tian et
al., 2019)

None (bulky elastomer
body) (Li et al., 2019;
Long et al., 2025)

High stowage-to-
deployment ratio
via Miura folding

Bending DOFs Limited, extension and bend-
ing (Jeong and Lee, 2018),
bistable open/close (Yasuda et
al., 2022), parameterized angles
(Chen et al., 2016, 2020)

Passive net deformation (Sharf
et al., 2018; Botta et al., 2019),
inflatable bending (Liu et al.,
2018), single-DOF finger (Tian
et al., 2019)

Global deformation
without localized con-
trol (Li et al., 2019),
large deflection (Long
et al., 2025)

Controllable large-
range bending
(constant
curvature)

Kinematic model Simplified parametric mapping,
no closed-form solution (Jeong
and Lee, 2018; Chen et al.,
2016, 2020), rigid-origami
model without IK (Yasuda et
al., 2022)

No rigorous model (Sharf et
al., 2018; Botta et al., 2019),
lumped-parameter under-
-actuated (Liu et al., 2018), un-
deractuated (Tian et al., 2019)

Data driven, low preci-
sion (Li et al., 2019),
discretized mechanism
(Long et al., 2025)

Improved D–H,
closed-form
forward and inverse
solutions

Key limitations No closed-form IK, no
workspace analysis, prone to
buckling/torsion (Jeong and
Lee, 2018; Yasuda et al., 2022;
Chen et al., 2016, 2020)

No kinematic rigor, low preci-
sion, fixed configuration (Sharf
et al., 2018; Botta et al., 2019;
Liu et al., 2018; Tian et al.,
2019)

Low load capacity, low
controllability, requires
external supply (Li et
al., 2019; Long et al.,
2025)

None (addresses all
above limitations)

Figure 2. Crease patterns and cross-sectional geometry of the proposed Miura-derived origami continuum.

2.2 Structural design of a Miura-origami-inspired
continuum for spatial applications

The three-dimensional configuration of the Miura-derived
origami continuum satisfies the following. (1) The dihedral
folding angle β is uniformly distributed along the axial di-
rection. (2) All units deform synchronously without relative
sliding or distortion. (3) The tubular structure maintains ax-
isymmetric deformation during deployment and bending.

To investigate the spatial configuration of the Miura-
origami-inspired continuum, we define the dihedral folding
angle of a rectangular unit as β and its width as 1z during
deployment. These two variables govern the degree of fold-
ing of the rectangular unit, as illustrated in Fig. 3a. After n
rectangular units are tessellated into a tubular configuration,
a direct relationship exists between the geometric parameters
of the two-dimensional crease pattern and those of the three-
dimensional folded state. As depicted in Fig. 3b, the inner
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radius r1 increases monotonically as the origami tube is de-
ployed. Specifically, the rotation angle θ of each trapezoidal
facet illustrated in Fig. 2c is θ =

(
2π cos β2

)
/n. In the equa-

tion, β denotes the dihedral angle formed along the creases
after folding into a spatial tubular structure.

As illustrated in Fig. 3c, the overall lengthH of the Miura-
origami continuum can be expressed as

H =m1z= 2mhsin
β

2
. (1)

In the equation, m denotes the number of unit rows in the
crease pattern, and h corresponds to the height of the trape-
zoidal facet that constitutes the polygonal origami tube.

By tailoring the geometric parameters of the crease pat-
tern, the structural deformation required for bending and
compression can be precisely engineered and modulated
(Fang et al., 2022). Moreover, the structure cannot achieve
a fully folded state without simultaneous deformation of the
origami facets; consequently, the strain energy under com-
pression is stored not only in the creases but also within the
compliant facets, thereby imparting enhanced elasticity that
facilitates elastic recovery of the continuum (Yu et al., 2026).
Therefore, by judiciously designing the crease parameters,
continuum structures with tailored lengths and stiffnesses
can be systematically realized.

3 Kinematic analysis of the Miura-origami-derived
continuum

3.1 Forward kinematics of the Miura-origami continuum
robot

To establish a rigorous mapping from crease geometry to
continuum kinematics, the following assumptions are intro-
duced. (1) The Miura-derived origami continuum deforms
with constant curvature (Jones and Walker, 2006) along its
axis. (2) Bending motion is constrained within a single plane
for capture tasks (φ = 0). (3) The relationship between fold-
ing angle βi and cable actuation is monotonic and contin-
uous. (4) The modified D–H method is valid under small-
deformation and rigid-panel assumptions.

As illustrated in Fig. 4, actuation cables are routed along
its lateral edges and anchored to each segment, and the mag-
nitude of bending is characterized by the spatial folding an-
gles βi (i = 1,2). The pose of the continuum axis can be fully
described by three independent parameters: the arc length s
along the continuum, its curvature κ , and the curvature angle
φ. A mapping is subsequently derived that relates the spatial
folding angle β of the origami tube to the continuum’s pose
variables.

Subsequently, by mapping the continuum variables s,
κ , and φ to the Denavit–Hartenberg (D–H) parameters,
the end-effector coordinates (x, y) of the Miura-origami-
derived continuum can be derived. The derivation of the for-
ward kinematics is formulated as follows: x, y

D−H
←− θ,d

f1
←−

s,κ,φ
f2
←− βi , where x and y denote the Cartesian coordi-

nates of the end-effector; θ and d are the parameters obtained
via the D–H convention; and the functions f1 and f2 are de-
fined in Eqs. (12) and (8), respectively.

3.2 Pose-equivalent model of the Miura-origami
continuum

The equivalent model of the Miura-origami tube continuum
aims to establish a mapping between the actuating cable
lengths and the pose of the continuum robot. Based on the
established relationship between the spatial folding angles βi
of the Miura-origami tube and the shape variables s, κ , and
φ of the continuum robot joints, and in accordance with the
operational requirements of the capture robot – wherein the
mechanism bends within a single plane – the curvature an-
gle is set to zero (φ = 0). Consequently, the corresponding
functional relationship is obtained as follows:

[κ,s,φ]T = f2 (β1, β2)= sin
(
β2
2

)
− sin

(
β1
2

)
rd

(
sin
(
β1
2

)
+ sin

(
β2
2

)) ,
mh

[
sin
(
β1

2

)
+ sin

(
β2

2

)]
0
]T
. (2)

In the equation, m denotes the number of unit rows in the
crease pattern, h is the height of the trapezoidal facet form-
ing the origami-tube polygon, and rd represents the circum-
scribed radius of the origami-tube polygon.

3.3 Kinematic model of the Miura-origami continuum
robot

The Miura-origami-derived continuum comprises one revo-
lute joint and one prismatic joint, which collectively enable
its bending degree of freedom. Its kinematic model can there-
fore be reduced to a virtual rigid-link robot consisting of a
revolute joint at the base, a prismatic joint at the mid-span
and a second revolute joint at the distal end, as illustrated in
Fig. 4.

The coordinates of the continuum end point are first deter-
mined by the base revolute joint and the mid-span prismatic
joint. A subsequent rotation of the distal revolute joint aligns
the local coordinate frame with the tangent vector at the
continuum tip, thereby defining the full pose of the Miura-
origami continuum robot. The robot kinematics are formu-
lated using the modified D–H convention; the corresponding
parameters are listed in Table 2. Owing to the kinematic sym-
metry, the joint variables of the base and top revolute joints
are related by θ1 = θ3, enabling the derivation of the homo-
geneous transformation matrix 0

i T .
The kinematic equivalence between the origami crease ge-

ometry and the virtual rigid-link robot is established under
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Figure 3. Spatial configuration and geometric model of the proposed Miura-origami-inspired continuum.

Figure 4. Miura-derived origami continuum robot joint curve modeling.

Table 2. D–H parameter list.

Joint a α d θ

1 0 −π/2 0 θ1
2 0 π/2 d2 0
3 0 −π/2 0 θ3

the condition that the bending curvature generated by fold-
ing angles β1,β2 is uniquely mapped to the D–H joint vari-
ables θ1,d2,θ3. Due to kinematic symmetry, θ1 = θ3 holds
throughout the motion. The prismatic variable d2 represents
the effective chord length corresponding to the origami con-
tinuum bending.

Applying the serial-chain kinematic transformation, the
generalized form is obtained as follows:

i−1
i T =

[ cosθi −sinθi 0 ai−1
sinθi cosαi−1 cosθi cosαi−1 −sinαi−1 −di sinαi−1
sinθi sinαi−1 cosθi sinαi−1 cosαi−1 di cosαi−1

0 0 0 1

]
. (3)

The end-effector pose of the Miura-origami-derived con-
tinuum with respect to the fixed frame is obtained by sequen-
tially right multiplying the homogeneous transformation ma-
trices of each joint 0

3T =
0
1T

1
2T

2
3T . Substituting the D–H pa-

rameters yields the following explicit homogeneous transfor-
mation matrix:

0
3T =


c1c3− s1s3 −c1s3− c3s1 0 s1d2

0 0 1 0
−c1s3− c3s1 s1s3− s1c3 0 c1d2

0 0 0 1

 . (4)

In the expression, c denotes cos, and s denotes sin.

By exploiting the established relationships between the D–
H joint variables θi and di of the Miura-origami-derived con-
tinuum robot and its shape variables s and κ , the correspond-
ing functional relations are obtained as follows:

[θ1d2θ3]T = f1 (s,κ)=
[
π − κs

2
,

2
κ

sin
(κs

2

)
,
π − κs

2

]T
. (5)

3.4 Workspace determination of the Miura-origami
continuum

The workspace is rigorously derived based on the geo-
metric constraints of crease parameters and the allowable
range of folding angles. All boundary conditions of the
workspace are consistent with the physical folding limits of
the Miura-derived origami structure, ensuring no invalid or
non-physical configuration is included.

As illustrated in Fig. 4, the position of the Miura-origami-
derived continuum end-effector center is fully determined by
the arc length S and the curvature κ; consequently, only the
joint variables of the first two joints are required to locate
this point. Thus, the reachable positional workspace is ob-
tained once the homogeneous transformation matrix (0

2T ) of
the end-effector center with respect to the fixed frame has
been derived.

This matrix (0
2T ) is obtained by sequentially right multi-

plying the homogeneous transformation matrices of the first
three joints:

0
3T =

0
1T

1
2T =


c1 0 s1 s1d2
0 1 0 0
−s1 0 c1 c1d2

0 0 0 1

 . (6)

In the expression, c denotes cos, and s denotes sin.
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Figure 5. Miura-derived origami continuum workspace.

Based on the analysis of a single Miura-origami-derived
continuum, the admissible ranges of the Denavit–Hartenberg
(D–H) joint variables are determined from the prescribed
bounds of the shape variables s, κ , and φ via their established
functional relationships.

Employing the Monte Carlo method to sample the con-
tinuum end-effector center yields the workspace of the
Miura-origami-derived continuum, depicted in Fig. 5. A
three-dimensional visualization of the origami-continuum
workspace, generated via Monte Carlo sampling, further elu-
cidates the reachable domain and deformation characteris-
tics, as shown in Fig. 5.

To further enhance the depth and rigor of the workspace
analysis, a deep analysis of grasping workspace is supple-
mented herein, focusing on the dependence of workspace
characteristics on key design parameters and its relevance to
the intended on-orbit capture task.

Based on the geometric and kinematic models established
in the former section, a systematic sensitivity analysis is con-
ducted to quantify the effects of core design parameters on
the workspace of the Miura-derived origami continuum. The
key design parameters investigated include the number of fin-
ger units “fn”, the height of the finger “fL”, the radius of the
finger “fr”, and the outer circumscribed radius “bR”, which
are critical to the structural deformation and workspace per-
formance.

The quantitative relationships between each parameter and
workspace characteristics are derived as follows. (1) The
workspace volume V is positively correlated with “fn” and
“fL”, following the trend V ∝ fn · fL within the allowable
structural constraint, which is attributed to the increased de-
formable length and cross-sectional expansion of the contin-
uum with larger “fn” and “fL”. (2) The maximum bending
angle θmax is primarily determined by the radius of the fin-
ger “fr” and the geometric constraints of the modified Miura

crease pattern. (3) The outer circumscribed radius “bR” af-
fects the lateral reach of the workspace, with a larger “bR”
leading to a wider lateral coverage but a slight reduction in
the maximum bending angle due to increased structural rigid-
ity. Comparative simulations are performed by varying each
parameter while keeping others constant, and the results are
visualized in the revised Fig. 6 to intuitively present the im-
pact of each parameter on the workspace.

The workspace of the Miura-derived origami continuum
is tailored to meet the practical demands of on-orbit non-
cooperative target capture, and its relevance to the intended
task is elaborated as follows. First, the workspace size is de-
signed to match the typical size range of small- to medium-
sized space debris, ensuring effective enveloping of targets
with varying dimensions. Second, the flexible bending ca-
pability and continuous deformability of the workspace en-
able the gripper to adapt to irregular target geometries (e.g.,
spherical, cubic, irregular fragments) by passively conform-
ing to the target surface, which is a key advantage for cap-
turing non-cooperative targets without predefined grappling
interfaces. Furthermore, the Monte Carlo sampling-based
workspace analysis is supplemented with statistical evalua-
tions of the reachable pose distribution. The adjustable reach-
able range of the workspace facilitates obstacle avoidance
in complex orbital environments, where the gripper can ad-
just its posture within the workspace to avoid collisions with
other orbital objects or spacecraft components.

3.5 Inverse kinematics of the Miura-origami continuum
robot

Upon completion of the forward-kinematic analysis of the
Miura-origami-derived continuum, the pose of the contin-
uum robot and the position of its end-effector can be deter-
mined for any specified set of origami parameters.
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Figure 6. Deep analysis of grasping workspace.

To facilitate robot control, the target coordinates must
serve as the primary input; hence, given the end-effector po-
sition of the continuum, the corresponding actuation mag-
nitudes βi must be determined. Consequently, an inverse-
kinematics analysis of the Miura-origami-derived continuum
is conducted.

From the forward-kinematic relationships given in former
equations, we obtain

[
x
y

]T
= f1(β1,β2)=

rd

[
sin
(
β1

2

)
+ sin

(
β2

2

)]
[

cos
(
mh

rd

(
sin
(
β2

2

)
− sin

(
β1

2

)))
− 1

]
sin
(
β2

2

)
− sin

(
β1

2

)
rd

[
sin
(
β1

2

)
+ sin

(
β2

2

)]
sin
(
mh

rd

(
sin
(
β2

2

)
− sin

(
β1

2

)))
sin

β2

2

−sin

β1

2





. (7)

In the equation, m denotes the number of unit rows in the
crease pattern, h is the height of the trapezoidal facet form-

ing the origami-tube polygon, and rd represents the circum-
scribed radius of the origami-tube polygon.

Consequently, the spatial folding angle βi can be ex-
pressed explicitly in terms of the Cartesian coordinates x and
y as follows: βi = Finv(x,y).

4 Prototype design and experiments

4.1 Comparative experiments on Miura-origami-based
continuum robots

To validate the proposed theory, a Miura-origami-inspired
continuum robot prototype actuated by dual servomotors
with antagonistic tendons routed along both lateral sides was
fabricated. A straight-line trajectory was selected; the cor-
responding spatial folding angles βi were computed from
the prescribed coordinates and subsequently validated on the
prototype, as reported in Table 3.

The computed spatial folding angles βi were transmitted
to the host computer, which actuated the tendons to regu-
late the configuration of the Miura-origami continuum robot,
guiding its end-effector to the desired coordinates, as illus-
trated in Fig. 7. Grippers with varying bend angles main-
tain a constant height by adjusting β1 and β2; the MAT-
LAB motion-simulation image in Fig. 7b confirms that, for
the bending angles listed in Table 3, the end-effector center
of the continuum robot remains at a uniform elevation. Fig-
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Figure 7. Motion posture comparison of a continuum robot based on the Miura-derived origami principle.

Table 3. Calculation of linear-trajectory coordinates.

No. x y β1/° β2/°

1 60 55 10.0715 84.8895
2 30 55 10.9442 53.3675
3 0 55 26.496 26.496
4 −30 55 53.3675 10.9442
5 −60 55 84.8895 10.0715

ure 7a demonstrates that the Miura-origami-inspired contin-
uum robot traces a rectilinear trajectory, thereby corroborat-
ing the accuracy of its inverse kinematics and validating the
viability of the proposed path-planning strategy.

To further validate the reliability of the proposed kine-
matic model, quantitative evaluations of positioning accu-
racy and repeatability are conducted via repeated positioning
tests. Figure 8 presents the experimental setup and measure-
ment results of the repeated positioning test, where Fig. 8a
shows the test device and Fig. 8b illustrates the comparison
between measured and theoretical coordinates.

As shown in Fig. 8a, the end-effector position P (xp,yp) is
measured under a fixed tendon actuation configuration, and
30 repeated measurements are performed to obtain the tra-
jectory tracking data. Figure 8b presents the measured co-
ordinate values (blue fitted curves) and the theoretical values
predicted by the kinematic model (red dashed lines). The the-
oretical coordinates are x = 51.7449 and y = 85.8737 mm,
while the measured results exhibit small fluctuations around
these values.

The maximum absolute deviation in the x direction is less
than 3 mm, and the maximum absolute deviation in the y di-
rection is less than 2 mm, corresponding to a relative error of
less than about 5.8 % and 2.3 %, respectively. These results
demonstrate that the proposed kinematic model achieves
high positioning accuracy and excellent repeatability under
the same actuation input, confirming its reliability for trajec-
tory prediction and control.

4.2 Prototype of a Miura-origami-based space capture
robot

As depicted in Fig. 8, the prototype employs tendon-driven
actuation: three origami continuum segments are individu-
ally actuated by a single servomotor that tensions or releases
the tendons via a pulley mechanism, thereby controlling the
motion of each segment. Low-stretch Kevlar tendons were
selected for the drive lines, and bus-type ZP20D servomo-
tors were used for actuation.

4.3 Grasping experiments of the Miura-derived
origami-based space grasping robot

4.3.1 Adaptability and stability experiments for objects
with different geometric shapes

To preliminarily assess the manipulative capability of the
prototype, rubber fingertips may be fitted to enhance fric-
tional grasping; however, such fingertip covers are not in-
cluded in the present prototype (as shown in Fig. 9). The con-
trol sequence for the Miura-origami-based grasping device is
programmed in four discrete phases: (1) pre-grasp position-
ing, (2) object acquisition, (3) secure grasp with concurrent
finger flexion, and (4) object release. The entire cycle lasts
approximately 10 s.

Given the unique characteristics of compliant grasping
by continuum mechanisms, a diverse set of test objects
with varying shapes is prepared, including regular geometric
primitives (spheres, cubes), simulated meteorite fragments
and various irregular bodies, to validate the gripper’s shape
adaptability.

Figure 10 illustrates the grasping process for a standard
sphere, a regular prism, and for a simulated meteorite frag-
ment. Observations of the prototype’s interaction with these
three distinct objects demonstrate that the origami continuum
can passively conform to the target’s surface profile. Lever-
aging the continuous bending characteristics of the Miura
structure, the gripper generates redundant enclosures around
the target, thereby achieving stable grasping. These results
preliminarily verify the feasibility of the prototype for cap-
turing non-cooperative targets with irregular geometries.
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To further quantify the shape adaptability, Fig. 11 presents
the grasping experiments for various irregular objects. When
interacting with irregular bodies, the continuum not only
conforms to the target surface but also actively adjusts the
relative curvature of the three fingers. This allows the origami
edges to embed into the corners of the object, forming a
physical interlock, while the distal segments of the contin-
uum penetrate into concave regions for positional locking.
For the simulated meteorite fragments, 20 repeated grasp-
ing tests were conducted under identical experimental con-
ditions. Statistical results show a grasping success rate of
93.7 %. The data indicate that the prototype exhibits ex-
tremely high adaptability and success rates for geometries
with concave features and smooth curved surfaces. Although
the success rate slightly decreases for irregular bodies with
sharp edges, the overall performance demonstrates excellent
geometric generalization capability and grasping stability.

4.3.2 Quantitative validation experiments of
load-bearing capacity and grasping success rate

In space applications, grasping mechanisms must withstand
the inertial loads of non-cooperative targets, making load-
bearing capacity a key performance indicator. To this end, a
quantitative load-bearing experiment is designed.

A custom polyhedral container with an internal storage
cavity is used as the standard target object. The empty mass
of the container is 115.8 g. By sequentially adding calibrated
weights inside the container, the prototype’s ultimate capa-
bility to grasp the target from a desktop and maintain stable
suspension for 10 s is evaluated.

The experimental procedure is illustrated in Fig. 12.
Within the test range where the total mass of the container
increases from 115.8 to 365.8 g (with 50 g increments as the
mass gradient), 10 repeated lifting and grasping trials are per-
formed for each mass level. The results are summarized as
follows: when the total load mass is ≤ 265.8 g, the grasping
success rate remains at 100 %, with no observed slippage or
fingertip detachment during suspension, indicating excellent
load-holding stability. When the load increases to the range
of 265.8 to 315.8 g, the normal-force component due to grav-
ity increases significantly. The prototype primarily relies on
friction between the three fingers and the target surface to
resist slippage, resulting in a reduced grasping success rate
of approximately 85 %. When the test mass reaches 365.8 g
(exceeding 1.99 times the mass of the prototype’s continuum
structure), the radial clamping force provided by the tendon-
driven actuation system is insufficient to overcome the slip
effect caused by gravity, leading to grasping failure.

This set of quantitative experiments defines the maximum
effective load range and load failure boundary of the Miura-
derived origami-based grasping robot at the current scale.
The results confirm that even without high-friction finger-
tip sleeves, the prototype is capable of stably grasping non-
cooperative targets with a certain mass. Future improve-

ments, such as the integration of aerospace-grade materials
and high-friction coatings, are expected to significantly en-
hance its load-bearing capacity.

4.4 Discussion on ground validation and on-orbit
deployment challenges

All prototype experiments and performance validations pre-
sented in this study are conducted under ground-based at-
mospheric and 1 g gravitational conditions, which serve as
a proof-of-concept demonstration to verify the feasibility
of the proposed Miura-derived origami continuum grasping
mechanism. It is necessary to clearly distinguish between
such ground-based verification and the actual requirements
for real on-orbit space deployment.

In practical space applications, the gripper will face a se-
ries of critical challenges, including microgravity dynamics,
extreme thermal vacuum environment, space radiation and
long-term structural stability, as well as the capture of tum-
bling, non-cooperative and high-speed moving targets. In ad-
dition, the current prototype uses conventional engineering
materials, which cannot meet the aerospace requirements of
low outgassing, high-temperature resistance and radiation re-
sistance. The actuation system, control strategy and reliabil-
ity design also need to be further upgraded for on-orbit ser-
vice.

This work focuses on the conceptual design, kinematic
modeling and functional verification of the origami contin-
uum space manipulator. Subsequent research will carry out
space-adapted optimization, including aerospace-grade ma-
terial selection, environmental adaptability testing and dy-
namic control for non-cooperative targets, so as to bridge the
gap between the ground prototype and practical on-orbit ap-
plications.

5 Conclusions

This paper presents a Miura-ori end-effector continuum grip-
per that synergizes deployable folding with controllable
large-range bending for capturing non-cooperative space de-
bris of irregular geometry and variable dimensions. Exist-
ing rigid robotic systems are limited to cooperative targets
with standardized interfaces, whilst conventional compli-
ant mechanisms lack kinematic rigor and controllable de-
formability. To address these gaps, explicit geometric rela-
tionships between crease parameters and unit-cell configu-
rations are derived, furnishing a parametric model that links
two-dimensional fold patterns to three-dimensional deployed
shapes and that provides a design-oriented theoretical foun-
dation.

1. An improved Denavit–Hartenberg formulation yields
closed-form forward and inverse kinematic solutions
that map origami structural variables to the end-effector
pose. Reachable workspace boundaries are computed
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Figure 8. Kinematic model validation via repeated positioning tests.

Figure 9. Miura-derived origami principle catching device prototype.

Figure 10. Grasping process diagrams of a sphere, a cylinder, and an irregular object.

Figure 11. Grasping process of various irregular objects.

Mech. Sci., 17, 645–656, 2026 https://doi.org/10.5194/ms-17-645-2026



R. Liu et al.: Miura-ori origami continuum manipulator 655

Figure 12. Grasping process for weight verification.

via Monte Carlo simulation, offering a priori validation
for mechanical design and motion planning.

2. A tendon-driven three-finger prototype is manufactured
and experimentally tested. Forward-kinematic measure-
ments demonstrate close agreement between predicted
and measured end-effector positions across the full fold-
ing range. Inverse-kinematics commands successfully
steer the continuum terminus to prescribed spatial co-
ordinates within the derived workspace, confirming an-
alytical correctness.

3. Grasping trials on spheres, prisms and irregular
meteorite-fragment simulants demonstrate passive
shape adaptation, positional locking and stable enclo-
sure without high-friction fingertip sleeves. Quantitative
load-bearing tests establish a maximum effective pay-
load of 265.8 g with a 100 % success rate over 10
repeated trials, defining the load failure boundary at
the current scale. These results validate the control-
lability and adaptability of the proposed mechanism
for space-compliant grasping. Future work will extend
to microgravity dynamics, aerospace-grade material
selection, thermal-vacuum environmental testing and
closed-loop dynamic control for on-orbit deployment.

Appendix A: Nomenclature of geometric parameters

Symbol Description
a0,b0 Outer edge length parameters of the Miura unit
a1,b1 Inner edge length parameters of the Miura unit
h Half-width of the rectangular origami unit
α Inclined angle of the crease relative to the

horizontal axis
θ Central angle of the regular polygonal

cross-section
r1 Inner radius of the fully folded origami tube
rd Outer radius of the fully folded origami tube
β Dihedral folding angle of the rectangular

origami unit
m Number of axial unit rows
H Total length of the origami continuum
s Arc length of the continuum backbone
k Curvature of the continuum (k = 1/ρ, ρ

is bending radius)
φ Bending azimuth angle
β1,β2 Left/right spatial folding angles of the

origami tube
θi,di Modified D–H joint variables
1z Axial width of a single unit in the deployed state
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