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Abstract—Reconfigurability allows robots to create new mor-
phologies to better match their environment or task. This ability
is often viewed as a form of robotic intelligence. The process
of reconfiguration is typically achieved either by mechatronic
modules that disassemble and reassemble themselves, or by
malleable bodies such as soft materials and linkage-like mech-
anisms with multiple degrees of freedom (DoFs). Despite these
advances, the former approach can compromise robustness due
to reconnections, while the latter often reduces controllability as
the system’s DoFs proliferate. To address these limitations, we
introduce a novel reconfigurable robot based on thick-panel rigid
origami and exploit kinematic bifurcations, branch points in the
configuration space, to realise multiple configurations without
module reconnections and without increasing overall DoF. In
our framing, the bifurcation mechanism constitutes the element
of mechanical intelligence that enables the intelligent behaviour
of reconfiguration. As a proof-of-concept, we built a chain of
interlinked rigid origami units that morphs among coil, wave-like,
and triangular shapes, mimicking the morphology of a millipede.
We also observe additional configurations due to compliant joint
behaviour relative to the ideal model. Furthermore, the robot’s
dynamic performance and locomotion modes are explored. The
work represents a further step towards real-world deployment
of mechanically intelligent robots, illustrating the enabling role
of bifurcation-guided reconfiguration.

Index Terms—Reconfigurable robot, thick-panel origami, kine-
matic bifurcation, single-DoF design, mechanical intelligence.

I. INTRODUCTION

ECONFIGURATION refers to the process where a sys-

tem is arranged into different shapes [1]. For robots,
reconfigurability enables transformations into task-appropriate
morphology, thus better adapting to complex or changing
environments [2]. Prior examples include end effectors that
reconfigure for dexterous manipulation (e.g., elongatable fin-
gers [3] and reconfigurable palms [4]) and locomotion systems
that adapt geometry to terrain (e.g., variable-size wheels [5]).
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Despite rapid progress, most, if not all, reconfigurable
robots fall into two categories. Modular designs physically
disassemble and reassemble mechatronic units to create new
morphologies, offering broad reconfigurability but introducing
reconnection overheads and potential misalignments [6]. In
contrast, high-mobility mechanisms, such as linkages and
malleable or soft bodies, achieve reconfiguration by increasing
degrees of freedom (DoFs), which typically demand many ac-
tuators and complex control [4], [7]. Realising reconfiguration
while simultaneously minimising reconnections and overall
mobility remains challenging.

In this paper, we regard reconfigurability as a type of
intelligence for robots. The term mechanical intelligence hence
refers to the physical mechanism by which an intelligent
behaviour is enabled, including but not limited to recon-
figuration [8]. Origami structures, mechanical architectures
inspired by paper folding, have become a popular physical
substrate for implementing robotic intelligence. For instance,
Bhovad et. al. [9] have shown that connected origami units can
generate peristaltic locomotion using a single actuator, with
functionality arising from structural multi-stability. Although
the origami concept has been used in reconfigurable systems
[10]-[12], its potential to achieve reconfiguration with minimal
reconnections and low overall mobility remains underexplored.

To address the reconfiguration challenge and research gap,
we use thick-panel origami, a special type of rigid origami
architectures that accommodate finite facet thickness and
operate with low mobility [13], [14]. Many such designs
exhibit kinematic bifurcations: at specific singular states, the
system increases its mobility instantaneously and bifurcates
into different motion paths to transform its configuration.
While these features of thick-panel origami have previously
enabled dexterous manipulation with fewer actuators [15],
here we extend the principle to whole-body reconfiguration.
By exploiting bifurcations of a single-DoF mechanism, we
realise multiple configurations without module reconnections
and without increasing the system’s overall mobility.

As a proof of concept, we construct a reconfigurable, single-
DoF chain of interconnected, thick-panel origami units whose
shape changes are primarily driven by kinematic bifurcations.
The chain morphs among coil, wave-like, and triangular
configurations (millipede-like morphologies). The underlying
design principles and kinematic behaviours were analysed in
our prior work [16], [17]. Here, we present the first physical
prototype of this chain-based robot, integrating actuation and
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control to realise these morphologies. We further explore
the robot dynamic performance, including joint-level fatigue,
motion trajectories, and locomotion. Additional configurations
have also been observed, which arise from joint compliance.
We detail the implications of bifurcation-guided, mechanically
intelligent design and sketch avenues for future work.

The remainder of the paper reviews reconfigurable systems
and positions our approach in Section II. Section III describes
the design of the origami chain and its actuation mechanism.
Section IV details the fabrication and experimental setup.
The results and analysis are presented in Section V. Finally,
Section VI concludes with advantages, limitations, and future
directions. The main contributions of the work are as follows.

1) Introduction of a novel reconfiguration strategy enabled
by origami bifurcations, which is argued to be a mani-
festation of mechanical intelligence.

2) A single-DoF robot prototype that realises eight distinct
morphologies (plus extra configurations arising from
joint compliance) and requires no module reconnection.

3) Experimental characterisation of dynamic performance
(motion trajectories, locomotion, joint-level fatigue) that
demonstrates advantages relative to other reconfigurable
robots and identifies priorities for future enhancement.

II. RELATED WORK
A. Reconfigurable Robots

Reconfigurability is often framed as a facet of robotic
intelligence, as it enables robots to adapt their morphologies
for appropriate tasks. A substantial amount of work achieves
reconfiguration via modular robots whose mechatronic units
disassemble and reassemble to form chains or lattices [6],
[18]-[21]. While powerful, repeated reconnection can intro-
duce alignment errors and failure risks [22].

An alternative is to reconfigure without connectivity
changes, using malleable bodies or high-DoF mechanisms.
Examples include linkage-based morphing, which relies on in-
herent multi-DoF mechanisms, such as a 6R planar linkage of
three DoFs to roll on the inclined surface [23] and a morphable
palm using a 5R linkage to enhance interaction efficiency with
grasped objects [4]. Additionally, malleable materials, such as
soft materials with infinite DoFs, are employed in robots to
enable transitions between functional modes [7], [24], [25].

B. Origami-Inspired Reconfigurable Robots

Origami, the ancient art of paper folding, can transform
flat sheets into functional configurations. By combining rigid
facets with compliant, rotary joints, origami-inspired designs
have been a popular approach to reconfigurable robots.

One example keeps the conventional modular design, using
origami facets as tiles that are interconnected via coupling
mechanisms. For example, the Mori series, i.e., modular
origami robots, can produce diverse structures from the same
surface of polygons by activating different connections [10],
[26]. Another route exploits the soft-bodied properties of
origami structures similar to those in soft materials. By care-
fully designing the actuation mechanisms, structures such as

TABLE I
REPRESENTATIVE RECONFIGURATION APPROACHES. OR=0RIGAMI;
Y=YES; N=NO; RE=RECONFIGURATION; H=HIGH; L=LOW; M=MEDIUM.

Approach RE | DoF | Material Fatigue Ref.
Modular design | Y H Mechatronic RE wear [21]
High-DoF N H Link/elastomer | Elastomer [4]

Rigid OR N L Thin sheet Joint [30]
Non-rigid OR N M Thin sheet Facet/joint | [29]
This work N L Thick sheet Joint N/A

the Kresling origami modules can change their morphologies
to navigate through confined space [27], or bend and twist like
a human arm [11]. Each module is controlled separately.
Many of the above origami-inspired approaches exploit
useful physical properties, but they still depend heavily on
coordination and complex control to achieve reconfiguration,
offering limited distinction from linkage- or soft-body recon-
figurable robots. A route closer to mechanical intelligence is
to manipulate joint states, for example, by switching mountain
and valley assignments or selectively actuating folds via struc-
tural dynamics [8], [28]. These strategies reduce reconnections
and can lower control complexity to some extent, although
they still require fold-subset selection and state management.

C. Comparative Analysis and Gap

Common reconfiguration approaches are summarised in
Table I. In general, a greater number of module reconnections
and higher DoFs of a robot indicate enhanced reconfigura-
bility. The modular design maximises configuration range but
sacrifices its robustness. High-DoF systems avoid reconnection
but often increase control complexity. The use of origami
structures has offered good modularity, compliant but more
controllable bodies, and, to some extent, improves the robust-
ness and control efficiency. However, many designs assume
origami to be zero-thickness (e.g., Miura fold) or non-rigid
(e.g., Kresling, twisted tower). In practice, the former is
limited to paper or thin materials while the later requires facet
deformation, causing fatigue from repeated motions [29]. Both
origami designs are heavily dependent on material properties.
This motivates reconfigurable origami architectures that:

« realise multiple target configurations without changing

connectivity while keeping DoFs minimal;

e are compatible with finite-thickness, rigid facets (not

limited to paper or thin films); and

o keep facets essentially undeformed, so cyclic strains are

localised to the joints, which are a small, replaceable
fraction and can be made from fatigue-resistant materials.

We explore bifurcation-driven reconfiguration in thick-panel
rigid origami as a route to mechanical intelligence. The
structure achieves multiple morphologies without reconnection
and without increasing overall DoF. The facets can be selected
for stiff, finite-thickness sheets, while cyclic strains are carried
by replaceable, fatigue-resistant joints.

III. MILLIPEDE-LIKE ORIGAMI ROBOT CHAIN

This section summarises a case study of the millipede,
followed by the working principle of an origami chain and its



IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. X, NO. X, JUNE 2025

Fig. 1. Morphologies of a millipede, including (a) coil, (b) wave-like, and
(¢) triangular shapes. (d) Pill bug and (e) its toy version from Bandai Co.,
Ltd. Photos are adapted from [32]-[35].

actuation mechanism to mimic the millipede morphologies.

A. The Millipede and Its Morphology

From a biological perspective, while a millipede resembles
worms in many ways, it is not a worm but an arthropod. The
millipede’s body segments are covered by stiff outer skins
[31]. In response to danger, the millipede curls into a coil
shape as shown in Fig. 1(a). The millipede also exhibits wavy
and triangular shapes, as shown in Figs. 1(b) and 1(c).

Some in-depth research has been done on the peristaltic
locomotion of millipedes [36]. Here, we focus on their curling
mechanism and related configurations. As mentioned earlier,
the millipede has a rigid exoskeleton, and we deduce that ma-
terial deformation is not the primary cause of curling or other
configurations. Since millipedes are very small, our previous
work studied their biological relatives in the arthropod family,
namely, the pill bug and the lobster [17]. The curling of the pill
bug is reproduced in Fig. 1(d), along with its toy version in Fig.
1(e). Such animals share similar biological features to those of
millipedes, which allow them to curl up. The results indicate
that the curling mechanism essentially involves multiple body
segments connected by rotational joints. It should be noted that
these joints in millipedes do not exhibit perfect rotary motions.
Instead, they permit deviations, and this kinematic redundancy
contributes to wave-like and triangular configurations.

The reconfigurable nature and associated morphologies of
millipedes make them adaptable to unstructured environments.
Mimicking such behaviours in robots holds great potential
for disaster search-and-rescue tasks. However, replicating the
multi-DoF mechanism is not ideal, as it would require numer-
ous actuators to drive each joint. To simplify the actuation
and control system, we employ a single-DoF origami chain
composed of interconnected rigid, thick-panel units. Despite
its limited DoFs, the chain’s bifurcated motion paths allow for
a variety of configurations, as detailed below. This approach
fundamentally differs from existing reconfiguration methods.

B. Working Principle of Reconfigurable Origami Chain

Figure 2(a) illustrates the origami pattern of the chain. On
the 2D plane, the structure consists of identical equilateral
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Fig. 2. Origami chain. (a) 2D pattern composed of identical equilateral
triangles and isosceles trapezoids. The design parameters are also denoted.
(b) Two types of constituent units and their 3D configurations. Each panel
has an identical thickness h. (¢) The curling process. (d) Bifurcated paths of
a single segment, whose video is also available as Supplementary Material.
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triangles and isosceles trapezoids. The folds are placed at the
upper and lower surfaces of the chain, making it a thick-
panel origami rather than the zero-thickness one. Only two
types of units exist on the chain, namely the central unit and
the side unit, as shown in Fig. 2(b). Each unit has six rigid
panels with uniform thickness h. Their kinematic behaviours
have been detailed in [17], both individually as a unit and
collectively on the chain. Specifically, each unit possesses a
single DoF with bifurcated motion paths. The bifurcation point
is at the unfolded state where the structure is flat. The central
unit has three possible motion paths, while each side unit
has two. When interconnected to a chain, the single mobility
characteristic is preserved due to shared folds. Bifurcation
phenomena remain on the chain, and one motion path of the
central unit is eliminated due to symmetry constraints.

The chain’s motion is interesting. In particular, the chain
can curl up into a coil shape, the side-view process of which
is illustrated in Fig. 2(c). A pair of side units is defined as
a segment, which further constructs a central unit with the
adjacent segment. As denoted in Fig. 2(a), there are three
shared folding, resulting in dihedral angles 1, (2, and ¢12.
When a segment is mobile, it has two motion paths. The
relationship among the shared dihedral angles are

p1 =2 (1)
when the segment is in path 1,
P12 sin &t
tan 2 2cos - + V3 @
when the segment is in path 2,
©12 sin %
tan > 5 con % — 3)
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Fig. 3. Cross-sectional view of selected configurations. Curling, wave-like,
and triangular morphologies can be obtained. They are all switchable at the
kinematic bifurcations of the chain. Note that due to different curvatures,
segments can look different even if they are in the same path. This is
exemplified by configurations 1 and 3 where path 1 of each looks distinctive.

whose plots and configurations are illustrated in Fig. 2(d).

The two bifurcated paths of a single segment form the
foundation for reconfiguration. The number of morphologies
on an n-segment chain is obtained by motion path permutation.
Specifically, when n is odd, the number of motion paths is
2n=1 4 2(n=1)/2 1t becomes 2"~ 4 2("=2)/2 when n is even.
Symmetric configurations are omitted. The six-segment chain
shown in Fig. 2(a) can produce up to 32 distinct configurations,
some of which are illustrated in Fig. 3. The associated motion
path of each segment is also given, where path 1 is marked in
light blue and path 2 is in dark blue. It is clear that the chain
can not only curl up like the millipede’s defensive mechanism,
but also produce wave-like or triangular configurations.

All configurations can be switched from one to another at
the bifurcation. The overall DoF is one at non-bifurcations.

C. Actuation Mechanism Design

The origami chain is taken as the backbone of a millipede-
like robot. Due to friction and energy loss, it is not practical
to activate the entire origami chain using only one actuator,
despite being theoretically single-DoF. Instead, three segments
are chosen to be actuated by a tendon-based system, and the
other three are left with passive motions. Although multiple
actuators are employed, their input signals remain identical
without increasing control complexity.

The design of an actuated segment is illustrated in Fig. 4.
Porous structures have been adopted on all panels to reduce
self-weight. A rotating axle is attached to one trapezoid panel,
which will be driven by a pair of motors on both sides. Tendon
channels are left in some panels. Specifically, four sets of
tendons are used to fold the segment from the flat state. The
process is defined as the closing motion. Another four sets of
tendons are used to reverse the motion and return the segment
to the flat state, which is defined as the opening motion.

Note that for the actuated segment, the axle has physically
blocked its path 2, leading to a decrease in the chain’s possible
configurations. The relationship between 1 and (15 of such
segments would only follow motion path 1 given in Eq. 2.

Top connection Bottom connection  (b)
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Fig. 4. Actuation design of a single segment. (a) Top view of the segment
with a rotating axle. Note that the panel connections are upside-down from
the original one in Fig. 2. (b) Side view of the segment in a semi-closed state.
Two types of tendons are used to activate the segment. The arrangements of
closing and opening tendons are exemplified in (c¢) and (d), respectively. All
four tendons connected to one side of the axle are illustrated in (e).

To illustrate the working principle of the actuation system,
one closing tendon and one opening tendon, each with one end
fixed to the left triangular panel, are presented in Figs. 4(c)
and 4(d), respectively. The remaining tendons are arranged
almost symmetrically to these examples. From their fixed
points on the panels, each tendon follows its respective closing
or opening path across different panels. The other end of each
tendon is connected to the axle. Note that those with fixed
ends on the right panel must pass underneath the axle and
then join those starting from the left side to connect to the
axle, as shown in Fig. 4(e), yielding a slight asymmetry.

When the axle rotates clockwise (CW), the closing tendon
is pulled and the opening tendon is released. The segment is
thus closed. When the axle rotates anticlockwise (ACW), the
closing tendon is loosened and the opening tendon is pulled,
causing the segment to open. The tendon length changes are
first analysed kinematically as follows.

When the segment is in its flat state, the minimum required
length (MRL) of each tendon, measured from the fixed point
to the point just touching the axle, is defined below.

For the closing tendons, L ;, and L; r, denote the MRLs
for the left and right sides, respectively.

3 3
Lip, = gl v oht g, Lig, = gl Yot ag ()

where [ and h are given in Figs. 4(a) and 4(b), respectively.
x1,7, and x1 g are given by

d? + —r 5)

2
V3l )
1, = T1,R = —
6
where d and r are illustrated in Fig. 4(e).
For the opening tendons, Ly 1, and Lo g, are given as

2V/3 2V/3
3 3
where 2o 1, = xo p = %1 L.

At a semi-folded configuration, the MRL for each tendon,
whether starting from the left or right, and used for closing

Lo, = l+2h+zoy, Lo, = l+2h+z2 R (6)
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Fig. 5. Tendon length compatibility analysis. (a) Displacement of each tendon
according to MRL analysis. (b) Actual tendon length throughout an actuation
cycle taking slack into account. (¢) Hysteresis loop of angle change, where
t3 = t2 + 2 and the closing motion is mirrored.

or opening, are denoted by Lq, Li g, Loy, and Lo g,
respectively. Their mathematical representations are

Ly = %lcos 5 +2h+ 21,1
)
3
Lip= £lcos 921 +2h+a] g
2
Ly = il 4+ 2h + 2h(sm L 4 sin @) +a5
2 2 (8)

2
L27R=T\[l+2h+2h(sm7+sn%)+x23

where ¢; and ¢j2 are depicted in Figs. 4(b) and 4(c),
respectively. 27 p and x5 ; need to be adjusted from their
original values due to the shght difference between the tendon
arrangements. Specifically, «7 p = x5 ., which is given by

3l
2} n = \/ (d— 1sin1)? + (%

Given Eqgs. 4 — 9, the required tendon displacements from
the flat to semi-folded states are

-rr )

0Lip=1L1p— L1, = L?l( 08 % —1)

0Ly r=Lir—Lig, =6L1 1 +2] p — 711 (10)
0Lop = Loy — Lap, =5L2R+$§L—x2L
0Ly = Lo — Lo.g, = 2h(sin 2 7 + sin S0212)

where 0L; 1, and L r are negative, and their absolute values
represent the pulled distances of the closing tendons. Similarly,
0Ly and dLg r represent the released distances of the
opening tendons. The displacements are plotted in Fig. 5(a),
using the actual fabrication parameters provided in Section I'V.

D. Analysis of Tendon Slack and Elasticity

As all tendons are pulled or released by the same mechanical
distance via a common axle, which requires

0L1p =06L1Rr, Lo =0Lar

11
0Ly, +0Lay =0, 6L1r+30Lar =0 ()

However, according to Fig. 5(a), the required displacements
for each tendon are not kinematically compatible to satisfy Eq.
11. If we assume all tendons are under tension and perfectly
inelastic, the actuated segment cannot move. Hence, to make

the tendon displacements compatible with each other, some
tendons might remain slack during part of the motion, and
some might be stretched. Both slack and stretch influence how
the segment behaves during actuation. Here, we analyse these
effects from two perspectives, which are:

o The asymmetry between tendons with the same function,
such as the left and right closing tendons.

o The dynamic behaviour of closing and opening tendons
throughout an actuation cycle.

For the left and right closing tendons, consider the moment
when both tendons are just entering tension and about to be
pulled by the axle. The following equations can be used to
describe their behaviour.

Lixie =651 — 0Ly, =6Sr —6L1R 1

Fr, =kéSr, Fr =kdSRr (12)
where L, is the tendon length rotated on the axle. 4S5y,
and 0Sgr represent the stretch of the left and right closing
tendons, respectively. F;, and F'r are the forces generated in
each tendon, and % denotes the stiffness of the tendons.

As depicted in Fig. 5(a), 0L 1, is larger than 6L, r when
12 1s less than 40°. According to Eq. 12, we can deduce that,
at the beginning of the closing movement, the left tendon has
to be stretched more than the right tendon, which yields 657, >
0SR. Consequently, a larger pulling force is generated in the
left tendon. This uneven force distribution will result in the
left side of the segment being in a more closed configuration
than the right one. While this imbalance exists, the effect is
minor, as the discrepancy between the geometric constraints
of the left and right tendons is not significant.

With regard to the dynamic behaviour of the tendons, our
analysis focuses on the left tendons. As shown in Fig. 5, the re-
quired released distance for the opening tendon is significantly
larger than the pulled distance for the closing tendon. If both
tendons are just in tension and the axle begins to rotate CW
to close the segment, the released distance will be insufficient
to meet the kinematic requirement, resulting in a back-driving
force. To prevent this during closure and reduce torque demand
on the axle, a predefined slack length L, is introduced to
the closing tendon, allowing the opening tendon to release
by the same distance before the closing tendon becomes taut.
The slack can be carefully selected so that, during closure,
the closing tendon starts slack and then gradually comes
under tension. Meanwhile, the opening tendon remains slack
throughout the motion and only approaches tension at the very
end of closure. Hence, we have

leack = 5L1,L + 6L1,R (13)
where the tendon length changes are taken at the end of closure
configuration, at which point ¢; = 180° and @12 = 60°.

Now let’s analyse the tendon behaviour with the intentional
slack. The mechanical lengths of the closing and opening
tendons, Lq mech and La mech refer to the actual tendon lengths
from their fixed points to the axle contact points.
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At time t = 0 just before the axle starts to rotate CW, the
initial mechanical lengths are given by

Ll,mech(t - O) - LI,LO + leack
L27mech<t = 0) = L27L0

Assume that the axle is at a constant angular velocity w to
initiate the closure. The tendon length wound onto the axle is

15)

(14)

Laxle(t) = rwt
During this closure phase, the mechanical lengths evolve as

Ll,mech = Ll,mech(t = 0) - Laxle(t)
L2,mech = L2,mech(t = O) + Laxle(t>

Slack in the closing tendon is taken up at ¢, obtained via
Eqgs. 13 and 15. Then, the closing tendon becomes taut. Given
the small applied force, tendon stretch is neglected except for
the overstretch stage. From now on, the closing tendon is in
tension. At any time, L mech €quals the MRL of the closing
tendon, which is used to compute the opening tendon’s MRL
via Egs. 7 and 8. If the corresponding length exceeds Lo mech,
a back-driving force is generated on the opening tendon.

At 12, Ll,mech equals Ll,mech = Ll,L (801 = 1800), which
indicates the segment is fully closed. This time point can
be calculated accordingly. The axle continues CW rotation
until ¢3. The closing tendon is overstretched, and Lj mech
remains constant due to physical constraints. Ly mech continues
to follow Eq. 16. The stretch of the closing tendon is

(16)

Lgtretch = Tw (t3 - t2> 17

At t3, the axle reverses direction and begins opening until
t4 = 2t3 to restore initial tendon lengths. Now we have

Lo mech = La,1o + Laxte(t = t3) — Laxie(t — t3)

At t3 + Aty when Lo meech = Lo 1,(¢ = 180°), the opening
tendon becomes taut and begins to open the segment. Given
our selection of the slack length, we can deduce Aty = t3—ts.

We also need to consider the viscoelastic release of the
closing tendon from ¢3 to t3+Ats, during which there is a non-
negligible stretch while the axle no longer applies force. The
behaviour is modelled as a Kelvin—Voigt element with stiffness
k and damping 7 [37]. The time to release is governed by

doS(t)
dt
with the initial condition 057, (t3) = Lgyetch, yielding

(18)

=0

kGS(t) + 1 (19)

_ k(t—t3)

L
§S(t) = Lyecne™ 7, Aty = 1n (‘”‘) (20)
k Llhreshold
where Lipreshold 15 taken as 1% of Linreshold-
Note that Ljmen Will remain approximately equal to
Lq,1(¢ = 180°) before it is fully released from stretch and

the opening tendon is in tension. From that point, we have

t3) (21)

The time evolution of L mech and Lo mech 1S shown in Fig.
5(b) using actual fabrication parameters in Section IV. Here
ts = to + 2 and the closing tendon is overstretched. When
one tendon is taut, MRL values are also computed for the

Ll,mech = Ll,Lo + leack - Laxle(t = t3) + Laxle(t -

other to assess the presence of any back-driving force. The
plots reveal that, due to the intentional slack, no back-driving
force is generated during the actuation cycle, as the actual
mechanical tendon lengths consistently exceed their MRL.
Based on the mechanical lengths of tendons that are in
tension, ; is inversely calculated from Eqs. 7 and 8. As
shown in Fig. 5(c), the angle is plotted over time, with the
opening period mirrored about ¢ = t3. A clear hysteresis loop
is evident. We have also found that, without overstretch, which
corresponds to the case when t3 = o, the angle plot remains
almost the same, except that the final plateau is removed.
Note that from our analysis, hysteresis occurs only in actuated
segments, as tendons are not connected to passive ones.

IV. EXPERIMENTAL PROCEDURE

This section describes the fabrication of the robot. We then
characterise the structure’s joint fatigue and the robot’s static
configurations and actuated dynamic performance.

A. Fabrication Details

The key actuation components are shown in Fig. 6(a). The
axle and rigid panels were 3D-printed in polylactic acid (PLA)
using Creality Ender 3 with hollow structures to reduce weight.
Panels were hand-assembled into a segment. As shown in Fig.
6(b), glass-fibre tapes were bonded to adjacent side walls to
form foldable joints (hinge equivalents). Clear nylon fishing
lines served as tendons for the actuated segments.

The parameters in Figs. 4 and 6 are as follows. Panel side
length [ and slit [y were 40 mm. Panel thickness &, axle height
d, and radius 7 were 10 mm, 12 mm, and 8 mm, respectively.

Two MG90S servo motors, mounted symmetrically, drove
the axle and were synchronised by a microcontroller (Arduino
UNO) at an angular velocity w of 0.291 rad/s. From the spec-
ifications, a single servo provides up to 171.2N-mm torque,
i.e., a pulling force of 21.4N at an 8 mm arm. Each tendon
set has an estimated stiffness £ = 7.08 N/mm and a damping
coefficient = 0.18 Ns/mm. With two motors driving four
tendon sets, the maximum tendon stretch is 1.5 mm.

In the final six-segment robot in Fig. 6(c), actuated segments
are S;, S3, and Ss; Sy, S4, and S¢ are passive. Because the
actuated axles obstruct certain paths, the robot can achieve
only eight configurations compared to 32 theoretically possible
for a six-segment chain. For example, configurations 2 and 3
in Fig. 3 are not accessible with the current actuator layout.

We also printed entire origami chains in a single run. One
model was fabricated in thermoplastic polyurethane (TPU) on
Ultimaker 3 Extended. Thin TPU acted as a hinge and became
rigid above 10mm; detailed parameters are in our previous
work [38], [39]. A PolylJet printer (Stratasys J735) produced a
smaller version in VeroPureWhite™ with printed mechanical
hinges. The PolylJet offers up to 14,um resolution versus the
Ultimaker’s 0.2,mm, enabling miniaturisation. These proto-
types are presented and compared in Section V.

B. Joint Level Fatigue Test

Because the chain follows the rigid-origami design, facet
deformation is negligible and fatigue is expected to localise
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Fig. 6. Fabrication of a six-segment millipede-like robot. (a) Schematic design
of the driving axle. (b) Fabrication of fold connections between panels. (c)
Completed prototype of the robot with three actuated segments.
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Fig. 7. Marker placement for (a) a single segment which only has path 1,
(b) an actuated segment with a passive one in path 1, and (c¢) an actuated
segment with a passive one in path 2.

at the foldable joints. To characterise joint durability under
repeated folding, we used a Sarrus linkage to convert joint
rotation into a linear stroke compatible with an Instron 5980
universal testing machine. Specimens are made of PLA rigid
parts and glass-fibre tape as hinges. Tests were run under
displacement control with a 20 mm amplitude at 1 mm/s for
1,000 cycles. The specimen details and a clip of cyclic motion
is provided in the Supplementary Material.

C. Characterisation of the Actuated Prototypes

The entire robotic prototype was used to characterise the
curling, wave-like, and triangular configurations. Single and
double segments were actuated to evaluate their kinematic
behaviours. The experimental setup is as follows.

The robotic prototype in Fig. 6(c) was used to validate its
eight configurations. Motors were controlled synchronously
for actuation. It should be noted that reconfigurable robots
can be manually reconfigurable or self-reconfigurable. This
work only focuses on the configurations themselves without

considering the means of reconfiguration. Hence, the passive
segments had to be manually switched into path 1 or path 2.

Additionally, single- and double-segment subsets of the six-
segment system were tested to demonstrate and verify the
underlying kinematic behaviour at a more manageable scale.
Incremental validation of these smaller units provides evidence
supporting the motion characteristics of the complete structure.

Specifically, two basic cases were used: (a) a single actuated
segment, and (b) double segments where one is actuated and
one is passive. Markers were affixed to multiple panels as
illustrated in Fig. 7. Each marker is highlighted in red and
numbered on the side. The single segment was only examined
for its path 1, as shown in 7(a). For the double segments,
path 1 of the passive segment was evaluated using the marker
arrangement in Fig. 7(b). Path 2 was assessed according to
Fig. 7(c). The different marker arrangements ensure that each
path is achievable and the markers’ positions can be recorded
by the motion capture system (OptiTrack) without occlusion.

Markers with a yellow background were used to calculate
the dihedral angles between adjacent trapezoid panels, i.e.,
P12—actuated> P12—passive> and Pactuated-passive - Their relationship
with 12 and 7 on the origami chain is

P12—actuated = P12—passive — P12

22
tan $1 (22)

Pactuated-passive
raciaeCpase — 2 cot 7

2
where ¢; and ;o are obtained from Eqgs. 2 and 3.

The distance between marker ¢ and marker j is named
d;, ;. Their theoretical values are given in the Supplementary
Material with the marker’s diameter dj taken into account.

Last but not least, the segments and the robotic prototype
were also explored for locomotion strategies such as crawling
and rolling. They were tested on a flat surface and a slope.

V. RESULTS
A. Fatigue Resistance

The joint specimen completed 1,000 cycles with no observ-
able cracks, delamination, or fraying at either the rigid facets
or the glass-fibre tape joints. Hinge function and range of mo-
tion were maintained throughout. Fatigue studies on origami
are limited. In Lee et al. [29], a non-rigid origami design,
where both facets and joints deform, showed visible damage
after 1,000 cycles, despite optimised fabrication parameters.
This comparison suggests that rigid, thick-panel origami with
foldable joints is a promising route to fatigue-resistant design,
outperforming non-rigid counterparts.

B. Robot Configurations

The six-segment robot has demonstrated its configurations
as shown in Fig. 8. Simulated models from SOLIDWORKS
are also displayed for comparison, with the motion path of
each segment indicated.

The curling motion is achieved in Fig. 8(a), replicating the
behaviour of a millipede when disturbed as shown in Fig.
1(a). Figs. 8(e) and 8(h) give a closed-loop configuration
which can be approximated to a triangle in Fig. 1(c). The
rest of the configurations mimic the wave-like morphology of
a crawling millipede in Fig. 1(b). The diverse morphologies
greatly increase the reconfigurability of the robot.
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Fig. 8. Eight configurations of the robot in comparison with simulations.

C. Single Segment Behaviour

Experimental results of the single segment are given in Fig.
9. Kinematic predictions are also plotted for comparison.

In general, the motions match the kinematic model, albeit
with some degree of deviation. On top of system errors in the
motion capture system, the compliance of the folds, arising
from the deformation and partial detachment of glass-fibre
tapes, is deduced to have played a key role. As highlighted in
Fig. 9(d), the tape-based fold was distorted and even detached
slightly. Hence, its motion could deviate from ideal revolute
joints which only have rotary motions. This can cause minor
deformations such as twisting and stretching. In this case, the
folded configuration can be influenced by external forces, such
as friction and supporting forces from the ground. A small
displacement at the joint can cause a big discrepancy in the
dihedral angle and distance between adjacent panels.

As predicted by Eq. 12, the left side of the single segment
closed more than the right side due to tendon elasticity and the
resulting asymmetry. This effect is reflected in the differences
between d3 4 and dg g, where the former is on the left side
and exhibits a slightly larger displacement over one actuation
cycle. A similar trend is also observed between dy4 5 and dg_1¢.

Hysteresis also occurs between the closing and opening
motions. Fig. 5 shows the kinematic difference between the
opening and closing tendons is the key factor. Specifically,
do,7 is associated only with the opening tendon, which stays
mostly slack throughout the cycle, hence little hysteresis.
In contrast, other distances are directly controlled by the
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Fig. 9. Experimental results of the single segment in path 1 compared with
the kinematic model. The segment’s configurations from flat to folded states
are illustrated. Note that the range of the vertical axis differs for each distance,
making some of the errors seemingly bigger than others but actually not. The
same note applies to Figs. 10 and 11.

closing tendons or their associated motions, producing more
pronounced hysteresis. In particular, for both d3 4 and dgg
shown in Figs. 9(b) and 9(c), the displacement curves exhibit
an initial plateau due to slack. At the final stage of closing, the
tendon becomes overstretched due to panel blockage, resulting
in minimal displacement between the markers.

Note that in Fig. 9(b), a longer plateau stage appears at the
start of the opening motion, which was not predicted by our
model. We attribute this phenomenon to a back-driving force
from the closing tendon that resists the segment’s opening.
Although we have modelled the viscoelastic relaxation of
the closing tendons to account for this effect, the tendon’s
damping ratio was relatively small (0.18 Ns/mm). In reality,
the damping of the system can be significantly higher due
to additional friction, such as that between the tendons and
panels, and between the panels and the ground during opening.
This likely results in a damping-like response during opening.

D. Double Segment Behaviour

Results for the double segments are shown in Figs. 10 and
11. The passive segment is in path 1 and path 2, respectively.

When in path 1, the experimental results of the passive
segment align well with the theoretical model, as shown in
Figs. 10(a) - 10(f). Little hysteresis exists, as no tendons are
connected to the passive segment. The phenomenon further
confirms that hysteresis arises from the tendon arrangement.
When it comes to the relationship with the actuated segment,
the angle change matches with the prediction as shown in Fig.
10(g). However, the marker distances have a much larger dis-
crepancy, as evidenced by Figs. 10(h) and 10(i). The associated
hinges are either only connected to opening tendons, which
remain mostly slack, or left passive without any active tendons.
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As analysed before for the single segment, Fig. 10(h) shows
that the tape-based fold is stretched on one side, yielding
motions beyond pure rotation. This phenomenon accounts for
the discrepancy in the experimental trajectories.

When the passive segment is in path 2, only opening
motions were evaluated. This is because a manual switch
was required to access the path. As shown in Fig. 11(a),
the panel distance on the actuated segment matches well

Fig. 12. Locomotion potential of actuated prototypes. (a) The curling and (b)
triangular configurations roll down a slope. Crawling behaviours have been
achieved on (c) a single segment, (d) double segments, and (e) four segments.

with the associated dihedral angle. A substantial discrepancy
from the prediction is observed in Figs. 11(b) - 11(e), where
only the starting and ending points are close to the model.
This occurs because, when the passive segment is folded,
friction and ground support forces resist its opening. Similar
to the previous explanation, when the active segment gradually
unfolds, the compliance of the tape-based folds allows for this
kinematic incompatibility to persist until the active segment
becomes more open. At that point, a sharp return to the original
state is observed in the passive segment due to gravity.

E. Locomotion Potential

Although our focus is reconfiguration strategy, we briefly
evaluated locomotion as shown in Fig. 12. The curling and
triangular configurations enable rolling. Crawling-like motion
is achievable with single, double, and four segments by driving
the motors clockwise and anticlockwise in cycles, a video of
which is available in the Supplementary Material. Hysteresis
likely contributes to propulsion, and friction feet between
segments and the ground could be added to improve efficiency.
Current results use synchronous motor control, while locomo-
tion performance could be tuned by sequencing the motors.

Additionally, with one or two segments, their motion fol-
lows path 1. With four segments, one end switches to path 2
without explicit control. This switching mechanism needs to be
fully understood and may offer a route to self-reconfiguration.

F. Fully 3D-Printed Origami Model

A six-segment chain printed in TPU and a six-segment
PolyJet model both form a closed circle as shown in as shown
in Figs. 13(a) and 13(b), respectively, which are predicted by
kinematics. The TPU version is three times larger, illustrat-
ing geometric scalability. A longer 18-segment PolyJet chain
achieves spiral/helical shapes beyond theoretical predictions,
as illustrated in Fig. 13(c). This is due to kinematic redundancy
in the printed mechanical hinges, which allows motion beyond
pure rotation and further enhances reconfigurability.

VI. DISCUSSION AND CONCLUSION

We demonstrate a bifurcation-driven strategy for reconfigu-
ration, which was implemented on a millipede-like prototype
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Fig. 13. Fully 3D-printed models. (a) TPU-based and (b) VeroPureWhite-
based six-segment chains and their closed configurations. (¢) VeroPureWhite-
based long chain with spiral and twisting configurations.

with eight configurations. Unlike conventional modular ap-
proaches, our method requires no reassembly. It also leverages
the bifurcation of a single-DoF system, simplifying coordina-
tion compared to those of high-DoF linkages or soft materials.

Compared with other origami-inspired reconfigurable
robots, our design uses thick-panel, rigid origami chains in
which facets remain undeformed and cyclic strains are lo-
calised to the joints. This widens the facet material choices
beyond paper or thin films to thicker sheets, and shifts
durability design to the hinges, where simple fatigue-resistant
materials (e.g., glass-fibre tapes) can be used to sustain 1,000-
cycle joint-level tests with no visible damage.

The robot chain exhibits eight configurations predicted
by the kinematics, and we also observed additional variants
attributable to joint compliance. Preliminary dynamics indicate
hysteresis, which likely aids propulsion in crawling-like mo-
tion under synchronous drive. Rolling was also achieved in the
curling and triangular forms. Together with bifurcation-guided
shape change, these behaviours point towards mechanical
intelligence, a useful behaviour arising from structure and
intrinsic mechanics with minimal control overhead.

As a proof-of-concept, the current system is a medium-sized
robot relying on manual selection at bifurcation, and factors
like joint compliance are not included in the model. Future
work will hence focus on the following areas.

First of all, although automatic switching is beyond this
paper’s scope, we identify viable routes such as encoding
multi-stability and exploiting ground interaction to trigger
bifurcation path changes. Such mechanisms could enable self-
reconfiguration with minimal sensing and actuation.

Secondly, incorporating joint compliance and environmental
forces into the model can improve motion prediction and
control efficiency. These factors, together with kinematic bi-
furcations [40], [41], are not unique to thick-panel origami and
have been observed in other mechanisms. We will complete
the theory and extend it to other structures to broaden the
reconfigurable robots’ functionality.

Lastly, because the approach is geometry-driven, it is in-
herently scale-independent. At the microscale, it could enable
reconfigurable tools for minimally invasive devices where
compactness and repeatable switching are critical; at the meso

10

scale, it can support reconfigurable interiors, assistive robots,
and mobility aids; and at the macro scale, it can realise
deployable and morphing structures such as space solar panels
and shelters. Translating across scales will require appropriate
hinge materials and actuation strategies.
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