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Modular Self-Reconfigurable Continuum Robot for
General Purpose Loco-Manipulation

Yilin Cai ¥, Haokai Xu, Yifan Wang

Wan Shou

Abstract—Modular Self-Reconfigurable Robots offer excep-
tional adaptability and versatility through reconfiguration, but
traditional rigid robot designs lack the compliance necessary for
effective interaction with complex environments. Recent advance-
ments in modular soft robots address this shortcoming with en-
hanced flexibility; however, their designs lack the capability of
active self-reconfiguration and heavily rely on manual assembly. In
this letter, we present a modular self-reconfigurable soft continuum
robotic system featuring a continuum backbone and an omnidirec-
tional docking mechanism. This design enables each module to in-
dependently perform loco-manipulation and self-reconfiguration.
We then propose a kinetostatic model and conduct a geometrical
docking range analysis to characterize the robot’s performance.
The reconfiguration process and the distinct motion gait for each
configuration are also developed, including rolling, crawling, and
snake-like undulation. Experimental demonstrations show that
both single and multiple connected modules can achieve successful
loco-manipulation, adapting effectively to various environments.

Index Terms—Continuum robot, loco-manipulation, modular
robot, self-reconfiguration.

|. INTRODUCTION

ODULAR  Self-Reconfigurable Robots (MSRRs)
have attracted significant attentions because of their
unique ability to reconfigure into various shapes, offering
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Fig. 1. Overview of the modular self-reconfigurable continuum robot.
(a) Module docking through grasping and self-reconfiguration between mor-
phologies. (b-d) Robotic manipulation and locomotion in diverse environments.

unprecedented adaptability for performing diverse tasks. This
adaptability allows them to respond effectively to diverse oper-
ation scenarios by changing into different robot morphologies
or mimicking different biological structures [1], [2].

However, existing reconfigurable robotic systems have
mainly utilized rigid articulated modules composed of simple
geometric shapes such as balls, tetrahedrons, or cuboids [3].
These rigid modules have limited capabilities for locomotion
and manipulation in 3D space, requiring a large number of
them with increased control complexity for task execution. In
addition, rigid-bodied reconfigurable robots lack the inherent
compliance necessary to effectively interact with or adapt to
complicated terrains and unstructured environments, which also
restricts their ability to replicate agile movements observed in
biological systems. Recent studies in modular soft robots [4],
[5], [6] have shown a growing trend in addressing this challenge.
With inherent compliance, modular soft robots have achieved a
wide range of morphologies and functionalities, such as loco-
motion (e.g. walking [4], rolling [7], crawling [8]), manipula-
tion [9], reconfiguration [6], or combinations of these tasks [10].
However, most modular soft robotic systems have not achieved
loco-manipulation — the ability to seamlessly integrate loco-
motion and manipulation in one single coordinated task. A
key reason is that these robots often require manual assembly
and lack the capability for active on-site self-reconfiguration,
restricting their capacity to adapt dynamically to diverse tasks
and environments. To enable self-reconfiguration in modular
soft robots, key challenges lie in the lack of (1) efficient actuation
mechanisms that allow for a fully self-contained system with
untethered power source, and (2) efficient docking mechanisms
for automatic assembly and disassembly.

In this letter, we propose an untethered Modular
Self-Reconfigurable  Continuum Robot (MSRCR) for
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general-purpose loco-manipulation (Fig. 1). The proposed
design provides each module with independent locomotion and
manipulation capabilities and enables the system to reconfigure
itself by connecting/disconnecting modules without manual
assistance. The main contributions of this letter are threefold:

1) The design of a modular soft continuum robot that per-
forms single and multi-module locomotion and manip-
ulation, as well as self-configuration between different
morphologies.

2) An omnidirectional docking mechanism based on the
concept of “Grasping as Docking” that facilitates module
connection and object manipulation simultaneously.

3) The development of distinct motion gaits across various
configurations, along with the reconfiguration processes
between these configurations.

Il. RELATED WORK

A. Rigid Modular Self-Reconfigurable Robots

Traditional MSRRs are mostly made of articulated rigid
structures, whose structural components mainly include actu-
ators and connectors [11]. Various actuator designs have been
developed to enable modular robots to independently move
in the space (SMORES-EP [12], TRADY [13]) or adjust the
relative position and orientation between connectors [14]. In
terms of connector design, monogamous connectors enable
strong one-to-one connections among modules using mechan-
ical (Mori [15], RoomBot [16]) or magnetic mechanisms (M-
Block [17], ModQuad [18]). Recent research has shifted towards
polygamous connectors for one-to-many free-form connections
(FreeBot [19], SnailBOT [20], FireAntV3 [21]).

Despite years of effort in developing various MSRRs, signif-
icant challenges remain in enhancing the module’s individual
mobility, ensuring stability and adaptability of connectors, and
reducing the number of modules required for high scalability.

B. Modular and Reconfigurable Soft Robot

Onal and Rus [7] were among the first to introduce modular-
ization into soft robots, providing a rapid fabrication and repair
method for multifunctional soft robots. Following that, one of the
main research focuses has been the development of modular soft
actuators for assembly into robot arms [22], [23], grippers [24],
and locomotion systems [25], [26]. These soft modules serve as
a replacement for traditional rigid links and joints to generate
continuous, compliant deformation for more complex motions.
However, their fixed arrangement typically restrict them to a
single function or specific application, limiting their ability to
perform dexterous loco-manipulation.

Different from fixed-morphology robotic systems, reconfig-
urable soft robots can achieve diverse functionalities through
different arrangements of modular units [27]. For example, using
the same pneumatic muscle actuator unit, quadrupedal [28],
tetrahedral [29], snhake-like [30] locomotion and even grip-
pers [31] were successfully developed. However, these modules
are not designed for independent movement, thus requiring
additional customized connectors with increased structural com-
plexity and manual assembly.

C. Self-Reconfigurable Soft Robot

Self-reconfigurable soft robots can autonomously transform
their morphologies to adapt to different environments or tasks.

1977

Zou et al. [6] demonstrated the automatic assembly of two
soft modular robot arrays inspired by caterpillar locomotion.
However, the use of permanent magnets for connection does not
allow for controlled self-disassembly. Zhao et al. [32] presented
StarBlocks, a soft modular block capable of self-assembly.
However, the tethered design and difficulties in disassembling
the magnet-based connector add inefficiency in real deployment.
Despite these efforts, few studies have successfully developed
soft modules capable of efficient self-reconfiguration, primarily
due to challenges in achieving effective loco-manipulation and
robust docking mechanisms.

I1l. MSRCR DESIGN

The proposed MSRCR module design (Fig. 2(a) & (b)) fea-
tures two key components: a soft continuum unit and two dock-
ing mechanisms based on hybrid soft-rigid spherical grippers.
The design goals of the MSRCR system are to (1) provide high
motion dexterity for single module, (2) achieve polygamous om-
nidirectional docking, and thus (3) enabling both locomotion and
manipulation in single module. To meet these goals, the tendon-
driven continuum unit will provide 2 Degrees-of-freedom (DoF)
bending for compliant locomotion while the spherical grippers
allow both the connection between multiple modules and object
manipulation. The mechanical design, electronic system and the
specifications of the proposed implementation are summarized
in this section.

A. Soft Continuum Unit Design

The soft continuum unit aims to provide the spatial DoF of the
MSRCR system, which is defined as the module’s independent
DoFs for movements such as changing its position and attitude in
space [11]. A soft continuum unit can achieve these movements
by active bending. This allows the single module to morph its
shape and provide non-uniform interactions with the environ-
ment, which usually requires more than one module to achieve
in rigid systems. Commonly used silicone-based pneumatic-
driven actuators require air hoses, pumps and valves, limiting
its motion versatility as well as increasing size, weight, and
power consumption. Therefore, we choose the tendon-driven
soft continuum unit for its low-cost and compact actuation
system.

As shown in Fig. 2, the continuum unit consists of a flexible
backbone and two pairs of actuation tendons routed through six
3D-printed rigid spacer disks. We choose an extension spring
(3630N321, McMaster-Carr) with a spring rate of 0.832 N/mm
as the flexible backbone. Each tendon pair has two coupled
tendons, which are wound on a spool and terminated at the end
disk. Each spool is actuated by one motor (Dynamixel AX-12 A,
ROBOTIS), resulting in equal tendon displacements in opposite
directions. The two actuation motors are placed orthogonally on
the two sides of the backbone, enabling 2-DoF bending of the
backbone.

B. Omnidirectional Docking Mechanism

To enable the docking connector with both manipulation and
docking abilities, we propose the idea of “Grasping as Dock-
ing”, which achieves docking connections through gripper-
based grasping. This approach allows a gripper to establish a
connection by either grasping another gripper or being grasped
by others. The key inspiration comes from the versatility of
human hands, which can interlink in various orientations to form
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(a) (c)

1-1 Docking Mechanism  2-1 Soft Inner Ridges 3-1Cable Spool

1-2 Battery 2-2 Rigid Outer Shell 3-2 Cable Driving Motor
1-3 Continuum Unit 2-3 Worm 3-3 Driving Cable
1-4 Control Board 2-4 Gear 3-4 Flexible Backbone

1-5 Holder 2-5 Gripper Driving Motor 3-5 Spacer Disks
Fig. 2.

the continuum unit. (d) Driving mechatronics and communication diagram.

Grasping

Fig. 3. Principle of the “Grasping as Docking” mechanism. (a) One gripper
forms the spherical configuration, while another gripper approaches and grasps
it to connect two modules. (b) The third module approaches the two docked
module and uses the spherical gripper to create the 3-module configuration.

a unified structure, with each hand serving a dual role—both
grasping and being grasped.

Following this idea, we propose a novel spherical gripper-
based docking mechanism for omnidirectional module-to-
module connections. As shown in Fig. 2(c), the connector fea-
tures a rigid spherical outer shell, which is divided into three
fingers and forms a multi-finger gripper. Each finger is a 90
spherical surface, and there are gaps between fingers to accom-
modate the base supporting bar of the grippers being grasped.
The gripper’s motion is driven by a worm-gear mechanism
actuated by a N20 DC gear motor (Gear ratio 1000:1, Pololu).
Such worm-gear mechanism can prevent the gripper loosing
by self-locking. Closing these fingers transforms the connector
into a spherical shape, enabling another gripper’s inner surface
to encase and grasp it from different directions. The closed
outer gripper then forms another sphere, allowing additional
connectors to securely grasp it (Fig. 3).

To address the diameter disparity caused by the shell’s thick-
ness, we propose a hybrid rigid-soft gripper surface design. The
gripper has alayer of soft material (TEPU 30 A) embedded on the
inner surface of the rigid (Titan Tough Epoxy 85) spherical shell,
fabricated in a multi-material additive manufacturing system
(Inkbit). The soft ridges enhance the gripper’s adaptability to the

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 10, NO. 2, FEBRUARY 2025

(d)
\\ fCommunication—)

| Motor Signal ~ —3
| Power Signal ==

; /Module

| [espa2667) | [espe26s R
\ )
= -

@

WiFi

1
1
1
1
1
1
1
|
1
1
1
1
1
1
|
1
1
1
1
1
1
1
1

A4990 %g; h
, Driver

J

Design of the MSRCR module. (a) CAD model of a single module. (b) Prototype of a single module. (c) Explored view of the docking mechanism and

TABLE |
SPECIFICATIONS OF EACH MSRCR MODULE

Specifications Value
Length of the continuum module [mm] 220
Diameter of the continuum module [mm] 90
Max circumcircle diameter of the docking connector [mm] 108.4
Diameter of closed docking gripper [mm] 60
Thickness of the rigid shell in the docking gripper [mm] 2.5
Thickness of the soft ridge in the docking gripper [mm] 1.5
Total length of a single module [mm] 532
Overall weight (including control mechatronics) [g] 912
Total cost per module [USD] $234.2

grasped spherical surface, increasing friction between grippers,
and ensuring a secure connection. The detailed docking angle
and docking number analysis will be given in Section 1V-B.
The other specifications of the MSRCR module design are
summarized in Table I.

C. Electronics and Communication

As shown in Fig. 2(d), the electronics and communication
system of the MSRCR centers on the OpenRB-150 (ROBOTIS)
microcontroller, which provides velocity and position control
to the DC motor N20 and the dynamixel actuators. Using the
ESP8266 Wi-Fi module, each module can communicate di-
rectly with one another, as well as an external PC that provides
commands and monitors status. A customized PCB is designed
to integrate Wi-Fi, microcontroller, motor driver, and power
supply, enabling the system’s untethered versatility.

IV. MODELING AND CHARACTERIZATION

In this section, we provide a kinetostatic model for the contin-
uum unit and also characterize the performance of the docking
connector.

A. Kinetostatic Modeling of a Single Module

We rely on the Piecewise Constant Curvature (PCC) assump-
tion to develop the kinetostatic model of continuum unit [33].
Specifically, the segment of the flexible backbone divided by two
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Fig. 4. Kinetostatic modeling of a single module. Diagrams of forces and
moments applied to (a) the middle segment i and (b) the tip segment n. (The
XYZ axes of the frame are represented by the RGB colors.).

disks is assumed to bend into a continuous constant curvature
in space. As shown in Fig. 4, we define the body frame of disk
i(i=1,...,n) as a frame attached to the center of each disk’s
distal surface, and the frame 0 is the fixed base frame. The
relative rotation between link i 1 and link i is represented
by a bending angle ; and a bending direction angle ;. This
provides the homogeneous transformation matrix between the
two adjacent disks:

1T, = ' 10Ri ' iti (|) tld SE(3) )
where
"'Ri=R( )Rx( DR( i) SOB) (2
Lisin( (1 cos( 1)
"= Bcos( )1 cos( i) 3
L—i‘sin( i)

where matrices Ry and R, are the rotation matrices that ro-
tate a 3-D vector about the x-axis and y-axis, respectively;
tg =[0,0, Lg]" and Ly is the disk thickness, and L is the arc
length of the continuum backbone’s center line. Since we used
an extension spring with stacked coils as a backbone, the coils
on the side opposite the bending direction will separate from
each other, leading to an increase in the arc length. Such passive
extension differs from previous work on continuum robot. We
can describe the arc length of the spring’s center line as:

Li=Lio+1p i (4)

where Ljo is the unbent length of the segment i and ry, is the
radius of the backbone.
The homogeneous transformation matrix between link i and
the world frame is given by:
i
Ti=To 41T
j=1

SE(3) ®)

where the Ty is the transformation matrix between the world
frame and the base frame.

The k™ tendon (k = 1, 2, 3, 4) passes into and out of the disk
i at the points P}t and Pi‘?}(‘t, respectively. These two points are

1979

expressed in the body frame of link i as:
-
PPt = rycos E(k 1) ,resin E(k 1) ,0

[0,0, Lqg]" (6)

where ry is the distance between the channel center and the disk
center. Using the transformation matrix Tj, we can transform
°Polt and PP into the world frame as PP}* and PRt. Next,
we will consider the force and moment applied to each segment
in the world frame.

As shown in Fig. 4, the force equilibrium equation of the tip

segment can be expressed as:

L

4
nk+fec+Tex+fh =0 (7
k=1

where k= F(PNPSY /7 PINPOUL ) is the tension
force of thetendon k, fg isthe gravity force of the segment, fext is
the external load applied on the tip disk, and f, is the interaction
force applied by segmentn 1 to segment n at O, ;. Here we
ignore the tension loss caused by friction as in [34].

The moment equilibrium equation of the tip segment is:

4
Mpk + Mg + Mext + My =0 ®)
k=1

where mp k = Op, 1Pr‘]f‘k nk 1S the moment caused by

tendon tension, mg = O, 10gn fg is the moment caused
by segment’s gravity, and the Mext = On 1O04tip  fext is the
moment caused by the load on the tip disk, and my, is the moment
applied by segment n 1 to the segment n.

Similarly, we can derive the force and moment equilibrium
equations for the middle segment i as:

4
(ik i+ +fe+fi fi,=0 ©)
k=1
4
Mijxk+mg  O; 10 fixz +m; mjs1 =0 (10)
k=1
where mj x = O;j 1Piir|l ik Oi 1P£|L_J]t_’k i+1,k IS the

net moment applied by the tendon tension passing through disk
i. By recursively solving equations (7)—(10), we can get the pure
moment m; that causes the applied to each segment to bend.

Therefore, given the constitutive law of each segment, the
following equation can be obtained for segment i:

mi = R,( )Ri 1[F(i)00]" (11)

where R; 1 is the rotational component (submatrix) of the
homogeneous transformation matrix T; 1. F( ;) represents the
bending moment that is a function of the bending angle, which
we experimentally calibrate in Section V-A.

Since we control the robot by tendon displacement instead of
the tendon tension, an additional constraint equation is required
that relates the tension  to the displacement Ij} considering the
tendon stretch.

I3+ 12

lko(l+ck)=0 (12)
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where Iy o is the initial unstretched length of tendon k, 12 is the
tendon length found by summing of the tendon segments along
the backbone, and c is the tendon compliance. The slacking
tendons with zero tension are not considered.

Given the tendon displacement 19 =11%,...,15] and the
world-to-base transformation matrix T, the forward kinematics
can be obtained by solving equations (1)-(12) to determine
the poses of all the disks. The position of any point along
the backbone can also be determined by introducing a scalar
parameter [0, 1] from the proximal ( = 0) to the distal
end (= 1) [35], which is represented as p(To, 19, ). Inverse
kinematics can be formulated as minimizing the error between
p(To, 19, ) and a target position to find the optimal actuation
length and, if necessary, the base pose.

B. Docking Angle Analysis

To analyze the feasible docking angle of the proposed docking
gripper, we refer to the gripper being grasped as the “Receptor”
and the gripper engaging with it as the “Engager” as illustrated
in Fig. 5(a). Two angles define the feasible docking range: rec
represents the polar angle of the receptor’s connection direction,
while ¢ng denotes the azimuthal docking range of the receptor
around its z-axis. The receptor is capable of being connected
from any azimuthal direction.

As described in Section 111-B, the gripper fingers have gaps
between each other that allow the receptor’s base supporting
bar to pass through. Based on geometric design, these gaps are
divided into four regions, labeled 1 - 4 asshown in Fig. 5(b).
Fig. 5(c) describes the feasible docking angle pair ( rec, eng) IN
the four gap regions, which is based on the geometrical analysis
in Fig. 5(d). The relationship between c and eng is calculated
as:

2( arcsin =), Region 1, 2
ext
ey = % 2arccos g2, Region 3
2, Region 4
(13)

where
5 arcsin 250w Region 1
ext
= 5 arcsin NG/ Region 2
ext d
arcsin frtan  —2tsin , Region 3
r ext =
- /2
(W/2)+ dopen + 12 (dw/2)? ., Region 1
42, +r2  2deenr cos(5 /4) 7 Region 2
open open ) g

where dopen is the opening distance of the engager gripper, and
Iyar 1S the radius of the supporting bar,and r = rcos candr
is the gripper radius. Other notations are illustrated in Fig. 5(d)
The transition c between region 3 and 4 is determined by

rece = arcsin r/r  sin112  +arcsin("a/r )

exty

where

r =

ot r2+d2,, 2r dopen c0s112

As shown in Fig. 5(e), with a typical opening distance of 5.7 mm
for docking grasping,56.64% of the receptor’s surface is within
the feasible docking range. The infeasible region is mainly
due to the neck of region 2 3 and potential collision of the
connector’s base. Similar analysis applies to the docking of
more than two modules. The proposed design allows up to four
modules docking at a single node simultaneously.

It should be noted that to ensure a successful docking, the
engager should approach the receptor at the correct docking
angle and maintain a firm grasp throughout the motion. Once
the receptor is securely docked, relative rotation between the
receptor and the engager is not allowed. To adjust the docking
angle, the engager must undock and approach from a different

rec and eng before actual engaging.

The gripper’s strength was tested by assessing its ability to
securely hold an object under external forces. Results show that
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Fig. 6. Kinetostatic model verification. (a) Experimental setup and the robot
shape under the actuation length of 0,3 ract,6 ract. (b) Bending stiffness
calibration of the flexible backbone. (c) Model prediction of the robot shape
under the same actuation length as (a). (d) Comparison of model prediction and
experiment data over 3 trials.

the gripper can withstand an axial force of 25.35 N, a lateral force
of 21.77 N (larger than twice the weight of a single module), and
a torque of 0.65 Nm, while maintaining a secure grip, ensuring
sufficient strength for docking with other modules. Details can
be found in the supplementary video.

V. RESULTS AND DEMONSTRATION

A. Kinetostatic Model Validation

We first experimentally verified the proposed Kinetostatic
model. As shown in Fig. 6(a), Aruco markers are attached to
a single module to measure its pose after bending. We collected
seven bent shapes by actuating the tendon length 1§ from 0 to
6 ract atastep of race, Where race = 6.5 mm is the radius of
the actuation spool.

We calibrated the bending stiffness of the extension spring
used as the flexible backbone. As shown in Fig. 6(b), by applying
pure tension F¢, the pure momentapplied to a segment of flexible

backbone is M = OcP,  F¢, and the relationship between M
and bending angle is:

M =F()=0.613 +0.074 (14)

The constant term in F( ) is induced by the pre-tension of
the extension spring used as the flexible backbone. We also
calibrated the tendon compliance ¢ using the robot shape with
a tendon actuation length of 4.5 ract and obtained that ¢ =
8.64 10 3N 1. Note that the robot shape used for fitting is
not included in the testing samples. Fig. 6(d) shows that the
model predicts the experiment data well, with an average tip

1981

Fig. 7.

Single module locomotion and manipulation. (a-d) Single module
rolling-based locomotion on smooth carpet, grass, transitioned terrains, and
cobblestone. (e) Manipulation of single module for a narrow entrance and
confined space. (f) Single module grasping objects with different shapes and
sizes, including a banana, a cup, an electronic chip, a box, and a soft toy.

error of 3.41 mm (1.45% of the total length). Fig. 6(c) shows the
model prediction of the robot shape under the actuation length
0f 0,3 ract, 6 ract, Which fits well with the experiment shapes
in Fig. 6(a).

B. Single Module Locomotion and Manipulation

1) Rolling: A single module is capable of locomotion on
the ground using a rolling gait. Since gravity is fully canceled
during rolling, we further simplify the PCC assumption to a
constant curvature assumption that all the segments have the
same bending angle. We denote the bending angle of the entire
robot as =n and the bending direction as =n . The
targeted rolling motion gait in one period T is described by:

®= o o (t [0,TD

The target backbone pose can be derived by substituting (15) into
(1)—(5), and the actuation length 1% is then computed through
inverse kinematics. This rolling motion involves continuously
changing the bending direction from 0 to 360 , which employs
the same tendon actuation that enables the robot tip to trace a
circular path when the robot base is fixed. In rolling motion,
however, the bending plane rotates around the base frame’s z-
axis while remaining aligned with the ground plane, causing the
base and all disks to rotate on the ground.

As shown in Fig. 7(a), a single module can roll on a smooth
carpet at a speed of 13.54 mm/s (1.52 body length/min). Itis also
able to traverse through different terrains, including grass, cob-
blestone, cement road and terrain transitions (Fig. 7(b-d)). This
single module rolling speed exceeds many related works [4],
[6], [32] but is slower than some [5], [8], with the potential to
increase by easily adjusting the tendon actuation motor speed.

2) Manipulation: The module can also be mounted on a
robot arm for the manipulation in confined space. As demon-
strated in Fig. 7(e), the module is capable of navigating through
a narrow entrance, steering in 3D space, and grasping an object
hidden in a corner using the docking gripper. Note that the
control is implemented by teleoperation. As shown in Fig. 7(f),
we demonstrated the gripper’s ability to grasp different objects
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