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Autonomous operation in confined spaces demands robots
that can simultaneously navigate tight passages and manipulate
objects. However, conventional mobile manipulators are often too
large for such environments, while compliant soft manipulators,
though compact, are typically limited by tethers and a small op-
erational workspace. This paper introduces a novel hybrid robot
designed to address this trade-off. The robot achieves mobile ma-
nipulation without dedicated end-effectors by leveraging its entire
body. It comprises two autonomous locomotion units linked by
a Variable-Stiffness Bridge (VSB). This design enables transitions
between a rigid state for efficient locomotion and a flexible state for
enveloping and securing objects via full-body grasping. We present
the second iteration of this platform, featuring a modular VSB
design that achieves a 2.5-fold increase in state transition speed.
Furthermore, we introduce a comprehensive planning framework,
the Voronoi-based Motion and Morphology Planner (VMMP) to
enable autonomous navigation in highly cluttered environments.
VMMP addresses the high-dimensional planning challenge through
a hierarchical decomposition: it first uses Voronoi diagrams to gen-
erate traversable paths for three key control points on the robot’s
body, and then reconstructs the kinematically-feasible robot con-
figuration sequence via constrained optimization. The source code
and simulations are available at https://github.com/Louashka/2sr-
robot.

1 Introduction

Navigating and operating within unstructured environ-
ments presents a formidable challenge for robotic systems.
Many real-world scenarios, such as industrial inspection or
search and rescue, demand systems that can retrieve objects
in cluttered environments with limited access. To be effective,
robots must combine robust locomotion with dextrous manip-
ulation capabilities. Early attempts to integrate these func-
tions led to solutions like mobile manipulators, which mount
robotic arms on mobile bases [1,2], or warehouse robots de-
signed to lift and transport cargo [3]. However, these plat-
forms are typically bulky and rely on rigid components, re-
quiring carefully supervised workspaces specifically prepared
for their operation.

Robots designed specifically for confined spaces typically
follow two paths: compact sensor platforms [4, 5] or multi-
legged systems for rough terrain [6,7]. In either case, in-
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tegrating manipulation capabilities is a significant challenge,
as adding grippers or tools often compromises the robot’s pri-
mary navigation and mobility functions. This challenge stems
from conventional robotics’ reliance on rigid components and
fixed structures, which constrains functional versatility.

To overcome the constraints of rigid robotics, a paradigm
shift towards adaptive morphology has gained significant trac-
tion, enabling the creation of multimodal and multifunctional
systems [8-10]. This paradigm has manifested in several dis-
tinct research directions. One strategy involves reconfigurable
truss architectures, where active control of elastic or jointed
elements allows a robot to alter its own shape and passive
mechanical properties [11,12]. Such systems have demon-
strated the ability to switch between locomotion modes like
driving, rolling, and even swimming [13]. While promising,
their range of shape change is often constrained, and their
form factor can be too large to navigate narrow passages or
perform fine-grained object interaction.

Another strategy involves modular robotics, which lever-
ages collective behaviors from individual components. These
systems achieve complex tasks through coupled mechanisms
[14,15], multi-agent coordination [16-18], or deformable chains
[19-21]. The aggregate mechanics of these modules allow
them to squeeze through tight spaces or envelop objects for
transport. However, their locomotion is often slow or depen-
dent on specialized environmental conditions, such as vibrat-
ing surfaces, which limits their real-world applicability.

The biggest departure from conventional design is found
in soft robotics, whose inherent compliance and continuous
deformation offer unparalleled adaptability to the environ-
ment [22,23]. Soft robots excel at exploring constrained spaces
like pipelines [24,25], but often at the cost of payload capac-
ity and force output. To address this, nature-inspired designs
have emerged, such as inchworm-like [26] and ant-like [27] soft
robots capable of both locomotion and grasping. Soft com-
ponents can also augment other architectures; for instance,
the truss robot Tetraflex [28] uses inflatable bellows to roll,
crawl, and transport objects. Nevertheless, a major draw-
back of many soft systems is their reliance on pneumatic ac-
tuation, which typically requires a tether, results in limited
mobility, and offers low payload capacity. While untethered
alternatives exist, such as the isoperimetric robots developed
by Usevitch et al. [29], their large scale (0.85 m? to 2.9 m?)
and unproven scalability highlight the ongoing challenges.

The preceding survey reveals the inherent trade-off be-
tween soft and conventional rigid robots that present design-
ers with a fundamental dilemma: a choice between the effi-
ciency, autonomy, and force capacity of rigid systems and the
adaptability and versatility of soft, morphing systems. Hy-
brid robotics has emerged as a powerful synthesis, seeking to
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combine the "best of both worlds” by integrating soft, flexible,
and rigid components into a single platform [30-32]. These
hybrid platforms have demonstrated remarkable versatility,
including the ability to seamlessly switch between distinct lo-
comotion gaits and operational modes [33-35].

An important innovation within this hybrid paradigm
is the implementation of variable-stiffness materials, which
grant robots the ability to be rigid or compliant when needed,
significantly expanding their functional envelope. Several tech-
nologies have been explored to this end. Shape-memory ma-
terials (SMMs), such as shape memory alloys (SMAs), can
be programmed to hold temporary shapes and revert to their
original form upon thermal stimulation [36]. This principle
has been used to create crawling microrobots [37,38]. An-
other effective approach is particle jamming, where vacuum
pressure is used to transition a granular material between a
fluid-like and a solid-like state [39]. Jamming has been suc-
cessfully integrated into crawling robots [40] and loop-shaped
robots for combined locomotion and manipulation [41].

While effective, these methods have drawbacks. SMAs
can have slow actuation cycles, and jamming systems re-
quire a constant vacuum source, complicating untethered de-
signs. In this context, low-melting-point alloys (LMPAs) have
emerged as a highly promising alternative [42]. LMPAs offer
several key advantages: a large stiffness variation between
their solid and liquid phases, superior thermal conductivity
for rapid phase transitions (e.g., Field’s metal at 18 W /(mK)
[43] versus 0.15-0.3 W/(mK) for SMPs [44]), and greater suit-
ability for robust, untethered systems. These compelling prop-
erties led us to select LMPA-based variable stiffness as the
core technology for our work.

Building upon this foundation, we present a novel hybrid
robot capable of efficient motion, robust object manipulation,
and traversal through highly obstructed environments, unit-
ing mobility, autonomy, and flexibility within a single plat-
form. This paper substantially advances our previous work
on the Self-Reconfigurable Soft-Rigid (2SR) robot [45] by in-
troducing a refined mechanical design and a comprehensive
control and planning framework. In its rigid state, the robot
operates as an efficient omnidirectional platform for planar
navigation. In its flexible state, it can fundamentally alter its
morphology to perform full-body grasps or conform to envi-
ronmental constraints.

The implementation of this system required us to address
several interconnected technical challenges, and our primary
contributions are:

1. An improved robot design centered on a modular vari-
able stiffness bridge composed of compact, independent
LMPA based units. This architecture achieves a 2.5-
fold improvement in phase transition speed and superior
power efficiency over the previous monolithic design,
while simultaneously enhancing system robustness.

2. A comprehensive framework that integrates a novel hy-
brid kinematic model with a hierarchical ”Motion &
Morphology” (M&M) controller. The kinematic model,
based on cardioid motion analysis, describes the robot’s
complex dynamics across both rigid and flexible states.
This model enables the M&M controller to coordinate
discrete stiffness transitions with continuous motion con-

trol, utilizing mode-specific Model Predictive Controllers
(MPC) for precise trajectory tracking and a supervisory
finite-state machine for reliable stiffness management.

3. The Voronoi-assisted Motion and Morphology Planning
(VMMP) algorithm, a high-level planner that accounts
for the robot’s complex, high-dimensional (5D) config-
uration space, which encompasses its planar pose, vari-
able morphology and multiple motion modes. VMMP
enables autonomous navigation and shape adaptation
of a 2SR robot in densely cluttered environments. The
planner intelligently analyzes the environment to com-
pute a sequence of critical configurations, balancing path
feasibility with the robot’s unique kinematic and mor-
phological constraints.

2 System Architecture and Design

A self-reconfigurable soft-rigid robot consists of two lo-
comotion units (LU) and a variable-stiffness bridge (VSB).
The units, equipped with omni-wheels, house all electronics
and power supply for autonomous operation. The variable
stiffness (VS) bridge can change its compliance, enabling the
robot to switch between various locomotion and deformation
modes.

When developing a bridge, we followed Tonazzini et al.’s
approach [46] that demonstrated a VS fiber composed of a
silicone tube filled with low melting point alloy (LMPA) and
wrapped by an enamelled wire heater. LMPASs transition from
solid to liquid state when heated above their melting temper-
ature T,,, allowing the assembled structure to become soft.
The previous design of a 2SR robot [45] featured a bridge with
two independently controlled segments. Each segment mea-
sured 8mm in diameter and 40mm in length, with a layered
structure consisting of a silicone rod (5mm diameter), coiled
enamelled wire (0.1lmm diameter), and Field’s metal (32.5%
bismuth, 51% indium, 16.5% tin by weight; T,, =~ 62°C,
Young’s modulus > 3 GPa), all encapsulated in a silicone
tube. The fabricated robot demonstrated shape-shifting ca-
pabilities and promising potential for grasping and manipu-
lating objects.

However, this design has limitations including slow phase
transitions (> 100 seconds), high power consumption (~ 9V
for each segment), and bending constraints. VS segments
were joined through a rigid 30mm plastic connector that re-
stricted deformation in the middle of the bridge. To address
these limitations, we propose a new bridge design incorpo-
rating a cable chain with a modular VS backbone. Com-
pact VS modules reduce heating area and alloy volume, en-
abling faster transitions and lower power consumption. A
single cable chain ensures uniform bending throughout the
bridge while maintaining the ability to control segments in-
dependently by arranging modules in separate circuits. The
modular approach enhances flexibility and robustness, facili-
tating length adjustments and easy replacement of failed or
damaged modules.
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Figure 1: Structural overview of the 2SR robot: exploded view of the locomotion unit showing its internal architecture;
composition of the assembled variable-stiffness (VS) bridge with modular units forming a cable chain backbone; detailed

view of a single VS modular unit showing its components and operating principle; photographs of manufactured components
including the cast alloy layer and fully assembled module.
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Modular Variable-Stiffness Bridge

The variable-stiffness bridge consists of a cable chain
structure that connects locomotion units, with chain nodes
featuring internal channels to house VS modular units (MU).
Each MU follows the core principle of unitary VS segments
but introduces several key improvements in design and fabri-
cation.

The MU comprises a silicone rod (3mm diameter) run-
ning through a Field’s metal layer (10mm length, 3mm inner
diameter, 5mm outer diameter), encapsulated by plastic caps
at both ends, all assembled within a silicone shell (5mm in-
ner, 6mm outer diameter). Unlike the previous design where
the heater was positioned between the silicone rod and al-
loy, a copper wire (0.1lmm diameter) is now coiled around the
silicone shell. This modification prevents wire damage dur-
ing fabrication and enables easier heater replacement without
destroying the alloy-containing section. Instead of external
cables, brass caps are soldered to the heater and mounted at
the unit’s ends.

Each manufactured modular unit measures 20mm in length
and 7mm in diameter. The fabrication process uses precision
molding for the alloy layer and automated coiling to produce
a 1.7Q heater. This resistance was selected as a trade-off to
enable faster phase transition at 1A while minimizing power
consumption by requiring only 1.7V. The assembly is finished
with a protective silicone coating (for more details, see Section
S1, Supporting Information).

The bridge comprises two independently controlled seg-
ments, each containing four modules (< 4-1.7 = 6.8V). Mod-
ules are inserted between chain nodes, with brass caps press-
ing against copper contacts within node channels for electrical
connectivity. At the middle chain node where segments meet,
modules have no outward-facing brass caps to prevent elec-
trical interference between segments. Terminal modules at
locomotion unit junctions incorporate NTC thermistors for
temperature monitoring. Each VS segment connects to an

adjacent LU through four cables: two for the sensor and two
for the heater (one from the terminal module, another from
the middle node contact) to establish the control circuit. A
calibration model translates resistance readings from the NTC
thermistor into an internal temperature estimate for the alloy.
On a higher level, a Finite-State Machine manages stiffness
by controlling the heating and cooling cycles based on this
temperature feedback. Additionally, the controller accounts
for the alloy’s thermal hysteresis by using distinct tempera-
ture thresholds for melting and solidification to ensure reliable
transitions between the flexible and rigid states (for more de-
tails, see Section S2, Supporting Information).

The cable chain limits the total bending of the bridge to
7 radians (7/2 per segment), a constraint that prevents colli-
sion between the LUs while preserving sufficient deformation
capability. This modular architecture, which pairs the ca-
ble chain with a VS backbone, requires significantly less alloy
than monolithic approaches. This reduction directly trans-
lates to faster phase transitions and lower power consump-
tion. Experimental validation confirms these advantages: the
average rigid-to-flexible transition occurred in 35.9 s, while
the flexible-to-rigid transition took 47.1 s. This represents a
2.5-fold improvement in overall transition speed compared to
the previous monolithic design (for more details, see Section
S3, Supporting Information).

Locomotion Units

Locomotion units (LU’s) are designed as self-contained,
non-holonomic robots (47 x 47 x 75.5mm). Each unit has two
custom-made omni-wheels with a radius of 10mm, positioned
on adjacent sides of the unit frame facing outwards. A castor
wheel is used to create a three-point contact with the sub-
strate and stabilize the unit’s motion. Steel bars within the
frame serve as weights to ensure solid wheel-ground contact.

Each locomotion unit is equipped with AS5600 encoders,
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a Li-ion battery (3.7V, 1000mAh) boosted to 9.6V, and an
STM32-based controller. This controller operates brushless
DC motors to drive the wheels and actuates a modular VS
backbone inside the bridge. The signal captured from the seg-
ment’s NTC thermistor is converted into temperature values
that are used to generate appropriate PWM output to control
the MU heaters. Communication with the central computer
is established through a wireless serial board.

This configuration allows precise VSB manipulation in its
soft state while maintaining three degrees of freedom when
rigid, regardless of bridge shape. The complete 2SR robot
structure is shown in Fig. 1.

3 Motion and Morphology Control

The dual capability of the 2SR robot to function as both
an omnidirectional mobile platform and a deformable manip-
ulator expands its potential applications. However, this ver-
satility presents a unique challenge in developing a unified
control framework that accommodates the distinct character-
istics of both operational modes. This section introduces a
hybrid kinematic model that seamlessly integrates rigid loco-
motion and soft manipulation, along with a control strategy
enabling smooth transitions between modes. To facilitate the
mathematical formulation, we establish the following key as-
sumptions:

e VS segments are inextensible i.e. their length is con-
stant.

e Flexible segments deform into constant-curvature arcs.
e LUs move independently when segments are flexible.

e The robot maintains omnidirectional mobility in a rigid
state through strategically positioned omni-wheels, in-
dependent of its configuration.

3.1 Hybrid Kinematics

Given the shape of the robot is not constant, defining its
configuration is not trivial. Based on our constant-curvature
assumption, each VSS configuration can be fully determined
by three parameters: the position of one endpoint, the tan-
gent direction at this endpoint, and VSS curvature. Since
both segments share a common endpoint at the bridge’s ap-
proximate midpoint, we assign the robot’s body frame {B}
at this location, oriented along the local tangent direction.
This allows us to describe the robot’s complete configuration
using five generalized coordinates: two for position xy, y3, one
for orientation 6, and two curvature values k1 and ko (one
for each segment s; and ss9), so that it can be expressed as
a = [Tb, Yp, Ob, K1, k2|T. With this configuration defined, the
positions of the wheels can be computed from LU geometry.

3.1.1 Rigid State

To analyze the robot’s motion, it is essential to identify
its velocities and the mechanisms generating them in each
stiffness state. When rigid (s; = s = 0), the 2SR agent
behaves akin to a conventional omnidirectional robot.

Then, its kinematics can be defined as:

R. (eb):| u,.

a=Gave | <1>

J,

where R, (0),) € R? is a rotation matrix around the vertical
axis of the global frame and u, = [Upy, Vpy,ws]T is a vector of
robot’s “rigid” control velocities associated with {B}.

3.1.2 Flexible States

During flexible operation, LUs function as independent
actuators. To prevent collisions between locomotion units, the
cable chain bending is restricted to a half-circle, constraining
segment curvatures to _211 <k < 2% It is observed that dur-
ing the bending of the bridge, LUs trace a distinctive curve.
The previous work [45] employed logarithmic spirals to model
this motion, but it required separate functions for positive
and negative curvatures, creating discontinuities at boundary
conditions. Here, we use a cardioid model, which provides a
single mathematical shape to approximate LU paths across
all permissible curvature values:

z(p) = pcosg, y(¢) = psin, (2)

where 0 < ¢ < 27 is the rolling angle, p = 2r(1 — cos ¢) is the
cardioid’s radius at ¢, and r is the common radius of the two
generating circles of the cardioid.

To fully comprehend the robot kinematics in a soft state,
we categorize the operational modes into three distinct sce-
narios where different combinations of bending and motion
occur. Each scenario is associated with a unique cardioid, see
Fig. 2:

1. One segment is flexible while the other remains rigid.
The LU adjacent to the flexible segment is in motion.

2. One segment is flexible while the other remains rigid.
The LU adjacent to the rigid segment is in motion.

3. Both segments are flexible, with either LU moving.

Through path analysis and curve fitting, we determine
the cardioid radius r and the corresponding ¢ range for each
scenario, as listed in Table 1. The VSS curvature exhibits an
inverse linear relationship with the rolling angle ¢, enabling
reliable tracking of the robot’s frame displacement using the
cardioid equations. The robot’s motion in flexible states is
controlled through “soft” velocities uy = [Ul,Ug]T7 where v;
represents the velocity of the j-th locomotion unit traversing
a specific cardioid path.

Table 1: Cardioids Parameters

Cardioldd | _r [ ¢™" [ 9™
1 0.021 | 242 | 3.87
2 0.049 [ 2.19 | 4.09
3 0.043 | 1.73 | 4.56

This control approach differs fundamentally from the rigid
state. By analyzing flexible modes independently and then in-
tegrating their contributions, we develop comprehensive kine-
matic equations governing the robot’s movement.
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Figure 2: Kinematic representation of the soft robot deformation and locomotion unit motion approximated by three distinct

cardioid trajectories.

Cardioid 1: s;
where i,5 € [1,2], i
fz—; = 0.

The first flexible scenario is characterized by the motion
of the j-th LU along a cardioid with velocity v;, causing an ad-
jacent flexible segment to bend while { B} remains stationary.
Curvature is derived through the rolling angle by mapping
their corresponding ranges, Ax = T and A¢y = ¢ — g™

max

“z%_%""mﬂ;sl ( 1 _(151)
$1 (ki) = P + m% (3 — ki) -
The rolling angle rate is proportional to the speed of the
object tracing the curve. Note that LU2 is located on the
positive side of the x-axis of the frame, while LU1 is on the
negative side. Therefore, a positive velocity of LU2 increases
the curvature (and decreases ¢), while a positive velocity of
LU1 decreases the curvature (and increases ¢).
Differentiating curvature in (3) with respect to ¢, we

=1, 533 =0, v; #0, and v3_; = 0;
= j. Consequently, &, = 7, = 0, =

3)

get:
s

Apip
———
K1 (ki)

Cardioid 2: s5; =1, s3_; = 0, v; # 0, and v3_; = 0;
where 4, j € [1,2] and ¢ # j; £3—; = 0.

In this scenario, one segment remains flexible while the
other is rigid, but unlike Cardioid 1, the moving locomo-
tion unit is adjacent to the rigid segment. This configuration
causes frame {B} to follow the bending motion of the flexi-
ble segment. The locomotion unit in motion traces Cardioid
2, while the body frame traverses Cardioid 1 with its origin
at the stationary LU. The frame body frame position can be
determined through its location on Cardioid 1 using (2):

- (=1)7"'p1cos ¢
{ 1 } =Ty p18in @1 ;
T

1= (-1 5 k= (1)
P1

(4)

()
1

where p, = [xp, yp]* is the body frame’s position vector and
Ty; represents the coordinate transformation from the sta-
tionary LU frame {B;} to global coordinates. The orientation
of the frame {B;} is calculated as Oy; = 6, + (—1)%k;l.
Figure 2 illustrates that the body frame traverses Car-
dioid 1 with velocity v’, which differs from the LU velocity v;

along Cardioid 2. We can establish the relationship between
these velocities by leveraging the fact that the curvature rate
remains constant regardless of which cardioid we use for its

derivation: &; = —ﬁgﬁl = —ﬁg{)g. Then, using the defi-
nition of the rolling angle velocity from (4) we obtain:
Agy
v = Vj. 6
N (6)
——
)\Q(Ri)

Now, differentiating (5) with respect to ¢; and substi-
tuting rolling angle’s derivative with (6), we find the rate of
body frame’s displacement:

) =y ) vy (7)

Yb

Jj2(ki,0p)

The orientation of frame {B} changes proportionally to
the variation in segment curvature: Af, = (—1)*Ax;l. Con-
sequently, using the previously derived relationships for cur-
vature rate in (4), we obtain:

9b = ZKQ(I{Z‘)UJ'. (8)

Cardioid 3: S; = 1, S3_; = 1, vj 75 0, UV3—j = 0, /%1 = /*.4,2.

In this scenario, both segments maintain flexibility while
undergoing simultaneous deformation, resulting in equal cur-
vature rates. The generalized coordinates and their deriva-
tives follow the same principles established in the previous
cases, with the key distinction being the synchronized bend-
ing of both segments. The frame position and orientation
can be determined using the previously derived equations,
accounting for the combined effect of dual segment flexibility.

3.1.3 Unified Model

Assembling equations (4)-(8), we can express the kine-
matics of all soft states through the following unified Jacobian
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3.2 Multi-Modal Motion and Shape Control
matrix: approach optimizes system performance by maintaining seg-
. ment rigidity by default and initiating transitions only when
q=J(q,;s)u necessary for shape control.
J(q,s) = [Jers]Ta u:[ur;usr
22 il Tin(k2,05)  Jan(s1,04) 4 Voronoi-assisted Motion and Mor-
2 51
K, (Fag) LK (1%1) .
J.=|s n n hology Plannin
2 51 “Kn(k1)  Kn(k1) (9) p gy g
o L Eam) Ki(k)
So 8o nif2 min2 The M&M Controller provides the low-level capability to
. execute specific configurations and motions by managing the
(m,n) = (3,3) if 51/ 82, robot’s hybrid kinematics. However, to operate autonomously
(1,2) otherwise. in complex environments, the robot requires a high-level plan-

This kinematic model features nonholonomic constraints
and coupling between the robot’s pose and shape, partic-
ularly in the flexible states. A detailed analysis was per-
formed to characterize the reachable configuration manifolds
for each flexible mode. The analysis demonstrates that the
fully flexible mode offers superior controllability, enabling de-
coupled rotation and translation and providing a connected,
hole-free workspace. In contrast, the semi-flexible modes ex-
hibit strong coupling between rotation and translation, which
makes pure in-place rotation impossible and results in a reach-
able workspace with a significant excluded region near the
origin (for more details, see Section S4, Supporting Informa-
tion). These inherent kinematic constraints highlight the dis-
tinct capabilities and limitations of each operational mode,
underscoring the need for a control strategy that can priori-
tize the appropriate mode for a given task.

3.2 Multi-Modal Motion and Shape Control

Having established the robot’s operational modes through
hybrid kinematics, we implement a comprehensive control
strategy comprising four distinct model predictive controllers
(MPC) corresponding to each possible stiffness configuration
s € S, where S = {[0,0],[1,0],[0,1],[1,1]}. Each controller
follows the same framework while incorporating mode-specific
kinematics. For a prediction horizon N, the MPC optimiza-
tion problem is formulated as:

N N
minimize E q;Qax + E u/Ruy,
k=0 k=0

subject to  Qr = Qr — Qref
dk+1 = qx + J(qk, sk)ug
|wz| < Waz, @ = 1.4,

where qy, is the robot’s state vector, q,.y is the robot’s ref-
erence state, uy is the control velocity vector, Q and R are
positive definite weighting matrices, sy is the stiffness con-
figuration, J(qg,sk) is the Jacobian defined in (9), and w;
represents individual wheel velocities bounded by wqz-

To seamlessly integrate continuous motion control with
discrete stiffness transitions, we implement a hierarchical Mo-

tion & Morphology (M&M) Controller. This supervisory frame-

work operates through two key mechanisms: (1) stiffness state

management, which triggers transitions when shape error crosses

a threshold Ak, and (2) motion coordination, which ac-
tivates the appropriate mode-specific MPC controller. This

ner that can reason about its goals and the surrounding space.
The integration of shape adaptation significantly expands the
configuration space to include five generalized coordinates,
two stiffness states, and four possible motion modes. This
expansion introduces the challenge of planning not only mo-
tion trajectories but also coordinated shape deformations and
stiffness transitions, resulting in a high-dimensional planning
problem that must be solved to navigate cluttered environ-
ments and interact with objects.

The ultimate planning goal is to enable the robot to tra-
verse through cluttered environments and perform complex
interaction tasks, such as:

e Full-Body Grasping: Unlike traditional mobile robots
that rely on specialized end-effectors, the 2SR robot can
use its entire deformable body to envelop and secure
objects. This approach is particularly effective for ir-
regularly shaped items. A secure grasp is achieved by
executing a sequence of robot configurations that effec-
tively envelop the object. Experimental validation was
conducted on various objects with a detailed analysis of
each grasping phase (for more information, see Section
S5, Supporting Information).

e Mobile Manipulation: Once an object is securely
grasped, the robot can solidify in its new shape and
perform mobile manipulation which includes pushing
the object along the path (for more information, see
Section S6, Supporting Information).

To address the complexity of motion planning, we adopted
a systematic decomposition approach that breaks down the
problem into manageable components:

1. Environment Analysis: Voronoi diagrams are em-
ployed to identify potentially traversable narrow pas-
sages.

2. Critical Point Path Planning: Using the Voronoi
structure, we determine feasible trajectories for three
key points on the robot (front, middle, and rear) that
define its fundamental shape during navigation.

3. Configuration Fitting: The method maps robot con-
figurations to the identified point sequences, ensuring
planned shapes respect the robot’s kinematic constraints.

4. Traverse Configuration Selection: Finally, we iden-
tify a minimal configuration set that fully defines the
traversal sequence while minimizing potential stiffness
transitions.



WILEY-VCH

4.0.1 Voronoi Analysis

The first step involves analyzing the environment to iden-

tify potentially traversable narrow passages. We employ Voronoi

diagrams, a fundamental geometric structure that partitions
space based on proximity to obstacle boundaries. For our ap-
plication, we define the Voronoi diagram V(O) for a set of
obstacles O.

Each obstacle in the workspace is defined as a polygon
with a set of vertices O; = {pi1,Pi,2, .., Pi,n; }, Where p; ; €
R? denotes the j-th vertex of the i-th obstacle, and n; is the
number of vertices in obstacle i. The complete workspace
obstacle set is denoted as O = {01, Oy, ...,O0,, }, where m is
the total number of obstacles.

For an obstacle O; € O, its Voronoi cell V(0O;) is the set
of all points in the workspace that are closer to O; than to
any other obstacle:

V(i) = {v eR? [d(v,0;) <d(v,0;),¥j #i},  (11)
where d(v, O;) denotes the minimum Euclidean distance be-
tween point v and obstacle O;. A Voronoi diagram V(O) is
the union of all cells (V(0;)) o, co-

The Voronoi diagram is used to build a weighted graph
G = (V,E) where edges E connect adjacent vertices in V.
Each vertex v € V has a clearance ¢(v) = minp,co d(v, O;
and an edge e € E with endpoints (vq, ve) has length l(e) =
[|[ve — vi]]2 and clearance c(e) = min(c(vy), ¢(vsa)).

To ensure practical traversability, multiple checks are
performed along each edge by sampling a passage Se with
k points: p; = vy + %(VQ —vy), i€ {0,1,...k—1} and
verifying clearance at each point p;. We want to make sure
that locomotion units can go through a passage. Therefore, a
minimum clearance threshold is calculated as 7 = a+4¢, where
a is the length of the LU side and ¢ is the safety margin.

Lemma 1 A passage Se between vertices vy and vy is traversable

ifVp; € Se: PiNO =@, minges c(p;) > 7, and there exists
at least one continuous connection between Se and another
traversable passage.

Based on the set of traversable passages identified accord-
ing to Lemma 1, we construct a subgraph G = (]},E) cg
where B = {e € E | S, is traversable} contains only edges
corresponding to traversable passages and V consists of their
associated vertices. This reduced graph G forms the basis for
subsequent motion planning and analysis.

4.0.2 Control Points Path Planning

Given the complex geometry of a flexible 2SR robot, we
can simplify the path planning problem by focusing on three
key characteristic points along the robot’s length, see Fig. 3:
the front point & serving as the leading point during passage
traversal (head or tail LU), the middle point &, acting as
the central reference point of the robot, and the rear point
&, functioning as the trailing point during traversal. These
points are positioned along the robot’s centerline (in a de-
fault configuration) such that ||, — .|| = [[§, — &, = L
where L is the robot’s length. This minimal set of points is
sufficient to verify feasibility of the robot’s placement within

« obtacle boﬁndary
0.6 ‘ y
traversable passage | N

.04 . | : \- ; . - end /\ -

omgging |
02 side N

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

Figure 3: Voronoi diagram of the highly cluttered environ-
ment with detected obstacles. The location of critical points
on the robot is highlighted in red.

narrow passages and serve as control points for subsequent
configuration reconstruction.

The selection of the front point depends on the environ-
ment. In most cases, either locomotion unit can be designated
as the front. However, when the manipulandum is asymmetri-
cally obstructed, the choice depends on the accessibility rela-
tive to the body frame in the target (grasp) configuration that
is determined as: q' = [x],0,0]T. The head locomotion unit
is designated as front when the region corresponding to the
negative x-axis of the body frame offers greater accessibility,
while the tail LU is selected when the positive x-axis region
is more accessible. This selection ensures that the robot’s
“hugging” front side will be properly oriented towards the
manipulandum in the grasp configuration.

For a given target configuration q’, we first identify the
global coordinates of the target control points:

E = {&(d).&n(d).&.(a)}. (12)

Each control point must be mapped to its nearest edge
in the traversable graph G. Let d(£,e) denote the distance
from point £ to edge e. Then, the set of nearest edges for all
target control points is defined as:

E' = {e; | e; = argmind(&;, e),&, € E'}.
eck

(13)

The robot’s entry to the passage network is determined
by finding the open-ended vertex closest to its initial position:

vo = argmin ||v — qo|, (14)
v !

open

! en, © V' 1s the set of vertices with one incident edge.

Let V(E') denote the set of vertices incident to edges in

E’. For each vertex v € V(E'), we define Py as the set of

all possible paths from vy to v, where each path P € Py is

a sequence of edges in E. The optimal paths to all target
vertices are determined using Dijkstra’s algorithm:

where V’ o

P* ={P; | P} = argmin Z l(e),v; € V(E/)}'

PEPy,; ecP

(15)
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For each edge e € E’ we include only one endpoint (v,
or vz) to V(E’) based on which vertex yields the shorter path
from vg. After determining the optimal path P}, we compute
the projection point &, on the corresponding edge e; that is
closest to the control point &;:

§, =argmin|[p — &2, §; € 2 e; € E.
PESe;

(16)

The final path is then augmented by adding an edge connect-
ing vertex v to the projection point &;,.

4.0.3 Path Coordination under Physical Constraints

While individual paths for control points provide gen-
eral guidance through passages, maintaining the physical con-
straints of the robot’s structure is crucial. The robot consists
of three critical points connected by VS segments of fixed
length. Throughout the motion, these distances must remain
constant to prevent unrealistic stretching or compression of
the segments.

We use the rear point’s path P as the primary reference,
as it represents the ”pushing” end of the robot through the
passage sequence. The front and middle points’ paths are then
adjusted to satisfy physical constraints. Let S, = (Se) ccPr be
a sequence of equally spaced sample points along the edges in
P;r. For each point £,(k) € S,, we determine the correspond-
ing locations of the middle and front points &,, (k) and & (k)
subject to the following constraints:

{dé(gm,w)) =1,

AG(E,, (k). €1 (1)) = G, (k). &, (k) = an

)

|~

where dg (+,+) denotes the geodesic distance along edges in G.
The adjustment of front and middle points’ paths is dy-
namically governed by the rear point’s progression through
the passages. At branching points where multiple edges are
available, we first prioritize edges present in the guidance
paths Py, and P;. When points are pushed beyond their
guidance paths, the next edge connected to their last visited
edge is selected. In cases where multiple options exist, we
select edges incident to vertices with higher degree in G.

4.0.4 Paths Smoothing and Optimization

The final step in determining paths for the robot control
points is refinement. Path planning through Voronoi anal-
ysis, while ensuring feasibility, often results in trajectories
containing unnecessary fluctuations and sharp turns. These
artifacts, inherent to Voronoi diagrams, can lead to jerky mo-
tions and excessive shape deformations of a 2SR robot. A
smoothing step is therefore crucial to refine the raw paths
while preserving their essential navigational properties and
maintaining clearance constraints.

The smoothing process begins with geometric analysis
of the path structure, treating it as a collection of straight
sections. Each j-th section in S;, i € S, S = {r,m, f} is
characterized by its direction vector a'z ; and length [; ;. The
smoothing strategy employs a two-phase approach.

The first phase focuses on section merging, targeting
nearly parallel adjacent path sections. For two consecutive
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Figure 4: Optimized paths for 2SR robot’s control points
(CP). Top: Comparison of paths before and after smooth-
ing optimization. Bottom: Evolution of the robot’s motion
through the workspace, showing the Voronoi diagram and the
coordinated movement of the three control points.

sections, we compute their directional similarity:
d;j-di

[Idi 5| - [1di 1]l

When f; j < Bmaz, these sections are merged through cubic

spline interpolation, effectively eliminating small oscillations

while maintaining the path’s overall structure.

The second phase addresses zigzag patterns that typically
emerge when the path navigates between multiple obstacles.
For any three consecutive sections, we analyze the total di-
rection change:

cos f3; ; = (18)

Aﬁi,j = |5zg - ﬁi,j+1|o

If ABij < ABmaz, We replace the zigzag pattern with a sin-
gle straight section while preserving endpoint positions and
ensuring clearance constraints are maintained.

Finally, we perform uniform resampling to generate equally
spaced points along the smoothed paths S, S;,, and S}k, en-
suring they contain the same number of points. Implementa-
tion of this path optimization is illustrated in Fig. 4.

(19)

4.0.5 Fitting Configurations

After obtaining smoothed paths for the critical points, we
need to determine the complete robot configurations that sat-
isfy these paths while maintaining the kinematic constraints
of a 2SR robot.

For each n-th point along the path, we seek to find the
optimal robot configuration q, that best matches the desired
positions of control points while ensuring smooth transitions
between consecutive states.

The optimization problem is formulated as:

S wll€san) — 8 ()l + AT Weiy +
€S

+ )‘9|9b,n - 7n| + )‘n(|"€1,n
subject to  4n = dgn — An—1

™
—. ] 1,2
2la]€{a}a

minimize
qn ERS

+ [K2,n]) (20)

Kjn] <



WILEY-VCH

where S = {f,m,r} is the set of critical points and &,(q,)
represents the mapping from configuration space to the global
position of the i-th control point.

The objective function balances multiple requirements
through its components. The first term ensures accurate po-
sitioning of critical points, with weights w; prioritizing the
middle point’s placement. The smoothness term penalizes
large changes between consecutive configurations through a
weighted quadratic form with W being a positive definite
weighting matrix. The third term aligns the robot’s orien-
tation with the desired direction =,,, computed as the tangent
at S’ (n) pointing towards the tail LU. The final term mini-
mizes absolute curvatures to reduce unnecessary bending

This constrained optimization problem can be solved se-
quentially along the path using Sequential Least Squares Pro-
gramming (SLSQP), with each solution serving as the initial
guess for the next point.

4.0.6 Discretizing Crucial Configurations

After obtaining a configurations path, we must address a
fundamental limitation. A physical 2SR robot cannot execute
continuous shape changes with arbitrary precision in a flexible
state, especially when target configurations are significantly
distant from each other. Substantial planar displacements
require omnidirectional motion of the robot in a rigid state.

Instead of attempting to find a continuous motion with
shape deformation trajectory, we identify a discrete set of
key configurations that capture the essential characteristics
of the planned motion. This set can then be sequentially
supplied to the M&M controller for robot execution. This
discretization process is critical for practical implementation
while maintaining the path’s navigational intent.

The selection of key configurations follows a mathemati-
cal framework based on three criteria. First, we perform cur-
vature extrema analysis. Let x;(n) be a curvature function
for the j-th VS segment along the robot configuration path
with a path length parameter n. We identify local extrema

where:

. 2.
dr; Kj

dn dn?

Specifically, we detect peaks and valleys where |s;| > 7.
Second, we perform flat region detection by identifying
regions of approximately constant curvature where:

1 &
~ 2

n=mni

=0 and

>0, j€1,2

(21)

dr;

in <e. (22)

These regions represent constant shape configurations that
the robot should maintain during motion. Third, we in-
clude configurations at spatial extrema: argmin, p(n) and
arg max,, p(n), where p = [z3,45]T is a robot position vector.
After the initial set of crucial configurations Q is found,
it is refined through a proximity filter to prevent redundancy:
Q" ={a; € Q:|pi — Pi+1ll2 > dwmin, Pi € i, (23)
where dpi, is a minimum distance threshold in the config-
uration space, ensuring that consecutive configurations are
sufficiently distinct to warrant separate execution.
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Figure 5: Evolution of the robot’s crucial configurations
through the workspace. Configurations are reconstructed
from the robot control points.

The resulting discrete sequence of robot configurations
Q* = {ai1,92,...,qx} provides a set of waypoints that cap-
tures essential shape changes along the passage traversal path
while minimizing unnecessary deformations, see Fig. 5. We
denote this comprehensive framework for integrated motion
and morphological planning as VMMP (Voronoi-assisted Mo-
tion and Morphology Planning).

5 Results

To validate the proposed design and control methodol-
ogy, we fabricated and tested a 2SR robot prototype. The
experimental platform consisted of a 2.78 x 1.4 x 1.4m metal
frame workspace equipped with six OptiTrack cameras for
high-precision motion capture and a ceiling-mounted RGB
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Figure 6: Configuration sequences constructed by the
Voronoi-assisted Motion and Morphology Planner (VMMP)
for four different environment scenarios.
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Figure 7: Top: Time-lapse sequence showing the 2SR robot navigating through a cluttered environment using the VMMP
motion and morphology planning method in four different scenarios. Bottom: System response data during experiments,
including: robot configuration evolution, VSS temperature feedback, velocity and stiffness control inputs and clearance
measurements over time for trial "Heart 3”7 as well as clearance variations across all experiment trials.

camera for visual monitoring. To ensure stable and repeatable
locomotion, the arena’s floor was covered with a non-slip sili-
cone mat, which guarantees reliable traction. A heart-shaped
object with three low-friction support wheels was used as a
manipulandum. The conducted experiment, consisting of four
trials, assessed the robot’s ability to execute a complete op-
erational sequence, which comprised three consecutive tasks:

(A) Traversing through the obstacles
(B) Full-body grasping

(C) Transporting the grasped object along the path.

5.1 Traversing through the obstacles

Fig. 6 illustrates the robot configuration sequences gen-
erated by the VMMP method across four distinct scenar-
ios. The process begins with converting the workspace into a
Voronoi diagram, which enables the identification of traversable
passages (highlighted in blue). For each scenario, VMMP
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generates optimal paths Q* comprising four to five key con-
figurations, starting from the robot’s default shape. As the
robot encounters constricted areas, the method determines
the minimum deformation needed for the robot to fit through
the narrow spaces while maintaining adequate clearance. The
resulting configuration sequences demonstrate smooth mor-
phological transitions while ensuring collision-free navigation
through the constrained environment.

Fig. 7 illustrates the robot’s navigation through obsta-
cles, demonstrating its dynamic stiffness switching, motion
mode changes, and adaptive deformation. The execution pro-
cess involves interpolating between key configurations in the
VMMP-generated optimal path Q* to ensure smooth motion,
with each waypoint processed by the Motion and Morphology
Controller. The quantitative plots in Fig. 7 show robot state
responses and velocity control inputs for trial ”Heart 3”.

In this scenario, the second segment underwent the most
significant deformation, requiring ten phase transitions (five
rigid-to-soft and five soft-to-rigid), while the first segment
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switched stiffness only twice with a single deformation. Trial
"Heart 4” presented the simplest case, requiring only one de-
formation in each segment. Other trials required 3-4 deforma-
tions (6-8 phase transitions) per segment. Completion times
varied significantly: trial ”Heart 3” took the longest at nearly
11 minutes, while trial "Heart 4” was the fastest at 2.5 min-
utes. Trials "Heart 1”7 and ”Heart 2” completed in 9.45 and
8.87 minutes respectively.

When the robot navigates and deforms in the confined
space between obstacles and the manipulandum, its locomo-
tion units frequently approach the edges of obstacle buffer
zones. This behavior is evident in the clearance plot in Fig. 7,
where values fluctuate considerably, often coming close to zero
during deformation phases near obstacles. The 2SR robot
generally managed these challenging zones effectively, with
only a few buffer zone violations like during trial "Heart 2”
(red frame in the execution sequence in Fig. 7). Importantly,
even in this instance, no physical collisions occurred, and nei-
ther the obstacles nor the manipulandum were disturbed de-
spite the safety boundary violation.

The box plot in Fig. 7 provides a summary of clearance
measurements across all trials, reflecting the environmental
complexity of each scenario. Trial "Heart 1,” featuring the
most congested workspace, exhibited the lowest average clear-
ance, while trial "Heart 4,” with its simpler configuration,
maintained the highest clearance values.

5.2 Full-body grasping

The grasping process begins with the robot at the VMMP
target, which defines the approach configuration for the full-
body grasping method. Figure 8 illustrates this process with
a time-lapse sequence of the 2SR robot executing the final two
steps: deformation into a pre-grasp configuration, followed by
final positioning for contact. The quantitative plots for the
”Heart 3” trial provide detailed insights into the robot’s states
and control inputs throughout this sequence.

First, the robot initiates a 13.5-second transition to a
flexible state in its second segment. Once flexible, the robot
uses "flexible” control velocities to adjust its segment cur-
vature, conforming to the target shape required for grasping.
After achieving the desired shape, the robot undergoes a 47.7-
second transition back to a rigid state. This rigidity allows
for final adjustments to its overall pose to make contact with
the object. During these rigid-flexible phase transitions, the
robot remains stationary — resulting in constant state values
and zero control inputs — while the temperature of the sec-
ond variable stiffness segment (VSS2) increases or decreases.
Notably, in the rigid phase, minor fluctuations in the bridge
curvatures are observed, which are attributed to the inherent,
residual flexibility of the robot’s mechanical structure.

5.3 Object Transportation

Fig. 9 illustrates the performance of a robotic trans-
portation task. Part (a) shows time-lapsed sequences of the
robot moving an object along a pre-defined reference path
generated with a Bézier curve. Part (b) presents the sys-
tem’s velocity response during the ”Heart 2” trial, plotting
the heading (tangential) and lateral (normal) velocities. The
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Figure 8: Top: Time-lapsed sequences of the 2SR robot exe-
cuting a three-phase grasping method on a heart-shaped ob-
ject during the fixed-morphology experiment. Bottom: Sys-
tem responses during trial "Heart 3”7 showing robot states
(pose, curvatures and temperature feedback) and control in-
puts (target velocities and stiffness transition commands)
throughout the grasping process.

manipulandum maintains a smooth heading velocity of 6<*.
The robot’s heading velocity closely tracks this target, ex-
hibiting corrective oscillations around the reference profile.
The lateral velocity profiles demonstrate a symmetrical pat-
tern with a minor offset between the robot and the object.

Fig. 9(c) compares the spatial trajectories of the robot
and the object against the reference path. The plot shows
that the object adheres closely to the intended trajectory,
confirming the success of the transportation task. Fig. 9(d)
plots the orientation of both the robot and the object over
time. Their orientations remain closely aligned throughout
the task, which indicates that the robot maintains a stable
grasp during transport.

The quality of the grasp has a significant influence on
subsequent manipulation performance. In some instances,
robot locomotion units may inadvertently disturb the ob-
ject during grasping, causing misalignment with the reference
path and inducing oscillatory motion. These issues often stem
from imperfect orientation or position overshooting at the
grasp configuration. The effect of these initial disturbances
is evident in Figure 9(e), which compares path tracking er-
rors across different trials. The second trial exhibits the most
significant oscillations at the start of the path, likely due to
such a disturbance. Nevertheless, the data confirms that in all
cases, the robot effectively stabilizes, damping the oscillations
and converging onto the intended trajectory.
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6 Conclusion

This paper introduced a comprehensive framework for
autonomous mobile manipulation in cluttered environments,
centered on a novel shape-shifting, variable-stiffness robot.
Our approach integrates an improved 2SR robot design fea-
turing a modular, LMPA-based variable-stiffness bridge—which
achieves a 2.5-fold increase in state transition speed and en-
hanced robustness—with a hierarchical Motion and Morphol-
ogy (M&M) control architecture. This controller leverages a
hybrid kinematic model to seamlessly manage discrete stiff-
ness transitions and continuous, mode-specific motion control,
enabling the execution of complex configuration sequences.
These sequences are generated by our high-level planner, the
Voronoi-assisted Motion and Morphology Planner (VMMP),
which effectively addresses the high-dimensional planning prob-
lem by decomposing it into environment analysis, multi-point
pathfinding, and kinematically constrained configuration re-
construction.

Experimental validation demonstrated the system’s effi-
cacy in executing a complete operational sequence: autonomous
navigation through densely packed obstacles, full-body grasp-
ing of an irregularly shaped object, and subsequent object
transportation. The results confirm that the integration of
our hardware design, control strategy, and planning algo-
rithm enables the robot to dynamically adapt its morphology
and stiffness to successfully navigate and interact within chal-
lenging, constrained spaces. By unifying efficient locomotion,
adaptive morphology, and autonomous planning within a sin-
gle untethered platform, this work presents a significant step
towards a new paradigm for mobile manipulation. It demon-
strates the viability of hybrid soft-rigid systems as a practical
solution to the long-standing trade-off between the adaptabil-
ity of soft robots and the performance of conventional rigid
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systems.

In future work, we aim to explore several promising di-
rections. First, reinforcement learning approaches will be in-
vestigated to better capture the complex non-linear behavior
of the robot that is not fully represented in analytical models.
Second, the robot’s unique combination of conforming ability
and mobility will be leveraged for active environment explo-
ration applications. Finally, we plan to extend the system to
multi-agent scenarios, studying how multiple 2SR robots can
cooperatively accomplish more complex tasks. These devel-
opments will further expand the potential applications of this
versatile robotic platform in challenging real-world environ-
ments.
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