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Abstract—Modularity in robots enhances versatility, enabling
shape morphing and reconfiguration. In modular soft robots, the
use of soft materials allows dimensional transformations across
different architectures - from chains (1D) to lattices (2D) and
spheres (3D). All this enables a swarm of robots to exhibit multi-
modal locomotion - such as millipede-like, starfish-like, and
soccer-ball-like movement patterns. However, achieving such
reconfiguration remains challenging, especially in soft robots,
where docking is difficult to realize without compromising com-
pliance. Conventional approaches - such as rigid inserts, mag-
netic actuators, and adhesives - face challenges due to rigid—soft
fabrication mismatch, interference with body compliance and
limited holding strength. To address these challenges, this work
proposes a geometric, active shape-morphing docking mecha-
nism for spherically reconfigurable soft robots, that combines
concepts of topology design and mechanical metamaterials. The
robot module edges are designed to create geometric interlocks
between adjacent edges (similar to jigsaw puzzle pieces) with
an internal structure that deforms under actuation by inlaid
shape memory alloy (SMA) wires. The metamaterial internal
structure is obtained through inverse design optimization of a
computational deformation model created in Abaqus CAE. The
constraint-aware optimization strategy blends random search
and genetic algorithm features to handle a large number of
bounded variables and nonlinear objective function, driving
convergence toward a global minimum via geometric decay of
the search space. The resulting optimal geometry is designed
to buckle under high localized forces, enabling docking and
undocking, while remaining minimally deformed under dis-
tributed forces, thereby passively maintaining coupling during
operation. The docking mechanism is experimentally validated
by confirming that the deformation achieved under actuation
can facilitate the docking operation and through locomotive
testing where two docked modules completed 120 locomotive
actuation cycles without disconnecting.

Index Terms—soft robots, inverse design, reconfigurable
robots, docking mechanism, metamaterial, modular robots

I. INTRODUCTION

Navigation of unstructured terrain remains one of the
central challenges in field robotics. From search and rescue
operations and agricultural monitoring to extraterrestrial plan-
etary exploration, bringing robots out of the lab and into the
field requires robust autonomous systems capable of address-
ing complex locomotion challenges. Modular, reconfigurable
robots address this by forming complex configurations that
enhance environmental interaction and even enable obstacle
avoidance. Modular Soft Robots (MSoRos), in turn, have
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proven to further enhance the versatility and scalability that
modular robots aim to achieve. High compliance allows them
to deform and conform to the environment, enabling multi-
dimensional reconfiguration into millipede-like chain (1D),
starfish-like lattice (2D) and soccer-ball-like sphere (3D) [1].
Here, a swarm of MSoRos can work collectively to alter loco-
motion modes, e.g., reconfigure into a chain to bypass large
obstacles, a sphere to exhibit energy-efficient, fast rolling,
or separate into lattice to explore the environment. A robust
coupling method is central to realizing the full potential of
modular robots. These docking systems require high holding
forces to maintain coupling during operation while being
compliant enough to allow the modules to reach their entire
configuration space and account for misalignment between
modules during the coupling process. Docking in spherically
reconfigurable robots is particularly challenging because the
docking interface must operate reliably in two distinct geo-
metric states: a flat configuration and a deformed spherical
configuration. This implies that the coupling method itself
should be flexible [2].

Traditional modular robots employ mechanical connection
mechanisms - including pin-and-hole systems [3]-[8], hooks
and clamps [9]-[15], and shape-matching interfaces [16],
[17] - or magnetic connections using permanent magnets
[18]-[23] or electromagnets [24]-[26]. Some soft modular
robots also utilize these traditional coupling methods. For
example, Zhang et al. embedded permanent magnets within
rigid connecting parts on the ends of soft actuators [27].
Robot modules are released by inflating a pneumatic bladder
to physically separate them. Others [28], [29] use similar
permanent magnet docking methods in their soft robots.
Although these robots have been successful in their respective
applications, their reliance on pneumatics for both locomo-
tion and decoupling results in limited potential for untethered
deployment outside of lab environments. Additionally, the
introduction of rigid magnets to the soft robots interferes
with their compliance. Mechanical coupling strategies for soft
robots have also been researched. Perhaps the most unique
docking mechanism in the literature comes from Malley et
al. [30]. Their approach uses a corkscrew mechanism which
allows robot modules to dock with each other at any point
on the body rather than at discrete points, allowing them
to build complex structures. Another work used permanent
mechanical connectors for modular worm-like soft robots
connected in series [31].

Outside of these traditional coupling methods, researchers
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have explored additional strategies that take advantage of
light weight and versatility of soft materials to avoid the
continuum disruptions caused by traditional docking mecha-
nisms. Materials that exhibit viscoelastic behavior at room
temperature and transition to thermoplastics when heated
have been used to make reversible adhesive connections
between robot modules [32], [33]. This approach results in
high relative holding forces at the cost of long docking cycles.
Yang et al. developed a thermoplastic foam to this end which
can withstand forces up to 6.84 N/cm? contact area, but re-
quires 2 minutes to heat into a thermoplastic state and another
9 minutes to cure during module attachment. Germann et al.
[34] proposed a docking strategy for lightweight pneumatic
robots using electrostatic adhesion. This method is limited
to ultra lightweight robots, due to the low nominal holding
forces.

Contributions: This work proposes a soft mechanical
docking mechanism for spherically reconfigurable soft robots
where the module edges interlock like jigsaw puzzle pieces.
The topology design methodology includes (1) generation
of a novel module edge topology with geometric interlocks
between adjacent modules, using an analytical approach
involving inverse orthographic and azimuthal projections, that
assist with docking in planar and spherical configuration; (2)
inverse-design optimization of a cell-based mechanical meta-
material array using a high-fidelity quasi-static computational
model for the deformation of the mechanism under loading
conditions and optimization of the array cell dimensions
by a custom constraint-aware random search algorithm. The
resulting optimal geometry buckles under high localized
forces, allowing for docking and undocking operations to be
performed, but is only subjected to minimal deformation by
distributed forces, allowing it to passively maintain coupling
during operation. The overall design flow can be seen in
Fig. 1. The computational model is experimentally validated
by the displacements of key points and the efficacy of the
docking mechanism is validated by deformation testing and
locomotive experiments with docked modules.

Fig. 1: Design flow for geometric docking: Module topology
is defined such that module edges allow interlocking, similar
to how jigsaw puzzle pieces fit together. A periodic metama-
terial array is inlaid in the “male” portions of the interlocks
to accommodate deformation under loading. The cell dimen-
sions of the metamaterial array are optimized to minimize
the distance between the true and desired deformations.

II. TOPOLOGY DESIGN

The topology design concept for the docking mechanism
centers around generating module edges that interlock like
pieces in a jigsaw puzzle, so that once connected, large
deformation is required to decouple. These geometric inter-
locks provide a unique embodied solution to the docking
problem. This section provides a brief review of a previously
established polyhedra-based method for generating spheri-
cally reconfigurable MSoRo topology and then defines a
new family of module topology curves (MT curves) with
geometric interlocking.

A. Brief Overview of Topology Design

Topology of soft robot modules capable of achieving a
spherical configuration are generated using an established
framework. The method, outlined in Fig. 2, uses a base
platonic or Archimedean solid to determine the number of
robot modules in the set and the number of limbs on each
robot. An MT curve is an odd function that determines the
overall limb and module topology. This curve is sketched
in a plane containing the target edge, oriented orthogonal
to the vector between the base solid center and the target
edge center. A series of projections are then used to generate
robot topology in spherical and planar configurations. For
more information on module topology generation, the reader
may refer to [1], [35].

B. Self-Locking Module Topology

The MT curves are constrained to be odd functions to
ensure that they coincide at the vertices of the base polyhe-
dron. Previous works have considered continuous sinusoidal
MT curve function family; however, the creation of geo-
metric locks in the topology requires that the topology curve
“doubles back” on itself and hence must be either a piecewise
or parametric function. The selected parametric MT curve,
referred to as the “Jigsaw MT curve”, begins and ends with
a quarter sine wave of frequency 2a where a being edge
length of the base polyhedron, and the central portion is a
rotation of the parametrically defined interlocking geometry.

_%Sin(MTz) —3% <x<—3§“
f(x) = Fa(z, A a,Con,0) =32 <z <32 (1)
—%sin(‘lzx) %“ <r<$g

where Fy is the parametric docking function and A € [0, 1] is
the relative amplitude of the sine wave. C', 6, n are the height,
inclination angle and number of the geometric interlocks
respectively, as visualized in Fig. 3. Fy is developed in a
separate plane which uses coordinates (z,, y, ). The relation-
ship between the (z,y) and (.., y,) coordinate systems is a
planar rotation about the edge center by angle ¢

et | A G

cos(¢) | [yr
4. 2). The domain of the docking function
is z, € [-4,L] and | = a\/(A—C)?+ 2. The domain

where ¢ = atan2(
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Fig. 2: (left) Summary of the topology design method involving orthographic projection onto a sphere and azimuthal
equidistant projection onto a plane. (right) Visualization of the projection planes relative to the base solid and circumscribing

sphere [1]

Fig. 3: (left) The generated module topology curve - an odd-
function with geometric interlocks. Critical points from Tab. I
are marked in red and topology parameters A,C,6,n are
labeled. (right top) spherical and (right bottom) planar robot
module topology

is then segmented into 2n + 1 portions where mirror-image
“half-locks”, which can be seen at the bottom of Fig. 3 are
alternated such that ps ;1 = p1 ;. Each half-lock is defined
by critical points and the remaining points linearly interpo-
lated. The z,. coordinates of each half lock are identical and
are a function of lock parameters: length I3 = angle
6, and height C.

_l
2n+1°

it = L +1(i—1), 2=zl + ks + C cot(6),

. . . I
23t =22 — Ccot(), ar'= ~3 + 1yt

The y, value corresponding to each x, value will be +C.
As mirror images, y®* = —y*?*1 This guarantees that the
endpoints of each half lock will coincide with each other.
The full set of y, coordinates corresponding to each z, for
odd and even ¢ are provided in Tab. I. The full MT curve is

shown in Fig. 3 along with renderings of the module spherical
and planar topologies.

TABLE I: y, values for each z, in the even and odd half
locks.

x-Coordinate  Odd Even x-Coordinate Odd Even
zl +C =C z2 +C -C
@ -C  +C zk -C  +C

III. DOCKING MECHANISM DESIGN

To accommodate the docking and undocking process, a
reversible mechanism that collapses under actuation and
recovers upon release is designed. This is achieved by
incorporating an auxetic metamaterial pattern within the
male locking geometry of the topology. A 3 x 5 array of
cells with each row and column having unique heights and
widths creates 15 unique cellular structures, defined by only
8 variables. Actuation is performed using shape memory
alloy (SMA) coils routed through the structure. This section
discusses the forward design of the internal structure and
inverse design using a simulation framework in Abaqus CAE.

A. Forward Design of the Buckling Structure

A re-entrant honeycomb cell is selected as the base struc-
ture for the shape morphing mechanism as it is known to
exhibit both auxetic and syncalastic behavior [36]. Synclas-
ticity is of particular importance here for achieving spherical
reconfiguration of the module set. The 3 x 5 array of cells
with equal heights and widths are shown in Fig. 4. The
pattern is placed within a rectangle that ensures enough shell
thickness to store sufficient energy to return the geometry
to the undeformed state when released. Additional design
constraints require that the beams of the shell elements be
at least 0.85mm thick due to manufacturing limitations,
and corresponding minimum height and width dimensions
of 3.5 mm ensure that there are no conflicts generating the
pattern.

B. Simulation Setup

A high-fidelity numerical model is developed to simulate
the deformation of the docking mechanism. The docking
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Fig. 4: The actuator assembly simulation with loads and
boundary conditions. Red arrows indicate loads, applied to
rigid shells tied to the soft body

geometry is isolated, with the remainder of the limb being
represented as a fixed rigid surface. Additionally, the use of
a planar auxetic structure allows the model to be reduced
to 2D which greatly reduces simulation times. Analysis is
performed in a Dynamic Explicit step with a slow loading
rate in order to maintain the quasi-static condition. Mass
scaling was used to ensure the solver operated at a desired
time increment, and adaptive re-meshing ensured the simu-
lation would not fail at large deformations. The assembled
actuator with boundary conditions and applied loads is shown
in Fig. 4.

Interactions: The simulation includes seven bodies: the
rigid surface mentioned above, four additional rigid surfaces
where loads are applied, an outer shell capturing the topology
and a metamaterial lattice. The outer shell and lattice are both
modeled as deformable shells. The decision to separate the
outer shell from the lattice was made based on ease of use
in the Abaqus-Python Interface (API) and to ensure a well-
structured mesh. Tie constraints are applied at all edges where
the bodies intersect making the model numerically equivalent
to having all bodies in the same part. A general contact
interaction is applied to the entire body with hard contact
in the normal direction, to prevent bodies from overlapping,
and high friction (¢ = 1.0) in the tangential direction.

Material and Section Assignments: Each of the two shell
bodies are applied a homogeneous material section of Drag-
onskin 10A Medium Cure by Smooth On™ which uses
a first order Neo-Hookean hyperelastic model. Hyperelastic
parameters were obtained from the Soft Robotics Material
Database [37] and density from product data sheet. Relevant
material data is given in Table II.

Loading and Boundary Conditions: The forces applied by
the SMA wires are simulated as point loads on the small
rigid wires tied to the outer shell part. The force magnitude
was determined from experimental analysis of the SMA
coils used in the actuator. The manufacturer recommends
pre-straining the wires by 150% to maximize force output
and prevent plastic deformation of the wire. Experiments
were carried out to characterize the force production at
varying current levels. The results indicated an approximately

linear relationship between current and force generation, i.e,
F = 0.18 x (current) x (SMA free length). Undeformed
wire lengths were determined by measuring the width of the
mechanism at the actuation height on the CAD model, and
the current divider law was used to estimate the portion of
the overall current that would pass through each wire. The
loads were gradually applied in smooth step over the length
of the simulation. A fully encastrated boundary condition was
applied to the reference point of the rigid ground part and
the rotational degree of freedom was constrained on the rigid
bodies where the loads are applied to ensure the direction-
ality of the SMA forces remained accurate throughout the
simulation step.

TABLE II: Material and Metamaterial Array Parameters

Category Parameter Symbol Value
Density p 1.07gem ™3
Material Initial Shear Modulus C1o 0.0778 MPa
Parameters Material Incompressibility Dy 0.0
Self Contact Friction o 1.0
Total Height H 15 mm
Metamaterial ~ Total Length L 25 mm
Array Rows - 3
Parameters Columns - 5
Beam Thickness t 0.85 mm

C. Inverse Design of Buckling Geometry

The forward simulation is parameterized and automated
using the API so that it can be looped during the optimiza-
tion process. The heights and widths of each cell serve as
the design variables in the minimization problem. A target
boundary for the outer shell, an edge angle of 90° on both
sides, is considered to be ideal as it provides acceptable clear-
ance for the module edges to interlock. The objective function
is evaluated at the connection interface between the inner and
outer shell components. The desired x-axis displacement of
each node is determined by the undeformed y-coordinate h;
and the undeformed edge angle 0; as uges; = h;cotb;.
Simulated x-axis displacements of the nodes u; are extracted
from the last frame of the simulation. The overall objective
function for obtaining the optimal cell pattern is defined as

4)

i

X* = argmin (Z(ui,des - Uz')2>

where X are constrained with upper and lower bounds
to reflect manufacturing capabilities and prevent the creation
of unstable cells that would drastically increase simulation
times. Each horizontal and vertical cell dimension were sub-
jected to the same bounds (w;, w,) and (hy, h,,), respectively.
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The full constraint equation is

0 00 0 0 h H
0 1T 0 0 0 0 l W
L0 10 0 0| sl _ |kl
0O I 0 I 0 0 Swu Wy
1 0 0 0 —-I 0 Shl hl
0 1 0 0 0 —1 Swl wy

A X b

A custom global optimization strategy was employed to
minimize the objective function. This approach was chosen
due to two factors: (1) the large number of design variables
with wide bounds necessitates an exploratory method, and
(2) the high degree of nonlinearity and quasi-static kinematic
model result in a non-smooth, non-convex objective function.
The strategy borrows attributes from random search and
genetic algorithms, but is fully constraint aware and ensures
convergence to a global minimum through geometric decay
of the search area. Points are generated by performing
random pivots, accepted by the constraints, until a target
distance from the parent point is reached. The initial point
is calculated as X, = Afb where A" is the pseudo-
inverse of A, and an initial search radius is calculated as
ro = max(y/(X — X0)T (X — Xp)), s.t. AX =b,X >0
to ensure that all feasible solutions are reachable. All children
in generation 1 use X as a parent and are randomly pivoted
to a target distance r < rg. In each subsequent generation, an
even number of children use each of the previous generation’s
survivors as a parent and have a search radius from their
parent of r < rop~ (=1 for the i*" generation, where
p= # (the golden ratio). 4 generations with 64 children
per generation were tested for a total of 256 points in each
optimization. The pseudo-code for the optimization algorithm
can be found in the Appendix.

IV. RESULTS AND DISCUSSION

This section presents and discusses the optimal designs for
both male docking segments. The simulation is validated by
comparing the docking edge angles between the simulated
results and the real fabricated system. The effectiveness of
the docking is evaluated by performing multi-module planar
locomotion.

A. Model Validation

The deformation model was validated experimentally prior
to performing the optimization. The initial case of the upper
docking geometry (X = A'b) was fabricated as a standalone
actuator. The points used in the objective function were
marked with small ink dots (marked in red in Fig. 5 (a)) on
the surface and a camera was positioned so that the actuator
was axially aligned in the frame. A full actuation cycle of the
deformation and recovery of the actuator was recorded and
static images of both the undeformed and deformed states
were extracted for processing. The average displacement
error across the 6 points was 0.2949 mm which is marginal
relative to the overall lattice width of 25 mm. Most of the

(a) (b)

Fig. 5: (a) The experimental setup for capturing the displace-
ments of select nodes. Markers for the points of interest are
marked in red. (b) The deformed mesh from the simulation
overlayed on the experimental results.

error can be attributed to manufacturing defects. The mold
for casting the test specimen was 3D printed using an FDM
printer with a 0.4 mm nozzle. After analyzing the specimen,
it was found that the beam thickness of the metamaterial
lattice was 0.1 mm larger than anticipated. This was cor-
rected in the simulated model for all versions, however it
is probable that there are also slight differences in the outer
shell thickness contributing to the errors. Additionally, small
inconsistencies in the lengths of the SMA wires will impact
the average forces generated at each loading position. Despite
these two issues, the dominant behavior of the outer shell is
preserved, as seen in Fig. 5 (b). Based on this analysis, the
authors determined the model to be satisfactory for use in
the optimization framework.

B. Optimal Designs

The optimizer quickly converges to an optimal solution.
Figure 6 plots the best solution in each generation, showing
that the upper position converges in the first three generations
and the lower position in the first two. The optimized cellular
structures for each docking position are shown in Fig. 7.
The right side of the figure shows the deformed state of
each docking position relative to the target boundaries from
the optimization problem. The minimum clearance for the
docking operation requires that the minimum width of the
female portion of the interlocking geometry be larger than
the maximum width of corresponding male portion in the
deformed state. The widths of the male geometry portions
were extracted directly from the simulation file and the
deformed gap widths were estimated as

Wdef = Wyndef T Huade (6)

where u,4; is the sum of the x-displacement of furthest point
from the center at each edge adjacent to the female position.
The dock between the upper male portion and the lower
female portion had a minimum clearance of 1.3mm and
the dock between the lower male portion and upper female
portion had minimum clearance of 4.9 mm. Deformation tests
of a physical model were performed to verify the simulated
results. The supporting video submission provides a visual
demonstration of the validation of results.
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Fig. 6: Convergence of the optimization procedure, showing

the best objective function value in each generation

Fig. 7: Simulated results for the deformation of the docking
mechanism. The left side shows the undeformed state and
the right plots the deformed mechanism.

C. Locomotive Testing for Passing Docking Strength Analysis

Two full robot modules were fabricated and manually
docked so that locomotive testing could be performed. 120
cycles of a rotation gait, where the free limbs are actuated and
the docked limbs are left stationary, were performed to test
the effectiveness of the docking mechanism’s passive holding
strength. Fig. 8 shows the state of the connection prior to
and after the execution of the gait cycle. Over the course
of the 120 gait cycles, the outer docking positions slipped
about halfway and the inner docking positions remained fully
connected. This validated the effectiveness of the mechanism
when the robots are working collectively. The same gait
cycle was executed again, but with only one of the modules
actuated to test the docking strength under higher stress.
Across 3 trials, a single outer position was broken each time
after an average of 32 cycles. However, the other 3 positions
remained docked further supporting the robustness of this
mechanism by its ability to function after partial failure
(Fig. 9).

V. CONCLUSION

This work outlines the design of a soft mechanical docking
mechanism for modular soft robots. A curve to define mod-
ule edge topology with geometric interlocks was generated
within the constraints of a previously established design
framework. The male portions of the interlocking geometry
were transformed into a deformable docking mechanism

Fig. 8: 120 cycles of a locomotive gait were performed with
two robot modules docked. The docking mechanism held
with only minimal slippage, marked on the modules.

by placing an auxetic metamaterial array within them and
routing SMA wires through the structure. A numerical model
for predicting the deformation of the docking mechanism
was developed using Abaqus CAE and experimentally vali-
dated. Finally, a custom constraint-aware global optimization
strategy, which borrows attributes from random search and
genetic algorithms and ensures convergence through geomet-
ric decay, was implemented to optimize the parameters of
the metamaterial array. The efficacy of the docking mecha-
nism was validated using two methods. Deformation testing
ensured that the mechanism achieves sufficient edge dis-
placement to provide clearance for the coupling action, and
locomotive testing demonstrated the passive holding strength
of the mechanism during operation, including continued func-
tionality after partial failure. Experimental deformation test
results suggest a high sensitivity to manufacturing defects,
particularly evident in the reversed buckling direction along
the top edge of the upper docking position (see supporting
video). Further inspection of the mechanism revealed that the
SMA wires exit and reenter the routing channels in certain
locations leading to these unexpected changes in buckling
behavior. Future efforts will aim to improve the manufac-
turing repeatability by inlaying the SMA wires within the
silicone matrix during the casting process rather than routing
them through channels afterwards and containing all wiring
to within the silicone body. This move towards system-
level integration plays a crucial role in the realization of
multi-module locomotion in field operations. Planned works
include gait synthesis for various multi-module configura-
tions, autonomous seeking and docking, and 3D spherical
reconfiguration of the modular system.
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Fig. 9: An additional test with only one module actuated maximized the force exerted on the docking mechanism. Only one
of four docked positions failed during this test.

Algorithm 1 Multi-Generation Random Search with Radius
Decay

Require: Constraint matrix A, constraint vector b - -
Require: Population size Npop, generations G, points per generation Ngen, Algorlthm 2 Generate Candidates
max pivots Kmaz
Ensure: Optlmal solution x* and objective value f*
1: Tnitialize ¢ 1 ~ 0.618 {Inverse golden ratio}

Require: Constraint matrix A, bounds b, parent p, generation g, max
pivots Kmaq, radius rmaz

T Ensure: New solution X, ew

: Initialize X < ATb {Initial feasible solution} 1 ¢!

) 2
X 1+v5

3: Extract Xo = [0, So] <—7ge91gn and ?lij:k Vi“ables> . 2: xp < extract design variables from p {dimension n}
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remainder gen . ena ior
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18 if frew < fgioba then i; ) Umaa ¢ min(sy,;[d, min(s ; [=]) - (1] = 1))
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Algorithm 3 Redundancy Removal

Require: Sorted population A, generation g, population size Npop, radius

Tmax

Ensure: Filtered survivors Prneqw
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