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Abstract— Soft robots exhibit compliance but lack load sup-
port and pose retention, while rigid robots provide structural
capacity but sacrifice adaptability. Existing variable-stiffness
approaches operate at segment or patch scales, preventing pre-
cise spatial control over stiffness distribution and virtual joint
placement. This paper presents the Variable Stiffness Lattice
Skin (VSL-Skin), the first system enabling individually address-
able voxel-level morphological control with centimeter-scale
precision. The system achieves three capabilities: nearly two or-
ders of magnitude stiffness modulation across axial (15 — 1200
N/mm), shear (45 — 850 N/mm), bending (8 x 10% — 3 x 10%
N/deg), and torsional modes with centimeter-scale spatial con-
trol; the first demonstrated 30% axial compression in phase-
change systems while maintaining structural integrity; and
autonomous component-level self-repair through thermal cy-
cling that eliminates fatigue accumulation and enables pro-
grammable sacrificial joints for predictable failure manage-
ment. Selective voxel activation creates six canonical virtual
joint types with programmable compliance while preserving
structural integrity in non-activated regions. The platform
incorporates closed-form design models and finite element
analysis for predictive synthesis of stiffness patterns and joint
placement. Experimental validation demonstrates 30% axial
contraction, thermal switching in 75 second cycles, and cut-to-
fit integration that preserves addressability after trimming. The
row-column architecture enables platform-agnostic deployment
across diverse robotic systems without specialized infrastruc-
ture. This framework establishes morphological intelligence
as an engineerable system property, fundamentally advancing
autonomous reconfigurable robotics.

I. INTRODUCTION

Rigid links and discrete joint morphologies in conventional
robots enable precision and high payload capacity but impair
adaptability in unstructured environments [1], [2]. Soft robots
offer compliance for safe interaction and environmental
adaptation, yet lack the structural rigidity required for ma-
nipulation tasks and pose retention [3]-[5]. This fundamental
compliance-rigidity trade-off constrains performance across
domains and motivates autonomous morphological frame-
works that dynamically tune stiffness to match task demands.

Variable stiffness addresses this dichotomy by enabling
robots to adjust mechanical properties in situ autonomously.
Biological examples demonstrate the value of reversible,
spatially resolved stiffness modulation: elephant trunks se-
lectively stiffen to grasp heavy objects while maintaining
flexibility; octopus arms generate transient joints to improve
reach and manipulation [6]; echinoderms exploit mutable
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Fig. 1: VSL-SKin allows dynamically-controllable mor-
phologies through a modular design.

collagenous tissues to control body stiffness for locomotion
and defense [7]. These systems achieve superior performance
through localized and reversible stiffness control, enabling
both compliance and load support.

Existing variable-stiffness approaches have demonstrated
significant stiffness modulation through diverse mechanisms.
Granular jamming systems confine loose particles to achieve
reversible stiffening in grippers, continuum arms, and wear-
able devices [8]-[11]. Layer jamming stacks flexible sheets
with tunable interlayer friction, enabling stiffness control in
manipulators and surgical tools [12]-[19]. Antagonistic ac-
tuation co-contracts opposing actuators to increase structural
rigidity [20]-[22]. Material-based solutions employ phase-
change alloys and stimuli-responsive polymers for intrinsic
modulus control [16], [23], [24]. Robotic skin approaches
externalize these mechanisms into conformable sheets for
platform-independent deployment [21], [25]-[27]. However,
despite these advances, most systems implement stiffness
changes at the level of whole segments or patches and are
embedded into bespoke morphologies, which limits their
portability across platforms.

We present the Variable Stiffness Lattice Skin (VSL-
Skin), a platform-agnostic solution enabling autonomous,
spatially programmable fine-scale morphological adaptation.
The proposed framework comprises a conformal triangu-
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lar lattice comprising individually-controllable voxels. Each
I18mm triangular voxel houses an LMPA structure ther-
mally coupled to an embedded heater, enabling independent
switching between rigid and compliant states via localized
phase change. By selectively activating subsets of voxels,
the skin defines centimeter-scale “stiffness pixels” that form
virtual joints, impose curvature fields, and realize anisotropic
responses (axial, bending, shear, torsion). Individual voxels
are powered through a conventional harness (e.g., grouped
branches with local switching), avoiding specialized bus
topologies while maintaining per-voxel control. Tiling mul-
tiple sheets scales coverage without altering the per-voxel
actuation principle.

The resulting skin provides: (i) spatial programmability
at centimeter scale, enabling placement of virtual hinges
and compliant corridors along arbitrary geodesics on a
host structure; (ii) multi-axis stiffness synthesis, achieved
by composing activation patterns that preferentially alter
axial stiffness, bending stiffness about specified axes, in-
plane shear, or torsional rigidity, with nearly two orders
of magnitude modulation demonstrated across modes; (iii)
dynamic reconfiguration, where joint locations and stiffness
gradients can be updated on demand without mechanical
reassembly; and (iv) platform decoupling, whereby a single
skin can be trimmed, wrapped, or tiled while retaining full
addressability under standard powering. These capabilities
are quantified in Section IV via mode-specific stiffness ratios,
virtual-joint formation and pose-hold demonstrations, duty-
cycle studies of thermal actuation (single-voxel heat/cool
times on the order of tens of seconds in our prototypes), and
trimming/integration experiments that preserve addressing
and function.

Unlike variable-stiffness mechanisms embedded in custom
morphologies, VSL-Skin externalizes stiffness modulation
into a modular, reconfigurable layer that can be retrofit onto
manipulators, wearables, and grippers. Localizing thermal
mass to each voxel reduces unnecessary heat spread relative
to bulk phase-change designs and improves switchability;
the silicone lattice provides thermal isolation and mechanical
compliance in the off state. The standard harness simplifies
assembly and maintenance, supports fault isolation through
straightforward continuity checks, and accommodates edge
crops via re-termination. Because actuation is per-voxel,
virtual joints degrade gracefully under single-voxel failure
and can be rerouted by updating activation patterns. In
practice, re-melting followed by re-solidification restores
the mechanical state after overload, providing a thermal
reset path that mitigates apparent “joint fatigue” by healing
plastically deformed alloy slugs.

Overall, our contributions are:

o VSL-Skin, a robotic skin enabling individually address-
able voxel-level stiffness control with precise modula-
tion across axial, bending, shear, and torsional modes.

o A validated design framework combining closed-form
beam-lattice models and finite element analysis for pre-
dictive stiffness synthesis and virtual joint placement.

o We demonstrate modulation across morphology under

standard powering that maintains functionality after
trimming, enabling platform-agnostic deployment and
rapid prototyping.

o« We present extensive experimental validation of pro-
grammable joint behaviors, including virtual hinges,
shear compliance, and torsional articulation, via selec-
tive voxel activation patterns.

The remainder of the paper is organized as follows:
Section II reviews related work; Section III details design,
fabrication, and modeling; Section IV reports experimental
results and performance metrics; the conclusion is presented
in Section V.

II. RELATED WORK

Granular jamming: Granular jamming stiffens a com-
pliant particle-filled bladder by increasing confinement, rais-
ing inter-particle friction, and establishing force-chain net-
works [2]. It underpins universal grippers, joint supports,
and continuum/wearable robots that need shape retention
[8]-[10]. As a skin modality, the granular layers laminate
onto the host structures to modulate the global dynamics
and payload without requiring redesign of the body [4],
[25], [27]. However, granular systems require pumps and
plumbing, exhibit hysteresis due to particle rearrangement,
and offer patch-level rather than voxel-level addressability,
which limits the precision of virtual joints on curved or
trimmed substrates.

Layer jamming: Layer jamming raises bending and
shear stiffness by compressing or clamping stacked sheets
so that friction couples their motion. This produces a large
reversible stiffness change with a low profile [11], [13], [18].
It is established in surgical tools, manipulators, and wearable
supports actuated by pneumatic compression or electroadhe-
sion [12]-[14]. Skin-specific embodiments retrofit stiffness
control to objects and garments with minimal geometric
changes [25], [26], [28], [29]. Limitations include high-
voltage or vacuum infrastructure, frictional wear, and coarse
granularity (patch scale), which restricts the location of
torsional hinges and sharp joints.

Material/phase-change approaches: Material-centric
methods change intrinsic modulus/yield behavior, melting
/solidifying LMPA, activating shape memory materials, or
exploiting reversible plasticity in architected lattices, to
deliver compact and integration-friendly stiffness control
[30], [31]. LMPA systems, in particular, enable strong load
transfer and rapid reconfiguration in continuum tools and
manipulators (e.g., catheters with radial thermal gradients,
arms driven by LMPA) and can be embedded in skins or
sheaths with distributed heaters, including thermoelectric
hybrids and LMPA [2], [16], [24], [32]-[34]. However,
LMPA approaches are often harder to control, lack voxel-
level control equally, and are complex to integrate.

IIT. THERMO-MECHANICAL MODELS

This section formalizes the design logic of the VSL-skin
that links geometry, kinematics, mechanics, and thermal ac-
tuation. Under a fixed-mass and manufacturability constraint,

6233



I Axial Stiffness (N'mm) [ ] Shear Stiffness (N/mm)
[__|Bending Stiffness (Ndeg) [l Torsional Stiffness (N/deg)

154.53
1
1
1
1
1
— 1
(o] 1
o 1
@ |
0
[} 1
c 1
= |
A 1
(,) 1
1
1
1
1
99.674 - L
[} = g © 5
- c g
s & 5 & 5 e 3
(%} € L S ) a =)
= [ o o ] =] S
] @ © § 3 © =
[ o s T [
Geometry

Fig. 2: Normalized stiffness comparison of candidate lattices
under fixed-mass constraints.

we adopt a stretch-dominated triangular voxel lattice and
map its helical layout on a cylinder to an unwrapped sheet to
quantify stroke and areal density, exposing the trade between
voxel resolution Ny and compression ratio C. We derive
first-order stiffness and strength scalings that identify the
buckling—yield transition as a function of ligament thickness
ty and span Sy, and use these relations to set safe load
and deflection targets. We then analyze heater geometry
and voxel size to bound melt/cool time constants governing
cycle rate, and show how patterned melting forms virtual
joints with prescribed rotational stiffness. Finally, we report
stiffness per unwrapped area to compare designs fairly across
resolutions. Overall, the proposed framework parametrizes
the performance and capability of the VSL-skin, enabling
easy scaling and optimization.

A. Geometry Selection

The goal for the VSL skin is to deliver highly pro-
grammable stiffness across axial, shear, bending, and tor-
sional modes while preserving manufacturability under a
fixed mass budget. Geometry selection is crucial because
lattice topology governs specific stiffness, dominant failure
mechanisms, and achievable stroke at a given areal den-
sity. We compared bands formed from seven planar lattices
(cubic, fish-scale, hexagonal, Kagome, parallelogram, re-
entrant, triangular) were compared on a 30 mm cylinder with
equalized mass (30 g). The triangular voxel lattice achieved
the highest normalized axial, shear, bending, and torsional
stiffness (Fig. 2) because it shortens unsupported spans and
increases parallel load paths per area. The triangular voxel
is adopted for subsequent design.

B. Voxel Kinematics

Due to the geometry of the triangular voxel, a geometric
description of the VSL-SKin is required for size selection.
To establish stroke bounds at a fixed areal density, we map
the helical voxel layout to an unwrapped sheet and define the
kinematic limits. A helical band of m turns on a cylinder of
radius R with Ny voxels per turn defines a circumferential

voxel edge length Sy equal to the azimuthal arc per voxel
(total circumference divided by Ny). Fabrication reduces this
to Sp, < Sp. With N, stacked layers and interlayer stand-off
ho,

\f

3
Amax 5 7 SLNz7

H=~ ?SONZ + (N, — 1) ho,

neglecting residual thickness and contact. The compression
ratio is approximately C ~ Sy /Sy when hy < (v/3/2) So,
revealing the central trade: increasing azimuthal resolution
(larger Ny) shortens Sy and raises stiffness but reduces C.
Also, increasing N, scales height and stroke together while
improving fabrication, increases Sy, and recovers stroke at
a given density.

C. Strength and Stiffness

Structural performance in the VSL-Skin framework sets
allowable load, deflection, and governing failure modes
at given areal densities, critical for operation reliability.
Field’s—metal ligaments have thickness t; = ¢ rtsneet Within
a silicone sheet of thickness tgneet- The ligament width
is aSp, and the number of engaged paths scales as ~
Ny N, (modulo orientation/engagement). Axial yield capac-
ity grows with metallic cross-section and path count, F} oc
oy(T,€) aSoty (NgN,). Treating a ligament as a column of
span L ~ S and second moment I ~ a50t§/12 gives
the Euler scaling F, ~ Eat?/So. Thin, long ligaments
are buckling controlled, thicker, shorter ligaments are yield
controlled, with the transition primarily set by ¢; and Sy
(crossover when F, ~ I¢,). For small strains, a ligament
contributes bending stiffness kj; ~ t:}/ S2 and axial stiffness
ks ~ ty. Summed over engaged paths, the effective thick-
ness—length exponent is typically near 2—3 when bending and
stretching both contribute. These relations map design knobs
to performance: increasing ¢y, shortening Sp, and raising the
number of engaged paths (/Ny/V,) increases safe load and
stiffness at fixed mass.

D. Thermal Actuation: Switching Time and Cycle Rate

In addition to the structural performance, the activation
and deactivation of each voxel will also need to be considered
when designing. For the VSL skin, the cycle rate is bounded
by the melt and cool times set by voxel geometry and heater
layout. A perimeter heater of width w routed along the
triangle edge length 3Sy has resistance Ry, =~ kR;(3Sy/w),
where R, is sheet resistance and x > 1 accounts for
meanders. For fixed thickness and fill fractions, the melt/fuse
energy scales with planform area, Qs Sg. With drive
voltage V' and total resistance R, + Rger,

~ Qmelt(Rh + Rser) o Sg

nV?2 wV?
so smaller voxels and wider traces shorten actuation time,
whereas larger voxels slow response. Cooling follows a
lumped model with 7o) = Cin/Gin, where Cyy is set
by voxel mass and Gy, by conduction to the substrate and
ambient. Increasing Gy, or reducing mass decreases cycle
time but can raise parasitic loss during heating.

Tamelt when Rgor < Rp,
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Fig. 3: (a) Field’s metal insert molding. (b) Carbon black
heating element molding. (c) Assemble using the guide. (d)
Encapsulate and seal components using Dragon Skin.

E. Resolution and Stiffness

Additionally, the number of voxels per row (resolution)
sets addressability and mediates the stiffness—stroke trade.
Increasing Ny shortens Sy, boosting stiffness per area su-
perlinearly (per-path stiffness and path count both rise),
while the compression ratio decreases as C =~ Sr/Sy. To
compare designs when height and coverage vary, we report
stiffness per unwrapped sheet area, karea = k/Asheet With
Asheet = (2rmR)H, which isolates topology/resolution
effects at fixed areal density. This enables precise stroke
declaration for mission planning accompanied by precise
stiffness prediction.

IV. FABRICATION AND CALIBRATION

The VSL-Skin framework employs materials optimized
for thermal switching. We use Carbon black (Super P) and
heater matrix silicone (Ecoflex 30) for the resistive heater.
For the body lattice, we use structural/encapsulation silicone
(Dragon Skin 30). The Field’s metal (7}, =62°C) is used for
the liquid metal interface with embedded copper electrodes.
Voxel fabrication begins from 3-D printed positive molds
of the Field’s metal structure. A silicone negative is cast,
equipped with an injection port and vent channels to purge
trapped air. The negative and alloy are held slightly above
the melting temperature to ensure wetting. Then, the Field’s
metal is injected, and the filled mold is water-cooled for 2
minutes before demolding.

In parallel, the resistive heater is fabricated by incremen-
tally mixing sieved and dried Carbon black into silicone part
A to the target loading of 11 wt%. The mixture is shear-
processed to break agglomerates and vacuum-degassed to
remove micro bubbles. Then, part B of the silicone is added,
and the composite is pressed into the mold. The resistor is
cured for 4 hours in a 60 °C oven before demolding.

The components are then aligned onto a guide, and the en-
tire structure is encapsulated to the target sheet thickness so
the metal and the conductors are fully sealed. The structure is
again cured for 4 hours in a 60 °C oven before being released
from the mold. Then, using a guide, the copper electrodes
are inserted into the carbon black, ensuring proper contact
geometry and contact pressure.

We then calibrate each voxel to ensure uniform thermal
response across all voxels to account for fabrication inconsis-
tency. The calibration procedure is presented in Algorithm 1.
The learned calibrations are stored to allow downstream

autonomous control algorithms to scale trigger commands
and time adequately. This adaptive approach overcomes
material and fabrication variabilities while ensuring reliable
performance across the grid.

Algorithm 1: Per-voxel thermal calibration

Input: voxel set V; duty grid D; fpww; fs; slope
threshold ¢; max dwell ¢,.x
Output: Vi€ V: Ry[i], Riotlt], Tenli], df(¢)
1 for i €V do
// Electrical
2 apply low-duty PWM; measure (V,); set
Riot[i]  median(V/I); estimate Rp[i].
// Duty sweep
3 for d € D do

4 apply PWM(4, d, fpwn); wait until
|dT/d7§|< € 0r t = tmax;

5 record T;(d) over a tail window.

6 fit an increasing map T;(d); define

a;(T) « T7(T).

// Step identification

7 | choose small step (dy—dy); record T;(t) at fs;
fit first-order model; set ¢, [7].

8 store {Rp[i], Riot[?], Ten[i], dF ()}

V. EXPERIMENTS AND RESULTS

We validate the VSL-Skin framework through systematic
simulation and characterization of its morphological adap-
tation capabilities. Our validation demonstrates the frame-
work’s ability to achieve precise, voxel-level control over
stiffness fields while maintaining platform-agnostic deploy-
ment characteristics. These results establish the first adaptive
system, to our knowledge, capable of centimeter-scale stiff-
ness programming across multiple mechanical modes.

A. Design Parameter Control and Scalability

As established in our thermo-mechanical models, the two
main adjustable parameters are strut thickness and overall
skin thickness. We systematically varied the strut thickness
ty and skin thickness tgjc.; and present their relationship
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Fig. 4: Parametric studies of voxel-level design. (Left) Vari-
ation of thickness; (Right) variation of angular resolution.
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in Fig 4. When conducting the simulation, we modeled the
shape without encapsulated silicone, as the main support is
derived from the LMPA. Deactivated cells are modeled with
the material Dragon Skin.

For strut thickness, we observed that rigidity scales k
t352 (shown in Fig. 4). This departs from the ideal Euler-
Bernoulli scaling of t?c due to mixed-mode response com-
bining bending, membrane stretching, and transverse shear
from wrapped curvature. Skin thickness contributes approxi-
mately linearly with k oc t5;11 | consistent with a membrane
constraint that suppresses local rotations and redistributes
load across neighboring voxels. From a stiffness-maximizing
perspective, strut thickness should be the primary parameter
to optimize. However, increasing strut thickness will reduce
max compression. Thus, a balance between strut thickness
and skin thickness can be identified for each specific task
through the iso-stiffness curve presented.

Another parameter to consider is the skin stiffness resolu-
tion. Our simulation analysis reveals that normalized stiffness
scales almost quadratically with the number of voxels per
turn as Knorm X N92. Another tradeoff can be identified,
with Sy o< 1/Np, the melt time follows Tyelr Ny 3 and
the compression ratio decreases as C = Sy, /Sy.Resolution
follows a similar design law as strut thickness. Thus, another
balance can be struck, allowing for dynamic optimization for
different tasks. For example, if the task calls for maximized
strength, resolution and strut thickness should be maximized.

VSL-Skin uses a voxel-indexed control abstraction in a
2D lattice coordinate frame. Electrically, this abstraction
can be implemented as direct per-voxel switching. Scaling
is primarily constrained by peak electrical power during
concurrent heating and by heat rejection during cooldown;
as a result, large arrays benefit from activation scheduling
that staggers voxel heating to respect supply limits. The skin
can be tiled to increase coverage without changing the per-
voxel actuation principle. Trimming preserves function by
re-terminating exposed conductors and updating the voxel
map used by the controller, all made possible by the modular
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Fig. 5: Chart (log scale) showing the programmable stiffness
range across axial, shear, bending, and torsional modes.
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Fig. 6: Six programmable joint configurations (a—f). Each
panel shows left: activation matrix (brown = activated, gray
= deactivated), middle: simulated elastic strain field, and
right: experimental deformed shape. Strain localizes to the
activated voxels, enabling placement-specific compliance.
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voxel design.

B. Stiffness Modulation Across Modes

The individually addressable voxel enables variable stiff-
ness modulation. We demonstrated VSL-Skin’s stiffness con-
trol spanning nearly two orders of magnitude across axial,
shear, bending, and torsional modes. Fig. 5 presents the
complete stiffness envelope achievable through the VSL-
Skin framework. Across all mechanical modes, monotonic
modulation from fully solid to fully melted states spans
the regimes required for autonomous task-level specification.
The discrete activation sets (Zero, Two, Three, Four, Six,
Twelve) demonstrate stepwise control over stiffness without
requiring reconfiguration of host structures. This enables
further precise and predictable control.

Further control can be gained with specific activation
patterns. In the “Two” pattern, in-line loading increases shear
from 194 to 240 N/mm (+24%) and bending stiffness from
20.9 x 103 to 33.9 x 103 N/deg (+62%), effectively biasing
deformation along the programmed axis. This capability
establishes a predictable mapping from activation patterns to
torque-angle targets and local compliance fields, validating
our approach to virtual hinges and anisotropic joints.

C. Virtual Joint Generation and Morphological Control

To demonstrate the ability to form virtual joints, we eval-
uate six canonical joint patterns, including bending, virtual
hinges, localized torsion, and lateral shear, to establish the
framework’s morphological adaptation capabilities. Fig. 6
shows the voxel-level placement and mode selection across
these configurations. In all cases, strain remains confined to
the activated region while neighbors stay stiff, matching the
virtual-joint model.

Bending joints (unilateral): Configurations (Fig. 6 (a,b))
achieve hinge-like rotation with tunable magnitude through
activation-band width and column count. Widening melted
bands increases rotation while reducing rotational stiffness.
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The localization effect keeps non-activated columns stretch-
dominated, enabling multiple bends on the same sheet with
minimal cross-talk for precise shaping of curvature fields
around task contacts. The joint spans only one side, practical
when motion must be biased away from obstacles.

Virtual joints (bilateral): Configurations (Fig. 6 (c,d))
create a concentrated rotation zone (virtual hinge) by activat-
ing a symmetrical pattern. The larger pattern achieves (30°)
rotation with lower stiffness than the smaller (15°) pattern,
consistent with the series addition of softened segments and
the thickness—span scalings established earlier. Curvature
concentrates precisely where specified, while axial support
is retained, enabling directional steering on bodies with
limited mounting areas. In-line bending is also geometrically
disfavored, enabling precise pose prediction and control. The
resulting workspace is two-sided and symmetric about the
zero band, which is advantageous for steering and pose
regulation that require reversible curvature.

Twist: Configurations (Fig. 6 (e)) achieves localized
torsion by staggering activation circumferentially, biasing the
lattice so rotation about the surface normal dominates with
minimal axial extension. The simulated strain gradients cen-
ter on the activated zone and align with the observed twist,
providing torsional articulation without added couplers and
complementing bending for out-of-plane orientation control.
In addition, axial compression is discouraged, enabling fine
control. The number of activated columns can be further
constrained, enabling max twist angle modulation. The twist
joint is useful when fine orientation control of an end-
mounted sensor or tool is required, where the overall length
and support must be preserved.

Shear: Configurations (Fig. 6 (f)) allows lateral trans-
lation while preserving axial rigidity by activating a narrow,
oblique band. The skin is skewed toward the activation line
as neighboring columns remain stiff, yielding high shear-to-
axial selectivity for controllable slip at the skin—environment
interface without sacrificing overall load support. The shear
joint is applicable for tasks such as seating and centering an
object in a gripper palm sideways while maintaining normal
force, or biasing footpad traction to execute small lateral
steps without changing upstream joint angles.

Collectively, these six patterns demonstrate precise place-
ment, anisotropic mode shaping, and low cross-talk using
only activation patterns—building blocks for richer com-
positions with the task-driven synthesis framework. These
joints all show further control refinement, demonstrated by
the ability to form large and small joints and control the
maximum twist angle. Additional patterns are also possible
through different activation matrices.

D. Morphological Adaptation and Thermal Management

To our knowledge, no phase change stiffness modula-
tion can achieve compression. Fig. 7(a) demonstrates axial
compression capabilities. Through simultaneous activation
of all circumferential voxels, the sleeve enters a uniformly
compliant axial state, enabling precise height control. Our

s (b) Temperature Distribution AN
\

Fig. 7: Programmable axial shortening and thermal Field. (a)
Experimental contraction of the lattice sleeve under activa-
tion of longitudinal bands, achieving 30% axial shortening.
(b) Thermo-electric simulation of a voxel during resistive
heating showing mid-span warming ahead of the vertices.

TABLE I: Stiffness-modulation Benchmarking

Form System Mod. Control DL LC VJ
Phase-ch.  Al-Harthy et al. [35] ~43Xx Thermal X X v
Lattice, 'VSL-SKkin* ~80x* Joule (PWM) v V V
phase-ch.

Layer-jam. Shah et al. [36] ~47x Vacuum X x v
Gran.-jam. Hauser et al. [37] >7x Vacuum X x X
Fiber-jam. Yang et al. [38] >20%® Vacuum X X v

Mod. = stiffness modulation; DL = damage localization; LC = local control;
VI = virtual joints. *Axial; shear ~19X, bending ~38 X. Tensile; bending ~2X.

current design achieves up to 30% axial shortening. Re-
solidification in the shortened pose restores high stiffness.
Therefore, by controlling the number of activated rows,
precise compression can be tuned for specific demands.

In addition to stiffness modulation, joint creation, and
compression, thermal field analysis during resistive heating
was conducted to demonstrate the nuances of the triangular
heating component due to inherent uneven electrode place-
ment. Fig. 7(b) reveals that midsections of the triangular
resistors heat first, followed by corners, arising from local
Joule heating balances that produce nonuniform melt fronts.
This behavior is addressed through our autonomous control
software, which generates per-voxel PWM duty schedules
to equalize melt fronts during group activations, ensuring
uniform morphological adaptation and predictability.

In practice, voxels heat in approximately 30 seconds
and cool in approximately 45 seconds. Because actuation
operates per-voxel, energy is confined to the activated mass
rather than the entire sheet. Unlike previous designs, simple
spatial scheduling increases effective autonomous throughput
within power and temperature budgets, establishing practical
operational parameters for real-world deployment.

E. Robustness and Self-Repair

We validate the robustness and repairability of the VSL-
Skin as demonstrated in Fig. 8. Unlike previous designs, if
the skins are damaged, the entire rehabilitation is not needed.
The broken cells can be trimmed, and autonomous leak
checks during repeated thermal cycling and bending showed
no LMPA loss. The skin is then glued and integrated onto a
standard robot arm and resumes normal function.

In addition to damage isolation, the skin supports in
situ self-repair. After an overload, fractures can be formed
within the Field’s metal strut. These fractured voxels can
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Fig. 8: Damage-rework—integration of the VSL skin: (a)
CAD; (b) deliberate four-voxel fracture on the fabricated
skin; (c¢) trimmed aperture; (d) longitudinal adhesive seam;
(e) installation on a robot arm with a through-axis sensor.

be repaired through heat cycling. After one cycle, the voxel
returns all functionality, enabling on-demand repair. This
is highly useful for overload-tolerant manipulation. If the
joints exceed the load limit, these joints can be reset on
demand, maintaining availability and uptime, a significant
improvement from traditional joints.

Furthermore, the principal fatigue failure in conventional
joints is through cumulative material damage in load-bearing
members. In VSL-Skin, reheating removes this failure accu-
mulation completely. As a result, the system, in theory, can
achieve longer service life and higher mission availability.

Due to this reusability and self-repairability, intentional
sacrificial sections are possible, where localized tiles are
tuned to yield to protect upstream structures and expensive
components. By designing thinner LMPA struts in designated
voxels near impact points, gripper edges, or cable exits,
utilizing the proposed design laws, these sections can fail
preferentially under load. After the event, the sacrificial
voxels can be reheated to restore functionality, returning
skin and main structure to service with minimal downtime.
This capability has been impractical so far for soft robots,
where elastomer skins tend to require recasting, and costly
for traditional rigid robots that also demand part replacement.
In contrast, VSL-Skin can provide predictable, repeatable
sacrificial joints that are rapidly re-dployable.

F. Modulation across Morphology and Platform Agnostic

The row-column voxel architecture generalizes cleanly
across different platforms and morphologies. The same con-
trol abstraction will work on a variety of different surfaces,
even after trimming. Additional sheets can be connected or
disconnected easily. Since addressability is per-voxel, com-
mon joint libraries can be shared, further easing integration.

Additionally, combinations of skin can be fitted together
as composite envelopes, with sectional specialization. For
example, one section can be tuned for high stiffness and
pose-hold (high resolution and thick struts), and paired with
sections for fast activation (low resolution and thin struts),
creating robotic arms. The local thermal budget also ensures
power consumption regulation, enabling mass scaling.

Through a simple scheduler, the VSL-Skin can be turned
into a time-varying, multi-segmented arm with a combi-
nation of different skins through regulating and relocating
multiple virtual joints dynamically, while preserving load
paths and operating power envelope. By combining joints
(location, type, magnitude, duration) into time-phased voxel
commands, the surface can be represented through closed-
loop kinematics. Since patterns are expressed in row-column
frames, the same joint program ports across multiple different
morphologies, enabling easy scaling and integration.

G. Behchmarking

Table I compares VSL-Skin with representative variable-
stiffness families using stiffness-modulation ratios. Here, *
denotes the maximum modulation ratio among the listed
systems, and “virtual joints” indicates the ability to create
joint-like kinematic behavior through stiffness patterning (not
necessarily a discrete mechanical hinge).

VI. CONCLUSION

VSL-Skin fundamentally transforms morphological adap-
tation from passive compliance to active intelligence, estab-
lishing the framework for real-time, spatially programmable
mechanical reconfiguration at voxel resolution. We estab-
lished centimeter-scale stiffness programmability with nearly
two orders of magnitude modulation across axial, shear,
bending, and torsional modes while realizing compact joint
sets and axial contraction on the same hardware platform.
Our modeling-to-synthesis workflow links lattice geometry
and key design parameters to target stiffness and stroke,
producing pattern prescriptions that transfer across platforms
without modification. The demonstrated autonomous per-
voxel operation with 30-45 second thermal cycles and greater
than 30% axial shortening indicates readiness for manipu-
lation and wearable applications. Moreover, the capability
to realize sacrificial joints enables predictable failure man-
agement as localized voxels designed to fail preferentially
under overload protect expensive components. We restore
full functionality through simple reheating, transforming
maintenance from reactive replacement to proactive thermal
management. The platform-agnostic architecture with cut-
to-fit integration preserves full addressability after trimming
while enabling deployment across diverse robotic systems
using standard harnesses, establishing immediate readiness
for manipulation, wearable, and adaptive applications.

This work establishes morphological intelligence as a sys-
tematically engineerable capability, demonstrating that dy-
namic structural reconfiguration can be implemented at scale
to advance adaptive system design across engineering do-
mains. Future work will improve heat rejection, characterize
long-term endurance, and integrate the joint library with task-
level planners that automatically select design parameters
and activation schedules for optimal autonomous adaptation.
The established framework provides the foundation for next-
generation adaptive robotic systems capable of real-time
morphological reconfiguration to match task demands.
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