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ABSTRACT
Soft continuum arms (SCAs) promise versatile manipulation throughmechanical compliance, for assistive devices, agriculture, search

applications, or surgery. However, the strong nonlinear coupling between materials, morphology, and actuation renders design and

control challenging, hindering real-world deployment. In this context, a modular fabrication strategy paired with reliable, interactive

simulations would be highly beneficial, streamlining prototyping and control design. Here, we present a digital twin framework for

modular SCAs realized using pneumatic Fiber-Reinforced Elastomeric Enclosures (FREEs). The approach models assemblies of

FREE actuators through networks of Cosserat rods, favoring the accurate simulation of 3D arm reconfigurations, while explicitly

preserving internal modular architecture. This enables the quantitative analysis and scalable development of composite soft robot

arms, overcoming limitations of current monolithic continuummodels. To validate the framework, we introduce a 3D reconstruction

pipeline tailored to soft, slender, small-volume, and highly deformable structures, allowing reliable recovery of arm kinematics and

strain distributions. Experimental results across multiple configurations and actuation regimes demonstrate close agreement with

simulations. Finally, we embed the digital twins in a virtual environment to allow interactive control design and sim-to-real deploy-

ment, establishing a foundation for principled codesign and remote operation of modular soft continuum manipulators.

1 | Introduction

In pursuit of adaptability in complex, unstructured, or delicate
environments, soft robotics has remarkably advanced in recent
years [1, 2]. In particular, soft continuum arms (SCAs), inspired
by biological systems such as muscular hydrostats [3, 4] or climb-
ing plants and vines [5], represent compelling solutions towards
versatile, conformable, and nimble robotic manipulators [6–11].
Driven by sustained progress in materials, actuators, and designs

[12–19], SCAs are thus increasingly suited for applications
demanding high reconfigurability and safe physical interaction.
Examples span minimally invasive surgical procedures [20],
assistive and wearable devices [21, 22], agricultural manipulation
and harvesting [23], or environmental exploration [24].

Despite progress, significant challenges persist [25–28]. A central
issue is the inherent tension between increasing mechanical and
functional complexity, required to achieve diverse behaviors, and
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the resulting high-dimensional control space. “Mechanical intel-
ligent” designs [29–31] can alleviate this tension by exploiting
elasticity, structural instabilities, heterogeneity, anisotropy, and
environmental interactions to passively handle aspects of arm
coordination [32, 33]. However, the systematic development of
mechanically intelligent SCAs remains difficult due to the strongly
nonlinear coupling between morphology, materials, and control.

Therefore, to support principled design and accelerate innova-
tion, fabrication modularity and predictive, interactive simula-
tion tools are highly desirable, enabling rapid prototyping,
analysis, and structure/control codesign.

In this context, we present three main contributions (Figure 1).

1) Digital twins for modular FREE-based systems. We devel-
oped a quantitative simulation framework that captures the
full 3D dynamics of SCAs modularly realized using pneu-
matic Fiber-Reinforced Elastomeric Enclosures (FREEs).
The approach is based on assemblies of Cosserat rods
[33, 36], slender elastic elements capable of bending, twist-
ing, stretching, and shearing in 3D space. Each rod is
mapped, based on experimental data, to a specialized

FREE module and multiple modules are systematically
assembled to form complex robotic structures. Although
Cosserat rod models have previously been used to describe
soft continuum arms [37, 38], existing approaches typically
employ a single, monolithic rod to represent the entire sys-
tem in a lumped manner, neglecting internal architecture
and limiting quantitative accuracy as well as modular
and scalable development. Similarly, alternative modeling
approaches [39–42] have yet to achieve the maturity
required to capture the dynamics of assembled soft actuator
systems, in which strongly coupled elements interact non-
linearly to generate complex motions. This work is thus the
first instance of digital twins for composable FREE-based
architectures. A comparison with representative prior
modeling approaches is provided in Appendix A.

2) Experimental verification and integration with the Vicon
system. We developed a 3D reconstruction pipeline that
adapts the Vicon motion-capture system [43, 44] to soft,
slender robotic structures. The pipeline overcomes limita-
tions associated with tracking small-volume, highly
deformable bodies, enabling accurate recovery of continu-
ous arm posture and strain distributions. Using this frame-
work, we experimentally validated our simulations across a
range of SCA configurations and actuation parameters.

3) Interactive control design in virtual environments and sim-
to-real deployment. By embedding our digital twins within
a virtual environment, we enable the interactive design of
manipulation-oriented open-loop control strategies. These
controllers are subsequently deployed and demonstrated
on physical hardware, providing additional experimental
validation and laying the groundwork for remote operation
in augmented-reality, human-in-the-loop settings.

2 | Modular Assemblies of FREEs

2.1 | Individual FREE

Fiber Reinforced Elastomeric Enclosures (FREE) are pneumatic
actuators capable of extending, contracting, bending, and twisting
[45, 46]. They consist of a hollow cylindrical enclosure made from
a soft elastomer, reinforced with inextensible fibers on the surface.
When the enclosure expands under pressure, the fibers constrain
its deformations, redistributing radial, circumferential, and axial
stresses, to give rise to bending, twisting, extension, and contrac-
tion in a preprogrammed manner. Two fibers helically wound at
angles α and β (Figure 2a) lead to twist and either extension (if
α, − β> 53.74°) or contraction (if α, − β< 53.74° ). If α= − β,
the FREE deforms purely axially [46]. When an extra 0° fiber
(elongation limiting spine) is added, bending is attained.

2.2 | Manufacturing FREEs

The fabrication process [46, 48] involves wrapping cotton or
Kevlar fibers on a latex tube using an Arduino-controlled lathe
and securing them using rubber cement. The winding process
may be repeated to increase the helix count, which prevents
lateral bulging upon pressurization and favors consistent
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FIGURE 1 | Setup overview. (a) A soft manipulator [34] is integrated

with the Vicon vision-tracking system [35]. (b) The arm is assembled with

modular FREE actuators in various serial and parallel configurations, and

specifically designed cross-section markers are applied for tracking. (c)

Digital twins assist design and actuation control. Controls are interac-

tively designed using near-real-time simulations, before deployment to

physical hardware. (d) Computationally identified actuation parameters

are relayed to SMC valves (ITV0031-2UBL) for FREE pressure regulation

via Raspberry-Pi and ROS.
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deformations. After drying, fresh FREEs are twisted and
stretched to eliminate initial hysteresis. Here, three types of
FREEs are considered for modular assembly: extending & bend-
ing (α= − β= 85° + strain limiting spine), clockwise (CW,
α= 60°, β= 0°) and counterclockwise (CCW, α= 0°, β= − 60°)
twisting FREEs [45, 46]. Fiber angles are selected to yield primi-
tive deformation modes characterized by maximal force output
subject to manufacturing constraints, as theoretically predicted
by Krishnan et al. [46]; together, they serve as building blocks
from which complex 3D deformations are composed through
modular assembly [34]. Exploring axially varying fiber angles
[49] as a continuous design parameter, potentially enabling
richer 3D behavior, is an avenue of future outlook.

2.3 | Assembling FREEs

Modularity is key to simplify prototyping in both experiments
and simulations. FREEs are chosen here because they can be
conveniently assembled into complex architectures, to attain
elaborate motions via nonlinear combinations of deformation
modes. We consider coupling FREEs in parallel and serial
configurations.

Parallel connectivity is obtained by longitudinally bonding
FREEs with rubber cement. If a FREE is a bending actuator,
we glue it along its spine. To enhance durability, a latex layer
is applied over the bonded area. FREEs are instead serially
assembled via a custom, 3D-printed (clear V4 resin from
FormLabs, Figure 2c) connector fitted to their ends and securely

tightened with zip ties (Figure 2d). The connector allows the
FREEs to share the pressure input, or to retain separate inputs
by running a supply line through one of the FREEs.

2.4 | The BR2 Soft Arm

FREE assemblies have been illustrated in worm-like [50] or
finger-like robots [51]. However, because of the serial arrange-
ment and shared pressure input, motion control is limited and
constrained to segmented, planar deformations. One of the main
architectures considered here is instead the BR2 arm, made of
three FREEs, one bending and two rotating (twisting) CW and
CCW. Their parallel assembly [52, 53], and thus nonlinear cou-
pling, conveniently enables complex 3D deformations, increasing
workspace while minimizing the number of actuators.

2.5 | The BR2-B3 and B3-BR2 Soft Arms

By further leveraging FREEs modularity, a SCA of expanded
workspace is also considered: the BR2-B3 arm [54]. This consists
of two serial segments, each with three FREEs (Figure 2c,d). The
top segment, inspired by the human elbow, features a BR2
manipulator, while the bottom segment, modeled after the
human wrist, is composed of three bending FREEs, enabling
movement in all directions. A reversed B3-BR2 configuration
is finally used for the interactive control demonstration of
Section 5.

Serial and Parallel
Connection

Assembly of Cosserat Rods via Boundary Conditions
Rest

Fixed End
serial connector

FREE Modules Validation

rotation

bend
angle sim.

exp.B
en

d
(r

ad
)

0
1
2
3
4
5
6

Actuation (psi)0 40

sim.
exp.

T
w

is
t(

re
v)

0

1

Actuation (psi)0 40
simulated arm made of
multiple connected rods

Activated

tripod
mount

hose connection

FREE connection

: Position

: Directors

2. Interpolation and Filter

Motion Capture Cameras

1. Iterative Closest Point

3. Arm Reconstruction

Marker Tracing

base

strain
(offset)

strain
(center)
strain

(center)

local frame

lab frame

Individual Cosserat Rod(b)

shear
vector

(c)

(d)

Fiber Angle

pressurized

(a) (e)

FIGURE 2 | SCA’s modular modeling and reconstruction pipeline. (a) Schematic of FREE fiber angles (α, β) and their change upon pressurization.

(b) Individual Cosserat rod model in 3D space. (c) Modeling of a BR2-B3 soft arm, composed of six distinct FREEs, using six Cosserat rods assembled via

appropriate boundary conditions. One end of the SCA is fixed (inset shows the base of the arm that connects to pressure regulator). The two segments

(BR2 and B3, each made of three rods/FREEs) are serially connected (inset shows the 3D resin-printed serial connector). On the right, the schematic

illustrates the connection model used in simulations for both parallel and serial connections. (d) Individual Cosserat rod model replicates primitive

deformations of individual FREE modules—bending FREE (α0 = 85°, β0 = − 85°) and twisting FREE (α0 = 60°, β0 = 0°) of 18 cm lengths. (e) The recon-

struction pipeline for the posture of a SCA in the Vicon system includes the following steps: (1) Iterative Closest Point (ICP) algorithm to track the

reflective markers representing cross-sectional planes, (2) SO3-filter [47] to denoise both position and directors sequence, and (3) reconstruction [35] to

obtain continuous representation of the arm’s posture.
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3 | Digital Twins

3.1 | Individual Cosserat Rod Model

Cosserat rod theory describes the dynamics in 3D space of slen-
der, 1D elastic structures that undergo all modes of deformation
(bending, shearing, twisting, and stretching) at all cross-sections
[55, 56]. Individual Cosserat rods naturally map to individual
FREEs (which are slender by design), allowing to model
FREEs nonlinear mechanics, material properties, active stresses,
and environmental loads [45, 46, 57].

A Cosserat rod (Figure 2b) is described by its centerline
xðs, tÞ ∈ R3 and orthonormal reference frame Qðs, tÞ ∈ R3× 3 =
d1, d2, d3
� �⊺, leading to the relation for any vector v∶v=Qv,
v=Q⊺v, where v denotes the vector in the lab frame and v in
the local frame. Here, s ∈ ½0,L� is the rod arc-length and LðtÞ
its current length, for time t ∈ R ≥ 0. For inextensible, unshear-

able rods, d3 is parallel to the tangent (∂sx = xs), with d1, d2 span-

ning the normal-binormal plane. Shear and extension shift d3
away from xs, producing the shear strain vector ν=Q xs − d3

� �
.

The curvature vector κ encodes bending/twist and is the Q’s rota-
tion rate along the material coordinate ∂sdj = κ× dj, while the
angular velocity ω is ∂tdj =ω× dj. The linear velocity of the cen-

terline is ∂tx, the second area moment of inertia is Iðs, tÞ ∈ R3× 3,
the cross-sectional area is Aðs, tÞ ∈ R, and density is ρðsÞ ∈ R.
Then, the governing equations are [56]

∂t ρA ∂txð Þ= ∂s Q⊺nð Þ+ f (1)

∂t ρIωð Þ= ∂sm+ κ×m+ Qxs ×nð Þ+ ρIωð Þ×ω+Qc (2)

where nðs, tÞ ∈ R3 and mðs, tÞ ∈ R3 are internal forces and cou-
ples, respectively, that depend on elastic deformations, geometry,

and material constitutive model. Finally, f ðs, tÞ ∈ R3 and cðs, tÞ ∈
R3 are the cumulative external forces and couples (per unit
length) applied to the rod. Here, external loads are used to cap-
ture rod-to-rod connectivity (see next), gravity, and Hertzian con-
tact [58], as detailed in [33].

3.2 | Assembling Cosserat Rods

To form rod assemblies representative of the complex mechanics
of FREE-composed arms, boundary conditions that mimic parallel
“gluing” or serial connectivity are necessary. Mathematically,
these amount to ensuring that glued surfaces or rigidly connected
ends share the same positions in space at all times, while main-
taining relative orientations. Here, we employ load–displacement
relations to produce restoring forces and couples that preserve
physical connectivity [33, 36].

Let us consider (Figure 2c) two connected elements from two dis-
tinct rods. The surface location of element i in contact with the
neighboring element j is defined as xsi = xci + riσi, where xsi , x

c
i , and

ri are the element’s center position, contact position, and radius
respectively, and σi is the center-to-contact unit vector. In the rest
configuration, σi points from xci to xcj and σj = − σi. Then, at each

timestep, the restoring force Fconnect
i = ks xsj − xsi

� �
and couple

Cconnect
i = riσi ×Fconnect

i , are applied to each element. Here, the
force spring constant ks is chosen to prevent separation and avoid
numerical instabilities.

Next, we need to maintain the relative orientation between
two connected elements. First, we define Qi for element i
and Qj for element j. The rotation matrix Rij :=QjQ

⊺
i ∈ R3× 3,

where ⊺ denotes the matrix transpose, transforms Qi into
Qj. In the rest configuration (hat symbol), the same rotation

matrix reads bRij := bQj
bQ⊺
i . The torque-orientation relation con-

siders the deviation between the current orientation Rij and

the rest configuration bRij to compute the orientation-restoring

couple Calign
i = −ktQ

⊺
j log bR⊺

ijRij

� �
, where kt is chosen to

maintain alignment and numerical stability. The operator
log ð⋅Þ∶R3× 3 →R3 is the matrix logarithm, which converts a rota-
tion matrix into its corresponding rotation vector. Equal and
opposite torques are applied to neighboring element j

ðCalign
i = −Calign

j Þ.

3.3 | Digital Twins—Cosserat Rods to FREEs

To realize digital twins of FREE-based systems, rods’ material
and geometric properties are quantitatively matched with
FREE modules (Table A2). Further, the effects of pressurization
and fiber inextensibility that govern individual FREEs’ deforma-
tions are quantitatively couched into our rods as resultant loads.

To determine them, we define the FREE’s axial λ1 := l=l0
and radial λ2 := r=r0 stretch, where l, l0 and r, r0 are the
current and initial lengths and radii, respectively. As the
FREE deforms under pressure (Figure 2a), fibers’ inextensibility
leads to changes in the winding angles [45]. The kinematic equa-

tions governing these changes are α= tan− 1 λ2
λ1
tan ðα0Þ+ r

l δ
� �

and β= tan− 1 λ2
λ1
tan ðβ0Þ+ r

l δ
� �

, where α0 and β0 are the fiber

angles in the rest state, and δ is the twist of the FREE in its
deformed configuration.

To connect these kinematic equations with the rods’ dynamics,
we employ the relationships described in [59] that estimate the
effective internal forces and couples acting on the FREE given
fiber angles α, β and fluid pressure P

F = γPπr2 1+ 2 cot ðαÞ cot ðβÞð Þ
SðαÞ2SðβÞ2Sðα− βÞ2

SðαÞ2SðβÞ2Sðα− βÞ2 + SðαÞ2 − SðβÞ2ð Þ2
(3)

C= γPπr3 1+ 2 cot ðαÞ cot ðβÞð Þ
SðαÞSðβÞSðα− βÞ SðαÞ2 − SðβÞ2ð Þ

SðαÞ2SðβÞ2Sðα− βÞ2 + SðαÞ2 − SðβÞ2ð Þ2
(4)

where γ is introduced to account for manufacturing variability
(±10%), and Sð⋅Þ= sin ð⋅Þ. The effective loads so computed are

applied to our rods as Fload =Fd3 along the tangent direction,

and Cload =Cd3 along the twist direction. These relations do
not consider the presence of a spine, and therefore do not model
bending FREEs, only extending/shortening and twisting ones.
However, we recall here that the spine (additional inextensible
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0° fiber) constrains extension on one side of the FREE/rod, giving

rise to the additional bending couple Cbend = μ rdf ×Fd3
� �

, where

r is the rod’s radius, df is the unit vector (in the normal-binormal
plane) pointing from the centerline to the spine, and μ is a scaling
parameter calibrated based on experiments. All model parame-
ters for all simulations are reported in the Appendix B.

3.4 | Elastica Software

With a closed system of equations, we proceed with its numerical
integration using Elastica [60], whose accuracy has been demon-
strated via rigorous benchmarks [56], quantitative biomechanical
simulations [33, 36, 61, 62], and for the design/control of artificial
[33, 63–65] and bio-hybrid [36, 66, 67] soft robots.

4 | Experimental Validation

4.1 | The Vicon Arena

The Vicon motion capture system [43, 44] is one of the most
advanced video tracking and interpretation solutions commer-
cially available. Widely used [68–70] in applications ranging from
virtual reality and entertainment to biomechanics and engineer-
ing, it provides precise tracking of 3D body motions at 120Hz
frame rate, by means of specialized multiple cameras and reflec-
tive markers placed on the subject’s body.

The Vicon system tracks “objects,” defined as collections of
markers whose relative positions are assumed to remain fixed
over time. By design, robust identification is limited to objects
that are rigid, geometrically distinct, and spatially well sepa-
rated—conditions that do not necessarily align well with our
application. Indeed, our soft robotic arms undergo small-volume,
spatially localized deformations relative to the Vicon work vol-
ume, yet exhibit complex motions that require dense, closely
spaced marker-objects (to estimate orientations, see Figure 1b)
along the robot length. During actuation, twisting and bending
further bring markers into close proximity. Under these condi-
tions, the system is prone to common failure modes, including
marker flickering, swapping, dropout or ghosting as well as
incorrect object labeling. These errors lead to reduced measure-
ment accuracy and compromise the reliable reconstruction of
arm postures and strain fields.

To mitigate these issues, we replace the built-in object tracking
algorithm with three custom preprocessing steps on the Vicon
datastream (Figure 2e). First, we implement the Iterative
Closest Point (ICP) algorithm [71, 72] and employ it to identify
and group the path trajectories for each cross-section marker
(Figure 1b), so as to trace the position and director of every
cross-section. Once the trajectory of the position and director
of each cross-section are measured, a SO3-filter [47] is used to
eliminate high-frequency jitter in the orthogonal matrices.
Finally, a continuous representation of the arm’s posture and
strains is reconstructed based on the discrete data, following
the physics-informed reconstruction approach detailed next.
As demonstrated in the remainder of the paper, our overall
reconstruction methodology is found to be effective, rendering

the powerful capabilities of the Vicon systems fully available
to soft slender body research.

4.2 | Posture and Strain Reconstruction

To accurately reconstruct posture (centerline position and orien-
tation) and all deformation modes (bending, shearing, twisting,
stretching) of our SCAs, we employ a physics-informed method
tailored to soft, slender bodies [35]. We note that the shear mode
is not actively driven by FREE’s pneumatic actuation. However,
we retain the full Cosserat strain space—including shear—to cap-
ture potential deformations that can engage shear, such as those
arising from environmental loads or mechanical coupling when
FREEs are assembled together in modular configurations. This
technique does not consider only kinematic data, as most
approaches, but also incorporates the mechanics of the soft body
to discount nonphysical or highly energetic body configurations.
This is attained by couching the reconstruction process as an opti-
mization problem where the arm centerline’s posture/strains are
identified by minimizing both mechanical potential energy and
data mismatch relative to experimental measurements. Concisely,

min
u

Jðu;DÞ, s:t: kinematic& smoothness constraints (5)

where u is the decision variable that controls the smoothness of
the strain, D is the marker data, J is the objective function that
contains both energy and data mismatch costs. This approach,
which has been previously demonstrated for slender soft struc-
tures and whose detailed formulation can be found in [35], ena-
bles noninvasive, high-accuracy, and comprehensive posture/
strain estimation in the present context.

As noted, the above method applies to the centerline of the
experimental arm. To compare with simulations (where
assembled rods may be at an offset distance from the arm’s
centerline, Figure 2c), we need to map the posture and
strains of each rod to the centerline of the arm. To this end,
we employ an averaging optimization technique [73] for which
εc = argminε jj 1N

P
N
i= 1ðεi −AdγiðεÞÞjj. Here, εi is the strain of the

ith simulated rod and γi is the transformation matrix (Figure 2e)
that maps the positions and orientations of the ith rod to the arm’s
centerline. The optimization seeks to minimize the distance
between the adjoint AdγiðεÞ, which represents the strain of

the ith rod estimated from the unknown centerline strain ε,
and the actual simulated strain εi. The result of this minimization
process is the centerline strains εc, from which the posture is
derived, allowing us to directly compare experimental and
computational results.

4.3 | Validation

With the machinery in place to perform and compare simulations
and experiments, we proceed with its verification. Simulation
parameters are first calibrated based on individual FREE’s defor-
mation primitives (Figure 2d), providing the computational
building-blocks for all subsequent tests and benchmarks with
composite SCAs. Details of the calibration procedure are in the
Appendix B. We then begin with a case involving a SCA composed
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of two serially connected twisting FREEs, one rotating clockwise
(CW) and the other counterclockwise (CCW) under pressure
(Figure 3a). Due to the opposing twist directions, the twist reverses
at the center of the SCA, resulting in the largest rotation angle at
the serial connector’s location. This reversal poses a challenge to
the torque-orientation connection model, as it must precisely
match the end orientations at the rods’ meeting point. We test
two different actuation pressures and compare simulations and
experiments against the SCA’s posture and twist profile. As can
be seen in Figure 3a, computations reproduce experimental meas-
urements of twist profile and magnitude, capturing the reversal at
the connector location as well as the overall arm posture. Observed
(small) deviations are quantified in Table A3, and attributed to
manufacturing, material, and experimental variability as well as
modeling assumptions in both reconstruction algorithm and sim-
ulations. For all cases reported in this work, discrepancies are
found within the 2–8% range, as detailed in the Appendix C.

Next, we benchmark two serially connected bending FREEs, pre-
senting a 120° angle between their spines. This arrangement
causes, upon pressurization, the segments to bend in different
planes with opposite concavity, giving rise to the 3D morphology
of Figure 3b. This is a challenging test. However, our simulations
recapitulate the experimentally reconstructed arm’s posture, cur-
vature profile, and magnitude. We emphasize how, at 25 psi, the
arm deforms rather dramatically compared to 10 psi, highlighting
the ability of our simulations to capture this transition. However,
we note the mismatch at the connection region. This is due to a

slight misalignment between the spines of the two FREEs, but
also because of the jump conditions of the reconstruction algo-
rithm, introduced for the connecting components.

Finally, we consider the BR2-B3 arm across a set of postures cor-
responding to different pressurization settings (Figure 3c). Given
the symmetric design and actuation space, bend–bend and clock-
wise bend-twist actuation combinations are presented. This serves
as a comprehensive test, since the parallel and serial assembly of
six distinct FREEs can produce a number of deformation modes.
In Posture 1, we actuate two bending FREEs, one in each serial
segment (BR2 and B3). The two active FREEs are assembled with
aligned spines to allow the arm to purely bend in-plane. As seen in
Figure 3c, the model and the physical arm recover this preprog-
rammed behavior. In Posture 2, we pressurize a twisting FREE in
the top segment and a bending FREE in the bottom segment
(Figure 3c). Lastly, we combine the actuations from Posture 1
(25 psi) and Posture 2 (20 psi), driving the arm into a 3D helical
configuration. Once again, our model is found to capture the
observed experimental arm’s reconfigurations.

5 | Interactive Design of Control Strategies via
Digital Twins Embedded in a Virtual Environment

With the numerical framework established, we proceed with
demonstrating the interactive design of control strategies in
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FIGURE 3 | Experimental validation. For all simulations, we use the Young’s modulus of the elastomer FREEs are made of and match the area ðAÞ
and moment of inertia ðIÞ of each individual rod with the corresponding hollow FREE. Rod modules are then connected together to form various

configurations, which are subsequently fabricated for experimental verification. (a) Twist–twist and (b) bend–bend validations are conducted for serially

connected FREEs. The validation includes a comparison of the centerline position and orientation (normal and binormal directions) between experi-

ments and simulations, together with the curvature profile (twist: κ3, bend: kκ1,2k= jðκ1, κ2Þj) along the arm’s length. The connection region is shaded in

gray in the plots. (c) Three different actuation combinations of the BR2-B3 SCA are tested for validation. These include (posture-1) actuation of two

serially connected bending FREEs at 25 psi, (posture-2) actuation of serially connected bending and twisting FREEs at 20 psi, and (posture-3) a combined

actuation of (posture-1) and (posture-2). For the BR2-B3 validation, we compare the posture between the experimental results and simulations. Errors

between simulated and experimental postures and strains are listed in Table A3, together with the corresponding usedmetrics. In all cases, deviations are

found to be less than 10%.
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simulations, by immersing our SCA digital twins in a virtual
environment. Obtained controllers are then transferred to a cor-
responding physical prototype for experimental verification.
Particularly for SCAs, where targeted applications involve
unstructured, nondeterministic environments, virtual or digital
twin planning strategies hold considerable promise for remote
operation.

We consider a SCA configured in a B3-BR2 (Figure 4b) fashion,
loosely inspired by the combination of shoulder and elbow joints
in the human arm. The arm is tasked with reaching and retriev-
ing a metallic object (AA battery) located behind an acrylic wall.
The wall presents a small circular opening through which the
arm must insert to reach the battery, which is misaligned relative
to the opening. A magnet is attached to the SCA’s tip, to securely
hold the battery upon contact and allow its retrieval. This is a
challenging task, as it requires the SCA to approach the opening
with a posture conducive to insert, reach around the battery, and
then extract the payload (which is relatively heavy and geomet-
rically awkward) while contending with wall boundaries and
environmental effects.

To streamline the computational design of a suitable actuation
strategy, we integrate a joypad within our simulation framework.
Inputs from the joypad are relayed to the framework and trans-
formed into pressure inputs to simulate and visualize the result-
ing SCA’s behavior in near-real-time (Figure 4a). Simulation
configuration and measured timing are reported in Appendix D.
This setup allows users to interactively test control actions,

observe the SCA’s simulated response on screen, develop a phys-
ical intuition, and adjust their strategy (Figure 4c) before logging
the final control inputs to be deployed experimentally.

The action space of the B3-BR2 is characterized by four pressure
inputs, mimicking the human arm’s movements: bend–bend
configuration for arm-raising, bend-twist configuration for shoul-
der adduction and medial rotation, bend (upper) for opposite
adduction, and twist (lower) for opposite medial rotation
(Figure 4c). A middle connector is specifically designed to pair
pressure inputs from the top segment to the neighboring bottom
segment for bend–bend and bend-twist coactuation. To sepa-
rately control the bend (upper) actuator and twist (lower) actua-
tor without an extra tether at the joint, a tube is inserted inside
the upper actuator to link the regulator from the arm base to the
lower actuator. This pairing strategy is informed by trial and
error simulations, to provide sufficient flexibility for completing
the task while reducing the action space (thus simplifying con-
trol). Such an approach may be replaced in the future with a
formal optimization methodology. We note that action space
planning/reduction is a common challenge in multi-actuator
control and robotic design, where action spaces of dimension
lower than the number of physical actuators may be desirable.
Our simulation framework then allows us to strategically pair
and couple deformations, informing SCA design and fabrication.

Prior to logging the control data from our interactive simulation
environment, users are allowed to conduct multiple practices to
become familiar with the joypad controls. Pressure inputs are
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FIGURE 4 | Control strategies designed using interactive digital twins are subsequently transferred to physical hardware. (a) Control sequences are

interactively (human in-the-loop) identified using a B3-BR2 digital twin immersed in a virtual environment. (b) Digital twin in its operating environ-

ment, visualized in Blender. (c) Pressure inputs that allow target retrieval are identified by user in simulations. (d) The real-world experimental setup

mirroring the virtual setup. The blue area in the top view indicates the placement region (10 cm lateral width, 8 cm inward from the wall) within which

the target payload (AA battery) was randomly placed and consistently retrieved. It spans the demonstrated tip trajectory plus a �1 cm magnetic pickup

range. (e) Simulated deformation sequence executing the approach-rotate-retrieve task. (f ) Physical actuation sequence of the B3-BR2 retrieving the

battery. Videos in Supporting Information.
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filtered to limit accelerations and maximum pressure changes,
preventing structural instabilities and ensuring that the system
operates in accordance with the equipment actuation rates.
Thanks to the reduced action space and intuitive control inter-
face, a user typically needs about half an hour to become profi-
cient and consistently succeed in the battery-retrieval task. Once
the user converges on a control strategy, the corresponding
action sequence and pressure inputs are logged. Logged controls
(Figure 4c) are then directly used to drive the real SCA, without
any human intervention. Here, the Vicon system records experi-
mental motions for post-hoc comparison between simulated pre-
dictions and open-loop deployment. Integrating closed-loop
feedback control and real-time contact sensing are natural and
important future directions.

Snapshots of the simulated SCA during a successful reach-and-
retrieval maneuver are illustrated in Figure 4e. During the
“approach” phase (0–21 s), combined bend–bend and bend-twist
actuation lifts the SCA tip (from the rest configuration of
Figure 4b) towards the opening location. During the subsequent
“rotate” (21–43 s) and “retrieve” (43–63 s) phases, the SCA slips
in (“rotate” phase) and out (“retrieve” phase) of the opening,
intermittently entering in contact with the circular boundaries.
This plays an important role. The arm indeed leans on the edges
of the entrance, using them to rectify potential control inaccura-
cies. In order to capture this interaction, in simulations contact is
implemented via an Hertzian model [58] with a predefined static
plane and torus geometry representing the real-world wall and
opening boundary (Figure 4b). As the arm rotates into the open-
ing, it finally reaches to the battery. Upon contact, the simulation
is paused (time: 43 s) and a payload equivalent to the battery’s
weight is added to the arm tip. The transient magnetic attraction
between arm and battery is not considered in simulations; how-
ever, the battery cylindrical geometry is taken into account to
handle potential collisions with the walls during retrieval.
Finally, the SCA pulls the battery out of the opening by engaging
the combination of bend (upper) and twist (lower) actuations (see
Video, Supporting Information).

Next, we replay the simulated, logged pressure controls into the
physical robot (Figure 4f ). The compliance of the SCA allows it
to insert through the opening, lean against its edges, and accom-
modate posture discrepancies relative to simulations. As the tip of
the SCA rotates into place, it approaches the battery with the mag-
net securely holding onto it. Finally, as predicted in simulations,
the arm slips out of the opening, with its compliance again helping
to overcome contacts and control inaccuracies, to then complete
the task (see Video, Supporting Information). The same motion
sequence was tested over 20 trials, with the battery placed at dif-
ferent positions, uniformly sampled, within the blue region
(Figure 4d), and the SCAwas able to successfully complete the task
in all instances. These results confirm the viability of our simula-
tions, leading to predictable and reliable experimental execution.

6 | Conclusion

In order to accelerate soft robotic deployment to real-world appli-
cations, design, prototyping, and control strategies tailored to
their highly nonlinear nature are necessary. Towards a

comprehensive rational design approach, fabrication modularity
and reliable numerical simulations are key aspects. Here, a
Cosserat modeling approach is developed for the direct numerical
simulation of soft manipulators realized through the modular com-
position of FREE actuators. Our simulator reflects experimental
modularity by allowing the user to connect rods into complex
architectures. By incorporating FREEs’ specific physical parame-
ters and actuation mechanisms into our rod representation,
obtained digital twins are shown to recover experimental deforma-
tions of FREE-composed arms of increasing complexity.
Concurrently, to facilitate the collection of such data, a dedicated
preprocessing stage is integrated in the motion tracking pipeline of
the Vicon system, addressing issues of reliability and accuracy asso-
ciated with highly deformable, small-volume soft slender robots.

Finally, to illustrate the utility of our models for designing control
strategies, we render our simulations interactive via the integra-
tion of a joypad system. Through the joypad, pressure inputs to
the digital twins are online, manually controlled. A user is then
challenged to drive a virtual robot arm through a wall opening,
reach to a hidden object, and retrieve it. This task is specifically
designed to test robust handling of contact and loading conditions
in constrained environments, both in simulation and experiments.
Joypad commands, and corresponding pressure inputs, are logged
and subsequently played back to the physical system after which
the simulation is modeled. Upon the automated execution of the
interactively designed control strategy, the real arm is found to
consistently and successfully retrieve the object over tens of runs.

Overall, this work advances the effective design, simulation, and
interactive control of modular soft arms amidst uncertain envi-
ronmental contacts and forces, paving the way to human-in-the-
loop testing, closed-loop tele-operation with real-time sensing,
iterative actuation programming, and motion validation under
real-world uncertainties.
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Appendix A

Comparison with prior modeling approaches

Table A1 summarizes representative prior approaches for modeling SCAs
with fiber-reinforced actuators.

Appendix B

Simulation Parameters and Calibration

For each FREE after fabrication, the radius (inner and outer), length, and
wall thickness (including all rubber–cement layers) are remeasured and
entered as per-FREEmodel parameters. The actuation calibration factor γ
is then identified from the FREE’s deformation primitive experiment

(Figure 2d), in which the module is pressurized over the full actuation
range and γ is fitted. Once calibrated, the per-FREE parameter set is held
fixed for all subsequent composite-arm simulations.

Here, we report targeted system parameters and simulation errors relative
to experiments. Experimental data are available upon request. Simulation
code is available at https://github.com/skim0119/BR2-Simulator.

TABLE A1 | Comparison of key modeling and simulation approaches for SCAs constructed from FREEs or similar actuators. The “Modular FREEs”

column indicates whether the method supports combining individual actuator modules in serial or parallel to construct more complex arms. Monolithic

rod models with complex actuation are not considered modular. The “Contact” column denotes whether the method includes easy-to-configure

interactions with arbitrary solid boundaries and contact physics. The “Reusable simulator” column specifies if the method is implemented as a

general-purpose simulation environment, rather than tailored to a specific problem.

Approach Model Modular FREEs Contact Reusable

Bishop-Moser
et al. [59]

Analytical No No No

Connolly
et al. [49]

FEA Limited (Serial) No No

SOFA [75] Cosserat Limited (Serial) Yes Yes

SOFA [76] FEM No Yes Yes

Doroudchi
et al. [37]

Cosserat No No No

This work Cosserat Yes Yes Yes

TABLE A2 | Key material and fabrication parameters. Identified actuation calibration factors γ are grouped by arm (T2: twist–twist; B2: bend–

bend; BR2-B3 and B3-BR2: six FREEs). Within each group, values are listed in order from the fixed base to the tip. For the BR2 configuration, values

are listed in the order: bend, clockwise twist, then counterclockwise twist.

Material Parameters

density (latex/rubber) 1000

length (cm) 12 or 18

radius (cm) 8.52 (outer)
4.76 (inner)

Young’s modulus (MPa) 1.5

Poisson ratio 0.5

actuation calibration factor γ Range: 0.90–1.10 (±10%)
T2: 0.927, 1.094
B2: 1.084, 1.082

BR2-B3: 1.070, 1.063, 0.908
0.947, 0.906, 0.932

B3-BR2: 0.985, 1.074, 1.024
1.033, 1.087, 1.096

FREE Parameters

winding number 1 (bending)
2 (rotation)

actuation range (psi) 0 – 45
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Appendix C

Simulation vs. experiment error

Appendix D

Simulation setup and interactive timing

For the interactive B3–BR2 battery-retrieval demonstration (Section 5),
simulation setup and measured timing are given in Table A4. At this
problem scale, the simulation ran close to real-time; we expect run time
to increase for larger assemblies, finer discretization, and heavier contact
physics.

TABLE A4 | Simulation setup and measured timing for the

interactive B3–BR2 demonstration.

Interactive simulation (B3–BR2)

Hardware Laptop (CPU: M5, RAM:
24GB)

Spatial discretization �5.0 mm per rod
segment

Timestep Δt 2 × 10−4 s

Model size 6 rods, 180 elements

Real-time-factor
simulated physical time

wall�clock computation time

� � 1.55x

TABLE A3 | Comparison simulations vs. experiments using relative percent error ½erelativeðA,BÞ= jA−Bj
jBj × 100�. We evaluated integrated quantities

that characterize the deformation of the entire rod: tip position: xðLÞ, total twist [74]: ½∫ L
0 jκ3ðsÞjds�, total bend [55]: ½∫ L

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ21 + κ22

p
ds�, and total elongation:

½∫ L
0 jν3 − 1j dss�.

Tip Position Total Twist Total Bending Elongation

Twist-Twist

10 psi 2.1% 3.0% N/A 0.7%

20 psi 5.9% 4.6% N/A 2.3%

Bend-Bend

10 psi 3.5% N/A 0.4% 2.5%

25 psi 4.3% N/A 6.2% 6.9%

BR2-B3

pose 1 4.5% 3.1% 8.2% 3.1%

pose 2 7.2% 4.5% 5.2% 4.8%

pose 3 8.2% 3.7% 5.6% 2.4%
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