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Abstract—Elastomer-based soft manipulators with fibre-
reinforced chambers, represent a prevalent design paradigm
in soft robotics. These robots incorporate multiple actuation
chambers, enabling elongation and bending motions. However, the
inherent compliance of materials and the pressurized chambers
inevitably introduce significant nonlinearity to these robots.
Moreover, design of such robots often relies on a trial-and-error
approach. Consequently, a comprehensive robot prototyping
framework is of paramount importance. To achieve this, we
present a static modeling, design and evaluation framework for
soft robots with densely reinforced chambers (i.e., the angle
between the reinforcement fibre and the axial direction of
soft robots is 90◦). We first propose a static analytical modeling
framework to achieve both the forward kinematics and the tip force
generation modeling. This modeling framework accommodates
the effects of pressurized chambers and (non)linear material
behaviors. Furthermore, our design and evaluation framework
incorporates an open-accessible simulation toolbox with a
user-friendly graphical interface, along with a physical evaluation
platform. The entire framework is validated by eight kinds of
manipulators with varying diameters and lengths. Meanwhile,
the nonlinearity introduced by geometrical deformation resulting
from the elongation, the pressurized actuation chambers (i.e.,
the chamber stiffening effect), and material hyperelasticity are
investigated. Results also enable informed decision-making on
design specifications prior to robot fabrication.
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NOMENCLATURE

Abbreviation and Description
FEAs Fluidic elastomer actuators.
M ∗ S# #th step in the fabrication method ∗.
D ∗ L# Robot label, ∗ and # denote the outermost di-

ameter of robots and the length of the chamber,
respectively.

LM model Linear material model.
NH model Neo-Hookean model.
MR model Mooney–Rivlin model.
RMSE Root mean square error.
MAPE Mean absolute percentage error.
ODEs Ordinary differential equations.
GUI Graphical user interface.

Symbol and Description
(̂·) or (·)̂ Mapping from R3 to so(3), or from R6 to se(3).
(·)(s) Variable has a function of the arc length

variable s.
(·)x|y|z x, y, or z Component of a variable.
(·)s ∂(·)/∂sDerivation of a variable with the arc length

s.
(·),0 or (·)0 Initial value of a variable.
Δ(·) Variation of a variable.
|| · || Euclidean norm of a variable.
L0, L Original and elongated length of the robot.
Li
c Length of the ith fibre-reinforced chamber.

Dr, rro Diameter and radius of the robot.
Di, rri Diameter and radius of the central channel of the

robot.
Dcp, rcp Diameter and radius of the chamber position of the

robot.
Dc, rci Diameter and radius of the actuation chamber.
rco Radius of the reinforced layer, with rco = rci + δc.
di ∈ R3 Position vector of the ith chamber in the body

frame.
δc Wall thickness of the chamber.
δr Thickness between the central channel and rein-

forced layer.
δs Threshold value of the minimum silicone

thickness.
α1, α2 Angle between two adjacent chamber and chamber

pair.
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λ1, λ2, λ3 Principle material stretch ratios.
ε1 Longitudinal strain.
El Linearized 100% Young’s Modulus, for the LM

model.
Et Tangent modulus, for hyperelastic models.
G Shear modulus for the silicone materials.
EPe

, EPb
Elongation and bending modulus of the chamber
stiffening.

I1, I2 First or second invariant in the hyperelastic
model.

σ1,e, σ1,t Longitudinal engineering and principal Cauchy
(true) stress.

Π Strain density function.
A,Ac Area of the cross section of the robot and actuation

chamber.
FP Force generated by pressurization in the body

frame.
Fb Blocked force at the tip position.
Hp Contact point of the blocked point.
h Horizontal distance between Hp and the origin.
kb, ke Bending and elongation stiffness of the pressurized

chambers.
Fλ1

Force generated by stretch deformation of the ma-
terial.

R(s) ∈ R3×3 Rotation matrix along the robot.
p(s) ∈ R3 Translation vector along the robot.
c ∈ R6×6 Compliance density matrix c =

diag[cse, cbt].
cse ∈ R3×3 Compliance density matrix for shear and

elongation.
cbt ∈ R3×3 Compliance density matrix for bending

and torsion.
v(s) ∈ R3 Local strain vector.
u(s) ∈ R3 Local bending curvature vector.
n(s) ∈ R3 Internal force along the rod.
m(s) ∈ R3 Internal moment along the rod.
fe(s) ∈ R3 Distributed external force per unit s.
me(s) ∈ R3 External moment per unit s.
fg(s) ∈ R3 Distributed gravitational force per unit s.
fP (s) ∈ R3 Distributed force from pressurization per

unit s.
mP (s) ∈ R3 Distributed moment from pressurization per

unit s.
Jz, Ix, Iy (Polar) second moment of area about the z-, x-,

and y-axes.
P i Pressure in the ith actuation chamber.
μi, βi Parameters for the NH and Ogden models.
C10, C01 Parameters for the MR and Yeoh models.
(Li

c)pi|Fb
Chamber lengths in the free and constrained space.

en|m|l|h Errors of the boundary conditions.
Wn|m|l|h Weight factors of the boundary conditions.

I. INTRODUCTION

THE inherent compliance of soft material robots results in
high flexibility and adaptability of these systems, which is

advantageous for manoeuvring in uncertain environments [1],
[2], achieving safe robot-environment interactions [3], [4] and
enabling dexterous motions [5], [6]. To construct soft robots,
elastomers with various shore hardness ranges are typically
used [7], [8]. Within this context, FEAs actuated by pres-
surized fluids are prevailing [9]. Essentially, multiple actua-
tion chambers are created, and the entrapped fluids force the
robot to produce strains. Consequently, the nonuniform strains
make the robot to have elongation or (uni)directional bending
motions [10].

A fabrication framework of the FEAs was summarized in [11],
which elaborated different robot morphology, comprising the
ribbed, cylindrical, and pleated design. For these FEAs, the
radial expansion of the actuated chambers, i.e., the balloon-
ing effect, is commonly observed resulting from the high de-
formability of soft elastomers. This ballooning effect might be
advantageous, such as operating robots with a lower actuation
pressure [12] and anchoring the robot [13]. Conversely, the
ballooning effect may also have drawbacks, e.g., limiting the
maximum motion ranges [14] and resulting in irregular kine-
matic behaviors [15], leading to potential interference between
actuation chambers and embedded sensors [16]. To prevent soft
robots from ballooning, fibre-reinforced design is proposed. The
concept is to wrap in-extensible fibre or sheath around the FEAs
to restrain the radial expansion while allowing longitudinal
elongation. This design mitigates the ballooning effect and avoid
potential chamber interferences of robots.

A. Related Work

The pioneering work of fibre-reinforced FEAs can date back
to the late 80s, when the microactuators were proposed for
manipulation and locomotion tasks [17]. These microactuators
comprised fibre-reinforced rubber and three actuation chambers
of a sector shape. Over time, this principle has developed and
evolved in various fields. Specifically, the reinforcement can be
achieved by two approaches, body reinforcement and chamber
reinforcement. A typical example using the body reinforcement
is the original design of the stiffness controllable flexible and
learnable manipulator for surgical operations (STIFF-FLOP)
manipulator in [18], aiming for minimally invasive surgery
(MIS). In this design, three semicircular actuation chambers
and one central stiffening chamber were integrated. A crimped
sheath was employed externally to confine the robot’s radial
expansion. In addition, in-extensible fibres can be used to im-
pose radial constraints. This enables the creation of minia-
turized robots (with a diameter of 6 mm) featuring a central
working channel [19], bending actuators with various cross-
sectional geometries [20], [21], [22] and soft grippers [23],
[24]. While body reinforcement can alleviate the ballooning
effect, the actuation chambers may still undergo expansion,
potentially leading to unwanted interference between actua-
tion chambers and other working channels. To address this
issue, the chamber reinforcement was explored. An improved
fabrication process for the STIFF-FLOP manipulator was
presented in [15]. In this approach, each individually reinforced
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chamber effectively limits the expansion of actuation chambers
and enhances robot’s motion ranges. Miniaturized manipulators,
e.g., with a diameter of 14.5 mm, were then produced [25].

Broadly speaking, leading modeling techniques for soft
robots encompass numerical, analytical and data-driven ap-
proaches [26]. The finite element method (FEM) is a numer-
ical approach, which describes the robot geometries by mesh
comprising a set of nodes together with the information about
neighboring nodes [27], [28]. However, the FEM might be com-
putationally demanding as it relies on large numbers of nodes. To
reduce the geometrical complexity, analytical approaches have
been developed. For instance, the curvature along the backbone
of soft robots can be assumed to be constant, resulting in the
static or dynamic piece-wise constant curvature (PCC) mod-
els [29], [30]. On the other hand, variable curvature models have
been proposed, for instance, the Cosserat rod model [31], [32],
[33], the piece-wise constant or linear strain models [34], [35].
In scenarios where there are uncertainties in the model, data-
driven methods, e.g., model-based estimation [36], parametric
fitting [37], and learning approaches [38], can be considered.

Based on these modeling advances, soft robots with fibre
reinforcement can be described. Essentially, reinforcing the
robots using threads shares the similarity with the Mckibben
muscles [39]. The relationship between the fibre angle and actua-
tor responses was investigated using FEM in [40], and a mechan-
ical programming method was proposed to achieve a versatile
locomotion. Likewise, an analytical model was explored in [41],
wherein the optimization can be implemented to determine de-
sign parameters, such as the fibre angle, to replicate a comparable
kinematic trajectory of the fingers. Connolly et al. [40] also
highlighted that when the fibre is densely reinforced, i.e., the
fibre is approximately perpendicular to the longitudinal axis,
the maximum elongation capability is attained. The dense rein-
forcement assumption also brings convenience for modeling,
as it allows the circumference of the reinforced layer to be
considered as invariant [42]. In addition, Polygerinos et al. [21]
proposed an analytical model employing the Neo-Hookean ma-
terial model to predict the bending angle and blocked force of
a unidirectional bending actuator. Sadati et al. [43] proposed
a dynamics modeling methodology for hybrid rigid-continuum
systems and demonstrated its application using the STIFF-FLOP
manipulators, provided the chambers were densely reinforced.
Renda et al. [44] proposed a screw-based forward kinematics
modeling method using the Cosserat rod theory, utilizing the
assumption of a linear material behavior. In addition to establish
analytical kinematics or dynamics models directly, data-driven
methods have been explored. In [23], the relationship between
the actuation pressure and chamber length was experimentally
identified and used to derive the forward and inverse kinematics,
based on the PCC model. Huang et al. [45] developed a model to
describe and parameterize the kinematics and stiffness charac-
terizations of soft parallel robots, with each leg fibre-reinforced.
In [43], [44], and [45], a linear material behavior was assumed
with a constant Young’s Modulus. However, nonlinearity is
observed with the increase of the strains [15], [21], and the
pressurization could also influence the stiffness properties of
soft robots [46], [47].

In addition to addressing the challenges of designing and
modeling robots separately, significant efforts have been made
to develop comprehensive and efficient tools and methods for
prototyping, evaluating, and controlling robots. This includes
the development of both physical platforms and software tool-
boxes [48], [48]. An experimental platform was proposed in [49]
to achieve multiple degrees of freedom force characterizations
of fibre-reinforced bending actuators. Several MATLAB tool-
boxes, such as SoRoSim [50], Sorotoki [51], and SPADA [52],
have been developed based on geometric variable strain models
or FEM. These toolboxes facilitate the modeling, simulation and
analysis of soft or hybrid rigid-soft robotic systems. In addition,
the open-source Simulation Open Framework Architecture [27],
has flourished in the soft robotics community, which establishes
an FEM-based simulation and control framework with abundant
and versatile plugins. Beyond tool developments, there has been
exploration into general design, modeling, and development
methodologies to streamline the prototyping of soft robots [53],
[54]. For instance, a statics modeling framework is proposed
in [55], to depict free bending, block force, and deflection upon
block force for fibre-reinforced actuators, while these actuators
can only achieve planar bending motions.

In summary, soft robots with a fibre reinforcement have been
investigated for a wide spectrum of applications and described
using various modeling techniques. As such, the robot modeling,
design and evaluation lay the foundation for the prototyping and
developing of fibre-reinforced robots. Particularly, this work
focuses on soft robots with dense fibre-reinforced, extending
actuation chambers with a central working channel. These robots
offer several important advantages. First, these extending actua-
tors can achieve much higher stretch ratios, exceeding 50% [21],
[22], which enables larger bending curvatures compared to fibre-
reinforced contracting actuators. For instance, the theoretical
maximum contraction ratio for a McKibben muscle is 36.3%,
and typical values range from 20%–30% [56]. Second, full fibre
reinforced-chambers eliminate the ballooning effect and pre-
serve the cross-sectional geometry during pressurization [33],
ensuring that tools inserted into the central channel are not
compressed. Third, because the reinforced chambers do not
expand radially, the required input fluid is reduced, actuator
response becomes more linear, and overall system durability
is improved [57].

Specifically for these soft manipulators, there remains a need
for a modeling and evaluation framework capable of assessing
key design parameters prior to robot prototyping, such as robot
dimensions and material choices, to determine their suitability
for potential applications. Such a framework would support
more informed decision-making in the early design stage and
help reduce overall prototyping time. In addition, the nonlinear-
ity introduced by the compliant materials and the pressurized
chambers still needs to be investigated, especially considering
non-negligible longitudinal deformation.

B. Contributions and Outline

To enable informed decision-making on design specifications
for the development of fibre-reinforced soft robots, this article
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Fig. 1. Proposed static modeling and evaluation framework for soft robots with densely reinforced chambers. The angle between the reinforcement fibre and the
axial direction can be approximated as 90◦. The variables are explained in the Nomenclature.

proposes a static modeling and evaluation framework to evalu-
ate two key robot performances, i.e., forward kinematics and
tip force generation capability, for soft robotic manipulators
with multiple reinforced chambers, based on the robot geo-
metric design and soft material properties (see Fig. 1). We first
present the analytical statics modeling framework, including the
forward kinematics and the tip force generation models. The
modeling framework can investigate different material models,
e.g., linear material model or nonlinear hyperelastic models
(Neo-Hookean model, Mooney–Rivilin model, Yeoh model,
and Ogden model) and incorporate the influences of the pres-
surization chambers. The robot evaluation framework is then
proposed by encapsulating the proposed analytical models into
an open-accessible simulation toolbox with GUI to assess soft
robots based on the design parameters. Access to the Github
toolbox is available upon request by completing the form at
https://forms.gle/DJNQDFSh3SVtjVKv6. Meanwhile, a phys-
ical platform is presented to achieve experimental evaluations
of soft robots. We then validate our framework via a set of soft
manipulators with eight different dimensions (outer diameters
of 25 mm, 20 mm, 15 mm, and 10 mm, lengths of 40 mm
and 60 mm), from the robot fabrication to the simulation and
experiment. The main contributions of this work are as follows.

1) A comprehensive static modeling and evaluation frame-
work is proposed to assess two key performances of soft
robots featuring reinforced chambers, i.e., the forward
kinematics and the tip force generation (see Fig. 1).
The entire framework encompasses analytical models

(see Section II), open-access simulation software (see
Section III-A), and experimental evaluation platform (see
Section III-B). The framework can be used to determine
key robot design parameters prior to robot prototyping for
specific applications (see Section V).

2) The analytical models in the framework are versatile,
incorporating nonlinearity resulting from compliant ma-
terials, various material models, material types (see
Section II-E), and impacts of the pressurized chambers
(see Section II-C).

3) The efficacy of the framework is extensively validated
through a combination of simulations and experiments
involving eight types of robots (see Section IV). All ex-
periments accommodate a wide spectrum of robot design
parameters and offer a valuable characterization dataset
for these robots.

The rest of this article is organized as follows. Section II
presents the analytical statics modeling framework, including
the forward kinematics and force-generation models using the
Cosserat rod theory. Section III describes the robot evaluation
framework, including a simulation toolbox built on the modeling
framework established in Section II and a physical platform for
experimental characterization of soft robots. The validation of
the framework is then presented in Section IV via simulations
and experiments, to characterize performances of soft robots
with different dimensions and further demonstrate the efficacy of
the framework. Section V showcases using the framework to de-
sign and evaluate a soft robotic laparoscope. The corresponding
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discussions and reflections are presented in Section VI. Finally,
Section VII concludes this article.

II. ANALYTICAL STATICS MODELING FRAMEWORK

This section details the analytical statics modeling frame-
work for soft robots with densely reinforced chambers (i.e., the
angle between the reinforcement fibre and the axial direction
of soft robots is approximately 90◦). The robot morphology
is first presented. Next, the forward kinematics model is es-
tablished based on the Cosserat rod model, considering the
chamber stiffening effect and cross-sectional deformation. To
further describe the robots’ force capability, a planar tip force
generation model is established considering length constraints
of pressurized chambers. The modeling framework is finalized
by incorporating linear or hyperelastic material models. The
numerical implementations conclude this section.

A. Robot Morphology

As highlighted in Section I-A, the morphology of the soft
robots in this article inspired by the STIFF-FLOP design [15]
and comprises densely reinforced chambers. Characteristics of
this design is summarized as follows.

1) Pneumatic-driven chambers are distributed around a cen-
tral working channel to achieve both elongation and omni-
directional bending motions (see Fig. 1).

2) Each chamber is individually reinforced by in-extensible
fibres to constrain the radial expansion.

3) The fibre is densely reinforced, with the fibre angle w.r.t
the axial direction of 90◦ to maximize the elongation
capability [40].

The cross-sectional geometries of the robots are shown in
Fig. 1. A central working channel is reserved for feeding through
appendages, and six pneumatic-driven actuation chambers are
designed. In this article, every two adjacent chambers are actu-
ated as one pair. To have a feasible fabrication, the constraints
of the cross-sectional dimension (see Fig. 1) are

Di + 4(δc + δr) + 2Dc = Dr

s.t. δc + δr ≥ δs (1)

where Di, Dr, and Dc are the diameter of the robot, chamber,
and central channel, respectively. δc is the wall thickness of the
chamber, δr is the silicone thickness between the central channel
and the reinforced layer. δs is the threshold of the minimum
silicone thickness to guarantee the fabrication is feasible. δs is
empirically determined as 0.8–1 mm.

B. Forward Kinematics Model

Considering that the stretch ratio of the robots can be larger
than 1.5, the deformation of the cross-sectional geometry is
non-negligible when the robot elongates. Here, the kinematics
model is built on the static Cosserat rod model [31], considering
the cross-sectional deformation and longitudinal elongation. In
general, by differentiating with the arc length of the backbone

Fig. 2. Illustration of the force and moment equilibrium for the robot. The
length of the element is σ. Apart from the external distributed force fe(s) and
moment me(s), the pressurization also introduces the distributed force fP (s)
and moment mP (s) along the arc s.

s, the robot kinematics can be described via a set of ODEs

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ps(s) = R(s)v(s)

Rs(s) = R(s)û(s)

ns(s) = −fe(s) + fP (s)

ms(s) = −p̂s(s)n(s)−me(s) +mP (s)

(2)

where ps(s) is the derivative of the position vector p(s), Rs(s)
is the derivative of the rotation matrix R(s). v(s) and u(s)
are the local strain and the curvature expressed in the body
frame, respectively. ns(s) and ms(s) are the derivative of the
internal force n(s) and moment m(s). fe(s) and me(s) are the
distributed external force and moment. (̂·) is the mapping from
R3 to so(3). fP (s) and mP (s) are the distributed force and
moment resulting from the pressurization. The force equilibrium
of an infinitesimal element σ (see Fig. 2) is

∫ s+σ

s

fe(s)dσ + n(s+ σ)− n(s)

−
6∑

i=1

[P iAc(R(s+ σ)−R(s))e3] = 0. (3)

σ is the length of the element. P i is the pressure in the ith
chamber, Ac is the chamber area. e3 = [0, 0, 1]T is a unit vector.
Similarly, the moment equilibrium (see Fig. 2) is

m(s+ σ)−m(s) + p(s+ σ)× n(s+ σ)− p(s)× n(s)

+

∫ s+σ

s

[me(s) + p(s)× fe(s)]dσ

−
6∑

i=1

{[p(s+ σ) +R(s+ σ)di]× (P iAcR(s+ σ)e3)

− [p(s) +R(s)di]× (P iAcR(s)e3)} = 0. (4)
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By differentiating (3) and (4), fP (s) and mP (s) in (2) are⎧⎪⎪⎨
⎪⎪⎩

fP (s) =
∑6

i=1[P
iAcRs(s)e3]

mP (s) =
∑6

i=1 P
iAcR(s)[(v(s) + û(s)di)× e3

+ d̂iû(s)e3)]

(5)

where di is the position vector from the centre of the robot to
the centre of the ith chamber in the body frame. The resulting
force from the pressurization in the body frame is

FP =

6∑
i=1

P iAc =

6∑
i=1

P iπr2ci (6)

where rci is the radius of the actuation chamber. The local strain
v(s) vector can be separated as

v(s) = v(s)P + v(s)e (7)

where v(s)P results from the pressurization and v(s)e results
from external forces containing shear strains. Considering the
pressure is always perpendicular to the cross-section of the
robot, so the pressurization generates no shear strains [59]. As
such, v(s)P equals λ1e3. Therefore, the constitutive model of an
elongated element (with a longitudinal stretch ratio of λ1) can
be rewritten as{

v(s) = cse[R(s)Tn(s)− FP e3] + e3

u(s) = cbtR(s)Tm(s)
(8)

where c = diag[cse, cbt], is the compliance density matrix. cse =
diag[GA,GA,EA]−1 contains the shear and elongation com-
pliance. cbt = diag[EIx, EIy, GJz]

−1 contains the bending and
torsion compliance. G is the shear modulus. Ix, Iy , and Jz are
the second moment of area around the x-, y-, and z-axis. Please
note that considering the elongation and shrinking deformation
of the cross-section, the density matrix c depends on the value
of λ1. The derivation of c can be found in Section S.V. of the
Supplementary Material.

To solve (2), tip boundary conditions need to be satisfied.
Errors of the boundary conditions can be defined as{

en = Fe(L) +R(L)
∑6

i=1 AcP
ie3 − n(L)

em = Me(L) +R(L)
∑6

i=1(d
i ×AcP

ie3)−m(L)
(9)

where L is the robot length, n(L) and m(L) are the integrated
force and moment at the tip position, Fe(L) and Me(L) are
the applied external tip force and moment. Combining (2)–(9),
(2) can be solved using the shooting method, with the error
set of e = [en, em] and the integration interval of L. The guess
variables g(0) for the initial conditions are [n(0),m(0)].

C. Stiffening Effect of Pressurized Chambers

It is observed that the bending or elongation exhibit non-
linearity under a higher pressure [22]. This could be modeled
by considering the bending and elongation stiffness resulting
from pressurized chambers, which can be regarded as linearly
increasing with the pressure [46], [60]. To further incorporate the
influence of the pressurized chambers, the additional stiffening

force Fc can be describe by

Fc =
6∑

i=1

F i
c =

6∑
i=1

keP
iAc(λ1 − 1) (10)

where F i
c is the equivalent stiffening force of the ith chamber,

with the elongation stiffness coefficient as ke. To incorporate the
chamber stiffening into the model, EA in (8) can be substituted
by the equivalent (EA)eq, which yields

(EA)eq = EA+

6∑
i=1

(EPe
Ac)

i = EA+ ke

6∑
i=1

P iAc. (11)

(EPe
Ac)

i is the elongation stiffness of the ith pressurized cham-
ber and dependent on the pressure, with an equivalent bending
stiffness of kb.

Furthermore, the pressurized chambers also increase the
bending stiffness EIx|y in (8), which influences the bending
curvature. Similarly, the equivalent (EIx|y)eq updates as

(EIx|y)eq=EIx|y+
6∑

i=1

(EPb
Icx|y )

i=EIx|y+kb

6∑
i=1

P iIicx|y .

(12)
(EPb

Icx|y )
i is the resulting bending stiffness of the ith pressur-

ized chamber and pressure-dependent. The calculation of Iicx|y
can be found in Section S.V. of the Supplementary Material.

D. Planar Tip Force Generation Model

The interaction force between the soft robots and environ-
ments is a deeply interested topic [61], [62]. For continuum
robots, the actuation principles, e.g., tendons or pressurized
chambers [63], [64], might have influences on robots’ proper-
ties. As such, a planar tip force generation model is proposed
in this section, considering the constraints resulting from the
pressurized chambers.

Along with the ODEs in (2), the derivative of the length of the
ith chamber with respect to the arc s, i.e., Li

c, can be described
using

Ls(s)
i
c = ||R(s)di + p(s)||s = ||û(s)di + v(s)|| (13)

for the norm of rotation matrix ||R(s)|| = 1.
By solving (2)–(9) and (13), the kinematics and all the cham-

ber lengths in the free space (with no interaction between the
robot and the environment) can be solved. When the robot
contacts with the environment and the tip is constrained (as
shown in Fig. 3), the blocked force Fb can be considered to
drive the robot from the free-space shape (transparent green
color) to the constrained shape (solid green colour). Considering
the pressure in the chambers is actively controlled as invariant,
pressurized chambers tend to deform instead of contracting in
the constrained shape. As such, this constraint can be described
by

eL =
6∑

i=1

[(Li
c)P i − (Li

c)Fb
], P i > 0. (14)
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Fig. 3. Diagram of the robot-environment interaction. The transparent shape
illustrates the robot deformation in the free-space; the solid shape shows the
robot deformation subjected to a tip force Fb at point Hp due to the interaction
with the environment. h is the horizontal offset distance between Hp and the
origin point o. Lt is the length of the tip cap. (Li

c)P i and (Li
c)Fb

are the length
of the ith pressurized chamber from the free-space shape and constrained shape,
respectively.

(Li
c)P i and (Li

c)Fb
are the length of the ith pressurized chamber

under the free-space and constrained shapes, respectively (see
Fig. 3). eL is the length difference of the pressurized chambers.
Please note this length constraint is only activated for pressurized
chambers, i.e., when P i > 0.

The position constraints need to be considered to predict the
blocked force Fb. As shown in Fig. 3, the horizontal displace-
ment between the contact point Hp and the origin o is h. This
constraint yields

eh = Hp − h (15)

where Hp is the position of the contact point in the horizontal
direction and eh is the position error.

Fb is considered as the external tip force and no external
tip moment is applied. Constraints from the original boundary
condition (9) become{

en = Fb +R(L)
∑6

i=1 AcP
ie3 − n(L)

em = R(L)
∑6

i=1(d
i ×AcP

ie3)−m(L).
(16)

In summary, the new set of the ODEs including chamber lengths
is ⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ps(s) = R(s)v(s)

Rs(s) = R(s)û(s)

ns(s) = −fe(s) + fP (s)

ms(s) = −p̂s(s)n(s)−me(s) +mP (s)

Ls(s)
i
c = ||û(s)di + v(s)||.

(17)

Combining (14)–(17), the whole boundary conditions are e =
[en, em, eL, eh]. For a better scaling of the shooting problem,
weight coefficients are introduced, which yields

e = Wnen +Wmem +WLeL +Wheh (18)

whereWn,Wm,WL, andWh are the weight coefficients. Please
note that all the coefficients are larger than 1 in the implementa-
tion, e then could not be nullified. Such scaling technique results
in a better solver convergence [63]. The guess variables now
become g(0) = [n(0),m(0), Fb], so the blocked force can be
predicted using the shooting method.

E. Material Model

The forward kinematics and force-generation model both
depend on the longitudinal stretch λ1. To complete the modeling
framework, the derivation of λ1 is detailed using both linear and
hyperelastic material models in this section.

1) Linear Material Model: The linearized 100% modulus
El is commonly used to depict the tensile strength of silicone
materials. The engineering axial stress σ1,e and axial stress ε1
can be related using El, and the force balance yields

Fλ1
= A0σ1,e = A0Elε1 = A0El

ΔL

L0
(19)

where Fλ1
is the force generated by stretch deformation of

silicone materials. A0 is the initial cross-section area, ΔL and
L0 are the variation and original robot length. The longitudinal
stretch equals λ1 = 1 + ε1. A linear strain-stress approximation
can be applied when the strain is small, but it cannot capture the
nonlinear hyper-elasticity when the strain increases.

2) Hyperelastic Material Model: Furthermore, hyperelas-
tic models can be adopted, which are built upon the strain
density function Π using strain invariants. The first invariant
I1 = λ2

1 + λ2
2 + λ2

3, where the axial, circumferential, and radial
stretch ratio is λ1, λ2, and λ3, respectively. The second invariant
I2 = λ2

1λ
2
2 + λ2

2λ
2
3 + λ2

1λ
2
3. The silicone material can be re-

garded as incompressible (λ1λ2λ3 = 1). The principal Cauchy
stress σi,t under a uni-axial stretch condition equals

σi,t = λi
∂Π

∂λi
− ph = λiσi,e

s.t. σ2,t = σ3,t = 0, λ2 = λ3 =
1√
λ1

(20)

where ph represents the hydrostatic pressure serving as the
constraint, due to the incompressiblility of materials. Based on
the construction of the energy function Π, different hyperelastic
models can be established. The axial engineering stress σ1,e is
derived by solving (20) and summarized in Table I. Four models,
the Neo-Hookean (NH) model, the Mooney–Rivlin (MR) model
, the Yeoh model, and the Ogden model, are investigated with
λ1 up to 2, for the elongation ratio of the robots is less than
100%. To identify model parameters for commonly used sili-
cone materials, such as Ecoflex 00-10 to 00-50, tensile test is
conducted and the maximum stretch λ1 is set as 2. The details
of the strain-stretch curve and identified material parameters are
in Table I.

Similar to (19), the force from hyperelastic models is

Fλ1
= Aσ1,t =

A0

λ1
σ1,t (21)

where A is the deformed cross-section area (see Section S.V.
of the Supplementary Material). Assuming the radius of the
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TABLE I
ENGINEERING STRESS OF DIFFERENT MATERIAL MODELS UNDER THE UNI-AXIAL STRETCH TEST, WITH THE IDENTIFIED PARAMETERS

reinforced layer rco keeps constant after pressurization, so
rco,0 = rco. The reinforced rubber volume keeps invariant, this
yields

π(r2co,0 − r2ci,0)L
i
c,0 = π(r2co − r2ci)λ1L

i
c,0 (22)

so rci can be solved and depends on the pressurization. rci,0 and
rco,0 are the initial inner and outer radius.

The longitudinal stretch ratio λ1 is derived by considering the
force balance between the actuation force FP , stiffening force
Fc, and material stretch force Fλ1

, which yields

Fλ1
= FP + Fc. (23)

Fc should be excluded when forces resulting from the stiffening
effect is not considered.

Combining (10), (21), and (23), λ1 can be solved numerically
based on hyperelastic models. Similarly, combining (10), (19),
and (23), λ1 can be solved using the linearized material model.
Different from the linear material model, the modulus varies
with the stretch ratio in hyperelastic models. As such, the tangent
modulus Et under the axial stretch ratio of λ1 can be calculated
by

Et =
dσ1,t

dλ1
. (24)

The compliance density matrix c can then be constructed using
λ1, the modulus El (for linear material model) or Et (for
hyperelastic model), and deformed cross-sectional geometries.

By now, the modeling framework is completed. λ1 and the pa-
rameters of material models can be substituted to derive the kine-
matics model (see Section II-B) and tip force generation model
(see Section II-D). This modeling framework can consider the
cross-sectional deformation resulting from the elongation and
incorporate various material models. It also can include the
stiffening effect of the pressurized chambers (see Section II-C).

F. Numerical Implementation

The numerical implementation of the free-space kine-
matic modeling is in Algorithm 1, the variable state y =

Algorithm 1: Free-Space Kinematics.
Input: pressure P , the material model and parameters,

robot dimensions.
Output: chamber lengths Li

c in the free-space, position
vector p(s), rotation matrix R(s).
Initialisation: cross-sectional geometries A0, Ix,0, Iy,0,
Jz,0, initial guess g(0), convergence tolerance ε;

1: λ1, Et ← solve (10), (21), (23) to get the stretch ratio;
2: λ1, El ← solve (10), (19), (23) to get the stretch ratio;
3: construct the compliance density matrix c, (11) and

(12), considering the longitudinal stretch λ1.
4: while e ≥ ε do
5: n(L),m(L)← integrate (17) using g(0) via the

Fourth-order Runge-Kutta method, with
g(0) = [n(0),m(0)];

6: e← [en, em], evaluate errors from the boundary
condition (9);

7: update g(0) via the Levenberg–Marquardt method;
8: end while
9: return(Li

c)P i , p(s), R(s);

[p,R,m, n, Li
c]1×24. The initial position vector p(0) is [0, 0, 0],

R(0) equals reshaping a 3× 3 identity matrix to a 1× 9 vec-
tor, L(0)ic is a 6× 1 zero vector. The initial guess g(0) =
[n(0),m(0)]. Specifically, the stretch ratio λ1 is derived by solv-
ing the force balance equation (23) using linear or hyperelastic
material models. For hyperelastic models, the tangent modulus
is derived from (24). Combining the deformed cross-sectional
geometries (see Section S.V. of the Supplementary Material)
and tangent modulus, the compliance density matrix c is ob-
tained. Finally, by integrating (17) and satisfying the boundary
condition (9), the free-space kinematics is solved.

The implementation of the tip force generation model is sum-
marized in Algorithm 2, the variable state y and its initial values
are the same as Algorithm 1. Instead, the initial guess becomes
g(0) = [n(0),m(0), Fb] to include the blocked tip force Fb.
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Fig. 4. Graphic user interface with its architecture for achieving analytical analysis of soft robots with densely reinforced chambers. Robot design parameters,
simulation settings and results are highlighted in the red, green, and violet boxes, respectively. A detailed instruction of using the GUI can be found in Section S.IV
of the Supplementary Material (see Figs. S7– S12) and the Supplementary Video. The GUI toolbox can be downloaded from the GitHub repository [58], upon
request by completing the form at https://forms.gle/DJNQDFSh3SVtjVKv6.

Algorithm 2: Planar Force Generation.
Input: pressure P , the material model and parameters,

robot dimensions, displacement h, weight coefficients
Wn,Wm,WL and Wh.

Output: position vector p(s), rotation matrix R(s),
blocked force Fb, and new chamber lengths Li

c from the
constrained shape.
Initialisation: cross-sectional geometries A0, Ix,0, Iy,0,
Jz,0, initial guess g(0), convergence tolerance ε;

1: Li
c ← save the chamber lengths in the free-space by

solving Algorithm 1: Free_space_kinematics();
2: (Li

c)P i ← select the length of pressurised chambers
from the free-space kinematics (P i > 0);

3: while e ≥ ε do
4: n(L),m(L), Hp, L

i
c ← integrate (17) using g(0) via

the Fourth-order Runge-Kutta method, with
g(0) = [n(0),m(0), Fb];

5: (Li
c)Fb
← select the new length of pressurised

chambers;
6: e← evaluate errors from the boundary

conditions (14), (15), (16) and (18);
7: update g(0) via the Levenberg–Marquardt method;
8: end while
9: return(Li

c)Fb
, p(s), R(s), Fb;

Algorithm 1 needs to be solved first and returns the
chamber lengths which are used as the constraints [see (14)].
Equation (17) is then integrated again by satisfying the new
boundary conditions (14)–(16) and (18), which eventually
returns the estimated force Fb. In Algorithms 1–2, the
Levenberg–Marquardt method can be used to update the
initial guess g(0). Meanwhile, the Fourth-order Runge–Kutta
method is adopted to integrate the ODEs.

III. ANALYSIS AND EVALUATION FRAMEWORK

Apart from the static analytical modeling framework pre-
sented in Section II, the analysis and evaluation framework is
then elaborated in this section, including the design of a GUI

toolbox for model-based analysis and a physical platform for
experimental evaluation for soft robots.

A. Simulation Toolbox for Robot Design

To achieve a user-friendly robot evaluation when design
parameters vary, a MATLAB-based software was developed.
This software can be downloaded from the GitHub reposi-
tory [58], upon request by completing the form at https://forms.
gle/DJNQDFSh3SVtjVKv6. The software is based on the an-
alytical modeling framework proposed in Section II, and its
architecture and GUI outlined in Fig. 4. The architecture can be
divided into three parts, including parameter definition (within
the red rectangles), solving setting (within the green rectangles),
and results display (within the purple rectangles). The following
sections provide a brief instruction of the GUI.

1) Parameter Definition: The geometrical design parameters
(e.g., the outer diameter from Table II) and actuation chamber
numbers, can be defined by the user. The bottom block is used
to choose types of silicone materials and the corresponding
(non)linear material models. Apart from the Ecoflex 00-50,
the default material database includes other commonly used
silicone materials, Ecoflex 00-10, 00-20, 00-30, and Dragon
Skin 10 (slow). Five material models are included: the linear
material model, NH model, MR model, Yeoh model, and Odgen
model. The model parameters are summarized in Table I (see
Supplementary Material for more details). In addition, users
can adjust parameters of five predefined material models based
on their identification results. To accommodate for a broader
range of compliant materials, such as customized elastomers,
or 3D-printed materials like TPU or TPE, the GUI allows users
to define their own stress–strain functions and corresponding
parameters. Details of user-defined material models are reported
in the Supplementary Document and the Supplementary Video.

2) Solving Setting: These settings include the geometrical
compensation coefficients for A and I , and the stiffness
coefficients ke and kb when considering the chamber stiffening
effect. The direction of gravity can be set along the −z-,
+z-axis, or as off using a slider. The solver setting chooses the
optimization algorithms for the shooting method and sets the
convergence tolerance. The tip force and moment can also be

Authorized licensed use limited to: Imperial College London. Downloaded on February 13,2026 at 12:46:15 UTC from IEEE Xplore.  Restrictions apply. 

IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2026, Vienna, Austria. Cite as T-RO paper.



6428 IEEE TRANSACTIONS ON ROBOTICS, VOL. 41, 2025

TABLE II
GEOMETRICAL PARAMETERS AND DIMENSIONS OF DIFFERENT ROBOTS, AS SHOWN IN FIG. 1(a)

set to investigate how the robot deflects under external loads.
Finally, the bottom shows the weight factor setting for better
scaling of the shooting problem [see (18)]. Please note the
influence of chamber constraints can be turned-ON or OFF.

3) Results Display: The design and simulation results are
displayed. After defining the design parameters, the settings can
be displayed, e.g., the cross-sectional geometry and the stress-
stretch curve of material, to check parameter settings. The results
of the free-space kinematics, loaded kinematics (considering
external tip loads) and tip blocked force are presented in the
bottom-middle of the software interface.

The proposed static modeling framework is fully encapsulated
into the GUI. Main features of the GUI are as follows.

1) Versatility: The user can select and define design parame-
ters (presented in Table II), type of material models and its
parameters, influences of actuation chambers, and solver
settings.

2) Visualization: The settings and simulation results are dis-
played. This user-friendly interface allows users to explore
a simulation-based robot design and achieve comparisons
and evaluations, e.g., kinematics and tip force generation
capability, based on design parameters.

B. Evaluation Platform for Soft Robots

To further achieve an experimental evaluation of soft robots,
a physical platform is presented [65]. The platform and its ar-
chitecture are shown in Fig. 5. The hardware comprises pressure
regulators (Camozzi K8P, 0–3 bar) for setting the actuation
pressure, an NI USB-6341 (National Instruments DAQ) for
high-speed data acquisition, an microcontroller (Arduino DUE)
for real-time control, an electromagnetic (EM) tracking system
(NDI Aurora) for recording the position and orientation of
robots, a force/torque (F/T) sensor (IIT-FT17) for force capa-
bility identification.

The architecture of the platform [see Fig. 5(b)] is as follows.
1) The first floor includes the 220 V ac power units and an

ac–dc converter providing 5 V, 12 V, and 24 V dc power.
In addition, protection circuits and overcurrent fuse are
included.

2) The second floor is for low-voltage (≤ 24 V) electronics.
Pressure regulators control and monitor the chamber pres-
sure; the microcontroller communicates with two DAC
converters (Adafruit MCP4728) via I2C to set pressure
control signals (0–10 V).

Fig. 5. Experimental evaluation platform. (a) Structure. (b) Electrical archi-
tecture of the platform.

3) The third floor contains the field generator (NDI), the F/T
sensor and structures for positioning robots.

Please note that the EM trackers are compact and offer high
accuracy (e.g., position error of 0.7 mm, angular error ≤ 0.5
degree), well-suited for robot characterization. In addition, our
platform supports alternative tracking options, such as camera-
based systems, if required. For example, a dual-camera setup
was in [66], where two cameras were used to estimate interaction
forces between the robot and its environment.

To summarize, the proposed framework includes the analyt-
ical models from Section II, the GUI toolbox for model-based
analysis and the physical platform for experimental evaluation
of soft robots.

IV. EXPERIMENT AND VALIDATION OF THE PROPOSED

FRAMEWORK

The validation of the proposed modeling, design, and evalua-
tion framework is conducted in this section. Following the robot
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Fig. 6. (a) Two Fabrication paradigms M1 and M2, for fabricating large-scale robots (diameter≥ 15 mm) and small-scale robots (diameter< 15 mm), respectively.
Step 1: densely weaving the thread to printed three-piece chamber moulds (M1S1) or retractable pins (M2S1); step 2: pouring the silicone to assembled moulds to
make the main body of robots (M1S2 and M2S2); step 3: fabricating the inner layer of the chambers via pouring silicone (M1S3) or syringe injection (M2S3); step
4: sealing the top and bottom of robots (M1&2S4). (b) Structure details of the robots with densely reinforced chambers.

morphology in Section II-A, a general fabrication process is
presented. Eight types of robots are then fabricated, using four
diameters (10 mm, 15 mm, 20 mm, 25 mm) and two lengths
(40 mm and 60 mm). All the robots are used to evaluate and val-
idate 1) the robot kinematics and 2) the tip force generation. All
the experiments were conducted using the physical evaluation
platform presented in Section III-B.

A. Robot Fabrication

Two fabrication paradigms, Method 1 (M1) and Method 2
(M2), are generalized in Fig. 6, to manufacture soft robots
with different dimensions. Specifically, M1 is more suitable for
fabricating large-scale robots, i.e., the diameter is equal or larger
than 15 mm. While M2 is more applicable for robots with a
diameter smaller than 15 mm. M1 and M2 comprise a four-step
fabrication procedure (S1–S4 in Fig. 6).

In M1S1, three-piece chamber moulds (coloured in pink) are
3D-printed and assembled before weaving the reinforced thread.
This three-piece design facilitates the removal of chamber
moulds in M1S2. Nevertheless, the reduced chamber dimensions
of small-scale robots make 3-D printing unsuitable for producing
pieced moulds. In such case, retractable metal pin (coloured in
grey) is proposed and shown in M2. The pin can be removed
easily for its small diameter (less than 3 mm) and smooth surface.
In step 2, the silicone is poured into the assembled moulds with
3-D printed main structures (colored in green). The chamber
moulds are removed once the silicone cures. In step 3, the
silicone is poured to the chambers and smaller chamber moulds
are inserted to form the inner silicone layer of the reinforced
chambers. It is worth noting that the viscosity of silicone makes
it hard to fill chambers of small-scale robots, syringe injection
then can be used to avoid this issue, as shown in Fig. 6 (M2S3).
In step 4, the actuation pipes are added and robots are sealed by a
harder silicone (colored in dark blue), which is the same for M1
and M2. Fig. 6(b) illustrates the structure details of the robots.

Eight types of robots were fabricated using Ecoflex 00-50
(Supersoft, SmoothOn), as shown in Fig. 7(a). Ecoflex 00-50 was

Fig. 7. Eight soft robots made of Ecoflex 00-50. (a) Robots with lengths of
40 mm and 60 mm, diameters of 10 mm, 15 mm, 20 mm, and 25 mm. (b) Bending
motion of the D10L60 robot. (c) Tensile test for Ecoflex 00-50.

selected for physical prototyping because it offers a moderate
shore hardness (see Table II), balancing force output and range
of motion. This allows us to benchmark modeling accuracy
across varying robot dimensions at a consistent pressure level.
In contrast, softer materials, such as Ecoflex 10 to 30 produce
small forces, while stiffer materials like Dragon Skin 10 restrict
motions of robots. Their detailed dimensions are summarized
in Table II. The robots with diameters of 10 mm are fabricated
using M2, and the robots with diameters of 15 mm, 20 mm,
and 25 mm are fabricated using M1. The robots are labeled
as D ∗ L#, where ∗ refers to the diameter Dr and # is the
chamber length Lc. The printed parts of the moulds for all
robots are accessible in the Github repository. For small-scale
robots, the bending angle can be larger than 300◦, as shown in
Fig. 7(b).
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Fig. 8. Results of the bending and elongation tests with the actuation pressure in the range [0–1.5] bar. (a) Elongation from actuation of three chamber pairs,
bending from actuation of (b) one chamber pair and (c) two chamber pairs. The shaded error regions represent the variability across the three trials conducted for
each test.

B. Evaluation and Validation of Robot Kinematics

1) Validation Protocol: The kinematics evaluation and val-
idation were conducted through both experiments and simula-
tions. During the experiments, the NDI EM tracking system
can monitor the tip position and orientation of the robot by the
attached tracker (see Fig. 5). In simulation, five material models
(see Section II-E) were all implemented and compared, where
the pressure collected from the experiments were the input to the
simulation models. Eight types of robots were used to validate
their bending and elongation capabilities and the workspace.

a) Evaluation and validation of the elongation and bending
of soft robots: In the elongation test, all the chambers were
actuated; in the bending test, one chamber pair and two
chamber pairs were actuated. The actuation pressure was
incremented from 0 to 1.5 bar, in steps of 0.15 bar. Each
test repeated three trials.

b) Evaluation and validation of the workspace of soft robots:
The pressure in each chamber of soft robots varied alter-
nately and was capped at 1.2 bar during 0–260 s. The
experimental tip positions were compared with the simu-
lation results each second, obtaining 260 examined points
for each trial. The differences of the robots’ tip position
between the simulation and experiment in the Cartesian
space are defined as the modeling errors.

2) Results for Elongation and Bending: Fig. 8(a)–(c)
presents the experimental evaluation results for all the robots
undergoing bending and elongation motions. The average elon-
gation for the L60 robots ranges from 35.03 to 42.31 mm,
with elongation ratios (with respect to the chamber lengths)
of 0.58–0.71. By contrast, the elongation for the L40 robots
is between 22.70 mm and 25.11 mm, with similar elongation
ratios of 0.57–0.63. For bending tests, Fig. 8(c) demonstrates
that the robots with two chamber pairs actuated consistently
show a larger bending angle compared with that from actuating
one chamber pair. For example, the maximum bending angles
under actuation of two chamber pairs for the D10L60, D15L60,
D20L60, D25L60 robots are 413.33◦, 249.01◦, 161.03◦, and
147.05◦. While for actuation of one chamber pair, corresponding
values are 211.67◦, 178.41◦, 118.57◦, and 107.67◦. Moreover,

the bending and elongation responses are nonlinear and gener-
ally flatted under a high pressure (especially for the D25 and
D20 robots).

The comparisons between experiment and simulation data
from five material models are reported in Fig. 9(a)–(c), with the
absolute errors reported in box plots. Fig. 9(a) illustrates the
elongation error, where the linear material model exhibits an in-
ferior accuracy, with the median values between 2.0 and 8.0 mm.
In contrast, hyperelastic models show a better performance with
maximum and median errors below 3.0 and 2.5 mm. Moreover,
Fig. 9(b) reports the bending errors when actuating one chamber
pair. Overall, the errors from the linear material model are the
largest, with median values above 20.0◦ and a maximum error
of 48.7◦ from the D10L60 robot. By comparison, the median
errors for hyperelastic models are below 20.0◦. Furthermore,
their median and maximum errors are below 10.0◦ and 20.0◦ in
most cases. Similar median bending errors are observed from
Fig. 9(c), where two chamber pairs are actuated, e.g., less than
10.0◦ from the hyperelastic models, while with larger maximum
errors (especially for the D15 and D10 robots).

The raw data of the D25L60 and D10L60 robots are in
Fig. 9(d) and (e), respectively. The linear material model predicts
an approximately linear response. The hyperelastic models are
capable of predicting the nonlinear responses. Under low pres-
surization levels, the Odgen and Mooney–Rivlin model have
similar results. By contrast, the Yeoh model and Neo-Hookean
model have similar but larger predicted values. The Ogden and
Mooney–Rivlin models tend to diverge under high pressuriza-
tion levels, where the Ogden model has larger predicted bending
angles, especially for the D10L60 robot.

Fig. 10 reports the results with and without considering
chamber stiffening (see Section II-C) of the D25L60 robot.
The chamber stiffening effect is generally less obvious when
the pressure is low, e.g., less than 0.5 bar. Furthermore, the
results then illustrate that considering the stiffening effect can
improve the accuracy when the pressure increases. Specifically,
the simulation diverges from the experiment under a high pres-
sure level, e.g., larger than 1 bar, when the chamber stiffening is
not considered, especially when two [see Fig. 10(c)] and three
[see Fig. 10(a)] chamber pairs are actuated.
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Fig. 9. Results of the bending and elongation comparisons across five models and experiments, with absolute errors boxplotted. The results from one, two and
three chamber pair(s) actuation are shown in (a), (b), and (c). Detailed comparisons of the experiment and simulation for the D25L60 and D10L60 robots are
plotted in (d) and (e), with the whole comparisons shown in Figs. S2– S3 from the Supplementary Material.

3) Results for Workspace: Fig. 11(a) illustrates the actuation
pressure sequences for three pairs of chambers. The tips position
errors for all the robots are summarized in Fig. 11(b)–(e).
Four hyperelastic models exhibit similar performances, and
the median tip position errors of all the L60 and L40 robots
are smaller than 10 mm and 5 mm, respectively. By contrast, the
linear material model has larger median errors. Moreover, the
linear material model also has larger maximum errors, i.e., larger
than 25 mm for the L60 robots and 15 mm for the L40 robots.
Focusing on the D25 and D20 robots, the Ogden model has the
smallest median error. However, this becomes less obvious for
the D15 and D10 robots. In general, the modeling errors increase
when robots have smaller diameters and longer lengths.

C. Evaluation and Validation of the Tip Force Generation

1) Validation Protocol: The tip force generation model from
Section II-D is validated using eight types of robots. The pressure
in one chamber pair was set in the range of 0–1.5 bar, with
increments of 0.3 bar. Each measurement had three repetitive
trials. The tip of the robot was constrained by the F/T sensor
to measure the blocked force. A disk can be attached to the
force sensor. In all experiments, the disk was positioned directly
beneath the robot. As such, when no actuation pressure is ap-
plied, the distance between the disk and the robot’s central axis
equals the robot’s radius [see Fig. 12(e)]. Since the evaluation

of the kinematics demonstrates that the linear material model is
significantly inferior to the four hyperelastic models, this section
focuses on the evaluation of the hyperelastic models. The results
are in Figs. 12, 13, and Table III.

2) Results for the Tip Force Generation: Fig. 12(a) and (b)
reports the snapshots of the force measurement for the D25
and D10 robots. Robots with longer lengths and smaller diam-
eters show a larger deformation under the same pressure level.
Fig. 12(d) demonstrates the simulated and experimental shapes
of the D25 and D10 robots when the actuation pressure is 1.5 bar,
which demonstrates a high fidelity of the tip force generation
model. Moreover, the model is still applicable when the robots
have large deformations, e.g., the bending angle of the D10L60
robot in the free space is over 220◦.

Fig. 13 reports experiment results of the tip force generation
for all robots and the simulated results from the hyperelastic
models. The results highlight that the force and pressure have a
strong linear relationship, which is independent from the diame-
ter and length of robots. Furthermore, comparing Fig. 13(a)–(d),
it is observed that the generated force is smaller when the diame-
ter of the robot decreases. For example, the maximum generated
forces for the D25L60, D20L60, D15L60, and D10L60 robots
are 1.18 N, 0.71 N, 0.34 N, and 0.10 N, respectively. Focusing
on robots with the same diameter, the length of the robot has a
less influence on the force generation compared to the diameter.
Specifically, the maximum forces are 1.27 N, 0.82 N, 0.39 N,
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Fig. 10. Comparison between with and without chamber stiffening (see
Section II-C). The results are exemplified using the D25L60 robot and Mooney–
Rivlin model. The results of actuating one, two, and three chamber pairs are
shown in panels (a), (b), and (c), respectively.

TABLE III
RESULTS FOR THE TIP FORCE GENERATION: ERROR SUMMARY (RMSE AND

MAPE) OF THE TIP FORCE PREDICTION USING HYPERELASTIC MODELS

and 0.12 N for the D25L40, D20L40, D15L40, and D10L40
robots, respectively.

Fig. 13 shows that four hyperelastic models can predict the
blocked force, with different accuracy. In general, the Mooney–
Rivlin and Ogden models show a similar accuracy, while the
Neo-Hooken and Yeoh models behave alike. Table III summa-
rizes the RMSE and MAPE results. Considering the tip force
generation, the accuracy differences between four hyperelastic

models are less obvious than those from the results of kinemat-
ics, especially for robots with larger diameters. For example,
the differences of the MAPE are less than 1% for the D25
robots. For large-scale robots, i.e., the D15-D25 robots, better
accuracy is observed. In general, the MAPE values are between
3% and 10%. In contrast, for the D10 robots, the error is larger
and the MAPE is between 13% and 24%. The RMSE values are
between 0.01 and 0.04 N for all robots.

Fig. 14(a) and (b) compares the tip force generation results
with and without considering constraints of the pressurized
chamber length, exemplified using the D25L60 robot and the
MR model. Fig. 14(a) indicates a predicted force of 1.22 N,
whereas Fig. 14(b) reveals a predicted force of 0.78 N, both
under a consistent 1.5 bar actuation pressure. When compared
with the average experiment value of 1.18 N, the corresponding
errors are 3.39% (considering chamber constraints) and 33.90%
(without considering chamber constraints), respectively.

V. CASE STUDY OF THE FRAMEWORK: DESIGN OF A SOFT

ROBOTIC LAPAROSCOPE

The proposed and validated framework, including the an-
alytical models and the evaluation platform, can be used for
application-oriented robot design. As illustrated in Fig. 15, once
the design specification and dimension constraints for a specific
application are identified, the user can experiment with the GUI
to preliminarily determine, e.g., main design parameters and
material selection. This information can be used to expedite the
robot design and reduce the prototyping time of robots. This
section reports a case study of using the framework to design
and evaluate a soft robotic laparoscope.

A. Medical Requirement of Laparoscopes

Laparoscopy is an MIS in which a surgeon uses a laparoscope
(a small, camera-equipped instrument) inserted through tiny
incisions to view and operate inside the abdomen or pelvis.
During the procedure, trocars, typically less than 12 mm in
diameter, are used to create access ports through these incisions,
allowing the insertion of the laparoscope and other surgical
instruments. Within this context, a soft laparoscope needs to
satisfy the following.

1) Diameter smaller than 12 mm to fit standard trocars.
2) A free lumen of about 4 and 5 mm for feeding the laparo-

scopic camera mounted at the tip [25].
3) Omni-directional tip bending angle greater than 100

degrees over a tip length of 30–50 mm [67].
4) Adequate yet gentle force (e.g., 0.3–1 N) to support the

tip-mounted camera without risking tissue damage [68].
In addition, our experimental platform can supply pressure up

to 3 bar. Building on the above constraints, following sections
demonstrate how the developed framework streamlines robot
prototyping and enable rapid performance evaluation.

B. Determining Key Robot Parameters Using the Framework

To fit a 12 mm standard trocar port, the diameter of the robot
Dr is set as 11.4 mm, with a margin of 0.6 mm. The diameter of
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Fig. 11. Results for workspace validation of the methodology using five models, with the box plots of absolute Cartesian tip position errors. (a) Actuation pressure
sequences for measuring the workspace. The summarized results for the D25, D20, D15, and D10 robots are shown in (b), (c), (d), and (e), respectively. The tip
position errors at each point across the entire workspace for all robots are presented in Figs. S4– S6 of the Supplementary Material.

Fig. 12. Tip force measurement snapshots for the (a) D25 robots. (b) D10 robots. (c) Setup for measuring the tip force generation. (d) The comparisons between the
simulations (using the Mooney–Rivlin model) and the experiments for the D25L60, D25L40, D10L60, and D10L40 robots when the pressure reaches a maximum
value of 1.5 bar. The transparent figures are the poses when the robots are actuated in a free space, and the dark figures are the poses in a constrained space.

the central lumen Di is set as 4.7 mm, and δc is set as a minimal
value of 0.4 mm. Building on these dimensions, the cross section
display in the GUI (see Fig. 4) then illustrates the maximum
inner diameter of the actuation chamber Dc is 1.5 mm, and total
numbers of actuation chambers can be 3, 6, and 9 paired in three
sets. The robot length is set as 45 mm.

Using the dimensional parameters above, Table IV reports the
simulated tip bending angles and tip forces of soft robots made
of various silicone materials. In all simulations, one chamber set
was actuated. Feasible designs (angle≥ 100◦) and infeasible de-
signs (angle ≤ 100◦) are coloured in blue and red, respectively.
Ecoflex 10, 20, and 30 all satisfy the bending requirement within
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Fig. 13. Results of the tip force model: The comparisons between experimental force identification and simulated results from four hyperelastic models for the
(a) D25, (b) D20, (c) D15, and (d) D10 robots with two lengths.

TABLE IV
PERFORMANCE COMPARISON OF ROBOTS WITH DIFFERENT SILICONE MATERIALS USING THE GUI

Fig. 14. Simulation comparisons of the force generation (a) with and
(b) without chamber constraints defined in (14) and illustrated in Fig. 3. The
results are exemplified using the D25L60 robot and the Mooney–Rivlin model.
The chamber pressure is set as 1.5 bar. The transparent figures denote the pose
of the robot in a free space.

an actuation pressure of 3 bar, though the resulting tip forces
range only from 0.03 to 0.13 N. When using Ecoflex 50, the
optimal design is a robot with six chambers arranged in three
sets, achieving a tip force close to 0.2 N at 1.8 bar. In comparison,
the robot made from Dragon Skin 10 with 9 chambers in three

sets demonstrates the best overall performance, producing a
maximum tip force of 0.38 N and a bending angle exceeding
105.6◦, making it the most suitable for application requirements
detailed in Section V-A.

C. Fabrication and Evaluation of the Soft Laparoscope

Based on parameters determined in Section V-B, the fabrica-
tion paradigm M2 (see Fig. 6) is adopted to fabricate the 11.4 mm
robot. All moulds are 3D-printed, and the CAD files are available
in the Git repository. Diameters of two types of metal pins are
2.3 mm 1.5 mm. Dragon Skin 30 is used to seal both ends of the
robot. The fabricated robot and its cross section are reported in
Fig. 16(a).

The platform in Fig. 5 was used to evaluate the robot. An
EM sensor was mounted at the robot’s tip to measure bending
angles under actuation of both one and two chamber pairs, with
pressures ranging from 0 to 3 bar. To characterize the tip force,
the same setup described in Fig. 12 was employed. Finally, the
soft laparoscope, integrated with a 4 mm tip-mounted camera
(OV9734), was demonstrated in a 1:1 human phantom model
with a conventional surgical grasper.
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Fig. 15. Work flow of using the proposed framework to reduce robot prototyping time when design requirements are identified. The GUI can primarily determine
main design parameters of the robot, as demonstrated in Table IV.

Fig. 16. Results for the case study. (a) Dimension details of the robot.
(b) Simulated and experimental bending angles of the soft manipulator. Sum-
marized average modeling errors are barplotted on the left. (c) Simulated and
measured tip forces. (d) Demonstration of the soft laparoscope in a phantom.

Fig. 16(b) presents the experimental and simulated bending
angles from two tests: actuation of one chamber pair and actu-
ation of two chamber pairs. Each test repeated three trials. The
maximum bending angles achieved are 115.0◦ and 169.3◦ for the
one- and two-pair actuations, respectively. The corresponding
average modeling errors are 3.9◦ and 5.6◦. In addition, Fig. 16(c)
shows the tip forces, with maximum measured and simulated
values of 0.34 N and 0.38 N, respectively. The model’s MAPE
in force prediction is 5.32%. Fig. 16(d) further illustrates the
deployment of the developed laparoscope in the phantom setting.

Results in Fig. 16 confirm that the bending angles and force
capability satisfy design requirements in Section V-A, following
the work flow in Fig. 15. These results highlight that guided
by the high-fidelity models and user-friendly GUI, design
parameters of the soft laparoscope can be determined prior to
the robot prototyping.

VI. DISCUSSIONS

As highlighted in Table V, our work presents an integrated
framework for the fabrication, modeling, and evaluation of
soft robots with reinforced chambers. Furthermore, we provide
accessible hardware and software resources to help democratize
research in this field. We also showcase the application of the
framework to determine key design parameters of a soft robotic
laparoscope. In contrast, existing work has typically focused on
individual aspects, such as robot fabrication [11], modeling [43],
control [51], and inverse shape-matching [52].

1) Discussions of the Robot Design and Fabrication: Fully
fibre-reinforced chambers increase the robustness and repeata-
bility of soft robots [57]. In particular, the pressurized circu-
lar chambers generate negligible radial expansion and do not
squeeze other channels. This is different from, e.g., [18], [19] and
could mitigate kinematics inconsistency. Another challenge is to
miniaturize dimensions of the soft robots, for instance, a suitable
size for fitting the trocar ports (e.g., 10–12 mm) in MIS, while
preserving working channels [16]. The miniaturization of these
robots is still desired to meet the clinical requirements [70]. For
example, the smallest STIFF-FLOP manipulator has a diameter
of 14.5 mm, with circular [25] or semicircular chambers [22].
Our generalized fabrication process in the framework (see Fig. 6)
addresses this challenge, e.g., the diameter of such robot for
the first time can be miniaturized to 10 mm while preserv-
ing a 3 mm central channel, by introducing the pin moulds
and silicone injecting. This improves the dimension scalability
when fabricating soft robots on different scales. In addition, the
fabrication framework further guides design of subcentimetre
soft manipulators of 7.8 mm diameter [71]. In addition, our
framework provides a robot design toolbox by offering a sim-
ulation software with a GUI. This provides conveniences to
preliminarily determine design parameters and tailor robots to
different applications, as demonstrated in Section V. In addition,
a soft instrument with a 11.5 mm diameter is developed in [28]
for cancer imagining and in [8] for handheld laparoscopy, thanks
to findings from the proposed framework.

For the design and evaluation of soft robots, we developed
a user-friendly GUI built on the analytical models to achieve a
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TABLE V
COMPARISON BETWEEN OUR FRAMEWORK AND EXISTING TOOLS FOR SOFT CONTINUUM ROBOTS

model-based evaluation and a physical platform for experimen-
tal evaluation. The reproducibility and consistency of soft robot
fabrication remain a challenge in the field. This work enhances
reproducibility by using dense fibre-reinforcement with threads
placed at 90◦ related to the axial direction of soft robots, ensuring
no gaps during manual thread preparation. CAD files for all
moulds are shared in the Git repository to further improve
reproducibility, though variations may still arise from mould
manufacturing techniques, curing conditions of silicone, and
reinforcement materials.

2) Discussions for Forward Kinematics: In theory, when the
robot’s cross-sectional dimensions are scaled by a factor ofα and
the actuation pressure is similar, the corresponding elongation
ratio is almost not impacted while the bending curvature is
approximately scaled by a factor of 1/α. As such, when soft
robots have a similar elongation capability (assessed by the elon-
gation ratio), the robots with smaller diameters achieve a better
bending capability [see Fig. 8(b) and (c)]. This makes slender
robots have enlarged workspace. Fig. 8 also demonstrates the
bending and elongation motions are both nonlinear with respect
to the actuation pressure. These nonlinearity results from the
hyperelasticity of the silicone material and the influences of
the chamber stiffening [59]. As such, the hyperelastic models
outperform the linear material model. Moreover, the NH model
and Yeoh model have larger predicted values compared to the
results from the MR model and Ogden model. This is because
that when the stretch is less than 1.3, the NH model and Yeoh
model are less accurate and more compliant than the MR model
and Ogden model.

It is worth mentioning that the linearized material model could
be used when the robot undergoes a small stretch [see Fig. 10(b)],
e.g., in [72], where the maximum pressure is 1.38 bar. In such
case, the linearized Young’s modulus El can be considered,
e.g., based on the stretch level or parameter identification. To
improve the accuracy of kinematics models under a high pres-
surization level, the chamber stiffening effect is non-negligible
[see Figs. 10(a) and (c)]. As reported in this article, choosing
hyperelastic models and considering the chamber stiffening can
reduce modeling errors.

All soft manipulators in this work feature parallel actuation
chambers, which cannot generate torsional torque through
internal pressure alone. Torsional motions arise only from
external loads. While our model inherently captures the torsional
response, we focused on validating bending and elongation
behaviors, and these behaviors are the primary deformation
modes relevant to our actuator design. As such, torsional motions
were not investigated. Exploring torsional responses and
potential buckling phenomena remains an important direction

for future work, which may involve redesigning the robots to
generate torsional motions through internal pressurization.

3) Discussions for Tip Force Generation: The results of the
tip force generation correlate with other planar actuators, e.g., the
fibre-reinforced bending actuator from [21], and the PneuNets
bending actuator from [42], [61]. Specifically, the force-versus-
pressure curve indicates a high linear relationship applicable
for robots with different dimensions. In general, the length has
significantly less influences on the tip force generation than
the diameter. Hence, for a specific design, the cross-sectional
geometries and selection of materials could be major factors
to vary robot’s force capability. It is worth noting that the
reported modeling errors for the D10 robots are approximately
10%–15% higher than those observed for large-scale robots
(e.g., D20 and D25 robots). This increase is primarily attributed
to limitations in the force sensor resolution instead of the force
model. Specifically, the IIT-FT17 force sensor has a resolution
of ±0.01 N, while the forces measured from the D10 robots
are generally below 0.1 N, making the sensor’s measurement
error more significant. This can be supported by the fact the the
model’s MAPE in force prediction of is 5.32% for a 11.4 mm
robot with an enhanced maximum force of 0.34 N, which is
comparable to the modeling performances of larger-scale robots
(3.05%–6.23%) reported in Table III. Last, the errors from all
the hyperelastic models are around the same level, but the NH
model and Yeoh model predict larger forces compared to the MR
model and Ogden model. This discrepancy could be attributed
to the NH model and Yeoh model exhibiting larger deformations
[see Fig. 9(d) and (e)], which results in larger predicted forces.

Moreover, when generating tip blocked tip forces, the cham-
ber pressure value is controlled as invariant. In this case, the
pressurized chambers tend to deform instead of contracting
lengths. This hypothesis supports the funding that constraining
the pressurized chamber length in the model can produce better
force prediction results, as shown in Fig. 14. Without considering
such length constraints, the predicted force is smaller than the
experimentally obtained force. Force model simulations take
longer than kinematic simulations due to the added compu-
tational complexity of incorporating chamber length and tip
position constraints into the optimization formulations. In our
case, the computation times for kinematics and force simula-
tions involving eight robots are approximately 0.09–0.15 s and
0.2–1.7 s, respectively. These simulations are executed using
MATLAB on a desktop equipped with an Intel i7 processor
(3.4 GHz) and 64 GB of RAM.

Table VI compares the accuracy of our static modeling frame-
work against existing approaches focused on static models for
pneumatically driven, fibre-reinforced soft actuators of similar
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TABLE VI
ACCURACY COMPARISON OF STATIC MODELS FOR PNEUMATICALLY DRIVEN, FIBRE-REINFORCED SOFT ACTUATORS

sizes. Table VI shows that our framework achieves average
modeling errors of less than 10◦ for bending angle prediction
and 2.7%–8.5% for force prediction. In comparison, the FEM
reported in [21] yields a force prediction error of 10.3%, while
the PCC model in [33] shows mean bending angle errors ranging
from 12.5◦ to 16.4◦. Sun et al. [55] reported a beam model of
uni-directional bending actuators, with bending angle and force
prediction errors of 7.5◦–18◦ and 3%–10%, respectively.

4) Discussions for the Applicability of the Framework: The
validation of the proposed modeling framework relies on soft
robots with reinforced chambers. Please note that the key
requirements for applying our method are the robot’s geometric
dimensions and its material properties, regardless of the spe-
cific reinforcement method used. To extend our approach to
other types of actuators, such as 3D-printed actuators reinforced
through geometric patterns or printing orientations, it is essential
to know the actuators’ dimensions and identified material’s
strain-stress behavior. It is noteworthy that our GUI supports
user-defined stress–strain functions.

Our approach is capable of handling certain asymmetric
geometries, including variations in cross-sectional properties,
such as wall thickness and chamber diameter, along the robot’s
backbone. To capture these variations, the relevant parameters
can be expressed as functions of the curve length s, and the
constant compliance matrices cse and cbt in (8) become cse(s)
and cbt(s), update in each integration step. Similarly, our model
can incorporate other chamber shapes, such as semicircular
chambers, which requires recalculating the cross-sectional area
A and the actuation chamber area Ac, second moments of area
Ix and Iy in cse(s) and cbt(s). To ensure modeling accuracy in
this case, it is important to account for the potential deformation
of noncircular chambers [55]. Incorporating these asymmetric
deformations into the modeling framework is an interesting
direction for future work.

This work focuses on static models, aiming to provide a
practical tool for facilitating robot prototyping. To extend our
static modeling framework to include robot dynamics, a set of
partial differential equations involving both the spatial curve
and time can be derived from the full dynamic Cosserat rod
theory [31]. In addition, the dynamics model requires identifying
damping coefficients, such as those associated with elongation
and bending.

VII. CONCLUSION

In this article, we presented a modeling, design, and evaluation
framework for soft manipulators with fibre-reinforced cham-
bers, to systematically describe their key statics performances,

i.e., the kinematics and tip force capability. Our framework is
capable of coping with the kinematic nonlinearity when the
robots undergo larger deformations. Specifically, static models
in our framework can be summarized as follows.

1) Analyze robots’ forward kinematics and force generation
with different design parameters, e.g., cross-sectional ge-
ometries, robot lengths, and soft material types.

2) Investigate linearized material or various hyperelastic
models (e.g., NH model, MR model, Yeoh model, Ogden
model) and consider nonlinear strain-stress deformations
resulting from a large longitudinal elongation.

3) Incorporate influences of the chamber stiffening effect
resulting from the pressurization.

4) Evaluate key design parameters prior to fabrication, based
on the specific application requirements.

We aim for the experiment and simulation results herein to
serve as a design reference and the proposed GUI as a toolbox
to provide insights for designers, with respect to determining
robot design parameters in specific applications (as exemplified
in Section V). As such, findings can facilitate robot prototyping
and development. In future, we will further investigate control of
such fabricated robots. Moreover, we will explore the possibility
of generating a unified design, modeling and control framework
for multisegment robots.
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