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Abstract

Fiber winding reinforcement is widely used in soft robotic manipulators actuated by pressurized fluids. However,
the specific effect of each type of winding on the bending motion of a tubular soft robotics manipulator with three
chambers has not been explored widely. We present the development of precise finite element (FE) simulations and
investigate the effect of helical fiber winding parameters on the bending motion of a two-degree-of-freedom manip-
ulator with three internal chambers. We first show the development of an FE simulation that optimizes convergence
and computational time and precisely matches the behavior of soft robots in practice. Compared to single-chamber
robots, simulating three-chamber designs is more challenging due to the complex geometry. We then apply our FE
model to simulate all the parameter variations. We show that for helical winding with a constant pitch, the closer
the center of a chamber is to the intersection of the windings, the lower the bending stiffness of the chamber is.
To minimize bending stiffness variation in different bending directions, the optimal angle between the center of
the first chamber and the intersection of the two helical windings are 0° and 12°. Reducing the pitch of the helical
windings or using other types of windings (i.e., ring winding or six helical winding) reduces the stiffness variation
across different bending directions. The FE simulations are compared with experiments showing that the model
can capture complex bending behaviors of the manipulator, even though the estimation tends to be less accurate at
higher bending angles.

1. Introduction

Research on soft robotics manipulators has received much attention in the past decades, especially in
medical applications, due to its advantageous features, such as safer interaction with humans, high
adaptability, and affordability. Various designs have been proposed throughout the years for different
applications, which usually consist of different segments that can be actuated by either variable-length
tendons [1, 2] or pressurized fluid [3-5]. In this work, we focus on fiber-reinforced soft manipulators
that are actuated by pressurized fluids, and in particular on tubular-shaped designs with three internal
chambers, thus having the capability to control two degrees of freedom (DoFs).

The design of a tubular soft robotics manipulator with three internal chambers of actuation was first
proposed by Suzumori et al. [4]. This design was made with a rubber body capped at the end, wound with
fiber, and controlled by a digital pressure regulator. By increasing the internal pressure in the chambers,
the manipulator is able to move in three DoFs, which are pitch, yaw, and elongation. This design was
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later optimized in refs. [6-9], by adding an inextensible central rod to limit its longitudinal elongation
and allowing chamber deformation thus resulting in increased payload capabilities [10].

The significance of fiber reinforcement on fluidic actuators has been well studied, especially the
helical-shaped winding, as it has been widely used due to its ease of manufacturing. Connolly et al.
[11], for instance, have explored the effects of helical fiber winding, mainly with respect to the angle, on
the motions of single-chamber soft actuators such as extension, radial expansion, and twisting. The study
showed how the fiber winding can be tuned to produce a soft actuator with a specific range of motion.
Finite element analysis (FEA) has been instrumental in the design of fiber-reinforced soft manipulators
[6, 11-15]. However, due to the high deformation and non-linear material characteristic of soft manip-
ulators, achieving numerical convergence and accuracy while maintaining low computational time is
challenging. Consequently, most existing numerical models only deal with single-chamber manipulators
with limited chamber deformation. A soft robotic manipulator with three chambers, required for bend-
ing in multiple directions, involves complex geometry and a high amount of non-linear surface contact
that occurs inside the manipulator during pressurization, further worsening the simulation convergence.

To the author’s knowledge, no research has been published documenting how various fiber winding
parameters would affect the bending motion of a tubular soft robotic manipulator with two actuated
DoFs. In this paper, we investigate the effect of the helical fiber winding parameters, such as pitch
and intersection position of the winding, on the bending motion of a tubular manipulator with three
chambers. We also discuss the effect of other winding types on the bending motion. We achieve this by
first developing a finite element simulation of the manipulator movement, which is then validated using
experimental data.

The main contributions of the paper include the following: first, a procedure for developing a numeri-
cal simulation of three chambers manipulator to optimize its convergence and computation time; second,
a study of helical fiber winding parameters to optimize the bending motion of a soft robotic manipulator
with three internal chambers; third, a comparison of different winding shapes and their effect on the
three chambers manipulator that could serve as alternatives to the helical shape.

The rest of the paper is organized as follows: Section 2 details the finite element modeling of the
manipulator. Section 3 presents the manufacturing process of the manipulator, the experimental setup,
and the comparative analysis of simulations and experiments. The results are presented in Section 4.
Lastly, concluding remarks and future works are described in Section 5.

2. Design and finite element modeling

The soft manipulator was designed according to refs. [7, 10] to maximize its force while maintaining
a small diameter. The design is tubular, with three internal chambers spaced at 120°, allowing bending
on any plane. An inextensible cable sleeve is placed at the center of the section and serves to prevent
elongation when the chambers are pressurized, thus increasing the maximum bending and force at any
given pressure. Additionally, a thread is wound around the external cylindrical surface in both directions
(i.e., clockwise and counterclockwise), to prevent radial expansion without producing twisting effects
[16]. In the initial design, we chose the widely used helical windings with a constant pitch of 3 mm, but
in some of the following sections, the winding specifications (e.g., types, pitch, intersection position of
the winding) have been varied. The outer diameter of the manipulator is 12 mm, and the total length is
66 mm, which consists of a6 mm end cap and a 60 mm body section with internal chambers. Figure 1 and
Table I summarize the key design parameters of the manipulator while Fig. 2 shows the manipulator’s
DoFs.

The finite element models were developed in Abaqus/Standard (Simulia™; Dassault Systemes,
Velizy-Villacoublay, France). Their purpose is to predict the deformation and bending angle of the
manipulator when it is pressurized on each of the different chambers.

The model of the manipulator consists of three main parts: the main body, the fiber winding, and the
central rod. All the parts were modeled as 3D Solid Deformable, while the fiber winding was modeled as
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Table I. Manipulator component specifications.

No. Description Symbol Value Unit
1 Manipulator body outer diameter Dy 12 mm
2 Central rod chamber diameter dp 2 mm
3 Outer wall thickness tow 1 mm
4 Inner wall thickness tiw 1.5 mm
5 Partition wall thickness Tow 1.6 mm
6 Manipulator body length Ly 60 mm
7 Cap length L 6 mm
8 Winding diameter D, 11.2 mm
9 Winding pitch )4 3 mm

Manipulator Body

Pressurized
Chambers Central Rod

Ls Lc

Figure 1. The design of the manipulator.

3D Wire Deformable. The helical geometry of the winding was created using a modified python script
fromref. [17], which receives inputs of winding pitch, winding length, and winding offset to calculate the
helical geometry. As the fiber is wound in both directions, a second part mirroring the original winding
was also included.

The central rod is characterized by high longitudinal stiffness but low bending stiffness. This has been
modeled by embedding a small diameter circular beam with high stiffness inside of a solid beam with
low bending stiffness in an assembly and adding corresponding constraints. This was necessary because,
unlike other work such as ref. [5], the internal chambers in our prototype are highly deformable. Thus,
reducing the central rod diameter to limit the bending stiffness might affect the manipulator’s inner
deformation. The main limitation of this modeling strategy lies in the solid beam that must be modeled as
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Table I1. Material coefficients for the model.

No. Part Symbol Value Unit
1 Main body (Dragon Skin™ 10 medium) [19] i 0.00681 MPa
o —0.2881 MPa
L3 0.38165 MPa
o 9.33 -
oy 3.376 -
o 2.487 -
D, 0 -
D, 0 -
D; 0 -
2 Fiber winding (Kevlar) [7] Einding 31,067 MPa
Vwinding 0.36 -
3 Central rod* Eoiia beam 5 MPa
Vsolid beam 0.48 -
Esmall circular beam 10' ! MPa
Vsmall circular beam 0 36 -

*Central rod material coeflicients were assumed rather than obtained through experiments due to the difficulties in testing the
unique characteristics of the material (i.e., high longitudinal stiffness but low bending stiffness). The values used in this work
were chosen to achieve a negligible effect on the simulation’s bending stiffness, while still preventing manipulator’s elongation.
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Figure 2. Two DOFs of the manipulator.

a non-hollow tube, unlike a cable sleeve. In this work, this limitation was neglected, seeing the potential
reduction of computational time and assuming that the impact is insignificant.

The material of the main body is Dragon Skin™ 10 Medium (Smooth-On, Inc., Pennsylvania, USA),
and it was modeled using incompressible isotropic hyperelastic material with 3rd-order Ogden consti-
tutive law [18]. On the other hand, the fiber winding and the central rod were modeled as an isotropic
elastic material. The complete list of material coefficients used in the model is shown in Table II.

The main body and the central rod were meshed with hexahedral element type to prevent element dis-
tortion [20]. The geometry order of the element was set as linear instead of quadratic as this had shown
to help the convergence of the simulation without significantly affecting the accuracy of the results. The
formulation of the elements was set as a hybrid to allow the inclusion of non-linear effects (C3D8H).
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Figure 3. Model partition pattern. Red lines show where each part of the model is separated using
Abaqus cell partition feature.

The winding and the circular beam embedded in the central rod were meshed with quadratic order and
hybrid formulation elements (B32H). Soft robotic manipulator simulation, especially manipulator with
three chambers, involves high deformation; therefore, minimizing distortions is crucial to the conver-
gence of the simulation. To further improve the mesh quality in Abaqus, the main body was partitioned
into various symmetrical parts (see Fig. 3).

The next step in developing the simulation was to create an assembly by assigning all the parts and
then applying the simulation interactions, constraints, boundary conditions, load, and simulation steps.
The first two constraints were applied to create the central rod behavior: first, the embedded region with
the circular beam as the embedded object and the solid beam as the host region; second, coupling with
the tip of the circular beam as the control point and the end surface of the solid beam as the control
surface. The third and fourth constraints tie the tip of the central rod and the winding to the main body
of the manipulator. The interactions assigned were self-contact of each internal chamber, self-contact of
the outer surface of the main body, and surface-to-surface contact with the outer surface of the central
rod as the master surface and the internal center chamber of the main body as the slave surface. All
interactions were modeled as frictionless tangential contact and “hard contact” normal behavior. An
encastre boundary condition was applied at one end of the manipulator, and a uniform load due to
the internal pressure was imposed in one of the internal chambers and a ramp amplitude. Finally, the
Dynamic Implicit step with Quasi-static application and Nlgeom setting enabled was employed. The
Standard General step could also be used, but we have found that the Dynamic Implicit step resulted in
better simulation convergence while keeping the inertia effect negligible.

Some works have shown that the inclusion of gravity might affect the simulation result [21], and
in our testing, gravity did contribute to altering the manipulator’s bending angle to a certain extent.
However in this work, we neglected the effect of gravity considering the low mass of the prototype, and
the computation cost with gravity increased significantly. In addition, the effect of gravity is not relevant
to the study of the effect of fiber windings since the soft robotic manipulator typically needs to be able
to operate at different orientations and there is no predefined orientation.

The bending angle (6) was calculated by using the coordinates of two nodes at the end of the manip-
ulator. The manipulator displayed a tendency to skew toward one side at higher pressures, thus changing
the bending plane as it is being pressurized. To solve this issue, the bending plane orientation angle (y)
was calculated using the following trigonometric equation:

y :atanZ(%) (1)

20
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where Ay, and Az, are the displacement of the reference node at the tip of the manipulator for the y-axis
and z-axis, respectively. The bending angle () with a changing bending plane orientation (y) can then
be calculated with the following equations:

2, =2 cos(y) +yy sin(y) 2)
Z, =75, cos(¥) + yy, sin(y) 3)
Z —Z
9 — tan_l ( il 2 ) (4)
X — Xp

where x;, ,, y;,,, and z;,, are the coordinates of the reference node at the end of the manipulator on all
axes, and z}l , are the coordinates of the reference node on the z-axis after matrix transformation. The
complete list of simulation configurations used in the model is shown in Table III.

3. Fiber winding variations results

The numerical simulation was used to investigate the effect of the fiber winding parameters on the
bending motion of a soft robotic manipulator with three internal chambers. It was also used to estimate
and compare the stiffness of each chamber when different fiber winding shapes were used. The numerical
simulation allowed for a more straightforward and faster investigation compared to the manufacturing
and experimental methods. A wider range of fiber winding variations that might be challenging to be
fabricated could also be tested.

Winding orientation angle () is defined as the angular distance between the center of the first cham-
ber and the intersection of the two helical windings. This should not be confused with the term winding
angle which is often used in other works, as the winding orientation angle is an independent variable that
does not effect the winding pitch. In this section, we completed simulations with helical windings that
have a constant pitch of 3 mm, but with a range of different fiber winding orientation angles: 0°, 30°, 45°,
60°, and 90°. Pressure will be supplied to each of the three chambers for every winding orientation angle
variations; thus, the bending angle will also be measured on three different directions that are spaced at
120° relative to each other. Our definition and convention of fiber winding orientation angle are further
explained in Fig. 4. The simulation output is the comparison of the bending angle (0) in relationship
with each chamber’s internal pressure.

The output data obtained from simulations are shown in Fig. 5. The simulation was able to converge
up to the given pressure of 0.07 MPa with the highest bending angle of 180°. The results showed that
the fiber winding angle does affect the stiffness of each chamber at higher pressure. For helical wind-
ings with a constant pitch, the closer the center of a particular chamber is to the intersection of the
windings, the lower the bending stiffness of that chamber is when pressurized. Therefore, the highest
bending stiffness is achieved for the first chamber, when the fiber winding orientation () is 90° and
the smallest bending stiffness is at 0°, since in these configurations, the winding intersection will be
the furthest from the center of the first chamber at 90° and the closest at 0°. The cause of this behavior
can be related to the distribution of the windings, as the density of different fiber winding orientation
angles is the same. One possible reason for this is that when the fiber winding orientation angle is set at
0°, the distribution of windings allows the pressurized chamber’s outer wall to balloon symmetrically.
This leads to a greater magnitude of force vectors resultant, which in turn produces greater elongation
of the outer wall and a higher bending angle. This relationship can be explained with the following
equation:

’
R= 5)
180 — v/
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Table I11. Simulation configurations.

No Configurations Part/section Description
1 Mesh Main body Linear hybrid hexahedral (C3D8H), approximate global
element size = 0.4 mm
Fiber winding Quadratic hybrid beam (B32H), approximate global element
size =0.5 mm
Central rod (solid beam) Linear hybrid hexahedral (C3D8H), approximate global
element size = 0.4 mm
Central rod (small circular beam) Quadratic hybrid beam (B32H), approximate global element
size = 0.5 mm
2 Constraint Central rod (small circular beam) — Embedded region, absolute exterior tolerance = 0, fractional
central rod (solid beam) exterior tolerance 0.05
Fiber windings — main body outer Embedded region, absolute exterior tolerance = 0, fractional
wall exterior tolerance 0.05
Central rod (small circular beam) — Kinematic coupling, all Dofs constrained
central rod (solid beam) tip surface
Central rod (solid beam) tip surface — Tie, adjust slave surface initial position enabled, tie rotational
main body central cavity end surface Dofs if applicable enabled
3 Interaction Cable outer surface — main body Surface-to-surface contact, frictionless tangential behavior,
central cavity inner surface “Hard” contact normal behavior, default automatic
stabilization
Chambers inner surface Self-contact, frictionless tangential behavior, “Hard” contact
normal behavior, default automatic stabilization
Main body outer surface Self-contact, frictionless tangential behavior, “Hard” contact
normal behavior, default automatic stabilization
Main body central cavity inner Self-contact, frictionless tangential behavior, “Hard” Contact
surface normal behavior, default automatic stabilization
4 Boundary Main body one end surface Encastre
condition Central rod (solid beam) one end Encastre
surface
5 Load Inner surface of selected chamber Uniform pressure load, 0.07 MPa for individual pressurization,
0.05 MPa for two chambers pressurization
6 Step - Dynamic implicit, quasi-static enabled, Nlgeom enabled
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Figure 4. Fiber winding orientation angle: (a) definition and convention; (b) examples. In all of the
figures, the red color depicts counterclockwise winding, while the blue color depicts clockwise wind-
ing. The intersection of both windings is marked with black circles. Winding orientation angles are the
angular distance measured from the center of chamber 1 (depicted as green dotted lines) to the winding
intersection.
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Figure 5. Bending angle vs. pressure simulation of each chamber in different fiber winding orientation

angles: (a) 0°; (b) 30°; (c) 45°; (d) 60°; (e) 90°.

where R, is a variable directly proportional to the bending stiffness of particular chamber n, and ¥, is
the angular distance between the center of the particular chamber # to the closest intersection of the two
helical windings (shown in Fig. 6). With this relationship, the bending stiffness of a particular chamber
n is at its maximum when R, = 1 (1, = 90°) and the minimum corresponds to R, =0 () = 0°).
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Figure 6. The angular distance between the center of the particular chamber n to the closest intersection
of the two helical windings (V).

The difference in each chamber is significant only at higher bending angles (i.e., around 70° for all
tested fiber orientation angles); thus, a manipulator designed to operate at lower pressure might neglect
this difference. A theoretical optimized value of v/, would be when the resulting R, of each chamber
is approximately the same. As the section of the manipulator with three chambers is symmetrical, the
optimized value can be calculated by dividing the problem into two different cases: 0° < ¢; < 30° and
30° < ¢y <60°. We would also be able to define the relation between v/ with ¥, and v, as:

w60, foroo <y <30°

= 6
V2= ) 120 — ¥, for30° < | <60° ©
¥y =60° — ), for 0° < | <60° W
With these in mind, we would have
’lp/ o ’ o
RIZWI_I’, fOI'O §¢1§60 (8)
’ 600
DO e <y < 30°
) 1200 =y
Ro=1 1200 — g ©)
————1L for 30° < ¥/ < 60°
60° + ¥
60° — ]
=Y o <y <60 (10)
120 +

and to obtain the optimized angle (Voyima), the difference between each R, (A1 =|R, — R|+|R; — R|,
A2 =|R1 — R2| 4+ |R3 — R2|, A3=|R, — R3] + IR, — R;|) should be at a minimum. This results in three
possible ¥ ..., which are first, ¥ ., = 0°, which would result in two chambers having the same
stiffness but one chamber having a smaller stiffness (R, =0, R, =R;=0.5); second, ¥ .., = 30°
which would result in two chambers having the same stiffness but one chamber having a larger stiff-
ness (R, =R;=0.2, R, =1); or third, v, optimal = 12°, which would result in all three chambers having
relatively small differences in stiffness (R, = 0.07, R, = 0.67, R; = 0.37). The second option is inferior to
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Figure 7. Bending angle vs. pressure simulation of each chamber in different pitch variations.

the first option in terms of stiffness, thus the preferred options are ¥ .. = 0° (V3 it = V3 gpima = 00°)
A0 Vg = 12° (Vg = 72° and 91, = 48°)

Another possible alternative is to reduce the pitch of the helical windings, which would also increase
the overall bending stiffness of the manipulator. Through numerical simulations of various pitch varia-
tions, we have found that with the increase of overall bending stiffness, the difference between chambers
is reduced, as shown in Fig. 7. This alternative might serve as a reasonable tradeoff for cases that
prioritize the similarity among the chambers rather than higher bending angles.

Another alternative is to use other types of winding instead of helical, such as ring windings or six
helical windings, shown in Fig. 8. The ring windings do not have the asymmetric nature of double helical
windings, but the corresponding manufacturing process is much more complex. Six helical windings
that include three pairs of double helical windings spaced at 120° would prevent asymmetry but would
also complicate the manufacturing process, especially in a miniaturized manipulator, and they would
increase the stiffness significantly. Both alternatives were also tested through numerical simulations,
resulting in the same bending stiffness of each chamber, as shown in Fig. 9.

4. Experimental validation

The prototype was manufactured using a similar method described in [22], with a four-part mold com-
prised of a two-part outer mold, an inner mold, and a base mold (see Fig. 10a) and another set of molds
that accommodate the routing of the silicone tubes and the cable sleeve (see Fig. 10b). In contrast to
the approach in [22], the two-part outer mold used in this work features grooves on its inner surface
to create a path on the prototype. Using this path as a guide, an inextensible thread was then wound
by hand around the outer face of the prototype (see Fig. 10c), to produce a perfect helical winding in
both directions with a regular pitch and constant position of winding intersections (see Fig. 10d). The
prototype has the same dimension specifications and materials as the finite element model developed in
Section 2 (summarized in Fig. 1, Table I, and Table II). The central rod used was a hollow braided cable
sleeve that was fixed at both ends of the prototypes during casting.
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Winding
Intersactions.

Figure 8. Other types of winding: (a) ring winding, (b) six helical winding. Figure (b) includes a
two-dimensional view of the six helical windings from the top, at 120°, and 240°. These views showcase
the symmetrical shape of the six helical windings in different sections that cover each of the chambers.

An experiment was conducted to measure the bending angle of the prototype, and the data were used
to validate the finite element model. A simple pneumatic actuation system and an experimental setup
were developed. The actuation system consists of a pressure regulator, needle valves, pressure gauges,
and exhaust orifices, as depicted in Fig. 11a. The pressure regulator was used to supply a constant air
pressure to the rest of the system, while the needle valve allows manual airflow adjustment. An exhaust
orifice and a pressure gauge were installed in parallel to the output connector, so that the output pressure
can be regulated to the prescribed value by adjusting the airflow through the needle valve and reading
the output pressure from the pressure gauge [22]. In this work, we used digital pressure gauges (PSAN-
01CA-RC1/8, Autonics Sensors & Controllers, South Korea) with a display range of 0 to 0.1 MPa and
a resolution of 0.001 MPa.

For the experiment setup, a clamp was used to fix the bottom end of the manipulator vertically while
allowing the movement of the manipulator on three different axes. This configuration replicated the
boundary conditions of the numerical simulation. Two markers were added at the tip of the manipu-
lator, and three digital cameras (GoPro Hero5, GoPro, Inc., California, USA) were positioned at the
platform’s front, side, and top (shown in Fig. 11b). The front and side cameras were used to measure the
bending angle (), while front and top cameras were used to measure the orientation (y) of the bending
plane. Both camera pairs had been previously stereo-calibrated using image pairs of a checkerboard. A
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Figure 9. Bending angle vs. pressure simulation of each chamber in different winding types.

ERLL L LERERE

Figure 10. (a) Four-part mold set; (b) fiber winding process; (c) final sealing mold set; (d) final
prototype.

triangulation algorithm was used to track both of the marker coordinates in three axes, which were later
used to calculate the bending plane orientation angle (y) and the bending angle (6) using Eq. (1) and
Eq. (4), respectively.
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Figure 12. Experiment and simulation — bending angle comparison.

Using this experimental setup, the relationship between bending angle (6) and internal pressure was
investigated. The experiment was done by increasing the pressure of each chamber between 0.005 MPa
and 0.07 MPa with 0.005 MPa increments. The bending angle () was measured with respect to the
z-axis. The 6-pressure curve was compared to the simulation results from Section 2, by increasing
the internal pressure from 0.001 MPa up to 0.07 MPa. Both the experiment prototype and numerical
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Figure 13. Experiment and simulations — bending angle comparison: (a) chamber 1; (b) chamber 2;
(c) chamber 3.

model have a 0° winding orientation angle. The comparison between the experimental and numerical
simulation is shown in Figs. 12 and 13.

The finite element model was able to replicate the relative characteristics of each chamber well, where
chamber 1 had the least stiffness, while chambers 2 and 3 both had similar but higher stiffness compared
to chamber 1. Looking at the accuracy, the simulation performed well in replicating the bending slope of
chamber 1, but unfortunately did not perform as well with chamber 2 and chamber 3, especially during
high pressurization. In both chambers 2 and 3, the simulation tended to overestimate the bending angle,
with the highest error occurring at 0.07 MPa, where the error reached about 20°.

These differences were likely attributed to manufacturing errors that resulted in imperfections,
including non-uniform increased wall thickness along the chambers. Furthermore, in the pressuriza-
tion simulation of chambers 2 and 3, we observed a noticeable sudden increase in the bending angle
after reaching 0.06 MPa. Upon further inspection, this increase was found to be caused by a sudden
buckling of the partition wall. We believe that this buckling occurred at higher pressure in the experi-
ment due to the prototype’s imperfection, which further increased the bending angle difference at higher
pressures. Additionally, the numerical model was simplified to exclude simulating complex phenomena,
such as internal friction, in order to improve simulation efficiency. Nevertheless, the comparison still
demonstrated the model’s ability to capture the relative difference in stiffness of each chamber, which
can mainly be attributed to the asymmetric nature of the double helical windings.

https://doi.org/10.1017/50263574723001170 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574723001170

Robotica 3623

Table IV. RMS deviation comparison.

No. Simulation RMS deviation [°]

1 Individual chamber 6 Chamber 1 6 Chamber 2 6 Chamber 3
3.1 16.8 15.9

2 Two chambers 6 Chamber 1+ 2 6 Chamber 2 + 3 6 Chamber 3+ 1
4.6 6.5 5.6

y Chamber 1+ 2 y Chamber 2 + 3 y Chamber 3 + 1
3.0 3.5 7.8
360
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Figure 14. Experiment and simulations — bending plane orientation angle comparison: (a) chamber
1+ 2; (b) chamber 2+ 3; (c) chamber 3 + 1.

To further prove our validation, we conducted additional tests and compared the actuations of two
chambers in the experiment. The comparison explored the relationship between bending angle (6) and
internal pressure, as well as the relationship between bending plane orientation angle (y) and internal
pressure. In this experiment, we subjected three-chamber combinations to increasing pressure values
ranging from O to 0.05 MPa, with increments of 0.005 MPa. The combinations included Chamber 1 +
Chamber 2, Chamber 2 4+ Chamber 3, and Chamber 3 4+ Chamber 1. The comparison between the
experimental and numerical simulation results is presented in Fig. 14 for the bending plane orientation
angle (y) and Fig. 15 for the bending angle (6).

The results demonstrate that the model accurately captured the movement behavior of the manipula-
tor when pressurized in different chamber combinations. The bending plane orientation angle (y) value
closely matched the experimental values in each combination, which were 60°, 180°, and 300°, respec-
tively. Regarding the simulation bending angle (6), although it reasonably replicated the slope, some
overestimations were observed especially in higher pressure, which we believe can be mostly attributed
to manufacturing imperfections and simplifications made in the simulation. The root mean square
deviation for all the comparisons between the simulation and experiment are presented in Table IV.

Despite the acknowledged limitations, the finite element model employed in this study demonstrated
relatively good convergence, accompanied by satisfactory computational time and accuracy, especially
when considering the substantial internal deformations within the design. We are confident that these
model configurations can be successfully replicated for other soft manipulator designs, regardless of
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Figure 15. Experiment and simulations — bending angle comparison: (a) chamber 1 + 2; (b) chamber
2+ 3; (c) chamber 3 + 1.

their DoFs, scales, or geometries. This approach holds particular significance for modeling more intri-
cate designs, such as those incorporating an inextensible central rod or featuring deformable chambers.
Moreover, certain simplifications employed can be disregarded for simpler designs, like those with sim-
pler geometry (e.g., three tubes that are bundled together), non-deformable chambers, or a smaller
number of chambers. By selectively omitting these simplifications, higher accuracy can be achieved
without significant compromises in terms of convergence and computational time.

5. Conclusions

In this work, we presented the results of an FEA study for a tubular soft robotic manipulator with two
actuated DoFs. This was employed to investigate the effect of helical fiber winding parameters, such as
pitch and orientation, on the bending deformation of a tubular manipulator with three internal chambers.
Finally, we compared the simulation results with extensive experiments.

The results of the simulations revealed that the fiber winding orientation affects each chamber’s
bending stiffness at higher bending angles. We concluded that for helical winding with a constant pitch,
the closer the center of a chamber is to the intersection of the windings (), the lower the bending
stiffness of the particular chamber is. Due to the nature of double helical windings, it is impossible
to set the fiber winding orientation angle (1) on a certain value to achieve identical stiffness in all
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chambers. However, theoretically, the most optimal fiber orientations to achieve the closest stiffness
for each chamber are 0° and 12°. We also proposed other ways to reduce the difference in bending
stiffness among the chambers. The first alternative is to reduce the pitch of the helical windings, which
would increase the bending stiffness but might serve as a reasonable tradeoff for cases that prioritize the
similarity between chambers. Another alternative is to use other types of windings instead of helical,
such as ring winding or six helical winding, which would avoid asymmetry at the cost of a more complex
manufacturing process.

Comparing the finite element simulations with experimental data revealed that the model reasonably
captured the bending characteristics of the manipulator, both during individual chamber pressuriza-
tion and two chambers pressurization. However, it was observed that at higher bending angles, the
estimation tended to be less accurate. We believe that these deviations were primarily caused by the
non-uniform wall thickness of the prototype and the simplifications introduced in the numerical model,
such as neglecting internal friction. Despite these limitations, the FEA model used in this work demon-
strated relatively good convergence, reasonable computational time, and reasonably accurate results,
considering the high inner deformation of the design. We are confident that these model configurations
can also be replicated for other two DoFs manipulator designs with different scales or even different
geometries. This approach would be particularly useful for modeling designs that employ an inextensi-
ble central rod or have deformable chambers, and expected to perform better on simpler designs, such
as those with non-deformable chambers or smaller number chambers.
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