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Abstract. Soft continuum manipulators show great promise in minimal invasive surgery (MIS) due to their ex-
cellent adaptability and contact safety, but their large volume and nonlinear actuation behavior pose significant
challenges. In our recent work, a novel braided manipulator based on fibrous materials has been developed. By
employing a hybrid braiding pattern, the manipulator features a thin-walled structure and a linear actuation re-
sponse, enhancing its suitability for surgical environments. Despite these advancements, the effect of a key design
parameter, the fiber orientation, on the manipulator’s kinematic behavior remains unclear. This paper investigates
the influence of fiber orientation through quantitative analysis of the kinematics of multiple manipulator speci-
mens. Based on these results, design guidelines for braided manipulator skeletons are established. Furthermore,
numerical simulations provide deeper insights into kinematic behavior by examining local fiber deformation, re-
vealing that bending motions are significantly influenced by local fiber orientation changes. Additionally, effects
of other parameters, such as fiber number and fiber diameter, are also analyzed through simulations. The findings
of this study provide a foundation for an optimized design of braided manipulator skeletons.

1 Introduction

By imitating the continuous structure of living organisms,
such as elephant trunks, snakes, and octopus tentacles, con-
tinuum robots exhibit high adaptability and flexibility. Due to
delicate flexible bodies, continuum robots can realize long-
distance stretching in narrow and tortuous environments,
overcoming the limitations of traditional rigid robots in con-
fined spaces (Russo et al., 2023). Consequently, continuum
robots have attracted widespread attention in a variety of
fields, such as medical surgery, industrial automation, rescue,
and exploration (Zhang et al., 2022). For example, in min-
imally invasive surgery (MIS), serpentine endoscopes can
navigate along the natural lumen of the human body. This
approach significantly reduces the risks associated with in-
vasive surgery, minimizes surgical trauma, and shortens re-
covery time (Gifari et al., 2019).

Recently, continuum robots show a tendency of softening
their backbones. Early traditional continuum robots were in
the rigid structure stage, which was assembled by discrete

joints and rigid linkages (Russo et al., 2023). These robots
have high load capacities but limited degrees of freedom,
limiting their adaptability in complex environments (Moran,
2007). Rigid–flexible coupling designs then come into view,
which had semi-rigid continuum structures and could enter a
semi-rigid transition stage. Li et al. (2017) proposed a new
tendon-driven continuum robot based on a coil spring skele-
ton. It achieved a good flexibility under the redundant actu-
ation through eight independent tendons. Recently, contin-
uum robots with fully flexible materials such as silica gel,
hydrogel, and shape memory polymers have become a re-
search hotspot (Chen et al., 2022). Their high safety shows
great promise in human–machine interaction environments
such as surgery and rehabilitation fields (Gifari et al., 2019).
Liu et al. (2023) developed a magnetic soft continuum micro-
robot for manipulation and measurement at the microscale,
whose magnetic end effector enabled accurate control of
the acting force. Cianchetti et al. (2014) designed a pneu-
matic manipulator based on silicone material. It was actu-
ated by its three air chambers, which occupied a large vol-
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ume, adding difficulty in its miniaturization. To save vol-
ume, cables (Wang et al., 2016) and rods (Wang et al., 2022)
have also been applied to the silicone-based manipulators.
However, excessive deformation was witnessed, where the
strong nonlinear response behavior hindered its accurate con-
trol. Yang et al. (2018) proposed a soft silicone robotic arm
driven by shape memory alloy (SMA) coils. To purchase a
good accuracy, Hall sensors were installed on its tip, and
proportional–integral–derivative (PID) controllers were em-
ployed, increasing the complexity of the manipulator’s con-
trol system.

Nowadays, textile robots have appeared which have the
advantage of their dramatically deformability (Sanchez et al.,
2021). As a kind of textile, a braided structure is formed
of two sets of yarns interwoven along a helical path (Hop-
per et al., 1995). Its mesh configuration makes the struc-
ture lightweight and thin-walled (Rawal et al., 2015). More
importantly, it allows the structure to bend flexibly and de-
ploy in the radial direction (Hassan et al., 2017). It has been
widely used as cardiovascular and esophageal stents in in-
dustry applications (Kim et al., 2008; Dua, 2017) and has
been designed to resemble worm-like robots (Manfredi et
al., 2019; Kim, 2018) and McKibben muscles (Paterna et al.,
2022). Additionally, the braided structure has been tried to be
designed as a manipulator. Paolo Dario’s team (Laschi et al.,
2012) designed a braided robot arm inspired by the octopus,
which was actuated by the SMA actuators located in its in-
ner channel. The blocked channel makes it difficult to apply
in MIS. Stoy et al. (2021) actuated the braided manipula-
tor using cables. Owing to the deployability of the braiding
structure, its profile collapsed terribly under the cables’ com-
pression. In our recent work entitled “A variable-stiffness
continuum manipulator using fibrous structure: design, mod-
eling, and validation”, utilizing the different deployability
at hybrid fiber orientations, a dual-layer braided manipula-
tor has been proposed. Its hybrid pattern reduces the struc-
tural deployability through deformation conflicts, enabling
great profile stability under cable actuation. The resultant
constant-curvature bending deformation, linear actuation re-
sponse, and thin-walled configuration add additional promise
in MIS. However, the effects of the fiber orientations on the
manipulator’s kinematical behaviors have not been investi-
gated, resulting in a lack of a guideline for skeleton design
and parameter optimization.

This paper aims to analyze the effects of key structural pa-
rameters on the kinematical behaviors of the braided manip-
ulator. The paper is organized as follows. The design method
and theoretical analysis of the braided manipulator are de-
scribed in Sect. 2. Section 3 analyzes the experimental results
of the kinematical tests under various design parameters. In
Sect. 4, numerical analysis is performed to declare the defor-
mation details and study other braiding parameters’ effects.
Finally, conclusion is given in Sect. 5, which ends this paper.

Figure 1. Design of the braided manipulator skeleton: (a) single-
layer braided tube and its (b) radial expansion under compression
and (c) dual-layer braided tube with a larger inner braiding angle.

2 Manipulator design and theoretical analysis

In the braided manipulator, the braided tube serves as the
structural skeleton, which is formed by multiple helical fibers
interwoven together. As described in Fig. 1a, a vital parame-
ter of the braided tube is the fiber orientation. It is expressed
by the braiding angle β, which is the included angle between
the fiber path and the tube profile plane. Due to the large an-
gle typically over 20°, the braided tube exhibits radial expan-
sion under longitudinal compression, as illustrated in Fig. 1b.
It is assumed that the fibers are inextensible and thus main-
tain a constant length; the expanded tube’s length and diam-
eter can be calculated by{
L= L0 sinβ/sinβ0
D =D0 cosβ/cosβ0

, (1)

where L and D are, respectively, the length and diameter of
the braided structure; initial parameters are denoted with a
subscript 0. Based on Eq. (1), the differential relationship be-
tween the diameter and length can be written as

dD
dL
=−

D0 tanβ0

L0
tanβ. (2)

According to the relationship, an increase in the braiding an-
gle results in a greater radial expansion of the braided tube
upon compression. By substituting Eq. (1) into Eq. (2), the
expansion can be obtained as

dD/D0 =− tanβ0 tan[arcsin((1+ dL/L0) sinβ0)]

· (dL/L0), (3)

where dD/D0 characterizes the extent of radial expansion
for a given compression ratio ε = dL/L0.

In the case of a dual-layer braided tube with hybrid braid-
ing angles, as shown in Fig. 1c, the outer layer possesses a
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Figure 2. Values of parameter K at various braiding angle condi-
tions.

smaller braiding angle compared with that of the inner layer,
and the two layers undergo conflicting expansion deforma-
tions. Consequently, the outer layer constrains the radial ex-
pansion of the inner layer, thereby maintaining a stable over-
all profile under the actuation of tensile cables. Neglecting
the influence of tube thickness, the two layers share the same
diameter and length, and a parameter K could be introduced
to quantify the disparity in radial expansion between the two
layers, defined as

K = (dD2− dD1)/D0

= {− tanβ2 tan[arcsin((1+ ε) sinβ2)] + tanβ1

tan[arcsin((1+ ε) sinβ1)]}ε, (4)

where subscripts 1 and 2 denote parameters for the outer and
inner layers, respectively. At a compression ratio ε of 5 %,
the parameter K can be computed using Eq. (4) and plotted
in Fig. 2. The results indicate that parameter K assumes a
positive value only when the inner layer has a larger braid-
ing angle than the outer layer, demonstrating the restrictive
effect of the outer layer on radial expansion. When the an-
gle difference reaches a maximum of 40°, parameter K at-
tains its peak value of 11.9 %, which implies that the differ-
ence in radial expansion increases by 11.9 % at a 5 % longi-
tudinal compression. This finding validates the strong radial
expansion-constraining effect of the outer layer.

3 Experimental characterization

3.1 Experimental setup

To characterize the kinematical behaviors of the braided ma-
nipulator, cable actuation tests were carried out, and the ex-
perimental setup is presented in Fig. 3a. The base end of
the manipulator was installed onto a fixed platform, while
its tip end could move freely in the three-dimensional space.
A braided rope was utilized as the actuation cable. One end

Figure 3. (a) Experimental setup of the cable actuation tests;
(b) one specimen.

Table 1. Braiding angles of the physical specimens.

Group Outer angle Inner angle Angle
difference

A 30° 35°, 40°, 45°, 50°, 55° 5°–25°
B 25°, 30°, 40° 45° 5°–25°
C 30°, 40° 35°, 45° 5°
D 25°, 30°, 35° 40°, 45°, 50° 15°
E 25°, 30° 45°, 50° 20°

of the cable was tied to the tip end of the manipulator to ex-
ert actuation force. The other end was fixed onto a sliding
block, which was actuated by a screw mechanism at a load-
ing speed of 6 mm min−. In addition, an inertial measure-
ment unit (IMU) sensor was installed at the tip end of the
manipulator to detect the bending angle. Both the actuation
displacement of the cable and the bending angle of the ma-
nipulator were recorded during the tests.

To carry out the parametric analysis of the skeleton, skele-
ton specimens at various parameters were fabricated. One
specimen example is shown in Fig. 3b. Nylon PA66 was se-
lected as the braiding fiber material due to its liner elasticity
within a strain of 1.6 %, and the fiber number for each braid
layer was set to 16. Lengths and outer diameters of all the
specimens were, respectively, 132 and 24 mm, which con-
siders length and diameter requirements of the MIS surgical
devices. Fiber diameters of the outer and inner layers were
0.7 and 1.0 mm, respectively. The specimens were divided
into three groups according to the varied braiding angles as
listed in Table 1.

3.2 Experimental results

3.2.1 Effects of inner braiding angle

The experimental configurations are firstly shown in Fig. 3a.
It can be seen that under the actuation of one cable, the
braided manipulator presents a constant-curvature bending
deformation, and no obvious profile collapse occurs. This
validates the usefulness of the dual-layer braiding pattern
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in the manipulator design. The limit cable tension loss and
the uniform mechanical behavior of the skeleton both con-
tribute to the constant curvature. Figure 4 shows average ca-
ble displacement versus bending angle curves at various in-
ner braiding angles. Tests for each physical model were con-
ducted three times and show great consistency. Despite slight
fluctuations which may arise from the accuracy drop of the
sensor, the bending angle increases with the tensile displace-
ment of the cable in a linear manner for all five curves. This
linear response behavior is owing to the constant-curvature
bending deformation, which gives a linear relationship be-
tween the bending angle and side length shortening accord-
ing to deflection equations in material mechanics. Liner fit-
tings were carried out towards the curves, and the fitting re-
sults are plotted as dashed lines in the figure. The fitting
curves match well with the experimental ones, whose min-
imum R2 among all results still exceeds 0.99. This linear be-
havior is beneficial to simplifying the kinematical modeling
and improving motion accuracy. In addition, the relationship
between the bending angle and the cable displacement based
on the pure bending assumption is also shown in the figure
and is theoretically calculated as

γ =
180o

π
l, (5)

where γ is the bending angle and l is the cable displacement.
It is noticed that for a manipulator specimen with a larger
inner braiding angle, its bending angle is also larger in com-
parison, presenting a higher slope of the actuation responsive
curve. This is owing to the fact that although the manipulator
profile is stable, the structure is still not incompressible. The
braided fibers are loosely in contact instead of being welded
together. The fibers’ deformation allows for a slight shorten-
ing in length, making the neutral layer move from the geo-
metric center to the outer side of the arc bending configu-
ration. This enlarges the distance of the cable to the neutral
layer, making the curve not as slant as the theoretical result
obtained under the pure bending condition. At a larger inner
braiding angle, its serious expanding tendency increases the
interactions between the two layers, making the manipulator
skeleton behave more like an incompressible structure and
increase the curve slope.

3.2.2 Effects of outer braiding angle

Next, the effects of the outer braiding angle are focused on.
Three specimens in Group B with varying outer angles from
25 to 40° were analyzed, and the results are presented in
Fig. 5. It can be seen that in all three curves, the bending
angles increase linearly with the cable displacement too. At
the same cable displacement, the bending angles of the three
specimens decrease with the outer braiding angles. The max-
imum bending angles for specimens with outer braiding an-
gles of 25, 30, and 40° are 65.7, 54.7, and 39.0°, respectively.
This is owing to the fact that at a smaller outer braiding angle,

Figure 4. Cable displacement versus bending angle curves at vari-
ous inner braiding angles.

Figure 5. Cable displacement versus bending angle curves at vari-
ous outer braiding angles.

its less radial expansion tendency can restrict the inner layer’s
deformation much more efficiently, which thus improves its
resistance to axial compression. The curve slopes of 25°/45°
and 30°/50° specimens are, respectively, 3.53 and 3.46, val-
idating a similar efficiency of the inner and outer braiding
angles in restricting radial expansion.

3.2.3 Effects of angle differences of the two braid layers

The kinematical response behaviors at both varied inner and
outer angles are analyzed by the specimens in Groups C, D,
and E, whose angle differences of the two braid layers are 5,
15, and 20°, respectively. Their kinematical response curves
are also linear and their slopes are obtained through linear fit-
tings and plotted in Fig. 6. It is found that at the same angle
difference, the slopes of different specimens are nearly the
same. The maximum slope errors at angle differences of 5,
15, and 20° are, respectively, 0.3, 0.35, and 0.07° mm−1, in-
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Figure 6. Bending response curves’ slopes at different angle differ-
ences.

dicating a similar radial-expansion-restricting performance.
In addition, there is a clear trend which shows that the slope
increases with the angle difference.

Instead, parameter K defined in this paper can also ex-
press the expansion tendency of the two braid layers. Its re-
lationship with the kinematical response curve slope is an-
alyzed and plotted in Fig. 7. When parameter K is in the
range of 0.01 to 0.04, a steady increase in slope with pa-
rameter K is witnessed. However, when parameter K is over
0.04, the increase in the slope is not as obvious as before.
This means that despite a more efficient expansion-restricting
function, the braided tube cannot behave like an incompress-
ible structure which leaves its neutral layer in the profile cen-
ter. In contrast, if parameter K is below 0.01, the outer layer
cannot restrict inner layer’s expansion well. This causes a
nonconstant-curvature bending deformation, which is not ap-
plicable to manipulator application. It can be concluded that
the fiber orientation, i.e., the braiding angle, plays a vital role
in the kinematical response of the braided manipulator. The
angle difference of the two layers should be over 5° at least,
and an ideal value can be roughly designed referring to the
dotted line in Fig. 7.

4 Numerical analysis

4.1 Numerical modeling and deformation analysis

Braided skeletons with braiding angles of 30°/45° and
25°/45° were numerically modeled using Abaqus. The mod-
eling strategy introduced in Shang et al. (2019) was adopted.
The numerical model is shown in Fig. 8a, in which geomet-
ric paths of the braiding fibers were generated following their
trajectory equations introduced by Alpyildiz (2012). In addi-
tion, a straight line was drawn directly in Abaqus to repre-
sent the actuation cable. The braided tube and the cable were
modeled using beam elements and truss elements, respec-

Figure 7. Relationship between bending response curve slope and
the parameter K .

tively. Both the tip and base ends of the braided tube were
respectively tied to reference points, enabling the definition
of boundary conditions, which were consistent with those in
experimental tests. The dynamic–explicit step was adopted,
which can consider the fiber sliding during a large bending
deformation and detect surface contact efficiently. Conver-
gence tests were conducted prior to the analysis, which found
that mesh size of 0.25 mm, and step time of 0.3 s, yielded sat-
isfactory results.

Both experimental and numerical cable displacements ver-
sus bending angle curves of the 30°/45° model are shown in
Fig. 8b. It finds that the two curves match well, validating
the accuracy of the numerical model. Deformation details of
the numerical results are then looked into, and the deforma-
tion of the numerical 30°/45° skeleton is shown in Fig. 8c,
which also presents a constant-curvature bending configu-
ration. The fibers at the inner and outer sides of the arc-
deformed configuration are taken out, and their local braiding
angles were measured. As shown in Fig. 8c, on the inner side,
the inner layer’s braiding angle measures to be 25.6°, which
is reduced from its initial value of 30°. A similar result is
found for the outer layer’ angle, whose value drops to 39.8°
from its initial value of 45°. According to Eq. (1), a lower
local angle value means a shortening in length at the local
place. This indicates that the inner side of the skeleton suf-
fers from an axial compression deformation. As for the local
deformations at the outer side, the inner and outer braiding
angles are, respectively, 44.6 and 29.7°, which are slightly
smaller than their initial values. Reductions in braiding an-
gles at both the inner and outer sides of the arc deformation
suggest that the structure suffers from a compression defor-
mation during bending.

The numerical deformation of the 25°/45° skeleton to-
gether with its local deformation details is shown in Fig. 8d
for comparison. It can be seen that the skeleton bends a lit-
tle more than the 30°/45° skeleton owing to its larger an-
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Figure 8. Numerical modeling and results: (a) numerical model
in Abaqus, (b) cable displacement versus bending angle curves of
model 30°/45°, and numerical deformation of models (c) 30°/45°
and (d) 25°/45°.

gle difference and thus larger parameter K . The results of
local braiding angles indicate that the inner side is still com-
pressed, but what is different from the 30°/45° skeleton is the
outer side is tensioned this time. This owing to the bending
moment caused by the cable tensile force, which generates
tensile force on the outer side. This comparing result indi-
cates a better expansion-restricting function of the outer layer
of the 25°/45° specimen. However, the inner braiding angle
on the outer side increases by 0.7°, which is not enough to
compensate the angle reduction on the inner side (−2.5°). It
indicates that the structure is still compressible, and the axial
compression moves the neutral layer to the outer side instead
of remaining at the geometric center. This enlarged distance
between the cable and the neutral layer reduces the overall
bending angle at the same cable displacement, explaining the
kinematical response of the braided manipulator skeleton in
experiments well.

Table 2. Varying parameters of the numerical models.

Group Fiber diameter Fiber number

F 0.5–1.0 mm 16
G 0.7 mm 12–20

4.2 Parametric analysis

Based on the numerical modeling method, effects of other
braiding parameters, such as the fiber number and fiber di-
ameter of the outer skeleton and the fiber’s Young’s modulus,
on the kinematical performance of the braided manipulator
are analyzed here. A series of numerical models were estab-
lished, whose varying parameters are listed in Table 2. The
other parameters are the same as those of the 30°/45° numer-
ical model in Sect. 4.1. For each numerical model, the bend-
ing angle at a cable displacement of 18 mm was recorded and
plotted in Fig. 9.

Firstly, effects of the fiber diameter are studied with mod-
els in Group F. As shown in Fig. 9a, the bending angles in-
crease slightly with the fiber diameters, and they are 49.4
and 56.4° at a fiber diameter of 0.5 and 1.0 mm, respec-
tively. The bending stiffness of a fiber can be expressed as
EI = Eπd4/64, which has a linear correlation with d4. Ob-
viously, a larger fiber diameter can contribute to a higher
stiffness of the outer layer. It reduces local deformation un-
der the expansion of the inner braided layer, thus improving
the expansion-restricting performance and achieving a larger
bending angle. However, the expansion behavior of a braid
layer is still dominated by the kinematics, which is more af-
fected by the braiding angle. Consequently, the effect is lim-
ited in comparison.

Next, effects of yarn number are looked into with models
in Group G which had varying fiber numbers from 12 to 20,
and the results are presented in Fig. 9b. There is no obvious
relationship between the bending angle and the fiber number.
The maximum derivation in braiding angle at fiber numbers
of 12, 14, 18, and 20 is merely 1.3°. However, a larger braid-
ing angle is witnessed when the fiber number of the outer
layer is 16, which is the same as the number of the inner
braid layer.

5 Conclusions

In this paper, the effect of fiber orientation, i.e., the braiding
angle, on the kinematical response behavior of the braided
manipulator skeleton is studied. Cable actuation tests have
been carried out on skeleton specimens at various braiding
angles, all of which present linear response behaviors. It also
finds that at the same cable tensile displacement, a smaller
outer braiding angle and a larger inner braiding angle can
both contribute a large overall bending deformation of the
manipulator skeleton. A parameter (K) is also defined to ex-
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Figure 9. Bending angles at cable displacements of 18 mm at various (a) fiber diameters and (b) fiber numbers.

press the restricting capability of the outer braid layer im-
posed on the inner one, which has been successfully corre-
lated to the kinematical response of the manipulator skeleton.
Numerical models are finally established that find that local
braiding angles are changed during deformation, which af-
fects the bending response through moving the neutral layer
in the radial direction. Parametric analysis is also conducted
based on the numerical method to the parameters of the outer
braid layer. The findings of this study provide a founda-
tion for an optimized design of braided manipulator skele-
tons. For future work, a comprehensive mechanical model
will be developed to explicitly describe the relationship be-
tween the fiber orientation and kinematic response, providing
more predictive capabilities for manipulator design. In addi-
tion, experimental validation of motion control performance
will also be conducted by implementing manipulators with
different fiber orientations in closed-loop control systems.
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