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Abstract: Minimally invasive surgery (MIS) has recently seen a

surge in clinical applications due to its potential benefits over open

surgery. In MIS, a long manipulator is placed through a tortuous

human orifice to create a channel for surgical tools and provide

support when they are operated. Currently the relative large profile

and low stiffness of the manipulators limit the effectiveness and

accuracy of MIS. Here we propose a new foldablemanipulator with

tunable stiffness. The manipulator takes a braided skeleton to

enable radial folding, whereas membrane is used to seal the skele-

ton so as to adjust stiffness through creating negative pressure. We

demonstrated experimentally, numerically, and analytically that, a

flexible and a rigid state were obtained, and the ratio of bending

stiffness in the rigid state to that in the flexible state reached 6.85. In

addition, the manipulator achieved a radial folding ratio of 1.95.

The proposed manipulator shows great potential in the design

of surgical robots for MIS. © 2019 Wiley Periodicals, Inc. J Biomed

Mater Res Part B: Appl Biomater 108B:316–325, 2020.
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INTRODUCTION

Minimally invasive surgery (MIS) has been rapidly adopted in a
wide range of clinical applications1–4 due to its advantages over
conventional open surgery, including smaller scars, less postop-
erative pain, shorter hospitalization, and earlier rehabilitation.5–7

As a newly developed type of MIS, natural orifice transluminal
endoscopic surgery (NOTES) accesses lesion via transoral, trans-
colonic, or transvaginal routes, thereby further reducing tissue
damage and recovery time.8,9

During NOTES, a long snake-like manipulator is first
inserted through a natural body orifice. When it reaches the
lesion, miniaturized surgical tools pass through the manipulator
and perform operations.10 During insertion, the manipulator is
required to be compact in size11 and flexible12 so as to go
through the torturous cavity without kinking or damaging the
inner wall of the cavity.13,14 During operation, on the other
hand, the manipulator needs to be large to provide more space
for surgical tools and rigid to support them.11,12 As a result,
there exist two pairs of conflicts, stiffness, and size. Develop-
ments of surgical instruments to fulfill those conflicting requ-
irements are essential for the wide applications of NOTES.
Conventional rigid surgical tools and flexible endoscopes can
only partially satisfy the requirements and are therefore not
directly applicable in NOTES.15,16

To tackle the conflict of stiffness, snake-like manipulators
with stiffening mechanism have also been extensively studied.
One method to change stiffness is to increase the friction
between rigid links by amplifying the control wire tension.13

Nevertheless, high stiffness requires high wire tension, and the
links need to be large enough to sustain the load, making it diffi-
cult to create a compact manipulator. Phase-change materials
which can transform between liquid and solid states with tem-
perature change16–19 and thermoplastic polymers whose elas-
ticity modulus is tunable by temperature,20,21 have also been
applied to design locking mechanisms. A wide range of stiffness
can be obtained with this method, but long activation timescale
limits its application in practice. Pneumatic or hydraulic shape-
locking mechanism, which functions by compressing discrete
parts together with controllable fluid pressure,22–25 shows
great promise. With friction or geometric locking, the stiffness
can be tunable almost instantaneously. Despite the efforts, the
other pair of conflict, that is, size, is rarely explored.

Foldable structures, a special kind of structures, which
are able to dramatically change their configurations so as to
change sizes,26 could provide a solution to this problem.
Especially, the braided tube, made of fibers interwoven in a
crisscross pattern to form a tubular mesh configuration,27

can significantly reduce its diameter when longitudinally
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tensioned. Thanks to the superior foldability, light weight,
flexibility, fatigue resistance, and dimensional stability,28 it is
widely used in engineering applications such as medical
implants.29–31 Numerous researches have been conducted to
analyze its mechanical properties. Based on the open-coiled
spring theory, the geometry and radial/longitudinal stiffness
of the braided tube were theoretically analyzed by Jedwab
and Clerc,32 and explicit formulas were proposed to calculate
them. With experimental33 and numerical34 methods, the
radial stiffness was investigated, and the results further vali-
dated the theoretical analysis. Besides, investigation of the
radial contraction and deformation mode showed the great
structural stability of the braid.35 Additionally, Kim et al.36

conducted numerical simulations to study the bending
behavior of the braided tube, from which the excellent flexi-
bility of the structure was demonstrated.

In this article, we propose a new foldable manipulator
with tunable stiffness. The manipulator takes a braided skel-
eton to enable radial folding, whereas membrane is used to
seal the skeleton so as to adjust stiffness through negative
pressure. This article is organized as follows. In Section 2,
the design of the manipulator is introduced, together with
the fabrication process. Next, the bending stiffness of the
manipulator is investigated experimentally and numerically
in Section 3. Theoretical model and parametric analysis are
presented in Section 4. Section 5 presents the discussions. At
last, conclusion is given which ends the article.

MANIPULATOR DESIGN AND FABRICATION

Manipulator design
The manipulator is composed of a braided tube as the skele-
ton and membrane to seal the tube. The geometry of the
braided tube is shown in Figure 1A, which is determined by
braiding angle β, tube diameter D, tube length L, and the
diameter and number of fibers, d and n, respectively.

When longitudinally tensioned/compressed, the tube diam-
eter D changes with β, leading to tube folding/deploying. The

fiber can be considered as nearly inextensible during the defor-
mation, and its length l can be calculated by

l =
cπD
cosβ

=
cπD0

cosβ0
ð1Þ

where c is the coil number of each fiber which is a constant,
and the parameters of the deformed tube are denoted with a
prime. Simplifying Eq. (1), the diameter of the deformed tube
can be acquired as

D0 =Dcosβ0=cosβ ð2Þ

Theoretically, β ranges between 0� and 90�. D0 tends to
the upper limit D/cosβ when β approaches 0� , and to the
lower limit 2d when β approaches 90�. As a result, the maxi-
mum folding ratio (r), which is the ratio between the max-
ima and minima of the tube diameter, can be estimated as

r =
D

2dcosβ
ð3Þ

Since the fibers of the braided tube loosely touch each
other at the intersecting points, where the relative move-
ment is only constrained by friction, the braided tube has
great bending flexibility and can achieve a large curvature.36

While the flexibility helps the tube pass tortuous body orifice
and achieves an S shape curve during operation, it is not
able to provide sufficient support for surgical tools in opera-
tion. To achieve tunable stiffness, membrane is adopted to
cover both the inner and outer surfaces of the braided tube,
forming a tubular sealing cavity. As seen in Figure 1B, the
cavity is connected to a pump via an air duct to create vac-
uum. In the normal flexible state, the braided skeleton of the
new manipulator dominates, and the device is flexible and
foldable. When the cavity is vacuumed, the device enters the
rigid state. In this state, the air pressure compresses the
membrane to the braided tube tightly, and the membrane
also deforms when bent, thereby improving the stiffness of
the manipulator.

Manipulator fabrication
Nylon fiber was selected to fabricate the braided tube mainly
due to its good elasticity and compliance to the 3D printed
mold, and low heat treatment temperature. And the polyeth-
ylene membrane was used to form the cavity because it was
easy to seal and had relatively high tensile stiffness to pro-
vide constraining force to the fibers. A simple fabrication
procedure was developed as follows. First, a braided tube
was constructed,37 and a tubular polyethylene membrane
was fabricated by heat sealing. Second, the tubular mem-
brane was on the braided tube, covering both inner and
outer surfaces of the tube. Third, a duct was inserted into
the cavity, and the cavity was sealed with glue. A specimen
fabricated with the above method together with the vacuum
system is shown in Figure 2. Young’s modulus of both the
nylon fiber and the polyethylene membrane were tested on

FIGURE 1. The manipulator (A) geometry of the braided tube; (B) overview

of the manipulator.
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an Instron 5982 testing machine, and the parameters are
listed in Table I.

Moreover, the manipulator can be folded radially by longitu-
dinal tension. It can be seen in Figure 3 that after tension, the
diameter of the specimen is reduced from 21.5 mm to 11.0 mm,
achieving a radial folding ratio of 1.95. When in place, the initial
diameter can be resumed by various approaches. For instance,
a balloon, similar to that for medical stents,38 can be used to
expand the manipulator. This feature will greatly facilitate the
insertion of the manipulator into a natural orifice.

EXPERIMENTS AND FINITE ELEMENT MODELING

Experimental setup
To evaluate the bending stiffness of the manipulator, pure
bending tests were conducted on the physical specimen. The
bending tester was designed as Simons and Shockey39 intro-
duced, and its schema is presented in Figure 4. The transmis-
sion wire denoted by the dotted line in the figure is oriented
by four fixed pulleys. When the wire is pulled horizontally, a
pure moment will be applied to the holder, and transmitted to
the tested specimen. The moment can be calculated as

M = F
h

sinα
sin α+ γ=2ð Þ + 2 rp + rw

� �� �
ð4Þ

where rw and F are radius and force of the transmission
wire, respectively; γ is the bending angle, and the other
undefined parameters are presented in Figure 4.

The experimental setup is illustrated in Figure 5. The bend-
ing tester is put on a flat platform. Two ends of the specimen
are fixed on the bending tester. One end of the transmission
wire which passes through the bending tester is fixed, and the
other is connected to a moveable load cell. Wheels are installed
at the corners of the tester for moving on the platform freely.
Displacement control is applied in the experiments, and the
loading rate is 0.3 mm/s.

Finite element modeling
To understand the behavior of the manipulator in detail, numeri-
cal simulations of the bending tests were also conducted using
commercial finite element code Abaqus/Explicit.40 Three parts
were established, including the inner and outer membranes and
a braided tube, to model the rigid state of the manipulator. For
the flexible state, the two membranes were removed and only
the braided tube was considered. With the method introduced
by Alpyildiz,41 track of the fibers of the braided tube was deter-
mined with the preprocessor Matlab. Information of the nodes
and elements of the braided tube were acquired in Matlab, with
which an orphan mesh part was established and imported into
Abaqus. The nodes at the two ends of the braided tube were,
respectively, tied to two reference points, Rp1 and Rp2, as rigid
bodies. The geometries of the membranes were established in
Abaqus. The diameter of the inner membrane was a little smaller
than that of the braided tube, whereas that of the outer mem-
brane was a little larger to avoid physical interference. Beam ele-
ments, B31, and membrane elements, M3D4R, were used to
mesh the braided tube and the membranes, respectively.

To model the bending process, two analysis steps were
defined. First, uniform pressure was applied to the mem-
branes to model the vacuum. Subsequently, the pressure
was kept at a constant, while opposite rotations about the

FIGURE 2. Physical specimen of the manipulator and its vacuum

system.

TABLE I. Parameters of the Physical Specimen

Parameters Value

Tube length, L 127.26 mm

Tube diameter, D 19.32 mm

Fiber number, n 12

Fiber diameter, d 1.07 mm

Braiding angle, β 54.43�

Young’s modulus of the fibers, Ef 3498.6 Mpa

Young’s modulus of the membrane, Em 291 Mpa

Membrane thickness, b 0.04 mm

Friction coefficient, μ 0.3

Negative pressure, P 67Kpa

FIGURE 3. (A) Large and (B) small profiles of the manipulator.

FIGURE 4. Schema of the bending tester.

318 SHANG ET AL. A FOLDABLE MANIPULATOR WITH TUNABLE STIFFNESS BASED ON BRAIDED STRUCTURE



radius of the manipulator were assigned to the rotational
degree of freedoms of the Rp1 and Rp2, respectively, to
achieve a 60� bending of the manipulator. Smooth amplitude
definition built in Abaqus was utilized to control the bending
rate. Friction coefficient was considered and set as 0.3.

Mesh sizes of 0.2 mm for the braided tube, 0.5 mm for
the membranes, and step times of 0.005 s and 0.03 s for the
two steps, respectively, were determined through conver-
gence tests. The rotation angle and moment of reference
point Rp1 were recorded and output.

RESULTS

Bending of both a manipulator and a stand-alone braided
tube were first studied to demonstrate the tunable stiffness.
The experiments were, respectively, conducted three times
to the tube and the manipulator. Good repeatability was
obtained, and the averages of the results were calculated.
The experimental and numerical deformed configurations of
the manipulator in the rigid state and the stand-alone tube
are shown in Figure 6 as representatives. No kinking is
observed, indicating the design parameters are appropriate.
The experimental moment versus bending angle curves are
presented in Figure 7. First compare the experimental curves
of the braided tube and the manipulator in the flexible state.
A linear response is obtained in both cases, and the two cur-
ves almost overlap, with the error between them at a bend-
ing angle of 60� being only 4.23%. This result validates the
assumption in the numerical simulation that the effect of

membrane on bending stiffness in the flexible state is very
limited and can be safely ignored. Then the manipulator in
the flexible and rigid states are compared. It can be seen that
the manipulator shows a highly nonlinear response in the
rigid state, and the moment is tremendously raised when
negative pressure is applied. At a bending angle of 60� , the
bending moment is increased by 585%. To this point, it can
be concluded that we have successfully developed a device
with two remarkably different states of stiffness.

Numerical simulation results are also presented in Fig-
ures 6 and 7 and compared with the experimental results. At
a bending angle of 60� , the numerical data of the manipula-
tor and the braided tube are 14.03% and 8.95%, respec-
tively, lower than the experimental ones, see Table II. This
error is mainly caused by the frictional consumption existing
in the loading tester in Figure 5, which was not considered
in the numerical simulation. However, the numerically
obtained deformed configurations and moment curves are
found to show the same tendency with the respective experi-
mental ones. Therefore the numerical models are deemed
reliable to explain the stiffness-enhancing mechanism. In
addition, the maximum strain of the membrane and the
braided skeleton are 4.9% and 0.06%, respectively, both of
which are in the linear elastic stage.

With the validated numerical models, the stiffness-
enhancing mechanism of the manipulator in the rigid state is
examined in detail. Figure 6C shows the deformed configura-
tion of the braided skeleton of the manipulator in the rigid
state. It can be seen that a nearly pure bending with a

FIGURE 5. Experimental setup.

FIGURE 6. Experimental deformed configurations of (A) the manipulator and (B) the stand-alone braided tube, and the numerical ones of (C) the

manipulator and (D) the stand-alone braided tube.
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measured radius of curvature ρ=136.17 mm, similar to the
stand-alone tube in which ρ=144.36 mm in Figure 6D, is
obtained. This suggests that in the rigid state where the
membrane is tightly compressed on the skeleton, the defor-
mation mode of the manipulator is not significantly affected
and can still be treated as pure bending. Then the deforma-
tion of the membrane is investigated by drawing the longitu-
dinal (LE11) and circumferential (LE22) strain contours of
the outer membrane in Figure 8A,B. It can be seen that the
membrane above the neutral surface is longitudinally ten-
sioned, while that below is circumferentially tensioned. This
is because the braiding angle above the neutral surface

increases after bending, whereas that below decreases as
shown in Figure 8A,B, thereby stretching the membrane in
different directions. The deformed membrane can sustain
load and therefore improve the stiffness of the manipulator.
Note that the change in braiding angle also causes circumfer-
ential compression above the neutral surface and longitudinal
compression below. But since membrane cannot sustain com-
pressive load, the compressive deformation does not contrib-
ute to stiffness improvement. In addition, it is observed that
the membrane above the neutral surface has a larger strain in
the middle than that at the two ends.

THEORETICAL ANALYSIS

Based on the experimental and numerical results, a theoretical
model is built in this section to analyze the stiffness of the
manipulator in the flexible and rigid states, and to understand
the effects of geometric and material design parameters.

Stiffness-enhancing mechanism
In this subsection, the stiffness-enhancing mechanism of the
new manipulator is explained in detail through a theoretical
analysis of the bending stiffness in the flexible and rigid states.

Flexible state. In the flexible state, the membrane is ignored
and the stiffness of the manipulator in this state is assumed to
solely depend on the braided tube. According to Wahl42 and
Zhang,43 the following assumptions can be made on the
braided tube: (1) the tube is a combination of a number of
independent open-coiled helical springs, (2) the extremities of
the tube are not free to rotate, (3) the tube undergoes elastic
deformation only, (4) the tube possesses large D/d ratio,
(5) the change in braiding angle is ignored. Consequently, the
bending stiffness of the braided tube can be determined by

EIb =
2nEf If sinβ

1 + sin2β + Ef
2Gf

cos2β
ð5Þ

where If, Ef, and Gf are the moment of inertia, Young’s modulus,
and shear modulus of the fibers, respectively. The relationship
between bending moment and bending angle can be expressed as

Mb =EIbγ ð6Þ

FIGURE 7. Moment versus bending angle curves of both the manipula-

tor and the braided tube.

TABLE II. Moments at a Bending Angle of 60� of Both the

Manipulator and the Braided Tube

Specimen Result

Value

(Nmm) Error

Manipulator, rigid

state

Experimental 136.20 —

Numerical 117.09 14.03%

Theoretical 142.80 4.85%

Braided tube Experimental 19.88 —

Numerical 18.10 8.95%

Theoretical 17.14 13.78%

FIGURE 8. (A) Longitudinal and (B) circumferential strain contours of the outer membrane.
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Rigid state. In the rigid state, the membrane is compressed
by the air pressure onto the braided skeleton tightly, and
both components deform simultaneously when bent. The fol-
lowing assumptions are made based on the numerical
results: (1) the braided skeleton is also subjected to pure
bending (Figure 9A); (2) compression in the membrane is
not considered; (3) when the tensile force is small, there is
no sliding between the membrane and fibers, and the friction
between them provides the tensile force; (4) when the ten-
sile force reaches the maximum static friction, sliding will
appear between the membrane and fibers.

According to the assumption of pure bending of the
braided skeleton, the longitudinal strain (εl) and circumfer-
ential strain (εc) of the points at the same circular coordinate
ψ defined in Figure 9B are identical, which can be, respec-
tively, calculated as

εl =
Dγ sinψ

2L

εc = −
Dγ sinψ

2L
tanβ

8><
>: ð7Þ

In addition, the elastic strain energy of the braided skele-
ton can be calculated based on Eq. (5) as 1

2EIbγ
2.

Regarding the deformation of the membrane, first consider
the membrane above the neutral surface (0o < ψ < 180o) by
selecting a unit ABCD in Figure 9C. Based on assumption (3),
when the tensile force is below the maximum static friction,
there is no sliding between the membrane and fibers, and
therefore the longitudinal strain of the membrane is identical to
that of the braided skeleton. Accordingly, the tensile force of a
strip with an infinitesimal circumferential length ds at a circular
coordinate ψ can be calculated as

f =Emεlbds ð8Þ

Meanwhile, the maximum static friction at the same cir-
cumferential length is

f max =NPμ
πd

2cosβ
ds ð9Þ

where the parameter N is the number of fiber segments
highlighted in red, which contributes to the friction, and can
be determined by

N =
φnL

γπDtanβ
ð10Þ

When the tensile force rises to the maximum static strain,
the membrane strain also reaches its maxima, or the critical
strain, which is determined from Eqs. (8–10) as

εl
0 =

πφnPμd
γEmbsin2β

ð11Þ

When the longitudinal strain of the braided skeleton εl is
smaller than ε1

0, the membrane strain is equal to εl. When it
exceeds εl

0, according to assumption (4), the membrane slides
along the braided skeleton and its longitudinal strain stays
constant at εl

0. In this case, the energy is contributed by two
parts: the elastic strain energy of the membrane, and the work
done by the sliding friction force, which is considered as iden-
tical to the maximum static friction force. As a result, the
energy density above the neutral surface can be calculated as

W εlð Þ=
1

2
Embεl

2 εl ≤ εl0ð Þ
Embεl0 εl−εl 0=2ð Þ εl > εl 0ð Þ

8<
: ð12Þ

For the membrane below the neutral surface
(180o < ψ < 360o), only the circumferential tensile deformation
is considered. The same approach is used and both the critical
strainεc

0 and the energy densityW(εc) can be determined.
With the analysis above, the total energy of the manipu-

lator in the rigid state can be obtained by summing up the
energies contributed by the braided skeleton, the membrane,
and the sliding friction if it exists

Et = 2
LD

γ

ðπ

0

ðγ=2

0

W εlð Þdφdψ +
ð2π

π

ðγ=2

0

W εcð Þdφdψ

2
64

3
75 +

1

2
EIbγ

2

ð13Þ

Applying balance between internal energy and external
work, the bending moment can be determined as

Ms = dEt=dγ ð14Þ

The bending moment of the manipulator with parame-
ters listed in Table I is calculated with Eq. (14) and vaidated
with the expeirmental result in Figure 7. The theoretical and

FIGURE 9. Geometry of the bent manipulator: (A) global bending of the

manipulator; (B) cross section; (C) a single unit.
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experimental curves show the same trend, and the differnece
between them at a bending angle of 60� is only 4.85%, indi-
cating the accurary of the theoretical model.

Effects of the design parameters
With the theoretical model, the effects of design parameters
on the stiffness of the manipulator are analyzed here. The
design parameters are classified into three categories: mem-
brane parameters Em and b, membrane-skeleton interaction
parameters P and μ, and braided-skeleton parameters Ef, n,
β, and d. The design parameters of the theoretical models
are listed in Table III, and the other parameters are the same
as those of the physical specimen listed in Table I.

Effects of the membrane parameters. According to
Eqs. (11) and (12), the thickness b and Young’s modulus Em
of the membrane affect the stiffness of the manipulator in
the same manner through the term Emb, which can be con-
sidered as membrane stiffness. To investigate the effects of
membrane stiffness, b is set to be 0.04 mm, and Em varies
from 50 Mpa to 300 Mpa. The moments at a bending angle
of 30�, denoted by M30, are calcauted from Eq. (14), and the
relationships between M30 and Em at different negative pres-
sures P are drawn in Figure 10A. The results of the manipu-
lator in the flexible state are also presented as a benchmark.
Two observations can be made from the curves. First, M30

increases with Em, indicating that a stronger membrane

leads to a higher bending moment. The reason is that the
tensile force carried by the membrane increases with the
membrane stiffness. Second, the slopes of the curves, on the
other hand, reduce with Em. This suggests that increasing Em
is more effective when it is relatively small. Therefore in
practice, the membrane need not to be too stiff. According to
Figure 10A, a membrane with Em = 5 × 103P is stiff enough
for a membrane with thickness b of 0.04 mm.

Effects of membrane-skeleton interaction. Similarly, the neg-
ative pressure P and friction coefficient μ theoretically play the
same role in the stiffness of the manipulator for the friction is
proportionable to Pμ according to Eq. (11). Here we set μ as 0.3
and vary P from 0 Kpa to 101 Kpa to analyze the effect of fric-
tion. M30 at different P and Em are theoretically calculated from
Eq. (14), and the results are presented in Figure 10B. Generally
M30 increases sharply with P, especially when Em is large. This
result clearly demonstrates that applying negative pressure is
effective at tuning the bending stiffness of the manipulator.

Effects of the braided-skeleton parameters. The effect of
the Young’s modulus of the fibers Ef is firstly invetigated by
varying it from 0.5 Gpa to 9.5 Gpa. As shown in Figure 11A,
a linear response is obtained in both the rigid and flexible
states. This is understandable as Ef only linearly increases
the bending moment taken by the braided skeleton, which is
clearly seen in Eqs. (6) and (13).

TABLE III. Design Parameters of the Theoretical Models

Group Em(Mpa) P(Kpa) Em(Gpa) n β (o) d(mm)

1 50~300 30 3.5 12 54.43 1.07

2 50~300 50 3.5 12 54.43 1.07

3 50~300 67 3.5 12 54.43 1.07

4 100 0~100 3.5 12 54.43 1.07

5 200 0~100 3.5 12 54.43 1.07

6 400 0~100 3.5 12 54.43 1.07

7 100 67 0.5~9.5 12 54.43 1.07

8 100 67 3.5 12~36 54.43 1.07

9 100 67 3.5 12 30~60 1.07

10 100 67 3.5 12 54.43 0.5~1.2

FIGURE 10. Effects of membrane stiffness and friction: (A) M30 versus Em curves at different P; (B) M30 versus P curves at different Em.
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The other three parameters, while mainly affecting the
bending stiffness of the braided skeleton as in the case of
EIb, also slightly change the friction due to variation in the
number and size of the quadrilateral units in the braided
skeleton. The effects of the three paramters on the bending
moments are, respectively, drawn in Figure 11B-D. It can be
seen that all the parameters leads to increase in bending
stiffness in both states. And roughly linear relationships are
invariably obtained.

DISCUSSIONS

In engineering applications, determination of the manipula-
tor design parameters is always multiobjective. Besides the
stiffness in the rigid state, factors such as size, flexibility, and
folding ratio, also need to be taken into consideration. Those
factors are mainly controlled by the properties of the
braided skeleton. As a result, practically it is beneficial to
tune the stiffness of the manipulator in the rigid state
through adjusting the membrane and the membrane-fiber
friction. As discussed in the previous sections, a large stiff-
ness can be achieved by increasing the Young’s modulus and
thickness of the membrane, the negative pressure, and the
friction coefficient.

It has been mentioned that stiffness and size are two key
parameters to evaluate the performance of a manipulator.

Regarding stiffness, it has been found out that the size and
testing method varied greatly among different designs, mak-
ing direct comparison of the stiffness among them very diffi-
cult. As a result, endoscopes which have a similar operation
procedure and readily available bending stiffness data are
adopted as benchmarks to evaluate the stiffness of the new
device.24 Currently, commercial endoscopes have a bending
stiffness ranging from 160 to 240 Ncm2.44 A manipulator
with bending stiffness lower than 160 Ncm2 in the flexible
state and much larger than 240 Ncm2 in the rigid state is
considered to be able to satisfy both easy access and ade-
quate support for surgical tools. Toward this objective, we
designed a manipulator with the design parameters listed in
Table IV. Since the new manipulator has a nonlinear rela-
tionship between moment versus bending angle, the bending
stiffness is calculated as the tangent stiffness at a bending
angle of 30�, that is,

EI =M30L= π=6ð Þ ð15Þ

Based on the previously developed theoretical model, the
bending stiffness is 63.92 Ncm2 in the flexible state, only
40% of the softest commercial endoscope. In the rigid state,
it reaches 515.96 Ncm2, 115% higher than that of the stiffest
commercial endoscope, which is deemed suitable for MIS.

FIGURE 11. Effects of the properties of the braided skeleton: relationships between M30 and (A) Ef, (B) n, (C) β, (D) d.
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Regarding size, the braided manipulator is advantageous
for its large folding ratio. In addition, the braided manipula-
tor can achieve a relatively small wall thickness while pro-
viding sufficient stiffness. For instance, the wall thickness of
the design in Table IV is about 2 mm, lower than that of
many existing devices ranging from 3.5 to 4 mm.17,25,45 This
is also desirable as it enables larger lumen for surgical tools
and other devices.

CONCLUSIONS

In this article, we propose a novel manipulator for minimal
invasive surgery. The device is composed of a braided tube
skeleton to achieve longitudinal flexibility and radial folding,
and membrane which seals the tube to obtain tunable stiff-
ness through negative pressure. Experimental and numerical
results indicate in the flexible state, the braided tube and the
membrane are loosely contacted, and the bending stiffness is
predominantly provided by the braided skeleton. In the rigid
state the membrane is compressed on the braided tube by
creating a vacuum inside, whereas the membrane is ten-
sioned by the braided tube, leading to an increase in bending
stiffness by 585%. Meanwhile, the device achieves a radial
folding ratio of 1.95, making it much easier to pass it
through tortuous natural orifices. Based on the experimental
and numerical results, a theoretical model has been devel-
oped to calculate the bending stiffness in the rigid state,
which agrees reasonably well with experiments. Further-
more, a systematic parametric study has been conducted to
investigate the effects of design parameters. It has been
found out that the Young’s modulus and thickness of the
membrane, which indicate membrane stiffness, and the nega-
tive pressure and friction coefficient between the tube and
the membrane, which indicate the friction force, are effective
at improving the stiffness in the rigid state. The stiffness in
the flexible state, on the other hand, is mainly determined by
the design parameters of the braided tube. By tuning the
parameters, we have successfully designed a manipulator
which has a bending stiffness in the rigid state more than
twice as large as that for commercial endoscopes, and in the
flexible state less than half. This makes the new device ideal
for MIS applications.

Despite the promising results, the work still has limita-
tions because it has not provided a prototype, which has a

control system and is integrated with surgical tools. For
future research, a control system for accurate positioning of
the manipulator when in operation will be developed. And
the manipulator will be integrated with surgical tools to test
its performance through in vitro and in vivo experiments.
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