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A B S T R A C T   

In this paper, the lateral indentation of a newly proposed reinforced braided tube with tunable stiffness, which 
takes a braided tube as skeleton and is sealed by thin membranes, has been studied experimentally and 
numerically. It is found out that the radial stiffness could be increased by 290% compared with that of a stand- 
alone braided tube, through adjusting the negative pressure between the braided skeleton and the membranes. 
During deformation, the fibers in the reinforced tube are longitudinally restricted by friction, which increases the 
stiffness of the braided skeleton. In addition, friction dissipation due to sliding between fibers and membranes 
also contributes substantially to the load carrying capability of the reinforced tube, leading to a much stiffer 
structure than the summation of the constituents. A parametric analysis has also been conducted, from which the 
effects of the design parameters are obtained.   

1. Introduction 

Fiber-reinforced composite is a combination of high-strength fibers 
and a matrix, where the former is embedded in or bonded to the latter 
with distinct interfaces [1]. In the composite, the fibers generally act as 
the principal load-carrying members, whereas the matrix functions as 
location, orientation, transmission and protection [2]. Thanks to the 
heterogeneous composition, it has superior mechanical properties and 
durability over the constituents alone [3]. As one type of 
fiber-reinforced composite, braided composite has attracted increasing 
interests with the development of modern braiding technology. It dis-
tinguishes from others with the interlacing of the fibers, leading to 
improved delamination toughness and impact resistance [4], as well as 
design versatility and manufacturing simplicity. The braided composite 
can be categorized into two groups. The first group is braided composite 
with closed configuration, in which the fibers are jammed and contact 
each other tightly [5,6] to achieve a high fiber volume fraction. Close 
braided composite is often used as structural components [7,8], espe-
cially in aerospace engineering [9–11], due to its lightweight and su-
perior mechanical strength/mass ratio. The second group has an open 
configuration, where the adjacent fibers are separated [5,6,12]. 

Compared with the closed composite, the open one exhibits a modest 
stiffness, but excellent bending flexibility [13]. With the features, it is 
widely used as air ducts [14], and medical catheters [15,16] and stents 
[17,18] in medicine which are required to pass through tortuous body 
orifices. In addition, energy absorption structures have also adopted 
such structure which is filled with crushable foam to prevent delami-
nation [19]. 

Recently, a reinforced braided tube with tunable stiffness, which had 
a braided skeleton sealed in thin membranes, was proposed [20]. It can 
switch between flexible and rigid states by adjusting the negative 
pressure between the skeleton and the membranes, making it suitable 
for biomedical engineering applications such as manipulators for mini-
mally invasive surgery [21,22]. When in operation, the structure could 
be subjected to localized lateral loading, which may cause denting and 
kinking, thus severely affecting its functionality [23,24]. Currently, 
research on the lateral indentation of composite tubes has been very 
limited, and most work focuses on the failure mechanism of 
filament-wound tubes [25–27]. In this work, the deformation mecha-
nism and radial stiffness of the reinforced braided tube with tunable 
stiffness are investigated both experimentally and numerically, with the 
aim of providing a design guidance for the new structure with suitable 
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stiffness upon request. The paper is organized as follows. In the material 
section 2, the geometry of the structure and the fabrication approach are 
introduced. Then the experimental setup and finite element modeling 
are presented in the methods section 3. Results and discussions are 
presented in section 4, in which the deformation mechanism of the 
structure and the effects of design parameters are shown. Section 5 gives 
the conclusion. 

2. Materials 

2.1. Geometry 

The reinforced braided tube with tunable stiffness is composed of a 
braid and sealing membranes [20]. As shown in Fig. 1, the membranes 
cover both the inner and outer surfaces of the braid and forms a sealed 
cavity. The membranes and braid contacts loosely in the flexible state, 
where the whole structure functions virtually as a sole braid. In the rigid 
state, negative pressure is applied in the cavity. The membranes are 
compressed onto the braid by the air pressure, and both components 
deform interactively so as to improve the stiffness of the structure. The 
braid in the structure is formed by helical springs interwoven together as 
seen in Fig. 1 [13], and its geometry can be completely defined by L, D, 
n, β and d, which are tube length, tube diameter, number of fibers, 
braiding angle, and fiber diameter, respectively. The braid shrinks in the 
radial direction when elongated longitudinally, and the relationship 
between β, D and L was given by Jedwab and Clerc [28] as 

f
L’ ¼ L sin β’=sin β
D’ ¼ D cos β’=cos β (1)  

where each parameter of the deformed braid is denoted with a prime. 

2.2. Fabrication 

Nylon PA66 fiber with good elasticity, great compliance to the 
mandrel and low heat treatment temperature, and polyethylene 

membrane with high tensile stiffness, were adopted to fabricate the 
reinforced tube. The braid was fabricated with a 3D braiding machine 
shown in Fig. 2. With the mandrel moving in the longitudinal direction, 
two groups of bobbins, eight in each group, rotated around the mandrel 
in clockwise and anticlockwise directions, respectively, to weave the 
fibers into a braid on the surface of the mandrel. The diameter of the 
braid D was determined by the mandrel diameter Dm and the fiber 
diameter d, and the relationship is expressed as 

D¼Dm þ 2d (2)  

The braiding angle β was determined by the take-up speed of the 
mandrel v and angular speed of the bobbins w through 

β¼ arctanð2v =wDÞ (3) 

Subsequently, the braid was heat treated at 100 �C for 1 hour on the 
mandrel, after which a stable tubular braid was obtained as shown in 
Fig. 3(a). Finally, tubular membranes with a slightly larger diameter 
than that of the braid was inserted into the braid, and then folded to 
cover the outer surface of the braid. The ends of the membranes were 
glued together so that the braid was sealed, and a reinforced braided 
tube shown in Fig. 3(b) was obtained [20]. 

In addition, a stand-alone braid in which the fibers could freely slide 
at intersection points as shown in Fig. 3(a) and a welded braid in which 
all the fiber intersection points were glued together as shown in Fig. 3(c) 
were also built for comparison purpose. All the three specimens have the 
same parameters listed in Table 1. 

3. Methods 

3.1. Experimental setup 

The lateral indentation experiments of the physical specimens were 
carried out on an Instron 5982 testing machine. The reinforced braided 
tube was connected to a pump via an air duct to tune the negative 
pressure. A negative pressure P ¼80 kPa was applied to the specimen. 
The experimental setup shown in Fig. 4 was set as Kim et al. [13] sug-
gested, where a circular rod is used to compress the longitudinal 
midpoint of the braid to test the radial stiffness. During the experiment, 
the specimen was placed on a flat plate freely, and a 3D printed circular 
rod with a diameter of 18 mm moved downward to compress the 
midpoint of the specimen by 4.5 mm, about a quarter of its original 
diameter. To avoid dynamic effects, the indentation was conducted at a 
loading rate of 5 mm/min. Both force and displacement during each 
experiment were recorded automatically by the Instron. 

Fig. 1. Design of the reinforce braided tube with tunable stiffness.  Fig. 2. The braiding machine.  
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3.2. Finite element modeling 

To understand the deformation mechanism and radial stiffness of the 
reinforced braided tube in more details, numerical models were also 
established in Abaqus/Explicit [29]. The geometrical models of the 
braid were established in the pre-processor Matlab. Assumption of radial 
sinusoidal disturbance suggested by Alpyildiz [30] was adopted for 
staggering the helical fibers at the intersections, so that the fibers could 
slide during deformation. With the node and element information ac-
quired with Matlab, an orphan mesh part was established and imported 
into Abaqus. To form the tube shown in Fig. 5, inner and outer mem-
branes directly established in the Abaqus were added on the braid. The 

diameters of the membranes were slightly different from that of the 
braid so as to avoid physical interference. For the welded braid, radial 
distribution of the helical fibers was ignored and the whole structure 
was modelled as a number of helical fibers merged together. 
Three-dimensional membrane elements, M3D4R, and beam elements, 
B31, were used to mesh the membranes and the braid, respectively. To 
model the indentation experiment setup, a plate and a circular rod 
shown in Fig. 5 were also built in Abaqus as rigid bodies. 

Two analysis steps were defined to model the loading process of the 
reinforced tube. In the first step, both the rod and the plate were fixed, 
and uniform pressure was applied to both membranes to model the 
negative pressure. In the second one, at the constant pressure, a pre-
scribed displacement was assigned to the free degree of freedom of the 
rod to compress the structure. Smooth amplitude definition built in 
Abaqus was adopted to control the indentation procedure. Hard contact 
was used to model the normal behaviour and penalty was chosen as the 
friction formulation with a coefficient of friction μ of 0.3 to capture the 
tangential behaviour. As for the stand-alone braid and the welded braid, 
only the second step was applied. 

The mesh density and analysis time were determined prior to the 
analysis. According to the convergence experiments, mesh sizes of 0.2 
mm and 0.5 mm respectively for the braid and the membranes, and step 
times of 0.003s and 0.05s respectively for the two steps, were found to 
yield satisfactory results. The rigid plate was meshed with one element, 
a fine mesh with 100 nodes were applied to the lower end of the rod to 
capture its curved profile. Displacement and force of the rod were 
recorded during the analysis. 

The Young’s modulus of the Nylon PA66 fiber and the polythene 
membrane were respectively determined through tensile experiments as 
Ef ¼ 3.5 GPa and Em ¼ 291 MPa. And their Poission’s ratios were 
selected as 0.28 and 0.3, respectively. The membrane thickness b was 
0.04 mm. 

4. Results and discussions 

4.1. Experimental results 

Lateral indentation experiments of the three structures are first 
presented. The deformed configurations are shown in Fig. 6(a–c), and 
the reaction force versus indentation displacement curves are drawn in 
Fig. 6(d). It can be seen that the stand-alone braid extends longitudinally 
upon compression, while the other two show negligible change in 
length. The reaction forces of the three structures increase mono-
tonically with compression displacement. In addition, the stand-alone 
braid and the welded braid exhibit the lowest and highest stiffness, 
respectively, whilst the reinforced tube is in between. The numerically 
obtained curves are also drawn in Fig. 6(d) for comparison. A good 
match between numerical and experimental results is achieved in all the 
three structures. The errors of at a displacement of 4.5 mm of the welded 
braid, the reinforced tube, and the stand-alone braid are only 9.1%, 
8.0%, and 2.2%, respectively, thereby validating the accuracy of the 
numerical models. The slight differences between numerical and 
experimental results are mainly due to the limitation of the fabrication 

Fig. 3. Specimens of (a) a stand-alone braid, (b) a reinforced braided tube, and 
(c) a welded braid. 

Table 1 
Design parameters of the specimens.  

Parameters Values 

Length L 100.20 mm 
Diameter D 19.34 mm 
Number of fibers n 16 
Braiding angle β 44.4�

Fiber diameter d 1.07 mm  

Fig. 4. Experiment setup.  Fig. 5. Numerical modeling of the indentation experiments.  
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process, including weaker gluing at the intersections of the welded braid 
and the additional effects caused by the membranes at the two ends in 
the reinforced tube. 

4.2. Deformation mechanism 

In this subsection the numerical models that have been validated by 
experiments will be used to reveal more details during deformation of 
the structures. We start from the braids, the Mises stress contours of 
which are shown on the deformed configurations in Fig. 7(a–c). First the 
stand-alone braid is investigated. Upon compression, it accommodates 
the deformation easily because the fiber can rotate at the intersection 
points, leading to increased braiding angles. To demonstrate this 
feature, the change in braiding angle Δβ at five points along the middle 
cross section A-A, a~e, and six points along the longitudinal direction, c, 
f, g, h, j, k, are measured from the numerical model and respectively 
drawn in Fig. 7(d–e). It can be seen that a symmetric distribution about 
point a is obtained along the circumferential direction, leading to an 
elliptical middle cross section as shown in Fig. 7(a). Along the longitu-
dinal direction, on the other hand, the braiding angle variation di-
minishes from the middle section to the end, indicating the localized 
feature of the indentation. As shown in Eq. (1), increase in the braiding 
angle results in elongation of the stand-alone braid, which explains the 
change in the length by 7 mm in the numerical model. Moreover, the 
stress contour in Fig. 7(a) indicates that the compression load is main 
carried through bending of the fibers on the top side of the stand-alone 
braid, which are directly in contact with the rod. This is because the rod 
tends to straighten the originally curved fibers. 

Subsequently the braided skeleton in the reinforced tube is studied. 
In comparison with the stand-alone braid, the braided skeleton shows 
three different features. First, as seen in Fig. 7(d–e), the magnitude of 
braiding angle variation is much lower due to restriction provided by the 
membranes, leading to a slight elongation of only 1.2 mm. Second, at the 
middle cross section B-B, the braiding angles on top (point a) and bottom 
(point e) decrease, whereas those on the sides (points b, c, d) increase. As 
a result, a kind of oval shape with localized flattening on the top is 
obtained. This mode indicates that the membranes effectively bond the 
fibers and make them deform more simultaneously like a thin-walled 
cylinder with continuous surface. Finally, in the vicinity of the rod, 
apart from the top surface, the fibers at the two sides contribute greatly 
to the overall stiffness. With the restriction brought by the membranes, 
they tend to keep their original direction, which is roughly parallel to 
that of the load. As a result, they become the main load carriers instead 
of the contacting surface in the stand-alone braid, thereby presenting the 

maximum stress. The numerical results in Table 3 show that the elastic 
energy of the braided skeleton is 173.5% higher than that of the stand- 
alone braid. 

To further explain the deformation mechanism of the braided skel-
eton in the reinforced tube, a welded braid in which the fibers are rigidly 
joined at intersection is also built and analyzed. As can be seen in Fig. 7 
(c), the deformation mode and stress distribution is similar to those of 
the braided skeleton. The only major difference is that the stress is 
higher due to the stronger constraint at the intersection points. In 
comparison with the stand-alone braid, the elastic energy is dramati-
cally increased by 789.7%. 

Having understood the contribution by the braided skeleton, next we 
will study the role played by the membranes. The Mises stress contour of 
the deformed outer membrane resembles that of the inner one, and is 
presented in Fig. 8(a). The stress is found to be mostly below 10 MPa and 
the elastic energy of the membrane as shown in Table 3 accounts for only 
4.3% of the total energy in the reinforced tube. However, the membrane 
contributes to the radial stiffness of the reinforced tube in two ways. The 
first is to restrain rotation at the intersections of the braided skeleton, 
the effect of which has been demonstrated above. The second is through 
friction dissipation arising from sliding between fibers and membrane. 
Fig. 8(b) shows the contact shear force, i.e., the friction, on the mem-
brane. It can be seen that friction between the two constituents of the 
reinforced tube exists in the whole structure. And the area with friction 
is denser in the neighborhood of the loaded middle portion, indicating 
larger sliding between fibers and membrane. As seen in Table 3, the 
friction dissipation takes up 32% of the total energy, clearly demon-
strating the effect of friction. Moreover, different from ordinary com-
posites with a nearly perfect bonding between fibers and matrix, the 
friction serves two functions. First, it enables tunable stiffness of the 
structure, i.e., the larger the friction, the higher the radial stiffness. 
Second, it allows sliding between constituents during deformation, but 
the bonding interface is maintained by the negative pressure. As a result, 
the reinforced tube is expected to withstand larger deformation than 
ordinary composites without causing fiber-matrix debonding [24]. 

4.3. Effects of design parameters 

It has been shown from subsection 4.2 that the stiffness of the rein-
forced braided tube is affected not only by the stiffness of the braided 
skeleton and the membranes but also by their interaction through fric-
tion. In this subsection, the effects of those design parameters are 
analyzed through a series of models of the stand-alone braid and the 
reinforced tube. They have a length of 100 mm and a middle diameter of 

Fig. 6. Experimental results: deformed configurations of (a) the stand-alone braid, (b) the reinforced braided tube, (c) the welded braid, and (d) reaction force versus 
indentation displacement curves. 
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20 mm, and the other varied parameters are listed in Table 2. The re-
action forces at a compression of 5 mm were recorded and analyzed. 

First, we look at the effects of braided skeleton through model groups 
A-D. The radial forces of the reinforced tube against varying Young’s 
modulus of the fiber Ef, diameter of the fiber d, the number of fibers n, 
and the braiding angle β, are respectively drawn in Fig. 9(a–d). The 
radial forces of the stand-alone braid with identical parameters are also 
presented in the figures for comparison. It can be seen that the curves of 
the two structures present the same trend, further proving that a stiffer 
braided skeleton leads to a stiffer reinforced tube. In addition, the force 
of the reinforced tube increases with Ef, d4, and n in a roughly linear 
manner. The reason is that during indentation, the fibers can be regar-
ded as beams and mainly undergo bending. The bending stiffness of the 
fibers can be calculated as πEfd4/64, which is linear with Ef and d4. And 
the larger n, the more fibers are bent, leading to higher structural radial 

stiffness. Furthermore, Fig. 9 (d) shows that a higher reaction force is 
obtained at a smaller β, and the relationship between the force and β is 
nonlinear. This is because the number of fiber coils contained in a length 
L can be calculated as 

coil¼ L=πD tan β (4)  

At a smaller β, more fibers coils sustain the load, leading to a higher 
overall radial stiffness. 

Second, the effects of membrances are investigated with model 
groups E and F. Since they can only sustain tension, the membrance 
tensile stiffness Emb is considered in the investigation. The reaction 
forces of the reinforced tube with varying Emb are shown in Fig. 10(a). 
The force is found to increase mildly at a smaller membrane stiffness, but 
tends to reach a plateau when membrane stiffness is relativley large. 

Fig. 7. Mises stress contours of the (a) stand-alone braid, (b) the braided skeleton in the reinforced tube, and (c) the welded braid; changes in braiding angle at 
intersection points in the (d) circumferential direction and (e) longitudinal direction for the stand-alone braid and the reinforced tube. 
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Finally, the friction between the constituents are studied with model 
groups G and H. The friction has a linear relationship with negative 
pressure P and friciton coefficent μ, and therefore the two parameters 
are considered collectively as Pμ. According to the result in Fig. 10(b), 
the force of the reinforced tube increases substantially with Pμ, indi-
cating that the stiffness of the reinforced tube can be widely tuned with 
negative pressure. 

Understanding the effects of design parameters can provide guidance 
in the design of reinforced tubes to satisfy engineering requirements. For 
instance, it can be a promising candidate as a manipulator for minimally 
invasive surgery. To this end, it should be compliant enough in the 
flexible state to facilitate insertion into body orifices. In addition, it 
needs to preserve a large radial stiffness in the rigid state to withstand 
the lateral contraction caused by narrow body orifices thus providing an 
intact passage for the operation tools. Based on the parametric analysis, 
the skeleton which contributes to most of the stiffness in the flexible 
state, should not be too stiff. Reducing fiber diameter, Young’s modulus 
and fiber number, as well as increasing braiding angle can achieve this. 
On the other hand, the stiffness in the rigid state should be improved. 
This can be achieved by a large membrane stiffness, friction, and 
negative pressure, without noticeably affecting the stiffness in the flex-
ible state. 

5. Conclusion 

In this paper, the deformation mechanism and radial stiffness of a 
reinforced braided tube with tunable stiffness when subjected to lateral 
indentation have been studied experimentally and numerically. The 
structure is composed of a braided skeleton and sealing membranes, and 
the stiffness can be adjusted by applying negative pressure between the 

constituents. It has been found out that the radial stiffness of the rein-
forced tube mainly arises from two deformation mechanisms. One is the 
restriction exerted on the braided skeleton by the membranes. It con-
strains the rotation of fibers at intersections and thus increases the 
stiffness of the skeleton. The other is the sliding between fibers and 
membranes, which leads to substantial friction dissipation in the struc-
ture. Such sliding allows for large deformation in the structure without 
causing failure in the fiber-matrix interface as in ordinary composites. A 
parametric analysis has also been conducted to investigate the effects of 
design parameters on the radial stiffness of the structure. The results 
show that a stiff braided skeleton with large Young’s modulus, diameter, 
number of fibers, but small braiding angle, a stiff membrane with large 
Young’s modulus and thickness, as well as large friction between them 
through high negative pressure and coefficient of friction, can lead to a 
reinforced tube with high resistance to lateral indentation. In the future, 
a theoretical model to estimate the radial stiffness of the reinforced tube 
and approaches to improve the tunable stiffness range will be pursued. 

Fig. 8. (a) Mises stress and (b) contact shear force contours of the membrane.  

Table 2 
Parameters of the numerical models.  

Group Ef/GPa d/mm n β/deg Em/MPa b/mm P/kPa μ 

A 10–90 0.6 16 45 300 0.03 70 0.3 
B 50 0.2–1.0 16 45 300 0.03 70 0.3 
C 50 0.6 16–48 45 300 0.03 70 0.3 
D 50 0.6 16 30–60 300 0.03 70 0.3 
E 50 0.8 16 45 100–900 0.03 70 0.3 
F 50 0.8 16 45 300 0.01–0.09 70 0.3 
G 50 0.8 16 45 300 0.03 10–90 0.3 
H 50 0.8 16 45 300 0.03 30 0.1–0.9  

Table 3 
Energy distribution in the structures.  

Structure Parameter Value(mJ) 

Stand-alone braid Elastic energy 15.98 
Friction dissipation 4.40 

Reinforced tube Elastic energy of skeleton 43.70 
Elastic energy of membrane 4.23 
Friction dissipation 22.55 

Welded braid Elastic energy 142.17 
Friction dissipation 3.76  
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Fig. 9. Effects of the braid parameters on the stiffness: (a) Ef, (b) d, (c) n and (d) β  

Fig. 10. Effects of (a) membrane stiffness and (b) friction.  
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