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Medical catheters are widely used in various medical procedures, such as diagnostics, biopsies
and air change. A desirable catheter needs to be ﬂexible for low discomfort, and stiﬀ in
longitudinal direction for easy manipulation. Tubular braid is often employed as reinforcement
structure for catheters, which plays an important role in the overall mechanical properties.
Current tubular braids adopt identical braiding angles for all the yarns, resulting in limited
longitudinal stiﬀness. In this paper, a novel hybrid braid with diﬀerent braiding angles for the
two sets of yarns is proposed and analyzed. Both experimental and numerical results show that
the hybrid braid has a higher longitudinal stiﬀness than the uniform one due to the geometrical
incompatibility generated by the hybrid braiding angles. The eﬀects of design parameters are
also investigated through a parametric study, and an increase of 418.3% is achieved in the
optimum case. In addition, the bending ﬂexibility of the hybrid braid is found to be comparable
with the uniform one. The new structure shows great promise for engineering applications
where high longitudinal stiﬀness is required.
Keywords: Medical catheter; tubular braids; hybrid braiding angle; longitudinal stiﬀness;
bending ﬂexibility.

1. Introduction
Catheters are a type of medical device which are inserted into body cavities to
provide a channel for ﬂuid passage, an entry for an operation instrument, or to
|| Corresponding

author.
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direct other devices to a particular part of the body.1 They have been extensively
used in various medical procedures, such as angiocardiography,2,3 biopsies,4,5
urinary track diseases6,7 and air change.8,9
The mechanical properties of the catheters greatly aﬀect their functionalities.
A catheter that is not properly designed could cause infection and thrombosis.10,11
An eﬀective catheter needs to fulﬁll two requirements.12 First of all, it needs to be
ﬂexible to be easily navigated through tortuous blood vessels, or to pass human
natural oriﬁces without causing much discomfort. Secondly, it needs to be rigid in
the longitudinal direction so as to provide enough stiﬀness for manipulations.
Braided catheter, which adopts glass epoxy,13 rubber,14 or polyethylene15 as
the matrix material and a tubular braid as the reinforcement structure,16,17 is an
important kind of catheters.12 By utilizing the composite structural design, it can
achieve great design tailorability, leading to optimal mechanical properties for
various catheterization applications.18 Compared with other catheters, it may
shorten the procedure time, decrease the patient discomfort and provide superior
control of the device.18
In the design of braided catheter, tubular braid plays a crucial role in determining the overall properties of the device.12,18,19 Tubular braid is a kind of textile
structure formed by intertwining two sets of yarns following the helical path.20,21
Thanks to its unique net-like conﬁguration, it shows a series of desirable features
including light weight, excellent ﬂexibility, fatigue resistance and dimensional
stability.22 As a result, it has found applications in various areas, such as piping
industry,23,24 soft robotics,25,26 smart materials27,28 and medicine.29,30 The
mechanical properties of tubular braid have been extensively studied by researchers.
Based on open-coiled theory proposed by Wahl,31 Jedwab and Clerc32 successfully
derived a theoretical formula to calculate the longitudinal stiﬀness. Longitudinal
stiﬀness of the braid was also experimentally investigated by Yuksekkaya et al.,29
which further validated the accuracy of the theoretical analysis. The bending
behavior of tubular braid was studied with numerical methods by Kim et al.33 and
Fu et al.,34 which demonstrated the excellent ﬂexibility of the structure. The eﬀects
of the design parameters were also analyzed, and braiding angle was found to be the
most inﬂuential one for bending ﬂexibility. Conventional tubular braid has identical
braiding angles for all yarns. When longitudinally tensioned, each yarn deforms
independently as a helical spring, and therefore the braid can be regarded as a
linear combination of helical springs.32 As a result, the stiﬀness of tubular braid is
relatively limited.35,36 To tackle this problem, here we propose a novel braiding
pattern named hybrid braiding in which the braiding angles of the yarns in diﬀerent
directions are not identical. The hybrid braiding angles introduce geometrical
incompatibility into the longitudinal deformation of the structure, which leads to
improved longitudinal stiﬀness whilst the bending ﬂexibility is not compromised.
In this paper, the hybrid braid structure is introduced and analyzed with experimental and numerical methods. This paper is organized as follows. In Sec. 2, the
geometry of the hybrid braid is introduced, and the stiﬀness-increasing mechanism
1950003-2

Hybrid Braid with Improved Stiﬀness for Medical Catheter

J. Mech. Med. Biol. Downloaded from www.worldscientific.com
by UNIVERSITY OF NEW ENGLAND on 11/20/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

is explained through a geometrical analysis. Next, the experimental setup and ﬁnite
element modelling are presented in Sec. 3. Subsequently are the results and discussions in Sec. 4. The conclusion is given in Sec. 5 which ends the paper.
2. The Hybrid Braid
2.1. Geometry
A uniform tubular braid can be regarded as a combination of helical springs.32 Its
independent geometrical parameters include yarn diameter d, yarn number n,
braiding angle , braid length L and braid diameter D. A uniform braid with
identical braiding angles in clockwise and anticlockwise directions is shown in
Fig. 1(a). If the braiding angles in both directions are diﬀerent, a hybrid braid as
shown in Fig. 1(b) can be obtained.
In a hybrid braid, each yarn is still a helix, and its length can be calculated by

l1 ¼ L= sin 1 ;
ð1Þ
l2 ¼ L= sin 2 ;
where l1 and l2 are the lengths of the yarns with 1 and 2 , respectively.
To quantify the degree of hybrid, the hybrid ratio, hr, is deﬁned as
hr ¼

l2  l1 sin 1  sin  2
¼
:
l1 þ l2 sin 1 þ sin  2

ð2Þ

A higher hr means a larger length diﬀerence between the yarns, also a higher degree
of hybrid. Besides, a weighted average of braiding angle  0 is also deﬁned as
0 ¼

2L
2 sin 1 sin 2
¼ arcsin
:
l1 þ l2
sin 1 þ sin  2

(a)

ð3Þ

(b)

Fig. 1. Geometry of tubular braids: (a) uniform braid; (b) hybrid braid.
1950003-3

Z. Shang et al.

J. Mech. Med. Biol. Downloaded from www.worldscientific.com
by UNIVERSITY OF NEW ENGLAND on 11/20/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

For braids with identical 0 , the average yarn lengths, (l1 þ l2 )/2, are also the same.
A bigger 0 indicates a smaller yarn length. In the case of uniform braid, 0 reduces
to .
2.2. Stiﬀness-increasing mechanism
When a braid is longitudinally tensioned, the deformed conﬁgurations can be determined by considering the units highlighted by red in Fig. 1. The geometry of the
units of uniform braids with  1 and 2 are respectively presented in Figs. 2(a)
and 2(b), and that of the hybrid braid is presented in Fig. 2(c), in which w and h are
respectively the width and height of the units. All the units have identical unit
height but diﬀerent braiding angles. When they are pulled longitudinally, points P
and R can only move in the circumferential direction due to symmetry, whereas
points Q and S move in the longitudinal direction. Besides, since the yarn is assumed to be inextensible during deformation, the side lengths of the units remain
unchanged. Then, the diameter of a deformed uniform braid can be calculated by
D0 =D ¼ h0 =h ¼ ðw0 =wÞ tan = tan 0 ;

ð4Þ

Fig. 2. Units of (a) (b) uniform braids with 1 ,  2 , (c) hybrid braid, and (d)–(f) their deformed
conﬁgurations with longitudinal tensile ratio 20%.
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where parameters of the deformed braid and yarn are denoted with a prime.
With the same assumptions, the diameter of a deformed hybrid braid can also be
acquired as
D0 =D ¼ h0 =h ¼ ðw0 =wÞ

sin 1 sin 2 sinð 01 þ  02 Þ
:
sin  01 sin  02 sinð1 þ  2 Þ

ð5Þ

With Eqs. (4) and (5), the deformed conﬁgurations of the units at the same
tensile ratio w0 =w ¼ 20% are acquired and presented in Figs. 2(d)–2(f). It can be
seen from Eq. (4) that D0 of the uniform braid depends on the braiding angle . Since
all the yarns have identical , its deformed conﬁguration is always geometrically
compatible. When two diﬀerent braiding angles exist in a single braid as in the case
of the hybrid braid, the two braiding angles will determine two diﬀerent braid
diameters at an identical tensile ratio w0 =w, which are geometrically incompatible.
These two diameters will interact to form the ﬁnal diameter, which can be calculated with Eq. (5). Such interaction would require additional energy to realize,
leading to increase in the longitudinal stiﬀness of the hybrid braid.
3. Experimental Setup and Finite Element Modeling
3.1. Fabrication
Nylon PA66 yarn was selected for the fabrication of both the uniform braid and the
hybrid braids. Since braiding machine which could fabricate the hybrid braid was
not available, a manual manufacturing process was adopted as shown in Fig. 3.
First, a cylindrical mould with helical grooves on the surface shown in Fig. 3(a) was
3D printed with ABS material. The proﬁle of the groove was slightly larger than
that of the yarns for good guidance. Second, nylon yarns were braided along the
grooves of the mould and ﬁxed at ends, as shown in Fig. 3(b). Finally, the braid was

Fig. 3. Fabrication procedure: (a) mould with grooves on its surface; (b) braiding yarns on the mould;
(c) the tubular braid after heat treatment.
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Parameter

Value

Braid inner diameter Di
Braid length L
Yarn number n
Yarn diameter d
Braiding angle 0

Young’s modulus E
Poisson ratio 
Density 

20.00 mm
122.00 mm
12
1.07 mm
48.82 (Uniform 1)
48.78 (Hybrid 1)
48.64 (Hybrid 2)
3498.60 Mpa
0.28
1.14 g/cm3

moved to a mandrel, and then heat treated at 100 C for an hour to release stress and
create a stable structure. As a result, a braid shown in Fig. 3(c) was obtained. One
uniform braid and two hybrid braids were fabricated with the above method. With
Eq. (3), the 0 of the three braids were calculated to be 48.82 , 48.78 and 48.64 ,
respectively. The maximum diﬀerence of 0 was only 0.37%, which ensured nearly
identical mass of the three specimens. With Eq. (2), hr of the three specimens were
calculated to be 0, 0.065 and 0.100, respectively. The Young’s modulus of the nylon
was obtained with tensile tests, and the parameters of the physical specimens are
listed in Table 1.
3.2. Experimental setup
To evaluate the longitudinal stiﬀness of the braids, the physical specimens were
tensioned on an Instron 5982 testing machine. The experimental setup is illustrated
in Fig. 4. Both ends of the braid were clamped to two blocks, respectively. One block
was ﬁxed, and the other was moved upwards by a tension wire connected to the load
cell. Displacement control was applied in the experiments and the loading rate was
set as 2 mm/min to avoid dynamic eﬀects. The ﬁnal tensile displacement was set as
5% of the original length. During the experiments, the displacement and force were
recorded automatically.
3.3. Finite element modeling
Numerical simulations were also conducted using commercial ﬁnite element
code Abaqus/Explicit.37 In this study, Matlab was used as a pre-processor to build the
geometrical models of the braids. Track of the yarns was determined with the method
introduced by Alpyildiz,38 where a sinusoidal disturbance was added in radial direction to the helices so as to stagger the yarns at the intersections. The element length
was set in Matlab, and the nodes and element numbers of the braid were acquired,
with which the orphan mesh part was established and imported into Abaqus.
To model the tensile experiments, the nodes at the ends of the braid were tied to
two reference points, Rp1 and Rp2, respectively, as rigid bodies. As Fig. 5(b) shows,
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Fig. 4. Experimental setup.

Rp2 was completely ﬁxed in space, whereas all of the degrees of freedom (DOFs) of
Rp1 were constrained except for the translational DOF in the longitudinal direction
and rotation DOF about the axis of the braid. A prescribed longitudinal displacement was assigned to the translational DOF of Rp1 to control the tensile process,
and smooth amplitude deﬁnition built in Abaqus was assigned to control the tensile
rate. Beam element, B31, was used to mesh the braids. Friction coeﬃcient was also
considered and set as 0.2.
The bending ﬂexibility was also modeled using the same modeling method as that
employed in the tensile simulation except for the boundary conditions. As Fig. 5(c)
shows, prescribed rotations about the radius of the braid were assigned to the
rotational DOF of the Rp1 and Rp2, respectively, to control the bending process,
and smooth amplitude deﬁnition built in Abaqus was assigned to control the
bending rate. Directions of the rotation of Rp1 and Rp2 were opposite to achieve a
180 bending of the braid.
Convergence tests with respect to mesh density and analysis time, respectively,
were conducted prior to the analysis. It was found out that mesh size of 0.2 mm, and
step time of 0.1 s, yielded satisfactory results.

Fig. 5. (a) Numerical model of the braid and its boundary conditions of (b) longitudinal tension and
(c) bending.
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4.1. Longitudinal stiﬀness of uniform and hybrid braids
Tensile experiments of the three physical specimens were ﬁrst studied to demonstrate the increase in longitudinal stiﬀness due to hybrid braiding. The experimental
force versus displacement curves are presented in Fig. 6. It can be seen that the
reaction force level is signiﬁcantly raised when hybrid braiding is adopted, and the
improvement is positively correlated to the hybrid ratio. Compared with the uniform braid, the forces of the hybrid braid 1 and hybrid braid 2 at a tensile ratio of
5% are increased by 15.44% and 57.12%, respectively. Numerical results are also
drawn in the same ﬁgure. Numerical results of both the uniform braid and the
hybrid braids show great consistence with the experimental results. Errors between
the results of all three models at a tensile ratio of 5% are only 7.36%, 1.58% and
8.59%, respectively, thereby validating the accuracy of the numerical models.
A detailed analysis of the numerical models indicates that the improved stiﬀness
is caused by the increased contact force existing at the intersections of the hybrid, as
shown in Fig. 7. For the uniform braid, the contact force at the intersections is very
small. As Figs. 7(a) and 7(b) show, the maximum normal force and shear force are
only 7:234  104 N and 1:395  104 N, respectively. For the hybrid braid 2, on the
other hand, the forces increase to 437:2  104 N and 87:26  104 N, respectively,
about 60 times larger than those of the uniform braid. The hybrid braiding angle is
responsible for the high contact force. With the same tensile ratio, Eq. (4) yields
diﬀerent braid diameters for the two sets of yarns in a single braid. These two sets of
yarns have to interact with each other and compromise to reach a ﬁnal conﬁguration. Large contact forces are required to overcome such geometric incompatibility,
leading to an increase in stiﬀness. The Mises stress of the two braids are shown in
Fig. 8, which further prove the higher stress in the hybrid model because of geometric incompatibility.

Fig. 6. Force versus longitudinal displacement curves of the uniform and hybrid braids.
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Fig. 7. Normal contact force (CNORMF) distributions of (a) uniform braid and (b) hybrid braid 2,
and shear contact force (CSHEARF) distributions of (c) uniform braid and (d) hybrid braid 2 at a tensile
ratio of 5%.

4.2. Eﬀects of design parameters on the longitudinal stiﬀness
To investigate the eﬀects of geometric parameters on the performance of the hybrid
braids, a set of numerical models were built and analyzed. All the models had the
same length and diameter as those listed in Table 1. All the other parameters are
listed in Table 2. The force at a tensile ratio of 5% was recorded, and shown in
Fig. 9.
First consider the eﬀects of hybrid ratio hr. Six models in Group A with varying
hr from 0 to 0.15 were analyzed and the results are presented in Fig. 9(a). It can be
seen that when hr is less than 0.06, the reaction force keeps nearly unchanged, since

Fig. 8. Mises stress distributions of (a) the uniform braid and (b) the hybrid braid 2 at a tensile ratio of 5%.
1950003-9
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Table 2. Geometry of the numerical models.
hr

0

n

d (mm)

0,3%,6%,9%,12%,15%
0,15%
0,15%
0,15%

45

12
12
12,16,20,24
12

1.0
1.0
1.0
0.6,0.7,0.8,0.9,1.0
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Group
A
B
C
D

35 ,40 ,45 ,50
45
45

the diﬀerence in length between the two sets of yarns is very small. A noticeable
increase in force is observed when hr is larger than 0.06. When hr ¼ 0:15,
the reaction force is increased by 110.8%, demonstrating the eﬀectiveness of the
hybrid ratio.
Next, the eﬀects of weighted average of braiding angle  0 are studied. Both
uniform and hybrid models in Group B with varying 0 from 35 to 50 were

(a)

(b)

(c)

(d)

Fig. 9. Eﬀects of (a) hybrid ratio, (b) weighted average of braiding angle, (c) yarn number, (d) yarn
diameter on the longitudinal stiﬀness of the hybrid braid.
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analyzed and the results are presented in Fig. 9(b). It can be seen that the forces of
both uniform and hybrid braids increase with 0 . In addition, a strong nonlinear
relationship between force and  0 is observed for the hybrid braids, as opposed to
the approximately linear relationship for the uniform ones. Compared with the
uniform one, the hybrid braid can obtain a 18.6% force increase when 0 ¼ 35 , and
418.3% force increase when 0 ¼ 50 . Therefore, relatively large 0 should be selected in the design if a high longitudinal stiﬀness is required.
Subsequently, the eﬀects of yarn number n are investigated with both uniform
and hybrid models in Group C which had varying n from 12 to 24. As can be seen
from Fig. 9(c), the forces of both the uniform and hybrid braids increase with n, and
nearly a linear relationship is obtained as demonstrated by the linear ﬁtted curves
marked by dotted lines. As a result, the ratio of the force of the hybrid braid to that
of the uniform braid is constant regardless of n.
Finally, the eﬀects of yarn diameter d are looked into with both uniform and
hybrid models in Group D which had varying d from 0.6 mm to 1.0 mm, and the
results are presented in Fig. 9(d). In both cases, an approximately linear relationship between force and d4 is obtained. The reason is that during tension, the yarns
mainly undergo bending. The bending stiﬀness of a yarn can be expressed as
EI ¼ Ed4 /64, which is linear with d4 . Therefore, the force also increases linearly
with d4 . This result indicates that the deformation mechanism of both braids are
independent of d, and increasing d can increase the longitudinal stiﬀness of both
braids to the same extent.
4.3. Bending ﬂexibility
Apart from longitudinal stiﬀness, bending ﬂexibility of the braid is also important
for medical catheter application as a catheter needs to pass tortuous blood vessels
or human internal lumens. To study the eﬀects of the hybrid design on bending
ﬂexibility, numerical simulation was also conducted. The deformed conﬁgurations
of the models with hr ¼ 0 and hr ¼ 0:15 in Group A are presented in Fig. 10. It can
be seen that the hybrid braid can retain its open cross-sectional shape as the uniform
braid does. The inner diameters at the middle point in longitudinal direction of the
uniform braid and the hybrid braid are 19.78 mm and 19.55 mm, respectively, with a
diﬀerence of only 1.16%.
Regarding bending ﬂexibility, the bending moment at a bending angle of 180 for
the numerical models in Group A and Group B are extracted from numerical
analysis and the eﬀects of weighted average of braiding angle 0 are presented in
Fig. 11(a). It can be seen that the bending moment required to bend either type of
braids to 180 slightly increases with 0 . Moreover, within the range of  0 studied
here, the diﬀerence between hr ¼ 0 and hr ¼ 0:15 is marginal, with the maximum
diﬀerence of 8.53%.
Then we look at the eﬀects of hybrid ratio. Figure 11(b) presents the bending
moment for the numerical models with identical 0 ¼ 45 and varying hr from 0 to
1950003-11
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(a)

(b)

Fig. 10. Bending deformations of (a) uniform braid and (b) hybrid braid.

(a)

(b)

Fig. 11. Eﬀects of (a) weighted average of braiding angle and (b) hybrid ratio on the bending moment of
the hybrid braid.

0.15. A nearly constant bending moment is obtained, indicating that the bending
ﬂexibility is independent of hr. Therefore, it can be concluded that when  0 is
identical, the hybrid braid has comparable bending ﬂexibility with the uniform one,
provided that the eﬀect of the hybrid ratio is not very large. This property would
greatly facilitate engineering application of the hybrid braid.
5. Conclusion
In this paper, a new hybrid braiding pattern, which has yarn sets with diﬀerent
braiding angles in the clockwise and anticlockwise directions, has been designed to
improve the longitudinal stiﬀness of the structure. The stiﬀness-increasing mechanism is explained through a geometry analysis, and validated with experiments and
numerical simulations. The experimental results show an increase in reaction force
by 57.12% at the hybrid ratio of 0.1. Numerical studies have also been performed,
which clearly show the increase in reaction force for the hybrid braids comes from
increased contact force at intersection points due to geometric incompatibility.
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Besides, a parametric analysis has been conducted with numerical method. It has
been found out that both the hybrid ratio and weighted average of braiding angle
are eﬀective at improving the reaction force, whereas the percentage of improvement is independent of yarn number and fourth power of yarn diameter. Finally, the
bending ﬂexibility of the hybrid braid is analyzed. The new braiding pattern has
been found to have comparable bending ﬂexibility with the uniform one when the
weighted average of bending angle is ﬁxed, and the ﬂexibility is nearly independent
of the hybrid ratio within the studied range. Altogether this work shows that the
hybrid braid has great potential as reinforcement structure in the design of medical
catheters and other devices with similar requirements. In the future, theoretical
study of the longitudinal stiﬀness of the hybrid braid will be conducted. The interaction between hybrid braid and matrix material, and the corresponding deformation mechanism will also be investigated.
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