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Abstract:

Rotary braiding is widely used in the preparation of high-performance fiber composites. However, neither conven-
tional rotary two-dimensional braiding nor rotary three-dimensional braiding can prepare three-dimensional preforms
with low porosity and dense surface yarns. This article designs a three-dimensional cross-linked braiding equipment,
describes the mechanism of carrier motion of three-dimensional cross-linked braiding, and obtains a numerical
model of three-dimensional cross-linked braided preforms by establishing the spatial coordinate system of the
braided chassis and using cubic B-spline curve fitting. The reasons for the large difference between the numerical
model of preform and the real fabric are analyzed, and an optimization algorithm is proposed to make the fabric
compact by gathering the yarn to the center of the fabric. The experimental samples are braided on a three-dimen-
sional cross-linked braiding machine, and the reliability of the optimization algorithm is verified by comparing the yarn
coordinates of the experimental samples with those of the optimized numerical model. The accurate establishment of
the geometric model of the preform provides a solid foundation for carrying out the prediction of the mechanical
properties of composite materials.
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1. Introduction

Rotary braiding has the advantages of higher braiding effi-
ciency and longer braiding machine life than four-step braiding,
and it is possible to prepare preforms with bending and variable
cross-section by regulating the braiding angle. When the braided
yarn is a high-performance fiber such as carbon fiber, the com-
posite structure can be widely used in aerospace, military, rail
transportation, and other fields [1,2].

The rotary two-dimensional braiding process is relatively mature.
Although the fiber volume fraction of the fabric is high, it is a
single-layer structure, so the interlayer adhesion is poor and
the application is narrow. There is a large amount of research
focusing on three-dimensional braiding processes.

Yordan [3,4] introduced a three-dimensional braiding machine
with an equal number of horn gears in the horizontal and ver-
tical directions. The yarn in the outer layer of the preform will
pass through the middle layer into the inner layer to form a
three-dimensional body structure, but there is a strict corre-
spondence relationship between the number of horn gears
and the number of horn-gear slots in this process, and the pre-
form has a low fiber volume fraction and a large porosity. Midani
et al. [5] concluded that delamination is a basic failure mode of
thick braided structural parts, and the problem of interlayer

delamination can be effectively solved by using three-dimen-
sional braiding techniques. Chengjie et al. [6] developed a
mathematical model of carrier arrangement based on a multi-
layer interlocking braiding and verified the carrier arrangement
for I-section and C-section fabrics. Shao et al. [7] designed a
braiding process for T-section fabrics on a three-dimensional
rotary braiding machine and determined the carrier arrange-
ment solution based on the braided chassis track and carrier
motion law. Glessner and Kyosev [8] investigated the technique
of braiding preforms with bifurcated structures, and structural
parts with such characteristics have common applications in
the medical field.

In the reinforcement of the composite material, the structure of
the preform plays a crucial role in the mechanical properties of
the composite material, and the current structural models of the
preform are mainly divided into mechanical equivalent model,
unit cell geometrical model, and yarn geometrical model [9].
Sun and Sun [10] calculated the mechanical properties such
as tensile stiffness, shear stiffness, and Poisson’s ratio of three-
dimensional rectangular braided composites by the volume-
average-compliance method, and found that the topological
model greatly underestimated the tensile stiffness and shear
stiffness, and the yarns inside 3D braided preform were curvy,
which was opposite to the straight-yarn assumption of the topo-
logical model. Hao et al. [11] analyzed the carrier motion law of
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three-dimensional four-directional cylindrical braiding, estab-
lished the cell geometrical model with different braiding angles
and fiber volume fractions, and investigated the effects of
braiding angles and fiber volume fractions on the elastic con-
stants of composites from the theoretical and numerical ana-
lysis. Bilisik [12] investigated the effect of braiding patterns on
the structure of preform unit cells. Yordan [13] proposed an
algorithm that can independently control the blocks to model
the variable cross-section preforms. Kamble and Behera [14]
established a three-dimensional four-directional preform geo-
metrical model for predicting the fabric fiber volume fraction
based on the relationship between the surface braiding angle
and the internal braiding angle of the fabric. Zhou et al. [15]
proposed a preform modeling method based on a multilayer
interlocking braiding process and used OpenGL to visualize
3D fabric. Gideon et al. [16] established three-unit cell models
for cylindrical braiding and determined the damage limits of the
three-unit cell models in axial pressurization experiments by
means of simulations and experiments. Zhang et al. [17] devel-
oped a parametric representative volume element model com-
posed of dry fibers and matrix for predicting the tensile modulus
of three-dimensional four-directional braided composites by
integrating Matlab software and Abaqus software.

Although the fiber volume fraction of two-dimensional braided
fabrics is high, it is a single-layer structure, and the adhesion
between layers of three-dimensional braided fabrics is strong,
but the porosity is high. This article aims to design a braiding
method that has the advantages of both two-dimensional
braiding and three-dimensional braiding, and seek an optimi-
zation algorithm to construct an accurate preform structural
model, so as to provide a solid foundation for the subsequent
use of preform geometric models to simulate and predict the
structural and mechanical properties of the fabrics and thus
reduce the experimental cost.

2. Carrier arrangement of three-dimensional
cross-linked braiding

Conventional rotary two-dimensional braiding prepares fabrics
with small thicknesses, which are often increased by means of
stacking. As a result, they are prone to delamination when sub-
jected to large bending or torsional loads, as shown in Figure 1(a).
We envisage that the interlayer bonding properties of the preform
can be enhanced by locally placing cross-linked yarns between
the fabric layers without reducing the fabric fiber volume fraction,
as shown in Figure 1(b).

The mechanical parts of the three-dimensional cross-linked
braiding machine are mainly composed of braided chassis, 4-
slot horn gears, 5-slot horn gears, 6-slot horn gears, gears,
carriers, etc., as shown in Figure 2. The preforms have two
layers, inside and outside, and the braided chassis and the
blocks fixed on it form an “∞” shaped track. Driven by horn
gears, half of the carriers on the braiding machine move for-
ward along the track and the other half move backward along
the track.

Figure 3 shows the initial position of the carriers of the three-
dimensional cross-linked braiding machine. There are 5 rings
and 120 columns of horn gears, the first and fifth rings are made
up of 4-slot horn gears, and the carriers are arranged in the way
of “1F1E.” The second and fourth rings are made up of 5-slot
horn gears, and the third ring is made up of 6-slot horn gears.
The horn gears of the second to fourth rings are installed every
three columns. The horn gears in columns 1 and 120 are con-
nected at the beginning and end to form a closed loop. Let the
radius of the 4-slot horn gear be R. To ensure the alignment of
adjacent horn gear slots, the radius of the 5-slot horn gear is
1.25R, and the radius of the 6-slot horn gear is 1.5R.

As shown in Figure 3, the first ring has two kinds of carriers, red
and blue, moving on the red and blue tracks, respectively. The
fifth ring has two kinds of carriers, green and purple, moving on
the green and purple tracks, respectively. The three-dimen-
sional cross-linked braiding machine has two working states,
independent and cross-linked, and the working state is switched
by setting the vary-trajectory mechanism at the intersection of
the 4-slot horn gear and 5-slot horn gear, i.e., A, B, C, and D in
Figure 3. The braiding machine does not stop when the carrier
changes trajectory. When in the independent state, carriers of
the first ring and the fifth ringmove on their respective tracks, and
the inner and outer layers of the preform are separated. The
principle of cross-linking is that the positions of a specific blue
carrier on ring 1 and a specific purple carrier on ring 5 are
exchanged, and the rest carriers move on their respective tracks.
Set blue No. 2, blue No. 6, purple No. 3, and purple No. 7 as
cross-linked carriers, and the carrier movement of one horn gear
slot is recorded as one step. Carriers No. 2 and No. 6 in blue can
enter the black track of the second ring by means of the vary-
trajectory mechanism, and carriers No. 3 and No. 7 in purple can
enter the black track of the fourth ring by means of the vary-
trajectory mechanism. After several steps of carrier movement,
the blue No. 2 and blue No. 6 carriers are located on the purple
track, while the purple No. 3 and purple No. 7 carriers are located
on the blue track, and the inner and outer layers of preforms are

Figure 1. Schematic diagram of enhanced interlayer bonding. (a) Delamination. (b) Interlayer cross-linked yarn.
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cross-linked. Figure 4 shows the carrier trajectories in indepen-
dent and cross-linked working states.

Figure 5 shows the three-dimensional cross-linked braiding
process. Set the vary-trajectory mechanism to switch the

braiding machine to the cross-linked state, and the carriers
move two steps. Switch the braiding machine to the indepen-
dent state and the carriers move another seven steps. The
blue No. 2 and blue No. 6 carriers are located on the purple
track, and the purple No. 3 and purple No. 7 carriers are

Figure 2. Three-dimensional cross-linked braiding machine. (a) Three-dimensional cross-linked braiding machine model. (b) Part of three-dimen-
sional cross-linked braiding machine.

Figure 3. Initial position of the carriers of the three-dimensional cross-linked braiding machine.
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located on the blue track. The three-dimensional cross-linked
braiding is completed.

3. Structural modeling of three-dimensional
cross-linked braided preforms

3.1. Establishment of the spatial coordinate system of the
braided chassis

The numerical model of the preforms can help to analyze and
predict the mechanical properties of the composites. The con-
struction of the numerical model of the three-dimensional cross-
linked braided preforms must follow its braiding process. Let the
radius of the 4-slot horn gear be R, then the radius of the 5-slot
horn gear is 1.25R, the radius of the 6-slot horn gear is 1.5R, and

the distance between ring 1 and ring 5 is 10R. If the spatial
coordinate system of the braided chassis shown in Figure 3 is
established, the distance between the inner and outer layers of
the preform is far, which does not match the reality.

Figure 6 shows the equivalent diagram of the trajectories of
carriers in the cross-linked state. Although the blue track inter-
sects with the purple track, the blue No. 2 and the purple No. 7
carriers do not appear in the second and fourth rings at the
same time, respectively, so the yarn trajectories in the preform
do not intersect in the second and fourth rings. The blue No. 2
carrier enters ring 2 from right to left and then leaves ring 4 from
left to right. The blue track of ring 3 is on the right of the purple
track, so the trajectory of the blue No. 2 yarn in the preform is
located to the right of the purple No. 7 yarn, and they do not
intersect.

Figure 4. Carrier trajectories of the three-dimensional cross-linked braiding. (a) Carrier trajectories in the independent state. (b) Carrier trajectories
in cross-linked state.

Figure 5. Three-dimensional cross-linked braiding process. (a) Carrier movement 0 step (cross-linked state). (b) Carrier movement two steps
(independent state). (c) Carrier movement four steps (independent state). (d) Carrier movement nine steps (independent state).
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According to the aforementioned analysis, the second and the
fourth rings can be removed, and the 6-slot horn gear of the
third ring can be replaced by the 4-slot horn gear, so as to
obtain the coordinate diagram of the braided chassis as shown
in Figure 7, and the side length of each grid is a.

3.2. Spatial trajectory of the yarns

Figure 6 shows that the position of each carrier can be repre-
sented by coordinates, and the sampling point coordinates of
the red yarns are as follows:

x a a a a a a a a a a
a a a a a a a a

= [ 2 3 4 5 6 7 8 9 10
11 12 13 14 15 16 17 18 ],

R (1a)

y a a a a a a a a a
a a a a a a a a a

= [5 4 5 6 5 4 5 6 5
4 5 6 5 4 5 6 5 4 ].

R (1b)

The sampling point coordinates of the green yarns are as
follows:

x a a a a a a a a
a a a a a a a a a

= [17 16 15 14 13 12 11 10
9 8 7 6 5 4 3 2 1 0],

G (2a)

y a a a a a a a
a a a a a a

= [ 0 2 0 2
0 2 0 2 0].

G (2b)

The sampling point coordinates of the blue yarns in the inde-
pendent state are as follows:

x a a a a a a a a
a a a a a a a a a

= [17 16 15 14 13 12 11 10
9 8 7 6 5 4 3 2 ],

B-I (3a)

y a a a a a a a a
a a a a a a a a a

= [5 4 5 6 5 4 5 6
5 4 5 6 5 4 5 6 5 ].

B-I (3b)

The sampling point coordinates of the purple yarns in the inde-
pendent state are as follows:

x a a a a a a a a a
a a a a a a a a

= [ 2 3 4 5 6 7 8 9
10 11 12 13 14 15 16 17 ],

P-I (4a)

y a a a a a a
a a a a a a a

= [ 0 2 0 2
0 2 0 2 ].

P-I (4b)

To ensure that the cross-linked yarn has enough length to clearly
identify its distribution in the preform, set blue No. 4, blue No. 8,
purple No. 5, and purple No. 9 (not shown in Figure 7) as cross-
linked carriers. The coordinates of the sampling points for the 18
steps of the blue No. 4 carrier movement are as follows:

x a a a a a a a a a
a a a a a a a a a a

= [9 8 7 6 5 5 5 5 5
5 5 5 5 5 5 6 7 8 9 ],

B-C4 (5a)

Figure 6. Equivalent diagram of the trajectories of carriers in the cross-linked state.

Figure 7. Coordinate diagram of the braided chassis.
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y a a a a a a a a a
a a a a a a a a a

= [5 4 5 6 5 3 3 3 3
3 3 3 3 3 0 2 ].

B-C4 (5b)

The coordinates of the sampling points for the 18 steps of the
blue No. 8 carrier movement are as follows:

x a a a a a a a a
a a a a a a a a
a a a

= [17 16 15 14 13 13 13 13
13 13 13 13 13 13 13 14
15 16 17 ],

B-C8
(6a)

y a a a a a a a a a
a a a a a a a a a

= [5 4 5 6 5 3 3 3 3
3 3 3 3 3 0 2 ].

B-C8 (6b)

The coordinates of the sampling points for the 18 steps of the
purple No. 5 carrier movement are as follows:

x a a a a a a a a a
a a a a a a a a

a a

= [7 8 9 10 11 11 11 11 11
11 11 11 11 11 11 10 9
8 7 ],

P-C5
(7a)

y a a a a a a a a
a a a a a a a a a a

= [ 2 0 3 3 3 3
3 3 3 3 3 5 6 5 4 5 ].

P-C5 (7b)

The coordinates of the sampling points for the 18 steps of the
purple No. 9 carrier movement are as follows:

x a a a a a a a
a a a a a a a a

= [None None 2 3 3 3 3 3
3 3 3 3 3 3 2 None None],

P-C9 (8a)

[y a a a a a a
a a a a a a a a

= None None 0 3 3 3 3
3 3 3 3 3 5 6 5 None
None].

P-C9
(8b)

The Z coordinates of the yarn sampling points are as follows:

z ht= − , (9)

where t is the number of steps, and set the horn gear to rotate
one slot as one step. h is the traction length of the preform after
one step of horn gear rotation.
Combining the actual process parameters, the coordinates of
the sampling points of the blue No. 4, blue No. 8, purple No. 5,
and purple No. 9 carriers shown in Figure 8(a) are obtained by
substituting a = 5.5 and h = 8 into equations (5)–(9), and the
yarn trajectories shown in Figure 8(b) are obtained by con-
necting the adjacent sampling points of each carrier with short
line segments.

Combining equations (1)–(9), the yarn trajectories shown in
Figure 9 are obtained by using Matlab software to connect the
sampling points of the remaining yarns. The two adjacent sam-
pling points of the yarn are connected by short segments, and
the short segments before and after each sampling point will
form an angle, which does not match the actual smooth yarn.

3.3. Yarn trajectory B-spline curve fitting

The yarn trajectories obtained by connecting sampling points
with short line segments are not smooth, so curve fitting is
required. Bezier curves and B-spline curves are common fitting
tools in computer-aided design and computer graphics. Bezier
curve has two disadvantages: (i) the number of polygon vertices
used for fitting is related to the degree of curves, so the degree of
curves cannot be adjusted arbitrarily; (ii) the basis function of
Bezier curve is not zero in the interval (0, 1), so adjusting any
control point curve will change, which is not conducive to local
fine-tuning. B-spline curve not only inherits the advantages of
Bezier curve, which is simple and easy to use, but also can
modify the local characteristics of the curve as needed, and
the degree of polynomial is low, so they are widely used.

Figure 8. Yarn trajectories of the blue No. 4, blue No. 8, purple No. 5 and purple No. 9 carriers. (a) Yarn sampling points. (b) Connect adjacent
sampling points with short line segments.

AUTEX Research Journal, Vol. 24, No. 1, 2024, 20230004, DOI 10.1515/aut-2023-0004

http://www.autexrj.com/ 6

http://www.autexrj.com/


The general expression of the B-spline curve is

( ) ( )⋅∑P u P B u= ,
i

n

i i k
=0

, (10)

where Pi(i = 0,1,…,n) is the ith control point of the input n + 1
control points. Bi,k(u) is k-degree B-spline basis function and is
defined by the Cox-de Boor recursive formula as follows:

( )
⎧

⎨
⎩

B u
u u u

=
1, ≤ ≤
0, otherwise,i

i i
,1

+1 (10a)

( ) ( ) ( )

[ ]∈

B u
u u

u u
B u

u u

u u
B u

u u u

=
−

−
+

−

−
,

, ,

i k
i

i k i
i k

i k

i k i
i k

i i k

,
+ −1

, −1
+

+ +1
+1, −1

+

(10b)

where uk is the node vector U = {u0, u1,…, un+k}.
From equation (10), when k = 2, the basis function Bi,k(u) is

( )

⎧

⎨

⎪

⎩
⎪

B u

u u

u u
u u u

u u

u u
u u u=

−

−
, ≤ ≤

−

−
, ≤ ≤

0, otherwise.

i

i

i i
i i

i

i i
i i

,2

+1
+1

+2

+2 +1
+1 +2

(11)

From equation (10), when k = 3, the basis function Bi,k(u) is

( )

⎧

⎨

⎪
⎪
⎪
⎪
⎪

⎩

⎪
⎪
⎪
⎪
⎪

( )

( )( )

( )( )

( )( )

( )( )

( )( )

( )

( )( )

B u

u u

u u u u
u u u

u u u u

u u u u

u u u u

u u u u
u u u

u u

u u u u
u u u

=

−

− −
, ≤ ≤

− −

− −

+
− −

− −
, ≤ ≤

−

− −
, ≤ ≤

0, otherwise.

i

i

i i i i
i i

i i

i i i i

i i

i i i i
i i

i

i i i i
i i

,3

2

+2 +1
+1

+2

+2 +2 +1

+3 +1

+3 +1 +2 +1
+1 +2

+3
2

+3 +1 +3 +2
+2 +3

(12)

From equation (10), when k = 4, the basis function Bi,k(u) is
expressed as follows:

( )

⎧

⎨

⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪

⎩

⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪

( )

( )( )( )

( ( ) ( ))

( ( ) ( ))

( )

( )( )( )

B u

u u

u u u u u u
u u u

u u

u u
C i D i E u u u

F
u u

u u

C i D i u u u

u u

u u u u u u
u u u

=

−

− − −
, ≤ ≤

−

−
+ + , ≤ ≤

+
−

−

× + 1 + + 1 , ≤ ≤

−

− − −
, ≤ ≤

0, otherwise,

i

i

i i i i i i
i i

i

i i
i i

i

i i

i i

i

i i i i i i
i i

,4

3

+3 +2 +1
+1

+3
+1 +2

+4

+4 +1

+2 +3

+4
3

+4 +1 +4 +2 +4 +3
+3 +4

(13)

where C(i), D(i), E, and F are intermediate variables, and their
values are given as follows:

( )
( )( )

( )( )
C i

u u u u

u u u u
=

− −

− −
,

i i

i i i i

+2

+2 +2 +1
(13a)

( )
( )( )

( )( )
D i

u u u u

u u u u
=

− −

− −
,

i i

i i i i

+3 +1

+3 +1 +2 +1
(13b)

( )( )

( )( )( )
E

u u u u

u u u u u u
=

− −

− − −
,

i i

i i i i i i

+4 +1
2

+4 +1 +3 +1 +2 +1
(13c)

( )( )

( )( )( )
F

u u u u

u u u u u u
=

− −

− − −
.

i i

i i i i i i

+3
2

+3 +3 +1 +3 +2
(13d)

To meet the fitting accuracy and not to consume too much
computational resources, the yarn trajectories are fitted with
cubic B-spline curves, and the first four consecutive sampling

Figure 9. Yarn trajectories of the three-dimensional cross-linked braiding.
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points of the carrier are used as the control points of the fitted
curve, and the node vector is set as follows:

[ ]U = 0, 1, 2, 3, 4, 5, 6, 7 . (14)

By substituting the coordinates of the sampling points, equa-
tions (13) and (14) into equation (10), we obtain the first section
of the yarn fitted curve. The second section of the fitted curve
uses the fourth to seventh sampling points as control points,
and so on to calculate the fitted curve of the whole yarn as
shown in Figure 10(a). The fitted curves for all yarns are shown
in Figure 9(b). Let the yarn cross-section be circular, and take
the yarn trajectory shown in Figure 10(b) as the centerline, and
scan it with a circle of radius r = 2.5mm to obtain the numerical
model of the preform as shown in Figure 10(c).

From Figure 10(c), it can be seen that the red and blue yarns
form the outer braided layer, and the green and purple yarns
form the inner braided layer, which are only distributed in their
respective braided layers. Black yarn 1, black yarn 2, yellow
yarn 1, and yellow yarn 2 represent blue No. 4, blue No. 8,
purple No. 5, and purple No. 9 carriers in Figure 7, respectively.

It can be seen that these four yarns cross-link the outer and
inner braided layers.

3.4. Numerical model optimization of the preform

The spatial trajectory of the yarn is smoother than the folding
trajectory after cubic B-spline curve fitting, but it can be seen
from the numerical model of the preform in Figure 10 that the
gaps between yarns are large. In contrast, real braided fabrics
have small gaps as the yarns touch each other during the tigh-
tening process, so the preforms fitted by the cubic B-spline
curves differ significantly from the real fabrics. To ensure that
the numerical model of the preform is more realistic for pre-
dicting the mechanical properties of the composite by simula-
tion, the fabric model needs to be optimized to reduce the gaps
between the yarns to make the overall structure compact.

The distances between the carriers are large as can be seen
from the coordinate diagram of the braided chassis in Figure 7,
and the sampling points of the preform are determined according
to the coordinates of the carriers on the braided chassis, which is

Figure 10.Cubic B-spline curve fitting numerical model of the preform. (a) Fitted trajectory of cross-linked yarn. (b) Fitted trajectories of all yarns. (c)
Numerical model of the preform.
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the root cause of the large gaps in the numerical model. Figure 11
shows a schematic diagram of the yarn-tightening trend. Although
the carrier will only move along the track on the braided chassis
during the braiding process, the yarn at the traction end will tend
to tighten toward the center S of the braided chassis until all yarns
contact each other.

In the numerical simulation of preforms, the relationship between
yarns has three cases: spacing, contact, and interference.
Contact is the ideal state, and also the goal of preform numer-
ical model optimization. Figure 12 shows the motion vector
diagram of yarn spacing and interference states. Set the yarn
cross-section diameter as d and divide the yarn movement into
several steps, with a small distance w for each step. For the
case of yarn spacing, the cross-section center A of yarn 1

moves along
⎯ →⎯⎯
AS to A′, and the cross-section center B of yarn

2 moves at the same speed along
⎯ →⎯⎯
BS to B′. After m steps of

movement, the distance between the centers of the two yarn
cross sections is given as follows:

∣
⎯ →⎯⎯⎯⎯

∣
⎯ →⎯⎯ ⎛

⎝
⎜

⎯ →⎯⎯

∣
⎯ →⎯⎯

∣

⎯ →⎯⎯

∣
⎯ →⎯⎯

∣

⎞

⎠
⎟wmA′B′ = AB −

AS

AS
−

BS

BS
. (15)

For the case of yarn interference, the cross-section center A of
yarn 1 close to point S moves along

⎯ →⎯⎯
AS to A′, and the cross-

section center B of yarn 2 far from point S moves at the same
speed along

⎯ →⎯⎯
SB to B′. Afterm steps of movement, the distance

between the centers of the two yarn cross-sections is given as
follows:

∣
⎯ →⎯⎯⎯⎯

∣
⎯ →⎯⎯ ⎛

⎝
⎜

⎯ →⎯⎯

∣
⎯ →⎯⎯

∣

⎯ →⎯⎯

∣
⎯ →⎯⎯

∣

⎞

⎠
⎟wmA′B′ = AB −

AS

AS
−

SB

SB
. (16)

In the structural optimization of the preform, due to the large
number of yarns and complex calculations, it is difficult to
achieve the ideal state of ∣

⎯ →⎯⎯⎯⎯
∣A B d′ ′ = . Therefore, the yarn spa-

cing satisfies the following equation.

∣
⎯ →⎯⎯⎯⎯

∣d d≤ A′B′ ≤ 1.1 . (17)

The numerical model of the preform shown in Figure 10(c) is
divided equally into n slices along the Z-axis direction, and the
center coordinates of the ith (0 < i ≤ 15) blue yarn cross-
section in the ath (0 < a ≤ n) slice are (xai, yai), the center
coordinates of the jth (0 < j ≤16) red yarn cross-section are
(xaj, yaj), the center coordinates of the kth (0 < k ≤15) purple
yarn cross-section are (xak, yak), and the center coordinates of
the lth (0 < l ≤ 16) green yarn cross-section are (xal, yal). The
steps for optimizing the numerical model of the preform are as
follows:

Figure 11. Yarn tightening trends.

Figure 12. Motion vector diagram of yarn spacing and interference states. (a) Spacing. (b) Interference.
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1. Calculate the distances between the centers of any two
yarn cross-sections in the first slice and put the results
into an array M. If there is an element less than d in M,
mark the two yarn cross-section centers corresponding to
this element as A and B, respectively.

2. Substitute point A (xA, yA) and point B (xB, yB) into equation
(16), and point A′ and point B′ are obtained according to
equation (17).

3. Substitute all yarn cross-section centers into equation (15)
and determine the coordinates of the optimized yarn cross-
section centers of the first slice according to equation (17).

4. Repeat steps 1–3 to optimize the remaining n − 1 slices.

According to the aforementioned steps, the trajectories of all
yarns are obtained, and then scan them with a circle of radius
r = 2.5mm to obtain the optimized numerical model of the preform,
as shown in Figure 13. Compared with the model before optimiza-
tion shown in Figure 10(c), the distance between the inner and
outer layers and the gaps between yarns of the optimized model
are smaller, so the preform is more compact and more realistic.

4. Experimental verification

To further investigate the accuracy of the numerical model of the
preform, experiments are conducted on the three-dimensional
cross-linked braidingmachine shown in Figure 14, and themain tech-
nical parameters of the braiding machine are presented in Table 1.

Figure 13. Optimized numerical model of the preform.

Figure 14. Three-dimensional cross-linked braiding machine.

Table 1. Main technical parameters of the three-dimensional cross-linked braiding machine

Number of
layers

Number of
carriers

Horn gear
diameter (mm)

Machine
dimension (mm)

Gear rotation
speed (rpm)

Motor
power (kW)

2 480 140, 175, 210 6,940 × 4,500 × 7,070 60 24
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Figure 15. Comparison of experimental samples and numerical models of three-dimensional cross-linked braided preforms. (a) Experimental
samples. (b) Preform slicing solution.

Figure 16. X-coordinates of yarn cross-section centers. (a) X-coordinates of yarn I. (b) X-coordinates of yarn II. (c) X-coordinates of yarn III. (d) X-
coordinates of yarn IV. (e) X-coordinates of yarn V. (f) X-coordinates of yarn VI.
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Silicone with good elasticity is used as braided yarns, and the
yarn cross-section radius r = 2.5mm. The prepared three-
dimensional cross-linked braided preform is shown in Figure 15(a).
Black and white represent inner and outer braided yarns, and
purple represents cross-linked yarns. As the braiding machine
traction system can precisely control the traction speed, i.e., the
traction length h of the preform in one step is the same as that of
the numerical model, the preform yarns and the numerical
model yarns have the same cross-section centers in the
Z-direction as shown in Figure 15(b).

In order to verify the consistency between the experimental samples
of the preform and the numerical model, the braided yarn I, II and
cross-linked yarn III, IV, V, VI shown in Figure 15(b) are taken as the
research objects. Divide the preform and numerical model into 30
groups of slices along the Z direction, and the X-coordinates and Y-
coordinates of the cross-section centers of yarns I, II, III, IV, V, and
VI in all slices are measured, as shown in Figures 16 and 17.

The coefficient of determination R2 is used as an indicator to
evaluate the consistency between the experimental samples of

Figure 17. Y-coordinates of yarn cross-section centers. (a) Y-coordinates of yarn I. (b) Y-coordinates of yarn II. (c) Y-coordinates of yarn III. (d) Y-
coordinates of yarn IV. (e) Y-coordinates of yarn V. (f) Y-coordinates of yarn VI.

Table 2. R-square of the X-coordinate and Y-coordinate of yarns I, II, III, IV, V, and VI

X-coordinate of yarn I Y-coordinate of yarn I X-coordinate of yarn II Y-coordinate of yarn II

R2 0.944 0.852 0.976 0.934

X-coordinate of yarn III Y-coordinate of yarn III X-coordinate of yarn IV Y-coordinate of yarn IV

R2 0.912 0.906 0.872 0.928

X-coordinate of yarn V Y-coordinate of yarn V X-coordinate of yarn VI Y-coordinate of yarn VI

R2 0.891 0.872 0.836 0.917
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the preform and the numerical model. Record 30 coordinates
(x1, y1), (x2, y2), …, (x30, y30) of the measurement curve of the
experimental samples and the 30 coordinates ( )∼x y,1 1 , ( )∼x y,2 2 ,
⋯ , ( )∼x y,30 30 of the measurement curve of the numerical model,
and then the coefficient R2 is determined as follows:

∼( )
( )

R
y y

y y
=
∑ − ∑

∑ − ∑
,

j i i i

j i i i

2
=1

30 1

30 =1
30 2

=1
30 1

30 =1
30 2

(18)

R2 of the X-coordinate and Y-coordinate of yarns I, II, III, IV, V,
and VI are calculated according to equation (18), and the
results are all greater than 0.8, which proved the high degree
of agreement between the preform and the numerical model, as
shown in Table 2.

5. Conclusion

In this article, a three-dimensional cross-linked braiding pro-
cess was designed by combining the advantages of traditional
rotary two-dimensional braiding and three-dimensional braiding,
which can braid three-dimensional preforms with low porosity
and dense surface yarns. This article described the carrier
motion mechanism of three-dimensional cross-linked braiding,
analyzed the carrier motion law and yarn morphology, and
used numerical simulation to obtain the yarn trajectory inside
the preforms initially. On this basis, it was found that the geome-
trical model of the preforms had problems such as high porosity
and loose structure, which are quite different from the real fabric.
As a result, an optimization algorithm was proposed to make the
fabric compact by gathering the yarn to the center of the fabric.
The numerical model with compact structure and low porosity
was obtained by extracting the yarn coordinates on multiple
cross-sections of the preform and substituting them into the opti-
mization algorithm. In this article, the accuracy of the preform
structure was further demonstrated by preparing a three-dimen-
sional cross-linked preform and comparing its spatial position
with the geometric model, which provides guidance for the sub-
sequent use of the preform geometric model to predict the struc-
tural mechanical properties of fabrics in simulation and thus
reduce the experimental cost.
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