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Abstract: Braids are generally divided into 2D braids and 3D braids. Two-dimensional braids
include flat braids and circular braids. Circular braids represent three-dimensional textiles, as they
enclose a volume, but consist of a two-dimensional yarn architecture. Three-dimensional braids
are defined by a three-dimensional yarn architecture. Historically, 3D braids were produced on
row and column braiding machines with Cartesian or radial machine beds, by bobbin movements
around inlay yarns. Three-dimensional rotary braiding machines allow a more flexible braiding
process, as the bobbins are moved via individually controlled horn gears and switches. Both braiding
machines at the Institut für Textiltechnik (ITA) of RWTH Aachen University, Germany, are based on
the principal of 3D rotary machines. The fully digitized 3D braiding machine with an Industry 4.0
standard enables the near-net-shape production of three-dimensionally braided textile preforms for
lightweight applications. The preforms can be specifically reinforced in all three spatial directions
according to the application. Complex 3D structures can be produced in just one process step due
to the high degree of design freedom. The 3D hexagonal braiding technology is used in the field of
medical textiles. The special shape of the horn gears and their hexagonal arrangement provides the
densest packing of the bobbins on the machine bed. In addition, the lace braiding mechanism allows
two bobbins to occupy the position between two horn gears, maximizing the number of bobbins.
One of the main applications is the near-net-shape production of tubular structures, such as complex
stent structures. Three-dimensional braiding offers many advantages compared to 2D braiding,
e.g., production of complex three-dimensional geometries in one process step, connection of braided
layers, production of cross-section changes and ramifications, and local reinforcement of technical
textiles without additional process steps. In the following review, the latest developments in 3D
braiding, the machine development of 3D braiding machines, as well as software and simulation
developments are presented. In addition, various applications in the fields of lightweight construction
and medical textiles are introduced.

Keywords: 3D braiding; 3D hexagonal braiding; 3D rotary braiding; medical textiles; lightweight
materials

1. Introduction

The manufacturing process of braiding is one of the oldest crafting techniques in the
history of humankind. It has been used to produce round braids, such as cords or ropes,
and flat braids, such as strands. Based on the manual crafting technique, the method of
maypole braiding (also known as circular braiding) has emerged as an automated process-
ing technology. For the development of more complex braided structures, the technology
of braiding has evolved over the years, so that the fields of application have progressed
from the aforementioned simple, flat and round braids to three-dimensional structural
geometries using 3D braiding technologies. In order to produce three-dimensional braids,
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circular braiding machines have been modified for the overbraiding of a tubular core.
By the braiding of several layers on a core, a spatial 3D braid is created. However, with this
technique the individually braided layers are not connected to each other and thus can be
referred to as 2.5D braids [1]. For the production of 3D braids, Cartesian braiding machines,
such as the two-step or four-step braiding machines, were developed [2–4]. On the one
hand, these braiding machines are characterized by the intertwining of the processed
yarns in all three spatial directions; on the other hand, they are still limited with regard
to the direction of the bobbin’s movement on the machine bed. Due to this limitation,
the complexity of the 3D geometry produced with Cartesian braiding machines is limited.
To increase the complexity of the geometry, 3D rotary braiding machines were developed,
where the bobbins’ movements are controlled individually via horn gears and flexible
switches. Due to these developments in the machine technology for 3D braids, the fields
of application have progressed from the aforementioned simple, flat and round braids to
technical applications, where three-dimensional structural geometries are required. On the
one hand, this includes the material group of fiber-reinforced materials, which can be
used for lightweight solutions [5]. On the other hand, medical products such as stents
or synthetic ligaments represent a wide range of possible applications for the latest 3D
braiding machine technology [6–8]. The historical developments indicate how important
new innovations in machine technology continually establish new areas of application in
the field of technical textiles [8].

With an overview of the history and the beginnings of 3D braiding machine types,
this review gives an introduction into how 3D braiding fabrics are defined and charac-
terized. It specifically illustrates the development of 3D braiding machinery capable of
fabricating complexly shaped three-dimensional structures and lightweight composite
applications. At the Institut für Textiltechnik (ITA) of RWTH Aachen University, Germany,
new developments have been made both in machine technology for the automated pro-
duction of 3D braids and on the application side. The rotary 3D braiding machine and the
3D hexagonal braiding machine presented in this review represent the newest inventions
made with regard to 3D braiding machine technology and its applications.

2. Three-Dimensional Braiding Fabrics and Machine Types

Braids are generally divided into 2D braids and 3D braids. Two-dimensional braids
include flat braids and circular braids [9]. Although the latter represent three-dimensional
textiles since they enclose a volume, they consist of a two-dimensional yarn architecture.
Three-dimensional braids, on the other hand, have a three-dimensional yarn architec-
ture [10]. They are also referred to as integral textiles and are characterized depending
on the yarn orientation, the amount of yarn groups, and the integral yarn course of the
braid’s yarns. The integral yarn course is a crucial characteristic feature of 3D braiding.
As the yarns cross the entire cross-section of the preform, they intertwine with the various
yarn groups and connect the individual layers of the 3D braid [1]. Thus, a delamination
of layers in the three-dimensional preform geometry is avoided and this significantly
distinguishes 3D braids from 2D braids. Furthermore, the mentioned features of the 3D
braiding technology allow the production of complex 3D braided structures for the medical
sector [6,7,11].

2.1. Three-Dimensional Braiding Methods

Three-dimensional braiding machines can be divided into Cartesian so called, “track and
column” braiding machines as well as rotary braiding machines (see Figure 1). The two
approaches differ fundamentally in the type of bobbin motion.
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Figure 1. Comparison of track and column braiding machines with Cartesian (a) and circular (b)
machine beds, as well as rotary braiding machines (c). Adapted from ref. [12].

The so-called row and column braiding machines consist of a rectangular or round
machine bed on which the bobbins move in a Cartesian or radial way on concentric
circles [3,4]. In the two-step process, inlay yarns are arranged in the shape of the desired
product contour. In this way, the desired three-dimensional braiding structure is created by
crossing the braiding threads and moving around the inlay yarns.

In the four-step braiding process, the bobbins are moved in four successive steps which
describe one braid cycle. First the columns are shifted a specific distance in an alternating
way and subsequently the tracks are moved alternately. The two last steps describe the
reverse motion of steps one and two in order to move the tracks and columns to their
initial position. This process can be used to produce preforms with square, rectangular,
T-shaped, or I-shaped cross-sections. For the production of round profiles, the radial four-
step braiding process is suitable, in which the bobbins move in and between concentric
circles [13].

From a technical point of view, rotary braiding machines are an extension of the horn
gear technology of conventional braiding machines to an entire braiding bed. The square
or hexagonal arrangement of the horn gears results in an arrangement that can be used
to produce three-dimensional structures in addition to two-dimensional braids. Since the
bobbins on each horn gear can move almost independently of each other in the rotatory
braiding principle, it proves advantageous for producing complex braids [14].

In contrast to conventional packing braiding machines, the horn gear track concept can
be extended to a trackless principle using horn gears and switching devices. The movement
of the bobbins between the horn gears is realized by means of the switching devices.
These are placed at the crossing points between the horn gears and allow the bobbins to be
changed between the horn gears in a specific way. In addition to decoupling the movement
of the two horn gears involved, this results in a doubling of the number of bobbins that can
be used in the process. A comparison of conventional two-dimensional circular braiding,
three-dimensional rotary braiding, and three-dimensional rotary braiding with switching
devices regarding the bobbin movement is shown in Figure 2 [12,15,16].
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Figure 2. Bobbin movements from (a) 2D circular braiding, (b) 3D rotary braiding, and (c) 3D rotary
braiding with switching devices.

2.2. Characteristics of 3D Braid Technology Process

The properties of the 3D braids produced with the complex 3D braiding machine
technology differ significantly from 2D braids but also implicate new challenges for the
machine components and process control. This needs to be taken into account when 3D
braiding technology is further developed.

When looking at the bobbin’s movements on a 3D rotary braiding machine (see Figure 3),
it can be seen that the individual yarn length changes depending on the bobbin’s position
on the machine bed.

Textiles 2021, 1, FOR PEER REVIEW 4 
 

 

 
Figure 2. Bobbin movements from (a) 2D circular braiding, (b) 3D rotary braiding, and (c) 3D rotary 
braiding with switching devices. 

2.2. Characteristics of 3D Braid Technology Process 
The properties of the 3D braids produced with the complex 3D braiding machine 

technology differ significantly from 2D braids but also implicate new challenges for the 
machine components and process control. This needs to be taken into account when 3D 
braiding technology is further developed. 

When looking at the bobbin’s movements on a 3D rotary braiding machine (see Fig-
ure 3), it can be seen that the individual yarn length changes depending on the bobbin’s 
position on the machine bed. 

 
Figure 3. Illustration of yarn length compensation in 3D braiding technology depending on the bob-
bin’s position on the machine bed. 

In Figure 3 an example of the machine bed of a 3D braiding machine with 5 × 5 horn 
gears is illustrated. Three different positions of the bobbin are shown on the drawn bobbin 
track. Depending on the position of the bobbin, the yarn length differs. If the bobbin is 

Figure 3. Illustration of yarn length compensation in 3D braiding technology depending on the
bobbin’s position on the machine bed.



Textiles 2021, 1 189

In Figure 3 an example of the machine bed of a 3D braiding machine with 5 × 5 horn
gears is illustrated. Three different positions of the bobbin are shown on the drawn bobbin
track. Depending on the position of the bobbin, the yarn length differs. If the bobbin
is positioned directly below the braiding ring, this corresponds to position “0” with the
minimum yarn length “Lmin”. Depending on the distance of the bobbin to the position “0”,
the thread length increases. The positions “1” and “2” refer to possible positions of the
bobbins on the machine bed along the bobbin track. The difference between the maximum
and minimum yarn length is called the yarn length compensation ∆L.

∆L = L1,2max − Lmin (1)

The yarn length corresponds to the distance of the top end of the bobbin to the braiding
point. The greater the maximum distance of the bobbin to the center of the machine bed,
the greater the yarn path compensation will be. Furthermore, the yarn path compensation
depends on the height of the braiding point. The bigger the distance between the braiding
point and the bobbin, the smaller the yarn path compensation. To counteract this yarn path
compensation, the bobbins must contain a retracting spring that ensures constant yarn
tension in the 3D braiding process. As the yarn length decreases while the bobbin returns
towards the position “0”, the spring pulls back the yarn to compensate the decreasing
yarn length and thus ensures a constant yarn tension. Such constant yarn tension is of
crucial importance for high quality braids. Due to the constant winding and unwinding of
the fibers due to the yarn path compensation, increased friction occurs between the yarns
and the yarn guiding elements in the 3D braiding process. Increased friction also occurs
between the individual yarns, since more yarns cross during 3D braiding compared to the
2D braiding technology. The higher the number of crossing yarn groups, the stronger the
fiber-to-fiber friction. Since 3D braiding technology is used in particular for technically
demanding products, it is important to minimize the friction caused by the complex 3D
braiding process. On the one hand, this involves the use of low-friction yarn guiding
elements and, on the other hand, the bobbins need to be designed accordingly. Depending
on the processed material, the bobbin’s predetermined tension is adjusted with help of the
integrated spring. The spring is also used to determine the compaction and density of the
braided preform.

3. Machine Developments for Lightweight and Medical Applications

As shown in Section 2.1, there are various machine concepts for the braiding of 3D
preforms. The machines are classified according to various characteristics, such as the drive
concept and its control, the number of bobbins, or the materials to be processed. This section
describes two 3D braiding machines that have been further developed at ITA and which
are used for research of materials and products for lightweight and medical applications.

3.1. Rotary 3D Braiding Machine

The rotary 3D braiding machines shown in Figure 4 are the conventional Herzog 3D
rotary packing braiding machine for so-called “packing braids” and the “9-module” 3D
rotary braider, which consists of nine modules with 4 × 4 horn gear arrangements [1,17].
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The machine presented here (see Figure 5) illustrates ITA’s further development of
the rotary 3D braiding concept. It combines high process stability with the flexibility of
3D braiding technology as a result of the newly developed simulation for 3D braids and
matching software for the control of the machine.
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Figure 5 illustrates the newest generation of the 3D rotary braiding machine at ITA,
which consists of a machine bed with 5 × 5 horn gears, a track as a guide for the bobbins on
the machine bed, and pneumatically actuated track-switches. Each horn gear is equipped
with a clutch-brake mechanism, which ensures that the rotating horn gears can be stopped
in the braiding process. The track-switches are located between adjacent horn gears and are
used for the transfer of the bobbins to the next horn gear. To ensure no collision takes place
during the 3D braiding process, the movement of the bobbins needs to be coordinated
by simulation prior to the process. With the aid of the online process monitoring system,
machine and process parameters are continuously monitored during the process. In addi-
tion, further data can be recorded during the process via external sensors which then can
be used for process control and quality monitoring. Thus, in combination with the built-in
programmable logic controller (PLC) control and the process simulation, an Industry 4.0
standard is achieved with this rotary 3D braiding machine. Simulation in particular plays
an important role, as the complexity of the 3D braiding process requires prior calculation
of the individual bobbin paths, the yarns to be processed, and the resulting control parame-
ters in order to achieve high process speed and stability. The machine control software is
coupled with the simulation software so that bobbin tracks and the corresponding control
of the horn gears and track-switches can be simulated and digitally mapped during the
planning and design of the 3D braids to be produced.

The programming of the 3D rotary braiding machine is based on a MATLAB controller.
The internal libraries of MATLAB make it possible to control the machine components via
TCP/IP or a MODBUS connection [19]. MATLAB is a particularly flexible and powerful
software package for solving mathematical problems and, at the same time, provides a
suitable solution for graphical representation of results, which is a necessary criterion for
the simulation of the 3D braids. The interface between MATLAB and the PLC, i.e., the con-
nected elements, such as frequency converters and FESTO pneumatic air valves, forms the
centerpiece of the machine control system. The 3D braiding machine is equipped with a
total of two frequency converters from Schneider Electronics. These are each connected
to a three-phase motor for the horn gears and for the take-up of the machine. The fre-
quency converters are coupled to the PLC via two digital connections so that independent
speeds can be set for the two motors. In addition, three FESTO compressed air valve
terminals for controlling the clutch brakes and the track switches are digitally linked to
the programmable logic controller. The MODBUS server runs in the background in the
operating system of the PLC, which makes it possible to control the 3D braiding machine
using about one hundred register values. Thus, the connection of the machine control in
MATLAB is done via the internal access to this communication interface. Schematically,
this composition is shown in Figure 6.
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For the production of a fiber composite component based on a 3D braided textile
semi-finished product, the near-net-shape of the fiber semi-finished product is essential.
This ensures that the final component to be manufactured has a constant fiber volume
content even after infiltration. To ensure the near-net-shape of the 3D braid with regard
to the final composite product, the production of a particularly near-net-shaped 3D braid
can thus be calculated and evaluated with the aid of a simulation on the basis of the
programmed bobbin tracks and their configuration with the bobbins of the various yarn
groups. In addition to the bobbin tracks, the fiber take-off is also included in the simulation.
The underlying MATLAB script iterates through all programmed bobbins and simulates the
web movement using circular calculations. These are created in sampled distances (Z-axis)
and X and Y arrays, respectively, as Cartesian coordinates for each bobbin, graphically
displayed in an overall plot.

Due to the different lengths of the bobbin tracks of the various yarn groups, a direct 3D
plot of all bobbins is not possible. In MATLAB, arrays for graphical 3D plots must always
be in the same dimensions. This problem is solved with the help of a replication function
for arrays. Thus, all shorter paths (compared to the longest path length) are replicated
several times and the 3D plot is created only for the minimum of all array dimensions.
This fix corresponds with the practical machine behavior, since the bobbins with shorter
track paths move exactly the same distance on the machine bed as the ones with longer
track paths (see Figure 3).

The simulation is based on the state-of-the-art technology of the Texmind Braiding
Configurator [20], but it is implemented in the software in such a way that the simulation
also works for single fibers or double bobbin plaits, detached from all program parameters.
Furthermore, the MATLAB script for the simulation can be extended to modified braiding
machines with a larger machine bed, modified impellers, etc., so it can also be used for
larger braiding machines. In addition, the calculated Cartesian coordinates are available
in the standard MATLAB workspace for each individual bobbin and can be used for
implementations in, for example, external programs or further MATLAB scripts and
graphical representations. Figure 7 shows an example simulation of a double T-profile.
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Figure 7. MATLAB simulation of a 3D braided double T-profile: (a) 2D tracks; (b) 3D simulated image.

The default view shows the 2D tracks of all bobbins. However, using the internal
rotation function of three-dimensional MATLAB plots, the simulated image can be rotated
like a CAD model. The resulting image corresponds to the 3D braid with the programmed
bobbin positions and bobbin tracks in the real machine setup.
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An example of such a machine setup and its resulting 3D braid is given in Figure 8.
It shows the programmed bobbin paths and bobbin configuration for a 3D braided textile
preform, which results in a T-profile-like geometry. For this geometry, there are a total of
32 bobbins required that cross each other on six different bobbin tracks.
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Figure 8a shows the bobbin tracks, which are illustrated in blue. The black col-
ored points represent the individual bobbins and their arrangement on the bobbin tracks.
Figure 8b shows the resulting three-dimensional textile preform in the shape of the T-
profile-like geometry, which was braided with the shown programmed pattern. In this
case, Al2O3 fibers with 10,000 deniers from 3M Nextel were used [21]. These fibers are
relatively brittle compared with carbon fibers or glass fibers. Nevertheless, the fibers could
be processed into the complex geometric shape in a process-stable manner on the 3D rotary
braiding machine. The process-stable, near-net-shape processing of such oxide ceramic
Al2O3 fibers on a 3D braiding machine provides the basis for the research and development
of ceramic matrix composites (CMCs) based on three-dimensional textile reinforcement
structures. Current research approaches are related to the mechanical characterization of
this material group.

3.2. Three-Dimensional Hexagonal Braiding Machine

The hexagonal braider is a 3D braiding machine that can be described as a 3D rotary
braiding machine without a track. The transfer of the bobbins takes place by switching
mechanisms between the hexagonally arranged horn gears. The kinematics correspond
to the sequential movement of a rotary braiding machine. To achieve a high degree
of flexibility, the horn gears and switching mechanisms are each equipped with hybrid
stepper motors that can be controlled separately. The hybrid stepper motors allow accurate
positioning while maintaining high torque due to small step angles.

The unique hexagonal arrangement of the horn gears allows the maximum possible
bobbin density. This reduces the distance between the bobbins to the braiding point.
This allows a reduction of the yarn length compensation (see Figure 3) in the braiding
process and thus a more constant yarn tension. In addition, the friction of the material in
the bobbin is minimized. Therefore, the process of 3D hexagonal braiding is particularly
suitable for fine materials. Due to its high process flexibility, the method is particularly
suitable for the near-net-shape production of tubular structures and ramifications [22].
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The first generation hexagonal braider was designed and manufactured in cooperation
with the Advanced Fibrous Materials Laboratory (AFML) (University of British Columbia,
Vancouver, Canada) and ITA (RWTH Aachen University, Aachen, Germany). The machine
bed consists of 37 horn gears arranged in three concentric hexagons around a central horn
gear (see Figure 9a) The geometry of the horn gears is defined as a regular six-pointed
star. Every horn gear can carry a total of six bobbins and can move them in 60◦ intervals
around the horn gear’s center point. Thereby, processing of 132 bobbins and 37 axial yarns
is possible. One bobbin occupies the mutual position of two horn gears. Depending on the
operating horn gear and the rotational direction, the bobbin may travel in four directions
on the braiding loom. The foot of the bobbins is designed as the intersection of the two
adjacent circles around the horn gear’s center point. The machine speed is 5 s per step [23].

The second generation hexagonal braiding machine consists of 7 horn gears and
30 switching devices (see Figure 9b). This allows 60 bobbins to be placed on the machine
on a machine bed size of 1400 cm2. The main technological development compared to the
first generation of the hexagonal braiding machine is the type of bobbin motion. Through
the implementation of a switching mechanism, two bobbins can take up the position
between two adjacent horn gears. Similar switching devices are used in lace braiding
machines [24,25]. This doubles the maximum number of bobbins. In contrast to the first
generation, as well as to conventional 3D rotary braiding machines, it is possible to use
all bobbin positions. Furthermore, machine robustness, speed, flexibility, and control
are improved. To ensure the full flexibility of the braiding machine, all horn gears and
switching devices are controlled individually by stepper motors. The software is based on
LabView and designed to allow and suppress the movement of certain elements in order
to avoid collisions. The machine speed is enhanced to below 1 s per step [26].

In the third generation of the hexagonal braider, the machine mechanics were funda-
mentally improved. In the second generation, the horn gears and switching mechanisms
were made of ultra-high molecular weight polyethylene (PE-UHMW). The horn gears
were replaced with metal, and PE-UHMW was retained as the material for the bobbin feet.
The changes reduced the coefficient of friction between the components. Furthermore,
the wear of the machine bed was minimized [27].

The fourth generation of the hexagonal braiding machine was completed in 2020
(see Figure 9d). The focus of this iteration was the machine software and the renewal of
the machine electronics. The stepper motor drive was replaced by new control circuits.
The control electronics were previously based on a CAN bus system. The new machine
control system consists of two ros2 nodes deployed on individual Raspberry PIs which
operate on Ubuntu. The nodes are connected via Ethernet and communicate using the
Ros2 framework. Each of the nodes controls half of the stepper motors that are mounted
to the machine bed by applying a direction and step signal to the stepper motor drivers.
The direction signal is controlled through the i2c bus and the step signals are issued as a
hardware clock signal. The use of a hardware clock-controlled signal and an acceleration
ramp is decisive for the smooth operation of the stepper motors. One of the nodes acts
as the main node which provides a GUI to start, pause, and stop the program, as well as
calibration for the motor start positions. The program itself is implemented in Python via a
simple interface that allows for definition and reusing of program blocks. The machine
development reached a technology readiness level of 7 in this step.

In the future, the braiding process could be monitored, accelerated, and coordinated
with further processing through the integration of various sensors.
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Figure 9. Illustration of the different generations of the hexagonal 3D braiding machine: (a) Advanced
Fibrous Materials Laboratory (University of British Columbia, Vancouver, Canada) (AFML) hexagonal
3D rotary braider (first generation) with 37 horn gears (adapted from ref. [23]); (b) second generation
of the 3D hexagonal braider at ITA, with seven horn gears and switching devices (adapted from
ref. [27]); (c) CAD scheme of the machine bed from the third generation on; (d) machine bed of the
fourth generation of the 3D hexagonal braiding machine.

Table 1 summarizes the described characteristic features of the illustrated rotary
and hexagonal 3D braiding machines at ITA. It can be seen from the different sizes of
the machines that the fields of application are different. The larger 3D rotary braiding
machine (19,600 cm2 machine bed size) is used for technical applications, such as composite
lightweight materials, for which glass, carbon, and ceramic fibers are used. The 3D
hexagonal braiding machine with the significantly smaller machine bed size of 1400 cm2,
on the other hand, is suitable for medical applications, for which nitinol, magnesium,
and polymer fibers are used.
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Table 1. Comparison of 3D braiding machines at ITA.

Feature Rotary 3D Braiding Machine Hexagonal 3D Braiding Machine

Size of machine bed 19,600 cm2 1400 cm2

Tracks Yes No

Process type Quasi-continuous Discontinuous

Switching device Pneumatic switch gear Switching devices inspired by lace braiding

Maximum number of bobbins 48 60

Number of horn gears 25 7

Processed materials Glass, carbon, and ceramic fibers Nitinol, magnesium, and polymer fibers
(e.g., PCL, PET, PLLA)

Control software Open source—MATLAB Ros2 framework and Python

TR Level 7 7

Application field Composite lightweight materials Medical textiles

4. Applications

The applications of 3D braided textile semi-finished products differ significantly from
conventionally braided textiles. Whereas classic 2D circular braiding is used for products
such as ropes or sheathing for cables, the applications of 3D braiding are adapted to special
fields. Due to the complex machine technology and the associated high manufacturing
costs of 3D braiding, this process is only suitable for applications that justify the high price,
such as lightweight applications or medical textiles.

4.1. Three-Dimensional Braided Textiles for Lightweight Applications

Three-dimensional braided semi-finished products as reinforcement preforms for
fiber-reinforced composites are of interest where structural elements are subjected to high
loads and stresses. Fiber-reinforced plastic composites (FRPCs) are mainly used where
the lightweight potential of this material is of great benefit, such as in the mobile and
aviation sectors. In addition to the lightweight aspect of 3D-braided FRPCs, the technology
of 3D braiding is also of great interest for fiber-reinforced ceramic matrix composites
(CMCs). Here, the lightweight aspects of fiber-reinforced composites are combined with
the high-temperature properties of ceramics [28,29].

4.1.1. FRPC

Three-dimensional composite structures with textile semi-finished products made of
3D braided structures are produced by infiltrating the fiber semi-finished product with a
plastic matrix. In the automotive sector, such 3D composite structures are used for load-
bearing components, such as the B-pillar (T-like-profile), which must be able to withstand
high forces in cases of accidents [5].

In addition to the weight advantage over metallic structures, FRPC structures based
on 3D braided semi-finished products can be used for crash-loaded structures due to their
high energy absorption capacity [5,30]. With 3D braiding technology, such a near-net-shape
T-profile geometry (see Figure 10) can be produced using only one process step. In compar-
ison with a T-shaped geometry formed from an originally flat 2D braid, or alternatively
from a flat woven preform, this simplifies the process chain. Furthermore, the intertwining
of the layers is responsible for the exhibition of high delamination resistance in cases of
high loads and stresses [31].
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With the increasingly advanced 3D braiding technology, the potential application
areas in the field of composite structures are simultaneously increasing. The sports industry
is an example where conventional materials such as wood have already been replaced
with FRPC materials to reduce weight [31]. With increasing shear delamination strength
when using 3D braids as the fiber reinforcement, the weight may be further reduced at a
constant or increasing quality. Examples that can be mentioned here include tennis rackets
and hockey sticks. Furthermore, bicycle frames and bicycle components are an interesting
field of application, since safety plays an important role here and improved delamination
behavior is of great significance for the safety aspect.

4.1.2. CMC

Due to the high brittleness of ceramics, modification is required to increase damage
tolerance. With the integration of textile semi-finished products in ceramics, the mechanical
properties can be increased compared to monolithic ceramics [32]. However, the use of
the 2D fiber-reinforced CMC class of materials remains limited to predominantly thermal
applications due to their high shear susceptibility. For example, 2D fiber-reinforced CMCs
have a shear strength of 25 MPa, which is only 6% of the flexural strength (400 MPa) [30].
Nevertheless, 2D braided CMCs are already being used in high-temperature applications.
For example, the use of a turbine combustor, designed as a fiber composite ceramic, signifi-
cantly increased the combustion temperature within a PW206 aircraft turbine. This increase
resulted in a 20% reduction in CO2 emissions [33].

3D braiding technology, on the other hand, makes it possible to use CMCs in structural
components with higher demands on delamination behavior by connecting the individual
layers in all three spatial directions. Of particular interest is the use of such 3D braided
components in aircraft turbines, such as in turbine blades. Here, process efficiency can be
increased through higher combustion temperatures. Further applications of 3D braided
CMCs could include media lines, solar thermal power plants, or solid oxide fuel cells [34].

4.2. Medical Applications

Medical textiles are a rapidly growing and versatile area of technical textiles. Braiding
is an established production method for manufacturing sutures and stents. Furthermore,
the mechanics and morphology of scaffolds can be adapted for tissue engineering applica-
tions. Three-dimensional hexagonal braiding offers new possibilities due to the flexibility
of the process and the processability of wide-ranging materials [7,11].

4.2.1. Complex Stent Structures

While the interventional technique for the treatment of straight vessel or organ sections
is already well advanced, the methodology for the treatment of geometrically complex
sections is not yet fully developed. In particular, the treatment of vessel or organ branches,
so-called bifurcations or trifurcations, is a relevant aspect.

For the treatment of vascular branches, different techniques are used in cardiology,
depending on the existing clinical profile. In current procedures, one- or two-stent tech-
niques are mostly used. The one-stent technique is used when the stenosis on the side
branch is negligible or the supply area of this vessel is assumed to be negligible. In this
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case, only the main branch is stented and the opening to the side branch is realized by
means of balloon dilatation. When using the two-stent technique, different procedures are
used depending on the case at hand, e.g., the Coulotte technique, T-stenting, crush stenting,
Y-stenting, or the kissing stent technique [35,36].

Interventions using the known techniques take a long time and require a large amount
of contrast medium as well as long X-ray fluoroscopy times for precise placement of the
stents. In addition, in cases of the “crush”, “coulotte”, or “kissing stent” techniques, for ex-
ample, there is an increased mechanical stent load depending on the type of insertion and
positioning. This affects the mechanical load-bearing capacity of the stent branches [37,38].

The use of a single bifurcation stent to cover the entire bifurcation simplifies the inter-
vention and thus the extent of the procedure. In addition, the patient and the material are
spared, which means that better long-term results can be expected. Current existing models
are manufactured manually or by laser cutting. There is also potential for optimization in
the area of pulmonary or gastrointestinal organs with regard to the automation of the pre-
viously manual production of bifurcation stents. Becker et al. first demonstrated promising
possibilities on the development of braided bifurcation stents by variation braiding [39].

The development and manufacture of complex Nitinol stent structures with the 3D
hexagonal braiding machine is based, on the one hand, on the development of a suitable
braiding core and, on the other hand, on the development of the braiding process.

The modular braiding core (see Figure 11b) was developed based on VDI guideline
2221 (“Systematic approach to the development and design of technical systems and prod-
ucts”). For this purpose, the sub-functions of guiding the braiding core in the hexagonal
braiding machine fixing the filaments to the core as well as the hinge area of the braiding
core, were considered.

The geometric requirements are decisive for the development of the braided core.
Commercially available stents have diameters of 5–24 mm, depending on the area of
application, with branch lengths varying strongly. Since the present work focuses on the
design and the braiding process, average values are assumed for the geometrical data.
Therefore, a core diameter of 15 mm and branch lengths of the main branch and secondary
branches of 60 mm are defined as representative geometries. Since a modular system
with variable branch length is being developed, there is the possibility of extending the
secondary branches by 20 mm. The bifurcation angle is the angle between the secondary
branches of the branch. The bifurcation angles of vessels can theoretically vary greatly
between 1◦ and 179◦, especially in the vascular area. In order to be able to represent
common values, the bifurcation angles to be produced are set to values between 30◦ and
180◦. In addition to the realization of different bifurcation angles, the stent core should
allow the production of different stent shapes. Both bifurcation and J-stents are to be
realized. This requires a modular design, which allows the targeted addition and removal
of stent branches.

In addition to the geometric requirements, the demoldability in the braided state must
be taken into account, in particular when developing the concepts. It must subsequently
be possible to remove the branches of the braided core axially from the braid. Furthermore,
the technical design should aim for a mechanism that is as simple as possible, which on the
one side is insensitive to thermal loads and on the other side can be transferred to braided
cores for stents with smaller diameters in the context of modular product design.

A fixation ring is used to fix the filaments to the main branch of the braiding core at
the start of the braiding process. The fixation ring can be moved axially on the main branch
so that the length of the braid can be adjusted as required on the main branch. In the hinge
area of the braiding core, the node cover realizes a continuous outer geometry. In addition,
together with the fixing screw, it serves to lock the angle after setting the desired braiding
angle. The secondary branches of the braiding core have narrowed surfaces in the upper
area in order to be able to realize small bifurcation angles. The branches can be modularly
extended by means of a screw connection.
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The approach to developing the braiding processes for complex stent structures is
to abstract them into several basic structures that are easy to realize and for which braid-
ing strategies are known. The basic structures include round and flat braids, as well as
triangular or square profiles. Based on the determined product requirements, a transfor-
mation is developed which realizes a reasonable transport of the filaments during the
transition between the basic braids. It is necessary to match the desired parameters of
the basic structures to be realized with the possible parameters of the braiding machine.
The boundary conditions include, for example, the required number of yarns, the desired
bobbin density, the desired braiding angle, and the braiding pattern. When developing
the strategy, the structural interdependence of the basic braids must be taken into account.
Since this is a stationary process with a constant number of yarns at the product level,
the sum of all the filaments involved in the process must always remain constant.
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Figure 11. (a) Scheme of the machine bed of the 3D hexagonal braiding machine with the braiding
track shown for a bifurcation stent (main branch (yellow track) and side branches (blue track));
(b) CAD drawing of the modular braiding core for complex stent structures.

A bifurcation stent is a branched circular braid, which can be abstracted into three
circular braids and a nodal region. Since the two round braids of the secondary branches
are identical braids, the development of a corresponding braiding strategy involves the
realization of two different round braiding processes and a corresponding transformation.
In the abstraction, it must be taken into account that the filaments run continuously through
the stent and that the sum of all filaments is constant. The filament count is 24 filaments
for the main branch and 12 filaments each for both secondary branches. The braiding
structure is set to a 1:1-1 braiding pattern, because this braiding pattern provides the best
matching of material density and high radial force. The radial force is an essential property
for anchoring the stent to prevent migration after implantation and to ensure the hollow
organ is kept open.

The braiding process of the round braids is based on the braiding process of conven-
tional round braiding machines. This process is imitated on the 3D hexagonal braiding
machine by the sequential movement of the bobbins. For a homogeneous braiding pattern,
it is essential to have a braiding track that is symmetrical around the braiding axis. The bob-
bins are located on two concentric circles. While the outer circle defines a rest position,
the bobbins are rotated around the braiding axis on the inner circle. The basic principle of
the sequential movement can be described in four repeating basic steps: clockwise rotation
of the right-turning bobbins (1), crossing of the left-turning bobbins by leading them under
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the right-turning bobbins (2), counterclockwise rotation of the left-turning bobbins (3),
crossing the right-turning bobbins by passing them under the left-turning bobbins (4).

For the main branch, the outermost track of the machine bed is used. Twenty-four
bobbins are symmetrically distributed on the outer six horn gears. For the side branches,
the round braid is produced by twelve bobbins arranged around one horn gear, respectively.
The starting position of the bobbins as along with the braiding track for the main and side
branches are shown in Figure 11a.

The node describes the point of contact of the two round braids in the intersection
of the side branches. The node point is closed by crossing the last filament in the node
point. From a technical point of view, the filaments change their direction of rotation at
the node point and thus switch to the other branch in the opposite direction. With one
filament per direction of rotation and stent branch, this results in four filaments closing
the node. This method is characterized by good support and direct force transmission
of the filaments involved. This ensures high stability of the node under both tensile and
compressive forces.

The J-stents (see Figure 12) are manufactured analogously to the main branch of the
Y-stents. The stents are braided on the developed braiding core, bent by a defined angle
following the braiding process, and then thermally fixed. Based on the core design, a kink
angle between 0–90◦ can be achieved.

By adapting the braiding process, it is possible to produce patient-specific stent geome-
tries. In addition to individual bifurcation angles and diameter changes, this also includes
the insertion of cutouts in the stent structure (see Figure 12). Furthermore, the cutouts offer
the possibility of anchoring a second stent in the structure without damaging the primary
stent structure. The structure can also be dissected into different basic braids, in this case
into a round and a flat braid. By changing to the flat braid, the cutout is created and
the edge is mechanically reinforced by the targeted filament deposition (see Figure 12b).
The combination of J-stents with patient-specific cutouts in the stent is possible due to the
modular core design.
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Figure 12. Complex nitinol stent structures manufactured by 3D hexagonal braiding: (a) bifurcation
stent, stent with patient individualized cutouts, and J-stent with a diameter of 15 mm; (b) close-up of
the cutouts created by changing the braiding pattern from a round to a flat braid.

4.2.2. Artificial Ligaments

The anterior cruciate ligament (ACL) is one of the most important stabilizing structures
in the knee. It is a bundle of fibers about 30 mm long and about the thickness of a small
finger that extends from the head of the tibia to the femur in the knee joint [40,41].
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During strong bending or twisting movements, such as in soccer or skiing accidents,
an unfavorable lever movement occurs that can no longer be held by the muscles, causing
the anterior cruciate ligament to tear. When the cruciate ligament tears, chronic instability
of the knee joint develops. The joint kinematics change and the additional stress is placed
on the remaining structures, such as the ligaments, menisci, and cartilage of the joint.
To prevent secondary damage, the ligament should be reconstructed. Due to the avascular
structure of the ligament, spontaneous healing is not possible in the event of a tear [41].

Currently, autologous grafts represent the gold standard for cruciate ligament replace-
ment. Mostly the patellar tendon or the semitendinosus tendon is used. The disadvantages
of all autologous grafts are the quality of the autograft, the weakening of the tissue at the
donor site, and the limited availability. The autologous replacement tissues do not have
the same microanatomical structure or mechanical properties, i.e., stiffness and maximum
tensile strength, as the ACL [42,43].

In the 1980s, synthetic materials were increasingly used as cruciate ligament implants.
In retrospect, it must be noted that the materials used to replace the anterior cruciate
ligament were not adequate to the requirements. Although the replacement materials
were able to achieve good results for a short period after reconstruction, they failed with
regard to long-term use. The causes were insufficient mechanical properties, such as
abrasion, frequent material fatigue, or even poor integration into the bone tissue. Most of
the non-degradable, synthetic ligaments are no longer in clinical use [44].

In recent years, interest has grown in tissue-engineered solutions for ligament replace-
ment. An ideal scaffold for cruciate ligament replacement must be able to withstand the
mechanical loads for the regeneration period on the one hand and, on the other hand, allow
the regeneration of the ligament on a biological level through biocompatibility, biodegrad-
ability, and porosity. Several groups have shown results based on braided degradable
scaffolds [45–50].

In the following, the approach involving degradable ACL scaffolds based on a 3D
hexagonal braiding technique is described. The design of the scaffold as a 3D braid offers
several advantages. For the in situ tissue engineering approach, a cell guidance structure
is required. Due to the individual filament deposition in all spatial directions, this guid-
ing structure can be designed for uniform three-dimensional ingrowth. Furthermore,
the load distribution under tensile load as well as the friction are optimized, in contrast to
a multilayer round braid.

The design of the scaffold can have different priorities; for example, the shape can be
inspired by the anatomical structure of the native cruciate ligament or the friction of the
structure can be optimized.

In Figure 13, different scaffold designs are shown. The scaffolds have a constant
filament count of 252 filaments distributed over 36 bobbins and are made of poly-ε-
caprolactone.

The “three-tube braid” is a braid that consists of three interconnected round braids.
The design is based on the structure of the native cruciate ligament with its three bundles
(the anterior-medial, posterior-lateral, and intermediate bundles). The “six-tube braid” is
a scaling of the “three-tube braid”. The six individual round braids are connected analo-
gously in the middle. The “multilayer braid” consists of two intertwined layers. Due to
the interconnected core-sheath structure, the braid is optimized for three-dimensional cell
ingrowth and provides a continuous connection between the two layers.
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Due to the complex braid structures and the versatile development possibilities of
new braid geometries, simulation provides a good basis for the pre-selection and suitability
of new braid geometries for ACL replacement. The simulation is based on a MATLAB
model and is comparable to the simulation of Zhengning et al. [51]. The MATLAB model
at ITA corresponds to the machine bed of the hexagonal braider in generations two to
four. The course of the individual filaments is implemented in a CAD model based on the
coordinates. Finally, the CAD model is meshed in Abaquus and an FEM simulation of the
tensile test is performed.

In the further course of our work, the braids will be characterized mechanically,
morphologically, and biologically to determine their suitability as scaffolds for in-situ
tissue engineering for ligament replacement.

5. Conclusions and Future Innovations

Despite the presented innovations in the field of digitalization of the latest generation
of 3D braiding machines at ITA, the topic still offers further development opportunities in
the future.

In both the 3D rotary braiding machine and the 3D hexagonal braider, the integration
of further sensor technology for monitoring the braiding process could offer an expansion
of the process stability, speed, and quality control. This could include, for instance, sensors
for monitoring the position of the bobbins and monitoring of the braiding point with
integrated control of the take-off speed. Based on this further development, the monitoring
of the entire process chain could be addressed and extended.

The development of complex braiding patterns is still a challenge in terms of avoiding
bobbin collisions and errors in the braiding pattern. In this area, the development of an
algorithm to create braiding patterns based on the data from previous 3D braids could be
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facilitating. Such an algorithm would be of particular interest for the production of 3D
braids with more complex geometry and greater dimensions.

In order to expand the fields of application of the 3D braiding machines, the exten-
sion of the hexagonal braider to a larger machine bed should be addressed. In this way,
the high packing density of the switching devices could also be used in the field of braided
reinforcement preforms for lightweight composite materials. Thereby, larger and more
complex cross-sections could be implemented. For the processing of glass and carbon
fibers, the adaptation of the bobbins to the switching devices would be necessary.

In future generations of 3D braiding machines, electromagnetic control of the machines
is a possibility to simplify the 3D braiding process, as it would no more be limited to the
mechanics of the horn gears and bobbin tracks. Hence, this would shorten the setup time of
the process but also, more importantly, increase the flexibility of the 3D braiding machine
technology and therefore increase the accuracy and precision of the near-net-shape 3D
braid geometry.
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