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ABSTRACT 

Braiding is a highly automated manufacturing technology for endless fibre reinforced composites, 

which are used for industrial applications with high requirements. The braiding process requires a 

complex tool concept and movement, which both significantly influence fibre paths and braiding angles 

and later on the final local fibre orientation and fibre volume fraction in the composite. This  has in turn 

a pronounced impact on the resulting composite stiffness and strength. Besides the controllable process 

parameters, coefficients of friction and chosen fibre material can further affect the braiding angle. Within 

this paper, a modelling strategy for a braiding process is developed in order to investigate the effect of 

friction and mandrel geometry on the resulting braiding angle. Simulations both with a circular and a 

rectangular mandrel cross section and different friction coefficients between threads and tools are carried 

out. For a circular cross section, the results show no significant effect of friction, neither among threads 

themselves nor between threads and mandrel, on the braiding angle. On the mandrel with rectangular 

cross section, on the other hand, the coefficients of friction are strongly correlated with changes of the 

local braiding angle along plane areas and reduce rearrangements in the transitional areas. 

 

1 INTRODUCTION 

To fully exploit the potential of fibre reinforced composites (FRC), both an effective and highly 

automated manufacturing process is necessary and deviations from the originally specified 

reinforcement structure and uncertainties have to be quantified, especially when producing more 

complex components. The braiding process allows a continuous automated production of high quality 

parts. Furthermore, braiding can increase the industrial application due to the production of near net 

shaped preforms and subsequent combination with different manufacturing methods [1–4]. In particular, 

virtual process design enables a reduction of product development cycle time and ensures an effective 

manufacturing process. For this purpose, analytical [5] and kinematic [6] approaches have been 

developed to predict resulting braiding angle and fibre direction. These models can also take the 

interaction between the single threads into account [5]. Additionally, finite element (FE) modelling 

approaches for the braiding process have been developed. These investigations are mostly focused on 

complex braiding mandrels [7–9,9].  

The most commonly used approach for discretising threads are beam chains or solid element 

formulations. The resultant fibre path can be used to generate structural models with geometrical cross-

sections [10]. The modelling of a full length thread leads to dynamic effects caused by the motion of the 

bobbins. An efficient way to overcome this problem is a modelling setup proposed by [4]. Here, the 

bobbins are used as an element source generating a constant pretension analogous to the experimental 

setup. Most simulations assume a constant friction coefficient between thread and mandrel and the 

threads themselves. The results show a good qualitative agreement with the experimental results.  In [7], 

a characterisation of the anisotropy of the friction coefficients between threads and core was carried out. 

The determined friction coefficients are implemented in the braiding simulation with a complex 

mandrel. A novel evaluation method allows for the analysis of the braiding angle around an entire cross 
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section of the mandrel. It can be seen, that the shape of the mandrel has a stronger influence on the 

braiding angle than the friction coefficient between the threads. The friction coefficient between the ring 

and the mandrel is assumed to be isotropic and constant. However, the influence of the friction between 

threads and mandrel as well as among the threads themselves in combination with the mandrel shape 

was not studied so far. Therefore, the presented investigation is focused on the analysis of the interaction 

between (I) tool and textile threads, (II) the threads with themselves depending on the shape of the 

mandrel. 

 

2 PROCESS  

The braiding setup contains a fixed number of bobbins with the used thread of the fibres. The bobbins 

are placed on a braiding wheel and move within the wheel along predefined paths around the mandrel 

in the centre (Fig. 1). Half of the bobbins move clockwise and the other half counterclockwise in 

circumferential direction in the braiding wheel. Due to the braiding setup of the wheel a vertical motion 

direction is used. Around the mandrel, a fixed braiding ring is installed to guide the fibres with a defined 

angle axial to the mandrel. The mandrel itself is moved in the axial direction to the braiding wheel. The 

circumferential velocity of the bobbins in the wheel and the axial velocity of the mandrel can be changed 

during the process to account for target braiding angle, degree of coverage or mandrel shape. The 

investigated setup of the horizontal braiding machine is illustrated in Fig. 1. 

 

 
Fig. 1: Braiding setup with a vertical movement of the bobbins [11]   

 

3  MODELLING 

The virtual braiding process strategy is designed to predict the resulting braiding angle and fibre 

tensions, depending on the friction coefficient and mandrel shape using LS-Dyna. Therefore, the 

numerical description of the thread and the motion of the bobbins are focused. 

 

3.1 Process characteristics 

In the present work mandrels both with a cylindrical and a rectangular cross section and a length of 

1000 mm are used. The dimensions of the cross sections are given in Fig. 2. The braiding process is 

carried out with 16 bobbins in a braiding wheel that is suitable for 48 bobbins. Furthermore, the ring in 

the braiding setup is neglected to reduce an additional friction source and model complexity. The spring 

loaded tensioning of threads at the bobbins is modelled as a constant pretension of 6.7 N. 
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a) cylindrical b) rectangular 

Fig. 2: Cross section of the mandrels for braiding simulation. 

 

The bobbins follow a circular path on the braiding wheel, with a radius 𝑅𝑏, superimposed with a 

sinusoidal oscillation with an amplitude 𝑅𝑐 from the carrier wheels. The respective paths for clock- and 

counterclockwise movement are shown in Fig. 3.  

 
Fig. 3: Sinusoidal motion with amplitude 𝑅𝑐 along radius 𝑅𝑏 of the eight bobbins in counterclockwise 

direction (dashed black line) and clockwise (gray line). The initial position of the 𝑁 bobbins (black 

circle for counterclockwise, gray cross for clockwise) 

 

Therefore, the cartesian position of each bobbin is determined by its rotational direction and angle 

𝜑, which in turn depends on the angular velocity 𝜔 and past time 𝑡. The current radius position r of each 

bobbin can be given as 

𝑟𝑐𝑐𝑤/𝑐𝑤(𝜑) = 𝑅𝑏 ± 𝑅𝑐  𝑠𝑖𝑛 (𝑁
𝜑

2
) (1) 

 

for counterclockwise and clockwise direction respectively, with the maximum numbers of bobbins 𝑁 in 

the wheel. Given the ratio of used and possible bobbins, initially two bobbins are placed onto every third 

(16/48=1/3) carrier 𝑘 (𝑘 = 0, 3, … , 21) . All bobbins that move counterclockwise start on 𝑅𝑏 , the 

bobbins moving clockwise start 𝑅𝑏 + (−1)𝑘/3 𝑅𝑐. This is captured by an initial angular offset for the 

𝑘th bobbin, depending on the direction of rotation: 𝜑𝑐𝑐𝑤
𝑘 |𝑡=0 =

2𝑘𝜋

𝑁
 and 𝜑𝑐𝑤

𝑘 |𝑡=0 =
(2𝑘−1)𝜋

𝑁
. Due to the 

different directions of motion, separate equations relating angular velocity 𝜔 and rotation angles φ are 
required as per  

𝜑𝑐𝑐𝑤 = 𝜔 ⋅ 𝑡 + 𝜑𝑐𝑐𝑤
𝑘 |𝑡=0 = 𝜔 ∙ 𝑡 +

2𝜋𝑘

𝑁
 (2) 

𝜑𝑐𝑤 = −𝜔 ⋅ 𝑡 + 𝜑𝑐𝑤
𝑘 |𝑡=0 = −𝜔 ∙ 𝑡 +

(2𝑘 − 1)𝜋

𝑁
 . (3) 
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Based on the current radius position (Eqn. 1), and the rotational angle 𝜑, the 𝑥- and 𝑦-position of every 

bobbin can be obtained using 

𝑥(𝜑) =  𝑟(𝜑) 𝑐𝑜𝑠(𝜑) (4) 

𝑦(𝜑) =  𝑟(𝜑) sin(𝜑) . (5) 

By using Eqn. (1-5), the position of each bobbin at any arbitrary time 𝑡 can be calculated. For 

subsequent simulation analyses, displacements and not positions are required. These are obtained by 

subtracting the initial x- and y-positions. 

All relevant braiding process parameters are given in Table 1. Additionally an initial offset of the 

mandrel in axial direction of 145 mm is defined in accordance to the experimental setups. 

 

Table 1: Relevant parameters for the braiding process simulation 

Parameter Value Unit 

Number of bobbins 16  

Number carriers 𝑁 24  

Braiding wheel radius 𝑅𝑏 380 mm 

Carrier wheel radius 𝑅𝑐 50 mm 

Angular velocity 𝜔 0.6 s-1 

Target braiding angle 𝛼 ±45 ° 

Pretension thread 6.7 N 

 

3.2 Modelling setup 

For the modelling of the threads a one-dimensional (1D) seat belt formulation with an initial 

thickness of 0.15 mm is used. The bobbins and the mandrel are discretised using rigid solid elements, 

additionally the mandrel surface is covered with shell elements to enable the usage of a forming contact 

definition between threads and mandrel surface allowing relative sliding. The contact among the threads 

themselves uses a penalty formulation. The numerical setup with the initial position of the bobbins at 

𝑡 =  0 s is presented in Fig. 4. The simulations are carried out with an explicit time integration scheme 

in LS-Dyna with 120 cores on five nodes of 2x Intel(R) Xeon(R) CPU E5-2680 v3 (12 cores) at 

2.50 GHz with 64 GB RAM. 

 

 
 

Fig. 4: Modelling setup a) in detail with mandrel, ring, bobbins, fixation plate and thread; b) overview 

of numerical model 

 

The seat belt elements connecting two nodes with one degree of freedom (DOF) calculating tension 
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under mechanical load. The material behavior in axial direction is described directly by a force-strain 

curve with an equivalent stiffness of glass fibres. The pretensioning is modelled using seatbelt retractors 

at the bobbins, which remain in the “unlocked” state and thus allow pay-out of additional seat belt 

elements (“feeding elements”) if the thread tension were to exceed the defined pretension. This approach 

allows for a significant reduction in computational cost by activating thread elements just in time, when 

they are actually needed. 

The 1D seat belt elements for the circular mandrel have a characteristic element length 𝑙𝑒  of 7 mm, 

whereas 𝑙𝑒 for the rectangular mandrel is 2 mm for a more accurate contact description at the fillets in 

the corners. Therefore, potentials for 150 feeding elements for the circular and 1000 for the rectangular 

mandrel are defined. An overview of the two different numerical models is given in Table 2. Boundary 

conditions, such as the angular velocity 𝜔  and the translational velocity 𝑣 , were kept constant 

throughout all performed simulations.  

In this work, the influence of two different coefficients of friction (COF) is investigated: Firstly, 

between mandrel and threads and secondly among the threads themselves. Both COFs are varied 

between 0.1 and 0.3. 

 

Table 2: Characteristics of the numerical models for both mandrels 

Number of 
Mandrel shape 

Circular  Rectangular  

Nodes 39,642 63,404 

Elements (total) 34,288 51,600 

Elements (seat belt) 3,288 16,600 

Elements (seat belt in each retractor) 150 1000 

 

 

4 RESULTS 

Variation of the coefficients of friction between mandrel and threads μM-T as well as among the 

threads themselves μT-T between 0.1 and 0.3 lead to a total of four simulations by combining μT-T/μM-T 

with 0.1/0.1, 0.1/0.3, 0.3/0.1 and 0.3/0.3 per mandrel shape. For the circular mandrel, three full rotations 

of each bobbin around the mandrel and one rotation for the rectangular mandrel are evaluated. The 

braiding angle for every simulation is evaluated along each thread for all seat belt elements in contact 

with the mandrel. It is calculated by the dot product of the vector defined by the two nodes of each seat 

belt element and the mandrel axis. As opposed to evaluating discrete points, this allows for a continuous 

evaluation of the braiding angle along the entire covered mandrel, which is especially important for 

complex mandrel shapes. The evaluation is automated using the Python library ‘LASSO-Python’ for 

extracting node coordinates from 3dplot results files. The calculation of thread orientation vectors and 

braiding angles is carried out with ‘NumPy’ [12] and ‘pandas’ [13] . 

 

4.1 Evaluation of the braiding angle for the circular mandrel 

The resulting braiding pattern for μM-T = μT-T = 0.1 is shown in Fig. 5. The patterns for the other 

configuration are similar. A homogenous braiding pattern around the mandrel can be seen. Given the 

characteristic element length le of 7 mm, the circular shape of the mandrel is reproduced accurately. 
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a) Threads after 3 rotations b) Detailed view 

  

Fig. 5: Results of the braiding simulation after 3 rotations of the bobbins a) braiding pattern and b) 

detailed view of the braiding pattern 

The orientation of each thread in the four simulations and the resulting curve are presented in Fig. 

6a. The braiding angle decreases with progressing process for all configurations similarly. The change 

of the braiding angle can be attributed to the increasing braiding distance ∆𝑧 between the bobbins and 

the last contact point of thread and mandrel (Fig. 6b). 

 

  
a) b) 

Fig. 6: Results for the four different configurations using the circular mandrel: a) braiding angle 𝛼 and 

b) braiding distance ∆z  

From this, it can be concluded that neither coefficient of friction has a significant effect on the 

resulting orientation.  

 

4.2 Evaluation of the braiding angle for the rectangular mandrel 

The simulation of the four friction coefficient configurations with the rectangular mandrel are carried 

out with the same initial and boundary conditions as the ones with circular mandrel. The resulting 

braiding pattern for for μM-T = μT-T = 0.1 after one rotation of the bobbins is presented in Fig. 7. At the 

beginning of the simulation, dynamic oscillations of the threads can be observed. These decay rapidly 

with progression of the braiding process and the associated increase in the interactions among the 

threads.  

A detailed analysis of the braiding angles for each thread element within the four different 

configurations is shown in Fig. 8. From the figure it becomes clear that the initial orientations vary and 

the braiding angle decreases with progression of the braiding process, similar to the results with circular 

mandrel. Areas of constant braiding angle can be identified, corresponding to the four faces of the 

profile. The significant changes of the braiding angle therefore result from the edges. 

v 
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a) b) 

 

Fig. 7: Results of the braiding simulation after one rotation of the bobbins a) detailed view of the 

braiding pattern with mandrel and b) braiding pattern 

Due to the flat faces and the edges with a radius of 1.2 mm, the threads can slide along the face until the 

thread is bent over the next edge. This can be attributed to the fact that no significant normal force of 

the thread acts against the mandrel plane. Hence, the friction between the mandrel – threads as well the 

interaction between the threads themselves play a major role regarding the resulting local braiding angle. 

Due to the pretension of the threads, caused by the bobbins, normal forces occur when threads are in 

contact. Especially at the edges these interactions significantly influence the tendency of threads to slide 

or stick. Hence, a small coefficient of friction between mandrel and thread leads to sliding and a higher 

difference of braiding angles between adjacent faces (Fig. 8a-b). In Fig. 8b (μM-T < μT-T) more sliding 

occurs, especially at the edges, which can lead to a reorientation of adjacent thread sections. In Fig. 8c-

d the edge sliding is reduced due to the high value of μM-T. 

 

 
Fig. 8: Braiding angles along each thread while in contact with the mandrel 

v 
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5 CONCLUSION 

A modelling strategy to simulate the braiding process with glass fibre yarns has been proposed. It is 

intended to use results of such simulations to adjust and control the braiding process parameters in a 

virtual manner before physical trials, thus minimizing costly process and manufacturing setup iterations. 

Especially for non axisymmetrical mandrels this modelling strategy enables a detailed process 

understanding. It has been shown, that the elaborated simulation strategy is principally suited to conduct 

braiding process evaluations virtually using the commercial FE Software LS-Dyna. Furthermore, it has 

been shown that a discrete evaluation method of the braiding angle can lead to misleading results and 

conclusions for the process. Additionally, the influence of two coefficients of friction, mandrel-thread 

and thread-thread, and the mandrel shape on the resulting braiding angle and pattern was investigated. 

For a circular mandrel no significant change of the braiding angle can be observed. For a rectangular 

mandrel, however, the friction coefficient has a significant influence on the resulting fibre path. Hence, 

the approach is sensitive to friction coefficients and can also be used to investigate different process and 

tool parameters. With the proposed modelling strategy neither the degree of coverage can be identified 

nor the crimp of the threads.  Due to the contact definition between the threads and tool the discretization 

level of the threads plays a major role for braiding simulations. Therefore, in further work shell seat belt 

elements will be used for a spatial definition of the thread width and additional consideration of bending 

and compression behaviour. 
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