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Abstract
Numerous applications of daily life use flat coils, e.g. in the automotive area, in solar technology and in modern kitchens. 
One common property that all these applications share, is a flat coil made of high-frequency (HF) litz wires. The coil layout 
and the properties of the HF litz wire influence the winding process and the efficiency of the application. As a result, the 
HF litz wire must meet the complex technical requirements of the winding process and of the preferred mechanical, electro-
magnetic and thermal properties of the HF litz wire itself. Therefore, a reasonable configuration and optimization of HF litz 
wire has been developed with the help of a finite-element-analysis (FEA). In this work, it is first shown that the mechanical 
behavior of HF litz wire under tensile and bending stress can be simulated. Since the computational effort for modelling an 
HF litz wire at the single conductor level is hardly manageable, a suitable modelling strategy is developed and applied using 
geometric analogous models (GAM). By using such a model, HF litz wires can be designed for the specific application and 
their behavior in a winding process can be predicted.

Keywords High frequency litz wire · Flat coil winding process · Inductive power transfer system · Finite element analysis · 
LS-DYNA

1 Introduction

High-frequency (HF) litz wire consists of hundreds of 
twisted and ultra-fine single wires in a complex geometric 
structure.

In this work the application of HF litz wire in the wind-
ing process for flat coils of inductive power transfer (IPT) 
systems is going to be used as the validating example of the 
developed modelling technique. The coil in the primary pad 
side generates a magnetic field, which will induce a voltage 
in the coil in the secondary pad side, which allows elec-
tric power to be transferred over an air gap [1]. The shape 

of the flat coil including the integrity of the HF litz wire’s 
cross-section is strongly coupled to the efficiency of the IPT 
system. Furthermore, the mechanical properties of the HF 
litz wire have an impact on the degree of automation of the 
winding process. The better the mechanical properties of the 
HF litz wire fit to the requirements of the winding process, 
respectively of the IPT system, the easier an automation of 
the process can be realized [1].

Many approaches for the design of HF litz wire, or 
stranded structures in general, are analytical and mostly 
simplified like presented in [2, 3]. A numerical approach 
has the potential to precisely predict the mechanical behav-
ior of the HF litz wire based on the material parameters and 
the geometrical structure. Two distinct kinds of mechanical 
stresses, the tensile and the bending stress on the HF litz 
wire will be modelled with a Finite-Element-Analysis (FEA) 
and validated with experiments.
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2  State of technology

Before describing the modelling strategy, the winding pro-
cess for flat coils will be characterized in detail in the fol-
lowing. Next chapters will present the existing approaches 
to the modelling of stranded structures and the need for 
action for a further modelling approach will be derived.

2.1  Winding technique for flat coils

The winding technique for flat coils is not only used to 
produce IPT systems using HF litz wire but is also guar-
anteeing the economic production of several other prod-
ucts in large quantities. Therefore, an analysis of similar 
production processes is useful. Linear winding processes, 
in which the wires are winded onto a rotating coil former 
with the help of a linear traversing wire guide, is a suitable 
example. The symmetric structure of the linear winding 
limits this process to the production of axially symmetric 
winding bodies. The winding process of the flat coils is 
comparable with this concept since the IPT systems also 
have an axially symmetrical structure.

Starting with flyer winding, whereby the rotation of the 
so-called "flyer arm" guiding a stranded structure, enables 
the winding of a stationary coil body. The shape of the coil 
body is unchangeable and rigidly connected to the coil 
former. Since the flyer arm performs a rotary movement 
with a constant distance to the coil former, only rectangu-
lar (“D”) and circular (“C”) flat coils can be wound. An 
alternative to flyer winding is linear winding, which is 
characterized by a rotating coil former, while at the same 
time the feed unit for the HF litz wire, also called winding 
nozzle, is fixed. Flyer winding as well as linear winding 
are very common to produce the “D” and “C” flat coils of 
e.g. induction hobs with a constant coil pitch. In contrast, 
by linear winding with adaptive coil formers, the shape of 
the coil former can be adapted to the desired coil topol-
ogy during the winding process. With this winding con-
cept, also variable winding distances are feasible. A fourth 
winding concept, winding on base material, sketches the 
winding and fixing of the HF litz wire on an adhesive 
base material with a special wire winding tool. The wire 
winding tool takes over the functions of wire guidance 
and the pressing of the HF litz wire onto the base mate-
rial The production of a “D”, “C”, double-D (“DD”) or 
homogeneous (“H”) coil uses this concept. Multi-layer coil 
topologies, such as the double-D quadrature (“DDQ”) or 
the bipolar (“BP”) coil are also conceivable, depending 
on the degrees of freedom of the wire winding tool [4].

Figure 1 shows the different coil topologies with the 
winding concepts. Depending on the coil pitch (0 equals 
constant, X equals variable), the figure highlights the 
feasibility.

2.2  FEA of stranded structures

A stranded structure is twisted over several bundling levels. 
The considered HF litz wire in this work consists of three 
bundling levels as shown in Fig. 2. The first bundling level 
consists of single wires is the “Bundle”. The second bundling 
level is the “Strand”, while the third level is named “Litz”.

The following Table 1 shows the configuration of the HF 
litz wire in detail.

A simulation using the FEA is a suitable approach to vali-
date the mechanical properties of HF litz wires and to ana-
lyze mechanical behavior of the HF litz wires in the winding 
process. The important parameters like tensile and pressing 
forces as well as the positional accuracy can be economi-
cally and efficiently predicted through a FEA [5]. In case of 
the HF litz wire, this means that the use of the simulation 
software could replace the prototypical construction of many 
different litz configurations and their production [6].

For those reasons, FEA has been applied for simulating 
the mechanical behavior of stranded structures before:

Fig. 1  Overview of different flat coil topologies and associated wind-
ing kinematics
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The work of Weis [7] uses FEA to determine mechanical 
load in axial and cross-sectional directions of wire ropes 
under different load scenarios. Models with detailed struc-
tures of the rope wires are constructed in CAE-software and 
solid elements are used for meshing. Therefore, the change 
in cross-sections of wire ropes and the contact situation 
between the wires can be accurately predicted. However, 
the calculation time of the simulation is exceptionally long 
due to the complex structure of wire ropes and the use of 
solid elements in meshing.

The work of Hu [8] shows a FEA of axial elastic char-
acteristics of wire ropes. An exemplary monolayer round 
strand with a diameter of 20 mm was geometrically estab-
lished in Pro/E and simulated in ABAQUS with the help 
of the explicit dynamic finite element method. The mesh 
of the stranded structure consists of approximately 1.2 mil-
lion solid elements connected by approximately 1.5 million 
nodes. The results have shown a nonlinear behavior in the 
axial tension relatively to the axial elongation of the wire 
rope [8].

An additional approach for simulating stranded struc-
tures, especially High-Voltage (HV) litz is given in the work 
of Boenig [9], where the mechanical behavior of HV litz 
under bending and torsional loads is examined. The evalua-
tion of the impact of implicit and explicit solvers uses sim-
plified geometry models, different meshing methods and 
various friction coefficients for the contact definitions. As a 
result, the use of beam elements instead of solid elements for 
discretizing a complex geometry, like a HV litz, decreased 
not only the total amount of elements and nodes but also 
the solving time. A challenge arising with the use of beam 
elements is the proper calculation of the friction contacts 
between the beams because of their noteworthy influence 
on the bending stiffness of HV litz. Nevertheless, beam 

elements are shown to be suitable discretization elements 
for long, thin wire geometries [9].

2.3  Need for action

So far, there is no approach to analyze a twisted multi-wire 
structure with over 1000 single conductors by FEA and to 
design it according to the application. Therefore, a closed 
procedure is necessary to simulate the mechanical behavior 
of HF litz wire under tensile and bending stresses and to 
detail the geometric model as much as possible considering 
calculation times.

Especially the HF litz wire must meet complex require-
ments. However, the mechanical design of an HF litz wire 
product is currently based on unstructured empirical values. 
A systematic approach to a design process is therefore neces-
sary, in which FEA is used to support the dimensioning. A 

Fig. 2  Model structure of entire HF litz wire with micrograph of a 
cross-section

Table 1  Configuration of the HF litz wire

Parameter and Unit Value

0. Single wire
 Single wire material CU-ETP-1
 Single wire diameter (mm) 0.12
 Single wire insulation
  Material Polyurethane (PU)
  Thickness (mm) 0.02

HF Litz Wire Setup
 Structure Semi-concentric
  1. Bundle
   Number of single wires 29
   Pitch length (mm) 32
   Pitch direction S (left)
  2. Strand
   Number of single wires 5 × 29 = 145
   Pitch length (mm) 41
   Pitch direction S (left)

 3. Litz
  Number of core strands 4
  Number of outer strands 8
  Number of single wires (4 + 8) × 5 × 29 = 1740
  Core pitch length (mm) 74.6
  Outer pitch length (mm) 74.6
  Pitch direction S (left)

Coating
 Kind of coating Bandage
 Material 1 × PET-Foil
 Thickness (mm) 0.023
 Degree of overlap (%) 50

Profile Round
Total diameter (mm) 5.79
Total diameter (incl. Coating) (mm) 5.9
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practical calculation time as well as the derivation of suit-
able substitute material models for each type of stress is 
crucial. Thereby material and contact nonlinearities occur 
due to the contact between the litz wire and coil body and 
the self-contacts of wires in different layers [10].

3  FEA of the mechanical behavior 
of high‑frequency litz wire

The calculation uses the LS-DYNA solver for explicit time 
integration. The advantage of the explicit method is the great 
robustness of the solution even with dominant nonlineari-
ties. For example, material nonlinearities or complex contact 
situations can lead to convergence problems in the implicit 
procedure and would require much computing time. With 
explicit methods, it can be solved with high reliability and 
an accurate estimation of the computing time [6].

3.1  Modelling strategy

The modelling strategy for the FEA of the HF litz wire under 
tensile load is executed using a bottom-up principle, as 
shown in Fig. 3. That means, model constructions and simu-
lations are implemented from the lowest bundling level (sin-
gle wire) to the highest level (entire litz wire) (see Fig. 2). 
To ensure the accuracy of the models and simulations, the 
calculation results are validated by the experimental results 
on each level. Since all models in the simulative tensile tests 
are constructed of several single wires, the material model 
for a single wire MAT-0 is applied on all bundling levels. 
Based on the simulation results, the material models for 
the geometric analogous models (GAM) on litz wire level 
MAT-2 can also be derived respectively (see Fig. 3).

For simulating the bending stress in a HF litz wire, a sec-
ond modelling strategy has been evolved because it will be 
used a specific material definition of LS-DYNA that allows 
to define the material behavior for each kind of stress, like 
tensile, bending and torsional stress, independently from 
each other. To develop the material model of the GAM that 
is used for the FEA of the bending stress, the same bottom-
up principle was applied. This approach allows to increase 
the degree of detail of the geometry model. One positive 
effect of detailing the geometry model is that the relative 
movement of the single wires under bending stress is ena-
bled. Within a simplified geometry which sums up many 
single wires to a GAM, the relative movement cannot be 
considered in the simulation model, neither in the material 
model. One side effect of the higher degree of detail is the 
increased calculation time.

The simulations are implemented in ANSYS Workbench 
2019 R1 using the LS-DYNA solver. The post processing is 
realized by LS-PREPOST 4.6 (see Table 2).

These abbreviations are used within the flow chart in 
Fig. 3 that illustrates the modelling strategy of the FEA of 
a HF litz wire.

3.2  Tensile stress

The tensile tests for all bundling levels are executed and 
evaluated according to [11]. The tensile forces and the related 
elongations of the test specimens are measured by a testing 
machine and monitored with the machine specific software. 
In the experiment, one end of the specimen is fixed by the 
clamping tool and the other end of the sample is pulled by the 
machine traverse.

On the single wire and bundle level, the specimens can be 
directly assessed. However, with a growing number of single 
wires and thereby increasing tensile forces, the specimens on 

Fig. 3  Modelling strategy for the FEA of HF litz wires under tensile 
and bending stress
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strand and litz level slip from the clamps. To avoid slipping, 
both ends of the specimens are hot crimped using tubular cable 
lugs. As at the welding of copper, the strength of the specimens 
is weakened by the heat [12], which has a strong influence on 
the elongation of the material to failure in the tensile test. The 
elongations to failure on the single wire and bundle level are 
approx. 25%, but the results on the strand and litz level are less 
than 10%. Therefore, as an alternative crimping method that 
ensures a comparable robust crimping but at lower heat impact 
ultrasonic crimping can be used. Another approach to increase 
the friction between the ends of the specimens and the clamps 
can be realized by the usage of highly adhesive clamps or a 
higher clamping force. One disadvantage that comes up with 
the usage of adhesive clamps is that the adhesive surface must 
be renewed after each single experiment.

To define the material model on the single wire level for 
the simulations, a true stress vs. strain curve considering the 
cross-sectional thinning should be derived from the experi-
mental results. In the experiments, the force vs. elongation 
curves can be obtained directly using the machine specific 
software. Since the testing machine is not able to measure 
the change in the cross-sectional diameter of the specimens, 
only the engineering stresses ( �eng ) and strains ( �eng ) using 
the initial cross-sectional area can be obtained. However, a 
true stress vs. strain curve is required for accurate results in 
the FEA.

The true stress ( �true ) vs. strain ( �true ) curve can be con-
verted from the engineering curve, when the true values are 
calculated approximately with the engineering values of 
Eqs. (1) and (2) as in [6]:

According to the Young’s modulus of the material and the 
true stress vs. strain curve, the material model for a single 
wire can be defined, which is explained in the following.

Material Model The parameters of the mate-
rial model for a single wire MAT-0 are defined 
in  the  LS-DYNA mater ia l  card  *MAT_024: 

(1)�true = �eng ⋅

(

1 + �eng

)

(2)�true = ln
(

1 + �eng

)

*MAT_PIECEWISE_LINEAR_PLASTICITY according 
to [13]. This implements an elastic–plastic material behav-
ior. Parameters and values are listed in Table 3, excluding 
zeroed parameters.

The load curve LCSS “1” that defines the stress vs. strain 
derived from the true values in the experiment is imple-
mented as “*DEFINE_CURVE” using the values of Fig. 4.

Simulation Setup In the tensile test situation, the test 
structure is fixed on one side. A displacement boundary 
condition implements the tensile load at the free wire end.

The choice of element types influences the calculation 
results in LS-DYNA, as illustrated in Fig. 5.

The simulations with solid and beam elements lead to the 
same results for elastic deformation. The mesh of solid ele-
ments had elements with edge lengths of 0.02 mm at the end 
faces and 0.5 mm on the cylindrical face of the wire. On the 
other hand, the length of the beam elements is 0.2 mm. For 
plastic deformation, the forces of beam elements exceed those 
of solid elements, as the calculation in the current version of 
LS-DYNA R11 neglects the cross-sectional deformation for 
beam elements. Using beam elements saves calculation time 
by a factor of 6. However, for more exact results in plastic 
deformation, the tensile test validation uses solid elements.

3.3  Bending stress

The 3-point bending test is realized according to [14]. As 
preparation, the ends of the HF litz wire were hot crimped 

Table 2  Abbreviations of evaluated structures and material models 
for FEA of HF litz wire

Evaluated structure and material model

Structure Tensile stress Bending stress

0. Single Wire T0 MAT-0 B0 MAT-0
1. Bundle T1 MAT-0 B1 MAT-1
2. Strand T2 MAT-0 B2 MAT-1
3. Litz T3 MAT-0 B3 MAT-1
3. Litz – GAM T3 MAT-2

Table 3  *MAT_PIECEWISE_LINEAR_PLASTICITY as material 
definition of a single wire (MAT-0)

Parameter Name of parameter Value Unit

MID Identity Number of Mate-
rial Card

1 –

RO Mass Density 8.9E-9 t/mm3

E Young’s Modulus 80,000 N/mm2

PR Poisson’s Ratio 0.34 –
LCSS Load Curve ID 1 –

Strain 

[%] 

Stress 

[MPa] 
Plot 

0.00 115.21 

1.86 157.79 

3.82 178.08 

5.58 189.27 

9.45 205.28 

12.96 217.92 

19.80 237.92 

26.00 256.61 

Fig. 4  Values for LCSS axial load curve in *DEFINE_CURVE – 
Stress vs. Strain
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with tubular cable lugs. The force for bending the HF litz 
wire was measured with a universal testing machine and 
monitored with the machine specific software.

The geometry model for simulating the bending stress is 
adapted from the 3-point-bending experiment. The geometry 
model of the HF litz wire 1740 × 0.1 consists of 60 bundles 
representing the stranded structure with beam elements, 
three rigid cylinders, a bandage of shell elements and two 
bonding plates symbolizing the crimped ends of the HF 
litz wire. The meshed geometry with 14,000 elements and 
20,000 nodes is shown in Fig. 6. For the bandage as shell 
element, the “Belytschko-Tsay” formulation is used.

Material Model Since the bending stress cannot be simu-
lated using the *MAT_024 of the tensile stress, a new mate-
rial model must be derived. The material behavior of the 
beam elements is defined by the material card *MAT_029. 
The *MAT_FORCE_LIMITED material card allows to 
define the tensile, bending, and torsional behavior indepen-
dently. As a result, the simulation for the tensile stress could 
use the same material model as for the bending stress, but 
as it is shown in Fig. 5 the usage of solid elements together 
with their specific material model lead to better results for 
high strain rates. So, the material model for each bundle was 
systematically derived, starting with an implicit simulation 
of a single wire, validating it with the explicit LS-DYNA 

solver. Within the implicit analysis, the material model 
MAT-0 is used, that is derived from the FEA of the tensile 
stress. To develop a material model with *MAT_029, an 
explicit FEA is executed. The explicit FEA offers advantages 
in robustness and processing time for nonlinear behavior 
as e.g. contact nonlinearities [6]. Therefore, the implicit 
analysis can be used to simulate the single wire. The mate-
rial model of the explicit FEA is iteratively optimized by 
validating it with the implicit FEA. Then, the bundle of 29 
single wires is simulated and validated with the GAM. As a 
result, the following parameters for the beam element formu-
lation “Resultant-Belytschko-Schwer Beam” can be defined 
in the material card, as shown in Table 4. The curve ID 100 
defines the material behavior for tensile stress (LC1) (see 
Fig. 7) whereby the curve ID 101 defines the behavior under 
bending stress (LPS1, LPT1) (see Fig. 8). All parameters 
with default values given in the LS-DYNA manuals [13] 
are not listed.  

The load curve LC1 “100” that defines the axial force vs. 
strain is implemented in the command “*DEFINE_CURVE” 
using the values of Fig. 7. Those values originate from the 
tensile stress evaluation of the GAM in LS-PrePost.

Analogous to the tensile stress vs. strain curve, the load 
curves LPS1 & LPT1 “101” that define the plastic bending 
moment vs. rotation strain are implemented in the command 

Fig. 5  Comparison of force vs. strain curves of the simulative and 
experimental tensile test for a single wire

Fig. 6  Geometry model for 
bending stress— a whole model 
with bandage and bonding, b 
model only with bundles

Table 4  Parameters and values for *MAT_FORCE_LIMITED mate-
rial card for the HF litz wire GAM (MAT-1)

Parameter Name of parameter Value Unit

MID Identity Number 1 –
RO Mass Density 8.9E-9 t/mm3

E Young’s Modulus 80,000 N/mm2

PR Poisson’s Ratio 0.34 –
AOPT Axial Load Curve Option 0 –
M1-M8 Applied End Moment 9.4E-1 Nmm
LC1-LC8 Load Curve ID (Axial Force) 100 –
LPS1/2 Load Curve ID (Moment vs. Rotation 

S-Axis)
101 –

LPT1/2 Load Curve ID (Moment vs. Rotation 
T-Axis)

101 –
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“*DEFINE_CURVE” using the values of Fig. 8. Those val-
ues are evaluated with the GAM, but in this case the rotation 
of a single beam element and the bending moment of this 
element is analyzed.

Simulation Setup In the simulation setup, all boundary 
conditions like the fixed support of the two cylinders, the 
velocity of the bending punch and the reduced DOFs of 
the bonding plates are defined. Furthermore, the contacts 
between the bundles and the bandage respectively the cylin-
ders are defined as frictional contacts using 0.6 as (dynamic) 
friction coefficient, whereas the contact definition between 
the bonding plate and the end of the wires is bonded. Body 
interactions between the bundles are activated.

4  Validation of simulation results 
with experiment

Based on the comparisons between the simulative and exper-
imental results, the geometric models and the simulation 
results are validated.

4.1  Tensile stress

The simulative and experimental results of tensile tests on 
each bundling level are compared through the force vs. strain 
curves. The results of comparison for the bundle, strand and 
litz level using a log-4 scale for the force-axis are shown in 
Fig. 9, the comparison for a single wire can be derived from 
Fig. 5.

The simulative results on all four bundling levels conform 
to the experimental results. However, big deviations in the 
elastic deformation exist on the strand and litz level. Because 
hot crimping is used in the tensile experiment to avoid slip-
ping, the stiffness of the material is weakened and the hot-
crimped parts on the specimens deform at first, which leads 
to a softer behavior of the specimens in the experiment. In 
addition, the distribution of the single wires in the real HF 
litz wire is randomly, while in the idealized geometry the 

Strain 

[%] 
Force [N] Plot 

0.23 30.30 

0.75 42.70 

1.30 46.50 

1.85 49.70 

2.40 51.90 

2.95 53.10 

3.50 54.20 

4.08 55.40 

4.60 56.40 

6.91 58.50 

13.50 62.10 

22.50 63.80 

Fig. 7  Values for LC1 load curve in *DEFINE_CURVE—Axial 
Force vs. Strain

Rotation 

[rad] 

Plastic 

Moment 

[Nmm] 

Plot 

3.26E-05 1.83E-02 

3.82E-04 2.83E-02

7.73E-04 3.17E-02 

1.16E-03 3.60E-02

1.56E-03  4.62E-02 

1.95E-03 6.48E-02 

2.34E-03 8.56E-02

2.75E-03 9.56E-02 

3.12E-03 1.03E-01 

4.76E-03 1.39E-01 

9.42E-03 2.80E-01 

1.58E-02 4.74E-01 

2.22E-02 6.66E-01

2.87E-02 8.52E-01 

3.36E-02 9.43E-01 

Fig. 8  Values for LPS1/LPT1 load curve in *DEFINE_CURVE – 
Plastic Moment vs. Rotation

Fig. 9  Comparison of force vs. strain curves of the simulative and 
experimental tensile tests
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bundles are ideally distributed in the cross-section of the 
HF litz wire. In consequence, empty spaces exist between 
the bundles and the packing density is lower. The single 
wires of the litz under tensile forces move randomly and fill 
the free space among them, which helps them to avoid the 
tensile load. However, this phenomenon in the FEA is not 
as obvious as in the experiments, which make the FEA have 
a stiffer result than the experiment. Finally, the inaccuracy 
of the testing machine also has a negative impact on the 
experimental results. Since the simulations have satisfactory 
results on the first two bundling levels, the simulations on 
the strand and litz wire can still be validated.

4.2  Bending stress

The Fig. 10 compares the simulation results with the experi-
ment for bending stress. The bending test is executed for four 
different punch diameters.

The deviation of the results for small bending angles 
(< 50°) can be mainly explained by the idealized geometry 
of the simulation model, as already known by the tensile 
stress simulation. The ripples between 90° and 130° occur 
due to the flattening of the structure. The bundles, that are 
under tensile stress during bending, jump spontaneously try-
ing to reduce the stress. Therefore, it can be monitored an 
increased bending force at first and then a decreased force 
after the dislocation of the bundles. The mechanical behav-
ior of the HF litz wire under bending stress can be validated 
with the chosen simulation setup.

5  Parametric analysis and optimization 
of HF litz wire under bending stress

As applications a parametric simulation of different HF litz 
wire configurations and a simulation of the winding process 
itself will be explained. The parametric simulation applies to 
the following parameters: bonding and bandage, pitch length 
and punch diameter.

5.1  Bending stiffness evaluation for bonding 
and bandage

Figure 11 compares the parameter constellations for bond-
ing and bandage. In four FEAs, all combinations of these 
parameters are evaluated.

The figure shows that a HF litz wire with bandage has 
a higher bending resistance momentum due to the higher 
bending force. The stiffness of the HF litz wire can be 
increased as well with a bonding, but the main stiffening 
effect appears due to the bandage. The ripples occur again 
due to the spontaneous dislocation of the bundles under 
stress.

5.2  Bending stiffness evaluation for different pitch 
lengths

In addition, the bending force of a bonded HF litz wire with-
out bandage is evaluated for different pitches. With a set of 
five parameter constellations, the impact of different pitch 
configurations on the litz level (compare Table 1) in the HF 
litz wire are simulated. Next to the outer pitch length, also the 
core pitch is varying. Figure 12 shows the results of the FEA.

A slight increase in the bending force is seen for the 
reduced pitch length in the core and outer strand to 45 mm. 

Fig. 10  Comparison of force vs. angle curves of the simulative and 
experimental bending test for different punch diameters

Fig. 11  Comparison of the parameter constellations for bonding and 
bandage
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Furthermore, selecting different pitch lengths for core and 
outer strands increases the bending stiffness of a HF litz 
wire. This is proven by the simulation results of the strand 
with core pitch lengths of 45 mm and 37.2 mm at a lay length 
of 74.6 mm for the outer strands. In addition, a strand with a 
reduced pitch length in the core and outer strand is simulated 
with pitch lengths of 45 mm and 37.2 mm, respectively.

5.3  Spring back evaluation for various punch 
diameters

For evaluating the spring back behavior of a HF litz wire, 
the simulation setup was modified, so that the HF litz wire 
elastically relaxes after the bending. Thereby bending force 
and angle is monitored and used for the calculation of the 
spring back factor k. This factor defines the relation between 
an offset angle and the elastic spring back angle. The off-
set angle is defined as the starting position of the elastic 
relaxation, so when the bending equals zero. The factor x 
is defined as unidirectional spring back of the HF litz wire. 
In Fig. 13, the spring back behavior for four different punch 
diameters is shown.

The diagram shows a slightly different spring back behav-
ior for different punch diameters. The spring back factors 
are between 0.93 and 0.95 that equals to a spring back of 
5–7%. The spring back for higher punch diameters is higher, 
because the elastic deformation in relation to the plastic 
deformation is higher. Higher punch diameters result in less 
plastic deformation of the HF litz wire.

6  Dynamic analysis and optimization 
of the winding process of flat coils

The simulation of the winding process is realized using the 
GAM for the HF litz wire with MAT-2, so to utilize a single 
cylinder geometry with a diameter of 6 mm. Table 5 shows 
the material parameters of MAT- 2 using the material card 
*MAT_024 in LS-DYNA. The results are based on the simu-
lative tensile test of the litz wire T3. Parameters with default 
values given in the LS-DYNA manuals are not listed.

The load curve LCSS “1” that defines the stress vs. strain 
derived from the true values in the simulative tensile test T3 
using the entire structure is implemented in the command 
“*DEFINE_CURVE” using the values of Fig. 14. After the 
simulation, the engineering stress and strain can be calcu-
lated directly. They are then converted into the true values 
using Eqs. (1) and (2).

Compared to the Young’s modulus of the single wire 
(80,000 MPa), the Young’s modulus of the litz wire GAM 
(5500  MPa) is significantly lower due to the cavities 
between the individual wires in the HF litz wire structure 
(see Fig. 2) in the tensile test T3. However, in the GAM, 
one homogenous cylinder represents all single wires, and 
the gaps between them, which leads to less stiffness of the 

Fig. 12  Comparison of the parameter constellations for different pitch 
lengths

Fig. 13  Evaluation of the spring back for different punch diameters

Table 5  Parameters and values for *MAT_PIECEWISE_LINEAR_
PLASTICITY material card for the HF litz wire GAM (MAT-2)

Parameter Name of Parameter Value Unit

MID Identity Number of Mate-
rial Card

1 –

RO Mass Density – t/mm3

E Young’s Modulus 5500 N/mm2

PR Poisson’s Ratio 0.34 –
LCSS Load Curve ID 1 –
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GAM compared to the single wire. Figure 15 illustrates the 
comparison of the force vs. strain curves when utilizing the 
entire structure with the material model MAT-0 (see Table 3 
and Fig. 4) and the GAM with the material model MAT-2 
(see Table 5 and Fig. 14).

After defining the material parameters for the GAM, a 
simulation model for the winding process of flat coils is 
defined. The process kinematics represent the winding pro-
cess defined in Fig. 1 as the most sophisticated and flexible 
process for flat coil winding.

6.1  Geometric model

Figure 16 depicts the geometric assembly. It contains one 
pressing roller and two guide rollers as well as the coil for-
mer. To limit the oscillations of the HF litz wire during the 
winding process, two dummy guides are also added into the 
simulation model.

6.2  Kinematic model

The HF litz wire is one sided fixed onto the coil former 
while the loose end has the wire tensile force inculcated. 
The aim of the winding process is to place the litz wire onto 
the coil former. During the winding process, the coil former 
and the two rollers as well as the dummy guides rotate syn-
chronously around the y-axis of the coil former. The pressing 
roller presses the litz wire on the coil former through a force 
on the y-axis. A relative movement between the litz wire and 
the coil former is not desired. The kinematic model of the 
winding process can be described with three steps:

1. The rollers and dummy guides rotate 90° synchronously 
with the coil former around its y-axis.

2. The rollers and dummy guides move backwards by 
129 mm to press the litz wire down on the coil former.

3. The rollers and dummy guides hold shortly afterwards.

These three steps are performed iteratively up to the 
desired layers of the coil.

In ANSYS LS-DYNA workbench, the rotation of a rigid 
body can only be defined around its own center of grav-
ity. The boundary condition "Rigid Body Rotation” defines 
the rotation of the coil former, as it rotates around its own 
y-axis. However, the rotations of the rollers cannot be 
defined directly, since they do not rotate around their own 
axes, but also around the y-axis of the coil former. Neverthe-
less, this step can be determined by the boundary condition 
"displacement" of the bodies, which requires a mathematical 
analysis for the course of the roller rotation.

6.3  Simulation model

The HF litz wire GAM is defined as “flexible” with the 
related material model MAT-2 (see Table 6). Since the 

Strain 

[%] 

Stress 

[MPa] 
Plot 

0.00 29.23 

0.54 44.97 

0.94 54.02 

1.33 60.70 

1.91 71.56 

2.66 76.71 

3.58 83.40 

5.02 91.23 

7.12 97.98 

9.52 105.75 

Fig. 14  Values for LCSS axial load curve in *DEFINE_CURVE – 
Stress vs. Strain

Fig. 15  Comparison of simulative force vs. strain curves of the litz 
wire model with entire structure using MAT- 0 and the GAM using 
MAT-2 Fig. 16  Geometric assembly of flat coil winding process
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mechanical behavior of the other components is not analyzed 
in the simulation, they are defined as "rigid".

The contacts between the HF litz wire and the pressing roller 
as well as the two guide rollers are defined as friction-free. The 
friction between the litz wire and the two dummy guides is also 
neglected. The contact between the HF litz wire and the coil 
former is considered to be frictional with the kinetic coefficient 
0.2. In addition, the fixation of the HF litz wire end side on the 
coil former is realized by the contact between the surfaces of 
the HF litz wire end and the upper surface of the coil former, 
which is defined as a bond. The contacts between the differ-
ent sections of the HF litz wire in the neighboring layers are 
defined as frictional by body interactions, where the dynamic 
coefficient of friction is 0.4. All components are meshed with 
8-nodes hexahedral solid elements. To focus on analyzing the 
behavior of the litz wire, the geometry of the litz wire GAM is 
meshed finer than the other “rigid” components, e.g. guides, 
rollers, or coil former. The simulation model has 71,070 nodes 
and 54,855 elements in total after meshing.

6.4  Simulation setup

To simulate a coil with two layers after the winding process, 
the end time is determined to be 2.87 s. The “Time Step 
Safety Factor” is defined to be 0.9. Additionally, Hourglass 
control through the type "Exact Volume Flanagan-Belytschko 
Stiffness Form" (LS-DYNA ID 5) with the coefficient 0.1 is 
also activated. The winding quality, i.e. the positioning accu-
racy and the change in cross-section of the HF litz wire are 
analyzed for different tensile forces (10 N, 50 N and 100 N).

6.5  Results of the numerical analysis

The winding process starts from the initial setup (see 
Fig. 16) and ends after two turns. The top view of the coil 
former at the end of the simulation is illustrated in Fig. 17a.

For evaluating the winding quality, an evaluation tool is 
developed in MS Excel. The basic principle of the tool is to 
retrieve the nodes on the boundaries of cross-sections (CS) 
in the meshed HF litz wire GAM and to track their coordi-
nates before and after the winding process. As an example, 
Fig. 17b visualizes the actual and nominal positions of the HF 
litz wire cross-sections after the simulative winding process, 
when the tensile force on the litz end is 10 N. The observed 
600 positions of cross-sections are sampled from the inner to 
the outer layer and some of them are marked also in Fig. 17b.

6.6  Analysis of the influence of tensile force 
on the position deviation

Figure 18 shows the evaluation of the position deviations 
under three different tensile forces F on the end of the litz 
wire.

Under all tensile forces, deviations of up to approx. 
2.5 mm occur. The maximum position deviation is always 
in or near the middle of the straight litz wire sections. In 
contrast to the others, the sections near the four pins on 
the coil former have a higher positioning accuracy. The 
positioning accuracy of the winding process raises with 
an increasing tensile force on the end of the HF litz wire 
which is supported by the results seen in [1].

6.7  Analysis of the influence of tensile and bending 
force on the diameter

Furthermore, Fig.  19 compares the smallest distance 
between two nodes on the outline of each cross-section 
under different tensile forces.

After the winding process, the HF litz wires cross-section 
differs for each setup from the initial 6 mm. It is notice-
able that the HF litz wire sections near the coil formers are 
tapered more. This is because all cross-sections with particu-
larly lower diameters correspond to the sections in bending. 

Fig. 17  Top view of the coil former in the simulation after two turns 
(a) and example of the evaluation tool (b)



566 Production Engineering (2020) 14:555–567

1 3

The tensile force also plays a role here. The higher the ten-
sile force, the more the HF litz wire is loaded and the more 
the diameters of the cross-sections decrease.

Despite the small stresses at the end of the litz wire, that 
are a negative side effect of the highly dynamic simulation, 
the flattening of the HF litz wire’s cross-section in the area 
of the highest stress is characterizing the behavior of the 
structure under bending stress, as shown in Fig. 20.

The bending decreases the diameter of the HF litz wire 
as expected and experienced in the experiments.

7  Conclusions

Due to the fact, that the mechanical design of twisted 
multi-wire structures is based on unstructured empirical 
values, this work focuses on the mechanical simulation 

of a twisted multi-wire structure with over 1000 single 
conductors, like an HF litz wire, under various loads. A 
systematic approach to a design process, in which FEA 
is used to support the dimensioning, is developed. Two 
distinct kinds of mechanical stresses, the tensile and the 
bending stress on the HF litz wire are successfully mod-
elled virtually and validated with real experiments. The 
crucial points are the definition of the material parameters 
for the litz wire GAM, the modelling strategy, and the 
simulation setup. A validation of the simulation results 
for HF litz wire under tensile and bending stress has been 
successfully realized with a comparison of the simulation 
with real experiments. The mechanical behavior for other 
configurations of HF litz wire could be simulated, as well 
as an exemplary winding process, in which the determi-
nation of the kinematic model and the evaluation of the 
simulative results were challenging. These results could 
be compared with those in the experimental winding pro-
cess in the future to validate and optimize the simulation 
model.
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Fig. 18  Evaluation of position deviations under different tensile 
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Fig. 19  Evaluation of cross-section diameters under different tensile 
forces

Fig. 20  Cross-section flattening in HF litz wire under bending stress
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Appendix

See Table 6.
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