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Abstract: Modern electric motors developed for the automotive industry have an ever higher power
density with a relatively compact size. Among the various existing solutions to improve torque and
power density, a reduction in the dimensions of the end-windings has been explored, aiming to
decrease volume, weight, and losses. However, more compact end-windings often lead to complex
shapes of the conductors, especially when preformed hairpin windings are considered. The rectan-
gular cross-section of hairpin conductors makes them prone to deviating out of the bending plane
during the forming process. This phenomenon, known as torsional—flexural instability, is influenced
by the specific aspect ratio of the cross-section dimensions and the bending direction. This study
focuses on understanding this instability phenomenon, aiming to identify a potential threshold of
the cross-section aspect ratio. The instability makes it difficult to predict the final geometry, poten-
tially compromising the compliance with the geometric tolerances. A finite element model is devel-
oped to analyse a single planar bend in a hairpin conductor. Various cross-section dimensions with
different aspect ratios are simulated identifying those that experience instability. Moreover, an ex-
perimental campaign is conducted to confirm the occurrence of instability by testing the same single
planar bending. The experimental data obtained are used to validate the finite element model for
the tested dimensions. The aim is to provide designers with a useful tool to select hairpin geometries
that are more suitable for the folding process, contributing to successful assembly and improving
the overall design process of preformed hairpin conductors.

Keywords: electrical machines; finite element analysis; hairpin design; structural analysis;
torsional-flexural instability; hairpin conductors; experimental testing; design guidelines;
manufacturing process; geometric tolerances

1. Introduction

The need for more sustainable mobility has driven developments in electric machines in
recent years. In particular, the automotive sector demands increasingly higher power and
torque density to meet performance targets, especially concerning the power-to-weight ratio
of an entire vehicle. For instance, in-wheel motors, a common example, necessitate low weight
to minimise unsprung masses, thereby influencing the dynamic behaviour of the vehicle [1].
Similarly, the aerospace field requires ever lighter electric machines without compromising
performance, efficiency, or, above all, reliability [2].
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The aim of reducing the mass of the components drives research toward new mate-
rials and improvements in manufacturing technologies. Hairpin conductors play a vital
role in the manufacturing of modern electric motors, offering numerous advantages, in-
cluding improved efficiency, increased power density, and enhanced thermal perfor-
mance [3,4].

Moreover, aluminium hairpins represent an innovative proposal to reduce mass and
emissions. The density of aluminium is lower than that of copper, but it presents different
electric properties, currently limiting widespread adoption on a large scale [5].

The particular type of winding technique influences not only the performance but
also the manufacturing process. Preformed hairpin conductors have emerged as a popular
choice for high-performance electric motor designs. The rectangular cross-section of the
hairpin better fits with the shape of the stator slot (Figure 1b) with respect to the common
round wires (Figure 1a). This results in a higher copper fill factor, which refers to the ratio
of the copper area to the total slot area. A greater copper fill factor enhances a better utili-
sation of the available space, potentially resulting in improved motor efficiency and per-
formance. All these aspects are well discussed in [6], which also analyses the possibility of
adopting a variable cross-section of conductors to reduce the AC losses (Figure 1c).

@ ) | ©

Figure 1. Examples of slot fill factor considering round (a), uniform rectangular (b), and varying
rectangular (c) cross-sections of the wires.

In particular, due to their large cross-section, hairpins suffer high AC losses at high
frequencies, primarily due to skin and proximity effects. These parasitic effects, occurring
at high frequencies, result in the current preferentially flowing through the areas farthest
from the centre of the conductor. This phenomenon reduces the effective cross-section of
the conductor, consequently increasing winding resistance and losses. A potential solu-
tion to mitigate these issues is the adoption of segmented hairpins, where one or more
conductors near the air gap are divided into two or more subconductors [7]. Conse-
quently, the radial thickness of the rectangular cross-section is actually scaled along the
radial direction of the stator slot (Figure 1c) to optimise the current distribution within the
conductor section [8,9].

However, the segmented solution leads to flatter pins (highlighted in Figure 1c), po-
tentially introducing instability problems during the forming process of the hairpin due
to the occurrence of torsional—flexural instability [10]. In particular, as the hairpin cross-
section becomes flatter, the conductor becomes more susceptible to torsional-flexural in-
stability, making the pin more prone to buckling or undesired deformation during the
bending process [11].

In fact, even a simple in-plane bending of a flat section could lead to an out-of-plane
motion. This means that when a flat section is bent, it may experience a distortion that
causes it to deviate from its expected bending plane (Figure 2). In addition, the overall
final shape of the hairpin conductor results in it being even more compromised when
multiple folds are involved due to cumulative out-of-plane distortions. Unlike the well-
known spring-back phenomenon [12], which can be estimated and accounted for, the en-
tity of this distortion in hairpin conductors cannot be accurately predicted. Additionally,
hairpins manufactured using the same bending process may exhibit different shapes due
to the inherent random nature of this instability phenomenon.
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Figure 2. Examples of the bending process of rectangular pins: (a) well-executed bending process in
green; (b) evident instability occurrence with noticeable out-of-plane distortion in red.

Therefore, suitable investigations have to be performed to find a geometric limit of
the hairpin cross-section that ensures the manufacturing process is predictable and com-
pliant with the geometric tolerances. Optimising the dimensions of the hairpin conductor
cross-section is crucial. By balancing the width and the thickness of the conductor (W and
H in Figure 2), manufacturers can avoid excessive slender sections that are prone to insta-
bility.

Several numerical techniques exist to model the forming process considering the
manufacturing constraints in an early stage of product development [13]. The approach
proposed by the authors involves the development of a finite element (FE) model that
aims at simulating the bending process of a hairpin wire and capturing potential instabil-
ities that may arise. In particular, a single planar bend was examined, taking into account
various parameters such as the dimensions of the cross-section and the point where the
bending force is applied. The aim of this analysis is to identify the critical cross-section
aspect ratio above which the instability occurs.

In order to validate the results of the FE model, an experimental campaign was then
conducted. In particular, some specimens were selected with significantly different aspect
ratios to compare the numerical results of a reliably stable bend, a definitely unstable
bend, and an intermediate aspect ratio that could potentially identify a transition zone
between stable and unstable geometries. This knowledge allows electric machine design-
ers to make informed decisions and avoid dimensions that are prone to instability, thus
preventing the use of cross-sections in electromagnetic optimisation that are challenging
from a manufacturing perspective.

The paper is structured as follows: The initial section provides a comprehensive over-
view of the standard hairpin manufacturing process, clarifying the torsional-flexural in-
stability issues associated with it; a dedicated section introduces the finite element model
and the analysis of the hairpin bending process; the experimental test setup and the tools
employed for the data collection are then described; subsequently, the obtained experi-
mental data are presented and compared to the finite element analysis results; finally,
some conclusions end the manuscript.

2. Hairpin Manufacturing Process

Hairpin conductors consist of straight sections connected by U-shaped bends, resem-
bling a hairpin shape (Figure 3).

The design offers several advantages, including an increased copper fill factor and
improved heat dissipation. However, this technology proves to be highly challenging,
considering the manufacturing process [14].

The manufacturing process of hairpin conductors involves several key steps, includ-
ing wire preparation, bending, forming, insulation, and final assembly. Each step
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contributes to the overall quality and performance of the conductor. This section mainly
focuses on the bending process and its influence on the final assembly.

Figure 3. Wound stator assembly and hairpin insertion detail.

2.1. Bending Process

Bending the wire into the hairpin shape is a critical step in the manufacturing process.

Advanced bending machines equipped with precision tools are used to achieve accurate
and consistent bends. The machine applies controlled force to the wire, forming the U-
shaped bends and the straight portions. The bending process may be organised in multi-
ple stages to achieve complex hairpin geometries [15].

However, it is important to note that during the bending process, hairpin conductors

can be susceptible to bending issues caused by torsional-flexural instability phenomena.
Under certain conditions, these forces can lead to instability and undesirable deformations
in the hairpin conductor shape. The torsional-flexural instability phenomenon in hairpin
conductors depends on several factors, including:

Geometric Parameters: The dimensions and geometry of the hairpin conductor cross-sec-
tion, such as the width and thickness, can influence the occurrence of torsional-flexural
instability. The aspect ratio of the cross-section, which refers to the width-to-thickness
ratio (W/H, see Figure 2), influences the sensitivity to instability and buckling. Hairpin
conductors with slender cross-sections, characterised by higher aspect ratios, are more
prone to experiencing torsional-flexural instability under flexural loads.

Material Properties: The mechanical properties of the material used for the hairpin con-
ductor, such as its modulus of elasticity and yield strength [16,17], can affect the onset
and the severity of torsional-flexural instability. Materials with a lower modulus of elas-
ticity and higher yield stress may be more prone to instability [18]. In this study, copper
is considered the material of interest since the experimental tests were conducted on
standard copper wires.

Loading Conditions: The magnitude and direction of applied loads play a crucial role in
the occurrence of torsional-flexural instability. In fact, high aspect ratios of the section
can promote instability only when bending occurs in the plane aligned with the largest
section dimension. Moreover, the weight of the hairpin conductor itself can induce addi-
tional bending moments, potentially exasperating the flexural instability phenomenon.
Manufacturing Process: The bending and forming process used to create the hairpin con-
ductor can also impact its stability. Factors such as bending force, tooling geometry, and
process parameters can influence the integrity of the hairpin shape and its susceptibility
to instability. Figure 4 depicts a typical layout of the equipment employed for hairpin
bending. The pin exit tool serves as the nozzle through which the wire passes. The di-
mensions of the nozzle are tailored to the specific cross-section of the chosen hairpin. The
gripper seizes the pin, enabling its movement through the nozzle and securing it in place
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during the bending process. For instance, the distance between the nozzle and the tool is
a process parameter playing a crucial role in determining the success of the folding pro-
cess. Defining a minimum distance between the nozzle and the tool is essential to prevent
excessive deformation or irregularities in the hairpin shape [10]. Furthermore, the shape
of the nozzle itself can have a substantial impact on the bending characteristics, repre-
senting the constraint on the wire during bending. The minimum clearance between the
nozzle and the wire ensures controlled and precise folding, minimising the risk of unde-
sired distortions that can compromise the hairpin stability.

Itis important to consider all these factors in the design and manufacturing processes
of hairpin conductors to minimise the occurrence of torsional-flexural instability and to
avoid problems during the final assembly.

PINEXITTOOL [
(NOZZLE)

BENDING TOOL

] F
HAIRPIN
SAMPLE

= \ = i
| PINEXITTOOL
\ (NOZZLE)

Figure 4. Typical machine and tooling used for the hairpin manufacturing process.

2.2. Final Assembly Process

During the process of assembling hairpin conductors within the stator slots, assem-
bly issues can occur due to variations in the geometry of the conductors caused by the
instability phenomena during the bending process. In fact, the bending process involved
in shaping hairpin conductors can lead to undesired shape variations that can negatively
impact the final assembly within the stator slots. These dimensional inconsistencies may
lead to challenges in fitting the conductors properly within the slots, resulting in interfer-
ence or contact between neighbouring conductors or between the conductors and the sta-
tor core. Such interference can have detrimental effects, including mechanical residual
stress and damage to the protective coatings applied on the hairpin conductors, compro-
mising their corrosion resistance and electrical insulation properties [19,20].

3. Finite Element Model

The finite element model discussed below has already been extensively covered in
[10], which analyses the influence of several processes and geometric parameters on the
occurrence of the mentioned instability. The results of this preliminary analysis revealed
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that the most influential parameter is the W/H aspect ratio of the pin cross-section (see
Figure 2). The main aspects necessary for appreciating the details of the model are re-
ported here for the sake of completeness. The purpose of the FE analysis conducted here
was to identify ranges of the W/H ratio that could lead to instability in order to guide and
streamline the experimental procedure to avoid tests lacking significant evidence.

Figure 5 displays the FE model utilised in these analyses. The commercial software
MSC Marc-Mentat was employed for both the pre-processing and solving phases. The
model includes the nozzle, the bending tool, and the hairpin. The nozzle and the tool are
made of steel, while the hairpin is made of copper.

BENDING
TOOL

HAIRPIN
SAMPLE

Figure 5. Finite element model: detail of the contact between the wire, the nozzle, and the tool.

Only the hairpin was discretised as a deformable component, while the nozzle and
the tool were treated as rigid bodies. This simplification accelerated the calculations with-
out compromising the accuracy of the simulations. In fact, a sensitivity analysis conducted
during the initial stages of the research demonstrated that the steel nozzle and tool were
significantly stiffer than the copper hairpin, allowing for a simplified approach treating
them as rigid bodies, which yielded comparable results.

The mechanical properties of copper were obtained via a dedicated experimental
campaign. Specifically, a stress—strain curve was derived using samples directly obtained
from the hairpin wire. The material non-linear behaviour was considered in the simula-
tions, fitting the experimental results by adopting the Ramberg-Osgood theory and acti-
vating a kinematic hardening rule.

Contact interactions between the different bodies (hairpin—nozzle, hairpin—tool) were
considered. In fact, non-linear behaviour of the contact interfaces was expected due to the
presence of rounded edges in both nozzle and tool that determines the onset of locally
progressive contact during the bending phase. In addition, the presence of the clearance
between the nozzle and the pin also makes the contact patch between the nozzle inner
walls and the pin uncertain and leaves a (limited) degree of rotational freedom of the pin
around its axis.

A suitable sensitivity analysis was then carried out on the parameters used for the
hairpin discretisation. As a result, an element size equal to 0.2 mm within the cross-section
was adopted for each pin analysed. Along the pin axis, the element size varied from 0.5
mm in less critical areas to 0.1 mm in the central part interacting with the nozzle and the
tool to better capture deformations in the contact zones (see Figure 5). Consequently, the
aspect ratio of the resulting hexahedral elements varied from 2.5 to 0.5.

Additionally, a 0.0725 mm-thick insulating layer of PAI-200 with perfect adhesion to
copper was introduced. The overall number of elements depends on the dimensions of
the specific hairpin analysed. In particular, cross-sections with different W/H aspect ratios
were analysed (namely, W/H=1.5,1.8,2.0,2.2,2.4,2.7,3.0, 3.3, 3.6, 4.0), while a fixed length
of the hairpin was considered. This length was chosen as the minimum length between
the gripper and the tool plus an additional part protruding from the tool to ensure correct
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contact during the entire bending process. In general, the mesh incorporated a range of
about 50,000 + 175,000 hexahedral elements for the copper hairpin and 26,000 + 57,000
quadrilateral shell elements for the insulator.

Figure 6 provides a detailed depiction of the cross-section of a discretised hairpin.
Note that ideally a doubly symmetric mesh could be employed. Nevertheless, actual man-
ufactured components always exhibit imperfections due to processing, geometry, and ma-
terial, which can trigger instability phenomena that cannot be predicted using a perfectly
symmetric mesh. Consequently, to reflect this, one node of each discretised hairpin section
of was shifted by 0.00001 mm along the W direction (see Figure 6, referring, for example,
to W/H = 2.0). This mesh modification only introduces a numerical asymmetry without
altering the cross-section geometry. This minimal perturbation was introduced in all the
models. When an aspect ratio that revealed itself to be stable is considered, that perturba-
tion is not amplified by the applied external loading and a perfect in-plane bending is
obtained. On the other hand, this very small perturbation is enough to trigger the occur-
rence of instability when a critical value of the cross-section aspect ratio is reached. A sen-
sitivity analysis confirmed that this behaviour is independent of the actual magnitude of
this perturbation.

-~

Figure 6. Discretised hairpin cross-section related to W= 2.6 mm, H = 1.3 mm, and W/H =2.0. The
red circle identifies the shifted nodes.

Bending is generated by imposing a fixed displacement on the tool such as to reach
a predefined bending angle of the pin.

Figure 7 compares two typical outputs of these simulations. The deformed hairpin is
shown from the perspective of an observer positioned exactly in front of the nozzle. In
Figure 7a, no instability phenomenon was triggered, and the hairpin maintains its sym-
metry while bending. In Figure 7b, an instability phenomenon can be noticed, and the
resulting deformation was strongly asymmetrical, with an evident torsional-flexural de-
formation.

PIN EXIT TOOL
(NOZZLE)

HAIRPIN

(a) SAMPLE (b)

Figure 7. Typical output of the simulations, detailed view of the area near the nozzle: no instability
detected, W/H = 2.0 (a); evident instability, W/H = 3.6 (b).
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Results of the numerical analysis are collected in Table 1, which reports on the stable
and unstable behaviours of the simulated hairpins as a function of the considered W/H
ratios, with W/H = 2.7 identified as the boundary aspect ratio value (dashed line of Table
1).

Table 1. Results of the finite lement analysis catalogued according to whether instability occurred
(YES) or not (NO).

W [mm] H [mm] W/H Instability
2.63 1.75 1.5 NO
3.15 1.75 1.8 NO
2.60 1.3 2 NO
2.86 1.3 2.2 NO
4.20 1.75 24 NO
4.73 1.75 2.7 NO
5.25 1.75 3 YES
5.78 1.75 3.3 YES
6.30 1.75 3.6 YES
7.00 1.75 4.0 YES

4. Experimental Campaign

A series of experimental tests was performed on different hairpin conductors. The
experimental campaign was carried out considering some of the process parameters pre-
viously mentioned, aiming to provide additional insights into the bending process. The
results were used to validate the findings of the finite element model analysis and gain
greater confidence in the torsional-flexural instability phenomenon.

4.1. Test Setup and Methodology

The experimental tests aimed to replicate the basic single-bend configuration ana-
lysed in the finite element model. The test specimens consisted of standard copper wires
commonly used for hairpin conductors. The dimensions of the hairpin conductors were
selected to be representative of typical industry standards. Three different types of hair-
pins were identified based on the pin sections commercially employed and provided by
the company that hosted the experimental tests. The tested dimensions are listed in Table
2 for each specimen type. The selection of the specimens was made according to the out-
comes of FE analysis. In particular, Type I specimens refer to a stable W/H ratio, Type II
presents a W/H ratio close to the possible instability threshold, and finally, Type III corre-
sponds to an unstable W/H ratio.

Table 2. Process parameters employed during the bending tests for each specimen type.

Wmm] H[mm] W/HI[-] d[mm] L[mm] s[mm] a [°]

Type I 2.60 1.30 2.0 3.1 15 + 400 100 ~80
Type 11 4.20 1.75 24 4.7 15 + 400 100 ~80
Type 111 6.3 1.75 3.6 6.8 15 + 400 100 ~80

Each bending test was performed with the tool positioned at the minimum distance
d for each pin type. The distance d was identified as equal to the wire width (W) increased
by a constant length of 0.5 mm to take into account the thickness of the coating and an
adequate gap. The bending angle for each specimen was approximately 80 degrees (see
Figure 8).
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Figure 8. Bending test setup and process parameters.

The tests were designed to capture the behaviour of the hairpin conductors under
realistic loading conditions related to the manufacturing process and to evaluate the oc-
currence of torsional-flexural instability.

Since the pins are usually wound on a spool, they need to be straightened before the
forming process in order to remove any bends or curves. The straightening process is car-
ried out by the passage of the pins through specific roller sets. This preparation step en-
sures that the pins present a consistent geometry, thus minimising any pre-existing defor-
mations that could affect the results. However, this procedure can still leave a slight recti-
linearity error, typically of around 0.5 mm [21]. The straightened wire is then cut to the
desired length.

During the process of shaping hairpin conductors, the portion of the pin outside the
nozzle may vary (L in Figure 8). In general, the maximum value depends on the stator
length plus an additional length necessary for the twisting process outside the stator (on
the welding side). Each specimen type was created with a length L varying in a range from
15 mm to 400 mm in order to investigate the influence of the weight of the pin portion
protruding from the nozzle.

The tests were conducted on the actual bending machine of a real production line,
adding a practical and real-world dimension to the research (see Figure 4). This ensured
that the experimental conditions closely mimicked those encountered in an industrial set-
ting, enhancing the relevance and the applicability of the findings.

4.2. Tooling Design and Implementation

A dedicated tooling system was developed for the experimental campaign to test each
specimen type considering the hairpin dimensions and the desired bending configurations. In
fact, multiple nozzles were produced to accommodate the different specimen types tested,
considering both vertical and horizontal wire orientation options (Figure 9a,b). Note that all
the bends were performed on the plane aligned with the W dimension, which is the most
critical concerning the instability phenomenon. The dedicated tooling employed ensured con-
trolled and repeatable bending, allowing for easy replacement of the specimens during the
tests. The slot dimensions (W* and H* in Figure 9) took into account a suitable clearance of
about 0.1 mm with respect to the hairpin cross-section dimensions (W and H in Figure 2) for
all the specimens tested. This clearance mimicked a real production line, where it is necessary
to account for the tolerances of the pin cross-section dimensions.

The horizontal wire orientation tests considered the influence of gravity loads on the
instability phenomenon. This enabled the investigation of realistic loading conditions and
the evaluation of possible deformations and shape irregularities related to additional
gravity-induced bending moments.
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On the other hand, the tests with vertical wire orientation provided insights into the in-
herent flexural instability of the hairpin conductors, independently of gravity body forces.

(@) (b)

Figure 9. Custom pin exit tools (nozzle) used for the experimental tests: vertical bends (a); horizontal
bends (b).

5. Results and FEM Model Validation

Through the experimental tests, the finite element model predictions were compared
to the actual behaviour observed in the physical tests. The experimental results were ana-
lysed to verify the accuracy of the model in capturing the torsional-flexural instability
occurring and to identify any discrepancies between the predicted and observed behav-
iours.

5.1. Evaluation of Instability Occurrence

To assess the occurrence of instability during the experimental tests, an accurate in-
spection of the specimens after the test was conducted. The objective was to determine
whether instability, characterised by out-of-plane deformations, occurred in the hairpin
conductors subjected to bending.

Hairpin samples subjected to bending experiencing stable and unstable behaviours
were analysed. Figure 10a compares a case in which noticeable instability occurred with
another in which it did not. In particular, Sample A identified a hairpin conductor refer-
ring to the highest aspect ratio of the cross-section (W/H = 3.6). A clear instance of insta-
bility was observed after the bending process. The wire exhibited a significant out-of-
plane deflection, resulting in a noticeable deviation from the desired shape. In this case, a
single bending was considered, but it is possible to understand the detrimental effects of
the torsional—flexural instability on the final geometry of a hairpin conductor consisting
of multiple bends.

In contrast, Sample B consisted of to a hairpin with a cross-section exhibiting the low-
est aspect ratio tested (W/H = 2.0). After the bending process, no apparent instability was
observed: The deformed wire remained in the plane of the bend.
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Figure 10. Comparison between specimens after the bending tests: (a) examples of hairpins where
the instability occurred and did not (Sample A: Type III, W/H = 3.6; Sample B: Type I, W/H = 2.0); (b)
measurements setup.

Quantification of the instability was challenging due to its unpredictable nature and
the lack of established metrics for measuring its severity. Nevertheless, instead of relying
only on a qualitative assessment, measurements were taken to quantify the out-of-plane
deflection resulting from the bending process. Given the challenge of directly measuring
the out-of-plane angle, the focus shifted to measuring the displacement of the wires in the
out-of-plane direction (e in Figure 10), and the angle could subsequently be determined.
The measurement procedure is shown in Figure 10b, where the displacement e was meas-
ured using a height gauge. The measurement e was taken at a fixed distance from the bend
for each specimen (s in Figures 8 and 10a) in order to directly compare each test. In fact,
that measurement e was always taken from the specimen’s clamp side, so it was not af-
fected by the specific cantilever length L of each specimen.

The direct measurement of the out-of-plane distortion offered valuable insights into
the mechanical behaviour of hairpin conductors during the bending process. It provided
a tangible parameter to evaluate the occurrence of torsional-flexural instability, facilitat-
ing the identification of critical conditions and informing the design process.

By presenting these visual examples side by side, the contrast between hairpin bends
with and without instability was emphasised. This visual evidence underlines the im-
portance of considering and mitigating torsional—flexural instability during the process of
manufacturing hairpin conductors.

5.2. Validation of the Finite Element Model

The tests with the vertically oriented pin served the purpose of validating the finite
element (FE) model, which did not consider the influence of gravity loads. By comparing
the experimental results of the vertical bending tests to the FE model predictions, the ac-
curacy and reliability of the model could be assessed and validated.

The presented experimental results are organised into groups corresponding to the
tested specimens: Type I, Type II, and Type IlI. These groups are referenced in Figure 11,
Figure 12, and Figure 13, respectively. In particular, the graphs show the out-of-plane dis-
placement e as a function of the cantilever length L for each specimen.

Looking at the results referring to the Type I specimens (Figure 11), a notable obser-
vation is the absence of instability phenomena. In fact, all these specimens exhibited al-
most perfectly in-plane deformations with negligible out-of-plane deviations. The maxi-
mum values of deformation, in this case, were comparable with the rectilinearity toler-
ances of the raw wire (grey band in Figures 11 and 12) and with the possible measurement
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errors. The structural integrity remained intact during the bending process, indicating a
robust resistance to instability.

4.0
x Type I - W/H=2.0 VER
3.0
2.0
_ 10
IS X X % X ¥
% 0.0 Poeg—u—¥—% 2 =%
-1.0
-2.0
3.0
-4.0
0 50 100 150 200 250 300 350 400

L [mm]

Figure 11. Experimental tests results related to Type I specimens. The grey band represents the
range of rectilinearity tolerance of the raw wire (0.5 mm).

Conversely, the set related to Type II specimens (Figure 12) presented a different sce-
nario. The displacement e generally increased compared to the Type I case, although ap-
parently not compromising the overall shape of the bend. Some specimens still remained
within the tolerance band, while others exhibited displacement values that slightly ex-
ceeded the initial wire rectilinearity tolerance. These limited but not negligible out-of-
plane displacements suggest that this aspect ratio represents the beginning of a potential
transition zone, where the onset of a possible instability appears.

4.0
x Type Il - W/H=2.4 VER

3.0

2.0

1.0 X x 5 X

0.0 X%
X

-1.0 % X XX,

-2.0

e [mm]
XX
K
XXX X
X

-3.0

-4.0
0 50 100 150 200 250 300 350 400

L [mm]

Figure 12. Experimental tests results related to Type II specimens. The grey band represents the
range of rectilinear tolerance of the raw wire (0.5 mm).

Finally, the Type III specimen group (Figure 13) provided a clear example of instabil-
ity arising during the bending process. Out-of-plane displacements were relevant and ex-
hibited higher deviations (more than one order of magnitude) compared to the Type I and
Type II cases, compromising the stability of the process and the final geometry of the pin.
Moreover, although some values indicated apparently lower deformations, they were still
several millimetres higher than those observed in the previously presented pin types.
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Note that the tests related to some length L presented few experimental data because they
showed immediate instability with significant values; therefore, further testing was
deemed unnecessary.
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Figure 13. Experimental tests results related to Type III specimens.

These comparative findings underscore the influence of geometric parameters on the
instability behaviour of the hairpin specimens. In particular, the W/H ratio was confirmed
to be the driving parameter and not the single absolute dimensions of the pin cross-sec-
tion. In fact, although Type I specimens had the smallest cross-section dimensions, they
never presented instability issues because they referred to a low W/H ratio. On the other
hand, the results seem to be almost independent of the specific cantilever length of the
specimens, L, and consequently, they can be summarised as a function of the W/H ratio
and directly compared to the FE results in Table 1.

In particular, Table 3 presents a summary of the results, indicating whether instability
occurred (YES) or not (NO) for each hairpin configuration analysed. Both experimental
tests and numerical results are presented. For completeness, the hairpins previously
shown in Figure 10 are also highlighted in red in Table 3. The simulation results were not
compared with the experimental results in terms of out-of-plane displacement due to the
intrinsic random nature of the phenomenon. Furthermore, evaluating the exact value of
this deformation was not the aim of this activity, so when instability occurred, that specific
WI/H ratio was simply marked with YES. The important factor was to determine whether
a specific W/H aspect ratio provided stability during bending or not.

Table 3. Comparison between FEM results and experimental tests in terms of instability occurring.
Red data identify the specimens previously highlighted in Figure 10.

Specimen Instability

Type W [mm] H [mm] W/H FEM EXP
2.63 1.75 1.5 NO -
3.15 1.75 1.8 NO -

Type I 2.60 1.3 2 NO NO
2.86 1.3 2.2 NO -

Type I1 4.20 1.75 24 NO YES (LOW)
4.73 1.75 2.7 NO -
5.25 1.75 3 YES -
5.78 1.75 3.3 YES =

Type I11 6.30 1.75 3.6 MES YES (HIGH)
7.00 1.75 4.0 YES -
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The simulation results previously shown in Table 2 identified a discontinuity in the in-
stability behaviour, delineating a specific critical aspect ratio W/H = 2.7 (dashed line) above
which instability numerically appeared. Conversely, it was not possible to also derive a spe-
cific threshold from the experimental tests. Experimental evidence suggests that the instability
gradually arose with a certain level of dispersion (see Figure 12). Consequently, a band of
transition could be identified considering these experimental results related to W/H =2.4 and
the numerical threshold of W/H = 2.7 (yellow band in Table 3).

Although the comparison between the results of the simulations and the experi-
mental tests involved only three types of specimens, it was possible to validate the FE
model, which therefore provides information about the suitability of the desired W/H cho-
sen for the electric motor design. Obviously, it is advisable not to choose a value close to
that threshold, given the uncertain transition zone noted in the experimental tests. Once
validated, the model can be used to perform further simulations to test the influence of
other parameters (e.g., distance between the nozzle and the tool d [10], material properties,
tool shape, etc.). Numerical simulations are more cost-effective than experimental tests,
allowing for a greater number of configurations to be tested.

5.3. Influence of the Gravity Load

While the primary objective of the tests was to validate the finite element model, also
performing wire bending in a horizontal direction allowed us to verify the possible influ-
ence of gravity on the bending process and, in particular, on the occurrence and/or on the
direction of the out-of-plane distortion. The gravity load depends on the portion of the
conductor extending beyond the nozzle during the bending process (namely, L in Figure
8). This portion determines the actual mass that contributes to the generation of an addi-
tional bending moment.

The results of the horizontal bends were compared to the vertical ones. In particular,
Figures 14 and 15 refer to Type II and Type Il specimens, respectively, corresponding to
scenarios where out-of-plane deflections were observed.
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H
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Figure 14. Experimental tests comparing vertical and horizontal bending of Type II specimens.
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Figure 15. Experimental tests comparing vertical and horizontal bending of Type III specimens.

When vertical tests were addressed, the direction of the out-of-plane motion resulting
from the instability phenomenon was random. However, when considering horizontal
bending, which is influenced by the gravity load, the direction of the out-of-plane motion
was more aligned with the downward direction of the gravity load. In fact, increasing the
overhang L instability consistently occurred in the same direction. Conversely, for lower
overhangs, the results were still random and comparable to the vertical tests, as the impact
of the gravity load became negligible.

Figure 16 depicts the results of tests on wires with a cross-section aspect ratio W/H =
2.0 (Type I) where instability did not occur, even for great values of L and for both vertical
and horizontal bending. This means that the sole gravity load cannot trigger the occur-
rence of instability and possibly only affects the direction of the out-of-plane deflection
for pins referring to aspect ratios already prone to instability. In fact, the magnitude of the
bending moment induced by the gravity load is generally negligible compared to the mo-
ments necessary for bending the wire itself. In conclusion, according to these results, the
finding of the critical W/H ratio does not depend on the gravity load, and for this reason,
it was not considered in the numerical simulations.
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Figure 16. Experimental tests comparing vertical and horizontal bending of Type I specimens.

6. Conclusions and Future Works

In this manuscript, an investigation into the torsional—flexural instability phenome-
non during the manufacturing process of hairpin conductors has been presented. The
main objective was to further investigate this instability and to provide additional insights
to guide the design process of hairpin conductors.

The influence of various parameters on the occurrence of the instability was exam-
ined through the development and the validation of a finite element (FE) model. The FE
model demonstrated its effectiveness in predicting the behaviour of hairpin conductors
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during bending. The numerical results revealed that the occurrence of instability strongly
depends on the aspect ratio (W/H) of the hairpin cross-section and that a threshold of its
value emerges above which instability consistently occurs.

Experimental tests were conducted to validate the FE model and to further investi-
gate the torsional—flexural instability phenomenon. While the FE model considered vari-
ous hairpin section geometries, the experimental tests were confined to the available pins
found and commercially employed. Three types of hairpins were selected to be tested, the
results of which were compared to the outcomes of the FE model.

The validated FE model provides a cost-effective means to explore various W/H ratios
and different bending parameters, informing the design process and potentially reducing
the need for extensive experimental tests. It represents a valuable tool for preliminary as-
sessments and guides the designer in the selection of the pin section.

The influence of gravity loads was also observed during the experimental tests with
horizontal bending, showing a clear downward out-of-plane motion due to the gravitational
force when referring to pins with critical aspect ratios W/H. However, when a section with
a lower aspect ratio was considered, the gravity load alone was not able to induce instability
phenomena. The gravity load did not trigger the occurrence of instability phenomena but
only influenced the direction in which the out-of-plane deflection occurred.

In conclusion, the results of this analysis successfully validated the FE model in pre-
dicting the stability of the forming process of hairpins. While the sizing of hairpins often
involves electromagnetic considerations, it is important to verify that the chosen sections
are suitable for the technological production process. This tool provides helpful guidelines
aligned with the ongoing efforts to optimise the manufacturing process. This contributes
to enhancing the mechanical stability of hairpin conductors, leading to more reliable and
efficient electric motors in various applications.

In the future, the validated numerical model will be used to investigate other process
parameters, such as the influence of geometrical details of the tools employed and multi-
ple subsequent folds. In addition, aluminium hairpins will be studied using the same ap-
proach presented in this contribution.
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