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Abstract

Established hairpin stators for electric traction motors are made up of a large number
of so-called hairpins. To produce these stators, the individual hairpins must first be pre-
assembled into an auxiliary device in order to achieve the desired winding scheme. The
resulting hairpin basket must then be picked up and transported to the lamination stack.
Automated solutions for both processes are characterized by a high degree of complexity
and low flexibility. Manual assembly, however, is prone to errors. The new approach
presented in this paper is therefore based on the collaborative assembly of the hairpins and
a flexible hairpin basket gripper. A cobot hands the hairpins in the correct sequence to the
operator. The correct positioning of the hairpins in the auxiliary device is ensured by the
use of a monitor located under it. The creation of the correct assembly sequence is partly
automated by a collision detection program. In addition, a new and flexible hairpin basket
gripping concept is presented. Tests show that the cycle times of both new processes are
slow due to hardware limitations. This restricts their use to specific applications, such as
complex winding patterns or very small quantities.

Keywords: hairpin technology; stator production; pre-assembly; collaborative assembly;
hairpin insertion; hairpin basket gripper

1. Introduction

Hairpin technology has become the predominant technology for stators in electric
traction motors in recent years due to its advantages in terms of product and production. By
using flat wires, higher slot fill factors can be achieved compared to round wire windings,
which is reflected in a higher motor efficiency [1]. Furthermore, the production of hairpin
stators is characterized by a high degree of automatability [2].

The winding of a hairpin stator consists of a large number of so-called hairpin coils
(referred to simply as hairpins in the following), which are first bent into their typical
U-shape from a wire coil and then assembled manually or automatically into the desired
winding pattern. The assembled winding made up of all the hairpins is called the hairpin
basket. This assembly process (also called pre-assembly) is particularly error-prone when
performed manually, as it may lead to hairpins being damaged or incorrectly positioned.
Due to high tolerance requirements and the complex structure of the hairpin basket, which
consists of hundreds of hairpins, the assembly process can only be automated using
highly specialized machinery. For this reason, a collaborative hairpin assembly process
is presented below, which uses flexible, manual assembly, but makes it safer through the
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use of a cobot and visual support for the worker. The process was first presented and
introduced in [3].

After the hairpin basket has been assembled, it must be gripped, lifted out of the
auxiliary device, and threaded into the lamination stack. To do this, the hairpins in the
gripper must be aligned very precisely. State-of-the-art grippers are complex and inflexible,
which is why a new approach for gripping and aligning hairpin baskets in a more flexible
way is being introduced.

2. Basics and State of the Art
2.1. Hairpin Technology

An example of a hairpin stator can be seen in Figure 1a. The winding can be divided
into the part located in the lamination stack and the two winding heads. These can in
turn be divided into the bending side and the twisting side, whose names derive from the
production process explained later. Section view A-A (Figure 1b) can be used to explain the
properties of the stator that are relevant for the subsequent pre-assembly process. In this
example, there are 36 slots (slot number N) and 4 layers (number of layers L), which means
that there are 4 hairpin legs in each slot. Two layers each form a so-called hairpin ring.
With the exception of special hairpins, each regular hairpin has two legs in two different
layers of one hairpin ring. The number of slots and layers results in a total hairpin number
n with n > N-L/2 for a typical hairpin stator. Typical values for the number of slots are
36 or 48, but significantly larger numbers such as 72 or 96 are also possible, depending on
the electromagnetic design. The number of layers is typically between 4 and 10, which can
result in a hairpin number of several hundred for stators. The connection of the stator is
either on the bending or twisting side. Either the bending or twisting process is accordingly
complex. In the stator shown, the connections are located on the bending side in the form
of I-Pins, which are explained in more detail in Section 2.3.

Bending
side

Layer 4
Layer 3
Layer 2
Layer 1

} Ring 2

]» Ring 1

(b)

Figure 1. (a) Typical hairpin stator design; (b) Section view showing the different layers and rings.

2.2. Process Chain of Hairpin Technology

The process chain for manufacturing hairpin stators has already been described ex-
tensively in previous works, such as [4,5]. The basic process steps shown in Figure 2 can
be derived from this. Starting from a coil, the wire is unwound, straightened, stripped at
defined points and finally bent into the desired three-dimensional shape. Due to mutual
overlaps, it is usually not possible to insert the individual hairpins directly into the lami-
nation stack, which is why they are first pre-assembled into an auxiliary device outside
the lamination stack. The entirety of these hairpins is referred to as a hairpin basket. The
hairpin basket is then gripped, transported over the lamination stack and inserted axially
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into it. To achieve the desired winding scheme, the hairpin legs protruding from the
lamination stack are twisted and two of the previously stripped ends are contacted using
a laser welding process. To improve the stator’s heat dissipation and robustness against
external influences, it is often impregnated as a final step.

Bending —> Ere- —> Inserting —> Twisting —>» Contacting
assembly

Figure 2. Process chain for manufacturing of hairpin stators.

2.3. Classification of Hairpin Shapes, Types and Topologies

In order to better understand the pre-assembly process, existing hairpin shapes, hair-
pin types and topologies should first be analyzed. Due to the large number of different
stator and winding designs, no claim is made to completeness of the hairpin types and
topologies. For example, there are certainly stators whose winding scheme cannot be
completely described with the help of the classification presented. Nevertheless, it helps to
understand the influence of the winding scheme on the pre-assembly process.

The typical shape of a hairpin is shown in Figure 3. Important geometric properties
to describe the shape of a hairpin are its leg length and pitch span. Furthermore, the
radius of both legs and the angle between them can be used to describe the shape, which
is particularly important for the gripper design in the pre-assembly process. The three-
dimensional, complex shape of the hairpin crown will not be discussed in detail here, as
hairpins are usually gripped by the legs.

In addition to the geometric description of their shape, hairpins can also be divided into
hairpin types according to their function in the winding scheme. There are different hairpin
types within a stator, which result from the electromagnetic stator design respectively the
winding scheme. Each hairpin type results in a different shape. The design of hairpin
windings and rules for their design have already been published in detail, for example
in [6-10]. Without claiming to be exhaustive, the most important types of hairpins are
as follows.
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Figure 3. (a) Typical hairpin shape; (b) Basic geometric parameters to describe a hairpin.

First, there are the already mentioned regular hairpins, whose legs are in two different
layers of one hairpin ring. These regular hairpins make up the majority of hairpins in a
stator. As will be explained later, the number of regular hairpins with different shapes
per hairpin ring is not limited to one. In certain winding schemes, two or more regular
hairpins with different pitch spans can also occur within one hairpin ring. Due to the
different diameters of each hairpin ring, regular hairpins of different hairpin rings also have
different radii of their legs, see Figure 3b. The number of different regular hairpin shapes
is therefore at least equal to the number of hairpin rings, but can also be greater. Since
the regular hairpins are only arranged in one ring, additional hairpin types are required
to connect the rings to each other. Accordingly, the legs of these so-called jumpers are
located in different rings. For example, the legs are located in layers 2 and 3 to connect
rings 1 and 2. Another type of hairpin is the so-called I-pin. These only have one leg and
are used for subsequent interconnection. In addition, hairpins can be installed with both
legs in the same layer (single-layer hairpins) or in layers that are not adjacent to each other.
The number of special hairpins is usually significantly smaller than the number of regular
hairpins. It is not always possible to distinguish hairpin shapes with the naked eye due to
the slight geometric deviations between two shapes, which increases the susceptibility to
errors in the pre-assembly process.

In addition to the shape respectively the geometric properties of an individual hairpin
and its assignment to one of the hairpin types mentioned above, its location in relation to
its neighbors is important for the pre-assembly process. This arrangement of two or more
hairpins is referred to as topology in the following. To illustrate the topology of hairpins
more clearly, the stator is mentally unwound as shown in Figure 4. The examples show a
stator section with four layers and eight slots. The positions of the first and second legs of
the hairpins in the stator are color-coded. Figure 4a,b show the most common topology,
which is why it is referred to below as the standard topology. Here, both hairpins have the
same span. Accordingly, both legs of the second hairpin are offset by one slot from those of
the first hairpin. In the case of the standard topology combined with regular hairpins, the
legs are in adjacent layers; in the case of single-layer hairpins, they are in the same layer. It
is clear from this illustration that the standard topology with regular hairpins can be used
to form an entire hairpin ring with—in the case of a stator with 36 slots—36 hairpins. This is
not possible with single-layer hairpins because the second legs occupy the slots of the same
layer. In the example shown, no further hairpin could be inserted in slot 7, as this slot is
already occupied by the second leg of the hairpin with its first leg inserted in slot 1. For this
reason, the standard topology with single-layer hairpins is only used for a certain number
of hairpins, referred to below as a hairpin group. Such a hairpin group often consists of
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two or three hairpins, for example. Another common topology is the tangentially-stacked
topology shown in Figure 4c,d. Again, it can consist of regular hairpins (c) or single-layer
hairpins (d). In this case, both legs of one or more hairpins lie tangentially between the
legs of an outer hairpin. The tangentially-stacked topology with regular hairpins is an
example for two regular hairpins with different shapes within one hairpin ring. Finally, the
radially-stacked topology is introduced in Figure 4e, which describes the position of two
radially adjacent hairpins. Here, both legs of one or more hairpins lie radially between the
legs of an outer hairpin. According to the hairpin types introduced above, this topology is
only possible with special hairpins whose legs are in non-adjacent layers.
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Figure 4. Different topologies of hairpins. The positions of both legs of two hairpins relative to each
other are shown in each subfigure. The two legs of a hairpin are the same color and are numbered 1
and 2.

Different topologies can be combined within a hairpin group. Two examples are given
in Figure 5, each consisting of three hairpins. Within the group, the standard topology is
combined with the tangentially-stacked topology with single-layer hairpins.
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Figure 5. Two examples for the combination of different topologies in a hairpin group of three
hairpins. The positions of both legs of three hairpins relative to each other are shown in each
subfigure. The two legs of a hairpin are the same color and are numbered 1 and 2.

2.4. Pre-Assembly of Hairpin Baskets

The hairpin types and topologies described in Section 2.3 generally result in mutually
overlapping hairpins. For example, the standard topology with regular hairpins results in
the overlapping shown in Figure 6a. It can be seen that the legs of the first hairpin lie above
and below one leg of the second hairpin. This results in the problem that the hairpins cannot
be pre-assembled purely axially in z-direction. Possible movements that allow the collision-
free pre-assembly of two regular hairpins in theory are shown in Figure 6b, although no
auxiliary devices that could further restrict the possible movements are yet included in
these considerations. In practice, it is almost impossible to insert all hairpins directly into
the lamination stack automatically, as the joining gap in the slot is too small to perform the
required movement of the hairpin. Even though direct insertion by manual assembly may
be possible by carefully bending already assembled hairpins to the side in order to assemble
further hairpins, it is common practice to first pre-assemble the hairpins in an auxiliary
device, both manually and automatically. Even in this case, however, it is essential to
adhere to a winding design-specific assembly sequence that allows collision-free assembly.

/

Rotation around  Radial, linear ~ Rotation around
Top view one leg movement the central axis

(@) (b)

Figure 6. (a) Overlapping of two hairpins; (b) Possible movements for collision-free pre-assembly.
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During manual assembly, the hairpins in the auxiliary device generally have more
play than in the stator slots, which means that hairpins that have already been assembled
can be pushed to the side slightly in order to set the next hairpin. Care must be taken not to
apply any plastic deformation to the hairpins. Due to the large number of hairpins and
different hairpin shapes, long process times and a high susceptibility to errors are to be
expected during manual assembly. For this reason, lookup-tables are required that specify
the assembly sequence. Nevertheless, the risk of setting wrong hairpins or placing correct
hairpins in the wrong positions is high.

Automated assembly is often robot-based (for scientific approaches, see [2,11]),
whereby not all hairpins are necessarily placed directly into a single assembly device
to form the entire hairpin basket. Instead, the hairpin basket respectively the assembly
device is often separated into individual rings or segments, which are then joined together
in further steps to form the entire hairpin basket. It may also be necessary to set indi-
vidual special hairpins at a later stage. Separating the hairpin basket greatly reduces the
complexity of the individual process steps to be carried out by a robot. Examples of the
segmentation of the hairpin basket can be found in [12,13]. The pre-assembly of single rings
is often implemented by first setting the hairpins into the auxiliary device in a spread-out
position and then screwing in the hairpins. A schematic representation of the separation
of the hairpin basket into rings or segments can be seen in Figure 7. In order to achieve
satisfying cycle times in the automated assembly of hairpins, the corresponding systems
are usually optimized for a defined winding design and are correspondingly complex
and inflexible.

(@) (b)

Figure 7. Schematic representation of an automated assembly of hairpin baskets; (a) Pre-assembly of
single hairpin rings; (b) Separation of the hairpin basket into several segments.

Regardless of the pre-assembly method and degree of automation, it is essential to
follow the correct assembly sequence, as this is the only way to ensure simple assembly
that is gentle on the hairpins. Improper handling of the hairpins may result in damage to
their shape or insulation. The former primarily results in problems or errors in subsequent
processes (assembly, insertion, twisting, and welding) or incorrect dimensions, e.g., of the
winding head. The latter can lead to defective motors. Incorrect assembly, either due to an
incorrect assembly sequence or incorrect positioning of the hairpins, also usually results in
electrically incorrect and non-functional windings.

Figure 6 shows that when gripping the hairpins from the outside and using an assem-
bly movement radially inwards (in x-direction), the red hairpin must be set first and the
green hairpin second. For manual assembly, the correct assembly-sequence and hairpin
position usually offer enough information for the worker to assemble the hairpin basket.
In the case of automated assembly, however, the assembly sequence as well as the grip-
per movement must be coordinated in the form of an assembly instruction. For stators
with several hundred hairpins, these assembly instructions can become complex and ex-
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tensive depending on the complexity of the winding—especially the number of special
hairpins—and require a great deal of experience on the part of the worker or work planner.

2.5. Hairpin Grippers

The options shown in Figure 6b for pre-assembling hairpins without collision often
result in radial assembly movements from the outside inwards. This in turn results in
grippers that can grip the hairpins from the outside, e.g., using electric or pneumatic
parallel jaw grippers. Both legs are gripped to ensure a secure hold even at high speeds.
Due to the different shapes of hairpins, different configurations of the gripper are required,
which is why it can be equipped with several pneumatic or electric actuators that allow
the parallel jaw grippers to be positioned flexibly in relation to each other. Such flexible
grippers are on the one hand complex, expensive and time-consuming to manufacture. On
the other hand, they are heavy due to the actuators installed, which makes relatively large
robots necessary to handle the hairpins weighing only around 50 g.

2.6. Gripping and Insertion of the Hairpin Basket

Once all the hairpins have been assembled in the auxiliary device, the hairpin basket
must be gripped and guided into the slots of the stator lamination stack. Due to the small
joining gap between the slot and the hairpins, this process requires great precision. On the
one hand, this can be achieved using an auxiliary device that is fed in radially over the
front of the lamination stack before the joining process. This device has insertion chamfers
that guide the legs of the hairpins safely into the slots. An additional function is to protect
the slot insulation paper from damage or being drawn into the slot. On the other hand, the
hairpins should be aligned as precisely as possible by the hairpin basket gripper itself so
that the play in the auxiliary device is eliminated. A detailed description of the process
can be found in [14]. A schematic representation of the hairpins in the auxiliary device
with play can be seen in Figure 8a. The hairpins have no defined orientation and position.
Figure 8b shows the aligned hairpins as they should be in the hairpin gripper. How this
alignment is implemented technically can vary greatly.

5

-
-

\\
0000

@) (b) (©)

Figure 8. Schematic representation of the alignment process of hairpin baskets; (a) Pre-assembled,

non-aligned hairpins in an auxiliary device with play; (b) Aligned hairpins fixed in the hairpin basket
gripper; (c) Basic structure of a hairpin basket gripper with adjustable fingers (blue color).

2.7. Hairpin Basket Grippers

Hairpin basket grippers usually have complex mechanical components to ensure both
exact positioning and secure fixation of the hairpins. Radially feedable fingers, which move
between the rows of hairpins, are often used to realize these functions. The number of
fingers corresponds to the number of stator slots, which means that the mechanics can
be extremely versatile. In addition, the gripper design is highly inflexible with regard to
the stator design. As a result, extensive set-up work or new gripper designs are usually
necessary if stator properties such as diameter, number of slots, number of layers or wire
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cross-section change. The basic structure of a hairpin basket gripper with adjustable fingers
is shown in Figure 8c. The gripper is usually mounted on a gantry to lift the hairpin basket
out of the auxiliary device and transport it to the lamination stack.

3. New Approaches for the Assembly and Gripping of Hairpin Baskets

In order to address the described disadvantages of manual and automated hairpin
assembly as well as hairpin basket gripping, an approach for collaborative hairpin assembly
and a new hairpin basket gripper design will be presented below. The collaborative
hairpin assembly offers better support for the worker through the use of a cobot and visual
representations, thus reducing the susceptibility to errors in the process while retaining
the flexibility of manual assembly as much as possible. The new hairpin basket gripper
design with a sequential alignment process provides greater flexibility in terms of stator
design and significantly reduced mechanical set-up work. Both approaches have standard
interfaces with upstream and downstream processes and could therefore be integrated into
existing lines.

3.1. Vacuum Hairpin Gripper

In order to keep both the complexity and weight of the hairpin gripper low, an addi-
tively manufactured vacuum gripper is used for collaborative hairpin assembly (for more
information see [15]). The 3D-printed base body has threaded inserts into which the suction
cups can be screwed. The grippers presented here were made from PETG (polyethylene
terephthalate glycol) on a standard FFF-printer (Fused Filament Fabrication). Alternatively,
they can also be produced using a laser sintering process [15]. This provides even greater
design freedom. For example, it enables an additively manufactured Venturi nozzle for
vacuum generation to be printed directly into the gripper, or fibres to be integrated for
reinforcement. For reasons of performance in terms of vacuum quality and simplicity, the
laser sintering process was not used in this paper.

Vacuum grippers have a number of advantages. On the one hand, these grippers are
cheap, lightweight (40 g [15]) and can be completed within a day on a regular 3D-printer.
On the other hand, such a gripper poses little risk to the worker as it has no moving or
clamping elements. It should be mentioned that if the compressed air fails, the vacuum
breaks down and the workpiece can no longer be gripped securely by a vacuum gripper.
However, this risk is considered to be low for hairpins for electric traction motors weighing
around 50 g. The risk of premature failure of the vacuum gripper due to deformed hairpins
or contamination is also considered to be low due to the high requirements for geometric
tolerances of the hairpins, as well as cleanliness in stator production in general. One
disadvantage is the properties of the suction cups. Very small suction cups are required for
small wire cross-sections. However, these lose flexibility with decreasing size, so that slight
deviations in position between the hairpin and the suction cups (e.g., an angular offset)
can more easily lead to a vacuum leak. For this reason, it is important to ensure that the
threaded inserts are inserted at right angles into the 3D-printed base body. In addition, the
hairpins must be provided with great precision. In principle, aluminum base bodies could
be used, which would better meet the requirements for precision. However, this would
result in a higher weight compared to PETG (with an infill of 30% for the 3D-printed part
approximately seven times) and increased manufacturing costs, particularly due to the
complex installation of the vacuum channels. Grippers with base bodies made of aluminum
were therefore not tested. The measures mentioned above ensured secure gripping using
an additively manufactured vacuum gripper.

A dependence of the vacuum gripping force on the hairpin insulation, usually PEEK
(polyether ether ketone), PI (polyimide) or PAI (polyamide-imide) [16], could not be
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determined. This is also consistent with investigations into the coefficient of friction of
insulation materials, in which only slight differences were found between PEEK and
PAI[17].

Due to their simple design, the vacuum grippers used here can only grip a single
hairpin shape. This means that as many grippers are required per stator as there are hairpin
shapes in the winding. This is acceptable due to the low costs of a few hundred euros and
the short production time. The changeover can be automated using a quick-change system.
In case of a new stator design with different wire, the suction cups may also need to be
adapted to the wire cross-section. Figure 9b shows one of the vacuum grippers used here.

Cobot UR3e

Hairpin stock

Quick change
system

Vacuum hairpin
gripper

Display

Assembly device:

(b)

Figure 9. (a) Test setup for collaborative assembly of hairpins; (b) Additively manufactured vac-

uum gripper.

3.2. Test Setup for Collaborative Hairpin Assembly

Figure 9a shows the entire test setup. A cobot UR3e (Teradyne Robotics (Germany)
GmbH, Miinchen, Germany) with a quick-change system SWS-007 (SCHUNK SE & Co.
KG, Lauffen/Neckar, Germany) is used, on which the vacuum gripper is mounted. The
vacuum is generated with an ejector VN-10-H-T3-PQ2-VQ2-RO1 (Festo Vertrieb GmbH &
Co., KG, Esslingen, Germany). A screen protected by a plexiglass panel is embedded in the
assembly table and provides visual support for the worker. The cobot picks up the hairpins
according to the assembly sequence and hands them to the worker for assembly. The
assembly device, into which the hairpins are assembled manually, is located directly above
the display on the table. The operator can confirm actions via a keyboard. The software for
the visual display and for controlling the assembly sequence runs on a ThinkCentre with
32 GB RAM (Lenovo (Deutschland) GmbH, Stuttgart, Germany).

In the current test setup, two different hairpin shapes can be processed to keep com-
plexity low. As is common in industrial applications, they are mounted on rods. In the
case of an industrial production line, these rods could be refilled directly from the hairpin
bending machine. Future expansion is easily possible within the range of the cobot arm.

3.3. Software for Visual Support

The software developed has two tasks in the new approach. Firstly, it supports the
worker during the assembly process and ensures that the correct hairpins are placed in
the correct position. Secondly, it can be used during commissioning of the process by
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supporting the worker in planning the correct assembly sequence for the hairpins. This is
implemented by a collision analysis of the winding, see Section 3.4.

Visual support for the operator is provided by three sections with different illustrations,
see Figure 10. The basis of the collaborative assembly is the bottom section (Section 1),
which shows the correct slot and position of both legs of the hairpin to be assembled in
color. The assembly device is in the centre of the illustration. By pressing the space bar on
the connected keyboard, the display is updated to show the correct position for the hairpin
to be placed and the vacuum is switched off so that the hairpin can be easily removed from
the gripper. During the assembly process by the worker, the cobot fetches the next hairpin
for assembly. In section two, there is a 3D-representation of the hairpin basket that has been
set up to that point. The hairpin currently to be set is highlighted in color. The 3D-model
can be rotated and zoomed in using a mouse if required. The third section contains a list of
the last three hairpins set, the current hairpin and the next three hairpins.

B Section 3

—  Section 2

= Section 1

Figure 10. Visual support for the pre-assembly of hairpins.

3.4. Software for Collision Detection

As already described, planning the assembly sequence is a complex process that also
requires the planner’s experience. For this reason, an approach to automate the planning
is being investigated. Based on a 3D-model of the complete hairpin basket, the winding
scheme is first analyzed using collision detection. To do this, each hairpin is virtually pulled
out of the 3D-model of the finished hairpin basket, and its collisions with other hairpins
are detected and recorded. As the subsequent assembly movements by the worker will be
either radially inwards or axially downwards, the hairpins are virtually pulled radially
outwards and axially upwards. As an example, a section of a winding scheme is assumed
in which layers 2 and 3 are occupied by special hairpins (e.g., jumpers, red), referred to as
type A. Above these are special hairpins of type B whose legs are in layer 1 and layer 4
(blue). Top and side view of this section can be taken from Figure 11a. The radial collision
analysis for the hairpins of type B shows a collision of the second leg in layer 1 with all
other hairpins (type A and B) whose legs are in this slot. The axial collision analysis, on
the other hand, only results in a collision with its neighboring hairpins of type B. No axial
collision with type A is detected, which is a sign that type B can be assembled after type A
in an axial way (axial collision analysis for type A results in detected collisions with type B).
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Radial assembly, on the other hand, is not possible for type B if type A is already assembled.
However, as explained in Section 2.4, purely axial assembly is not possible due to mutual
overlap of the type B hairpins. In this case, the rotation around the central axis (Figure 6b)
offers a solution for collision-free assembling of the type B hairpins.

Top view Side view

(a) (b)

Figure 11. (a) Winding scheme with special hairpins; (b) Screenshot of the collision detection program.

The collision analysis is carried out for each hairpin, resulting in an extensive table
containing the collisions between all hairpins. In the current state, manual interventions
are still necessary to determine the correct assembly sequence. However, the system can
already be used as support for the assembly planer. The collision analysis is only used
to determine possible assembly sequences. Collision monitoring of the entire process,
including robots and workers, is not carried out.

Figure 11b shows a screenshot of the collision detection program. This illustration
shows the collision of an I-pin during axial pullout. Based on the results of the collision
analysis, the assembly sequence for collaborative assembly can be defined and recorded in
a list. Based on this list, the robot feeds the correct hairpins, the exact position of which is
shown on the display.

3.5. Hairpin Basket Gripper

The new hairpin basket gripper design is intended to significantly increase the flexibil-
ity of the gripper in terms of stator properties—particularly with regard to the number of
slots. In addition, the set-up effort for new stator designs should be significantly reduced.
For this reason, the concept presented does not use a large number of adjustable fingers to
position the hairpins, as is the case with state-of-the-art grippers, see Section 2.7. Instead,
the hairpins are fixed exclusively by radial clamping. As shown in Figure 12, there are two
concepts to ensure the necessary precise tangential positioning of the hairpins. In both
concepts, radial positioning is performed by the gripper.

For the first concept, an auxiliary device can be designed for hairpin assembly, which
allows the hairpins to be tangentially aligned once the hairpin basket has been correctly
assembled, see Figure 12a. Three coaxially arranged rings with overlapping slots for
mounting the hairpins would be conceivable, see Figure 13a. After assembly, the legs of the
hairpins can be precisely aligned tangentially by turning the middle ring, see Figure 13b,
before the hairpin basket is gripped, aligned radially and inserted into the lamination stack
by the basket gripper. The corresponding hairpin basket gripper would be a mechanically
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simpler form of the gripper described below for concept (b) with only one gripping unit
consisting of 6 gripper jaws. Since the aim of this work was to use an auxiliary device that
was as simple as possible, this concept was not developed further.

Hairpin assembly
in auxiliary device

Aligning the
hairpins with the
auxiliary device

Gripping the

hairpin basket

! 1
-0«~0000 poou

Inserting the
hairpins into the
lamination stack

@)

Hairpin assembly
in auxiliary device

Gripping the
hairpin basket

Aligning the
hairpins with the
alignment unit

Inserting the
hairpins into the
lamination stack

(b)

4

00 =J0]«=

QoG

Figure 12. Two concepts for gripping and aligning hairpin baskets with exclusively radial clamping;:
(a) Aligning the hairpins with the auxiliary device; (b) Aligning the hairpins with an alignment unit.
_

=j= - ==

(@) (b)

Figure 13. Possible device for tangentially aligning the hairpin basket. (a) Slot before alignment;
(b) Slot after alignment.

Hairpins

For the second concept, no special assembly device is required, see Figure 12b. Instead,
a separate alignment unit is required in which each slot can be sequentially aligned in
tangential direction. The concept is explained in detail in [14]. The hairpin basket gripper
for this concept is based on two ring-shaped gripping units that can be rotated against
each other. A gripping unit consists of six gripper jaws that can be adjusted radially and
clamp the hairpins from the outside against an internal cylinder. This cylinder defines the
inner radius of the hairpin basket. While all slots of the hairpin basket can be clamped
by the upper gripping unit, one gripper jaw of the lower gripping unit has a recess so
that the corresponding slot is not clamped. This particular slot is now guided into an
alignment unit so that the hairpins are correctly aligned. All slots including the aligned slot
are then clamped again by the upper gripping unit and the aligned slot is moved out of the
alignment unit again. The entire hairpin basket gripper is then indexed forward by one slot
(360°/N) and the lower gripping unit is indexed back accordingly. In this way, the hairpins
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of all slots are aligned one after the other in order to be inserted into the lamination stack
afterwards. The hairpin basket gripper is attached to a robot that can move the hairpin
basket in the alignment unit one slot after the other. The test setup is shown in Figure 14.
The alignment unit is a metal 3D-print.

Comau
robot

Upper
gripping unit

Pneumatic
cylinder for
clamping

Lower
gripping unit

Alignment
unit

@) (b)

Figure 14. (a) Test setup of the new hairpin basket gripper and sequential alignment; (b) Alignment
unit and 3D-printed dummy hairpin basket seen from below.

The entire process chain is summarized again below and illustrated in Figure 15 using
a 3D-printed dummy winding. The gripper and the hairpin basket are viewed from below.

Figure 15. Process chain for gripping and sequential alignment of the hairpin basket. The numbers
indicate the corresponding process step.

= Step 1: Upper and lower gripping unit are closed.
= Step 2: The entire gripper is indexed forward by one slot.
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s Step 3: The upper gripping unit is opened.

= Step 4: The gripper moves into the alignment unit. One slot is aligned.

» Step 5: The upper gripping unit is closed.

» Step 6: The gripper moves out of the alignment unit.

» Step 7: The lower gripping unit is opened.

= Step 8: The lower gripping unit is indexed backwards by one slot.

= Step 9: The lower gripping unit is closed and the process starts at step 2 again.

4. Results and Discussion
4.1. Collaborative Hairpin Assembly

Initial tests show that the presented concept of a collaborative hairpin assembly works
in principle. Storing the hairpins on rods and gripping and handing the hairpins using
the cobot and vacuum gripper are also possible. Communication between the Computer
and the UR3e controller enables the cobot to respond flexibly to inputs via the keyboard.
Figure 16 shows the collaborative hairpin assembly process. First, the cobot picks up the
correct hairpin gripper (a). It then picks up a hairpin from the rod (b) and hands it to the
worker (c). The worker takes the hairpin and places it in the auxiliary device according to
the visual guidance (d).

At the moment the cycle time of the cobot to feed a new hairpin is 17 s, which is slower
than the assembly process by the worker, especially at the start of the assembly, as there are
only a few hairpins already set that need to be taken into account. The process time for an
entire stator scales with the number of its hairpins. For a stator with 48 slots and 6 layers,
and therefore at least 144 hairpins, this results in a process time of more than 40 min, which
is unacceptable for an industrial use. As there has been no focus on optimising cycle times
to date, a series of measures will be implemented in the future to significantly reduce them.
Firstly, the speed of the cobot can be increased further, but it is important to ensure that
the hairpin can still be gripped securely and that safety aspects relating to the worker are
considered. Secondly, the cobot’s trajectory can be improved, for example by smoothing the
robot path. In addition, the layout can be adjusted to optimize moving distances. However,
the greatest potential for savings is seen in speeding up the gripping process itself, since this
has accounted for a significant part of the total processing time. To ensure that individual
hairpins can be gripped and removed safely from the rod, this process has been very slow
up to now. A more efficient way of providing and gripping the hairpins therefore has
great potential, but also means a lot of changes and improvements that may also affect the
upstream process of hairpin bending in industrial applications. The described changes
should cut the cycle time by at least half.

In addition to the current long cycle times, changeover times for the gripper must
be taken into account, which are also in the range of approximately 20 s. The number of
necessary changes is at least equal to the number of different hairpin shapes in the stator
winding and increases if not all hairpins of one shape are assembled one after the other
in the assembly sequence. A significant improvement in cycle time would be achieved by
using a second robot, which would affect both the feeding of new hairpins and the tool
change. In addition to increasing costs for the robot and a second tool set, the increasing
complexity and space requirements are the main arguments against this option.
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Figure 16. Collaborative hairpin assembly process: (a) Picking up the correct hairpin gripper;
(b) Picking up a hairpin; (¢) Handing the hairpin to the worker; (d) Visually guided assembly of
the hairpin.

Even with the measures described above to reduce the cycle time, it is unlikely that
the speed of the worker during the first, easy-to-assemble hairpins will be reached. Nev-
ertheless, there are application scenarios in which collaborative assembly can be useful:
The first scenario is the assembly of complex stator designs with many special hairpins.
Automated solutions for this are complex, expensive, time-consuming and inflexible. Man-
ual assembly is error-prone. In the second scenario, the standard hairpins of the winding
are first assembled in an automated, fast process, as they are easy to assemble. The more
complex and time-consuming assembly steps, usually involving the special hairpins, would
then be carried out by the collaborative assembly process, completing the winding. Both
application scenarios are particularly conceivable for small quantities and a wide variety of
stator variants for which an automated solution is not worthwhile and manual assembly is
error-prone.

Experimental tests have shown that the operability of the current system is acceptable
and intuitive, but mouse and keyboard are impractical for industrial use. Instead of the
keyboard, a simple switch is to be used in future to enable the assembly program to be
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continued. Using the 3D-model in the middle of the display is particularly useful for better
orientation when training new employees or new winding patterns. Active use of the
model (in the sense of rotating and zooming) during the ongoing production process is also
rather unlikely for time reasons, which is why the mouse can be retained but does not have
to be permanently available to the worker. Errors, e.g., if the worker accidentally drops or
bends a hairpin during assembly, are not yet taken into account in the system. However,
implementing a corresponding response from the system, e.g., supplying the worker with
another hairpin of the same type, is considered feasible.

The display supports the worker during the assembly process, as he does not have
to determine the assembly sequence and hairpin shape to be assembled himself using
lookup-tables. The correct assignment of hairpin shape and position of the two legs is
clearly indicated by the software, the cobot and the display. Even if the system does not
currently detect incorrect placement of the hairpin, this significantly reduces the number of
possible errors.

The collision detection approach shows promising results, which have already been
tested for some hairpin topologies and winding schemes. The collision detection algorithm
itself works in both the radial and axial directions. The correct assembly sequence can
then be derived from the results of the collision analysis for certain, simply structured
sections of the hairpin basket. An example is given in Section 3.4. However, it can currently
only be used to support the operator in the planning process and not to automatically
generate the entire assembly sequence, especially in case of complex winding schemes. For
example, the first hairpin to be assembled must be specified by the user, and optimized
planning, in which different assembly sequences are tested, has not been implemented. So
far there is also no additional information about the correct movement required to assemble
the hairpin collision-free (see Figure 6b). This information is particularly lacking for the
last hairpins to be set in complex winding schemes, where it would be useful to support
the operator.

Table 1 summarizes the final evaluation of the approach in comparison to manual
and automated assembly. As described, the new approach can reduce the susceptibility to
errors compared to manual assembly, while the cycle time in particular still needs to be
improved. Flexibility is slightly reduced compared to manual assembly, as the grippers
must be replaced for new stator designs, for example. The costs can only be estimated
qualitatively for manual and automated assembly. Provided that the cycle time is reduced
in the future, the approach presented is therefore particularly useful for complex winding
schemes, small quantities, and a high degree of variant diversity. In these scenarios, the
disadvantages in terms of flexibility and cycle time can be offset by a lower susceptibility
to errors thanks to visual support for the operator. For highly complex winding patterns,
the cycle time can even be improved compared to manual assembly, as there is no need for
time-consuming assembly based on lookup tables.

Table 1. Comparison of the new collaborative assembly with the manual and automated process.

Criteria Manual Collaborative Automated
Flexibility + 0 -
Error susceptibility 0 + 0
Cycle Time 10s 17 s 1-2s
Invest + 0 -

4.2. Hairpin Basket Gripper and Sequential Alignment

The new approach for gripping hairpin baskets and aligning the hairpins in a sequen-
tial process was tested using a stator with 48 slots and 6 layers. Even though the concept
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works in principle, it still has some issues to deal with. Especially if the hairpin basket
has a lot of play in the assembly device, the initial position of the hairpins in the basket
gripper is already so poor that sequential alignment is hardly possible, see Figure 17a—c.
Nevertheless, the hairpin basket is gripped securely even in this case and the hairpins do
not move axially. If the play in the assembly device is reduced, the initial position of the
hairpin legs is also significantly better (see Figure 17d) and they can be moved securely into
the alignment unit. For this reason, it is conceivable to combine an auxiliary device that can
align the hairpins tangentially (Figure 12a) with a gripper consisting of only one gripping
unit with 6 gripper jaws. Sequential alignment would not be necessary in this case.

Figure 17. (a) Winding head of a gripped hairpin basket with low positional accuracy; (b) Hairpin
legs of a gripped hairpin basket with low positional accuracy (from below); (c) Hairpin legs of a
gripped hairpin basket with low positional accuracy (side view); (d) Hairpin legs of a gripped hairpin
basket with high positional accuracy (side view).

It was found in the tests that the hairpins partially slip back into their original position
before alignment as soon as they leave the alignment unit. The 3D-printed gripper jaws
were identified as a possible cause, as they tilt slightly downwards when closing under
high pressure, so that instead of surface pressure there is only line load.

Table 2 compares the novel approach with state-of-the-art grippers. Flexibility was
increased as desired. The gripper is independent of the number of slots and wire geometry.
If the stator diameter changes, only 12 gripper jaws need to be replaced instead of a number
of fingers corresponding to the number of slots, e.g., 72. As described above, the approach
is still very error-prone, especially if the hairpins in the auxiliary device have a lot of play.
Unlike the cycle time for state-of-the-art grippers, it depends directly on the number of slots.
With several seconds per slot alignment, this currently results in a cycle time of several
minutes to pick up the hairpin basket, align every slot and transport it to the lamination
stack. The cost of the novel gripper is approximately €15,000, which is considered to
be significantly lower than state-of-the-art grippers, even though exact figures are not
available. This does not include the robot currently in use, which is significantly more
expensive than the linear axes normally used. Since the robot can also be used for further
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steps, such as sequential twisting [18], this is not considered here. Due to the low number
of parts that need to be replaced, the setup costs for changing to a new stator design are
also significantly lower.

Table 2. Comparison of the new gripper design with state-of-the-art grippers.

Criteria New Approach State of the Art
Flexibility + —
Error susceptibility - 0
Cycle Time - +
Invest and setup costs + -

5. Conclusions

The manual and automated assembly of hairpins into a hairpin basket both have
advantages and disadvantages. While manual assembly is flexible due to the use of
workers, it is very prone to errors. Automated assembly, on the other hand, can offer short
cycle times and a high level of safety, but it is inflexible at the same time. The collaborative
assembly presented here is intended to combine the advantages of both approaches and
avoid the disadvantages. For this purpose, a cobot is used to hand the worker the correct
hairpins. Visual support on a display located under the assembly device shows the worker
the correct position of the hairpin. Tests have shown that collaborative assembly is possible
and significantly reduces the susceptibility to errors. However, the current cycle time of 17 s
is problematic. Creating an assembly sequence can be facilitated by the presented analysis
using collision detection. At present, however, this is only a planner’s aid; a complete
assembly sequence cannot yet be derived from it.

The basic functionality of the hairpin basket gripper with a sequential alignment
process was successfully tested. The kinematics and the alignment unit worked as intended.
However, there are still challenges to be solved, particularly when it comes to correctly
clamping the hairpins so that they keep their aligned position. To solve this problem, the
additively manufactured gripper jaws will be replaced with ones made of aluminum. Right
now the process can only be used under the condition that the hairpins are already well
aligned in the assembly device before gripping. A combination of an auxiliary device that
can align the hairpins tangentially with a gripper consisting of only one gripping unit is
conceivable; see Section 3.5 concept (a). Due to the solely radial gripping and the low
number of moving parts (only six gripper jaws), there would be an even bigger advantage
over state-of-the-art grippers with a large number of gripper fingers—particularly in terms
of flexibility and set-up time. The disadvantage of this concept is the more complex
mechanical auxiliary device for hairpin assembly, which is why it was not examined in
detail in this study. Further tests and design adjustments to stiffen the mechanics are
planned in order to make the process more robust.

In conclusion, it can be said that both approaches have clear weaknesses in terms
of cycle time, but significantly improve error susceptibility (collaborative assembly) and
flexibility (basket gripper). For this reason, they are particularly suitable for use in prototype
construction or small series production.
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