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ABSTRACT

The massive transition toward electric propulsion requires unprecedented improvements in electric machine
power densities, thermal dissipation, and industrial-scale manufacturability. Hairpin winding architectures—
utilizing solid, rectangular profile copper bars rather than stranded round wire—have established themselves
as the premier technological standard for automotive traction motors. This monograph presents a meticulously
detailed exploration of the modern hairpin manufacturing lifecycle. We examine the fundamental
electromagnetic principles that govern slot fill optimization, detail the step-by-step automated processing loop
from mechanical 3D forming to visions-guided laser welding, analyze slot insulation systems, and
mathematically explore high-frequency alternating current copper losses. Additionally, this study details inline
End-of-Line verification models, establishing a robust operational baseline for advanced mass-production
facilities.
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1. Macro-Economic Drivers and Structural Evolution:

The global transport matrix is undergoing an unprecedented structural transition toward battery electric
vehicles (BEVs). To meet consumer criteria regarding vehicle range, fast-charging timelines, and dynamic
torque delivery, automotive powertrain engineers must aggressively maximize the volumetric efficiency and
thermodynamic boundaries of traction drives. The core of these powertrains is either the permanent magnet
synchronous motor (PMSM) or the induction motor (IM).

For decades, industrial electric motor assembly depended on stranded round-wire winding methods. Although
round-wire layout offers excellent prototyping flexibility and low capital tooling overhead, it introduces severe
operational bottlenecks in high-voltage automotive traction setups. Random wound setups suffer from low raw
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copper utilization, chaotic spatial orientation, poor thermal conduction paths, and variations that prevent highly
repeatable mass production.

Hairpin technology overcomes these deficits. By replacing random bundles of fine wires with a highly
organized, deterministic matrix of solid, pre-formed rectangular copper bars, production loops shift from
arbitrary winding steps to a highly controllable, rigid mechanical assembly methodology.

75% +35% <130s 100%
MAX SLOT POWER TARGET DETERMINISTIC
FILL RATIO DENSITY CYCLE TIME QUALITY
DELTA

Fig. No. 1 Hairpin technology improvements

1.1 Comparative Structural Mapping: Stranded vs. Rectangular Profiles

The fundamental motivation to transition to hairpin geometry is rooted in the cross-sectional optimization of
the stator slots. Stranded round wire loops leave large, irregular air gaps within the slot, restricting the slot fill
factor—defined as the ratio of pure conductive copper cross-section to the net available slot area—to a range
of 40% to 50%. Rectangular hairpin bars stack uniformly, elevating the slot fill factor to between 65% and
75%.

This volumetric density reduces the net electrical resistance of the stator winding by packing a larger
conductive cross-section into a smaller area. Consequently, Ohmic losses, dictated by Ploss Pioss= I°R, drop
drastically during high-torque operation.

2. Electromagnetic Principles and Architectural Constraints

While the physical benefits of solid rectangular profiles are obvious regarding direct current (DC) operational
resistance, driving these motors at elevated rotational speeds (exceeding 12,000 RPM) creates intense high-
frequency alternating current (AC) losses. Engineers must carefully mitigate the Skin Effect and the Proximity
Effect.

2.1 The Skin Effect Phenomenon

When high-frequency AC traverses a solid conductor, the rapidly changing internal magnetic flux induces
localized eddy currents. These eddy currents run counter to the primary current vector at the center of the
conductor, forcing the charge carriers to migrate toward the outer boundary, or "skin," of the rectangular bar.
The physical skin depth limit () is expressed by the following equation:

8=(p/(mxxp))

In this equation, p denotes the specific electrical resistivity of the conductor, f is the fundamental electrical
operational frequency, and p represents the absolute magnetic permeability of the material. At high
fundamental frequencies and inverter switching profiles, the effective conducting cross-sectional area of a
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thick hairpin bar decreases, escalating the high-frequency AC resistance (RAC) and causing localized thermal
spikes.

2.2 Proximity Effect Manifestations

The proximity effect arises due to external magnetic fields generated by closely adjacent hairpins positioned
within the identical stator slot. When deep stacks of solid conductors sit inside a narrow slot, the alternating
magnetic flux forces the current distribution to crowd heavily toward the edges facing the open slot mouth or
the slot base, causing severe efficiency losses.

Architectural Mitigation: Multi-Layer Stratification:

To mitigate proximity and skin effect losses at high rotational frequencies, modern traction motors employ
fine multi-layer configurations. Instead of packing 2 or 4 thick copper bars per slot, modern designs utilize 8,
10, or 12 radial layers of thinner, precisely dimensioned hairpins, keeping the thickness of individual bars
close to the physical skin depth threshold.

3. Raw Material Metallurgy and Pre-Processing Standards

Because the automated hairpin production loop is highly deterministic, any minor variation in raw material
stock will cause mechanical jamming or dielectric failure. The critical inputs are oxygen-free high-
conductivity (OF-HC) copper wire, advanced multi-layer enamels, and ultra-thin electrical steel sheets.

3.1 Wire Dimensional Control and Geometric Quality

The raw rectangular copper wire feedstock must maintain extreme dimensional stability. Strict automotive
specifications mandate a geometric variance of less than £0.01 mm across both the width and thickness profiles
over a complete multi-ton spool. Dimensional inconsistencies introduce variances in bending resistance,

leading to geometric error during automated forming.

. Technical Target Parameter Quality Control
Material Stream Classification

Conductive Oxygen-Free Copper  Conductivity > 101% Chemical Purity >

Substrate (CWO009A) IACS 99.95%

PAI (Polyamide-imide) Total Coating: 0.080 - Dielectric Threshold >
Primary Insulation

/ PEEK 0.120 mm 15 kV/mm
Silicon Steel Sheets Thickness: 0.20 - Core Loss Limit <2
Stator Core Stack (e.g., NO20) 0.35 mm W/kg @ 400Hz
Slot Insulation Meta-Aramid Paper / NMN Composite Thermal Insulation Class
Liner PET Film Matrix R (220°C)

Table No. 1 Wire Dimensional Control and Geometric Quality
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3.2 Insulation Enamel Chemistry and Mechanical Resilience

The insulating polymer enamel skin surrounding the copper core must withstand intense mechanical scraping,
high tensile and compressive stresses during CNC bending, and rapid thermal cycling during motor operation.
Modern setups rely on co-extruded multi-layer systems: a robust Polyimide (PI) base layer for thermal
stabilization, a central Polyamide-imide (PAI) barrier for chemical and moisture resistance, and an outer
sliding layer formulated to lower the external coefficient of friction during insertion.

4. Automated Production: Stator Preparation and Insulation

The physical assembly line begins with the preparation of the stator lamination core. Individual electrical steel
sheets are precision-stamped, aligned, and bonded together using techniques like mechanical interlocking,
laser stitch welding, or specialized back-lack adhesive curing to completely minimize inter-laminar eddy
current paths.

4.1 Slot Liner Paper Engineering and Automated Placement

Before rigid copper elements are forced into the stator teeth, the interior walls of each slot must be lined with
high-dielectric aramid insulation paper to eliminate potential ground faults between the copper bars and the
steel laminate core.

The insulation processing sub-station operates dynamically: continuous multi-layer film is unspooled, passed
through optical inspection scanners to verify surface uniformity, and run through automated creasing wheels.
These wheels fold the flat paper stock into precise configurations matched to the internal slot geometry.
Common variants include:

e B-Profile Configurations: Incorporates an integrated internal divider wall that separates and
isolates separate phase winding groups residing within the same physical slot.

e U-Profile Configurations: Forms a simple lining around the bottom and sidewalls of the slot,
ideal for uniform, single-phase concentric radial layers.

e S/O-Profile Configurations: Multi-fold architectures engineered to fully enclose separate
conductor layers, maximizing electrical tracking distances and minimizing air-pocket ionization
zones.

The profile is cut to match the total stator core stack length, incorporating a predefined safety margin extending
3 to 5 mm beyond the steel boundaries to prevent direct contact with sharp lamination edges. High-speed
multi-axis servo plungers insert these formed paper liners into all slots simultaneously or via ultra-fast index
tables.

S. Hairpin Processing and Geometric Pre-Forming

The hairpin pre-forming line runs parallel to the stator prep line, transforming raw, spooled rectangular copper
stock into highly complex 3D shapes within sub-second cycle times.

5.1 Motorized Unwinding, Precision Straightening, and Tension Governance

Massive raw wire spools (weighing between 500 kg and 2,000 kg) are fed through active, servo-driven
decoiling stations. Because spooled wire retains material curvature, it must pass through dual-axis
straightening arrays containing alternating vertical and horizontal rollers. High-frequency inline load cells
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continuously monitor material tension, adjusting feed rates to avoid copper stretching that would alter the wire
cross-section and electrical resistance.

5.2 Automated High-Power Laser Stripping

To permit automated welding later in the line, the terminal ends of each hairpin must be stripped of their
polymer enamel coating. Traditional mechanical scraping blades are prone to rapid wear and create
microscopic copper burrs. Modern manufacturing lines use high-speed solid-state fiber or green laser ablation
systems.

The laser scans across all four faces of the moving wire, vaporizing the enamel film instantaneously while
leaving the underlying copper substrate clean and unmarred. Real-time optical spectrometers evaluate the
reflection spectrum to confirm complete enamel removal without pitting the metal.

5.3 Linear Cutting, Mechanical Chamfering, and Edge Optimization

After laser ablation, the wire is cropped to precise lengths depending on the target pin profile. The cutting
action can create sharp corner burrs. To prevent these burrs from damaging the delicate slot insulation paper
during insertion, the pin tips pass through a high-speed milling or chamfering station that creates a smooth,
beveled lead-in profile on the wire tips.

6. 2D and 3D Bending Kinematics

Transforming a straight, stripped rectangular bar into a 3D hairpin requires a multi-stage bending sequence
that balances copper elasticity, spring-back variation, and material stress limits.

6.1 The 2D Flat Forming Phase (The Classic U-Shape)

The straight copper section is centered over a central mandrel tool. Dual CNC-actuated bending arms rotate
around the mandrel, folding the wire 180 degrees to form the top crown of the hairpin. The main challenge
here is compensating for material spring-back. Because distinct batches of copper exhibit slight variances in
yield strength, the CNC control system uses integrated torque-sensing loops or machine-vision tracking to
over-bend the copper by an exact, dynamically calculated angle, achieving an accurate 180-degree form after
material relaxation.

6.2 The 3D Twisting Phase (Leg Separation Dynamics)

A standard planar U-pin cannot achieve a wave or lap winding configuration if its legs remain in the same
plane; the legs must span across separate slots separated by a specific slot pitch (e.g., spanning from slot 1 to
slot 7). The flat U-pin is transferred into a 3D twisting station.

The hairpin crown is held securely by an upper clamp while separate lower dies engage the individual legs.
These lower tools move apart along an exact helical or multi-axis trajectory, introducing a 3D twist that
separates the legs both radially and circumferentially without wrinkling or damaging the primary enamel
insulation layer.
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7. Hairpin Nesting and Simultaneous Core Insertion

A single automotive stator contains between 120 and 320 individual hairpins, arranged across multiple
concentric radial layers. Because the 3D twisted legs overlap in a complex pattern, individual pins cannot be
inserted into the stator slots sequentially. The entire winding matrix must be pre-assembled into a single nest.

7.1 Robotic Pre-Assembly (Nesting Drum Integration)

High-precision robotic pick-and-place arms collect the formed hairpins—which include various design styles
such as standard U-pins, extended phase-lead pins, and neutral-point jumpers—and load them layer-by-layer
into a specialized cylindrical fixture called a nesting drum.

As the pins are loaded, the complex overlapping end-turns interweave smoothly. The nesting assembly
maintains precise radial positioning to ensure that all hundreds of pin tips line up exactly with the
corresponding slots of the stator core.

7.2 Simultaneous Insertion Automation

Once the hairpin nest is fully populated within the manipulation drum, the assembly is aligned directly above
the insulated stator core. A multi-point pneumatic or servo pusher ring descends on the crown side of the nest.

With a single, controlled linear stroke, the pusher forces all hairpin legs simultaneously into the paper-lined
stator slots. This step requires extreme precision: alignment between the nesting drum, the paper liners, and
the stator teeth must remain within a <0.05 mm concentricity window to avoid pinching or tearing the delicate
insulation paper.

8. End-Twisting Mechanical Automation

Following insertion, the hairpin crowns protrude from the top of the stator core, while the straight, stripped
leg tips extend out from the bottom welding side. To establish the correct continuous phase paths, these leg
ends must be precisely bent toward each other to form pairs for automated welding.

8.1 Concentric Multi-Ring Twisting Tools

The stator is transferred and clamped into a heavy-duty CNC twisting machine. This machine features a series
of independent, concentric steel rings. Each ring contains a pattern of slots designed to catch the protruding
stripped tips of a specific radial layer of hairpins (e.g., an 8-layer stator uses 8 independent twisting rings).

Once the tips are engaged in the ring slots, an axial clamping force is applied, and the rings rotate in alternating
directions. For instance, rings 1, 3, 5, and 7 rotate clockwise by a specific angular increment, while rings 2, 4,
6, and 8 rotate counter-clockwise by an equal, opposing increment.

This complex counter-rotation twists the copper pins uniformly, bringing the stripped tips that belong to the
same electrical node into direct contact, side-by-side, creating a neat, symmetrical matrix of welding pairs.

8.2 Mechanical Shearing and Height Equalization

Despite high-precision bending, mechanical variation during twisting can leave the tips at slightly different
axial heights. To guarantee high-yield laser welding results, a uniform welding plane is required. A high-
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rigidity circular shearing tool tracks across the twisted tips, cropping them to a uniform height and removing
any localized mechanical distortions.

9. High-Precision Automated Laser Welding Systems

The electrical and mechanical structural integrity of the hairpin stator depends entirely on the quality of its
welded joints. With hundreds of welds required per stator and cycle times constrained to under two minutes,
high-speed automated laser welding is mandatory.

9.1 Vision-Guided Scanning and Clamping

Prior to firing the laser, a high-resolution 3D vision system scans the twisted pin layout. This camera calculates
the precise spatial coordinate offset (X, Y, Z) of every single copper pair, adapting dynamically for minute
physical variations. A specialized mechanical fixture or pneumatic clamping finger engages each pair
sequentially or in blocks, forcing the two flat copper surfaces together to ensure zero air gap at the joint
interface.

9.2 Laser Parameters and Beam Dynamics

Welding Control Parameter Infrared Fiber System + Pure Green Laser
Wobble Configuration

Laser Power Output Range 4.0 - 6.0 kW 2.5-4.0kW
Galvanometric Wobble 300 - 600 Hz Optional / non-essential
Frequency

Net Welding Cycle Time ~0.30 seconds per joint pair ~0.15 seconds per joint pair
Target Melt Depth Penetration 1.5 mm - 2.5 mm 1.8 mm - 2.2 mm

Table No. 2 Laser Parameters and Beam Dynamics

Copper possesses an exceptionally high thermal reflectivity for standard infrared wavelengths (~1064 nm)
when cold, which can lead to energy instability and welding defects like spatter or blowholes. To mitigate this,
state-of-the-art lines employ either:

. Green Lasers (515 nm): Copper exhibits significantly higher absorption for green wavelengths,
achieving instantaneous, highly stable melt pools without power spiking.

o Wobble-Enhanced Fiber Lasers: High-power fiber lasers coupled with high-frequency galvo
scanning heads that oscillate the beam in circular, elliptical, or spatial patterns (wobbling). This
distributes heat evenly and stabilizes the keyhole melt pool.
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10. Impregnation, Resin Curing, and Structural Consolidation

Once welding is complete, the stator forms a functional electrical assembly. However, it cannot yet withstand
the severe vibration and environmental thermal cycles of automotive operation. It must undergo an
impregnation process to eliminate acoustic humming, structural shifting, and environmental degradation.

10.1 Trickle Impregnation Methodology

The stator is pre-heated via electrical induction or convection ovens to a uniform temperature (typically 110°C
to 130°C). It is then mounted onto a rotating carousel assembly. While the stator rotates axially at a precise tilt
angle, highly automated nozzles dispense a precise stream of low-viscosity epoxy or unsaturated polyester
resin directly onto the winding end-turns.

The combination of capillary forces and active rotation pulls the liquid resin deep into the stator slots,
completely soaking the interstitial spaces between the hairpins and the slot liner paper, expelling all trapped
air pockets.

10.2 Targeted Resin Curing

Following impregnation, the stator proceeds directly to the curing stage. Current is often passed through the
windings themselves (current heating technology) to heat the copper from the inside out. This ensures that the
resin cures uniformly from the deepest slot layers outward, preventing surface crusting and trapping volatile
compounds, which can lead to internal voids.

11. Advanced End-of-Line (EQL) Testing Protocols

To guarantee a 15-year operational lifecycle in an electric vehicle, every single manufactured stator must pass
rigorous End-of-Line testing.

Surge and High-Potential (Hi-Pot) Verification

The stator is subjected to high-voltage potentials (often exceeding 2.5 kV AC/DC) to verify the isolation
integrity between phase-to-phase and phase-to-ground structures. Surge testing injects a high-frequency, fast-
risetime voltage pulse into the windings, allowing sophisticated signature analysis algorithms to detect a single
shorted turn within the hairpin network.

Partial Discharge Analysis (PDA) under High Voltage

As inverter topologies move toward high-voltage 800V architectures using ultra-fast switching Sic MOSFETs,
partial discharge testing has become vital. PDA detects micro-arcs and ionization currents occurring within
tiny air voids in the slot insulation or resin. Any stator displaying partial discharge activity at or below the
peak operating voltage threshold is automatically rejected to prevent premature field failure.
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12. Industrial Hurdles and Next-Generation Research Horizons

While hairpin winding lines dominate current automotive manufacturing, these systems must continuously
evolve to support next-generation electric propulsion systems.

12.1 Continuous Wave Winding Integration

A primary limitation of standard hairpin assembly is the vast number of individual laser welds required at the
end-turns, which increases factory line footprint and inspection overhead. To eliminate this bottleneck,
manufacturers are pioneering continuous wave winding. Instead of separate U-shaped pins, specialized high-
speed CNC machines continuously bend a single long rectangular wire into a continuous wave pattern before
rolling and inserting it. This eliminates up to 80% of the welded joints, drastically simplifying the
manufacturing line and reducing structural weight.

12.2 Deep Multi-Layer Matrix Topologies (X-Pin Architectures)

To combat high-RPM AC skin losses, modern layouts are shifting from 4-layer and 6-layer configurations up
to 8-layer, 10-layer, and 12-layer arrays. This reduction in individual pin cross-sections requires tighter
manufacturing tolerances, micro-precision bending dies, and advanced laser tracking optics capable of
handling closely packed pin targets.

13. Definitive Synthesis

Hairpin winding technology has established itself as a foundational pillar of high-efficiency electric vehicle
traction motor manufacturing. By offering superior slot fill factors, enhanced thermal dissipation, and highly
repeatable automation capability, it fulfills the key metrics mandated by modern e-mobility. While high initial
capital investments and complex high-frequency AC current losses pose significant engineering hurdles,
continuous innovations in multi-layer architectures, advanced laser welding optics, and inline partial discharge
tracking guarantee that hairpin winding will remain central to electric vehicle powertrain scaling for the
foreseeable future.
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