
Figure 3: Damping pad positioning workflow within the Actran Workflow Manager.
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I t has been over a hundred and fifteen years since cars 
first started to replace horses as the standard form of 
transport. Automotive manufacturers worldwide are 
preparing for the next significant paradigm shift – electric 
vehicles that promise a cleaner, greener future. But like 

every transformational technology, ensuring safety is essential. 
In the case of an electric motor, this means ensuring that each 
motor is properly inspected—right down to the very last hairpin. 

The concept of an electric motor itself is not particularly new. 
The Egger-Lohner C2 Phaeton, which looks somewhat like a 
horse-drawn relic from the olden days, is not quite the first 
electric racecar that comes to mind, but in September 1899, it 
won a 25-mile (40-km) road race in Berlin by a full 18 minutes. 
This model of an electric vehicle was first developed in 1898 
and ran on an octagonal electric motor—so named for the 
shape of its housing—at a top speed of 22 mph (35 km/h).



Of course, electric vehicles as we know them today are much 
faster and more efficient, with some reaching speeds of 250 
mph (400 km/h). While over a century separates modern cars 
from the Egger-Lohner, the same heart beats at the core of 
each: an electric motor. 

The idea behind the electric motor has remained essentially 
unchanged since its conception. Each motor consists of a 
spinning rotor, and a stator mounted in the housing, which 
creates a magnetic field when a current flows through 
the windings. Rapidly changing magnetic fields produce 
torque around the rotor’s axis and set it in constant motion, 
generating the mechanical energy needed to turn the gears. 

Power density and efficiency concerns have forced 
engineers to reconsider the traditional use of stranded 
copper wire in eMotor design. Engineers have now adopted 
the use of hairpin-shaped windings due to the beneficial 
electromagnetic and thermal performance provided. Hairpin 
windings are solid conductors instead of stranded wire and 
can achieve a high fill factor and good thermal performance. 
Several layers of interlocking wires produce a superior slot 
fill, which drives higher sustained output. The open ends of 
the wires are welded together to close the electric circuits. 
These high-precision hairpins ensure enhanced performance, 
continuous power flow, and high reproducibility.

This development has revolutionised the electric vehicle 
industry, and hairpin stators can now be found in nearly every 
electric vehicle.

Inspecting hairpin stators

For electric motor manufacturers, ensuring the highest 
possible level of conductivity is a priority. This parameter 
relies on clean welds and low porosity at critical points for 
hairpins. However, in practice, the welding joints at the ends 
of these hairpins are not as seamless as they appear. Since 

Figure 1: The 1898 Egger-Lohner C2 Phaeton model now stands in the Porsche 
Museum in Stuttgart.

Figure 2: CT Scanning and Volume Graphics detects pores in hairpin welding seams.



Figure 3: Inspecting the stator hairpins in VGSTUDIO MAX from three different angles and in 3D.

Object registration

Best-fit registration is better suited for aligning 
two objects that are similarly shaped—which is 
ideal if a CAD already represents the entire part. 
It starts by determining the centre of gravity 
and aligns the object based on rotation until the 
surfaces match.

Inspection is no minor issue. The time required to manually 
inspect these parts and ensure that the pores don’t affect the 
quality of the engine can be costly. 

One solution is to rely on a fully automated approach 
that factors in the porosity of the welding seam. This is a 
complicated issue as the welding process takes place after 
assembly. The only way to inspect the hairpins is also to inspect 
the housing at the same time. This technique leads to an 
enormous number of artefacts in the scan. Combined with the 
flexible, variable shape of the hairpins, it is nearly impossible 
to use a CAD model as a reference to align the object and get 
a clear idea of the hairpins in the stator. Fortunately, there is a 
way to refine this inline process and drastically reduce the man-
hours necessary for manual inspection.

these are single-material hairpins, X-ray technology is not 
able to recognise any difference between the welding ball and 
pins, making quality inspection much more difficult. In some 
instances, pores may be introduced by the welding process, 
which reduces the copper bar’s cross-section area, thereby 
lowering the conductivity.



Using a ‘golden’ mesh for defect detection

Porosity analysis is not a new solution; still, with the subvoxel 
accuracy and refinement options offered by VGSTUDIO MAX, we 
can improve the precision of the detected defect volume. This 
presents a marked improvement compared to earlier methods 
that limit defect detection only to voxel size. How can we apply 
this inspection method to hairpin technology in eMotors?

As previously mentioned, the first major challenge is 
determining the welded section—especially since the top 
of the welding seam is round and cannot be seen on a CAD 
model. This requires aligning the object using a ‘golden’ mesh 
calculated from the average of several scans and the region 
of interest (ROI) functionality to determine the analysis area. 
Because these meshes more accurately reflect the actual 
shape of the part, object registration can be used to align the 
stator volume in each scan against this golden mesh. This 
makes it easy to identify the analysis area and create an ROI 
pattern to define it.

The second challenge is to determine what is below the 
surface of the hairpin by examining the porosity of each 
welding seam. The porosity/inclusion analysis features in 
Volume Graphics software enable you to detect, characterise 
and visualise porosity in 2D and 3D using computed 
tomography scanning (CT-scan). The VGEasyPore algorithm 
uses subvoxel-accurate segmentation to increase accuracy 
further and addresses additional ROIs acquired by using 
CMM features while applying defined tolerances based on the 
defect volume. Finally, a projection mode approach gives us 
more accurate information on the remaining cross section for 
the current in the welding seam.

Including the ROI functionality in the mix makes it possible to 
acquire more accurate information on the hairpin. Based on 
the results, the process can be automated, saving a lot of time 
and ensuring a seamless and reliable quality-control process 
without needing manual inspection. For engineers, this results 
in tremendous time savings of five minutes for a complete 
stator versus fifteen minutes for one weld. Automation can 
significantly reduce the analysis time and man-hours required 
to inspect, produce, and manufacture critical parts in an 
electric engine.

Golden surface

A “golden surface” creates an average shape 
out of several scans of a part. This is ideal 
for plastics and other materials that may 
get deformed in production—like hairpins. 
It can also be used to reverse engineer an 
average shape so that random manufacturing 
deviations of single parts have less impact 
on the results. Creating a golden surface 
also allows for mesh compensation and 
manufacturing geometry correction.

Advanced surface determination

Subvoxel-accurate surface determination makes even those 
details visible that are smaller than a voxel. Grey values of 
individual voxels are processed depending on the grey values 
of the surrounding voxels, making the surface determination 
more accurate. The interval-based mode allows for a high-
accuracy, locally adaptive surface determination, even within an 
automated environment and with changing grey value conditions. 
Multi-material mode is also available for simultaneous 
determination of the surfaces of multiple materials within a 
volume, resulting in one component per material.

Another critical timesaver to the workflow is using a golden 
surface, which acts as a reference part if no CAD is available. 
It is also helpful when produced parts are more similar among 
themselves than to their CAD model. In this case, an average 
object is created out of the scans of several stators, which 
reflects real-world situations much more accurately than 
CAD. This ‘golden stator’ is a standard against which stators 
are aligned for analysis. Based on this alignment, geometry 
elements were imported and used to align slices and create 
precise rectangular ROIs on the parts of interest—in this case, 
the hairpin welding seam—and used for porosity analysis.

The global market for electric vehicles (EVs) is growing at a 
compounded annualised growth rate (CAGR) of 21.7 per cent. 
It is expected to grow to 39.21 million units by 2030. Given 
these numbers, EV manufacturers must embrace innovative 
practices such as automated part inspections to deliver the 
required volumes. 

Hairpin inspection for eMotors. 
Learn more about CT software: hexagon.com

https://hexagon.com/products/product-groups/computed-tomography-software

