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As production numbers of battery electric vehicles (BEVs), plug-in hybrid electric vehicles (PHEVs), and hybrid electric vehicles 
(HEVs) increase, the development of eAxle, which integrate motors, gears, and inverters, is accelerating. Although busbars 
currently dominate power supply harnesses to eAxle motors, there is a growing demand for flexible cables that offers superior 
vibration resistance and greater design freedom. Thus, we developed an easily deployable flexible cable, specifically for the power 
supply of oil-cooled eAxle motors. We selected fluoro rubber as the flexible insulating material due to its excellent resistance to 
ATF, which serves as both a refrigerant and a lubricant. However, we faced challenges in balancing flexibility with properties such 
as abrasion resistance and the prevention of adhesion between insulating materials. We addressed these issues by achieving the 
fine dispersion of crystalline components to enhance abrasion resistance and by controlling molecular mobility through cross-
linking to reduce the adhesion of insulations. Through this study, we were able to develop a cable that meets the ISO 200°C rating, 
has ATF resistance and flexibility, and put it on the market.
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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1. Introduction
The production of electric vehicles (BEVs/PHEVs/

HEVs) is expected to increase steadily worldwide. In line 
with this trend, the development of eAxle, which integrates 
the core components of electric vehicles, such as motors, 
gears, and inverters, is underway to achieve reduction in 
size, weight, and cost (Fig. 1). Currently, flat conductive 
metal bars, known as busbars, are mainly used as the power 
supply harness to the eAxle motor. In comparison, electric 
cables can be easily bent, allowing for greater design 
freedom. We identified a demand from customers for this 
type of cable due to its excellent vibration resistance, and 
we aimed to enter a new market by developing a power 
cable for the eAxle motor.

Cooling is a crucial function in the efficient operation 
of eAxle motors. There are the two types of cooling: water 
cooling, in which a water jacket is placed around the 
motors, and oil cooling, in which oil such as automatic 
transmission fluid (ATF) is in direct contact with the 
motors. The oil-cooling system is slightly inferior to the 

water-cooling system in terms of cooling capacity but is 
gaining popularity due to its compact size and ability to 
provide lubrication. However, the oil used for cooling, such 
as ATF, is corrosive to the polymers that comprise the insu-
lating material, and depending on the oil type, it may cause 
adverse effects; thus, selecting insulating material is essential.

In addition, since miniaturization of eAxle is being 
pursued, the space for cable arrangement in eAxle is 
expected to become more compact, and cables are antici-
pated to be routed  with small radii of curvature. This 
routing is often done manually, and cable flexibility is one 
of the important characteristics from the perspectives of 
work efficiency, worker burden, and assembly accuracy.

Against this background, we decided to develop 
highly heat-resistant cables for eAxle motors that are resis-
tant to ATF and exhibit high flexibility.

2. Development Goals
Considering the operating environment around 

heat-generating motors, the goal was to achieve compli-
ance with the ISO standard’s 150˚C rating for automotive 
cables. In addition to this requirement, since the cable is 
exposed to ATF at a maximum temperature of 150˚C, we 
aimed to maintain the tensile strength and residual elonga-
tion of the insulating material at 90% or higher even after 
being subjected to 150˚C for 1200 hours. In addition, given 
the demand for cable flexibility and abrasion resistance, the 
elastic modulus of the insulating material, significantly 
affecting cable flexibility, was limited to 100 MPa or less, 
with a target abrasion resistance of 250 cycles or more 
during the abrasion test as shown in Fig. 2.

When insulating materials are made flexible, there is a 
risk of the insulating materials of the cables adhering to 
each other, which impairs workability during processing. 

MotorGear

Inverter
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With the advantages of being 
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Fig. 1.  Typical example of eAxle
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This phenomenon is caused by interdiffusion and entangle-
ment of molecular chains at the interface(1) (Fig. 3) and is 
more likely to occur with lower modulus polymers that 
process lower crystalline content and higher mobility. As 
the storage temperature rises, the mobility of the molecular 
chains further increases, promoting mutual adhesion. 
Therefore, the target was to achieve no mutual adhesion 
between insulating materials after being wound on a drum 
and stored at 50˚C for 72 hours. The main target properties 
are shown in Table 1.

3. Selection of Insulating Material
The following flexible materials are olefin rubber, 

silicone rubber, acrylic rubber, urethane rubber, and fluoro 
rubber. The characteristics of each are shown in Table 2.
Olefin rubber:
  The material cost is low, but ATF resistance is much 
lower.
Silicone rubber:
  It has good long-term heat resistance, but abrasion 
resistance and ATF resistance are considerably inferior.
Acrylic rubber:
  It has good long-term heat resistance, but electrical 
properties and ATF resistance are poor.
Urethane rubber:
  It has good ATF resistance, but poor long-term heat 
resistance.
Fluoro rubber:
  The material cost is high, and abrasion resistance and 
non-adhesiveness are insufficient, but heat resistance and 
ATF resistance are very good.

As a result of the above analysis, we selected fluoro 
rubber as the base material because of its good ATF resis-
tance, which is an important characteristic, despite its high 
material cost. However, improving abrasion resistance and 
mutual adhesion between insulating materials remains an 
issue.

Therefore, we decided to blend fluoro plastic, which 
has poor flexibility, with fluoro rubber, as it has good heat 
resistance and ATF resistance, as well as excellent abrasion 
resistance and non-adhesion due to its crystalline compo-
nent. However, with a simple blend, the improvement in 
abrasion resistance was not as significant as expected based 
on the blend ratio of fluoro plastic, and it could not be 
compatible with flexibility.

When the insulating material from the simple blend was 
observed with a scanning transmission electron microscope, 
the fluoro plastic was dispersed in the fluoro rubber at approx-
imately 1 to 5 μm, forming an island phase (Fig. 4 (b)). We 
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Fig. 2.  Abrasion test method
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Fig. 3.  Mechanism of mutual adhesion between insulating materials

Table 1.  Main target characteristics

Standard Item Condition Unit Target value

ISO

Electrical  
property

After 4 hours in a 3% saline 
solution, followed by a dielectric 

strength test
- No destruction

Wound after 2 hours in water 
at 70˚C, followed by volume 

resistivity measurement
Ω•mm ≥ 1×1012

Low-
temperature 
resistance

Wound after 4 hours at -40˚C, 
followed by a dielectric strength 

test
- No destruction

Flame 
resistance 45° inclined flame retardant test Second Extinguishment 

within 30 seconds

Heat resistance 
rated at 150˚C

Wound after 6 hours in water at 
200˚C, followed by a dielectric 

strength test
- No destruction

Wound after 240 hours in 
water at 175˚C, followed by a 

dielectric strength test
- No destruction

Wound after 3000 hours in 
water at 150˚C, followed by a 

dielectric strength test
- No destruction

Oil resistance 
rated at 150˚C

Wound after immersion in ATF 
at 23˚C for 10 seconds, followed 

by 240 hours at 150˚C and a 
dielectric strength test

- No destruction

Other

ATF resistance 
characteristics

Tensile test after immersion in 
ATF at 150˚C for 1200 hours %

Tensile strength 
retention ≥ 90 

Elongation at break 
retention ≥ 90

Flexibility Elastic modulus of insulating 
material MPa ≤ 100

Abrasion 
resistance

Number of cycles until a sheet 
of insulating material with a 

width of 2 mm and a thickness 
of 0.5 mm is penetrated or worn 

through

Cycle ≥ 250

Non-
adhesiveness

Wound on a drum and stored at 
50˚C for 72 hours - No adhesion

Table 2.  Summary of polymer characteristics

Olefin 
rubber

Silicone 
rubber

Acrylic 
rubber

Urethane 
rubber

Fluoro 
rubber

Flexibility Good Good Good Good Good

Long-term heat 
resistance Average Good Good Poor Excellent

ATF resistance Poor Poor Poor Good Excellent

Abrasion 
resistance Average Poor Average Average Average

Non-
adhensiveness Average Average Average Average Average

Electrical 
characteristics Good Good Average Good Good

Material costs Excellent Good Good Good Average
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estimated that stress concentration occurred at the interface 
during abrasion tests, resulting in a reduction in abrasion 
resistance (Fig. 5). To alleviate the stress concentration, we 
developed a fluorinated thermoplastic elastomer*1 with 
crystalline components finely dispersed to approximately 
50 to 100 nm (Fig. 4 (a)) in cooperation with a fluoro 
polymer manufacturer. This enabled us to achieve both the 
target flexibility and abrasion resistance (Fig. 6, Table 3).

The introduction of crystalline components alone was 
insufficient for improving the mutual adhesion between 
insulating materials. Therefore, we aimed to improve it by 
reducing the mobility of molecular chains and suppressing 
interdiffusion through the process of cross-linking (Fig. 7), 
and conducted a basic evaluation using press-molded 

sheets of insulating materials to validate its effectiveness 
(Fig. 8).

Based on the above analysis, we developed a proto-
type 25 sq mm cable (insulation thickness 0.55 mm). 
Representative characteristics are shown in Table 4. This 
cable was found to meet the ISO 150˚C rating as well as 
the 200˚C rating. The improvement in heat resistance can 
improve the permissible current rating, allowing for 
proposals to customers regarding a reduction in conductor 
diameter size. In addition, other important properties, such 
as ATF resistance, abrasion resistance, and flexibility, were 
satisfied. It was confirmed that even after storage at 50˚C 
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Fig. 4.  Observation results by scanning transmission electron microscope 
(Scale (a): 500 nm, (b): 5 µm)

Fig. 5.  Differences in abrasion test results between the simple blend and the 
developed product

Fig. 6.  Elastic modulus of insulating materials and number of abrasion cycles

Table 3.  Evaluation results of elastic modulus and number of abrasion cycles

Item Condition Unit Taget 
value

Fluoro 
rubber 
alone

Simple 
blend

Developed 
product

Fluoro 
plastic 
alone

Flexibility Elastic modulus of 
insulating material MPa ≤ 100 3 98 96 883

Abrasion 
resistance

Number of cycles 
until a sheet of 

insulating material 
with a width of 2 mm 
and a thickness of 0.5 
mm is penetrated or 

worn through

Cycle ≥ 250 77 202 302 ≥ 5000
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Fig. 7.  Mechanism for prevention of adhesion

Fig. 8.  Evaluation results of adhesion strength in press-molded sheets
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for 72 hours after being wound on a drum, there was no 
mutual adhesion between insulating materials.

4. Conclusion
The highly heat-resistant and flexible oil-resistant 

cables for eAxle developed in this research exhibit high 
durability against ATF and meet the ISO standard’s 200˚C 
rating. The cable is both flexible and abrasion resistant. It 
is currently being adopted by eAxle manufacturers and is 
undergoing mass-production. This insulating material also 
has excellent extrudability and is being considered for use 
not only in insulated cables but also in multi-core cable 
sheaths and cables with non-round shapes.

Technical Term
＊1	� Thermoplastic elastomer: Polymers that have the 

property of softening when heated and hardening 
when cooled.
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Table 4.  Evaluation results of cable

Standard Item Condition Unit Target value Result

ISO

Electrical 
property

After 4 hours in a 3% 
saline solution, followed by 

a dielectric strength test
- No destruction No destruction

Wound after 2 hours in 
water at 70˚C, followed 

by volume resistivity 
measurement

Ω•mm ≥ 1 × 1012 3 × 1015

Low-
temperature 
resistance

Wound after 4 hours at 
-40˚C, followed by a 
dielectric strength test

- No destruction No destruction

Flame 
resistance

45° inclined flame retardant 
test Second

Extinguishment 
within 30 
seconds

3

Heat 
resistance 
rated at 
150˚C

Wound after 6 hours in 
water at 200˚C, followed 

by a dielectric strength test
- No destruction No destruction

Wound after 240 hours in 
water at 175˚C, followed 

by a dielectric strength test
- No destruction No destruction

Wound after 3000 hours in 
water at 150˚C, followed 

by a dielectric strength test
- No destruction No destruction

Oil resistance 
rated at 
150˚C

Wound after immersion 
in ATF at 23˚C for 10 
seconds, followed by 

240 hours at 150˚C and a 
dielectric strength test

- No destruction No destruction

Heat 
resistance 
rated at 
200˚C

Wound after 6 hours in 
water at 250˚C, followed 

by a dielectric strength test
- No destruction No destruction

Wound after 240 hours in 
water at 225˚C, followed 

by a dielectric strength test
- No destruction No destruction

Wound after 3000 hours in 
water at 200˚C, followed 

by a dielectric strength test
- No destruction No destruction

Oil resistance 
rated at 
200˚C

Wound after immersion 
in ATF at 23˚C for 10 
seconds, followed by 

240 hours at 200˚C and a 
dielectric strength test

- No destruction No destruction

Other

ATF 
resistance 

characteristics

Tensile test after immersion 
in ATF at 150˚C for 1200 

hours
%

Tensile strength 
retention ≥ 90 
Elongation at 

break retention 
≥ 90

98

101

Flexibility Elastic modulus of 
insulating material MPa ≤ 100 96

Abrasion 
resistance

Number of cycles until a 
sheet of insulating material 
with a width of 2 mm and 
a thickness of 0.5 mm is 

penetrated or worn through

Cycle ≥ 250 302

Non-
adhesiveness

Wound on a drum and 
stored at 50˚C for 72 hours - No adhesion No adhesion
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