
1. Introduction

Automotive wiring harness helps the interaction be-
tween electrical equipment such as in-vehicle controllers,
sensors, actuators, and lamps. An automotive connector, on
the other hand, is one of the important parts, which con-
nects wiring harness to other harnesses or electrical devices.

Automotive connector terminals are generally made
of tin, gold and silver plated copper alloys. Figure 1 shows
an example of a sectional drawing of the terminals in en-
gagement status. The female terminal has a spring made
of copper alloy. An electric current can flow between the
male and female terminals because these terminals have
a mechanical contact caused by the force of the spring.
For the design of new connectors, the terminal resistance
must be known before starting the trial-production of the
terminals. For this reason, it is important to predict elec-
tric contact resistance influenced by terminal design fac-
tor such as contact force, contact shape, plating material
and plating thickness. 

Many researchers have studied the relationship be-
tween contact load and contact resistance under various
conditions(1)-(7). F. Ossart et al. attempted the prediction of

contact resistance in a 3N or lower-load region by the con-
tact analysis using the Finite Element Method (FEM) (1). X.
Hernot et al. discussed the relationship between contact
resistance and contact load on not-plated copper alloy con-
tacts in a load range of up to 10N(4). These researches are
attempt to the region of less then 10N. Recently, the ne-
cessity of high-current terminals has become important for
electric vehicles. Such terminals require sliver-plating as
surface treatment, and require a high contact load as com-
pared with conventional terminals. However, there are not
any researches of predicting the contact resistance between
plated terminals with a load exceeding 10N. Therefore the
authors attempted the prediction of a contact-
resistance load curve of tin-plated and silver-plated termi-
nals in a high-load region.

2. Techniques for Prediction of
Contact Resistance

Holm reported that the electric contact has the real
contact area called as A-Spot in apparent contact area
which produced by surface roughness or dirt. This con-
tact image model is shown in Fig.2(5).
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Fig. 1. Cross-section view of typical connector at mating situation
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Fig. 2. Image of real contact points in apparent contact area



The contact resistance of A-Spot is represented as the
sum of constriction resistance and film resistance by using
the following Equation (1) reported by Holm(8):

············································ (1)

where ρ indicates the resistivity of a contact material,
a indicates a contact radius, ρf indicates the resistivity of
a film, and d indicates the thickness of the film. It is re-
ported that the constriction resistance is dominant in the
load over 10N(6). Therefore the constriction resistance is
analyzed in this study.

Holm proposed the following approximation Equa-
tion (2) for constriction resistance in case of Fig. 2(9):

············································ (2)

where r indicates the radius of an apparent contact
area, n indicates the number of A-spots, and a indicates
the radius of A-Spot.

Greenwood released the following contact-resistance
approximation Equation (3) for multiple contacts by con-
sidering the interaction between A-Spots(10).

····················· (3)

where Sij indicates the distance between A-spots, and
ai, aj indicates the radius of A-spot.

Figure 3 shows an example of contact resistance
changing the radius of spots. The horizontal axis of Fig. 3
indicates the rate of the real contact area in the apparent
contact area. The vertical axis indicates the rate of the con-
tact resistance compared with that the rate of real contact
area is 1. When the rate of the real contact area is about
0.2, the rate of contact resistance increases only about 1.14-
1.25 times. Therefore, in this research, it is assumed that
the constriction resistance of apparent contact area is al-
most same as that of the real contact area presented by
Equation (4). 

···················································· (4)

The prediction of contact resistance is examined sep-
arately in two parts: mechanical contact which is related
contact load with contact area, and electrical connection
which is related contact area with contact resistance. 

3. Experimental Method and Results

Specimens are commercial copper alloy for connectors
with a layer of tin or silver plating, and also for non-plated
samples prepared as a reference (see Table 1). The speci-
mens have a hemispherical shape as an embossment with a
radius 1-3 mm (see Fig. 4). The contact configuration in
this study simulates contact of terminal mating. A schematic
diagram of the apparatus to measure the contact resistance
and load simultaneously is shown in Fig. 5(7). The maximum
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Fig. 3. Relationship between rate of contact resistance and rate of real
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Table 1. Sample Conditions
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contact load was chosen as 40N; the current was 1A, which
is applied for a large current terminal. After measurement
of the relationship between contact load and contact resist-
ance, the contact traces were observed by an optical micro-
scope and SEM (Scanning Electron Microscope). The
apparent contact area is defined as the projected area of in-
dentation measured by image software using the picture
from the optical microscope. However, the contact area of
non-plated samples could not be observed in resistance
measurement samples. Therefore, other samples were used
as a copper sulfureted layer coating, which is soft and thin
in order to obtain the contact area.

The typical results of the relationship between con-
tact resistance and contact load in the case of 6 µm silver
plating and 5 µm tin plating are shown in Fig. 6. The con-
tact resistance is lower at higher load, and the contact re-
sistance of silver plating is lower than that of tin plating.

The typical SEM images and optical microscope
image of the contact area under a condition of 1 µm tin
plating and embossment radius of 1 mm at a 40N load are
shown in Fig. 7.  The contact trace is observed to be rough
over the whole area, and the outline of the contact area
can be observed clearly. The typical results of the relation-
ship between contact load and contact area for tin or non-
plated samples are shown in Fig. 8. The results of 5 µm
tin plating samples have a larger contact area than non-
plated samples due to the effect of the plated layer.

4. Force-Contact Area Relation 

Considering about embossment-flat contact, elastic
deformation and plastic deformation should be investi-
gated at first. Hertz described the contact area S in case
of sphere-plane contact as Equation (5).

····································· (5)

Where E is Young modulus of material, R is radius of
embossment, F is contact force, ν is Poisson ratio. Mean-
while, contact area in case of plastic deformation is de-
scribed as Equation (6).

···················································· (6)

Where Hv is Vickers hardness. Figure 9 shows the re-
lation between contact area and contact force in case of
non-plating samples. The calculation results of Equation
(5) and (6) are also shown in Fig. 9.

The experimental results are in good agreement with
the results of elastic deformation. Thus when the sample
is non-plating, the mechanism of contact area depending
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Fig. 6. Typical example relationship between contact load and contact
resistance for silver and tin plating

Fig. 7. Photograph of contact area by SEM imaging
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on contact force is dominated by elastic deformation.
When plating layer exists on the surface, the experimental
results are different from the results of elastic deforma-
tion(10). Thus, the elastic-plastic FEM contact analysis is
performed. The 2-dimentonal symmetry analysis model
with a plating layer is shown in Fig. 10. The properties of
materials which are used by FEM analysis are shown in
Table 2(11). It is well known that the mechanical properties
of bulk material and a plated layer are different due to
the impurity concentration, grain size, residual stress of
the plating process, etc. Meanwhile the strain-stress curve
of a plated layer cannot be obtained by a tensile test ex-
perimentally; the yield stress was obtained from Vickers
hardness Hv of a tin plated layer(11) as 24. The yield stress
σy of a tin plated layer is calculated from Equation (7)(12).

Hv = 2.9σy ················································ (7)

In the case of a silver plated layer which has high duc-
tility, the yield stress is obtained from the Hirano’s for-
mula(11) in Equation (8).

Hv = Xσy + Y ············································· (8)

X = 2.701, Y = 123 – 1.81 × 10–4A2

+ (4.499n2 – 5.88n + 2.525)A

Where A is the work hardening coefficient. Applying
A = 369.7 MPa, n = 0.8 and Hv = 41 to Equation (8), the
yield stress of silver plating layer is obtained as 21 MPa.

Figure 11, 12 shows the comparison the experimental
results with FEM results. Figure 11 shows the tin plating
layer existed on the surface. The calculation results of the
hardness of bulk tin Hv 6 is also shown in Fig. 11 just for
reference. When the physical property of bulk tin was
used in FEM analysis, the calculated contact area was
larger than experimental results. And the FEM analysis
results, which was performed on the basis of physical
property values obtained from hardness of plating layer,

is a good agreement between the experimental results.
Therefore, the hardness of tin plating layer influenced
much on the contact area. The experimental results as
well as from the FEM analysis results of silver plating are
compared in Fig. 12. Again, a good agreement between
experimental and analysis results in silver plating has
been achieved.

As a result, it has become possible to predict the con-
tact area in plated samples by modifying the stress-strain
curve rather than dealing with hardness. And the mecha-
nism of contact is elastic-plastic deformation which con-
sists of elastic deformation of copper alloy and plastic
deformation of plating layer.

5. Contact Area-Contact Resistance Relation

The experimental results of relation between contact
area and contact resistance in various cases are shown in
Fig. 13. X-axis shows the contact area and Y-axis shows the
contact resistance. Each dot shows the results of 1 µm and
5 µm tin plating, non-plating, and 2 µm and 6 µm silver
plating samples. The solid line shows the constriction re-
sistance from Equation (4).
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The contact resistance is lower when contact area is
larger. The contact resistance of silver plating which has
higher conductivity is lower than non-plating results. Con-
trariwise, the contact resistance of tin plating which has
lower conductivity is higher than non-plating results. As a
result, the contact resistance is changed with a plating ma-
terial and thickness of contact point.

The mathematical solution of constriction resistance
with a plated layer has already been solved by Tanii et al.(13).
The results show in Equation (9). The constriction resist-
ance with a plated layer is given as the constriction resist-
ance with non-plating multiplied by the surface resistance
coefficient Φ. The surface resistance coefficient is the func-
tion of four parameters: conductivity of the plating and the
base metal, plating thickness d and contact radius a.

··············································· (9)

····················· (10)

·············································· (11)

························ (12)

where J1 is 1st-order Bessel functions, σ1 is the conduc-
tivity of the base metal and σ2 is the conductivity of the plat-
ing layer. Figure 14 shows the relationship between Φ with
d/a in the case of various Ks which is the ratio of conduc-
tivity of base metal and plating layer. The K of silver plating
is 0.504, and the K of tin plating is -0.445 in this study. And
the range of d/a in this study is from 0.01 to 0.2.

In order to understand the Equation (9) further, the
electrical field analysis based on the Laplace equation is per-
formed in case that a plating layer exists at contact interface.
Figure 15 shows the image of equipotential line and con-
striction current at contact point(12). The equipotential line
is an oval around the point of contact. Figure 16 (a),(b)
shows the equipotential lines and current flow when a plat-
ing layer exists at a contact point. When the lower conduc-

tivity plating layer exists on the contact point, the current
line is bended to outer of the contact point at plating layer
interface. When the higher conductivity plating layer exists
on the contact point, the current line is bended to the cen-
ter of the contact point at plating layer interface.
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The relationship between theoretical contact resist-
ances and experimental results is shown in Fig. 17. In the
case of silver plating, which has no oxide film, the exper-
imental results are in good agreement with the theoretical
results. However, in the case of tin plating, which has
oxide film, the experimental results are approximately in
agreement with the theoretical results. 

6. Prediction of Contact Resistance

The relation between contact force and contact area
is obtained by Fig. 11 and 12. And the relation between
contact area and contact resistance is obtained by Fig. 17.
By combining these relations, the relation between con-
tact force and contact resistance is obtained.

The contact resistance prediction and experimental
results of non-plating are shown in Fig. 18, silver plating
with a thickness of 2 µm and 6 µm in Fig. 19 and tin plat-
ing in Fig. 20 respectively. The solid line is a prediction
line and each dot shows the experimental results. The ex-
perimental results of non-plating samples which are re-
duced just before resistance measurement and silver
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plating samples which have no-oxide film are in good
agreement with the calculated results. The experimental
results of tin plating samples are in good agreement with
experimental results in the higher load region, where
contact resistance is dominated by constriction resistance.
In lower load region, the contact resistance of experimen-
tal results is higher than the calculated results due to the
effect of tin oxide film.

In this study, the apparent contact area has many A-
spots because many adhesion marks are observed in in-
dentation contact area (see Fig.7). Therefore, we find that
the apparent contact area can be considered effectively
equivalent to the real contact area when calculating the
constriction resistance at these higher loads. For these
reasons, the prediction results by FEM contact analysis are
in agreement with experimental results in practical usage.

7. Conclusions

The following results are acquired from the analysis
of the relationships between force and contact resistance
in the cases of tin plating and silver plating.
1. The behavior of the apparent contact area with a plat-

ing layer is performed as elastic-plastic deformation
which is calculated by the FEM analysis.

2. The behavior of constriction resistance with a plating
layer is calculated with the constriction resistance equa-
tion in which plating layers are considered.

3. Contact resistance at each load can be predicted by
combining 1. with 2.

4. In the silver-plated contact points without oxide films,
the experimental results well agree with the predicted
results. In the tin-plated contact points with oxide
films, the predicted results agree with the measured
values in a high-load region in which contact resistance
is dominant by constriction resistance.

5. When the contact load is high enough and the contact
spot is much about in the apparent contact area, the
constriction resistance of the apparent contact area ob-
tained by FEM contact analysis is assumed as that of the
real contact area of electric contact in practical usage.
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