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ABSTRACT Faults in vehicle sensor connectors are crucial to the safety of a vehicle. Once the connector is
loosened according to the reduction of its contact forces, its electrical contact resistance may be increased,
causing unexpected errors in sensor systems. However, such error mechanisms have enormously diverse
causes that have not yet been identified. This study proposes a process to analyze the causes influencing
the connector contact force and resistance by employing a combination of numerical and experimental
methods. Specifically, the causes of variation of contact force are numerically analyzed and their influence
on the electrical contact resistance is experimentally studied. Precise 3D models of a commercial vehicle
sensor connector are developed based on a 3D tomography, and a 3D finite element (FE) simulation is
employed to estimate the connector contact force, considering plastic deformation. After classifying potential
causes into three categories, two major factors are selected: manufacturing tolerance occurring during the
connector manufacturing process and plastic deformation occurring during the vehicle maintenance process.
The factors are observed to substantially reduce the contact force (by ∼14.6 or 19%). The impact of the
reduced contact force is validated in sequential experiments, and exhibits a nonlinear relationship between
the contact force and corresponding contact resistance. In addition, the experiments also consider simulated
manufacturing and maintenance factors, and demonstrate an increased contact resistance by the functions of
the decreased contact force with minor measurement errors (<7.5%).

INDEX TERMS Electrical contact resistance, contact force, vehicle sensor connector, electrical signal, signal
fault.

I. INTRODUCTION
Vehicle sensors are becoming increasingly important in the
performance and reliability of automobiles. Vehicle sensors
measure, calibrate, monitor, and transmit feedback informa-
tion needed in vehicle systems. Diverse sensors have been
already installed in vehicles and applications demanding new
sensors continue to develop. As the number and diversity of
vehicle sensors increase, their reliability has been thoroughly
reviewed and methodologies to prevent possible faults or fail-
ures have been studied [1]. As a result, fault tolerant control
and diagnosis are drawing attention [2].

The associate editor coordinating the review of this article and approving
it for publication was Xiaosong Hu.

The reliability of sensor signal is determined not only
by the sensors themselves but also by the components
comprising the sensor system. Figure 1 depicts an example
of a vehicle sensor systems including measurement and sig-
nal processing sections. This sensor system configuration
is typical in many automotive systems, especially engine
management systems [3], [4]. In addition, this configuration
is common in on-board diagnostics (OBD), exhaust gas con-
trol, HVAC (heating, ventilation, & air conditioning) system,
etc. [5]–[9]. The sensor connector links the measurement
and signal processing sections, and delivers the sensor output
signals that are either raw or processed data. Obviously, if any
interferences occur at the sensor connector, sensor signals
are distorted, leading to fatal problems in the control system.
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FIGURE 1. An example configuration of vehicle sensing systems.

FIGURE 2. Narrowed current path by the reduced contact area.

In that respect, the reliability of sensor connectors must
be carefully examined. Thus, mechanisms inducing failures
or faults in vehicle-sensor connectors must be specifically
identified.

Many studies were conducted to identify the causes of
failure/fault in connectors or to examine the influence of the
causes, but most of them handled general electrical connec-
tors and did not specify their applications. Popularly reported
causes are physical failures represented by corrosion and
wear, because most connector contacts are made of metals.
Corrosion is accelerated in environments exhibiting high tem-
perature or severe vibration [10]–[12]. Wear appears at the
metal of the contact part when the connectors are repeat-
edly disconnected and reconnected during usage [13]–[15].
Such repeated processes may also flatten or roughen the
contact surface. These physical failures are hardly predictable
damages.

Electrical performances are decisive characteristics of
vehicle sensor connectors that provide electrical connection
and disconnection, basically, by assembly and disassembly.
One common measure of the electrical performances is the
electrical contact resistance of the connector. The electri-
cal contact resistance largely depends on the contact area.
As shown in Fig. 2, the reduced contact area at the contact
interface results in a narrowed current path passing through
the connector and increases the electrical contact resistance.
The amount of the resistance increment is influenced by
various factors and difficult to validate. Among the factors
influencing the electrical contact resistance for structural rea-
sons, the reduced contact force, which sometimes referred

FIGURE 3. (a) Female part of the connector and its female pin after
decapsulation of the housing plastic mold, (b) male part of the connector
and its front view showing four male pins.

as contact pressure, is the most popularly observed cause
once physical failures like corrosion or wear are excluded.
The relationship of the contact force and electrical contact
resistance is mainly investigated in semiconductor fabrication
foundries (e.g., pressed probe tips in mechanical probe sta-
tion, cantilever tips of contact-type atomic forcemicroscopes)
[16], [17].

However, there are few reports focusing on the possible
fault mechanisms in vehicle sensor connectors, and no seri-
ous attempts to define their contact force-electrical contact
resistance relationship, even though vehicle connectors have
shapes/performances different from general electrical con-
nectors and require extremely high reliability. Therefore, this
study numerically analyzes a target vehicle-sensor connector
by focusing on a change in the contact force, and, to deter-
mine their relationship, characterizes the electrical contact
resistance. In addition, the causes of possible faults in vehicle
operation are categorized and tested in our simulations and
experiments.

II. SENSOR CONNECTOR
A. TYPICAL STRUCTURE OF VEHICLE
SENSOR CONNECTORS
A typical vehicle sensor connector consists of male and
female parts. One example connector is shown in Fig. 3.
The female part contains multiple female pins while the male
part includes corresponding male pins. Some pins are used to
provide power to the vehicle sensor while another pins deliver
sensor signals to the signal processing section.

Electrical connection is established by inserting the male
pins into the female pins. This insertion deforms the female
pin by widening the gap between the two facing areas and
generates a reaction force maintaining the contact. The reac-
tion force contributes to the contact force of the connector that
decides its electrical contact resistance. Generally, a larger
contact force decreases the contact resistance. For the pur-
pose, the male pin is designed to be thicker than the facing
gap of the female pin.

The increased contact force may induce an elastic-plastic
deformation at the contact area combining male and
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female pins, which modifies the asperity of the surface like
roughness and ruggedness. Diverse studies have presented
elastic-plastic contact models through the asperity geometry
of contact surfaces [18]–[20]. In addition, other factors such
as dynamic conditions are under consideration [21], [22].
This elastic-plastic deformation of the contact will influence
its electrical characteristics. However, this study focuses on
potential causes reducing the contact force by analyzing con-
nector structures. Thus, the contact surface is assumed to be
elastic becausewe consider the changes on the contact surface
asperity are physical contact failures.

B. THEORETICAL BACKGROUND OF RELATIONSHIP
BETWEEN CONTACT FORCE AND ELECTRICAL
CONTACT RESISTANCE
Many previous studies calculated the electrical contact resis-
tance using the resistivity and the contact area, assuming that
the contact surface does not change. The contact area and
resistance of a single-spot contact is popularly modeled either
by Sharvin or diffuse scatteringmechanism, depending on the
radius of the contact spot and the length of an electron mean-
free-path [23], [24]. Equation (1) is an interpolation equation
considering both of the two mechanism [25].

Rc =
4ρle
3πr2

+ υ(le/r)
ρ

2r
(1)

where Rc is the electrical contact resistance, and ρ is the
resistivity, and le is the length of electron mean-free-path.
r is the radius of the contact spot and υ refers to Poisson’s
ratio. The first term on the right hand side represents Sharvin
mechanism, while the second term represents the diffuse
scattering mechanism.

For multiple contact spots, Greenwood‘s formula in
equation (2) may be one of the most recognized statistical
model [26], [27].
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where ai is the radius of the spot i and dij is the distance
between the centers of the spots i and j. The first term on the
right hand side is the resistance of all spots in parallel, while
the second term represents the resistance from the interaction
between all spots. Of course, there are substantial efforts to
incorporate various shapes of the contact spots [28], [29].

However, recent studies have begun to consider the influ-
ence of contact structures in calculating electrical contact
resistance, recognizing that the contact structure may deform
and that the amount of the deformation may largely vary by
contact situations and materials.

Representative results are provided in equation (3), where
the contact structure is expressed by the contact force and its
influence on the contact resistance is described [30].

Rc =
(
ρ2πH
4F

) 1
2

(3)

FIGURE 4. Main factors reducing the contact force, classified into three
process steps.

Here, the contact force and material hardness are symbolized
by F and H . If the applied force is reduced, the contact area
is also reduced and the current passing through the contact
is disturbed, increasing the electrical contact resistance. This
relationship demonstrates that the relationship between the
contact force and electrical contact resistance is nonlinear,
and, that there is a sharp increment of the electrical contact
resistance at a contact force lower than a certain threshold.

Owing to the structural reasons described above, vehicle
sensor connectors may suffer abrupt changes in the electrical
contact resistance. The abruptly increased resistance drifts
vehicle-sensor signals, and imposes intermittent faults in
vehicle sensor systems. These sensor-fault scenarios endan-
ger vehicle safety, considering the high level of reliability
required in vehicle electronics, and even worse, they may
happen even if the sensor connector is not defective. There-
fore, it is necessary to investigate possible factors influencing
the contact force of vehicle sensor connectors, and to clarify
their riskiness as described by the amount of variation of the
electrical contact resistance.

III. FACTORS AFFECTING THE CONTACT FORCE
The contact force of a sensor connector can be decreased by
various factors. The major factors are classified into three
categories, as depicted in Fig. 4, based on the usage pro-
cess of vehicle connectors. The categories are manufacturing,
maintenance, and operating processes. This study does not
include factors raised by the operating process, to exclude the
excessive diversity of vehicle operating environments.

A. MANUFACTURING PROCESS
In engineering, tolerance generally refers to a permissible
limit of variations in an object, and mainly occurs when man-
ufacturing a sensor connector. The manufacturing tolerances
can appear at both the male and female pins. As an example,
a male pin happens to be made to be thinner than its nominal
thickness (∼0.8mm in the used connector). Note that typical
male pin is designed to be thicker than the facing gap of the
female pin, to secure a sufficient contact force. The thin male
pin is inserted into the female pin, resulting in smaller contact
force than a standard product. A similar phenomenon may
occur when the facing gap of the female pin is accidently
manufactured to be larger than a standard female gap. These
manufacturing tolerances also exist in the housing or wire
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FIGURE 5. Modeled vehicle sensor connector before and after assembly.

of the connector. But, they do not contribute as much to the
contact force variation, because, as depicted in Fig. 3, they
simply hold the male/female pins and do not apply a pressure
to the contact.

B. MAINTENANCE PROCESS
Automobile maintenance is essential and must be
periodically conducted. During maintenance, the sensor
connectors are often disassembled for check-up or repair
purposes, and then are assembled again. The repeated
disassembly-assembly processes may induce plastic defor-
mation in the female pins and reduce the contact force. The
plastic deformation is actually observed in our finite element
(FE) simulation in Section IV. Thus, the maintenance process
also influences the contact force of the connector.

The maintenance process is reported to impose other
damages on connector contacts, including fretting wear,
corrosion, or peeling off of plated materials [15]–[20].
However, as mentioned in Section I, these physical damages
are not considered in this study because the sensor connectors
we are analyzing are assumed to be in acceptable conditions
without any damages.

IV. SIMULATION
FE simulations are conducted to understand the effect of
the factors reducing the contact force that are explained in
Section III. For a reliable simulation, a precise 3D model is
built and proper simulation conditions are applied.

A. MODELLING
The vehicle sensor connector shown in Fig. 3 is converted
to a 3D model. Figure 5 illustrates the developed connec-
tor model, consisting of one female pin and one male pin.
To focus on the contact force between the two pins, only one
female-male pin pair is modeled and the plastic housing is not
included. The male and female pins can be assembled in the
simulation, as shown in the Fig. 5.

For the modeling, we utilize a design drawing provided
by the connector manufacturer. However, the drawing does
not provide all necessary dimensions, and it is worthwhile

FIGURE 6. Images and measured dimensions of 3D tomography of
(a) a female pin and (b) male pins of the vehicle sensor connector.

TABLE 1. Material properties of CuNi1Si.

to investigate an actual product. Thus, a high precision 3D
tomography of the sensor connector, depicted in Fig. 6,
is used to build the connector model. By these 3D mod-
els, we can obtain a highly precise connector model having
almost identical dimensions and shapes as actual products.
For example, the thicknesses of male and female pins are
0.8 mm and 0.35 mm, respectively. Our FE simulations use
hexahedral elements whose total number is about 210,000.

One FE simulation took about four to six hours depend-
ing on the vehicle sensor connectors. The material used for
the FE modeling is CuNi1Si, which material properties are
given in Table 1. The model also considers plastic material
properties. In addition, except the contact surface of the
male and female pins, an isotropic elasto-plasticity model is
employed so that yield stresses increase or decrease to all
stress directions, once a plastic straining occurs. Moreover,
we use a temperature-independent model whose deformation
is not significantly affected by temperature fluctuations.

The developed model is further validated by conducting
insertion force tests using a universal testing machine (UTM,
Instron Model 5969) as shown in Fig. 7(a). The sensor con-
nector is fixed by two action grips in the UTM and pulled by
a pre-defined control method. We characterize the insertion
forces of the target connector by a displacement control
method. The test condition is a constant pulling velocity
of 0.5 mm/min for 10 minutes. Then, the UTM calibrates the
insertion force of the connector, which is readily converted
to the contact force. The experimental result is illustrated
in Fig. 7(b). The measured force values (individually mea-
sured for three samples of the target connector) are consistent.

The derived values are similar regardless of the control
methods, and thus, we consider that the conducted insertion
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FIGURE 7. Insertion force test of the sensor connector using a universal
test machine (UTM). (a) A connector under test and the UTM,
(b) experiment results of three test samples.

force experiments are reliably operated. The experimented
insertion force is converted to a contact force by a simple
calculation. The insertion force is first multiplied by the coef-
ficient of sliding friction of the contact. The converted contact
force values are within the ranges of the simulated force
values in Section IV-B, the developed modeling is considered
to be trustworthy.

B. SIMULATION CONDITIONS
FE simulations are conducted using an ABAQUS/CAE
software [31]. Boundary conditions are differently applied to
the male and female pins. As shown in Figs. 3 and 8, one
end of the male side has a screw end to be tightly fixed on a
solid surface mounted on an engine. Thus, the screwed end
of the male pin is defined to be completely constrained in the
simulation. For the female part, as one end is connected to
the cables, it is not easy to simplify its boundary condition.
We built two female models. The first model includes the
cables, which is not included in the second model having a
simplified partially-fixed boundary condition. The boundary
condition is adjusted until the 1st and 2nd natural frequencies
of the two models become similar. Afterward, the found
partially-fixed condition is used to expedite FE simulations.

Our simulations are conducted for not only standard
products but also for sensor connectors weakened by a man-
ufacturing tolerance or maintenance process. To consider the

FIGURE 8. FEM simulation representing the plastic deformation during
the repeated assembly and disassembly of the sensor connector.
(a) Simulation process, (b) red-colored areas suffering the plastic
deformation.

effect by a manufacturing tolerance, we select two design
parameters of the sensor connector that majorly affect the
contact force. One is the changed thickness of male pins that
is directly related to physical contact, and easily occurs in the
manufacturing process.

The other is the Young’s modulus of female pins, which
is largely deterministic in plastic deformation. Note that the
weakened connectors used in this study are not defective
products but commercially allowable ones. Thus, we need to
determine acceptable ranges of the manufacturing tolerance.
The three-sigma rule is employed, and, as a result, the male
pin allows a 95% variation in pin thickness and an 85%
variation is considered in the Young’s modulus of the female
pin [32].

To understand the effect by a maintenance process, the sen-
sor connector is repetitively assembled and disassembled.
Figure 8 depicts the simulation results. First, the male pin is
inserted into the female pin, and, afterward, it is disassem-
bled and assembled again. During the assembly-disassembly
sequence, plastic deformation is observed at various regions
of the female pin, as shown by the red-colored areas
in Fig. 8(b). The repeating plastic deformation continuously
weakens the clamping force of the female pin, leading to
notable reduction in the contact force of the sensor connector.

C. SIMULATION RESULTS AND DISCUSSION
Figure 9 compares the contact force of the sensor connector
derived either by the UTM test or FE simulation, after repeat-
edly conducting assembly and disassembly. The UTM test
was performed for three connector samples, and their mean
value is depicted by the blue dashed line. Because FE models
generally tend to be stiffer than real models, the normalized
contact force of the FE simulation is higher. Nonetheless,
as the connector is assembled and disassembled, a notable
reduction of the normalized contact force is observed in both
the UTM test and FE simulation results. Therefore, the FE
model we developed reliably analyzes the tendency of contact
force degradation.

The contact force-reduction factors induced by the
manufacturing and maintenance processes are numerically
simulated. The worst simulation results are summarized
in Fig. 10. Considering only the manufacturing tolerance,
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FIGURE 9. Result comparison of UTM test and FEM simulation for
repeated sensor-connector assembly and disassembly process.

FIGURE 10. Summary of FE simulation results revealing the reduced
contact forces by manufacturing and a repeated assembly-disassembly
maintenance sequence.

a sensor connector having the thinnest male pin and small-
est Young’s modulus exhibits the least contact force. The
effect of the pin thickness is expected, and the small
Young’s modulus decreases the contact force by reducing
the reaction force generated from the deformed female pin.
Within the allowance of the three-sigma rule, the connec-
tor contact force is decreased by approximately 14.7% by
the manufacturing tolerance, as revealed in the figure 10.
While, the plastic deformation by the repeated mainte-
nance becomes more influential in thicker male pins that
more widely open the female pin. Such sensor connectors
demonstrate approximately 19.0% contact-force reduction
after the one-time assembly-disassembly-assembly sequence
shown in Fig. 8(a).

These observations suggest that the contact-force reduction
is significant and potentially occurs even in typical products
by diverse causes. As an example, connectors having either
thin or thick male pins undergo contact force reduction by
different reasons and at distinct processes. To investigate
the contact force-resistance relation that is not provided by
the explained FE simulations, follow-up experiments are
conducted.

FIGURE 11. Experiment setup to measure the contact resistance of the
vehicle sensor connector. The contact force is applied by the balance
weights mounted on the acrylic container. By adding the weights, the
contact force is increased.

V. EXPERIMENT
Experiments are conducted using a custom contact resis-
tance measurement setup. Two experiments are conducted.
The first one aims to define the contact force-resistance rela-
tionship in the analyzed vehicle sensor connector. The second
experiment is designed to investigate the variation of elec-
trical contact resistance by the manufacturing tolerance and
plastic deformation enforced to the connector.

A. EXPERIMENTS TO DEFINE THE CONTACT
FORCE-RESISTANCE RELATION
Figure 11 depicts an overview of our test setup. To calibrate
the contact force-resistance of the vehicle sensor connector,
there are several challenges. First, we need to incremen-
tally change the contact force applied to the connector pins.
This is, however, difficult in the sensor connector shown
in Fig. 3, because of the housing plastic and parallel-placed
male/female pins. In addition, in such configuration, it is
almost impractical to measure the contact force in real time.
Thus, we removed the housing plastics of themale and female
parts, and use only one male pin and one female pin, similar
to the simulation model in Fig. 5. To apply a varying contact
force, one edge of the female pin is removed and the male
pin is placed on top of the remaining female edge. On top
of the two pins, an acrylic container is hanged. By adding
balance weights in the container, we can easily modify the
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FIGURE 12. Experiment result showing the contact force-resistance
relationship of the vehicle sensor connector (error rate < 7.5%).

contact force of the male-female contact and calculate the
force value. The male and female pins are supported by a
3D-printed fixture, to prevent any bending or damages of the
pins.

The electrical contact resistance is accurately
characterized. A high precision 71/2 digital multimeter
(DMM 7510 manufactured by Keithley Instruments) is used
with a custom computer interface and signal processing
software. The multimeter is connected to the test sample
by four-wire Kelvin clip leads, enabling a four-wire Kelvin
resistance sensing method.

Figure 12 depicts the measured contact resistance by the
functions of the contact force (from 0.2 to 7 N) defined by
the balance weights. Note that the graph reveals a typical con-
tact force-resistance relationship explained in Section II-B.
The vehicle sensor connector demonstrates almost constant
resistance at contact force values larger than approximately
2.5N. The resistance begins to elevate when the contact force
becomes smaller than 2.5N, and considerably increases at
forces smaller than a threshold value (herein, approximately
2N). This resistance measurement is consistent (with ignor-
able measurement variations of<7.5%), even we conduct the
same experiment five different instances for the same con-
nector. Eventually, the contact resistance becomes 5.5 times
larger than the normal value. This increased resistance will
deteriorate the vehicle sensor system performance.

B. EXPERIMENTS TO INVESTIGATE THE
CONTACT RESISTANCE CHANGES
In this experiment, the edges of the female pins are not
removed, but their housing plastics are removed. Male pins
(made of nickel-coated brass) having different thickness
are prepared to represent the different male thicknesses
occurred owing to the manufacturing tolerance (described in
Section III-A and Fig. 10) and to impose a plastic defor-
mation to the female pin (explained in Section III-B and
Figs. 9 and 11). Figure 13 shows the female pins without
housing and the prepared male pins having different thick-
nesses. The male pins are inserted into the female pins.

FIGURE 13. Female pin after removing the plastic mold and male pins
with different thicknesses.

FIGURE 14. The increased contact resistance by the functions of
assembled time.

The thickness of male pins is selected as 0.6, 0.8, and 1.0 mm,
acknowledging that the 0.8 mm thickness is the standard
product. Note that, as explained in Fig. 10, connectors having
thin male pins have a relatively large impact on the contact
force decrement during the manufacturing process, while
thick male pins are anticipated to enforce increased chances
of plastic deformations during the maintenance process.

The changes of the contact resistance are characterized by
two approaches. In the first approach, the male and female
pins are assembled, and their electrical contact resistance is
measured after a certain time interval. The results are shown
in Fig. 14. Here, the contact-time interval is set to be five
days, because a notable resistance increment is not observed
at shorter time intervals. The electrical contact resistances
apparently increase as time elapses in all three cases. Initially,
the electrical contact resistance is the smallest in the sample
having 1.0 mm thickness, but the variation is minor and
not meaningful, because it stems from the manufacturing
tolerance. However, the resistance variation becomes promi-
nent as the contact time increases, and obviously differs by

126536 VOLUME 7, 2019



J. Lim et al.: Numerical and Experimental Analysis of Potential Causes Degrading Contact Resistances and Forces

FIGURE 15. The increased contact resistance by the repeating
assembly-disassembly sequence of the sensor connector.

male-pin thickness. After 20 days, the amounts of increased
electrical contact resistance are 27%, 51%, and 67% in the
samples having male thicknesses of 0.6, 0.8, and 1.0 mm,
respectively.

Meanwhile, in the second approach depicted in Fig. 15,
the male pin is repeatedly assembled and disassembled from
the female pin, mimicking the maintenance process. In all
test cases, the electrical contact resistance increases as the
sequence undergoes. The amount of the resistance increment
becomes larger in samples having thicker male pins. This
result matches well with the simulation in Fig. 10, which
explains reduction of contact force by the enlarged plastic
deformation with thick male pins.

In all experiments, we observe the changes of the electrical
contact resistance. Note that not only the increment but also
fluctuation of the electrical contact resistance is feasible,
because the contact force may fluctuate for various reasons.
When the sensor signal is rapidly transmitted, the changed
electrical contact resistance readily leads to the fault of sensor
signals and distorts the reliability of vehicle sensor system
[33], [34]. In addition, these faults can be accumulated and
reliability problem will be more severe [35].

VI. CONCLUSION
This study proposes a process to identify causes affecting
the contact resistance of sensor connectors used in vehicles,
and focuses on the impact of reduced connector contact
forces. The reduced contact-force sequentially changes the
contact resistance but this mechanism is different from phys-
ical contact damages changing the resistance (e.g., corrosion,
wear, removed coating, elastic-plastic deformation of con-
tacts). Changes in contact resistance, induce potential errors
in vehicle sensor systems that require an extremely high
level of reliability. To numerically visualize the contact force
reduction, a commercial vehicle sensor connector is precisely
modeled and simulated using ABAQUS/CAE software. Sim-
ulation conditions (such as boundary conditions and plastic
deformation) are customized to represent real operation con-
ditions of vehicle sensors, and less influential components

(such as housing plastics) are ignored. Simulation results
clearly demonstrate that the contact force is obviously
reduced in either manufacturing or maintenance processes
of the sensor connector. Note that the two processes induce
different degradationmechanisms. The reduced force sequen-
tially increases the electrical contact resistance, as exper-
imentally demonstrated. Four-wire resistance measurement
validates a sharp increment of the contact resistance at contact
force values smaller than a certain threshold, implicating
substantial errors in vehicle sensor systems. In addition,
the contact resistance of connector samples increases by the
assembled time or by the number of repeated assembly-
disassembly sequences. Therefore, our numerical and experi-
mental results confirm that vehicle sensor connectors may be
threatened by their manufacturing or maintenance, because
of reduced contact force and increased contact resistance.
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