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�is research aims to optimize the tensile mechanical properties in the terminal crimping process in the terminal 064 series using
central composite designs (CCD) of response surface methodology (RSM) on pull force using the Minitab 18 Program. Pull force
testing is the mechanical property of the indicator in the crimping process. �ree independent variables of the crimp dimensions
were studied, including crimp height, crimp depth, and crimp width. �e optimum crimp dimensions to sustain a maximum
impact pull force of 13.60 Kgf were a crimp height of 1.25mm, crimp depth of 2.36mm, and crimp width of 1.48mm for a
compaction ratio of 18.63%. �e tolerance on the crimp height of 0.05mm maintained the compaction ratio within the SAE/
USCAR-21 Revision 4 standard compaction range of 15 to 20%.�is specification requires three consecutive crimp heights to pass
electrical and mechanical tests. Using samples built to this compaction range provides the best opportunity to pass such tests
whilst also addressing the problem of loose wire strands for a pull force of more than 8 Kgf. Finally, an optimization analysis is
carried out to select the finest conditions for the process.

1. Introduction

Automotive companies operate in increasingly competitive
environments. Regardless of their size and whether they are
working in the autoassembling or feeding industry, they are
under market pressure to provide the highest quality
products at a lower cost [1]. Companies that fail to improve
quality, productivity, and customer satisfaction face a bleak
future from competitors taking their market share, which
can lead to heavy financial losses [2]. Every electronic device
or electrical machine has characteristic operational re-
quirements. Although the design of wire harnesses for these
devices and machines may vary greatly depending on the
application, the three core components of a wire harness are
the same: a wire harness assembly consists of connectors,
terminals, and wires. �e types of connectors and terminals
chosen are very important in the design and manufacture of
wire harnesses [3, 4] Moreover, the different types of con-
nectors and terminals used govern the performance,

stability, and dependability of the harness. In general [5], the
different types of wire harnesses include

automotive wire harnesses,
body wiring harnesses,
electrical wire harnesses, as used in pumps, telecom
machines, and other heavy machinery,
electronic wire harnesses, as used in TVs, computers,
and all types of electronic gadgets,
engine wiring harnesses, and
chassis wiring harnesses.

�e design of the connectors is related to their func-
tioning and performance. �e durability, materials used,
insulation between pins, and ease of connection are gov-
erned by the setting in which the connectors will be used. As
connectors must accommodate various functions under
different conditions, their design can vary greatly across a
wide range of applications, from connecting to consumer
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goods, medical devices, aerospace equipment, defence
hardware, and automotive components. �e shapes and
sizes of the connectors are thus designed based on the re-
quirements of the device or machine [6].

Terminals are an essential component of wire harnesses,
terminating a conductor in a specific way to secure and
safeguard the electromagnetic connection. Terminals for
wire harnesses are generally made of metals or alloys and
may be combined with other materials such as silicon and
carbon. Terminals come in a range of different designs, sizes,
and shapes. Depending on the type of connection and wire
harness, terminals may be shaped into hooks, spades, rings,
quick-disconnects, butts, bullets, and flags. Each wire har-
ness application is unique and designed for a specific op-
eration with its own set of constraints and grouping of
signals. Choosing the right connector and terminal for an
operation is crucial to the overall performance of the wire
harness [7].

Terminal section measurement and analysis using image
processing have been widely applied to harness quality
detection, but standard approaches are not satisfactory for
automatic recognition of the terminal contour. Image seg-
mentation technology has now advanced to enable calcu-
lation of the terminal contour [8] in a nondestructive way,
with the development of a system for the automatic de-
tection of quality and reporting of output [9]. Image pro-
cessing is unsatisfactory for automatic detection of crimp
contour quality but then state a system has been developed
to do just that.

Terminal conductor crimp size consists of crimp height
(X), crimp depth (Y), and crimp width (Z) measured from
the top and side surfaces of the crimp formation to the base
radial surface as shown in Figure 1 (extrusion points are not
shown in this configuration). Measuring crimp size in this
fashion is a quick, nondestructive method to help verify
correct metallurgical compression of a terminal around the
wire’s conductor and as such is an excellent approach for
process control. Crimp size specification is typically set to
balance the electrical and mechanical performance over the
complete range of wire strands, coatings, terminal mate-
rials, and plating. While it is possible to optimize the crimp
height for individual wire strands and terminal plating,
only one specification for crimp size is normally created
[10].

Once a good crimp is established and proven using other
methods, measurement of the total crimp height for the
specific terminal, wire, and tooling combination offers a
useful reference value. Subsequent crimps can be measured
and compared to the reference value to determine if the
crimp was properly set. �e crimp height measurement
identifies tooling wear, setup mistakes, or press inconsis-
tency and has the advantage of being nondestructive, which
is suitable for spot testing a production run without any
scrapping of materials. However, crimp height measurement
is time-consuming and is not easily automated without the
use of expensive camera-based systems. Further, the per-
formance of the measurement requires a sufficient level of
operator skill to obtain consistent results, so training is
required to achieve consistency [11].

In the process of assembling a wire harness, testing the
suitability of a crimped terminal is crucial. If the terminal is
not properly attached to the end of the wire, it can cause the
wire (and eventually the entire wire harness) to fail. Most
manufacturers use pull testing to assess crimped connections
and ensure that terminals are properly attached, as shown in
Figure 2.

Pull testing measures the amount of pull force required
to separate a crimped terminal from a wire. An amount of
force should be applied more than 8 Kgf to avoid the chance
of product failure. To perform a pull test, one end of the wire
is fed into the gripping attachment, while the other end is
secured to a fixed point. �e tester then pulls the wire at a
gradual pace, increasing the force until the wire breaks or the
terminal is removed. �e speed at which the wire is pulled
depends on the wire, terminal, and application standards.
For example, USCAR-21 specifies that the wire should be
pulled at a rate of 50 to 250mm per minute. When per-
forming the pull test, the tester records the amount of force
to remove the terminal. By pulling the wire at a constant rate,
the tester can pinpoint the peak force needed to remove the
terminal from the wire.

A crimped connection is considered serviceable if the
terminal is removed at a force acceptable for the intended
application. �e acceptance criterium varies depending on
the terminal and the size of the wire. Less force is stipulated
to pull a terminal from a thin wire than a thicker one. For
example, according to UL standard 486A, it should take 1.5
pounds of force to pull a terminal from a 30 AWG wire,
while it takes 70 pounds of force to pull a terminal from a 12
AWG wire.

Pull-force testing enables manufacturers to properly
calibrate the crimping tool by providing data on the strength
of the connection and any damage that may have occurred in
the crimping process [12].

In the current study, an analysis response surface design
was used to model curvature in pull-force data to identify
crimp settings that optimized pull-force response [13]. As is
typical for response surface design, a factorial or fractional
factorial experiment was performed to identify the most
important factors in the crimp process for eliminating de-
fects and improving the quality of the crimp process.

2. Literature Review

�e theory and practice of response surface methodology
(RSM) are studied and reflected in many published studies.
Zaidon et al. [14] used RSMs to optimize processing vari-
ables for high polymer loads in compressed wood. �e RSM
was used to optimize processing variables to achieve high
polymer loading in compressed sesenduk wood (Endo-
spermum diadenum). In this study, RSM and three process
variables, namely, the phenol-formaldehyde concentration
(PC), precuring time (PCT), and compression ratio (CR) of
the central composite design (CCD), were used to optimize
the loading of these variables in the polymer. �rough this
design, a secondary polymer loading model was obtained.
�e experimental value was in good agreement with the
predicted value, the model was highly significant, and the
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correlation coefficient was 0.915. During the precuring time
used in this study, the independent variable had no sig-
nificant effect on the polymer loading. �e interactions
between PC and PCT, PC and CR, and PCT and CR were
negligible. �e following were used to achieve maximum
polymer loading: a 36% phenol-formaldehyde solution and a
74% compression ratio.

Omolola et al. [15] used the RSM to study the optimi-
zation of the microwave drying conditions of the banana
varieties Luvhele and Mabonde. Drying with a composite
rotating center design, there are two variables: Luvhele’s
microwave power (100, 200, and 300W) and its drying time
(40, 26, and 12 minutes; 100, 200, and 300W; and 42, 27, and
12 minutes) for Mabonde. Further, they used analysis of
variance and regression analysis to analyze color and texture
(hardness) data.�e fit of the obtained models was very good
because the lack of fit of each model was insignificant. �e
coefficient of determination R2 of the model was relatively
high.�us, themodel obtained for the response was sufficient
and acceptable. �ey found that the best drying conditions
for the Luvhele variety were 178.76W and 12 minutes with
convenience of 0.91, while those of theMabonde variety were
127.67W and 12 minutes with an expected value of 0.86. �e
results of this study can be used as a standard for microwave
processing of Luvhele and Mabonde banana varieties. In a
study by Hong et al. [16], interference experiments were
conducted under various uneven profile friction conditions
generated by combining moulds and samples with different
surface conditions. �e experiment adopted an RSM and
three-level full factorial design and established experimental
points according to the experimental results as regression. By
using pointer variables and different qualitative parameters, a
regression model was constructed from a secondary model
with interactive components. In addition, a general regres-
sion model including friction isotropy and anisotropy was
established to predict the plastic deformation of the material
after inversion. Using DEFORM3D software for finite ele-
ment analysis, the validity of the general regression model for
forging deformation was verified. �e simulation results
verify the consistency between the observed finite element
analysis and the experimental results, and the model predicts
the reliability of the nonuniform friction mode. Rosa et al.
[17] studied the compression behaviour of steel fibber
concrete (SFRC) in detail, thus highlighting the differences in
the fibber addition effects. In this study, the compression

behaviour of SFRC was studied in detail. Additionally, a
database was created for this purpose, which includes 197
tests on cylindrical concrete specimens with a size of
150× 300mm2 (diameter× height). �rough the RSM, we
revealed the relationship between the geometric parameters
(length, diameter, and aspect ratio) of the fibres, their
number (volume fraction), and some matrix parameters
(compressive strength and maximum size). Coarse aggregate
and SFRC have different responses to compression, namely,
strength, elastic modulus, critical deformation under maxi-
mum load, and volumetric deformation work of prepeak and
postpeak branches. We used a linear polynomial model to fit
each response with defined factors and study variables in
dimensional and nondimensional formats. �e results ob-
tained verify that the addition of steel fibres can significantly
improve the ductility and energy absorption capacity of
concrete and simultaneously significantly increase the vol-
umetric deformation work of the front and rear supports.�e
peak is associated with a matrix without fibres. In addition, a
new model that describes the stress-strain curve of the
compressive behaviour of SFRC based on greater ductility
and energy absorption was analyzed. �e characteristic of
this model is the presence of softening branches after the
maximum load determined by the residual compressive
strength. �is parameter corresponds to a value of com-
pressive stress related to a deformation equal to three times
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Figure 1: Crimp dimension measurement.

Figure 2: A pull testing setup to measure the pull force required to
separate a crimped terminal from a wire.
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the maximum value of the curve; that is, it depends signif-
icantly on the aspect ratio and the fibre content. Kumar et al.
[18] used the RSM to analyze the freshness and hardening
properties of concrete containing E-waste plastic, namely,
high-impact polystyrene (HIPS), as a partial substitute for
coarse aggregate. In this study, a multifaceted center com-
posite response surface design was used. A statistical model
was established between these factors (HIPS and water-ce-
ment ratio) and their response variables (settling, fresh
density, dry density, compressive strength, shed tensile
strength, and bending strength). �e Design Expert 9.0.3
software package was used to analyze experimental values,
establish relationships, and develop the final mathematical
model based on the factors coded from the predicted re-
sponse. �e influency of factors on all variable attributes can
be visually observed in the response surface and contour
plots. Experimental verification shows that the experimental
values are in good agreement with the predicted values,
which verifies the desirability of the calculated response
surface model� 1. Replacing HIPS affected all the properties
and water-cement ratio of concrete. Although various
properties had a downward trend, the empirical and pre-
dictive values show that HIPS, which is expected to be used as
a coarse aggregate in concrete, achieves a certain replacement
rate, thereby gradually reducing harmful solids through
exhaustion and waste and protecting natural resources.
Garlapati et al. [19] showed that the tableting process has an
incomprehensible impact on the appearance, content uni-
formity, hardness, thickness, friability, disintegration time,
and dissolution time of the tableting process. Among all the
parameters of the tablet press, the speed of the feeder,
precompression, main compression force, and speed of the
turntable have a significant effect on the characteristics of the
tablet. �e objective of this study was to use statistical
modelling and optimization methods to model and optimize
the compression process of levocetirizine tablets using re-
sponse surface methods [20]. By adopting the speed of the
turret and front and rear stages, a 3-stage center composite
design was selected. �e main compression force and feeder
speed were used as input variables, and the tablet charac-
teristics (hardness, thickness, and disintegration time) were
used as output variables. A nonlinear regression model
corresponding to the output variables (hardness, thickness,
and disintegration time) was obtained. �e R2 values of
hardness, thickness, and disintegration time were 99.26%,
98.01%, and 99.84%, respectively.�e effects of simple terms,
square terms, and interaction terms on the hardness,
thickness, and disintegration of the table surface are sum-
marized through the significance test and are described in the
response surface graph. Using a turret speed of 68 rpm, main
compression and precompression forces of 2.05 and 7.95 kN,
respectively, and a feed rate of 27 rpm, the tableting process
variables predict a hardness of 15.3 kPa, thickness of 3.7mm,
and a disintegration time of 226 s to optimize the tablet
performance. �e results demonstrate the reliability of the
proposed statistical method to model and optimize the
compression study of levocetirizine tablet formulations. �is
research helps to increase the compression rate of the tablets
during the formulation of levocetirizine tablets.

3. Materials and Methods

�e mechanical strength of the crimping assembly was
closely related to the indentation depth. Although a large
number of crimping tools with different brands and di-
versified styles have emerged in the industry in recent years,
most manufacturers only refer to a rough crimping speci-
fication for the design of indentation depth corresponding to
different specific combinations of contacts and strands in the
initial stage of product development as Figure 3. To form the
final product design specification in line with the industry
standard, it is necessary to supplement a large number of
pull-force tests of the crimping assembly in the later stage.

Wire strands were crimped into the terminal 064 series
(Figure 4) to obtain loose strands and to affect less than the
standard pull force of 8 kg as measured by a digital force
gauge (Imada: DST-500N IMADA).

In the crimping process, the strength of the crimp and
the current-carrying capability may be greatly reduced if not
all the wire strands are fully enclosed in the conductor crimp
section. To obtain a good crimp, the crimp height should be
met as specified by the connector manufacturer. If all the
strands do not contribute to the crimp height and thus crimp
strength, then the crimp will not perform to specifications.
Generally, the problem of loose wire strands is very easy to
solve by simply gathering the wires together before inserting
them into the terminal to be crimped. �e wires should be
gathered with open wings with the core exposed or folded
down into the core, but not touching (i.e., not locked), as
shown in Figure 5.

�e study of optimum conditions using the RSM is an
experiment to determine the optimum conditions of the
responses, which is a process that uses mathematical and
statistical knowledge for designing the experiments, and it is
widely applied in scientific and industrial research fields. In
addition, the RSM has 2 popular experimental designs,
namely, the Box–Wilson experimental design and
Box–Behnken design. �e Box–Wilson experimental design
is commonly used because it can resolve the problems of the
3n factorial design used for multivariate quantitative studies,
and its experiments cover more than the Box–Behnken
design, which requires numerous experimentations for 3n
factorial designs. To reduce the number of experiments, [21]
developed the central composite design (CCD) from the 2n
factorial design. �e CCD, therefore, increased the accuracy
of the factorial experiment at the center and axial points,
dividing into 5 levels, lowest (−α), low (−1), medium (0),
high (+1), and highest (+α) [22], to form a curvilinear or
second-order model, and the CCD has 2n+ (2n+ 6) ex-
periments for experiment with four factors or independent
variables. To enhance the efficiency of a crimped terminal to
pull force, the Minitab 18 Program was used in central
composite designs (CCD) using a response surface meth-
odology (RSM) with a model dependent on 3 factors: crimp
height (X), crimp depth (Y), and crimp width (Z) [23–25].
Table 1 shows the crimp parameters used in the experiment,
for which 20 generalized response surface models were run,
including 10 factorial design runs, 5 axial points, and 10
replicates at the center points [26].
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�e Minitab worksheet displays a portion of the central
composite design. �e tester performs the experiment by
collecting data using the order shown in the RunOrder
column. Following data collection, the tester enters the
response data in an empty column in the worksheet and
analyzes the design [27, 28], as shown in Table 2.

4. Results and Discussion

ANOVA can be useful in determining the significance of the
linear, quadratic, and 2-way interaction terms involving
crimp height (X), crimp depth (Y), and crimp width (Z). �e
significance of each term in the quadratic model is shown in
Tables 3 and 4, with terms considered significant for P values
less than 0.05. An F-test was performed to ensure the fitness
of the models and to predict variation.�e lack of fit test was
not significant, with all F values greater than 0.05, dem-
onstrating the suitability of the model.

�e adjusted coefficient of determination (R-sq(adj)) for
the crimp process was close to 1, indicating that RSM is an
effective tool for optimizing the pull force with respect to the
crimping parameters and that the developed models were a
good fit.

Response surface effects of the pull force as Figure 6 shows
(a function of crimp height (X), crimp depth (Y), and crimp
width (Z)) were visualized by drawing three-dimensional
plots. Figure 7 shows the interaction of crimp depth (Y) and
crimp height (X) against the impact strength.

Optimization of the crimp height (X), crimp depth (Y),
and crimp width (Z) to sustain maximum pull force was
conducted.�e optimum combination of values was a crimp
height (X) of 1.25mm, crimp depth (Y) of 2.36mm, and
crimp width (Z) of 1.48mm, with a desirability value close to
1, as shown in Figure 8.

After crimping, all wire strands have a shape that is no
longer round, indicating that some degree of compaction has
occurred. �e crimp cross-sectional analysis system used to
identify this phenomenon was composed of cutting and
grinding integrated equipment, optical sampling, corrosion
cleaning, a cross section image acquisition system, and wire
harness terminal picture measurement to capture cross
sections [29–32] as shown in Figure 9.

Crimp width (Z)

Crimp width (X)

Crimp width (Y)

Figure 3: Crimpers and Anvil for crimping assembly.

Figure 4: Wire strands lose.

Figure 5: Open wings with core exposed or folded down into core
but not touching (i.e., not locked).

Table 1: Parameters for experimental design.

Factor
Variation

Low (−1) Med. (0) High (+1)
Crimp height (X) 1.15mm. 1.25mm. 1.35mm.
Crimp depth (Y) 1.96mm. 2.36mm 2.75mm.
Crimp width (Z) 1.37mm 1.48mm. 1.59mm.

Table 2: Experimental design and results.

Variables (real value)
Response

avg.Crimp height
(X)

Crimp depth
(Y)

Crimp width
(Z)

1.15 1.96 1.37 7.30
1.35 1.96 1.37 6.85
1.15 2.75 1.37 7.30
1.35 2.75 1.37 7.35
1.15 1.96 1.59 7.24
1.35 1.96 1.59 6.61
1.15 2.75 1.59 7.01
1.35 2.75 1.59 6.63
1.08 2.36 1.48 5.70
1.42 2.36 1.48 5.58
1.25 1.69 1.48 9.65
1.25 3.02 1.48 9.65
1.25 2.36 1.30 8.75
1.25 2.36 1.67 9.13
1.25 2.36 1.48 13.62
1.25 2.36 1.48 13.55
1.25 2.36 1.48 13.59
1.25 2.36 1.48 13.65
1.25 2.36 1.48 13.39
1.25 2.36 1.48 13.64
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Table 3: Analysis of variance.

Source DF Adj SS Adj MS F value P value
Model 9 1766.97 196.33 1397.77 ≤0.001
Linear 3 2.33 0.78 5.53 ≤0.001
Crimp height (X) 1 1.94 1.94 13.84 ≤0.001
Crimp depth (Y) 1 0.06 0.06 0.43 0.514
Crimp width (Z) 1 0.33 0.33 2.33 0.129
Square 3 1762.85 587.62 4183.53 ≤0.001
Crimp height (X) ∗crimp height (X) 1 1258.10 1258.10 8957.07 ≤0.001
Crimp depth (Y) ∗crimp depth (Y) 1 339.47 339.47 2416.84 ≤0.001
Crimp width (Z) ∗crimp width (Z) 1 460.68 460.68 3279.84 ≤0.001
Two-way interaction 3 1.79 0.60 4.24 ≤0.001
Crimp height (X) ∗crimp depth (Y) 1 0.73 0.73 5.18 0.024
Crimp height (X) ∗crimp width (Z) 1 0.44 0.44 3.13 0.078
Crimp depth (Y) ∗crimp width (Z) 1 0.62 0.62 4.42 0.037
Error 190 26.69 0.14
Lack-of-fit 5 19.31 3.86 96.87 0.531
Pure error 185 7.38 0.04
Total 199 1793.66

Table 4: Model summary.

S R-sq (%) R-sq(adj) R (%)-sq(pred)
0.374779 98.51 98.44 98.33
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Figure 6: Surface plot of pull force versus crimp depth (Y) and crimp height (X).
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Figure 7: Surface plot of pull force versus crimp width (Z) and crimp height (X).
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Crimp dimensions were estimated using a compaction
analysis. �e compaction can be estimated using the fol-
lowing formula:

Compaction% � 100 1 −
S1

S0
 , (1)

where S1 is the cross-sectional area within the terminal
conductor grip after crimping (including the space between
the strands as in Figure 8), and S0 is the cross-sectional area
of the wire conductor.

Crimp quality is dependent on the amount of compaction
and is controlled by the dimensions of the crimp tooling,
terminal wings, and cable cross-sectional area. Consequently,
it is important to note that the cable area used in production is
consistent with the area of the cable used in the crimp design
validation. Compaction is verified in production by terminal,
cable, and crimp tool dimensions, which are usually con-
trolled by specific tooling part numbers [33, 34]. Figure 10
shows an optimum crimp with deformed strands that per-
fectly touch both each other and the wall of the contact. For
the crimp in Figure 10, the compaction ratio was 18.65%, and
the pull force was 12.92 Kgf.

Figure 11 shows another optimum crimp with deformed
strands that perfectly touch both each other and the wall of
the contact, with a compaction ratio of 18.63% and pull force
of 13.60 Kgf.

�e crimp of Figure 12 shows the improper component
distribution, under compressed strands, and gaps. �e com-
paction ratio was 16.34%, and the pull force was 12.80 Kgf.

High
Cur
Low

Optimal
D: 0.9577

Pull for
Maximum
y = 13.5993
d = 0.95769

Crimp He
1.4182

[1.2483]
1.0818

Crimp He
3.0193

[2.3550]
1.6907

Crimp Wi
1.6650

[1.4781]
1.2950

Figure 8: Optimum crimp parameters to sustain maximum impact pull force.

Conductor Grip Space

Figure 9: Crimp cross section.

Figure 10: Crimp at a height of 1.20mm.

Figure 11: Crimp at a height of 1.25mm.

Figure 12: Crimp at a height of 1.30mm.
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5. Conclusions

�e crimping process demonstrated provides a viable ap-
proach to obtain an optimum crimp and automatically
outputs the test results. �e system meets the requirements
for detecting terminal crimping quality in themanufacturing
of wiring harnesses. �e system greatly reduces the intensity
of labor for testing personnel, improves work efficiency, and
aids to ensure the quality of the product.

Crimp quality depends on the compaction of the wires
and is controlled by the dimensions of the crimp tooling,
terminal wings, and cable cross-sectional area. It is thus
important to note that the cable area used in production is
consistent with the area of the cable used in the crimp design
validation. Compaction is verified in production by termi-
nal, cable, and crimp tool dimensions, which are typically
controlled by specific tooling part numbers.

�is work demonstrated the application of central
composite designs with response surface methodology using
the Minitab 18 Program to optimize mechanical properties
of the crimping process, specifically for terminal 064 Series.
ANOVA showed that the crimp variables were significantly
affected by the impact pull force. Optimal crimp dimensions
were a crimp height of 1.25mm, crimp depth of 2.36mm,
and crimp width of 1.48mm, sustaining a maximum impact
pull force of 13.60 Kgf and yielding a compaction ratio of
18.63%. SAE International provides standard SAE/USCAR-
21 Revision 4 specifying a compaction range of 15 to 20%.
�e variation in crimp height around the optimum value of
1.25mm with a tolerance of 0.05mm as used in this study
maintains compaction within this range for a pull force of
more than 8 Kgf. �is specification requires three consec-
utive crimp heights to pass the electrical and mechanical
tests. Using samples built to this compaction range provides
the best opportunity to pass such tests, whilst also addressing
the problem of loose wire strands. Finally, an optimization
analysis is carried out to select the finest conditions for the
process.
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