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A reduced-order finite element (FE) model is introduced for modeling the mechanical behavior of taped electrical
wire bundles subject to bending loads, which can be used for digital manufacturing applications. We show that
incorporating the plastic behavior of wires in this model is crucial to the accurate prediction of the deformed
shape. A customized cantilever bending test is presented to quantify the force-deflection response of single wires
and taped wire bundles and evaluate their homogenized elastoplastic properties using an optimization-based
algorithm. A high-fidelity 3D FE model is also introduced, which can be used as a substitute for experimental

testing. It is shown that after proper characterization of effective material properties, a 1D FE model can accurately
predict the deformation response of a taped wire bundle subject to bending loads. Both 1D and 3D FE simulations
presented in this work are validated with experimental data.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Wire harnesses provide the required power and signals in electronic
systems of automobiles, including electric (hybrid) engines, entertain-
ment systems, audio units, switches, and lights. As shown in Fig. 1, a typ-
ical wire harness consists of electrical wires (often with stranded copper
cores), tape, mounting clips, electrical connectors, and in some cases
protective materials such as fabric tubes. The increasing demand for
in-car electronics has led to a significant increase in the size and com-
plexity of wire harnesses, which in turn increases the complexity of the
design process. One of the main challenges toward the reliable design
of these flexible structures is to ensure that no excessive force is applied
to wires during the assembly process. Further, harness branches must
have proper lengths and shapes after being mounted on the vehicle to
avoid rattling and damage during their service life.

There is a high demand for a reliable software package to virtually
model and design the assembly of wire harnesses in the automotive
industry to reduce the number of prototypes and the associated cost.
While there has been significant improvement in computer-aided de-
sign (CAD) tools and Virtual Reality (VR) environments, simulating the
mechanical behavior of flexible harnesses is still challenging and out-
comes may be far from the reality. Note that because electrical wires
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are often not considered as structural components, their mechanical be-
haviors are largely unexplored. This lack of knowledge on the material
properties is one of the main challenges in the accurate simulation of
wire harnesses. Further, the requirement to perform such simulations in
real-time during the digital manufacturing process prohibits the appli-
cation of high-fidelity 3D computational models. For example, creating
a 3D finite element (FE) model of a full wire harness to simulate its
mechanical behavior would result in a large-scale nonlinear model with
thousands or millions of degrees of freedom. Thus, it is essential to im-
plement a geometrically reduced-order model that can efficiently and
accurately simulate wire harnesses during the installation process.
There are several models available to predict the mechanical behav-
ior of slender and flexible objects such as structural cables and wire har-
nesses. The Cosserat theory of elasticity for rods [1] has been used to pre-
dict the mechanical behavior of rods and cables. Gregoire and Schomer
[2] presented a model for simulating the bending and torsional response
of 1D flexible structures by combining the Cosserat theory with a gen-
eralized mass-spring system. A constrained theory of a Cosserat point
was developed for the numerical simulation of nonlinear elastic rods
by Brand and Rubin [3]. A mass-spring system using oriented particles
and generalized spring models was proposed by Jeong and Lee [4]. This
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Fig. 1. (a) A typical automobile wire harness; (b) components of the harness.

model was used for fast prototyping and animating deformable objects
subject to bending, twisting, and stretching.

Elastic continuum theory and FEM have been employed in several
research efforts to study the tensile and bending behaviors of elastic
wire ropes and cables [5-8]. Argatof [9] simulated the mechanical be-
havior of helical wire ropes subject to axial and torsional loads using an
asymptotic approach relying on a 2D frictionless plain strain model for
evaluating the effect of interwire contacts. Spak et al. [10] predicted
the natural frequencies of electrical cables using beam models with
homogeneous isotropic material properties. Pseudo-Rigid Body Model
(PRBM) [11] is another analytical technique that has been used success-
fully for the reduced-order modeling of beam-like structures. A particle-
based approach relying on the differential geometry, together with the
Cosserat theory and the Finite Element Method (FEM), was implemented
by Wakamatsu and Hirai [12] to simulate the linear elastic response of
flexible objects. Theetten et al. [13] used geometrically exact energies
with dynamic splines to develop a deformable model of 1D parts using
an elastoplastic model.

A combined analytical-computational approach was adopted by
Gautem et al. [14] to predict the torsional and flexural behaviors of hy-
brid composite armor wires with homogenized properties of over-braid
sleeves and composite rods. The authors also investigated the effects of
over-braid structural parameters, pretension, and internal friction be-
tween components on the mechanical response. Nemov et al. [15] com-
pared the performance of analytical results and FE simulations versus
experimental results for predicting the stretching and twisting responses
of electrical conductors. Nikitin et al. [16] used FEM, together with pre-
computed Green’s functions, for the real-time simulation of the defor-
mation of 3D elastic objects for interactive Virtual Environment (VE)
applications. Stanova et al. [17] simulated the elastic behavior of multi-
layered strands subject to tensile loads using FEM and validated the
results with experimental data and analytical results.

A number of experimental studies were conducted to characterize
the mechanical behavior of multi-stranded wire ropes [18,19] and trans-
mission line electrical cables [20,21], which have a similar structure to
electrical wires but do not include electrical insulation. Van der Heijden
etal. [22,23] performed large deflection experiments on clamped metal-
lic rods subject to torsion, tension, and bending. Dorlich et al. [24] de-
signed experiments to characterize the mechanical behavior of a coax-
ial cable subject to cyclic multiaxial loadings. Combined torsional and
tensile loads were applied in these tests to investigate the effect of pre-
torsion on the tensile behavior.

The accuracy of any analytical or computational model used to sim-
ulate the mechanical behavior of wire harnesses is highly dependent on
the material properties used in the model. Unlike conventional struc-
tural materials, there is limited information on the mechanical proper-
ties of electrical wires and their constituents such as the polymeric in-

sulation and the conductive core. Only a limited number of prior works
(e.g., [25]) have attempted to experimentally characterize the material
properties of constituents of commercial electrical wires. However, the
softness of the insulation and the small diameter of the conductive core
of most wires (often <1 mm) impose significant challenges for separat-
ing these phases and characterizing their mechanical behavior via exper-
imental testing. Further, since the major loading sustained by electrical
wires during the assembly process is bending, the deformation response
is highly influenced by the internal structure of the wire (e.g., the num-
ber and configuration of the strands in the conductive core). Thus, ten-
sion tests would not be useful to evaluate the effective properties of a
wire in bending. Due to such challenges, although existing digital manu-
facturing software packages provide the desired computational efficacy,
they lack the predictive capability to accurately simulate the assembly
of wire harnesses for industrial applications.

In this work, we present a hierarchical approach involving analytical,
computational, and experimental elements to characterize the mechani-
cal behavior of single electrical wires and taped wire bundles. We show
that incorporating the plastic deformation of wires in the reduced-order
FE model is crucial to the accurate prediction of their deformed shapes.
An optimization-based algorithm is introduced to evaluate the effective
elastoplastic properties of wires based on experimental data obtained
from customized bending tests. A high-fidelity 3D FE model is also de-
veloped to be used as a substitute for physical testing to evaluate the
effective mechanical properties of wire bundles. This model relies on an
explicit dynamic time integration scheme [26] and takes into account
different sources of geometrical and material nonlinearities, including
the elastoplastic behavior of wires, contact-friction between them, and
the cohesive bonding between the tape and wires. We will show that
upon proper evaluation of homogenized material properties in bending,
a 1D FE model relying on beam elements can accurately predict the
deformed shape of taped wire bundles.

The remainder of this article is structured as follows: In Section 2,
we study the appropriate FE model for simulating the mechanical be-
havior of single electrical wires by comparing 1D and 3D models, as
well as studying the effects of elastic and elastoplastic material behav-
iors. We also investigate the impact of residual stresses on the deforma-
tion responses of wires in that section. Section 3 presents a customized
cantilever bending test for characterizing the force-deflection response
of wires and their deformed shapes using a motion capture system. An
optimization-based algorithm is introduced in Section 4 to calibrate the
effective elastoplastic properties based on a set of experimental data,
which is then validated with a different set of data. A high-fidelity 3D
FE model of taped wire bundles, together with the required calibration
and validation studies, is presented in Section 5. Final concluding re-
marks are provided in Section 6.
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2. Appropriate mechanical model

Most software packages currently used for the digital manufacturing
of wire harnesses rely on 1D elastic beam models, which often cannot
accurately predict their deformed response. We postulate that the in-
accuracy of existing harness simulations is primarily due to neglecting
the nonlinear material behavior of wires (e.g., plasticity) rather than
the use of a reduced-order model. To investigate this, we simulate the
deformation response of a single electrical wire as the building block
of wire harnesses. As shown in Fig. 2, an electrical wire is composed of
a conductive core (e.g., multiple strands of annealed copper) wrapped
in a polymer insulator such as polyvinyl chloride (PVC). Note that the
mechanical properties of copper and PVC are highly dependent on the
manufacturing process and can have large variations between differ-
ent types of wires. To obtain realistic elastoplastic properties for these
constituents in the current study, we employ the experimentally mea-
sured stress-strain responses of the copper and PVC used in an 8 AWG
wire, as reported in [25,27]. These stress-strain responses are quantified
by separating the PVC insulation from the copper core and performing
tensile tests on each phase independently. Table 1 summarizes the re-
sulting elastoplastic properties after calibration with the experimental
data provided in [25,27], including the Young’s modulus E, Poisson’s
ratio v, yield stress oy, strength coefficient K, and the strain hardening
exponent n. Next, we briefly describe the governing equations used for
evaluating these parameters.

2.1. Governing equations

The relationship between the Cauchy stress tensor ¢ and the total
strain tensor ¢ in an elastoplastic material can be written as [28]

c=C: (e—¢€P),

@

where C is the fourth-order elasticity tensor and &P is the plastic strain
tensor. For an isotropic material, C is characterized by two constants:
the Young’s modulus E and the Poisson’s ratio v. In order to evaluate the
yield stress oy, we employ the von Mises yield criterion (J, flow theory),
in which the evolution of stress after the yield point can be described
using a power law given by Khan and Huang [29], Jirasek and Bazant
[30].

5 = oy + K(&P)"

(@)

In the equation above, & is the effective stress and &7 is the effective
plastic strain £7, which is the cumulative measure of plastic strain in-
crements. K and n are referred to as the strength coefficient and the
strain hardening exponent, respectively. The effective stress 6 can be
evaluated as [28]

if 6 > oy,

L
5=(1s:5)" = V@1 = 022 4+ (0, 037 + (03— 012]. @)

where s = 6 — pl is the deviatoric stress tensor, I is the identity tensor,
p is the spherical (hydrostatic) stress, and o; denotes the ith principal
stress. Also, the effective plastic strain £” can be written as

Ep=/d€p,

where dé” is the effective plastic strain increment. In the J, flow theory,
de? is evaluated as

“

05
22— (2deP ¢ del 2(4.P p P
de? = (2de” : de”) 2(de? +de? +de?), ®)
where deP is the plastic strain increment tensor and de? is the ith prin-

cipal plastic strain increment.
In a reduced-order 1D isotropic beam model of an electrical wire,
assuming that o, = 0, ¢, = ¢, and e’l’ = ¢P, the strain hardening equation

given in (2) reduces to
o =oy + K(eP)",

Q)

if 6 >o0y.
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Table 1
Mechanical properties of annealed copper and PVC reported in
[25,27].
Material E (MPa) v oy (MPa) K (MPa) n
Copper 67,908 0.35 182 353 0.54
PVC 115 042 2 21 0.23
Annealed

copper

\

Clamped

support
Pl d o
PVC

insulation

Fig. 2. Schematic of a cantilevered electrical wire composed of an annealed
copper core and a PVC insulator, which is subject to a follower force at the free
end.

After evaluating E and oy, values of n and K can be calibrated with an
experimentally derived ¢ — ¢ curve as
_ dIn(e —oy)
dIn(eP)

_o—oy
(eryn

7
2.2. 3D versus 1D FE models

In the current manuscript, FE is employed to simulate the mechanical
behavior of electrical wires, as this method is well established in indus-
try and being used in several digital manufacturing software packages.
Here, we compare the performance of 1D and 3D FE models of a can-
tilevered 8 American wire gauge (AWG) wire with a length of L = 10 cm,
conductor (copper core) diameter of d. = 3.26 mm, and the outer diam-
eter of d, = 4.86 mm (Fig. 2). Similar to existing digital manufacturing
software packages, we temporarily overlook the elastoplastic behavior
of the copper core and PVC insulation, assuming that both components
have a linear elastic behavior. Note that the FE simulations take into ac-
count the geometrical nonlinearity emanating from large deformation of
the wire due to applying a follower force of F =24 N (i.e., a force that
remains perpendicular to the wire) to the free end of the cantilever.

As shown in Fig. 3a, the conforming mesh created for the 3D FE
model is composed of 20-node hexahedral (brick) elements. We have
also employed selective reduced integration [31] for assembling the
stiffness matrix to facilitate convergence and avoid shear locking. To in-
vestigate the effect of interfacial bonding between the copper core and
the PVC insulation on the deformed shape, two FE models assuming (i)
perfect bonding and (ii) contact-friction between them are constructed
(friction coefficient: ;4 =0.1). Note that the first assumption is closer
to reality, since no adhesive is applied along the copper-PVC interface
during the fabrication of electrical wires. However, as shown in Fig. 4,
both models yield nearly identical deformed shapes, indicating that a
perfectly bonded copper-PVC interface assumption has a negligible im-
pact on the 3D FE simulation results.

To compare the deformed shape of the wire obtained from the 3D
FE simulation with a reduced-order 1D model, we used 50 second-order
beam (Hermitian) elements to discretize the wire. The diameter of the
homogenized wire is assumed to be d = d, = 4.86 mm and its effective
Young’s modulus is evaluated as E.; = 13.84 GPa. This homogenized
value is obtained using the flexural rule of mixtures [32], which can be
expressed as

(EDegr = (EDpyc + (ED)cy; ®
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Fig. 3. 3D FE simulation of the deformed shape and von Mises stress field in the cantilevered wire subject to a follower force of F = 24 N using: (a) elastic material
model, where o), exceeds the yield stress values of copper and PVC given in Table 1; (b) elastoplastic material model, which realistically predicts the deformed
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Fig. 4. Comparison between 1D and 3D FE simulations of the deformed shapes of the cantilevered beam shown in Fig. 2 subject to a follower force F =24 N
considering elastic (right) and elastoplastic (left) material models. The clamped end of the wire is located at (0, 0).

where I is the second moment of area (14 = &d“). Similarly, the effec-
tive Poisson’s ratio veg = 0.39 of the homogenized wire is evaluated as

(VA)egr = (vA)pyc + (VA)cus ®

where A is the cross sectional area. A comparison between the resulting
1D FE prediction of the deformed shape of the cantilevered wire with
the 3D simulations is provided in Fig. 4, showing a negligible difference
between the results. Note that the computational cost associated with
the 1D model is less than 2% of that corresponding to the 3D simulation
relying on the assumption of a perfectly bonded copper-PVC interface.

2.3. Elastic versus elastoplastic material models

The study above indicates that a 1D FE model relying on effective
material properties evaluated using the rule of mixtures can accurately
predict the deformed shape of an electrical wire provided that the wire
constituents maintain a linear elastic behavior. However, as shown in
Fig. 3a, the maximum von Mises stress oy, predicted by the 3D FE sim-
ulation in the copper core of the cantilevered wire is approximately 3.8
times larger than its yield stress (o = 697 MPa, oy = 182 MPa). In
other words, despite the relatively small deflection of this cantilevered
wire, the linear elastic assumption is already violated and neither the
3D nor the 1D FE model simulates the actual physical behavior of the
wire. Thus, a realistic simulation of the deformation response of the
wire requires incorporating the elastoplastic constitutive behaviors of
the copper and PVC in the model.

In order to quantify the impact of nonlinear material behavior of
the wire on its deformation response, we repeated the 3D FE simula-
tion using an elastoplastic material model with the properties given in
Table 1. The resulting deformed shape of the wire, together with the von
Mises stress distribution across its longitudinal section, is depicted in
Fig. 3b. Note the significant difference between this simulation and the
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bent shape of the wires predicted by the linear elastic model (Fig. 3a).
This large discrepancy between the results of elastic and elastoplastic
models is better visualized in Fig. 4. This figure also provides a com-
parison between the 1D and 3D elastoplastic FE simulations of the bent
shape of the wire, showing that the reduced-order 1D model can closely
replicate the 3D FE result. The nonlinear material properties used in this
1D model include (oy)egr = 59.5 MPa, K = 136 MPa, and neg = 0.88. It
must be noted that when the plastic deformation begins, the rule of mix-
tures is no longer valid for evaluating the effective elastoplastic proper-
ties of the wire. Thus, the effective properties above are obtained using
an optimization-based algorithm, which will be described in detail in
Section 4.

The discrepancy between the elastic and elastoplastic simulations
on one hand and the similarity of 1D and 3D simulations for both cases
on the other hand confirms the postulate proposed at the beginning of
this section. In other words, a 1D FE model relying on beam elements
would be adequate for the accurate prediction of the deformed shape
of an electrical wire provided that its elastoplastic material behavior is
taken into account. This observation reassures that the lack of predictive
capability of digital manufacturing software packages is not due to using
geometrically reduced-order 1D beam elements, but instead emanates
from adopting an oversimplified constitutive model (linear elastic).

2.4. Effect of residual stresses

Given the importance of plasticity on the deformed shape of elec-
trical wires, it is also worthwhile to investigate the effect of residual
stresses on their mechanical behavior. Several experimental or numeri-
cal methods can be used to quantify the residual stresses developed in
materials during the manufacturing processes [33,34]. However, elec-
trical wires are not designed for structural performance and could be
subject to various un-quantified mechanical loads during the manufac-
turing, shipping, and handling before the assembly. While it would be
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Fig. 5. (a) Two different distributions of residual stresses in the copper core of the cantilevered wire with ¢, = 182 MPa; (b) comparison between deformed shapes
and von Mises stress fields in wires with and without residual stresses subject to a follower force of F =24 N.

practically impossible to characterize the residual stresses developed in
wires due to their loading histories, the non-straight shapes of wire har-
ness branches indicate the presence of residual stresses when a wire is
forced into a straight position. Thus, understanding the effect of resid-
ual stresses on bending characteristics could shed light on the variability
expected in both the mechanical testing and FE simulation of the me-
chanical behavior of wires.

Here, we compare the deformation response of the cantilever wire
studied in the preceding section under a no residual stress condition
with two simulations considering the presence of residual stresses in
the copper core, as depicted in Fig. 5a. In order to obtain a realistic
distribution of residual stresses in these cases, the wires are pre-loaded in
the 3D FE models and loading and unloading processes are simulated to
evaluate the residual stresses. For the case labeled Residual 1 (Fig. 5a), a
non-follower force of F = 5e; + 5e, + 5e; N is applied at the free end of
the cantilever, followed by a moment of M = 0.2¢; + 0.2e, + 0.2e5 N.m.
The residual stress labeled as Residual 2 is obtained by first applying
a vertical force of F = 3e; + 3e, + 3e3 N, followed by a moment of M =
0.5e; +0.5e, + 0.5e; N.m.

Fig. 5b illustrates the FE simulations of deformed shapes of the can-
tilevered wires with and without residual stress subject to a follower
force of F =24 N, together with the predicted von Mises stress field in
the copper core of each wire. These simulations show a notable differ-
ence between the deformed shapes of the wires depending on the initial
distribution of residual stresses. Since it would not be practical to quan-
tify residual stresses in actual electrical wires, one could anticipate a
potential variability in results of mechanical tests on multiple wire sam-
ples, as well as an inevitable uncertainty in the predictive capability of
elastoplastic FE simulations.

3. Experimental characterization
3.1. Challenges and required considerations

One of the major challenges toward the construction of reliable 1D
FE models of electrical wires and wire harnesses is to accurately evaluate
their effective elastoplastic properties. Since most wires used for auto-
motive applications are merely designed based on the target electrical
performance (e.g., conductor resistance, insulation breakdown voltage,
and temperature rating), mechanical properties of their constituents are
largely unexplored and often not provided by the manufacturer. Also,
between different electrical wires used in a vehicle, there could be a
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significant variation in the mechanical behavior of the conductive core
and the insulation, where the latter could have different chemical com-
positions. Similarly, the conductive core could be made of aluminum
or copper and have a stranded (Fig. 2) or solid architecture. For stan-
dard conductors, there could be different strand diameters and numbers
of strands, as well as different helical twist angles and with circular or
compressed cross-sectional shapes. Such features could lead to large dif-
ferences between the effective elastoplastic properties of wires subject
to bending loads, which is the dominant loading sustained during the
assembly process. Moreover, given the small diameter of the conductor
and the small thickness of the soft insulation, separating these phases
without damaging their materials and structures to perform the tests
needed to characterize their mechanical behavior would be a challeng-
ing task.

Given the challenges outlined above, it would be more practical
to experimentally measure the effective elastoplastic properties of an
electrical wire by testing it as a whole. However, even for wires with
solid conductive cores, a tensile test would not characterize the effective
nonlinear material properties needed to simulate its bending response.
Studying the evolution of the normal stress ¢ in the cross section of a
wire subject to a tensile force (Fig. 6a) and a pure bending moment
(Fig. 6b) could better elucidate this issue. In the former case, the stress
profile is approximately uniform in the conductor and insulator but not
equal between the two materials, both before and after the yield point.
On the other hand, as shown in Fig. 6b, the normal stress in the wire sub-
ject to pure bending has a linear distribution in each phase in the elastic
zone. As the bending moment increases, the plastic behavior initiates at
the farthest regions of each phase from the neutral axis and then evolves
toward it, leading to a complex stress profile in the wire. Such distinct
stress profiles in an electrical wire subject to uniform tension and pure
bending would lead to different homogenized elastoplastic properties.
Thus, the effective properties required to simulate the deformed shape of
a wire subject to bending moments must be calibrated with experimen-
tal data obtained from bending tests. In the current work, a cantilever
bending test was selected over a three-point bending test due to the abil-
ity to realistically simulate the clamped boundary condition (compared
to roller supports in the latter) for wires with small diameters (<1 mm).

3.2. Sample preparation

Samples of single wires for cantilever bending tests were prepared
by cutting pieces of wire off a spool and gently straightening them. Re-
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Fig. 7. (a) Schematic of a half-lap taped wire bundle; (b) cantilevered taped wire bundle with an epoxy cap, which is used to constrain all the degrees of freedom

at the fixed end.

Table 2

Conductor diameters (d.), outer diam-
eters (d,), and densities (p) of three
types of electrical wires used in the
cantilever bending tests.

Wire type 1 2 3

d, (mm) 0.7 0.85 1.0
d, (mm) 1.1 125 1.4
p(g/ecm®)  4.06 4.31 4.97

flective tape markers were then placed along the length of the samples
to characterize the deformed shape of wires during experiments using a
motion capture system. Samples of three types of electrical wires with
stranded annealed copper cores and PVC insulation were prepared. The
inner and outer diameters, as well as densities of these wires are reported
in Table 2. The conductor cores of these wire types are composed of
compressed strands, the numbers and diameters of which are different.
Samples with lengths of L; = 85 mm (for all wires) and L, = 100 mm
(for wire types 1-3) were prepared. In Section 4, the experimental data
obtained from the cantilever bending tests conducted on shorter sam-
ples will be used to calibrate the effective elastoplastic properties, while
the results of tests on longer samples will be employed to validate the
1D FE model.

Multiple samples of taped wire bundles are also prepared to charac-
terize their mechanical behavior as one of the main components of wire
harnesses. As shown in Fig. 7a, wires in each bundle are packed together
using a helical half-lap taping with the width w. Half of the width of the
tape in each helix overlaps with the previous helix, resulting in a taping
with twice the thickness of each layer of the tape. It must be noted that
tension tests are separately conducted on the tape samples to quantify
their elastoplastic properties. For the cantilever bending test of taped
wire bundles, wire types 2 and 3 are used to build bundles of 7, 12, and
19 wires, as well as a mixed bundle of 10 wires of type 2 and 9 wires
of type 3. The lengths of samples vary based on the number of wires
to control the total bending stiffness based on the capacity of the load
cell. Fig. 7b shows one of the taped bundle samples, where the left end
is cast in a polycarbonate tube filled with epoxy. This epoxy cap is used
to firmly grip the fixed end of the bundle using a custom-made adapter
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mounted on the load frame’s shaft to avoid applying direct pressure on
the wires. This provides a boundary condition that is close to the case
of an ideally clamped end for the cantilever bending test.

3.3. Experimental setup

A general overview of the experimental setup is depicted in Fig. 8a.
The sample is secured in a polycarbonate fixture at one end with screws
to ensure a zero slope clamped boundary condition. To prevent lateral
forces and maintain an approximately vertical load during the cantilever
wire bending, an aramid strand is used to attach the free end of the wire
to a load cell located 760 mm above the sample. The aramid strand can
be assumed to be inextensible due to its high tensile stiffness compared
to the bending stiffness of electrical wires. For the single wire bending
test, a 20 g Cooper ™ LS 270 load cell is used, whereas for the wire bun-
dle bending test, a 21b Futek™ LSB200 S-beam load cell is employed.
The polycarbonate fixture securing the clamped end is mounted on a
rod connected to a stepper motor. Note that deformations of the sample
make it difficult to deflect the free end of the cantilever wire while simul-
taneously measuring the load. Thus, the stepper motor is employed to
displace the clamped end, while the force applied by the aramid strand is
recorded using a load cell (Fig. 8b). The speed and direction of the step-
per motor rotation is controlled by a dSPACE™ 1103 controller, which
also receives input from the load cell through a signal conditioner to
record the measured force.

One disadvantage of using a stepper motor is the lack of feedback
during the test to identify potential missing steps. Therefore, one cannot
assume that the displacement corresponds to the number of steps com-
manded. In order to address this challenge and also to accurately capture
the deformed shape of the sample throughout the test, an Optitrack™
Flex 13 motion capture system is used. The motion capture system con-
sists of four cameras that are positioned such that at least two cameras
can view all the reflective markers throughout the experiment. Each
camera has 28 IR LEDs and an IR sensor. The system measures the 3D
position of the markers based on the triangulation of images from mul-
tiple cameras. The shape of the deformed wire is then quantified based
on the spatial coordinates of each marker recorded by the motion cap-
ture system. In order to prohibit shiny surfaces from interfering with the
motion capture system, they are covered with a blue colored masking
tape, as shown in Fig. 8.
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Fig. 8. (a) Cantilever bending test setup for single wires and taped wire bundles; (b) initial and deformed shapes of a wire sample.
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Fig. 9. Experimentally measured force-deflection responses of cantilevered wire samples of type 1 with L = 85 mm: (a) cyclic responses of sample 1; (b) loading

responses of three different samples.

3.4. Testing procedure and experimental results

The cantilever bending test is conducted by deflecting the sample at
arate of 1 mm/s for approximately 53 mm, followed by unloading at the
same rate to quantify the plastic deformation. As the sample undergoes
bending, the vertical force applied at the free end using the aramid string
is measured with a load cell. Simultaneously, the motion capture system
records the position of all seven markers at 120 frames per second. As
shown in Fig. 8b, a small counterweight of 2.7 g is hung at the free end
of the sample throughout the test to maintain the tension in the aramid
string. Three samples of each type of wire or taped wire bundle are
tested, and the loading-unloading process is repeated for three cycles in
each test to characterize the effects of cyclic loading on the deformation
response.

Fig. 9a shows the experimentally measured cyclic force-deflection re-
sponses of sample 1 of wire type 1 (L = 85 mm) at the free end of the can-
tilevered wire. Note that in each force-deflection plots presented in this
work, force values are normalized by the maximum force F,, in that
plot. The loading responses of three different samples of this type of wire
are depicted in Fig. 9b. The initial nonlinearity in the force-deflection
responses is due to the complex internal architecture of the wires, as
well as the fact that their initial shapes are not perfectly straight. The
nonlinearity at higher deflections is due to the nonlinear material be-
havior of the wire constituents, which is shown by the cyclic results in
Fig. 9a. Note that according to the study presented in Section 2.4, one of
the reasons for the difference observed in the force-deflection response
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Fig. 10. Deformed shapes of sample 1 of wire type 1 (L = 85 mm) recorded by
a motion capture system during the cantilever bending test.

of sample 3 compared to the other two samples in Fig. 9b could be dif-
ferences in residual stresses between the wire samples. Five snapshots
of the deformed shape of sample 1 of wire type 1, which are recorded
by the motion capture system during the cantilever bending test, are
illustrated in Fig. 10. Note that since the wire is highly flexible and has
been manually straightened, the initial shape of the sample shown in
this figure is not perfectly linear.
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Fig. 11. Experimental force-deflection responses of cantilevered taped wire bundle samples composed of 7 wires of type 2 with L = 114 mm: (a) cyclic responses of

sample 1; (b) loading responses of three different samples.

Fig. 11(L = 114 mm) illustrates the force-deflection output for 7-
wire bundles of wire type 2. As expected, the cyclic results depicted
in Fig. 11a show a significant plastic deformation in the taped wire
bundle after the first loading/unloading cycle. Further, as illustrated
in Fig. 11b, a higher variability is observed in the force-deflection re-
sponses of the bundle samples compared to the single wire results shown
in Fig. 9b. In addition to the variability of individual wires, this larger
cumulative range of responses may also be due to the variability in how
the wires are manually packed and taped together to form the bundles
during the manufacturing process. The experimental force-deflection re-
sponses of other single wire and wire bundle samples will be presented
in Sections 4 and 5, which are used for the calibration and validation of
FE models.

4. Effective properties of single wires
4.1. Calibration of the elastoplastic model

The average force-deflection responses obtained from the cantilever
bending tests of single wire samples are used to determine the effective
elastoplastic properties of each type of wire. After calibrating E and oy
with the experimental data, the resulting values are employed to de-
termine the effective K and n using an optimization-based approach.
Note that since there is no standard for defining the elastic zone of an
electrical wire, the yield point can be defined as the first point that
the experimental force-deflection curve deviates from the response of
a corresponding FE simulation with linear elastic properties, while tak-
ing into account the geometric nonlinearity. Although assuming a larger
elastic zone would increase the error in predicting the deformed shape
of a wire, it has the advantage of reducing the computational cost by
maintaining the elastic behavior over a wider range of deformation. A
parametric study on the tradeoff between different assumptions for the
yield point showed that assuming that wires maintain a linear elastic
behavior up to a tip deflection equal to 5% of their lengths during can-
tilever bending tests is the best choice.

In order to evaluate the effective elastoplastic properties of a wire,
the elastic beam theory [35] is first employed to relate E to the exper-
imentally measured force F and the tip deflection 6 in the elastic zone.
Using the tip deflection 54 = 5%L to quantify the elastic zone, the ef-
fective modulus of elasticity of the wire can be evaluated as

_ Fs L3  1280Fsq L?
T 365l 3nd?

(10)

where Fsg, is the applied force corresponding to é50,. The maximum
normal elastic stress in the cross section of the cantilevered wire is then
induced by the maximum bending moment, M = FL, which occurs at
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the fixed end of the wire. We determine oy as the maximum normal
stress caused by the bending moment corresponding to 65, (i.e., Msq, =
Fsq L), which can be written as

32Fs L
Oy = —”d3 .
Then, we implement an optimization algorithm to characterize the
effective strength coefficient K and strain hardening exponent n of the
wire introduced in power law equation (6). As initial estimates for these
parameters, the Holloman’s (Ludwik’s) equation [36,37] is employed to
approximate the stress-strain curve after the yield point as

an

o=Ke", ifo>oy. (12)

This estimate can be obtained by rewriting the stress-strain relationship
at theyield pointas oy = K (%Y)", given the continuity of the ¢ — € curve
at the yield point. By solving this relation for K, and substituting it in
(12), we can rewrite the Holloman’s equation as

Ee\" .

c=o0y| — if o > oy. (13)
Oy

In order to estimate n, we first employ (13) to evaluate the tangent

modulus E, = g—i in the plastic zone as

)( )

to obtain an initial estimate for E, y, the experimental force-deflection

Md, _ 32FL
20 T ad}

small range of ¢ after the yield point. This is an approximation of the

right slope of the 6 — € curve at this point (i.e., the slope after the yield

point), which yields the following initial estimate for n

E.y
ny=——.

E
A first estimate for the effective strength coefficient is then evaluated as

1
E, =nE<i (14)

Oy

curve is converted to a stress-strain curve using ¢ = over a

15)

E’l
n—1"
Oy

K, (16)
To more accurately evaluate the initial estimates obtained from
(15) and (16), we adopt the Nelder-Mead simplex optimization algo-
rithm [38,39]. The algorithm determines the optimal values of K and n
that minimize the Ly-norm of the error E;, corresponding to the sim-
ulated and experimental force-deflection responses of each cantilever
wire. The relative L,-norm of the error can be computed as

1
§max i
Ep < /0 [Fexp(é)—FFE(a)]2d5> , (a7

2
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Fig. 12. Flow chart describing the process of calibrating the FE model with reference force-deflection curves, which can be either experimental or high-fidelity FE

results.

where 6, is the maximum deflection, and Fe,;, and Fyy are forces ob-
tained from the experiment and the simulation, respectively. The FE
analyses for approximating Fgy are conducted using a wire model that
is discretized with 50 second-order 1D beam elements.

The Nelder-Mead optimization is conducted by building a non-
degenerate triangular simplex with vertices [K,, ny1, [1.05K,, ngl, and
[Ky, 1.05ny] as the first step. In an iterative process, after evaluating
E;, corresponding to each vertex, the vertex with the largest error is
replaced with a better estimate using the transformation operators (re-
flection, expansion, contraction, etc.) applied on the simplex. In each
iteration, the optimization code automatically executes the FE solver
and recomputes the force-deflection response to update E,,. This iter-
ative process stops when the size of the working simplex becomes ex-
cessively small or E;, converges to the user-defined tolerance value.
Note that the former stop criterion leads to a premature convergence,
i.e., not being able to find the optimal values of K and n due to the in-
ability to further evolve the vertices of the simplex. Therefore, although
the Nelder-Mead technique is a computationally efficient, straightfor-
ward optimization algorithm, avoiding a premature convergence with
this method is contingent upon using appropriate initial estimates for K
and n. To achieve this, rather than randomly selecting K, and ny, it is
essential to implement (13) and (15) to obtain proper initial estimates
for each variable. The flow chart summarizing the entire process of cali-
brating the FE model with reference force-deflection results is presented
in Fig. 12. This reference data can be obtained either from experimental
tests or high-fidelity FE simulations.

4.2. Calibration and validation results

Using the optimization-based algorithm described in Section 4.1, 1D
FE models of single wires are calibrated against cantilever bending test
data for short wire samples (L = 85 mm) to determine the effective ma-
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Table 3
Effective elastoplastic material properties of single wires af-
ter the calibration with experimental data.

Wire type  E (MPa) oy (MPa) K (MPa) n

1 5,021 3.90 3222 0.99
2 5,641 4.95 850 0.78
3 4,528 4.52 1,327 0.90

terial properties. Note that the weight of the wires, evaluated based on
the experimentally measured density values reported in Table 2, are
considered in these models. The resulting effective elastoplastic proper-
ties of the wire types 1-3 are reported in Table 3. A parametric study
showed that using different values for the effective Poisson’s ratio of
wires has a negligible impact on the resulting bending force-deflection
response. Thus, we use v = 0.39 for all wire types, which is the aver-
age of the value evaluated using the rule of mixtures (9) for each wire.
Fig. 13 shows that there is a good agreement between the simulated and
average experimental force-deflection responses of these wires. Similar-
ity between the deformed shapes predicted by the 1D FE simulation and
measured using the motion capture system is confirmed in the inset of
Fig. 13 for wire type 1. Therefore, in addition to matching the force-
deflection responses, the calibrated FE model can properly replicate the
deformed shapes of the wires observed in the cantilever bending tests.
The deformation responses of cantilever wire types 1-3 with L =
100 mm are simulated to validate the accuracy of the elastoplastic 1D FE
models calibrated using the data from short wire samples (Table 3). As
depicted in Fig. 14, the resulting force-deflection curves show a decent
agreement with those obtained experimentally from bending tests on
long wire samples. Fig. 15 illustrates the error curves associated with the
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Fig. 13. Comparison between the average experimental and 1D FE simulated force-deflection responses of short wire samples (L = 85 mm) of types 1-3 after the
calibration with experimental data. The inset of the Figure compares the bent shapes of wire type 1, predicted by the FE model and recorded using a motion capture
system.
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Fig. 14. Comparison between the average experimental and 1D FE simulated force-deflection responses of long wires (L = 100 mm) of types 1-3 for validating the
model. The inset of the figure shows the bent shape of wire type 1 predicted by the FE simulation and recorded using a motion capture system.

average of experimental and 1D simulation results presented in Fig. 14, bent shape of wire type 1 is approximately identical to that obtained
which are computed as from the motion capture system for this sample. To shed more light on
the importance of considering the elastoplastic behavior of the wires in

Err(6) = [FEXP('S) - FFE(é)]/ Finax: (18) these simulation, the deformation response of wire type 3 is also simu-
As shown in this figure, the values of error are within the bounds 5.1 x lated using a linear elastic model with the material properties given in
102 and 5.7 x 10~2. Note that the error values minimized during the Table 3. According to Fig. 14, the force-deflection curve corresponding
optimization process are described in terms of L,-norms of the error; to this simulation is considerably different than the experimental result,
therefore the actual error can be either positive or negative. For each which reemphasizes the lack of predictive capability of linear elastic FE
error curve, the Root Mean Square (RMS) of the error is also reported, models.
which is evaluated as

1 Bmax 3 5. Modeling taped wire bundles
RMS = ( / Err(5)2d5) , (19)

max /0 The optimization-based calibration algorithm described in the pre-
The RMS values vary between 1.26 x 10~2 and 3.65 x 1072, which is an ceding section can be employed to evaluate the effective properties of
acceptable range taking into account the previous cold working and all single wires used in the fabrication of a wire harness based on ex-
non-straight initial shapes of wire samples, as well as the presence of perimental data (e.g., cantilever bending tests). However, it would not
residual stresses. Also, as shown in the inset of Fig. 14, the simulated be practical to apply a similar approach to wire bundles, since the ex-
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Fig. 16. Schematic of a taped wire bundle composed of 12 electrical wires.
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perimental testing of hundreds or thousands of taped wire bundles with
various combinations of electrical wires would be an extremely labori-
ous and time consuming task. Thus, in this section we aim to develop a
high-fidelity 3D FE model for taped wire bundles to serve as a surrogate
for physical testing.

5.1. Developing 3D FE models

Fig. 16 illustrates the typical internal architecture of a taped wire
bundle, composed of 12 wires packed together using a half-lap tap-
ing. To construct a high-fidelity FE model of the wire bundle, in ad-
dition to effective properties of individual wires, mechanical proper-
ties of the plastic tape are also needed. Experimental data from ten-
sile tests conducted on single layers of the tape were converted into a
true stress-strain curve, from which elastoplastic properties were eval-
uated as Egpe = 119 MPa, (6y)ape = 2.4 MPa, Ky = 16.3 MPa, and
Mtape = 0.73.

A high-fidelity FE model of taped wire bundles must also consider
contact friction shear and normal stresses between adjacent wires, as
well as the cohesive bonding along tape-wire interfaces. The classical
isotropic Coulomb friction model is used in this study to relate the nor-
mal and shear stresses across the wire interfaces. A constant friction
coefficient u can be used to simulate friction forces between wires in a
static model. However, in a dynamic friction model, the friction coeffi-
cient varies between static y; (sticking condition) and kinetic y;. coeffi-
cients (slipping condition), which can be simulated using an exponential
decay function as [40]

= g+ (g = we)e 7 (20)

where d. is a user-defined decay coefficient and 7 = /| + ¥, is the
equivalent slip rate, where y, and y, are two slip velocities along the
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local tangent directions for the contact surface along the interface be-
tween adjacent wires.

The cohesive adhesion along tape-wires interfaces is characterized
using a linear elastic traction-separation law (in the absence of damage),
which can be written as [41]

tn Knn Kns Krlt (Sn
t={r, t=| K, Ky Ky K6, +=KS, Q1)
I Ky Ky Ky 5,

where t is the nominal traction vector consisting of three components:
normal traction t, and shear tractions t; and t,. Also, 6 and K are the
separation vector and the elastic constitutive matrix, respectively. An
uncoupled traction-separation law is employed in this work, in which
normal and tangential stiffness components are assumed to be indepen-
dent terms. This uncoupled behavior implies that a pure normal sepa-
ration does not cause the development of forces in the shear directions
and a shear slip does not create normal cohesive forces. This leads to
zero off-diagonal elements of the stiffness matrix and thereby only the
diagonal components K, K, and K;; must be determined. Thus, (21) is
reduced to

Krmﬁn
t =4 K6, (22)
K6,

Fig. 17 shows the arrangement of wires, together with the conform-
ing mesh used for creating 3D FE models of wire bundles with 7, 12,
and 19 wires of type 3 (L = 114 mm). In these meshes, 8-node hexa-
hedral solid elements, 4-node rectangular shell elements, and surface-
based cohesive contact are employed to model the wires, tape, and the
adhesion along their interfaces, respectively [41]. The reduced integra-
tion scheme is used in the solid and shell elements to reduce the com-
putational cost and shear locking effects.

5.2. Explicit dynamic FE analysis

The cantilever bending test of a taped wire bundle can be modeled as
a quasi-static phenomenon in a 3D FE simulation. However, the highly
nonlinear behavior of the wire bundle, governed by plastic deforma-
tion, contact-friction, tape-wire cohesion, and geometrical nonlinearity,
could prohibit the convergence of such a simulation using an implicit
time integration scheme [26]. This is due to the very small time incre-
ment needed to solve the system of equations at each step, which could
become smaller than the machine precision and cause convergence dif-
ficulties [42]. It has been shown that with special considerations, an ex-
plicit dynamic approach can accurately simulate highly nonlinear prob-
lems that fail to converge using an implicit scheme [43]. Note that in
order to achieve convergence, it is essential to employ an explicit time
integration scheme to simulate the mechanical behavior of taped wire
bundles subject to bending loads.

By neglecting the effect of viscous damping, the equilibrium equation
for solving an explicit dynamic problem can be written as [44,45]

Mii=F F (23)

ext — Tint>

where M is the mass matrix, i is the acceleration vector, and F,,, and
F;,; are the external and internal force vectors, respectively. Using the
central difference time integration scheme, variations of the velocity
vector u can be approximated as [45]

(ArFAT 4+ Ar)
-
where t is the current time and At is the corresponding time increment.

The displacement vector at the end of the time increment is then evalu-
ated as

At
a4 Atr+Ar<ﬁt+ 5 )

A

At
it =7 +

u 24)

(25)
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Because the central difference method is a conditionally stable algo-
rithm, the maximum time increment is bounded by the stability limit
known as the Courant criterion expressed as [45]

2
Algaple = o’ (26)

max
where w;,, is the highest frequency of the system. Since the exact eval-
uation of w,,, is not computationally feasible during an FE simulation,
one can approximate the highest frequency of a system by relating that
to the size of elements. The stability limit can then be redefined based
on the smallest characteristic length of the element increment L, as

Le
Algaple = C_d, (27
where C, is the dilatational wave speed given by
c,=+/E. 28)
p

where p is the material density. Note that (27) yields a smaller value for
Atgaple than the Courant equation given in (26).

One of the main challenges in simulating highly nonlinear mechani-
cal behaviors using an explicit approach is to achieve a sufficiently large
Atgapie> Which according to (27) and (29) has a direct relationship with
4/p. One approach commonly used for increasing Aty in such prob-
lems is to artificially increase the density using a mass scaling factor f,
as

P = fp- 29

Note that the body forces associated with the weights of wires are not af-
fected by this mass scaling. While introducing f,,, increases Aty and
thereby reduces the computational cost, it also has the side effect of
magnifying the mass matrix M, which in turn leads to an increase in
the inertial forces in the system. In other words, using an excessively
large f,,, for simulating a quasi-static problem results in unfeasibly high
dynamic effects that severely undermines the accuracy. Thus, to deter-
mine an appropriate value for f,, that provides an acceptable balance
between the computational cost and accuracy, one must monitor the ra-
tio of the kinetic to internal energies throughout the simulation. A mass
scaling factor can be incorporated in the simulation only if this ratio is
sufficiently small (in this work, less than 5%).

Another challenge toward the high-fidelity FE simulation of the me-
chanical behavior of taped wire bundles using bilinear (8-node hexa-
hedral) elements is the so-called hourglass effect [46]. While using a
reduced integration scheme in such elements can reduce the compu-
tational time and avoid shear-locking [47], it also gives rise to non-
physical, zero energy modes (hourglass modes), which deteriorate the
accuracy by disturbing the actual response of the system. This effect can
be characterized by monitoring the artificial strain ene.g. [41], which,
similar to the kinetic energy, must be considerably smaller than the in-
ternal energy to yield an acceptable accuracy. If a high hourglass effect
is detected, the finite element mesh must be refined more to reduce this

(b)

Fig. 17. Internal structure and the FE meshes created for modeling wire bundles composed of (a) 7 wires, (b) 12 wires, and (c) 19 wires of type 3.
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effect. In the FE simulations presented next, several numerical tests are
performed and both the kinetic and artificial strain energies are mon-
itored to identify appropriate value of the mass scaling factor and the
mesh size for each simulation. It must be noted that due to the large
number of degrees of freedom and highly nonlinear nature of the prob-
lem, all high-fidelity simulations presented next are conducted on a mas-
sively parallel computing platform.

5.3. Calibration of high-fidelity FE models

While the effective elastoplastic properties of electrical wires and
tape are evaluated based on experimental data, performing tests to quan-
tify the adhesion stiffness K. between the tape and wires, as well as the
friction coefficient 4 between the wires, would be a challenging task. In-
stead, these parameters can be evaluated by calibrating the high-fidelity
FE simulation of the cantilever bending test of a taped wire bundle with
the corresponding experimental data. Details regarding the implementa-
tion of cohesive interaction and proper selection of corresponding stiff-
ness values are provided in several references including [41,48]. Here,
the normal K, = K., shear K, and tangential K,; cohesive stiffness
values are related to one another as Ky, = K;; = %ch.

After a comprehensive numerical study, a time period of 7 = 1 s and
a mass scaling factor of f,, = 25 were selected to ensure that dynamic
effects are negligible in the explicit dynamic simulations. To better un-
derstand the effect of the mass scaling factor on the computational effi-
ciency, note that the stable time increment needed to simulate the de-
formation response of the 7-wire bundle shown in Fig. 17a with f,, =1
is Atgaple = 6.887 X 1078 5. Using a small mass scaling factor of f,, = 25,
the stable time increment can be increased to At = 3.443 x 1077 s.
This decreases the computing time from 627 min to 181 min (approxi-
mately 71% reduction) when the simulation is performed on 180 Intel
Xeon X5650 CPUs (Westmere-EP, 6 cores, 2.67 GHz).

As the first step of the calibration, a parametric study was conducted
to determine the appropriate values of K. and y by comparing the sim-
ulations with the average of experimentally measured force-deflection
responses of the taped wire bundle samples composed of 7 wires. The
results of this study are summarized in Fig. 18, showing that the sim-
ulation results are not highly sensitive to the value of u. Also, except
for K.. =30 N/mm?, no meaningful variation can be observed in the
simulated force-deflection curves for different cohesive stiffness values.
In other words, if K is selected sufficiently large to hold the wires to-
gether during the simulation (as observed in the experiments), its value
has no considerable impact on the simulation results. This parametric
study shows that y = 0.4 and K, = 30 N/mm? can be selected as best
estimates for these parameters.

To ensure that the values calibrated for 4 and K. based on the ex-
perimental data associated with the 7-wire bundle are suitable, these
values are utilized to simulate the cantilever bending of wire bundles
composed of 12 and 19 wires. A comparison between the simulated
and experimentally measured force-deflection responses is presented in
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Fig. 18. Calibration of the friction coefficient u between the wires and the cohesive contact stiffness K. (N/mm?) used for modeling the adhesion between the tape

and wires in a 7-wire bundle.

Fig. 19. This figure shows a good match between both curves up to a
deflection of 6§ =35 mm, after which the FE results deviate from the
experimental curves. The initial mismatch between the simulation and
test results at small deflections is particularly due to the simplified con-
stitutive model selected for single composite wires. A comprehensive
study was carried out to re-calibrate y and K., which showed that the
values obtained based on the experimental data for the 7-wire bundle
(=04 and K, =30 N/mm?3) would indeed be the best estimates for
these parameters. Even introducing damage (debonding) along the wire-
tape interfaces in the FE models did not have desired impacts on the
deformation responses of the wire bundles.

Further analysis of the behavior of the taped wire bundles during
the cantilever bending tests revealed that the discrepancy between ex-
perimental and simulation results at large deflection could be due to
the slip-friction between wires. Thus, a dynamic friction model was
adopted to simulate the relative sliding of wires by reducing the fric-
tion coefficient at higher deflections. A new calibration study was then
conducted on bundles of 12 and 19 wires, which indicated that y, = 0.4
(same value obtained based on 7-wire bundle test results), 4, = 0.1, and
d, =2 in (20) are appropriate values for these parameters. The force-
deflection curves obtained from the new FE analyses relying on this
dynamic friction model are also illustrated in Fig. 19, which shows a
better correlation with experimental data. Note that, as shown in this
figure, introducing the dynamic friction to the FE models also yields a
better match between the experimental and simulated force-deflection
responses of the 7-wire bundle. The error curves between average ex-
perimental and 3D simulation results presented in Fig. 19 are illustrated
in Fig. 20, together with corresponding RMS values, which are varying
between 2.45 x 1072 and 6.53 x 1072,

Fig. 21 illustrates the FE simulation of the deformed shape of the
wire bundle with 12 wires of type 3. Note that despite using a mass
scaling factor and selective reduced integration in this explicit dynamic
simulation, no mesh distortion or oscillation is observed in this figure,
which indicates the soundness of the results. Fig. 22 further verifies this
observation by showing the small ratio of the artificial strain and kinetic
energies compared to the internal energy in the FE analyses of all three
wire bundles, indicating that hourglass and dynamic effects are negli-
gible. Thus, this figure reassures that using f,, = 25 with the reduced
integration scheme in the high-fidelity models can properly replicate
the quasi-static deformation response of wire bundles during cantilever
bending tests.
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5.4. Validation of high-fidelity FE models

In order to validate the high-fidelity FE model of wire bundles cal-
ibrated with experimental data corresponding to bundles of 7, 12, and
19 wires, this model was implemented to simulate the deformation re-
sponses of the wire bundles shown in Fig. 23. The first bundle is com-
posed of 27 wires of type 3 with a hexagonal cross-section, while the
19-wire bundle is composed of 10 wires of type 3 and 9 wires of type
2. Fig. 23 also shows portions of the meshes used for creating the FE
model of each taped wire bundle, which have similar features to the
meshes used in Section 5.3 for the calibration study. The simulated de-
formed shapes of these wire harnesses during the cantilever bending are
depicted in Fig. 24, showing no distortion in the mesh. The kinetic and
artificial strain energies associated with these simulations were verified
to be negligible compared to the internal energy of the system through-
out the simulation. As illustrated in Fig. 24, using a dynamic friction
model to simulate the wires interaction allows some of them to slide
out of the bundle, which is similar to the behavior observed in the can-
tilever bending tests.

Fig. 25 provides a comparison between the experimental and sim-
ulated force-deflection responses of the taped wire bundles depicted in
Fig. 23. This figure illustrates the results for both the static and dynamic
models for friction between wires, reassuring that the latter can more
accurately simulate the physical behavior of the bundle. Despite the un-
certainty associated with the presence of residual stresses in the indi-
vidual wires, as well as the variability in the construction of taped wire
bundles, the simulated force-deflection response of the mixed 19-wire
bundle shown in Fig. 25a shows a good match with the experimental
results over a wide range of deformation.

For the results of the 27-wire bundle depicted in Fig. 25b, a soften-
ing behavior is observed in the experimental curves after a deflection
of 6 = 30 mm. The effects of different FE model variations were studied,
including allowing debonding along tape-wire interfaces and modifying
the dynamic friction model to allow sliding between wires with no fric-
tion at higher deformations. While the difference between the numerical
and experimental results decreased slightly, none of these changes pro-
duced the experimental softening behavior shown in Fig. 25b. Further
analysis of the experimental tests showed that the softening character-
istic of the 27-wire bundle, which is not observed in the tests conducted
on other wire bundles, is due to the slippage between wires and the
tape. After this slippage, the load applied by the aramid strain is only
sustained by the tape. This phenomenon undermines the integrity of the
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Fig. 19. Force-deflection responses of cantilevered taped wire bundles made of type 3 wires, where 3D FE simulations with a constant friction coefficient of y = 0.4
and dynamic friction coefficients ranging from u;=0.4 to 4=0.1 between the wires are compared with the corresponding average experimental results.
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Fig. 20. Error curves between the average experimental and 3D FE simulated
force-deflection responses shown in Fig. 19 for the taped wire bundles made of
type 3 wires. RMS values of the error are also reported for each curve.

structure, which leads to a softening behavior due to localized plastic
deformations that cannot be captured by the FE model. Nevertheless,
given the presence of other sources of uncertainty including residual

-

stresses, Fig. 25b shows an acceptable match between the experimen-
tal and simulated force-deflection responses of the 27-wire bundle for
deflections lower than § = 30 mm.

5.5. Effective properties for 1D FE models

As noted previously, the high-fidelity FE model of taped wire bundles
can serve as a surrogate for physical testing to obtain the data needed to
characterize their effective elastoplastic properties. The effective diam-
eter of a circular 1D beam representing a taped wire bundle is the outer
diameter of the cylinder circumscribing the taped wire bundle. The den-
sity of this homogenized model is evaluated using the rule of mixtures
as

(pA)ett = (PA)wires + (pA)tape‘ (30)

Table 4 gives the effective diameters and effective densities of the taped
wire bundles.

Using the force-deflection responses obtained from the 3D simula-
tions of the cantilever bending, we reutilized the optimization-based
algorithm described in Section 4.1 to evaluate the homogenized proper-
ties of the wire bundles, which are summarized in Table 5. Using the rule
of mixtures, an average effective Poisson’s ratio of v.g = 0.3 is evaluated
for all reduced-order models of taped wire bundles. Fig. 26 illustrates
a comparison between the simulated force-deflection curves using the
high-fidelity 3D model and reduced-order 1D FE models relying on these
effective elastoplastic properties. While the computational cost associ-

Uy (mm)

50

Fig. 21. 3D FE simulation of the deformed shape of the 12-wire bundle of type 3.
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Fig. 22. Variations of the internal, artificial strain, and kinetic energies versus time during the explicit dynamic FE simulation of the deformation response of
cantilevered taped wire bundles composed of (a) 7 wires, (b) 12 wires, and (c) 19 wires of type 3.

.
(a) (b)

Fig. 23. Internal structure and the FE meshes created for modeling wire harnesses composed of (a) 19 mixed wires of types 2 and 3 and (b) 27 wires of type 3.

Wire sliding out

Fig. 24. 3D FE simulations of the deformation responses of taped wire bundles composed of 27 wires of type 3 (top) and 19 mixed wires of types 2 and 3 (bottom).

ated with these 1D simulations is less than 0.5% of that corresponding 6. Conclusion

to high-fidelity simulations, as shown in this figure, both models yield

nearly identical results. Thus, provided that plasticity is taken into ac- A synergistic computational-experimental approach was presented
count and the effective material properties are calibrated properly, a 1D to characterize the mechanical behavior of electrical wires and taped
FE model can reliably predict the deformation response of taped wire wire bundles in bending. Numerical and experimental studies showed
bundles subject to bending loads. that, although not taken into account in most digital manufacturing soft-
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Fig. 26. Comparison between the force-deflection response of the cantilevered taped wire bundles predicted using the 3D and 1D FE models. The inset of the figure

compares the resulting simulated bent shapes of the 19-wire bundle of type 3.

Table 4
Effective diameters (d,) and densities (p) of the re-
duced order models of taped wire bundles.

Wire bundle d, (mm) p (g/cm®)
7 wires (type 3) 4.6 3.43
12 wires (type 3) 5.8 3.65
19 wires (type 3) 7.4 3.50
19 wires (types 2 & 3) 7.4 3.00
27 wires (type 3) 9.2 3.20

ware packages, plasticity has a significant impact on the deformed shape
of wires subjected to bending loads. Also, the internal structures of wires
and residual stresses could have a notable impact on the their mechan-
ical behavior of wires in bending. A customized cantilever bending test
was developed to characterize the deformed shapes and force-deflection
responses of single wires and taped wire bundles. The experimental data
was then used with an optimization-based algorithm to evaluate the
corresponding effective elastoplastic properties. A high-fidelity 3D FE
model was also introduced for simulating the mechanical behavior of
taped wire bundles, which can serve as a surrogate for experimental
testing. In addition to the effective elastoplastic properties of wires and
tapes, the dynamic friction coefficients between wires and the cohesive
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Table 5
Effective elastoplastic properties of the taped wire bundles calibrated
with the high-fidelity 3D FE results using the optimization-based algo-

rithm.
Wire bundle E (MPa) oy (MPa) K (MPa) n
7 wires (type 3) 1,114 2.70 544.9 0.92
12 wires (type 3) 1,022 3.12 75.1 0.50
19 wires (type 3) 616 2.40 15.0 0.32
19 wires (types 2 & 3) 442 1.72 7.8 0.26
27 wires (type 3) 449 2.17 41.6 0.65

bonding stiffness along tape-wire interfaces were calibrated with exper-
imental data. This study showed that 1D FE models relying on homog-
enized elastoplastic properties can accurately simulate the deformation
responses of electrical wires and taped wire bundles subject to bending
loads.
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