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a b s t r a c t 

High-fidelity and reduced-order finite element (FE) models are introduced to simulate and characterize the bend- 

ing behavior of flexible electrical wire harnesses undergoing large deflections. A composite wire harness consists 

of a bundle of wires, put together using layers of tape and/or a protective tube, which could be subdivided into 

smaller branches. In this work, elastoplastic constitutive models are adopted for wire harness components (wires, 

tape, and tube) and calibrated by matching their simulated and experimental force-displacement responses. Cus- 

tomized three-point bending tests are carried out on composite wire bundles (CWBs) and resulting data are 

utilized to calibrate friction coefficients between different components, as well as cohesive contact and damage 

parameters along taped surfaces in the high-fidelity FE model. After the validation of this model, we show that 

it can be used as a reliable surrogate to laborious mechanical testing for characterizing the bending response of 

CWBs. Resulting effective properties are then incorporated in a reduced-order FE model relying on beam ele- 

ments, which can achieve a similar level of accuracy while reducing the computational cost > 99.5%. Both FE 

models are also employed to study the behavior of branching wire harnesses, showing that a viscoelastic material 

model is needed to properly characterize the stiffness of the branch break-out joint. 
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. Introduction 

Predicting the deformation response of flexible electrical wire har-

esses during the assembly process is a critical design requirement in

he automotive industry. Numerical and analytical modeling of wire

arnesses in digital manufacturing software packages aim to achieve

his goal by minimizing the computational cost (near real-time simula-

ions) while maintaining an acceptable accuracy. However, building a

odel that could fulfill this objective is a challenging task due to the

ighly nonlinear geometrical and martial behaviors of flexible wire har-

esses, as well as the uncertainty associated with their dimensions and

oading history ( e.g. , residual stresses). Further, the design and execu-

ion of experimental testings needed for the calibration/validation of

uch models are laborious and could be equally challenging due to the

oft, intricate internal architecture of harnesses composed of various

ypes/sizes of wires, tapes, and protective tubes, which could also in-

olve multiple branche. Among previous research efforts dedicated to

odeling wire harnesses and similar flexible structures we can mention

nalytical models [1–6] , finite element (FE) analyses [7–13] , and exper-

mental works [14–19] . Combined analytical-computational approaches
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ave also been implemented to analyze the axial, torsional, and flexural

ehaviors of composite wires and conductors [20–22] . 

The design of wire harnesses is also addressed in a number of

revious studies, which involves an iterative, time-consuming process.

mong these works we can mention attempts at optimizing the geome-

ry, mechanical integrity, and electrical connectivity [23,24] , as well as

inimizing the production time, cost, and overall weight of wire har-

esses [23–26] . The Virtual Reality (VR) environment can also be uti-

ized to address different design stages more efficiently [27] . Among

ther relevant studies we can mention techniques developed for the de-

ign of the break-out joint while mounting wire harnesses on vehicle

odies [28–32] . These techniques aim to determine connecting arrange-

ents of wire and wire bundle branches to reduce the weight, number

f components, and required space without failure at connectors while

implifying the assembly process. However, nearly all existing models

sed in digital manufacturing and VR environments cannot accurately

redict the deformed shape and mechanical behavior of complex wire

arnesses, which often leads to non-optimal design configurations. The

ain reason for this lack of predictive capability is the use of either

nappropriate material and interaction properties or unrealistic models
tember 2019 
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Fig. 1. Graphical summary of [33] , which serves as the basis of the study presented in the current manuscript. 
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t  
 e.g. , overlooking nonlinearity) for harness components during the sim-

lation. 

The current manuscript aims to expand the synergistic experimental-

umerical framework presented in [33] for analyzing the deformation

esponse of taped wire bundles (TWBs) to enable evaluating the behav-

or of composite wire bundles (CWBs) and branching wires harnesses. A

raphical summary of [33] is presented in Fig. 1 , where reduced-order

1D) and high-fidelity (3D) FE models are employed to simulate the

ending response of single wires and TWBs. As shown in Fig. 1 a, one of

he key outcomes of the study was that taking into account the elasto-

lastic behavior of wires is of crucial importance for the accurate predic-

ion of mechanical behavior subject to bending loads. We also studied

he uncertainty associated with the presence of residual stresses on the

ehavior of wires ( cf. Fig. 1 b). Customized cantilever bending tests were

esigned and carried out to experimentally characterize the deformed

hapes and force-deflection responses of wires and TWBs ( cf. Fig. 1 c),

hich where then utilized to calibrate and validate reduced-order FE

odels ( cf. Fig. 1 d and f). As shown in Fig. 1 e, we also developed and

alibrated/validated high-fidelity FE models of TWBs as virtual surro-

ates for experimental testing. In these models, in addition to the non-

inear geometrical and material behaviors, other sources of nonlinearity

uch as contact and friction along wire-wire and wire-tape interfaces are

onsidered. More details regarding both reduced-order and high-fidelity
E models, as well as their generalization to enable modeling CWBs and

ranching wire harnesses are presented in Sections 4 and 5 , respectively.

The remainder of this manuscript is organized as follows: In

ection 2 , we describe the tensile tests conducted to experimentally

haracterize the mechanical behavior of various CWB components. We

lso utilize three-point bending tests to determine the force-deflection

esponse of CWBs, as well as customized bending tests for branching

ire harnesses to characterize the behavior of the branch break-out

oint. In Section 3 , we employ 3D FE modeling together with an op-

imization based algorithm to calibrate elastoplastic properties of CWB

omponents based on experimental data. The high-fidelity and reduced-

rder models used for simulating the mechanical behavior of CWBs are

escribed in Section 4 . In that section, we also describe the calibration

nd validation of each model. A similar line of study is presented in

ection 5 for characterizing the behavior of branch break-out joint in

ire harnesses, where we show it is essential to implement a viscoelas-

ic material model to accurately simulate its bending response. Final

oncluding remarks are presented in Section 6 . 

. Experimental testing 

Elastoplastic material properties of harness components such as pro-

ective conduits, and tapes are required for 3D FE modeling of wire
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Fig. 2. Initial and final shapes of (a,b) plastic tube and (c,d) unwrapped fabric tube samples during tensile tests. 
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arnesses. The properties are determined by using an optimization al-

orithm on tensile test data of the harness components. Then, the ef-

ective elastoplastic properties of CWBs are determined by simulating

he bending response of CWB samples and comparing the simulation

esult against the measured response of CWB samples from three-point

ending experiments. Sample preparation, and a description of the ex-

erimental setup for all the tests conducted are presented in this section.

.1. Protective tubes: tensile tests 

Plastic tube samples are prepared for tensile testing by cutting pieces

ff the spool and casting the ends of the tubes in epoxy. Two types of

lastic tubes are tested, which will be referred to as closed and open

ubes, with the latter having a cut along the longitudinal axis to facilitate

nstalling around wires. The diameter of each sample is 10 mm and the

auge length is 114.3 mm (4.5 in), which is extended by 50 mm at a

ate of 0.423 mm s −1 (1 min −1 ). A Test Resources load frame is used

o conduct the tests and samples are mounted by clamping the epoxy

asts with MTS Advantage screw action grips. The experimental setup

s shown in Fig. 2 a and b. 

The fabric tube is a self-wrapping sleeve woven with polyethylene

erephthalate (PET) yarn, which has an architecture similar to textile

abrics. Therefore, the sample dimensions and test parameters are cho-

en based on the ASTM D5034-09 standard for determining breaking

trength and elongation of textile fabrics. The total sample length is

00 mm and the gauge length is 75 mm. An MTS C43.504 load frame

s used to conduct the tests and samples are unwrapped before mount-

ng with MTS screw action grips. The sample is extended at a rate of

 mm s −1 until breakage. The experimental setup for this tensile test is

hown in Fig. 2 c and d. 

.2. CWBs: three-point bending test 

The bending response of CWBs is characterized by conducting three-

oint bending tests on custom-made samples, which are prepared in

 three-step process. First, pieces of electrical wire are cut off from a

pool and straightened. A protective tube is then fitted around the wire

undle and finally the straightened wires and the tube are taped to-

ether at the ends. For CWB samples using the open plastic tube, an
dditional layer of tape is applied along the length of the tube. It could

e applied as either coarse taping , which refers to a helical-shaped tap-

ng with distance between each wrap, or half-lap taping, in which each

elical wrap overlaps with half of the width of the previous wrap. All

WBs tested in this study have 19 electrical wires, which could be two

istinct types (referred to as type 1 and type 2) or a mixture of them.

he protective covering is either a closed/open plastic tube or a fabric

ube and, for CWBs with open plastic tube covering, either the coarse

r half-lap taping could be applied. For each case, three samples are

abricated and tested to characterize the variability in resulting force-

eflection responses due to uncertainty effects such as residual stresses

r variations in the geometry of the samples. 

Fig. 3 a illustrates the experimental setup used for conducting three-

oint bending tests on CWB samples. Note that there is no standard for

haracterizing the bending behavior of these flexible composite struc-

ures. Therefore, we adopt the ASTM D790-17 standard for determining

exural properties of electrical insulation materials as a reference for

hoosing the sample length and the deflection rate. For a sample with a

iameter of 10 mm, a length of 200 mm is chosen with a support span of

27 mm and an overhang of 36.5 mm on either side. The tests are car-

ied out on an MTS C43.5045 load frame and CWB samples are mounted

sing MTS three-point bend fixtures with 5mm diameter roller pins. The

ample is deflected at the center by 30mm at 0.5 mm s −1 . A Transducer

echniques MLP series load cell with 222.4N(50 lb) load capacity is

sed to measure the bending force and a dSPACE 1103 DAQ is used to

ecord the force data. Additionally, 3 mm diameter IR reflective markers

re placed along the length of the sample and an Optitrack motion cap-

ure system is utilized to measure the sample deflection and capture its

ent shape during the test. Reflective parts of the test setup are covered

ith masking tape to prevent measurement noise. Fig. 3 b and c show a

arger view of the initial and final bent shapes, respectively, of the CWB

ample. 

.3. Branching wire harness: customized bending test 

The stiffness of the branch-out joint in a Y-shaped CWB sample is

haracterized by conducting bending tests, as shown in Fig. 4 . In this

ranching wire harness, the main segment S1 is made of 38 wires

nclosed in a 15mm diameter open plastic tube with coarse taping.
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Fig. 3. (a) Three-point bending test setup for 

CWBs, showing the sample, load cell, and 

mounting fixtures; (b,c) Initial and bent shapes 

of the CWB sample. 

Fig. 4. (a) Schematic and (b) experimental setup 

for characterizing the bending response of branch- 

ing CWB samples. 
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Table 1 

Cross-section radii and homogenized elastoplastic material properties of two 

types of electrical wires in bending, as well as tensile properties of the PVC 

tape [33] . 

Component d c (mm) d o (mm) E (MPa) 𝜎Y (MPa) K (MPa) n 

Type 1 0.85 1.25 5,641 4.95 850 0.78 

Type 2 0.7 1.4 4,528 4.52 1,327 0.90 

PVC tape – – 119 2.4 16.3 0.73 
egment S2 makes a 30 ∘ angle with segment S3 and both consist of 19

ires enclosed in 10mm diameter open plastic tubes. The ends of the

arness and the exposed wires at the branch node are covered in half-

ap tape. During the bending tests, segments S1 and S3 of the Y-shaped

WB are fastened to an aluminum unistrut frame using zip ties to create

 fixed boundary condition. The frame is mounted on an MTS C43.504

oad frame with clevis pin adapters. The end of segment S2 is connected

o a Futek 8.9N(2 lb) load cell (mounted on the load frame cross-head)

sing an aramid strand. The cross-head is then displaced by 50 mm at

 mm s −1 and the tension measured in the aramid strand by the load cell

s recorded using a dSPACE 1103 DAQ system. Motion capture markers

re placed along segment S2 to measure vertical deflection of the free

nd and to capture the shape of this segment during the test. 

. CWB components: calibration of material properties 

.1. Constitutive model 

The constitutive model characterizing the elastoplastic material be-

avior of CWB components is given by Simo and Hughes [34] 

= ℂ ∶ ( 𝜺 − 𝜺 
𝑝 ) , (1)

here 𝝈 is the Cauchy stress tensor, 𝜺 is the total strain tensor, 𝜺 p is the

lastic strain tensor, and ℂ is the fourth-order stiffness tensor. Given

he assumption of isotropic properties for all CWB components, we can

haracterize arrays of ℂ using only two constants: the Young’s modulus E

nd the Poisson’s ratio 𝜈. The yield stress 𝜎Y can then be evaluated using

he von Mises yield criterion, i.e. , when the second principal invariant of

he deviatoric stress tensor s reaches a threshold value ( J 2 flow theory)

35] . The stress tensor after the yield point is computed using a strain

ardening law as Jirásek and Bazant [36] 

̄ = 𝜎 + 𝐾( ̄𝜀 𝑝 ) 𝑛 if 𝜎̄ ≥ 𝜎 , (2)
𝑌 𝑌 
here K and n are the strength coefficient and strain hardening expo-

ent, respectively. Also, 𝜎̄ = ( 3 2 𝐬 ∶ 𝐬 ) 
1 
2 and 𝜀̄ 𝑝 = ∫ d ̄𝜀 𝑝 are the effective

tress and the effective plastic strain (cumulative measure of plastic

train increments d ̄𝜀 𝑝 ), respectively. 

Before describing the calibration process, it is worth mentioning that

aterial properties of two CWB components, namely the electrical wires

nd the PVC tape, have already been determined during our earlier study

n TWBs [33] . Note that each single wire is in fact a flexible composite

aterial composed of a helical stranded copper core and a polymeric in-

ulation. Thus, its behavior subject to bending and tensile loads would

e completely different due to the geometrical nonlinearity effects ( e.g. ,

riction between different components) and nonuniform plastic defor-

ations under bending (see [33] for a detailed discussion). Since wires

nd wires harnesses are dominantly subject to bending loads during the

ssembly process, as shown in Fig. 1 c, force-deflection curves obtained

rom cantilever bending tests (rather than tensile tests) are employed to

alibrate their elastoplastic properties. Two types of wires are incorpo-

ated in CWBs studied in this work, which will be referred to as types 1

nd 2. The outer diameter d o of the polymer insulation and the diame-

er of the copper core d c for each type of wire are given in Table 1 . This

able also shows the homogenized (effective) properties of these wires

n bending, together with the elastoplastic tensile properties of the PVC
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Fig. 5. (a) FE model of the closed plastic tube 

type with length 𝐿 = 12 cm, inner diameter 𝑑 𝑖 = 
10 . 7 mm, outer diameter 𝑑 𝑜 = 14 . 1 mm, and thick- 
ness 𝑡 = 0 . 27 mm; (b) simulated displacement field sub- 
ject to a tensile displacement in the y -direction; (c) 

schematic of the optimization-based approach for the 

calibration of material properties. 
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ape calibrated in [33] . Note that effective Poisson’s ratio of wires are

= 0 . 39 , and effective densities of wire types 2 and 3 are 𝜌2 = 4 . 34 and
3 = 4 . 97 g/cm 

3 , respectively. 

.2. Calibration of material properties 

In order to calibrate the elastoplastic properties ( E , 𝜎Y , K , and n ) of

emaining CWB components, i.e. , closed/open plastic and fabric tubes,

e use an optimization-based algorithm to minimize the error between

heir experimental and simulated tensile force-displacement responses.

n this approach, high-fidelity FE models are created for each component

nd appropriate boundary conditions are applied to replicate tensile

ests described in Section 2.1 ( cf. Fig. 2 ). For example, Fig. 5 a and b show

he FE model and simulated axial displacement field in the closed plastic

ube, where four-node finite strain shell elements are employed to dis-

retize the domain. Note that only half of the tube is modeled due to the

ymmetry of the geometry and the tensile load during the physical test.

ymmetric boundary conditions (BCs) are thus assigned to mesh nodes

n the bottom face of the model, while the nodes on the upper face are

onstrained in the xz plane and subjected to displacement 𝑢 𝑦 = 25 mm.
ote that a shell element has both translational and rotational degrees of

reedom at each node and also takes into account the change of thickness

ue to in-plane deformations (membrane strain) [37,38] . Thus, to facil-

tate the numerical convergence, we apply in-plane displacement and

otational hourglass controls to these elements [39] . Also, five Gauss

uadrature points are used in the through-the-thickness direction to ac-

urately approximate the variation of thickness of shell elements during

he simulation. It is noteworthy that all FE simulations presented in this

ork are carried out using the software package Abaqus [40] . 

The polypropylene ridged tube and polyester fabric tube have densi-

ies of 0.9 g/cm 

3 and 1 g/cm 

3 , respectively. The optimization-based

lgorithm utilized for calibrating the elastoplastic properties of each

omponent is schematically shown in Fig. 5 c. The Nelder-Mead sim-

lex optimization algorithm [41,42] is employed to calibrate E , 𝜎Y , K ,

nd n for closed and open ridged tubes. The algorithm is integrated with

he FE solver to automatically run tensile simulations and minimize the

 2 -norm of the error, ‖𝑒 ‖𝑙 2 , between simulated and experimental force-
isplacement curves. The process begins with performing an FE sim-

lation using initial estimates of material properties based on tensile

tress-strain data reported in the literature for similar materials. For ex-

mple, because the plastic tube is made of polypropylene, we have used

he test data reported in [43] to obtain initial guesses for material prop-

rties. Note that for unwrapped fabric tubes, E and 𝜎Y values can easily

e pre-determined based on the linear elastic regions of corresponding
xperimentally measured tensile force-displacement curves as 

 = 

𝐹 𝐿 

𝑢 𝑦 𝐴 

, 𝜎𝑌 = 𝐸 

𝑢 dev 
𝑦 

𝐿 

, (3)

here u y is the displacement in the loading direction, F is the recorded

pplied force, L is the sample’s length, and A is its cross sectional area.

lso, 𝑢 dev 
𝑦 

is the displacement at which the force-displacement curve of

he component deviates from a linear elastic response. Therefore, after

erforming the FE simulation using initial estimates of two parameters

 and n , the force-displacement response is evaluated by summing ap-

roximated traction vectors at nodes where displacement BC is applied

 e.g. , nodes on the upper face of the plastic tube model in Fig. 5 a). 

The Nelder-Mead simplex algorithm is a direct search method for

olving unconstrained nonlinear multivariable optimization problems,

eaning there is no need for the evaluation of gradients in this method.

n the current study, we aim to minimize the objective function 

in ‖𝑒 ‖𝑙 2 ( 𝐯 mat ) = min ‖𝐅 exp − 𝐅 FE ( 𝐯 mat ) ‖, (4)

here v mat is a vector holding material properties, while 𝐅 exp and 𝐅 FE 
re forces obtained from the experiment and the simulation, respec-

ively. Assuming that the size of v mat is m (the number of material

roperties to be optimized), we first build a simplex in m -dimensional

pace based on initial estimates for each component. Note that an m -

imensional simplex is a geometric shape with 𝑚 + 1 vectors, e.g. , a 3D
implex is a pyramid. The Nelder-Mead method uses an iterative ap-

roach to generate a sequence of simplices to search for an optimal

olution for a given objective function (in this case, ‖𝑒 ‖𝑙 2 ( 𝐯 mat )) . The
lgorithm builds the first simplex around the initial estimate for mate-

ial properties v mat,0 by adding 5% of each component 𝑣 mat , 0 ( 𝑖 ) to v mat,0 .
n each iteration, a new point in or near the current simplex is gener-

ted, and the worst vertex with the highest ‖𝑒 ‖𝑙 2 is replaced with a bet-
er estimate by applying reflection, expansion, contraction, and shrink

ransformation operations to the simplex. This iterative process stops

hen the size of the current simplex becomes excessively small or ‖𝑒 ‖𝑙 2 
onverges to the user-defined tolerance value. 

As shown in Fig. 6 a, there is a perfect agreement between these

urves for the closed plastic tube after the completion of the calibra-

ion process, with the calibrated properties reported in Table 2 . It is

orth mentioning that because the Poisson’s ratio of CWB components

as a negligible impact on simulation results, we directly use the values

eported in the literature for corresponding polymers ( e.g. , 𝜈 = 0 . 42 of
olypropylene for the plastic tube). 

Fig. 6 a and Table 2 also show the force-displacement response of

he open plastic tube and corresponding calibrated material properties

valuated using the optimization-based algorithm, respectively. The top

iew ( xz -plane) of the FE simulation of the deformed shape of this tube

ubject to a tensile displacement of 𝑢 𝑦 = 25 mm is also illustrated in
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Fig. 6. Comparison of experimental versus 

simulated force-displacement responses subject 

to a tensile load in the axial direction after the 

calibration of material properties: (a) closed 

and open plastic tubes, also showing the top 

view of the FE simulation for the latter; (b) fab- 

ric tube, where 𝑟 1 = 4 . 7 mm, 𝑟 2 = 5 . 3 mm, 𝑑 = 
10 . 6 mm. Length, width, and thickness of un- 
wrapped fabric tube samples are 𝐿 = 150 mm, 
𝑤 = 49 mm, and 𝑡 = 0 . 6 mm, respectively. 

Table 2 

Calibrated elastoplastic material properties of protective cover- 

ings of CWBs evaluated using the optimization-based algorithm. 

Component E (MPa) 𝜎Y (MPa) K (MPa) n 

Closed plastic tube 1,559 8.6 25.6 0.12 

Open plastic tube 698 8.8 23.1 0.83 

Fabric tube 93.5 10.0 30.8 0.60 
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his Fig. 6 a, where self-contact is considered between elements along

he longitudinal cut. Although all geometrical features of the closed and

pen plastic tubes are identical, a significant difference is observed be-

ween their force-displacement curves in Fig. 6 a. This behavior is not

ttributed the longitudinal cut in the open plastic tube, as numerical

imulations show that the presence this cut does not have a notable im-

act on the force-displacement response under this type of loading. In-

tead, this difference emanates from different material properties of the

losed and open tubes ( cf. Table 2 ), which is confirmed experimentally

y the higher density of the former. 

Calibrated elastoplastic properties of the fabric tube (made of

olyester, 𝜈 = 0 . 4 ) are also given in Table 2 . Fig. 6 b shows that good
greement is achieved between simulated and experimental force-

isplacement responses of this component after calibrating its proper-

ies. This figure also illustrates the geometry of this tube, which includes

.25 wraps of fabric. However, as noted in Section 2.1 , the tensile test is

onducted on a 150 mm × 49 mm unwrapped rectangular sample. The

orresponding FE model is discretized using shell elements (thickness:

 = 0 . 6 mm). Note that during the calibration process, it is assumed that
he fabric tube has isotropic material properties, although it is known

hat a fabric material can have different properties in the weft and warp

irections. In Section 4.2 , we show that using an orthotropic constitutive

odel is indeed essential for the accurate approximation of the defor-

ation response of CWBs with a protective fabric tube. Therefore, the

roperties reported in Table 2 for this tube are only associated with the

arp direction. However, given its small width and more importantly

he pre-twist in the weft direction, it would not be feasible to perform

 tensile test and calibrate corresponding properties due to stress con-

entrations near the grip and the effect of residual stresses. Thus, as will

e discussed in Section 4.2 , these properties are calibrated by matching

imulated and experimental force-deflection responses obtained from a

hree-point bending test for the corresponding CWB. 

. Simulating the bending response of CWBs 

In this section, we implement high-fidelity and reduced-order FE

odels to analyze the bending response of CWBs and calibrate/validate

esults with experimental data. Note that for applications such as digital
anufacturing and VR, only the reduced-order FE model would be of

nterest. This is due to the significantly lower computational cost of such

nalysis compared to a high-fidelity FE simulation without compromis-

ng the accuracy, which will be shown later in this section. However,

iven the exceedingly large number of design permutations for a CWB

overned by various types/number of wires, type/pattern of taping, and

ype/size of protective tubes, it would not be feasible to perform the

ending tests needed to calibrate a reduced-order model for all construc-

ions. A high-fidelity FE model can thus serve as a surrogate for expen-

ive and time-consuming experimental testing by virtually simulating

he bending response of a CWB using already calibrated properties of

ach component and parameters governing their interaction. Therefore,

e must also calibrate these parameters, including friction coefficients

etween different components and the cohesive strength along the tape-

ube interface with force-deflection responses obtained from three-point

ending tests. Next, we provide more details regarding FE models, the

alibration process, and the validation of results with experimental data.

.1. High-fidelity FE model of CWBs 

Fig. 7 shows the high-fidelity FE model of a CWB composed of 19

ires of type 2 embedded in a coarsely-taped open plastic tube. The

oundary conditions are designed to replicate a three-point bending test

escribed in Section 2.2 , where two steel rollers on the bottom and a

eeder at the top are placed in contact with CWB. The feeder moves

ownward to apply the bending load. The inset of Fig. 7 shows a portion

f the conforming mesh generated to build the FE model, which consists

f 8-node hexahedral elements (for wires) and 4-node shell elements (for

ube and tape). The tube length, support span, and length of taped wires

t the end are 𝑙 = 152 . 4 mm, 𝐿 = 127 mm, and 𝑎 = 38 . 1 mm, respectively.
he coarse taping in this case has a helical shape consisting of only

ne layer of PVC tape with thickness 𝑡 = 0 . 1 mm, radius 𝑟 = 7 . 1 mm,
idth 𝑤 = 18 . 8 mm, and helix pitch of 𝑝 = 2 𝑤 . The shape of this tape

an analytically be characterized as 
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𝑢 ) 

𝑟 sin ( 𝜋
𝑤 
𝑢 ) 
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⎫ ⎪ ⎬ ⎪ ⎭ , (5)

 ∈ [ 0 , 𝐿 − 𝑤 ] . 
As noted previously, the high-fidelity simulation of the mechanical

ehavior of CWBs requires taking into account contact and friction be-

ween wire-wire and wire-tube. Further, this model must consider con-

act and friction between steel rollers and the coarsely-taped tube, which

ould either be the roller-tape or the roller-tube. To simulate these in-

eractions, we employ an isotropic Coulomb frictional contact model

etween various components. The Coulomb friction model relates the
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Fig. 7. 3D FE model of a composite wire bundle (CWB) 

composed of 19 wires of type 2 in a coarsely-taped 

open plastic tube. The inset shows 8-node hexahedral 

and 4-node shell elements used in the FE model for dis- 

cretizing wires and tube/tape, respectively. 
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Fig. 8. Traction-separation cohesive response with exponential damage evolu- 

tion in normal direction to contact surfaces at interface. 
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ormal stress 𝜎 to the shear stress 𝜏 along a contact interface as 𝜏 = 𝜇𝜎,

here 𝜇 is the friction coefficient [44] . For friction between wires, we

mploy a dynamic friction model, in which the friction coefficient varies

ersus the slip rate from sticking (static, 𝜇s ) to slipping (kinetic, 𝜇k ) ex-

onentially as [45] 

= 𝜇𝑘 + 

(
𝜇𝑠 − 𝜇𝑘 

)
𝑒 − 𝑑 𝑐 ̇𝛾 , (6)

here d c is the decay coefficient and 𝛾̇ = 

√
̇𝛾1 + ̇𝛾2 is the equivalent slip

ate. In the latter, ̇𝛾1 and ̇𝛾2 are two slip velocities along local tangent

irections of the contact surface between adjacent wires. 

The adhesive bonding between tapes and either wires or tubes is

odeled using a cohesive-contact model taking into account interfacial

amage (debonding) at large deformations. In this surface-based cohe-

ive model, a linear elastic traction-separation law describes the inter-

acial behavior before the initiation of damage. An interface stiffness

ensor K ij is employed to relate the element traction vector t i to the rel-

tive separation of points located on opposing sides of the interface,

𝑗 = 𝑢 + 
𝑗 
− 𝑢 − 

𝑗 
, as [46,47] , 

 𝑖 = 𝐾 𝑖𝑗 𝛿𝑗 = 𝐾 𝑖𝑗 ( 𝑢 + 𝑗 − 𝑢 − 
𝑗 
) , (7)

here 𝑖 ∕ 𝑗 = 𝑛, 𝑠, 𝑡 correspond to displacements along normal ( n ) and

hear ( s , t ) directions. Note that in this traction-separation law nor-

al and tangential stiffness components are uncoupled, meaning all off-

iagonal component of the stiffness matrix are zero ( 𝐾 ns = 𝐾 nt = 𝐾 st =
 ) and only diagonal components K nn , K ss , and K tt need to be calibrated.

A damage model is also utilized to simulate the debonding occurring

long tape and wire/tube interfaces at large deformations. A maximum

eparation criterion is used to determine the onset of the interfacial dam-

ge, which can be described as [48] 

ax 
{
𝛿𝑛 , 𝛿𝑠 , 𝛿𝑡 

}
= 

{
𝛿0 
𝑛 
, 𝛿0 

𝑠 
, 𝛿0 

𝑡 

}
. (8)

he damage evolution (softening) is then simulated as 

 𝑖 = ( 1 − 𝐷 ) 𝑡 ∗ 
𝑖 
, (9)

here D is the damage parameter varying between 0 (undamaged) and

 (fully damaged). Also, 𝑡 ∗ 
𝑖 
are components of the contact traction vector

valuated based on the elastic traction-separation law. An exponential

ecay function is defined to characterize the evolution of D as [48] 

 = 1 − 

( 

𝛿0 
𝑚 

𝛿𝑚 

) 

⎡ ⎢ ⎢ ⎢ ⎢ ⎣ 
1 − 

1 − 𝑒 

− 𝛼

( 
𝛿𝑚 − 𝛿0 𝑚 
𝛿
𝑓 
𝑚 − 𝛿

0 
𝑚 

) 
1 − 𝑒 − 𝛼

⎤ ⎥ ⎥ ⎥ ⎥ ⎦ 
, (10)
b  
here 𝛼 is the damage evolution rate, 𝛿𝑚 = 

√ ⟨𝛿𝑛 ⟩2 + 𝛿2 
𝑠 
+ 𝛿2 

𝑡 
is the ef-

ective separation, and 𝛿0 
𝑚 
and 𝛿

𝑓 
𝑚 are initial (at the onset of damage)

nd final (at failure) effective separations, respectively. The cohesive re-

ponse and damage evolution for the case of normal separation ( 𝛿𝑚 = 𝛿𝑛 )

cross the interface is schematically shown in Fig. 8 . 

The severe nonlinearity imposed by contact-friction and cohesive

amage in high-fidelity FE models of CWB, as well as the elastoplas-

ic material behavior of its components, make it practically impossible

o simulate the bending response using an implicit integration scheme.

his is due to the exceedingly small ( i.e. , smaller than the machine pre-

ision) displacement increment needed to approximate the next con-

erged solution at each step of the Newton-Raphson iteration, which

rohibits convergence [49] . In order to resolve this issue, we imple-

ent an explicit dynamic integration scheme, which is a conditionally

table algorithm [50] . The stable time increment in this approach can

e estimated by relating the elastic wave speed to the size and density



E. Taghipour, S.S. Vemula and K. Gargesh et al. International Journal of Mechanical Sciences 165 (2020) 105188 

o

Δ  

w  

a  

Δ  

i  

t  

h  

g  

s  

o  

w  

s  

a  

h  

p  

o

4

4

 

r  

t  

l  

T  

𝜇

c  

o  

c  

w  

w  

e  

t  

S

 

m  

c  

p  

t  

c  

m  

t  

t  

t  

T  

F

w

u  

c  

t  

t  

t  

t

 

f  

w  

g  

s  

c  

u  

t  

s  

c  

t  

s  

n  

f  

p

 

h  

fi  

w  

p  

f  

b  

s  

i

 

a  

s  

w  

s  

s  

e  

a  

f  

a  

v  

t  

T  

c  

h  

p

4

f elements as [51] 

𝑡 stable = 

min 
(
𝐿 𝑒 

)
𝐶 𝑑 

= min 
(
𝐿 𝑒 

)√𝜌( 1 + 𝜈) ( 1 − 2 𝜈) √
𝐸 ( 1 − 𝜈) 

, (11)

here L e is the characteristic length of each element, 𝜌 is the density,

nd C d is the dilatational wave speed. According to (11) , we can increase

t stable (and thus reduce the computational cost) by artificially increas-

ng the material density as 𝜌′ = 𝑓 𝑚 𝜌, where f m is the mass scaling fac-

or. Note that the increased weight associated with applying f m leads to

igher inertial forces during an explicit dynamic simulation. Therefore,

iven the quasi-static nature of three-point bending tests in the current

tudy, an appropriate value of f m must be determined such that the ratio

f kinetic to internal energy during the simulation is negligible (in this

ork, < 2%). Otherwise, the dynamic effects (waves propagation) in the

ystem causes unphysical vibrations that leads to unrealistic bent shapes

nd force-deflection responses. After an extensive numerical study, the

igh-fidelity simulations presented hereafter are conducted over a time

eriod of 𝑡 = 1 s with 𝑓 𝑚 = 25 to ensure that the impact of kinetic energy
n accuracy is negligible. 

.2. Calibration/validation of high-fidelity models 

.2.1. CWBs with plastic tube protection 

In order to calibrate the contact-friction and cohesive damage pa-

ameters used in high-fidelity FE models of CWBs with plastic tube pro-

ection, we aim to minimize the error between experimental and simu-

ated force-deflection responses obtained from three-point bending tests.

hese parameters include friction coefficients associated with wire-wire

ww , roller-tube 𝜇rtb , and roller-tape 𝜇rtp , as well as K ii , 𝛿
0 
𝑚 
, 𝛿

𝑓 
𝑚 , and 𝛼

haracterizing the cohesion between tape and tubes. Note that values

f 𝜇ww and K ii have already been calibrated in our previous study fo-

used on TWBs [33] . For the former, we consider a dynamic friction

ith 𝜇ww ,𝑠 = 0 . 4 , 𝜇ww ,𝑓 = 0 . 1 , and an exponential decay factor of 𝑑 𝑐 = 2 ,
hile for the latter 𝐾 nn = 30 Nmm 

−3 and 𝐾 ss = 𝐾 tt = 30 N mm 

−3 . Also,

lastoplastic material properties of each component of CWBs are ei-

her determined in [33] (wires and the PVC tape) or characterized in

ection 3.2 (protective tubes). 

In order to calibrate the remaining parameters, we compare experi-

ental and computational force-deflection responses of three CWBs, all

omposed of 19 wires of type 2 but with different protections: closed

lastic tube, open plastic tube with half-lap taping, and open plastic

ube with coarse taping. The bent shape of the former CWB after the

ompletion of the calibration process is illustrated in Fig. 9 . To deter-

ine appropriate values of 𝜇rtb and 𝜇rtp , we use the steel-polymer fric-

ion coefficient given in [52] as the initial estimate. Since in CWB with

he closed plastic rube the roller is only in contact with the tube (no

aping along its length, see Fig. 9 ), we use this model to calibrate 𝜇rtb .

he CWB model with the half-lap taping on the open plastic tube is then
ig. 9. High-fidelity FE simulation of the bent shape of a CWB composed of 19 

ires of type 2 embedded in a closed plastic tube. 
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tilized to calibrate 𝜇rtp . The first two models are also used to calibrate

ohesive damage parameters, noting that debonding along the tape and

ube interface only occurs at large deformations. Thus, the initial por-

ion of the force-deflection curve ( 𝛿tip < 20 mm) can be used to calibrate

he friction coefficient and the remaining part of this curve will be used

o calibrate cohesive damage parameters. 

Fig. 10 provides a comparison between simulated and experimental

orce-deflection responses of CWB with a closed plastic tube protection,

hich is used for calibrating 𝜇rtb . As shown in the figure, 𝜇rtb = 0 . 3 is a
ood estimate for this parameter. This plot also illustrates the effect of

tatic and dynamic friction coefficients along wire-wire interfaces, indi-

ating that the latter can better replicate experimental results. Further,

sing a dynamic friction model leads to wires sliding out of the hanging

aped region at the two end of the sample ( cf. Fig. 9 ), which is also ob-

erved in three-point bending tests. Note that the high-fidelity FE model

onsiders the contact and friction between upper region of the tube and

he embedded wire after bending as well. However, our numerical study

hows that the friction coefficient associated with this interaction has a

egligible impact on simulation results. The reason is that this contact-

riction phenomenon only occurs at large deformations and only a small

ortion of the tube contacts the wires. 

As depicted in Fig. 11 a, a similar study is conducted on the CWB with

alf-lap taped open plastic tube protection to calibrate the friction coef-

cient between the roller and the PVC tape as 𝜇rtp = 0 . 1 . Several studies
ere also conducted on both CWBs to characterize the cohesive damage

arameters that minimize the error between simulated and experimental

orce-deflection curves for 𝛿tip > 20 mm, where debonding was observed

etween the tape and tube in three-point bending tests. According to this

tudy, we will use 𝛿0 
𝑛 
= 𝛿0 

𝑠 
= 𝛿0 

𝑡 
= 𝛿0 = 0 . 03 mm, 𝛿𝑓 𝑚 = 0 . 08 mm, and 𝛼 = 2

n the cohesive elements created along tape-tube interfaces. 

The calibrated values of 𝜇rtb and 𝜇rtp , as well as the cohesive dam-

ge parameters are then used to validate the high-fidelity FE model by

imulating the three-point bending response of a CWB composed of 19

ires of type 1 embedded in a coarsely-taped open plastic tube. The

imulated bent shape of this CWB is illustrated in Fig. 12 , in which

ome of the wires slide out of the taped regions at the two hanging

nds (also observed experimentally). As shown in Fig. 11 b, a good

greement is achieved between simulated and experimentally measured

orce-deflection responses of this CWB. Note that there is a notable vari-

bility between three experimental test results in this figures (and pre-

ious two curved used for the calibration of model), which is attributed

o uncertainty factors such as residual stresses and variation in taping

herefore, the small difference between the simulated force-deflection

urve and the average of its experimental counterparts indicates that the

igh-fidelity FE model can serve as a reliable surrogate for laborious ex-

erimental testing for characterizing the bending response of CWBs. 

.2.2. CWBs with fabric tube protection 

We have also simulated the bending response of a CWB composed of

9 wires of type 2 wrapped in a fabric tube to calibrate its non-isotropic

aterial properties. In the corresponding high-fidelity FE model, we

ust consider self-contact for the fabric tube, which has 1.25 wraps

round wires. The simulated deformed shape of this CWB is illustrated

n Fig. 13 , showing that the PVC tape is only applied at the two hang-

ng ends. As shown in this figure, the wires again slide out of this taped

egion due to debonding of the adhesive tape, which is simulated using

he cohesive damage parameters calibrated in Section 4.2.1 . However,

s shown in Fig. 14 a, there is a significant discrepancy between the sim-

lated and experimental force-deflection responses of this CWB when

n isotropic material model is used for the fabric tube. This assumption

s indeed unrealistic due to different elastic moduli of fabric in the warp

nd weft directions ( E 1 and E 2 ), while only the former was calibrated in

ection 3.2 ( 𝐸 1 = 93 . 5 MPa). In the FE model, we can incorporate this
ehavior using plane stress shell elements with an orthotropic elastic

aterial behavior for discretizing the fabric, which also requires cali-

rating its elastic modulus in the weft direction ( E ). The strain-stress
2 
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Fig. 10. Comparison of experimental and simulated 

force-deflection responses of a CWB composed of 19 

wires of type 2 with a closed plastic tube protection 

for calibrating friction coefficients between wire-wire 

and roller-tube. 

Fig. 11. Comparison between experimental and simu- 

lated force-deflection responses from three-point bend- 

ing tests for (a) calibration of 𝜇rtp in a CWB composed 

of 19 type 2 wires within a half-lap taped tube; (b) val- 

idation of all calibrated parameters in the same CWB 

but with a coarsely-taped open plastic tube protection. 

Fig. 12. 3D FE approximation of the bent shape of a CWB composed of 19 type 

3 wires within a coarsely-taped open plastic tube type. 

Fig. 13. High-fidelity FE simulation of the bent shape of a CWB composed of 

19 type’s wires wrapped in the fabric tube. 
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elation of a shell with orthotropic elastic properties under the plane

tress assumption can be written as [53] 

 = 

⎧ ⎪ ⎨ ⎪ ⎩ 
𝜀 11 
𝜀 22 
𝛾12 

⎫ ⎪ ⎬ ⎪ ⎭ = 

⎡ ⎢ ⎢ ⎣ 
1∕ 𝐸 1 − 𝜈12 ∕ 𝐸 1 0 

− 𝜈12 ∕ 𝐸 1 1∕ 𝐸 2 0 
0 0 1∕ 𝐺 12 

⎤ ⎥ ⎥ ⎦ 
⎧ ⎪ ⎨ ⎪ ⎩ 
𝜎11 
𝜎22 
𝜎12 

⎫ ⎪ ⎬ ⎪ ⎭ . (12)

s shown in Fig. 14 a, a parametric study indicated that using 𝐸 2 =
 . 6 𝐸 1 , together with 𝜈12 = 𝜈 = 0 . 4 and 𝐺 12 = 

0 . 5 ( 𝐸 1 + 𝐸 2 ) 
2 ( 1+ 𝜈12 ) , yields an ex-

ellent agreement between simulated and experimental force-deflection

urves. 

The calibrated elastic moduli of the fabric, together with other pa-

ameters calibrated in Section 4.2.1 are further validated by simulating

he three-point bending response of a CWB composed of a mixture of

0 wires of type 1 and 9 wires of type 2 wrapped in a fabric tube. As

epicted in Fig. 14 b, an acceptable agreement is achieved between sim-

lated and experimental force-deflection responses for this CWB. This

bservation once again shows the applicability of the high-fidelity FE

odel as a reliable surrogate to costly experimental testing for charac-

erizing the bending response of CWBs. 

.3. Reduced-order FE model of CWBs 

As shown in Section 4.2 , the high-fidelity FE model can accurately

redict the mechanical behavior of CWBs subject to a bending load,

hich is the dominant loading during the harness installation. However,

espite using an explicit dynamic approach, such nonlinear 3D FE simu-

ations are still highly computational demanding and must be carried out

n massively parallel computing platforms. For example, the simulation

hown in Fig. 13 (19 wires, fabric tube) is performed in 281 min (wall

ime) on 192 Intel Xeon x5650 processors at the Ohio Supercomputer

enter (OSC). Clearly, such a huge computational burden prohibits

he use of this model for applications such as digital manufacturing
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Fig. 14. Comparison between experimental and simu- 

lated force-deflection responses from three-point bend- 

ing tests for (a) calibration of the transverse elastic 

modulus of the fabric tube used as protection material 

for a CWB composed of 19 wires of type 2; (b) valida- 

tion of this parameter for a CWB composed of 10 wires 

of type 1 and 9 wires of type 2 with a fabric tube pro- 

tection. 

Fig. 15. Schematic of the reduced order FE model of the three-point bending 

test, where 1D beam elements are used for discretizing CWB. 
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nd VR, which demand near real-time simulations. Instead, the main

urpose of developing a high-fidelity model is to determine the force-

eflection response of CWBs with various size/types of wires, protective

ubes, and taping. This could lead to thousands of design permutations,

hich would clearly be impossible to characterize purely via experimen-

al testing. 

To address the challenges associated with the high computational

ost of high-fidelity models for real-world applications, we use the force-

eflection curve predicted by this model to calibrate a reduced-order FE

odel of CWBs relying on beam elements. We assign effective elasto-

lastic bending properties of CWB to each 1D beam element; thus by ho-

ogenizing its internal architecture we can avoid the costly modeling of

ontact-friction and cohesive damage. This in turn resolves the conver-

ence difficulties arising in high-fidelity simulations, allowing the use

f an implicit integration scheme in the reduced-order model. Similar

o the material model used for each component of CWB, we implement

 J 2 plasticity model (von Mises yield criterion) for each effective beam

lement. The calibration process is similar to that used for TWBs in [33] ,

n which the elastic beam theory is used to first calibrate homogenized

 eff and 𝜎Y for a 1D model of the three-point bending test ( cf. Fig. 15 ). In

his approach, the linear elastic region of the force-deflection curve ob-

ained from a high-fidelity simulation is employed to evaluate E eff and

Y as 

 eff = 

𝐹 𝐿 

3 

48 𝑢 𝑦 𝐼 
, 𝜎𝑌 = 

𝐹 2% 𝐿 

𝜋𝑟 3 
𝑜 

, (13)

here L is the support span, F is the applied force at mid-span, r o is the

uter radius of CWB, 𝐼 = 

𝜋𝑟 4 𝑜 
4 is its second moment of inertia, and F 2% is

he applied force corresponding to 𝑢 𝑦 = 0 . 02 𝐿 . Note that selecting F 2% 
or defining the yield point is conducted based on a parametric study,

fter which a notable deviation from the elastic material response was

bserved considering the geometrical nonlinearity. 

The remainder of the calibration process is similar to that described

n Section 3.2 ( cf. Fig. 5 c), where the Simplex optimization algorithm

s utilized to determine K and n by minimizing the L 2 –norm of the er-

or between reduced-order and high-fidelity simulated force-deflection

urves. The resulting calibrated effective elastoplastic properties of

WBs studied in Section 4.2 are presented in Table 3 , for which cor-

esponding force-deflection curves perfectly match those obtained from
D simulations. Note that each reduced order simulation can be carried

ut using an implicit integration scheme on a single processor in less

han 22 seconds, which is a huge reduction in the computational cost

ompared to high-fidelity simulations without compromising the accu-

acy. 

. Simulating wire harness branching 

While it is necessary to characterize the bending response of CWBs

ia high-fidelity FE simulations and subsequently determine their ef-

ective elastoplastic bending properties for reduced-order modeling, it

s equally important to characterize the behavior of break-out joints in

ire harnesses. As noted previously ( cf. Fig. 4 a), the protective tube

s discontinued near the break-out joint and multiple layers of half-lap

aping is used to stabilize the wires in this region. Characterizing the

ending and torsional stiffnesses of this node, which is provided by both

ires and the tape, is of particular importance for establishing a reliable

educed-order FE model. 

In this section, we use both high-fidelity and reduced-order models

o study the behavior of branching wire harnesses and calibrate/validate

hem with experimental data obtained from bending tests. The models

reated for each case are illustrated in Fig. 16 , which correspond to

he Y-shaped harness experimentally characterized in Section 2.3 and

chematically shown in Fig. 4 . In this branching harness, the main CWB

egment is composed of 38 wires of type 2 embedded in a coarsely-taped

pen plastic tube, which is subdivided into two branches each consisting

f 19 wires and forming a 30 ∘ angle with one another. Fig. 16 a shows

he locations at which the harness is fixed using zip-ties. To simulate

he bending test, a tensile displacement is applied at the tip of the hor-

zontal branch using a rigid link representing the aramid strand, which

as a significantly higher stiffness than CWBs. Note that at the end of

ach branch, each CWB transitions into a half-lap taped TWB. We will

se this test setup to calibrate FE models by matching simulated and

xperimental force-displacement responses measured at the end of the

ramid strand (rigid link in the FE models). 

A larger view of the high-fidelity FE model of the branching har-

ess is illustrated in Fig. 17 , which shows the hexagonal and shell ele-

ents used for discretizing the wires and tubes/tape, respectively. Note

hat material properties of all components, as well as contact-friction

nd cohesive damage parameters needed to simulate the mechanical

ehavior of this model are previously characterized. In the correspond-

ng reduced-order model ( cf. Fig. 16 b), CWB and TWB portions of the

ranching harness are replaced with beam elements with pre-evaluated

ffective properties. A similar optimization-based approach as that de-

cribed in Section 4.3 is employed to calibrate effective properties of

he main CWB with 38 wires and TWBs. The branching point in the

educed-order analysis is modeled using elastic bushing-like connector

lements, which can take into account three translational and three ro-

ational stiffness values in a 3D space. Because connector elements at the
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Table 3 

Calibrated effective elastoplastic properties of CWBs in bending evaluated using the optimization-based algorithm. 

Values of E , 𝜎Y , and K are given in MPa. 

CWB E 𝜎Y K n 

#/type of wires Tube Taping 

19, type 2 closed plastic – 15.7 0.6 1.59 0.3 

19, type 2 open plastic half-lap 20.6 0.35 4.3 0.24 

19, type 2 open plastic coarse 18.7 0.46 3.21 0.43 

19, type 2 fabric – 30.6 0.25 5.65 0.24 

10 & 9, types 1 & 2 fabric – 24.8 0.20 0.97 0.13 

Fig. 16. FE models of the Y-shaped branch- 

ing wire harness corresponding to experimen- 

tal testing shown in Fig. 16 used the calibra- 

tion of the branch break-out joint properties: 

𝐿 1 = 140 mm, 𝐿 2 = 203 mm, 𝐿 3 = 111 mm, 
𝐿 e = 38 mm, 𝑙 1 = 13 mm, 𝑙 2 = 𝑙 3 = 30 mm, and 
𝐻 = 625 mm. 

Fig. 17. 3D FE model of the branching wire harness, 

where the longitudinal cut shows the wires inside the pro- 

tective plastic tube. Also, the inset shows 8-node hexahe- 

dral and 4-node shell elements used for discretizing wires 

and tape/tube, respectively. 
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ranch break-out joint represent TWBs, we use effective elastic proper-

ies of each TWB (composed of either 38 or 19 wires) as stiffness values

f bushing-like elements. The homogenized axial stiffness k , bending

tiffness k 𝛽 , and torsional stiffness k 𝜃 of TWBs can thus be evaluated

sing beam theory as 

 = 

𝐸𝐴 

𝜆𝑙 
; 𝑘 𝛽 = 

𝐸𝐼 

𝜆𝑙 
; 𝑘 𝜃 = 

𝐺𝐽 

𝜆𝑙 
, (14)

here E is the elastic modulus, G is the shear modulus, A is the cross

ectional area, I is the second moment of inertia, J is the polar moment

f inertia, and 𝜆 = 

𝑙 

𝑟 
is the aspect ratio of TWB ( l : length, r : radius of the

ircle circumscribing the cross section). 

A comparison between high-fidelity and reduced-order simulated

orce-displacement responses of the branching wire harness is presented

n Fig. 18 a. The similarity of these curves once again shows the ability

f the reduced order model to replicate the result obtained from a 3D

E analysis at a significantly lower computational cost. This similarity

lso verifies the use of an elastic bushing-like elements in the reduced-
rder model despite using an elastoplastic model for wires and the tape

n the high-fidelity model, meaning plastic deformations are negligible

corroborated by stresses developed in wires/tape). However, as shown

n Fig. 18 a, both simulated curves have a considerable discrepancy with

he experimentally measured force-displacement response, especially in

nitial stages of the deformation ( u y < 10 mm). In other words, FE sim-

lations cannot accurately predict the actual behavior of the branching

arness in bending, although after the initial mismatch both experimen-

al and numerical force-displacement curves follow the same trend. 

The discrepancy between experimental and numerical force-

isplacement responses in Fig. 18 a for u y < 10 mm is attributed to the

iscoelastic behavior of PVC tape layers at the branch break-out joint.

ote that this elastomeric behavior was overlooked in characterizing

he bending stiffness of CWBs and TWBs due to its negligible impact

n the accuracy of simulations. This is because the main role of tape

s to keep wires together and/or stabilize them within the protective

ube; thus it does not have a notable contribution to the overall stiffness
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Fig. 18. Experimental and 3D/1D simulated force- 

displacement responses of branching wire harness 

bending tests for setups shown in (a) Fig. 16 and (b) 

Fig. 20 . 

Fig. 19. Comparison between experimental, high-fidelity FE simulation, and 

reduced-order FE simulation of the bent shape of branching wire harness. 
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Fig. 20. Reduced-order FE model of the branching wire harness for the second 

loading condition, where the vertical displacement is applied through a rigid 

link (corresponding to the aramid wire) perpendicular to plane of the harness. 
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b  
f CWBs/TWBs alone. However, in a branching wire harness, the tape

ayers wrapped around the break-out joint directly affect its torsional

nd bending stiffnesses. In order to simulate this viscoelastic behavior,

e use the damping coefficient 𝛼 to add the damping matrix C to the

ynamics governing equations as [49] 

 = 𝛼𝐊 , (15)

here K is the stiffness matrix. As shown in Fig. 18 a, using this model

ith 𝛼 = 0 . 2 (calibrated via a parametric study) leads to an excel-
ent agreement between simulated and experimentally measured force-

isplacement responses of the branching wire harness. A comparison

etween 1D/3D simulated bent shapes of the harness and the deformed

hape observed in the cantilever bending test is provided in Fig. 19 ,

hich also shows a significant similarity. 

In order to validate the viscoelastic model adopted for the break-out

oint, we have tested/analyzed the bending response of the Y-shaped

ranching harness subject to a different loading condition. The reduced-

rder FE model of this bending test is illustrated in Fig. 20 , where a ver-

ical displacement is applied to the branch perpendicular to the plane

f the wire harness. A comparison between simulated and experimental

orce-displacement responses of this test is depicted in Fig. 18 b, show-

ng a good agreement between both results using the calibrated damping

oefficient 𝛼 = 0 . 2 . This study not only validates the use of bushing-like
lements with viscoelastic properties for the branch break-out joint but

lso once again validates the use of beam elements with effective elasto-

lastic bending properties for modeling TWBs and CWBs in a complex

ranching wire harness. 

. Conclusion 

High-fidelity and reduced-order FE models were presented to sim-

late the bending response of composite wire bundles (CWBs) and

ranching wire harnesses used for automotive applications. The high-

delity model considers the elastoplastic material behavior of CWB com-

onents (wires, tape, protective tubes), together with wire-wire/tube

ontact-friction and tape-tube/wire cohesive damage. It was shown that

fter calibration with the experimental data obtained from tensile tests

n each component and customized three-point bending tests on the

hole CWB, this model can accurately predict the bending response of

WBs. High-fidelity FE analysis can thus serve as a reliable surrogate

o laborious and costly experimental testing to characterize the force-

eflection and deformed shape of CWBs in bending with large deforma-

ion. However, the high computational cost of such excessively nonlin-

ar analyses is unacceptable for applications such as digital manufac-

uring and virtual reality, which aim to simulate the assembly of wire

arnesses in real-time. We employed a reduced-order FE model relying

n beam elements with homogenized elastoplastic bending properties

obtained using an optimization-based algorithm) to address this issue

y significantly reducing the computational cost without undermining

he accuracy. A similar line of study was then conducted to characterize

he behavior of the break-out joint in branching wire harnesses, where

e showed that a viscoelastic material model must be implemented to

haracterize its stiffness. In the reduced-order model, we simulated this

ehavior using bushing-like elements with damping, which also resulted
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n a good agreement with experimentally measured force-displacement

esponses obtained from bending tests. 

cknowledgment 

This work was funded by Honda R&D Americas, Inc. and also in

art by an allocation of computing time from the Ohio Supercomputer

enter (OSC ) and the Ohio State University Simulation Innovation and

odeling Center (SIMCenter). 

eferences 

[1] Grégoire M , Schömer E . Interactive simulation of one-dimensional flexible parts.

Comput-Aided Des 2007;39(8):694–707 . 

[2] Wakamatsu H , Hirai S . Static modeling of linear object deformation based on differ-

ential geometry. Int J Robot Res 2004;23(3):293–311 . 

[3] Hong K , Kiureghian AD , Sackman J . Bending behavior of helically wrapped cables.

J Eng Mech 2005;131(5):500–11 . 

[4] Ghoreishi S , Cartraud P , Davies P , Messager T . Analytical modeling of synthetic

fiber ropes subjected to axial loads. Part I: a new continuum model for multilayered

fibrous structures. Int J Solids Struct 2007;44(9):2924–42 . 

[5] Karathanasopoulos N , Ganghoffer J , Papailiou K . Analytical closed-form expressions

for the structural response of helical constructions to thermal loads. Int J Mech Sci

2016;117:258–64 . 

[6] Cao X , Wu W . The establishment of a mechanics model of multi-strand wire rope

subjected to bending load with finite element simulation and experimental verifica-

tion. Int J Mech Sci 2018;142:289–303 . 

[7] Picinbono G , Delingette H , Ayache N . Real-time large displacement elasticity for

surgery simulation: non-linear tensor-mass model. In: Medical image computing and

computer-assisted intervention–MICCAI 2000. Springer; 2000. p. 643–52 . 

[8] Nikitin I , Nikitina L , Frolov P , Goebbels G , Göbel M , Klimenko S , et al. Real-time

simulation of elastic objects in virtual environments using finite element method

and precomputed Green’s functions. In: Eighth eurographics workshop on virtual

environments; 2002. p. 47–52 . 

[9] Ghoreishi S , Messager T , Cartraud P , Davies P . Validity and limitations of linear

analytical models for steel wire strands under axial loading, using a 3D fe model. Int

J Mech Sci 2007;49(11):1251–61 . 

10] Stanova E , Fedorko G , Fabian M , Kmet S . Computer modelling of wire strands and

ropes part II: finite element-based applications. Adv Eng Softw 2011;42(6):322–31 .

11] Yu Y , Wang X , Chen Z . A simplified finite element model for structural cable bending

mechanism. Int J Mech Sci 2016;113:196–210 . 

12] Abdullah A , Rice J , Hamilton H , Consolazio G . An investigation on stressing and

breakage response of a prestressing strand using an efficient finite element model.

Eng Struct 2016;123:213–24 . 

13] Wang X , Chen Z , Yu Y , Liu H . An innovative approach for numerical simulation of

stress relaxation of structural cables. Int J Mech Sci 2017;131:971–81 . 

14] Papailiou K . On the bending stiffness of transmission line conductors. IEEE Trans

Power Deliv 1997;12(4):1576–88 . 

15] Goss V , der Heijden GV , Thompson J , Neukirch S . Experiments on snap buckling,

hysteresis and loop formation in twisted rods. Exp Mech 2005;45(2):101–11 . 

16] Dörlich V , Hoffmann R , Linn J , Scheffer T , Diebels S . Towards viscoplastic constitu-

tive models for Cosserat rods. Arch Mech Eng 2016;63(2):215–30 . 

17] der Heijden GV , Neukirch S , Goss V , Thompson J . Instability and self-contact phe-

nomena in the writhing of clamped rods. Int J Mech Sci 2003;45(1):161–96 . 

18] Filiatrault A , Stearns C . Flexural properties of flexible conductors interconnecting

electrical substation equipment. J Struct Eng 2005;131(1):151–9 . 

19] Onur Y . Experimental and theoretical investigation of prestressing steel strand sub-

jected to tensile load. Int J Mech Sci 2016;118:91–100 . 

20] Nemov A , Boso D , Voynov I , Borovkov A , Schrefler B . Generalized stiffness coeffi-

cients for ITER superconducting cables, direct FE modeling and initial configuration.

Cryogenics 2010;50(5):304–13 . 

21] Foti F , di Roseto A . Analytical and finite element modelling of the elastic—

plastic behaviour of metallic strands under axial–torsional loads. Int J Mech Sci

2016;115:202–14 . 

22] Gautam M , Katnam K , Potluri P , Jha V , Latto J , Dodds N . Hybrid composite tensile

armour wires in flexible risers: a multi-scale model. Compos Struct 2017;162:13–27 .
23] Vié M , Zufferey N , Cordeau J . Solving the wire-harness design problem at a european

car manufacturer. Eur J Oper Res 2018 . 

24] Park H , Lee S , Cutkosky M , et al. Computational support for concurrent engineering

of cable harnesses. Comput Eng 1992;1 . 261–261 

25] Agard B , Tollenaere M . Design of wire harnesses for mass customization. In: Re-

cent advances in integrated design and manufacturing in mechanical engineering.

Springer; 2003. p. 53–62 . 

26] Thonemann U , Brandeau M . Optimal commonality in component design. Oper Res

2000;48(1):1–19 . 

27] Ng F , Ritchie J , Simmons J . The design and planning of cable harness assemblies.

Proc Inst Mech Eng Part B 2000;214(10):881–90 . 

28] Kikuchi M. Branch line apparatus for a wire harness and a method thereof. November

22 1994. US Patent 5,367,126. 

29] Toba K, Noro Y. Arranging method of a wire harness for a door. October 24 1995.

US Patent 5,460,530. 

30] Saka K, Hashimoto M, Furuta K, Okamura T. Method of making a wire harness.

February 4 1997. US Patent 5,598,627. 

31] Miyazaki T, Maeda Y, Hibasami A, Uchida M, Yamauchi M, Ito T, et al. Branch wire

tie band, binding structure, and method of binding a wiring harness. April 14 2005.

US Patent App. 10/882,182. 

32] Fukuda D. Method for manufacturing wire harness branching portion. December 1

2009. US Patent 7,624,503. 

33] Taghipour E , Vemula S , Wang Z , Zhou Y , Qarib H , Gargesh K , et al. Characterization

and computational modeling of electrical wires and wire bundles subject to bending

loads. Int J Mech Sci 2018;140:211–27 . 

34] Simo J , Hughes T . Computational inelasticity, Vol. 7. Springer Science & Business

Media; 2006 . 

35] de Souza Neto E , Peric D , Owen D . Computational methods for plasticity: theory and

applications. John Wiley & Sons; 2011 . 

36] Jirásek M , Bazant Z . Inelastic analysis of structures. John Wiley & Sons; 2002 . 

37] Hughes T , Liu W . Nonlinear finite element analysis of shells: part I. Three-dimen-

sional shells. Comput Methods Appl Mech Eng 1981;26(3):331–62 . 

38] Dvorkin E , Bathe K . A continuum mechanics based four-node shell element for gen-

eral non-linear analysis. Eng Comput 1984;1(1):77–88 . 

39] Zienkiewicz O , Taylor R , Too J . Reduced integration technique in general analysis

of plates and shells. Int J Numer Methods Eng 1971;3(2):275–90 . 

40] Systemès D . Abaqus version 2016, user documentation. Providence, RI: Dassault

Systemes; 2016 . 

41] Nelder J , Mead R . A simplex method for function minimization. Comput J

1965;7(4):308–13 . 

42] Lagarias J , Reeds J , Wright M , Wright P . Convergence properties of the nelder–mead

simplex method in low dimensions. SIAM J Optim 1998;9(1):112–47 . 

43] Zhao Z , Dong L , Chen L , Wang Y . Morphology development of pp/poe blends with

high loading of magnesium hydroxide. RSC Adv 2015;5(23):17967–75 . 

44] Zienkiewicz O , Taylor R . The finite element method for solid and structural mechan-

ics. Butterworth-Heinemann; 2005 . 

45] Oden J , Martins J . Models and computational methods for dynamic friction phe-

nomena. Comput Methods Appl Mech Eng 1985;52(1-3):527–634 . 

46] Ortiz M , Pandolfi A . Finite-deformation irreversible cohesive elements for

three-dimensional crack-propagation analysis. Int J Numer Methods Eng

1999;44(9):1267–82 . 

47] Turon A , Davila C , Camanho P , Costa J . An engineering solution for mesh size ef-

fects in the simulation of delamination using cohesive zone models. Eng Fract Mech

2007;74(10):1665–82 . 

48] Turon A , Camanho P , Costa J , Dávila C . A damage model for the simulation of

delamination in advanced composites under variable-mode loading. Mech Mater

2006;38(11):1072–89 . 

49] Bathe K . Finite element procedures. Klaus-Jurgen Bathe; 2006 . 

50] Reddy J . An introduction to nonlinear finite element analysis: with applications to

heat transfer, fluid mechanics, and solid mechanics. OUP Oxford; 2014 . 

51] Borst RD , Crisfield M , Remmers J , Verhoosel C . Nonlinear finite element analysis of

solids and structures. John Wiley & Sons; 2012 . 

52] Chowdhury M , Nuruzzaman D , Kowser MA , MostafizurRahman M , Roy B ,

Chakraborty S , et al. Sliding friction of steel combinations. Open Mech Eng J

2014;8:364–9 . 

53] Reddy J . Mechanics of laminated composite plates and shells: theory and analysis.

CRC Press; 2004 . 

http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0001
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0001
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0001
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0002
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0002
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0002
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0003
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0003
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0003
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0003
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0004
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0004
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0004
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0004
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0004
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0005
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0005
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0005
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0005
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0006
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0006
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0006
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0007
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0007
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0007
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0007
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0008
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0008
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0008
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0008
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0008
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0008
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0008
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0008
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0009
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0009
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0009
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0009
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0009
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0010
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0010
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0010
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0010
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0010
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0011
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0011
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0011
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0011
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0012
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0012
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0012
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0012
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0012
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0013
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0013
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0013
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0013
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0013
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0014
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0014
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0015
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0015
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0015
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0015
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0015
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0016
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0016
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0016
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0016
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0016
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0016
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0017
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0017
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0017
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0017
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0017
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0018
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0018
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0018
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0019
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0019
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0020
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0020
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0020
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0020
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0020
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0020
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0021
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0021
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0021
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0022
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0022
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0022
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0022
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0022
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0022
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0022
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0023
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0023
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0023
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0023
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0024
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0024
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0024
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0024
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0024
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0024
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0025
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0025
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0025
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0026
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0026
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0026
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0027
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0027
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0027
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0027
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0028
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0028
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0028
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0028
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0028
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0028
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0028
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0028
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0029
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0029
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0029
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0030
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0030
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0030
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0030
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0031
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0031
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0031
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0032
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0032
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0032
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0033
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0033
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0033
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0034
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0034
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0034
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0034
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0035
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0035
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0036
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0036
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0036
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0037
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0037
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0037
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0037
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0037
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0038
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0038
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0038
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0038
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0038
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0039
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0039
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0039
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0040
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0040
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0040
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0041
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0041
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0041
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0042
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0042
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0042
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0042
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0042
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0043
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0043
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0043
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0043
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0043
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0044
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0044
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0045
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0045
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0046
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0046
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0046
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0046
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0046
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0047
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0047
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0047
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0047
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0047
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0047
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0047
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0047
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0048
http://refhub.elsevier.com/S0020-7403(19)31038-0/sbref0048

	Finite element analysis of mechanical behavior of electrical wire harnesses: High fidelity and reduced-order models
	1 Introduction
	2 Experimental testing
	2.1 Protective tubes: tensile tests
	2.2 CWBs: three-point bending test
	2.3 Branching wire harness: customized bending test

	3 CWB components: calibration of material properties
	3.1 Constitutive model
	3.2 Calibration of material properties

	4 Simulating the bending response of CWBs
	4.1 High-fidelity FE model of CWBs
	4.2 Calibration/validation of high-fidelity models
	4.2.1 CWBs with plastic tube protection
	4.2.2 CWBs with fabric tube protection

	4.3 Reduced-order FE model of CWBs

	5 Simulating wire harness branching
	6 Conclusion
	Acknowledgment
	References


