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Abstract

This pioneering study focuses on the finite element analysis (FEA) of thermomechanical
properties of shape memory polymer (SMP) wire ropes and their components under both small-
and finite-sliding contact deformation. To validate the FEA, we need to validate both geometric
modeling and non-linear material behavior. Owing to intricate geometry, as well as excessive
wire interactions in the structure, this part is studied by simulating a 1 x 37 steel wire rope and
then comparing it with existing experimental data. To evaluate the response of non-linear
material behavior, we employ the available numerical results to model the thermomechanical
property of an SMP rectangular bar under a uniaxial test and then verify both constrained and
unconstrained recovery behavior. After rigorous validation, two configurations of 1 x 7 and

1 x 27 SMP cables are modeled based on the thermo-visco-hyperelastic constitutive framework
for acrylate polymer systems. Upon exerting an axially tensile load on these 1 x 7 and

1 x 27 SMP wire ropes, the response of force and shape recovery, as well as the normal and
shear stress distributions, are measured under constrained and unconstrained conditions. For a
deeper physical understanding, the influences of different temperature rates (5 and 1 °C min~1),
inter-wire sliding frictional coefficient (0.1-0.6), and multiple-shape programming on the
stress-strain-temperature relations of these SMP cables are also investigated. Furthermore,
based on optimizing two cable factors of diameter and helix angle, and using the design of
experiments method, the specific energy of a 1 x 6 SMP cable is maximized. Under different
thermomechanical loadings, this study tries to cast light on the remarkable features and possible
potential applications of these newly developed SMP actuators which may foster unparalleled
advancements in various industries.

Keywords: shape memory polymer, wire rope, thermo-visco-hyperelastic, finite strain,
multiple shape memory effect, smart cable, FEM

1. Introduction importance. Wire ropes are the most crucial instruments in
meeting these demands due to their flexibility in the trans-
The necessity of dragging, hauling, lifting, hoisting, and hold-  verse direction and high strength in the axial direction to carry
ing objects in various engineering applications are of great thermo-mechanical loadings as well as abrasion and corrosion
resistance. They can also exhibit a remarkable level of safety
upon any wire or strand failure and are still able to ensure
* Authors to whom any correspondence should be addressed. the continuity of industrial and engineering operations. Thus,

1 © 2024 0P Publishing Ltd
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based on the different configurations of strands and wires
within a wire rope cross-section, various applications, includ-
ing mechanical power transmission, cable-stayed bridge, tow-
ing, vessel anchoring, and support of oil platforms, may be
expected [1].

Accordingly, extensive investigations have been carried
out in this field to gain an appropriate understanding of the
conventional wire ropes and their mechanical characterist-
ics subjected to diverse mechanical loading with different
constructions. Costello [2] studied the mechanical response
of conventional cables and wire interactions when subjec-
ted to both torsional and axial loads. The effects of tensile
forces on the interwire contact deformation and frictional
coefficient of a 1 x 7 cable were examined by Utting and
Jones [3]. Their findings exhibited a negligible significance
of these phenomena on the overall behavior of the cable
strands. Additionally, Stanova et al [4, 5] developed a math-
ematical model to describe wire rope configurations with
both single-helix and double-helix structures, highlighting its
notable effectiveness in facilitating the modeling of finite
element analysis (FEA). In another study, Wang et al [6]
employed the finite element method (FEM) to evaluate a
19 x 6 steel cable while considering its elastoplastic materials
characteristics.

Although conventional cables provided ample industrial
applications, with the advent of smart materials, in particular,
shape memory alloys (SMAs), more robust mechanical prop-
erties have also emerged, promoting more operational usage.
In addition to high corrosion resistance, high energy absorp-
tion, and adequate tensile strength, manufacturing wire ropes
from SMA may also lead to the recovery of large strains upon
inducing shape memory effect (SME) as well as superelastic
features. Reedlunn ez al [7, 8] studied the superelastic behavior
of two Ni—Ti cables with the constructions of 7 x 7 and 1 x 27.
Their results revealed that the 1 x 27 cable may demonstrate a
superior performance by achieving a more significant recover-
able strain compared to a 7 x 7 configuration, while the 7 x 7
cable exhibited a higher force capability.

Furthermore, Biggs and Shaw [9] examined the dynamic
actuation of both cables design under repeated thermal cycles,
confirming that the 7 x 7 construction effectively scaled up
the adaptive properties of SMA wires. Moreover, the low or
high cyclic fatigue characteristics of the SMA cable were
investigated by Ozbulut et al [10] and Sherif and Ozbulut
[11]. In addition, Carboni et al [12] devised a phenomenolo-
gical framework to characterize the behavior of SMA cables,
demonstrating a desirable agreement between experimental
data and simulation results. Fang et al [13] assessed the dis-
sipative energy of an SMA cable subjected to diverse loadings
and under relatively low strain rates. Shi et al [14] examined
the fatigue behavior of 7 x 7 Ni—Ti cables upon varying two
factors of temperature and strain amplitude, revealing a sig-
nificant influence of these parameters on the equivalent vis-
cous damping. Furthermore, conducting some experiments on
a cable-net model, Yang er al [15] investigated the modal
damping properties of a SMA strand as a cross-ties. Vahidi

et al [1]. Conducted FEA to investigate the superelastic and
SME of single and double helix SMA wire under tensile load-
ing. Accordingly, these remarkable features associated with
SMA cables have led to an increased focus on their usage in
seismic applications, particularly in braces/dampers [16—18]
and isolation bearings [19-23]. While SMA wire ropes attrac-
ted significant attention as an appropriate tool choice for sev-
eral engineering applications [24, 25], it is time to move even
further beyond and introduce another state-of-the-art smart
instruments: shape memory polymer (SMP) cables.

SMPs are a category of intelligent materials which can be
altered into a desired temporary form when a force from an
external source is applied [26]. After removing both a stimu-
lus and the external force, a temporary shape can be preserved,
and the original configuration can be reinstated upon rein-
troducing the stimulus [27]. This remarkable feature of SMP
enables them to effortlessly modify their shape and character-
istics, preparing them well-suited enough for applications that
demand flexibility, substantial recoverable strains, and super-
ior force capabilities [28]. Notably, various stimuli, including
temperature [29], magnetic fields [30], electrical fields [31,
32], light [33, 34], pH levels [35], moisture or water [36],
and radiation [37], can trigger this shape change. SMP mater-
ials offer several distinct advantages compared to their SMA
and conventional steel counterparts. These lightweight SME
polymers are primarily desirable for weight-sensitive applic-
ations, particularly in the space industry and robotics [38].
These structures also exhibit several economic saving stages
such as biodegradability, biocompatibility, and low manufac-
turing costs [39], making them highly applicable for aerospace
[40, 41], biomedical [42], textile [43], and microfluidics [44]
utilizations.

In recent years, SMP single wire or fiber has been stud-
ied for its applications as suture in closing cracks in poly-
mer matrix [45], as vibration dampers [46, 47], and as arti-
ficial muscles by twist insertion in precursor SMP fibers [48].
A simple structural mechanics model has been developed
to describe the reversible actuation of this type of artificial
muscles made of twisted and coiled two-way SMP fibers
[49]. The extensive investigations conducted on traditional and
SMA cables, and SMP single fibers have laid the groundwork
for exploring the prospects of SMP cables. Nevertheless, to
the best of our knowledge, no previous investigation has been
presented yet to employ SMPs as a wire rope system. Thus,
this study introduces SMP materials to this system using dif-
ferent single-helix wire ropes under several stages of ther-
momechanical loadings. To this end, through FEA, interwire
geometry and contact status are initially validated with exist-
ing results of 1 x 37 conventional cables [5]. We then adopt
a thermo-visco-hyperelastic constitutive model developed by
Arrieta et al [50] as it offers a compelling combination of sim-
plicity and congruity with the experiment to model material
behavior of SMPs for both shape and stress recovery under
uniaxial test. It is worth noting that the material used in their
study was an acrylate polymer network, which was a ther-
moset SMP and could be stretched to 50% [50]. After the
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modeling verification, the thermo-mechanical properties of
several single helix SMP cables with 1 x 7 and 1 x 27 config-
urations are explored. To evaluate the mechanical efficiency
of SMP wire rope, some comparisons are conducted against
equivalent solid SMP wires. The shape recovery capabilit-
ies of these cables are subsequently examined under various
strain magnitudes. Following these evaluations, the induced
stress recovery of these cables and their constituent compon-
ents is measured. Furthermore, the effects of frictional coef-
ficient and temperature ramp rates on their recovery beha-
vior are analyzed, and characterization of the multiple SME
behavior is carried out. In an attempt to propose a compre-
hensive study on the thermomechanical behavior of SMP, a
1 x 6 SMP cable is finally optimized by utilizing the design of
experiment (DOE) method and based on the amount of energy
that might be absorbed before the whole cable failure and
breaking.

This paper is organized as follows: section 2 examines
the characteristics of wire ropes and their constructions. A
thermo-visco-hyperelastic constitutive model to simulate SMP
material behavior is briefly described in section 3, and the
dual and multiple SME are also discussed in this section.
Section 4 provides material and geometric modeling as well
as FEA of several 1 x 37 steel, 1 x 7 and 1 x 27 SMP
cables. Section 5 is dedicated to presenting detailed results
and discussions on the different thermomechanical loadings.
Moreover, the optimization of 1 x 6 SMP cable is stud-
ied in section 6. Conclusions and summary are drawn in
section 7.

2. Wire rope construction and modeling

A wire rope is composed of intertwined strands twisted around
a central core (figure 1). These strands, in turn, undergo
diverse geometric arrangements encircling a central core
strand. Determining wire rope structural characteristics relies
on three fundamental constituents: lay, texture, and pitch. The
concept of lay refers to the specific directionality in which
the wires and/or strands are intricately coiled around a central
core. Texture pertains to the internal configuration and dispos-
ition of the wires within each individual strand. Pitch denotes
the precise length requisite for completing a full revolution of
the wire rope.

In addition, wire rope labeling entails multiplying the sum
of strands by the number of constituent wires in each strand
(figure 2(a)). The wire diameter (d) and outer diameter (D) of
the cable are illustrated in figures 2(b) and (c). In this study,
we employ two single helix SMP wire ropes with 1 x 7 and
1 x 27 arrangements, wherein a single strand comprises 7 and
27 constituent wires, respectively. Furthermore, the 1 x 37
configuration of the steel wire rope is utilized to validate the
modeling approach.

The geometric modeling of helical SMP cable structures
can be defined with parametric equations proposed by Stanova

Corc

outer strand

core strand

wire rope

\\\

Figure 1. Various components of a wire rope.

et al [4], which specifically addresses the characteristics of
helix wire ropes. The following parametric equations are
employed to ascertain the coordinates of every point along
a helical curve within the Cartesian coordinate system. By
incorporating the helix angle represented as ¢, the coordin-
ates of points positioned on the helical curve can be accurately
computed [4] as:

X(p) =rjcos(qp + ;) 1)
Y(¢) = rjsin(gp + <) 2)
Z(p)=p . 3

The parameter r; signifies the radius of wires in the jth layer
of a strand, whereas the variable « represents the twist angle.
Also, g indicates direction strands laid with +1 for right-hand
lay and —1 for left-hand lay. The angle formed by center of
the wire 7 in layer j with respect to the x-axis is indicated by
the g;; in equations (1)—(3) as:

2
Gi=(i-1=" 4)
J

where 7; is the number of wires in layer j. Notably, the imple-
mentation of the derived geometric equations and the model-
ing of cables is facilitated through the utilization of the CATIA
V5 software.
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(b)

(©)

Figure 2. Characteristics of cables: (a) labeling, (b) cross-sectional geometry of 1 x 7 configuration, and (c) cross-sectional geometry of

1 x 27 configuration.

3. SMP material description

3.1 Constitutive equations of SMPs

Proposed constitutive equations of SMP in the literature
predominantly center on phase transitions and thermo-
viscoelastic methodologies [51]. The phase transition mod-
eling approach considers SMPs to possess distinct phases,
namely the glassy (frozen) and rubbery (active) states; how-
ever, the second approach is a physically-based view that
considers inherent material properties, such as molecu-
lar interactions and relaxation, enabling better SMP beha-
vior description and potential inclusion of phenomena
like aging or solution-driven effects [52]. This approach
was first presented by Westbrook er al [53] and sub-
sequently modified by Diani et al [54] and Arrieta et al
[50]. Due to its efficacy in modeling deformation response
and recovery processes (figure 3), this paper employs
a well-established thermo-visco-hyperelastic model to
accommodate large deformations response of SMP wire
ropes.

Based on this framework, the mechanical response of SMP
material arises from both elastic and viscous characterist-
ics. Within the domain of finite strains, the elastic com-
ponent can be characterized by employing a hyperelastic
model, while the viscous contribution is effectively repres-
ented using Prony’s series. The total Cauchy stress may be
formulated as:

Time dependent Part

- T T TN
- G, Hy |
’.LI\NM,__| BI ‘
I G, H2

o—! -
Gy

Thermal

Strain dependent Part

Figure 3. Schematic illustration of the rheological constitutive
model proposed by Arrieta et al [50] for SMPs.

t
dO'()

a(e,o:/g(r—g)fdg 5)
0

where € and o represent the total strain tensor and the
stress associated with the instantaneous response of the
material, respectively. Additionally, the nondimensional time-
dependent part, denoted as g, is expressed in the form of
Prony’s series and storage modulus, G:

N
G(1)=Goo+ Y Gie 7 6)

i=1
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N
Go=Goo + ) _Gi (7)
i=1

in which Gy, G; and 7; are material parameters. The formula-
tion of the storage modulus can be restated as:

G(r)GﬁiGi(le%). @)

i=1

In conclusion, g (¢) can be described as:

N
G(1) _t
=" _1_-Yg (1 - ) . 9
s="¢ ;g e ©)
In essence, o assumes the role of the hyperelastic com-

ponent. Consequently, by utilizing the principles of hypere-
lasticity, it may be expressed as follows:

_ W 0 \g W
og= pI+2<aII+118]2)BM 2312BM

(10
where p corresponds to the Lagrangian multiplier, ¢ signi-
fies the strain energy function and B denotes the left Cauchy—
Green deformation tensor. Furthermore, M index serves as a
denotation for the mechanical aspect of B as:

By = FyF}, (11)
where the deformation gradient is denoted by F. Regarding the

effect of thermal expansion, the following relationship can be
established:

Fr=Aril=(14ar(T—-T)))I 12)
in which the thermal expansion coefficient, denoted as ., is a
temperature-dependent parameter influenced by both temper-
ature and the rate of temperature change. By employing the
multiplicative decomposition for F, one can achieve:

Fy =FF;". 13)

Furthermore, by utilizing the Neo—Hookean strain energy
function, the hyperelastic characteristics of the SMP can be
effectively described as:

Y =Co(I1 —3) (14)
where Cj is a material parameter.

In order to incorporate the impact of temperature on the
behavior of SMPs, particularly the phenomena of softening or
stiffening, the utilization of the principle of time-temperature
superposition (TTSP) is employed. Within this theoretical
framework, a postulation is made regarding the correlation
between temperature and the temporal aspect. Consequently,
the William-Landel-Ferry (WLF) correlation accounts for

this phenomenon [55]. This study employs the WLF equation
to modify the temporal scale appropriately

Cl (T_ Tref)

log Ay = ——1 —“ret)_
Oglo ’ C2+(T_Tref)

5)

where ¢y, ¢; and Ty are associated with material properties,
and the reduced time, ¢,, expressed as:

1

d
rr(r):/ i (16)
Ar(y)
0
Consequently, the total stress is redefined as:
t d
g
a'(s,t,T)z/g(t,.—gr)d—god@ (17)

0

3.2. Dual- and multi-SME

As illustrated in figure 4, SME can be described in a
strain—stress—temperature diagram. The programming proced-
ure begins at an elevated temperature Ty (>Ty), characterized
by unconstrained stress and strain conditions. Subsequently,
the SMP is subjected to external loading while still exposed
to a high temperature. Following this stage, the temperature
should be reduced to T¢ (<7,), while a strain is maintained
to fix the new temporary shape. After stabilizing the temper-
ature, the SMP material is unloaded to achieve the shape set
after a small amount of spring back. However, the permanent
shape can be restored by elevating the temperature to its initial
level, denoted as 7. This trajectory is commonly referred to as
stress-free strain recovery. Conversely, maintaining a constant
strain while increasing temperature in the recovery step leads
to generating a force referred to as fixed-strain stress recovery.

Moreover, the multiple SME is a distinct type of shape
memory phenomenon (figure 5) [50]. First, the SMP is heated
from T¢ to Ty, (II). This heating process prepares the mater-
ial for deformation. Next, the SMP undergoes deformation,
allowing it to acquire a temporary shape (III). Once the desired
temporary shape is achieved, the temperature is reduced while
keeping the strain fixed, resulting in a new temperature Tp,,
which is lower than Ty, (IV) [56, 57]. Despite the tem-
perature reduction, the strain is maintained in the material.
Following this, another deformation is applied to the SMP,
leading to the formation of a new temporary shape (V) [56,
57]. The SMP is gradually cooled down to T¢ while keeping
the constraints intact, ensuring that the desired shape is main-
tained throughout the cooling process. Then the imposed con-
straints are removed throughout the unloading stage so that
the SMP material effectively preserves both applied deforma-
tions within its memory (VII). Upon thermal exposure at T¢,
the sample undergoes a transition into the temporary shape
(V), known as the initial recovery (VIII) process. Subsequent
temperature increments promote retrieving the original shape
through a second recovery process (IX) [58].
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Figure 4. (a) Deformation schematic of an SMP wire rope in permanent and temporary shapes, (b) stress—strain—temperature diagram

depicting the thermomechanical behavior of SMP.
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Figure 5. (a) Schematic of multiple shape memory effect (b) thermal history and the path of multiple shape memory effect.

4. Geometric and material verification of wire ropes
with various constructions

This section aims to verify the modeling process and assess the
wire-to-wire contact of cables with different cross-sectional
configurations. The investigation employs the FEM for ana-
lyzing the behavior and performance of several single-helix
SMP wire ropes with 1 x 7 and 1 x 27 arrangements. To

evaluate the accuracy of our analyses, we compare the res-
ults obtained from a 1 x 37 steel model with the existing
numerical model [5]. Additionally, the validity of the material
model is confirmed by comparing it to experimental data [50].
For the FEA, the implicit solution is relatively more complex
and time-consuming when compared to the explicit solution;
nevertheless, this method yields higher precision in dynamic
mode, thereby ensuring the accuracy of the results.
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Table 1. Geometric attributes and material specifications of 1 x 37 steel cable and its components. Reprinted from [5], Copyright (2011),

with permission from Elsevier.

Instances d(mm)

¢ (deg) L (mm)

1.09
1.00
1.00
1.00

Core wire
First layer
Second layer
Third layer

— 67.00
10.77 68.19
10.77 68.19
10.77 68.19

Material parameters

Parameters Unit

Value

Young modulus GPa
Passion ratio —
Density

kgm™

190
0.3
7850

(a)

4.1. Steel cable with a 1 x 37 configuration

In this model, the frictional coefficient interaction between
neighboring wires is 0.2, and the geometric as well as material
specifications of the steel cable are provided in table 1.

Employing a surface-to-surface contact approach, the inter-
actions among the wires are considered in both the tangential
and normal orientations with respect to the wire surface. Two
reference points, denoted as RP-1 and RP-2 (figure 6(a)), are
established along the central axis of the cable. These points
are equidistant from the cable endpoints and induce a coup-
ling effect among the nodal points for each cross-section. This
kinematic coupling ensures that the strands within the cable
exhibit identical displacements between these reference loc-
ations. Consequently, it restricts any relative motion between
the wire cross-sections while permitting relative deformations
between the interconnected surfaces. If the wire rope is of
sufficient length to eliminate clamping effects, the degrees of
freedom at reference point 2 can be fully constrained. On the
other hand, at reference point 1, longitudinal movement can
only occur by applying a tensile force that linearly varies with
time.

U, Magnitude
+4.725e-01
- +4.331e-01
+3.937e-01
+3.543e-01
+3.150e-01
+2.756e-01
+2.362e-01
+1.969e-01
+1.575e-01
+1.181e-01
- +7.874e-02
+3.937e-02
+0.000e+00

(b)

Figure 6. (a) FEM model of 1 x 37 (b) displacement result for 35 kN force.

Utilizing C3D8R components of dimensions 0.6 x 0.2 mm,
the cable is discretized in the present investigation. A list of
material properties employed in the simulation can be found
in table 1. Figure 6(b) shows the distinct elongation values
of individual components after applying a 35 kN force on a
1 x 37 steel rope. The FEA incorporates various force mag-
nitudes (10, 20, 30, and 35 kN). The obtained results are com-
pared with the findings reported by Stanova et al [5], and this
satisfactory assessment is presented in table 2.

4.2. Validation of SMP material model

The material characteristics that Arrieta et al [50] earlier
calibrated for large deformation and later validated through
experimental observations have been utilized in the current
study for a rectangular specimen (10 x 1.6 x 90 mm). These
material properties are implemented in the ABAQUS soft-
ware to simulate the behavior of SMPs under uniaxial tension.
Subsequently, the predictions are compared against experi-
mental data to verify their agreement. Numerous thermomech-
anical cycles may exist for characterizing the shape memory
behavior of such materials, so that dual shape memory cycle
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Table 2. Comparison of the cable elongation. Reprinted from [5], Copyright (2011), with permission from Elsevier.

Force (kN) Numerical result [5] (mm) Present work (mm) Error (%)
10 0.1505 0.1481 1.59
20 0.2749 0.2746 0.11
30 0.4080 0.4052 0.69
35 0.4728 0.4725 0.06
0.25 1k
O Experiment 5°C/min
= = ' Simulation 5°C/min
0.2 ~I0L Experiment 1°C/min
o — Simulation 1°C/min 0.5+
E ©
E o015 % , O  Experiment 5°C/min
E - ’ o = = ' Simulation 5°C/min
g $ 0 / Experiment 1°C/min
.g 01 % ’ o ——— Simulation 1°C/min
5 os 1 0O
05| o ‘o
0.05 5 ' o o 6
]
h\
0 . ‘ ‘ ‘ ‘ oo g A ‘ . ‘ ‘ ‘ ‘ ‘
30 35 40 45 50 55 60 65 70 25 30 35 40 45 50 55 60
Temperature (°C) Temperature (°C)
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Figure 7. Comparison of SMP material model with experimental data for different temperature rates: (a) shape recovery of SMP under 20%
applied strain in different temperatures, (b) stress recovery of SMP under 20% applied strain in different temperatures.

is the most widely used, comprising two unique modes: shape
recovery and force (stress) recovery. Arrieta et al [50] studied
an SMP under two temperature ramp rates (1 and 5 °C min™"),
with optimum performance at 25 and 65 °C (low and high tem-
peratures). The coefficients reported in table 3 are taken from
their work.

The strain and stress recovery cycle during reheating is
illustrated in figure 7. The model precisely predicted both free
stress and fixed strain recovery across different loading states,
thus, it might be a good candidate to simulate the response of
wire rope SMP components under more complex loading con-
ditions and geometries.

4.3. SMP wire ropes (1 x 7 and 1 x 27)

To accurately simulate the mechanical properties of SMP
cables, it is imperative to ensure that the cable lay length is
sufficiently long to let each strand at least have one full turn
around the core. Therefore, considering the maximum pitch of
individual wires, the lengths of the 1 x 7 and 1 x 27 cables
are determined to be 10 and 4 mm, respectively. The model is
considered as a cantilever system, whereby deformation and
axial tensile force are imposed using reference points 1 and 2
to follow the experimental setups. The presence of geometric
nonlinearity during the loading and unloading stages necessit-
ates incorporating wire interactions and contact modeling in
both normal and tangential directions. Concerning figure 2(a),
it is possible to calculate the number of interactions for a single
helix cable [1] as:

k k—1
Ne=Y mitn+Y (nixni) (18)

i=1 i=1

where n; denotes the number of wires in the ith layer,
while k£ symbolizes the total number of complete layers. The
material parameters, namely hyperelasticity, viscoelasticity,
thermal expansion, and TTSP properties have been borrowed
from Arrieta et al [50] in table 3. Furthermore, the fric-
tional interactions between wire surfaces are characterized
by a coefficient of 0.115. The 1 x 7 and 1 x 27 structures
are meshed using 60000 and 138 000 elements and feature
dimensions of 0.05 x 0.05 and 0.03 x 0.08, respectively
(figure 8).

5. Results and discussion

The mechanical behavior of wire ropes hinges significantly
on the interplay of wire interaction, which directly influences
force distribution, displacement variation, and energy dissip-
ation of these structures. A comparative assessment of the
mechanical properties of SMP cables and solid SMP bars is
presented in this section to discern the potential advantages of
utilizing SMP cables over conventional solid bars. Regarding
equivalent volume, the response of force and shape recov-
ery for current SMP wire ropes may be independently com-
pared with solid SMP bars. The thermomechanical perform-
ance of both SMP cables and solid SMP bars are thoroughly
evaluated by a temperature rate of 5 °C min ~! under 20%
strain. The resultant recovery profiles under both constrained



A Enferadi et al

Smart Mater. Struct. 33 (2024) 055033

P81 42! 8L'T €Ll L9'T 651 S1 171 (43! 9Tl <l LT'T »—01 x L0
SL 0L SY 09 S8 0s 9% ov 33 0¢ SC 0¢ (D0).L
un /)6 = 1 1 JINS Jo sonradoad rewray g,
651 9¢'T (4! 'l 6¢'1 0¢'T 1T [4N! SO'1 66°0 $6°0 16°0 y—01 X Lo
SL 0L S9 09 99 0S Sy ov S¢ 0¢ 194 0C (D0).L
uw /1 = I & dINS 30 senradoxd [eurroyf,
6'L8 69 08
(Do) (=)D (o)L
sxorowered JSI.L A 1M
0000€L 601 UBIYOOH 0N
(nd) O enusjod A510u0 ureng
JINS 10} 193owrered [erxoyeur onse[aiodAy
10401 X 9T'T 00+0T X 6€°S 00+0T X T€°C 10-01 X 88°6 10-01 X CEV 10-01 X 181 2001 X SL'L 20-01 X Ce'¢ 2001 X Tl c0—0T X 809
0L 61L 81L Ll 9L Sle 4% €lL TlyL 1L
c0-0I X 19T co- 0l X CI'T yo—01 X 8LV y0—01 X ¥0°C co—0l X 8L'8 co— 0 X SL°¢ co—01 X 091 90— 0T X L89 90— 01 X ¥6'C 90— 01 X 9T'1
01, 61 8L L1 9L SL L €L (47 [
-0 XOVLOT S50 X TI6C€ 01 X LITV'L 101 X 8LEV'T 45— 0T X 98S8'T 1401 X LBEY'S ¢ 0@ X LTSO'T 0T X 6¥¥8'1T ¢ 0I X ¥661°'€ -0l X LLTY'S
0zg 618 818 Lg 918 18 g €18 as ng
20-01 X GIOT'T O X LLYV'T  45—01 X TCSLY 401 X 6I8S°L -0l X ¥898°6  ,_01 X €8CI'T  |4_01 X 8LECTT |01 X 19LE'T (0T X O¥8S'T  |(—OT X 90L81
01§ 68 85 L8 98 <8 vs 34 (24 13

dINS Jo sanzadoid onse[ooasip

1914981 woyy uorsstuiad Y ($107) WSuAdo) [0s] woxy payunday *[0S] 7 12 BIOLLY WOIJ pamoiIoq sioyoweled [BLIORIA € d|qeL



Smart Mater. Struct. 33 (2024) 055033

A Enferadi et al

Figure 8. (a) Mesh representation of the 1 x 7 and (b) the cross-sectional components of 1 x 7, (¢c) mesh representation of the 1 x 27 and

(d) cross-sectional components of the 1 x 27.

and unconstrained conditions are depicted in figures 9(a) and
(b). It shows thatboth 1 x 7 and 1 x 27 SMP need significantly
less force to achieve elongation when compared to solid bars
considering the same volumes. At the same time, the cables
show similar reduction in recovery force.

For the 1 x 7 SMP cable, programming and cooling require
an average force of approximately 90% compared to an equi-
valent volume of the solid SMP bar (figure 9(a)). While the
average required force to elongate the 1 x 27 SMP cable was
27% of the solid SMP bar.

The cables construction introduces inter-wire interactions
that facilitate load sharing and stress distribution. These inter-
wire interactions consequently bestow smoother and more effi-
cient elongation capabilities mitigating stress concentration,
which is more prevalent in solid bars upon thermomechanical
loading. To acquire a deeper physical understanding of the per-
formance of these SMP cables during recovery step, another
investigation on analyzing the shape recovery process of both
SMP cables and solid SMP bars may be carried out under 20%
strain. The results reveal that there is no significant difference
between these SMP configurations and their solid counterparts
in the shape recovery path (figures 9(c) and (d)). This indic-
ates that the shape memory properties or recovery ability of
the SMP cables may not be affected even by complex config-
urations; thus, they still can preserve their functionalities.

Itis noted that, as compared to SMAs, the recovery stress of
SMPs is low, although the recovery strain of SMPs can be very
high. Due to their higher recovery strain, some analyses show

that the recovery energy of SMPs can be comparable to or even
higher than that of SMAs [59]. However, it is recognized that
increasing the recovery stress of SMPs can further improve the
performance of SMP cables. Several efforts have been made
in the past years to enhance the recovery stress of SMPs. One
approach is to use cold programming, i.e. programming in a
glassy state. It is found that when the SMP is deformed to
plastic deformation in a glassy state, it usually leads to higher
recovery stress than programming in the rubbery state [60—63].
Another approach is to introduce higher steric hindrance to the
SMP network, so that the programming energy can be stored
by enthalpy increase through bond length change and bond
angle change, in addition to the classical entropy reduction
mechanism [64, 65]. It is found that this design strategy leads
to much-improved recovery stress for both thermal curing and
ultraviolet curing SMPs [66].

Following the above discussion and evaluating the shape
recovery of SMP cable under finite deformation, figure 10
depicts the thermomechanical behavior of these cables under
two strain levels of 20% and 40%. Both cable configura-
tions exhibit a remarkable shape recovery in response to the
applied strains. This behavior persists that even under a higher
strain 40%, both configurations still demonstrate near com-
plete shape recovery. To further characterize and quantify the
shape memory properties of the SMP cables under 40% strain,
the shape recovery ratio (R,) and shape fixity ratio (Ry)—two
important metrics for assessing shape memory performance—
were calculated according to established formulas [28]:
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components.

R, = Emax — &p (19)
Emax
Ry= " (20)
€maX

where ex denotes the peak strain value reached at the end of
the loading phase, €, represents the residual strain remaining
after the thermomechanical cycle is complete, and €, quantifies
the strain level upon unloading, when the applied load is
removed.

The 1 x 7 configuration and the 1 x 27 SMP cable both
achieve a shape recovery rate of 99.16%. However, their shape
fixity values differ, with the 1 x 7 configuration exhibiting a
shape fixity of 97.9%, while the 1 x 27 SMP cable demon-
strates a higher shape fixity of 98.3%. Therefore, comparing
the two cables’ recovery behavior, it can be found that the
number of layers and wires in the cables as well as the amount
of applied deformation, may not significantly influence shape
memory capabilities and have sufficient efficiency in returning
to their original forms.

In the force recovery analysis of the SMP cables with a
1 x 7 configuration, the stresses on the entire cable and each

of its parts are assessed in figures 11(a) and (b). It should be
noted that the stresses are calculated using geometric attrib-
utes described in table 4. The results indicate that SMP cables
possess outstanding capabilities in fully restoring both axial
and shear loads. It is worth highlighting that for the 1 x 7 con-
figuration, the outer layer bears the main portion of the shear
stress. Furthermore, figure 11(c) illustrates how the core wire
initially exhibits a negative stress value during force recovery,
owing to its inherent material properties and thermal charac-
teristics. Gradually, upon heating, the stress in the core wire
steadily rises, ultimately reaching the original 1.7 MPa stress
level, providing clear evidence of a successful force recov-
ery process. On the contrary, the outer layer, comprising six
wires, highlights an initial positive stress response during force
recovery. As the temperature rises, the stress within the outer
layer approaches the baseline stress of 1.6 MPa, proving a
successful force recovery as well. Nonetheless, the recovery
force in the outer layer is slightly lower than that observed in
the core wire. This can be attributed to the intricate interplay
among the various wires of the outer layer, resulting in diverse
mechanical responses compared to the behavior of the core
wire. Furthermore, the evolution of von-Mises stress contours
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Table 4. Geometric attributes of the 1 x 7 and 1 x 27 SMP cables and their components. Reprinted from [7], Copyright (2013), with

permission from Elsevier.

Type N r(mm) d(mm) Ao (mm?) Jo (mm*) D (mm) © (deg)
1x7 A 1 — 0.295 0.068 743 x 107% 0.1475 —
B 6 0.286 0.277 0.361 3.30 x 1079 0.4245 +11.3
Cable 7 — — 0.429 3.37 x 1072 0.4245 —
A — — 0.226 0.04 256 x 107% 0.113 —
B 5 0.226 0.226 0.20 1.15 x 1079 0.339 -30
1 x 27 C 9 0.452 0.226 0.361 7.60 x 10~% 0.565 +42
D 12 0.678 0.226 0.481 224 x 107" 0.791 —47
Cable 27 — — 1.083 3.12 x 107" 0.791 —
S, Mises S, Mises
i et
- ki
+5.277e+00 +1.664e+00
+4.696e+00 +1.526e+00
. +4,114e+00 +1.387e+00
+3.533e+00 +1.2488+00
' +2.951e+00 % +1.110e+00
8 +2.370e+00 +9.712e-01
+1.789e+00 +8.326e-01
+1.207e+00
I +6.258e-01
+4,439%e-02
(a) T=25°C (b) T=40 °C
S, Mises S, Mises

(Avg: 75%)
+2.450e+00

=
-

+3.145e-01

(c)T=45 °C

(Avg: 75%)
+2.922e+00

+1/694e+00
+1.519e+00

(d)T=65 °C

Figure 12. The evolution of von-Mises stress during recovery stages for the 1 x 7 SMP cable under 40% applied strain and at the middle

length.

at the middle of the wire rope under 40% axial strain for differ-
ent temperatures of 25°C, 40°C, 45°C, 65°C are illustrated in
figure 12. At room temperature, due to the temperature reduc-
tion as well as the effect of thermal contraction, the wires
cannot fully be in the contact to their neighbors whereas at
the higher temperatures they come into contact again and the
induced stress recovery follows an increasing trend in this
structure, in particular, around the cable core.

Figures 13 (a) and (b) present stress distribution for the
1 x 27 SMP cable specimen under 40% axial strain during
force recovery. The 1 x 27 configuration restores both axial
and shear loads similar to a 1 x 7 cable and exhibits negat-
ive shear stress as well. This phenomenon is a result of the
prevalence of left-handed lay wires, which outnumber their
right-handed lay counterparts. From figure 13(c), it becomes

evident that the core wire plays a vital role in the recovery
process since it effectively endures significant normal stress.
Consequently, the subsequent peak in the normal stress might
be imparted to the B-type wire and the layers of C- and D-
types. The distribution of shear stress in the inner layers is
depicted in figure 13(d) as an outcome of the interplay between
the wires in the outer layer. Examining the shear stress tem-
perature diagram for individual components reveals that vari-
ations of lay direction profoundly affect the sign of shear
stress. It implies that each layer in the shape memory cable
contributes to the overall force recovery capability. This uni-
form behavior among the layers ensures that the cable main-
tains its structural integrity and functionality. Furthermore, in
figures 14 and 15, respectively, the variation of longitudinal
stress and displacement are depicted at different temperatures
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during recovery stages, indicating that the maximum stress
recovery and axial deformation occur at the core and end of
the cable, respectively.

The effects of temperature rate on the response of both
configurations of SMP cables are depicted in figure 16. It
describes the thermomechanical responses of SMP cables sub-
jected to a pre-strain of 40%, under temperature rates of 5
and 1 °C min~!, respectively. The results showed dimin-
ished shape recovery at a higher rate, consistent with pre-
vious work showing that increased temperature rates typic-
ally reduce relaxation time for polymer chains during shape
memory cycling [67]. This leads to additional residual stresses
that hinder recovery.

To demonstrate the performance of SMP cables in terms
of exhibiting a unique property known as multiple SME, a
study is conducted under a specific loading scenario, which
is investigated based on the conditions described in table 5
[50, 58, 68]. The strain-temperature-time diagram of the
1 x 27 SMP cable under this investigation is illustrated in
figure 17. To induce an initial temporary configuration (I),
the cable at 55 °C is subjected to 1.1 mm deformation for
about 40 s. With the strain sustained, the temperature is gradu-
ally lowered to 40 °C over 900s to set the temporary shape
of the wire rope. Subsequently, an additional deformation is
applied to the existing shape within 40 s, creating a second
temporary shape labeled as (II). Maintaining the deformation
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Figure 14. The evolution of von-Mises stress during recovery stages for 1 x 27 SMP cable under 40% applied strain and at the middle

length.
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Figure 15. The variation of axial displacement during the shape recovery stage for the 1 x 27 SMP cable under 20% applied strain.
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Table 5. Loading scenario of triple-shape SME cycle. Reprinted from [59], Copyright (2021), with permission from Elsevier.

Second Second First shape Second shape
Step First loading  First cooling loading cooling Unloading recovery Relaxation recovery
Times (s) 40 900 40 1800 40 900 1800 1700
T (°C) 55 55 =40 40 40 — 25 25 25 —40 40 40 — 65
0 (mm) 0—1.1 1.1 1.1—-23 2.3 o (1) (1) o (1) o (1)

constant, the temperature may slowly decrease to 25 °C over
1800s. After this cooling period, the constraints are promptly
removed within 40 s. These sequential steps constitute the
shape programming process, facilitating the memorization of
temporary shapes in the cables. Upon subjecting the SMP
to a reheating process at a temperature of 40 °C, the initial
temporary shape (III) is reinstated. Raising the temperature
again to 55 °C allows the permanent shape to be regained
(IV), effectively recalling the original structure. Moreover,
a detailed representation of strain versus temperature over
time can be found in figure 18. In two distinct steps, two
different strain levels are applied to the SMP cable, allow-
ing the successful retrieval of both temporary shapes. This

cyclic process not only facilitates the recovery of two tempor-
ary shapes but also holds promise for various other potential
applications.

To complete the parametric study of the SMP cables, the
influence of frictional coefficients variation on the required
force to recover a 1 x 7 SMP cable are analyzed when subjec-
ted to a 20% strain. The simulations encompass a wide range
of polymer materials, with frictional coefficients ranging from
0.1 to 0.6 [69]. The result in figure 19 shows that the fric-
tional coefficient has a negligible effect on the force recov-
ery cycle. This result aligns with a previous study for SMA
cables [1, 7] which also shows that no significant dependence
on friction may be expected. The insensitivity to the frictional
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coefficient can be attributed to the fact that the majority of the all cable strain, there is a minimal relative motion between
applied strain is taken up in the axial elongation of the indi- the helically wound wires, thereby minimizing the frictional
vidual wires rather than inter-wire sliding [7]. At 20% over- losses.
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Table 6. Finite element models using factorial design with multiple
control variable levels [1] [2002], reprinted by permission of the
publisher (Taylor & Francis Ltd, www.tandfonline.com.).

Model D(mm) ¢ (deg)
1 0.10 54.9
2 0.10 63.0
3 0.10 72.0
4 0.20 54.9
5 0.20 63.0
6 0.20 72.0
7 0.38 54.9
8 0.38 63.0
9 0.38 72.0

6. Optimization of a1 x 6 SMP cable

In this section, the DOE methodology is employed for the
1 x 6 SMP cable to maximize the specific energy. The DOE
approach involves a systematic variation of input parameters
through a series of experiments or runs, enabling the identi-
fication of key factors influencing the response. Through pur-
poseful adjustments of controllable variables, alterations in the
output are determined, facilitating the attainment of the desir-
able optimization.

The output response in this FEA of SMP cables is the spe-
cific energy, denoted as 7, and may be calculated by n = F
A/M, in which F, A and M denote, respectively, the recovered
force, the cable displacement, and mass.

In the context of a single-layer configuration (refer to
figure 2), the strand characteristics are influenced by three
adjustable parameters: the wire diameter, helix angle, and core
diameter. When considering an n-layer strand, the numbers
of controllable factors expand to (2 n + 1). In a broader
perspective, when dealing with this particular set of factors
(2 n + 1) and each factor exhibiting k levels, the factorial
design necessitates the execution of k" tests. In this invest-
igation, FEA is undertaken considering three levels of factors.
To expedite the computational efficiency of solutions, wire
diameters for the two wire types are taken to be the same,
in accordance with the standard industry guidelines outlined
by Dynalloy trading company. The two primary adjustable
variables are wire diameters of 0.10, 0.20, and 0.38 mm,
and helix angles at settings of 54.9, 63.0, and 72.0 degrees.
Consequently, based on factorial design, the present study con-
sidered 3? finite element analyses, as represented in table 6.
It is worth noting that within the framework of the DOE
approach, the dimensions of the element are deliberately selec-
ted to be sufficiently reduced to minimize errors associated
with the meshed model, thereby ensuring the precision and
reliability of the outcomes.

The cable-specific energy interpolation equation, which
relies on controllable factors, is derived by acquiring output
response data and subsequent computation using statistical
design-expert software as:

7= 0.1999 4+ 0.0094D — 0.0395¢ — 0.0174Dyp + 0.0029D>
+0.0195¢2 —0.0029D%*¢ +0.0171Dy>. 1)

0
n(J/9)

e
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T #7
e
o ]
“’f

72
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Figure 20. Variation of the specific energy for 1 x 6 SMP cable
plotted for different diameters and helix angles.

The 3D surface plot of the specific energy as a function
of helix angle and diameter is illustrated in figure 20. It can
be observed that increasing the helix angle leads to a reduc-
tion in specific energy while increasing the diameter results in
higher specific energy values. At lower helix angles, the effect
of diameter change on specific energy is more pronounced.
The maximum specific energy from the response surface is
attributed to model 7, which has a 0.38 mm diameter and a
54.9° helix angle. In contrast, model 3, with a 0.1 mm dia-
meter and 72° helix angle, exhibits the lowest specific energy.

These findings demonstrate that helix angle and wire dia-
meter significantly influence the specific energy performance
of 1 x 6 SMP cables. The insights gained can guide material
selection and geometric design to achieve the desired balance
of flexibility, deformability, and restoration force to maximize
specific energy.

7. Summary and conclusions

This work introduces the concept of SMP cables for the first
time and provides insights into the thermomechanical prop-
erties of SMP wire ropes and their components within the
small and finite deformation regime. In order to validate mod-
eling approaches, FEA is employed to simulate the intricate
geometry and interwire contact interactions of a 1 x 37 steel
wire rope and compares against available results. Afterwards,
a thermo-visco-hyperelastic constitutive model developed by
Arrieta et al [50] is implemented due to its simplicity and
agreement with experimental observations for simulating both
the shape and stress recovery of SMPs under the uniaxial test.
Subsequently, the thermo-mechanical properties and recov-
ery characteristics of SMP cables with 1 x 7 and 1 x 27
configurations are analyzed. The cables have been subjected
to an axial load, and their force recovery, shape recovery,
and normal as well as shear stress distributions are evaluated
under constrained and unconstrained conditions. Parametric
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analysis also investigates the effects of the frictional coeffi-
cient and pronounces the influence of temperature ramp rate on
recovery performance. The dual and multiple shape memory
phenomenon is also effectively characterized through sequen-
tial shape programming and recovery steps. Furthermore,
DOE approach may be employed to optimize the geometry of
a1l x 6 SMP cable in order to maximize specific energy. The
detailed analyses conducted on single helix SMP wire rope
models with configurations of 1 x 7, 1 x 27,and 1 X 6 in this
study yield the following key findings:

o SMP cables require significantly less force for elongation
compared to solid SMP bars with equivalent volume. For a
1 x 7 cable, the needed force is 90% of a solid bar, while
fora 1 x 27 cable, it is only 27%.

Both 1 x 7 and 1 x 27 SMP cable configurations exhibit
remarkable shape recovery under different strain levels.
The stress distribution varies between the core and outer
wires during recovery due to the different geometric posi-
tions; however, full recovery is achieved in all components.
The helix angle and wire diameter have a pronounced effect
on the specific energy performance of SMP cables. Lower
helix angles and larger diameters amplify the maximum spe-
cific energy. There might be about 80% difference between
the minimum and maximum of induced specific energy of
the 1 x 6 SMP cable.

The study demonstrates the successful triple-SME in a
1 x 27 SMP cable, allowing for multiple temporary shapes
and the recovery of the original structure.

While this study focuses on the thermomechanical properties
of SMP cables using a specific acrylate polymer, the model-
ing approach can be applied to other SMP polymer systems.
Different compositions may provide tailored properties and
applications. Further experimental validation is needed to val-
idate the findings and explore behavior using alternative poly-
mers. Although we validated the SMP ropes by finite ele-
ment modeling, future experimental testing is highly desired
and should aim to expand understanding of thermomechanical
behavior across polymer systems, which will be a topic of our
next-step studies.
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