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HIGHLIGHTS GRAPHICAL ABSTRACT

« A comprehensive theory for
quantitatively analyzing the
electromechanical properties of
conductive micro-/nano-helices is
presented.

« The expressions of Hooke’s constants
are derived for conductive helices to
conquer the difficulty of quantitative
application.

« The currents or the voltages make the
conductive micro-/nano-helices
stronger.

« The close packed conductive micro-/
nano-helices are for realizing the
electromechanical actuators of
coupled rotational inversion and large
linear deformation.

« The non-close packed conductive
micro-/nano-helices are for realizing
the electromechanical actuators of
larger torsional stroke of unwinding
during the contraction.
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stronger, and decreasing helix angle is an additional option for the non-close packed ones. The present
study supplies a reliable theoretical reference for further experimental research on the applications of
conductive helices in micro-/nanoelectromechanical systems.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The science of the ubiquitous and fantastic helical structures in
nature is one of the towering achievements of human intellect in
its quest to understand our world and ourselves. Thanks to the rapid
development of technology, the helical structures at the nanoscale
dimension have been not only found and observed in organic beings,
[1,2] but also realized in functional materials - among them the elec-
trically conducting materials. There are a wide variety of conductive
helices prepared by multiple approaches. Inserting twist in the car-
bon nanotube (CNT) fibers brings first the yarns then the microcoils
with combined remarkable properties of high conductivity, high ten-
sile strength and light weight [3,4]. Besides, the rolled up helical
nanobelts composed of metal, metallic oxide and semiconductor
heterostructures [5,6] can be obtained from the method that combi-
nes bottom-up thin film growth with top-down lithographic pattern-
ing [7-9]. To make full use of the gifts from nature, the micro helical
structures of the xylem vessels, the plant fibers, the vascular bundles,
the tracheary microfilaments are decorated with the conductive coat-
ing of metal, [10] metallic conjugated polymer [11] and polyaniline
[12] through the biotemplating processes [13]. This idea of coating
insulating materials with conductive layers is also applicable to the
synthetic micro-/nano-helices [14-18].

These conductive micro-/nano-helices are excellent elements
for electromechanical actuators as they provide unique intercon-
version of torsional rotation and linear deformation. In this respect,
the CNT yarns and microcoils are most popular and intensively
researched [19-22]. The CNT yarns are composed of tens to hun-
dreds of helical fibers with a light weight of a linear density of
100 pugm~' [23]. During the actuation processes, they exhibit
excellent load stress over 100 times that of the strongest natural
skeletal muscle, as well as high rotation stability without notice-
able oscillation [24]. Even after 2400 cycles of reversible torsional
actuation, the CNT yarns still completely recover the original state
without load current [25-27]. Conversely, these CNT yarns can also
be mechanically driven to generate electricity [28,29]. Twisting a
CNT yarn produces a microcoil. The CNT microcoils retain not only
the mechanical actuation of coupled torsional rotation and axial
contraction under small voltages, but also the advantages of the
CNT yarns of light weight, high torsional rotation stroke, good sta-
bility, fatigue resistance and reversibility. In addition, the tensile
strokes have been improved to 14 % of contraction strain [30]
and 90 % of tensile contraction strain, [31] and the strength capac-
ity can be enhanced due to the helical structure [4]. These fascinat-
ing properties allow the CNT microcoils to function as artificial
muscles, micro robots, rotational motors, electrodes, actuators,
sensors, energy harvesters for diverse applications in both micro-
and macro-electromechanical systems [32-38].

There are two kinds of guest-filled and guest-free CNT yarns.
For the former ones, the phase transition of guest materials is the
primary reason for radial expansion, axial contraction and tor-
sional rotation of the CNT helices under the load voltage
[20,24,39]. For the guest-free CNT yarns immersed in the elec-
trolyte, such deformation is largely driven by ion insertion [19].
The above two mechanisms can be summarized to the internal
pressure associated with yarn volume expansion. While for the
guest-free CNT yarns in air, it is the Ampére force generated from
current that leads to the linear and rotational deformation cou-

pling [23,30,40-43]. Most importantly, this electromagnetic effect
exists in all current carrying helical structures, and in some cases,
the distributed forces from it are just relatively weak compared to
that from other effects.

Therefore, it is necessary to explore the effect of current on the
mechanical properties of conductive micro-/nano-helices from the
perspective of the electromagnetic distributed forces. Besides, the
conductive micro-/nano-helices in the experimental research are
almost close packed helices, which brings the limitation for large-
stroke contraction actuation under the condition without tensile
force. In this paper, we provide a theoretical basis for the electrome-
chanical properties involving linear and rotational deformation cou-
pling of the close packed and non-close packed electrically
conductive helical structures by employing the Cosserat rod model
with four kinds of deformation of bending, torsion, extension and
shear. A detailed analysis on the electromagnetic distributed forces
agrees well with the experiments, then a set of expressions contain-
ing them are given to quantitatively measure the physical quantities
including the Hooke’s constants. It is found that the voltages
strengthen the Hooke’s constants as well as the load capacity of con-
ductive micro-/nano-helices. The close packed conductive helices, in
the elongated states under load forces, acquire the mechanical actu-
ation of coupled rotational inversion and large axial contraction
under extra load voltages until restore their original packed shape.
While the current carrying non-close packed conductive helices exhi-
bit the much larger torsional stroke of unwinding during the contrac-
tion process. Either decreasing helix angles or compressing helices
can make them stronger, and the voltages give better results than
the forces do. The present study suggests the appropriate kind of con-
ductive micro-/nano-helices to design the large torsional and axial
electromechanical actuators of both rotation and rotational inversion,
depending on the applications requirements in artificial muscle.

2. Distributed magnetic forces

As shown in Fig. 1(a), an electrically conducting right-handed
helix carries a steady current I. The direction of the current flow
is represented by the red arrows.

As Fig. 1(b) shows, in order to find the distributed forces on the
rod, the magnetic force on a current element of I,dl is analyzed in
detail based on cylindrical coordinates. The red three-dimensional
dotted line indicates the current flowing through one turn of the
helix. The helix axis is z-axis. The other two current elements of I-
dl are chosen at the points symmetric about the location of Idl.
And the azimuth 0 between I,dl and each I,dl is smaller than
180°. The red dotted circular arc indicates the projection of the
3D helical line in the xoy plane, where the unit vector e, points
along the radial direction of helix and the unit vector e, points
along the direction of increasing azimuth 0. ey is perpendicular to
e.. Iadly and Idl, are the ey and z components of I4dl, respectively.
According to Biot-Savart law, the magnetic field at field point of I,-
dl caused by a pair of current elements I5dl; can be decomposed
into two components along -e, and +z-direction. Then, according
to Ampere’s law, the magnetic force f; on the current element I,dl
points along +e,-direction. Similarly, in the magnetic field
along +ey-direction caused by the other pair of current elements I5-
dl,, the magnetic force f, on the current element I,dl points along -
e~direction.
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Fig. 1. (a) An electrically conducting right-handed helix carries a steady current I. (b) Analysis of the distributed magnetic force on a current element of I,dl. (c) The cross

section of helix.

Fig. 1(c) shows the cross section of helix. By symmetry, there
are two kinds of distributed magnetic forces on a conductive helix
of infinite length: f; along +e,-direction and f, along -e.-direction.
An analysis of an electrically conducting left-handed helix reaches
the same conclusion of distributed magnetic forces on the rods.
Therefore, the distributed magnetic forces are parallel to the radial
direction and lead to the radical and axial deformation of helix,
which agree with the experiments [23,29,41,42]. It is reported that
the yarn volume expansion, the result of the ion insertion and the
phase transition of the materials, is the other reason for such defor-
mation of helix [19,20,24,39].

3. Close packed conductive micro-/nano-helices
3.1. Modeling

As shown in Fig. 2(a), to establish the Cosserat curve model for
exploring the electromechanical behavior of conductive micro-/
nano-helices, we assume that a close packed helix Hop with the
radius apa, the pitch bgs, and the number of coils Ny, is loaded
under a force F along its helix axis to transform to the elongated
helix Hor of radius agr and pitch bor. When a constant bias voltage
is applied, the elongated helix Hor shrinks along its helix axis and
transforms to the current I carrying helix H; with the radius ay,
the pitch b;. During the whole loading process, the ends of helix
are prevented from rotating. The number of coils of Hor and H,
remain N;. As Fig. 2(b) shows, if the loading end of helix Hoa is
allowed to rotate under the applied force and current, it changes
to the helix H, with the radius a,, the pitch b,, the number of coils
N,. The cross section of coil wire is circle and its radius r is assumed
to be constant. D; (i = 1, 2, 3) are the director basis of Hps and d; are
the director basis of the deformed helices, which are defined by a
set of Euler angles ¢, 0o, Yo and o, 0, Y, respectively [44]. We
choose the first director D;/d; and the second director D,/d, along
the direction of the largest and smallest bending stiffness of the
cross section of corresponding helical structure, and the helix axis
along the e; axis of the fixed Cartesian basis. For such a case the
director deformation measures W(0) of Hop and W of the deformed
helices have the form of:

W =0, W =y, siny, WP =y, cos 0y M
Wi =0, W, =y sinf, W5 = cosf

6 =9(-)/0S8 and (-) = 9(-)/0s is the stretch of the curve with S
the arc length along the fixed reference configuration of Hypa and
s the one along the deformed configurations of Hor, H; and H,.
For the configuration of helix 0o, ¥, 0, ¥ are all constants [45].

Based on the Cosserat curve model of a helical structure with
distributed forces, [46] we have the radius and pitch of helix Hoa:

Gpa = Sin g/ %, boa =21 cos 6/ z/)o (2)
where
o = 27Ny /Lo 3)

and Ly = Nq4/ (ZnaOA)2 + bgA is the length of the coil wire of Hya.

The radius and pitch of helix H,(H,) are given by:
K—EE sing —L L cos@) cos 0
2 v 2

+(écosgfffésin6+l)sin0}
12

=
—
(=x
N
N
Il
LN
Q
—
N

E£sin9+LElc050) sin 0
2 v 2

+(é cos 0 —ffé sin 6 + 1) cos@}
v
where
¥ = 27N, /Lo (5)

and E, = K,Gnr? and E; = Enr?. E and G = E/[2(1 + v)] are the
Young's and shear moduli, respectively. v is the Poisson’s ratio.
K5 is the Timoshenko shear coefficients and related to v through
K> = [6(1 +v)2] /[7 +12v +41?][47]. For the helix H; with two
ends restricted from rotating, we have

U= (6)



L. Dai, ]. You, W. Shen et al. Materials & Design 226 (2023) 111623

Fig. 2. Configurations of (a) the unloaded state Hya, the tensile force F loaded state Hor, and the extra current [ loaded state H; of a close packed helix whose ends are
prevented from rotating, (b) as well as the loaded state H, of a close packed helix whose end is allowed to rotate under the applied force F and current I.

For the helix H, with one end free to rotate, we have Q,= 21:(_ _ _) sindcoso + sing + (_ _ _) (2c0s20 — 1) L,
v’
-~ Bsinfgsin®+ Ccos0ycosO -1
= 7 =1 1_ 1 _f(1_ L 29
v Bsin’0 £ Ceos?0 Yo 7 Q=1 [2F (53 EZ)cose +1-L (53 Ez sme o5’y }
where B = EJ;, C = GJ,. J;=(nr*)/4 is the moment of inertia and J,= Q= —(%29 +%20) x
(mr)/2 is the polar moment of inertia of the cross section. The equi- o 1 ) 2
librium equation of deformed helices is given by: {ZF(E - E) cosf +1 - v (E - E) (sm@ — Siho )]
(EL _ l) sin 0 cos OF% + [sin 0+ (El - El) (c0520 —sin’ 0) f_} F The Hooke’s constant h, of H, is given by Hooke’s law: h, = dF/d
B P , v (N>b5). From equations (4), (7) and (8), we have the form of
+By (w sing — x/)o sin 90> cosf—Cy siné)(tp cos 0 — l//IO cos 00) hy = —P1P3/(P1P4 + P,),
1 _ 1 c0s20\ F2 _ cosO
—(Elz——) schosH( ) +cos0L =0 (8) Pr= ( z) (sme Slnf’)F sing
v v
where the distributed force f=fd; and is parallel to the radial direction +B-C) {lﬁz (sm 0— °°529) + 2Py xp sin 6 cos 9}

[46]. The electromagnetic force, as well as the internal pressure associ-
ated with yarn volume expansion, both lead to the radical and axial
deformation of helix. The distributed force f is able to describe the
resultant force on rod. The Hooke’s constant hy of H; is given by Hooke’s

+[—Bnﬁ0 sinBO(Pocose-s—lp) +C¢0 cos(90<Posin0—%§g 1//)}

. = 1 2
law: h; = dF/d(N;b;). From equations (4) and (8), we have the form of N < 51_3 3 El_z ) { (sm o< 9> 4 25in0cos§” } (_)
h =-Q:Q5/(QiQ + Q). v
Qi = (£ ) (sin0 — )P — ot 4cos (L - —) +Po(i— ) (1~ 2c0570) £
+By,? [(sin@ — sinfp) — CS‘;;Z;’] — Cyg?[sin0 — (cost — coslp) <<!] + 1 I
+1 (1 — st Po)
2 12 v
{4C0$9 (—3 - E) o (é - E) (sm@ %g") wL + ﬂf,
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-1
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sing

(Bsinzf) + Cc0526> (—Bsin 0 <L 4 C cos 0,
+2 cos (B — C)(Bsin 6y sin 6 + C cos 0 cos 0)

(10)

Since d, lies in the opposite direction of e, the distributed mag-
netic forces f; and f, on a conductive helix illustrated in Fig. 1 are
along -d,;-direction and along +d;-direction: f; = -fid; and f, = fod,.
Then in equation (8) f = fo-fiand the f represents the total dis-
tributed magnetic force introduced by the current I.

3.2. Results

In order to quantitatively analyze the electromechanical perfor-
mance of conductive micro-/nano-helices, we use the electrome-
chanical actuators based on wax-SWNT helical yarn [31] as an
example within the framework of the proposed Cosserat curve
model. The close packed helix Hoa has the radius aps = 160 pm,
the pitch bpa = 191 pm, and the number of coils N; = 60. The elon-
gated helix Hor has the pitch bor = 363 pum. In the experiments,
when a constant bias voltage of 2 V was applied, the helical yarn

shrunk to its original length with two ends restricted from wind-
ing. Therefore, the current carrying helix H; has the radius
a; = 160 um and the pitch b; = 191 pm. The coil wire radius is
r=93 um.

With the aid of the tensile stress—strain curve of a helical yarn
tested without voltage in the Fig. 4d of reference 31, the average
Young’s modulus of wax-SWNT of E = 12 GPa and the axial loads
of elongated helix Hor of F = 3.32 N are derived from equations
(2)-(4) and (8) with the distributed force f = 0. In the calculation,
the geometric parameters of Hyoa and Hgg, as well as the Poisson’s
ratio v = 0.279 [48] are used.

We further get the distributed force on H; of f=-1.2 x 10°N/m
from the above three equations with the geometric parameters of
Hoa and H,, the material parameters of average Young’s modulus
and Poisson’s ratio, as well as the axial loads F. As shown in
Fig. 2(b), the negative value of f indicates that the distributed force
on rod, marked by the red arrow, is perpendicular to the helix axis
and in the opposite direction to d;. These distributed forces, which
are not just parallel to but also along the radial direction, lead to
the radial expansion and axial contraction deformation of helix,
as illustrated in the experiments [31].

When the electric pulse trains were applied in a neat CNT helix
and a paraffin-infiltrated CNT helix, respectively, the actuations
estimated by the tension change for both cases increased to their
maximum value at the same time after inputting electric power
[49]. The tension change of the paraffin-infiltrated CNT helix is lar-
ger than that of the neat one. Furthermore, both kinds of CNT
helices have the same kind of the radial expansion and axial con-
traction. It suggests that there must be the electromagnetic dis-
tributed forces on the current carrying helices, while the phase
transition of guest materials just strengthens the electromechani-
cal effects. Since the electromagnetic effect exists in all current car-
rying helical structures, and in some cases, the distributed forces
from it are just relatively weak compared to that from other effects,
e.g. heating effect. As a result, we will concentrate on the electro-
magnetic part of the distributed forces originated from the applied
voltage. According to Biot-Savart law, Ampere’s law and Ohm'’s
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law, as well as the principle of virtual work or the law of the lever,
[42] the distributed force is proportional to the square of the volt-
age U or the current [:

f = oU? (6a)

f=pP (6b)

where o and g are the scale coefficients. We have o = -3.0 x 10N/
m-V? from the known constant bias voltage of 2 V and the dis-
tributed force. Equation (6a) and its fitting coefficient o ensure
the reliability of the following quantitatively analysis of electrome-
chanical properties for the close packed and non-close packed elec-
trically conductive helices. If the applied currents are known, the
distributed force can be derived from equation (6b).

A systematic study on the electromechanical properties of con-
ductive micro-/nano-helices is performed based on the continuous
increment of loads from O to the maximum value of F=3.32 N and
U =2 V. Fig. 3a illustrates the elongation versus the voltage of the
wax-SWNT helical yarn loaded under a fixed axial force of 3.32 N,
using equations (2)-(4), (6), (8) and (11). The axial elongation of
the helix decreases from 90 % to 0 % with increasing the voltage
from 0 V to 2 V. In the latter part of the contraction, the curve is
almost linear. Fig. 3b shows the dependence of the Hooke’s con-
stant on the voltage during this process of contraction from equa-
tion (9). The Hooke’s constant increases from 349.4 N/m to
575.5 N/m, up 64.7 % due to the voltage. As shown in the inset,
the previous load force stretches the helix and raises the Hooke’s
constant from 299.8 N/m to 349.4 N/m with the increment of
16.5 % (the blue line), while the load voltage further strengthens
the load capacity to a greater extent (the red line). The load ability
of a current carrying helix without deformation is useful in the
artificial muscle. Fig. 3¢ and 3d presents how the stress and the

Hooke’s constant depends on the load voltage when the close
packed helix maintains its original length, respectively, based on
equations (2)-(4), (6), (8), (9) and (11). The higher voltage leads
to the higher stress, defined by the load force per cross section
area, and the larger Hooke’s constant, which agrees well with the
experimental restult of the larger axial contraction of helical yarns
under larger load voltages [27]. Under the voltage of 2 V, the stress
is 41.3 MPa and the Hooke’s constant is 575.5 N/m, i.e. 1.9 times
that of the unload state.

The loading end must be allowed to rotate under the applied
force and voltage, if a current carrying helix serves as a torsional
artificial muscle to provide unique mechanical actuation involving
coupled torsional rotation and axial contraction. The wax-SWNT
helical yarn is still regard as the close packed helix Hypa, Which
changes to the helix H, with a freely rotating end under loads
(Fig. 2(c)). Fig. 4a shows the dependence of the elongation and
the Hooke’s constant on the voltage as well as the stress, from
equations (2)-(4), (7), (8), (10) and (11). The close packed helix is
loaded under an axial force F of 3.31 N to transform to the elon-
gated one with the axial elongation of 90 %, then is loaded under
a constant bias voltage of 2 V to shrink to its original length with
the Hooke’s constant of 592.9 N/m and the stress of 41.2 MPa.

Fig. 4b illustrates the relative differences of the elongation (the
red line) and the Hooke’s constant (the blue line) between the two
conditions that the load end cannot and can rotate freely. The
helices are under a fixed axial force of 3.31 N. The relative differ-
ences are the measure of the differences between the physical
quantities of the helix H, and the helix H;, in comparison to the
corresponding ones of the helix H;. The variation range of the rel-
ative differences of the elongation are 0.02 % ~ 0.03 % and -0.01 % ~
-4.60 %, for the voltage of 0 ~ 1.88 Vand 1.89 V ~ 1.99 V, respec-
tively. The variation range of the relative differences of the Hooke’s
constant increases from -0.28 % to 0.09 % and then decreases from
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Fig. 5. Configurations of the unloaded state Hog and the current I loaded state Hs of a non-close packed helix whose end is allowed to rotate.

0.09 % to -0.42 %, for the voltage of 0 ~ 0.94Vand 0.95V ~ 1.99 V,
respectively. There are only minor differences in both the elonga-
tion and the Hooke’s constant between the two conditions. The
results show that the electrically conductive helices, whose loading
ends are allowed to rotate under the applied force and voltage, can
replace the ones that are prevented from rotating, when it comes
to the application of the mechanical properties related to the axial
deformation.

After describing the physical quantities of axial deformation for
the helix H,, the ones of coupled rotation and axial contraction are
given. Fig. 4c illustrates the rotation angle, i.e. (N,— N1) x 360°, ver-
sus the axial elongation under loads, derived from equations (2)-
(4), (5), (7), (8) and (11). At the stage of load force from O N to
3.31 N, the helix overwinds in the beginning of axial extension,
and then unwinds when elongation is further increased (the blue
line), which have been observed in some gourd and cucumber ten-
dril perversions [50]. At the following stage of fixed load force of
3.31 N and load voltage from 0 V to 2 V, the helix rotates reversely
and also exhibits the peculiar rotational inversion (the red line). To
compare these two processes, we project the curve of the latter
stage on the plane of the blue one (the red dashed line). Although
the two curves on the Elongation-Rotation angle plane are not
entirely coincidence, the difference is negligible. In comparison
with the original shape, the helix unwinds -7.7°, which is only
about 1.9 x 107 turn per millimeter. The helix can be regarded
as be in its original close packed shape under both loads. To figure
out the impact of the voltage on the rotary motion of helix, we
define the reverse rotation angle as (N, - Nag) x 360°, where Npq
is the number of the force loaded helix. Fig. 4d shows the reverse
rotation angle of the complete continuous loads. In the region of
load force 0 N ~ 1.47 N, the helix overwinds and extends 0 % ~
41.6 %, then contract and unwinds 0° ~ 33° under the voltage
0V ~ 1.31 V. While in the region of load force 1.47 V ~ 3.31 V,
the helix shows the rotational inversion of overwinding followed
by unwinding under both loads. Designers can choose the appro-
priate stretching region to realize the coupled fixed directional/
bi-directional rotation and axial deformation.

4. Non-close packed conductive micro-/nano-helices
4.1. Modeling

In order to focus on the effect of the current on the electrome-
chanical behavior of the coupled rotation and axial contraction of

conductive micro-/nano-helices, we suppose that the loading end
of a non-close packed helix is allowed to rotate under the only
applied voltage. As Fig. 5 shows, a non-close packed helix Hopg with
the radius agg, the pitch bgg, the number of coils Ny and the coil
wire radius r, is loaded under a constant bias voltage to transform
to the compressed helix H; of the radius as, the pitch bs, and the
number of coils N3.

4.2. Results

The helix Hog and the close packed helix Hpp have the same
material parameters and geometry parameters, including the
length and the radius of coil wire, as well as the number of coils.
The radius agg and the pitch bgg continuously change to obtain
the helix Hpg with the helix angle, defined as

{ = Arccos |:b03/ (27ra0,3)2 + bgs} x 180/, from 45° to 79.2° of Hpa.

We start with the physical quantities of axial deformation for
the helix Hs. Fig. 6(a) presents and the Hooke’s constant h; versus
the axial compression and the load voltage in the range of helix
angle 45°< ¢ < 79.2°, deduced from equations (2)-(5), (7), (8),
(10), (11) and the load force F = 0. When

masbs/ (27'ca3)2 +b§ — 1 =0, the loaded helix H3 is compressed
to its close packed state. In the range of 60°< { < 79.2°, the voltage
enhances the Hooke’s constant: for { = 60°, the helix is compressed
to 65.45 % of its original length and its Hooke’s constant increases
from 394.52 N/m to 690.87 N/m under the voltage from 0 V to
2.58 V; while for { = 79.2°, the helix is compressed to 0.19 % of
its original length and its Hooke’s constant increases from
299.30 N/m to 301.58 N/m under the voltage from 0 V to 0.19 V.
In the range of 45°< { < 59.9°, the Hooke’s constant first decreases
then increases with increasing the voltage: for { = 45°, the helix is
compressed to 34.70 % of its original length and its Hooke’s con-
stant decreases from 597.24 N/m to 457.06 N/m under the voltage
from 0 V to 1.52 V, then it is further compressed to 78.68 % and the
Hooke’s constant increases from 457.06 N/m to 878.36 N/m under
the voltage from 1.52 V to 3.2 V. The result shows that the no load
Hooke’s constant is larger for smaller helix angle. The loaded close
packed helix of { = 45° has the strongest load capacity because its
Hooke’s constant is three times that of { = 79.2°.

In Fig. 6(c), the Hooke’s constants of the loaded close packed
helices are compared between the situations of load force and load
voltage, in the range of helix angle 45°< { < 79.2°. For the same
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Fig. 6. (a) Hooke’s constant, (b) rotation turns and compression versus voltage as well as stress of a helix Hs. (c) Hooke’s constant and (d) Force versus helix angle of the
loaded close packed states of helices under voltage load (the red line) and force load (the blue line). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

helix angle, the Hooke’s constant of the helix loaded by constant
bias voltage (the red line) is larger than that of the one loaded by
axial force (the blue line), from equations (2)-(5), (7), (8), (10),
(11) and f = 0. The red line shows that the smaller helix angle leads
to the larger Hooke’s constant for the current carrying helices: the
largest Hooke’s constant of 878.36 N/m arises in { = 45°, which is 8
times that of the force loaded helix.

Fig. 6(d) shows the further comparative study of the load ability
for the loaded close packed states of helices between the situations
of load force and load voltage. According to the Hooke’s law, the
load force is from the area under the curve of the Hooke’s constant
changing with the compression. For the same helix angle, the load
force of the helix loaded by constant bias voltage (the red line) is
larger than that of the one loaded by axial force (the blue line).
The red line implies at the smaller helix angle leads to the larger
load for the current carrying helices: the largest load force of
18.38 N arises in { = 45°, which is 2 times that of the force loaded
helix.

The physical quantities of coupled rotation and axial contrac-
tion are as follows. Fig. 6(b) displays the rotation turns of (N3;—
Nop) and the torsional modulus versus the load voltage in the range
of helix angle 45°< { < 79.2°, using equations (2)-(5), (7), (8), (11)
and the load force F = 0. The helices just unwind in the entire com-
pression process, which is consistent with the experimental results
of the CNT microcoils without load force [19,23,30,31,34,51]. The
rotation turns increase linearly with decreasing the helix angle:
in the close packed states, the rotation turns are 0.3 turn per meter
and 217.9 turns per meter for the helix angle of 79.2° and 45,
respectively.

To compare the rotation ability of the close packed helix H, and
the helix Hs, it is noticed that in Fig. 4(c), during the whole com-
pression process under the voltage, the initial state is the helix
Hor loaded by the maximum force of 3.31 N, i.e., the intersection
point of lines, and final state is the helix H, loaded by the addi-
tional voltage of 1.99 V, i.e., the other end point of the red line.

The compression is 47.4 % of the length of helix Hor and the rota-
tion angle is 41.89°, which is 5.33 turns per meter. Fig. 6(b) shows
that the helix Hs with { = 69.88° has the same compression of
47.4 % in the close packed states. While its rotation turns are
50.36 turns per meter, which is 9.4 times that of the helix H,.

5. Conclusion

We have made a quantitative research on the electromechanical
properties involving coupled torsional rotation and linear deforma-
tion of the close packed and non-close packed conductive micro-/
nano-helices by applying the concept of Cosserat curve. According
to Biot-Savart law and Ampere’s law, the distributed magnetic
forces on a conductive helix are parallel to the radial direction,
which agree with the experimental results. It is found that the dis-
tributed force in the Cosserat curve model is able to describe the
resultant electromagnetic force, as well as the internal pressure
associated with yarn volume expansion. Since the Hooke’s con-
stants of conductive helices vary during the loading process, the
expression is derived to conquer the difficulty of quantitative
application. The higher voltages lead to the larger Hooke’s con-
stants and higher load capacity. When it comes to the application
of the mechanical properties related to the axial deformation, the
close packed conductive micro-/nano-helices with rotating load
ends can replace the ones without. Moreover, this kind of helices
exhibit the rotational inversion in the elongation process under
load forces, as well as in the following contraction process under
extra voltage load until recover the original packed shape. For
the non-close packed conductive micro-/nano-helices, the ones
with the fixed number of coils and the smaller helix angles are
more though. In the entire coupled rotation and axial contraction
process, the helices just unwind. The voltage makes the helices
stronger than the force does. A further comparative study between
a close packed helix and a non-close packed helix shows that the
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rotation turns of the latter are 9.4 times that of the former for the
same compression of 47.4 %. The present study helps the designers
choose the appropriate kind of conductive micro-/nano-helices to
realize the large torsional and axial electromechanical actuation
driven by electricity of both rotation and rotational inversion,
depending on the applications requirements in artificial muscle.
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