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Shape reconfiguration is ubiquitous in nature and widely used in many applications such as soft robotics,
metamaterials, energy absorption and tissue engineering. Shape reconfigurable soft actuators, due to their
ability to adapt and adjust in complex and unpredictable working environment, have been designed by
the use of various delicate structures and active materials. However, soft actuators that exhibit reconfig-
urable helical deformation have not been proposed; they have the advantage of integrating both bending
and twisting actuations in one deformation mode. In this work, we present a thermal-induced shape re-
configurable soft actuator that shows reversible actuations with vastly shape differences under thermal
stimulus. It exhibits helical deformation at lower temperature and mainly in-plane bending at relatively
higher temperature. The reversible shape transition is controlled by a thermal stimulus that changes the
anisotropy of the structure, which consists of shape memory polymer fibers embedded in a homogeneous
elastic matrix. A theoretical model is proposed based on the minimum potential energy that incorporates
the thermomechanical behavior of the shape memory polymer fibers. Experiments are conducted and the
results agree well with the theoretical modeling. Using the theoretical model, we establish design princi-
ples for reconfigurable soft actuators whose functional response is programmable given the architecture
and external stimulus. A six-handed helical soft actuator, constructed to demonstrate its programmable
deformation, is utilized to catch a living fish in water.

Keywords:

Reconfigurable soft actuator
Thermal response

Helical deformation
Multi-material 3D printing

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction 2018; Wang et al., 2018b, 2018c; Zhang et al., 2019), high per-

formance metamaterials (Bertoldi et al., 2017), energy absorption

Shape reconfiguration, or the shape transition between multiple
morphologies under external stimuli, is ubiquitous in nature. For
example, Venus flytrap catches its prey by a transition of its leaves
from open to close when the tiny hair on the inner surfaces is
triggered by insects (Forterre et al., 2005). The scales of pine cone
change from close to open to release its seeds when stimulated by
the changes in relative humidity (Dawson et al., 1997). Shape re-
configuration has also attracted considerable attentions in various
applications, such as soft robotics (Cestari et al., 2014; Gu et al.,
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(Janke et al., 2005), aerospace (Sofla et al., 2010) and tissue engi-
neering (Zhao et al., 2018).

Reconfigurable soft actuators, which can significantly modulate
their mechanical response to environment by their flexibility and
adaptability, have been actively studied recently. Various materials
have been employed to realize the shape reconfiguration, such as
shape memory polymer (SMP), shape memory alloy (SMA), granu-
lar particles, magnetorheological fluid etc. Among these, SMP has
the advantage of high ratio between the maximal and the minimal
rigidity, which facilities its use in shape reconfigurable soft actua-
tors. For example, Tobushi et al. developed a thermal tunable soft
actuator by using SMP that could exhibit multiple bending actua-
tion modes (Tobushi et al., 2006). Ghosh et al. designed a multi-
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state SMP composite that can perform different functions at differ-
ent states (Ghosh et al., 2013). Takashima et al. designed a bending
pneumatic artificial muscle whose bending curvature can be con-
trolled by the heating of an SMP sheet (Takashima et al., 2014).

However, most of the shape reconfigurable soft actuators pro-
posed previously only allow bending as the main motion and are
thus far from approaching the level of complexity of biological ar-
chitectures. Helical actuation, as a combination of both bending
and twisting, has the advantage of two actuation modes operat-
ing simultaneously and has been widely adopted in nature and en-
gineering, such as the elephant trunks for grasping (Hannan and
Walker, 2003), plant tendril for climbing (Gerbode et al., 2012)
and bacterial flagella for locomotion (Mendelson, 1978). Despite
the promising application of shape reconfigurable helical soft ac-
tuator, its development with tunable behaviors has been hindered
due to the lack of efficient fabrication tools and modeling ap-
proaches. Fabrication of helical soft actuators is limited as they are
mainly made of a single material, making them difficult to gener-
ate anisotropy which results in helical motion. The lack of theoreti-
cal modeling framework also restricts the design and programming
of the reconfigurable soft actuators. Several models for soft actua-
tors have been proposed recently (Connolly et al., 2017; de Payre-
brune and O'Reilly, 2016; Gorissen et al., 2013; Hao et al., 2017;
Matia and Gat, 2015; Polygerinos et al., 2015). For example, ana-
lytical model based on nonlinear elasticity is developed to model
the bending, extension, expansion and twist motions of a fluid-
powered fiber-reinforced actuator (Connolly et al., 2017). A rod-
based model is proposed to model the bending behavior of a con-
straint pneu-net actuator (de Payrebrune and O'Reilly, 2016). How-
ever, the helical deformation is not considered. An anisotropic soft
actuator is fabricated by embedding aligning fibers into an elas-
tomer matrix and its helical actuation is predicted by a theoretical
framework (Wang et al,, 2018a). This soft actuator, however, ex-
hibits only one shape under actuation.

In this work, we propose a 3D printed shape reconfigurable
anisotropic soft actuator (SRASA) that is capable to changes its
anisotropy and thus shows vastly different configurations under
thermal stimulus. The anisotropy is generated by 3D printing
aligned SMP fibers inside an elastomeric matrix. Under a thermal
stimulus, the elastic modulus of the SMP fibers vary from the or-
der of MPa to GPa and thus the anisotropy of the structure changes
significantly. In order to capture the reconfigurable deformations,
a theoretical framework based on the minimum potential energy
method that takes into account the thermomechanical behaviors of
the SMP fibers is proposed and verified by experiments. The new
contribution consists of the study of the dependence of the helical
configuration on the thermal stimulus, and the experimental veri-
fication of the predicted shape change with temperature.

Following this introduction, we presented the geometrical de-
sign, theoretical modeling, experimental validation, numerical re-
sults, a biomimetic designed gripper and conclusions in six sec-
tions.

2. Geometrical design of the SRASAs

The SRASA is designed by Solidworks (3DS Dassault Systemes,
France) as shown in Fig. 1. It is a rectangle block with length L,
width W and height H. It consists of two layers: a fiber reinforced
top layer with thickness h; and a bottom layer of matrix materi-
als with thickness h,. The fiber is oriented at an angle ¢o from
the length direction. A small channel with square cross-section all
through the length direction at a distance h. below the top surface
is designed for embedding a control cable. One end of the control
cable and one end of the actuator are firmly bonded and the ca-
ble is able to move inside the channel with negligible friction. By

pulling the end of the cable with a displacement Ad, a compres-
sive force F is generated and the SRASA deforms.

3. Theoretical modeling

In this section, the reconfigurable deformation of SRASA is
modeled. We first use a thermomechanical multi-branch model to
characterize the dependence of the mechanical behaviors of the
fiber materials on ambient temperature. The relation of Young's
modulus and temperature is then incorporated into a theoretical
model based on minimum potential energy method to model the
reconfigurable deformation of the SRASAs.

3.1. Thermomechanical behavior of the fiber

In order to characterize the dependence of the fiber's elastic
modulus on temperature, a thermomechanical multi-branch model
is adopted to model fiber (Ge et al., 2014; Westbrook et al., 2011;
Yu et al,, 2014a). The model consists of one equilibrium branch
associated with the elastic response and several non-equilibrium
branches (number of n) associated with viscoelastic response. Each
non-equilibrium branch is taken to be a Maxwell element. For a 1D
multi-branch model, the temperature dependent storage modulus
EAT), and tan §(T) of the SMP fiber can be expressed as (Yu et al,
2014a, 2014b):

N E,‘WZ'L',‘(T)Z
E«(T)=E, _— 1
7 f’+§1+w2r,-(r)2 (1)
_ E(T)
tan8(T) = BT (2)

where Eeq and E; are the Young’'s modulus of the equilibrium
branch and the ith non-equilibrium branches respectively, w is the
strain oscillation frequency used in dynamic mechanical analysis
(DMA) test, 7;(T) is the temperature dependent relaxation time for
the ith branch and E(T) is the loss modulus. The storage modulus
given in Eq. (1) is taken as the elastic modulus of the fiber poly-
mer and will be applied to calculate the elastic energy stored in
SRASAs at various temperatures in the next section.

3.2. Theoretical modeling of the SRASA

In this section, the reconfigurable actuation of the SRASA
is modeled based on the minimum potential energy principle
(Reddy, 2017). The potential energy of the structure is introduced
first. The strain tensor is constructed next by taking into account
both bending and stretching. The elastic energies stored in both
the orthotropic top layer and the homogeneous bottom layer are
then obtained. The energy stored in the elastic cable and the work
potential of the force are also calculated. Finally, the total potential
energy is minimized to obtain the deformed state of the SRASA.

3.2.1. Potential energy of the structure

During actuation, the total potential energy Il(T) of the SRASA
consists of the elastic energy stored in the top layer U;(T), bottom
layer U, and the cable U(T), and the work potential of the force
WFZ

IT(T) = Ui (T)+U4+Uc(T) + We(T), (3)
where
Uiz'/%s:(ci:sd\/i,izl,z, (4)

Ue(T) = Jke(T) x AL, (5)
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Fig. 1. (a) Schematic of an SRASA consisting of a top layer of anisotropic fiber reinforced composite and a bottom layer of elastomer. (b) Geometrical parameters and
coordinate systems of the composite. (c) The SRASA deforms into a helical shape which can be characterized by the two basic parameters: pitch P and radius R. The inset
of (c) illustrates a principle strain plane r;-r, where r; axis coincides with the x3 axis and the ry axis rotates counter-clockwise from x;-axis by ¢. (d) The deformed SRASA

undergoes reversible reconfiguration subjected to a thermal stimulus.

We(T) = —-F; - Ac. (6)

Here i = 1 and 2 represent the top and bottom layer respec-
tively. C; is the fourth-order elastic stiffness tensor and e is the
strain tensor. V; is the volume. k.(T) and AL, are the axial stiffness
and elongation of the elastic control cable, respectively. The force
vector is given by F. = [F 0 0]T and the displacement vector
by Ac=[Ad 0 0]". It should be noted that k.(T) depends on
the temperature and thus U is a function of T. The second layer
is an elastomeric layer whose elastic modulus remains a constant
within our working temperature, and thus the elastic energy stored
inside U, is independent of T.

3.2.2. Strain tensor in principal coordinates

In order to obtain the potential energy of the system, we first
define the global coordinate system (X;, X,, X3) and local coordi-
nate system (X;, X, X3) as shown in Fig. 1. During the deforma-
tion of the SRASA, there always exists a principal coordinate sys-
tem (rq, Iy, r3) where there is no shear strain. The r3 axis coincides
with the x3 axis and we denote the angle from the x; axis to the
r; axis as ¢ in the counter-clockwise direction. As in the classi-
cal plate theory, the strain tensor (") in the principal coordinate
(rq, 1y, r3) can be obtained by superimposing the elastic bending

strain sl(,r , an in-plane uniform stretching strain es(r) and a strain
sg) along r3 to allow for plane stress compatibility:

el =e +e +ef. %)
where

e\ = KiX3T ® T1 + KoX3T2 ® Ty, (8)
€s(r) =eénr; ®r; + el ®Iy, 9
e = (e33 + qx3)r; ® 1. (10)

Here eq1, ey, and e33 are the principal strains at x3=0 in the
principal coordinates (ry, Iy, r3); k1 and «, represent the principal
curvatures along r; and r, respectively, and q denotes the gradient
of the strain component along the r3-axis.

3.2.3. Elastic energy in orthotropic top layer

The top layer is a fiber reinforced orthotropic composite by em-
bedding aligning fibers inside the elastomeric matrix. In order to
calculate the elastic energy stored in the top layer, we define ma-
terial reference coordinates (mq, m,, m3) [Fig 1(b)], where my is
along the fiber orientation direction, m, is perpendicular to the
fiber orientation and mjs coincides with the x3 axis. The (my, my,
m3) coordinates can be formed by rotating the (x;, X, X3) coor-
dinates by the fiber orientation angle ¢y about the ms axis. With
respect to the orthonormal coordinates (m;, m,, ms), the fourth-
order compliance tensor of the orthotropic top layer can be ex-
pressed in matrix notation as:

- 1 - -1
Em B EB O 0 0
V-
5T _E;?% 0 0 0
0 0 0
CG(T) = 5D 1 0 0
e
1
Gi3(T) ?
L sym Go
(11)

Here, E{(T), Eo(T), E3(T) are the Young’s moduli in the m;, m,
and m; directions, respectively. v;; is the Poisson’ ratio, defined
as the transverse strain in the jth direction corresponding to the
axial strain in the ith direction. Gp3, Gi3(T) and Gip(T) are the
shear moduli in the my-m3, mq-m3 and m;-m, planes, respec-
tively. The nine parameters E{(T), Ex(T), E3(T), Go3, Gi3(T), G1(T)
and vy1,v31,v3zcan be calculated from the Young's moduli E{T), Em,
Poisson ratios vf and vi of the fiber and matrix materials, and the
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fiber volume fraction V; using the rule of mixture as shown in Sup-
plementary Materials (Reddy, 2013).
Uq(T) can then be calculated using Eq. (4) as:

1
Uy (T) :/Eeﬂm L ¢y : &My, (12)

where €(™is the strain tensor in the (m;, m,, ms) coordinates
which are obtained by transforming the strain tensor () in the
(rq, ry, r3) coordinate system through an angle ¢¢ — ¢:

e” = Vemande™ = &M m; o m;. (13)

Here Qi(j” are the componnets of the transformation tensor Q(1)
with rotation angle ¢y — ¢. By substituting Eq. (11), and (13) into
Eq. (12), Uy can be obtained. Its complete expression is shown in
Supplementary Materials.

3.2.4. Elastic energy in homogeneous bottom layer

Next, we calculate the elastic energy U,stored in the bottom
layer. The bottom layer is made of an isotropic elastic material, and
thus C, can be written in matrix form in terms of its Young’s mod-
ulus E;; and Poisson ratio vy, as:

C = Em
27 A+ vm) (- 2vm)
1-—vn Unm Unm 0 0 0
Um 1—vn Unm 0 0 0
9 Um VUm 1—vn 0 0 0
0 0 0 1-2vp 0 0
0 0 0 0 1-2vp 0
0 0 0 0 0 1-2v,

(14)

The elastic energy U, stored in the bottom layer can be derived
based on Eq. (4) as shown in Supplementary Materials.

3.2.5. Elastic energy in cable

At the position x3 = —h, the application of the external
force F to the control cable results in the helical motion of the
SRASA. The elongation AL of the control cable is given by AL. =
F/kq(T), where the axial stiffness kc(T) is measured from an experi-
ment (Supplementary Materials).Therefore, the elastic energy U(T)
stored in the deformed cable is

Uc(T) = F?/(2ke(T)). (15)

3.2.6. Work potential of force

The displacement Ad of the end of the cable that resulting from
the external force F consists of the axial shortening of the SRASA
and the elongation of the cable as:

Ad = En(xs = —hc) L+ AL. (16)
Using sg), aérz), and eg?, we can calculate the strain compo-

nents ¢; of the strain tensor & (¢ = ¢;X;®X;) in the (X, Xy, X3)
frame through the tensor coordinate transformation:

2) (2

6, = Q2QPe (. (17)
Here Q) is the transformation matrix with rotation angle — ¢.

The normal strain component along the x;-axis €17 at X3 = —h¢ in

Eq. (17) is then given as:

£11(X3= = hc) = (en — hek1)c0s’ + (ex2 — hekz)sin’¢.  (18)

By substituting Eq. (18) and Ad in Eq. (16) into Eq. (6), the work
potential Wk is:

Wi (T) = —LF[(e11 — hek1)cos’ + (€22 — hetca)sin® @] — F?/ke(T).

(19)

3.2.7. Minimization of the potential energy

By substituting Eqs. (15), (19), (S6) and (S7) into Eq. (3), the
total potential energy of the SRASA is obtained as a function of
eight unknowns, i.e., II(T) = II(k1,k2.9, €11,622,€33,¢, T). Under a
particular T = Ty, the SRASA arrives at the equilibrium when the
total potential energy is minimized with respect to the other seven
unknowns, which means

(T =Tp) —0 oI(T =Tp) —0 (T =Tp) _0
K1 - 0K - aq -
(T =Tp) —0 oI(T =Tp) —0
deqy 7 dey; o
(T =Tp) . AI(T =Tp) .
dem =0, 3% =0. (20)

By solving the seven equations in Eq. (20) numerically, we can
obtain the seven unknowns to express the total potential energy at
any temperature. After the seven unknowns «1,k3,q, 11,€22,e33and
¢ are obtained, the deformed SRASA can be reconstructed. The
centerline of the deformed SRASA can be regarded as a helix with
pitch P and radius R, where (Wang et al., 2018a)

(k1 — k) sin2¢

P| = 27 :
ki + k3 + (ki —k32) cos2¢

(21)

and
K1+ K+ (K1 — k) cOs2¢
k? 4+ K2+ (K} — K3) cos2¢

(22)

In Eq. (21), |P| represents the magnitude of P. By using coor-
dinate transformation, the coordinates of points along the width
and thickness direction of the deformed SRASA can be obtained.
The deformed shapes are plotted using the software ParaView
(Ayachit, 2015).

4. Validation of the model

In this section, the theoretical model is validated by experi-
ments. The modulus change of the fiber material on temperature
is verified first, and the deformation of SRASA predicted by the
theory is compared with experiments next. The SRASAs are fabri-
cated using a commercial multimaterial 3D printer (Stratasys, Con-
nex 500). The dimensions are L = 50 mm, W = 8 mm, H = 3 mm,
hiy = 1 mm, h, =2 mm and h, = 2.25 mm. SRASAs with seven
fiber orientation angles ¢¢ =0°, 15°, 30°, 45°, 60°, 75° and 90° are
printed. The fiber volume fraction vy of the top fiber reinforced
layer is 33%. The base compliant material, TangoPlus, is used as the
matrix material, and the base shape memory polymer, VeroClear,
is used as the fiber material. Different from many previous stud-
ies (Ge et al., 2014, 2016b; Wang et al., 2020) where the VeroClear
was used as a shape memory polymer, this work utilizes the stiff-
ness variation over temperature of VeroClear (Zhang et al., 2019)
to impart the capability of switching in-plane and helical bend-
ing modes into one 3D printed soft actuator. Stress relaxation tests,
DMA analysis and uniaxial tensile tests for the SMP fibers and ny-
lon cable are conducted and the detailed information can be found
in Supplementary Materials.

4.1. Material characterization results

The experimental and theoretical fitted storage modulus and
the tand curve of the VeroClear are shown as the black solid curve
and red dashed curves in Fig. 2 respectively. It can be seen that the
theoretically estimation could the experimental data. Fitted param-
eters can be found in Table S1 in Supplementary Materials.

Uniaxial tensile tests on VeroClear samples at various tempera-
ture T = 25, 30, 35, 40, 45, 50, 60, 70 and 80 °C are conducted and



D. Wang, L. Li and B. Zhang et al./International Journal of Solids and Structures 199 (2020) 169-180

Tan(d)

= Experimental £/(T)
= =Theory E(T)
® Experimental Young's modulus
'S'1000
e
=
SN
%)
=
_g 100 4
=]
p=
104
0 20 40 60 80

T(°C)

1.0 Experiment
= =" Theory
0.8
0.6
0.44
0.2
0.0
0 20 40 60 80
T(°C)

173

Fig. 2. (a) Variation of the experimental (black solid) and theoretical (red dashed) curves of the storage modulus E{(T) of the SMP fiber with temperature. The uniaxial tensile
tested Young's modulus at various temperature T = 25, 30, 35, 40, 45, 50, 60, 70 and 80 °C are also shown as blue markers. (b) Comparison between the experimental and
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Fig. 4. The dependence of slope S and curvature « on fiber orientation angle ¢, of a deformed SRASA (Experimental results: blue circle. Model predictions: black solid

curves) at different temperatures T = 25 °C, 35 °C and 60 °C.

the corresponding Young's modulus are plotted as blue markers in
Fig. 2(a). It can be seen that the storage modulus E{T) which is
obtained by applying a sinusoidal strain compares reasonably with
the Young’s modulus which is obtained by applying a uniaxial ten-
sile strain. Thus, E{T)can be used as the Young’s modulus of the
SMP fiber and to study the continuous temperature dependent be-
havior of the SRASA.

4.2. Comparison of the theoretical and experimental SRASA actuation
tests

The SRASA actuation test results for T = 25 °C with
Ad = 10 mm, T = 35 °C with Ad = 15 mm, and T = 60 °C with
Ad = 15 mm for ¢y = 0°, 15°, 30°, 45°, 60°, 75° and 90° are shown
in Fig. 3. During the tests, the soft actuators are placed in a wa-
ter tank. In the heating process, the temperature of the water was
slowly increased from room temperature by a heating source, and
measured by a temperature sensor. At T = 25 °C, the SRASA shows
both in-plane and out-of-plane bending, except for ¢y = 0° and
90° The out-of-plane bending is towards the positive X, direction
for smaller ¢y (<= 45°) and negative X, direction for larger ¢q
(>=60°). The SRASA shows similar behavior at T = 35 °C as those
at T = 25 °C. However, as the temperature increases the magnitude
of the out-of-plane bending decreases, because the Young’'s modu-
lus of the fiber decreases and thus leads to the decrease of the
anisotropy. At T = 60 °C, almost all SRASAs exhibit only in-plane
bending due to the further decrease of the anisotropy. The corre-

sponding theoretical predicted 3D shapes are shown next to the
experimental shapes. The dependence of the fiber Young’s modu-
lus is obtained from Eq. (1) and Section S1.2 in the Supplementary
Materials, while the Young’s modulus of the matrix is chosen as
~0.6 MPa (Wang et al., 2018a). The Poisson’s ratios are chosen as
vy =0.48 for fiber and 0.46 for matrix. It can be observed that the
theoretical predictions agree well with the experiments.

Next, we quantitatively compare the experiments and the the-
oretical results. It can be seen that the centerline of the deformed
SRASAs can be regarded as a helix with pitch P and radius R
(Fig. 1(c)). Or we could use another set of parameters, the slope
S = P/(27rR) and curvature x = 1/R, to represent the helix. The de-
formed SRASAs with mainly in-plane bending can be regarded as
a special case of a helix with S = 0. The experimental S and « are
then obtained by fitting the parametric function of a helix with
the experimental coordinates of the centerline of each deformed
SRASA in the X;-X; and X;-X3 planes simultaneously. Detailed in-
formation about obtaining the experimental S and k can be found
in Supplementary Material.

Fig. 4 shows the comparison of the experimental (blue markers)
and theoretical (black curves) of S and « for the SRASAs shown
in Fig. 3. It can be seen that both the theoretical S and « agree
reasonably with the experiments. S exhibits similar trend at dif-
ferent temperatures while varying ¢g. S is 0 at ¢g = 0° and 90°
at all different temperatures, which means that the SRASAs exhibit
only in-plane bending. At ¢g = ~15°, the SRASAs deform with the
largest S. With the increase of ¢, S decreases gradually until it
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Fig. 5. The effect of the pulling distance Ad of the control cable on the slope S and curvature « of a deformed SRASA (Experimental results: blue circle. Model predictions:

black solid curves) at different temperatures T = 25 °C, 35 °C and 60 °C.

reaches zero at around ¢y = 60° and its negative maximum at
¢o = 75°, before going back to 0 again at ¢g = 90° The magni-
tudes of S decrease as the temperature increases, which can be
easily seen from the deformed shapes at T = 60 °C in Fig. 3, where
the SRASAs are bending-dominated (S ~ 0). « is at its minimum
at ¢g = 0° where the fibers are aligned along the cable direction
and the SRASA has highest bending modulus. At low temperature
(T = 25 °C and 35 °C), « increases rapidly at ¢g = 15° and keeps
at relatively larger values. At high temperature (T = 60 °C), k in-
creases slowly and reaches its maximum at ¢y = 60°

Fig. 5 shows the experimental and theoretical S and x against
the pulling distance Ad of the cable at T = 25 °C, 35 °C and 60 °C
with ¢¢ = 15°, respectively. Under all three temperatures, « is lin-
early proportional to Ad, while S is a constant with Ad. It indi-
cates that S is an intrinsic property of the SRASAs that depends
only on material and geometric parameters and is independent of
the loading parameters. It should be noted that the force F gener-
ated by the cable is also proportional to Ad, which are not shown
here.

5. Numerical results
In this section, the validated theoretical model is used to pre-

dict the actuation behaviors of the SRASAs. The effects of temper-
ature and fiber orientation are investigated.

5.1. Effect of temperature T

Figs. 6(a) and (b) show an overview of the effects of the am-
bient temperature T and fiber orientation angle ¢ on S and « of
the deformed helical shape. In particular, Figs. 6(c) and (d) plot S
and « as a function of temperature T for different fiber orienta-
tions ¢g = 0°, 15°, 30°, 45°, 60°, 75° and 90° Here the external
force is fixed at F = 16 N. The control fiber stiffness is assumed to
be infinite. As T increases, the magnitude of the slopes at all fiber
orientations decreases. This is because the fiber’s Young's modu-
lus decreases with the increase of the temperature and therefore
the anisotropy of the SRASA decreases. Thus the deformed shape of
the SRASA will change from twist-dominated mode (inset (i) and
(iv)) at low temperature to moderate twisting mode at intermedi-
ate temperature (inset (ii) and (v)), to bending-dominated mode at
high temperature (inset (iii) and (vi)). In most cases, as T increases,
k also increases as shown in Fig. 6(d) because the SRASA becomes
softer and thus it bends more under the same applied force. In
contrast, a minimum of « exists for ¢g = 15° and 30° at T = 45 °C
and T = 52 °C, respectively.

5.2. Effect of fiber orientation ¢¢
Next the effect of ¢ is studied as shown in Figs. 6(e) and (f),

where the S and « are plotted against ¢g at T = 10, 20, 30, 40,
50 and 60 °C. The slope increases from 0 at ¢g = 0° rapidly un-
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Fig. 6. The 3D plot of the dependence of (a) Slope S and (b) curvature k on temperature and ¢,. The dependence of (c) the slope S and (d) curvature x on temperature
for different fiber orientation angles ¢ = 0°, 15°, 30°, 45°, 60°, 75° and 90°; insets shows the deformed shapes for ¢o = 15° and 30° at T = 20 °C, 45 °C and 60 °C. The
dependence of (e) slope S and (f) curvature « as a function of ¢ at different T = 10 °C, 20 °C, 30 °C, 40 °C, 50 °C and 60 °C.

til it reaches its maximum value at ¢g =~10-30° depending on
the temperature, and then decreases to 0 at a critical ¢, = ~55°
As ¢ increases again, the slope changes to a negative value and
reaches its negative maximum value at ¢y = ~70°, and the slope
subsequently goes back to 0 at ¢g = 90° The change of the sign
of slope means that the out-of-plane bending direction of the soft
actuator changes. Similar behaviors of changing direction crossing
the critical fiber orientation ¢ = 55° were also reported in McK-
ibben artificial muscles (Chou et al., 1996; Wang et al., 2017), fiber
reinforced pneumatic soft actuators(Bishop-Moser and Kota, 2015;
Connolly et al., 2017), arterial tissues (Horgan and Murphy, 2018a,
2018b) and tendons(Bydder et al., 2007). x increases first as the
fiber orientation increases and reaches its maximum at ¢y =~55°
and then reduces slowly as shown in Fig. 6(f).

5.3. Shape with maximum slope Spax at different T

S indicates the twisting/out-of-plane bending of the SRASA. For
a certain S, the maximum slope Spqx indicates the maximum twist-
ing a soft actuator can achieve by adjusting the fiber orienta-
tion. From Fig. 6(e), it can be seen that the ¢, associated with
Smax varies for different temperatures. It would be interesting to
see how the temperature affects the Spgx of the SRASA and the
corresponding ¢q. Fig. 7 shows the maximum value of the slope
Smax and the corresponding ¢ at different temperatures. The Spax
decreases monotonically with the temperature due to the lower
anisotropy at high temperature. The corresponding ¢ increases
monotonically with the temperature from ¢g = 6° at T = 0 °C to
¢o = 32° at T = 80 °C. The inset figures show the deformed shapes
with Spax at T = 20, 40 and 60 °C under a fixed force F = 16 N. At
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Fig. 7. The dependence of the maximum slope Smax and its corresponding ¢ on T.
Insets show deformed shapes of soft actuators with maximum slope at T = 20, 40
and 60 °C.

T = 20 °C, S is large. However, the magnitude of the twisting and
bending are both small due to the large E; at low temperature. At
T = 40 °C, the SRASA bends and twists more than that at T = 20 °C,
and therefore provides a better actuation. This larger bending and
twisting results from the decrease of E; with increasing tempera-
ture. As T > 60 °C, the SRASA becomes highly bending-dominated
due to the decrease of material inhomogeneity. It should be noted
thateis restricted to be an integer in Fig. 7 which makes the curve
of ¢¢ discontinuous.

6. Bio-inspired design and discussion

We further demonstrate an application uniquely enabled by the
helical deformation of the SRASAs. Some coral polyps use twist-
ing motion to capture plankton and even small fish swimming
by. Compared to the bending motion, the helical motion provides
larger and tighter coverage. The overlap at the bottom of the grip-
per can also provide large forces to prevent the prey from escap-
ing. Inspired by the twisting motion of the coral polyps, six-handed
grippers are designed with different fiber orientations and work

B =15° ¢ =30°

T=25°C

T=60°C

AROO
0000

Table 1
Forces applied on each SRASA in the six-hand soft grippers in
Fig. 8.
¢o = 15° ¢o = 30° ¢o = 45° $o = 90°
T=25°C 16N 64N 29N 32N
T=60°C 34N 32N 29N 26N

on different ambient temperatures. The gripper consists of a cap
and six identical SRASAs. The theoretical predicted deformation of
the sixed handed gripper is shown in Fig. 9. The corresponding
forces applied on each SRASAs are shown in Table 1. It can be
observed that gripper with ¢g = 30° and T = 25 °C can provide
a better capacity of catching and grabbing. Its theoretical perfor-
mance with increasing applied forces is shown in Supplementary
Movie S1. At ¢pg = 15°, the SRASAs show large helical deformation,
but its bottom cannot by fully covered. As the ambient tempera-
ture increases, the anisotropy of the SRASAs decreases and all the
grippers exhibit pure bending grabbing. In order to prove the ca-
pacity of the gripper with ¢y = 30°, experiments were conducted.
We 3D printed the cap and SRASAs separately and then assemble
them together. As shown in Fig. 9 and Supplementary Movie S2,
the soft gripper could catch and releasing a live goldfish in water
by pulling and releasing the control cable. The intrinsic softness
of the soft actuator enables its safe interaction with goldfish and
without causing any harm to it. Compared to the in-plane bending
deformation, the SRASAs in the twisting mode could arrange more
efficiently in space to avoid conflict and generate larger coverage
areas.

Most of the previously proposed reconfigurable 3D printed
structures are based on the actuation of built-in strain/stress
(Ding et al., 2018, 2017) or the shape memory effect of the poly-
mers (Ge et al.,, 2014, 2013, 2016a), which are generally one-way
actuation and not reversible. The built-in strain/stress is usually
generated by the layer by layer deposition or photopolymeriza-
tion during 3D printing. For example, a direct 4D printing method
for active composite materials is proposed and the composite can
be programmed with the built-in compressive strain during pho-
topolymerization (Ding et al., 2017). The other way of 3D recon-
figuration is by using the polymers’ shape memory effect cycle,
where various of 3D printed reconfigurable structures are pro-

¢y =45° ¢y =90°

Fig. 8. Theoretical predicted deformation of the six-hand grippers made from SRASAs with various temperatures and fiber orientation angles. The corresponding forces are

shown in Table 1.
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(b) catching

Fig. 9. A six-handed soft gripper catches, lifts and releases a live goldfish. The twisting motion provides more efficient catching ability. The geometrical parameters used for
each SRASA are: L = 50 mm, W = 8 mm, H = 3 mm, hy= 1 mm, h, = 2 mm, h. = 2.5 mm and ¢ = 30°.
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Fig. 10. Stress relaxation phenomenon of the SRASA. (a) The relaxed modulus changes with time in 2 min after loading for the fiber materials from —20 °C to 100 °C in
stress relaxation tests. (b) The deformed shapes of the SRASA (i) immediately after the actuation and (ii) 2 min later after the actuation at T = 25 °C. (c) The deformed
shapes of the SRASA (i) immediately after the actuation and (ii) 2 min later after the actuation at T = 60 °C. In both (b) and (c), ¢ = 15° and the actuation force is 16 N.

posed (Ge et al., 2016a; Yang et al., 2019). In our work, the recon-
figurable behavior of the 3D printed SRASAs is reversible by us-
ing the actuation of both the control cable and the temperature-
dependent modulus of the fiber. By adjusting the thermal stim-
ulus, the deformed SRASAs can achieve reversible and continu-
ous shape transitions between twisting-dominated and bending-
dominated states.

It should be noted that linear elasticity theory and small defor-
mation theory are used in this work, instead of nonlinear elastic-
ity theory and finite deformation theory. The overall deformation
of the SRASAs seems to be large, but the local strain is relatively
small. For example, the axial strains of the SRASAs in this work
are generally smaller than 5%. Furthermore, the moduli of the Tan-
goPlus matrix and VeroClear SMP fiber is in the order of MPa to
GPa, which is considerably larger than “ultrasoft” materials such as
hydrogels with modulus generally in the order of kPa. The compar-
ison between theoretical and experimental results show that linear
elasticity with a small deformation approximation gives reason-
able agreements. Nonlinear elasticity and finite deformation the-
ory, although appropriate, lead to mathematical intractability, and

the complicated configurations of the materials will render numer-
ical simulations difficult.

As shown in the stress relaxation tests in Fig. S1, the modu-
lus of the fiber material decreases with time when a fixed strain
is applied. This creep effect of the fiber may affect the shapes
of the soft actuators. Fig. 10 shows the effect of stress relaxation
on the deformation of the SRASA. Fig. 10(a) plots the modulus
change of the fibers with time in 2 min in the stress relaxation
tests. It can be seen that the relaxed modulus decreases faster ini-
tially and then approaches a constant value with time. For exam-
ple, the fiber modulus is 877 MPa immediately after the actuation
and 470 MPa at 2 min after the actuation at T = 25 °C. The mod-
ulus is 20 MPa and 8 MPa at immediately and 2 min after the ac-
tuation at T = 60 °C, respectively. By using the fiber modulus at
various time after loading, the corresponding deformed shapes can
be obtained. Fig. 10(b) plots the deformed shapes of the SRASA (i)
immediately and (ii) 2 min after the actuation at T = 25 °C. Sim-
ilarly, the deformed shapes of the SRASA (i) immediately and (ii)
2 min after the actuation at T = 60 °C are plotted in Fig. 10(c). For
both SRASAs, ¢ = 15° and the actuation force is 16 N. It can be
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seen that there are some minor changes in the deformed shapes
with time after the actuation. But it is not obvious in the experi-
ments.

In-plane bending actuation, as a special case of helical defor-
mation actuation, has already been used in many areas such as in
soft wearable assistive gloves, bionic hand and in the locomotion of
the soft robotics, due to their advantage of easy to fabricate, easy
to model and easy to control (de Payrebrune and O'Reilly, 2016;
Ge et al,, 2018; Mosadegh et al., 2014; Wang et al., 2019). For ex-
ample, soft wearable assistive gloves are designed by using fabric-
based bending actuators that can assist finger flexion for brachial
plexus injury patients (Ge et al., 2020). Tendon-driven bending soft
actuators are used to fabricate bionic hand (Kim et al., 2016). Bend-
ing soft actuators are also used in the actuation of soft robotics,
such as the locomotion of fluidic soft robots and the swimming of
the Manta robot (Shepherd et al., 2011; Suzumori et al., 2007). Soft
actuators with helical deformation can not only provide the normal
bending actuation, but also a friction force on the transverse di-
rection. Therefore, it greatly broadens the application scope of soft
actuators.

The position of the control cable also plays a vital role in pro-
gramming the deformation of SRASAs. If the cable works on the
neutral axis of the composite, it will exhibit only twisting defor-
mation around its neutral axis. By placing the cable above or be-
low the neutral axis, the bending direction of the SRASAs can be
controlled.

7. Conclusion

In summary, we have designed a programmable 3D printed soft
actuator that exhibits reconfigurable deformations, in particular
helical deformation, under thermal stimulus. A theoretical frame-
work based on minimum potential energy is proposed to model
the deformation of the SRASA, in which the dependence of the
mechanical behaviors of the SMP fiber material on temperature is
characterized by a thermomechanical multi-branch model. A set of
stress relaxation tests were conducted to identify the SMP fiber’s
material parameters, which consequently enables the model to re-
produce the experimentally observed reconfigurable actuation be-
haviors of the SRASAs successfully. Both the fiber orientation an-
gles and the ambient temperature determine the anisotropy of the
SRASAs, which control the deformation of the programmable, re-
configurable soft actuators. Finally, a bio-inspired six-handed soft
gripper is designed, modeled and manufactured to catch a living
fish in water using the helical deformation. The concept of adjust-
ing anisotropy to generate reconfigurable structures and the design
guidelines provided by the theoretical model provide the possibil-
ity for future applications such as soft robotics, metamaterials and
medical devices.
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