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Abstract

We develop multi-mode soft composite bending actuators based on glass fiber textiles interwoven with shape memory alloy
(SMA) wires and a soft matrix of polydimethylsiloxane. We describe their detailed design and fabrication. We varied the
interweaving patterns of SMA wires, such that the actuators exhibit multi-mode bending behaviors. Actuators with three
different bending modes were fabricated, and their performances were evaluated in terms of curvature. We varied the stiff-
ness of glass fiber textiles and the diameters of SMA wires. Bidirectional multi-mode actuations were achieved when SMA
wires of different interwoven patterns were combined with glass fiber textiles. We present prototypes of such actuators and
demonstrate their actuations. Finally, we prepared gripper prototypes using these actuators; they grasped different objects
according to bending mode. Our technique will aid the development of soft robotics, as well as other scientific and engineer-

ing applications.
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1 Introduction

There is considerable demand for low-cost, lightweight,
adaptable, and intelligent systems [1, 2]. Shape memory
alloys (SMAs) have applications in flexible, adaptable, soft,
and lightweight systems [3, 4], as well as the automotive
[5], biomedical [6-8], soft robotics [9—13], and aerospace
[14, 15] fields. Among the many forms of SMAs, wires can
readily be integrated into various structures [16, 17]; are
cost-effective and lightweight; and create useful actuating
forces during axial contraction [18, 19]. SMA wires can
easily be integrated into textile or fiber reinforcements dur-
ing the preparation of composite structures and wearable
devices [5, 20-23]. These features of SMA wires render
them useful when preparing soft actuators [5, 13, 17, 19,
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22, 24-27]. Several examples of such works include soft-
morphing structures based on a woven smart soft composite
[27]; SMA tendon-based soft robotic actuators [25]; a soft
finger with embedded SMA wires [13]; and SMA-based
smart soft composite structure that can bend and twist [26].
Such actuators have many applications in soft grippers and
soft robotics [12, 25, 28-33]. Most previous works focused
on single actuation modes (bending or twisting) induced by
SMA wires within a soft actuator. Although several SMA
wire-based, multi-mode soft actuators have been proposed
[24, 26, 34], the soft robotic applications of such multi-mode
soft actuators have received limited attention; this topic is
challenging but merits investigation. Here, we present multi-
mode bending actuators fabricated using glass fiber textiles
interwoven with SMA wires within a soft matrix of polydi-
methylsiloxane (PDMS). We detail the design and fabrica-
tion of actuators with three different bending modes. We
vary the stiffness of the glass fiber textile and the diameter of
the SMA wire. We evaluate actuation performance in terms
of bending deformation (curvature). We also fabricate multi-
mode and bidirectionally bending prototypes, then present
their actuating motions. Finally, we fabricate soft gripper
prototypes with multi-mode bending actuators that grasp
objects using different bending modes.
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2 Design and Fabrication of Multi-Mode
Soft Composite Bending Actuators

2.1 Actuator Design

Figure 1(a) shows a schematic of a multi-mode bending
actuator fabricated from a woven glass fiber textile, an inter-
woven SMA wire, and a soft matrix (PDMS). We varied the
interweaving patterns of the wire; the resulting actuators are
denoted as Types 1-3 in Fig. 1(b-d). In Type-1 actuators,
the SMA wires are oriented eccentric to the neutral axis,
and the direction of eccentricity does not change longitudi-
nally along the beam axis [Fig. 1(b)]. In Type-2 actuators,
the SMA wire is interwoven such that the direction of the
eccentric plane changes once along the beam axis, at the
halfway point of the beam [Fig. 1(c)]. In a Type-3 actua-
tor, the direction of the eccentric plane of the wire changes
twice, at one-third and two-thirds of the length of the beam
[Fig. 1(d)]. When the SMA wire is heated, it contracts lon-
gitudinally, generating axial compressive stresses that induce
the first bending mode of the Type-1 actuator, the second
bending mode of the Type-2 actuator, and the third bending
mode of the Type-3 actuator. Schematics of these actuation
modes are presented in Fig. 1(b—d).

Interwoven
(a) SMA wire

PDMS

Glass fiber
textile

Deformed shape
(2" bending mode)

Fig.1 Schematics of multi-mode soft composite bending actuators
based on glass fiber textiles interwoven with shape memory alloy
(SMA) wires. a Schematic of a soft composite bending actuator.
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2.2 Fabrication of Multi-Mode Soft Composite
Bending Actuators

Figure 2 shows fabrication schematics. After a woven glass
fiber textile is prepared [Fig. 2(a)], the SMA wire is interwo-
ven with the textile [Fig. 2(b)] in a Type-1, -2, or -3 pattern;
the construct is placed in a mold [Fig. 2(c)]; and the soft
matrix (PDMS) is added. Molding and curing [Fig. 2(d)]
yield a soft composite actuator [Fig. 2(e)]. We used two dif-
ferent grades (denoted by T20 and T40) of glass fiber threads
to weave the textiles [inset in Fig. 2(a)]. To prepare T20/T40
threads, 20/40 glass fiber yarns were bundled using a stepper
motor [see the Materials and Supplementary Figure S1(a,
b)]. We weaved both threads with the textile; the moduli of
the soft composite exhibited variation. Supplementary Fig-
ure S2(a, c, e) shows scanning electron microscope images
of the glass fiber yarn as purchased, along with T20 and
T40 threads. Corresponding schematics are shown in Sup-
plementary Figure S2(b, d).

As shown in Fig. 3(a), we used a custom loom (fabri-
cated by a three-dimensional printer) to weave the glass fiber
threads (T20 and T40). The warp threads were placed in the
loom, and the weft threads were woven by a needle onto the
loom [Fig. 3(a)]. Supplementary Figure S1(c—g) provides
more detailed information regarding the weaving processes
and the glass fiber textiles that were fabricated using T20
and T40 threads. We used five warp threads for all speci-
mens. The glass fiber textiles woven with T20/T40 threads
were approximately 7/8 mm in width and 1.2/1.4 mm in

Deformed shape
(1%t bending mode)

e
Deformed shape
(3 bending mode)

Schematics of b Type-1, ¢ -2, and d -3 actuators and their actuation
modes (i.e., first, second, and third bending modes) for different inter-
weavings of SMA wire
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Grade: T20

Grade: T40

Interweaving SMA wire with the woven textile

o> (d)

Apply soft matrix (PDMS) in a mold

Molding and curing

Demolding

Fig.2 Schematic of soft composite bending actuator fabrication. a The woven glass fiber textile. b SMA wire interwoven into the textile. ¢
PDMS applied in a mold. Each specimen was prepared via d molding and curing and e demolding

Woven textile

oo o akese vl
PR R W )

|

Custom loom fabricated by a 3D printer

Kapton tape

Fig.3 Stepwise fabrication of a soft composite actuator. a After
placement of warp threads (T20 and T40) in a custom loom fabri-
cated by a three-dimensional printer, the weft threads were woven to
form base textiles. b The textiles were tailored and ¢ interwoven with

thickness, with small variations (approximately + 0.5 mm).
We prepared woven glass fiber textiles 50—60 mm in length
[Supplementary Figure S1(f—g)]. Regarding exterior
dimensions of the prepared woven glass fiber textiles, we
designed the size of the soft composite actuator as 10 mm
wide, 1.5 mm thick, and 40 mm long. The number of weft
threads was approximately 120/40 mm (3/mm) for the textile
with T20 threads and 70/40 mm (1.75/mm) for the textile
with T40 threads. The optical microscope images in Sup-
plementary Figure S1(h, i) show the number of weft threads
per millimeter. The glass fiber warp and weft threads were

Glass fiber textile interwoven with SMA wire

SMA wire

e L ]
R e T 2 Tt L]

PR ey 'y
SAARTY SERA ALY m
Wa - Nt mm e St

[

SMA wires. d, e PDMS was added to the molds and cured. f Optical
images of the final specimens. Insets in (b, ¢): Magnified images of
the tailored woven textiles and SMA wire-interwoven glass fiber tex-
tiles. Scale bars: 1 mm for insets in (b, ¢); 10 mm for (f)

identical. The warp threads were tightly held on the loom
(under tension) during weaving; the flying weft threads were
held less tightly. Thus, the weft threads appear thicker than
the warp threads in Fig. 3(a). To ensure even weaves, we
applied a comb after each weft thread had been woven. Fig-
ure 3(b) shows a tailored glass fiber textile after weaving; the
inset in Fig. 3(b) and Supplementary Figure S1(f-i) reveal
nearly even weaving patterns along the warp direction. As
shown in Fig. 3(c), SMA wire was interwoven into the glass
fiber textile shown in Fig. 3(b) and placed in a mold with
PDMS [Fig. 3(d)]. Kapton tape was applied to the mold
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(A

Fig.4 a—c Schematics and d—f photographs of Type-1, -2, and - 3 soft composite actuators

Table 1 Soft composite actuators with varying SMA wire interweav-
ing patterns

SMA wire interweaving  Grade (Glass fiber SMA wire

pattern thread) diameter dgya
(pm)

Type-1 T20 100

Type-2 T20 100

Type-3 T20 100

surface for easy demolding. Curing [Fig. 3(e)] yielded the
final composite actuators [Fig. 3(f)]; Type-1 specimens are
shown in Fig. 3(f). Supplementary Figure S3 provides addi-
tional details concerning the fabrication of soft composite
actuators.

Figure 4 shows representative Type-1, -2, and -3 actua-
tors fabricated as described above. First, we varied only the
interweaving patterns of SMA wires with same thread grade
and SMA wire diameter. Table 1 summarizes the glass fiber
thread grades and the SMA wire diameters. To investigate
the effects of the soft composite modulus and the SMA wire
diameter, we fabricated Type-2 soft actuators with different
glass fiber threads for the base textile, along with different
SMA wire diameters (Table 2); this approach simplified the
experiments.

Supplementary Figure S4(a—c) shows photographs of the
fabricated soft actuators listed in Table 1; Supplementary
Figure S4(d-f) shows photographs of the fabricated soft
actuators listed in Table 2. The Type-2 actuator with T20
threads and a 100-pm-diameter SMA wire in the first row

@ Springer KE_:E

Table 2 Soft composite actuators with varying grades of glass fiber
thread used for the base textiles and varying diameters of interwoven
SMA wires

SMA wire interweaving  Grade (Glass fiber SMA wire

pattern thread) diameter dgya
(um)

Type-2 T20 100

Type-2 T40 100

Type-2 T20 150

Type-2 T40 150

of Table 2 is identical to the specimen in the second row of
Table 1.

2.3 Bending Deformations of Multi-Mode Soft
Composite Bending Actuators

Figure 5(a) assumes that the SMA wire generates a uniform
compressive force (Fgy,) along the length of a bent beam
of eccentricity e, neglecting the axial strain along the length.
The curvature p and the radius of curvature R of the bent
actuator are then simply described by Eq. (1) [25]:

1 _ Fswae _ My

1
R EI El M

p:

where E is Young’s modulus, / is the area moment of iner-
tia of the soft composite, and My is the equivalent bending
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(b)

FSMA

(c)

Fig.5 Schematics of actuator bending deformations for different SMA wire interweavings: a Type-1, b Type-2, and ¢ Type-3

moment. The position [x y]T on the bent beam is then
expressed by:

x Rsin 6,
= <0,<0, ==
[y] [R(l—cosel)] where, 0 <60, <0, 2)

where 6, is the bending angle [25, 38].
We obtain a similar expression for position [x y]T on the
bent beam for a Type-2 soft bending actuator [Fig. 5(b)]:

= |~

Rsin 6, L
for 0 <6, SOA:—R

[X}z _R(l—cosé’l) 2 3

Rsin6
XA:|+[TR(6A)”TM]|:R o } for 050, <0, =

A (1 =cos,)

ENEE Rsin@,
where»yA] - [R(l—cos@A)]

[Tx(q4)] and [T,,] are the coordinate transform matrices
described by:

0] = [Sngt ] (=[5 %]

We assume that the bending actuator assumes similar
radius of curvature (but opposite bending direction) along
s, which is a coordinate acquired along the deflection curve
of the bent beam.

For a Type-3 soft bending actuator, the position [x y]" on
the bent beam is obtained as follows [see Fig. 5(c)]:

Rsin 6,
R(1—cos6,)

* Xa Rsin 6,
H: [» }+ e [TM][R(I _cose»} roshshsg (9)

Rsin 6
[XB}-F[TR(GA—QB)][R( S o5 } for 0§93590=3£R

for 059139A=3L—R

Vg 1 —cos ;)
wherel|™|< Rsin6, and || = Rsin6,
Va R(1—cos8,) Vg R(1—cos8,)

Rsin 6
+ [TR (9,4)] [TM] R(l _ COSBHB)

We experimentally extracted the positions of the bent
beams and fitted the data to Egs. (2), (3), and (5) for Type-1,
-2, and -3 actuators, respectively, using the fitting coefficient
p=1/R. The equivalent bending moments (My values) were
estimated by Eq. (1) using the fitting coefficient p=1/R.

2.4 Moduli of Soft Composites

We prepared specimens for tensile tests of soft composites
based on T20 and T40 glass fiber threads [Supplementary
Figure S5(a, b)]; pure PDMS specimens were also pre-
pared [Supplementary Figure S5(c)]. As shown in Sup-
plementary Figure S5(d), the Young’s moduli of the T20
and T40 soft composites were estimated via linear fitting
of the stress-strain responses of the tensile specimens; the
estimated moduli of the T20 and T40 composites were Er,
=19.5299 MPa and Ep,, = 36.7098 MPa, respectively. The
Young’s modulus of PDMS was 0.2032 MPa [Supplemen-
tary Figure S5(e)]. We used the experimental values of the
moduli to fit the models, then estimate the curvatures and
bending moments of the actuators described above. Note
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that PDMS viscoelasticity may affect the dynamic behav-
iors of soft composite actuators; however, we assumed that
this influence could be ignored because the PDMS modu-
lus is small compared with the moduli of soft composites.
Although the moduli of soft composites are dominated by
the glass fiber textiles, PDMS helps maintain the exterior
dimensions, thus supporting longitudinal compression; it
provides the elastic force that restores the bending defor-
mations of the composites upon cooling [12, 35]. PDMS
also protects the woven structures from environmental or
other damage [35].

3 Performance Evaluation of Multi-Mode
Soft Composite Bending Actuators

3.1 Characterization of Bending Behaviors

The experimental setup included a camera, a current driver,
a data acquisition board, and a personal computer. This setup
was used to characterize the bending behaviors of the actua-
tors (Fig. 6). Step currents from 100 to 500 mA were applied
to each specimen for 10 s, using the custom-built current
driver and a data acquisition system (National Instruments
cDAQ-9174 with the 9205 and 9264 modules) controlled
by the personal computer. Upon application of the step cur-
rent, the camera captured the lateral bending (deflection) of
each actuator.

Figure 7(a—c) shows the bending deflections of represent-
ative specimens (Type-1, -2, and -3) at various input cur-
rents. The images in Fig. 7(a—c) were acquired 10 s after step
current application (100 to 500 mA). The glass fiber thread
grades and SMA wire diameters are listed in Table 1. As
shown in Fig. 7(a—c), bending deformation was not obvious
up to 200 mA, implying that the resistive heat applied was
inadequate to initiate the temperature-induced phase trans-
formation of SMA wire [4, 36, 37]. As the current increased
to 300 mA, the actuators began to bend. At a current of

(@) o

Specimen

Specimen
(deformed) undeformed)

. ——+dia

CCD camera

500 mA, we observed noticeable bending deflections in all
actuators. These were evaluated in terms of bending curva-
tures (see Sect. 2.3). Supplementary Movie S1 depicts the
motions of Type-1, -2, and -3 actuators when the current
was 500 mA.

We extracted the positions of the bent actuators using
image processes (MATLAB). First, images obtained 10 s
after the application of specific step currents were loaded
into MATLAB and trimmed using a predefined window
(300 x 225 pixels) to ensure that each image included only
the beam. After each image had been converted to grayscale,
we identified the pixels [xy; ; ypix!i]T at which the value was
maximal (i.e., at the white portions of beams evident against
the black backgrounds) along both horizontal and vertical
scans; i=1, 2, 3, ..., N are the indices of the resulting pixels.
These pixels [x,y ; ym,i]T were converted to displacements
using the relationship [x; y,]" = alx,;, ; Vil Where a is a
conversion factor (here, a =0.2 mm/pixel). The positional
data [x; yi]T were fitted to the [x y]T values obtained using
Egs. (2), (3), and (5) to iteratively identify the best fitting
coefficient p, which minimized the normalized error r,
defined as:

N 2 2
1 [=x)"+0—y)
= -_El —\/ L2 (6)

where N is the number of data points obtained from the
image and L is the length of the beam (here, 40 mm).

The extracted position data [x; y;]" for interwoven Type-
1, -2, and -3 SMA wires are plotted in Fig. 8(a—c) for step
currents from 100 to 500 mA; the grayscale images of the
bent beams and the model-fitted deflection curves are also
plotted. As shown in Fig. 8, the deflections of the bent beams
closely fitted the model (i.e., the deflections were adequately
defined by the bending curvature p).

Figure 9(a) compares the curvatures of the bent actuators
in terms of step input currents for various interwoven SMA
wire patterns. We also calculated the bending moments (Mg

Specimen

Fig.6 a Schematic and b photograph of the experimental setup. ¢ Magnified image of the setup near the specimen
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(c)

Fig. 7 Responses of soft actuators as the step input currents ranged from 100 to 500 mA (captured 10 s after currents were applied) for different
SMA wire interweavings: a Type-1, b Type-2, and ¢ Type-3

A Data from image ©  Data from image ¥ Data from image I 8 Data from image <« Data from image
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Fig. 8 Positional data for a Type-1, b Type-2, and ¢ Type-3 soft actuators obtained by image processes and model fitting at various step currents
(100 to 500 mA)
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Curvature with varying SMA wire interwoven pattern

2
-Type—l (T20, dSMA 100um)
-Type-E (T20, dSMA 100 z4m)
EType—S (T20, dSMA 1004m)
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Curvature p (mm 1
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Current (mA)

(b) Bending moment with varying SMA wire interwoven pattern
e ol
-Type 1(T20, ds.\m 100 m)
-Ty‘pe-z (T20, dS.\LA 100 1m)
10 - l:Type—3 (T20.dg,,, 100pm)

(N-mm)

b

Bending moment M L

0 100 200 300 400 500
Current (mA)

Fig. 9 a Curvatures and b bending moments of soft composite actuators as the SMA wire interweavings and step currents varied

values) of the actuators using Eq. (1); we plot the estimated
moments according to the varying step currents for various
interwoven SMA wire patterns in Fig. 9(b). The mean curva-
tures estimated by the model for the Type-1, -2, and -3 actua-
tors (at 500 mA) were 0.079, 0.091, and 0.11 mm™", respec-
tively; the corresponding mean estimated bending moments
at 500 mA were 5.22, 6.04, and 7.52 N-mm. Note that the
variations are acceptable, reflecting possible imprecisions in
the dimensions of the fabricated actuators; variations in the
SMA wire eccentricity e; and possible variations in inter-
woven actuator qualities that can be attributed to imperfect
fabrication. The Type-2 and -3 actuator data exhibit more
errors, compared with the Type-1 actuator data, presum-
ably because the more complex SMA wire interweavings of
the Type-2 and -3 actuators create more dimensional errors
during fabrication.

The maximum bending angle (6,) of the actuator was
178.8° at a length of 40 mm (Type-1) and a step current
of 500 mA. This performance is comparable with the per-
formances of a composite using an SMA wire-nylon-glass
fiber textile (200°; 86 mm length at 800 mA) [34]; a bio-
inspired shape memory alloy composite actuator (180°;
150 mm length at 600 mA) [19]; an SMA-fiber-reinforced
plastic-based soft actuator (58°; 70 mm length at 3 A) [38];
a textile-reinforced soft actuator (270°; 195 mm length at
1.5 A) [39]; and a soft actuator using a free-sliding SMA
wire tendon (400°; 100 mm length at 950 mA) [25]. In terms
of the curvature p =6/L (where @ is the bending angle and L
is the length of the bending actuator), the maximum curva-
ture achieved by our soft actuator (0.079 mm™~' for Type-1
actuator) is better than the maximum curvatures of a shape
memory composite using an SMA wire-nylon-glass fiber
textile (0.041 mm™") [34]; a bio-inspired shape memory

@ Springer KE;E

alloy composite actuator (0.021 mm~1) [19]; an SMA-fiber-
reinforced plastic-based soft actuator (0.015 mm™ 1 [38]:
and a textile-reinforced soft actuator (0.024 mm™") [39],
and is similar with a soft actuator using a free-sliding SMA
wire tendon (0.07 mm™") [25]. The similar soft actuators in
previous studies [19, 25, 34, 38, 39] principally explored the
first bending mode induced by SMA wire; our actuators are
configured using different bending modes. The other bend-
ing mode actuations (Types-2 and -3) also exhibited large
bending curvatures (0.091 mm™! for Type-2 and 0.11 mm™!
for Type-3) and bending angles (104.3° for Type-2 and 84.0°
for Type-3), comparable with the bending curvatures in pre-
vious studies [19, 25, 34, 38, 39].

Next, we investigated actuator bending behaviors accord-
ing to the grade of textile thread and the diameter of the
interwoven SMA wire; Table 2 summarizes information
regarding actuators fabricated using different thread grades
and SMA wire diameters. The specimens used for experi-
ments are shown in Supplementary Figure S4(a) and (d-f).
See Supplementary Figures S1 and S3 for details concerning
how specimens were prepared.

Figure 10(a—d) shows the bending deflections of repre-
sentative actuators fabricated using different thread grades
and SMA wires of different diameters. The images were cap-
tured 10 s after application of the step current (100 to 500
mA). Supplementary Movie S2 captures the motions of the
actuators (at a step current of 500 mA) as the textile grade
and SMA wire diameter were varied. The positional data
([x; ;1" values) for actuators with different thread grades
and SMA wire diameters were extracted as described above,
then plotted for step currents from 100 to 500 mA (Fig. 11).

As the thread grade increased from T20 to T40, the larger
modulus of the soft composite reduced actuator deflection
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Type-2(T20. dS\lA 100ym). 100mA  Type-2(T20,d,

s
oMA 100ym). 200mA

Type-2(T40,4d,

MA 100,m), 100mA

Type-2 (T40,d,

).2
aa 100pm). 200mA

Type-2(T20,d,,,, 150;m), 100mA

SMA

Type-2 (T40, d,

oMa 150pm). 200mA

Type-2(T20. dS\LA 100y:m). 300mA

Type-2 (T40, d“{ A 1004m), 300mA

Type-2(T20, dS\(A 1504m). 300mA

Type-2(T40, dS\(A 150;:m). 300mA

Type-2(T20. dS\lA 100ym). 400mA Type-2(T20, dS\lA 100ym). S00mA

Type-2(T40,d, 1004m), 400mA

SMA

Type-2(T20.d,

g 150/m), 400mA

Type-2(120.dg,

150m), S00mA

Type-2(T40,dgy , 150,m), 400mA  Type-2(T40,4,

v 150/m), S00mA

Fig. 10 Responses of soft actuators with different grades of glass fiber thread (T20 and T40) of the base textile and different interwoven SMA
wire diameters (dgy)- @ T20, dgpa 100 um; b T40, dgya 100 pm; € T20, dgypa 150 um; d T40, dgyps 150 pm

at the same input current, comparing Fig. 11(a) and (b) for
100-pm-diameter SMA wire; and comparing Fig. 11(c) and
(d) for 150-pm-diameter SMA wire. As shown in Fig. 11(a,
b) and Fig. 11(c, d), actuators fabricated using thicker SMA
wire (150 um) exhibited less deflection compared with actua-
tors fabricated using thinner SMA wire (100 um) at all tested
input currents. The input power reflects the temperature
change in SMA wire [40]. The equation is P =I5 *Rgya
= mc(dT/dt), where P is the power input to the SMA wire,
Ig\a 1s the current, Rgy, is the electrical resistance of the
wire, m is the wire mass, c is the wire specific heat capacity,
and T and ¢ are the temperature and time, respectively. In this
equation, Rgya = p LIA, m=p AL, and A = (n/4)(dgy0)>
Using these parameters, the following equation is generated:

ar _ P <4>2 1
dt  pyc

2
. Iva @)

T SMA

In Eq. (7), p, and p, are the electrical resistivity and den-
sity of the SMA wire, respectively; L is the wire length;

A is the cross-sectional area; and dgy;, 1S the wire diam-
eter. Equation (7) indicates that as the SMA wire becomes
thicker (i.e., dgyo becomes larger), the temperature change
over time (d7/dt) decreases for a specific input current Igyx;
this calculation assumes that the material properties of the
SMA wire do not substantially vary during temperature-
induced phase transformations. According to Eq. (7), a
soft actuator fabricated using thicker SMA wire (150 pum)
would be expected to exhibit less deflection than an actua-
tor fabricated using thinner SMA wire (100 pm) at all input
currents because of slower changes in temperature (d7/dt).
However, as indicated by Eq. (7), bending deformation can
be enhanced by delivery of more current to a soft actua-
tor with a thicker SMA wire (150 um) [see Supplementary
Movie S3, which captures the bending deformations of soft
actuators (T20 and T40 weaves with 150-um SMA wires)
during larger input currents (700 mA)].

Figurel?2 plots the estimated curvatures and bending
moments of actuators that differ in terms of thread grade and
SMA wire diameter with variations in step input currents.
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As the thread grade increases to T40 for an actuator with an
SMA wire 100 um in diameter, the mean curvature decreases
to approximately 67.0% (0.061 mm~"' at 500 mA) com-
pared with the mean curvature of a soft actuator with T20
threads (0.091 mm™! at 500 mA). For a soft actuator with
150-um-diameter SMA wire, the reduction is approximately
38.5% (0.015 mm™"' at 500 mA) compared with the mean
curvature of an actuator with T20 threads (0.039 mm™! at
500 mA).

In terms of the modulus ratio of actuators with T20
and T40 threads (Er,y/Et4o 18 approximately 0.532 in our
experiments), Eq. (1) indicates that the curvature decreases
by 53.2% when an actuator that contains T40 threads is
compared with an actuator that contains T20 threads.
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Considering quality variations among fabricated actua-
tors, the experimental results exhibit good agreement with
the simple bending model [Eq. (1)]; the differences are
approximately within + 15%. Similarly, the experimental
and theoretical bending deformations of the actuators (in
terms of SMA wire diameter) exhibit reasonable agreement.
Equation (7) indicates that the effect of a slower change in
temperature (d7/dt) is 19.8% less for a soft actuator with
150-um-diameter SMA wire than for a soft actuator with
100-pm-diameter SMA wire at the same input current.
For actuators with T20 threads, as the SMA wire diam-
eter increases to 150 um, the mean curvature is approxi-
mately 42.9% (0.039 mm~! at 500 mA) compared with
the mean curvature of an actuator with 100-um SMA wire
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Fig. 12 a Curvatures and b bending moments of soft composite actuators with different thread grades and interwoven SMA wire diameters when

the step currents varied

(0.091 mm~" at 500 mA). For actuators with T40 threads,
the value decreases to approximately 24.6% (0.015 mm™!
at 500 mA) compared with the mean curvature of an actua-
tor with 100-um SMA wire (0.061 mm™"' at 500 mA). The
experimental data for actuators with T40 threads exhibit
good agreement with the simple estimations provided
by Egs. (1) and (7); the difference is approximately 5%.
However, the difference increases to approximately 20%
for actuators with T20 threads, which can be attributed to
quality issues with the fabricated specimens. The actuator
curvature decreases as the modulus of the soft composite
and the diameter of the SMA wire increase. The bending
moments were estimated as similar values for soft actuators
with the same SMA wire diameter at the same input current
[Fig. 12(b)]. The simple models/estimations in the present
study exhibit good agreement with the overall behavioral
tendencies of the actuators. More precise predictive models
should be derived in the future; these should consider the
nonlinear and temperature-dependent mechanical properties
of SMA wires [41, 42], as well as structural nonlinearity
that can be attributed to the large actuator deflections [43].

3.2 Bidirectional Soft Composite Bending Actuators

SMA interweaving into a base textile can be extended to
fabricate bidirectional and multi-mode bending actuators.
An example is shown in Fig. 13(a, b). The prototype con-
tains two SMA wires interwoven in the Type-1 pattern, but
the wire orientations are reversed. The eccentricity direc-
tions of the outer wire [1; Fig. 13(a)] and the inner wire [2;
Fig. 13(b)] are opposed; the actuator can be bidirectionally
bent in the first bending mode upon application of current
to both wires. Figure 13(c) captures temporal images of the

bidirectional bending motions of the prototype induced via
sequential activation of each SMA wire from t=0to t=8s.
A 500-mA step current was applied to SMA wire 1 atr=0s
for 1 s; the input current applied to SMA wire 2 was zero.
The resulting bending deformation (to the left) was captured
at =1 s. The input current to SMA wire 1 was zero, whereas
a 500-mA step current was applied to SMA wire 2 att=1s
for 1 s. The resulting bending deformation (to the right) was
captured at t=2 s. The sequential applications of current to
each SMA wire were repeated to t=8 s, and the resulting
bending deformations are shown in Fig. 13(c). We present
the timing of input currents to each wire in Fig. 13(d).
Another example of a bidirectionally bending actuator
is shown in Fig. 14(a, b). This actuator contains two SMA
wires (1 and 2) interwoven in the Type-2 pattern, and the
orientations of the two wires are reversed. The directions
of eccentricity of the outer SMA wire 1 and the inner SMA
wire 2 are opposed [Fig. 14(a, b)] such that the actuator
bends bidirectionally (in the second bending mode) upon
application of current to both wires. Figure 14(c) captures
the bidirectional bending motions upon sequential activa-
tion of each SMA wire from =0 s to =8 s. The current
sequence was conducted as described above; the bending
deformations are shown in Fig. 14(c). Figure 14(d) shows
the input current times to each wire. The bidirectional
actuators (Type-1 and -2) exhibited nearly symmetrical
bending deformations in both directions over several cyclic
actuations. Supplementary Movie S4 captures the actuating
motions (Type-1 and -2) shown in Figs. 13(c) and 14(c).
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Fig. 13 a, b Optical images of a Type-1 bidirectional soft composite bending actuator and ¢ images from t=0 s to t=8 s showing bidirectional
bending motions. d Timing of input currents to each SMA wire from t=0s to r=8s

3.3 Multi-mode, Bidirectional Soft Composite
Bending Actuator

We next fabricated an actuator with more combinations
of distinct interwoven SMA wire patterns within the glass
fiber textile; this actuator exhibited multi-mode bidirectional
bending. As shown in Fig. 15(a, b), the actuator contains
four interwoven SMA wires with Type-1 and -2 weaving
patterns: two outer/inner Type-1/-2 SMA wires in reversed
orientations (SMA wires 1, 2/3, 4) for the first/second bidi-
rectional bending motions. Upon actuation of wires 1 and
2, the actuator bends in the first mode; the two (opposite)
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orientations of the Type-1 wires control the bending direc-
tion. Actuation of the inner wires (3 and 4) deforms the
actuator in the second bending mode; the two (opposite)
orientations of the wires control the bending direction. Fig-
ure 15(c) captures the multi-mode bidirectional bending
motions induced by sequential activations of each wire from
t=0stor=8s. A 500-mA step current was sequentially
applied to each SMA wire over this interval (1-s activation
times, during which the inputs to other wires were zero). The
timing diagram is shown in Fig. 15(d).

Supplementary Movie S5 captures the motions of the
actuator depicted in Fig. 15(c). Many similar actuators in



International Journal of Precision Engineering and Manufacturing-Green Technology (2023) 10:1263-1280 1275

Top Bottom

SMA wire 2

(d) SMA wire 1
actuated

SMA wire 2

t = 8 sec

wee w0 |

SMA wire 1

SMA wire 1 SMA wire 2 SMA wire 1 SMA wire 2
actuated actuated actuated actuated actuated actuated actuated
-
2E
B 500
< o
z5s
w o
~Ng
2 E 500
=
<9
S =
“ 3
0 1 2 3 5 6 7 8  t(seq)
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earlier studies focused on specific applications using single
actuation modes [19, 25, 34, 38, 39]. The combined motions
suggest that our actuator will have applications in soft robot-
ics and associated fields that require complicated flexible
motions.

3.4 Soft Grippers Based on multi-mode soft
Composite Bending Actuators

We prepared two soft grippers each with four soft actuators
that differed in terms of their bending modes. The first soft
gripper was fabricated by configuration of four Type-1 actu-
ators [Supplementary Figure S6(a)]; the second soft grip-
per was fabricated by configuration of four Type-2 actuators
[Supplementary Figure S6(b)]. The motions upon independ-
ent actuation of each finger of the soft grippers are shown
in Supplementary Figure S6(a, b); the actuated fingers are

denoted by red arrows. The 500-mA step current was applied
to each wire for several seconds. Supplementary Movie S6
shows the motions of the grippers depicted in Supplementary
Figure S6(a, b). The two soft grippers exhibit different grip-
ping motions that can be adjusted according to object size
and shape. We next studied the gripping motions of three
soft grippers each with four Type-1, -2, and -3 actuators.
Figure 16(a—c) show the gripping motions. In Fig. 16(a),
a gripper with Type-1 actuators grasps an object of mass
28.9 g by surrounding nearly the entire surface of the object.
We simultaneously applied 500 mA to all four actuators.
Figure 16(b) shows that the second gripper (with Type-2
actuators) grips an object of mass 4.5 g in a tweezers-like
manner, which involves less surface contact, upon the simul-
taneous application of 500 mA to all four Type-2 actuators.
Although the object in Fig. 16(b) is lighter than the object in
Fig. 16(a), the small contact area would minimize damage
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Fig.15 a, b Optical images of a multi-mode and bidirectional
(Type-1 and -2) soft composite bending actuator and ¢ images cap-
tured from r=0 s to =8 s showing multi-mode bidirectional bend-

to an object that is weak or sensitive to external stimuli.
Figure 16(c) shows a gripper with four Type-3 actuators,
along with the gripping motions; 500 mA was simultane-
ously applied to all four actuators. This gripper prototype
holds a flat object of mass 6.8 g by surrounding the exterior
of the object; the gripper holds flat objects more effectively
compared with a gripper that exhibits Type-1 actuations. The
simple demonstrations in Fig. 16(a—c) demonstrate proof
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ing motions. d Timing of sequential input currents to each SMA wire
fromt=0stor=8s

of concept; the multi-mode actuators are adaptable. Similar
grippers were reported in previous works, but they generally
focused on specific applications that used a single actuation
mode; the adjustable gripping motions in the present study
create more complicated and flexible motions. The proposed
soft composite actuator will be potentially useful in soft
grippers [44, 45], robotics [46—49], flapping actuators [50],
and other related engineering applications. Supplementary
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Fig. 16 Motions of the grippers with four a Type-1, b Type-2, and ¢ Type-3 soft composite bending actuators

Movie S7 captures the motions of the grippers depicted in
Fig. 16(a—c).

4 Conclusion

We present multi-mode soft composite bending actuators
fabricated from glass fiber textiles interwoven with SMA
wires, along with a soft matrix (PDMS). We explored Type-
1, -2, and -3 bending modes in terms of bending deforma-
tion (curvature), stiffness (grade) of glass fiber textile, and
diameter of SMA wire. The maximum mean bending cur-
vatures were 0.079, 0.091, and 0.11 mm™" for Type-1, -2,
and -3 actuators, respectively, when 500 mA was applied.
We extended our work to bidirectional multi-mode actuators;
we combined different SMA wire interweavings in similar

glass fiber textiles. We present examples of such actuators
and describe their complex motions. Finally, we fabricated
soft grippers using Type-1, -2, and -3 actuators; we describe
their gripping motions. Our key contributions are: (1) the
detailed design and fabrication of multi-mode soft composite
bending actuators; (2) the induction and control of complex
actuator motions; and (3) the construction of soft grippers
and a discussion of their potential applications. Our work
will advance the field of soft robotics and will be useful in
other scientific and engineering applications.

4.1 Materials
The glass fiber yarn (EC D450, CPIC) used to prepare the

woven textile threads (T20 and T40) and the SMA wire (100-
and 150-um diameter Flexinol SMA wire, phase transition
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temperature 70 °C; Dynalloy Inc.) were used as purchased.
The soft matrix was prepared using PDMS (Sylgard 184,
Dow Corning) and a curing agent; the PDMS:curing agent
mass ratio was 20:1 for all specimens. All specimens were
cured at room temperature for 24 h.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40684-022-00491-3.
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