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ABSTRACT

Soft actuators, which ensure the safety of robot-human interactions, extend the
range of robotic operations to fragile and sensitive objects. Shape memory
polymers are one of the building material for soft actuators due to their spon-
taneous shape memory properties under stimulation. However, the global,
discontinuous and imprecise motion put significant limitations on their wide
application. Recently, it has been demonstrated that by using motifs in nature,
anisotropic, heterogeneous properties of soft actuators can be fabricated. Here, it
is shown that soft actuators with local response and continuously varying shape
memory properties can be realized through integrating bioinspired arranged
building blocks (fibers). The modified 3D printing technique provides the
pathway of assembling these fibers as designed. We have revealed the under-
lying mechanism of the formation of gradient shape memory properties. Sim-
ulations successfully demonstrate the feasibility of our approach to manipulate
shape memory behaviors. The translation of nature’s design motifs offers syn-
thetic soft actuators the opportunity towards unprecedented applications such
as soft robot, drug carrier and other intelligent applications.
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Introduction compositions/constituents without clear boundaries

[6]. The term employed here in its broad sense is to
describe the site-specific properties distributed

Gradient is a widespread strategy in nature for the
purpose of survival and reproduction [1]. The intro-
duction of spatial gradients can effectively enhance
the mechanical and dynamic performance of materi-
als by, for example, alleviating stress concentrations
and creating anisotropic hygroscopicity [2-5]. Gra-
dient is used to referring to gradient chemical

within a material with gradual transitions between
dissimilar nano-/micro-structural features, which is
to say, structural gradient.

Structural gradient is a common approach utilized
by biological materials to realize self-morphing and
self-adaption. More specifically, it is fundamentally
associated with the variations in structural
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characteristics containing arrangements [7, 8], distri-
butions [9, 10], dimensions [11, 12], and orientations
[13, 14] of the building units. Among all these char-
acteristics, the most widespread tool to achieve
structural gradient is employing anisotropic building
units, such as fibers, lamellae, platelets and tubules,
with properties that strongly depend on orientation
[15, 16]. By orienting these fillers, nature has created
many fascinating artworks.

There are basically two approaches to realize “ori-
entation gradient”. One way is arranging these
building blocks from disordered to ordered. A typical
example is the biopolymer-based wheat awn [7, 17].
In order to drive the seed into soil for dispersal,
wheat awn has evolved into the structure that the
cellulose fibrils are very well aligned along the long
axis in the cap yet randomly organized at the ridge.
The asymmetry in this arrangement leads to non-
uniform expansion between different regions when
exposed to daily humidity cycles, thereby providing
the driving force for its dispersal.

The other way is tuning the orientations of these
building units to achieve gradual transition. To adapt
to the environment and their own weight, many tis-
sues in nature have adopted this strategy. In soft-
wood branches, the alignment of fibrils changes from
the lower side near the trunk, where the fibrils show
a large deviation with respect to the long axis (with
the microfibril angle of 40°), to the upper side of the
branch where the fibrils are almost parallel to the
long axis [10, 18]. This helps the bending of the
branch upwards to accommodate its own weight.

Although nature has developed such abundant
prototypes for us to learn, few has been synthesized
so far due to limited capacity of current manufac-
turing technology. Recently, the emergence of 3D
printing (top-down method), which resembles the
way of growth of biological tissues, offers the avenue
of fabricating soft actuators with precisely built con-
stituents and architectures [19-21].

Recently, there are many soft actuators that rely on
regulating fiber orientations to implement anisotropic
response [22-24]. Shape memory polymers are smart
material with the ability to return from a deformed
state to their original state when heated above glass
transition temperature (tg). Due to the low strength
and long response time, numerous efforts have been
devoted to endow SMPs with global reinforced
properties containing reduced recovery time and
increased modulus [25, 26]. However, these methods

6543

are unable to realize soft actuators with localized and
gradient properties, which is the capacity soft actua-
tor requires [27].

In this work, we have fabricated gradient soft
actuators mimicking the “structural gradient” design
in biological materials via modified magnetically
assisted stereolithography 3d printing. To mimic the
structures of wheat awn and softwood branches, the
intensity and the walking path of the magnetic field
are manipulated to regulate gradient changes of the
degree of orientation and oriented angles, respec-
tively. We have established the structure—property
relationships and uncovered the underlying govern-
ing mechanisms. This method opens the new path-
way towards manufacturing more flexible and locally
controllable soft actuators.

Experiment
Materials

The photosensitive resins are mixture of clear resin
(Clear FLGPCL04, Formlabs corp., US) and flexible
resin (Flexible FLFLGRO02, Formlabs corp., US) in a
ratio of 3:2. The sieved short steel fibers (SSFs) with
an average aspect ratio of 168 (analysis of C, S5i, Mn, S,
P, Dezhou Fangyuan Steel Wool Fiber Co., Ltd,
China) were added into the matrix in the mass/vol-
ume ratio 2:5. Fumed silica with 0.1 wt% was intro-
duced to prevent the fibers from settling. These
constituents were homogenized with a mechanical
stirrer (FSH-2A, China) for 20 min. All reagents were
directly used without any purifications or
modifications.

3D printing of shape memory stripes with gradiently
aligned fibers

A modified magnetically assisted stereolithography
3d printer (Fig. 1a) was developed to print compos-
ites with aligned SSFs. Two pistons named as feed
piston and build piston were used to fill the resin-
fiber slurry and print the parts respectively. As
shown in Fig. 1b, the printer first spreads a layer of
slurry on the building piston by the moving blade.
Subsequently, the permanent magnet moves from
right to left side of the building unit with constantly
changing walking path and height, causing the fibers
in the slurry aligned in varying angles and in varying
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Figure 1 3D printing of shape memory stripes with aligned fibers. a The magnetically assisted slurry-based stereolithography 3D printer.

b Diagram of the 3D printing process.

degrees of orientation. A mask-image-projection is
used to cure part of the slurry. When the permanent
magnet moves from left to right side of the building
unit, it rotates a specific angle around z axis or tunes
its height along z axis at the same time, enabling the
remaining part of the slurry aligned. It is worth
mentioning that the moving direction is always per-
pendicular to long axis of the permanent magnetic
stripe. If there are more divided areas, more cycles
will be required until all areas are cured. Then the
feed piston comes up and the build piston drops one
layer. The building unit could rotate around z axis if
needed (Fig. 1b). After that the printer spreads a new
layer of slurry and repeats the process above until the
entire part is printed. Each sample with the same
angle shall has 2 copies.

Material characterization and folding
measurement

Image J software supported by an oval profile plug-in
was utilized to characterize the degree of alignment
of fibers. Two Dimensional (2D) Fast Fourier Trans-
form (FFT) analysis was conducted, and the FFT
Frequency image with long stripes radiating from the
center point represents the high frequency of the
fibers arranged at the angle. In the normalized
intensity values plot, the peak shape and height
determine the degree of alignment, and the peak
position indicates the principle axis of orientation of
the fibers.
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Dynamic mechanical analysis (DMA) test was
conducted to investigate the glass transition temper-
ature and storage modulus in different temperatures.
It was performed with a dynamic mechanical ana-
lyzer (Model Q800, TA Instruments, New Castle, DE,
USA) in the uniaxial tension mode. A preload of 1
mN was applied on the sample (40 mm x 5 mm x

0.8 mm) and the strain was oscillated at a frequency
of 1 Hz with the peak-to-peak amplitude of 0.1%.

The bending profiles were captured by a digital
camera and the corresponding bending angles were
measured by Digimizer software. A magnetometer
(HT20, HT, China) was used to analyze the magnetic
intensity of the permanent stripe.

Results and discussion

Preparation of the bioinspired structural
gradient stripes

In our experiment, two sorts of commercial available
photo-resins, namely clear resin and flexible resin,
were mixed in a mass ratio 3: 2 to enable the blends
with both preferable strength and shape memory
characteristics based on our previous researches. The
sieved short steel fibers (S5Fs) were added into above
matrix in the mass/volume ratio 2:5 and homoge-
nized with a mechanical stirrer [28]. To investigate
thermomechanical performance of our samples,
dynamic mechanical analysis (DMA) test was
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conducted and the glass transition temperature (Tg)
was 60 °C, corresponding to the peak of the Tan Delta
curve in Fig. 8b.

A modified magnetically assisted stereolithogra-
phy 3d printer (Fig. 1a) was developed to fabricate
composites with gradient aligned SSFs. Specific
manufacturing process is introduced in Experiment
section (Fig. 1b). Two sorts of gradients containing
gradual transition of degrees of orientation and ori-
ented angles have been fabricated. In the first case,
varying degree of orientations are conferred by the
moving freedom along the z axis of the magnetic
strip. The lower the magnetic strip, the greater the
magnetic field intensity. Within a certain magnetic
intensity range, as the intensity increases, the degree
of orientation turns larger. A stepper motor was used
to tuning the magnetic strip along z axis continuously
during its moving along the x axis. The second sort of
gradient is implemented by the rotation of the mag-
netic strip around the z axis, which is manipulated by
another independent motor. Therefore, this motion
can also be superimposed with other mode of
motions. By controlling the height and walking path
of the magnetic strip, the structures with fibers gra-
diently converting from disordered to ordered, and
from one angle to another could be fabricated.

To mimic this design of wheat awn (gradual tran-
sition of degrees of orientation), we programmed the
height of the magnetic strip during its walking along
x axis to achieve gradual transition from disorder to
order as shown in Fig. 2a, b. To fabricate the struc-
tures of softwood branches (gradual transition of
oriented angles), we manipulated the rotation of the
magnetic strip around the z axis to fabricated stripes
with fibers gradually transited from one angle to
another (Fig. 2¢, d) [29-31].

Regulation and characterization
of the degree of orientation of fibers

A crucial step for understanding the aligning rules is
to figure out the relationship between the height and
intensity of the magnetic stripe. A magnetometer was
used to analyze the field intensity at varying heights
of the permanent stripe. In Fig. 3a, as the height of
the permanent magnet increases from 1 to 25 mm, the
intensity of the magnetic field gradually decreases
from 190 to 5 mT.

Image ] software supported by an oval profile
plug-in was utilized to characterize the degree of
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alignment of fibers [32, 33]. Detailed characterization
process is shown in Fig. S1. Basically, there are three
regions for the degree of orientation S with the rising
of the field intensity (Fig. 3b). When the intensity is
smaller than 5 mT, the fibers in the slurry can not be
effectively aligned due to the viscosity of the matrix
(this invalid region has not been recorded). When the
intensity lies between 5 and 15 mT, the orientation
degree is positively related to the intensity. Once
surpassing the upper threshold, the orientation
degree decreases with the rising of the intensity. This
is possibly due to that the excessive intensity will
cause the fibers to follow the travelling path of the
magnetic stripe in the matrix, resulting in accumu-
lating or even completely adsorbed on the magnetic
strip.

The influence of intensity and walking path
of the magnetic field on shape memory
properties

We printed 5 stripes with fibers arranged under the
intensity of the magnetic field of 5, 8, 14, 26, 70 mT,
corresponding to the height of the magnetic stripe of
2.5,2,1.5,1, 0.5 mm. During their shape recovery, we
noticed the stripes printed under different magnetic
field intensity generated various recovered curva-
tures. In Fig. 4a, we observed that there is a valley of
the recovered curvature where the stripe has the
maximum shape recovery ratio. Before the valley, the
curvatures are decreasing with the rising of the field
intensity. After this threshold, the curvatures are
increasing as field intensity rises. We discovered that
the threshold of the recovered curvatures is also that
of the degree of orientation. Before this point, the
rising field intensity will lead to better aligned fibers,
after which the degree of orientation will decease due
to accumulating or adsorption caused by excess
amount of field intensity.

The other factor we should focus on is the influence
of the oriented angles. We have arranged the angles 0
as 0°, 15°, 30°, 45°, 60°, 75°, 90° by rotating the per-
manent stripe (maintaining the height at 2 mm). In
Fig. 4b, the recovered curvatures are increasing with
the angles, which indicates the shape recovery ratio is
positively related to the oriented angles. The inset is
used to illustrate the definition of the angle 0.
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Figure 2 The structural gradient of biological materials and the
methods exploited to mimic their structures. a The microstructure
of the wheat awn. b The schematic of the method of fabricating
composites with fibers arranged from disordered to ordered. ¢ The
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Figure 3 The varying degrees of orientation with rising heights of the permanent magnetic stripes. a The changing trend of field intensity
with increasing height of the permanent stripe. b The changing trend of degree of orientation with the rising intensity of the magnetic field.

The shape memory process of structural
gradient composites

The shape memory process was conducted following
these three steps. Firstly, the sample was heated to
60 °C and put into an arched mold. Then, the mold
with sample was cooled to 20 °C to freeze the tem-
porary shape. Finally, the sample was taken out of
the mold and reheated to 60 °C to recover the

@ Springer

permanent shape [34]. Specific shape memory pro-
cess is illustrated in Fig. 5.

In this part, we printed stripes with gradient
arranged structures and analyzed their gradient
varying shape memory properties. Although printed
with the same composition, their microstructures
impart them different properties. Both methods
mentioned above have been implemented to produce
gradient microstructure.
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Figure 4 The different curvatures corresponding to increasing field intensity and arranged angles. a The curvatures of recovered shapes

printed at various field intensity. b The curvatures of recovered shapes printed with increasing angles.

Figure 5 Schematic of the
shape memory process. The
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First, we exploited the method of adjusting the
height to achieve gradient degree of orientation. 3D
printed circular mold was used to program the tem-
porary shapes (Fig. 6a). The purpose of circular mold
is to ensure that each local region of the temporary
shape owns the same initial curvature, which pro-
vides the condition to reflect the differences in shape
recovery process. Subsequently, we placed the pro-
grammed stripes into hot water at 60 °C for shape

Constrain

The temporary shape

recovery. It was shown that different local regions of
the stripes possess different recovery ratea (Fig. 6b),
which resulted in a faster recovered speed of the left
side (with fibers arranged along the long axis) com-
pared to the right side (with fibers randomly arran-
ged). When the recovery process accomplished at
50 s, the curvature of left side was smaller than that
of right side, which indicated a higher shape recovery
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Figure 6 The shape recovery process of gradient arranged stripes.
a Programming of stripes with gradient degrees of orientation.
b The shape recovery process of stripes with gradient degrees of

ratio of the region with fibers arranged along the long
axis.

Similarly, by adjusting the path travelled by the
magnetic strip, the angles of the fibers can be arran-
ged gradiently (from 0° (left) to 90° (right)) (Fig. 6¢).
By imparting circular temporary shape, we observed
that the above phenomenon that the recovery rate of
left side is larger than the right side occurs again.
Meanwhile, the left side has a higher shape recovery
ratio (Fig. 6d). However, the differences lie in shape
recovery ratio that the side aligned in 90° is smaller
than the side with random arrangement, neverthe-
less, larger in recovery rate. Overall, the stripes with
fiber arranged from 0° to 90° have a more thorough
recovery. Specific reason will be parsed in subse-
quent section.

Investigation of the influencing parameters
on per unit variation of shape memory
properties

In fact, if the height of the magnetic strip is propor-
tionally decreased (with the acceleration of ay) or its
angle is proportionally changed (with the accelera-
tion of ay), the recovered curvature will vary
accordingly with the acceleration of a., which has a
significant impact on deformation behaviors. We
named the per unit variation of shape memory

@ Springer
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properties caused by the variation of the degree of
orientation and the variation of angles as Ap. We set
Ap of each two adjacent units as 1, 2, 4. Due to large
size of our fibers and relatively smaller area of the 3D
printing building platform, it is difficult to analyze
the effect of Ap through experiment. Therefore, sim-
ulation was conducted to qualitatively analyze its
impact. In simulation, Ap is reflected by the changes
of expansion ratio (Abaqus CAE). These changes in
expansion rate are essentially the change of
microstructures attributed to the acceleration of the
height change (a,) and the acceleration of the angle
change (agp) of the magnetic stripe. We have not yet
fully understood the quantitative effect of changes in
degree of orientation or angle on shape memory
properties, and no mathematical model has been
established. This is the further work to be done.

As the Ap increases from 1, 2 to 4, its recovered
shape transforms from a circle to a involute curve
(Fig. 7a, b, c), and the curvature from left to right side
become more distinct. Similarly, gradient varying
curvatures in symmetrical forms will also be feasible
(Fig. 7d, e, f) by setting Ap as + 1, + 2, &+ 4. It is worth
noting that the height and angular velocity cannot
exceed the corresponding ranges. Too small height
will cause the fibers to aggregate or adsorb on the
magnetic strip. However, exceedingly large height
will result in insufficient magnetic field strength to



J Mater Sci (2019) 54:6542—6551

R
O

Figure 7 Simulations to qualitative analyze the impact of

acceleration. a The curve with the value of acceleration (Ap) of
1. b The curve with the value of acceleration (Ap) of 2. ¢ The
curve with the value of acceleration (Ap) of 4. d The curve with

exert a torque on the fibers. Furthermore, excessive
angular velocity will make the magnetic field not
have enough time to orient the fibers.

The underlying controlling mechanism
of shape recovery properties

To study the relationship between shape recovery
properties and fiber arrangements, the hyperelastic-
ity theory proposed by deBotton and other
researchers was utilized [34-36] and it was expressed
as

o= —pI+uuF(F)T—|—uh(l —I;%)Fao ® Fay (1)
\.w__/
1—o)u, +(1+0v)u
ua:( )t + (1+ ) o )
(1+ o) + (1= 07) 1y
2
B (#f—ﬂm) VU 3
T o)+ (- o)y
I4 = ao(Cuo) (4)

where i, and g are shear moduli of the matrix and
the fibers, respectively; v, and vy are volume fraction
of the matrix and the fibers. I refers to its principle
invariant and C is the right Cauchy-Green deforma-
tion tensor. I, is the deformation that changes along
the length of the fibers and 4y is the fiber direction in
the reference configuration. In Eq. [1], p is an

O
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the value of acceleration (Ap) of £ 1 in symmetrical form. e The
curve with the value of acceleration (Ap) of £ 2 in symmetrical
form. f The curve with the value of acceleration of + 4 in
symmetrical form.

arbitrary hydrostatic pressure, the second term is
associated with the isotropic part of the Cauchy stress
and the third term is associated with anisotropic part
of the Cauchy stress.

Based on the above equations, the Cauchy stress of
composite is positively related to the degree of ani-
sotropic and shear moduli of the matrix and the
fibers. The DMA test in Fig. 8a has shown that
smaller angles (comparing 0° to 45° and 90°) will lead
to greater modulus, and greater modulus of the
matrix and the fibers will contribute to larger Cauchy
stress. Therefore, the stripes with smaller angle and
higher degrees of orientation have larger recovery
force and thus larger recovery ratio. In addition, we
observed that as the temperature increases, the stor-
age modulus of the material decreases. So we heat the
stripes to 60 °C to enable the material to possess as
large recovery force as possible.

Conclusion

In this work, we have printed bioinspired gradient
structural materials mimicking the deformation
behaviors in nature. The tunable intensity of the
magnetic field and variable walking path have been
exploited to determine gradient changes of degrees of
orientation and oriented angles, respectively. Higher
intensity in certain range and smaller angle will
promote higher shape recovery ratio. Moreover, we

@ Springer
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Figure 8 The results of DMA test for differently arranged stripes.
a Storage modulus of orderly arranged and randomly distributed
stripes (40 mm x 5 mm x 0.8 mm). Fibers are oriented at the

have simulated the structures with varying changing
rates of shape memory properties (with acceleration
of Ap), which is regulated by controlling the acceler-
ation of the height change (a,) and the acceleration of
the angle change (a9) of the magnetic stripe. The
underlying mechanism of the formation of gradient
shape memory properties has been revealed. How-
ever, mathematical model about changes in degree of
orientation or angle on shape memory properties has
not been established, which needs further effort to be
accomplished. The bioinspired structural gradient
shape memory composites introduced here have the
potential to fabricate soft actuators with gradient and
continuous locomotion, which can offer assistance to
soft robots, drug carriers, satellites and other intelli-
gent applications.
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