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ABSTRACT

This study explores the development of soft, super-stretchable artificial muscles by 4D printing of composite thermoplastic elas-
tomers. A propylene-based elastomer, combined with carbon black (CB) nanoparticles, is utilized to develop nanocomposite
elastomers with enhanced mechanical properties. A pellet-based material extrusion technique is employed to overcome the
challenges of filament buckling in traditional filament-based printing methods. The pure elastomer exhibits an elongation at
break of 4048% and a tensile strength of 3.71 MPa, while the optimal nanocomposite (2% CB) achieves an elongation of 2665%
and a tensile strength of 5.58 MPa. Scanning electron microscopy confirms that high-quality printing with well-bonded layers is
achievable. The shape memory properties of printed elastomers are assessed through cyclic tests. It demonstrates the material's
ability to recover its original shape after deformation with a drop in mechanical properties after each cycle controllable by CB
reinforcements. Innovative artificial muscles are inspired by the chameleon's tongue, achieving significant strain recovery and
lifting capabilities. Objects with varying weights are lifted by these muscles, showcasing potential for soft robotics and actuators.
The potential of 4D printed composite elastomers in creating highly stretchable, efficient artificial muscles is highlighted, offer-
ing promising applications in fields requiring high elasticity and mechanical performance.

1 | Introduction expansion, and rotational movements makes them versatile in
various systems.

Artificial muscles are a diverse group of actuators that, like

natural muscles, can convert input energy into contraction,
enabling tasks like lifting or pulling weights [1, 2]. This input
energy can come in various forms, such as physical or chemi-
cal factors [3, 4]. Artificial muscles can be any device or mate-
rial that contracts in response to stimuli such as heat, electric
current, pressure, temperature, or light [5]. These muscles have
numerous applications, including wearable and rehabilitative
devices, innovative surgical tools, biomimetic robots for search,
rescue, and exploration, as well as components of robots like
grippers, arms, and legs [6]. Their ability to perform contraction,

Pneumatic artificial muscles (PAMs) are one of the oldest
and most widely used artificial muscle types. These artificial
muscles are characterized by a soft bladder that contracts in
length upon inflation. PAM was first invented in the 1950s by
atomic physicist Joseph L. McKibben for artificial limbs of the
handicapped [7]. The most common and studied PAM is the
McKibben muscle, featuring a cylindrical inner bladder and
an external braid [8]. During inflation, the bladder expands
radially, increasing the angle between braid strands and the
long axis, resulting in actuator shortening [9]. In the 1980s,
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the Bridgestone Company introduced a redesigned, more pow-
erful PAM for industrial painting applications and those as-
sisting disabled individuals and service robotics [10]. PAMs
have also been utilized in biomedical applications such as the
Human Muscle Enhancer (HME) system [11] and advanced
robots such as walking/running machines and humanoid ro-
bots [12, 13]. PAMs offer significant advantages, such as being
affordable, lightweight, soft, and safe for human interaction
[14]. However, using these systems comes with notable chal-
lenges. PAMs can only function with positive pressure, as they
collapse under vacuum conditions. Additionally, one of the
main limitations of PAMs is their reduced portability due to
the often-large space required for the fluid tank [5] and possi-
ble leakage [15].

Alternative types of artificial muscles can be employed to ad-
dress the challenges faced by pneumatic muscles [16]. These
new muscles utilize the shape memory effect (SME) of materials,
converting energy into contraction or expansion. The concept
of the shape memory effect is inspired by nature, as observed
in carnivorous plants like Drosera capensis. When insects get
trapped on their sticky surfaces, the leaves gradually fold around
them to facilitate the insects’ digestion process [17]. The SME in
certain materials refers to their capacity to restore a deformation
upon exposure to specific stimuli, such as temperature, electric-
ity, magnetic fields, moisture, UV light, or other sources [18, 19].
These unique materials, known as shape-memory materials,
belong to the category of smart materials due to their ability to
adapt and respond to various stimuli [20].

Shape Memory Alloys (SMAs) are one of the materials that can
be employed in shape memory-based artificial muscles [21].
SMAs primarily consist of two phases: Austenite and Martensite
[22]. The transformation between these two phases in SMAs can
enable contraction and expansion in artificial muscles. These
materials offer benefits like a high force for movement, portabil-
ity, and energy density for powerful actions [23]. However, they
have drawbacks such as high density, mass, and limited stretch-
ing capacity, with a 6% contraction in SMA wire length. This
restricts the achievable displacement through straightforward
connections [24].

Shape Memory Polymers (SMPs) are another class of shape mem-
ory materials suitable for shape memory-based artificial mus-
cles [25]. Compared to other shape memory materials, SMPs and
their composites possess advantages such as lightweight, low
cost, high elasticity, better strain recovery, lower programming
temperature, improved processability, diverse material options,
biocompatibility, and biodegradability [26-29]. Additionally,
polymeric artificial muscles showcase superior responsiveness
to multiple stimuli. SMPs can expand and contract more signifi-
cantly than SMAs, making them appealing for applications re-
quiring higher strain levels [30].

In recent years, with the advancement of additive manufactur-
ing, or 3D printing, as an advanced production method and its
integration with the shape memory effect, the novel field of 4D
printing has emerged [31-34]. This innovative area has signif-
icant potential in the manufacturing of artificial muscles. 4D
printing introduces a new dimension of time to 3D printing and
enables the creation of intricate and customized structures for

SMPs [35-37]. Consequently, this advancement has led to the
production of improved actuators. However, there are no re-
ported cases of 4D-printed artificial muscles in the literature.
Nevertheless, there are many examples of using 4D printing to
create soft actuators [38, 39]. Lalegani Dezaki and Bodaghi [40]
developed a novel conceptual design of meta-laminar jamming
(MLJ) actuators using a polyurethane shape memory polymer
(SMP)-based meta-structure fabricated through 4D printing.
They evaluated the mechanical properties of various SMP meta-
structures and investigated shape memory effects and shape re-
covery. MLJ actuators with auxetic meta-structure cores showed
better performance. These actuators can shape recover and lock
without input power, lift and hold objects, and have potential
applications as end-effectors and gripper devices [41, 42].

There are numerous constraints when utilizing 4D-printed rigid
polymers for artificial muscles and actuators [43]. Initially, these
rigid components are unsuitable for numerous applications
that require safety, flexibility, and interaction with humans
[44-46]. For instance, traditional robots often depict machines
with rigid bodies and movements. Soft robotics, a new branch,
aims to replace hard and inflexible components with soft and
flexible materials to imitate life's actuation mechanisms [47, 48].
Conversely, the strain produced by rigid SMPs is relatively low
and can obstruct the functional working distance of artificial
muscles. As a result, in recent years, researchers have focused
on developing soft artificial muscles with greater stretchabil-
ity to expand the scope of artificial muscle applications. Roach
et al. [49] developed a method to manufacture elastomeric ar-
tificial muscles using liquid crystal elastomer (LCE) fibers.
They employed direct ink writing (DIW), creating a two-stage
thermal-photo curing reaction between a difunctional acrylate
monomer and thiol. By adding nano clay to increase viscosity,
they extruded the LCE ink onto a rotating mandrel, obtaining
long fibers. Post-printing, the fiber was first thermally cured on
the mandrel, then mechanically stretched, and photocured for
proper alignment, leading to stress-free reversible activation.
Optimizing ink viscosity and DIW parameters resulted in fibers
with impressive properties like 1.5m length, 2MPa modulus,
51% actuation strain, and over 100% failure strain used in artifi-
cial muscle. In another study, Duduta et al. [6] developed a soft
composite dielectric elastomer actuator (DEA) made of strain-
stiffening elastomers and carbon nanotube electrodes, achiev-
ing a peak energy density of 19.8J/kg, close to the upper limit
for natural muscles. This high-performance electrically driven
soft artificial muscle can be applied in various fields, such as
prosthetics, surgical robots, wearable devices, and soft robots
for manipulation and locomotion in natural or human-centric
environments. In our previous study [50], a direct pellet print-
ing technique was developed for creating stretchable propylene-
based elastomers. The filament buckling issues were overcome,
and precise control over material flow was achieved, resulting in
a uniform microstructure. That method was utilized to create a
stretchable elastomer with exceptional elongation (4000%).

The current research focuses on developing highly flexible, soft
elastomers with shape memory properties and 4D printability,
aimed at addressing limitations in existing artificial muscle
technologies. By utilizing a propylene-based elastomer as a soft,
stretchable artificial muscle, this study achieves significantly
higher actuation strains than other artificial muscles, enabling
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efficient manipulation and lifting of various objects. The inno-
vative design employs a simple dog bone geometry inspired by
the chameleon's tongue, enhancing stretchability without com-
plex geometries. Additionally, the incorporation of carbon black
creates a nanocomposite elastomer, significantly improving
mechanical properties during cyclic shape memory processes.
This study highlights several novel aspects that distinguish it
from previous work. This study is the first to report the devel-
opment of 4D-printed artificial muscle. In addition, the stretch-
ability of this artificial muscle is approximately 4000%, which
far surpasses the stretchability of previously reported artificial
muscles. The actuation strain in the presented artificial muscle
is 148%, significantly higher than the typical 40%-50% strain
found in McKibben-type PAMs. Another novel aspect of this
study is the novel 3D printing method, direct pellet printing,
which does not require filament and addresses the issue of fil-
ament buckling. The effect of carbon black addition on cyclic
actuation and its impact on maintaining mechanical properties
over multiple actuation cycles of artificial muscles has been in-
vestigated. The results demonstrate the potential of these 4D-
printed elastomers to revolutionize artificial muscle applications
in soft robotics and wearable devices.

2 | Materials and Methods
2.1 | Material

In this study, Vistamaxx 6202, a propylene-based thermoplas-
tic elastomer (ExxonMobil, USA) pellets served as the primary
raw material for direct pellet 3D printing of artificial muscle. In
order to prepare elastomer nanocomposites, this study utilized
carbon black nanoparticles (stock #: US1067) produced by US
Research Nanomaterials Inc. (Houston, TX 77084, USA). The
material properties are presented in Table 1.

2.2 | Processing of Elastomer-CB Nanocomposites

By combining polymers with different fillers, we can create poly-
mer composites that have improved properties [51]. Carbon black
nanoparticles are a type of low-cost, conductive material that can
be effectively combined with elastomers to improve their electrical
conductivity, mechanical strength, and physical properties. Munir
et al. [52] have used composites of bio-based polyurethane filled
with carbon black nanoparticles to create a conducting polymer.

In this study, elastomer-CB nanocomposites were prepared
using a melt mixing technique with a Brabender internal mixer
(Brabender, Germany). The process involved three varying
concentrations of CB nanoparticles: 1%, 2%, and 4%. Initially,
Vistamaxx 6202 granules were melted within the mixer at 190°C
and a speed of 60rpm for 2min. Subsequently, CB nanoparti-
cles were incorporated into the melt. The mixer continued to
operate for an additional 8 min to ensure uniform distribution
of nanoparticles within the elastomer matrix. The resulting ma-
terial was obtained in a lump form, which was then processed
using a press machine. A hot press at 190°C and a cold press
with 60kPa pressure were employed to transform the lumps
into 1 mm thick sheets. These sheets were subsequently cut into
granules, suitable for direct pellet printing. Figure S1 (Data S1)

TABLE 1 | Specifications of Vistamaxx pellets and carbon black as
feedstock materials.

Specifications of Vistamaxx pellets

Appearance/form Transparent/
Pellets
Density (g/cm?) 0.862
Hardness (shore A) 64
Ethylene content (%) 15
Melt Flow Index (g/10 min) 9.1
Melt-Mass-Flow Rate (MFR) 20
(g/10 min)

Specifications of carbon black

Purity >95%
Thickness 30-150nm
Diameter 200-800nm
PH 9.8
True Density 0.38g/mL
H,0 <5%
Ash <3.2%
Specific Surface Area >700m?/g

illustrates the preparation process of nanocomposite pellets
prior to the commencement of the printing process.

2.3 | Direct Pellet Printing

In this study, we employed the same direct pellet printer from
our previous research [50, 53] to print soft elastomeric pellets.
This approach helps overcome the common issue of filament
buckling when printing soft materials using conventional
filament-based extrusion in Additive Manufacturing [54, 55]. A
syringe-based feeding mechanism was utilized, consisting of a
cylinder and a piston. The raw material was loaded within the
heated cylinder, and the piston, driven by gas pressure (pneu-
matic pressure), applied pressure on the molten material. This
facilitated its flow through the nozzle and deposition onto a
bed, similar to the Fused Deposition Modeling (FDM) process.
Adjustable air pressure allows for controlling the material flow
effectively. The printing parameters used for sample production
in this study are detailed in Table 2.

2.4 | Tensile Characterization

In this study, the mechanical characteristics of a 3D-printed
elastomer and its composites were investigated using a Santam
machine with a load cell capacity of 100kg at room tempera-
ture. To maintain consistency, the tensile test samples were
3D printed according to the ASTM D638 type V standard, and
the printing parameters outlined in Table 2 were utilized. The
specimens were subjected to uniaxial tension testing at a strain
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Printing parameters.

TABLE 2

Raster angle

Pneumatic pressure Printing time

Layer height Infill density

Print speed

Nozzle diameter

Extruder temperature

2bar 28 min 0° and 90°

0.4mm 100%

200 mm/min

0.6mm

205°C

rate of 100 mm/min until failure. To guarantee accurate results,
the tests were conducted in triplicate, and the findings were ex-
pressed as the mean (M) value. In addition, we excluded outlier
data points that varied significantly from the rest of the dataset.
The dimensions of the printed samples, based on ASTM D638
standards, as well as the actual printed samples, are depicted in
Figures S2 (Data S1).

2.5 | Scanning Electron Microscopy

A VEGA Scanning Electron Microscope (produced by Tescan
Company) was employed according to the ASTM (F1877-05)
standard to examine the morphology, distribution of nanopar-
ticles, and their compatibility with the elastomeric matrix.
Furthermore, the investigation included assessing layer adhe-
sion and potential printing defects in 3D printed parts to evaluate
their print quality and printability. The SEM has a magnifica-
tion range of 20x to 100,000X, a voltage range of 5 to 30kV, and a
vacuum level of 10~°Pa. To prepare the samples for imaging, the
freeze fracturing method was conducted using liquid nitrogen.
Before the imaging process, the freeze-fractured samples were
coated with gold to improve their conductivity.

2.6 | Cyclic Shape Memory Effect

In this study, the shape memory process of printed elastomers
involves three primary stages. Initially, the samples of length
L, undergo strain at room temperature (cold programming)
and attain length L,. It is notable that the role of programming
temperature is important in shape memory polymers, where en-
tanglements act as net points for shape memory in them. This
effect has been studied by Soleyman et al. [56]. Subsequently,
upon unloading, the elastic component recovers a portion of the
deformation due to the elastic nature of the elastomer. However,
the plastic deformation remains in the samples, representing a
temporary shape with length L,. Finally, when exposed to heat,
the samples can revert to their original shape prior to loading.

A crucial aspect of artificial muscles is their ability to main-
tain functionality and mechanical properties throughout their
working cycles. In this study, the shape memory process was
repeated for 5cycles to evaluate the mechanical properties after
each cycle. To accomplish this, tensile samples were stretched
to a specific strain level, and a stress-strain curve was plotted
during this process. It is worth mentioning that to assess the im-
pact of strain level, two sets of samples were tested using two
distinct strain levels (750% and 1400%). Once the desired strain
was reached, the load was removed, and the elastic deformation
recovered immediately. The samples were then immersed in
70°C water to regain their original shape. The recovered sam-
ple underwent another tensile test, and the cycle was repeated.
This cyclic shape memory test is illustrated schematically in
Figure S3 (Data S1).

2.7 | Soft Stretchable Artificial Muscle

In the previous section, it was explained that after unload-
ing, samples recover their elastic deformation while retaining
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plastic deformation, forming a temporary shape. This tempo-
rary shape can function as a soft, stretchable artificial muscle
capable of contracting and lifting objects. To achieve this, cold
programming of the samples was performed at room tempera-
ture, allowing them to undergo elastic recovery and adopt a
temporary shape. These pre-strained samples were then uti-
lized as “muscles” to lift objects by fixing them on one side
and attaching the object to the other side. Two heat guns were
employed to heat the sample, causing it to recover its origi-
nal shape and lift the object. During the shape recovery of
the artificial muscle, two heat guns blow hot air from both
sides of the sample to ensure uniform heating. In addition, the
temperature remained constant for both heat guns during the
test. The heat distribution is uniform in the samples due to
their small thickness. The experimental setup is illustrated in
Figure 1.

In this study, the printed elastomer and its nanocomposites
were utilized to lift a light object, a table tennis ball (3g), and a
heavier object, a racket (95g). During the lifting process, the lift-
ing distance was measured, and a time-distance plot was drawn.
Additionally, the work done by the muscles was calculated using
the Equation (1).

W=Fx AH @

In which W denotes the work accomplished by the muscle, F
signifies the force exerted and lifted, and AH represents the
distance through which the object is elevated by the muscle's
action.

The geometry of artificial muscles is intricate and challeng-
ing to manufacture in various instances [57]. For instance, in
artificial muscles made from polymers, the materials are often
designed in specific forms, such as twisted coils or special
structures [58-60]. In this study, we employed a simple design
similar to the geometry of tensile test specimens for artificial

Clamp

Heat gun

v

AV AV RVAVIVAVXVN
MMAMAMIIAMA

4D printed
Elastomer
(temporary shape)

ﬂObject K

FIGURE1 | The experimental setup for lifting objects by 4D-printed
elastomeric artificial muscle. [Color figure can be viewed at wileyon-

linelibrary.com]

muscles. This concept and geometry were inspired by one of
nature's most elastic muscles, the chameleon's tongue muscle
[61]. Chameleons use a unique ballistic tongue projection mech-
anism among lizards to capture prey. Their tongue can extend
up to two full body lengths and reach 600% of its resting length
during hunting [62]. Disregarding the ballistic mechanism, the
geometry of the chameleon's tongue muscle is advantageous for
stretching and retracting while hunting insects. As depicted in
Figure 2a, the chameleon's tongue muscle is anchored on one
side, with the folded muscle starting wider than the tongue's mid-
dle. At the tongue's tip, there is a sticky pad that the chameleon
uses to catch its prey [63]. The beginning of the muscle, which is
folded, aids in the tongue's enhanced stretching and retracting
capabilities during the catching process. The slimmer middle
portion of the tongue facilitates stretching, while the sticky tip
is responsible for gripping objects. This mechanism resembles
the ultra-stretching feature observed in our samples, as depicted
in Figure 2b. One of the clamping areas in the sample contrib-
utes to sticking to objects. The reduced section is responsible for
stretching and recovering. Another fixed clamping area assists
in stretching the reduced section further by providing Data S1
during extension and recovery, as illustrated in Figure 2c.

3 | Results and Discussion
3.1 | Tensile Characterization

In Figure 3, stress—strain curves from the tensile test of the
printed elastomer and its nanocomposites with different carbon
black content are displayed until their breaking point. As men-
tioned previously, tensile tests were repeated three times for each
sample. The actual experimental results for elongation at break
and UTS are presented in Table S1 (Data S1). The printed elas-
tomer without CB incorporation exhibits high stretchability and
soft nature, characteristic of elastomeric materials. This sample
has an elongation at break of approximately 4048%, which can
be beneficial for applications requiring high stretchability such
as stretchable electronics and soft robotics. The mechanism of
high stretchability of this material has been discussed in our
previous study [50]. The ultimate tensile stress (UTS) for this
sample is 3.71 MPa, which might limit its use in highly stressed
applications. In samples containing carbon black nanocompos-
ites, the material demonstrates a stiffer behavior. As depicted in
Figure 3, the nanocomposites exhibit a steeper slope in the elas-
tic region, indicating a higher Young's modulus. Additionally,
these samples typically experience higher stresses compared to
pure elastomer at the same strain. This can be attributed to the
reinforcing effect of nanocomposites [64]. Conversely, with car-
bon black addition, the stretchability of the samples decreases.
This can be attributed to the interaction between nanoparticles
and the polymer matrix, where dispersed nanoparticles can ob-
struct the movement of polymer chains, leading to a reduction
in polymer elongation [65]. Designers, based on the application,
can choose between elastomer nanocomposites that can with-
stand more stresses with lower elongation at break or pure elas-
tomers to enhance stretchability.

In nanocomposite samples, which generally exhibit similar be-
havior, the sample with 1% carbon black showed the poorest
mechanical properties, featuring 2392% elongation at break and

50f 16

85U8D7 SUOWWIOD BAFe81D) 3|edl|dde au Aq peusenob 8Je Sso11e YO ‘8sN JO S3INJ 104 Afeiq1 18Ul UO /8|1 UO (SUO 1 IPUD-PUB-SLLBY W00 A3 | IM ARe.q)1BUI|UO//:SC1Y) SUORIPUCD PUe SWiS | 8U3 88 *[6202/50/T2] uo Areiqiauliuo A8 |IM ‘1881 Aq 22T, dde/z00T 0T/I0p/wod A8 | 1w Akeiq | puljuo//:Sdny Wwolj papeojumod ‘0 ‘829v.60T


https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/

rd

Glossohyal(folded part)

--------/”-

/
1
~1
//l

Reduced middle part

Yo Accelerator muscle

~~ A
<.

1
/
/ 1

i |

o

L |

A Sticky pad
/
L/

Material flow

——> Extension direction

X,
Fixed end

FIGURE 2 | Bio-inspired design of: (a) Chameleon's tongue parts, (b) Similar parts on artificial muscle, and (c) Mechanism of providing Data S1
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FIGURE 3 | Stress-strain curves of printed elastomer and its nano-
composites. [Color figure can be viewed at wileyonlinelibrary.com]

5.47MPa UTS. The best mechanical properties are observed in
the sample with 2% CB, 2665% elongation, and 5.58 MPa UTS.
This improvement in mechanical properties with higher CB con-
tent is supported by previous research [66]. However, the sample
with 4% CB displayed weaker mechanical properties than the 2%
CB sample, with 2583% elongation at break and 5.47MPa UTS.
This can be attributed to the increased likelihood of agglomer-
ation at higher CB amounts, causing nanoparticles to cluster
together and form potential sites for crack initiation [67]. This
phenomenon can be visually observed in the morphological in-
vestigations presented in the next section.

The mechanical properties of the elastomer samples, including
UTS and elongation at break, were statistically analyzed using
one-way analysis of variance (ANOVA). Detailed ANOVA results

are provided in the supplementary file for further reference.
Tukey's Honestly Significant Difference (HSD) test was used
to identify which specific group means differ significantly after
an ANOVA indicates overall significance. Tukey's HSD results
for elongation at break and UTS are presented in Tables S2 and
S3 (Data S1), respectively. The results of ANOVA and Tukey's
HSD test suggest that the addition of CB significantly influences
the mechanical properties of the elastomer. The 2% CB sample
demonstrated a balance between UTS and elongation at break,
making it a promising candidate for applications requiring both
strength and flexibility. This sample's elongation at break is sig-
nificantly better than the 1% CB and 4% CB samples, although
no significant difference was observed in their UTS. The mean
UTS of the 2% CB sample is higher than that of the 1% CB and 4%
CB samples, as shown in Figure S4 (Data S1).

3.2 | Scanning Electron Microscopy

In material extrusion additive manufacturing, which involves
extruding material through a nozzle and depositing it onto a sub-
strate, the nozzle's geometry determines the shape of the extruded
material. Typically, the nozzle has a circular hole for material ex-
trusion, resulting in cylindrical beads. These beads are stacked to
create 3D objects. As illustrated in Figure 4, the cylindrical nature
of the beads leaves gaps between layers and beads in the printed
samples, which reduces the mechanical properties of the printed
object compared to molded ones [68]. This is due to the gaps being
susceptible to crack initiation during material loading. These gaps,
referred to as inter-voids in some resources [69], are indicators of
the printing process's quality. The size of these gaps depends on
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the print parameters and material printability, with better overlap,
material flow, and wettability leading to smaller cavities between
layers and beads, resulting in a more uniform microstructure and
improved mechanical properties [70].

In this study, scanning electron microscopy (SEM) is employed
to examine 3D printing quality, layer adhesion, and potential
printing defects. To achieve this, SEM images with lower mag-
nifications (50x) are captured from the cross-section of a freeze-
fractured elastomer and its nanocomposite with varying CB
compositions. The resulting images for 0%, 1%, 2%, and 4% CB
are displayed in Figure 5a-d, respectively.

Cross section
plane \ Inter-voids

——)

Extruded beads . .
Printed object

FIGURE 4 | Inter-voids between layers in the cross-section of a
printed part. [Color figure can be viewed at wileyonlinelibrary.com]

Inter-voids

Inter-voids

In Figure 5, all samples exhibit a uniform microstructure with
well-bonded layers and beads, demonstrating the importance of
adjusted printing parameters and flow control for high-quality
printed samples. These samples show no signs of delamination,
lack of fusion, or fractures, leading to the desirable mechan-
ical performance of printed samples. Inter-voids, a common
feature in material extrusion processes, are present in all sam-
ples [71]. However, due to proper material flow, many voids are
filled, and the remaining ones are small. Some of these voids
are highlighted with yellow circles in Figure 5. As the CB con-
tent increases, the number and size of these voids also increase,
and printing quality decreases. The printing parameters kept
constant for all samples, play a crucial role in controlling void
size. This decrease in printability is due to the fact that the addi-
tion of CB nanoparticles can alter the viscosity of the elastomer
nanocomposite [72, 73] with higher concentrations, causing in-
creased viscosity and making it more difficult for the material to
flow and fill gaps compared to low-viscosity melts.

In this research, we employed high-magnification SEM images
to analyze the distribution of nanoparticles within a polymer
matrix. This factor significantly influences the material's me-
chanical and shape memory properties. The obtained images
are displayed in Figure 6.

Cross sectional
plane

Inter-voids

Extruded beads

FIGURE5 | Low magnification (50x) SEM images for investigating printing quality for elastomer nanocomposites with different CB content: (a)

0%, (b) 1%, (c) 2%, and (d) 4%. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6

High magnification SEM images (36,000x for zoomed SEMs) for investigating nanoparticle dispersion in elastomer nanocomposites

with dlfferent CB content: (a) 0%, (b) 1%, (c) 2%, and (d) 4%. [Color figure can be viewed at wileyonlinelibrary.com]

In Figure 6, CB nanoparticles can be distinguished due to their
brighter color in the dark polymer matrix. In Figure 6a, which
represents a neat elastomer, there are no nanoparticles present
in the sample.

CB nanoparticles have a natural tendency to cluster or agglom-
erate. As the concentration of CB nanoparticles increases, the
likelihood of agglomeration also rises [74]. In the sample with 1%
CB (Figure 6b), a desirable dispersion of nanoparticles without
any agglomeration can be observed. The nanoparticles and the
matrix have strong adhesion at their interface, with no breaks or
separations at the boundary between the matrix and nanopar-
ticles. If there were poor adhesion between the carbon black
and elastomer, small holes would appear on the broken surface
because of the separation of carbon black from the matrix. In
Figure 6c, when the CB content increases to 2%, the number
of nanoparticles in a specific area of the sample also increases.
However, minor nanoparticle agglomeration can be found in the
cross-section of printed samples, which does not significantly
impact the sample's unity or cause any defects. As shown in
Figure 6d, when the CB content reaches 4%, severe clustering
of nanoparticles occurs in the sample, leading to hole forma-
tion and discontinuity. These agglomerations are responsible
for the reduced mechanical properties of 4% samples compared
to 2%. Guo et al. [75] studied the impact of CB agglomerations
on the mechanical properties of a nanocomposite made of PLA
and CB. In addition, the size distribution of CB in elastomer-CB
nanocomposites was analyzed using ImageJ software to inves-
tigate the effect of CB concentration on dispersion. As shown in
Figure S5 (Data S1), higher CB concentrations resulted in larger
particle diameters due to increased agglomeration. However,

the sample with 1% CB exhibited more uniform dispersion
and smaller particle sizes, likely due to reduced intermolecular
forces and cohesive interactions at lower concentrations.

3.3 | Shape Memory Behavior Mechanism
and Theoretical Framework

Shape Memory Polymers (SMPs) consist of two primary com-
ponents. The first part stores elastic energy without relaxation,
maintaining the sample’s permanent shape. The second part re-
tains the stored energy and releases it upon temperature change,
known as the switching phase. Energy barriers are involved in
this switching process. For the polymer chains to store elastic
deformation without significant relaxation, they must be con-
nected. These connections are referred to as “net points.” A
switching phase is necessary to prevent the elastic strain from
being recovered before the switching phase is removed [76].
Typically, this switching phase corresponds to the glass tran-
sition temperature. However, in our material's case, the glass-
transition temperature is below zero, making the shape memory
mechanism different.

Vistamaxx 6202, the elastomeric matrix used in this study and
produced by ExxonMobil (USA), is a well-known propylene-
based elastomer (PBE) with 85% isotactic propylene repeat units
and a 15% random ethylene distribution. Metallocene catalyst
technology is employed in its creation. This PBE has a unique
microstructure, featuring physical cross-links between hard
segments (PP) with high melting or glass transition tempera-
tures (Tg) and soft segments (PE) with low Tg. This results in
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a combination of elasticity found in traditional elastomers and
recyclability from thermoplastics [77]. Under strain-induced de-
formation, soft segments stretch while hard parts act as anchor-
ing points for elastic recovery. It is worth noting that in CB-filled
polymers, CB enhances shape memory properties by promoting
bound rubber formation. Bound rubber refers to polymer chains
immobilized on the surface of CB particles. These immobilized
layers act as anchors within the matrix, improving shape mem-
ory behavior through restricted chain mobility and enhanced
interfacial interactions.

The shape memory effect in this thermoplastic elastomer is
achieved through plastic deformation or cold programming. When
strain is increased significantly, plastic deformation occurs in the
sample, and the material cannot fully recover (relax). This can be
due to polymer chain entanglements, which function as physical
net points. In this situation, after elastic recovery at room tem-
perature, the elastomer retains a temporary shape. This process,
known as cold programming, is studied by Soleyman et al. [56].
After programming, heating the sample increases the free volume
and entropy of the system. This allows the entanglements (physi-
cal net points) to release and return to their original shape.

This behavior can be explained using the generalized Maxwell
model (Equation 2). The generalized Maxwell model is a widely
used constitutive model for describing the viscoelastic behavior
of polymers [78]. It explains the immediate and time-dependent
recovery of a polymer when stretched by incorporating multiple
Maxwell elements in parallel. The generalized Maxwell model
consists of multiple Maxwell elements, each with a spring and
dashpot in series, connected in parallel [79]. This allows the
model to capture the multi-relaxation behavior observed in
polymers.

o(t)= ) Eieb(t) + Ee(®) @
i=1

Where o(t) is the total stress, E; are the spring moduli of the
Maxwell elements, £} are the elastic strains in each Maxwell el-
ement, E_ is the modulus of the equilibrium spring, and &(¢) is
the total strain.

When a polymer is stretched and then released, it exhibits both
immediate and time-dependent recovery. The portion of the
strain recovered immediately upon unloading is attributed to
the equilibrium spring in the generalized Maxwell model. This
represents the instantaneous elastic response of the polymer.
The remaining portion of the strain is recovered over time due
to the relaxation of the Maxwell elements. As time passes, the
stresses in the Maxwell elements relax, allowing the polymer to
recover the remaining strain. The generalized Maxwell model
captures this behavior by combining the instantaneous elastic
response with the time-dependent relaxation of the Maxwell el-
ements. The number of Maxwell elements and their respective
moduli and relaxation times determine the specific shape of the
recovery curve and the relative contributions of immediate and
time-dependent recovery.

The recovery behavior of polymers depends on both time and
temperature, which is similar to the classical Time-Temperature

Superposition (TTS) principle observed in polymer materials. In
polymer physics, the thermal motion of molecules causes the
same relaxation processes to occur. This means that relaxation
can happen over a longer period at a lower temperature or over
a shorter period at a higher temperature [80]. The TTS principle
can be used to understand the shape memory behavior of TPE
samples used as artificial muscles. When a polymer sample is
stretched and released, it recovers a portion of the strain immedi-
ately. The remaining portion of the strain is recovered over time.
By applying higher temperatures, the time-dependent recovery
portion can be accelerated. This is because higher temperatures
increase the mobility of the polymer chains, allowing them to
relax and recover the strain more quickly. In other words, the
same amount of time-dependent recovery that would normally
take a long time at a lower temperature can be achieved much
faster by increasing the temperature.

According to the TTS principle, changing the temperature can
be viewed as shifting time along the logarithmic horizontal axis.
If we define a new horizontal axis called the reduced annealing
time ¢, after applying the TTS principle, it can be expressed as
Equation (3) [81]:

b= ©)

Where the shift factor a;, which indicates how much the time
axis shifts at different temperatures, can be calculated using the
Williams-Landel-Ferry (WLF) equation (Equation 4).

C[T- T,ef]

- 4
Co+T—Tpy @

log(ay) =

Where T, is the reference temperature and C; and C, are ma-
terials constant. Based on the WLF equation, as temperature
increases, the time required for a polymer to relax decreases.

The discussed shape memory process of TPEs offers both bene-
fits and drawbacks. A notable advantage is its ability to be pro-
grammed at room temperature through strain without heating
and cooling, a common practice for other SMPs with glass tran-
sition temperature (Tg) switching phases. The material's rub-
bery nature facilitates high-strain recovery and stretchability in
various applications. However, this process has limitations, such
as high immediate relaxation or elastic recovery in TPEs, which
results in low shape fixity.

3.4 | Cyclic Shape Memory Test

To evaluate the changes in the mechanical properties of sam-
ples following multiple shape memory processes, a shape mem-
ory cyclic test was conducted, and the results are displayed in
Figure 7. The left column represents test results with a strain
level of 750% for the tensile test, while the right column has
1400%. Each curve in the figure is labeled with a combination of
CB percentage and cycle number. For instance, 1% CB C4 refers
to a sample with 1% CB concentration and the fourth cycle of the
cyclic shape memory test. It is worth mentioning that the ini-
tial sample, as-printed, exhibits the best mechanical properties.
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with a strain level of 750% and right column test results with a strain level of 1500%. [Color figure can be viewed at wileyonlinelibrary.com]
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However, a significant drop in mechanical properties can be ob-
served after the first cycle of shape memory. Following that, the
mechanical properties decline at a less significant rate, and the
samples approach a steady state of mechanical properties. This
trend is consistent across all samples, as each cycle demonstrates
lower mechanical properties than the previous one. This implies
that with each shape memory process, which involves straining
and heating, the recovered sample’'s mechanical properties are
inferior to the original sample.

The observed changes in mechanical properties of samples
during shape memory cycles can be attributed to three primary
factors: high strain levels, the cumulative effect of stress and
strain, and the heating process for shape recovery. The samples
undergo high strain levels (750% or 1400%), which may cause
damage to the material, particularly weak polymer chains.
These damaged chains may not contribute to load-bearing in
subsequent cycles. Another factor that could contribute to the
changes in mechanical properties during shape memory cy-
cles is the cumulative effect of stress and strain experienced by
the samples. As the samples undergo multiple shape memory
processes, they may develop microscopic cracks or structural
alterations due to the repetitive loading and unloading. These
changes can affect the overall mechanical properties of the sam-
ples, causing them to deviate from their original state. The heat-
ing process for shape recovery can also contribute to reduced
mechanical properties. The mechanical properties of polymers
are highly dependent on their thermomechanical history. In the
first shape memory cycle, most weak polymer chains are torn,
resulting in a significant drop in mechanical properties. After
that, there are fewer weak chains to be torn, leading to less sig-
nificant drops in mechanical properties. Eventually, after tear-
ing all the weak areas in the polymer structure, the mechanical
properties reach a steady state.

To analyze the impact of strain levels on mechanical properties,
one can compare the data presented in the left and right col-
umns of Figure 7. It is observed that samples with a 1400% pro-
gramming strain exhibit a slight decrease in strength after five
cycles compared to those with a 750% strain. To quantify this
difference, Equation (5) can be used to calculate the percentage
drop in strength after five cycles:

As printed strength in 750 % strain — 5th cycle strength in 750 % strain

X 100

®
The calculated percentage change in mechanical properties
after completing five cycles of shape memory at 750% strain is
provided in Table 3. In the provided table, it is noticeable that
the decrease in strength following a cyclic shape memory test is
more significant for a programming strain of 1400%. This can
be attributed to the increased likelihood of separation in weak
polymer chains and intermolecular bond disruption at higher
strains.

As printed strength in 750 % strain

Furthermore, Table 3 demonstrates the impact of carbon black
addition on the data. As observed in the table, as the CB content
increases, the decline in mechanical properties lessens. This is
due to the reinforcement effect of CB in the elastomeric matrix.
In addition, the immobilized polymer molecules by CB (bound

TABLE 3 | Percentage drop in strength after completing five cycles
of shape memory in 750% strain.

Programming strain level

750% 1400%
0% CB 60% 60%
1% CB 54% 54%
2% CB 50% 53%
4% CB 48% 49%

rubbers as discussed previously) mitigate mechanical property
degradation during repeated actuation cycles by reducing chain
slippage. This result can also be visually observed in Figure 7.
The incorporation of carbon black enables shape memory elas-
tomers to achieve a steady state more quickly and at higher
stress levels with lower drops. In applications requiring stable
mechanical properties of shape memory elastomers, CB can be
an effective addition to prevent a drop in mechanical properties.

3.5 | Soft Stretchable Artificial Muscle

About the shape memory effect of 4D printed elastomers, an in-
vestigation into using them as artificial muscles, inspired by the
chameleon's tongue, was conducted.

A table tennis ball is lifted using a 4D-printed neat elastomer
and its nanocomposite. This application of 4D-printed artificial
muscle can be used in lifting miniature objects. Videos S1 and
S2 showcase these demonstrations. The lifting process for the
neat elastomer and its composite is displayed in Figure 8a,b, re-
spectively, through multiple frames.

The calculation of work performed on the depicted sample in
Figure 8a,b can be executed as follows:

W,=mgAH =3x1073x10x 1072 = 0.3mJ )
W, =mgAH =3x10"2x 6 X 1072 = 0.18mJ (7)

In Figure 8, the artificial muscle printed with pure elastomer can
achieve strain up to 148% (10cm) from a temporary to a perma-
nent shape, while one printed with elastomer nanocomposite
achieves 86% strain (6cm). This difference occurs because the
pure elastomer can elongate more than its composite counter-
parts. However, incorporating carbon black in the elastomer al-
lows shape memory elastomers to reach a steady state faster and
at higher stress levels, with minimal decline in mechanical prop-
erties. Conversely, typical McKibben-type PAMs are limited to
approximately 40%-50% strain under no load [9]. Table 4 shows a
comparison between the artificial muscle presented in this study
and other artificial muscles and actuators.

Figure 9 displays a graph illustrating the relationship between
contraction and time for the artificial muscle printed of pure
elastomer. Initially, the shape recovery rate is fast; however, as
the process continues, the contraction rate gradually decreases.
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FIGURE 8 | The lifting process of 4D-printed: (a) neat elastomer and (b) elastomer nanocomposite. [Color figure can be viewed at wileyonlineli-
brary.com]

TABLE 4 | Comparison between the 4D-printed artificial muscle and other artificial muscles and actuators.

Actuation/
Contraction Response Other
Number Type/Material strain time/rate explanations Energy source Ref.
1 Polyolefin elastomer/ 41% — <700% EL Thermal and [82]
Biomass lignin electrical
2 LCE 80% 0.4mm/s Accordion-like Light [83]
deformation
3 Liquid metal elastomer 87% 15mm/s Low driving Electrical [84]
voltage
4 Twisted coiled actuator 48% 30mm/s — Preloading of [85]
the fibers
5 Magnetic nanoparticles/ 30.6% — 1.3N force Radio frequency [86]
coiled muscles magnetic field
6 PAM 35.8% — Novel winding Pneumatic [87]
method
7 PAM 23.84% 0.0318s Rapid response Pneumatic [88]
8 DEA 50.6% — Self-healable Electrical [89]
9 LCE 60% <0.2s Microfiber Thermal [90]
actuator
10 TPE/CB 148% 1mm/s >2000% EL Thermal This
work
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FIGUREY9 | Relationship between contraction and time for the artificial muscle printed of pure elastomer. [Color figure can be viewed at wileyon-

linelibrary.com]

A logarithmic curve can be used to represent the given data
quite well, as indicated by the high R-squared value of 0.9892.
The equation for this curve is:

y = 3.4849In(x) — 0.6889 ®)

This plot demonstrates that a logarithmic curve can effectively
express the dynamic behavior of the printed muscle. This indi-
cates that, in the initial stages of heating, the contraction speed
is high due to the rapid activation of the switching phase. During
this stage, a 5cm contraction occurs in just 30s, resulting in a re-
sponse rate of 1.7 mm/s. Subsequently, activation of the remain-
ing switching phases requires more energy and, consequently,
takes longer. The average response rate of the muscle is 1 mm/s.
While this is slower than that of PAMs, larger contractions are
more essential than a fast response in some applications.

Video S3 demonstrates the capability of a 4D-printed artificial
muscle to lift heavier objects. In this demonstration, the artifi-
cial muscle lifts a table tennis racket. As the load increases, the
strain that the artificial muscle can handle decreases.

4 | Conclusion

This research developed a new soft artificial muscle using 4D
printing technology, utilizing highly stretchable thermoplastic
elastomer (Vistamaxx) and its carbon black nanocomposites.
A direct pellet printing technique was employed to overcome
common issues with filament-based 3D printing. Mechanical
properties were assessed using uniaxial tensile testing, and mor-
phology was examined via scanning electron microscopy. Print
quality and layer adhesion were also evaluated. Shape memory
properties were tested through cyclic deformation and recov-
ery, demonstrating the material's ability to recover its original

shape while retaining some plastic deformation. The temporary
shape functioned as a soft, stretchable artificial muscle capable
of contracting and lifting objects. The printed material success-
fully lifted a light table tennis ball and a heavier racket, with
measurements of distance, time, and work done. Inspired by
the chameleon's tongue muscle, the design is simple, resembling
tensile test specimens, yet highly effective. The main results in-
dicate that 4D-printed elastomers have significant potential for
applications in soft robotics and other fields requiring high elas-
ticity and mechanical performance. The printed elastomer with-
out CB exhibits exceptional stretchability, with an elongation at
break of approximately 4048%. However, its UTS of 3.71 MPa
may limit its use in highly stressed applications. The addition
of carbon black nanoparticles to the elastomer improves its
mechanical properties, including higher Young's modulus and
UTS, but decreases its stretchability. The optimal balance of
mechanical properties is achieved in the sample with 2% CB,
which has an elongation at break of 2665% and UTS of 5.58 MPa.
Higher CB content (4%) leads to weaker mechanical properties
due to the increased likelihood of agglomeration and potential
sites for crack initiation. The results of SEM imaging showed
that the printed samples exhibit high-quality microstructures
with well-bonded layers and beads. The samples show no de-
lamination, lack of fusion, or fractures. However, the addition
of carbon black nanoparticles increases the number and size of
voids, leading to decreased printability due to the altered vis-
cosity of the elastomer nanocomposite. The dispersion of CB
nanoparticles in the printed elastomer samples is affected by
the concentration of CB. At 1% CB, the nanoparticles are well-
dispersed and show good adhesion to the matrix. However, as
the CB content increases to 2%, minor agglomeration occurs,
and at 4% CB, severe clustering of nanoparticles leads to hole for-
mation and discontinuity, negatively impacting the mechanical
properties of the samples. The SMP material used in this study,
Vistamaxx 6202, can be programmed at room temperature
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through strain, offering high strain recovery and stretchability,
but it has limitations, including immediate relaxation and low
shape fixity. The mechanical properties of shape memory sam-
ples undergo significant changes after multiple shape memory
cycles, with a notable drop in properties after the first cycle. The
samples approach a steady state of mechanical properties after
several cycles. The addition of CB can significantly improve the
mechanical properties of shape memory elastomers by reducing
the decline in properties after multiple cycles. CB reinforcement
enables the samples to achieve a steady state more quickly and at
higher stress levels with less drop. 4D printed elastomer that can
be used as artificial muscles has been developed, inspired by the
chameleon's tongue, to lift objects. The artificial muscles were
created by cold programming the samples at room temperature
and then using a heat gun to heat them and recover their orig-
inal shape, lifting the object. The 4D-printed artificial muscles
were able to lift objects of varying weights, including a table ten-
nis ball and even a table tennis racket. The muscles were able
to achieve strains of up to 148% and 86% for pure elastomer and
elastomer nanocomposite, respectively.
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