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ARTICLE INFO ABSTRACT
Keywords: 4D Printing is a new area of additive manufacturing that extends the possibilities of 3D printing by
4D Printing including the dimension of time. This cutting-edge technique entails creating elaborate structures out of

Shape memory polymer

intelligent materials, specifically shape memory polymers (SMPs), which may dynamically change shape or
Focused ultrasound

functionality in response to external inputs. The purpose of this study is to conduct a rigorous spatiotemporal
characterization into the potential of focused ultrasound (FUS) in actuating 4D-printed SMPs as well as to
evaluate the impacts of different printing parameters on shape recovery. Experiments demonstrate that FUS is
a unique and non-invasive method that can cause localized heating, activate several intermediate shapes, and
accomplish full shape recovery in SMPs. Moreover, by optimizing sample size, ultrasound frequency, exposure
time, intensity, and the location of ultrasound focusing, FUS possesses an enhanced capacity for temporal
and spatial control of shape recovery. We determine the effects of various 3D printing parameters, including
printing temperature, printing speed, infill density, and infill structures, on the thermo-mechanical shape
recovery properties of a thermoplastic polyurethane. Shape recovery ratios ranged from 50% to 80% across
different printing parameters. The study demonstrated that increasing acoustic field intensity can maximize
shape recovery to over 95%, although this may cause to material degradation depending on sample thickness.
The findings also revealed that these printing parameters significantly influence storage modulus, loss modulus,
and glass transition temperature, highlighting their impact on thermo-mechanical properties. Furthermore, this
study uses acoustical principles and thermo-mechanical experimental data to show a systematic relationship
between additive manufacturing settings and SMP viscoelastic deformation properties. Lastly, a dynamic
transition of a 4D-printed functional gripper-like structure, exhibiting both opening and closing motions upon
exposure to FUS irradiation, was demonstrated using the optimized parameters. This research paves the way
for FUS to accurately spatiotemporal and localized actuation of SMPs, particularly in medical applications.

Actuation

1. Introduction

Focused ultrasound (FUS), as a noninvasive method, has played a
pivotal role in various biomedical applications due to its ability to
induce controlled heating and ablation [1,2]. The applications include
selective tissue necrosis [3,4], acoustic energy transfer systems [5-71],
and drug delivery [8,9]. Furthermore, FUS can serve as an external
stimulus with unique properties for actuating shape memory polymers
(SMPs) used in various applications. The underlying mechanism in-
volves focusing ultrasound into a tight spot in the domain area of
millimeter scale, which causes selective and controlled heating of the
medium at the spot, resulting in partial to full shape recovery. Recently,
research has been conducted on the utilization of FUS to actuate SMPs,
resulting in notable advancements in this field [10,11].
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SMPs stand out as a class of smart materials that can store one
or more temporary shapes and return to their permanent, stress-free
shapes after being subjected to an external stimulus [12,13], such as
direct heat [14,15], solvent [16,17], pH [18,19], magnetic fields [20],
and a FUS field [21]. Compared to traditional shape memory materi-
als, such as shape memory alloys [22], SMPs have benefits, such as
lightweight, affordability, versatility, and ease of processing, which
make them widely used in aerospace [23,24] and biomedical appli-
cations [25], including stents, drug delivery systems, and orthopedic
devices [26-30]. The shape memory effect (SME) in SMPs relies on
external stimuli, making selecting an activation method crucial. FUS
has gained significant attention, thanks to its unique capability to
noninvasively actuate shape recovery by inducing localized heating
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Fig. 1. The schematic depicts a 3D-printed SMP subjected to FUS irradiation. (a) The FDM 3D printing is used to make the SMP filament, (b) which is then programmed into a
temporary shape using a controlled heating and deformation process employing a compression die, followed by a cooling phase to maintain the temporary configuration. (c) The
filament is then stimulated by FUS generated from a curved transducer. (Details of the procedure are given in Section 3).

and activating various intermediate forms. Our previous results [21]
reveal that viscoelasticity, as evaluated by stress—strain phase lag, chain
repetition motion, and vibration-induced local mobility in polymers,
as measured by root mean square fluctuation, all contribute to the
observed variation in FUS-actuated thermal effects. Furthermore, by
manipulating sample size, ultrasound frequency, exposure time and
intensity, as well as the location of ultrasound focusing, FUS possesses
an enhanced capacity for temporal and spatial control of form recov-
ery [31]. FUS has better spatial resolution than magnetics and travels
farther than light through complex and opaque materials. The precise
shaping of FUS enables remote triggering of responses in localized
regions of the material as needed. This utilizes FUS’s unique traits
in contrast to other remote stimulation methods. FUS-actuated SMPs
can be used in multiple biomedical applications. For example, the
utilization of FUS for controlled drug delivery systems made of SMPs
is designed for the precise dispensation of pharmaceutical agents at
predetermined anatomical sites within the human body [21,32]. Nev-
ertheless, meeting practical requirements proves challenging through
traditional manufacturing and processing methods of SMPs, such as in
situ polymerization, extrusion, and casting [31,33-35].
Acknowledging the inherent complexity of biomedical devices, ad-
ditive manufacturing offers researchers a robust platform with sig-
nificant flexibility for design and production. 4D Printing, an emerg-
ing field of additive manufacturing, extends the capabilities of tra-
ditional 3D printing by introducing the dimension of time [36-38].
This innovative method constructs intricate structures from smart ma-
terials [39-41], which can dynamically adjust to external stimuli.
Applications of 4D printing span across soft robotics [42,43], shape-
morphing structures [44,45], and medical devices [46,47], utilizing
various smart materials for essential functionalities. It facilitates the
creation of highly complex structures capable of dynamic, transforma-
tions [48-51], driven by external stimuli that induce adaptive behav-
iors in terms of shape, properties, or functionality [52]. Compared to
other methods such as stereolithography apparatus [53], digital light
processing [54], and direct-ink-write approach [55] reported for 4D
printing SMPs, fused deposition modeling (FDM) stands out as a cost-
effective and straightforward technology. It does not require chemical
reactions during the printing process [56] and remains one of the
most widely used additive manufacturing technologies. In the FDM
process, thermoplastic solid filaments are heated and melted within
the nozzle, which is guided along a predetermined path by computer
control. The melted material is extruded in a line-by-line, layer-by-
layer fashion as the nozzle moves, ultimately creating 3D objects on
the base, as shown in Fig. 1(a). Numerous works [57-62] have demon-
strated FDM’s efficacy in fabricating thermo-responsive SMPs. During
the FDM process, the material categories and printing process affect the
mechanical properties, including tensile strength, compressive strength,

flexural impact, and fatigue strength [63]. The noteworthy parameters
investigated encompassed slicing parameters, building orientation, and
temperature conditions. To the authors’ best knowledge, previous stud-
ies have focused on optimizing of shape recovery performance of the
fabricated SMP compositions [64-66], improving the shape memory
cycling process for printed SMPs [67], or the effect of printing process
parameters on mechanical properties [63]; it has not been thoroughly
studied how printing process parameters influence shape recovery un-
der FUS treatment. The shape recovery ability of FUS-actuated shapes
is a critical aspect that directly impacts the performance and reliability
of such materials in real-world applications. Understanding and opti-
mizing the process parameters of 4D printing become paramount in
harnessing the full potential of these smart materials. This study aims
to delve into the intricate relationship between the process parameters
of 4D printing and the resulting shape recovery ability of FUS-actuated
shapes.

In this study, we show how 3D printing parameters (print tem-
perature, print speed, infill density, and infill structure) affect shape
memory performance and the macrostructural morphology of shape
memory thermoplastic polyurethane (TPU). TPU, recognized for its
thermal reactivity, is an ideal contender for 4D printing. Dynamic me-
chanical analysis (DMA) is used to determine the viscoelastic properties
of printed TPUs. Bend recovery testing is utilized to evaluate shape
memory behavior using FUS as the stimulus, as shown in Figs. 1(b)
and (c). Furthermore, surface morphological measures are taken after
the FUS exposure. Finally, the relationships between shape recovery
behavior, experimental thermomechanical data, and the principles of
viscoelastic deformation theory are examined. This examination is
critical for advancing control over SME, especially within the advanced
realm of 4D printing techniques combined with acoustic stimulation.

2. Interaction of FUS with polymers: Shape memory programming
and FUS actuation process

TPU typically comprises linear polymeric chains organized into
block structures. These chains consist of lengthy, segments known
as “soft segments”, interspersed with shorter, highly polar segments
referred to as “hard segments” [68]. These segments are chemically
linked, resulting in the formation of block copolymers. The miscibility
of the hard and soft segments within TPU depends on the differences
in their glass transition temperatures (Tg) observable through dynamic
mechanical spectra [69]. In the case of immiscible TPU, the loss modu-
lus spectrum typically exhibits dual peaks, each associated with the Tg
of one component. In contrast, when the two components are miscible,
TPU displays a single, broad peak whose position lies between the
original Tg values of the pure components [70]. The polar nature of
the hard segments fosters strong attraction, resulting in a high degree
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of aggregation and order in this phase, giving rise to crystalline or
regions within a soft and pliable matrix [70]. This phase separation
between the two block types can vary in significance, depending on
factors such as polarity, molecular weight of the flexible chain, and
production conditions. The crystalline or pseudo-crystalline regions
serve as physical, contributing to TPU’s exceptional elasticity, while the
flexible chains impart elongation properties to the polymer [71].

To enable the SME, we require a specific molecular polymer net-
work architecture and morphology, along with combined processing
and programming. Kim et al. [72] examined the SME of polyurethanes
as a typical example of a copolymer. The literature attributes shape re-
covery to the elastic strain generated during deformation, either above
or below the shape recovery temperature. SME operates through an
intricate interplay between shape-fixing and shape-switching compo-
nents within the polymer. For copolymers like TPU, the aforementioned
segmentation into hard and soft segments results in SME.

Fig. 2 primarily explains the process of shape memory programming
at different scales used in our experiments. In Fig. 2(a), the black dots
represent thermally responsive network points or molecular switches,
which are also responsible for elasticity. These network points, con-
nected by chain segments shown in red, determine the permanent shape
of an SMP. Deformability increases with the length and flexibility of
these red chains [73]. At ambient temperatures, the polymer chains
are coiled and arranged randomly. When the temperature rises above
Tg, the chains start to straighten out, as shown in Fig. 2(b). TPU
becomes soft and malleable due to the mobility of soft segments. This
allows the material to be easily deformed into the desired temporary
shape. On a larger scale, the temporary shape is held in place by
fixing the filaments in the compressed shape inside the die. This creates
compressive and tensile forces (indicated by red arrows) in the top
and bottom layers of the 3D-printed filament. Furthermore, cooling the
filament at a temperature below Tg results in temporary shape fixation
at a macro-scale. The polymer chains lose mobility, and the temporary
shape becomes “frozen” within the material’s molecular structure, as
shown in Fig. 2(c). Hard segments help to memorize the temporary
shape by maintaining the deformation. They store elastic energy as the
material is deformed, which will drive the shape recovery process later.

As ultrasound waves are emitted from the transducer to the poly-
mer samples, a portion of the ultrasound energy is reflected at the
water-polymer interface. The remaining acoustic energy is transmitted
through the polymer sample, inducing a heating effect. As the acoustic
waves pass through the polymer sample, damping losses occur due
to viscous shearing and relaxation. Ultrasonic waves, being a type of
mechanical wave, induce a pattern of forced vibration in the polymer,
thereby exerting alternating stress on every chain within the polymer
matrix. For viscoelastic polymeric materials, the change in strain lags
behind that of stress, leading to internal friction and energy absorption
during exposure to FUS [74]. The energy absorption pattern manifests
in two types: a portion of the energy dissipates and transforms into
heat, while the remaining portion is stored through elastic deformation
of polymer chains. Ultrasonic energy is converted into heat through
internal friction, causing a temperature rise in the polymer. The sound
waves are directed to interact with polymer chains in a selected area,
heating the polymers locally and causing a significant thermal effect at
the focal point, while the surrounding area remains largely unaffected.
In addition, higher harmonics can be generated in the acoustic field
at high intensities [75-78], resulting in enhanced heating. Upon FUS
actuation, heating the material above its Tg, the stored elastic energy
in the hard segments is released, driving the material to return to its
original shape. Soft segments facilitate this process by allowing the
polymer chains to regain mobility and relax back to their original
configuration, resulting in the recovery of the permanent shape, as
shown in Fig. 2(a).

In conclusion, factors such as improved acoustic transmission, larger
pressure amplitudes, increased material absorption, and the onset of
nonlinear effects (higher harmonics) all contribute to higher levels of
localized acoustic heating, ultimately resulting in the full actuation of
SMP samples.
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Table 1
Table showing the OVAT parametric variation approach used for sample preparation.

ID No. Print temp. Print speed Infill density Infill structure
- ) (mm/sec) (%) -
PT200 200 45 60 Grid 45°
PT205 205 45 60 Grid 45°
210 45 60 Grid 45°
215 45 60 Grid 45°
. 220 45 60 Grid 45°
PT225 225 45 60 Grid 45°
PS25 215 25 60 Grid 45°
215 30 60 Grid 45°
215 35 60 Grid 45°
. 215 40 60 Grid 45°
PS45 215 45 60 Grid 45°
215 50 60 Grid 45°
215 55 60 Grid 45°
. 215 60 60 Grid 45°
PS65 215 65 60 Grid 45°
ID40 215 45 40 Grid 45°
215 45 50 Grid 45°
215 45 60 Grid 45°
215 45 70 Grid 45°
215 45 80 Grid 45°
. 215 45 90 Grid 45°
ID100 215 45 100 Grid 45°
G45 215 45 60 Grid 45°
G90 215 45 60 Grid 90°
77 215 45 60 Zig-zag
TH 215 45 60 Tri-hexagonal

3. Materials and methods
3.1. Material and manufacturing process

TPU (medical grade 75D - ASTM D638 type V) is printed using
the LulzBot Mini-2 FDM [79] printer. The feedstock used for printing
is a filament with a diameter of 2.85 mm, custom manufactured by
Enovis Inc. The ’one-variable-at-a-time’ (OVAT) method is used to run
experimental iterations in order to streamline the process, reduce the
number of variables, and establish hypotheses. The printing process
takes into account four different variables: print temperature (200-
225 °C), print speed (25-65 mm/s), infill density (40%-100%), and
infill structure (Grid 45° and 90°, Zig-zag 45° and Tri-hexagonal 45°).
The combinations of parameters according to OVAT methods are de-
tailed in Table 1. To see how each 3D printing parameter affects
the final shape recovery, only one 3D printing parameter is modified
throughout a defined range of values while the other parameters remain
constant. To maintain structural integrity and stability, the following
settings are set to average values within their respective ranges: print-
ing temperature (215 °C), print speed (45 mm/s), and infill density
(60%) with a Grid 45° infill structure. These average values serve as
standard reference points for conducting OVAT iterations. To minimize
complexity, the remaining significant 3D printing parameters—such
as layer height, bed temperature, and extruder parameters—are all
maintained constant throughout the investigation as shown in Table 2.
All samples were prepared using Cura LulzBot Edition 4.13.10 as the
slicing software. Owing to the wide range of prepared specimens, a
simple naming scheme is developed to support the variety of created
specimens, as indicated by ID NO in Table 1. For the shape recovery
test and DMA testing, the TPU is printed into strips that are 50 mm
long, 3 mm wide, and 2 mm thick. Previous works [21,80] reported
that the dimensions of the printed sample can affect the shape recovery
performance under FUS stimulation. More details are discussed in the
Supplementary Information (SI).

3.2. FUS setup and shape memory behavior of printed TPU

In Fig. 3(a), the focused ultrasonic transducer H-104-4 A Sonic Con-
cepts is placed at the bottom of a deionized water tank. As illustrated
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Fig. 2. Schematic illustrating the shape memory programming and actuation process at macro and microscale. In accordance with the annotated arrows: At 80 °C (T > Tg), (a) the
initial shape of the polymeric material undergoes deformation, resulting in the (b) straightening of macromolecular chains. (c) Upon cooling to a lower temperature (T < Tg), the
deformation is essentially “frozen” into the material’s molecular structure, effectively preserving the temporary shape. On a macroscale, tensile and compressive forces (indicated
by red arrows) are induced in the bottom and top layers of the 3D-printed specimen respectively during the shape memory programming phase, as shown in (b). (¢) Upon FUS
actuation, by heating the material (T > Tg), the elastic energy stored in hard segments is released, leading to the recovery of the original shape, as shown in (a).
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Fig. 3. (a) Experimental setup demonstrating the implementation of the 3D-printed SMP filament subjected to FUS irradiation. (b) Experimentally measured acoustic normalized
pressure distribution across the focal plane of the acoustic FU transducer. Resultant propagated pressure field in the target plane at z = 52 mm, the driving frequency is 500 kHz.

in Fig. 3(b), this transducer has a 3 mm-diameter focus spot 52 mm
away from its face. A detailed discussion for Fig. 3(b) is given in the SI
This positioning ensures that the transducer’s focal point coincides with
the water-air boundary. Maintaining a low exposure power is carefully
considered in order to prevent any possible damage of the sample
and to reduce the amount of water spray generated during transducer
activation. The input voltage to the transducer is generated, controlled,
and acquired using the waveform function generator (Keysight 33500B
series), amplifier (E&I RF power amplifier, model A075), and a digital
oscilloscope (Tektronix TBS 2000 series, model TBS2104) respectively.
Thermal variations in the polymer filament exposed to concentrated
ultrasound are measured with a Teledyne FLIR A50 thermal imaging

camera set to 30 frames per second, and the data are processed with the
FLIR Research Studio Tools program. The sinusoidal exposure continues
for 180 s, with most thermal measurements lasting up to 220 s to
document the cooling process. The transducer was operated at its
resonant frequency of 500 kHz. It is worth noting that, while the
exposure power can be varied, a safe operating range of 100 mV (peak-
to-peak) wave amplitude has been chosen to protect different types of
samples, particularly those with low infill densities. More information
is provided in the SI section and Section 4.5.

The printed TPU filament is heated to 80 °C (T > Tg) and de-
formed to achieve a right-angle bend (90°, temporary shape) using the
compression die. The specimen is then cooled to room temperature
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Table 2

Standard printing parameters for OVAT iterations.
Printing parameters Values
Bed temperature 50 °C
Number of shells 2
Nozzle diameter 0.50 mm
Layer thickness 0.50 mm
Nozzle temperature 215 °C
Printing speed 45 mm/s
Infill density 60%
Infill structure Grid
Printing direction 45°

(below Tg) to stabilize this configuration. For FUS actuated shape
recovery of printed TPU, the filament in its temporary shape is precisely
positioned to expose one half of its volume to the surrounding air while
submerging the other half in water at ambient room temperature. The
bend area is strategically situated near the focal point of the FUS. The
polymer filament is held in place by an aluminum fixture that uses
a 3-axis motor positioning mechanism to ensure exact placement and
alignment with the water’s surface. When the FUS is turned on, shape
recovery begins. The final shape recovery angle (6,) is measured after
3 min of FUS exposure. This angle represents the ultimate configuration
of the TPU filament after FUS irradiation, with 180° representing
100% recovery, whereas 90° indicates no recovery. A high-resolution
camera (Canon EOS 700D) was used to capture images of the sample’s
shape recovery during FUS irradiation. Images of the initial and final
configurations were extracted, and the angles were calculated using a
simple MATLAB code applied to the image data. To minimize errors,
the initial and final angles were also physically measured with a vernier
bevel protractor immediately before and after the FUS experiments. If
discrepancies greater than 5% were observed between the two mea-
surement methods, the physically measured values were used. These
shape recovery tests are repeated 4 times on each type of sample. The
shape recovery is quantified by the shape recovery ratio (SRR), which
measures the material’s efficiency in restoring its original geometry
after deformation under a bending load. The SRR is defined as:

0, -0,
=

SRR = % 100% (€D)]

d

where:

0, is the initial angle of the SMP before any mechanical
loading, (pre-deformation angle),

0, is the angle after the SMP has undergone deformation
due to an applied bending load,

0, is the angle after the SMP has been activated by FUS

and has undergone the shape recovery process.

This ratio is a critical parameter that reflects the polymer’s ability
to return to its original configuration, with a value of 100% indicating
complete recovery, meaning that the material has returned to its initial
angle 6, with no residual deformation. In addition, shape fixity is
a key parameter in SMP performance, influenced by factors such as
crosslinking density, crystallinity, molecular architecture, and process-
ing conditions [81]. Shape fixity is quantified as the ratio of stabilized
strain to applied strain. The literature suggests that loading and print-
ing parameters affect shape fixity by influencing the thermodynamic
stability of the polymer [64,67], leading to local plastic deformation
and stabilization of the temporary shape. Findings from the literature
suggest that free-state shape memory programming conditions, which
allow unrestricted expansion in orthogonal dimensions (in this case of
bending), ensure better stabilization of the applied strain. The medical-
grade thermoplastic polyurethane used in this study, with its high
deformability, minimizes the loss of shape fixity, particularly under
unconstrained conditions. Elastic strain recovery is mitigated by the
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material’s properties, and time-dependent viscoelastic effects are con-
trolled by minimizing the time between shape memory programming
and FUS exposure. As a result, all samples achieved close to 95% to
100% fixity before exposure to FUS. In this study, we standardized
shape recovery measurement by setting samples at 90 degrees for the
temporary shape and minimizing variability in shape fixity. Therefore,
to ensure consistency in measurements and eliminate the effects of
losing shape fixity, 6, is set to 90°, and 6, is set to a flat 180°. The
alignment of the deformed state, ensuring that 6, is precisely at 90°
before exposure to FUS testing, is verified using the high-resolution
camera.

3.3. Dynamical mechanical analysis (DMA) testing

To learn more about the mechanical properties and viscoelastic
behavior of TPU specimens made under various printing conditions,
DMA testing was performed on 3D-printed TPU samples using a TA
Instruments Discovery DMA850 equipped with a film tension clamp.
To determine transition temperatures and modulus, a dynamic temper-
ature ramp test was conducted, ranging from 40 °C to 100 °C with a
heating rate of 3 °C per minute at a frequency of 1 Hz. Additionally,
tané values, representing the ratio of loss modulus to storage modulus,
were recorded during the temperature ramp. To gather robust data,
each sample was tested for 3 iterations, and the average data was used
for analysis.

3.4. Surface analysis

The Keyence VK-X3000 3D surface profiler is used to collect pro-
filometric data, with the primary goal of assessing print quality under
various print settings. These profiles exhibit different morphological
shapes induced by the layer-by-layer deposition of molten filaments.
Morphological measurements of each sample are taken in the trans-
verse direction across all cross-sectional layers. The investigation also
entails obtaining top infill views and zoomed-in observations to detect
surface anomalies or defects in the top and bottom layers, as well
as determining the sample surface’s post-acoustic actuation behavior
under FUS. All top infill views are captured at 2.5X magnification,
while cross-sectional views are recorded at 20X magnification with
the confocal option to ensure a consistent focus range. Images are
then scaled to make them easier to read. Furthermore, laser imaging
allows for comprehensive close-up views of the top and bottom layers
at a magnification of 20x. Finally, the photos are processed using the
Keyence analysis program.

4. Results and discussion

In 3D printing, it is vital to optimize printing process settings to
ensure both the quality and dimensional precision of the manufactured
product [82-84]. This study focuses on printing temperature, printing
speed, infill density, and infill structures to investigate the effect of
3D printing parameters on TPU shape recovery properties under FUS
fields. In addition, the SI section discusses the effect of programming
temperature, acoustic wave amplitude, and acoustic power on shape
recovery.

4.1. Printing temperature

Fig. 4(a) shows how increasing the printing temperatures improves
the shape recovery ratio of the 3D-printed TPU filaments exposed to
FUS actuation. The shape recovery ratio increases by more than 15%
as the printing temperature climbs from 195 °C to 210 °C, whereas
the trend plateaus at higher temperatures (210-225 °C). The standard
error increases when the print temperature rises over 210 °C, owing
to specimen flexibility. Higher printing temperatures lower polymer
melt viscosity, resulting in better flow and deposition on the printing
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Fig. 4. (a) Average variation of shape recovery ratio in TPU filaments with printing temperatures from 200 °C (PT200) to 225 °C (PT225), with error bars showing standard
error. (b) Tané curves depicting viscoelastic responses and glass transition temperatures of PT205 and PT225. (c) Thermal camera data showing temperature variation in PT205

and PT225 during 3 min of FUS actuation.

bed. This increases bonding between the layers of the printed specimen
and the specimen’s flexibility [85]. This is verified by DMA results
obtained for both PT205 and PT225 filaments, as indicated in Fig. 4(b).
Both samples having similar Tg values indicates similar flexibility.
However, the PT205 sample shows a slightly larger area under the
tans curve, indicating increased damping and higher energy dissipation
capabilities. This suggests that the PT205 experiences higher internal
friction. Shape recovery, which reflects a material’s ability to return
to its original shape after deformation, is impacted by these factors.
Specifically, the elevated internal friction in the PT205 sample lead to
slower and less efficient shape recovery, as more energy is dissipated
as heat rather than being stored elastically. In contrast, the PT225
sample, with a smaller area under the tané curve, exhibits better elastic
behavior and more efficient shape recovery.

Fig. 4(c) reveals a notable pattern in the rate of heat transfer and
average temperatures of PT205 and PT225 filaments during FUS expo-
sure. PT225 filaments, which demonstrate the highest shape recovery,
exhibit a slightly higher rate of temperature rise, reaching average tem-
peratures of approximately 95 °C, compared to PT205 filaments, which
reach around 85 °C. This difference is attributed to the morphological
and acoustic characteristics of the filaments. The higher equilibrium
temperature of PT225 is mainly due to the more effective bonding of
layer beads at elevated printing temperatures. This enhanced bonding
reduces interlayer voids, resulting in a more homogeneous morphol-
ogy. The improved bonding minimizes wave reflections through the
layers, leading to more efficient acoustic energy transfer and a higher
equilibrium temperature. In contrast, PT205 samples with micro-voids
lose acoustic energy to the surrounding medium (e.g., air bubbles or
possibly water), resulting in a lower temperature rise.

Figs. 5(a) and Fig. 5(b) show the surface topology changes of PT205
and PT225 filaments, respectively. Fig. 5(a) demonstrates diverse topo-
logical characteristics. The lower half of the stratum has a consistent
measurement profile until the midway point; however, the upper half
has a unique pattern. PT205 samples exhibit significant decrease in
interlayer adhesion after FUS actuation, as seen in Fig. 5(c). Fig. 5(c)(T)
clearly shows flaws on the top layers. In contrast, PT225 filaments
clearly reveal completely matched layers in Fig. 5(d). When the print
temperature is set to 225 °C, the layers seem consistently homogeneous

over the filament’s cross-section, with negligible topological changes, as
illustrated in Fig. 5(b). Mechanically, this results in improved control
over the specimen’s in-plane bending during shape recovery. The ability
of specimens with a heterogeneous profile to undergo in-plane bending
during FUS irradiation diminishes due to the anisotropic nature of the
different layers, making the filament more resistant to shape recovery.
Fig. 5(e.2) confirms this, as PT205 filaments exhibit a reversed dog-
bone structure after recovery. The relatively lower elasticity of PT205
reduces the specimen’s ability to return to its original shape, thereby
impacting overall shape recovery.

When exposed to FUS, PT205 filaments had delamination at the
basal layers, as illustrated in Fig. 5(e.1). This demonstrates poor in-
terlayer adhesion and the creation of interlayer gaps. Acoustically, the
presence of interlayer voids and microholes results in an impedance
mismatch as sound waves flow through these layers. This impedance
discrepancy is caused by variances in acoustic impedance across the
three mediums: polymer, water, and air. As waves move from the
bottom to the top layers, their variable impedance characteristics in-
duce reflections and modify transmission qualities, resulting in thermal
energy transmission losses. At the microstructural level, this results
in less activation of the polymeric chains due to thermal losses. As
a result, PT205 filaments show poorer shape recovery. In contrast,
neither delamination nor a reverse dog-bone structure is observed
in PT225, as demonstrated in its cross-sectional view Fig. 5(f.1) and
top infill view (f.2) respectively. Fig. 4(a) shows that TPU specimens
printed at temperatures higher than 210 °C get the best shape recovery
results. Beyond this temperature threshold, the trend flattens out and
the degree of variance in the shape recovery ratio becomes quite small.
This performance saturation can be linked to the occurrence of a critical
temperature, which represents a ’sweet spot’ beyond which polymeric
chains no longer perform optimally.

4.2. Printing speed

Fig. 6(a) illustrates a distinct association between printing speeds
and shape recovery ratio. It demonstrates that shape recovery rises
as printing speed increases (25 mm/s to 50 mm/s) until a particular
threshold is reached, at which point the relationship reverses. DMA
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Fig. 5. Analysis of surface topology changes in 3D-printed TPU filaments at different printing temperatures (205 °C and 225 °C). Images show topology differences for (a) PT205
and (b) PT225 specimens post-FUS actuation. Laser confocal images reveal minute interlayer gaps in the top [*T] and bottom [*B] layers of (c) PT205, and well-matched layers in
(d) PT225 at 20X magnification. Post-FUS irradiation, PT205 exhibits delamination (e.1) and a reverse dog-bone structure during shape recovery (e.2), while PT225 shows neither

in cross-sectional (f.1) and top infill views (f.2).

tests are performed on filament printed at speeds of 25 mm/s (PS25)
and 65 mm/s (PS65) to analyze shape recovery trends Fig. 6(b). The
results indicate that PS25 has a larger area under the tans curve, which
suggests greater energy dissipation. This implies that PS25 exhibits
less elastic behavior and better damping properties. Supporting this,
thermal data (see Fig. 6(c)) show that PS25 samples dissipate heat
more effectively, reaching equilibrium temperatures around 70 °C. In
contrast, PS65 samples reach approximately 90 °C. The higher thermal
energy in PS65 samples fully activates the polymeric chains responsible
for shape recovery, resulting in a greater degree of shape recovery
compared to PS25. Moreover, Tg is directly linked to the mobility
of polymer chains and the available free volume within the material.
Increased chain mobility results in greater flexibility, leading to a lower
Tg of 62.32 °C, as observed in the PS25 sample, along with a reduced
storage modulus. This suggests that PS25 has lower elastic properties
and greater flexibility compared to PS65. In contrast, PS65 can store
more energy elastically, enhancing its shape recovery performance.

Surface morphological and microscopic measurements are performed
on PS25, PS45, and PS65 samples to better understand the nonlinearity
of shape recovery behavior as printing rates increased. The PS25 sam-
ples exhibit a heterogeneous surface topology, as illustrated in Fig. 7(a).
This is primarily due to the presence of both interfacial voids, which
arise from inadequate bonding between the rasters, and inter-voids
resulting from raster spreading during the shape memory programming
phase. The findings from the microscopic analysis reveal that the
quality of the material in PS25 samples appears to be compromised due
to under-extrusion of layers, as shown in Fig. 7(d.T). Under-extrusion is
primarily caused by the extruder’s slow motion, which does not allow
sufficient time for the filament to melt and deposit properly [86]. As
a result, the cooling process for individual layers exceeds the initially
projected timeframe before the next layer is deposited. This restriction
in flow dynamics leads to under-extrusion, thereby compromising the
quality of the printed sample. Hence, these heterogeneities affect the
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Fig. 6. (a) Average variation of shape recovery ratio in TPU filaments printed at speeds from 25 mm/s (PS25) to 65 mm/s (PS65), with error bars showing standard error. (b)
Tané curves showing viscoelastic responses and glass transition temperatures of PS25, PS45, and PS65. (c) Thermal camera data showing temperature variation in PS25, PS45, and
PS65 during 3 min of FUS actuation.

Fig. 7. Surface topology changes in 3D-printed TPU filaments at printing speeds of (a) PS25, (b) PS45, and (c) PS65 after FUS actuation. Laser confocal images show (d)
under-extruded layers in PS25, (e) matched layers in PS45, and (f) over-extruded top [*T] and bottom [*B] layers with interlayer voids in PS65 at 20X magnification. Top infill
views reveal reverse dog-bone structures in (g) PS25 and (i) PS65, while (h) PS45 maintains structural integrity with no reverse dog-bone shape.
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Fig. 8. (a) Average variation of shape recovery ratio in TPU filaments with 40% (ID40) to 100% (ID100) infill density, with error bars showing standard error. (b) Tané curves
showing viscoelastic responses and glass transition temperatures of ID40 and ID100. (c) Thermal camera data showing temperature variation in ID40 and ID100 during 3 min of

FUS actuation.

mechanical properties of the sample, ultimately impacting the in-
plane bending during shape recovery under FUS irradiation. For PS25
samples, Figs. 7 (d.T and B) clearly illustrate the irregularities in layer
deposition and minute inter-layer voids, leading to uneven surface
quality. When subjected to FUS, these small air voids create impedance
variations, resulting in heat-induced transmission losses and a poorer
shape recovery ratio of 45%.

A similar issue is observed in PS65 samples, which exhibit over-
extrusion due to relatively high print speeds, leading to poor interlayer
adhesion, as shown in Figs. 7 (f.T and B). The microscopic images reveal
interlayer voids and surface irregularities resulting from sub-optimal
printing speeds. As a result, this leads to a surface topology that is
intermediate between homogeneous and heterogeneous characteristics,
as depicted in Fig. 7(c) for PS65 sample.

On the other hand, PS45 samples have a smooth and consistent sur-
face, as shown in Fig. 7(b). This homogeneity enhances in-plane bend-
ing during shape recovery when exposed to FUS irradiation. Fig. 7(h)
supports this, demonstrating that the PS45 sample’s uniform infill
results in better shape recovery. In contrast, PS25 and PS65 samples
show a reverse-dog bone shape after actuation in Fig. 7(g) and Fig. 7(i).

The surface measurements back up these findings. Figs. 7 (e.T and
B) show that PS45 layers are perfectly matched with few visible voids
or irregularities, leading to the highest shape recovery rate of 70%.
We found that the best printing speed for achieving optimal shape
recovery with TPU is between 45 and 55 mm/s. Increasing the acoustic
field intensity can improve shape recovery to over 90%. However, this
has its limits; if the field intensity exceeds a certain threshold for a
given sample thickness, it can cause surface degradation due to strong
mechanical waves. Additional details on this aspect are discussed in the
section 4.5.

4.3. Infill density

Fig. 8(a) shows a clear inverse relationship between infill density
and the shape recovery ratio of the filament. It can be seen that samples
with 40% infill density (ID40) demonstrate superior shape recovery.
The rationale for this nearly linear correlation can be attributed to the
thermo-mechanical properties. ID40 samples, having reduced material

volume, exhibit heightened responsiveness compared to ID100 when
subjected to a similar amount of acoustic power. This heightened
responsiveness stems from the greater heat available within the limited
material volume. However, it is important to note that parameters such
as stacked layer orientation have a significant impact on the SME out-
put. Reducing infill density amplifies the influence of these factors [87].
In fact, this approach emphasizes the feasibility of programming the
desired SME by carefully choosing proper densities.

Mechanically, raising the infill structure density enhances material
stiffness, tensile strength, and resistance to deformation, elevating the
degree of shape fixity and decreasing the extent of shape recovery [88].
Fig. 8(b) shows the DMA findings demonstrating this. ID40 samples
show a shift in the glass transition temperature and a slightly larger
area under the tané curve compared to ID100. This suggests that ID40
has less elastic properties and greater damping abilities. Additionally,
both samples exhibit distinct thermal properties.

During FUS irradiation, the extent of shape recovery is determined
by factors such as the programming temperature and the thermal
energy available to activate the polymeric chains. More information
on the impact of programming temperature can be found in the SI
section. Thermal measurements in Fig. 8(c) show that ID100 samples
achieve somewhat higher equilibrium temperatures (~ 90 °C) than
ID40 samples at 80 °C. However, it is worth noting that both ID40
and ID100 samples achieve temperatures over the glass transition
threshold required for polymeric chain activation. As a result, because
densities vary between samples, the thermal energy per unit volume is
an important comparative parameter. As a result, ID40 samples have
more thermal energy available per unit volume due to their lower
density, resulting in more robust activation of polymeric chains than
ID100 samples with higher infill volume or density, which require a
larger infusion of thermal energy to achieve a similar activation. As
a result, ID40 samples have a 20% greater shape recovery ratio. The
effect of higher thermal energy per unit volume is evident in the post-
FUS irradiation infill images, where the ID40 sample exhibits greater
structural distortion and wear in Fig. 9(e), compared to the relatively
stable appearance of the ID100 sample in Fig. 9(f).

The surface morphology results validate our findings on impact of
infill density on shape recovery ratio. ID40 samples have a uniform
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Fig. 9. Surface topology changes in 3D-printed TPU filaments with (a) 40% (ID40) and (b) 100% (ID100) infill density after FUS actuation. Laser confocal images show interlayer
voids in top [*T] and bottom [*B] layers of (¢) ID40 and matched layers in (d) ID100 at 20X magnification. Infill views show structural distortion in print quality after FUS

irradiation for (e) ID40 and (f) ID100.

surface profile that improves shape recovery, as seen in Fig. 9(a).
Fig. 9(b) for ID100 samples clearly reveals a heterogeneous surface
profile, which creates resistance during bending, resulting in inferior
shape recovery.

Microscopic imaging clearly demonstrates that changing the infill
density setting in the 3D printing process causes no discernible differ-
ences in the irregularities in the layer deposition. Figs. 9 (c.T and B)
and 9 (d.T and B) demonstrate exactly matched layers in ID40 and
ID100 samples, respectively. As a result, the logic of thermal energy
accessible per unit volume of the sample becomes more clear. Even
after accounting for thermal losses due to impedance mismatches and
wave reflections at the polymer-water—air interfaces, the difference in
equilibrium temperatures between the two samples is only 10 °C.

As a result, infill density plays a key role as a design parameter in
shape recovery. While reduced infill density is preferable for maximiz-
ing shape recovery during FUS actuation, maintaining the structural
integrity of the samples is equally important. Low infill densities, when
exposed to higher acoustic power, can lead to surface degradation.

10

4.4. Infill structures

The bar graph in Fig. 10(a) shows that specimens have the highest
shape recovery ratio. However, the shape recovery among the remain-
ing infill structural patterns is within a 5% range of each other. DMA
experiments are done on filaments printed with Tri-hexagonal (TH),
Grid 90° (G90), Grid 45° (G45), and Zig-zag (ZZ) structural arrange-
ments to analyze shape recovery trends Fig. 10(b). DMA results indicate
that the TH structure has the smallest area under the tans curve and a
considerable shift in the glass transition temperature. The smaller area
under the curve implies that the TH specimens have better elasticity
and less damping. This higher elasticity allows the material to return
to its original shape following deformation, resulting in improved
mechanical shape recovery in these specimens. The shift in Tg can be
neglected here, as different infill patterns result in varying flexibility
or stiffness, making direct comparison of molecular flexibility difficult.
However, the shape recovery ratios for the G45, G90, and ZZ samples
fall within similar ranges. This is confirmed by DMA results, where the
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Fig. 11. Structural changes after FUS irradiation in 3D-printed TPU filaments with different infill patterns. Microscopic images at 2.5X magnification show structural distortion in
(a) G45, (b) G90, (¢) TH, and (d) ZZ specimens, compared to the initial CAD configurations in the slicer software.

area under the tans curve for these three types of samples is nearly
identical. However, the comparison in terms of thermal activation is
valid, as the TH samples exhibit significantly lower glass transition
temperatures (56.93 °C). Under the same acoustic intensity, the TH
samples enter the transition phase much earlier, allowing more time
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for optimal activation of polymer chains. As a result, they achieve a
13.25% higher shape recovery ratio compared to GH90 samples.

Fig. 11(c) depicts TH patterns as repeated triangles and hexagons.
After FUS activation, microscopic investigations suggest that the ar-
rangement undergoes the largest disruption in its infill structure, as
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Fig. 12. Effect of varying acoustic wave amplitude (a) on shape recovery ratio of the sample printed with optimal parameters, (b) on shape recovery over time.

illustrated in Fig. 11(c). This shows that heat transport through this
pattern is especially efficient. The heat data provided in Fig. 10(c)
supports the shape recovery results, with TH samples reaching slightly
higher temperatures (~ 90 °C). With improved viscoelastic and thermal
properties, TH samples can achieve greater shape recovery ratio.

In TH samples, the higher shape recovery ratios and equilibrium
temperatures result in more pronounced structural distortion after FUS
actuation, as observed in the microscopic images shown in Fig. 11(c).
This distortion is noticeably greater compared to the other three sam-
ples displayed in Figs. 11(a), 11(b), and 11(d).

Infill structures in 3D printing that influence the SME are de-
termined by a variety of parameters. Prior research, for example,
has thoroughly investigated the effect of infill angle on shape recov-
ery. Changing the infill angle can significantly impact SME, including
factors such as response time [89] and shape recovery speed [90].
Additionally, this parameter has been shown to exert considerable
influence on various mechanical properties, including but not limited
to the elastic modulus [91], strain [91], and storage modulus [49].
So, while selecting an infill pattern for shape recovery in a specific
part, various technical criteria must be considered, including mechan-
ical properties, weight, material efficiency, surface finish, and other
component functional needs.

4.5. Maximizing shape recovery: Influence of acoustic wave amplitude

In the past few subsections, the relationship between shape recovery
ratio and 3D printing parameters was determined for samples subjected
to FUS irradiation. The maximum shape recovery rates attained ranged
from 60% to 80%. These values are not optimal, especially when
compared to other actuation sources, such as conventional heating
methods for SMPs. However, shape recovery rates can be maximized
by optimizing acoustic parameters. The acoustic power plays a crucial
role in temperature rise of the sample exposed to FUS. Our previous
work [21] reported that an increase in acoustic power level enhances
localized energy deposition on the SMP surface, resulting in a rapid
temperature increase. The rate of temperature rise in SMPs due to
power variation is significantly higher than that achieved through
acoustic frequency. Acoustic power is proportional to the square of
the amplitude of a mechanical wave [92]. Using the optimal printing
parameters (print temperature of 215 °C, print speed of 50 mm/s, infill
density of 50%, and tri-hexagonal infill structure) previously identified
for achieving the highest shape recovery ratios, the effect of varying

12

acoustic wave amplitudes on the rate of shape recovery was analyzed
for this optimized sample through experiments.

Fig. 12(a) illustrates that high acoustic wave amplitudes can maxi-
mize the shape recovery ratio for this specific sample thickness. While
very high amplitudes may cause surface degradation, as indicated by
the red circles in the microscopic images, this effect is particularly
evident in thin samples like this one. Additional details on the impact
of sample dimensions in FUS actuation are provided in the SI section.

Fig. 12(b) shows that increasing acoustic wave intensity enhances
shape recovery performance. For this specific sample, the shape re-
covery ratios are 97.2%, 86.5%, 74.8%, and 55% at wave ampli-
tudes of 100, 200, 250, and 300 mV, respectively, before amplifica-
tion. These shape recovery ratios stabilize after approximately 55 s of
FUS actuation in all cases. At the highest amplitude (300 mV), the
shape recovery rate improves significantly, exceeding 95%. Notably,
the sample achieves about 80% recovery within just 30 s of FUS actua-
tion. This demonstrates the effectiveness of FUS in enabling rapid and
controlled shape recovery in SMP materials, surpassing conventional
heating methods.

Additionally, the spatiotemporal dynamics of the shape recovery
process are crucial to this approach. FUS allows precise control over
the recovery process by generating localized heating, focusing heat on
areas where polymer chains are programmed. As a result, recovery can
be paused or maintained in specific spatial configurations during FUS
irradiation by adjusting the acoustic parameters, providing enhanced
control over the actuation process. Hence, it is concluded that acoustic
wave amplitude or acoustic power significantly influences the onset of
shape recovery in ultrasound-based SMP systems.

5. Spatiotemporal control of complex 4D-printed structures using
focused ultrasound

Grasping is a key feature in soft robotics [93]. We introduce a func-
tional folding grasping mechanism to demonstrate the spatiotemporal
control and selective heating of complex 4D-printed structures using
FUS. The gripper design draws inspiration from the grasping mech-
anism of predatory plants, specifically Drosera Capensis. The gripper
utilizes a one-way shape memory effect with two different starting
positions for opening and closing.

The gripper has four slender petals designed to maximize energy
absorption from the FUS focus spot and improve motion. This design
mitigates edge obstructions and deadlocks commonly encountered in
systems with limited bending flexibility when additional petals are
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Fig. 13. Dynamic transition of a 4D-printed functional gripper-like structure demonstrating both opening and closing actions upon exposure to FUS irradiation over a 3-minute

period.

integrated. Each petal has a bead at its tip, facilitating a soft grasping
action during the opening and closing phases. The gripper is 3D-printed
using optimal settings described in Section 4: 50 mm/s speed, over
210 °C temperature, 40% infill density, and a tri-hexagonal structure.
These parameters enhance shape recovery, enabling the petals to bend
effectively under the acoustic field.

In the first experiment, a flat, cross-shaped gripper is fabricated and
then programmed into a temporary closed state at 80 °C, a temperature
above its glass transition point, using a compression die. To preserve
this temporary state, the gripper is then cooled below its Tg. Please
note, the thickness of the gripper is selected as 10 mm to sustain a
high acoustic field intensity, allow sufficient depth of penetration for
the incident wave into the polymer, and eventually result in a bulk
temperature rise of the gripper above its Tg without any material
degradation, achieving a 100% shape recovery ratio. The closed-state
gripper is exposed to an acoustic wave amplitude of 500 mV (peak-
to-peak) to activate its shape memory. This amplitude value is 5X
higher than the wave amplitude used in previous standard experiments,
where the sample size was only 2 mm, which is 5X smaller than the
thickness chosen for this gripper. As the wave travels through the
polymer medium, each branch of the gripper becomes less stiff and
starts bending outwards. All four branches move together from the
closed state to an open or releasing state, as indicated by the green
arrows in Fig. 13. The complete actuation process takes approximately
3 min, with each transition state lasting around 16 to 22 s. Each
intermediate form during the transition can be paused at any stage
by turning off the FUS source. By configuring the relevant acoustic
parameters, any desired intermediate state can be achieved, enabling
precise dynamic spatiotemporal control. This is in contrast to tradi-
tional heating methods, where shape recovery cannot be controlled as
precisely. This is demonstrated in Video 1, Video 2 and Video 3 in the
SI section.
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In the following experiment, the gripper is initially fabricated in
a closed state, contrasting with the previous experiment. It is then
programmed to assume a flat, cross-shaped configuration above its
Tg and subsequently cooled to maintain this temporary setup. When
subjected to FUS irradiation, the flat, cross-shaped structure reverts
to its closed-state configuration, as indicated by the red arrows in
Fig. 13. It can be seen that the dynamic intermediate forms follow
a similar trend to the opening mechanism observed in the previous
experiment, demonstrating the reversibility of these smart structures’
configurations. The rate of shape recovery and the angular velocity
of the petals can be adjusted by altering the acoustic and geometric
parameters of the gripper. This basic model can evolve into more
advanced structures with increased degrees of freedom.

It is important to note that we are presenting a proof of concept
here, and the experimental framework we have developed can be
adapted to design different ultrasound-activated soft robotic mecha-
nisms. These designs can be tailored for various applications, consider-
ing factors like structure size, desired opening and releasing times, and
repeatability. The authors plan to explore this topic further in future
communications.

6. Conclusions

We developed an experimental framework that demonstrated a
robust association between TPU’s additive manufacturing character-
istics and shape recovery behavior when exposed to regulated FUS
irradiation. SMP’s physical properties alter when heated acoustically
to a temperature higher than its Tg by FUS due to viscous shear-
ing and relaxing of polymeric chains as mechanical ultrasonic waves
pass through it. DMA measurements, heat data, surface morphological
data, and microscopic images of the 3D-printed TPU filaments were
all used to back up the findings and establish a strong association
between TPU shape recovery and the relevant 3D printing parameters.
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The observations demonstrated that the 3D printing parameters had a
substantial impact on the TPU specimens’ print quality and behavior
during FUS exposure. The print quality had a direct impact on acoustic
wave propagation through the sample layers, which in turn affected
the thermal field, thermal gradient, and temperature rise within the
test samples. Hence, the shape memory process could be modified by
modifying the printing temperature, print speed, infill density, and
the sample’s infill structure. Furthermore, by using the appropriate
3D printing parameters, impedance mismatches in the layers can be
eliminated, enhancing heat transfer across the sample. As a result,
the material may be selectively heated, resulting in improved form
recovery and spatiotemporal control of shape recovery.

Based on comprehensive assessments of thermal properties, vis-
coelastic behavior, surface morphology, and acoustical principles, the
key findings of this study are summarized as follows:

+ Shape memory properties, particularly the shape recovery ratio,
were influenced by factors such as printing temperature, printing
speed, infill density, and infill structure. Shape recovery ratios
ranged from 50% to 80%, reflecting the interplay between the
acoustic source, 3D printing parameters, and the viscoelastic
recovery process.

Increasing the FUS field intensity improved the shape recovery
ratio to over 95%. However, intensities exceeding 100 mV (peak-
to-peak) led to material degradation in thin samples (less than
3 mm) due to excessive mechanical wave effects. This highlighted
the importance of sample thickness for effective wave absorption,
as greater thickness enhances wave penetration and bulk temper-
ature rise, though there is an optimal amplitude for each thickness
beyond which structural degradation occurs.

Microscopic images and DMA analyses revealed non-uniformities
in surface topology and micro-voids between layers due to poor
adhesion from suboptimal printing parameters. These issues caused
acoustic transmission loss and reduced shape recovery ratios due
to impedance mismatches in poorly adhered layers.

Printing temperature exhibited a nearly linear relationship with
the shape recovery ratio, while printing speed showed a non-
linear relationship, peaking at an optimal speed that improved
print quality. Infill density was inversely related to the shape
recovery ratio, and infill structure also influenced shape recovery.
To obtain the best shape recovery in TPU exposed to FUS irradia-
tion, optimal parameters include a printing speed of 45-50 mm/s,
a printing temperature over 210 °C, an infill density of 40%-50%,
and a tri-hexagonal structural arrangement.

Using these optimal print settings, we fabricated a reversible soft
gripper, which exhibited a 100% shape recovery ratio when exposed
to FUS fields at higher wave amplitudes. The dynamic motion of the
gripper, including both opening and closing actions, was demonstrated
through the application of FUS. This discovery opens up new possibil-
ities for creating 3D-printed SMP structures with sophisticated shape
memory programmability, as well as opening the way for minimally
invasive FUS technology to activate SMP-based devices in a variety of
biomedical applications and therapies.
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