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ABSTRACT

Smart materials and structures with shape memory properties have recently gained attention due to their unique
ability to remember their original shape, dimensional flexibility, structural programmability, and multi-material
compatibilities. They have found applications in morphing structures, heat storage, flexible electronics, soft/
micro-robotics, metamaterials, biomedical scaffolds, and space missions. Most applications of these systems
require multifunctionality with high precision controls over multi-materials. However, most current
manufacturing cannot process disparate materials without generating phase separation or structural instabilities.
This research presents a new 3D printing process via the Multiphase Direct Ink Writing (MDIW) mechanism to
produce in-line and out-of-plane microlayers. The selective deposition of polyether-thermoplastic polyurethane
(TPU)/polycaprolactone (PCL) and polyester-TPU/iron oxide (Fe304) is investigated for thermal and magnetic
dual stimuli-responsiveness. During the MDIW manufacturing, specific sublayers within each printing line for
optimized domain size are produced with the stacking of the layers along the z-axis to investigate their influences
on the stimuli-responsiveness. The mechanical, thermal, and thermomechanical characterizations can reveal the
time-temperature-dimension relationships in different media (i.e., air and water) showing a precisely controlled
actuation phenomenon and shedding light on their broad applications in defense, energy, health, and
sustainability.

1. Introduction

[4-7]. In addition, the high sensitivity and selectivity to specific envi-
ronmental parameters give SMPs highly flexible transformations be-

Polymers with stimuli-responsiveness (i.e., smart/intelligent poly-
mers) can alter their physical and/or chemical properties upon exposure
to specific environmental conditions. As a result, these materials have
broad applications in sensors, actuators, soft robotics, innovative coat-
ings, environmental remediation, targeted drug delivery, and tissue
engineering [1-4]. Among these intelligent polymers, shape memory
polymers (SMPs) have attracted attention due to their advantages in
lightweight (i.e., 1-2 g/cm®), mechanical robustness (e.g., extensive
strain recovery), thermal manipulability (e.g., a wide range of glass
transition temperatures), electrical insulation, chemical stability (e.g.,
corrosion resistance), biocompatibility, and low-cost processability
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tween morphing geometry and initially designed dimensions. The
external stimuli to tune SMPs’ shapes and dimensions include mechan-
ical loading, thermal heat, electrical field, optical light, magnetic field,
and chemical pH [8-11]. However, the shape memory effect of the SMPs
relies strictly on the active and passive phases to generate responsive
behavior to respective external stimuli. The active phase is responsible
for the temporary shape-shifting, and the passive phase is responsible for
regaining the original shape. The chemical composition, physical vari-
ations, or structural differences between these phases generate stress
variations that respond differently within a specific environment
[12-14]. Copolymerization via monolayers, manual laminating, or
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casting of bilayer or trilayer structures are commonly-utilized fabrica-
tion techniques for producing SMPs [15-18]. However, one limitation of
these techniques is their difficulty in creating complex shapes of varying
chemistry, compositions, dimensions, and topologies, in addition to the
often criticized long lead time or high cost [19-22]. For example, Zhang
et al. fabricated thermally responsive shape memory material through a
multi-step process involving a series of processing methods, e.g.,
ultra-sonication, milling, hot pressing, and thermally induced aging,
which limits the choices of materials or the fabrication precisions [23].

Additive manufacturing (i.e., 3D printing) is an effective technique
for rapid prototyping and customized design. For example, 3D printing
can deposit materials at user-defined positions and allow dimensional
variation to provide desirable actuation control of complex geometries
[24]. In addition, different printing mechanisms can include
multi-materials at different scales [25]. Precisely, the selective laser
sintering (SLS) disperses finer microspheres within coarse powders, the
fused deposition modeling (FDM) mixes macroscale carbon fibers in the
polymer matrix, direct ink writing (DIW) suspends micro ceramics in
soft matter solutions or gels, and stereolithography (SLA) blends nano-
particles in monomer resins [26-29]. More importantly, the inclusion of
stimuli-responsiveness in 3D printing can add one more dimensional
control (i.e., time) to physical dimensions, leading to the newly defined
4D printing [30,31]. For example, JA Lewis and her group used DIW to
3D print shape morphing liquid crystal elastomers (LCEs) above and
below its nematic-to-isotropic transition temperature when exposed to
high-temperature UV light [32]. Similarly, HJ Qi and his group fabri-
cated heat-responsive shape memory structures using shape memory
polymer fibers and polyjet 3D printing technique [33]. The structural or
composition evolutions as a function of time generate a new level of
affordability and ease of use for unique applications in human implants
(e.g., cell encapsulation or drug delivery), energy storage (e.g., heat
dissipation and packaging reliability in extreme temperatures), actua-
tors (e.g., hinge mechanism or lightweight load-bearing), and elec-
tronics (e.g., morphing electronics) [20,21,34-37]. Different 4D
printing materials, including polymers, hydrogels, liquid crystal elas-
tomers, ferromagnetic nanoparticles, carbon/ceramic nanoparticles,
and bio-inks, have been reported in versatile structures [38-40]. How-
ever, most 4D printing feedstocks are phase-mixed i.e., simple mixing of
two or more polymers or nanoparticles to produce shape memory
actuation but may compromise its mechanical properties [41]. There-
fore, it is urgent to develop an integrated manufacturing platform for
selectively distributing multiple phases to respond to external stimuli in
a programmable manner. Examples are multi-material inclusion instead
of simple mixtures, new hierarchical designs at the mesoscale, high
manufacturing scalability, and maneuverability in coupled fields via
innovative protocols.

This research focuses on a newly developed multiphase direct ink
writing (MDIW) 3D printing technique to print in-line and out-of-plane
layered structures critical for stimuli-responsiveness via controlled heat
or magnetism. The MDIW uses a nozzle specially designed to take multi-
materials (e.g., gels containing different polymers and nanoparticles) as
feedstocks before rearranging them alternatively in the multipliers,
forming sub-layers within each printing line and enabling hierarchical
in-plane and out-of-plane layers. These multi-materials include (i) pol-
yether- and polyester-based thermoplastic polyurethane (TPU) elasto-
mers for reversible shape morphing, (ii) polycaprolactone (PCL) for
thermal actuation, and (iii) iron oxide (Fe3O4) for magnetic manipula-
tions. In addition, the layer numbers can influence the thermal transition
and actuation of the polymer composites, demonstrating their consistent
effectiveness in expanding rolled structures with different heating
temperatures, printing textures, and moisture degrees. Specifically, the
layer number along with the in-plane (i.e., x/y-axis) was optimized to be
64 per printing line due to (i) distinct layer formation and (ii) uniform
nanoparticle dispersions. Besides, the layer number along the out-of-
plane (i.e., z-axis) varied from 3 to 10 (i.e., 3L-10L) to study the actu-
ation tunability. Based on this structural design, the actuation
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mechanism was studied using the shape memory effect (SME) analysis
by subjecting the samples to a repeated thermo-mechanical cycle with
in-situ dynamic observations. Furthermore, thermal unbuckling of
complex morphologies (i.e., multifold, cylindrical, and helix) and the
magnetic rotation of fixed samples also showed the highly efficient
stimuli-responsiveness useful for broad applications in sensors, actua-
tors, and soft robotics.

2. Experimental

Materials: TPU-D (Ellastollan 1254 D 13 U) and TPU-B (Ellastollan B
60 A 10 WHTSG 000) were provided by BASF, USA. TPU-D is a
polyether-based TPU with a reported Shore D hardness of 57, a tensile
strength of 60 MPa, and an elongation break of 470%. It is also less
susceptible to dynamic heat build-up with good hydroelastic stability
and loses flexibility with the temperature drop. TPU-B is a polyester-
based TPU with a Shore A hardness of 60, a tensile strength of ~25
MPa, and elongation at a break of 900%. It has high heat resistance,
shock absorption capability, and chemical resistance and is less affected
by cold temperatures. PCL (CAS-No. 24980-41-4) with a molecular
number of 80,000 was in the form of pellets and purchased from Milli-
pore Sigma. It is a biodegradable polyester with a reported low melting
point of ~60 °C. Synthetic black iron oxide (Fe3s04>98%) nanoparticles
with an average particle size of 300 nm in diameter were purchased from
Alpha Chemicals. Phenylbis (2,4,6-trimethyl benzoyl) phosphine oxide
(i.e., Irgacure 819 (IR819), 97% assay, CAS-No. 162881-26-7) in the
form of powder and dimethylformamide (DMF) (anhydrous, > 98%)
were purchased from Millipore Sigma. All the materials were used as
received.

Feedstock Processing and 3D Printing Procedures: Two feedstocks were
prepared to form alternating layers within each printing line using the
in-house designed and assembled 3D printer, namely, MDIW (Fig. 1 &
Table 1).

Feedstock A (Fig. 1a) consists of TPU-D and PCL dissolved in DMF.
First, the different weight percentages of TPU-D (i.e., 5 - 15 wt%) were
added to DMF with constant mechanical stirring at 100 °C. Then, after
complete dissolution of TPU-D, varying weight percentages of PCL (i.e.,
5 - 20 wt%) were added to the TPU-D/DMF solution at the same tem-
perature and stirring speed till complete dissolution. Finally, 2 wt% of
IR819 was added to the TPU-D/PCL/DMF solution while cooling down
to room temperature. This feedstock A was degassed via ultrasonication
for 45 min before use.

Feedstock B (Fig. 1a) consists of TPU-B dissolved in DMF and Fe3O4
nanoparticle suspension. First, the TPU-B (i.e., 55 - 65 wt%) was added
to DMF with constant mechanical stirring at 100 °C. Then, after the
complete dissolution of TPU-B, the Fe304 (i.e., 7.5 wt%) was suspended
in the solution using high-speed mechanical stirring and cooled down to
room temperature. Finally, 2 wt% of IR819 was added to the TPU-B/
Fe304/DMF solution. This feedstock B was degassed via ultrasonication
before use.

Polyurethane-based polymers were chosen due to their extended- or
short-chain polymer network, which is considered favorable for shape
memory or fixation effects. Besides, their excellent biocompatibility can
have applications in the biomedical field, such as actuators in soft ro-
botics or regenerative tissue engineering and drug delivery devices.
Similarly, PCL is biodegradable and biocompatible in the manufacturing
of polyurethanes to modify its mechanical properties. Fe3O4 has found
applications as drug carriers due to their availability and lower cost.

Three different samples were 3D-printed using the in-house MDIW
platform (Fig. 1a-e), including (i) homogeneous feedstock A or B (i.e.,
TPU-D/DMF, TPU-B/DMF printed with three layers along the z-axis) (ii)
individual mixtures (i.e., TPU-D/PCL/DMF, TPU-B/Fe304/DMF printed
with three layers along the z-axis), for feedstock A & B, and (iii)
multiphase layers with TPU-D/PCL/DMF as feedstock A and TPU-B/
Fe304/DMF as feedstock B printed with 3-10 layers along the z-axis. All
samples had similar printing procedures. For example, one MDIW
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(a) MDIW
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Fig. 1. The in-house developed new 3D printing, Multiphase Direct Ink Writing (MDIW), for multi-material printing with the (a) MDIW manufacturing mechanism
and control systems for (b—e) in-line and out-of-plane layered structures (b) UV-assisted printing along the in-plane x-axis (i.e., comparative alignment 0°), with (c) a
digital photograph of the as-printed layer #1 (i.e., one printing line contains 64 sublayers with alternating layers have feedstock A/B/A/B ...) and a zoom-in optical

image (scale bar of 400 pm) (d) UV assisted printing along the in-plane y-axis (i.e.

, comparative alignment 90°), with (e) an optical (scale bar of 500 pm) and digital

photograph of the as-printed layer #2 and #10 (i.e., one printing line contains 64 sublayers with alternating layers have feedstock A/B/A/B ...), (f;) MDIW printing
nozzle design contains the spinneret, minimizer, layer multipliers, and reducer, with the theoretical modeling in Fig. S2/movie S1, and (f,) a digital photograph of the
MDIW nozzle with 5 multipliers (IN718 3D printed via Concept Laser M2) mounted on the 3D printing platform with injection, deposition, and feedstock

composition controls.

Table 1
Nomenclature of the test samples.
Category Sample Compositions
x/y-axis layer # z-axis Feedstock A Feedstock B Rationale
layer #
3-layer, homogeneous TPU ~ TPU-D 64 with the sublayer domain 3 TPU-D/DMF Control samples to examine the actuation
TPU-B size of ~100 pm TPU-B/DMF conditions
3-layer polymer mixtures TPU-D/ TPU-D/PCL/DMF
PCL
TPU-B/ TPU-B/Fe304/DMF
Fe304
3- to 10-layer multiphase 3L 3 TPU-D/PCL/ TPU-B/Fe304/ PCL as phase switch for thermal actuation and
composites 4L 4 DMF DMF Fe304 for magnetic actuation
5L 5
8L 8
9L 9
10L 10

Note: the post-printing processing was via UV- curing for solidification purposes.

printing line along the in-plane x/y-axis contains 64 sublayers with a
100 pm domain size for each sublayer, which is consistent for all sam-
ples. The sublayers along the x/y-axis can evenly distribute the TPU-D/
PCL and TPU-B/Fe304 for thermal and magnetic actuation. In addition,

the excellent distribution of Fe3O4 can also enhance the mechanical
durability of composites. An increase of the layer numbers along the z-
axis varied in samples (iii) for different actuating purposes.

3-layer, homogeneous TPU: Both syringes were loaded with the same
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solution (i.e., (TPU-D/DMF or TPU-B/DMF)) and pumped at a constant
flow rate of 1 ml/min. As a result, the homogeneous samples undergo a
similar shear process to the composites (TPU-D/PCL&TPU-B/Fe304
layers) to serve as control samples.

3-layer polymer mixtures: Both the syringes were loaded with the
polymer mixtures (TPU-D/PCL/DMF or TPU-B/Fe304/DMF) and pum-
ped at a constant 1 ml/min flow rate. As a result, the TPU-D/PCL
combination responds to temperature, while TPU-B/Fe3O4 mixtures
respond to the magnetic field.

3- to 10-layer multiphase composites: Feedstock A consisted of TPU-D/
PCL/DMF loaded in one syringe, and feedstock B consisted of TPU-B/
Fe304/DMF loaded in the other syringe (Fig. 1a), pumped at a 1 ml/min
flow rate. The layers along the out-of-plane z-axis varied from 3 to 10
layers (Fig. 1b-e).

Characterizations: The rheology studies were conducted at room
temperature (RT) using a cone-and-plate rheometer (Discover Hybrid
Rheometer HR2, TA Instruments). The samples were dropped on a 40
mm, 2° Peltier steel cone plate with the viscosity measurement at an
increasing strain rate of 0.001-8000/s, a truncation gap of 100 pm, and
a trim gap of 50 pm. Any excess flow of the sample was cleaned before
the test to prevent edge fracture for accurate results. The tensile tests at
room temperature and dynamic mechanical analysis (DMA) with the
environmental control chamber were conducted using the rectangular
tensile setup (Discover Hybrid Rheometer HR2, TA Instruments). A
gauge length of 10 mm was set constant for both tests. The tensile tests
were conducted on all samples till the maximum limit of the machine to
find the elastic properties or till a fracture occurred (Fig. 2).

The shape memory effect (SME) was tested via the cyclic thermo-
mechanical procedures using the DMA (Fig. 3a;-as). The test was con-
ducted at two different tension strains (i.e., 250% and 125%), both
above the samples’ yield point and potentially causing plastic defor-
mation (Fig. 3a). First, the samples with a 10 mm x 5 mm x 0.18 mm
dimension were clamped between the jaws (Fig. 3a;) and stretched
uniaxially at a constant strain rate of 300 pm/s up to 25 mm (i.e., 250%
strain) and 12.5 mm (i.e., 125% strain), respectively (Fig. 3ap). After
stretching, the samples were frozen at —20 °C using liquid nitrogen for
15-20 min to fix the shape inside the environmental chamber (Fig. 3a3).
Afterward, the bottom jaw of the testing setup was unclamped, and the
sample was heated to 60 °C in the environmental chamber, with the
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shape recovery process completed within 2-3 min (Fig. 3as-as). During
each test cycle, the initial length and every subsequent length change in
each stretching-freezing-heating-recovering cycle were measured using
an in-built digital measuring system of the machine to calculate shape
recovery. This process was continuous for a maximum of 15 cycles (until
a fracture failure) for each sample to evaluate responsivity and reus-
ability to demonstrate stimuli-responsiveness and shape recovery
efficiency.

A differential scanning calorimetry (DSC) (Discovery DSC 250, TA
Instruments) was performed in three cycles (i) heating from —80 °C to
250 °G; (ii) cooling from 250 °C to —80 °C, and (iii) heating from —80 °C
to 250 °C at a constant rate of 10 °C/min in a nitrogen atmosphere. In
addition, thermogravimetric analysis (TGA) (Discovery TGA 550, TA
Instruments) was conducted for dry and wet samples (water-soaked) to
understand the thermal transitions in the air and liquid media. The TGA
was performed from RT to 900 °C at a heating rate of 10 °C/min in an
inert atmosphere using nitrogen.

3. Results and discussions
3.1. Design of MDIW and the 3D printing uniqueness

The MDIW 3D printing has not been reported in any literature except
ours (e.g., the Stage-I platform [42]). Thus, a brief description of its
unique design will be presented here. Fig. 1a illustrates the setup of the
MDIW. This 3D printing platform contains (i) injection controls for
material feedstocks, (ii) programming/machine controls for printing
path and structural design, (iii) delivery tubes, (iv) printhead for
printing ink deposition with the UV system, and (v) printed objects.
During the 3D printing for composite layers, feedstock A (i.e.,
TPU-D/PCL/DMF) and feedstock B (i.e., TPU-B/Fe304/DMF) (see
chemical compositions in Table 1) got injected from two syringes,
respectively. These two syringes were connected to the same printhead
to form in-plane layers along either x- or y-axis (Fig. 1b-e). Thin in-plane
layers could distribute different materials at selective locations as
desired that may otherwise compromise the printed microstructures or
properties. For example, non-compatible materials may form polymer
phase separations or particle agglomerations that cause crack propaga-
tion and mechanical failures [14,43-45]. As a result, the uniform

Fig. 2. Tensile test properties of the homogeneous
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ical analysis (DMA) to study the shape memory effect (SME) of the layered,

multiphase composites with (a;-as) illustrations of the thermo-mechanical SME test using a DMA; shape recovery of various samples (i.e., TPU-B/Fe304, TPU-D/PCL,
3L, as shown in Fig. 2) up to 15 cycles under a strain of (b;) 250%, showing deteriorated recovery degree, and (c;) 125%, showing efficient recovery for 3D printed,
layered composites (i.e., 3L), with the insert figures of the fatigue tests at room temperature at a cycle of 1, 2, 5, 10 and 15 and their shape fixity under a strain of (by)

250% (TPU-D/PCL fractured beyond cycle 5) and (c2) 125%.

nanoparticle distribution (e.g., Fe304) would enhance the composite’s
mechanical, magnetic, and thermal properties. More importantly, the
one-step alternating deposition of layers from one nozzle (i.e., the
multi-channel printhead used here instead of a single-channel prin-
thead/needle in most multi-material 3D printing) would avoid phase
mismatches, interfacial debonding, and pore generations in general
extrusion-based 3D printing (e.g., FDM). Apart from the materials used
as examples in this study, more combination of materials is possible to
provide different stimuli responsiveness. Other material combinations
(polymer and nanoparticle) including TPUs and non-polyurethane
polymers as examples from the literature are given in Tables S1 and S2.

The printhead design (Fig. 1f) is critical to the in-plane microlayer
formability. Fig. 1f illustrates the components of the MDIW printhead,
consisting of (i) spinneret, (ii) minimizer, (iii) layer multiplier, and (iv)
reducer. A layer multiplier is essential in dividing feedstock A and B
before rearranging them from two to four layers (Fig. 1f;). A number of n
multipliers connected consecutively will generate 2™*! layers within
each printing line. Therefore, our use of 5 multipliers generated 64
sublayers within a 10 mm-wide printing line, leading to an in-line
domain size of ~100 pm (Fig. 1c). Higher than 64 layers were not
possible due to higher interlayer dispersion of Fe304 nanoparticles and
prevented uniform layers formation (Fig. S1). The photographic inset in
Fig. 1f; shows the surface and internal structures of the layer multiplier
and movie S1 shows a flow simulation in the nozzle. Another parameter
important for successful layer formation is the rheology matching be-
tween feedstock A/B to avoid layer disruptions. Fig. S2 of the fluid flow
simulation shows the layer formability between fluids with similar vis-
cosity, while different flow behaviors lead to layer disruptions (Fig. S3).
Improving this printing resolution from the microscale to the nanoscale
is feasible simply with a higher number of multipliers, while this
research only focuses on multiplying mechanisms to show the actuation
capabilities in unique layers.

The printed layers on glass substrates solidified immediately after

deposition with in-situ curing (i.e., via a 60 W, 405 nm UV source
attached below the axil of the printhead, Fig. 1b). Fig. S4 shows the FTIR
analysis of TPUs with and without photoinitiators displaying new bond
formation due to cross-linking when exposed to UV light. The layers
along the out-of-plane z-axis (i.e., layers in the layup) were oriented at
0°/90° orthogonal for producing isotropic properties, as shown in
Fig. 1d. For example, Fig. 1b—c illustrate the printing of one thin ply
structure (1L) with an orientation of 0°. Fig. 1d represents the printing of
the second layer (2L) with a direction of 90°, and Fig. 1e shows the 0°/
90° stacking with 2 layers (2L) up to 10 layers (10L). Fig. S5 shows the
cross-sectional optical images of the multiphase samples (i.e., 3L, 5L,
and 10L). More importantly, the as-printed multiphase composites were
quickly printable (e.g., areas as large as 21 x 21 cm sheet-sized com-
posites containing up to 10 layers along the z-axis were complete within
40 min using 70 ml of each feedstock), showing the faster, larger-area
printability via our MDIW than most current bio-plotting methods
[42]. Fig. 1f, is a digital photograph of the printhead nozzle mounted on
the MDIW platform.

3.2. Mechanical characterizations

The mechanical properties were obtained through tensile tests to
determine the structural integration during actuation conditions. These
tested samples include the TPU-B, TPU-B/Fe304, TPU-D, TPU-D/PCL,
and multiphase composite layers of TPU-B/Fe304- TPU-D/PCL as an
example (Fig. 2a-b), see chemical compositions and material rationals in
Table 1). Among them, the TPU-D and TPU-D/PCL fractured with a
failure strain of 395% and 440%, respectively, while the rest of the
samples were intact at a strain of 475%, showing the elastomer’s me-
chanical robustness with large stretchability (Fig. 2b). The addition of
PCL acts as a functional chain extender to form a crystallized hard
segment within the amorphous soft segment of TPU-D. This soft-hard
segment mixture would improve shape fixation with the low melting
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point (~60 °C) in PCL to initiate shape recovery and increase stimuli-
responsiveness [46,47]. A comparison between TPU-B and TPU-B/-
Fe304 (Fig. 2c and d) showed the effective reinforcement of Fe3O4 in
enhancing elastic modulus and strength (i.e., determined by the 0.2%
strain offset method since there is no yield point due to the dominant
TPU content). These enhanced mechanical properties also suggested
good dispersion quality of the iron oxide particles, which would benefit
the selective particle locations in layers and enable magnetic respon-
siveness. The multiphase composites (3L) contained TPU-B/Fe304 and
TPU-D/PCL as alternating sublayers within each printed line along the
in-plane x/y-axis and 3 layers along the out-of-plane z-axis (0°/90°/0°
orientations among z-axis layers, as shown in Fig. 2b insert schematics).
Also, the 3L composites exhibited large deformations (>475%) to ensure
structural integrity during actuation and intermediate modulus and
strength (Fig. 2b-d) consistent with composite mechanics.

3.3. Shape memory effect (SME) analysis

All samples subjected to a cyclic thermo-mechanical analysis were
under temperature and force control (Fig. 3a;-as) to show their shape
memory effects. The hybrid TPU-D/PCL regions are capable of shape
fixing and shape recovery, with the PCL consisting of stiff crystals
responsible for shape fixing and temporary shape retention upon
stretching (Fig. 3ay-3as), while the TPU-D of amorphous molecules
recovering to the original dimensions by releasing the deformation en-
ergy upon heating (Fig. 3a4-3as). Applying the uniaxial stress would
orient the polymer chains and enable the segmental movement of the
molecules with a build-up of elastic strain energy [48-50]. To prevent
the polymer chain from immediate recovery and stabilize the movement
of the molecules, freezing the sample below the transition temperature
would help fix the shape (Fig. 3ap-3a3). When exposed to a temperature
near or higher than the transition temperature, the oriented polymer
chain shift from the glassy to rubbery state, relaxing the molecules to a
more thermodynamically stable form (Fig. 3a4-3as). This strain energy
release leads to the polymer chains’ relaxation and subsequent shape
recovery.

This cyclic thermo-mechanical test used extremely high-tension
strains (i.e., 250% in Figs. 3b and 125% in Fig. 3c) to examine the
shape recovering capability. After each thermo-mechanical cycle, the
shape fixity and recovery for N cycles can be calculated as follows [9,51,
52],

u N .

Shape fixity, R, :% Equation 1
«(N) — & (N .

Shape recovery, R, = &u(N) = & (N) Equation 2

SU(N) - EP(N - 1)

Where N is the number of cycles, ¢, is the strain after unloading
(Fig. 3a3), ep, is the strain at maximum load, and &, is the final recovered
strain (Fig. 3as). At a strain of 250% (Fig. 3b), the degree of shape re-
covery decreased with cycles for all samples. In addition, the TPU-D/
PCL deteriorated the most rapidly (i.e., 80% recovery after only 5 cy-
cles though the shape fixing ratio stabilized 75%-80%) due to its
rigidness. As compared, the TPU-B/Fe304 and 3L composites displayed
~85% and 90% recovery, respectively, even after 15 cycles. For the aim
of better recovery capability and actuation responsiveness, the tension
strain during the thermo-mechanical analysis was reduced (i.e., 125% in
Fig. 3c). For example, the TPU-D/PCL retained the original dimensions
before fracturing at a cycle number of 10. The TPU-B/Fe304 and 3L
composites displayed a recovery beyond 95% up to a cycle of 15 because
of their highly rubbery state. As a result, TPU-B/Fe304 showed better
recovery but worse shape fixing capability than the TPU-D/PCL (Fig. 3b-
c), justifying the combination of both compositions in the 3L composites
for highly efficient actuating behaviors. Besides, the cyclic fatigue tests
for 3L composites at room temperature (insert stress-strain curves in
Fig. 3b-c) also showed higher elasticity under lower tension strains.
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3.4. Thermal analysis

Thermal transitions, such as glass transition (Tj), recrystallization
point (T.), and melting temperature (T;,), are essential parameters to
explore shape memory effects and thermal actuation conditions [23,53].
Fig. 4a shows the DSC curves during the heating-cooling-heating cycles.
Among these samples, PCL pellets showed a T;;,~59 °C and T, ~31 °C
during the 1st heating and cooling procedures, respectively, while this
melting temperature dropped to Ty,~57 °C during the 2nd heating. This
melting point drop was due to the molecular reorganization during the
1st melting. In comparison, the TPU-D displayed a T, ~170 °C, a much
higher melting transition than PCL that could degrade PCL molecules
(Fig. 4a;). This degradation explained the PCL’s melting peak appearing
in TPU-D/PCL (Fig. 4a;) and its disappearance in the cooling/reheating
cycles (Fig. 4a»-4a3). Moreover, the TPU-B showed a T, ~ —50 °C but did
not show a melting Ty, suggesting its amorphous feature (Fig. 4a;-4as)
was necessary for thermal stimuli responsiveness.

Considering the shape fixing of TPU-D/PCL due to their crystalline
compositions and the shape recoverability of TPU-B/Fe304, the z-axis
layer effects on the actuation feasibility and efficiency were under
investigation. Fig. 4b;— 4bs showed the transitions of composites with
different layers (i.e., 3L, 4L, 5L, 8L, 9L, 10L). Though with a small
amount, the melting peaks of PCL remained within a range of 40-50 °C
for the 1st heating cycle (Fig. 4b; & 4c¢). The PCL recrystallization during
the cooling temperature varied from 60 to 80 °C (Fig. 4by & 4c),
implying the confinement of channels within each x/y layer that
enhanced the crystallization upon cooling. However, the reheating did
not show the PCL melting, possibly due to the degradation with the high
heating up to 250 °C (Fig. 4bs), which was also consistent with TPU-D/
PCL thermal curves (Fig. 4a;-4a3). TPU-B’s glass transition of Ty ~
—50 °C was consistent during the heating-cooling-reheating cycles,
suggesting its thermal stability guaranteeing subsequent actuation be-
haviors without fatigue. Therefore, the actuation condition would be
ideal in the vicinity of PCL melting peaks (40-65 °C) to avoid PCL
degradation and retain TPU glass transition or melting.

To understand the moisture/liquid influences, Fig. 4d represents the
TGA curves of the multiphase composite samples (i.e., 3L, 4L, 5L, 8L, 9L,
10L) in dry and wet conditions. In dry condition, the 10% weight loss of
the multiphase composites were ~250 °C, which was also the upper
limit temperature for the DSC cycle. The samples were soaked in water
for 1 h in wet conditions before performing the TGA test to validate the
responsiveness in wet conditions. As a result, there was a quick weight
loss due to evaporation of absorbed water, and at a higher temperature
(>350 °C), the weight loss stabilization was similar to the dry samples.
This water loss indicated the material compositions in dry and wet en-
vironments, influencing their mechanical stiffness, thermal transition
kinetics, and stimuli responsiveness to be examined in actuation
experiments.

3.5. Thermal actuation via response time-temperature-layer number
relationship studies

All rolled structures with the same dimensions went through the
stimuli-responsiveness experiments to establish the relationship be-
tween expansion time(s)-actuation temperature (°C)-thickness/layer
number (i.e., 3L-10L) (Fig. 5). These samples were 5 x 5 cm in a square,
rolled by freezing the samples at —20 °C for 15-20 min. The rolling
direction was along the diagonal axis (45°) (Fig. 5a-b) or the x/y-axis
(90°) (Fig. 5¢-d). The expansion time(s) started from the deposition of
rolls in different media (i.e., the air in Fig. 5a/5c¢ and the water in
Fig. 5b/5d) and ended with the state of complete unrolling. All layered
composites had fully unrolled recovery via the stimuli temperature of
40-65 °C in air and water (Fig. 5). This efficient responsiveness upon
heating was consistent with the thermo-mechanical analysis (Fig. 3) and
thermal transition experiments (Fig. 4), though the rolling strain sub-
jected was much smaller than the SME analyses (<10% in rolling vs.
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Fig. 4. DSC heating-cooling-reheating cycles showing glass (T,), melting (T;,), and crystallization (T.) temperatures for (a;-a3) homogeneous and polymer mixture
samples (i.e., 3 layer TPU-D/PCL, TPU-D, TPU-B/Fe304, TPU-B, and PCL) and (b;-b3) multiphase composites (i.e., 3L, 4L, 5L, 8L, 9L, 10L); (c) transition temperatures
as a function of layers in the multiphase composites from (b); and (d) TGA thermal stability of dry and wet (water-soaked) composites.
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45° Rolling

(a) Air Medium

(b) Water Medium
1

90° Rolling

(d) Water Medium

5cm

3L 4L SL 8L 9L 0L

Fig. 5. Stimuli-responsiveness for layered composites during thermal actuation at different conditions, with the full expansion of 45°-rolled layers in the medium of
(a) air and (b) water, full expansion of 90°-rolled layers in the medium of (c) air and (d) water for establishing the expansion time (s)-actuation temperature (°C)-

composite layers (i.e., 3L-10L) relationships.

125% and 150% in DMA tests, Fig. 3). Specifically, the TPU-D/PCL was
highly efficient in shape fixing (active phase) (Fig. S6a), with PCL acting
as the switching element for initiating the actuation upon heating. At the
same time, TPU-B/Fe304 had a high shape retention effect (passive
phase) (Fig. S6b). The maximum rolled strain impacted on the multi-
phase composites was calculated theoretically (Equation (3)) and varied
from 3% to 10%, respectively, with the increasing thickness (3L-10L),
which was much less than the strain used for the SME analysis (125%
and 150%, Fig. 3). The shape was highly transitional between a fixed
state in rolls upon cooling and an actuation state upon heating in either

air or water.

The actuation time increased consistently with the temperature
decrease or layer number/sample thickness increase, both of which
affect the bending strain/stress according to the bending theory
(Equation (3)&(4)) [54,55]. For example, 3L composites rolled at 45°
had an expansion time of 45s and 72s in the air at a temperature of 65 °C
and 40 °C, respectively (Fig. 5a). As a comparison, a larger layer number
significantly improved the resistance to similar thermal stress generated
in thinner layered structures, showing a response time of ~140s, ~235s,
and ~260s for 4L, 8L, and 10L composites, respectively (Fig. 5a).
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&=h/2r Equation 3

o, =My/I’ Equation 4
where h is the thickness, r is the rolled inner radius, M is the moment of
inertia, and y is the bending modulus.

Similarly, the response time consistently increased with the tem-
perature decrease and layer increase when the actuation media changed
from air to water (Fig. 5b). According to the TGA analysis, the water was
present in composites after soaking and softening the layers with lower
bending modulus and decreased resistance to thermal stress. Therefore,
the unrolling time decreased much more than in air; for example, the
same 3L showed an expansion time of 2s and 17s in the water at the
temperature of 65 °C and 40 °C, respectively (Fig. 5b). The faster
response within the water bath environment was also due to more
efficient heat transfer between the actuation objects and water than with
air (e.g., the rolled structures had lower temperature distribution further
away from the hot plate-layer contact surfaces while the heat convection
is more uniform for soaked layers in water). The digital images in water
environments also demonstrated the rolled structures at a time of 2s and
their different expansion states upon heating to elevated temperatures
(i.e., 40-65 °C) and different layer numbers at a specific temperature (i.
e., 40 °C at 2s) (photos in Fig. 5b).

The rolling direction is another critical parameter to control the
layer’s stimuli-responsiveness. Fig. 5c-d represent the time study in air
and water media for samples rolled at 90° vs 45° in Fig. 5a-b. Similar to
45°-rolled layers, the actuation with 90°-rolled composites also showed
(i) longer response time with decreased temperatures and increased
layer numbers in air and water, respectively, and (ii) much faster
responsiveness in water than air for samples of specific layer number
and a programmed temperature. The digital images in the air medium
also demonstrated the rolled structures at a time of 30s and their
different expansion states upon heating to elevated temperatures (i.e.,
40-65 °C) and different layer numbers at a specific temperature (i.e.,
40 °C captured at 30s) (photos in Fig. 5c).

45°C

50°C
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Shape-morphing microrobots have broad applications, including
drug delivery in the human body for cancer cell treatment, oil leakage
collection, or sewage water treatment [56-60]. The unrolling proced-
ures for 5-layered (5L) composites also demonstrated the consistency in
stimuli-responsiveness as a function of time for different rolling di-
rections in the air (Fig. 6). The complete expansion of the 45°-rolled and
90°-rolled layers took 76s and 58s, respectively (Fig. 6a; & 6ay), to
expose and deliver drugs (dotted circle) at 60 °C, with the delivery time
programmable via temperatures, composite layers, and environmental
media (Fig. 5). The hotplate-sample thermal conduction was measured
immediately after the complete expansion using a thermal imaging
camera in the 45°-rolled (Fig. 6b;-6g;) and 90°-rolled (Fig. 6by-6g2)
composites. The sample temperatures were consistently lower than the
heating source for both conditions, e.g., 35.6 °C and 35.7 °C for
45°-rolled (Fig. 6b;) and 90°-rolled (Fig. 6by) composites, respectively,
when the hotplate temperature was 40 °C. This efficient heat conduction
for rolled shells is also useful for expandable objects in space missions (e.
g., antenna, rocket shields, solar panels) [61-63].

3.6. Complex shape actuation demonstration

Understanding the thermal actuation mechanism and the effects of
temperature and sample layers also facilitated the design of more
complex structures for stimuli-responsiveness purposes. These complex
shapes included multifold, cylindrical, and helical (digital images in
Fig. 7). Similar to the previous samples of square sizes, these complex
shapes got frozen at —20 °C for shape fixing for 15-20 min before sta-
bilizing (Fig. 7a;-as). Following this, the samples went through the
actuation procedure with a programmed temperature of 60 °C on a hot
plate (air medium). The responsiveness depended upon the dimensions
and structural complexities. For example, the multifold origami struc-
ture (5 x 5 cm), with one major fold along the center and two minor
folds perpendicular to the primary fold line, expanded from an
accordion-like stacking (Fig. 7b;) to half-unfolded (Fig. 7c;) and fully
expanded (Fig. 7d;) within 4 min. The creases from the folding were

60°C  65°C

55°C

Hot-plate Temperature

Fig. 6. Digital photographs of thermal actuation for 5-layered (5L), (a;) 45°-rolled, and (a2) 90°-rolled composites showing varying expansion degrees as a function
of time on a hot plate of 60 °C, with thermal images showing heat transfer and temperature distributions across the completely expanded layers for (b;-g1) 45°-rolled
and (b,-g2) 90°- rolled composites at different hotplate temperature (40-65 °C with a step-wise temperature increase of 5 °C) (scale bar of 1 cm).
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Fig. 7. Thermal actuation for complex shapes of (a;-d;) multifold origami, (a,-dz) cylindrical rolls, and (az-ds) helix wrinkles [R: cross-section radius, A: wavelength,

a: radius along z-axis] (scale bar of 1 cm).

present after completion, but the sample was still in good condition for
multiple fixation-recovery uses. Fig. 7as-7d; are the unrolling images of
thin tape cylinders 21 cm long with a rolled inner diameter of 2.5 mm.
The shape fixing procedure took ~45 min at a temperature of —20 °C
due to the large number of rolls (Fig. 7ag). As a comparison, the actu-
ation on a hotplate at 60 °C took ~1 min for the sample to start
expansion and ~3 min to unroll fully.

Fig. 7ag-7d3 are the actuation digital images of a helix structure (i.e.,
the original length of L, = 5 cm, wavelength 1, = 2 cm, and cross-section
projection on the y-z plane has a radius 2a = 5 mm for the projected
circle). The helix showed a time-dependent space curve with the
mathematical equations given for the 3D helix as below [64-66],

Ra sin u
x (tu) =ht + —— Equation 5
) =it a
ha sin (1) sin (u) .
t,u) = Rcos(t) —acos |t)cos |u | +———— Equation 6
2 000 = Reost) —acos (1) eos (i) +#L e
. . ha cos (1) cos (u) .
z (t,u) = Rsin(t) —asin |t ) cos (u | — ———— Equation 7
(t0 g ( ) ( ) N/ d

where t is the number of loops, u ~ [0, 2x], h is a mathematical constant,
R is the radius of the helix, a is the cross-sectional dimension of the helix,
and 2rh is the pitch length. An actuation was at 60 °C in the air as
evidenced by the change in the outer radius (R) and the pitch length (x)
(Fig. 7ag-7dg). The actuation of the structure was faster than the
multifold or rolled cylinders due to smaller strains. Fig. 7ds represents
an actuation time of 25s, with a much longer wavelength but not a fully
actuated shape due to the lack of efficient contact along with the helix
directions.

3.7. Magnetic responsiveness

Iron oxide magnetic nanoparticles have good magnetic stability,
moderate operating temperature, high corrosion resistance, and are

10

relatively inexpensive. In addition, the uniform distribution of Fe3O4
nanoparticles can enhance mechanical durability (Fig. 2¢-d), and as a
ferrimagnetic material, would induce magnetic responsiveness (Fig. 8
ap) [67,68]. As a demonstration of magnetic interactions, a 10L multi-
phase composite sample was used for fixed-end rotations in the air
(Fig. 8ay) and unrestricted movement on flat surfaces (Fig. 8ag). With a
small amount of iron oxide loading (7.5 wt%), the layered composites
showed highly efficient attractions to the magnet and quick movability,
as shown in Fig. 8b-d. Fig. 8bj-bs represent the fixed end rotation of
hinge movement of the sample at ~1 cm/s. At the same time, Fig. 8cj-c4
represent non-uniform flipping, and Fig. 8d;-d4 of the controlled rolling
of the samples following the magnetic field direction. With
pre-magnetized attraction and repulsion effects, the iron oxide magnetic
nanoparticles in shape-morphing objects can have broad applications, e.
g., as a constant agent in magnetic resonance imaging (MRI), targeted
drug delivery vehicles, and chemotherapy that will be our future
research focus [69-71].

4. Conclusion

The newly introduced MDIW 3D printing mechanism successfully
combined the (1) polyether-based TPU-D with PCL and (ii) polyester-
based TPU-B with Fe3O4 particles as feedstocks. Each printing line
consisted of 64-layers with each layer domain size of ~100 pm con-
taining different feedstock, generating synergy between mechanical
robustness and actuation functions. The SME analysis proved the load-
bearing capability with high strains up to 250% and demonstrated the
shape fixing due to TPU-D/PCL and shape recoverability due to TPU-B/
Fe304. The DSC and TGA thermal analysis predicted the transition
temperatures and thermal stability in different media necessary for
programming the shape memory actuation. The varying layer numbers/
thickness (i.e., 3L, 4L, 5L, 8L, 9L, and 10L), modified temperatures (i.e.,
40-65 °C), and different media (i.e., air and water) influenced the
composite responsiveness. The established time-temperature-dimension
relationship and magnetism-responsiveness allowed programmable
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Fig. 8. Demonstration of magnetic stimuli-responsiveness of the as printed composites (10L) with the (a;) illustration of the magnetic field-iron oxide nanoparticle
interactions via (a,) fixed-end rotations in the air and (ag) free movement on flat surfaces, with digital images of this magnetic responsiveness of (b;-bs) fixed-end
rotations and (c;-c4) free movement of flipping and (d;-d4) free movement of rotations.

actuators (e.g., multifold accordion-like structures or helix), suggesting
broad applications in intelligent devices, targeted drug delivery, space
transportation, and energy storage.
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