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ABSTRACT

The distribution of periodic patterns of materials with radial or bilateral symmetry is a
universal biological design principle. Amongst the many biological forms, tubular shapes are
a common motif in many organisms, and they are also important for bioimplants and soft
robots. However, the simple design principle of strategic placement of 3D-printed segments
of swelling and non-swelling materials to achieve widely different functionality has yet to be
demonstrated. Here, we report the design, fabrication, and characterization of segmented 3D
printed gel tubes composed of an active thermally responsive swelling gel (poly N-
1sopropylacrylamide; pNIPAM) and a passive thermally non-responsive gel (polyacrylamide;
pAAM). Using finite element simulations and experiments, we report the variety of shape
changes including uniaxial elongation, radial expansion, bending, and gripping based on two
gels. Actualization and characterization of thermally induced shape changes are of key
importance to robotics and biomedical engineering. Our studies present rational approaches
to engineering complex parameters with a high level of customization and tunability into

additive manufacturing of dynamic gel structures.



INTRODUCTION

The radial or bilateral distribution of chemicals during growth and morphogenesis is a
widely observed feature in biology, seen in more than 99% of modern animals, and across
diverse species ranging from humans to microorganisms.' Tubular biological species and their
functional components including nematodes, flowers, marine animals and elephant trunks also
show symmetric and/or periodic arrangements of different material segments. The organisms
exploit the swelling mismatch and mechanical instabilities inherent in these structures to
enable complex shape change and motion. It is noteworthy that tubular shapes are essential in
human engineering due to the need for bioimplants such as vascular grafts?> and continuum
robots.? Apart from static designs, controllable shape change in tubular shapes such as
elongation, lumen expansion and bending could facilitate smart or autonomous behaviors, but
such features are challenging to incorporate especially in an unwired, external-power-free,
and customizable manner.*>

Stimuli-responsive polymers offer significant opportunities for implementing a range
of smart, adaptive and dynamic behaviors in response to temperature, light, electromagnetic
fields, and chemicals.®"'? As one of the most widely used stimuli-responsive materials,
thermally responsive poly N-isopropylacrylamide (pNIPAM) has been utilized to create a
range of shape-changing structures including grippers,'®!# propellers,'>!® and actuators.!”1°
When coupled with 3D printing, a high level of customization, tunability and adaptability can
be achieved.

4D printing which introduces a new dimension of time?*2¢ has been previously
utilized to create shape-changing structures and devices.?’*° Besides the well-recognized
advantage of easy programmability as a path-based additive manufacturing method, 3D
printing also offers excellent potential in material integration and switching of dissimilar
materials on demand (in a manner that is analogous to weaving). Among the different types of

3D printing, direct ink writing (DIW) of gels has notable advantages over alternative 3D gel
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printing methods such as stereolithography in terms of low cost implementation and the ease
of incorporating multiple gels at the same time.

Inspired by symmetrical and periodic tubular structures in biology and motivated by
the need to create untethered, thermally responsive bioimplants and continuum robots, we
explored the 4D printing of tubes with alternating segmental patterns of an active
thermoresponsive gel (poly N-isopropylacrylamide; pNIPAM) and a passive thermally non-
responsive gel (polyacrylamide; pAAM) based on direct ink writing. The essential challenge
in our work was to elucidate, rationalize and validate design principles by which sequential
arrangements of segments of high and low swelling stimuli-responsive gels could elicit
dramatically different shape change of functional importance.

The similar acrylamide composition of the gels is essential to ensure interfacial
adhesion in segmented designs. First, printable inks were made by blending monomers of
these gels with a clay (Laponite) that alters the rheological characteristics of the gels and
enables shear thinning behaviors. Using finite element modeling and bioinspiration, we
generated standard tessellation language (STL) to make tubes with different periodic vertical
and horizontal arrangement of active and passive segments that could generate a diverse range
of shape changes including uniaxial elongation, bending, radial expansion, and gripping.
Further, inspired by coral polyps, we designed and printed tubes with self-folding fingers at
one end, and these structures display more complex dual-function thermally responsive shape
change involving both uniaxial expansion of the tube and finger gripping. We anticipate that
this novel bioinspired approach utilizing segmented placement of active and passive stimuli-
responsive materials, when combined with finite element simulations and the versatility of
customizable 3D printing designs, offers the possibility of producing a range of multi-

functional shape-changing structures with broad applicability.



MATERIALS AND METHODS

Preparation of the active NIPAM and passive AAM inks:

Active NIPAM ink: Laponite XLG (Southern Clay Products) was first mixed with DI water
using magnetic stirring, followed by a planetary mixer (Mazerustar KK-250S, Kurabo
Industry Ltd.) 10 vol% of a 0.12 mg ml"!' solution of Methacryloxyethyl thiocarbamoyl
Rhodamine B (Polysciences, Inc.) was used as the dye for fluorescence imaging. The aqueous
dye solution was added to the Laponite solution and mixed with the planetary mixer.
Subsequently, N-Isopropylacrylamide (NIPAM, Scientific Polymer Products Inc.) monomer
and Irgacure 2959 (BASF) as a UV photoinitiator was added to the Laponite-dye solution and
mixed again using the planetary mixer. The final concentrations (by weight) of each
component in the active NIPAM ink were as follows: 84.6% DI water, 8.46% NIPAM,?!
6.77% Laponite, 0.17% Irgacure, 0.001% Methacryloxyethyl thiocarbamoyl Rhodamine B.
The NIPAM concentration was chosen based upon literature precedent and our empiric data.
Passive AAM ink: Laponite solution was prepared in the same way as the active ink. 10 vol%
of a 0.3 mg ml! solution of Fluorescein o-methacrylate (97%, Sigma-Aldrich) was used as the
dye for the passive ink. The dye solution also contained 2 mg ml-! NaOH (Fisher Scientific)
since the dye monomer is dissolvable in base conditions, and was mixed by magnetic stirring.
Subsequently, acrylamide (AAM, Sigma-Aldrich) monomer, Irgacure 2959 and N,N'-
methylenebisacrylamide (BIS, Sigma-Aldrich; BIS functions as a crosslinker) was added to
the Laponite-dye solution and mixed using the planetary mixer. The final concentrations (by
weight) of each component in the passive ink were: 82.97% DI water, 7.88% AAM, 6.64%

Laponite, 0.83% Irgacure, 1.66% BIS, 0.0025% Fluorescein o-methacrylate, 0.017% NaOH.

3D printing of pNIPAM and pAAM dual-hydrogel modules:
The NIPAM and AAM inks were loaded into syringes, transferred to UV-shielded cartridges

and centrifuged to remove any bubbles present in the cartridges. The inks were kept at room
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temperature for at least 24 hrs to allow thorough hydration needed to achieve the desired shear
thinning properties. The cartridges were then attached to the Direct Ink Writing 3D Printer
(Inkredible+ 3D Bioprinter, Cellink) and connected to an air pump pressure control. We chose
nozzles 22G (diameter 0.41 mm) which ensures smooth and clog-free printing. All the
computer-aided-design (CAD) and STL files were generated in Solidworks (Dassault
Systémes). Then, the G-code for each design was generated using the software Slic3r (layer
height 0.4 mm, printing speed 10 mm s!). Before printing the final designs, we printed test
structures to calibrate the two printing nozzles so that they were perfectly aligned with each
other. The structures were printed on silicon wafers at room temperature in air. The printing
pressures were optimized for each ink to ensure smooth printing at a speed of 10 mm s!. The
pressures used for printing active and passive inks were 90-100 kPa and 110-130 kPa,

respectively.

UV photocuring:

After 3D printing, we photocured the structures using an Omnicure UV source (LX 500,
Lumen Dynamics). We designed a rotating platform that rotates slowly at 9.6 rpm to enable
relatively uniform exposure of UV light and consequently uniform curing of gel tubes (see
details in Note S1). Two UV LED heads with 365 nm wavelength were used to cure the
tubular structures, and we used a lens of diameter 12mm for each UV LED head and a
resulting intensity of 0.4 W/cm? at a distance of 3 cm. We cured the tubular structures with
100% power and section by section depending on the structural height. Each section was
cured for 9 mins using two UV LED heads at the same time. UV absorbance spectra of the
inks and FTIR spectra of the structures before and after curing are in Figure S10.
Rheological characterization of the inks:

The rheology of the inks was measured using a rheometer (Modular Compact Rheometer

MCR 302, Anton Paar, Austria) with a 1° cone-plate geometry. The temperature of the plate
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was kept at 23°C. Ink viscosities were measured via a logarithmic sweep of shear rates
ranging from 0.01 s™' to 1000 s°!'. Oscillatory experiments were performed at a constant

frequency of 1 Hz.

Mechanical characterization of the 3D printed and photocured hydrogels:

Active and passive hydrogel square plates with a side length of 10 mm and a thickness of 2
mm were 3D printed and UV cured using the methods described above. After curing, the
hydrogel samples were kept in DI water at room temperature for 24 hours so that they could
reach their equilibrium swollen state. We used DMA (Dynamic Mechanical Analyzer Q800,
TA Instruments) to conduct unconfined compression tests on the samples in air. Three
samples were tested for each hydrogel and the engineering stress - strain curves were
calculated (Figure S3). Young’s moduli of the active and passive hydrogels were calculated

from slopes of the engineering stress—engineering strain curves.

Macro-imaging:

All optical images were taken with a digital camera (Canon EOS 70D) and a broad spectrum
UV light source (Spectroline Model EF-160C, Spectronics Corporation, USA) to excite the
fluorescent dyes in the inks. The images of photocured tubes were taken at room temperature
in air after UV curing. Then, the structures were placed in DI water and put into an incubator
(MODEL 1575, Sheldon Manufacturing, INC., USA) set at the desired temperatures for 24
hours to reach the equilibrium swollen state at each temperature. The photographs of

transformed structures were taken in DI water.



RESULTS AND DISCUSSION
Development of active and passive hydrogel inks and 3D printing of homogeneous tubes

To be 3D printed via Direct Ink Writing (DIW), a material must display unique
rheological or shear thinning characteristics.*'**> Hence, the first step was to create
thermoresponsive and non-thermoresponsive NIPAM and AAM inks for DIW. pNIPAM has
a lower critical solution temperature (LCST) above which it transforms from a hydrophilic to
hydrophobic state and expels water with a significant reduction in volume.*> pAAM lacks the
critical isopropyl group and shows no LCST.

Both NIPAM and AAM have previously been printed using stereolithography?’ and
DIW 20:21.23.24 We blended the monomer NIPAM with different shear-thinning agents
including Xanthan Gum, Gellan Gum, and Laponite nanoclay. All of the three agents showed
shear-thinning properties (the rheology measurements of our NIPAM inks are shown in
Figure S1) and could be printed by direct ink writing. We attribute this observation to
dissociation of the ink network under applied shear stress. Consequently, the ink could be
extruded out of the printing nozzle, and when the shear stress was removed after printing the
network reassembled and the extruded ink retained its shape.*!

We observed however, that the Laponite-blended ink had a higher storage modulus
than the other two inks (modulus measurements for NIPAM inks are shown in Figure S1(B)),
and could be used to print taller structures. The AAM-blended inks showed similar
rheological and modulus trends. Therefore, we chose Laponite as the shear-thinning agent for
both our active NIPAM and passive AAM inks. Also, a free radical curing agent Irgacure was
added to both inks to facilitate photocuring with ultraviolet (UV) light. It has been previously
reported, and we confirmed, that the Laponite-NIPAM-Irgacure mixture was
photocrosslinkable and retained its shape in water.*+* However, it was necessary to add a
crosslinker, N,N'-methylenebis(acrylamide) (BIS) - to the AAM inks, so that they did not

dissolve in water after printing and curing (Figure S2).
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Printing dual material 3D structures presents unique challenges even with the two-
nozzle printer used in our experiments (see Note S1 on experimental set-up). Briefly, we
developed a calibration methodology to reduce misalignment between nozzles during the
approximately 50-100 print layers required for our structures (experimental details in Note
S1). We also designed a rotary photocuring stage to ensure homogeneous crosslinking of the
pNIPAM and pAAM gels. After printing and photocuring in air, the structures were soaked in
deionized (DI) water which induced swelling and releasing from the substrate. The conceptual
schematic of the 4D Printing process is shown in Figure 1A.

We first verified the swelling of the active pNIPAM, and nonswelling of the passive
PAAM by measuring the diameter change of homogeneously printed single component
pNIPAM and pAAM tubes by placing them in DI water at different temperatures (25°C, 33°C,
41°C, and 50°C) where they were allowed to reach an equilibrium shape over 24 hours
(Figure 1B). We observed dramatic increases (38%) and decreases in the diameter (AD/Do) of
the pNIPAM tubes on cooling and heating, respectively, while there was no significant
change (1.2%) in the diameter of pAAM tubes. This swelling behavior agrees with prior
swelling data from photolithographically patterned pNIPAM and pAAM gels.”*
Consequently, we consider the pNIPAM portion of the structure to be the active gel that
drives shape change by swelling or deswelling, while the pAAM portion is largely passive.
We attribute the hysteresis to a variety of factors including reorganization of chains of
crosslinked and uncrosslinked polymer, as well as documented differences in intra- and

intermolecular hydrogen bonding that occur between heating and cooling. 47+

Mechanical properties and calibration of the finite element model
As discussed previously, symmetric composite materials are widely found in nature.
When the constituent materials have different mechanical properties such as the extent of

swellability in our two gels, this can lead to predictable and controllable shape change, that is
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amenable to modeling by finite element methods. We applied finite element analysis (FEA) to
guide the design of symmetric 3D gel tubes (Details in the Note S2). Briefly, in our hydrogel
constitutive model, the free energy of the hydrogel is assumed to be the sum of a mechanical
part, represented by a quasi-incompressible Neo-Hookean model for the entropy elasticity of
the polymer network with Gaussian chain statistics, and a component for the energy of mixing
between polymer network and solvent, represented by the Flory—Huggins model. We focused
on the hydrogel equilibrium shape change for each test temperature and implemented our
equilibrium model into the open-source finite element code TAHOE (Sandia National
Laboratories). The simulation starts from the photocured state, and we determined the final
tube shape at different temperatures by changing the Flory- Huggins parameter in the active
hydrogel to achieve the experimentally measured swelling (Figure 1B) and then solved for
the displacement field.

We measured Young’s moduli of 3D printed and photocured pNIPAM and pAAM
square plates using a Dynamic Mechanical Analyzer and found them to be 2.53 kPa and 60.3
kPa, respectively (Figure S3). Using these modulus values and measured volumetric swelling
from the completely dry to the equilibrium swollen state at room temperature (Note S2), the
Flory-Huggins interaction parameter was obtained by fitting the swelling of homogeneous
pNIPAM and pAAM tubes obtained from the model to that measured in the experiments
during heating (Figure 1B). We applied these parameters to the finite element model for

predicting the complex shape transformation of the dual-gel tubes (Note S3 and Figure S4).

4D printing of symmetrically patterned tubes

Applying the FEA model and experiments, we explored the rational design of shape-
changing gel tubes by the symmetric placement of horizontal (Figure 2) or vertical (Figure 3)
segments of active pNIPAM gels interspaced with passive pAAM gels. After 3D printing and

photocuring, the structures were soaked in DI water at 25°C, 35°C, and 50°C for 24 hours to
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reach the equilibrium state. Bilaterally symmetric tubes with equally spaced, alternating
cylindrical-disk-shaped segments of pPNIPAM (three segments), and pAAM (four segments)
showed elongation as high as 32%, with good agreement between FEA simulations and
experiments (Figure 2A-B and Figure S5). As compared with homogeneous tubes of
pNIPAM that elongate by approximately the same extent (38%, Figure 1B), the introduction
of passive segments constrained radial expansion of the tube, so that its predominant shape
change was uniaxial elongation.

When the same number of alternating pNIPAM and pAAM segments were placed at
angles with respect to each other (Figure 2C-D and Figure S6), like cylindrical wedges, the
tube bent by approximately 25°. The bending angle decreased as we increased temperature,
and at 50°C, it reversed to the photocured state (6 = 0°), in agreement with simulation
snapshots.

We next printed tubes with twelve alternating vertical segments of pNIPAM and of
PAAM (six of each), on top of a constraining ring of pAAM. The tubes expanded radially by
75% but did not elongate. Constrained by the nonswelling strips of pAAM, the tube buckled
and folded downwards to accommodate the elongation of the pNIPAM strips by swelling
(Figure 3A-B and Figure S7). The tubes recovered their original shapes when we increased
the temperature to 50°C.

We also designed tubes with wedge-shaped alternating pNIPAM and pAAM vertical
segments and overhanging pNIPAM “fingers” constrained by pAAM edges. The pNIPAM
“fingers” are more constrained at their bottoms than at their tops. As a result, the “fingers”
bent by approximately, w = 35° when the pNIPAM gel swelled at 25°C (Figure 3C-D, Figure

S7).
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3D printed dual shape-change tubes

Advanced biomedical or soft robotics applications often require a library of parts that
may transform in shape. Nature is replete with such complex shape-change organisms. For
example, the coral polyp is an aquatic animal with a cylindrical vase-shaped body with
radially distributed tentacles capable of capturing prey (Figure 4A).°° Our design, simulation,
and 3D printing approach is amenable to the creation of such complex shape-change devices.
Inspired by the coral polyp, we designed dual shape-change tubes, composed of a uniaxial
elongation tubular base (Figure 2A) and a bending three finger gripper module (Figure 3C).
A 3D printed passive ring at the bottom of the base served as a handle (Figure 4B-C). After
3D printing and photocuring, the structure was suspended in air on top of a cuboidal object
placed at the bottom of the tank (Figure 4D). When the tank was filled with water at 25°C,
the polyp-inspired tube showed two shape-change events by simultaneously elongating and
bending its fingers to grab onto the cube (Figure 4E). It is noteworthy that the fingers were
able to firmly grasp the cube so that it could be lifted from the bottom of the tank (Figure
4F). Upon heating to 50°C, the fingers opened up, the base contracted and the cube was

released (Figure 4G).

CONCLUSION

We utilized bioinspired principles of symmetric arrangements of high-swelling and
low-swelling gels in tubular geometries to achieve uniaxial elongation, radial expansion,
bending, and gripping. The use of symmetry and segments combined with numerical
modeling enables rational design of shape-changing primitives and their combinations to
produce significantly complex motions of practical importance. We designed a dual-function
tube capable of simultaneous elongation and gripping inspired by coral polyp; this polyp
inspired tube can reach into a tank and grab an object (Snapshots are shown in Figure S8). We

incorporated advanced multi-material integration in the direct ink writing process to achieve
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interweaving of active and passive materials with a 3D structure and with a high spatial
resolution of approximately 400 microns. Additive manufacturing with multi-material
integration permits direct printing of the assembly of shape-changing primitives and
potentially of functional grading. It is conceivable that this approach could be extended to the
4D printing of more complicated assemblies, including those with soft and rigid segments®! or
those with multiple temperature responsive gels® to enable sequential motions for more
complicated tasks. For example, shape-changing tubular constructs which elongate, bend or
increase in size are important for pediatric tissue and vascular implants to accommodate and
adjust to the effects of growth of the surrounding tissues.’>>* Alternatively, tubes that elongate
and grip are important for soft-robotic endoscopic applications.>> Coupling our methodology
with materials that respond to alternative and/or additional stimuli such as biochemicals,’
light,>® or magnetic fields*®37 would further enhance programmability and complexity, and
facilitate realization of multistage, goal-oriented control of broad relevance to soft-robotics
and biomedical engineering.
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Figure 1. Schematics of the 4D Printing process and experimental characterization of
the swelling of printed active and passive hydrogel tubes. (A) Schematic showing the
microstructure of the active NIPAM and passive AAM inks and different steps in the process
including formulation of the inks, 3D direct ink writing and photocuring. (B) A plot showing
the experimentally measured normalized diameter change (AD/Dy) in water at different
temperatures between 25 °C and 50 °C for 3D printed and photocured tubes composed of
pNIPAM and pAAM. Dy is the diameter of the 3D printed and photocured tube in air. Bars
indicate standard deviation with a sample size of three and data at each temperature was taken
at equilibrium after 24 hours. Inset shows several snapshots of the pNIPAM (yellow) and
PAAM (green) tubes recorded at different temperatures. Scale bars indicate 1 cm.
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Figure 2. Bilaterally symmetric tubes with horizontal, periodically-spaced segments. (A-

B) Results showing thermoresponsive uniaxial elongation of tubes with alternating
cylindrical discs of active pNIPAM (red) and passive pAAM (green) segments. (A) Optical
and FEA snapshots of shape change of tubes at different temperatures. H indicates the height
of the tube which is plotted against temperature in panel (B). (C- D) Results showing
thermoresponsive bending of tubes with alternating cylindrical wedge-shaped segments of
active pNIPAM (red) and passive pAAM (green) segments. (C) Optical and FEA snapshots of
shape change of tube at different temperatures. 8 indicates the bending angle of the tube
which is plotted against temperature in panel (D). The experimental snapshots of all tubes
were obtained after soaking them in water while heating and allowed to equilibrate at the
desired temperature over 24 hours. The simulation snapshots and plots agree with the
experiments. The printing of tube designs was repeated multiple times and no significant
variation was observed (we estimate less than 10%) in height and bending angle change. All
scale bars are 1 cm.
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Results showing thermoresponsive radial expansion of tubes with alternating vertical
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snapshots of shape change of tubes at different temperatures. D indicates the diameter of the
tube at the point of maximal expansion which is plotted against temperature in panel (B). (C-
D) Results showing thermoresponsive folding of fingers on tubes with vertical segments of
active pNIPAM (red) and passive pAAM (green) segments. (C) Optical and FEA snapshots of
shape change of the tube at different temperatures. » indicates the folding angle of the fingers
which is plotted against temperature in panel (D). The experimental snapshots of all tubes
were obtained after soaking them in water while heating and allowed to equilibrate at the
desired temperature over 24 hours. The simulation snapshots and plots agree with the

experiments. All scale bars are 1 cm.
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Figure 4. Dual-shape change tubes. (A) Schematic of the basic anatomy of the coral polyp;
the image was created based on encyclopedic depictions of the polyp.>® (B-C) CAD model
and image of a 3D printed and photocured tube with cylindrical base and three fingers. (D-G)
Optical snapshots of shape change of the tube at different temperatures. The tube was
suspended over a part placed in a tank. When water was added to the tank, the tube shows
uniaxial elongation and gripping of the part. Upon heating to 50°C, the tube shortened and the
fingers opened to release the part back to the bottom of the tank. Scale bars are 1 cm.
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Note S1: Note on Experimental Details for Dual-gel 3D Printing.

The general procedure for creating dual-hydrogel 3D structures involved three steps; (a)
preparation of active and passive inks, (b) 3D printing of structures, and (c) Ultraviolet (UV)
photocuring of structures. After photocuring, the structures were soaked in deionized water
(DI water) at the desired temperature for 24 hours to allow swelling and shape
transformations to equilibrate.

Preparation of active (NIPAM) and passive (AAM) inks.

Our active ink contained a monomer (NIPAM), shear-thinning agent (Laponite nanoclay),
photoinitiator (Irgacure 2959), dye, and DI water. Our passive ink contained a monomer
(AAM), shear-thinning agent (Laponite nanoclay), photoinitiator (Irgacure 2959), chemical
crosslinker (BIS), dye, and DI water. The mixing process of the active and passive inks is
presented in the methods section of the main text. After mixing, the inks were transferred into
UV-shielding cartridges and centrifuged at 2100 rpm for 90 seconds to remove air bubbles.
Then, they were allowed to rest for a minimum of 24 hours for the hydration process to
achieve the desired shear thinning property.

3D printing of structures.

We used the Cellink Inkredible+ bioprinter for the 3D printing process. Print paths were
generated via g-code which outputs the XYZ motion of the two print heads. All the CAD and
STL files for the dual-hydrogel modules were created in Solidworks (Dassault Systémes), and
the g-code files were generated using the Slic3r software with a layer height of 0.4 mm.

Printing tall structures of dual-materials requires a number of challenges to be overcome.
First, switching between the two materials needs to be seamless, which necessitates that the
two nozzle tips be perfectly aligned with each other. Even a small misalignment of the
nozzles accumulates recurring errors in each layer resulting in significant defects in the final
structure. Moreover, printing 3D tall structures is more technically demanding than printing
shorter 2D structures. The tall structures we printed require approximately 50-100 layers of
printing, and a single perturbation (such as an air bubble or clog) in the printing process ruins
the entire print.

Essentially our 3D printing process consisted of two steps: calibration and printing.

Calibration: First, we made sure that both print heads were levelled with each other in the Z
direction. Then, for calibration in the X and Y directions, we printed a calibration structure
consisting of a pNIPAM tube on top of a pAAM tube. The objective of this step was to check
whether there was any misalignment between the two print heads, because even a small
misalignment will accumulate recurring errors in each layer, resulting in defects in the
structure and undesired shape change. If any misalignments were observed, we added preset
values in the X and Y directions for the print heads in the g-code files. This step was repeated
multiple times until the print heads were perfectly aligned to ensure seamless printing of the
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two inks.

Printing: The cartridges were attached to the 3D Printer and connected to air pump pressure
control. We used 27G nozzles (diameter 0.41 mm) for continuous printing without any
clogging. The structures were 3D printed on a silicon wafer in air at room temperature. We
optimized the printing pressures of the active and passive inks for the printing speed of 10
mm s, The pressures used for printing active and passive inks were 90-100 kPa and 110-130
kPa respectively.

UV curing of horizontal and vertical gel segments.

After 3D printing, the structures were UV photocured to crosslink the active and passive
hydrogels. Uniform UV curing of tall 3D structures was essential to achieve the desired shape
change. While many researchers cure their structures from above, we found that this strategy
resulted in significant crosslink gradients. We established a new rotating platform which
facilitated the uniform photocrosslinking of the entire structure. We placed the 3D printed
structures in the center of a table that was rotated at 9.6 rpm, and used the LX 500 Omnicure
system (Lumen Dynamics) with two UV LED heads (wavelength 365 nm) for the curing
process. Each UV head was equipped with a lens of diameter 12 mm and pointed towards the
surface of the structures at a distance of 3 cm. The homogeneous pNIPAM tubes and pAAM
tubes (Figure 1B) were cured as a single section. The other segmented tubes (Figure 2 -
Figure 4) were photocured section-by-section depending on the structural height, and each
section was cured for 9 mins to ensure the photocrosslinking of active and passive hydrogels.
For the uniaxial elongation tube, bending tube, radial expansion tube, and gripper, the top and
bottom sections were cured successively. The coral polyp inspired dual-shape change tube
was cured as three sections.

Macro-imaging of 3D gel tubes.

The images of all the tubes were taken using a Canon EOS 70D digital camera with a variety
of lenses. A broad spectrum UV light source (Spectroline Model EF-160C, Spectronics
Corporation, USA) was used to excite the fluorescent dye in the tubes. After 3D printing and

photocuring, images of the photocured tubes were taken in air at room temperature.

The tubes were then immersed in DI water and kept in an incubator (MODEL 1575, Sheldon
Manufacturing, INC., USA) set at the desired testing temperatures for at least 24 hours to
reach their equilibrium swollen state. The pictures of tube shape change were taken in DI
water at the corresponding temperatures. We started the time-lapse study of the tubes after
immersion in DI water at room temperature. We connected the Pixel T3/E3 Timer Shutter
Release Remote Control to the camera and took pictures every 50 seconds for 6 hours.
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Note S2: Finite Element Model.

Various theoretical hydrogel models have been developed in recent years to explain the
coupled mechanical and stimuli responsive swelling behavior of hydrogels and to guide the
design of hydrogel composite structures.'” We previously described a constitutive model for
thermoresponsive hydrogels that can accurately predict their equilibrium shapes at different
temperatures.>” In our model, we neglected the kinetics of diffusion and assumed that the
hydrogel remained in equilibrium throughout the deformation. This is a reasonable
approximation since in our experiments, we keep the hydrogel structures in DI water at the
desired temperature for at least 24 hrs so that it can reach its equilibrium state.

In the constitutive model, we first defined a deformation field x = ¢(X), that maps from
material points X in the initial undeformed dry polymer configuration to spatial points x in the
current deformed hydrogel configuration. The total deformation gradient tensor F was defined
as F = 0x/0X. To model the stress-free swelling of the hydrogel, the total deformation
gradient tensor was further decomposed into two parts: a swelling part F, and a mechanical
part F,,

F=FF,, (S1)
where F, = ¢ L. ¢ is the polymer volume fraction of the hydrogel and defined as
¢ =1/(1 +vc), where v is the volume per solvent molecule and c is the number of solvent
molecules per polymer volume. We defined the stress-free swollen configuration as the
reference configuration, and a deformation gradient tensor f mapping from the stress-free
reference configuration to the final deformed configuration:

f=¢,"F, (S2)
where ¢, is the polymer volume fraction of the hydrogel in the reference configuration. The
left Cauchy-Green deformation tensor was defined as b = FF'. We expressed the b tensor in
terms of its principle stretches A and principle directions n;:

b=§7ufni®ni, (S3)
i=1

and the corresponding principal stretches of f tensor are X_l =0 é/ ) ;- The change of volume
of the entire deformation process from the dry polymer configuration to the final hydrogel
configuration was related to the mechanical part and swelling part as:
J=det[F]=det[F ]det[F ]=J, ¢ .

We assumed that the free energy density of the hydrogel could be additively decomposed into
two terms: a mechanical term arising from the stretching of a polymer network and a mixing
term arising from the mixing of the polymer network and solvent:

Y=Y mechanical([ b> J 6‘) +¥ mixing(q)) ’ (S4)
where I, is the first invariant of b tensor: I, = tr[b].

We used the quasi-incompressible Neo-Hookean model to model the strain energy density of
the polymer network with Gaussian chain statistics:
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¥ echanical! 1+ J &) = F(I =3 = 2og))+ §(J = 2log] .= 1), (S3)
where G and K are the shear modulus and bulk modulus of the polymer network respectively.
To achieve the volumetric incompressibility of mechanical deformation, we assumed that the
bulk modulus is 1000 times of the shear modulus.

We used the Flory-Huggins model® to describe the free energy density of mixing:

¥ iving(P) = LI = @)log(1 = ) +xp(1 — ) 1, (S6)
where R is the gas constant, T is the temperature, and y is the Flory-Huggins interaction
parameter. To model the thermoresponsive behavior, we assumed that the Flory—Huggins
interaction parameter had the following form,’

T-T
=100, T ) T 300y — x tanh(—4), (S7)

where y ; and y ; are the Flory-Huggins interaction parameters at low and high temperatures

respectively, T

tran

is the transition temperature, and AT is the width of transition region.

We calculated the Cauchy stress tensor from hyperelasticity theory as ¢ = (1/J)(0¥/0F)F", and
we obtained the chemical potential using thermodynamics arguments as p = 0¥/dc, where c is
the number of solvent molecules per polymer volume. By substituting equations (S4)~(S6)
into the above two relations, we obtained the equations of state for the hydrogel model:

c—zgi“’; (@70~ )+ =0 1507 — n on . (S8)
w=RT[log(1 =)+ ¢ +xp 1= F2(Eh, A, 2 )2~ 1]. (S9)

The hydrogel constitutive model was implemented into TAHOE (Sandia National
Laboratories) for finite element simulation of hydrogel structures. The parameters of the
hydrogel constitutive model are as follows: polymer shear modulus G, and %, %y, 7,

tran®

AT which determine the thermo-responsive swelling of hydrogel.
Determination of model parameters.
Active hydrogel:

We used the hydrogel constitutive model derived above to describe the thermoresponsive
swelling of pNIPAM hydrogel. We 3D printed pNIPAM hydrogel square plates of side length
10 mm and thickness 2 mm to measure the elastic modulus of the hydrogel. After
photocuring, the hydrogel samples were placed into DI water at room temperature for 24
hours to reach the free swollen equilibrium state. We used a DMA (Dynamic Mechanical
Analyzer Q800, TA Instruments) to carry out unconfined compression tests on the hydrogel
samples with a maximum applied static force of 6 mN at a rate of 1 mN min™. The static force
and displacement data output from the DMA were converted to engineering stress and
engineering strain. We tested three pNIPAM hydrogel square plate samples and calculated the
average Young’s modulus £ ]f/IP = 2.53 kPa from the slopes of engineering

stress-engineering strain curves (Figure S3(A)), which corresponds to a shear modulus of

Gel _ 1 Gel _ - Lo e
G vipay = 3E pyipay = 0.84 kPa assuming mechanical incompressibility.
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We measured the volumetric swelling ratio of the active hydrogel from the dry state to the
equilibrium swollen state at room temperature to calculate the polymer’s elastic modulus. We

first measured the average weight M, ...

, of three pNIPAM square plate hydrogel samples in
the equilibrium swollen state at room temperature. The hydrogel samples were then put into
incubator (MODEL 1575, Sheldon Manufacturing, INC., USA) in air at 50°C for 24 hours to
reach completely dry state, and weighted again (M,,,). The volumetric swelling ratio of
pNIPAM hydrogel from the dry state to the equilibrium swollen state at room temperature

was calculated by O v = MypaedMy, = 21.14. The pNIPAM polymer shear modulus

dry
G }’: ;%mﬁd is related to the hydrogel shear modulus as:’
Polymer _ ~ Gel 1/3 _
GpNIPAM B GpNIPAM X QPNIPAM =2.32kPa.

We conducted a swelling test on the homogeneous 3D printed pNIPAM hydrogel tubes (main
text Figure 1(B)) to determine the remaining parameters in the model. After photocuring, the
three pNIPAM hydrogel tubes were placed into DI water in the incubator at 50°C, 41°C, 33°C,
25°C, 33°C, 41°C, and 50°C for 24 hours to reach the equilibrium state at each temperature.
We took optical images of the pNIPAM hydrogel tubes at different temperatures, and
measured the average tube outer diameter D using the Imagel] software. We plotted the
fractional change in diameter (4D/D,) of the pNIPAM hydrogel tubes at different
temperatures in main text Figure 1(B), where D, represents the average pNIPAM tube outer
diameter in the photocured state, and 4D represents the average change of outer diameter
AT were obtained by fitting the
simulation free swelling data to the experimental results in main text Figure 1(B). The model

under different temperatures. The parameters y ;, ¥ g, 7,

tran®

parameters for the active pNIPAM hydrogel are summarized in Table S1.
Passive hydrogel:

We conducted all of the same experiments described above on the passive pAAM hydrogel.
The 4D/D,, of the 3D printed pAAM hydrogel tubes at different temperatures were plotted in
main text Figure 1(B). We observed that the swelling of the pAAM hydrogel tubes was
negligible (4D/D,=1.2%), and independent of temperature. Hence, we wused the
quasi-incompressible Neo-Hookean model to describe the passive pAAM hydrogel.

We conducted unconfined compression tests on three 3D printed pAAM hydrogel square
plate samples with a maximum applied strain of 5% at a rate of 0.1% s'. We calculated the

average hydrogel Young’s modulus EgjilM =60.3kPa from the engineering

stress-engineering strain curves (Figure S3(B)), which corresponds to a hydrogel shear
modulus of ngﬁlM = %Egﬂw =20.1 kPa assuming mechanical incompressibility. We

measured the volumetric swelling ratio of the passive hydrogel samples from the dry state to
the equilibrium swollen state at room temperature (Q,,,=3.57), and calculated the pAAM

polymer shear modulus: GZ ZZIZW = ngﬁl y X0 ;f’ Ly = 35.63 kPa.
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Note S3: Finite Element Simulations for Horizontal and Vertical Gel Segments.

The finite element models of the horizontal and vertical gel segments are shown in Figure S4.
The dimensions of each model geometry were the same as measured from the structures’
experimental pictures in the photocured state. The mesh was discretized using trilinear
hexahedral elements. As boundary conditions, one point of the structure’s bottom plane was
fixed. The displacement boundary conditions of the uniaxial elongation tube and the radial
expansion tube were set as:

u(x=10,y=0,z=0)=0,
u,(x=10, y=0, z=0) =0, (S10)
u,(x=10, y=0,z=0)=0.

The displacement boundary conditions of the bending tube were set as:
u(x=75y=0,z=0)=0,
u,(x=75,y=0,z=0)=0, (S11)
u,(x=75,y=0,z=0)=0.

The displacement boundary conditions of the gripper were set as:
ux=9,y=0,z=0)=0,
u(x=9,y=0,z=0)=0, (S12)
u,(x=9,y=0,z=0)=0.

The simulations started from the photocured state. The initial polymer fraction ¢, was
obtained by solving equation (S8) and (S9) with the condition 6 = 0 and p = 0. The model
temperature was continuously increased to different temperatures (25°C, 35°C, and 50°C) to
predict the equilibrium shape changes of the structures. At each temperature, the deformation
gradient f and polymer volume fraction ¢ were updated to satisfy the momentum balance and
chemical potential equilibrium.
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Supplementary Figures
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Figure S1. Rheological measurements of the NIPAM inks. Log-log plots of, (A) Ink
viscosity as a function of shear rate of NIPAM ink blended with Xantham gum, Gellan gum
and Laponite, (B) Storage modulus as a function of oscillation strain, and (C) loss modulus as
a function of oscillation strain for NIPAM inks blended with different shear thinning agents:
(black) 3 wt% Xanthan gum ink, (red) 2 wt% Gellan gum ink, and (blue) 6.77 wt% Laponite

ink.
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Figure S2. Schematic representation of the molecular and microstructure of the inks.
(A) active NIPAM ink and (B) passive AAM ink.
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Figure S3. Results of stress-strain measurements of 3D printed and photocured
pNIPAM and pAAM hydrogels. Elastic moduli measurements were obtained for fully
hydrated hydrogel square plates to determine the stiffness of the active and passive hydrogels
used in this study. (A) The elastic modulus of the pNIPAM gel sample was measured using
unconfined compression test at room temperature (DMA Q800; TA instruments) with a
maximum applied static force of 6 mN at a rate of 1 mN min™. (B) The elastic modulus of the
PAAM gel sample was measured using unconfined compression test at room temperature with
a maximum applied strain of 5% at a rate of 0.1% s™'. Static force and displacement data of
the compression test were used to generate engineering stress and engineering strain curves.
The elastic modulus was measured as the slope of the best-fit line to the stress-strain curves.
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Figure S4. Finite element model snapshots of the functional dual-gel tubes. (A)
Horizontal gel segments, and (B) Vertical gel segments. Green represents passive pAAM
hydrogel and red represents active pNIPAM hydrogel. The model geometries are the same as
those measured experimentally in the photocured state.
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Figure S5. Shape change snapshots of the uniaxial elongation tube with different aspect

. h . : L
ratios ( ﬁ ). Mpipars @nd b, represent the height of the active and passive rings

respectively. Increasing the aspect ratio from 1 (bottom) to 3 (top) resulted in an increase of
elongation (Hl;—lj" ) from 15.5% to 32.4%. Scale bars are 1 cm.
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Figure S6. Time-lapse shape change snapshots of the bending tube in DI water at room
temperature. Scale bars are 1 cm.
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Figure S7. Time-lapse shape change snapshots of the (A) radial expansion tube, and (B)
the gripper in DI water at room temperature. Scale bars are 1 cm.
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Figure S8. Time lapse of the coral polyp inspired dual-shape change tube reaching inside
a box to grab a hexagonal prism. The shape change occurred in DI water at room
temperature. Scale bars are 1 cm.
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Figure S9. Side-view comparison of experiment results and finite element method
(FEM). (A) Uniaxial elongation tube, (B) Bending tube, and (B) Radial expansion tube. Scale

bars are 1 cm.
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Figure S10. UV-Vis absorbance and FTIR measurements of active and passive inks
before and after photocuring. (A) UV-Vis absorption spectra of NIPAM ink and AAM ink
before and after photocuring. The inks were transferred into cuvettes and the absorption
spectra were measured using a PerkinElmer UV/VIS/NIR Spectrometer Lambda 950 with
readings acquired in 6 nm increments. (B- C) FTIR spectra of the NIPAM and AAM ink
before and after photocuring. The main features are similar with small differences before and
after curing. The FTIR spectra were measured using a Bruker Hyperion FTIR Microscope.
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GkPa) | 01 | Xn | Ta("CO) | AT (C)

2.32 0.5 0.9 34 4

Table S1. Model parameters determined for the 3D printed active pNIPAM hydrogel
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