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ABSTRACT Mechano-activation as a stimuli-response in 4D printing offers advantages such as
orthogonality to other stimuli and control over the magnitude of applied force. Herein, we
demonstrate mechanically activated morphing with directional control that is dictated by the
patterns produced via multi-material 3D printing. An advantage of this approach is that pre-
stretching of the sample is not required. We developed on gel inks comprised of a cross-linkable
self-assembling triblock copolymer and polymerizable ionic liquids that varied in the size of the
cation. The multi-material printing of these inks afforded objects that changed their shape in a

predetermined manner upon the application of a tensile force.
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Stimuli-responsive 3D printed objects (4D printing) have recently garnered much
attention due to their potential in the development of robotic actuators, sensors, and biomedical
devices.!”® By utilizing responsive materials, the printed constructs undergo chemical or physical
changes through time when exposure to various stimuli, including temperature, light, or
electromagnetic fields, are used to induce a mechanical shape change.*® In contrast, biological
systems, such as Venus fly traps and mimosa plants, have inspired a growing interest in 4D
objects that respond to mechanical stimuli (either applied force or deformation) to achieve a

complex autonomous response.’ ¢

Mechanical forces can be orthogonal to other stimuli and offer facile control over the
magnitude of the applied force. One mechanism that has been shown to achieve shape morphing
is to leverage composite (e.g. two materials bonded together, which we also refer to as a
“bilayer”) elements with mismatched elastic properties.!”2! Upon compressive loading!’ or
relaxation of a previously applied strain (e.g. pre-strain)!®!, composite elements can undergo
3D shape changes via buckling instabilities or bending. Within the context of 4D printing,
previously demonstrated examples of mechanically induced shape change have been restricted to
3D printing on already pre-strained layers. The major downside of this approach is that it
significantly confines the possible designs that can be printed and the resulting morphed shapes
achieved, due to the necessity of a pre-stretched sheet. For instance, prior studies on pre-
stretched sheets were restricted to unidirectional folding.'® Without the need for pre-straining the
sample, the ability to easily fabricate complex 3D geometries with multiple materials, can be
leveraged, and more complex 4D objects and responses achieved. So far, two examples that

demonstrated mechano-activated shape change in the absence of a pre-stretched layer were



achieved by mismatched recovery introduced by alignment of embedded fibers?? and degree of
crystallinity?®, however, these examples cannot be 3D printed, which limits the complexity of

their potential shape changes.

Herein, we demonstrate 3D printable ion gel inks that enable fabrication of multi-layered
and multi-material objects with tunable viscoelastic and plastic responses, and then show how
these inks can be used to create 3D constructs that can undergo multidirectional mechano-
activated shape change without the need for pre-strain (Figure la). Tailoring the underlying
materials’ viscoelastic and plastic response enables control over the temporal response of the
composite, as well as its reversibility. Shear-thinning ion gel inks based on self-assembling
F127-bisurethane methacrylate (F127-BUM, Figure 1b) in imidazolium ionic liquids were
previously shown to be effective for direct ink write (DIW) 3D printing to afford robust multi-
layered constructs.?* Unlike hydrogels (a commonly utilized 4D printing ink), ion gels utilize

2527 and as a consequence, do not dry out under ambient

ionic liquids with low vapor pressures
conditions. The ionic liquids used to form the ion gels in this study contain vinyl groups that can
undergo photo-initiated polymerization (Figure 1c). Thus, after the ion gels were printed, the
entire construct was photo-cured to form continuous polymer networks that had varied elastic,
viscous, and plastic mechanical proper-ties. Used in the context of multi-material DIW printing,
these ion gels with varied mechanical properties enabled our creation of objects that are

programmed via 3D printing to undergo multidirectional mechano-activated shape change in

response to tensile forces.

Herein, three ion gel inks using polymerizable ionic liquids were developed, which were
comprised of F127-BUM dissolved in 1-ethyl-3-vinylimidazolium tetrafluoroborate

([EVIM]BF4), 1-butyl-3-vinylimidazolium tetrafluoroborate ([BVIM]BF4), or 1-hexyl-3-



vinylimidazolium tetrafluoroborate ([HVIM]BF4). The imidazolium ionic liquids possess vinyl
groups that can undergo photo-initiated radical polymerization that can also co-polymerize with
the methacrylate endgroups of F127-BUM to form a crosslinked polymerized ionic liquid (PIL)
network (Figure 1d). Three different alkyl chain lengths were chosen as we hypothesized that
these side chains would affect the viscoelastic and plastic properties of both the ion gel and the
polymerized ionic liquid. Ion gels that were formed from [EVIM]BF4 and [BVIM]BF4 each
required 27 wt% F127-BUM to achieve self-supporting gels. SAXS characterization of these ion
gels showed multiple distinct signal peaks, which suggested the presence of F127-BUM micelles
arranged in an ordered packing structure. The normalized q-value ratios were 1, 1.42, 1.73,

roughly corresponding to 1, 1'2, 312

, indicating a BCC arrangement, which is consistent with
F127-based hydrogels that have been reported in the literature (Supporting Information).?8?° A
higher loading of F127-BUM (37 wt%) was required when [HVIM|BF4 was the solvent, which

was likely due to the increased compatibility between the imidazolium cation and poly(propylene

oxide) blocks of the triblock copolymer.

To confirm good shear-thinning behavior during the printing process, rheometrical
characterizations were performed on the ion gels. Oscillatory strain-sweep experiments (Figure
2a) displayed the gel-sol transition the ion gels experienced when extruded (at 11% oscillatory
strain), and cyclic strain experiments (Figure S6, Supporting Information) showed that the gel-
sol transition is fast and reversible over multiple cycles without significant hysteresis. The prior
two properties are important in the printing process, as the gel must be able to flow through the
nozzle then quickly recover its gel state after exiting the nozzle, and the transition should happen
reproducibly each time pressure is applied. Lastly, viscosity vs. shear rate experiments (Figure

S7, Supporting Information) showed the decreasing viscosity with increasing shear rate,



confirming that the ion gels are shear-thinning. Additionally, thermogravimetric analysis and
electrochemical impedance spectroscopy experiments were performed that show the ion gels
retained the ionic conductivity and thermal stability of the ionic liquids (summarized in the

Supporting Information).

The ion gels were formulated with a photo radical generator (2-hydroxyl-2-
methylpropriophenone, 0.2 wt%), and printed using a pneumatic DIW system. Multi-layered
constructs were successfully printed with an extruded filament diameter of ~0.4-0.6 mm (0.26
mm L[D. nozzle, 0.3 mm layer height), and did not require photo-curing between layer
deposition. All structures were printed with 0.3 mm layer height. The [EVIM]|BFs and
[BVIM]BF4 ion gels afforded successful multi-layered objects up to 20 layers, and the
viscoelastic properties of the printed ion gel supported overhanging features. The softer
[HVIM]BF4 ion gel afforded constructs containing up to 8 layers with good layer-to-layer

integrity (Figure 2b).

All multi-layered constructs were UV-cured after they were entirely printed to encourage
isotropic mechanical properties. A single post-print UV-cure reduces the interlayer defects,
which is a common source of mechanical weakness in structures printed via 3D printing.
Dogbone samples of each ion gel were casted in a mold and 3D printed in two different
directions, and then characterized via tensile tests as is shown in Figure 2c. As can be seen in
Fig. 2c, the cured [EVIM]BF4 PIL exhibits the stiffest response, with an elastic modulus of
approximately 550 MPa, whereas the polymerized [BVIM]BF4+ and [HVIM]BFs PILs were
almost an order of magnitude less stiff, with elastic moduli of 68 and 34 MPa, respectively. All
three polymers exhibited a highly ductile response, wherein the [EVIM]BF4 PIL showed the

lowest ultimate strain, followed by the [HVIM]BF4 then [BVIM]BF4 PILs (see also Table S6,



Supporting Information). The differences in quasi-static mechanical properties between the
different elastomers can be explained based on the size of the cation’s alkyl side chain length.
The [HVIM]BF4 PIL, having the longest alkyl group of the set, consequently had the lowest 7}
and thus the greatest amount of material flexibility.>® We also observed that the mechanical
properties of the PILs were independent of the method of dogbone fabrication (Figure 2c),

specifically, whether they were printed vertically, horizontally, or cast in a mold.

The tensile experiments further revealed that all of the PILs exhibited a varied time
dependent (and generally nonlinear viscoelastic) recovery toward their original shape, as can be
seen in Fig. 2d and e. All three polymers showed an initial, relatively rapid, partial shape
recovery from 150% strain within the first 10 seconds, with the [EVIM]BF4 and [BVIM]BF4
PILs returning to 100% strain and the [HVIM]BF4 PIL to 55% strain. After this initial rapid
recovery, the viscoelastic recovery becomes slower and more varied between the three samples.
After 120 hours, the [EVIM|]BF4 PIL, which exhibits the slowest recovery, retains approximately
54% strain, which suggests a partially plastic response. In contrast, the [BVIM]BF4 and
[HVIM]BF4 PILs exhibited nearly full shape recovery after 2 hours, with the [HVIM]BF4 PIL
showing the faster recovery. While [EVIM]|BF4, [BVIM]BF4, and [HVIM]BF4 polymerized to
form linear chains, the F127-BUM serves as a crosslinker in this polymer network and provides
the ‘memory’ of the original shape of the object. We suggest the variable time-dependent
recovery is likely due to the transient charge interactions between PIL chains. The larger butyl
and hexyl groups can shield the cation, which leads to higher mobility of the chains. The gel
fraction for the three different ion gel compositions were all approximately 90%, and the
presence of the residual unpolymerized ionic liquid in the PIL is hypothesized to act as a

plasticizer. Upon removal of residual ionic liquid, all of the samples showed increased elastic



moduli and decreased ultimate strain, while maintaining a generally ductile response (Supporting

Information, Figure S8).

The differences in mechanical properties of the cured ion gel was utilized to print bilayers
that were programmed via 3D printing to undergo mechano-activated shape changes. For
example, a bilayer construct comprised of a [BVIM]BF4 PIL layer printed onto a [EVIM]BF4
PIL layer was cured and then mechano-activated by stretching (150% strain) and releasing the
film. The combination of the plastic deformation of the [EVIM]BFs PIL layer and the
viscoelastic recovery of the [BVIM]BF4 PIL led to permanent bending of the bilayer construct in
the direction of the elastomeric layer. The extent of curvature was dependent upon the applied
strain, wherein smaller bending angles were produced with small strains (50%) and larger
bending angles at higher strains (100% strain) (Figure 3a, other material combinations are in

Supporting Information, Figure S9).

The multi-material DIW printing process also enables the programming of more complex
mechano-activated multidirectional shape-morphing. For example, we printed alternating parallel
lines of [EVIM]BF4 and [BVIM]BF4 ion gels at a 135° angle on top of a [BVIM]BF4 ion gel
layer. The bilayer was UV-cured and then mechano-activated to fold into a helical structure, as is
shown in Figure 3b. Bilayers were also programmed via 3D printing to encode letters that were
revealed upon mechano-activation (Figure 3c). A “U”, which requires bending in one direction
was created by printing [BVIM]BF4 ion gel on the upper layer in the region where the bend was
desired. On the other hand, a “W” required the spatial localization of the [BVIM]BF4 ion gel
within both layers, in different locations, in order to facilitate the bending in opposite directions.

Strain-concentrating regions were incorporated into the design in this case to maximize the strain



incurred to the intended bending region, and minimize the strain incurred to the intended straight

regions, under application uniaxial tensile load at the edges of the sample.

In summary, we have used multi-material DIW, enabled by polymerizable ion gels, to
program the mechano-activated multidirectional folding of planar structures into 3D shapes. The
polymerizable ion gels that were developed for this application exhibited variable viscoelastic or
viscoelastic-plastic behaviors upon the application and release of a tensile load. The ability to
control the viscoelastic and plastic response of the constituent materials of the printed morphing
structure offers significant potential benefit, wherein future, time-dependent, sequential folding
or autonomous origami schemes can be envisioned. The ion gels exhibited good shear-thinning
behavior with rapid transitions between the gel- and sol-states. Mechanical characterization
performed on cured structures confirmed minimal interlayer defects were introduced during the
printing process. The ionic liquid within the ion gel was polymerized during a post-print UV
cure, which led to objects with a high degree of isotropy. Unlike other methods of producing
objects that undergo mechanically induced shape changes, our approach does not require pre-
stretching before or during fabrication. Thus, the full capabilities of 3D printing can now be used

to program more complex geometrical changes upon mechano-activation.
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Figure 1. Strategy towards shape change and chemical compositions of the materials. a) Upon
stretching and releasing the bilayer, the shape memory materials recover at different rates and to
different degrees, allowing the bilayer to bend towards the side that recovers the most. The ion
gels used to fabricate these structures were comprised of (b) an F127-based triblock copolymer
with bisurethane methacrylate chain ends (F127-BUM) and (c) one of the following ILs: 1-ethyl-
3-vinylimidazolium tetrafluoroborate ([EVIM]BF3), 1-butyl-3-vinylimidazolium
tetrafluoroborate ([BVIM]BF4), or 1-hexyl-3-vinylimidazolium tetrafluoroborate ([HVIM]BFj4).
d) The ion gel was shear-thinning and comprised F127-BUM micelles dispersed in the IL. After
UV cure (365 nm), the methacrylate chain ends of F127-BUM and IL co-polymerize to form a

shape memory polymeric network.
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Figure 2. Mechanical characterization of the uncured ion gels and post-cured samples. (a)
Oscillatory strain sweep experiment on the ion gels showing the storage and loss moduli as a
function of strain. At higher strain, the loss moduli is greater than the storage moduli, suggesting
the gel-sol transition that enables printing. (b) Example prints including (scale bar = 5 mm) (i) a
2-layer perpendicular serpentine structure ([EVIM]BF4 ion gel), (ii) a 20-layer offset cylinder
with a 40° overhang ([BVIM]BF; ion gel), (iii) an 8-layer 5-pointed star, and (iv) a 20-layer
straight cylinder ((HVIM]BF4 ion gel). ¢) Stress-strain curves of the cured materials are shown
for dogbone samples that were casted, printed perpendicular (DH), or printed parallel (DV) to the
axis of applied strain. d) To observe the shape recovery of the cured structures, casted dogbones
were stretched to 150% strain and released. e) Shape recovery as a function of time for the ion

gels (measured at the dogbones’ narrow sections).

10



50% strain 75% strain 100% strain

b Print layer #1:

-——'-—IIJ
Print layer #2: Stretch &

o Rﬁe_.iﬁ

I [EVIM]BF, [ : [BVIMIBF,

C Print layer #1:

—_— =

Print layer #2: Stretch &

= U W

Y\

Figure 3. Mechano-activated shape transformations in printed multi-material structures. a)

Printed bilayer strips were stretched to different strains, wherein the bending angle is dependent
upon the magnitude of applied strain. Mechano-activated shape transformation into (b) a helical

ribbon, and (c¢) planar constructs that were encoded to transform into a “U” and a “W”’.
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