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Ionoprinting  has  proven  itself  as a technique  capable  of  enabling  repeated  post-synthesis  programming
of  hydrogels  into  a variety  of different  shapes,  achieved  through  a variety  of different  actuation  path-
ways.  To  date, the  technique  of  ionoprinting  has  been  limited  to conventional  brittle  hydrogels,  with
reversible  actuation  requiring  a change  in  submersion  solution.  In  this  study,  ionoprinting  has  been  com-
bined  for the  first  time  with  a tougher  interpenetrating  network  polymer  (IPN)  hydrogel  with  dual  pH
and  temperature  responsiveness.  This  new  methodology  eliminates  the  brittle  material  failure  typically
occurring  during  shape  change  programming  and  actuation  in  hydrogels,  thus  allowing  for  the realisa-
tion  of  more  highly  strained  and complex  shape  formation  than  previously  demonstrated.  Critically,  the
temperature  responsiveness  of  this  system  enables  actuation  between  an  unfolded  (2D)  and  a  folded
(3D)  shape  through  an  external  stimuli;  enabling  reversible  actuation  without  a  change  in submersion
solution.  Here,  the  reversible  thermally  induced  actuation  is  demonstrated  for the  first  time  through  the

formation  of  complex  multi-folded  architectures,  including  an  origami  crane  bird  and  Miura  folds,  from
flat  hydrogel  sheets.  The  robustness  of the  IPN  hydrogel  is  demonstrated  through  multiple  reprogram-
ming  cycles  and  repeated  actuation  of a single  hydrogel  sheet  formed  into  3D  shapes  (hexagon,  helix  and
zig-zag).  These  advancements  vastly  improve  the applicability  of  ionoprinting  extending  its application
into  areas  of soft  robotics,  biomedical  engineering  and  enviro  intelligent  sensors.

©  2017  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction

Hydrogels are three-dimensional polymer networks which are
ble to absorb large amounts of water [1]. They have current and
otential uses in biomedical, agricultural and waste treatments
pplications [2]. Hydrogels often possess comparable mechani-
al properties to biological tissue, but with significantly reduced
oughness [3]. A number of approaches have been shown to sig-
ificantly increase the toughness of these materials, the most
idely demonstrated has been the utilisation of multiple poly-
er  networks [3,4]. Such additional polymer networks may  involve

ovalent crosslinking (double, triple etc. network hydrogels), ionic

rosslinking (ionic-covalent network (ICE) hydrogels) or secondary
onds (interpenetrating polymer network (IPN) hydrogels) [4].

∗ Corresponding author at: Department of Mechanical Engineering, University of
ath, Bath, BA2 7AY, UK.

E-mail address: a.b.baker@bath.ac.uk (A.B. Baker).
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925-4005/© 2017 The Authors. Published by Elsevier B.V. This is an open access article u
(http://creativecommons.org/licenses/by/4.0/).

Depending on their molecular composition, hydrogels can also
show stimuli-responsiveness to a range of stimuli including light,
pH and temperature, undergoing large volume changes in response
[5]. Stimuli-responsive hydrogels have the potential to be used in
sensing, actuating and drug delivery applications [6–8]. The abil-
ity to induce shape change, not simple volume change, further
extends the application of stimuli responsive hydrogels [9]. Sin-
gle composition hydrogel i.e. homogenous hydrogels, will only
undergo inhomogeneous volume change i.e. shape change, when
exposed to inhomogeneous stimuli [10]. For a hydrogel to undergo
shape change in response to a uniform (homogenous) stimuli, the
introduction of an embedded inhomogeneity is required. This has
conventionally been achieved during the synthesis/manufacture of
the hydrogel through the use of bilayers, aligned reinforcements
and spatially variable crosslinking [11–18]. Ionoprinting intro-
duces inhomogeneity into a hydrogel after synthesis, by ionically

crosslinking localised regions of the hydrogels [19–26]. The increas-
ing ionic crosslinking causes a reduction in hydrogel water content
and thus volume, while increasing hydrogel stiffness; which when
localised to specific areas of the hydrogel can cause inhomogeneous

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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hape change. Ionoprinting achieves this localised ionic crosslink-
ng by surface injection of metal cations, which are generated in situ
ia an oxidative bias generated by an electric field. The dynamic
ature of the ionic crosslinks allows them to be formed after man-
facturing through the introduction of metal cations and destroyed
n demand by removal of the metal cations through a competing
oordinating species. This dynamic nature allows for post-synthesis
hape change programming and subsequent removal of the cations,
eturning the hydrogel to its originally synthesised state, allowing
or new re-programming of further shape changes. However, the
hape changes demonstrated to date have been very limited and
implistic, which is believed to be due to the inability to create com-
lex reversible shape changes derived from brittle hydrogels (due
o material failure during ionoprinting and actuating conditions).

In this study, a dual pH-temperature responsive interpene-
rating polymer network hydrogel is programmed to undergo
eversible shape change and actuation through ionoprinting of
inges. This work explores the factors controlling the hinge for-
ation through an investigative study of the ionoprinting input

ariables and the conductivity of the hydrogel. A variety of ther-
ally induced reversible shape changes are then demonstrated, all

howing 2D (hot) to 3D (cold) transformations.

. Materials and methods

.1. Materials

N-isopropylacrylamide (NIPAAm), phosphoric
cid 2-hydroxyethyl methacrylate ester (PHMA),
,N′-methylenebisacrylamide (MBAA), 2,2-dimethoxy-2-
henylacetophenone (DMPA), Lithium chloride (LiCl), iron(III)
hloride hexahydrate, disodium ethylenediaminetetraacetic acid
EDTA) and triethylamine (TEA) were obtained from Sigma-
ldrich (Poole, UK). 2-(methacryloyloxy)ethyl phosphate (MOEP)
as extracted from PHMA with n-hexane, all other chemicals were
sed as supplied without further purification. Polyurethane (PU
ydroMed D3) was supplied by AdvanSource biomaterials and
as used as a 10% w/v solution in reagent grade ethanol.

.2. Hydrogel synthesis

IPN hydrogels were prepared by combining the monomers
NIPAAm and MOEP, 80:20 molar ratio) followed by neutralisa-
ion with TEA. This mixture (40.0% weight) was dissolved in PU
olution prior to the addition of the photoinitiator (DMPA, 1:750
hotoinitiator:monomer molar ratio) and the crosslinker (DMPA,
:500 crosslinker:monomer molar ratio). For single network (SN)
ydrogels the same procedure was followed however monomer
ixtures were dissolved in ethanol instead of PU stock solution. All

he solutions were cured in either 1 ml  syringes (internal diameter
f 5 mm)  or between two glass slides separated by a spacer (1.0 mm
hickness). Samples were cured under a UV lamp (365/425 nm,  4 W)
or 4 h. Hydrogels were submerged into DI water after curing to pre-
ipitate the PU out of solution to form the second interpenetrating
etwork. Pure hydrogel samples were air dried prior to submersion

nto water to prevent brittle failure.

.3. Ionoprinting & actuating conditions

Prior to ionoprinting hydrogel samples were equilibrated in
.1 M LiCl solution, unless otherwise stated, for a minimum of 48 h.
mmediately prior to ionoprinting the hydrogels were removed

rom their equilibration solution and pat dried. Ionoprinting was
erformed using an iron wire anode (diameter 2.8 mm)  and a
at aluminium sheet (surface area greater than the hydrogel)
ith pressure onto the hydrogel controlled by a spacer (thickness
ators B 254 (2018) 519–525

1.0 mm). The variables tested ranged from 0.5 to 5.0 min  for dura-
tion, 2.0–10.0 V for input voltage and 0.05–1.00 M for LiCl solutions.
The standard baseline conditions used throughout this study were
5.0 V for 1 min  for ionoprinting of a hydrogel swollen in 0.1 M LiCl
solution. Samples used to investigate ionoprinting variables were
20 mm by 5 mm by 0.6 mm (water swollen dimensions) hydrogels.
The voltage measured through the entire system was assumed to be
the voltage occurring through the hydrogel (i.e. the only significant
resistive element in the circuit), whilst the current was measured in
series (range up to 200 mA with an accuracy of 0.1 mA or a range up
to 5.00 A with an accuracy of 0.01 A) recorded every 5 s and inte-
grated to determine moles of electrons through the circuit. Final
out-plane-angle was  measured immediately after ionoprinting and
were repeated 3 times.

Actuation was  performed in the equilibration solution, samples
were heated to 50 ◦C (for 1 h) to enable unfolding of the ionoprinted
hinges and cooled to 25 ◦C (for 1 h) to enable folding of the iono-
printed hinges. Cations were extracted with EDTA overnight and
re-equilibrated in 0.1 M LiCl solution before further ionoprinting.

2.4. Hydrogel characterisation

The hydrogel’s response to a range of environmental stimuli was
investigated by submersion for 24 h in different solutions, includ-
ing various concentrations of iron(III) chloride (0.0 M–5.0 M)  and
buffer solutions (0.1 M NaCl and 0.01 M buffer) over a range of tem-
peratures (10–90 ◦C).

Compressive testing was  performed between two  parallel plates
on disc samples, diameter 7.0 mm (0.1 mm standard deviation
(STD) by 3.7 mm (0.6 mm STD) thickness for SN hydrogels and
diameter 7.6 mm (0.1 mm STD) by 4.1 mm (0.6 mm STD) thickness
for IPN hydrogels) at a rate of 100% min−1 until failure. Compres-
sive modulus (up to 20% strain), energy absorbed until failure and
stress and strain at failure were determined.

3. Results and discussion

3.1. Ionoprinting fundamentals

The process of ionoprinting employs an oxidative bias generated
by an electric field to produce metal cations, these are utilised for
ionic crosslinking within a hydrogel [19]. For the hydrogel to be suc-
cessfully ionically crosslinked by the cations, coordinating groups
must be present within the hydrogel. The ionic bridging of these
coordination groups triggers the explosion of the water molecules
leading to the shrinking of the hydrogel. Throughout this study a
flat aluminium sheet was  employed as the cathode whilst an iron
wire was used as the anode, as shown in Fig. 1a. When a potential is
applied across the system a number of simultaneous electrochemi-
cal processes are established; at the anode the oxidation of the iron
metal to iron(III) cations (Fe3+) and at the cathode the reduction of
protons to hydrogen. While the metal cations become bound within
the hydrogel, forming the ionic crosslinks, the hydrogen gas leaves
the system.

The ionic crosslinking is locally concentrated near the anode-
hydrogel interface, with the concentration decreasing with
increasing distance from this interface. The ionic crosslinking
results in localised shrinking of the hydrogel (see supplementary
Fig. S1), while leaving the remaining hydrogel swollen, the internal
stresses generated by this swelling differential is relieved through
the out-of-plan folding of hydrogel along the ionoprinted line, as

shown in Fig. 1b. The ionoprinted hinge can be unfolded back to the
original configuration by de-swelling the non-ionoprinted regions
of the hydrogel, i.e. removing the differential in swelling within the
specimen, by heating the hydrogel above its lower critical solution
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F rinting using an iron electrode (anode) and aluminium counter electrode (cathode). b) &
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Fig. 2. The out-of-plane final angle formed (filled marker, to the nearest 10◦)
and moles of electrons produce due to ionoprinting (open marker) at a) variable
durations (30 s–5 min), b) variation voltages (2.5–10.0 V) and c) variable LiCl equi-
ig. 1. Schematic diagram of ionoprinting of a hydrogel with iron cations. a) Ionop
)  Ionoprinted hydrogel folded and unfolded, oscillating between below LCST and a

emperature (LCST), as shown in Fig. 1c, and refolded by cooling
he hydrogel below its LCST; where refolding will occur due to the
eestablishment of the swelling differential between ionoprinted
nd non-ionoprinted regions.

.2. Actuation variables

Previously, a number of ionoprinting variables have been
nvestigated including voltage, electrode composition and the con-
entration of coordinating groups, dimensions and pH of the
ydrogel, determining their effect on amount of cations produced
nd curvature induced [19–21,23,25]. Here, both the voltage and
uration of ionoprinting process are investigated along with the
ariation in conductivity of the hydrogel’s pre-ionoprinting equili-
ration solutions.

Increasing or decreasing either the voltage or duration of iono-
rinting had the same effect on both the out-of-plane angle and the
otal amount of electrons produced through ionoprinting, as shown
n Fig. 2a and b. These trends are attributed to either increased
oltage resulting in an increase in current through the hydro-
el and therefore a greater amount of cations generated and a
reater out-of-plane deflection, or a longer printing time result-
ng in more cations generated and again a greater out-of-plane
eflection. However, the rate of increase decreased with increased
oltage or duration, i.e. per volt or per minute, which is attributed to
he build up of cations in the hydrogel near the anode increasing the
esistance of the hydrogel thereby decreasing the current through
he hydrogel as ionoprinting progresses; resulting in a decreased
ate of cation production and out-of-plane deflection.

The conductivity of the swollen hydrogel can be altered by
hanging the conductivity of the solution in which it is equilibrated
ithin. For example, LiCl had a minimal effect on swelling of the
ydrogel, yet it is capable of significantly altering its resistance,

.e. the stronger the concentrations of LiCl solution the lower the
esistance of the hydrogel [27]. This reduction in resistance with
ncreasing hydrogel conductivity can be seen in Fig. 2c, through the
ncrease in electrons flow through the ionoprinting process. How-
ver, it should be noted, that the increase in transferred electrons
oes not positively correlate to out-of-plane angle generated at the
old. It is hypnotised that this is due to an increase in a competing
edox reaction, indicated by a change in the ratio of visible products,
.e. an increase in colourless bubble formation at the aluminium
athode-hydrogel interface and the simultaneous reduction in vis-
ble colourisation around the anode-hydrogel interface (i.e. Fe3+).

ithin the system other species could undergo oxidation instead of
he iron including chloride (Cl−1) and hydroxide ions (OH−1); the

xidation of either of these species would not be visibly observ-
ble in the current system as both form gaseous products at the
xposed interface. This observed reduction in Fe3+ cations results
n a reduction in the number of ionic crosslinks formed within the

libration solution concentrations (0.05–1.00 M).  Standard conditions ionoprinted
1  min  at 5 V equilibrated in 0.1 M LiCl solution. Data point mean average of 3 repeats
(error bar = ±1 standard deviation).
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ig. 3. The out-of-plane angle formed at various voltages (2.5 V–10.0 V) at 25 ◦C an
eviation).

ydrogel and the shrinkage of the ionoprinted region, causing a
maller out-of-plane deflection. It is through the correct control and
alance of these key variables that out-of-plane reversible actua-
ion can be used to create shape change materials with controlled
nd predictable hinge formation.

The reversible actuation of the hinge was investigated at var-
ous ionoprinting voltages by cycling the hydrogel between 25 ◦C
nd 50 ◦C for three cycles, see Fig. 3. The hydrogel hinges were capa-
le of unfolding and refolding through heating and cooling without

 change in submersion solution. The hydrogels showed no visi-
le signs of failure during this cycling, a behaviour not observed
ith the SN hydrogels, which showed cracking or complete failure
uring cycling (see supplementary Fig. S5).

.3. Reversible actuation

The ability to form 3D shapes from 2D planar hydrogels is
emonstrated here through the formation of a variety of pre-
ictable, programmable and reversible shape changes. Like many
ther polymeric based actuating systems, the technique of iono-
rinting has been demonstrated by the formation of cubes from

 flat cruciform hydrogel, for example as shown in Fig. 4 for the
urrent system. The formation of the cube was demonstrated by
onoprinting 5 hinges onto the virgin cruciform hydrogel (Fig. 4a)
ith all hinges demonstrating an out-of-plane deformation of 90◦

Fig. 4c). The reversible actuation of this cube was demonstrated
y heating the hydrogel in its equilibration solution (0.1 M LiCl)
o 50 ◦C resulting in the complete unfolding of the hydrogel back

ig. 4. Reversible actuation of a cube, formed from a flat cruciform hydrogel (a)
hrough ionoprinting four 90◦ hinges to form a 3D cube (c),  capable of unfolding
hrough heating above the LCST of the hydrogel (b) and refolding by cooling below
he LCST of the hydrogel (c) Scale bar = 5 mm.
C through 3 cycles. Data point mean average of 3 repeats (error bar = ±1 standard

into its cruciform shape. However, as the actuation is a result of
the deswelling of the non-ionoprinted hydrogel the original size is
not restored (Fig. 4b). The reversible actuation from cube (cold) and
flat cruciform (hot) can be achieved by simply cycling the hydrogel
below and above its LCST, respectively. The LCST of the hydrogel
in 0.1 M LiCl solution is 37 ◦C. The temperature of the LCST can be
shifted by variation in pH, with the hydrogel showing interlinked
pH and temperature volume change (see supplementary informa-
tion Fig. S2). The majority of ionoprinting reported previously only
induced actuation by changing the sample submersion solution,
here an external stimuli has been utilised to achieve reversible
actuation instead.

Due to the nature of the ionic crosslinks formed within the
hydrogel, the crosslinking can be destroyed by removing the
cations; this does not occur through diffusion alone but can be
achieved through the use of a chelating agent (see supplementary
information Fig. S3). In this study, ethylenediaminetetraacetic acid
(EDTA) is used to remove the cations through the formation of a
Fe3+-EDTA complex, which breaks down the ionic crosslinks and
restores the hydrogel back to a virgin state. This hydrogel can then
be re-ionoprinted into the same shape changing system or into a
completely different configuration. This ability for reprogramming
is explored in Section 3.4.

The brittle nature of most hydrogels has restricted their poten-
tial to act as shape changing architectures achievable through
ionoprinting. The introduction of a secondary PU network signif-
icantly enhances the toughness of the hydrogel along with other
mechanical properties (see supplementary information Table S1).
The technique of ionoprinting relies on internal swelling and stiff-
ness differentials to achieve actuation. However, it is the magnitude
of this differential which triggers stress induced cracking through-
out the hydrogel both during the ionoprinting process and the
cyclic actuation (see supplementary Figs. S4). The use of a tougher
IPN hydrogel allows for more highly strained and complex shape
change formations, thus permitting large out-of-plane deforma-
tion and multi and interconnected hinges, along with repeatable
cyclic actuation never previously demonstrated. For example, here
we demonstrate the formation of (1) an origami crane bird from
an irregular 4 pointed star and (2) a series of Miura folds formed
from a flat 2D rectangle hydrogels, as shown in Figs. 5 and 6. Both
shape changes rely on the formation of intersecting mountain and
valley folds; these architectures are frequently employed in many
origami designs and therefore the ability to achieve these fold-
combinations is essential for the realisation of complex morphing.
The intersecting hinges are formed with mountain and valley folds

on opposite surfaces of the hydrogel, therefore hinges of opposite
nature never interact with each other and the opposing stress they
cause can be distributed through the thickness of the hydrogel.
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Fig. 5. Reversible actuation of an origami crane bird, formed from a flat four pointed
irregular star (a) through ionoprinting 7 valley and 2 mountain folds (see supple-
mentary information Fig. S5) (c),  capable of unfolding through heating above the
LCST of the hydrogel (b) and refolding by cooling below the LCST of the hydrogel (c)
Scale bar = 5 mm.

Fig. 6. Reversible actuation of a series of Miura folds, formed from a flat rectangular
hydrogel (a) through ionoprinting 7 valley folds and 3 mountain folds (see supple-
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Fig. 7. Diagram of 4-fold vertex found within the crane origami bird and Miura
fold patterns. Formed from 3 mountain or valley folds (black lines) and 1 valley or
entary information Fig. S5), top and bottom view of out-of-plane deformation (c),
apable of unfolding by heating above the LCST of the hydrogel (b) and refolding by
ooling to below the LCST of the hydrogel (c) Scale bar = 5 mm.

Both shape changes use 4-fold vertices formed from 3 folds of
ne type and 1 of the opposite type, i.e. 3 mountain folds and 1
alley or 3 valley folds and 1 mountain. The angles formed by each
inge in the arrangement is described by J. Na et al. and depicted

n Fig. 7 [28]; this comprises of one mountain and one valley fold
nteresting at the vertex from exactly opposite directions with the
ame magnitude in out-of-plane deflection (�1 = −�3). The remain-
ng two folds are of the same nature (either 2 mountain or 2 valley
olds), intersecting at the vertex at equal angles away from the other
olds, i.e. they are mirrors of each other with the mirror plane being
he pair of mountain and valley fold. Finally, it should be noted that
hese folds are formed from an equal magnitude of out-of-plane
eformation (�2 = �4) with the relationship determined by the angle
etween the unique fold type and the mirrored pair of folds (i.e. S

n Fig. 7).

The ionoprinting of the Miura folds used an S angle of 65◦,

ith �1 and �3 printed to an out-of-plane angle of 45◦ and �3 and
2 to angle of 90◦. These out-of-plane fold angles were achieved
hrough varying the ionoprinting duration (i.e. printing at 5 V with
mountain fold (white lines). Equation to determine out-of-plane fold angle. Where
angle between �1 and �3 is 180◦ and the angle between �3 and �2 is equal to the
angle between �3 and �4 [28].

a submersion solution of 0.1 M LiCl). The printing time required to
achieve these fold angles was  determined using Fig. 2a, printing
times 45 s and 4 min were required to achieve the angles of 45◦ and
90◦, respectively.

The ionoprinting process requires the sequential formation of
each hinge (see supplementary information Fig. S5 for hinge print-
ing order), which results in the partial formation of the folded shape
during the printing process. To print the remaining hinges often
requires the flattening of the 3D hydrogel to enable full contact
with the flat aluminium cathode. This is only achievable due to the
tough nature of the IPN hydrogel material.

As before the 3D shapes (Fig. 5 c and 6 c) could be returned to
their planar forms through heating to above the LCST of the hydro-
gel (50 ◦C) as shown in Figs. 5 b and 6 b and returned to their folded
shape through cooling below the LCST (25 ◦C). The virgin hydrogel
can be successful restored through the use of the chelating agent
EDTA, as shown in Figs. 5 a and 6 a.

3.4. Reprogramming multiple shape actuation

The actuation pathways demonstrated have shown reversible
transformation between 2 shape and 3 state actuation through
cycling the hydrogels between a thermal and ionic crosslinking
gradient. Applying these principles, it is possible to transform a
single planar rectangular hydrogel into three different 3D shapes.
The shape changes demonstrated all utilise ionoprinted hinges of
60◦ and achieve a variety of different shape changes through vari-
ations in the position of these hinges. Three specific configurations
were selected to demonstrate reprogrammable shape changes from
the same base architecture, i.e. coiling, twisting and zig-zagging
motions as shown indicated in Fig. 8.

The ability to program a variety of different shape changes
demonstrates the post-synthesis nature of the actuation program-

ming, enabling homogenous hydrogels to be programmed to shape
change in response to a homogenous stimuli. This approach enables
a considerable variety of shape changes to be programmed from a
single starting material. In this study, even within the restriction
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ig. 8. Multi-shape reversible actuation formed from a flat hydrogel bar (a) ionopri
see  supplementary information Fig. S5), capable of unfolding to flat rectangular 

ydrogel (c),  (e) and (g) and refolding to reform their hexagon (b),  coil (d) and zig-z

f equal out-of-plane deformation for each hinge and only the use
f parallel hinges, three significantly different shape change are
emonstrated. The three different shape changes all exhibit the
ame shape above LCST, i.e. a shrunken planar rectangle (Fig. 8c,

 and g), but remember and return to their previous shape below
CST due to the retention of their ionoprinted hinges.

One distinct advantage of this system, and unlike many poly-
eric based actuators, is the programming is reversible allowing

he designer to introduce and switch between new actuation path-
ays. While in theory, the cyclic actuation and re-programming is

chievable with conventional SN hydrogel it has not been demon-
trated as conventional SN hydrogels do not possess the robustness
equired to withstand the cycling and re-programming process.
he new IPN hydrogel has overcome this limitation thereby vastly
mproving the applicability of ionoprinting and extending its use
nto areas of soft robotics, biomedical engineering and enviro intel-
igent sensors.

. Conclusion

This study has shown that the process of ionoprinting can
e used as a post-synthesis technique for the programming of a

omogenous hydrogel into a variety of complex shape changes.
e have developed a stimuli-responsive hydrogel for reversible

ctuation exhibiting dual pH and temperature responsiveness.
he reversible actuation of ionoprinted hydrogels was controlled
nto a hexagon (b),  a coil (d) and a zig-zag (f) through various ionoprinting patterns
 while retaining their ionoprinted lines through heating to above the LCST of the

 shapes, respectively. Scale bar = 5 mm.

through the cycling above and below the LCST of the hydrogel,
removing the requirement for a change in submersion solution
composition (the traditionally preferred method for such systems).
The dynamic nature of the ionic crosslinks formed through iono-
printing enable it to be used as a technique that allows multiple
re-programming of a single hydrogel into a variety of different
shape changes, via deposition, removal and re-deposition of cations
species.

Our study has examined the key variables effecting the iono-
printing process indicating how the out-of-plane deformation can
be precisely controlled through variations in the voltage and dura-
tion of ionoprinting, as well as the conductivity of the hydrogel.
These parameters govern the flow of electrons through the sys-
tem and the out-of-plane angle formed. However, it was noted
that the localised build up of cations within the hydrogel increases
its resistance thus requiring an increase in voltage and duration
to form steeper angles. Conversely, an increase in conductivity
of the hydrogel caused greater electron flow through the sys-
tem but a decrease in out-of-plane angle formed. These variables
can be used to achieve predictable, repeatable and programmable
reversible actuation of IPN hydrogels. The use of an IPN hydrogel
with increased toughness critically overcomes a key failing of cur-
rent hydrogels (namely the issue of brittle failure), enabling (1)

more complex and highly strained shape changes to be demon-
strated, (2) the cyclic actuation between 2D and 3D shapes, and
(3) the repeated re-programming of a single hydrogel sample into
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ifferent complex architectures. These advancements vastly
mprove the applicability of hydrogel ionoprinting for application
n the growth areas of soft robotics, biomedical engineering and
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