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A B S T R A C T

4D printing of smart materials is a viable field of research for fabricating dynamic structures for various
biomedical applications. 4D printing of hydrogel structures is challenging due to poor printability of hydrogels
and poor shape fidelity of printed patterns when direct-ink writing-based 3D printers are used. In this study,
chitosan (CS) hydrogel ink cross-linked with citric acid (CA) was made printable, exhibiting a shape-morphing
behaviour when exposed to solvent as an external trigger. As one side of a printed structure is exposed to
solvent, the solvent diffuses in and a concentration gradient is developed across the section. This concentration
gradient results in displacement field, which finally leads to out-of-plane bending of the structure. This
actuation is irreversible in nature since the concentration gradient is maintained between hydrophilic chitosan
and hydrophobic silane layers. The reversibility of the morphed structures was achieved by dipping them in
ethanol, which takes up solvent over time and thus diminishes the concentration gradient.The optimized CS/CA
ink exhibited excellent rheological properties, with good extrudability and shape fidelity of printed structures.
The chitosan ink was printed into various complex 3D architectures and was modified by hydrophobic
coating of trimethyl silane (TMS). These hydrophobic patterns were coated on printed structures with varied
interspacing, angles, and hinges to generate programmable designs. A printed soft gripper was demonstrated
as an application that could lift an object seven times its weight. The shape morphing CS/CA hydrogel with
excellent printability exhibits potential for 4D printing that has wide applications in soft robots, actuators,
grippers, and sensors.
1. Introduction

Stimuli-responsive polymers with sophisticated functionalities have
found numerous applications as soft robots and actuators [1–4], respon-
sive medical devices, sensors [5,6], drug delivery agents [7], artificial
muscles and implants [8]. Hydrogels have been widely used as ‘‘smart’’
materials due to their stimuli-responsive swelling and shrinking. Con-
trollable transformation of shape can be achieved in response to various
chemical and physical stimuli. Recently, solvent-responsive hydrogel
thin films have been drawing attention in the field of soft robots, sen-
sors, and actuators [9–11]. The diffusion of solvent molecules into the
thin film develops a concentration gradient across its thickness which,
in turn, induces a displacement field leading to out-of-plane folding.
The diffusion of solvent molecules significantly influences the matrix’s
mechanical behaviour by altering the local arrangement of polymer
chains. In turn, this changes the polymer’s diffusion characteristics,
establishing it as a deformation-coupled diffusion phenomenon [12].
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Most of the current forming techniques to fabricate hydrogel with
stimuli-responsive shape morphing are moulding [13], photolithogra-
phy [14], ion dip-dyeing [15], magnetic field induction [16], pattern-
ing [17], and electrospinning [18]. These techniques are primarily
limited to simple 2D film structures and impose huge limitations while
fabricating complex 3D structures. Design and fabrication of a suit-
able mould to meet the functional requirements of a geometrically
complex structure is very challenging. The incomplete polymerization
and curing of the hydrogel, often encountered at the edges of such
moulds, result in improper actuation. Ion-dip dyeing on the other
hand, is not suitable for forming film structures beyond a certain
thickness. Photolithography is limited to only photo-sensitive polymers
and has difficulty developing a gradient crosslinking in a complex 3D
shape. Magnetic field induction has been widely used in drug delivery
applications, but the induction of magnetic field applies only to specific
hydrogels with reinforced magnetic particles.
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4D printing can overcome the limitations to fabricate hydrogels
with enhanced flexibility of shape-morphing characteristics along with
complex and rapid deformation requirements. 3D printing techniques
namely, direct-ink writing(DIW), stereolithography(SLA), digital light
processing(DLP), and two-photon polymerization(TPP) are in devel-
opment stage for potential application of the 4D printing process of
hydrogels [2,19]. SLA, DLP, and TPP can produce structures limited
only to photo-polymer hydrogel inks with a single material system.
DIW can print multi-material shape-morphing structures with high-
resolution patterning, architectural flexibility, and unique features that
respond to external stimuli [20–23]. DIW 4D printing is still in its infant
research stage and the printability of hydrogels of complex structures
is poor [24]. Printability of hydrogels depends on the rheology and
polymerization kinetics or cross-linking [25,26]. Optimizing the hydro-
gel’s rheological characteristics ensures smooth extrudability and good
shape fidelity [27,28]. Printing parameters such as speed, pressure, noz-
zle diameter, and dispensing height affect the resolution and quality of
the printed structure [29–32]. Hydrogels being 3D hydrophilic polymer
networks, can absorb a lot of water, yet an appropriate cross linker can
prevent its dissolution in water. Delay in polymerization rate may result
in dimensionally unstable printed form. Rapid polymerization kinetics
can clog extrusion nozzles, resulting in less precise ink deposition [33].

The choice and concentration of cross linker is an important factor
in material selection.Cross linkers such as glutaraldehyde and citric acid
have been used in hydrogels to impart mechanical strength, improve
viscoelastic properties and reduce hydrophilicity [34,35]. Citric acid,
being non-toxic, has been used as a cross linker for hydrogels. There-
fore, we have used citric acid as a post cross linker in this work to
improve the strength and to reduce hydrophilicity. Structures with a
single polymer find limited applications, such as underwater actuation
and response to multiple stimuli [16]. Bi-layer polymer structures can
offer diverse solutions for several applications. These bi-polymer struc-
tures consist of a responsive and a non-responsive layer subjected to a
trigger. In a recent study, chitosan-PMMA bilayer films were fabricated
using solvent casting to be used as a soft gripper [12].

4D printing of solvent responsive chitosan hydrogels is rarely re-
ported due to poor printability of chitosan using direct-ink writing tech-
nique. Seo et al. printed photo-crosslinkable temperature-reversible chi-
tosan polymer using stereolithography process by addition of dual cross
linkable hydroxybutyl methacrylated for thermal responsiveness [36].
Wu et al. 3D printed scaffolds using chitosan ink using acidic mix-
ture of acetic, lactic and citric acid. The alkali treatment of printed
structures to increase mechanical strength resulted in shrinkage of the
structures, which might lead to shape-distortion of the actual printed
structures [37,38]. Several works have been carried for 3D printing of
chitosan with pectin, gelatin, collagen etc. but the solvent responsive-
ness of these structures have not been reported [39–41]. Our newly
developed chitosan hydrogel has the ability to 3D print intricate shapes
and even morph into complicated structures with response to solvent.
The strength of the printed structures was increased by post crosslink-
ing with citric acid without distortion of the 3D printed structures.
Citric acid as a cross linker has been used to increase in strength of
the chitosan films by establishing a crosslinking network between the
chitosan molecules. Although this acid has been previously used as a
natural cross linker of biopolymer to prepare films by solution casting
and compression moulding [38,42], it has not been used as a cross
linker with chitosan to prepare 3D printed structures, as carried out
in this work.

In this work, we focused on developing a highly printable chitosan-
based hydrogel cross-linked via citric acid with shape morphing ability
for 4D printing. The printable chitosan ink was 4D printed into in-
tricate 3D architectures and modified using trimethyl silane spray
(TMS). Hydrophobic patterns were coated on printed structures with
variable spacing, angles, and hinges to create programmable designs.
Solvent diffusion across the thickness created a concentration gradient
876

in these multi-material structures, facilitating actuation. This actuation p
is irreversible, since the concentration gradient between the chitosan
and silane layer persists. The actuation can be reversed by dipping
the morphed structures in ethanol, which reduces the concentration
gradient by gradually absorbing the solvent. Overall, the feasibility of
chitosan-based hydrogel as a novel smart material for 4D printing is
examined in terms of its printability with shape-morphing capabilities.

2. Materials and methods

The chemicals such as chitosan powder (degree of deacetylation
< 90%, viscosity (100–200) cps, medium molecular weight), acetic
acid (extrapure AR > 99.9%), citric acid monohydrate(extrapure AR
9.7%) were supplied by SRL Chemicals Pvt. Ltd (India) and D, L-lactic
cid(88%) were supplied by Merck Life Science Pvt. Ltd.(India) for the
reparation of chitosan ink.

Chitosan ink was prepared by dissolving 8% (w/v) of chitosan
owder in an acidic mixture (40% v/v acetic acid, 20% v/v lactic acid,
0% v/v distilled water). Around 3 wt% (out of the total weight of

the acidic mixture) of citric acid was added to the solution and was
kept at rest for 12 h. The solution was then mechanically stirred at
200 RPM for 2 h to dissolve the chitosan particles homogeneously, and
centrifuged at 3000 RPM for 1 hour to remove air bubbles. The acidic
mixture of acetic acid, lactic acid and citric acid increases the solubility
of chitosan, adds mechanical strength and flexibility to the structure
and minimizes drying-induced shrinkage for fabrication of different
structures [37,43–47].

2.1. Rheological characterization

The chitosan-ink hydrogel was characterized using a rotational
rheometer (MCR301, Anton Paar, Austria) using a 25 mm parallel
plate with measurement gap of 0.55 mm. The shear thinning property,
amplitude sweep and thixotropic characterization were performed at
room temperature (the working temperature of the 3D printer). To
study the shear-thinning property, the viscosity of the tested hydrogel
ink was measured at shear rates ranging from 0.1 to 1000 s−1. Strain
weeps from 0.1% to 1000% at a frequency of 1 Hz were performed to
etermine the linear viscoelastic region (LVR). A constant strain with
VR of 1% was chosen for the angular frequency sweeps at a range of 1–
00 rad/s. The recoverability of the chitosan-ink hydrogel is correlated
o the thixotropic behaviour, and the test was performed in three steps.
uring the first step, a shear rate of 0.1 s−1 was applied to the hydrogels

or 60 s. This corresponds to the hydrogels preparatory stage prior to
rinting. The second step involves instantaneous application of high
hear rate, 500 s−1 that was held for 10 s. This signifies the state of
ydrogel under shear force during printing. In the final step, the shear
ate was reduced to its initial 0.1 s−1 and retained for 120 s to observe
he recovery of viscosity that correlates with the material behaviour
ost printing. The rheological measurements were carried out in order
o fully characterize the gels and to relate their properties with the DIW
D printing process.

.2. 3D printing procedure

A custom-built 3D printer (as shown in Fig. 1) was fabricated in
he lab to print chitosan ink. This customized syringe extrusion-based
D printer works on the principle of a direct-ink writing mechanism
here a highly viscous gel is extruded from the syringe. The printer is
ased on a core-XY 3D printer in which an extrusion nozzle can move
n the X and Z axis. A separate building plate traverse along 𝑌 -axis
hile printing layer-by-layer to generate a 3D structure. In Fig. 1, the

yringe-based extruder used compressed air pressure to feed material in
50 mL syringe using a fluid dispensing controller (supplied by Flovell
ispensers and Systems, Maharashtra, India). The syringe extrusion 3D
rinter was controlled by a computer through a user interface on the

rinter.
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Fig. 1. Schematic representation of direct-ink writing (DIW) 3D printer with pneumatic feeding system where the printer head moves in 𝑥-axis and 𝑧-axis and the printer bed
moves along 𝑦-axis.
The CAD models for 3D printing were designed using ‘SolidWorks™’
and were converted to ‘.stl’ format for further pre-processing. The ‘.stl’
files were imported into an open-source slicing software, ‘Ultimaker
Cura’, and sliced into multiple layers based on the input parameters
namely layer thickness, printing speed, infill density, and infill pattern.
The prepared chitosan ink was loaded in a 50 ml syringe and mounted
with the dispensing adaptor on the printer head. The printing process
was carried out using a nozzle of 500 μm subjected to 5 bar pressure at
a printing speed of 5 mm/s. The chitosan structures were printed onto
acrylic sheets for easy detachment after drying. The printed structures
were dried under vacuum at 50 °C for 24 − 48 h and cured at 150 °C
for 10 min to cross-link the samples. The effect of citric acid as a cross
linker in chitosan has been explained in detail in the supplementary
data.

2.3. Actuation experiments of 4D printed structure

The structures were 3D printed into a multi-layered configura-
tion, where the layers were prepared using chitosan ink (hydrophilic
material) with no strip interspacing. The upper side of the printed
structure was patterned by hydrophobic coating of trimethyl silane
(TMS) at a specified strip interspacing and angle and the bottom side
was uniformly coated. The four-layered printed structure fused during
drying while the hydrophobic silane coating remained at the top and
bottom surfaces of the printed structure. The actuation of all the 3D
printed structures were investigated by dipping the specimens in water
and ethanol. The actuation videos were recorded in real time of the
experiments using a 64megapixel camera with a resolution of 1440 *
1440 and at a rate of 30fps.

To study the kinetics of the actuated structures, each of the printed
structures were placed on to a glass slide. Water was injected using
a micropipette in a way that the complete bottom surface of the film
was in contact with the water. In case of hydrophobic coated bi-layer
structures, the uncoated side was kept on the glass slide to expose
it to the solvent. The folding behaviour of these printed structures
were captured using an optical microscope placed perpendicular to the
printed structure. A goniometer set-up was used to record the folding
behaviour of as-printed and hydrophobic coated bi-layer structures. All
the handling and storing of the printed structures outside the vacuum
oven were performed in an air-conditioned room at 25 °C to eliminate
the effects of temperature and humidity. The actuation videos were
recorded using goniometer and were analysed using image processing
toolbox of ‘MATLAB™’. The different stages of folding of as-printed and
hydrophobic coated bi-layer structures were plotted. From the plots, the
total folding time, curvature of actuation and degree of folding were
calculated.
877
The hydrogel ink was 3D printed into various designs that could
transform from 3D morphologies into simple and complex 4D mor-
phologies (such as bending, rolling, and twisting) by responding to
solvent molecules.

3. Results and discussion

The results illustrate a detailed study on the solvent-responsive
mechanism of the printed structures. The kinetics of the folding phe-
nomenon was studied and explained using the diffusion characteristics
of the solvent. The hydrophobic coating modified structures take more
time for actuation compared to as-printed structures due to the differ-
ence in concentration gradient. An increase in bending stiffness due
to additional coating material also contributes to the cause. This differ-
ence in actuation characteristics provides insight to design complicated
structures with combination of pure chitosan and hydrophobic coating
modified chitosan. In order to print chitosan structures, its printability
was studied using the rheology characteristics of the chitosan hydrogels
along with the analysis of the effect of printing parameters.

3.1. Solvent-responsive mechanism and kinetics of 4D printed structures

The 3D-printed structure (as shown in Fig. 2a) undergoes out-of-
plane folding when exposed to solvent. When one side of the structure is
exposed to a solvent, the solvent molecules diffuse through the polymer
matrix. The number of solvent molecules decreases as one moves away
from the source towards the interior of the sample. This gives rise
to a concentration gradient across the thickness of the structure, as
shown in Fig. 2b. The additional solvent molecules in the immediate
bottom layer are accommodated by the change in curvature and thus
resulting in a displacement field. This gradient of displacement or
strain field generated over the layers across the thickness induces a
stress field, resulting in folding or out-of-plane bending. With time,
as more solvent molecules diffuse in, the through-thickness concen-
tration gradient reduces until it vanishes completely and the film
gets saturated. This restores the structure to its initial flat state. As
the solvent molecules diffuse into the polymer matrix, it alters the
polymer chain conformation, thus affecting its mechanical properties
significantly. The deformation of polymer chains in turn affects the
diffusion characteristics of the solvent across the polymer matrix. This
phenomenon of folding of structure when exposed to solvent therefore
emerges out as a diffusion coupled deformation phenomenon.

The as-printed structure when immersed completely in solvent does
not bend, as shown in Fig. 3a. The diffusion of solvent is uniform in
all the faces of the structure which results in a net-zero concentration
gradient. This further confirms that the primary governing mecha-
nism of folding of a film is the concentration gradient that develops
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Fig. 2. Solvent responsive mechanism of actuation: (a) and (b) illustration describes the actuation of printed chitosan by the diffusion of solvent creating a concentration gradient
across the thickness when kept on the surface of water, (c) snapshots of real actuation of printed chitosan (marked in red). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
across the thickness. Applying hydrophobic coating on one face of the
structure helps in building up the necessary concentration gradient
for folding, as indicated in Fig. 3b. In the present work, the printed
chitosan structure is modified by applying silane coating on one of its
sides. Since the applied coating is hydrophobic in nature, the solvent
(for example water) molecule, therefore, cannot diffuse into the coating
layer. As a result, a permanent concentration gradient is formed across
the thickness. The film therefore cannot saturate itself completely in
spite of diffusion of solvent molecules, and thus remains permanently
folded.

The kinetics of solvent responsive folding phenomenon was studied
on the as-printed and hydrophobic coating modified bilayer structure
using a dimension of 7 mm × 2 mm. The actuation time of the as-
printed and hydrophobic modified structure was obtained and plotted
(as shown in Figs. 4a and 4b). The pure chitosan structures take around
30 s for complete folding, whereas the hydrophobic coated bilayer
chitosan structure takes 90 s for complete folding. The rate of change of
curvature obtained is shown in Fig. 4c. The difference in time is due to
the presence of a hydrophobic layer which inhibits the rate of diffusion
of solvent molecules into the matrix, thus leading to slow actuation.
The folded as-printed structure is reversible when solvent diffusion in-
creases with time eliminating the concentration gradient formed across
the thickness. However, permanent or irreversible folding is observed in
hydrophobic modified bilayer structures, as the concentration gradient
remains unaltered with time.

3.1.1. Reversibility of printed structures applying ethanol
The 3D printed structure can actuate and remain permanently

folded, as explained above. In order to reuse the same structure, it
needs to be opened or unfolded back to its initial flat condition. This
can be achieved by immersing the folded structure in ethanol, as shown
in Fig. 5. The ability of ethanol to unfold moisture or a vapour laden
film has been reported earlier [48,49]. In this work, we have applied
ethanol to unfold the permanently folded structure of chitosan. The
reversibility of the folded chitosan structure to its original unfolded
state is mainly due to poor solubility of chitosan in ethanol causing
contraction of polymer chains and miscibility of ethanol and water. The
extent of hydrogen bonding of ethanol and water is higher compared
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to that of chitosan molecules and water [50]. The combined effect of
contraction of polymer chains and excellent miscibility of water with
ethanol results in migration of water molecules from chitosan matrix
to ethanol. The concentration gradient diminishes with the migration,
and the printed structure returns to its original shape.

3.2. Shape-morphing behaviour and application of 4D printed structures

A printed structure with shape morphing abilities has broad applica-
tions in the biomedical field like sensors, actuators, and artificial valves,
which require different complex structures and folding patterns. A few
examples of various permanently acquired shapes of chitosan printed
structures upon exposure to the solvent are demonstrated in Fig. 6. Each
of these permanent folding shapes has a reversible counterpart when
dipped in the ethanol solvent.

In an attempt to mimic a finger-like actuation, a rectangular strip
(30 mm) was modified with hinges of 5 mm separated by a distance of
5 mm, as shown in Fig. 6a. The hydrophobic coating remained passive
and did not actuate. Spiral or Helical type actuation was achieved by
applying hinges of 5 mm (at 5 mm interval) at an angle of 45°as shown
in Fig. 6b.

The effectiveness of hinges on actuation was explored on flower-
shaped printed structures by varying the number of hinges. A structure
without hinges showed greater curvature in the actuation of flaps, as
there was no restriction in solvent diffusion throughout. The sample
with one and two hinges actuated the flaps with prominent edge bent
at the modified places. A square shaped structure was printed with edge
(dimension of 30 mm) and inner flaps (with a gap of 8 mm) to mimic
an artificial heart valve. The flaps of the valve opened when exposed
to solvent, as shown in Fig. 6f.

As a potential soft robotic application, a gripping experiment was
performed on a modified multi-finger like structure. This printed struc-
ture was able to lift an object seven times its own weight. The gripping
actuation clearly demonstrates an advantage of 3D printing a structure
which is mechanically robust and yet can obtain different patterned
shapes useful for various biomimetic and soft robotic actuation. Figs. 7a
and 7b shows the gripping and ungripping of an object respectively,
demonstrating an application of a 4D printed structure as soft gripper.
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Fig. 3. Underwater actuation mechanism of silane-modified chitosan: (a) Unmodified printed chitosan when dipped inside water, solvent diffuses from both the side and
concentration gradient across the thickness required for actuation is not achieved, (b) Silane modified printed chitosan being hydrophobic inhibits the diffusion from one side. A
concentration gradient is generated across the thickness due to solvent diffusion from a single side leading to actuation.
Fig. 4. Actuation of 3D printed chitosan hydrogel structures: Mechanism and kinetics (a) and (b) plot shows X–Y displacement of pure chitosan and hydrophobic modified bilayer
chitosan structure respectively indicating the change in curvature when exposed to water, (c) plot indicates the curvature of chitosan and hydrophobic modified chitosan with
time.
3.3. Rheological characterization for study of printability

Printability is a combined measure of both extrudability and shape
fidelity. Both these behaviours are time-dependent and can be quan-
tified by a systematic study of the rheology of hydrogels. The DIW
process can be divided into three steps (as shown in Fig. 8a). Step A
involves the flow of ink through the syringe, step B ejects ink from
the nozzle, and step C deposits the ink onto the under-laying printed
layers [51].

In order to print structures, the properties of hydrogel ink need to be
carefully tailored for smooth flow through the nozzle without clogging
during extrusion. From a rheology perspective, reduction of hydrogel
viscosity can favour smooth extrusion through the capillary nozzle.
Viscosity of hydrogel depends on temperature, pressure, velocity, and
time. Since the 3D printing was carried out at isothermal conditions (at
room temperature in this case). The temperature effect was not consid-
ered to vary the viscosity. It was observed that with an increase in input
pressure, the viscosity of ink decreased, facilitating easy extrudability
879
of the ink. The variation of viscosity with shear rate was studied from
the shear thinning plot, which can be determined by the flow sweep
test. Fig. 8b shows the outcome of a flow sweep test for an 8% chitosan
hydrogel ink. Our experimentally obtained shear rate vs. viscosity plot
is fit with the Ostwald–de Waele or the power law model (Eq. (1)):

𝜂 = 𝐾𝛾̇𝑛−1, (1)

where 𝜂 is the viscosity of the ink, 𝐾 is the flow consistency index, 𝛾̇ is
the shear rate, and 𝑛 is the flow behaviour or the power law index. The
experimental data finds in good agreement with the power-law curve fit
with R-squared=0.9988. We find that 𝑛 ≈ 0.2375, and 𝐾 ≈ 1088. 𝑛 < 1
indicates a strong shear-thinning behaviour, in agreement with the
previous studies on hydrogel inks [24,52,53]. This phenomenon results
from the polymer disentanglement and macromolecular orientation
along the shear flow during extrusion, which facilitates material flow.

Upon ejection of ink from the nozzle, it must rapidly stiffen to retain
its shape after deposition. Viscoelastic properties of the ink employed
in the DIW 3D printing process was characterized by amplitude sweep
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Fig. 5. Hydrophobic modified printed chitosan structure permanently folds when dipped in solvent and undergoes reversible actuation when dipped inside ethanol.

Fig. 6. 4D printed chitosan structure coated with silane acts as a hinge for different patterns of actuation: (a) finger actuation with two hinges, (b) spiral folding with diagonal
hinges, (c) X-shaped printed structure without hinges actuate with curved flaps mimicking a flower, (d) X-shaped printed structure with a hinge actuate with bent flaps at the
edges, (e) printed structure mimicking a gripper, and (f) Opening of valve structure.
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Fig. 7. Snapshots of a soft gripper: (a) gripper lifting a submerged object, (b) gripper releasing the lifted object.
Fig. 8. Plot showing rheological characterization of chitosan ink at room temperature: (a) Rheological properties affecting printability and shape fidelity of chitosan ink (b) shear
viscosity as a function of shear rate, (c) storage modulus (G’) and loss modulus (G’’) as a function of shear stress, (d) thixotropic property.
tests (Fig. 8c). A sweep of increasing shear amplitudes was applied at a
constant frequency of 1 Hz, which implies an increasing shear rate, and
the evolution of loss and storage modulus [52] was measured. The first
zone in Fig. 8c illustrates the linear viscoelastic region (LVR) in which
881
the storage modulus (𝐺′) remains constant and is larger than the loss
modulus (𝐺′′). 𝐺′ > 𝐺′′ correlates with higher stiffness required for
retaining the shape. At a certain point, the 𝐺′ value declined, the yield
point and the corresponding shear stress indicated the beginning of the
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breakdown of the solid structure, leading to irreversible deformation.
The second region is between the yield point and flow point, where the
elastic behaviour still dominates over the viscous behaviour (i.e., 𝐺′ >
𝐺′′). However, the yield stress has been overcome with an irreversible
deformation. The third zone depicted the flow point where the values of
𝐺′ and 𝐺′′ were equal, representing the transition from rigid to viscous
behaviour. Beyond the flow point, the viscous behaviour dominates
over the elastic behaviour (i.e., 𝐺′ < 𝐺′′) due to progressive breakage
and disentanglement of molecular structure.

To achieve a good shape fidelity during DIW, the deposited ink
should exhibit a faster recovery rate. This necessitates restoration of the
elastic behaviour of the material and avoids continuous flow (spread-
ing) of the ink immediately after being deposited on the bed. This
property was quantified by simulating the three-interval thixotropy
test, which mimics extrusion-based printing, as illustrated in Fig. 8d.
The hydrogel subjected to a shear rate of 0.1 s−1 was instantly increased
and held for 10 s before returning to its initial 0.1 s−1. The shear rate
of the instantaneous loading was calculated using Eq. (2).

𝛾̇ = 3𝑛 + 1
4𝑛

× 4𝑄
𝜋𝑅3

(2)

where 𝑛 is shear thinning index obtained from flow sweep test, 𝑅 is
the radius of the nozzle, and 𝑄 is the volumetric flow rate of extruded
hydrogel (which is calculated by measuring the volume of extruded
ink when constant pressure is applied in a particular extrusion time
from the nozzle of radius R) [54]. Since the nozzle wall experienced
more shear stress, the maximum shear rate was estimated by consid-
ering Rmax=R, and was 500 s−1 from Eq. (2). It was observed that
the viscosity decreased sharply under a high shear rate of 500 s−1

indicating that the ink is ideally extrudable into continuous filament
for printing (phase B in Fig. 8a). This phenomenon could be attributed
to the breaking of physical cross-links between polymer chains by high
shear stress. The shear rate was brought back to 0.1 s−1 and retained for
120 s to observe the viscosity recovery of the hydrogels after printing.
This step simulates the rest state of the ink after being deposited on
the bed (phase C in Fig. 8a). It was found that there was recovery of
viscosity comparable to their initial value, indicating that the prepared
chitosan ink retains its shape after printing. The recovery could be
attributed to the ability of hydrogels to rebuild the broken cross-links
after rest, resulting in increased and recovered viscosity.

3.4. Analysis of extrudability and shape-retention by studying printing
parameters

The flowability and extrudability of the chitosan-ink were deter-
mined by extruding the ink with nozzle dia 0.5 mm by varying the
printing pressure. The images taken during the extrusion process at
different pressures were analysed to measure the filament diameter
(𝑑𝐹 ) and die swelling effect after extrusion. The die swelling effect
was calculated from the die swelling ratio (=𝑑𝐹 /D) where, D is the
inner diameter of the nozzle, and 𝑑𝐹 is the diameter of the extruded
filament. Fig. 9a shows the effect of the extrusion pressure on die
swelling and filament size when a 8 wt% chitosan solution was ex-
truded. The filament diameter and die swelling ratios increase with
extrusion pressure because the chitosan molecules are aligned under
higher pressure and tend to relax when extruded out of the nozzle in a
low-stress environment.

3D printing of structures requires good rheological properties and
precise control of the applied pressure at an appropriate printing speed
using a micronozzle. The extrusion pressure is an essential printing
parameter, which helps to determine the extrusion output, as it directly
affects the printed line width. The application of low extrusion pressure
would be insufficient to squeeze the ink out of the nozzle. On the other
hand, high extrusion pressure leads to instability of extruded ink which
is hard to control, resulting in poor printability. The optimal condition
882

of the parameter was selected as the one allowing for the continuous b
extrusion of structurally stable 3D structures. In particular, 1 − 7 bar
pressure values were considered. Pressure=1 bar was not sufficient to
extrude the hydrogel through the needle. Pressure=2−6 bar allowed for
the extrusion of a continuous and steady fibre. Pressure=7 bar resulted
in dispersion of the cluster of material as shown in fig.S4. Since a
continuous and steady fibre was obtained using an extrusion pressure
ranging from 2−6 bar, therefore a suitable range of pressure(2−6 bar)
can be chosen for the nozzle with dia 0.5 mm to obtain good quality
print. We selected 5 bar pressure to study the effect of printing speed
on the layer thickness and line width. In particular, 1−10 mm/s printing
speed were considered. A single fibre diameter was reported as the
printing speed varies, which was quantified using layer thickness and
line width, as shown in Fig. 9b. The line width and layer thickness
images were taken during printing using a digital microscope (Model
no: VIBOTON Wi-Fi digital microscope) and analysed using ‘ImageJ’.
With increasing in the speed values, the 3D printer does not have
enough time to deposit the ink, resulting in progressive fibre thinning
or lack of deposition of ink on the surface of the build platform. Slower
speed(i.e. 1, 2, 3, 4 mm/s) resulted in larger variation of line width in
omparison to nozzle diameter of 0.5 mm. Higher speed(i.e. 8 − 10
m/s), a shear thinning of the fibres and lack of deposited hydrogel
ere observed at some points in Fig. 9b and S5 resulting in discontinu-
us printed structures. This study provides insights into corresponding
nput parameters such as printing speed, printing pressure, nozzle
iameter, and layer thickness during the slicing of the 3D model. Based
n the study, a set of printing parameters (nozzle diameter 0.5 mm,
rinting pressure 5 bar, and printing speed 5mm/s) was chosen to print
omplex structures. The quantified error in layer thickness and line
idth (obtained using image analysis) were added and given as input
arameters in the slicing software.

Various shapes were printed using the optimized printing parame-
ers as shown in Fig.S6 and compared with the CAD model to study
he shape fidelity of the printed structures. The results in the image
howed that the printed structures were as per the dimensions of the
esigned part. These results confirm that the optimized ink had a good
rintability and shape fidelity using the custom designed 3D printer.

In this work, a novel chitosan-hydrogel ink for 4D printing is demon-
trated. The rheological characterization is an important parameter to
tudy the printability of ink. The 3D printed structures can be actuated
nd reversed by appropriate surface treatment using different solvents.
he printing parameters for 3D printing of the objects are sensitive
o both the material properties and complexity in geometry. Work
n complex designs with different shape morphing features is under
rogress in evaluation.

. Conclusions

In this work, a simple method for 4D printing of chitosan as hydro-
el cross-linked with citric acid exhibiting desirable shape morphing
ehaviour is proposed. The printability of chitosan ink was deter-
ined by studying the rheological properties and optimizing printing
arameters such as printing speed, printing pressure, and nozzle di-
meter. The printed structures were modified applying spray coating
ith hydrophobic silane for actuation under solvent. We observed that

he modified structures resulted in permanent (irreversible) folding.
he reversibility of the permanently folded structure was achieved
y immersing the structures in ethanol. Hydrophobic patterns were
reated to program a shape-morphing behaviour, resulting in complex
D morphologies, thus miming a finger, a creeper, and a flower upon
mmersion in water. As an application in soft robotics, we demonstrated

soft gripper actuator by lifting an object from solvent (water) and
eleasing it by unfolding it in ethanol. Due to its excellent printability,
iocompatibility, and shape-morphing ability, our newly developed
hitosan hydrogel ink demonstrates significant potential for fabricating
diverse range of dynamic architectures finding applications in the

iomedical field, food industry, and electronics industry.
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Fig. 9. Study of printing parameters: (a) die swelling effect, (b) variation of layer thickness and line width with printing speed.
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