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Sustainable and cost-effective solutions are crucial for the widespread adoption of 4D printing technology. This
paper focuses on the development of a cellulose-hydrogel composite ink for additive manufacture, presenting
the development and physical characterisation (stability, swelling potential and rheology) of the cellulose-
hydrogel composite to establish its suitability for 4D printing of responsive structures. The use of a carboxymethyl
cellulose (CMC) hydrocolloid with incorporated cellulose pulp fibres resulted in an ink with a high total cellulose
content (fibre volume fraction ~50% for the dehydrated composite) and good dispersion of fibres within the hy-
drogel matrix. The composite ink formulation developed in this study permitted smooth extrusion using an open
source 3D printer to achieve controlled material placement in 3D space while retaining the functionality of the
cellulose. The addition of montmorillonite clay not only resulted in enhanced storage stability of the composite
ink formulations but also had a beneficial effect on the extrusion characteristics. The ability to precisely apply
the ink via 3D printing was demonstrated through fabrication of a complex structure capable of morphing ac-

cording to pre-determined design rules in response to hydration/dehydration.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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ABSTRACT

1. Introduction

With an increased focus on multifunctionality, the research commu-
nity has been actively looking for new approaches for the development
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of responsive structures that can adapt to changes in their surroundings.
While some approaches aim to achieve this via integration of complex
sensory, electrical and mechanical systems with robotics and nanotech-
nology, some of the most elegant systems are based on smart structures
that combine novel material chemistries with careful material place-
ment. Many examples of “4D” structures (3D structures that can
“morph” or change over time) already exist in nature [1]. For example,
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the hygroscopic unfolding response of pinecones (Fig. 1), the heliotropic
sun tracking behaviour of various plants such as sunflowers and Cornish
Mallow (Lavatera cretica) and the tactile response of ‘touch-me-not’
plants (Mimosa pudica) and various carnivorous plants are notable ex-
amples of structures that respond to an array of stimuli. These naturally
responsive structures, relying on controlled arrangement of materials
and simple responsive processes such as swelling, require no additional
energy input to achieve the actuation [2]. Consequently there has been
significant research effort and a large body of scientific literature [3-11]
pertaining towards realising simple passive responsive systems analo-
gous to those found in nature.

Following nature's design principles, two main requirements can be
identified in order to realise such responsive systems: (i) a compliant
stimuli responsive material and (ii) a process enables controlled place-
ment of the compliant stimuli responsive material so as to achieve the
desired response from the system (see the example in Fig. 1).

In terms of the first requirement, as a compliant stimuli-responsive
material, the potential of cellulosic materials as precursors for cost-
effective, renewable, bio-degradable and programmable smart mate-
rials has been previously demonstrated by the authors [12]. Cellulose,
as the most abundant bio-macromolecule in nature, consists of
3-1,4-linked anhydro-p-glucose units in which every unit is inverted
180° with respect to its adjacent units [13,14]. The presence of hydroxyl
groups (OH) in the molecule (Fig. 2a) results in hydrogen bonding be-
tween molecules. This hydrogen bonding generates crystalline and
amorphous phases within the cellulose structure [14] and leads to the
formation of fibrils which further associate to form fibres in a true hier-
archical fashion. Introduction of water to cellulose can result in
plasticisation of the amorphous regions by weakening or relaxing hy-
drogen bonding through formation of competitive hydrogen bonds.
These intercalating water molecules result in swelling throughout the
material, which can be used to drive the reversible actuation of specific
architectures created by these materials [12,15].

As a means to achieve the second requirement (controlled place-
ment of the compliant stimuli responsive material), developments in

additive manufacturing technology (3D printing) enable a high degree
of control over the placement of materials in 3D space, thereby enabling
the design of hybrid structures that have the hierarchical structural
complexity characteristic of functional biological systems. Strain mis-
match within a substrate is the driving force for many of the transforma-
tions in nature as well as for many synthetic actuators upon activation
by the stimuli. Swelling is one of the simplest way to realise strain differ-
ential in a substrate. Combined with the morphing response of cellulose
to stimulus (e.g. water), a time-dependant transformation of a printed
3D shape could be triggered, to produce a “4D” printed structure. This
approach is analogous to the “4D printing” concepts developed and
demonstrated at MIT [16], which utilise materials with shape memory
and volumetric expansion properties to achieve micro to macroscopic
actuation responses [17-20]. The use of 3D printing to achieve shear-
alignment of cellulosic fibrils to preferentially control the swelling of
an embedding matrix would further emulate the macroscopic response
demonstrated in the hierarchical structure of natural 4D materials, such
as the pinecones described above [2,21].

While cellulose, as a potential 4D printing feedstock, has benefits
such as environmental friendliness, biodegradability and low cost
[22-24], in its native form, cellulose is not compatible with current com-
mercial 3D printing/additive layer manufacturing systems as it cannot
be melted and extruded in a similar manner to existing 3D printing
polymer feedstocks, nor sintered with a laser, such as is commonly
done with ceramic/metal/polymer beads. Commercial 3D printing fila-
ments comprised of cellulosic materials systems do exist where the cel-
lulose is in the form of sawdust or recycled wood forming fillers (~30%)
hosted within a polymer matrix such as PLA (polylactic acid) [25,26].
However, this method limits the exposure of cellulosic components to
the environment/stimuli and hence such approaches are not appropri-
ate for 4D morphing applications. Markstedt et al. 3D printed cellulose
by dissolving three different types of cellulose (namely bacterial
nanocellulose, Avicel-PH-1-1 and dissolving pulp) in ionic liquids (IL)
followed by coagulation, resulting in 2D and multilayer 3D gel struc-
tures on a coagulating bed, allowing ionic solutions with cellulose
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Fig. 1. Stimulus-response of pine cones. (left) Dehydrated open pinecone; (right) hydrated closed pinecone; Differences in the cellulose fibril winding angles in the top and bottom layers
of the cells (sclerids in red and sclerenchyma in green) control the expansion of these cells during hydration/dehydration. The cooperative anisotropic expansion of these differentiated

cells result in the opening and closing of pinecone scales in response to hydration.
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Fig. 2. (top) (a) Structure of cellulose. (b-d) Processing of cellulose fibres from pulp linters (b) Pressed pulp linters as received (c) pieces of pulp linters saturating in reagent grade water
prior to breaking up and (d) pulp in the process of drying at room temperature. (bottom) (e) Schematics of the preparation of hydrogel-composite and the final mix shown in insert (Scale

bar: 20 mm).

concentrations of 1%, 2% and 4% to be 3D printed [27]. Composite bio-
inks have also been prepared by combining cellulose nanofibril (NFC)
dispersions in an alginate-based hydrogel consisting of 95-99% water,
crosslinked by immersion in calcium chloride (CaCl,) solution [28].
However, the cellulosic content of the reported bio-ink was very modest
(1.5%-2.3% w/v). Hakansson et al. reported similar bio-inks where the
3D dry state shape was achieved by means of freeze drying the bio-
ink print [29], with similar approaches in cellulose printing also being
reported by researchers at Aalto University (Finland) and VTT research
(Finland) as part of their joint DWOC (Design Driven Value Chains in the
World of Cellulose) program [30]. Leppiniemi et al. reported a
nanocellulose-alginate hydrogel with good tissue compatibility for 3D
printing [31]. The nanocellulose content within printable hydrogel for-
mulations varied from 0.5%-1.3% w/w. However, it should be noted
that even though these approaches enabled 3D printing of cellulose,
the focus was predominantly placed on tissue engineering applications.
As such, the final shapes (achieved after drying) were fixed and the
morphing behaviour of these material systems was not shown or inves-
tigated. A 3D structure containing cellulose nanofibrils (NFC) capable of
transforming in the time domain as envisaged in 4D printing was re-
cently demonstrated by Gladman et al. who fabricated plant-inspired
architectures using NFC in acrylamide ink. These architectures actuated
as a result of preferential swelling in an acrylamide gel when restricted
by the shear alignment of NFC along the print path, with 0.8 wt% of NFC
used as “stiff fillers” to prepare the composite ink [19]. Such research
shows that adapting cellulosic materials to the 3D printing domain
can be achieved but there is scope for discovery especially with regard
to enabling 3D printing of smart materials with high cellulosic content,
and to make better use of the hydration-response of the cellulose itself.
In addition, the need for porosity and the resulting network structure of

pulp fibres in controlling the opening and closing of folds in paper archi-
tectures has been previously established [12]. When used with 3D print-
ing, the shear-alignment of the cellulosic fibrils would not only enhance
the mechanical properties of the substrate but also provide additional
parameters such as porosity and anisotropic stiffness which can be pro-
grammed to further tailor the response to stimuli.

While 3D printing in general is experiencing a widespread popular-
ity thanks to low cost 3D printers empowered through open-source
projects such as RepRap [32,33], the costs associated with 4D printing,
including the novelty of the compliant materials and associated propri-
etary 3D printers renders most 4D printing technology prohibitively ex-
pensive and has hindered its extensive adoption and widespread
implementation. Future advancement of 4D printing technology de-
pends on the development of a greater variety of stimuli responsive
smart materials that can be used in conjunction with 3D printing for
precise control of material placement as well as a clear understanding
of the design principles, to allow mathematical modelling and tailoring
of the actuation response [18]. To address this, this paper focuses on the
development of a cost-effective, compliant “ink” material that can en-
able 3D printing of stimuli responsive complex forms to create pro-
grammable 4D structures. Moreover, the cellulosic ink will be
specifically tailored for 3D printing using low-cost, open-source 3D
printers ensuring the cellulosic composites thus fabricated are able to
be further developed and extensively adopted in 4D printing research.

In this work, we have developed a stimuli responsive cellulosic pulp-
hydrogel composite ink that is cost effective and bio-degradable. This
composite ink is formulated for 3D printing and the stability, rheology
and swelling potential of the ink has been characterised. A functional
complex shape was fabricated using 3D printing to achieve precise ma-
terial placement of the cellulosic ink, and the actuation via exposure to
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water demonstrated the ability to use this ink to produce 4D structures
capable of programmable transformation.

2. Materials and methods
2.1. Materials selection and ink formulation

A range of cellulose-derived polymers that can form hydrogels exist
[24,34] and the cellulose-derived polymer chosen for this study was so-
dium carboxymethyl cellulose (CMC-Na/CMC) as it was shown to be
easily hydrated and exhibited self-healing properties [35]. CMC is a hy-
drophilic cellulose derivative with carboxymethyl groups bound to the
hydroxyl groups of glucose. The functional properties of this biocompat-
ible carbohydrate depend on its degree of substitution. The polar nature
of carboxylic group makes CMC soluble in water resulting in the forma-
tion of gel. This polymer is widely used in food, skin care and the drug
industry as a thickening agent/rheological modifier and is bio-
compatible.

Cotton derived pulp linters (fibres) such as those used in the
paper making industry were selected as the cellulosic fibre compo-
nent. These are recognised to have a high cellulose content (~99%)
and purity [36] though the purity of the supplied pulp fibres was
not analytically assessed. Pressed cotton pulp linters for papermak-
ing were obtained from George Weil Art & Craft Supplies (www.
georgeweil.com). Optical microscopy analysis of the pulp linters re-
vealed a highly compacted network of cellulose fibres with an aver-
age width of 14.2 4 2.6 um.

Reagent grade water from Fisher Scientific was used as-received.
CMC-Na with degree of substitution (DS) of 0.9 in molecular weight
(Mw) of 700 k and 250 k were obtained from Arcos Organics.
Hydroxyethyl cellulose (HEC) was obtained from Merck Millipore.
Montmorillonite (naturally occurring mineral) and citric acid (99%)
were purchased from Alfa Aesar and Sigma Aldrich respectively. Poly-
acrylic acid (PAA) was purchased from Sigma Aldrich. All materials
were used as supplied.

For uniform dispersion of pulp fibres in water, a planetary shear
mixer (Thinky Mixer, USA) which employs “rotation” and “revolution”
movements, was used for material mixing. The Thinky Mixer mixing
procedure involved adding the pulp, water and CMC in small incre-
ments (=~15-20 wt% of total batch, 30 mL of water) and mixing for
30 s at 1600 rpm before adding further increments up to the required
amount as per the recipe.

Clay (montmorillonite, 0.5 wt% of water) was added as a filler in
order to stabilise the hydrogel. The montmorillonite platelets were
exfoliated in water through adequate agitation. The storage stabil-
ity of the gel and composite formulations containing clay and CMC
was assessed by an inversion test carried out on one-week old sam-
ples in polypropylene vial of 28 mm in diameter and 115 mm in
length.

The cellulose-hydrogel composites were manually extruded
through a syringe (as in a 3D printer print head) of diameter
~1 mm and dried to form thin films. Standard films (dry) of CMC
polymer were left immersed in water overnight to test stability.
Crosslinking reactions involving self-crosslinking [37], crosslinking
with PAA (poly acrylic acid) [38,39] and citric acid (CA) [35,40,41]
as crosslinking agents were carried out and evaluated by immers-
ing in water overnight. The crosslinking reactions with citric acid
were successfully completed via exposure to 120 °C for 10 min as
opposed to 180 °C for 30 min for self-crosslinking and 140 °C for
30 min when PAA was used. Reaction parameters were obtained
from the study of Demitri et al. [40] and adapted for the synthesis
of hydrogel composites. A mixture of CMC-Na and HEC
(hydroxyethyl cellulose), with weight ratio equal to 3:1 was used
to form a hydrogel, with the HEC used to promote intermolecular
rather than intramolecular crosslinking [40].

2.2. Characterisation of swelling ratio

The swelling response of the developed formulations was investi-
gated via calculation of the equilibrium swelling ratio (SR) of dried
and crosslinked formulations containing citric acid on immersion in
de-ionised water. The samples (minimum of 3 repeats) were weighed
and immersed in de-ionised water for 24 h to reach equilibrium swell-
ing at room temperature (21 °C). The samples were recovered from
water and weighed after removing excess water from the surface by
gently patting with tissue paper.

The SR was calculated as follows:

SR = (WW;:N“> (1)

where W; is the weight of the swollen hydrogel/composite, and Wj is
the weight of the dried sample. The experiment to determine the swell-
ing ratio of the formulations also provide additional insight into their
aqueous stability.

2.3. Rheological characterisation

A series of amplitude sweeps (strain), frequency sweeps, steady-
state shear tests and stress-ramp tests were carried out to characterise
the rheological behaviour of the hydrogel and composites. A strain
sweep from 0.01%-100% at a frequency of 1 Hz was performed on gelled
samples. Frequency sweeps from 0.1 Hz-10 Hz were conducted on
formed gel samples at 0.5% strain (within the linear visco-elastic regime
(LVER)).

This protocol was adapted from [42,43]. A rheometer (Kinexus Pro)
from Malvern Instruments with a parallel plate geometry (PU20) of di-
ameter 20 mm was used and all the samples were tested at 25 °C. Each
sample (~1.5 mL) was used only once, and the tests were performed in
triplicate and the error bars represents the corresponding standard de-
viation. A standard loading sequence was used to guarantee reliable and
precise loading protocol.

2.4. 4D printing of cellulosic composites

The materials developed and characterised in this study enable
extrusion through a syringe which is the proposed dispensing
method for integrating with open-source 3D printing hardware.
The rheometry results informed the selection of the extruder system
(i.e. motor choices and power output), allowing the integration of
this material system into a 3D printer. A custom off-axis direct driven
paste extruder based on an open-source syringe extruder [44] was
fabricated and integrated with a commercially available Prusa Mk2
3D printer. The choice of morphing petal architecture to validate
the 3D printing capabilities and subsequent 4D morphing of the
developed cellulose formulations was influenced by the familiarity
of the petal architecture itself thereby establishing an equivalence
with other methodologies and ink formulations which have used a
similar shape to demonstrate responsiveness. The form was
fabricated from a CAD model and prepared for 3D printing (sliced)
within the MatterControl software with an infill of 99%. The
substrate was printed from Composite + Clay + CA with an
additional circular layer of Gel + CA at the base of the petals. A
0.8 mm tapered nozzle was used for printing with a layer height of
approximately 0.6 mm. The drying of the specimen at room temper-
ature (RT = 21 °C) initiated the transformation which was
maximised by crosslinking at 120 °C for 10 min fixing the new
configuration. This transformed shape was rehydrated by placing in
a water bath at room temperature (21 °C) in a similar fashion to
that of the preceding work reported in [12].
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3. Results and discussion
3.1. Ink formulation and processing

The process for preparing and processing of the cellulose-hydrogel
composite ink formulations is summarised in Fig. 2. To achieve a balance
between benefits of a fibrous network without compromising the gel
nature, a 50% fibre V¢ (volume fraction) of the final composite (i.e. half
fibre - half CMC polymer) was selected.

The pulp linters were saturated in water for ~24 h (Fig. 2 (top row)
¢), to disrupt the hydrogen bonding between individual fibres followed
by manual agitation of the linters using a spatula, before drying at room
temperature (Fig. 2 (top row) d). The uniform dispersion of pulp fibres
in water is crucial for formation of a fibre suspension suitable for subse-
quent processing and smooth extrusion through syringe heads during
printing. The extensive hydrogen bonding occurring at both the inter-
molecular and intramolecular levels in the cellulose pulp promote ag-
gregation. To prevent this in a limited volume of water requires
introduction of a shear force. Addition of CMC polymer not only served
the function of bypassing the undesirable shear thickening by changing
the nature of the material system (i.e. from suspension to a gel or paste)
but also enabled effective transfer of shear forces to separate pulp fibres.
Based on preliminary dispersion trials it was deemed that within a lab-
oratory environment only a minimal volume of pulp fibres (significantly
lower than the target V¢) could be evenly dispersed in a beaker before
starting to compromise the gel nature of the composite as the addition
of a greater volume of fibres to increase Vy inevitably required further
addition of water to facilitate fibre dispersion. The gel nature is crucial
to enable extrusion as suspensions tend to exhibit shear-thickening
which hinders the flow under stress [45]. As such, a balance is required
so as to maximise the fibre V¢ without compromising the gel nature of
the composite.

A general schematic of composite preparation is presented in Fig. 2
(bottom row). A number of mixing strategies were investigated ranging
from sonication and shear mixing besides mechanical agitation with a
spatula but yielded less than ideal results as evidenced by the fibre ag-
glomeration observed in prepared films (Fig. 3a-c, showing large (up
to ~10 mm) clumps of fibres). However, adding a hydrocolloid such
as CMC before and during the mixing of pulp in water showed some
promise when extruded to form thin films (Fig. 3c). This strategy was
further refined to yield improved extrusion results. The composition
of the final hydrogel composite was 0.025 g each of pulp and CMC poly-
mer per 1 mL of water. Fig. 3 illustrates the differences in pulp disper-
sion in the hydrogel composite using different mixing approaches,
with the image in Fig. 3d clearly showing an absence of the large fibre
clumps in the Fig. 3a, b and ¢, and a lack of large transparent regions
in the prepared films (demonstrating areas of low cellulose fibre con-
tent). The best dispersion results (Fig. 3d) for this formulation were ob-
tained with a planetary mixer, which employs “rotation” and
“revolution” movements for material mixing. This resulted in the effi-
cient shear transfer of centrifugal forces in separating and dispersing

the pulp fibres facilitated by the addition of gel forming polymer to en-
able clog free extrusion. Once all the components were combined, the
mixture was further blended for 3-4 min (depending on the total vol-
ume) to obtain a uniform paste (Fig. 2e, bottom row insert) to allow
for smooth extrusion.

For usability of the composite ink in 3D printing, long-term struc-
tural stability of the gel was an important factor. It was noted that a sig-
nificant reduction in the composite gelling properties and viscosity had
occurred after a week despite being stored in a sealed container. Clearly,
this is not an ideal feature as the materials then had to be prepared im-
mediately prior to extrusion and lacked flexibility for storage for later
use. Therefore, storage stability was deemed essential for the materials
developed. Clay (montmorillonite) was added (0.5 wt% of water) as a
filler in order to stabilise the hydrogel in this regard. Montmorillonite
is a layered silicate with a lamellar structure and commonly used as
an additive to improve the mechanical properties of polymers in gen-
eral. Once exfoliated, the montmorillonite platelets can effectively inter-
calate between the polymer chains and fibres delaying the weakening of
the gel and composite formulations. The schematic of this process is
presented in Fig. 2 (bottom row). The exfoliation of the platelets in
water is by virtue of layer separation brought about through hydration
forces as well the hydration of the cations (Fe™, Fe**, Mg?* and A’ ™)
present in montmorillonite [46]. An off-white colour was imparted to
the hydrogel composite as a result of adding clay. The storage stability
of gel and composite formulations containing clay and increased CMC
was assessed by an inversion test. One-week old samples of composite
formulations containing clay and increased molecular weight CMC (Mw
700,000) was assessed by an inversion test and demonstrated more sta-
bility in the inverted position in the container than formulations with
low Mw CMC polymer devoid of clay. The molecular weight (Mw) of
CMC used was thus increased from 250,000 to 700,000 to improve vis-
cosity and stability.

For deployment of the hydrogel-based actuators, the stability in
aqueous medium was also important to determine. Standard films
(dry) of CMC polymer disintegrated (became soluble) in water when
left immersed overnight. Films of cellulose-hydrogel composite retained
their ‘shape’ in an aqueous medium overnight but disintegrated when
handled, confirming that the pulp network alone is insufficient to retain
structure during immersion. In order to provide aqueous stability, it was
decided to crosslink the hydrogels. Crosslinking reactions involving
different crosslinking agents were carried out and evaluated by immers-
ing in water overnight. The crosslinking reactions with citric acid were
successfully completed via exposure to 120 °C for 10 min as opposed
to 180 °C for 30 min for self-crosslinking and 140 °C for 30 min when
PAA was used. A mixture of CMC-Na and HEC (hydroxyethyl cellulose),
with weight ratio equal to 3:1 was used to form a hydrogel, with the HEC
used to promote intermolecular rather than intramolecular crosslinking
[40]. As a result of the testing, the formulations containing 10% (of
total polymer content) CA was chosen for the milder reaction condi-
tions and taken forward for further evaluation. Once the composition
of the cellulose-hydrogel composite had been decided upon, a range

Fig. 3. Pulp-CMC composite films illustrating the improvements in pulp dispersion as a result of optimised mixing strategies: (a) mechanical agitation with spatula (b) ultra-sonication

(c) shear mixer and (d) non-contact planetary shear mixer (Scale bar: 10 mm).
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of formulations were produced and used for the testing, as detailed
in Table 1.

Gel + CA (low) has the same polymer content (2.5 wt% of total
water content) as the composite samples and the polymer content in
the other two gel samples is equivalent in weight to the solid (polymers
and pulp) content of the composite samples (5 wt% of total water con-
tent). This spectrum of samples would demonstrate the effect of pulp,
clay and polymers forming the gel in governing the rheological charac-
teristics of these samples.

3.2. Characterisation of swelling ratio

The aqueous stability and swelling capacity of the formulations were
assessed by calculation of the equilibrium swelling ratio and the results
are summarised in Table 2. The standard deviation is presented as the
uncertainty. The swelling ratios of comparable self-crosslinked samples
(without citric acid) are also presented to better understand the effect of
crosslinking agent and to demonstrate the possibility of programming
the swelling response by varying the amount of crosslinking agent.
The effectiveness of citric acid in crosslinking at relatively lower temper-
ature is clear when compared to self-crosslinked samples. The effect of
pulp fibres on the swelling ratio is also evident. This confirms the pres-
ence of a pulp network that restricts the swelling of hydrogel matrix
resulting in a lower swelling ratio. The addition of montmorillonite
clay was found to have no impact on swelling ratio. In swelling-
induced shape transformations, the equilibrium swelling ratio results
presented might come across as an apparent limitation as they are sig-
nificantly lower than for the self-crosslinked samples. However, what
is more significant is the ability to realise the strain gradient in sub-
strates in a controlled manner. The versatility of this approach is that
the amount of crosslinking agent or the ratio of cellulosic polymers
(CMC: HEC) can be varied so as to achieve desirable swelling specific
for a structure.

3.3. Rheological characterisation

The formulations with citric acid as a crosslinking agent were
subjected to full characterisation via rheological testing, to determine
the mechanical properties of the hydrogel and associated composites.
The gelation times were not determined using rheological parameters
as the gel formation with CMC was observed as a function of loading
capacity and consistently resulted in the formation of gels during the
synthesis step for the formulations investigated (see Table 1). The effect
of amplitude, frequency and shear rate on elastic (storage) modulus G’
(representing the solid-like characteristics of the samples) and viscous
(loss) modulus G” (representing the liquid-like characteristics) were
used as an indication of the nature and flow characteristics of the
samples. The relative importance of G’ and G” is represented by phase
angle () as follows:

"

tan(s) = % )

when 6 > 45° (i.e. G"/G’' > 1), it can be said that liquid-like behaviour
dominates within the sample.

Table 1
Sample nomenclature and respective formulations.

Sample name Key - water/gel polymer/pulp/clay/cross-linker (in

grams)

30 water/0.75 polymer/0 celtulose/O clay/0.15 cross-linker

30 water/1.5 potymer/0 ceitutose/O ciay/0.15 cross-tinker

30 water/1.5 polymer/0 celtutose/0-15 c1ay/0.15 cross-linker

30 water/0.75 polymer/0.75 celtutose/O clay/0.15 cross-linker
30 water/0.75 polymer/0-75 ceituiose/0.15 clay/0.15 cross-tinker

Gel + CA (low)

Gel + CA

Gel + Clay + CA
Composite + CA
Composite + Clay + CA

Table 2
Equilibrium swelling ratio of formulations with citric acid (CA) after crosslinking.

Crosslinked with CA 10 min at 120 °C  Self-crosslinked 30 min at 180 °C

Gel + CA 2.6+ 0.2 Gel 383 +1
Gel + Clay + CA 28 +0.1
Gel + CA (low) 14+03
Composite + CA 0.85 4+ 0.02 Composite 4.1+0.1

Composite + Clay + CA 0.82 4+ 0.03 Composite + Clay 6.2 4 0.2

3.4. Strain sweeps

Fig. 4 shows the elastic modulus (G’) and phase angle (&) as a func-
tion of shear strain for the samples tested. The loss modulus (G”)
values were not included for clarity but are embodied in the phase
angle (6) data presented. The phase angle (6) data also demonstrates
that G’ > G” (8 <45°) for most of the applied strain regime indicating
that the samples are structured (gel). Elastic modulus values mea-
sured within the LVER (linear visco-elastic regime) shows the
highest value for Gel + Clay + CA (1.15 kPa) samples, as expected.
The presence of clay results in a higher elastic modulus and viscosity
when compared to Gel 4 CA (0.9 kPa) samples. Contrary to what was
observed in gel samples, the addition of clay in composites did not
increase the elastic modulus (~0.7 kPa) but resulted in gradual
decay of modulus and viscosity at lower strains followed by a rapid
decay of modulus which signified the critical strain %. The onset of
non-linearity is termed as critical strain % and the gel structure is
disrupted when strain values exceed beyond this point. It is assumed
that the structural interactions of intercalated clay and dispersed
pulp fibres resulted in this flow behaviour. As the sampled gels
were not chemically crosslinked, the gel nature was by virtue of
physical crosslinks such as hydrogen bonding. Montmorillonite is
of layered structure and could reduce the effective hydrogen bond-
ing between cellulosic pulp, polymers and water by intercalating be-
tween them. This is reflected in the & data as a rapid rate of increase
in phase angle indicate more fluid like behaviour under increasing
applied strain. Although further investigations as to why this behav-
iour arises are necessary, these characteristics are ideal for the pro-
posed composite extrusion system as it not only provides long
term stability to the material system but also the composite gel con-
taining the clay flows more easily when compared to other formula-
tions in this study. It is also noted that the modulus and thus the & data
for Gel 4+ CA (low) are particularly noisy at strain (0.01%-0.1%) as ex-
pected due to weaker response at this strain range from the sample.

3.5. Frequency sweeps

Frequency sweeps from 0.1 Hz-10 Hz were conducted on formed gel
samples at 0.5% strain (within the LVER) with the results of the fre-
quency sweeps presented in Fig. 5. The results represent the G’ variation
and phase angle (6) across the probed frequency range. Loss Modulus
(G") values were omitted for clarity and relative significance of elastic
and viscous modulus is presented as phase angle dependence on fre-
quency. It can be seen that the elastic modulus values at 1 Hz matches
the G’ values in the LVER regime for the amplitude sweep results pre-
sented in Fig. 4. The recorded response in G’ suggests that the modulus
is dependent on the frequencies probed and implies some structural re-
laxation where stored elastic energy is dissipated with time. There is no
crossover point for the modulus as evidenced by 6 values < 45° within
the designated frequency range. However, analysis of the phase angle
(6) trends in Fig. 5 implies possible crossover frequencies « 0.1. The pre-
cise crossover frequencies and thus relaxation times were not deter-
mined due to time-related impracticalities in running scans at such
low frequency levels. The phase angle 6 data also shows G’ > G” validat-
ing the presence of structured gel as observed in the amplitude sweep
results.
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Fig. 4. Amplitude sweep data showing elastic modulus (G’) (Log scale) and phase angle () as the function of shear strain.

3.6. Shear rate

The results of the steady state shear measurement are presented in
Fig. 6, as viscosity and shear stress as a function of shear rate. It can be
seen that the samples are highly shear thinning from the shear
viscosity-shear rate response confirming pseudoplastic behaviour as
expected. The relationship between shear stress developed and the
applied shear rate is also presented. It can also be observed that the
viscosity and stresses of Composite + Clay + CA samples are closer to
the Gel + CA (low) samples especially at higher shear rates
(representing short times) even though the solid content within the
specimen is twice as high. This underlines the suitability of the
Composite + Clay + CA sample for short time processes such as extru-
sion. The comparison of viscosity and shear stress developed in
Composite + Clay + CA, Gel + CA and Gel + Clay + CA confirms the
observation made in amplitude sweep analysis regarding the combined
effect of pulp and clay in facilitating better extrusion. These results
show the effectiveness of pulp-gel composite system in having
ideal extrusion characteristics for 3D printing as a homogenous
phase of either of the two would not have yielded necessary high vis-
cosity (solid-like) at rest and decreasing at higher shear rates (i.e.
when deformed).

1000 A

Elastic modulus G' (Pa)

10 —
0.1

1
Frequency (Hz)

10

3.7. Stress ramp

Yield stress signifies the stress required to break the physical inter-
actions that give materials their solid like characteristics to cause mate-
rial flow. In other words, the material will not flow unless the applied
stress exceeds a critical threshold value, typically referred to as the
yield stress of that material; below this threshold the material deforms
elastically and above it plastic deformation (i.e. flow) occurs. In regard
to the material systems studied here, it means the ease with which
the formulations can be extruded from the syringe of the printer
when the force is applied through the plunger.

A stress ramp is one of the most commonly-used test methods to
estimate the yield stress of materials, where the instantaneous viscosity
of the sample is measured against an increasing applied shear stress.
The shear stress corresponding to the peak viscosity (point of yield) is
estimated as the yield stress of the sample. The (averaged) stress
ramp data and measured shear viscosity of the formulations used to
determine the yield stress of the formulations are presented in Fig. 7.
The data acquisition was carried out in triplicate and each sample was
only used once. The ramp duration was kept as 100 s for all formula-
tions but to different final stress (from zero) in order to adequately
capture the peak viscosity change and response beyond yielding.

45

Phase angle 6 (°)

Frequency (Hz)

—oe— Gel+CA (low) —+— Gel+CA —e— Gel+Clay+CA —=— Composite+CA —&— Composite+Clay+CA

Fig. 5. Frequency sweep data showing elastic modulus (G’) (Log scale) and phase angle () as a function of frequency.
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Fig. 6. Steady state shear viscosity (1)) (Log scale) and shear stress (7) as a function of shear rates.

The Gel + CA and Gel + Clay + CA samples were subjected to
0-300 Pa, whereas Composite + CA and Composite + Clay + CA
samples were subjected to 0-200 Pa during the test. The error bars
for viscosity have been omitted from Fig. 7 for clarity, with representative
values reported in Table 3. Gel + CA (low) samples were omitted from
the stress ramp test to estimate yield stress because the formulation
was deemed too weak (low G’) to hold the extruded shape even though
its low viscosity would make it easier to extrude through the syringe.

The yield stress for each of the formulations have been obtained
from the shear stress value corresponding to the peak viscosity for
each test run and is tabulated in Table 3. The data presented here is
more reliable as they represent actual test data as opposed to results
from the time averaged response plotted in Fig. 7. It is noted that the
values presented in Table 3 cover the peak values presented in the
plot thus confirming yield stress values are not affected by loading dis-
crepancies. As expected Gel + CA and Gel + Clay + CA formulations
have the highest yield stress and thus would be harder to extrude
from the syringe compared to the other formulations with lower yield
stress. The combined effect of clay and pulp fibres in facilitating easier
flow is evident from the yield stress values.

3.8. 4D printing of cellulosic composites

The set-up of the printer and extruder is shown Fig. 8a. The print path,
specimen dimensions are shown in Fig. 8b (blue: Composite + Clay + CA
and red: Gel 4 CA) and the printed form is shown in Fig. 8c. This architec-
ture has a programmed actuation pathway facilitated by means of the
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Fig. 7. Stress ramp plots showing yield stress of formulations at peak viscosity.

Gel + CA formulation around the base of petals. This petal design was
chosen to take advantage of the programmed ‘through-thickness strain
mis-match’ which is the driving force for transformations. The drying of
the specimen at room temperature initiated the transformation
(Fig. 8d) which was maximised by crosslinking fixing the new configu-
ration as shown in Fig. 8e. The demonstration of the 3D printing of the
responsive cellulose composite in the fabrication and actuation of a
petal architecture is presented Fig. 8b-g.

This new configuration is generated by virtue of greater strain differ-
ential achieved by means of enhanced dehydration of the materials at el-
evated temperatures. This transformed shape is deployed back to the flat
configuration by placing in a water bath at room temperature - Fig. 8f.
Upon drying, the petal architecture reverts to its 3D configuration as
shown in Fig. 8g. The actuation between flat and 3D configuration is cyclic
and can be repeated multiple times (>5) thus exhibiting shape memory
behaviour. However, the extent of recovery after each cycle was not sys-
tematically characterised at this stage. The physical changes in cellulose
fibres due to hydration and de-hydration cycles (i.e. hornification) and
its influence on substrate porosity and thus on the actuation time has
been studied for paper architectures [12]. Similarly, the same can be ex-
pected of the cyclic actuation of 3D printed cellulosic architectures albeit
to a lesser extent due to the supporting hydrogel matrix adapting to the
changes in fibres within the global form.

The example presented in Fig. 8 not only demonstrates the ability of
the developed material system to be 3D printed but also its ability to
morph out-of-plane by virtue of programmed strain mis-match via de-
hydration/hydration. It is envisaged that in conjunction with the versa-
tility of additive layer manufacturing/3D printing methods, varying
microstructures within an overall shape can be achieved and the re-
sponsive nature of material along with its tuneable parameters would
result in hierarchical structures within a global form that can actuate
in complex forms.

4. Conclusions

The development of a compliant composite cellulosic hydrogel inte-
grating a high proportion of cellulosic material allowed use of a standard

Table 3
Yield stress for formulations.

Formulation Peak viscosity (Pas) Yield stress (Pa)
Gel + CA 7000 + 800 140 + 9

Gel + Clay + CA 6300 + 380 147 + 8
Composite + CA 2000 + 290 46 + 8
Composite + Clay + CA 1150 + 230 38+8
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Fig. 8. (a) 3D printer and paste extruder set up; Extruder housing is shown in insert with the nozzle for printing gel and composite materials. (b-g) Fabrication of petal architecture
(b) Generated print path from CAD model - dimensions are in mm (c) 3D printed form (d) Drying at room temperature initiating morphing (e) After crosslinking to maximise and fix
the 3D shape (f) Deployed to flat configuration upon hydration (g) drying (dehydration) recovers the 3D petal shape. Side views are shown in insert. (Scale bar = 10 mm).

3D printer to control material placement without compromising the re-
sponsiveness of the cellulose to hydration. The addition of a cellulosic
hydrogel overcame the issue of the frequent clogging of the print nozzle
caused by shear thickening from the strong inherent hydrogen bonding
between cellulose fibres, and allowed the composite to be extruded
with precision. Dissociation of pulp fibres in the hydrogels not only
imparted necessary shear thinning properties but also aided in the dis-
sociation and distribution of pulp fibres through optimised mixing strat-
egies. This directly resulted in the ability to use higher loading capacities
of pulp fibres without clogging, allowing development of 3D printable
cellulosic fibres. It was observed that permitting the crosslinking of
these composites did not adversely affect the extrusion characteristics.
Furthermore, it was imperative that the extruded/printed shapes pro-
duced are stable in an aqueous environment and do not disintegrate
over the duration of the experiments. The choice of citric acid as a
cross-linker enabled lower crosslinking temperatures (after printing of
the shape) and an ecologically friendlier direction for further material
development.

The rheological characterisation of the formulations containing citric
acid confirmed that the samples were shear thinning which is essential
for smooth and controlled extrusion in any syringe-based 3D printing
extrusion process. The low critical strains for composite samples indi-
cate that they flow readily when deformed, which is desirable. The
yield stress characterisation enabled quantifiable measurement of the
force required to extrude the formulations. These results enabled the se-
lection process of the extruder system for the integration of this mate-
rial system into the domain of 3D printing. The primary reason for the
inclusion of the montmorillonite clay was to stabilise the formulations
for long term storage, but an additional complementary effect on

composite formulation was also noted. For example, traditionally, filler
additions usually result in an increased solid like characteristics and vis-
cosity thus hindering the material flow, but as demonstrated in the am-
plitude sweep and shear rate results, the combination of pulp and clay
resulted in a more liquid like behaviour when deformed. The positive ef-
fect of clay-pulp interactions in lowering yield stress was also noted. It is
believed that the intercalating clay platelets inhibit or even cleave hy-
drogen bonding between pulp, CMC and water when deformed. Further
characterisation of the pulp-clay interaction and the microstructure in
Composite + Clay + CA samples is required to confirm this hypothesis.
However, the rheological characterisation of the samples confirms that
the addition of clay improves the solid-like characteristics at rest and
enhances the flow characteristics in formulations with pulp. These are
ideal features for a 3D printing material as a liquid like behaviour
(flow) is desired for ease of extrusion and solid like behaviour to hold
the shape after extrusion (rest).

The swelling ratio of samples were determined after crosslinking to
investigate the swelling potential of the samples as well as their aque-
ous stability. As expected, the citric acid formulations have considerably
lower swelling potential when compared to self-crosslinked samples.
However, it is paramount to generate controllable swelling without
degrading the material. Additionally, the presence of crosslinking
agent as opposed to self-crosslinking enables control over the extent
of crosslinking which was found to influence the swelling potential.
The role of the pulp network in restricting the swelling of the gel matrix
was also noted. The formulations can be presumed to be stable through-
out the hydration and dehydration cycles as the citric acid present in the
formulations bridges to the cellulose backbone of CMC and pulp fibres
after crosslinking. The amount of cross-linker (citric acid) used in the


Image of Fig. 8

M.C. Mulakkal et al. / Materials and Design 160 (2018) 108-118 117

formulations was obtained from previous literature studies and was
kept constant as this was not a key parameter under investigation. Fur-
thermore, the highly reactive nature of the intermediate (anhydride of
citric acid) formed during the dehydration (crosslinking reaction) im-
plies that all of the cross-linker will react with cellulose. However, it is
crucial to investigate potential leaching of components following multi-
ple cycles of hydration and de-hydration and its effect on shape mem-
ory. This will form part of the study investigating the stability of 4D
printed forms and will be reported in future studies. The even disper-
sion of the ingredients within the composite and the pulp network
should also prevent leaching out of clay particles from the crosslinked
samples.

The adoption of pulp and cellulosic hydrogel in a composite form en-
abled integration of the cellulosic material into the domain of 3D
printed materials without compromising its functionality while
retaining the tuneable parameters such as varying microstructure po-
rosity, temperature and fibre volume fraction. These parameters can
be controlled to attain a programmable response from a global substrate
through varying inherent ‘through thickness strain mismatch’ upon hy-
dration/dehydration. The most distinguishable feature of the work pre-
sented here is the cellulosic content of the final material form. The
cellulosic content for composite gels reported in relevant 4D printing lit-
erature varies from 0.8%-2.3 wt% of water content for MFC and NFC in
hydrogel [19,28]. In the Composite + Clay + CA formulation, 2.5 wt%
of cellulose fibres are present and an additional 2.5 wt% of CMC. This is
indeed an intermediate state of the material formulated for processing
(i.e. 3D printing). However, the final material state is a consolidated
composite following drying and crosslinking which is devoid of water.
The resulting composite is formulated to be 50% fibre and 50% CMC by
weight. This strategy results in a greater fibre (reinforcement) content
in the final printed form, and will enable designers to create bespoke ar-
chitectures with varying microstructure for triggered morphing.

Implementation of 3D printing will not only ensure greater precision
in the placement of materials but also facilitate the realisation of more
complex architectures and actuation pathways for 4D printing. The
printing parameters (e.g. nozzle diameter, print speed and orientation
of reinforcements during printing process) and design choices (e.g. po-
rosity and thickness) have significant influence on the morphing behav-
iour through guiding the strain gradient within the printed structure.
Therefore, comprehensive understanding of how the process parame-
ters and design choices can influence the morphing behaviour of
printed architectures is essential to extract desired responses i.e. pro-
grammability. Presently, the authors are exploring and devising experi-
mental procedures to determine the influence these parameters; this
will be reported in a subsequent publication. The natural progression
of the work presented here would be to control the inherent micro-
structure and final form through 3D printing by taking advantage of
shear alignment of fibres. Realisation of specific 3D printed actuation
pathways within a global architecture could lead to more complex actu-
ation capable of sequential multi-stage deployment. The demonstration
of a sustainable and cost-effective ink which is able to be used with
commercial 3D printers is expected to encourage the widespread adop-
tion of 4D printing. This should accelerate our understanding of the fun-
damental design principles by making 4D printing more accessible and
attractive to a greater number of researchers.
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