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Abstract

Inspired by the interesting functional traits of a climbing cactus, Selenicereus setaceus, found in the forest formations of
Southeastern Brazil, we formulated a hypothesis that we can directly learn from the plants to develop multi-functional arti-
ficial systems by means of a multi-disciplinary approach. In this context, our approach is to take advantage of 3D-printing
techniques and shape-memory hydrogels synergistically to mimic the functional traits of the cactus. This work reports on the
preliminary investigation of cactus-inspired artificial systems. First, we 3D-printed soft polymeric materials and character-
ized them, which defines the structure and is a passive component of a multi-material system. Second, different hydrogels
were synthesized and characterized, which is an active component of a multi-material system. Finally, we investigated how

the hydrogel can be integrated into the 3D-printed constructs to develop artificial functional systems.

Introduction

A number of fascinating activities exhibited by plants in
nature by virtue of growth are a wonderful source of inspira-
tion to develop new technologies. The evolutionary history
and growth of plants lead to functional traits that can anchor,
twine, vine, or search. An interesting representative in this
context is Selenicereus setaceus, a cactus found in the dry
forest formations of Southeastern Brazil, capable of climb-
ing [1]. Such biological functional systems can serve as a
source for bio-inspired robots with the potential ability to
anchor, attach, and climb [2, 3]. We can question how the
process of such developments in nature could be represented
as technical artefacts. One of the potential approaches is the
evolutionary design of a multi-material system inspired by
the plants behaviours. Selenicereus setaceus demonstrates a
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unique structural configuration along the different stages of
growth: the stem is circular at the base, while the younger
parts are star-like in shape at the apex. The cactus consists
of soft tissues surrounded by a thin skin layer (Fig. 1). The
capability of transformation in shape optimizes its flexural
rigidity and also provides flexibility to allow the cactus to
search for light in the challenging environment of the sea-
sonally dry Atlantic forest [1]. The mechanical performance
and various interesting functional traits of the cactus have
been extensively explored in previous studies [1, 4].

A hydrogel is a polymer network, which is crosslinked
and able to swell in aqueous media caused by its hydrophilic
components. Hydrogels are materials displaying macroscale
movements from non-directional swelling to unidirectional
movement as presented by shape-memory function [5-8].
Besides, hydrogels are capable of water soaking and water
storage [6—10]. Hydrogels are, therefore, one of the promis-
ing candidates to mimic the climbing movement of living
plants such as Selenicereus setaceus.

Herein, we explore how to mimic the interesting func-
tional traits of the cactus by combining a digital manufactur-
ing technique and shape-memory effect (SME) in hydrogels
towards the plant-inspired robotic systems. We consider sev-
eral aspects of this highly promising cactus species. Selen-
icereus setaceus offers such a wide range of cross-sectional
shapes, and it, therefore, can be mimicked by the swelling
behaviour of hydrogels. Similarly, the stem of the cactus is
able to deform and twist with limited benign failure when
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Fig. 1 (a) Photographs of
Selenicereus setaceus: showing
climbing, searching, and differ-
ent cross sections at different
stages of growth. Conceptual
design to mimic the shape (b)
and to mimic the movements (c¢)
of the cactus

physical conditions force it to slip from the supporting veg-
etation, as well as climb up and out of the dark understorey
vegetation. Plant growth is also related to the amount of
water found in the surrounding environment. Climbing of
the cactus depends on attachment points while apex growth
is directed towards the light. Therefore, swelling behaviour
and SME of hydrogels can be a useful tool to mimic the
twisting and growing movements of the cactus. Furthermore,
the overall shape of the cactus is complex and specific. In
order to create such highly tailored shapes, a number of
advantages are offered by additive manufacturing (AM). AM
or 3D-printing is a digital manufacturing process and can
create highly complex geometries in a layer-by-layer fashion
[11-14]. It is undoubtedly a suitable technique to realize the
complex geometries offered by plants.
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A solid star-shape profile will be 3D-printed and used as a
skeleton to shape the final object to match the geometry of
the cactus. The skeleton material must also be deformable in
order to undergo different kinds of movements. Each outer
groove will be filled up with hydrogels based on the same or
different compositions. By controlling the amount of water
introduced into the polymer network along with the hydro-
gel, cross sections of the object will display similar profiles
comparable with Selenicereus setaceus (Fig. 1b, c). Once
the hydrogels are swollen, the multi-material system can be
deformed (elongate, twist, bend, etc.). Following this, drying
of the hydrogels results in the deformed shape being fixed.
Hydrogels can be swollen again based on different swelling
kinetics, different degree of swelling, or different amounts
of water; the permanent shape can then be recovered in a
stepwise manner (Fig. 1c).



Approaches of combining a 3D-printed elastic structure and a hydrogel to create models for... 627

Method

Gel polymerization was performed according to reference
[15]. PEG-DM was heated to 60 °C. Then, the polymer
containing either vinyl or methacrylate functions (X) and
afterwards 1.5 mol% of 2,2’-azobis(2-methyl-propionitile)
(AIBN) (relative to poly(ethylene glycol) di-methacrylate
(PEG-DM) and X) were added and mixed until a homogene-
ous mixture was obtained (supplement data Table S1). The
hydrogel solution was then poured into a mould. Crosslink-
ing of the gel was performed without stirring at 75 °C for
24 h. Further details of materials and methods can be found
in the Supporting information.

Results and discussion
3D-printing

Skeletons were created using Agilus30 (AG) and TangoB-
lackPlus (TBP) as model materials for the 3D-printer. Both
materials were selected because, according to the datasheet
provided by Stratasys, they have the highest elongation at
break (g,) values [16]. Furthermore, both substances pro-
vide low Tg, 2+2 °Cin case of AG, and — 4+2 °C in case
of TBP (Supporting Information, Fig. S1). In addition, both
substances provide high thermal stability as shown for AG,
which displays a first decrease of mass above 230 °C to
around 50% at 330 °C and a second decrease above 380 °C
to 10% at around 460 °C (Fig. S2).

The major dimensions of the skeleton are length (L),
diameter (D), and width between the centre point and groove
(W) (see Fig. 2a), which defines the star-shape similar to
the cactus. In order to perform moulding of hydrogels, the
skeleton was printed with closed extremities (see Fig. 2b).

As the printed material should be used as a mould for
hydrogel synthesis, the skeleton material was investigated
for its compatibility with hydrogel synthesis conditions.
As shown in Table 1, both AG and TBP were immersed
in various solvents and hydrogel components. It is found
that printed materials swell in organic solvents, for exam-
ple, up to 200 wt% in polar solvents like ethanol and up to
500 wt% in non-polar solvents like chloroform; however,
an influence of temperature (RT or 60 °C) is not observed.
Interestingly, the printed materials exhibit non-swelling
behaviour in water, which, therefore, can be a suitable sol-
vent for hydrogel synthesis. Likewise, printed materials do
not swell in PEG-DM solution, which therefore can be a
potential component of the hydrogel network. A difference
of the swelling ability between the two model materials was
not detected. These tests indicated that the use of organic
solvents for polymer network synthesis should be performed

carefully as mechanical properties of materials are changed
via swelling and could affect the attachment of hydrogels
onto the surface of the skeleton.

Furthermore, to mimic plant movements such as bending,
twisting, and even growing, mechanical properties such as
elastic modulus and elongation must also be understood.
Tensile tests were conducted with respect to printed direc-
tions (X, y, and z) to determine Young’s moduli (Eyy,) and
Epxy,- The E, and Ey values of AG and TBP were around
600 kPa and 500 kPa, respectively, but E, values of both
materials were halved. The &, and ,,, of AG were in accord-
ance with values from Stratasys datasheet. However, ¢, of
AG is 15% lower than ¢, and &,,. The &, and &, of TBP
were lower than values from the provider but €., value was
even lower, i.e. 30% lower (supplement data Table S2).
Therefore, it should be noted that the printed materials have
different mechanical properties depending on 3D-printed
directions.

Hydrogel synthesis and moulding on 3D-printed
skeleton

Several copolymer networks with different compositions
were polymerized by free radical chain polymerization
(FRCP) in presence of PEG-DM as crosslinker and AIBN
as initiator. The NVP, DEG-VE, PEG-M, and PEG-MEM
were used as hydrophilic monomers.

As found in immersion tests, the printed materials swell
in organic solvents. Therefore, bulk polymerization had to be
selected over solution polymerization. Gels based on NVP
and 0.5 mol%, 3 mol%, 30 mol%, or 50 mol% of crosslinker
were obtained (see Fig. 2, panel b). The gel content (G val-
ues, see Supplement data for detail) equalled to 31 +2%,
30+2%, 81 £2%, and 85 + 5%, respectively. Low G values
can be attributed to the low content of the crosslinker result-
ing in free backbone chains, which could be washed away
during the extraction procedure. However, when the gel
solution was moulded onto the skeleton surface, the hydrogel
solution was immediately absorbed by the printed material
(Supplement data Figure S3).

In order to prevent absorption of gel solution, new solu-
tions having higher viscosity were prepared. Increased vis-
cosity was obtained by using monomers with longer side
chains as backbone units. The DEG-VE, PEG-M, and PEG-
MEM polymers were selected since their boiling point (b))
and melting point (7',,) are suitable with reaction conditions
(by pEGVE= 196 °C, by pp > 75 °C, Ty prG-Mem =~ 40 °C).
Gels were successfully synthesized. The detail of the gel's G
values, mass swelling degree, and swelling kinetics are given
in supplement data (Table S3 and Figure S4). However,
again during moulding, the solutions were still absorbed
and filled material pores and interlayer spaces. The absorp-
tion of gel solutions in between layers of the printed objects
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Fig.2 (a) CAD model of

the star-shaped skeleton and S
3D-printed sample. (b) Struc-

tures of synthesized polymer

hydrogel networks; network

containing NVP and PEG-DM

(i), DEG-VE and PEG-DM (ii), f
PEG-ME and PEG-DM (iii), [
PEG-MEM and PEG-DM (iv); \
PEG-DM was a crosslinker.

(¢) Moulding of strategies of
hydrogel solution on 3D-printed
skeleton: pre-polymerization
(1), soaking (2), and successive
mouldings (3). Scale bar: 1 cm
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was confirmed by successful polymerization and swelling of
hydrogel on an elastomer surface.

Lastly, three different alternative strategies were per-
formed in order to mould hydrogels in the 3D-printed skel-
eton: (1) pre-polymerization, (2) soaking, and (3) successive
moulding. At first, it was speculated that pre-polymerization
increases the viscosity of the solution, which should avoid
the diffusion of the oligomers into the 3D-printed skeleton.
Second, the skeleton was immersed in an excess amount
of gel solution, so the printed material reached equilibrium
swelling. The remaining solution would then polymerize
around the skeleton and could be tightly connected to the
skeleton surfaces. This alternative implies that in the three

4 Springer

outer grooves, the same hydrogel can be polymerized only.
Finally, by successive mouldings, in a first step, one groove
would be filled whereas the solution would fill the skele-
ton porosity as well. When this soaked solution has been
polymerized, additionally the hydrogel solution could be
polymerized in the mould provided by one groove. This third
procedure can be repeated with different types of hydrogel
solutions for the two other groves. The third strategy is com-
paratively time consuming compared with the others. As
shown in Fig. 2c, all three strategies: pre-polymerization,
immersion, and successive moulding were successful to fill
the outer grooves with polymerized gels. However, when the
hydrogels were swollen, it could be noted that the hydrogel
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Table 1 Degree of swelling
(Qy priny) and qualitative
description of mechanical
properties of printed AG
and TBP materials at room
temperature (RT) and 60 °C

Swelling solvent/component of ~ Temperature Oy, print (V%) Qualitative description
hydrogel synthesis after immersion
1,2-Dichloroethane RT 4004100 Brittle

1,4-Dioxane RT 4004100 Brittle

Chloroform RT 500+ 100 Brittle

NVP RT 400+ 100 Brittle

Ethanol RT 200+ 100 Brittle

Water RT - Surface bleaching, ductile
PEG-DM RT - Ductile
1,2-Dichloroethane 60 °C 500+ 100 Brittle

1,4-Dioxane 60 °C 450+ 100 Brittle

NVP 60 °C 400+ 100 Brittle

Ethanol 60 °C 200+ 100 Brittle

Water 60 °C - Surface bleaching, ductile
PEG-DM 60 °C - Ductile

lost connection to the 3D-printed structure, which can be
attributed to a mismatch between the elastic properties of the
soft hydrogel and the stiff 3D-printed scaffold. Therefore,
further optimizations and investigations of compatibility
between hydrogel and printed materials are essential for the
successful development of cactus-inspired multi-materials
systems.

Conclusions

AM was used to print a skeleton with the star-like shape
of the cactus. The skeleton was expected to be covered by
hydrogels. However, it was observed that the moulding of
hydrogels onto the skeleton surface was rather challenging.
One of the possible reasons was related to the printing pro-
cess, the skeleton exhibited different mechanical properties
along the z-axis compared to the x-axis and y-axis. This
variation was related to the different crosslinking density of
the printed materials. Thus, the hydrogel solution was more
likely to be absorbed by the printed material in between the
layers. On the other hand, compatibility of the two different
materials also plays a vital role to attach hydrogel to the
skeleton, and therefore, studying the chemical properties
of the printed materials or the surface modification of the
printed skeleton is necessary.

Alternative moulding strategies as attempted here such as
pre-polymerization could be used to overcome the absorp-
tion issue. Moreover, it was observed that the printed mate-
rial did not swell in water. Therefore, polymerization in
water-based systems could be a potential alternative. The
synthesis should be adapted with hydrogel components
(monomer, crosslinker, and initiator) that are water soluble.
The functions of the cactus-inspired technical system are
reported in our study [17].

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1557/s43580-021-00081-6.
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