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Abstract

Significant progress in fabricating new multifunctional soft materials and the advances of additive manufacturing
technologies have given birth to a new generation of soft robots with complex capabilities, such as crawling,
swimming, jumping, gripping, and releasing. Within this vast array of responsive soft materials, hydrogels receive
considerable attention due to their fascinating properties, including biodegradable, self-healing, stimuli-responsive,
and large volume transformation. Konjac glucomannan (KGM) is an edible polysaccharide that forms a pH-
responsive, self-healing hydrogel when crosslinked with borax, and it is the focus of this study. A novel KGM-Borax
ink for three-dimensional (3D) printing of free-form structures and soft robots at room temperature is presented. A
complete process from ink preparation to the fabrication of a completely cross-linked part is demonstrated. Print
setting parameters, rheological properties of the ink and crosslinked gels were characterized. Print quality was found to
be consistent across a wide range of print settings. The minimum line width achieved is 650 lm. Tensile testing was
carried out to validate the self-healing capability of the KGM-Borax gel. Results show that KGM-Borax has a high
self-healing efficiency of 98%. Self-healing underwater was also demonstrated, a rarity for crosslinked gels. The
means to form complex structures via 3D printing, reacting to environmental stimuli and the resilience against
damage, make this new KGM-Borax gel a promising candidate for the fabrication of the next generation of soft robots.
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Introduction

Soft materials are inspiring the next generation of intel-
ligent and versatile devices.1 These soft robots are able to
adapt and react to challenges in their operating environments;
for instance, exploration in confined spaces or locomotion on
uneven terrain. The choice of material is an important factor
when designing soft robots for various applications.2 Silicone
elastomers, urethanes, and foams are typically used in the
construction of soft robots. However, these materials are
generally not responsive to environmental stimuli or envi-
ronmentally friendly. As such, hydrogels have been proposed
as promising alternative materials3 due to their attractive
properties. They are capable of maintaining their structure
while holding or expelling large quantities of water, many
times the mass of the substance itself.4 They are capable of

physically and chemically reacting to external stimuli, such
as heat, electric fields, magnetic fields, pH, ionic concentra-
tion and light intensity, and, in some cases, combinations of
what have been cited earlier.5 Depending on the composition,
hydrogels are also biocompatible and can degrade benignly at
the end of their life. There is also the possibility of fabricating
edible robots.6,7

Polysaccharides are one class of hydrogels with great
potential as a material for soft robots. These are commonly
derived from biological sources—from animals (chitin,
chitosan), from plants (pectin, galactomannan, gluco-
mannan), from algae (alginate, carrageenan, agarose), or
from microbes (xanthan, gellan).8 Consequently, they are
typically biodegradable, and they are considered to be
nontoxic and biocompatible.9 Gels of this type have been
studied for a wide variety of applications: as biomaterials in
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tissue engineering,10,11 for the transport and controlled re-
lease of drugs,12,13 as rheology modifiers in cosmetics, and
as food additives.

Konjac glucomannan (KGM), a polysaccharide, is derived
from the corms of Amorphophallus konjac and it consists of
b-1-4 linked d-glucose and d-mannose in a molar ratio of
1:1.6.14,15 Like many polysaccharides, konjac has a history
of use as a foodstuff, in particular in the Levant (using an
analogue derived from the salep orchard16) or as konnyaku
noodles or jelly in East Asian cuisine. The customary method
of preparation of konjac gel is to induce gelation through
heating an aqueous KGM solution in the presence of an al-
kali. Glucomannan chains contain randomly scattered acetyl
groups that are removed on addition of the alkali. Heating
causes aggregation of the chains due to hydrogen bonding
and hydrophobic interactions.17–19 Unlike other gels held
together by hydrogen bonding (such as gelatine), these chains
will not disentangle on reheating, and so the gellation of
KGM prepared in this manner is thermo-irreversible. This
makes the freeform fabrication and three-dimensional (3D)
printing of alkali-based KGM challenging, since the gel
cannot be shaped once it is set.

An alternative means of gellation of konjac is through the
addition of the crosslinking agent sodium tetraborate (bo-
rax).20 This is the basis for the ink presented in this article
(Fig. 1 demonstrates printing with this ink). Borax, in aque-
ous solution, exists as equal parts of boric acid and tetra-
hydroxyborate ion [Eq. (1)].

B4O2�
7 þ 7H2O Ð 2H3BO3þ 2B OHð Þ�4 : (1)

The tetrahedral borate ion interacts with the cis-hydroxy
groups on mannose to form a crosslink (Fig. 2). This manner of
crosslinking gives the KGM-Borax gel unique properties. First,
the equilibrium represented in Equation (1) can be altered by the
addition of an acid or an alkali.21 Consequently, the crosslinked
KGM-Borax gel is responsive to changes in pH, with alkaline
conditions producing a mechanically stronger gel.

Second, in the presence of free borate ions, the KGM-
Borax gel also exhibits self-healing, while remaining stiff
enough to maintain its form.21 Several approaches have been
proposed to realize polymers that repair themselves, among
which the popular ones are dynamic covalent bonds22,23 and
reversible chemical reactions.24,25 The latter has been em-
ployed in the context of soft robotics. The advantage of the
KGM-Borax gel is that the healing is autonomous, requiring
no external stimulus, and the participating ions are intrinsic to
the gel. Sensitivity to pH and the ability to self-heal make this
a particularly important material for future gel-based robots.

A common method to fabricate soft robots is by casting a
soft material into a carefully designed mold. This manner of
fabrication is low cost, well characterized, and offers a low
barrier to entry. As such, many biocompatible, high tensile
strength hydrogels reported in literature use casting as a main
fabrication method to form shapes.26–29 However, molding
can be challenging when it comes to manufacturing complex
internal structures as parts can be easily damaged during the
removal process. Although this could be mitigated through
the self-healing process, it often requires external stimulus
and could impact the mechanical properties of the materials.
In addition, it would add a layer of complexity into the fab-
rication process. In contrast, 3D free-form fabrication of soft
robots has the potential to unlock many new opportunities.30

Using additive manufacturing, it is possible to fabricate
complex geometries that incorporate multiple functions such
as sensing and actuation into the mechanical structure.31

Unfortunately, most of the high tensile strength hydrogels
mentioned earlier are not compatible with 3D printing due to
their high viscosity and low shear thinning properties.29

Hydrogels are commonly used as inks in printing scaffolds
for cell culture.32 However, printing large 3D structures with
these gels is challenging due to their inability to support their
own weight. To overcome this, a support gel can be used.33

Yet, other challenges, such as precise control of temperature
in the case of gelatine-based gels, remain unaddressed. In this
context, the KGM-Borax gel presented in this article is an

FIG. 1. Demonstration of printing and self-healing with KGM-Borax ink. (a) A 3D printed upright star shape with KGM-
Borax ink and Ultrez support. The ink has been mixed with a fluorescent dye for visualization. (b) Washing the printed
structure in salt water. The star is clearly visible in the presence of UV light. (c) The star after the support structure has been
washed away. (d) A cut is made to split the star into two parts. (e) When the cut surfaces are brought together, the material
heals and the star shape is regained. (f–i) Demonstration of healing under water. (f) Two separated KGM-Borax samples,
indicated by arrows, submerged under water before healing. (g) The healed sample after 5 min of contact. (h) Healed
sample at rest, before stretching. (i) Healed sample as it is being stretched. Scale bar = 1 cm. KGM, konjac glucomannan.
Color images are available online.
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attractive choice for 3D printing because the entire fabrica-
tion process takes place at room temperature. Aqueous KGM
solutions have recently been deposited by bio-printing,34

whereas borax crosslinked KGM has only been used in
casting. The ability to print with the gel allows the fabrication
of intricate geometries that are not realizable with other forms
of fabrication. Further, since the KGM-Borax gel is respon-
sive to an external stimulus, the geometry and function of a
printed part can be altered to suit a desired function after it
has been fabricated, enabling 4D printing.35

In this article, we show a novel method of printing with
borax-crosslinked KGM gels. Our work is the first demon-
stration of printing and curing using a KGM-Borax gel. We
also provide a rheological characterization of the printable ink
and the resultant crosslinked gel. We also determine the most
appropriate printing parameters. In addition, we investigated
the self-healing property of KGM-Borax gels, which occurs
without requiring an external stimulus. We present the results
of tensile testing to demonstrate the robustness of the gel after it
has been damaged and repaired. We present the entire process
of preparing a printable ink, fabricating free form structures by
using additive manufacturing, curing the printed structure,
washing the support material to extract the part, and self-
healing of the structure on infliction of damage. We also
demonstrate a novel feature of the KGM-Borax gel, which is
the self-healing of the gel when it is completely submerged
in water. This behavior is demonstrated, for the first time, in
this article.

Materials and Methods

Ink preparation

KGM was purchased as konjac gum powder from Special
Ingredients Ltd., Chesterfield, United Kingdom. Borax (so-
dium tetraborate decahydrate American Chemical Society
reagent >99.5%, S9640) was purchased from Sigma Aldrich.
Five hundred milligrams of KGM powder was gradually
dissolved in 50 mL of deionized water at room temperature.
The mixture was continuously agitated by using an overhead
stirrer (50006-03; Cole Parmer) at 1000 rpm for 30 min. The
mixture was then allowed to rest for 16 h to ensure thorough
wetting of solute particles. Borax was dissolved in deionized
water to make 11.8 mM solutions. Before printing, 3 mL of
11.8 mM borax solution was added to the prepared KGM
solution. The addition of borax partially crosslinked the

KGM. It was then mixed in a dual-axis planetary mixer
(ARE250; Thinky) for 5 min at 2000 rpm. This partially
crosslinked gel was used as the ink for 3D printing as soon as
it was prepared.

Support gel preparation

To print complex 3D shapes with overhangs, a support
structure is required. This was realized by using a support gel
made of high-molecular-weight polyacrylic acid. Carbopol
Ultrez 10 NF was obtained in powder form from Lubrizol.
Sodium hydroxide was purchased from Fisher Scientific
(15678110). Four grams of Ultrez was dispersed in 400 mL
deionized water by stirring to form a solution. Eight molar
sodium hydroxide was added to neutralize the pH, which
immediately resulted in the formation of a gel. This gel was
prepared in bulk and stored in air-tight containers at room
temperature. Just before printing, the gel was transferred to a
smaller container of 30 mL volume, and it was spun in a
planetary mixer at 2000 rpm for 10 s to remove air bubbles.

Printing protocol

A bioprinter (Bio-X; Cellink) was used to print the ink.
Partially crosslinked KGM-Borax ink, prepared as described
in the Ink Preparation section, was loaded into 3 mL syringes.
A regulated positive pressure was used to drive the ink
through a nozzle. A secondary syringe was loaded in a similar
manner with Ultrez (prepared as in the Support Gel Pre-
paration section) and used to deposit the support gel.

Printing was carried out at ambient temperature (20�C)
with the syringes and the print-bed maintained at this tem-
perature. Glass was used as a substrate for printing. After
printing, a two-step process was followed to produce a
crosslinked structure free of support material:

1. The print (including support material) was removed
from the substrate and immersed in a container of
200 mL 94 mM borax solution. The excess of borate
ions ensured thorough crosslinking of the KGM chains
and cured the ink.

2. The support structure was removed by gently agitat-
ing the print in a 3 wt% aqueous solution of sodium
chloride (obtained as a powder from Honeywell
Fluka; 71382). Ultrez disassociated in the presence of
the salt and was easily washed off, leaving the fin-
ished KGM print.

FIG. 2. (Left) A pair of KGM chains, each with d-mannose and d-glucose linked through a b-1-4 glycosidic bond. (Right)
KGM chains cross-linked through the borate ion.
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Print parameter characterization

The controllable parameters for a KGM-Borax gel print
are the pressure applied, the speed at which the print-head
moves, and the diameter of the nozzle. With the aim of
achieving a detailed print, the minimum workable nozzle
diameter was first established. A syringe nozzle of diameter
0.41 mm (22 gauge) and length 32 mm was the smallest size
through which the ink could consistently flow. To determine
the optimum printer parameters for this nozzle, a series of
tests was performed by printing zig-zag lines on a glass
substrate with varying values of pressure and speed. In each
case, the width of the printed line was measured before curing
at five positions under a microscope (Hirox KH-7700, Japan).
The distance between the tip of the nozzle and the print-bed,
that is, the layer height, was maintained at 0.4 mm.

Rheological characterization

Rheological characterization of our KGM-Borax printable
gel material was carried out by using a rotational rheometer
(TA Instruments Discovery HR-30). Two materials were
studied: the ink used for printing and the crosslinked gel.

For the ink, the mixture was prepared as described in the
Ink Preparation section. As the ink was a medium viscosity
liquid, a cone-plate geometry was used, with a cone angle of
4� and a plate diameter of 40 mm. Ink was loaded onto the
plate by using a syringe, the cone was lowered to its trun-
cation gap, and excess ink was removed.

For the crosslinked gel, samples were printed without
support as 40 mm diameter, 1mm-thick disks by using the
prepared ink with a nozzle of 0.4 mm diameter and a recti-
linear infill of 100% density. The disks were cured after
printing with a 94 mM borax solution. They were used within
24 h of their preparation. As the crosslinked gel is a soft solid,
samples were tested by using a 40 mm diameter Peltier plate
with parallel geometry. The samples were carefully placed
onto the surface of the lower plate, and the upper flat plate
was lowered until a force was detected.

For both materials, the linear viscoelastic (LVE) region was
first determined by using an amplitude sweep of the rotational
strain at a frequency of 63 rad/s with deformation ranging from
0.5% to 500%. Frequency sweeps were then performed on
fresh samples within the LVE with a fixed oscillation strain of
1% and frequency ranging between 0.4 and 100 rad/s.

In all cases, the temperature was controlled at 20�C. Before
testing, samples were left for 1 min to reach mechanical and
thermal equilibrium. Each study was repeated with a new
material sample three times.

Tensile test

Tensile testing was performed to characterize the self-
healing ability of the fully cured gel. Cast test specimens for
measuring the peak load and elongation at break were pre-
pared in a manner similar to that followed in making the ink
for printing (the Ink Preparation section) up to the addition of
borax. A higher-concentration solution of 94 mM borax was
then used to crosslink the gel. Three milliliters of borax so-
lution was used for every 50 mL of ink. On mixing of the
borax, the gel was immediately cast into cylindrical con-
tainers (radius 5 mm, length 65 mm) and left to set for 24 h to
ensure complete crosslinking had occurred.

Samples for investigating the mechanical anisotropy in
printed specimens were prepared as in the Printing Protocol
section. To produce a grain in the piece, the cylindrical
specimens (radius 5 mm, length 65 mm) were sliced with
an aligned rectilinear infill at 100% density with the di-
rection of extrusion for each layer orthogonal to the axis of
the cylinder. These samples were left for 24 h between
printing and testing.

Tensile tests were performed by using a universal testing
machine (Instron 3343 with 1 kN load cell). A gauge length of
35 mm and a test speed of 100 mm/min were used. The
samples had an initial diameter of 5 mm. The samples were
loaded by hand between parallel grips, the faces of which
were tightened until the gel was held firm.

Samples for self-healing experiments were prepared
identically to the cast samples above. They were cut in half
and the exposed surfaces were placed next to each other
with no external load. Points were marked on either side of
the join to show its position. Samples were left to heal for 5,
30, or 60 min, respectively. During this resting time, no
external force was applied to the ends. After resting, these
samples were tested under tension as described earlier. The
tensile test results were post-processed by using MATLAB
2018a and the moving median technique to filter out unde-
sirable noise.

Results

Rheological characterization

The result of the rheological examination can be seen in
Figure 3. It can be seen from Figure 3b that with increasing
frequency, the storage modulus (G¢) and the loss modulus
(G¢¢) gradually increase. Since G¢ is higher than G¢¢ across
the full frequency range, the elastic behavior of the ma-
terials predominates over its viscous behavior. In addi-
tion, with increasing frequency, that is, low relaxation
time, sample flexibility is diminished and they become
increasingly rigid. The error of the test method was less
than 8%.

Printing

The results of experiments to determine print quality for
various printing parameters are shown in Figure 4. The width
of the printed track varies as a function of print speed and
extrusion pressure for a given nozzle size. For instance, the
minimum line width of 650 lm was achieved at 40 kPa and
60 mm/s and the maximum line width of 5700 lm was
measured at 100 kPa and 10 mm/s. At constant pressure, a
decrease in width was observed on increasing print speed.
At a set print speed, higher pressures resulted in wider
print tracks. The mean standard deviation in width across
all pressures was measured to be 4%, 5%, and 6.5% of the
average track width at 40, 50, and 60 mm/s speeds, re-
spectively. This provides important information for 3D
fabrication.

Tensile characterization

Results from the tensile testing can be seen in Figure 5. To
characterize the self-healing capability of the gel, an approach
similar to that of López-Dı́az et al.36 was followed. Two pa-
rameters are considered: maximum load before failure (LF) of
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the gel and the load at 50% extension (LF50%). The healing
efficiency (g) for each of these parameters is the ratio of the
value measured for the healed gel versus that of the virgin
gel. Therefore, for the load at failure, healing efficiency,

gLF ¼
LFHealed

LFVirgin

: (2)

The mean value of LFHealed was 39.5 mN and the mean
value of LFVirginwas 188.2 mN, giving gLF = 21%. This can
be seen in Figure 5a. The load at failure of the virgin speci-
mens is roughly five times that of the healed specimens.

In a similar manner, for the load at 50% extension, healing
efficiency,

gLE ¼
LE50%, Healed

LE50%, Virgin

, (3)

The mean value of LE50%, Healed was 20.6 mN and the
mean value of LE50%, Virgin was 21 mN, giving gLE = 98%, a
high healing efficiency (see Fig. 5 inset).

Discussion

Evaluation of print quality showed that the KGM-Borax
ink remains printable at pressures as low as 40 kPa and speeds
from 10 up to 90 mm/s. At higher speeds and lower pressures,
the print fails. This was due to insufficient flow of the ma-
terial and poor adhesion of the extrudate to the print bed. At
higher pressures and lower speeds, the width of the track was
more than 13 times larger than the diameter of the nozzle. The
smallest average printed gel track width was 0.78 mm, and it
was attained at a speed of 40 mm/s and pressure of 40 kPa.
Extrapolating from the optimization study presented for
alginate-gelatine gels in Ref.,37 the KGM-Borax ink prints at
a finer resolution (0.78 mm vs. 1.13 mm) even with a larger
nozzle (0.41 mm vs. 0.26 mm) while requiring less extrusion
pressure (40 kPa vs. 100 kPa).

The KGM-Borax was designed to be of a low enough
viscosity to extrude through small nozzles. This was achieved
by partial crosslinking. Printed structures, therefore, required
further curing with a solution of higher borax concentration
to stabilize the structure. The abundance of borate ions in the
curing solution facilitates high crosslinking of the polysac-
charide chains, resulting in more rigid structures. The high

FIG. 3. (a) Storage and loss moduli of the KGM-Borax ink as a function of amplitude of the rotational strain at a
frequency of 63 rad/s. (b) Storage and loss moduli of the KGM-Borax ink (11 mM Borax) and fully cured KGM gel
(94 mM Borax) as a function of frequency, with a fixed oscillation strain of 1% and within the LVE region. LVE, linear
viscoelastic. Color images are available online.
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FIG. 4. (a) A schematic showing the preparation of the KGM-Borax ink, printing with it, post-curing and washing away
the support. (b) Optimization of printing parameters by printing zig-zag lines with various parameters. One of the samples at
40 kPa pressure and speeds of 10–50 mm/s. Scale bar = 1 mm. (c) Mean and standard deviation of print width measured at
five locations for various printing parameters. Color images are available online.
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concentration of the borax solution and the long (24 h) curing
time ensure that the low-volume (<10 mL) samples cure
fully, and therefore the degree and rate of curing were not
considered for this investigation. For larger samples, it is
expected that accounting for these will be necessary, as KGM
at the core of the sample will remain uncured until the
borax diffuses to it, and there will be a stiffness gradient
corresponding to the degree of curing. The temperature of
the sample while curing may also have an effect. It is
anticipated that temperatures above room temperature will
reduce curing time, but at the cost of lowering the quality
of the print due to the decreased viscosity of both the
support gel and KGM ink.

The gel presented here is soft and can autonomously
self-heal. Other biocompatible gels in the literature offer
higher tensile strengths26 but do not self-heal autonomously.
Previous work38 suggests that modification of the gel by the
addition of microfibrillated cellulose can improve gel
strength while retaining the other properties. Alternative
nanofillers, in particular nanoclay, have also been shown to
improve the tensile strength of KGM gels, although these
were not crosslinked with borax.39

There is also potential for improving the characteristics of
the gel through blending with other polysaccharides. In-
termixing with xanthan has been shown to significantly
increase the strength of thermally gelled KGM,40 and ex-
perimentation with KGM-Guar-Borax blends within our lab
has shown initial results of qualitatively stronger gels that
retain the autonomous self-healing and pH responsivity of
KGM-Borax.

A range of 3D KGM-borax structures were printed. A
polyacrylic acid-based support ink was used to maintain the
3D structure of the KGM-Borax ink while printing. This
support material showed no noticeable change in properties
in the presence of the borax curing agent and is easily re-
moved by NaCl solution. The support material was extruded
from a second nozzle at the same time as the ink. Figure 1a–e
shows a 3D star as printed in its upright position with support
material. The support gel holds the structure intact until it is
subsequently cured in a concentrated borax solution. When
cut and placed next to each other without additional force, the
samples were able to repair the damage (Fig. 1e). The 3D
printed parts retain the ability to mechanically heal and regain
mechanical strength.

The tensile tests demonstrated an increase in stiffness but a
retention of maximum load at failure of printed samples over
cast samples where the grain was perpendicular to the axis of
loading (Fig. 5a). This is similar to the behaviour seen in other
filament-extruded materials. Variations to the fabrication
protocol—such as the addition of a relaxation period between
printing and full crosslinking—may allow tuning of this effect.

An alternative approach to achieving complex 3D struc-
tures is to print the ink directly into a container filled with
polyacrylic acid support material.33,41 However, this method
requires long preparation time as air bubbles need to be re-
moved from the gel to ensure high-quality printing. Another
problem is that the support gel inhibits the permeation of
borax solution at the post-curing stage. This leads to the
printed parts being incompletely crosslinked and easily
damaged during the extraction process. The last drawback is
that the maximum height of the printed structures is limited to
the length of the nozzle. In contrast, printing support gel

simultaneously with the KGM-Borax ink requires signifi-
cantly less preparation time and quantity of support material.
We also observed that this method allowed the borax solution
to permeate through the support material during post-curing.
This ensures the printed parts are fully cross-linked. Another
advantage is that it allows the printing of taller structures
while using nozzles of a shorter length.

The Carbopol Ultrez support as currently used is neutral in
pH and has no effect on the surface of the KGM-Borax print.
However, it retains the gelation and shear-thinning proper-
ties, which make it an effective support material even when
excess sodium hydroxide is added. There is, therefore, po-
tential for stiffening of the KGM-Borax gel due to an in-
creased pH if an alkali support was used.

The KGM-Borax gel presented here is made with readily
available materials and does not require a carefully controlled
temperature profile to manufacture. Since it only requires
mixing of the reagents at ambient temperatures, it is easier to
manufacture, in contrast to other polysaccharide gels, which,
for example, require thermal gelling with an alkali.

The KGM-Borax gel is a pH-responsive material. This is
due to the shifting of the borate ion equilibrium described in
Equation (1). A decrease in pH favors the dissociation of ions
from the polysaccharide chains and results in a weakening
of the gel. An increase in pH has the opposite effect, stabi-
lizing the tetrahedral structure of the borate ions and
strengthening the gel. Song et al.21 consider the rheological
properties of a similar KGM-Borax gel at both pH 2 and pH
10. They demonstrate an increase in shear storage modulus
within the LVE region on the order of 15 · when transitioning
from acidic to alkali conditions. This property can be
exploited to design programmable, task-specific, and re-
sponsive soft robots that react to environmental changes.

Self-healing polymers have been used in the context of soft
robotics.24,25 Typically, polymer networks are crosslinked
with a thermoreversible Diels-Alder reaction. A recent study
investigated 3D printing with these gels.42 An external
stimulus, in the form of heat, is required to trigger the process
of healing. In contrast, the printable KGM-Borax gel pre-
sented here does not require an external stimulus to initiate
healing. The borate ion, which contributes to the healing, is
intrinsic to the gel. Another intrinsic and autonomous self-
healing material has been presented where polyborosiloxane
was used to repair damage.43 Dynamic bonds between boron
and oxygen in the polyborosiloxane networks contribute to-
ward healing. Polyborosiloxane is not prone to deterioration
such as evaporation of the solvent, which is common in the
case of hydrogels. However, natural degradation of the gel
may be a desirable property in applications, including envi-
ronmental monitoring and remediation, that employ large
numbers of micro- or nano-robots. A timed, benign decay of
the gel would eliminate postoperative cleanup and additional
pollution of the environment. Further study is required to
quantify the biodegradability of the KGM-Borax gel.

A further feature of the printable KGM gel is its ability to
heal under water (Fig. 1j–m). Cylindrical samples, made in a
manner similar to those used in the tensile tests, were cut in
half and brought together when completely submerged in
water. The samples healed within 5 min. Under tension, they
were able to withstand stretching in excess of twice the initial
length (Fig. 1m). This is the first demonstration of underwater
healing in KGM-Borax gels. This ability is highly desirable
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in robots operating in aquatic settings. The healing efficiency
under water will be further studied in future work.

The 3D printable polysaccharide gels are a potential route
to edible, functional structures and soft robots. The edibility
of KGM gels depends on the crosslinker used. Although
KGM itself is edible, the presence of borax makes it unsafe
for ingestion in large quantities. Though not toxic in minute
quantities, any potentially detrimental effects of borax on
humans and the environment can be avoided by using alter-
native crosslinkers or incorporating KGM into other gels
such as Xanthan gum and Carrageenan.44

Conclusion

We have presented a new borax-crosslinked KGM-Borax
gel ink for additive manufacturing. Results show a consistent
print quality at a wide range of print speeds and pressures,
with a mean standard deviation of 70 lm. The end-to-end
process of preparing the ink, printing with it, curing it, and
washing away support material was demonstrated (Fig. 4a).
The ink is of a suitable viscosity to print complex 3D struc-
tures, while being supported by a polyacrylic acid-based
support gel. Successful curing with 94 mM borax solution

FIG. 5. (a) Load-extension profiles of crosslinked KGM-borax samples as prepared and after healing. (b–e) A self-healed
sample being stretched to break. (b) Sample before test, at a rest length of 35 mm. Arrows indicate the position of the seam
where the sample was cut and healed. (c) Sample at an intermediate extension. (d) A crack appears in the material at the
location indicated by the arrow. (e) Snapshot of the sample before breaking. Color images are available online.
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and extraction of a cleaned part from a sodium chloride solution
was demonstrated (Fig. 1b, c). Subsequent recovery from
damage was also shown (Fig. 1d, e). Characterization of the
rheology of the cured part confirmed that it is a crosslinked gel.

We demonstrated the self-healing of KGM-Borax printed
gels. We characterized the ability to recover mechanical
strength after being damaged and healed by conducting ten-
sion tests. Our experiments revealed that at an extension of
50%, the mechanical strength of a damaged-and-healed
sample is minimally different from that of an undamaged one
(98% healing efficiency). This ability to repair is retained in
the printed parts, as is shown in the healing of the star shape
(Fig. 1d, e). We also demonstrated, for the first time, healing
of the KGM-Borax gel under water. The tested sample was
able to heal within 5 min and stretch in excess of twice its
body length (Figs. 1l, m).

In conclusion, the new 3D printable KGM-Borax gel
shows promise as a gel for fabricating soft robots due to its
preparation with readily available materials, the ease of
printing and curing, the responsiveness to stimuli, and the
ability to autonomously repair after mechanical damage.
Future work will investigate edibility, toxicity, and biode-
gradability of the printed konjac gels, as well as the viability
of scaling the printing process to accommodate larger prints.
A further avenue of investigation is how the characteristics of
KGM-Borax can be tuned by blending the KGM with other
polysaccharides.
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