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ORIGINAL ARTICLE

Additive Manufacturing for Self-Healing Soft Robots

Ellen Roels,1–3 Seppe Terryn,1–3 Joost Brancart,3 Robrecht Verhelle,3

Guy Van Assche,3 and Bram Vanderborght1,2

Abstract

The field of self-healing soft robots was initiated a few years ago. A healing ability can be integrated in soft robots
by manufacturing their soft membranes out of synthetic self-healing polymers, more specifically elastomeric
Diels–Alder (DA) networks. As such they can recover completely from macroscopic damage, including scratches,
cuts, and ruptures. Before this research, these robots were manufactured using a technique named ‘‘shaping-
through-folding-and-self-healing.’’ This technique requires extensive manual labor, is relatively slow, and does not
allow for complex shapes. In this article, an additive manufacturing methodology, fused filament fabrication, is
developed for the thermoreversible DA polymers, and the approach is validated on a soft robotic gripper. The
reversibility of their network permits manufacturing these flexible self-healing polymers through reactive printing
into the complex shapes required in soft robotics. The degree of freedom in the design of soft robotics that this new
manufacturing technique offers is illustrated through the construction of adaptive DHAS gripper fingers, based on
the design by FESTO. Being constructed out of self-healing soft flexible polymer, the fingers can recover entirely
from large cuts, tears, and punctures. This is highlighted through various damage–heal cycles.

Keywords: additive manufacturing, fused filament fabrication, soft robot materials and manufacturing, self-healing
materials, Diels–Alder polymers

Objective

Using nature as a source of inspiration, soft robotics is
a fast advancing research field.1 Soft actuators are

manufactured from a wide range of flexible materials, such as
polymers, for example, elastomers2,3 or fabrics,4 and com-
posites.5 Their inherent compliance allows for safe interac-
tion with their environment,6 which potentially can include
humans.7 The soft actuators these robotic systems consist of
are often based on inflatable or hydraulic voids,8 or actuated
by tendons connected to an electric motor.2,9

Although their compliance protects them from shocks,6

the flexibility and softness of these robotic parts have a
major drawback: they are more prone to tearing, piercing,
and other forms of damage, besides the usual wear and fa-
tigue. This occurs when handling sharp objects or while
operating in a dynamic unpredictable environment con-
taining sharp or pointy items. Amend et al. state that their
commercial jamming gripper (Versaball) has its lifetime
reduced from 50,000 to 5000 grips in these situations.10 In
pneumatically actuated parts, leaks can result from applying

extensive overpressure on the inner chamber of the soft
pneumatic actuator. If the leak is limited in size, this dam-
age does not lead to the full failure of the actuator; however,
it results in a loss in efficiency, a loss in maximum force
output, and affects the actuator dynamics or performances.

To prevent damage in soft robots, the current trend is to
overdimension their components, which results in heavier
and larger designs, which are more expensive and less energy
efficient.11

An alternative solution for the susceptibility of these
soft devices is to construct them from synthetic self-
healing polymers. These reversible polymer networks
employ healing mechanisms based on different chemis-
tries, such as physicochemical bonds, such as hydrogen
bonds12,13 or reversible covalent bonds, such as those
formed in the Diels–Alder (DA) reaction.14,15 In prior
study, the authors developed the first demonstrators of self-
healing soft robotics, including soft grippers, soft hands,
and artificial muscles.16,17 These actuators have shown a
recovery of up to 98%16 after severe damage, leaving no
weak spots.

1Robotics and Multibody Mechanics (R&MM), Vrije Universiteit Brussel, Brussels, Belgium.
2Flanders Make, Brussels, Belgium.
3Physical Chemistry and Polymer Science (FYSC), Vrije Universiteit Brussel, Brussels, Belgium.
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The self-healing polymer networks used are cross-linked
by thermoreversible DA bonds.18 The healing of these net-
works is intrinsic and is accelerated by mild heating (<90�C)
to trigger and continue the healing process. Recent research
has proved that through tuning of the material properties
during synthesis, DA cross-linked networks can be developed
that allow healing at room temperature.19 In addition, mul-
tiple synthesis design parameters allow tuning the mechani-
cal and processing properties of DA networks.16 Brittle
glassy self-healing thermoset networks can be synthesized as
well as hyperflexible elastomers with high fracture strains.
Although having dissimilar mechanical properties, these
different materials can chemically bind at the interface
through a heat–cool cycle, resulting in a very strong con-
nection.20

The self-healing soft actuators were developed through a
new technique, referred to as ‘‘shaping-through-folding-and-
self-healing.’’21 Finding inspiration in origami, this method
exploits the healing ability in the manufacturing phase.
Polygon structures are formed by consecutively folding and
merging sheets through mild heat cycles. This technique
permits combining multiple self-healing DA materials, with
contrasting mechanical properties, in a single component.20

However, when the complexity of the component is in-
creased, extensive manual labor is required and the process
becomes time consuming.

In general, soft robots are manufactured by lithogra-
phy22 and molding, including compression molding,23 and
casting.20,24 Only recently, flexible materials for additive
manufacturing (e.g., NinjaFlex, FilaFlex, and Cheetah) are
being commercialized. These allow using selective laser
sintering,25 stereolithography,26 direct ink writing,27,28 or
fused filament fabrication (FFF)29,30 (also known under the
trademarked name ‘‘fused deposition modeling’’) for the
construction of soft robotic components.

Recently, first reports of the additive manufacturing of
reversible polymer networks have appeared in the litera-
ture.31 In 2017, Yang et al. published a feasibility study on
the printing of a reversible DA polymer network using a
syringe extrusion method, starting from a hot polymer liq-
uid.32 In 2019, Yu et al. reported a stereolithography method
to print a photocurable acrylate.33 Although the latter tech-
nique does not utilize the reversibility or self-healing prop-
erty of the material, the final printed material does possess
self-healing properties by means of disulfide bonds.

In this article, a novel additive manufacturing procedure
based on filament extrusion is developed for a self-healing
elastomer, exploiting the thermoreversibility of the network
formation. The article continues with the Materials and
Methods section, in which a detailed description on the
monomer materials used to synthesize the DA networks is
given, followed by a brief introduction in the reaction ki-
netics of the DA reaction and on the analysis methods used.

The Material Properties section gives in detail about the
extrusion and printing conditions, combined with a thorough
characterization of the material.

The Results section describes how this self-healing elas-
tomer is extruded into filament and printed using FFF. In A
3D-Printed Self-Healing Soft Actuator section, these new
developments are used to manufacture a soft gripper designed
by FESTO, for which both the picking and healing abilities of
this gripper are validated.

Materials and Methods

Materials

The self-healing materials used in this study are revers-
ible polymer networks, the concept of which is illustrated in
Figure 1. The network is formed using two building blocks:
furan-functionalized Jeffamines (FGE-JT5000) are revers-
ibly cross-linked by 1,1¢-(methylenedi-4,1-phenylene)bisma-
leimide (DPBM), respectively, colored as orange and blue in
Figure 1. The DA reaction between a furan and a maleimide
group is a reversible cycloaddition reaction, combining the
forward bond-forming reaction and the reverse bond-breaking
retro DA reaction, as shown in Figure 2a.

To synthesize the material, furfuryl glycidyl ether (FGE)
(Fig. 2c) reacts first irreversibly with a Jeffamine (Fig. 2b). This
furan-functionalized Jeffamine is afterward mixed with DPBM
in a stoichiometric ratio between maleimide and furan, and
subsequently dissolved in chloroform (20 wt%). Hydroquinone
(Fig. 2e) is added as a radical inhibitor to prevent irreversible side
reactions (Michael addition, maleimide homopolimerization).16

The detailed synthesis steps are described by Scheltjens et al.18

Although the separate monomers used for the synthesis of these
materials are known to cause issues such as skin and eye irrita-
tion, almost all functional groups that account for this possible
toxicity are bonded in the postgel state. Therefore, there are no
small molecules to which a user is exposed during normal usage
that can lead to harmful effects.

Traditionally, polymer network materials (e.g., epoxy–
amine systems or vulcanized rubbers) are irreversibly cross-
linked. In contrast to linear or branched thermoplastics, these
materials cannot be reprocessed as the permanent network
prevents flow at higher temperatures. The DA polymers studied
in this work are reversibly cross-linked, meaning they have a
reversible gel transition that happens at the gel temperature
(Tgel) (Fig. 1). When kept at temperatures <Tgel, the material
forms a single network molecule and the molecular weight
shifts toward infinity (gelation), resulting in an elastic behavior.

Above this temperature, enough bonds break, so that there
is no longer a network (degelation) that results in a viscous
flow behavior. As kinetics are faster at higher temperatures,
gelation happens the fastest at temperatures near (but still

FIG. 1. The self-healing polymer is reversibly cross-
linked by DA bonds. At low temperatures (room tempera-
ture), the material polymer is in a network structure that
provides structural stability, and can be used for the in-
tended application. When increasing the temperature, a
fraction of the DA cross-links break, increasing the molec-
ular mobility, which allows healing macroscopic damages.
Above the gel temperature (Tgel), there is viscous flow and
the polymer can be reprocessed. Reproduced from Roels
et al.20 DA, Diels–Alder.
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below) Tgel.
15 Degelation happens faster at higher tempera-

tures, but care has to be taken, as irreversible side reactions
can occur >120�C.21

One of the interesting abilities of this polymer is the pos-
sibility to vary its mechanical and processing properties. By
varying the type of Jeffamine used to create the furan-
functionalized compounds, the mechanical properties and
thermal behavior of the formed network can be tuned for the
intended application and optimized for the manufacturing
processes. The length of Jeffamine controls the spacer length
between the thermoreversible cross-links, and consequently
the DA cross-link density. When this length is short, the
overall cross-link density, thus the concentration of the
thermoreversible covalent bonds is higher and the material
will be stiffer and more brittle.16 A long spacer length results
in a lower cross-link density and a more flexible material,
which is desired for the intended soft robotics application.

For FFF, the material needs to have sufficiently fast so-
lidification kinetics, thus a high processing temperature is
preferred. However, it should not be so high that the material
degrades or forms irreversible bonds. There are several
ways the gelation (solidification) of the DA materials can be

improved. In this study, a six-functional furan compound
(FT5000) is used, which has a lower gel conversion xgel than
the four-functional compound used in previous studies16,17

and thus has a higher Tgel and solidifies faster. Keeping all
constraints in mind, the self-healing DA material DPBM-
FT5000 in stoichiometric ratio (R¼ nmaleimide

nfuran
¼ 1) was selected

for this application.

Reaction kinetics

In a previous study, the authors reported the effect of ste-
reochemistry of the DA reaction.15 A detailed discussion
about the stereochemistry of the cycloaddition is out of scope
for this article; however, for the kinetic simulations of the
material behavior, the formation of two stereoisomers is ta-
ken into account as they have different rate constants k.

AendoÐ
kr, endo

kendo

FþMÐ
kexo

kr, exo

Aexo: (1)

Each of these rate constants is calculated using the Ar-
rhenius equation

FIG. 2. (a) A DA reaction
is an equilibrium reaction
between a diene (furan) and
a dienophile (maleimide) and
forms a cyclohexene (DA
adduct). (b–e) Monomers
of DPBM-FGE-JT5000 (in
short DPBM-FT5000). (b)
Tertiary Jeffamine ( JT5000):
x + y + z& 85, M = 5649 g/
mol, by Aurora Chemicals.
(c) FGE, 154 g/mol, 96% pu-
rity, by Sagechem. (d) DPBM,
265 g/mol, 95% purity, by
Sigma Aldrich. (e) Hydro-
quinone by Chimica. DPBM,
1,1¢-(methylenedi1,4-phenylene)
bismaleimide; FGE, furfuryl
glycidyl ether.
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k¼Ae
�EA
RT , (2)

where
k is rate constant,
A is pre-exponential factor,
EA is activation energy,
R is universal gas constant, and
T is absolute temperature,

which also shows that the equilibrium is temperature de-
pendent. The reaction rates are increased at higher tem-
peratures. For every reaction, the activation energy and the
pre-exponential factor are determined experimentally.

A set of ordinary differential equations describes the var-
iation of the concentration of all components in the DA
equilibrium reaction (i = endo, exo).

d M½ �
dt
¼+

i¼ endo, exo
(kr, i Ai½ � � ki M½ � F½ �) (3)

¼ d F½ �
dt

(4)

d Ai½ �
dt
¼ ki M½ � F½ � � kr, i Ai½ �: (5)

The total conversion xtot, calculated by integration of

xtot

dt
¼ xendo

dt
þ xexo

dt
(6)

¼ 1

M0½ �
d Aendo½ �

dt
þ d[Aexo]

dt

� �
, (7)

is the ratio of the amount of DA bonds formed in the polymer
network over the maximum possible amount of bonds that
could be formed, equal to the initial maleimide concentration
[M0]. The higher xtot, the more bonds are formed and thus the
higher the cross-link density. We can define the conversion at
the gel point as xgel, given by the Flory-Stockmayer theory:

xgel¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R fF� 1ð Þ fM� 1ð Þ
p (8)

¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 � 6� 1ð Þ 2� 1ð Þ

p (9)

¼ 0:447 (10)

where
xgel is gel conversion
R is nmaleimide

nfuran

fF is functionality of furan
fM is functionality of maleimide.
At conversions below xgel, there is no longer a network and

the material will exhibit viscous flow.
The resulting material properties during an imposed time–

temperature profile can be simulated based on these equa-
tions. To this end, the in-house developed software toolbox

MATKIN was used.34,35 This toolbox also calculates the
molecular weight of the polymer, and from these values, the
viscosity is obtained. As a power law describes the rela-
tionship between molecular weight MW and viscosity g, ex-
perimental viscosity values obtained using rheometry are
plotted against the simulated molecular weight.36 The best fit
for this power law was found as

g¼ 0:0191 �M0:25
W : (11)

Methods

Dynamic mechanical analysis. The viscoelastic proper-
ties of the DA polymer DPBM-FT5000 were measured on a
TA Instruments Q800 dynamic mechanical analyzer equip-
ped with a film tension clamp, using an oscillatory strain of
0.1%, frequency of 1 Hz, and 125% force tracking. Heating
was done at a temperature ramp of 10 K/min. The glass
transition temperature (Tg) is considered the temperature
point where the loss modulus is maximal.

On the same equipment, tensile testing was performed at
room temperature with open furnace. The strain rate was set
to 1%s-1 until fracture with an initial static force of 0.001 N.

Rheometry. Dynamic rheometry is performed on a TA In-
struments Discovery Hybrid Rheometer to determine Tgel. This
temperature is defined as the temperature at which the phase shift
d, the loss angle, is independent of the oscillation frequency.37

The analysis was done using aluminum parallel plates (diameter
14 mm) while accounting for thermal expansion.

The analysis was performed by first heating the samples
to 120�C for 10 min, afterward the sample was cooled to
80�C and stepwise heated back to 120�C. Each step consists
of increasing the temperature with 1�C and staying iso-
thermal for 10 min before performing the measurement. The
measurements were done by subjecting the sample to an
oscillatory strain with an amplitude of 10% at different
frequencies: 10, 6.31, 3.98, 2.51, 1.58, and 1 Hz.

Surface topography analysis. Two types of surface to-
pography analysis were performed: white light interferome-
try and stylus profilometry. The white light measurements
were done using a ContourGT-I 3D optical microscope with a
reported repeatability of 0.02 nm and a step height accuracy
£0.75%. The stylus (contact) measurements were made on a
Veeco Dektak 8. The machine has a reported repeatability of
0.75 nm and an accuracy of 2%.

Material Properties

To get the process parameters of the filament extruder and
the three dimensional (3D) printer right, the DA DPBM-
FT5000 network is first characterized. Afterward, the pro-
cesses of healing and extrusion are explained for this specific
material.

Characterization

DPBM-FT5000 is first characterized using dynamic me-
chanical analysis (DMA), using the methods described in the
Methods section. The DMA results (Fig. 3a) show a Tg of
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-56�C, a storage modulus at room temperature (25�C) of
16.7 MPa, and a loss modulus of 2.43 MPa, and a low tan d of
0.145, indicating elastic behavior. A stress–strain test
(Fig. 3b) indicates that Young’s modulus is 8.2 MPa with a
fracture strain of 131% and fracture stress of 1.60 MPa. After
healing for 30 min at 90�C and resting for 3 days at 30�C,
these properties are 95% recovered. These measurements
also show that the material is flexible enough at room tem-
perature to be used for soft robotics.

Dynamic rheometry was performed to determine Tgel, as
described in the Methods section. For every frequency, a line
is plotted, the intersection of these lines shows the tempera-
ture at which the loss angle d is frequency independent, which
is Tgel.

37 Tgel is determined to be 110�C (Fig. 3c), indicating
that processing should be done slightly above this tempera-
ture to have enough flow in the polymer.

Healing

To heal cracks or cuts, the DA material can be heated to
90�C, still <Tgel. This shifts the chemical equilibrium toward
the reactants, breaking reversible bonds. Because of a de-
creased cross-link density, the mobility on a microscopic
level is increased, allowing to slowly fill cracks. After 30 min
at this temperature, the cracks are sealed, and the material can
be slowly cooled down to room temperature, shifting the
equilibrium back toward the DA adducts, restoring the net-
work. Because at room temperatures the kinetics are rela-
tively slow [Eq. (2)], it takes 24 h to reach the equilibrium
cross-link density and hence full recovery of the initial me-
chanical properties. As heat is required to accelerate the
healing, the polymer is classified as a nonautonomous self-
healing system. This is not necessarily a drawback, as it al-
lows for more control over the healing process.16

3D printing

To understand the behavior of the DA polymer during the
extrusion and 3D-printing process, it is important to take a
closer look at the chemical nature of the material. Moreover,
this will explain the differences and developments needed
compared with conventional thermoplastic materials (e.g.,
polylactic acid [PLA], NinjaFlex).

Conventional 3D-printing materials lose their structural
stability at higher temperature because their crystalline phase
is melted, in case of semicrystalline polymers such as PLA (at
230�C), or because they are heated well above their glass
transition, as for amorphous acrylonitrile butadiene styrene
(ABS) (at 195�C). Above these melting/glass transition
temperatures, the polymer exhibits a viscous flow behavior,
which makes filament extrusion and 3D printing possible.

As these self-healing DA materials do not show a melting
range and are still a network when heated above their glass
transition, this principle cannot be used. The principle behind
its extrusion process is fundamentally based on the thermo-
reversible DA reaction, making it a form of reactive printing.
Reactive extrusion of DA material follows a temperature
profile as illustrated in Figure 4. It is first heated >Tgel to break
enough DA bonds to have a viscous flow behavior. As it is
heated further, its viscosity further decreases. In this liquid
state, the material can be extruded through the nozzle.

After extrusion, the material needs to solidify quickly for
structural rigidity of the part. As the solidification involves
the re-establishing of the network through the DA reaction,
the temperature should be kept as high as possible, to ac-
celerate the reaction kinetics [Eq. (2)], but still <Tgel to allow
network formation (Fig. 4). Once the network has formed, the
material can be cooled to ambient temperature. After 24 h at
room temperature, the initial properties are recovered.

Results

Filament extrusion

Before the 3D-printing process, the filament itself had to be
produced. The filament was extruded on a 3DEVO NEXT
extruder, consisting of four heating zones whose temperatures
can be set independently, two adjustable fans, an inter-
changeable die, a diameter feedback system, and a motor with
adjustable speed. To prepare the polymer pellets typically used
in extrusion processes, a solvent-cast sheet of DPBM-FT5000

a

b

c

FIG. 3. (a) DMA results of DPBM-FT5000 show a Tg of
-56�C. Measurement performed on a sample of size 9.85 ·
5.51 · 0.80 mm3. (b) Comparison of tensile tests before and
after healing at 90�C for 30 min. (c) Rheometry measurements
show a Tgel of 110�C. DMA, dynamic mechanical analysis.
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was cut into cubes of *2 · 2 · 2 mm, which were fed in the
extruder. The main parameters to be determined are the four
heater temperatures and the screw speed of the motor.

Experimental

Starting from the material properties, the fine-tuning of the
extruder settings was optimized experimentally. However,
during this optimization, the thermal behavior of the material
is not the only aspect that needs to be considered.

When increasing the screw speed, a sharkskin pattern ap-
peared on the extruded filament (Fig. 5a), caused by a flow

instability resulting from a higher buildup of viscoelastic
stresses.38 To prevent this, the extruder screw speed was re-
duced. As this setting is limited by the extruder software to
2 rpm, this speed was used.

If the temperature is set too low, the material remains too
elastic for extrusion and a shear failure phenomenon is ob-
served in the filament (Fig. 5b). This is induced by the rota-
tion of the screw. Owing to the viscoelastic behavior of the
polymer, the internal stresses that did not relax (sufficiently)
in the die can relax after exiting the die, making the filament
curl. These internal stresses can be relaxed by increasing the
time spent in the die. To achieve this, the extruder screw
speed can be reduced, but to prevent the sharkskin effect, this
was already set to the lowest possible.

Another solution is to make the die longer and have a more
gradual diameter reduction, such that the material is able to
relax in the die. The die that was delivered with the extruder
has an inner diameter of 4 mm, which is more than the desired
filament diameter of 2.85 mm; however, the extruder design
leads the filament through a diameter-reducing system before
spooling. Owing to the slow solidification kinetics of the DA
material, leading the filament through the diameter reduction
system flattens the filament too much. Therefore, the diam-
eter reduction system of the NEXT extruder was not used. To
overcome this, a custom die was made with a smaller di-
ameter (2 mm), taking into account the die swell ratio of the
material. The final design is shown in Figure 5d.

After optimizing the extrusion process, visually smooth
and consistent filament (Fig. 5c) can be extruded continu-
ously, which can be used for the 3D-printing process. The
following parameters were eventually used:

FIG. 5. Schematics of the
die and close up of filaments
strands prepared using the
adapted extruder. (a) High
shear stresses and stress re-
laxation make the filament
curl at too low temperatures.
(b) Sharkskin effect as a
process instability due to
high flow rates. (c) The re-
sulting filament is quite
smooth and has a consistent
diameter. (d) Detailed draw-
ing of the adapted nozzle.

FIG. 4. The thermoreversibility of the DA material is
exploited for extrusion. Therefore, an adapted heating
scheme is needed in comparison with conventional 3D-
printed materials. 3D, three-dimensional.
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screw velocity: 2 rpm,
heater 4: 80�C (measured 88�C),
heater 3: 100�C (measured 106�C),
heater 2: 108�C (measured 113�C), and
heater 1: 103�C (measured 109�C).

Note that these are lower than the simulated values in the
Filament Extrusion section, which is due to an offset in the
machine’s thermocouple measurements. The measured val-
ues are taken at the outside of the heater zones, and are closer
to the real temperatures inside the machine. The roughness of
the filament was measured using white light interferometry,
as shown in Figure 8a, giving an area roughness value (Sa) of
2.177 lm.

Simulation

The chemical reactions and the resulting property changes
during the extrusion process were simulated to verify the flow
behavior and to be able to predict the settings for other DA
polymers in the future.

If the extrusion temperatures are set slightly lower than
Tgel, the material is prevented from degelling, but the me-
chanical breaking of bonds in the very soft network might
allow enough flow of the material to allow successful ex-
trusion. Setting the temperature too high lowers the viscosity
too much and the material will drip through the die. Using
this knowledge, the temperature profile was determined by
trial and error such that the material degels during the process
and gels again before coming out of the nozzle.

For the DPBM-FT5000 material passing through the
3DEVO NEXT extruder, the temperature profile was calcu-
lated for a screw rotation speed of 2 rpm (Fig. 6a). The evo-
lution of total conversion resulting from this temperature
profile was simulated using the MATKIN simulation soft-
ware described in the Reaction Kinetics section.

The simulation of the extrusion process, as shown in
Figure 6a, indicates that there is a 300 s zone around the 600 s
mark where the total conversion xtot dips below the critical
(de-)gel conversion xgel = 0.447 (indicated with a horizontal
line). After this zone where the material can flow, it gels again,
right before coming out of the nozzle. This simulation also
learns that after extrusion, the process of reaching equilibrium
conversion could be sped up by heating the filament slightly.

With this information, the extruder settings can in the fu-
ture be predicted for other self-healing DA materials having
different mechanical properties. Using this technique, mul-
timaterial actuators20 can in the future also be 3D printed
instead of molded.

3D printing

Simulation. At first, the evolution of total DA conversion
during printing was simulated using the in-house developed
software MATKIN (the Reaction Kinetics section). Unlike
for the filament extrusion process, most FFF printers have
only two controllable temperatures (in addition to other set-
tings such as extrusion velocity): the temperatures of the
heater block and of their heated bed or environment. The
temperature profile the material undergoes during printing
depends on the 3D printer and the settings chosen. The fila-
ment is at room temperature when it enters the heater block of
the 3D printer and is heated up to the print temperature. Next,

it is deposited on the heated bed (Fig. 4). The time th spent in
the heater block is in good approximation determined by

vf ¼
d2

nvn

d2
f

(conservation of mass) (12)

th¼
lh

vf

(filament velocity) (13)

so that

vn¼
lh � d2

f

d2
n � th

, (14)

where
dn is nozzle diameter (mm),
df is filament diameter (mm),
vn is print velocity (mm/s),
vf is filament velocity (mm/s), and
lh is heater block length (mm).

This gives a relation between the time spent in the heater
block, which is important as the material needs to degel be-
fore printing, and the printing velocity vn.

dn, df, and lh are constrained by the choice of 3D printer,
which is in this case an open-source LulzBot TAZ 6 (dn =
0.4 mm, df = 2.85 mm, lh = 25 mm). The maximal print ve-
locity depends on the temperature-dependent reaction ki-
netics as the polymer has to degel as close as possible to the
moment it exits the nozzle, meaning that th has to be high
enough for the polymer to degel. This also indicates that the
print temperature and maximal velocity will always be cou-
pled. As there is only a limited temperature range in which
the material has a viscosity suitable to be printed, this printing
velocity is imposed rather than a free parameter.

A sidenote has to be made here: during the print process, there
is also ‘‘travel’’ time during which the extruder is moving but is
not extruding filament, this time is not considered during the
simulations, as it is highly irregular and depends on the 3D-
model being printed. This will be overcome during the experi-
mental part by setting the travel speed high, reducing this time to
the minimum, while shortening the print time. Each layer needs
to solidify before the next layer is deposited on top of it to avoid
deformation during the printing of the next layer. Hence, a fast
solidification of the printed material is an important factor, de-
termining the print time and the achievable resolution.

By simulating the isothermal behavior of the DA material
at different temperatures, the evolution of viscosity (Fig. 6b)
and total conversion (Fig. 6c) during the printing process
were estimated. At higher temperatures, the material degels
faster, but the total conversion and viscosity will eventually
also be lower. As the material degels faster (total conversion
becomes lower than xgel), th can be lower, resulting in the
possibility to print faster. At 115�C, the material takes 740 s
to degel, which equals a maximal printing velocity of 2 mm/s.

Although increasing the temperature from 115�C to 130�C
allows to increase print velocity to 41 mm/s [Eq. (14)], these
velocities are below those that can be achieved while printing
other soft polymers.39,40 In theory, all temperatures >Tgel can
be used to print, but the closer to Tgel, the slower the material
can be printed. Printing at higher temperatures is to be
avoided as irreversible side reactions can take place >120�C.
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a b

c d

e f

FIG. 6. (a) Simulations (steps of 1 s) of the extrusion process show that the material only degels (total conversion below
the (de-)gelation line of xgel = 0.447) for *300 s. Screw rotation speed is set at 2 rpm. (b) Simulations of the change in
viscosity during printing at various temperatures show that at a lower print temperature, the kinetics of degelation are slower
and the material will remain more viscous. (c) At higher temperatures, degelation can take place faster. (d) The heated bed
temperature has a large influence on the time it takes for the printed material to gel. This time should be minimal to allow
faster printing and prevent flow of the printed material. Consequently a higher temperature is beneficial, with an optimum at
100�C. (e) A higher printing temperature has a negative effect on the time to gelation on the heatbed. (f) The time to
gelation depends on the print temperature and the heatbed temperature (lines). Gelation happens earlier at low print
temperatures and high heatbed temperatures.
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Also the influence of the heatbed temperature on the ge-
lation of the reversible network is simulated (Fig. 6d). If a
heated bed is considered, these simulations are only valid for
the first few layers, whereas if a heated environment is con-
sidered, they are valid for the whole part. The graphs are
presented such that the origin of the time axis is placed at the
moment of extrusion, after the filament has been heated in
the heater block of the 3D printer for th = 260 s, which cor-
responds to approximately vn = 5 mm/s.

The simulation in Figure 6d clearly shows that a higher
environmental temperature allows for faster reaction kinet-
ics, faster gelling (conversion xtot > xgel = 0.447, indicated as a
dotted line), and formation of the network, and thus, the faster
a new layer can be deposited on top. However, also here an
optimum is observed. Setting the heatbed to 110�C results in
a slower gelation than at 100�C, because the driving force for
the reaction, the difference between the equilibrium con-
version and the actual conversion, is low. At 100�C, there is
an optimum between this driving force and the kinetics of the
reaction. Above Tgel, gelation will not happen.

The time to gelation does not only depend on this environ-
mental temperature, but also depends on the print temperature (at
the nozzle), as shown in Figure 6e. This also indicates that there is
a compromise to be made: printing velocity versus time to ge-
lation afterward. The combined impact of the heatbed tempera-
ture and printing temperature on the time to gelation is shown in
Figure 6f. In general, these kinetic simulations show that the ideal
situation is to print at a temperature–velocity combination for
which the network just degels in the nozzle, preferably with the
temperature only slightly >Tgel and to have the heated bed set just
<Tgel to speed up the gelation kinetics. However, with the print
temperature just >Tgel, the printer should print at low speeds.
Therefore, the optimal settings are determined to be a nozzle
temperature of 117�C and heatbed temperature of 100�C.

Experimental. The conclusion of the simulations gives a
good idea of the printer settings, but there are practical
considerations that have to be taken into account.

The same object (a 20 · 20 mm sheet) was printed with the
filament at room temperature, with the heated bed at 90�C due to
limitations on the advised operating conditions of the electron-
ics, but using various extrusion temperatures (Fig. 7). It was
found that indeed at low temperatures (115–117�C), more detail
is left in the print and the dimensional accuracy is higher,
whereas at higher temperatures, the material flows too much
after deposition and the details are lost. At temperatures <115�C,
the material was unable to flow consistently out of the nozzle and
no satisfactory samples were obtained. At ‡120�C, the print
quality drops, bubbles are visible and the flow becomes incon-
sistent (Fig. 7c). Moreover, irreversible bonds may start to form
at these temperatures. The optimal settings are determined as:

print temperature 117�C,
heated bed temperature 90�C, and
print velocity 5 mm/s.
The heated bed temperature is chosen as 90�C because of

practical limitations of the printer. A printing temperature of
117�C is preferred because the result is smoother and the
printing speed can be increased to 5 mm/s.

Print quality. Dimensional accuracy was evaluated by
comparing the dimensions of the digital 3D model and the
printed part. Seven 20 · 20 mm samples were printed under

the same conditions (vn = 5 mm/s, heated bed temperature
90�C, print temperature 117�C). Measuring them in both
directions using a caliper gives a mean error of 0.28 mm
(1.4%) with a standard deviation of 0.18 mm.

As the fastest gelation times for DPBM-FT5000 are *7 s
(Fig. 6f, taking into account the optimal settings and practical
limitations), printing overhangs or ‘‘bridging’’ spans between
pillars or wall sections are not feasible with this material. A
reduction of the gelation time to £1 s would be required.
Instead, overhang should always be printed with support
material.

Owing to the low viscosity and the self-healing character,
the typical layer and line marks of the 3D-printing process
(FFF) are not visible after printing, as is clearly shown in
Figure 7b. Owing to the continued elevated temperature after
deposition, due to both the heated bed and the deposition of
layers on top,41 the successive layers become covalently
bonded to each other without the need of post-treatments.
This allows to print airtight components, an important feature
in soft pneumatic robotic systems. Moreover, this absence
means that the surface does not have ridges where dirt, bac-
teria, or fungi can settle, which is an important property in a
potential application field of this technology: soft grippers for
pick and placing delicate items in the food industry.

Another structural advantage of this technique is that the
printed parts have an improved isotropy in mechanical
properties. Anisotropy resulting from the layer-by-layer
process is generally a problem for parts made by FFF, as the
adhesion between different layers is reduced due to the voids
occurring by depositing cylindrical paths next to each oth-
er.42 The interlayer connections rely on relatively weak

FIG. 7. A set of test specimens of 20 · 20 mm sheets
printed at different extruder temperatures, but the same bed
temperature of 90�C and printing speed 5 mm/s. At 115�C,
the line marks are still slightly visible, whereas these are
gone at 117�C. At 120�C, the quality deteriorates. At 115�C
(a), the line marks are still slightly visible, whereas these are
gone at 117�C (b). At 120�C (c), the quality deteriorates.

Table 1. Comparison of the Measured Mechanical

Properties in Different Print Orientations

Print angle

Fracture
stress
(MPa)

Fracture
strain
(%)

Young’s
modulus
(MPa)

0� (n = 5) 2.02 – 0.17 100 – 18 8.22 – 0.97
45� (n = 4) 2.19 – 0.14 90.1 – 4.6 8.11 – 0.83
90� (n = 4) 2.29 – 0.21 91.8 – 8.8 8.5 – 1.5

p 0.88 0.105 0.483

A one-way ANOVA is performed for each mechanical property, the
resulting p-values are added to this table. Data are obtained from a
controlled strain rate tensile test as described in the Methods section.
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noncovalent interactions and limited physical bonding at the
layer interface (driven by interlayer chain entanglements), as
a result the mechanical strength is very often limited in the
direction perpendicular to the print direction.

This also implies that the print direction is important for the
mechanical properties of the part. To test the isotropy in 3D-
printed self-healing parts, a thin sheet was printed unidirec-
tionally (vn = 5 mm/s, heated bed temperature 90�C, print tem-
perature 117�C). Samples were punched in the 90�, 45�, and 0�
directions. Table 1 shows that there are only small variations in
mechanical properties at the different angles. To determine

whether these differences are statistically relevant, a one-way
analysis of variance is performed. Based on the p-values (Ta-
ble 1), it is impossible to reject the null hypothesis, namely that
all samples come from the same normal distribution.

If we define anisotropy as (equivalently for eult and E)

Anisotropy¼ 100 � rult, 0� � rult, 90� or 45�

rult, 0�
, (15)

it can be said that most probably there is no anisotropy
present after 3D printing of the DPBM-FT5000

Table 2. Comparison of the Measured Anisotropy of Several (Commercial) Flexible Materials

in the 45� and 90� Directions Compared with the 0� Direction

Material

Fracture stress Fracture strain Young’s modulus

Anisotropy
45� (%)

Anisotropy
90� (%)

Anisotropy
45� (%)

Anisotropy
90� (%)

Anisotropy
45� (%)

Anisotropy
90� (%)

DPBM-FT5000 -8.4 -13.4 9.9 8.2 1.3 -3.2
NinjaFlex 55.0 65.8 25.0 32.4 14.3 28.6
SemiFlex 50.7 74.3 28.3 43.4 15.0 27.5
Cheetah 70.0 81.3 38.2 58.2 16.7 31.0
T-Lyne 98.0 99.2 96.7 97.8 16.7 27.8

DPBM-FT5000 has significantly lower values than the commercial materials. Adapted from Yang et al.32

FIG. 8. (a, b) Surface roughness measured by white light interferometry, no value was obtained in the black areas of
(a) due to the cylindrical shape of the filament. (c–e) Roughness profiles in different directions of unidirectional printed
samples DPBM-FT5000 (blue) and NinjaFlex (red). Both samples printed on a LulzBot TAZ 6 with a layer height of
0.3 mm and nozzle size 0.5 mm. NinjaFlex printed at 230�C. Profiles measured with a stylus radius of 2.5 lm and force of
3 mg, tilt of the sample is accounted for. Color images are available online.
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thermoreversible network. In Table 2, the anisotropy values
for different (commercial) flexible materials are tabulated, as
are the values for the self-healing polymer. This indicates that
there is indeed a problem regarding anisotropy in FFF (with
anisotropy values up to 99%!). From the table it can be
concluded that the printed DA network has anisotropic values
that are an order of magnitude lower than those of the con-
ventional flexible printable polymers. Owing to the low vis-
cosity of the degelled DA polymer, no voids are created at the
interface. In addition, after printing, a high concentration of
DA covalent bonds is formed across the layer interface. The
very low anisotropy value of Young’s modulus indicates that
the strain response to an applied stress is almost isotropic.

Using a stylus profilometer, the surface roughness of the
printed DA part was measured (Fig. 8), and compared with a
NinjaFlex sample. In the in-plane direction orthogonal to the
printed lines, it becomes clear that the self-healing material has
a smoother surface than the NinjaFlex sample. In general, the
fluctuations in the DPBM-FT5000 part are also of a lower

FIG. 9. Finite element analysis (Abaqus CAE) illustrates
the grasping concept. The finger will move toward and
around the object (a 40 mm cylinder), and thus grasp it.
Color images are available online.

FIG. 10. Three 3D-printed self-healing DHAS fingers are placed in a circular pattern to form a gripper. The gripper is able
to handle various objects, both soft and hard. The fingers were subjected to different damaging conditions, both nonfatal
(puncture, cut) and fatal (sliced in half) and are able to recover from it with only small visual scars (lower right).
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frequency. In the z-direction, both materials show a comparable
roughness amplitude, indicating that no significant improve-
ment is made in this direction. Parallel to the in-plane print
direction, there is a slightly smaller amplitude, but again a much
lower frequency is observed than NinjaFlex. Figure 8b shows
the in-plane surface analyzed by white light interferometry, the
Sa value of 482 nm is *4.5 times lower than the filament it was
printed with. This lower roughness can be of great importance in
the food industry since it decreases the potential of dirt and
bacteria to get stuck in the ridges on the surface. Less extensive
washing and other decontamination methods need to be used,
which saves time and often reduces the consumption of water
and cleaning products.

A 3D-Printed Self-Healing Soft Actuator

To demonstrate the use of the developed FFF technique, a
soft gripper is manufactured. The chosen design is the
adaptive gripper DHAS with FinRay effect designed by the
FESTO Automation Company.43 Each finger is A shaped
with several cross-beams. Its symmetry makes it a very
versatile gripper, as it is able to grasp objects from both sides.
The original FESTO grippers are made of thermoplastic
polyurethane. As the material that is used in this study is
different, a finite elements analysis using ABAQUS was
performed on the model of a single finger to validate the
ability to grasp objects (Fig. 9). A cylinder with diameter
40 mm is used for this demonstration, as convex objects are
easier to grasp because of increased contact with the object.

The design consists of thin connected beams, making
it impossible or at least very difficult to manufacture us-
ing previously developed techniques for the DA polymer
(molding, shaping-through-folding-and-self-healing). The
de-molding step would be crucial, potentially damaging the
part. Although it would be possible to manufacture these
grippers by shaping-through-folding-and-self-healing, cut-
ting all these beams and healing them together would be labor
intensive; moreover, this technique would leave a high var-
iation between different fingers. This shows that 3D printing
not only increases the design freedom of these self-healing
soft actuators, but also gives a more reproducible result.

Three of these fingers were 3D printed in the self-healing
DPBM-FT5000 material. They are 10 mm thick, and measure
94.5 mm from top to bottom. The fingers are placed in a cir-
cular pattern and connected to a base with an actuation system
that was 3D printed in PLA using the same LulzBot TAZ 6
(Fig. 10). Each finger is mounted on a tilting plate and held in
place by a smaller plate. The three tilting plates are connected
to a center that can move vertically. In the center, a locknut is
placed that holds a threaded rod. This rod is also connected to
the base, such that turning the rod moves the center, and tilts
the fingers, which creates the grasping motion.

The printed three-fingered gripper is demonstrated. It is
able to grasp different objects. To illustrate the ability to heal,
the fingers are damaged in different ways, ranging from a
small scratch to slicing them in two (see Fig. 10). The fingers
are healed by placing them in an oven at 90�C for 30 min.
Afterward, they are left to recover at room temperature for
24 h. Small scratches can also be repaired by locally heating
them with a soldering iron on the lowest temperature setting.
Under all of these damaging conditions, the fingers were able
to heal. Owing to small misalignments during the healing
process, some scars can remain visible.

Conclusion

Self-healing soft robots have shown great potential for
adoption in industry. The fabrication methods first developed
were limited to shaping-through-folding-and-self-healing and
molding. As both methods have their limitations regarding de-
sign flexibility, a novel additive manufacturing procedure (FFF)
for self-healing DA materials was developed in this study. For
the self-healing material studied in this work, the flowing and
solidification process is based on the kinetics of the thermo-
reversible DA reaction, rather than on melting and crystalliza-
tion, used in FFF of conventional flexible polymers. The process
consists of two major steps: extrusion of the filament and the 3D
printing itself. In this research, for a DPBM-FT5000 DA poly-
mer, the process parameters for filament extrusion were derived
through modeling of the DA reactions during the shaping pro-
cess and through experimental fine tuning. With some custo-
mizations of an extruder platform, the self-healing elastomer
could be successfully extruded into a 2.85 mm diameter fila-
ment, which can be used by FFF 3D printers. The obtained
DPBM-FT5000 filament was used in a direct extruder FFF 3D
printer and Lulzbot TAZ 6 printer. The process parameters of
the actual printing were again derived using both simulations
and experimental fine-tuning. The parts produced proved to be
more smooth than commercial soft polymers, which is an ad-
vantage in, for example, the food industry (avoids bacteria
growth in the seams). Moreover, an important structural ad-
vantage is the isotropy in mechanical properties after printing.
The developed additive manufacturing technique is demon-
strated by the filament printing of a soft gripper based on the
DHAS actuators developed by FESTO. The functionality of
this gripper was validated by gripping different objects while
the healing ability is illustrated by completely recovering from
large macroscopic cuts. The FFF approach developed in this
study allows future self-healing soft robots to be manufactured
with more design freedom and less manual effort.

Acknowledgments

The authors thank Prof. Heidi Ottevaere and her team
(BPHOT, VUB) for performing the surface roughness mea-
surements.

Author Disclosure Statement

No competing financial interests exist.

Funding Information

This research is funded by the FWO (Fonds We-
tenschappelijk Onderzoek): SBO project AMSeR (G028218N)
and personal FWO-grants of Roels (1S84120N), Terryn
(FWOTM784) and Brancart (12W4719N), and by the EU FET
Project SHERO (828818).

References

1. Trivedi D, Rahn CD, Kier WM, et al. Soft robotics: bio-
logical inspiration, state of the art, and future research.
Appl Bionics Biomech 2008:5;99–117.

2. Manti M, Hassan T, Passetti G, et al. A bioinspired soft
robotic gripper for adaptable and effective grasping. en.
Soft Robot 2015:2;107–116.

3. Marchese AD, Katzschmann RK, Rus D. A recipe for soft
fluidic elastomer robots. Soft Robot 2015:2;7–25.

722 ROELS ET AL.

D
ow

nl
oa

de
d 

by
 9

1.
18

0.
18

0.
10

8 
fr

om
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
1/

12
/2

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



4. Day N, Penaloza J, Santos VJ, et al. Scalable fabric tactile
sensor arrays for soft bodies. J Micromech Microeng 2018:
28;064004.

5. Martinez RV, Fish CR, Chen X, et al. Elastomeric origami:
programmable paper-elastomer composites as pneumatic
actuators. Adv Funct Mater 2012:22;1376–1384.

6. Tolley MT, Shepherd RF, Mosadegh B, et al. A resilient,
untethered soft robot. Soft Robot 2014:1;213–223.

7. Rus D, Tolley MT. Design, fabrication and control of soft
robots. Nature 2015:521;467–475.

8. Gorissen B, Reynaerts D, Konishi S, et al. Elastic inflatable
actuators for soft robotic applications. Adv Mater 2017:29;
1604977.

9. Giannaccini ME, Georgilas I, Horsfield I, et al. A variable
compliance, soft gripper. Auton Robots 2014:36;93–107.

10. Amend J, Cheng N, Fakhouri S, et al. Soft robotics com-
mercialization: jamming grippers from research to product.
Soft Robot 2016:3;213–222.

11. Terryn S, Mathijssen G, Brancart J, et al. Toward self-
healing actuators: a preliminary concept. IEEE Trans Robot
2016:32;736–743.

12. Cao J, Lu C, Zhuang J, et al. Multiple hydrogen bonding
enables the self-healing of sensors for human–machine
interactions. Angew Chem Int Ed 2017:56;8795–8800.

13. Cordier P, Tournilhac F, Soulíe-Ziakovic C, et al. Self-
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