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Abstract

Covalent adaptable network (CAN) polymers doped with conductive nanoparticles are an ideal
candidate to create reshapeable, rehealable, and fully recyclable electronics. On the other hand,
3D printing as a deterministic manufacturing method has a significant potential to fabricate
electronics with low cost and high design freedom. In this paper, we incorporate a conductive
composite consisting of polyimine CAN and multi-wall carbon nanotubes into
direct-ink-writing 3D printing to create polymeric sensors with outstanding reshaping,
repairing, and recycling capabilities. The developed printable ink exhibits good printability,
conductivity, and recyclability. The conductivity of printed polyimine composites is investigated
at different temperatures and deformation strain levels. Their shape-reforming and Joule
heating-induced interfacial welding effects are demonstrated and characterized. Finally, a
temperature sensor is 3D printed with defined patterns of conductive pathways, which can be
easily mounted onto 3D surfaces, repaired after damage, and recycled using solvents. The
sensing capability of printed sensors is maintained after the repairing and recycling. Overall, the
3D printed reshapeable, rehealable, and recyclable sensors possess complex geometry and
extend service life, which assist in the development of polymer-based electronics toward broad
and sustainable applications.

Keywords: bond exchange reactions, polyimine, covalent adaptable networks, direct ink writing,
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1. Introduction

Polymer-based electronics and sensors have vast potential for
future microsystems applications. They possess many advant-
ages over conventional inorganic semiconductor-based sys-
tems, including the low cost, lightweight, flexibility, and the
ability to integrate a wide variety of functions on a single plat-
form. When using crosslinking thermosets as matrix materi-
als, the electronics further exhibit enhanced stability at high
temperatures, resistance to chemical corrosion, and the abil-
ity to bear external loading, which are appealing features for
high-performance electronics applications. However, the use
of thermosets leads to ever-increasing electronic wastes due to
their unrepairable and unrecyclable nature [1]. It was reported
that 50 million tons of electronic waste is generated each year,
and 70% of that waste goes directly to landfills [2, 3]. There-
fore, the development of easily recyclable and reprocessible
polymeric electronics could significantly reduce the produc-
tion cost and hazard to our environment, thus enabling their
sustainable development.

Within the past ten years or so, a revolutionary group of new
polymers, called covalent adaptable network (CAN) polymers
[4-12], have been developed, which can reorganize micro-
scale network configurations (e.g. via bond exchange reac-
tions, BERs) when an environmental stimulus is given (e.g.
heat, light, moisture), leading to the shape-reforming and self-
healing capabilities of the materials [9, 13-20]. In addition,
CANs are shown to be fully depolymerized in a suitable
organic solvent and re-polymerized into near-identical net-
works when heated, which enables the primary recycling of
thermosetting polymers [21-29] and their composites [30-32].
Recent studies employed CANs as the matrix material to cre-
ate conductive polymer composites for the applications of
rehealable electrical conductors [33, 34], sensors [35-38], or
batteries [39]. William et al [34] developed a self-healing con-
ductor with conductivity ~1073 S cm~!. The system was
crosslinked between N-heterocyclic carbenes and transition
metals, which were both electrically conductive and structur-
ally dynamic. Damaged areas could be healed at 150 °C in
the presence of dimethylsulphoxide vapor. Compared to self-
healing polymers loaded with microcapsules containing heal-
ing agents [40—43], the application of CAN composites allows
for repeatable healing of the same damaged area while main-
taining sufficient conductivity. For example, supramolecular
hydrogels with dynamic hydrogen bonds were used to fabric-
ate conductive composites with Nickel micro-particles [36].
After being damaged, the material was healed in 15 s at room
temperature. The damage-healing cycle was repeated at the
same location three times, and the material maintained at least
90% of its original conductivity in each cycle.

Conductive CAN composites show great potential to
create the next generation green and sustainable electron-
ics with promoted reliability, extended service life, and
application areas. However, their detailed sensing capabil-
ity (e.g. temperature-dependent conductivity) and the applic-
ation potentials for reprocessible and recyclable electronics
are inadequately investigated. On the other hand, the sus-
tainable development of polymer-based electronics requires

an efficient and economical manufacturing method. Conven-
tional methods, such as surface coating, deposition, and trans-
fer printing, require complicated processes and are time-
consuming. Mass production is required to settle the overhead
cost of tools and labor for assembly. More importantly, they
are incapable of achieving a highly non-regular but precisely
controlled material distribution within a single composite. In
great contrast, 3D printing allows for the precise placement of
multiple materials at micro- or nano-scale resolution with low
cost and essentially no restrictions on the geometric complex-
ity of the spatial arrangement. Due to the low cost-per-part and
high design freedom, 3D printing is ideal for rapid prototyping
and product development [44—46].

The potential of 3D printing as a deterministic manufac-
turing method for polymer-based electronics motivates us to
incorporate conductive CAN composites into the printing pro-
cess to fabricate rehealable and recyclable electronics. Various
methods that enable the conductivity of polymers have been
studied. The most common one method incorporates conduct-
ive nanoparticles, such as carbon nanotubes and carbon black,
to form conductive pathways within the composites. Recently,
liquid metal has attracted widespread interest to fabricate
flexible and stretchable electronics. Significant progress has
been made to promote its application potential. For example,
He et al [47, 48] developed material and processing tech-
niques to promote the wettability of liquid metal and enable
its self-sintering property, which dramatically enhanced its
compatibility with various advanced manufacturing processes.
On the other hand, conductive organic polymers with spe-
cially designed chemical compositions have been developed
to offer high electrical conductivity for electronic applica-
tions [49-51]. They might be able to exhibit interfacial weld-
ing and recycling capabilities by incorporating appropriate
dynamic covalent bonds on the chain backbone. In this work,
we chose multi-walled carbon nanotubes (MWCNTSs) as con-
ductive additives for CAN composites [52—59]. The manufac-
turing process is more accessible to researchers without strong
chemistry or physics backgrounds. The idea of using BERs to
enable the shape-reforming, repairing, and recycling of con-
ductive composites might be extended to other advanced poly-
mer and composite systems.

The recently developed polyimine CAN is used as the
model material, which is a representative CAN system. It
requires low temperatures for material reprocessing and does
not require a catalyst to trigger the internal BERs. Direct-ink-
writing (DIW) 3D printing is adopted, which has been a pop-
ular approach to print thermally-curable thermosets [60-62]
and various electronics, such as small antennas [63], batter-
ies [64—68], light-emitting diodes [69, 70], and soft sensors
[71]. To prepare the DIW printable ink, the polyimine is first
depolymerized in an amine-containing solvent and mixed with
different contents of MWCNTs. After printing, the printouts
are moved into an oven to evaporate the solvent and cure
the network. The approach can be extended to other types
of conductive CANs by using a suitable reactive solvent.
The printed polyimine sensors are shown to exhibit excel-
lent sensing, shape-reforming, self-healing, and recycling
capabilities.
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2. Results and discussions

2.1 Ink preparation for the DIW printing of conductive
polyimine composites

The overall ink preparation process for the DIW printing of
conductive CANS is shown in figure 1. The polyimine CAN
was initially synthesized using the terephthaldehyde (dialde-
hyde) and diethylenetriamine (diamine) as the monomers, and
the tris (2-aminoethyl) amine as the cross-linker (figure 1(a)),
which were purchased from Sigma Aldrich (St. Louis, MO,
USA) and used in their as-received condition. The detailed
synthesis procedure can be found in the study by Taynton et al
[9]. The synthesized polyimine was in the glass state at room
temperature with a glass transition temperature (7'g) around
~50 °C. The network contains dynamic C =N bonds on the
chain backbone (highlighted in figure 1(a)), which enables
the imine exchange reactions when the temperature exceeds
~60 °C. The dynamic network exhibited three unconventional
features (figure 1(b)): first, when the network deformed, the
internal stress can be effectively released during the chain
cleavage of a BER, leading to permanent shape-reforming (or
reprocessing); second, when the polyimine pieces come into
contact, macromolecular chains connect on the interface due
to BERs, enabling the interfacial welding and repairing cap-
ability; third, the network can be fully depolymerized using
an amine-containing solvent and fully recycled with near-
identical thermomechanical properties.

Propylamine (Sigma Aldrich) was used for the net-
work depolymerization, wherein the polyimine scraps were
immersed in the propylamine solvent at 80 °C. The weight
ratio between the solvent and polymer was set to be 1:2. The
solvent molecules diffused into the network and participated in
BERSs with the dynamic bonds, which led to the chain cleavage
from the backbone. After being heated for 30 min, the poly-
imine CAN was fully depolymerized into soluble segments
(figure 1(c)).

The MWCNTs purchased from Sigma Aldrich were added
into the depolymerized polymer solution (figure 1(d)). The
average length of the MWCNTSs was ~1 pum, and their dia-
meter was ~50 nm. Different amounts of MWCNTs (5 wt%,
10 wt%, 15 wt%, 17 wt%, 20 wt%, 22 wt%, and 25 wt% com-
pared to the polymer weight, respectively) were added. About
10 wt% nano-clay platelets (Nanomer® 1.28E clay, Sigma Ald-
rich) were added at this stage to introduce the shear-thinning
effect to the printable ink. The liquid mixture was then trans-
ferred to a high-energy sonicator (SONICS-44349N) for 12 h
to improve the separation of MWCNTs. The output amplitude
was 60%. Note that the solvent mixture at this stage was
diluted with low viscosity. For the DIW printing, the print-
able ink should exhibit a relatively high modulus and yielding
stress so it can retain the filamentary form after extrusion. To
this end, the ink was heated at 80 °C in an open environment to
be partially cured, wherein the depolymerized chain segments
re-connected at end groups, and the released solvent molecules
evaporated out of the system, leading to the increment of resin
viscosity and yielding strength. Printing the partially cured

resin also minimizes the volume shrinkage of the polyimine
composites during the post-curing step.

The viscosity and storage modulus of the prepared inks with
different MWCNT loadings after being heated for 30 min are
shown in figure 2. As shown in figure 2(a), when the resin
was mixed with nano-clay and MWCNTs, its apparent viscos-
ity dramatically increased, and the ink exhibited notable shear
thinning effect. With 10 wt% nano-clay, the ink viscosity at
1 x 1073 s~ was ~2 x 103 Pas, which is three orders of
magnitude higher than that of the pure resin. The ink viscosity
further increased to ~10° Pa s with 25 wt% MWCNTs added.
But due to the shear-thinning effect, the ink exhibits an appar-
ent viscosity of ~3 kPa s at ~200 s~

As shown in figure 2(b), the shear modulus of the polyimine
resin without additives was ~1.45 Pa, which was independ-
ent of shear stress. The shear modulus increased dramatically
with the content of nano-clay and MWCNTs in the ink. With
10 wt% nano-clay and 25 wt% MWCNTs, the initial ink mod-
ulus at the low-stress level increased to ~10° Pa. The shear
yielding stress is defined as the stress level when the modulus
starts to decrease significantly. It was ~700 Pa. The polyimine
conductive composite inks with 10 wt% nano-clay and 25 wt%
MWCNT were used for the DIW 3D printing. Note that due to
the considerable amount of MWCNTs in the ink, its viscosity
was much higher than the ink without MWCNTs. A deposition
nozzle with a relatively big diameter (1.63 mm) was used for
the printing to promote extrusion.

2.2. Mechanical performance and conductivity of the printed
polyimine composites

After printing, the polyimine and its conductive compos-
ites were subject to post-curing to evaporate the solvent and
fully polymerize the network (see the Experimental Section
for detail). 3D printed polymeric components usually exhibit
weak interfaces due to the non-covalent bonding. For the DIW
printed thermally-curable thermosets and their composites,
the material remains in a viscous oligomer state after fila-
ment extrusion. During the post-curing step, interfacial poly-
merization created interfaces among filaments being connec-
ted with covalent bonds, leading to isotropic mechanical and
electrical properties. Therefore, the performance of the prin-
ted polyimine composites is not dramatically limited by the
printing directions. This feature is desirable for the design and
advanced manufacturing of polymeric electronics as it assists
to release the manufacturing constraints during 3D printing.
A printed single-layer polyimine conductive composite is
shown in figure 3(a), wherein the printing direction of the
filaments is vertical. Then, the composite was cut in differ-
ent directions about the printing direction (0°, 45°, and 90°).
The obtained samples were tested using the uniaxial tension
tests at room temperature. Figure 3(b) shows their stress—
strain relationship. It is observed that the printed compos-
ites exhibit close mechanical properties in different printing
directions, which suggests robust interfaces among filaments
connected by covalent bonding. Previous studies on fused
deposition modeling indicate that the polymer chains might
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strength of printed composites during the recyclable 3D printing.

be aligned due to the shear force during filament extrusion
[72-75]. However, for the polyimine composite filaments cre-
ated by DIW, an isotropic arrangement of chain segments is
anticipated because the crosslinking and random BERs during
post-curing continuously disturb any chain alignments.

The printed polyimine composites were then depolymer-
ized in the propylamine solvent, partially cured, and loaded
into the DIW printer for the next printing cycle. No supple-
mentary material was added during this process. The printing
was repeated two times and the mechanical properties of the
printed composites in each cycle are compared in figure 3(c).
It is seen that both the elastic modulus (within the first 5%
stretch) and ultimate strength maintain the same level. The
modulus and strength are 490 MPa—520 MPa, and 54 MPa—
62 MPa among these printing cycles. The developed poly-
imine composites show excellent repeatability for recyclable
3D printing.

The conductivities of the printed polyimine composites
with different MWCNT loadings were determined using the
four-point probe resistivity measurements at room temperat-
ure. As shown in figure 4(a), a DIW printed thin film sample
(1.6 mm thinness) was passed through a direct current, I,
through two outer probes (24 mm in distance). The voltage
between the two inner probes (16 mm in distance), U, was
used to determine the resistivity, p = 7/In2 x U/I, wherein
the coefficient accounts for the measurements over thin-film
samples with current rings developed. The conductivity of
polyimine composite is ¢ = 1/p.

The conductivities of printed polyimine composites with
different MWCNTs loadings are shown in figure 4(b). They
were measured in both longitudinal and transverse directions
with respect to the printing pathway. It is observed that the
conductivity increases with the amount of MWCNT because
more conductive pathways are formed within the composites.
It also shows that the conductivity is similar in both longit-
udinal and transverse directions. For example, with 25 wt%
MWCNTs, the longitudinal conductivity and transverse con-
ductivity are 1.5 s cm~! and 2.4 s cm™!, respectively. During
the post-curing of the polyimine composites, in addition to the

diffusion and interfacial welding of polymer chains, the con-
ductive MWCNTs may diffuse around the interface to form
conductive pathways. Thus, the printed composites exhibit
less significant directional dependence of their conductivity.
As shown in the inset figure of figure 4(b), the relation-
ship between the measured conductivity and the content of
MWCNT can be captured using a Gaussian function:

(p—b) ] )

o =aexp [— a2

where ¢ = 2.62 s cm™!, b = 0.046, and ¢ = 0.27. From
the curve, it is estimated that the critical MWCNT content
for notable conductivity increment is ~15 wt%. Note that
there are existing studies on conductive composites show-
ing that an equivalent conductivity can be realized using
less MWCNT loading [76]. Due to Van der Waals forces,
individual MWCNTs tend to attract each other. To improve
the composite conductivity, a key procedure is to separ-
ate MWCNT aggregates (e.g. using ultrasonic dispersion) to
enable a uniform distribution of nanoparticles. However, the
separation of MWCNTs is challenging when it comes to the
DIW printing of thermally curable composites. The viscous
resin experiences extended processing times, typically a few
hours to a day, before the network is fully polymerized. Due to
the poor compatibility between MWCNT and the viscous resin
in thermodynamics, the nanoparticles may aggregate again to
form notable clusters during the ink pre-curing and subsequent
material post-curing at high temperatures. This will occur even
if a uniform dispersion of MWCNTs is realized during the
initial resin mixing. This also explains why the relationship
between the measured conductivity and MWCNT content does
not follow the classic power-law network percolation theory
[77]. In this paper, all of the polyimine composites were prin-
ted and cured using the processing conditions mentioned in
the experimental section. Future studies should address how to
improve the conductivity of 3D printing polyimine composites
using fewer MWCNTs.
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Existing studies on the conductive CAN sensors focus
on improving the conductivity at room temperature [33-36].
There are few studies that reveal how the conductivity evolves
with temperature, which is an important aspect for sensor and
electronics applications. Herein, the temperature-dependent
conductivity of the polyimine composites with 20 wt%,
22 wt%, and 25 wt% MWCNTSs was tested, and the results
are shown in figure 5(a). During the tests, the temperature
increased from 25 °C to 150 °C at 2.0 °C min~'. It was
observed that all the specimens with different MWCNT con-
tents have a similar resistance trend. The conductivity first
decreases with temperature, showing a positive temperature
coefficient (PTC) of conductive materials. After passing a
specific temperature, the conductivity tends to increase lin-
early with temperature, showing a typical negative temperat-
ure coefficient (NTC).

The interesting conductive behavior of CAN composites
can be explained below. As illustrated in the inset picture
of figure 5(a), when the temperature increases from room
temperature, the internal BERs of polyimine gradually activ-
ate, which leads to active chain cleavage and reconnection
within the network, accompanied by dramatic thermal expan-
sion of the material. As revealed in our recent study [78],
when the temperature of an epoxy CAN approaches the BER
activation temperature, the thermal expansion coefficient is
~2-4 times higher than that in the rubbery state. This active
chain movement and thermal expansion increase the distance
between conductive MWCNTs and disrupt the conductive net-
work formed in the material as the direct contact of MWCNT's
is destroyed and further evolves into wide gaps. Therefore, the
conductivity of polyimine composites initially decreases with
the temperature. The conductivity decrease reaches a max-
imum when the original conductive pathways are fully re-
organized. The polyimine composites then start to show the
conventional NTC effect, where temperature promotes elec-
tron movement, and the material conductivity increases with
the temperature. It is also seen that the conductivity of a

polyimine composite with lower MWCNT content continues
decreasing until a higher temperature is reached. This might
be because a lower MWCNT content leads to a lower density
of conductive pathways. In this context, more intense BERs at
higher temperatures are required to re-organize the conductive
pathways.

Overall, the results in figure 5(a) reveal the sensing capab-
ility of conductive polyimine composites. The co-existence of
PTC and NTC effects enable the self-regulating functions of
conductive CAN composites and expand their potential applic-
ations in the fields of automobiles, spacecrafts, smart build-
ings, and medical equipment. For example, they can be used
as self-controlled heaters with constant input voltage. When
a specific temperature is reached, it will stabilize because the
material resistance starts to increase if the temperature goes
higher, leading to a lower power of Joule heating.

The conductivity of the 3D printed specimen was meas-
ured at room temperature with different tensile and compress-
ive strains. Figure 5(b) shows the conductivity of polyimine
composites as a function of tensile strain. It was observed
that the conductivity decreased for all specimens with dif-
ferent MWCNTSs contents. This is because that the average
distance (or tunnel gap) among the conductive MWCNTSs
increases with the tensile strain. Conversely, the conductiv-
ity increased as a function of compressive strain due to the
decreased MWCNT distance (figure 5(c)). The changes in con-
ductivity as a function of strain are shown to follow a lin-
ear relationship, which can be described using the following
simple function:

o= 0620(1 - Ck{-:), @)

where o.—¢ is the initial conductivity without deformation.
a = 3 and 1.5 for the tension and compression, respectively.
The different fitting parameters might result from the differ-
ent deformation or boundary conditions being applied during
the measurement. It suggests that the conductive polyimine
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Figure 5. Sensing ability of the printed polyimine composites as a function of (a) temperature, (b) tensile strain, and (c) compressive strain.

is more sensitive to the tensile strain. The linear relationship
indicates that the polyimine composites have the potential to
be used as the strain sensor.

2.3. Shape-reforming ability of the printed polyimine
composites

The conductive polyimine composites exhibit shape-
reforming capability due to the malleability of the polymer
matrix. This could extend their applications as flexible elec-
tronics as it can be readily mounted on the component surfaces
for sensing or performing other functions. The previous stud-
ies show after a CAN sample releasing the internal stress, it can
permanently fix the new configuration [6, 16, 31, 79]. How-
ever, the reshaping capability of the CAN composites with
considerable MWCNT content remains unclear and deserves
investigation.

As demonstrated in figure 6(a), a printed flat compos-
ite sample with 25 wt% MWCNTs (57 mm length, 6 mm
width, and 1.6 mm thickness) was twisted by 1080 degree
at 90 °C and stabilized for a given time. Then, the sample
was cooled back to room temperature while maintaining force.
After unloading, the sample was heated up to 90 °C again to
examine the shape fixity. The shape-reforming degree strongly
depends on the stabilization time at high temperatures. With a

short heating period (~1 min), the sample recovered the ori-
ginal shape automatically at 90 °C, showing the conventional
shape memory effect of polymeric materials. With a long sta-
bilization time (30 min), the shape was reformed without not-
able recovery. This happened because the internal stress dur-
ing the stabilization was gradually released due to the BERs.

Parametric studies were performed to examine the influ-
ences of programming temperature and time on the shape fix-
ity of polyimine composites. During the tests, a flat compos-
ite sample was wrapped around a cylinder aluminum mold
(22 mm in diameter) at a specific programming temperature,
and the deformation was held for a given time. The force
applied for programming was small, only serving to main-
tain the deformation. The temperature was then cooled back
to room temperature while maintaining force. After unload-
ing, the sample was heated up to 90 °C again and stabilized for
5 min to examine the shape-reforming capability, which was
characterized by the bending curvature () of the reprocessed
composite sample. A unitless shape fixity ratio is defined as
R = K/Kkg, with kg being the reciprocal of the mold radius.
R¢ = 1 suggests a complete shape-reforming without shape
recovery after unloading.

The shape fixity of the polyimine composites after heat-
ing for different times are summarized in figure 6(b), where
the temperature is 50 °C, 60 °C, 70 °C, 80 °C, and 90 °C,
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Figure 6. (a) Demonstration of the shape-reforming ability of the printed polyimine composites. (b) Shape-reforming degree of the
polyimine composite as a function of stabilization time and programming temperature.

respectively. It is observed that both the temperature and heat-
ing time promote the shape fixity of the polyimine compos-
ite, because these two parameters play an equivalent role in
determining the extent of BER-induced stress relaxation of
the polyimine matrix. Even with considerable MWCNT con-
tent, the composites are still able to completely fix the pro-
gramming shape at elevated temperatures or using an extended
heating time. At 90 °C, the polyimine composites can be fully
reshaped after ~15 min. It should be noted that with a higher
programming curvature, the final shape fixity of the compos-
ite may be lower than 100%, because the MWCNTSs would
provide a higher resistance force for the shape-reforming.

2.4. Joule heat-induced self-healing of the polyimine
composites

Since the printed polyimine composites are electrically con-
ductive, they can be welded using Joule heating induced by
electricity. Herein, the polyimine composite with 25 wt%
MWCNTs was used as a material platform to examine the
healing efficiency in terms of mechanical strength and con-
ductivity. As shown in figure 7(a), a cylindrical sample
(extruded using a syringe with 3.3 mm diameter needle) was
first cut in half using a razor and then brought together using
a tweezer with a small squeezing force being applied to main-
tain good contact. A direct current was applied through two
probes at a 5 mm distance to introduce Joule heating, which
triggers the BERs in the polyimine matrix and the connection
of polymer chains on the interface. This will also lead to the
diffusion of nanoparticles to form conductive pathways across
the interface. After being heated for a given time, the two
parts were joined for testing. The appearance of the polyimine
composite sample during the welding is shown in figure 7(b).
During the experiments, a 0.15 Amperes current was applied,
and the voltage slightly decreased from 0.17 Volts due to the
increase of resistance and temperature (see figure 5(a)). Using
an infrared camera (FLIR Systems, Inc., Wilsonville, USA),

it was observed that the temperature around the interface
increased rapidly. Due to the natural convection, the temperat-
ure eventually saturated around 63 °C after 5 min, which was
sufficiently high for the interfacial welding.

The conductivity of the welded polyimine composite was
determined using the four-point probe resistivity measure-
ment. Its mechanical strength was tested using the uniaxial
tension tests at room temperature on the MTS machine. The
increment of the conductivity and ultimate strength of the wel-
ded sample is plotted in figure 7(c) as a function of weld-
ing time. It is observed that the conductivity reaches the same
level as that of the fresh sample (2.7 s cm™!) after being wel-
ded for ~40 min. The ultimate strength saturates at ~57 MPa
after ~50 min of welding. But the strength value is slightly
lower than that of the fresh sample (~70 MPa). This might res-
ult from the interfacial voids after the welding as the samples
exhibit rough surfaces after razor cutting. The strength should
be increased when using a higher welding pressure to ensure
a defect-free interface.

The cutting-welding process was repeated three times in
the same location as the sample. In each cycle, the sample was
welded using the same current for 50 min. The final conduct-
ivity and mechanical strength of the sample in each welding
cycle are summarized in figure 7(d). Despite the lower interfa-
cial strength after welding, both two parameters were at near-
identical levels after being welded three times, which suggests
good repeatability of the welding process.

3. 3D printing of temperature sensors using the
polyimine composites

The polyimine and conductive polyimine composites were
used for the 3D printing of temperature sensors using the
DIW method. The overall manufacturing process is shown in
figure 8. A polyimine substrate was first printed with a dimen-
sion of 40 mm by 60 mm (figure 8(a)). The substrate exhib-
ited a rough surface due to the nature of the DIW printing
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Figure 7. (a) Schematic views of the welding process of polyimine composites using Joule heat induced by electricity. (b) Appearances of
the sample during the welding. (c) The increment of conductivity and mechanical strength of polyimine composite as a function of welding
time. (d) The ultimate conductivity and mechanical strength of the welded polyimine composites in the first three welding cycles.

of filaments. To enable a smooth surface, the printed sample
was subject to hot pressing at 90 °C with a 0.1 MPa pressure
applied (figure 8(b)). This will enable a good bonding with
conductive polyimine composites printed on the surface. After
pressing, the sample thickness was ~0.11 mm (figure 8(c)).
Conductive ink was then printed on the substrate surface
with a defined pattern (figure 8(d)). The printout was then
transferred into an oven to post-cure the conductive ink and
obtain the final temperature sensor (figure 8(e)). As demon-
strated in the previous sections, the sensor is malleable due to
the polyimine matrix and can be reshaped into different geo-
metries depending on the applications (figure 8(f)). It can be
repaired after damage based on the interfacial welding effect

(figure 8(g)). Finally, the temperature sensor was recycled
using the amine-containing solvent. They can be fully depoly-
merized in the propylamine solvent at 80 °C (figure 8(h)).
Since the polyimine substrate was depolymerized, additional
MWCNTs were added into the solution to maintain the same
ratio between polyimine and MWCNTs. The polymer solu-
tion was partially cured reloaded into the DIW printer as a
new ink for the next round of printing on a new polyimine
substrate.

The appearance of a 3D printed sensor is show in
figure 9(a), wherein the conductive polyimine contains 25 wt%
MWCNTs. No notable shape distortion is observed after
the post-curing of the polyimine composite. As shown in
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Figure 8. (a)—(h) Overall manufacturing process of the temperature sensor.
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Figure 9. Photographs of 3D-printed sensor patterns. (a) The appearance of the printed temperature sensor. (b) Demonstration of the
shape-reforming capability of the printed sensor. (c) The printed sensor can be repaired after damage based on the interfacial welding effect
of polyimine. (d) The printed sensor can be fully repaired using amine-containing solvent. The pictures show the printed sensors with
different patterns of conductive lines during the recyclable 3D printing.

figure 9(b), the malleable sensor can be easily mounted onto
the surfaces of 3D components in different shapes after heating
using a heat gun. The sensor also exhibits self-healing capab-
ility. As shown in figure 9(c), the printed sensor was manually
cut using a razor. They were then brought together and sand-
wiched between two glass slides. After heating at 90 °C for
40 min with a relatively small pressure (~0.1 MPa) applied,
the sensor was repaired, and the pattern of the conductive lines
are seen to be maintained. The recyclability of the printed
sensor is shown in figure 9(d), wherein the printed sensor was
fully decomposed in the amine-containing solvent. Equival-
ent amount of MWCNTSs was added into the solution to make
sure the MWCNT content is 25 wt% compared to the poly-
imine resin. After pre-curing to increase the resin viscosity, it
was used to print temperature sensors with different patterns
of conductive line. The ink maintained a good printability in
each printing cycle.

10

The characterizations on the printed temperature sensor are
presented in figure 10, where the temperature was increased
linearly from room temperature to 60 °C at 2 °C min~'. As
shown in figure 5(a), the conductivity of the polyimine com-
posite is sensitive to temperature changes. Since it decreases
with temperature linearly within the tested temperature range,
the sensor resistance increases with temperature and the sensit-
ivity was measured to be ~0.13%/°C. In addition, the repaired
and recycled sensors as demonstrated in figure 9 are also char-
acterized. They exhibit close performance to that of a newly
printed sensor. The comparison in figure 10 suggests that
the developed polyimine composite sensor possesses excellent
repairing and recycling capabilities.

Note that the characterizations on the temperature sensor
were performed in the free-standing state without apply-
ing the mechanical loading. The polyimine exhibits stable
material properties at temperatures up to 150 °C. Increasing
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Figure 10. The characterizations on the printed temperature sensor.
The performance of repaired and recycled sensor is compared to
that of a newly printed one.

the temperature any further might lead to thermal degradation
or notable oxidization of the polyimine matrix. However, if the
sensor is applied with mechanical loading, the limit of the tem-
perature measurement might be lower than 150 °C. At high
temperatures, the polyimine matrix is malleable and experi-
ences creep deformation due to active BERs. The temperature-
conductivity relationship of the polyimine composites will
change with deformation, and, thus, affect the performance of
the sensor. It remains unclear to us what the upper limit of the
temperature measurement is when the sensor is subject to vari-
ous loading conditions. This is an important topic that deserves
further study.

4. Conclusion

In summary, conductive polyimine composites were used
to fabricate polymeric electronics using the DIW 3D print-
ing method. The adopted materials enabled the reshapeab-
ility, repairability, and recyclability of printed electronics.
A conductive polyimine ink containing MWCNTSs was first
developed. It was found that the ink containing 10 wt%
nanoclay and 25 wt% MWCNTs exhibited high yielding
strength, a notable shear-thinning effect, and good conduct-
ivity (~2.7 s cm ™), which is suitable for the DIW 3D print-
ing. The ink was fully recyclable for repeated 3D printing of
polyimine composites. Due to the covalent bonding among
filaments, the printed polyimine composites exhibited near-
identical mechanical properties and conductivity in different
directions. The composites’ conductivity first decreased with
the temperature due to the disruption of conductive pathways
by BERs, and then started to increase after the pathways
were reorganized. The conductivity also changed linearly
with different tensile and compressive strains. The shape-
reforming capability of conductive polyimine composites was

investigated with different programming temperatures and
times. It shows that even with a considerable amount of
MWCNT in the matrix, the polyimine can completely fix the
programming shape using a high temperature or an extended
heating time. The printed polyimine composites also demon-
strated robust interfacial welding capability by using the Joule
heating induced by electricity. During the repeated welding-
cutting process at the same location, the samples maintained
almost the same level of conductivity. The mechanical strength
was slightly low but could be improved using a higher welding
pressure. Finally, a temperature sensor was printed and char-
acterized. It was easily mounted onto the 3D surfaces, repaired
after damage, and recycled using the solvent. The sensing
capability of printed sensors was maintained after the repair-
ing and recycling. Our study opens new possibilities for the
development of CAN-based conductive composites for novel
3D printable reshapeable, rehealable and fully recyclable elec-
tronics targeting a broad range of sustainable applications.

5. Experimental section

5.1. Measurements on the ink rheological properties

The apparent viscosity and shear storage modulus of the pre-
pared polyimine inks were characterized at room temperature
using a theometer (TA Instruments, AR-G2, New Castle, DE,
USA). The rheometer was equipped with parallel plates with a
diameter of 20 mm diameter. To test the ink viscosity, the resin
was filled in the 1 mm gap between the two plates. The shear
rate changed between 1073 and 200 s~!. To determine the
modulus, the parallel plates oscillated at 1 Hz, and the stress
level ranged between 0.01 Pa and 10* Pa.

5.2. DIW 3D printing

The 3D printing was performed using a customized DIW
printer. The printable ink was loaded in a plastic syringe with
a deposition nozzle (1.63 mm diameter). The syringe was con-
nected to a digital pump (Ultimus V high precision dispenser,
electron fusion devices (EFD)) to control the deposition pres-
sure at 80 psi. A Makebot moving stage was used to control
the motion of the deposition syringe.

After the polyimine composites were printed, they were
moved into a vacuum oven for post-curing. The temperature
was first set to be 45 °C with an 8 kPa vacuum pressure. After
the printed composites gaining sufficient stiffness, the temper-
ature was further increased to 80 °C, and the printouts were
fully cured after ~6 h.

To recycle the printed polyimine and their composites, they
were immersed in the amine solvent. After they were fully
depolymerized, the polymer solution was partially cured and
loaded into the DIW printer for the next round of printing.

5.3. Measurements on the resistance of printed polyimine
composites

The printed conductive polyimine composites with different
MWCNT contents were cut into the same dimension of



Int. J. Extrem. Manuf. 4 (2022) 015301

X He et al

1.6 mm x 10 mm x 40 mm. The four-point probe method
was used in this study, and each data were calculated by
taking the average value of six readings from six different
pieces of the same specimen. The voltage between two probes
was measured by a digital multimeter, and the corresponding
electric resistivity was calculated according to the specimen
dimension.

The specimen conductivity was measured at different tem-
peratures. During the tests, the specimen was connected to the
multimeter to read resistance change in real-time. The tem-
perature was increased from 25 °C to 145 °C at 2 °C min~',
The specimen conductivity was also measured with different
tensile and compressive strain levels. The tests were performed
on an MTS tester (Insight 30, New Eden Prairie, MN). Spe-
cifically, cylindrical samples with a dimension of 9.3 mm (dia-
meter) X 14.3 mm (height) were fabricated. During the tests,
the specimens were respectively stretched or compressed up
10% engineering strain at 2%/min, with the conductivity being
measured in real-time using the four-point probe method.

5.4. Measurements on the mechanical properties of printed
polyimine composites

The mechanical properties of the printed polyimine compos-
ites, as well as the composites after welding using Joule heat-
ing, were tested using the uniaxial tension test at room temper-
ature. The tests were performed on an MTS tester (Insight 30,
New Eden Prairie, MN). For the printed polyimine compos-
ites, the sample dimension is 1.6 mm x 10 mm x 75 mm, for
the welded polyimine composites, the dimension of the cyl-
indrical sample is 3.3 mm (diameter) X 25 mm (height). The
specimen was stretched on the Bose electro-force tester, and
the strain rate was set to be 5%/min for all cases.
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