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ABSTRACT

In this paper, the performances of the electrical characteristics of the Fused Deposition Modeling (FDM)
3D-printed flexible resistance sensor was evaluated. The FDM 3D printing flexible resistive sensor is
composed of flexible-material thermoplastic polyurethane and a conductive PLA (carbon black conductive
polylactic acid) polymer. While 3D printing, polymer filaments heat up quickly before being extruded and
cooled down quickly. Polymers have poor thermal conductivity so the heating and cooling causes unevenness,
which then results in internal stress on the printed parts due to the rapidity of the heating and cooling.
Electrical resistance measurements show that the 3D-printed flexible sensor is unstable due to internal stress,
so the 3D-printed flexible sensor resistance curve does not match the increases and decreases in the
displacement curve. Therefore, annealing was performed to eliminate the mismatch between electrical
resistance and displacement. Annealing eliminates residual stress on the sensor, so the electrical resistance of
the sensor increases and decreases in proportion to displacement. Additionally, the resistance is lowered in
comparison to before annealing. The results of this study will be very useful for the fabrication of various
devices that employ 3D-printed flexible sensor that have multiple degrees of freedom and are not limited by
size and shape.

Key Words : Additive Manufacturing(& 57+3), Conductive 3D Printing ™M T4 3DZZIE), 3D printing

flexible resistance sensor(3DZZIE FAXEMA]), 3D printing Annealing(3D ZZ& @)

1. Introduction A number of studies on flexible and wearable

electronic devices have recently been performed. In

# Corresponding Author : sun@inha.ac.kr order to implement those devices, a technique for
Tel: +82-32-860-7320, Fax: +82-32-868-6430 producing thin, lightweight, and flexible devices is
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needed. The device should be sufficiently flexible to
take on various shapes and the device performance
should be maintained even in the freely flexible
condition.

As materials for producing these devices, polymers
with high degrees of freedom (DOF) with respect to
deformation such as

and flexibility, polyimide,

polydimethylsiloxane, and polyethylene terephthalate,

4t

have been use . These existing materials should

withstand various production processes that are
difficult in terms of flexible device implementation
and have the disadvantage that the device shape
cannot be freely implemented. Hence, the study aims
to produce a flexible resistance sensor (FRS) along
with numerous other flexible devices using the fused
deposition modeling (FDM) three-dimensional (3D)
printing technique which affords a simple production
process. The characteristics of the obtained sensor
will also be evaluated.

The dual nozzle FDM 3D printer used to produce
the FRS is a popular and widely available model
with the ability to use a range of materials. It is
designed to produce 3D shapes using an iterative
lamination process via the high-temperature press-out
extrusion of polymer filaments made from various

materials®®).

In the present study, the 3D printed
FRS was produced using thermoplastic polyurethane
(TPU) to provide flexibility along with the
conductive poly lactic acid (PLA).
enhance the

conductance of the 3D printed sensor, studies were

In order to

optimize the process and electrical
also performed on the changes in electric resistance
with increasing and decreasing displacement of the
sensor before and after heat treatment (annealing).
This study is expected to contribute to the expansion
of FDM 3D printing into the electric and electronic
wearable and flexible

application fields such as

devices.

2. Experiment and discussion

In this study,
used as a printing electrode. This is a compound of
NatureWorks® 4043D PLA, a
conductive

Proto-pasta conductive PLA was

dispersant, and
carbon black. It 1is characterized by
vulnerability to damage because its low elasticity and
brittle characteristics render it unable to provide a
restoring force against external change. To overcome
this problem, the flexibility of the printing sensor
was ensured by providing the printing electrode with
a support made of TPU, which is a flexible material
(Fig. 1). The
concept of conductive 3D printing is shown in Fig. 2.

with an excellent elasticity force

Unit : mm
=] =
— zzz4: Conductive PLA
190
170

Conductive PLA

|
Dual Extruder 3D Printing )

TPU

Fig. 1 Fabrication of flexible sensor using dual 3D

printer

Heatjng
Block

Nozzle

A Conductive
PLA Carbon Block

% One Layer Height
Fig. 2 Simplified schematics depicting the process of
conductive PLA-based 3D printing using the

technique of FDM®
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To measure the electrical conductance according to
the changing displacement of the 3D printing FRS,
both ends of the sensor were fixed using a single
axis actuator and the change in electric resistance
was measured in real-time using a digital multimeter
(34410a. Agilent) with 10 iterations of 15, 20, and
25% increase and returning-back in displacement. In
addition, the change in electrical characteristics was
measured using the same method after annealing the
3D printing sensor in a constant temperature oven in
order to provide a comparative analysis of the
characteristics before and after annealing.

To determine the annealing temperature for the
FRS, the (Tg) and

crystallization temperature of the conductive PLA

glass transition temperature
filament were measured using a differential scanning
calorimeter (DSC 200F3, NETZSCH). The results of

these measurements are presented in Fig. 3, in which
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(b) Carbon black

Fig. 3 Glass transition temperature of conductive
PLA Filament®

the Tg values of the PLA and carbon black are

approximately 62 C and 880 C, and the

crystallization ~ temperature = of the PLA is
approximately 120C. Hence, the annealing
temperature was set to 120 C to match the

crystallization temperature of the PLA.

The filament was restructured with large crystals
(grains) by
high-temperature nozzle extrusion during FDM 3D

quenching immediately after
printing. Here, the boundary between the large crystal
grains causes the weakening of the binding force.
The electrical characteristics of the FDM 3D printing
FRS were comparatively analyzed before and after
annealing in order to determine the effect of internal
stress. The results indicated the presence of structural
defects due to molecular orientation, movement of the
printing nozzle, and the difference in cooling rate
inside and on the surface of the filament after
high-temperature extrusion and rapid cooling to room

temperaturem.

2.1 Comparison of the electrical characteristics
of the 3D printing FRS according to

displacement

The TPU is used as a support for the 3D printing
FRS. It exhibits elasticity by forming domains within
individual molecules are
than
bonding. When an external force is applied that is
the bond
becomes unstable and allows deformation to occur.

the elastomer where the

cross-linked via physical rather chemical

larger than the physical bond strength,

TPU has a reversible response to an external force
such that it returns to its original structure when the
external force is removed, and this response can
occur repeatedly.

resistance
displacement of the flexible
fixed to the

single-axis actuator and 15, 20, and 25% tension was

To measure the change in electric

according to the
resistance sensor, the sensor was
applied, held steady for one second, then allowed to

return to the relaxed condition. This procedure was
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conducted 10 times and the change in -electric sou| 15% PR ot " Resistance |
resistance was measured via the power line 1 sec stay - Strain
communication (PLC) control. The results presented 202 R
in Fig. 4 indicate that the maximum value of electric — gl
resistance at the peak displacement is not constant % ) =
during the one-second holding time, but rises and éza.a T E
falls in amplitude. For instance, the curve in Fig. 2 2es¢ | b7
4(a) shows the change in electric resistance and & o5al
sensor  displacement in response to 15% temsion. | ; ! ;
Here, the maximum electric resistance value is ®27
obtained at the point of maximum displacement after 280 . . ; A i
increasing in direct proportion to the increase in w 4 TimeT;] 2 "
displacement  but then decreases during the (a) 15% repeat strain-resistance curve
one-second  holding time before subsequently . ‘ . ] ‘ .
increasing again. Thus, 20 instances of maximum ag| 208 re?":;:‘;:::’" strain - 2;2::3"”,
resistance were displayed during the 10 iterations of @ B 8 W2 A q 12
this test. The instability in the electric resistance =20 3 : ‘ ‘ 18
value reflected by the change in amplitude during the E 200 il E L E AT -
one-second holding time after maximum displacement g e b G R 19 °'E
was attributed to the difference in resistance stress 3 B8 i : I Ia g
between the inside and outside of the sensor due to ﬁ ol R p
the 3D printing process, as shown in Fig. 5.  [777] g
The FDM 3D printing FRS is rapidly cooled as 284
soon as it is deposited via the high-temperature 22 . ‘ . ‘ .
extrusion nozzle, so that cooling occurs from the 0 10 20 30 40 50 60
surface of the printing output layer inwards. Hence, Time [s]
the contraction of the surface of the additive layer (b) 20% repeat strain-resistance curve
generates tension in the center in order to maintain %00 35% Fepeat tension strain — Resistance
the volume, which leads to tensile stress in the a8 @1 = itayﬂ m o o A S;t'rain;: 125
surface layer and compressive stress in the center 29.6 ":. {5
due to resistance against contraction. Since complete T 294 R Vo
cooling in the center takes time, this differential ?2927 {0 W0 S AL A e B 1" &
residual stress between the surface layer and the 5 ' . n b ‘: LI ThE 10 E
center leads to the change in amplitude with § 2 A1 e il by | @
increasing displacement. ® 288 | IR R . ] P
Fig. 4(b) shows the change in electric resistance 286 | L L 4o
with a 20% increase in displacement. Here, in ! |
comparison to Fig. 4(a), the amplitude of the electric E T T T
resistance is somewhat reduced during the one-second Time [s]
holding time for which the maximum tensile stress is (c) 25% repeat strain-resistance curve

maintained, although the electric resistance pattern  Fig. 4 Strain(blue dashed line)-Resistance(black solid
exhibits non-uniformity. Furthermore, in the case of line) curve
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Fig. S5 Simplified schematic drawing of thermally
induced residual stress

Fig. 4(c) where the displacement increased by 25%,
the amplitude of the electric resistance was further
reduced due to the larger external tensile force, the
maximum peak values were obtained 10 times, but
the displacement curve and electric resistance curves
remained mismatched. Moreover, the results in Fig. 4
(a), (b), and (c) all show that the minimum value of
the electric resistance was obtained 10 times due to
the small repulsive force against the internal residual
back to the
displacement during maximum displacement.
demonstrated that the
change in electric resistance of the FDM 3D printing

stress when returning original

The experimental results

FRS was proportional to the increase in displacement,
as indicated by Eq. (1), but this was not matched by

the displacement curve. This indicates inadequate
performance as a sensor.
L AR
R=p—7, p=—7 (1)

where R : electrical resistance (Q),
p : specific resistance (Qemm),
L : specimen length (mm),

A : specimen cross-sectional area(mm?)

2.2 Comparison of the electrical characteristics
of the 3D printed FRS after annealing

In the above section, the inadequate performance
of the FDM 3D printed FRS in the measurement of
the change in electric resistance with increasing
displacement of the sensor was attributed to the
generation of structural defects during the printing
process, which led to the instability due to residual
stress in the printed article. Hence, in the present
section, the change in the electric resistance with
changing displacement of the sensor was measured
using the same process after annealing of the FRS in
order to resolve the instability.

Annealing was conducted in the constant
temperature oven at the crystallization temperature of
the conductive PLA component of the electrode (i.e.
120C) for two hours followed by cooling to room
temperature in the oven.

Fig. 6 presents the results of increasing the
displacement by 15, 20, and 25%, holding for one
second, then allowing the annealed FRS to return to
its initial state. Each test was repeated 10 times. The
displacement curve and the change in electric
resistance remained well matched to each other and
the maximum electric resistance value was maintained
even during the one-second holding time at the
addition, the

in proportion to the

maximum displacement. In electric

resistance value increased
increase in displacement in accordance with Eq. (1).

According to Matthiessen's rule, the influencing
factors that affect the electrical conductance are the
microstructure and the difference in mobility due to
the difference

scattered by the lattice vibration inside the crystal,

in temperature. Since electrons are
increases as the
In addition, the
affected by microstructural

the scattering printing nozzle
electrical
defects

such as impurity, precipitation, and dislocation. Thus,

temperature is raised.

conductance is

the electrical conductance is improved by removing
the microstructural defects via annealing.
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The significant improvement in the performance of
the 3D printed FRS is thus due to the following
(i) the reduction in vacancies by active
diffusion the
annealing process, (ii) improved electrical conductance
stability of the of
unstable energy defects known as dislocations, and

reasons:

atomic due to high-temperature

and sensor due to removal

(iii) grain coarsening by the maintenance of grain
growth due to recrystallization and grain refinement

in which the dislocation density is greatly reduced™”.

3. Summary

Table 1
according to displacement before and after annealing

presents the electric resistance values
of the flexible resistance sensor, in which the electric
resistance decreased after annealing and increased in
the

accordance with Eq. (1) without any changes

proportion  to increasing  displacement  in

in
electric resistance due to amplitude variations. This
was because the structural defects generated by the

FDM 3D printing process were eliminated by
annealing.
The residual stress in the FDM 3D printing

manufactured article occurs due to the following
structural causes: (i) as soon as the molten polymer
is deposited by the high-temperature extrusion nozzle
during 3D printing, solidification occurs by rapid
cooling to room temperature before the polymer

chain or filament can become arranged into the

Table 1 3D printing flexible sensor resistance

Strain Base Max. resistance ietii:ti;ie
[%] resistance accprding to stretch ’
[kQ] amplitude [kQ] [kQ]
15 28.81 29.17 28.68
an?}zg‘iirﬁg 20 28.88 2931 29.08
25 2891 29.66 29.66
10 10.60 10.70
After 5 10.63 10.76
annealing
25 10.63 10.81
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stable state; (ii) shear strain occurs in the surface of
the nozzle wall due to the lower extrusion speed
relative to that in the center due to the effect of
shear flow caused by friction and cooling during
high-temperature extrusion of the 3D printed filament,
and (iii) differential stress arises due to polymer
orientation, etc.M,

In the present study, meaningful measurements of
the change in electrical characteristics were achieved
by removing the instability of the 3D printed FRS
via the various effects of annealing. This enabled the
manufacture of a 3D printed FRS with stable sensing
capability. The polymer chain was thus provided with
sufficient energy for internal movement and
extension, thus reducing the differential residual stress
between the inside and outside, increasing the linear
elasticity force of the TPU support, and relieving the
internal stress due to crystal structure refinement,
uniformity, and grain boundary growth, resulting in
enhanced reliability and electrical conductance of the

polymer electrode.

4. Conclusions

A flexible
manufactured

resistance  sensor  (FRS)

3D printing and its

was
using dual
performance was experimentally verified by iterative
measurement of the changes in electric resistance
with return to the
relaxed state. The structural stability of the printing

increasing displacement and

polymer was found to play an important role in the
sensing capability of the 3D printed FRS. Annealing
is necessary in order to remove the residual stress
due to structural defects arising during the printing
thus
expand the range of application of the sensor. The

process and improve the performance and
above results suggest that various flexible sensors
with
manufactured by a simple FDM 3D printing process

multiple  degrees of freedom can be

without any limitations on size and shape, which will

be employed usefully as a major factor in the

development of flexible electric devices.
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