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1. Introduction

In recent years, many studies have been conducted 

on flexible electronic devices (FEDs), yielding many 

developments that improve quality of life and 

convenience in many areas, such as wearables, 

displays, haptic, entertainment, and rehabilitation to 

name a few. FEDs should be able to be bendable, 

stretchable, rollable, foldable, and ultimately wearable.
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ABSTRACT

Recently, to improve convenience, flexible electronics are quickly being developed for a number of 

application areas. Flexible electronic devices comprise characters such as being bendable, stretchable, foldable, 

and wearable. Effectively manufacturing flexible electronic devices requires high efficiency, low costs, and 

simple processes for manufacturing technology. Through this study, we enabled the rapid production of 

multifunctional flexible bending sensors using a simple, low-cost Fused Deposition Modeling (FDM) 3D 

printer. Furthermore, we demonstrated the possibility of the rapid production of a range of functional flexible 

bending sensors using a simple, low-cost FDM 3D printer. Accurate and reproducible functional materials 

made by FDM 3D printers are an effective tool for the fabrication of flexible sensor electronic devices. The 

3D-printed flexible bending sensor consisted of polyurethane and a conductive filament. Two patterns of 

electrodes (straight and Hilbert curve) for the 3D printing flexible sensor were fabricated and analyzed for the 

characteristics of bending displacement. The experimental results showed that the straight curve electrode 

sensor sensing ability was superior to the Hilbert curve electrode sensor, and the electrical conductivity of the 

Hilbert curve electrode sensor is better than the straight curve electrode sensor. The results of this study will 

be very useful for the fabrication of various 3D-printed flexible sensor devices with multiple degrees of 

freedom that are not limited by size and shape.
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Fig. 1 shows the photo-lithograph process, which 

is widely used in current flexible sensor production. 

This production process is complex and requires 

expensive materials and equipment for each use[1]. It 

has also drawbacks such as high degree of freedom 

(DOF) implementation and limitations on shape and 

size. Thus, much attention has been paid to 

developing various printing-based flexible sensor 

production techniques with simple and low-cost 

production. 

Fig. 2 shows the flexible sensor printing processes 

that are currently widely used such as ink jet, 

nozzle, screen, and roll-to-roll[2-6]. The ink jet printing 

sprays ink to the flexible substrate and produce a 

device. The nozzle printing is utilized to produce a 

line or plane pattern. The screen process without 

using a nozzle makes it relatively easy to select 

materials and can produce a thick pattern. The 

roll-to-roll process produces a pattern by passing a 

flexible substrate between rolls, which makes it easy 

to control thickness. However, these printing 

processes have the following drawbacks: complex 

processes that are not yet familiar to the public, high 

production cost, and limitation of size and shape. 

Thus, this study aims to produce an FED with a 

simple process and low production cost using a fused 

deposition modeling (FDM) three-dimensional (3D) 

printer, which is widely distributed to the public, and 

analyze its characteristics. 

Fig. 1 Schematic of PhotoLithograph process[1]

(a) Ink Jet Printing

(b) Nozzle Printing

(c) Screen Printing

(d) Roll-to-Roll Printing

Fig. 2 Schematic of printing sensor process[2-6]

This study produces a flexible bending sensor 

(FBS) that can be produced easily and facilitate 

intuitive judgment, using FDM 3D printing, and its 

performance is discussed. This will contribute to the 

promotion of FDM 3D printing use, departing from 

the simple structure production by expanding the 

utilization field of FDM 3D printing into various 

application areas including electronics and controls.
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2. Experiment and discussion

To evaluate the characteristics of electrical 

resistance according to the bending displacement of 

the FDM 3D printing FBS, an FBS was 

manufactured using 3D printing of straight and 

Hilbert curve electrodes inside thermoplastic 

polyurethane (TPU) as shown in Fig. 3. To compare 

the performance between straight and Hilbert curve 

electrode sensors, the electrode surface area was 

designed equivalently to have 1125 mm . 

▪straight curve      ▪hilbert curve   

  (a) bending sensor design

  

(b) Dual nozzle 3D printing

Fig. 3 Design and Fabrication of 3D printing flexible 

bending sensor

Fig. 4 Simplified schematics depicting the process of 

conductive PLA-based 3D printing using the 

technique of FDM[7].

The principle of 3D printing FBS is to measure 

bending displacement of the senor using the electric 

resistance characteristics of thin plate electrode 

printed with conductive filaments. The conductive 

filaments used in the 3D printing electrode are a 

composite of conductive carbon black and 

Natureworks 4043D polylactic acid (PLA), with 15 

wt. % of carbon black. The conceptual diagram of 

the conductive filament 3D printing is shown in Fig. 

4. 

Fig. 5 shows the 3D printing process of FBS, in 

which TPU is layered and, for electrode printing and 

electrode supporting, TPU is re-layered to have a 

structure of inserted electrode inside the TPU. The 

3D printing electrode has a brittleness characteristic. 

Thus, the electrode support was composed of flexible 

TPU to support the bending displacement of the 

electrode. 

The characteristic of the 3D printing FBS was 

evaluated by measuring the change in electric 

resistance according to displacement while applying 

10-, 20-, and 30-mm bending displacement at a 

1-mm/sec rate in the sensor's center in real time 

using a digital multi-meter (34410a. Agilent) as 

shown in Fig. 6. In addition, the change in electrical 

characteristics was measured using the same method 

after annealing of 3D printing FBS in a constant 

temperature oven, allowing comparative analysis o the
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Fig. 5 Simplified depicting the process of 3D 

printing bending sensor

Fig. 6 3D printing Flexible bending sensor 

characteristic evaluation system. (1-axial 

PLC actuator)

characteristics before and after annealing. 

The glass transition temperature (Tg) and 

crystallization temperature of the conductive PLA 

filament, which was used as an electrode of the 

bending sensor, were measured using a differential 

scanning calorimeter (DSC) to determine the 

appropriate temperature for annealing of the FBS. 

The measurement results were: PLA and carbon 

block’s Tg were approximately 62℃ and 880 ℃, 

respectively, and the PLA crystallization temperature 

was approximately 120℃. Thus, the annealing 

temperature was set to 120℃. The measurement 

equipment used was DSC200F3 manufactured by 

NETZSCH[7-8].

2.1 Electrical characteristic test of 3D 

printing FBS

To evaluate the characteristics according to the 

displacement of 3D printing FBS, the change in 

electric resistance was measured in real time while 

applying 10, 20, and 30% increase in bending 

displacement followed by 5-sec. stay and 

returning-back using a programmable logic controller 

(PLC), which was conducted five times, respectively, 

after fixing the bending sensor at the single-axis 

actuator.  

Fig. 7 shows the change in electric resistance 

against iterative bending displacement. Fig. 7(a) 

shows the curve of the change in electric resistance 

against 10-mm bending displacement in the bending 

sensor center, in which the electric resistance value 

increased in proportional to the increase in 

displacement over time, as presented in Eq. (1). 

The measurement results of electric resistance in 

straight and Hilbert curve electrode sensors showed 

that the electric resistance value of the Hilbert curve 

electrode sensor was lower even in the same 

electrode surface area (1125 mm ) and displacement. 

This was because of the increase in displacement of 

the electrode due to the difference in electrode 

design and a relatively shorter travel distance of the 

high-temperature nozzle during the Hilbert curve 

electrode printing lamination, thereby having less 

occurrence of residual stress caused by 

high-temperature extrusion and cooling of the printing 

nozzle. The electric resistance changes (∆ = 

maximum resistance - initial resistance) of the 

straight and Hilbert curve electrode sensors were 0.3k

Ω and 0.13kΩ, respectively. 

Fig. 7(b) and (c) show the electric resistance 

curves against 20- and 30-mm bending displacements 

in the bending sensor center, in which the electric 

resistance increases proportionally to the increase in 

bending displacement. 

The electric resistance change (∆) against 20- 

and 30-mm bending displacement in the bending 

sensor center was 0.82 and 1.45 kΩ in the straight 

curve sensor, and 0.42 and 1.03 kΩ in the Hilbert 

curve sensor, which also showed that the electric 
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resistance change of the Hilbert curve electrode 

sensor was smaller, as in the case of 10-mm bending 

displacement. 

  


,  

……………………………… (1)

 : electrical resistance(Ω), 

 : specific resistance(Ω·mm) 

 : specimen length (mm), 

 : specimen's cross-section area (mm2)

� Straight curve electrode sensor

� Hilbert curve electrode sensor

(a) 10mm bending displacement-resistance curve 

� Straight curve electrode sensor

� Hilbert curve electrode sensor

(b) 20mm bending displacement-resistance curve 

� Straight curve electrode sensor

� Hilbert curve electrode sensor

(c) 30mm bending displacement-resistance curve 

Fig. 7  Strain(blue dashed line)-Resistance(black solid 

line) curve

2.2 Comparison of electrical characteristics 

due to annealing of 3D printing 

flexible resistance sensor

To analyze the effect of annealing on 3D printing 

FBS, the change in electrical resistance was measured 

using the same process of the above experiment 
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method after annealing the bending sensor. Annealing 

was conducted at a constant temperature oven at 12

0℃ (crystallization temperature of conductive filament 

in the printing electrode) for two hours and then 

oven cooling was performed in the constant 

temperature oven at room temperature. 

Fig. 8 shows the measurement results of the 

change in electric resistance according to the iterative 

test of bending and returning-back of 10, 20, and 30 

mm in the bending sensor center after annealing of 

FBS. The figure shows that the bending displacement 

and electric resistance are proportional over time, and 

the electric resistance is significantly lower than that 

before annealing. 

The resistance changes (∆) of straight and 

Hilbert curve electrode sensors according to bending 

displacements of 10, 20, and 30 mm in the printing 

bending sensor were 0.07, 0.15, and 0.31 kΩ, and 

0.03, 0.09, and 0.17 kΩ, respectively, which were all 

increased in proportion to the bending displacement.

� Straight curve electrode sensor

� Hilbert curve electrode sensor

(a) 10mm bending displacement-resistance curve 

� Straight curve electrode sensor

� Hilbert curve electrode sensor

(b) 20mm bending displacement-resistance curve 

� Straight curve electrode sensor

� Hilbert curve electrode sensor

(c) 30mm bending displacement-resistance curve 

Fig. 8 Strain(blue dashed line)-Resistance(black solid 

line) curve after annealing
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In addition, the resistance change of the straight 

curve electrode sensor was larger than that of the 

Hilbert curve electrode sensor, which was the same 

before annealing. The reason for the lower initial 

resistance, resistance against maximum displacement, 

and changes in resistance of bending sensor alter 

annealing compared to those before annealing was 

the active atom diffusion of printing electrode by 

annealing, which removed the strain energy stored in 

the inside due to the dislocation movements. This 

resulted in the reduction in vacancy and removing 

the dislocation, which was a unstable defect in terms 

of energy, which led to the improvement of electrical 

conductance[7-8].

3. Review and discussion

Table 1 presents the changes in electric resistance 

according to bending displacement before and after 

annealing of the 3D printing FBS. In all 

displacements, the electric resistance of Hilbert curve 

electrode sensor was lower than that of the straight 

curve electrode sensor. 

Generally, since the polymer is oriented in the 

resin flow direction, a difference in shrinkage ratio 

occurs between the flow and perpendicular directions. 

This is because the orientation of the straight curve 

electrode was relatively longer when seeing the 

laminating direction in the resin flow direction by 

moving the high-temperature extrusion nozzle during 

3D printing, inducing shrinkage of the straight curve 

electrode in the longitudinal direction larger than that 

of the Hilbert curve electrode. This results in a 

tendency to compensate the shrinkage in the direction 

perpendicular to orientation, which was led to larger 

electric resistance of the straight curve electrode. In 

addition, because the continuous travel distance of 

the printing high-temperature extrusion nozzle of the 

straight curve electrode was relatively longer, 

instability of polymer crystal grain due to 

high-temperature extrusion and room-temperature 

Table 1 3D printing flexible sensor resistance


(mm)



[kΩ]

max

[kΩ]

∆/

[%]

Straight curve 
sensor 

No annealing

10

55.48 55.83 0.63

annealing 18.64 18.71 0.38

Hilbert curve 
sensor

No annealing 43.59 43.72 0.30

annealing 16.11 16.14 0.19

Straight curve 
sensor 

No annealing

20

55.34 56.16 1.48

annealing 18.63 18.78 0.81

Hilbert curve 
sensor

No annealing 43.57 43.99 0.964

annealing 16.12 16.21 0.56

Straight curve 
sensor 

No annealing

30

54.98 56.43 2.64

annealing 18.64 18.95 1.66

Hilbert curve 
sensor

No annealing 43.64 44.67 2.36

annealing 16.10 16.27 1.06

 : Bending displacement,  : Base resistance, 

max : Resistance at the max. bending, ∆ : m ax -

∆/ : Resistance change ration

lamination (rapid cooling) and shear flow due to 

friction and cooling in the inside and 

high-temperature nozzle wall surface were larger than 

those of the Hilbert curve electrode. This resulted in 

relatively larger electric resistance as the residual 

stress of the straight curve electrode was larger[7-10]. 

Fig. 9 shows a graph of resistance change (∆ / 

 ), in which the straight curve electrode sensor has 

better displacement-sensing capability than that of the 

Hilbert curve electrode sensor. 

Fig. 9 Displacement-Resistance change ration curve of 

Straight and Hilbert curve electrode bending 

sensor 
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This linearly increasing curve was exhibited 

because the resistance of the TPU, which was a 

support, was relatively smaller during the straight 

curve electrode bending due to the design difference. 

4. Conclusions

This study manufactured an FBS using FDM 3D 

printing and verified its applicability through 

experiments on changes in electric resistance against 

bending displacement. In addition, this study found 

that the electrode stability according to the 3D 

printing bending sensor design acted as an important 

variable to sensor sensing capability. 

The experimental results showed that the straight 

curve electrode sensor was better in sensing 

capability of the 3D printing FBS, while the Hilbert 

curve electrode sensor was better in electrical 

conductance. This meant that the measurement range 

of the FBS could be set differently depending on the 

electrode shape as a result of the electrode design 

difference. Thus, a variety of studies should be 

conducted on various printing electrode designs and 

electrode stability using annealing and elasticity force 

of flexible support to improve the performance of 3D 

printing bending sensors and expand the utilization 

range. The above results imply that various FBSs 

with multiple DOFs can be manufactured by a 

simple 3D printing process without the limitation of 

size and shape, which will be employed usefully as a 

major factor in the flexible electric and electronic 

applied device development using 3D printing.
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