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ABSTRACT

The additive manufacturing research confides in developing three-dimensional (3D)
printing routes for the fabrication of devices with multifunctional materials in various inter-
esting application areas such as self-healing, energy conversion/ storage/ harvesting, and
sensing platforms. In this paper, we report the design optimization, fabrication, and charac-
terization of a multi-axis pressure sensor with temperature compensation using fused filament
fabrication (FFF) 3D printing of conductive carbon-based composites. Additive manufactur-
ing offers a faster fabrication of complex structures with multiple properties such as electri-
cal, mechanical, or thermal properties. The complex and costly metal printing can be ne-
glected, as the 3D printing of a conductive polymer is a promising technology to utilize the
electrical properties of the printed materials along with mechanical flexibilities. The present
work focuses on the development of a multi-axis pressure sensor integrated with a tempera-
ture-sensing element. The pressure-sensing mechanism is based on piezoresistive behavior
while temperature sensing relies on temperature-dependent resistance shift of the carbon
composite. The pressure sensing part comprises a hollow structure to ensure mechanical de-
formation upon applied pressure while the temperature sensor is buried inside the housing
material. Herein, the conductive three-dimensional printable polymer is synthesized by solu-
tion casting method with Polylactic acid (PLA), multi-walled carbon nanotubes (MWCNTS),
and dichloromethane (DCM) solvent, which is transformed into filament for printing. The

direction of pressure and magnitude of temperature can be evaluated separately by calibrating



the responses of an applied force and temperature. Moreover, an integrated temperature sen-
sor calibrates the shift in the electrical resistance of the pressure sensor due to the alteration
in environmental temperature. The additive manufactured dual pressure and temperature sen-
sor could open up broad applications such as human motion monitoring systems and force

sensing.

Keywords: 3D printing, carbon composites, pressure sensor, multi-axis sensing, temperature

compensation
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I. Introduction

The accurate sensing of an applied force or pressure is vital for many applications including

electronic skin, robotic grippers, medical tools, and clinical assessment [1, 2]. Specifically,

pressure sensors are widely used to understand the gait movements of a patient, in an effort to

reduce the risk of poor lifestyle or treat some medical issues associated with arthritis, hyper-

trophic scars, and muscular disorders [3-5]. Normal gait promotes a person to be agile for quick

climbing and descending of any type of terrain. Flexible pressure sensors consist of soft body

and active sensing elements have gained much attention as they offer certain benefits such as

low cost, easy read-out, less complex design structure, and simple integration[6]. Such pressure

sensors record the posture data of the patients and provide their motor ability, and thus enabling

an correct treatment approach for each patient [7].

Three-dimensional (3D) printing technology is a simple and fast fabrication process that can

produce rather complex geometries, which are hard to be produced using the conventional ma-

chining techniques. There are several methods of 3D printing such as Fused Filament Fabrica-

tion (FFF), Stereolithography (SLA), and Digital Light Processing (DLP) [8, 9]. Specifically,

the FFF printing method is one of the most widely used 3D printing methods due to its cheap



equipment cost and a wide selection of materials [10]. FFF printing method can utilize both

rigid and flexible polymers, such as Polylactic acid (PLA) and Thermoplastic polyurethane

(TPU). Additions of novel materials can tune the properties of the 3D printed structures [11-

14]. Recently, a 3D printing of conductive polymer has been used for the fabrication of elec-

tronic on various substrates [15, 16]. Also, pressure sensors by 3D printing methods using con-

ductive polymer have been widely studied as well.

The recent development of pressure sensors has enabled many novel wearable and tactile

sensing applications [17, 18]. However, many recent studies present the pressure sensors that

are suited for sensing the single direction force, generally in normal direction, instead of real-

izing the multi-axis sensing capability [19]. In reality, to sense body motion perfectly, it is

necessary to sense the normal force as well as the forces applied from various angles/ directions.

Furthermore, most of the conductive polymer composites possess the property of changing

their resistance according to temperature [20]. Such temperature effect can be even more trou-

blesome for MWCNTs, which is one of the most widely used conductive fillers for 3D printing,

due to their both metallic and semiconducting nature [21]. Therefore, for accurate measurement

and control of the pressure sensor, one should account for such a temperature effect and



alleviate it.

In this present report, we overcome such problems by integrating a bumper structure and

three pressure sensing parts for a multi-axis pressure analysis and a temperature sensing part

for calibration. In addition, we show the MWCNTs/PLA composite characterization and the

optimization of the material for 3D printing. Dual nozzle FFF 3D printer fabricates a multi-

axis pressure sensor capable of temperature compensation. The developed multi-axis pressure

sensor with an integrated temperature sensor was tested for various electrical and mechanical

characterization along with a cyclic loading test to confirm its stability. The pressure sensing

part results in different readings when a tilted force is applied, and the embedded temperature

sensor can accurately monitor the environmental temperature. The prosed sensor mounted flip-

flop can distinguish various body motions. Also, the designed sensor is integrated with the

gripper for measuring the grasp force as well as the weight of the object.



I1. Overall Objective

This thesis includes two objectives: (1) the optimization of printing MWCNT/PLA conduc-

tive polymer using FFF method, and (2) Sensor design for multi-axis sensing and temperature

compensation. Upon thorough these objectives, we will be able to make a multi-axis pressure

sensor with temperature compensation based on conductive polymer 3D printing.

1) Optimization of the 3D printable conductive polymer composite

The composite polymers are containing conductive fillers such as AgNW, carbon black, gra-

phene, and carbon nanotube act as major building blocks for flexible electronics [22-26]. Es-

pecially MWCNTs possess excellent mechanical and electrical properties along with lower

costs compared to other candidate materials mentioned above. In addition, MWCNTSs have a

high aspect ratio, which is advantageous to form conductive networks in the polymer matrix.

So, they are showing a relatively low electrical percolation threshold. Furthermore, PLA offers

reliable and precise printing utilizing FFF 3D printers, and it is also biodegradable. In this paper,

we investigate the impacts of MWCNT concentration on the electrical, mechanical, and ther-

mal properties of the composites. In addition, we compare the results of the mixed composite

with the printed specimen and analyze the impact of printing on material properties.
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2) Sensor design for multi-axis sensing and temperature compensation

Accurate measurement of applied force or pressure is in much need for human and robotics

motion sensing. Moreover, the recent development of flexible pressure sensors has enabled

many novel wearable and tactile sensing applications. However, many recent studies present

the pressure sensors that are suited for sensing the single direction force, a generally normal

direction, instead of realizing the multi-axis sensing capability. In reality to sense body motion

perfectly, it is necessary to sense the normal force as well as the forces applied from various

angles. Furthermore, most of the conductive polymers have the property of changing their re-

sistance according to temperature [27]. Such temperature effect can be even more troublesome

for MWCNTs, due to their both metallic and semiconducting nature. Therefore, to accurately

measure pressure, one should account for such temperature effect and alleviate it. In this work,

we tackle this problem by integrating a MWCNTs/PLA element that does not deform upon

pressure, so its resistance just varies by temperature changes. In conclusion, we propose the

multi-axis pressure sensor capable of temperature compensation by combining the temperature

sensing element.



II1. Background / Review of Relevant Previous Works

1) Piezoresistive pressure sensor

There are three main types of pressure sensing mechanisms: piezoresistive, capacitive, and

piezoelectric [6, 28]. Capacitive pressure sensors measure pressure by measuring the change

in capacitance between the electrodes. They show low hysteresis and good repeatability. How-

ever, it is difficult to measure the electrical signal and the noise level is very high. Piezoelectric

pressure sensors measure the pressure the charge generated from certain active materials when

pressure is applied. They exhibit low power consumption, but it cannot measure continuous

force. The piezoresistive effect is the change in electrical resistivity due to mechanical defor-

mation. The piezoresistive pressure sensor is the pressure sensor using the piezoresistive effect.

When an external force is applied to the pressure sensor, mechanical deformation occurs, and

its electrical resistivity changes. Hence one can quantify the applied stress by calibrating the

recorded shift in electrical resistance. The piezoresistive pressure sensor has been widely stud-

ied due to the advantages of its simple structure, stable signal output, and vast choices of ma-

terials [17, 29]. However, the resistance of a piezoresistive pressure sensor changes according

to temperature, which needs to be calibrated [27, 30, 31]. To solve this problem, we have



integrated temperature sensor which is independent of applied force for temperature compen-

sation. The pressure range for sensing pressure at the body interface is mainly distributed in

low pressure (<10 kPa) and medium pressure (10-100 kPa). The low pressure range is mainly

caused by activities such as griping and picking up objects. In addition, in the case of medium

pressure, it primarily occurs at the plantar pressure of the body weight [19]. This study focuses

on a sensing range of 0.1~50 kPa to sense body motion in daily activities. Here, we use 3D

printing technology to make pressure sensors easier and faster. Moreover, It has the advantage

of being able to flexibly control the detection range of the target pressure as the design param-

eters can be easily modified.

2) 3D printing technology

3D printing technology, also known as additive manufacturing, is a simple and fast fabrication

process by stacking layers that can produce rather complex geometries, which are hard to be

produced using conventional machining techniques [32]. There are several methods of 3D

printing such as Fused Filament Fabrication (FFF), Stereolithography (SLA), and Digital Light

Processing (DLP) [8, 9]. In the case of FFF, the molding occurs by melting a solid polymer by



heat and extruding it under a certain pressure, In the case of SLA and DLP, it utilizes localized

curing of photocurable resins by UV irradiation. Direct Ink Writing (DIW) produces a structure

by extruding a droplet or paste type of ink at constant pressure through a nozzle [33]. Among

the aforementioned methods, the FFF printing method is one of the most widely used 3D print-

ing methods due to its cheap equipment cost (the equipment part is also affordable and do not

have to be manufactured in a large facility) and a wide selection of materials (wide range of

thermoplastics and ceramic filament) [10]. The other reasons for considering the FFF printing

technology from other approaches are its speed (any CAD drawing can be transformed into

finished products only in one step), accuracy (it uses a thermoplastic which is first heated up

to the melting point and further extracted as layers. The accuracy is estimated to be 0.005

inches), scaling (users can scale the part down to fit the required production space without

losing the accuracy) [34-37]. FFF printing method can utilize both rigid and flexible polymers,

such as Polylactic acid (PLA) and Thermoplastic polyurethane (TPU). Additions of novel ma-

terials can tune the properties of the 3D printed structures [11-14, 38]. Recently, a 3D printing

of polymer with electrically conductive nanowires or particles has been used for the fabrication

of electronic on various substrates [15, 16]. Some of the past literature also used the 3D printing



approach to design pressure sensors [39-41]. The FFF printing method serves as an effective

method to print any composite-based physical sensors due to its extensive benefits by being

quite flexible and the technology allows small overhangs using the support from lower layers

[42-45]. Wang et al. [46] reported 3D printed stretchable pressure sensor using TPU/CB/NaCl

for sensing material and TPU/Ag for electrode material. Kim et al. [47] reported 3D printed

multiaxial force sensor using CNT/TPU nanocomposite filament. Furthermore, Guo et al. [48]

fabricated full 3D printed tactile sensor using Ag/silicone ink. In most previous studies, they

focus on only a single direction sensing. However, to accurately sense body or robotics motion,

multi-axis sensing is very necessary. To solve this problem, we have used bumper-spacing

structure for multi-axis pressure sensing.



IV. MWCNTSs/PLA Fabrication & Characterization

1) Fabrication of MWCNTs/PLA composite filament

Figure 1 (a) shows the fabrication process of MWCNTs/PLA filament. MWCNTs can control

their length and diameter in accordance with synthesis method. Their electrical, mechanical,

thermal properties are different depending on length and diameter. In the case of MWCNTs

composite, longer and thicker MWCNTs ensure a more effective electron conduction path. On

the other hand, the mechanical properties of MWCNTs composite is dependent of aspect ratio

of MWCNTs [49-52]. Figure 1(a) shows the fabrication process of the composite filament from

the base materials. In this study, we have used commercial MWCNTs powder (JEIO Inc., Jeno-

tube 10A, Korea) with diameter 8~13 nm, length 100~200 pm, and their aspect ratio is approx-

imately 10°. MWCNTs powder is dispersed in the dichloromethane (DCM) solvent using a

probe-type ultrasonicator (Bio konvision, BKUP-600K) at 24.86 kHz, 180 W for 5 min. Further,

the PLA pellet is dried in a vacuum oven at 60 C for 24 hours to restrict the presence of any

moisture. 50 g of PLA pellets (Pureco Inc., P1909, Korea) are dissolved in 500 ml of the

MWCNTs/DCM suspension by magnetic stirring at 600 rpm at ambient temperature for 8 hr.

It was then transferred into an oven for solvent evaporation. The evaporation of DCM solvent

-10-



is performed at 100°C for 12 hr using a convection oven. Finally, the dried MWCNTs/PLA

composite is ground using a mixer grinder (Figure 1(c)). The MWCNTs/PLA filament was

obtained using an extruded filament with 2.8 mm comprising of a single screw extruder (Well-

zoom line II, China) at 180°C. The extrusion speed was 45 cm/min. Figure 1(b) shows the

extrude of the MWCNTs/PLA composite filament and Figure 1(d) shows the fabricated fila-

ment.

-11-
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Figure 1. (a) Fabrication process of the composite filament; (b) Filament extrude process of the

composite; shredded MWCNTSs/PLA composite (¢c), and MWCNTs/PLA composite filament (d).
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2) Characterization of MWCNTs/PLA nanocomposite

Sample preparation and measurement technique

For electrical and thermal property characterization of PLA/MWCNT composites, we have

prepared the filament and 3D printed sample for MWCNT weight percentages (wt%) from 0%

to 4%. In general, FFF 3D printer uses brass nozzles. However, when printing CNT composite,

there is a concern that the nozzle wears due to high Young's modulus of CNT[15]. To avoid

this problem, we use 0.6 mm ruby nozzle. Figure 2 shows the prepared both samples for elec-

trical properties measurement, the filament sample (Figure 2(a)) is cut into a length of 55 mm,

and then it is coated with conductive epoxy (CircuitWorks, CW-2400) at both ends and further

heated in a convection oven at 60 °C for 4 hr to cure the conductive epoxy followed by attaching

the copper tape. The 3D printed sample is printed in 10 x 10 x 3 mm (width x depth x height)

(Figure 2(b)) structure using a FDM 3D printer (Ultimaker, Ultimaker S3, Netherland) (layer

height: 0.2 mm, printing speed: 45 mm/s, line width: 0.5 mm) bearing a dual nozzle. Then, the

conductive epoxy is coated on both sides of the surfaces followed by attaching the copper tape

to form electrical contacts.

13-



(b)

10 mm

Figure 2. Optical images of prepared (a) filament, (b) 3D printed sample for electrical properties

measurement.

Figure 3 shows samples for mechanical properties measurement. The filament sample (Fig-

ure 3(a)) is prepared with a length of 70 mm, and the 3D printed sample (Figure 3(b)) is printed

out based on the ASTM D638 Type V specimen (Length: 9.53 mm, Width: 3.18 mm, and thick-

ness: 3.2 mm).

@—_mmm
(b)

Figure 3. Optical images of prepared (a) filament, (b) 3D printed sample (ASTM D638 Type V)

for mechanical properties measurement.

The surface morphology of the samples is taken using a scanning electron microscope (Hi-

tachi-S-4800, Japan). The resistance is measured using the digital multimeter (Agilent, 34401A,

USA). Temperature is controlled by a convection oven (JS research Inc., JSOF-150, Korea),

and a thermocouple (Keysight, U1186A) is used for accurate temperature monitoring.

-14-



Electrical measuring data is acquired by NI LabVIEW 2016 program (National Instruments

Corp.). Tensile testing and compression test are performed using Universal Testing Machine

(KMNT Inc., KU7000M-1A, Korea). The crosshead speed for the tensile test is 0.5mm/min.

The 3D printing conditions are specified in Table 1.

. Printing Printing Line . Layer
Material temperature speed width Nozzle Size height
Commercial 0.4 mm
240°C 25mm/s | 0.38 mm
TPU filament (Brass nozzle)
0.2 mm
MWCNTs/PLA 0.6 mm
230°C 45 mm/s 0.5 mm
nanocomposite (Ruby nozzle)

Table 1. 3D printing condition.

Electrical properties of MWCNTSs/PLA nanocomposite

As author has mentioned above, MWCNTs possess excellent mechanical and electrical prop-

erties along with lower costs. Also, MWCNTs well form percolation networks in polymer ma-

trix due to their high aspect ratio. Figure 4(a) shows the electrical conductivity of the filament

and 3D printed sample at various MWCNTs concentrations ranging from 0 to 4 wt%. The con-

ductivity of each sample is calculated using the following equation:

-15-
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where: 1 is the length of the between the coated conductive epoxy and D is the diameter of

filament; H is height and A is the area of coated conductive epoxy of 3D printed sample.

In the case of the composite filament, the electrical conductivity increased rapidly at 0.5 wt%

of filler contents, and a fully percolated MWCNTs network is shown at over 1 wt% of filler

contents. This result depicts that the MWCNTs/PLA composite is consistent with the previ-

ously reported percolation theory [53], and through this, the conductive networks are well-

formed between the PLA matrixes when the MWCNTs fillers are loaded over 1 wt%. In the 3D

printed sample, the electrical conductivity also increased with the amount of MWCNTs. How-

ever, their electrical conductivity value is lower than that of the filament, caused by the voids

between the 3D printed layers and incomplete layer interaction. Figure 4(b) shows the change

in the relative resistance for 3wt% of filament and 3D printed sample as a function of the tem-
p p

perature. Intrinsic MWCNTs fillers have a negative temperature coefficient of resistance (TCR),

showing the semiconducting nature of MWCNTs [21, 54]. In the case of the filament, the re-

sistance decreases with increasing temperature up to 75°C, and further the resistance increases

-16-



due to thermal expansion of the polymer matrix. However, in the case of the 3D printed sample,

its resistance increases from 40°C. This may due to the residual thermal stress, produced during

the 3D printing process, in the sample and it expedites the thermal expansion at a lower tem-

perature compared to the filament sample [55]. Therefore, there is a discrepancy in thermal

behaviors between the filament and 3D printed samples. The electrical resistance of the tem-

perature sensing part only depends on the environmental temperature and is thus suited for

temperature calibration during the sensor operation.
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Figure 4. (a) Electrical conductivity of the filament and 3D printed sample with MWCNTs fillers
loading; (b) Relative resistance changes-temperature curve of the 3 wt% filaments and 3D

printed sample.

Mechanical properties of MWCNTs/PLA nanocomposite

In terms of mechanical properties, the MWCNT fillers act as reinforcement agents in the

polymer matrix. Figure 5(a) shows Young’s modulus of the filament and 3D printed specimen

-17-



for each filler content. For both filament and 3D printed specimens, the addition of 4 wt% filler

increased Young’s modulus by 41.57% and 59.34%, respectively. This is because the external

stress applied to the composite is delivered and distributed along the MWCNTs in the polymer

matrix, increasing Young's modulus. In addition, Figure 5(b, ¢) shows the stress-strain curves

of the 3wt% filament and the 3D printed sample. In the filament, necking occurred at 6% strain

and fracture occurred at 15% strain. However, the 3D-printed sample fractured at 8% strain

without any necking. Young's modulus of the 3D printed samples is lower than the filament.

-18-



—~~
Q
~

‘©'3000F '
o - -m- - Filament
=3 - -®@- - 3D-printed . ¢+
o 2500 et
B

2 -
= T A
© 2000 + + +
!
= .o
0 1500 e
o l .- -¢
c + I T l'
5 | e-
>? 1000

0 1 2 3 4

Concentration [wt%]

(b) (c)

E sol
'S a0} : il
o o

= 2. 40f
@ 20 A
L (%)

g ¢ 2f
n n

of & 0

0 5 10 15 0 5 10
Strain [%] Strain [%]

Figure 5. Stress-strain curve of 3wt%(a) filament, (b) 3D printed specimen. (¢) Young’s modulus

with various concentrations of MWCNTs loading.

The digital picture of the filament and 3D printed structure is shown in Figure 6. The surface

morphology of the fabricated structures is shown in Figure 6(b, c, e, and f). Unlike the filament,

in the case of 3D printed samples, they bear incomplete interfacial bonding between the layer

by layer and voids between layers. Such voids and interlayers in 3D printed samples could

lower Young’s modulus. However, it is depicted that the addition and control of MWCNT wt%

can tune the mechanical properties of the 3D printed composites. The 3 wt% of MWCNTs/PLA
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is chosen for 3D printing due to its high electrical conductivity and suitable mechanical prop-
erties. Figure 6(e, f) the presence of voids in the wider raster of the printed sample and the
temperature difference between the previously deposited raster and later deposited raster in the
process of melting and solidifying can lead to weakening the bonding between the printed lay-

ers causing the brittle fracture of the 3D printed composites [56, 57].
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Figure 6. Optical and SEM images of the fracture surface of (a-c) filament, (d-f) 3D printed spec-

m

IE

imen.
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V. Sensor Characterization & Motion Sensing Application

1) Sensor design and operation principle

We have designed the sensor with bumper-spacing structure for multi-axis force sensing. Our

sensor is made by assembling the above sensing element (Figure 7(a)) and the below spacing

element (Figure 7(b)), both 3D printed. A double-sided PI tape has been utilized for its assem-

bly. TPU has Young's modulus of 26 MPa, and sufficiently deforms under an applied force so

it is employed as the main body material of the sensor. The digital photograph of the fabricated

sensor is shown in Figure 7(c). The sensing element uses a bumper structure with a hollow

channel beneath so that the pressure sensing parts have different degrees of mechanical defor-

mation depending on not only the magnitude, but also the direction of the applied force (Figure

7(d)). The temperature sensing part is placed independently concerning the pressure sensor. In

such a way, the response of the pressure and temperature sensor is differentiated. The proposed

sensor design ensures that the resistance change in the temperature sensing part is not due to

mechanical deformation. Moreover, we can control pressure sensing range by changing sensor

design parameters such as TPU and MWCNTs/PLA thickness of the above sensing element. In

this study, we were using 1.4 mm of TPU and 0.2 mm of MWCNTs/PLA.
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Figure 7. 3D modeling image of (a) sensing element, (b) spacing element. (b) Optical image of an

assembled multi-axis pressure sensor. (d) Operation principle of a multi-axis pressure sensor.

2) Sensor characterization

We propose a beam structure to measure the resistance change as function of strain of

MWCNTs/PLA composite. Figure 8(a) shows the digital image of the 3D printed beam struc-

ture model. Here the structure material is fabricated using a commercial TPU filament and

sensing material is formed with 3wt% of MWCNTs/PLA composite filament. Figure 8(b)

shows the relative resistance change with bending strain. The resistance linearly increases up

to 0.28 % bending strain. After about 0.3% bending strain, the sensor resistance increases

sharply as the MWCNT network becomes unstable at such a high strain. This can be improved

by implementing a softer material to build the sensor. Figure 8(c) shows the loading-unloading
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cycle for 0.53 mm displacement. The sample recovered its original electrical resistance after

the loading test. Such results indicate that the resistance changes linearly as the MWCNTs/PLA

composite is strained, and the recovery of the resistance is stable.
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Figure 8. (a) Bending test of the 3D printed beam structure. (b) Relative resistance change-bend-

ing strain curve of the single beam structure. (¢) Loading-unloading cycle of the single beam

structure.

Figure 9(a) shows the relative resistance change of the pressure sensing part of the built

sensor as a function of the applied normal pressure. The relative resistance change is divided

into two linear regions. The sensor shows a sensitivity of 2.689x10 /kPa up to 2.2 kPa. The
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junctions of the conductive networks in the polymer matrix get rapidly disconnected as exces-
sive pressure is applied and results in a higher sensitivity of 21.240x10** /kPa at a higher pres-
sure range. Figure 9(b) shows the base noise of the pressure sensing part. Limit of detection
(LOD) value is one of the important factors that determine the performance of the pressure
sensor. LOD value is calculated using the following equation:

1.308 x 107°

S
LOD = . —y= . = . -3 = .
0 33><S 331.18><10‘3/kPa 36.58 X 107° kPa = 36.58 Pa

where: Sy is standard deviation of the base noise (Figure 9(b)), S is slope of the Relative

resistance change-pressure curve with applied tiny force to pressure sensor (Figure 9(c)).

Our sensor shows 36.58 Pa of LOD value and up to 30 kPa of sensing range. This means our

sensor is susceptible to a noise level and can cover a wide sensing range. So, our sensor can

use it for daily activities as well as for high-sensitivity e-skins. Moreover, 3D printing technol-

ogy is relatively easy to modify the design parameters. Therefore, we can control the target

pressure sensing range more easily by adjusting the sensor design parameters. Figure 9 (d)

shows the relative resistance change according to the temperature change in pressure and tem-

perature sensing parts. The resistance decreases up to 40°C following the expected negative

TCR of MWCNTs. However, the resistance starts to increase around 40 °C due to the thermal
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expansion of the polymer matrix. It shows that for both pressure and temperature sensing parts,

the sensor resistance behaves similarly. Figure 9 (e) shows the change in resistance when a

force of 9.8 N is applied to the sensor at different angles. At an angle of 50 degrees, the differ-

ence in resistance between R and R> is 0.121 %. This shows that both the magnitude and

direction of an applied force can be calibrated by analyzing the response of each pressure-

sensing element.
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Figure 9. (a) Relative resistance change-pressure curve for pressure sensor. (b) Base noise of the
pressure sensor. (¢) Relative resistance change-pressure curve for pressure sensor with applied
tiny force. (d) Relative resistance change-temperature curve for pressure sensing part(black) and
temperature sensing part(red). (e) Relative resistance changes of each pressure sensing part with

applied force (9.8 N) from various angle.
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The stability of any designed sensors can be verified by carrying out the cyclic test for sev-

eral cycles. Figure 10 shows the cycling compression test of the sensor with an applied normal

force of 5 N. There is a slight drift. To the best of the authors knowledge, it is assumed that the

temperature rises due to the repeated elastic deformation (Figure 10(b)). Thus, drift in the pres-

sure sensor and temperature sensor are comparable. In addition, there is a constant change in

resistance of the pressure sensor when repeated several times. Under the loading, the tempera-

ture sensor shows much smaller resistance change (Figure 10(a)).
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Figure 10. Relative resistance changes of pressure sensor, temperature sensor (a) and temperature

change of the entire sensor (b) applying a force of 5 N for more the 1000 cycles.

Figure 11 shows the relative resistance change due to applied forces in 0° (Figure 11 (a)) and

45° (Figure 11 (b)) in respect to the normal direction. In the case of 0°, the relative resistance

changes of Ri-3 are almost the same. On the other hand, at 45°, Ry has 0.319% and R».3 have

about 0.178% of relative resistance change 17.8 N loading. Moreover, R4, the temperature
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sensing part, has a relatively small resistance change, as it does not get affected by an external

force.
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Figure 11. Multi-axis sensing performance of pressure sensor in (a) normal force, (b) tiled force.
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3) 3D printed multi-axis pressure sensor application

The applications of any sensor system play a vital role in realizing its usage in our daily life.
The multi-axis pressure sensor can have an advantage over conventional normal pressure sen-
sors in human gait monitoring. Figure 12 (a) shows the design of the 3D printed sensor inte-
gration with a 3D printed flip-flop. The body material of the flip-flop is TPU. The designed
sensor bears a bump-like structure under the flip-flop, preventing damage to the sensor. Figure
12 (b-e) shows the sensing performance of the sensor. The resistance change in the case of daily
gait activities like stomping and running is distinguished clearly. The sensing is also possible
in the direction of dragging forth the flip-flop. In addition, there is a small resistance change of
the temperature sensor (green line). Here, the resistance of each sensing part is slightly different
because the inclination of the sole of the flip-flop and the direction of force when a person
presses it is slightly different. For all gait postures, our sensor exhibits an excellent response

time in the order of 100 ms.
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Figure 12. (a) Schematic of multi-axis pressure sensor integrated with flip-flop. (b-e) The sensing

performance of the flip-flop.

To extend the application of the sensor, it was integrated with the gripper as shown in Figure

13 (a). The 3D printing of the gripper is performed utilizing the TPU. Figure 13 (b) shows the

sensing performance of the sensor during soft grip, hard grip, and lifting. The resistance change

appears differently depending on the force to hold the object. During the lifting process, the
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resistance change is higher which reflects the pressure sensing capability of the designed sensor,

and the weight of the object can be further evaluated.
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Figure 13. (a) Schematic of multi-axis pressure sensor integrated with gripper. (b) The sensing

performance of the gripper.
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VI. Conclusion

This paper reports the design, fabrication, and characterization of a 3D printed multi-axis

pressure sensor consisting of MWCNTs/PLA composite polymer. By controlling the MWCNTs

concentration in the composite polymer, the electrical and mechanical properties of the com-

posite can be precisely tuned. The pressure sensor along with the temperature sensor could be

very beneficial to quantify mechanical forces or pressures in various applications. Furthermore,

the sensor uses a bumper-spacing structure along with three pressure-sensing elements so that

each sensing part can be deformed differently depending on the direction of external force. In

addition, it offers the additional functionality of calibrating the resistance change with temper-

ature using the temperature-sensing part. The bumper structure of the pressure sensors was

attached to a 3D-printed flip-flop and a hand gripper to realize the readout during several hu-

man motions and grasping activities. The above results elucidate that the designed sensor could

extend the functionalities towards robotic grippers and human tactile sensors. This type of cost-

effective methodology of 3D printing sensors can reduce effort and aim towards large-scale

production. In the future, these sensors can be combined with shoes to compare the gait of the
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normal human and patients, to carry out clinical assessments. Involving machine learning tech-

nology could quantify and analyzed results obtained through these sensors for more advanced

medical applications in near future. In addition, with the integration along with a robotics grip-

per, it can detect multi-direction shear force as well as temperature compared to conventional

sensors which are capable of detecting normal direction force paves the way for development

in smart robotics system in near future.
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