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Abstract

Recent developments in 3D printing, also known as additive manufacturing, have helped the
fabrication of conductive structures, such as force sensors. This project aims to design and
manufacture a flexible force sensor based on a transmission line model using Fused Deposi-
tion Modelling (FDM), a 3D printing technology technique. Usually, 3D printed sensors exhibit
anisotropic behaviour and have imperfections that affect the sensors’ electrical properties. For
example, the plates’ resistance in a capacitive force sensor limits the maximum possible read-
out frequency. The force sensor is a flexible parallel plate capacitor printed using a flexible con-
ductive carbon black-filled Thermoplastic Polyurethane (TPU). The force applied to the sensor
changes the sensor’s resistance and capacitance, which changes the impedance. The change in
the impedance is measured using an in house developed multi-frequency impedance analyzer.
Using this method, we measured both the total force applied and the location where the force
is applied, using a low complexity sensor with a minimal number of connections. The resulting
3D printed sensor is highly customizable and hence, shows great potential for implementation
in prosthetic and robotics applications.
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1 Introduction

This report describes the work of Parth Patel for his Master thesis. The goal of the assignment is
to design and fabricate a 3D printed capacitive pressure sensor. This sensor uses the piezore-
sistive properties of the electrodes to simultaneously determine the magnitude and position of
an applied force.

1.1 Context

3D printing is a recent trend in engineering, especially soft robotics which involves fabrication
of 3D components layer by layer from raw materials. The technology offers versatile manufac-
turing and free customization, reducing the cost of manufacturing and lead time of the proto-
type. The higher level of design complexity and the reduction of assembly make this technology
interesting for fabricating electronic components and complex sensors [4-7].

The most common technique for 3D printing is material extrusion, also known as Fused De-
position Modelling (FDM). It involves extruding a thermoplastic lament through use of an
extruder, a heater and a nozzle, at temperatures high enough to melt the material. The melted
material settles on the print bed and solidi es; this process is repeated layer by layer until a
desired 3D object is obtained. FDM can be used with very exible materials such as Ther-
moplastic polyurethane (TPU) and Conductive thermoplastic polyurethane (eTPU) gure 1.1
shows the schematic of an FDM printing technique.

Figure 1.1: Fused Deposition Modelling

1.2 Project Goals
The assignment aims to address the following research question:

Is it possible to design and fabricate a sensor that can measure the magnitude and position
of an applied force by measuring the change in impedance?

This research question is answered by addressing the following sub-questions:

1. Which operating principle of the force sensor can be used to measure the magnitude
and position of an applied force?

2. How can the sensor’s electrical characteristics be modelled?
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3. How can the sensor be designed, fabricated and tested based on this analytical model?

4. How can we determine the force and position from the impedance values?

1.3 Approach

Since the assignment is research-oriented, a scienti ¢ approach will be used, followed by an
engineering approach. A model originally developed by Gijs krijnen will be used and extended
accordingly. MATLAB® calculations of the analytical model will be performed, which will then
be veri ed with experimental results.

1.3.1 De nition

The experiments were done iteratively, and a total of ve sensors were design and fabricated.
For simplicity, these sensors will be referred by their abbreviations throughout the report. Be-
low listed are the abbreviations of the sensors:

1. SNJ - Parallel plate sensor with Ninja ex dielectric.

2. SX60 - Parallel plate sensor with X60 dielectric.

3. SESX60 - Same electrode size parallel plate sensor with X60 dielectric.
4. DSNJX60 - Differential sensor with Ninja ex and X60 dielectric.

5. DSX60INF - Differential sensor with X60 dielectric.

1.4 Report Structure
The organisation of the thesis is done as follows:

Chapter 2 presents the literature survey followed by the analytical modelling and MATLAB®
implementation of the proposed parallel plate and differential sensor. An inverse model to
determine the force and position is implemented in the MATLAB®.

chapter 3 explains the material used to fabricate the sensors along with the effects of printing
parameters on the electrical properties of the sensor. Design and fabrication of all ve sensors
is illustrated

chapter 4 discusses the type of experiments performed to characterize the change in
impedance as a function of magnitude and position of an applied force. The experimental
setup and the readout techniques are discussed.

chapter 5 presents an analysis of the results of an iterative experimental process of all the ve
sensor. The analysis justi es the reason behind of why a new sensor was designed, modelled
and fabricated.

chapter 6 concludes this research by answering the main research questions and sub-questions
along with the discussion and future scope.
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2 Background and Modelling

2.1 Introduction

This chapter gives a literature overview of the previously published work related to 3D printed
sensors, followed by the analytical model and MATLAB® implementation of the sensors de-
signed in this assignment.

2.2 Related Work
2.2.1 Force Sensors and Pressure sensors

A force sensor converts applied forces into an electrical signal. Generally, a force sensor con-
sists of 3 components, 1) Flexure, which converts the applied forces along a speci c direction
into displacement or strain. 2) A transducer that converts the displacement into an electric
signal. 3) Packaging to protect the exure and transducer. Force sensors have a vast number
of applications, some of them include manufacturing, robotics, transportation, automotive in-
dustry, etc. However, general-purpose commercial force sensors have limitations such as lack
of design and application speci city. In order to measure a pressure distribution, many sensors
are needed, and in order to get a high spatial resolution, a technique with high spatial resolu-
tion is needed. The advantages of 3D printing technology discussed in section 1.1 overcome
these limitations and can be used to fabricate an easily customizable, exible force sensor [8].

Schouten et al. [9] developed a exible force capacitive force sensor using Fused deposition
modelling (FDM). The sensor consisted of a parallel plate capacitor. The electrodes were
printed using the conductive Thermoplastic polyurethane (eTPU), and the dielectric between
the electrode was printed using X60 ultra- exible lament. The sensor showed good response
to the applied force; the measured change in capacitance was 160 fF at a change in the force of
6.6 N at the operating frequency of 25 kHz and a voltage of 1 V.

Wolterink et al. [10] developed a thin, exible capacitive force sensor based on the anisotropy in

the 3D printed structures using FDM. The sensor was fabricated by depositing two thin layers
of eTPU. Conductive 3D printed structures printed using FDM have anisotropic properties;

this is due to high inter-layer resistance compared to the material's resistance. This results in
poor resistive coupling and dominant capacitive coupling between layers. The force applied
to the exible material; changes distance between the layers resulting in capacitance change.
This principle eliminated the extra dielectric layer between the electrodes. The sensor showed
non-linear capacitance force behaviour due to the material properties, including creep and

dampening.

Xavier et al. [11] developed a fully FDM 3D printed capacitive transducer. TPU was used as
a dielectric, and semi-rigid carbon-based b polylactic acid (PLAcb) was used as electrically
conductive electrodes. Different samples with varying dielectric thickness were fabricated and
used. The sensor's relative sensitivity is independent of the dielectric thickness and depends on
the electrode's Young modulus and area. To con rm this, four samples with different dielectric
thickness were used. The samples were subjected to load tests and the relative sensitivity was
consistent across all four samples. The 2mm ? electrode area, in combination with a 400 &m
dielectric, resulted in a capacitance change of 857 fF.

Saari et al. [12] developed a capacitive force sensor by combining the advantages of a bre
encapsulation additive manufacturing (FEAM) and thermoplastic elastomer additive manu-
facturing (TEAM). The sensor consisted of an Acrylonitrile butadiene styrene (thermoplastic
polymer)-based rigid frame encapsulating a copper wire. Thermoplastic elastomer (TPE) ma-
terial was used to print the dielectric. The sensor was subjected to a uniaxial load test and the
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4 3D printed differential force and position sensor based on lossy transmission lines

sensor showed good results except for a delay of 8.3 seconds during unloading due to material
hysteresis.

C Hong et al. [13, 14] developed a bre Bragg grating (FBG) based pressure sensor using the
FDM process to monitor vertical pressures. FBG is a sensing element in an optical bre used
to measure stress, strain, temperature, displacement and pressure. The sensor was fabricated
by embedding the FBG sensor into the PLA material during the printing process. Vertical pres-
sure applied on the sensor's surface results in the FBG sensor's elongation, which exhibits a
wavelength change. The change in wavelength was used to determine the applied pressure.
The sensor was subjected to cyclic loading tests. The measurement results showed a consistent
change of wavelengths to the applied pressure. The stress-strain relationship was linear at high
pressure. However, the optical bre sensors are expensive to fabricate.

From the papers discussed above can it can be concluded that it is possible to 3D print a ca-
pacitive force sensor to determine the vertical force. Thermoplastic polyurethane (TPU) is a
good choice to print the dielectric of the sensor due to its exibility and the conductive variant
of TPU (eTPU) material can be used to print the exible electrodes.

Emon et al [15] a soft stretchable pressure sensor using multi-material printing. The ve-layer
sensor incorporated three different materials: the insulation, the conductive electrodes and the
pressure-sensitive layer. The pressure-sensitive layer was sandwiched between the conductive
electrodes, and the top and bottom insulating layers encapsulated these layers. The sensing
unit taxel is formed at each point where the electrodes cross each other. A 2 x 2 electrode con-
guration (4 taxels) sensor was fabricated. Force applied manually on one of the taxels, and the
resulting response was recorded in terms of the change in ¢ V.

Joo et al. [16] developed a sensitive and exible capacitive pressure sensor. The top elec-
trode was fabricated using the Polydimethylsiloxane (PDMS) surface embedded with silver
nanowires (AgNW). The bottom electrode was inkjet printed on the exible Arylite substrate,
and the dielectric layer of Polymethyl methacrylate (PMMA) was spin-coated onto the bottom
electrode. The pressure was applied to test the sensitivity of the capacitive sensor. The sensor
was able to detect small forces and had a faster response time. The sensor was further scaled
into 3x3 and 5x5 pixel type pressure sensor array to detect spatial pressure. The same group
developed another exible capacitive sensor with tunable sensitivity by controlling the PDMS
matrix's mixing ratios, which changed the PDMS matrix's mechanical properties and the buck-
led structure's crest shape [17]. However, if compared to the FDM printed sensors, this fabri-
cation process is complex and time-intensive. Metal induced conductive lling suffers from
oxidation, instability in conductivity which results in poor accuracy and reproducibility [18].

Woo et al. [19] developed a 4x4 capacitive pressure sensor array consisting of conductive elas-
tomeric ink (carbon nanotube (CNT)-doped PDMS matrix. The fabricated sensor was a com-
bination of soft-lithographic replication and micro-contact printing ( 1 CP) [20]. Eco ex based
polymer was used as a dielectric between the two CPDMS electrodes. To evaluate the sensor
performance, the sensor was applied with a normal force of 20N, including other tests such as
twisting, bending, stretching and folding. The sensor was mechanically robust, and the sensor's
electrical response was highly linear with very low hysteresis suitable for detecting spatial pres-
sure. The sensor was further tested on a human nger as a skin-like sensor to demonstrate the
sensor's practical usability. However, the sensor is not scalable as every NxN array requires 2N
electrical connections making the system more complex. The throughputis lower as compared
to FDM as the manufacturing process is complex and involves several steps. The mechanical
properties of the PDMS affect the reproducibility [21, 22].

Xu et al. [23] developed a soft, exible and stretchable programmable rubber keyboard. The
keyboard uses dielectric elastomer (DE) sheets that were made from a PDMS dielectric of ap-
proximately 100 um in thickness sandwiched between two conductive PDMS electrodes doped
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CHAPTER 2. BACKGROUND AND MODELLING 5

with carbon black particles. The transmission line model is used to localize the pressure. The
distributed resistance within the DE's electrodes has a lossy nature, creating a voltage gradient
across the electrodes for different sensing signals. The DE electrodes are treated as an in nite
chain of resistor and capacitor segments (transmission line model), each acting as a low-pass
Iter to account for the high resistance. The lower capacitive signals maintain the strength
through the entire sheet while higher frequencies signal get attenuated as they further travel
into the electrode. The target location of pressure can be determined by performing electrical
separation using a signal with low and high-frequency components and comparing their re-
spective capacitive changes. The sensor was fabricated by laminating two DE sheets on top of
each other oriented at 90 degrees (y and y direction). For testing, the sensor sheet was arti -
cially divided into 4 quadrants (with no physical separation). Two different capacitance sens-
ing circuits were created to excite the keyboard in  x and y direction and sensing frequencies
of 1IKHZ and 60KHZ were chosen after the frequency sweep. Capacitance change of higher fre-
guency in both x and y direction was used simultaneously to determine which quadrant was
pressed. The capacitance change is bigger when pressed near the origin than when pressed
further away from the origin. The lower frequency capacitance change was used to determine
the amount of pressure applied. This multi-frequency approach was used to scale the sensor
from a 2x2 array to 3x3 array. The sensor can be subdivided to increase the resolution; however,
there is a limit as each additional section reduces the area of the section, which reduces the
difference in capacitance between two adjacent frequencies.

The lossy transmission line principle presented by Xu et al. will be used to localize the applied
force and to characterize the sensors illustrated in this assignment.

2.3 Analytical Model

FDM printed 3D structures have anisotropic electrical properties. The printing process param-
eters such as raster angle, layer thickness, and air gap in uence the resistivity due to voids and
bonding conditions between adjacent layers. Conductive paths parallel to the printed structure
has a lower resistivity than paths perpendicular to the structure [24, 25]. To characterize the
electrical anisotropy in conductive structures, the model of Gijs Krijnen discussed in Alexan-
der's report is used. The model of Gijs Krijnen tries to model the conduction in 3D printed
structures as a collection of track elements known as traxels, assuming they exist. FDM printed
3D model consist of a nite number of traxels printed in discrete line elements.

The 3D printed sensor proposed in this assignment is a parallel plate capacitor printed traxel
by traxel, layer by layer. The cross-section of the proposed sensor is shown in gure 2.1. The
sensor is formed by layer of dielectric of thickness d printed using thermoplastic polyurethane
(TPU) sandwiched between two conductive layers printed using conductive thermoplastic
polyurethane acting as electrodes of the capacitor. The sensor has length L in x-direction,
width W in y-direction and height H in z-direction. 3D printed capacitive sensors behave like
a lossy transmission. Figure 4.5 shows the measurement setup and the electrical connections
to the sensor. The ow of current is due to changing potential, the current and voltage across
each electrode can be described using a set of differential equations which can be solved using
the eigen-values and corresponding eigen-vectors with coef cients determined by the possible
boundary conditions.
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6 3D printed differential force and position sensor based on lossy transmission lines

Figure 2.1: Schematic diagram of the proposed sensor.

Figure 2.2: Possible boundary conditions

Boundary conditions

To solve for the coef cients there are four possible boundary conditions for voltage and current
at x /0 and x AL as shown in gure 2.2:

1. Fixed voltage: The top electrode is connected to xed voltage supply Uj, and the bottom
electrode is connected to the ground.

U1(0) AY;
va =
2. Fixed current: The current at the input of the sensor:
11(0) Alin (2.2)
3. Open connections: The sensor is not connected on the other side (open connections).
lout (L) AO (2.3)
4. Since there is no output current, all the current going in will return to the source.
(L) A£ila(L) (2.4)

2.3.1 Model Calculation

The parallel plate capacitive sensor is represented by its equivalent circuit diagram of a lossy
transmission line ( gure 2.3) [23]. For simplicity we assume that the electrode is purely resis-
itive. The resistance of the sensor of ¢x width can be dened as R /E% with %2 being the

volume resistivity of the electrode in - m.

If an in nitesimal part of the sensor is considered, due to potential difference in track Ui,
the current ows from left to right and can be described using the following differential equa-

tions [26]:
¢U(x,t) ﬁEi HW ¢U1(x,t)

11(x,t) &£
10 1) R, 7 ¢ X

(2.5)
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R R R 11(x)

U)o 280 AANA— AN

c —— c ——

12(X) R R

R [2(X)
Uz(x) o—>—AAANN—"ANNN—"NNVN—2Uou

Figure 2.3: Electrical diagram of the transmission line. This structure is repeated unlimited to times to
form the sensor.

Taking the limitfor ¢x! O:

i HW @Jl(x,t)
Il(X,t)ﬁEl—/zT

This equation is in the time-domain form. However, impedance is estimated in frequency do-
main and the Fourier transform of the above equation yields:

(2.6)

f(x,1 ) A& T/:N @Jl(g:'! ) 2.7)

Differentiating the above expression to x gives a second order term for voltage.

@1(x,! ) i HW @U1(x,!)

2.8
& s a2 (2.8)
The capacitance can be calculated using a parallel plate approximation given by:
n " A
CE Odr (2.9)

where A is the area of the plates, d is the distance between the plates, " is the permittivity of
vacuum Fmi ! and ", the relative permittivity.

"o" W ¢
c g2 rd X (2.10)

R I (xA¢

U101 AN, (xR e x)

C_

R lIo(xA¢x

Us(0) o2 AN 252 x Aex)

Figure 2.4: Electrical diagram for the in nitesimal part of the sensor

The current through the capacitor C ows due to the temporal changes in potential difference
U, to Uy . The current |; through the capacitor is expressed in Fourier transform assuming
harmonic functions:

f(xAex,! )i T(x,! ) Eile() (2.11)
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8 3D printed differential force and position sensor based on lossy transmission lines

i~ A ¢
i UZ(X!! )l U]_(X,! )

lxAex, 1) Tu(x,!) &£ - (2.12)
Zeg(!)
The impedance between the two plates is given by:
Zeg(! ) E ! g d (2.13)
T e T o wex '
Combining equation 2.12 and 2.13 we get,
. i~ - ¢
N A " o"fWex Us(x,! )i Ua(x,!
LCAGX, )i Ta(x 1) A0 10!)i Uax,t) (2.14)

d

Considering the slice of the sensor to be extremely thin, the expression can be re-written by
means of partial derivatives:

A - i~ - ¢
@i(x!), i HW @Us(x,!) it o'W Us(x!)i Ualx.!)
@ @ % @ d

The W term occurs on both sides and drops out and multiplying the negative sign inside we
get:

(2.15)

n i~ n ¢
@Us(x.!) " o't Uz, )i Un(x,!)

2.16
a2 d (2.16)
We introduce a conduction parameter:
" o'
| A/ 2.17
A (217)
Substituting 2.17 in 2.16 yields a second order differential equation for top track:
@U(x,!) i~ - ¢
?i i Ua(x,!)i Us(x,! ) A0 (2.18)
Similarly, solving for the bottom track the differential equation is given by:
@Ux(x,') - . ¢
—az i1 Uil Uax,1) A0 (2.19)

. .
This set of equations can be written in matrix form %% A AU which yields the eigen value
problem:

T T O
I LS PN - (2.20)
i i, U,
with Yo %
Ag ' (2.21)

The solution of these two coupled differential equations 2.18 and 2.19 is given by:

B /EB1 16 X ABy e X AByge ¥ ABy se 2.22)
i
2(x,! ) /By e * ABy e X ABj e ¥ ABy e f (2.23)
Which can be written as a single equation by using eigen vectors:
5 I ) . . . ,
| E 1EX’ | ; AB{1 1o X ABS ye X AB4I ze FABL Lo (2.24)
2(X,
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Solving for the eigen values , by taking the determinant of equation 2.21 yields:
p— P—
5 1,2 ’chu 3'£E 2l LrS A:4I 2| (225)
This means equation 2.24 can be re-written as:

s 9 l i Pk P T
U(x,!)EB{' 1AB5' ,x AB3! 3¢ X AB4! 4ef “ (2.26)

. . [
Solving for the eigen vectors' ¥ we get,

Yo Vs
|I lﬁéi' Z/CE 1
| _ 1/21% (2.27)
i 3/@' A E o
Which results in:
) %Y Yo Ya Ve Yoo, Vo Yoo
U(x')ﬁEl U0t /B, 1 AB, 1 xABs ) € Z*AB, _11 e 2% (2.28)
Uo0x,1) i i

To solve for the B's the boundary conditions need to be applied. The  rst boundary condi-
tion (2.1) is applied where the input voltage Uy, is applied in the Uj track and the U, track is
connected to the ground, which means equation 2.28 becomes:

U4(0,! ) AJ;, A£B1AB3AB, (2.29)
U,(0,! ) A0 AB1 | B3z Bs (2.30)
Solving 2.29 and 2.30 yields B;:
Uln
Bi AB3A B, AB1 E— > (2.31)

When current is taken as the boundary condition, the derivative of equation 2.28 can be used:

1

(x 1) 1/2% 1/213/ b 1/213/4p b
5. Ai 2i X 5. o 2iX
& ——— /B, 1 i B3 1 2je ABy 1 2je (2.32)
the above equation is solved for current (1) at a length L of the traxel:
Yo Ya Yo Y Yo Y q
! Hw H 17— P 17 PPy
T );E'7 B, . i Bs 2iel 2LAB, 2ie 2L (2.33)
2

il il
Using the fourth boundary condition  (2.4) the currentin both tracks will be equal and opposite
(L) &L

3 -

R HW p— P p__ P

l1(L,! )/El—/z i B,ABs 2je 2LiB, 2je 2t (2.34)
. ,

~ HW p_— P Pp_— P

I5(L,! );El—/2 i Boj By 2jel 2LAB, 2je 2t (2.35)

solving the above two equations gives that coef cient B, as 0. Using the second boundary
condition (2.2) the input current attrack U; will be I](O,! )= in
3 ,
A HW p— P—
lin ﬁEl—/z Bs 2ji Bs 2j (2.36)
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10 3D printed differential force and position sensor based on lossy transmission lines

Solving equation 2.36 and 2.31 yields B3 and Bg:

2 BAHW U, 27
AHW' 21
p

By /E

- —. p_.
Uin 2l AH Ui W
B3 £A— | Bs A P—=
2 4H | W
Hence the output current at length L will be:
3

(2.37)

(2.38)

p__ p__ R _ p— — A
e ZLHW 2(1Ae 22 A" 3G 1Ae 229H" TULW

lout (L,! ) &

4HAN

(2.39)

The output voltage at a certain length L is Uou and Uy Which are given by:

5 A -pTL pT-L
Uour AJ1(L,! ) AB1ABzel “1-ABye -

“ ” P P
Uourz AUo(L,! ) AEByi Bzel 2t Bse 2t
Solving 2.40 and 2.41 we get,

3

(2.40)

(2.41)

p__ _ p_— ,,\ p_— ~
ei 2L ij(i 1Ae 22t |inJ/2A(1Ae 2'2L)HiUinW)

Uout &£
out 2H; W

(2.42)

Calculation of output parameters at known input parameters at length L of the sensor is given

by a transfer matrix A:

1 Y% Y Yo Ya
out A1n A Ui
lout Azr Az lin

Using equation 2.39 and 2.42, elements of matrix A are calculated:

1 .pi. pi.
Ay e 2il(1Ae 2i2h

P— P_—
iei ZiL(i 1Ae 2j 2L)1/2
A]_z/E P—
2i HW

o P P —
el 2t 1Ae? 2Ly THW)
Aoy p—
2" 2%

1 Po- P
AgzﬁEEe' 2il(1Ae? 2t

8 _ _ P P
< e Eaad Ty e RuA Ty, S
2 2i HW
A’LE. - g pZL(. lABZPZL)p'iHW) 1.2 I 50 .t
B i 1Ae° i lai 2iL(1Ae? 2ily
2 2% 2€ (1Ae )

Figure 2.5: De nition of each section of the sensor

(2.43)

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)
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CHAPTER 2. BACKGROUND AND MODELLING 11

Figure 2.5 shows a parallel plate sensor of length L separated by a dielectric of height h (param-
eter'd'isreplaced by ' h'). When the sensor is pressed at a speci ¢ position, Xp, the pressed part
Lp will have slightly different parameters then the unpressed part splitting the sensor into three
sections. Each of these sections will have its own transformation/conduction matrix A, calcu-
lated using different parameters. The change in section A; is due to change in the dielectric
thickness and the electrode's piezoresistivity. To predict the change in thickness the following
equation is used [9]:

Fho
AgEO
Where ¢ h is the change in thickness, F is the applied compressive force, Ag is the area of the
electrodes and Eis the effective Young's modulus of the dielectric. The 3D printed dielectric

is assumed to be compressible (poisson’s ratio of zero) due to the ample amount of air present

in it, hence change in the electrode area is neglected. The piezoresistivity of the electrode is
modelled on a macroscopic level with the relative change in resistivity due to the applied force

is calculated using the sensitivity factor S;:

Ch/Ej (2.49)

~, EShF (2.50)

Since the output of one section is connected to the input of another section, the A matrices can
be multiplied. The nal matrix used to calculate the conduction through different sections is
given by:

Ana AAs(Li Xpi Lp)Aza(Lp)Ai(Xp) (2.51)

By applying the third boundary condition the impedance Z can be calculated:
lout £A21Uin A Agalin AEO (2.52)
And the de nition of the impedance of the sensor as well asthe A values from equation [26]:

U1(0,! )i Up(0,!)
i1(0,!)

i (2.53)

Ztotal

_ p_—
P 2v{1Ae? 2L
HY TW( 1Ae? 2ty

The total impedance for resistance and capacitance in series is given by:
Ziotar (1 ) E<{Z (! WA={Z( )} ] (2.54)

Where < {Z(! )}, is the impedance of the resistance and ={Z(! )}is the impedance of the capac-

itor.
1

j2vi C

Zioral (! ) ARA (2.55)

2.4 MATLAB® Implementation

The model explained in section 2.3.1 has been implemented in MATLAB®. The parameters
used to simulate the model of the 3 sensors are illustrated in table 2.1. Actual physical param-
eters of the fabricated sensors are used to obtain a more realistic change in impedance with
respect to force and position. A frequency sweep is performed to predict the impedance spec-
trum. Next the impedance is calculated as a function of force and the position where the force
is applied.

Robotics and Mechatronics Parth Patel



12 3D printed differential force and position sensor based on lossy transmission lines

Table 2.1: Sensor parameters for modelling and simulation

Parameter name SNJ SX60 SESX60
Sensor length (L) 14cm 1l4cm 12cm
Sensor width (W) lcm lcm lcm
Lpress 0.8cm 0.8cm 0.8cm
Xpress lcm lcm lcm
Relative permittivity ( ") 5.78 5.93 6.28
Dielectric height (h) 300&m 300&m 600&m
Young's modulus (E") 12MPa[27] | 6 MPa[28] | 6 MPa[28]
Resitivity of electrode ( 19 0.25- m 0.85- m 0.98- m
Frequency 1kHz 1kHz 1kHz

2.4.1 Frequency behaviour

For the frequency response, i is the key parameter that determines the sensor's conduction.

The conduction parameter is proportional to the frequency (

frequency the impedance will be high and the capacitive reactance
resistance R, very little current ows through the sensor and response will be purely capacitive.
Similarly, at a higher frequency, the resistive effects become dominant and the conduction is

purely resistive. The change in the conduction mode is related to the cut-off frequency of

For an RC low-pass lter circuit, the cut-off frequency (
tude is the same as the magnitude of capacitive reactance. The theoretical cut-off frequency of

an RC lter is given by:

1
2YRC

[

i/ ! and! AE2Y4C). Atlower
Xc will be larger than the

fe.

i 3dB) is when the resistance's magni-

(2.56)

When in this report a cut-off frequency is mentioned, the cut-off frequency of a RC lIter with a
capacitor and resistor equal to the series capacitance and series resistance of the transmission
line is meant. A frequency sweep with six orders of magnitude from 10Hz to 10 MHz is per-
formed on the sensors. Figure 2.6 shows the relation between the series resistance and series

capacitance as a function of frequency.

Since our sensor's lumped model is an RC low-pass lter, the sensor performs well until the
frequency of 10 kHz. After the cut-off frequency, the path of the current changes, it does not
longer go through the entire sensor, but only through the part closest to the connections. Since
we want to measure on the entire sensor using a single frequency we will use a frequency lower
than the cut-off frequency. Hence, all the simulations and measurements will be done at a
frequency well below the cut-off frequency. The simulations for these sensor's impedance be-
haviour is done at an operating frequency of 1 kHz.

Parth Patel
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Figure 2.6: Impedance spectrum predicted by model for SNJ,SX60,SESX60

2.4.2 Impedance behaviour with respect to position and Force

This assignment aims to determine the applied vertical force and position where the force is
applied using the real and imaginary impedance values at a single operating frequency. It is
essential to know the sensor's impedance behaviour versus the position and force value. For
simulation, a force of 3 to 11N is applied on the sensor (at position  Xpress) and an operating
frequency of 1kHz. The changing parameters of the pressed part are calculated using equa-
tion 2.49 and 2.50. The impedance values are calculated as a function of position ( Xpress) and
force (F) as shown in the gures below. The plots clearly show that the imaginary impedance
depends only on force applied, and the real impedance depends both on the force and the
position where the force is applied. The series capacitance is calculated from the imaginary
impedance using the following equation:

1
However, the change in the capacitance with changing force is less than 20 fF for all the three
sensors, this is because for all three senors, a dielectric with 100 % in Il ratio is assumed, in-
creasing the effective youngs modulus [9] of the dielectric closer to that of the electrodes. The
sensitivity of the sensor can be improved by printing the dielectric with lower in Il percentage.
The series resistance depends on the resistivity of the electrodes. Figure 2.7,2.8 and 2.9 show
the change in impedance as a function of magnitude and position of an applied force.

Robotics and Mechatronics Parth Patel



14 3D printed differential force and position sensor based on lossy transmission lines

Parallel Plate capacitive sensor with NinjaFlex dielectric (SNJ)

Figure 2.7: Impedance predicted by the model for Ninja ex dielectric

Parallel Plate capacitive sensor with X60 dielectric (SX60)

Figure 2.8: Impedance predicted by the model for X60 dielectric
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CHAPTER 2. BACKGROUND AND MODELLING 15

Same size Parallel plate capacitive sensor with X60 dielectric (SESX60)

Figure 2.9: Impedance spectrum predicted by the model for the same size electrodes with X60 dielectric

2.5 Differential force sensor

The three sensors discussed in the previous section were tested, section 4.3 explains the ex-
periments performed to characterize the change in impedance as a function of the magnitude
and position of the applied force. The sensors did not work as predicted by the model; chapter

5 discusses each sensor's results. Hence, a different approach was utilized by designing and
fabricating a differential sensor. In this approach, two parallel plates capacitive sensors are
stacked, one top of the other, as shown in 2.10 hence, the sensor can be seen as a combination
of two coupled lossy transmission lines. The operating principle is still the same as for previous
sensor.

Figure 2.10: Schematic diagram of the differential sensor with X60 dielectric

2.5.1 Model calculation

The derivation is adapted from appendix A. Figure 2.11 shows the equivalent circuit diagram
of an in nitesimal ¢ x part of the two coupled lossy transmission lines. Kirchhoff's voltage law
applied to the circuit yields:

Un(X)i Ran¢xIn(x)i Un(xAc¢x) A0 (2.58)
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16 3D printed differential force and position sensor based on lossy transmission lines

l1(xA¢x)

Ul(x)oiﬁx)—/\/\/\/i Ui(xActx)
Ry
G —
lo(X) lo(x A ¢x)
Ug(X) o—"—AN\N\/\,/—F—>—"oUg(xA¢x)
Ro
Ci 1 ::
R; 1 .
U, 1(X)°|—il>()()—/\/\/\ﬁmui 1(xAex)

Figure 2.11: Electrical circuit diagram of an in nitely small part of the sensor. Image courtesy of ap-
pendix A

and applied Kirchhoff's current law yields:

In(X)i Gnex(Un(xAex)j Up; 1(xAEx))i In(xA¢x) A0 (2.59)

Dividing 2.58 and 2.59 by ¢x and taking the limitas ¢x ! 0 yields the following differential
equations:

@h(x)
A iRyln 2.60
& i (2.60)
Ya
Rn AEhn,eW (2.61)

where R is the resistance per meter length of the electrode, Y4, is the resistivity of the electrode,
hy, e is the height of the electrode and W is the width of the electrode.

D) e Uni 1001 Un()) (262)
@
Gn /j! Cn gl oW (2.63)
hn,d

where G, is the admittance per meter length of the dielectric, "¢ is the relative permittivity of
vacuum, " is the relative permittivity of the dielectricand  hj, 4 is the height of the dielectric.
The relation between the conduction parameter | from equation 2.17 in the previous deriva-
tionand Gy is:

_ " o"nYa
i AGnRn E—hn,dhn,e (2.64)
The current equations for all the electrodes are given by:
D 61 Ua)i U(x) (2.65)
202 61(Us()1 Ua()AG, 1(U; 1001 Uo(x) (2.66)
%"EQ 1(Uo(x)i U; 1(x)) (2.67)

The rst order differential equations are easier to solve compared to second order differential
equations. The set of equations can be written into matrix form:
o
| .
= EAP (2.68)
@
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8 9 8 9
Uy 0 i Z1 0 0 0 0
§|1§ %iGl 0 Gy 0 0 0 %
U~ 0 o0 0 iZo O 0o~
F>,CEg 'OgA/EE G, 0 iGiiGi 0 G4 0 § (2.69)
Ui, 0 0 0 0 0 iz
’ Iil’ 0 0 Gil 0 iGil 0

The solution of these equations can be found from the exponential functions based on eigen
values and eigen vectors and is given by:

b AL Y0 (2.70)

. . . . [ .
where Y(x) is a matrix formed by six eigen vectors 'V |, and eigen values | ,:

%} I I 1 I i a
Y(X)ET 1@ 'V 5@ 2X "1 ge.3% 'V . 4% 'k . 5X F La.6X (2.71)

' .
The cole_f cients in vector € can Ib_e calculated by the boundary conditions as before. For a
known P (x), at certain position x, € can be calculated using:

't A 1)P () 2.72)

If the input parameters are known then the output parameters at length L are given by trans-
formation matrix N (similarto A inthe previous derivation)

by AN )P ) (2.73)

and N (L) given by:
N (L) &Y (L)Y 1(0) (2.74)

Figure 2.12: De nition of each section of the sensor

Figure 2.12 shows the differential sensor of length L with a dielectric of height Hj, 4. When the
sensor is pressed at a speci ¢ position Xy, the pressed part L will have slightly different pa-
rameters than at the unpressed parts. In the analysis the sensor is split into three parts. Each
of these sections will have their own transfer matrix N, calculated using different parameters.
The change in the section N3 is due to the change in the dielectric thickness and the elec-
trode's piezoresitivity. The change in thickness is predicted using the equation 2.49. Both the
dielectrics are assumed to be compressible due to the large amount of air present (poisson's ra-
tio of zero) and the change in the area of the dielectrics is neglected. The relative change in the
resistivity is calculated using equation 2.50. The nal matrix used to calculate the propagation

is given by:

M 1 M 1 ol

1 i ¢
Nnai (L) N3 Li Xpi Lp N'lp N1 Xpi ~Lp (2.75)
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18 3D printed differential force and position sensor based on lossy transmission lines

The sensor is applied with similar boundary conditions as before and masking matrices
and M, are used to mask out the current and voltage rows resulting in the following boundary
condition equations:

Muy

MoP @AM P (L) A

(2.76)
with: 8 9 8 9 8 9
10000 00000 U1(0)
%ooooo% §01ooo% §|1(L)§
00100 O 0000 0 0! Uo(0) =

MU 0000 & M%0 00 1 0 B A lo(L) (2.77)
500001% %00000% %uil(oé
"0 00000 "0 0000 T 12 (L)

Using these boundary conditions and equation 2.73 and 2.75 the current going through each
electrode can be calculated using:

"B (0) EMuAMIN g )i 1B (2.78)

The impedance Z is given by:
U1(0)i Uo(0)

Z | -0 (2.79)

2.5.2 MATLAB® Implementation

The model is implemented in MATLAB®. The parameters used to simulate the model of the
two sensors are illustrated in table 2.2. Actual physical parameters of the fabricated sensors are
used to obtain a more realistic change in impedance with respect to force and position. Next
the impedance is calculated as a function of force and the position where the force is applied.

Table 2.2: Sensor parameters for modelling and simulation

Parameter name DSNJX60 | DSX60INF
Sensor length (L) 17.8cm 17.8cm
Sensor width (W) 0.84cm 0.84cm
Lpress lcm lcm
Xpress 5cm 5cm
Relative permittivity top dielectric ( "1) 6.33 4.66
Relative permittivity bottom dielectric ( ".1) 4.89 6.54
Dielectric height (h) 600&m 600&m
Young's modulus top dielectric ( Eg’) 1MPa 1 MPa [28]
Young's modulus bottom dielectric ( Eiol) 12MPa[27] | 6 MPa[28]
Resitivity of top electrode ( ¥%2) 0.07- m 0.15- m
Resitivity of center electrode ( Y%) 0.2- m 0.93- m
Resitivity of top electrode ( %z 1) 0.072- m 0.04- m
Frequency 3kHz 3kHz

2.5.3 Frequency response

A frequency sweep with six orders of magnitude from 1 kHz to 1 MHz performed on the sensors.
Figure 2.13 shows the relation between the series resistance and series capacitance as a func-
tion of frequency. The lumped model of the differential sensor is and RC-low-pass lter. The
sensor performs well at low frequency. After the cut-off frequency the path of current changes
and it no longer go through the entire sensor, but only through the part closest to the connec-
tions. Hence, the simulations and measurements will be done below cut-off frequency. Similar

to the parallel plate sensor the admittance G,, determines the conduction in the sensor.
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Figure 2.13: Impedance spectrum predicted by model for DSNJX60 and DSX60INF

2.5.4 Force excitation

The sensor is simulated with the same con guration as described in section 2.4.2 except with
an operating frequency of 3kHz. Figure 2.14 and 2.15 show that the series capacitance is only
dependent on the force, but the series resistance is dependent on both the position and the
force. The change in the capacitance for both sensors is 800 fF.

Sensor DSNJX60

Figure 2.14: Differential Impedance against force and position predicted by model for DSNJX60
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20 3D printed differential force and position sensor based on lossy transmission lines

Sensor DSX60INF

Figure 2.15: Differential Impedance against force and position predicted by model for DSX60INF using
equation 2.79

2.6 Inverse Model

The MATLAB® implementation of the analytical model calculates the change in impedance
at a known force and position but the goal of the assignment is to determine the force and
position from the impedance. The model discussed in this section estimates the force and
position values from the impedance values. Sensor SESX60 is used for implementation of the
inverse model.

2.6.1 Estimationusing fmincon

The model utilized simple equations to estimate the change in resistance and capacitance. In
this simple model the relation between force and capacitance is approximated by alinear equa-
tion. It is also assumed that the resistance is linearly dependent on the force. However the
relation between resistance and position is approximated by a quadratic equation. First an ini-
tial estimation is done where the resistance and capacitance values are estimated, along with
the change in resistance and capacitance due to force and position. These initial estimated
parameters are listed below:

< Estimated resistance, Ry

< Estimated capacitance, Cg

¢ change in capacitance due to applied force, Cg

« change inresistance due to applied force, A

¢ quadratic term of the position, B

« change in resistance due to change in position, D

¢ change in resistance due to force and position, E
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The parameters are multiplied by weight vector wg to determine the coef cients of the equa-
tions. The wy is a vector of ones, wq A[1,1,1,1,1,1,1]. The change in capacitance is calculated

by:
C AECyoAFCk (2.80)

The change in resistance is calculated by:
R/AR)AAFABXx?ADXx AEFX (2.81)

where F is the force applied and x is the position where the force is applied. The realimpedance
<{Z(! )}and imaginary impedance ={Z(! )} are calculated from the resistance and the capaci-
tance, using that they are in series.

A cost function is de ned which is the root mean square of the summation of the squared dif-
ference between the model impedance and the estimated impedance:
S S

X X
18 17 czuli< ZesdPA £ F{Zubiz (Zesd)? (2.82)
mim i A

The MATLAB® function fmincon is used to minimize the error of this cost function by nd-
ing the optimal coef cients givenby  w; 40.18,0.28,0.11,0.23,0,2.96,0.29]. The impedance is
calculated using w { vector and the result is shown in gure 2.16.
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22 3D printed differential force and position sensor based on lossy transmission lines

(a) Series resistance vs force and position (b) Series resistance vs force and position

(c) Series resistance vs force and position

Figure 2.16: (a) Impedance value calculated based on the analytical model (b)Impedance value after
tting the simpli ed model using fmincon to a. (c) The difference between the model data and the
estimated data. The difference is less and the estimated model ts quite well)

Now to determine position and force from the impedance an inverse function is implemented
in MATLAB® by inverting equation 2.81 and 2.80. The applied force F is calculated using:

Ci Co
Cr

F A (2.83)
o . : . ibi " b7 dac

and the change in position x is calculated by solving the quadratic formula  =——===, how-

ever this formula did give values that were outside of the sensor and those values were ne-

glected:

] (DAEF); P i (DAEF)2; 4B(RoA AF)
2B

The function takes impedance, the initial estimated parameter and optimized weights as an
input and gives the corresponding force and position as output. Figure 2.17 shows force as

(2.84)
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a function of <{Z(! )} and ={Z(! )}. Itis clear from the plot second plot that the force value
of 3-11 N is given by the ={Z (' )}. Similarly, the <{Z(! )} gives the position information, the
calculated position is in the range of 0.01-0.09 m which is the actual length of the sensor.

Figure 2.17: Force and position calculated from the impedance by the inverse model (SESX60)

2.7 Conclusions

From the literature survey a model by Xu et. al was selected which models the capacitive
sensor as a lossy transmission line.

The parallel plate and differential sensor's electrical characteristics are analytically mod-
elled using the partial differential equations of the voltage and current along the trans-
mission line.

The differential equations are solved using the eigenvalue expansion and their corre-
sponding eigenvectors with the coef cients determined by the boundary conditions.

The analytical model of the sensors is then implemented in the MATLAB® and the
impedance has been calculated as a function of magnitude and position of an applied
force.

The 3D plot results showed that the imaginary impedance is only dependent on the force
and real impedance is force and position dependent.

Since, the senors' lumped model is an RC low-pass lter, the sensor behaviour is different
at high frequencies and this behaviour only holds up till a frequency of 100 kHz.

To determine the force and position from the impedance, an inverse model is imple-
mented in the MATLAB®

The inverse model works for the model data.

The next chapter discusses the fabrication design and fabrication process of the proposed sen-

Sors.
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3 Materials and Fabrication

3.1 Introduction

This chapter aims to explain the materials used to fabricate the sensors, explain the 3D printing
process, and the effect of the printing parameters on the electrical properties of the material
used. Finally, the design and fabrication of the ve sensors are illustrated.

3.2 Materials

The sensor is fabricated using two materials; the dielectric is made of Thermoplastic
polyurethane (TPU) and the conductive electrodes are made using an electrically conduc-
tive variant of TPU (eTPU). The following section explains both materials in detail.

3.2.1 Flexible Conductive material

Conductive polymer composites lled with conductive llers such as Carbon Black (CB) show
piezoresistivity and have been studied extensively for smart sensing applications. The main
advantages include great exibility, low weight, high environmental stability, low density and
low manufacturing cost [1, 29]. CB is an amorphous form of carbon produced from the in-
complete combustion of petroleum products. Hence, it is inexpensive and has good availabil-
ity [25]. When adding CB as a conductive ller to an insulating elastomer, the volume resistiv-
ity of the material decreases strongly up to a critical concentration of CB. The phenomenon of
the forming of conductive networks is called percolation [30]. During the initial loading, the
polymer is insulating because there are to few CB nanopatrticles in the polymer matrix, due to
which they cannot form conductive pathways through the polymer. However, on increasing
the CB patrticle density to the percolation threshold long-range networks are formed causing a
sharp decline in the electrical resistivity. Beyond this threshold, the resistivity further decreases
slowly, as there are more and more particles in the polymer matrix to contribute to the conduc-
tive network. The electrical percolation depends on the nature and the aspect ratio of the ller
particles [1, 30].

Figure 3.1: Relationship between resistivity and CB loading. The insets (a) insulating range, (b) percola-
tion range/threshold, (c) post-percolation range [1]
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Previously it was thought that the conduction in the carbon-based networks was due to per-
colation of electrically connected particles; new research shows that the conduction is further
aided by quantum-mechanical junction tunneling [31]. It is a phenomenon in which a higher
applied electric eld excites the electron to jump through the potential barrier [32]. CPCs are
often thermoplastic and therefore can be used in FDM 3D printing. The available materials in
the market right now are protopasta [33], PI-eTPU 85-700+ [34] and EEL [35]. These materials
are studied and compared by Watschke et al. [36]. PI-eTPU 85-700+ will be used in this assign-
ment because of its exibility and low resistivity. PlI-eTPU 85-700+ has been studied before by
Schouten, and he found in his measurements an electrical resistivity of 7.43 - m and relative
permittivity of 176 [28]. The material is used to fabricate various sensors; some of them include
a whisker inspired 3D printed exible tactile sensor, capacitive force sensor, and exible soft
and exible sEMG electrodes [9,37-39].

PI-eTPU85-700+

This exible and conductive lament was sourced from Palmiga innovations. The material
consists of TPU lled with carbon black. The shore hardness as reported by the manufacture
is 85 A and the maximum extension is more than 700 %. Table-3.1 shows the mechanical and
electrical properties of the material.

3.2.2 Dielectric

The dielectric is the compressive material between the two electrodes and will in uence the
change in the capacitance of the sensor and hence, sensitivity of the sensor. The two available
dielectric materials for the sensors are NinjaFlex and X60.

NinjaFlex

Itisa exible TPU lament made by NinjaTek [27] and was the rst choice as a dielectric mate-

rial as it has the same shore hardness and Young's modulus as eTPU and it also is relatively easy
to print. The similar mechanical properties will lead to the same elastic deformation. Table-3.1
shows the mechanical properties of the material.

X60 dielectric

X60 is a exible TPU lament made by the collaboration between Diabase Engineering and
MakeShaper [40]. Itis one of the softest laments available in the market and has a shore hard-
ness of 60 A, softer than Ninja ex. Table 3.1 shows the mechanical properties of the material.

Table 3.1: Mechanical properties of the materials used to design the sensor

Mechanical Properties Pl-eTPU 85-700+[34] | NinjaFlex [41] X60[42]
Tensile Strength 15MPa 4 MPa 35MPa
Tensile Modulus 12 MPa 12 MPa 6 MPa

Elongation at break 700 % 660 % 1000 %
Hardness 85 Shore A 85 Shore A 63 Shore A
Printing Temperature 210°C 216°C 220°C

3.3 Fabrication
3.3.1 3D Printer

The Diabase H series 3D printer from Diabase Engineering is used to 3D print the sensors for
this assignment. It has 5 extruders with automatic tool changer and allows printing 5 different
materials in the same print. The printer comes with its own extruder called exion extruder [43]
which offers high speed printing of ultra exible lament materials (X60). The extruder has
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a self cleaning brush which cleans the drive roller and keeps the teeth sharp for consistent
extruding. The printer uses a cam dial and cam follower screw to compress the lament to
apply tension on the lament. The cam dial has 4 settings for printing different materials. The
printer has an enclosure to prevent contamination of prints.

3D Printing process

The 3D printing process includes the following steps to build a 3D object [44]:

e Pre-processing: Generate a 3D model of the object using computer-assisted design
(CAD) software. The CAD modelis then converted to an STL le to tesselate the 3D shape
and slice it into digital layers. The STL le is then sliced into machine-readable G-code
using dedicated software that calculates the path to extrude thermoplastic and support
materials.

« Fabrication: This step includes loading the printer with laments. The printer prints the
3D model by depositing material traxel by traxel and layer by layer. The printed part is
then removed from the build platform with its support structure.

e Post-processing: This includes the removal of the support material and cleaning the
part.

3.3.2 Printing Parameters

The printing parameters are essential to give the desired characteristics to the sensor. Every
parameter affects both the mechanical and electrical properties of the sensor. The parameters
selected for the sensor are discussed and justi ed below:

Inll

Since FDM 3D printers print the object line by line and layer by layer, the 3D part has two as-
pects, the exterior walls and the material inside this wall to |l the object, calledinIl. The in I
has two important parameters: the in Il density and the in Il pattern. Both play a considerable
role in the printed objects mechanical and electrical properties. The in |l density determines
the amount of material inside the part, usually de ned as a percentage from 0 to 100. The part
having a lower in Il density is hollow and compressible. A decrease in in Il reduces Young's
modulus and affects the print time and material consumption. The commonly available in Il
patterns are rectilinear, lines, honeycomb, triangular and concentric [45]. Since eTPU is the
exible conductive lament, the electrodes have 100 % in Il to reduce the resistance and im-
prove the conductivity of the electrodes because exibility is not the issue. The dielectric is
the compressible layer between the electrodes and sensors with different in Il percentage are
tested. The in Il density of the dielectric affects the capacitive sensing of the sensor (refer to
section 5.6). The default rectilinear in Il pattern is used to print of both materials.

Temperature

The two temperature parameters are: nozzle temperature and build plate/bed temperature.

The TPU lament is melted at elevated temperature in the heater just above the nozzle and
cools down on the build platform. A higher heater temperature causes the material to ooze and
causes printing inconsistency, which affects the sensor's conductivity and mechanical proper-

ties. Hence, print temperatures, as recommended in the datasheet, were chosen to print the
sensors. The bed temperature should be high enough to have proper adhesion between the
layers. The bed temperature for sensors SNJ, SX60, SESX60 was 60 °C and for DSNJX60 and
DSX60INF was 75 °C.
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Line width/Extrusion Multiplier

The extruder extrudes the lament in thin lines. The width of the line depends on the nozzle
diameter and extrusion multiplier. The amount of material extruding per unit length through
the extruder at a given speed is regulated by the extrusion multiplier parameter. It changes the
cross-section of the extruded lament and in uences all layers and llings of the print. The
default multiplier value is 1. If set above 1 it allows to print dense parts, but a too high value
can cause material over ow resulting in inconsistent prints with lower dimensional accuracy.
Ifitis C 1 the resulting print uses less lament, affecting the tensile strength of the print [45].

3.4 Post-processing

CPCs can show a pyroresistive behaviour due to which the electrical resistivity can increase
with the temperature also known as positive temperature coef cient (PTC) effect, or a decrease
in electrical resistivity called negative temperature coef cient (NTC) effect [46]. The PTC effect
is due to the polymer matrix's large thermal expansion coef cient below its melting point. The
NTC effectis due to the decrease in elastic modulus of the polymer matrix at high temperatures
by reducing the distance between the CB particles and reforming the conductive pathways [47].
However, these are general explanations with certain assumptions. Other theories of the effects
include tunneling current mechanism, congregation and migration changes of ller particles,
electric eld mechanism, internal stress mechanism and percolation theory [48]. Although the
interpretation is still unclear, the effects are there.

Lee et al. discussed the effect of annealing on the electrical resistivity of the FDM printed 3D
sensors. The experimental results showed that the electrical conductivity was affected by the
residual stress. The three causes for residual stress are: 1) once the molten polymer is ex-
truded at high temperature, solidi cation occurs due to rapid cooling at room temperature
before polymer stabilisation. 2) Shear ow occurs due to friction and cooling at the nozzle wall
due to lower extrusion speed relative to the nozzle centre, which is not affected by the shear.
3) differential stress due to polymer orientation. The other factors in uencing the conductivity
include defects in the micro-structure such as impurity, precipitation and dislocation. The an-
nealing improved the sensor's electrical conductivity by enabling polymer chains, eliminating
dislocation, crystallisation which induces grain re nement and grain boundary growth, and
thus reducing the residual stress of the sensor. [49, 50].

To improve the conductivity of the electrodes, all sensors fabricated in this assignment were
annealed in the oven at 150 °C for 24 h. The sensors were slightly curved along the X and y axes.
The resistance was measured using a multi-meter before and after the annealing process. The
results showed decrease in the electrical resistance of the electrodes for all the sensors.

3.5 Sensor with NinjaFlex dielectric (SNJ)

The parallel plate exible sensor was the rst prototype printed based on the analytical model.
The sensor CAD le was designed in Autodesk Fusion 360 and sliced with Simplify 3D software.
NinjaFlex was used as a dielectric sandwiched between two PI-ETPU 85-700+ 3D printed elec-
trodes with the dimensions as shown in gure 3.2 and using the printing parameters as shown
in table 3.2. The actual picture of the sensor can be found in gure 3.3. The top electrode was
designed smaller than the bottom electrode and the dielectric to avoid a short between the two
at the sensor's edge as the dielectric is very thin. However, the sensor was not able to produce
reasonable results as discussed in section 5.2
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Table 3.2:

Printing parameter

Print settings for SNJ

PI-EPTU 85-700+

NinjaFlex

Layer height
Inll
Print Temperature
Nozzle Diameter
Extrusion width multiplier
Extrusion width
Cam dial settings

50&m
100 %
210°C
0.4mm
1.1
0.44
3

50&m
100 %
220°C
0.4mm
1.2
0.48
2

Figure 3.2: Schematic diagram of the sensor with NinjaFlex dielectric

Figure 3.3: Picture of the sensor with NinjaFlex dielectric

3.6 Sensor with X60 dielectric (SX60)

The exible sensor was the second prototype printed on the same analytical model. The sensor
was designed and sliced with the same software as before. The only modi cation was the use
of X60 as the dielectric as it is more exible than NinjaFlex. The sensor was designed using the
same dimensions as shown in gure 3.4 using the printing parameters shown in table 3.3. The
actual picture of the sensor can be found in gure 3.5. The sensor was fabricated to compare
the performance with SNJ and check if there was a measurable signal with a more exible
dielectric and, therefore a larger capacitance change for the same force. However, the sensor
could not produce reasonable results, as discussed in section 5.3.
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Table 3.3: Print settings for SX60

Printing parameter PI-EPTU 85-700+ X60
Layer height 50&m 50&m
Inll 100 % 100 %
Print Temperature 210°C 230°C
Nozzle Diameter 0.4mm 0.4mm
Extrusion width multiplier 1.1 1.25
Extrusion width 0.44mm 0.48mm
Cam dial settings 3 1

Figure 3.4: Schematic diagram of the sensor with X60 dielectric

Figure 3.5: Picture of the sensor with X60 dielectric

3.7 Sensor with same electrode size (SESX60)

The exible sensor was the third and the last prototype printed on the same analytical model.
The sensor was designed and sliced using the same software as before. There were two de-
sign modi cations: 1) the top and bottom electrodes now had same length. 2) the dielectric
thickness was doubled to 600 &m encapsulating the bottom electrode from two ends as shown
in gure 3.6. Table 3.4 shows the printing parameters. The second modi cation was to avoid
short between top and bottom electrode and increasing the dielectric thickness decreases the
capacitance and increases the cut-off frequency. The actual picture of the sensor can be found
in gure 3.7. The sensor performance is compared with previous two prototypes in section 5.4.
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