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ABSTRACT

This thesis demonstrates design, implementation, and experimental results of
a low-cost disposable flexible sensor system capable of both impact localization and
measurement. Proposed flexible sensor structure utilizes a special series of Bristol
paper as the main fabrication material, which is coated with electric paint graphite
paste and silver paste. Implemented sensor system uses a planar absolute encoder-like
sensing topology to locate the impact and has a low-cost and quick manufacturing

process.

The size of the structure is 210 mm x 18.56 mm with the thickness of approxi-
mately 340 ym. It has an electronic read-out consisting of three identical Wheatstone
bridge circuits and instrumentation amplifiers for each bit. It can detect the external
forces in the range of 0.6N to 12N with a spatial resolution of 2.4 ¢m and 0.55 ¢m in
horizontal and vertical axes, respectively. The proposed sensor structure is tested in a
series of experiments using a robotic setup consisted of a pantograph mechanism and
a direct drive linear motor. The experiments illustrate the results with measurement

sensitivity as small as 1N and proper fatigue resilience against repetitive loads.
Key words: paper substrate, piezoresistive sensor, force sensor, position sensor,

disposable device, perforated structure, flexible medium, robotics system, soft robots,

read-out circuit.
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OZET

Bu tez, hem kuvvet lokalizasyonu hem de ol¢iim yapabilen diigiik maliyetli tek-
kullanimlik esnek bir sensor sisteminin tasarimini, uygulamasini ve deneysel sonuclarini
gostermektedir. Onerilen esnek sensor yapisi, ana iiretim malzemesi olarak elektrikli
boya grafit macunu ve glimiis macunu ile kaplanmig 6zel bir dizi Bristol kagidi kul-
lanir. Uygulanan sensor sistemi, etkiyi bulmak icin lineer mutlak kodlayici benzeri bir

algilama topolojisi kullanir ve diisiik maliyetli ve hizli bir iiretim siirecine sahiptir.

Yapinn boyutu 210 mm x 18.56 mm ve kalnhg yaklagik 340 pm’dir. Uc 6zdes
Wheatstone koprii devresinden ve her bir bit icin enstriimantasyon amplifikatoriinden
olugan bir elektronik okumaya sahiptir. Yatay ve dikey eksenlerde sirasiyla 2.4 cm ve
0.55 em uzamsal ¢ozinirlik ile 0.6N ila 12N araligindaki dig kuvvetleri algilayabilir.
Onerilen sensér yapist, bir pantograf mekanizmasi ve bir dogrudan tahrikli lineer motor-
dan olugan bir robotik kurulum kullanilarak bir dizi deneyde test edilmistir. Deneyler,
1IN kadar kiiciik ol¢iim hassasiyeti ve tekrarlayan yiiklere karsi uygun yorulma direnci

ile sonuclar1 gostermektedir.
Anahtar kelimeler: kagit alt tabaka, piyezorezistif sensor, kuvvet sensorii,

konum sensorii, Kullan at cihaz, delikli yapi, esnek ortam, robotik sistem, yumusgak

robotlar, okuma devresi.

vii



TABLE OF CONTENTS

ACKNOWLEDGEMENTS . . . . . . . . iv
ABSTRACT . . o e vi
OZET . ... vii
LIST OF FIGURES . . . . . . . o . X
LIST OF TABLES . . . . . . . e xvi
LIST OF SYMBOL . . . . .. xvii
LIST OF ACRONYMS/ABBREVIATIONS . . . .. ... ... ... ...... 1
1. INTRODUCTION . . . .. e 2
2. PROPOSED SYSTEM . . . . . . . .. 5
3. PROPOSED DESIGN . . . . . ... o 8
3.1. Paper Substrate . . . . . . ... Lo 8
3.2. Piezoresistive Layer . . . . . . . . . ..o oL 11
3.3. Hole Ablation . . . . . . . . . ... 20
3.4. Proposed Force Encoder Structure . . . . ... .. ... ... ..... 27
4. IMPLEMENTATION . . . . . .. . o 32
4.1. Materials . . . . ..o 32
4.2. Methods . . . . . . .. 34
4.3. Proposed Fabrication Process . . . . . . .. .. ... ... ... ... 35
5. ELECTRONICS . . . . . . e 39
5.1. Proposed Read-Out Circuitry . . . . . . .. .. ... ... ... .... 39
6. EXPERIMENTS . . . . .. . 44
6.1. Test Setup . . . . . . . . 44
6.2. Test Results . . . . . . . . ... . o 46
7. DISCUSSION . . . . o e 54
8. CONCLUSIONS AND FUTURE WORKS . . . . . ... ... ... ..... 56
REFERENCES . . . . . . e 57
APPENDIX A: MANUFACTURING OF THE SILK STENCILS . . . .. .. 67
APPENDIX B: DATASHEETS . . . ... ... .. . . ... 68

viil



B.1. Graphite . . . . . . .. 68

B.2. Silver Ink . . . ..o 69
B.3. Dual Edge Connector . . . . . . . . . ... ... ... 70
B.4. Silicone Mold . . . . . .. ... 71
APPENDIX C: Main Algorithm . . . . . ... ... ... ... ... ...... 72
APPENDIX D: Main Algorithm Library-1 . . . . .. ... ... .. ... ... 83
APPENDIX E: Main Algorithm Library-2 . . . . .. .. ... ... ... ... 87

X



2.1

3.1

3.2

3.3

3.4

3.5

3.6

LIST OF FIGURES

The system diagram of the proposed piezoresistive linear absolute
force encoder system. System harbors a paper-based piezoresistive
sensor along with 3D silicone mold structure, a read-out circuit
and, a real-time controller (Dynomotion®) KFlop & KAnalog series
motion controller). . . ... ..o Lo
Effect of three different substrate materials are observed by bending
them with an increasing arc length. The arc lengths of (a) are
between 140 mm to 95 mm, (b) are between 90 mm to 45 mm,
and (c) are between 40 mm to 30 mm. . . . ... ... L.
Behaviour of three different substrates for various bending ratio.
The fitting line equations for (a) the Bristol paper, (b) Alex Schoéller
paper, and (c) Photography paper are 2.171527097 4.908¢ 79084,
and 17.255e7%973% respectively. . . . . ... ...
Conceptual drawing that demonstrates the working principle of the
proposed 3-bit linear absolute encoder structure. The structure
consists of eight different segments, three different conductive elec-
trical paths (EP), and various graphite coatings. It is important to
note that the graphite coatings actually forms a 3-bit linear abso-
lute encoder as in its truth table. . . . . .. ... ... ... ..
Photo of fabricated piezoresistive lines with alternating widths, all
measurements are in micrometers. . . . . . ... ...
Close up view of the piezoresistive lines fabricated with various
widths. The design values of the widths of the lines are located in
the upper right corner of each of them. . . . . ... ... ... ..
Plot of the widths of the fabricated piezoresistive lines (w;) and
designed piezoresistive lines drawn with reference to the minimum

reproducible and repeatable piezoresistive line width (230 pm). . .

16



3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

[lustration of piezoresistive layer designs M1 and M2. wg,, values
are 1200 pm and 270 pm for M1 and M2 model, respectively.

Photo of fabricated piezoresistive lines with changing gaps, all mea-
surements are in micrometers. . . . . . ... ...
Close up view of the piezoresistive lines fabricated with various
gaps. The design values of the gap of the lines are located in the
upper right corner of each of them. . . . .. .. ... ... .. ..
Plot of the designed versus fabricated gap distance (wg,,) between
the adjacent piezoresistive line pairs. The first value where the
materials do not diffuse to each other is the eighth data. . . . . .
The behaviour of Bristol paper for various layers. The fitting line
equations for the single layer, and double layer are 2.1735x7 %967,
and 3.365327 %992 respectively. . . . . . ... ... L.
The fabricated view of the holes having 1 mm diameter that are
cut by increasing the power level by 1% from 50% to 100% while
keeping the speed and frequency constant. . . . .. ... ... ..
Fabricated view of holes having 1 mm diameter that are cut by
increasing speed by 1% from 50% to 100% with determined 67%
power level. . . . . ..o
Plot of the fabricated holes values which are designed as 1000 pm,
according to the various laser speed level testing to determine the
most appropriate laser speed level. . . . . . . ... .. ... ...
Fabrication view of various holes designed from 20 pym to 1000 um
with 20 pm resolution cut by laser’s determined 67% power, 100%
speed and 5000 Hz frequency. . . . . . ... ... .. .. ... ..
Close up view of ablated holes with various diameters. The design

values of the holes are located in the upper left corner of each of

Plot of the test of the perforation of designed holes versus ablated
holes that are cut under the optimized values of power, speed, and

frequency of the laser, is emphasized. . . . . . . . ... ... ...

el

17



3.18

3.19

3.20

3.21

3.22

Simulation results of ablated holes with various hole diameters
within a defined segment area (L,3 X w,): (a) designed as 820
pm and fabricated as 980 um, (b) designed as 760 pum and fabri-
cated as 935 um, (c) designed as 680 pum and fabricated as 839 um,
(d) designed as 620 pum and fabricated as 755 pum, (e) designed as
560 pum and fabricated as 678 um, and (f) designed as 500um and
fabricated as 593 pm. . . . . ... Lo oL
The fabrication view of the gap values that is between the deter-
mined 0.5 pm diameter designed holes changing from 20 gum to 1000
pm with 20 gm resolution, cut by laser’s determined 67% power,
100% speed and 5000 Hz frequency. . . . . . ... ... ... ...
Simulation results of ablated holes at various pattern within a de-
fined segment area (Ly3 X wpy): (a) non-ablated, (b) ablated with
1500 pm gap, (c) ablated with 1000 um gap, (d) ablated with 500
pum gap, (e) ablated with the minimum producible gap of 380 um,
and (f) all-ablated holes. . . . . . . ... ... ... ........
Technical drawing of the proposed 3-bit paper-based linear absolute
force encoder structure and its design parameters. (a) The top view
of the paper-based sensing structure that harbors eight segments.
(b) a close-up view of the piezoresistive lines and ablated holes. (c)
a side view of the sensing structure. . . . . . .. ... .. ... ..
Technical modelling of the proposed silicone molding body along
with the paper-based piezoresistive force encoder sensor and its de-
sign parameters. (a) top view of the upper part of the silicone
mold structure. (b) side view of the upper part of the silicone mold
structure. (c) side view of the base part of the silicone mold struc-
ture. (d) 3D view of the structure. This silicone mold structure
protects the sensing structure and electronics circuits and reduces
the force exerting active area, and, in turn, increases the stress

acting a piezoresistive layer. . . . . . . ... .. ... ...

xii

28



4.1

4.2

4.3

4.4

5.1

0.2

5.3

[lustration of the fabrication process of the linear absolute encoder
force sensor. (a) Ag paste coated onto the Strathmore(®) 400 series
Bristol paper as a base material with stencil mask (mask I) using
silk screen printing method. (b) graphite paste coated onto the
Ag coated Strathmore(®) 400 series Bristol paper with stencil mask
(mask II) using silk screen printing method. (c) laser ablation
(Epilog Mini 18, 30W). . . . . . . . . . ... .
(a) view of the silk stencil (mask I) to coat Ag paste onto the
Strathmore Bristol paper, (b) view of the silk stencil (mask II) to
coat graphite paste. (c¢) close up view of emulsified, and (d) open
pores of themask. . . . . . . . . ... ...
Side view of the paper-based structure sandwiched in between two
silicone molds. The sensing system is getting poked with the linear
motor tip. The gap between the upper and lower parts of the
silicone mold Sgap completely closes when a force of 12N or higher
isexerted. . . . . ...
(a) The fabricated view of a paper-based piezoresistive linear ab-
solute force encoder, (b) a close-up view of Ag and graphite layers
along with its perforated structure, (c) microscope view of the fi-
brous structure of the Strathmore®) 400 series Bristol paper with
a 20X magnification ratio, and (d) microscope view of the graphite
printing onto the paper substrate with a 20X magnification. . . . .
Schematics of conventional read-out circuits. (a) Voltage divider
circuit, (b) Wheatstone bridge circuit. . . . . . . ... ... .. ..
The block diagram of the proposed electronic read-out circuitry
that composed of a Wheatstone bridge circuit with one positively
changing piezoresistor and a subsequent instrumental amplifier,
INA118P, to amplify the voltage signal acquired through the re-
sistance change. . . . . . . .. ... L
Simplified schematic of the instrumental amplifiers (Texas Instru-

ments®) INALI8P). . . . . . . ... .. . ..

xiil

35

38



5.4

2.5

6.1

6.2

6.3

6.4

6.5

6.6

6.7

(a) and (b) top and bottom views of the schematic of the proposed
electronic read-out circuit. (c) and (d) top and bottom views of the
printed circuit board for the proposed electronic read-out circuit.
An implemented PCB has dimensions of 54 mm x 44 mm and its
components are shown inset. . . . . . . ... ... ... ... ...
Plot of the output voltage change (AV') as a function of resistance
change (AR). Blue line corresponds to the theoretical results of
the proposed read-out circuit, whereas red line corresponds to the
experimental results of the system with implemented PCB.

View of the experimental setup used to monitor magnitude and
localization of the exerted force on the proposed sensing system.
A calibration graph of the force encoder sensor shows the hysteresis
behaviour of the proposed sensor by plotting the normalized voltage
changes versus the bending force. The smooth lines represent the
incremental Fj,,q dependent AV /V value, whereas the dashed lines
represent the gradually decreasing load force from 14N to zero. . .
[lustrates the performance of the sensor while getting actuated in
the most sensitive linear region. The dashed line in the this part
represents the curve fitted equation of y = 0.15x — 0.0686 with an
R-squared value of 0.99. . . . . . . . . . ... ... ... ...
The paper-based sensor is continuously triggered on the x-direction
with the help of the pantograph robotic arm. Shows the analog
output of the sensor system. . . . .. ... .. ... ..., ....
The paper-based sensor is continuously triggered on the x-direction
with the help of the pantograph robotic arm. Plots the digital
version of the same output after careful thresholding. . . . . . ..
The output voltage of the system under the application of 1N point-
forces with period 1.25 seconds. . . . . . . . ... ... ... ..
The output voltage of the system under the application of 1N static
forces with period of 20 seconds, together with their respective error

values. . . .o

Xiv

42

43

45

47



6.8

Al

The output voltage of the system under combined application of
1N point-force and static force with the average of 0.3 seconds time
TESPONSE. .« © v v v v v e e e e e e e e 53
The production stages of the silk stencil which using for the fabri-

cation method of screen-printing. . . . .. .. ... 67

XV



3.1

3.2

3.3

3.4

3.5

4.1

4.2

0.1
7.1

LIST OF TABLES

Constraints of our proposed paper-based piezoresistive force encod-
INE SENSOT. . . . . . o o e
Designed and average fabricated values of the piezoresistive line
width (w;) with their accuracy and precision rates. . . . . . .. ..
Designed and fabricated values of the gap (wgq,) between adjacent
piezoresistive line pairs with their accuracy and precision rates. . .
Designed and ablated values of the hole diameters (w,) with their
accuracy and precision rates. . . . . .. ... ...
Parameters and related values of the proposed system indicated in

Figures 3.3, 3.21, and 3.22. . . . . . . . . ... ... ... ...,

Comparison of the features of the selected elastic dielectric materials.

Comparison of the features of the selected conductive materials. . .
Pin functions of Texas Instruments@®) INA118P. . . . .. ... ..
Comparison of specifications of our proposed paper-based piezore-
sistive force encoding sensor regarding its detection capability of

the force magnitude and its impact localization to the other works.

Xvi

11

17

21

26

31

33

34
41

55



Eeyy
-Fload

Lconl

Lcon2

LIST OF SYMBOL

Modulus of elasticity

Effective Young’s Modulus

Force loading of linear motor

Gain of the instrumental amplifier

Length of the silicone mold bulge

Length of the connector port

Length of the connector

Length of the piezoresistive line

Length of the graphite layer on one segment
Distance between the silicone mold bulges
Horizontal distance between two ablated holes
Length of eight segment

Length of the force encoder

Length of the contact pad

Length of the PCB housing

Length of the paper strip

Length of the silicon region for eight segment
Length of the silicon mold

Electrical resistance

Gain setting resistance

Reference resistance

Resistance value of piezoresistive layer

Gap between the upper and lower parts of silicone mold.
Thickness of the silicone mold bulge
Thickness of the silver layer

Thickness of the graphite layer

Thickness of the paper substrate

Thickness of the upper part of the silicon mold

XVvil



Wol

wOO

Wpad

Wpeb

Wseg
daar

Umaz

Thickness of the base part of the silicon mold
Experimental results of the voltage change
Input voltage

Negative input voltage

Positive input voltage

Negative voltage supply

Positive voltage supply

Theoretical results of the voltage change
Output voltage

Distance between each graphite layer bit
Width of the silver line

Width the connector

Width the connector port

Width of the ear

Width of the graphite layer

Distance between two graphite lines

Width of the graphite line

Diameter of the ablated hole

Distance between the hole and graphite line
Vertical distance between two ablated holes
Width of the force encoder

Width of the contact pad

Width of the PCB housing

Width of the paper strip

Width of the silicon region for eight segment
Contact area deflection

Maximum stress

Conductivity of the material

XViil



LIST OF ACRONYMS/ABBREVIATIONS

CMRR Common-mode rejection ratio
EP Electrical path

FEM Finite element modelling
GND Ground

INA Instrumentation amplifier
IPA Isopropyl alcohol

PCB Printed circuit board
PDMS polydimethylsiloxane
PLA Polylactic acid

PR Piezoresistor

PU polyurethane

PVDF polyvinylidene fluoride
RMSE Root mean squared error
SNR Signal-to-noise ratio



1. INTRODUCTION

In recent years, flexible sensing techniques have gained attention due to their
widespread use in industrial and medical applications. Carrying the potential for a
relatively low-cost, decent performance and durability, flexible sensors can provide
solutions in various fields such as human motion and health monitoring [1], intelli-
gent braille recognition [2], robotics [3], physical and chemical sensing [4] and smart
prosthetics and textile [5,6]. The fundamental advantage of a flexible sensor also re-
ferred to as a wearable or flexible sensor, lies in the feasibility of temporary topology
variation depending on the exerted pressure and several intrinsic parameters like low
Young’s Modulus value. Hence, these sensors prove to be useful for impact localization,
and measurement for different applications [7,8]. A variety of flexible materials such
as polyimide [9-11], polydimethylsiloxane (PDMS) [12-14], polyurethane (PU) [15],
polyvinylidene fluoride (PVDF) [16-18], polymer [19,20] and hydrogel [21-23] have

been used as the main substrate for the fabrication of these flexible sensors.

The operational principles of these flexible sensors, on the other hand, range
from the traditional capacitive [24] and strain-based measurement technologies [25,26]
to the more recently adopted triboelectric/tactile [27,28] or piezoresistive (PR) [29,30]
sensing methods. Among the existing measurement techniques, piezoresistive materials
have been widely used for flexible sensing applications due to their considerably low
costs and ease of fabrication. Additionally, the piezoresistive materials come with the
advantages of firm adherence to a vast majority of coating surfaces and considerably

high response to action rates generated by external excitation (i.e., mechanical forces).

The topological structure of the soft measurement devices also plays a crucial
role in producing specific sensing systems. Various different topologies have been re-
ported to acquire high sensitivity systems such as bucky paper structure [31], bump
structure [32,33], micro-pillar structure [34,35], coplanar structure [36], Cracking struc-

ture [37], matrix structure [38,39] and multi-layered structure [40,41] for force and



pressure detection sensors. The majority of those structures require dedicated and
costly production technologies. Moreover, in practical applications, the forces applied
over any one of those structures are often not optimized to a specific direction which

in turn yields deformations in the lateral directions.

Looking from the application point of view, soft tactile sensors have predomi-
nantly been required by the robotic systems interacting with the surrounding envi-
ronment. The recent advances in soft robotic applications increase the demand for
such flexible sensing systems. Concentrating on this gap, a skin-like flexible electronic
system for compact and reversible assembly of soft robots has been proposed, which
uses a relatively complex circuitry, and fabrication process [42]. A similar robotic
skin structure is proposed in [43] through the utilization of a piezoresistive pressure
sensor with a polyimide-based flexible and low-cost material, where the complexity in
the electronic circuitry is compensated by the simplicity in the fabrication technique.
The real-time application compatibility issue is addressed with enhanced sensitivity
on a relatively large contact area for the flexible pressure, force and tactile sensors
respectively in [44], [45] and [46]. However, complicated fabrication processes in the
production phase come with the drawback of high costs, which limit the widespread
use of those sensors. Similar trade-offs between the cost and the sensitivity can be ob-
served in stretchable smart skin-inspired sensors [47], and capacitive ionic sensors [48]

used in multi-functional robotic position, force, and tactile sensing applications.

Focusing on the demand for a low-cost and uncomplicated fabrication method,
flexible and robust sensor structures for robotic and artificial skin applications have
been proposed in [49], and [50], providing solutions for an effective and precise localiza-
tion with sufficient resolution. However, with the capacitive structures yielding slight
variations due to the applied force, relatively low sensitivity levels and small detection
ranges are attained in those studies. Therefore, the utilization of sensitive, repeatable,
and low-cost, flexible sensors in robotic applications with considerably fast fabrication

processes is still an open-ended research problem.



Addressing this problem, the presented study demonstrates a piezoresistive force
encoder structure for the realization of force sensing and localization on soft surfaces.
The novelty of the presented structure lies (i) in an absolute encoder-like sensing topol-
ogy (ii) being tested on disposable materials, which brings the advantage of reduced cost
and ease of manufacturing for soft sensing applications. The proposed sensor structure
utilizes Strathmore@®) 400 series Bristol paper coated Bare Conductive graphite paste
as an elastic dielectric and silver paste as a connector between peripheral electronic cir-
cuitry and force sensing unit. The absolute encoder topology reduces the requirements
of the complex read-out circuitry, which is required by matrix-wise distributed groups
of sensors. The proposed sensor structure has been tested on several experiments using
feedback-controlled precise robotic systems. The experiment results validate the pro-
posed structure’s efficiency and efficacy by consistently accurate measurements, short
response times to the applied external forces, and a considerably high level of precision

even under relatively small external loads.

The rest of this paper is organized as follows: In Chapter 2, the proposed system
and operation principle is presented. Afterwards, the proposed design and its fabri-
cation process are elaborated in Chapter 3 and 4, respectively. Afterward, electronic
read-out circuitry is presented in Chapter 5. The experimental setup integrated into
the sensing structure and its results are explained and demonstrated in Chapter 6.
Finally, a comparative evaluation of the experimental results is presented considering

the novelties in this study and the existing literature in Chapter 7 and 8.



2. PROPOSED SYSTEM

Proposed system is illustrated in Figure 2.1. It harbors three fundamental com-
ponents. These are (i) a robotic system, (ii) a novel low-cost position and force sensing
device that consists of a 3-bit paper-based linear absolute encoder, (iii) a customized
read-out circuitry. A generic pantograph robot is opted in this study with the main
aim of testing the overall performance of the novel and low-cost sensing device that is
presented in this work. The novelty of this work lies in the position and force sensing

device of this illustrated system.

Lincar Absolute Force Encoding Sensor
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Figure 2.1: The system diagram of the proposed piezoresistive linear absolute force
encoder system. System harbors a paper-based piezoresistive sensor along with
3D silicone mold structure, a read-out circuit and, a real-time controller (Dynomo-

tion®) KFlop & KAnalog series motion controller).

This device has two essential parts (1) a paper-based linear absolute encoder
sandwiched between two silicone layers that act as a performance-improving protec-
tive skin which ensures that a force is applied to a particular area on the sensor and
the pressure is increased in this area, recovers itself after removing the exerted force
and prevents permanent deformation on the paper structure, and (2) a detecting cir-
cuitry that is basically composed of a conventional Wheatstone Bridge circuitry and a

following instrumentation amplifier circuit with a high signal-to-noise ratio (SNR).



Generic absolute encoder structures are position measurement systems that are
typically used in electrical motors. In this work, we prefer the same detecting method-
ology for the measurement and localization of the force signal in a planar form. This
proposed linear absolute force encoder system uses a low-cost Strathmore®) 400 se-
ries Bristol paper as the main substrate, Bare Conductive@®) Electric paint graphite
for detection, and silver paste (Baku Bk-426) for electrical connections. This novel
approach makes the structure low-cost and disposable whereas safely providing the

targeted position and force data as feedback signals to the system.

As it is emphasized in Section 1, numerous collisions having different modalities
and intensity values occur between moving robotic system and obstacles along its path.
The robotic system represents a general use case both for the validation and actual
implementation of the sensor structure. In order to validate the system, a pantograph
robot working together with a linear motor is implemented. Here, the pantograph
system is used to provide the precise spacing between the points of interaction and the
linear motor is used to apply a controlled force reference on the precisely positioned
sensor. The force and position of collisions arising in part (i) in Figure 2.1 can be de-
tected by our proposed low-cost sensing structure in order to improve the performance

of the autonomous system significantly.

The linear absolute force encoder structure, which is located at the heart of
the presented study. When a force is applied onto this force encoding structure on
one of the segments shown in Figure 2.1, the topology of the piezoresistive graphite
layer coated on the paper substrate changes. Through the deformation caused by the
external force, a considerable change in resistance value at the point of interaction can
be sensed. This resistance change is transformed to a voltage signal through the read-
out circuitry. An instrumentation amplifier following a generic Wheatstone Bridge
circuit is used in order to take the output signal of the sensor and precisely transform
it to a voltage signal that is fed into the real-time controller, as shown in parts (i) &

(ii) of Figure 2.1, respectively.



A real-time controller (Dynomotion®) KFlop & KAnalog series motion controller)
is used to deliver a voltage signal from the read-out circuit to process data in discrete
and continuum environments. The impact position is calculated using the standard
absolute encoder logic: The application of an external force on anyone of the rows
changes the measured resistance value. By appropriate binary thresholding of each
row, one can convert the measured analogue voltage to a digital output. The positions
and the force values of the collisions are collected with software run on a PC. The same

real-time controller is also used to drive the robotic system.



3. PROPOSED DESIGN

This chapter presents design produce of the paper-based piezoresistive 3-bit force
encoding sensor. Section 3.1 explains how determine the substrate material. Subse-
quently, Section 3.2 discusses the design of piezoresistive graphite layer. Section 3.3
discusses the design of ablation hole. Finally, Section 3.4 summarizes the proposed

force encoder structure and share its design parameters and related dimensions.

3.1. Paper Substrate

Paper is used as the substrate material in this work. Therefore, its material
properties and behaviours play an essential role in developing a sufficiently flexible,
robust, and low-cost force encoding sensor. For selecting the most suitable substrate
material, various papers were observed. A silver paste as a conduction line, and a
piezoresistive material, as a sensing material, is coated on three different substrates
with a single-line (Strip) form. The materials that are coated are examined in terms

of stress response, durability, and compatibility under the different bending ratios [51].

We chose three different substrates, namely of Strathmore®) 400 series Bristol
paper, Alex Scholler paper, and Photography paper. These paper types are chosen due
to their flexibility, robustness, and porous structures. A structure with different radius
and arc lengths as illustrated in Figure 3.1 is designed for our experimental setup. The
arc lengths consist of 23 different semicircles on the structure changing from 30 mm
to 140 mm with a step size of 5 mm, corresponding to a radius of 9.54 mm to 44.56
mm. This testing structure is fabricated from PLA (Polylactic acid) material using a

3D printer [51].

This structure is implemented to observe the resistance changes resulting from
23 different bending ratios. Thereby, the substrate material and its optimal bending

ratio is determined according to the error rate obtained from the experiments.



Figure 3.1: Effect of three different substrate materials are observed by bending them
with an increasing arc length. The arc lengths of (a) are between 140 mm to 95 mm,

(b) are between 90 mm to 45 mm, and (c) are between 40 mm to 30 mm.

Figure 3.2 plots the normalized resistance changes AR/ R of the strip strain sen-
sors fabricated with three different substrates under the application of gradually aug-
menting bending ratio with 23 different radius values.Initial resistance values of the
strain sensors are taken as an initial reference point when calculating the normalized

resistance change AR/R.

When the radius-dependent bending ratio value is gradually increased from 30
mm to 140 mm with a step size of 5 mm, corresponding to a radius of 9.54 mm to
44.56 mm, the normalized resistance change (AR/R) of the Strathmore(®) 400 series
Bristol paper is monitored. It is seen that the normalized resistance change decreases
from 0.2291 to 0.0586 §2/§2 with an average error margins of 0.0239 V/V as emphasized
in Figure 3.2. The equation and R-squared value of the fitting line are determined in

Figure 3.2 as 2.171527%97 and 0.9395, respectively.

Moreover, it is also reported for the other strips that when their radius-dependent
bending ratio value is gradually increased from 30 mm to 140 mm with a step size of
5 mm, corresponding to a radius of 9.54 mm to 44.56 mm, the normalized resistance

change (AR/R) changes irregularly from 1.279 to 0.1421 /Q with an average error
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Figure 3.2: Behaviour of three different substrates for various bending ratio. The fitting
line equations for (a) the Bristol paper, (b) Alex Schéller paper, and (¢) Photography
paper are 2.171527997 4.908¢70%84 and 17.255e 709737 respectively.

margins of 0.652 V/V, and 1.944 to 1.09 2/Q with an average error margins of 2.275
V/V, for Alex Schéller paper, and Photography paper, respectively, as shown in Figure
3.2. The equations and R-squared values of the fitting lines are determined in the Figure
3.2 as 4.908¢%%84 and 0.7222 for the Alex Scholler paper and 17.255e %973 and 0.2815
for the Photography paper.

As a result of these experiments, it is observed that the surface structure of
photographic paper is not suitable for the adhesion of graphite. Since it does not
have a porous structure. Consequently, plastic deformations and fractures occur in the
graphite layer at high bending rates. However, Strathmore®)00 series Bristol paper
and Alex Scholler paper has a porous structure. Due to their high surface adhesion and
absorbability of piezoresistive material, it is determined that these papers still contain
the piezoresistive material even at high bending rates. Strathmore®)00 series Bristol
paper has lowest error according to the results. It can be seen that the normalized
resistance changes of the sensors fabricated with Strathmore®)00 series Bristol paper
are more linear under varying bending ratios compared to Alex Scholler paper and
Photography paper. Additionally, bending with a radius of 30.2394 mm, and hence 95

mm arc length, is selected as an optimal point with a lowest error rate 7.18 % for the

piezoresistive strain sensor produced with Strathmore®)00 series Bristol paper [51].
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Table 3.1: Constraints of our proposed paper-based piezoresistive force encoding sensor.

Design Constraints
(1) Ly ~ average human arm circumference.
(2) 420 mm? < Spatial resolution (Lg, X w,) < 580 mm?
(3) 17.5 mm < Lygs.
(4) Serpentine piezoresistive layer topology
(5) Wy, Wy, Wyap < Error rate between designed and fabricated (%5)

3.2. Piezoresistive Layer

Piezoresistive effect is used as a sensing mechanism to measure resistance changes
in this work. Dimensions and design of the piezoresistive layer play a vital role to
develop and achieving a more sensitive and robust force encoder structure. In order to
optimize the piezoresistive layer, some constraints are necessary to consider. For work,
important constraints are tabulated in Table 3.1. The listed constraints specify the
length of the force encoding sensor (L), the impact are of an average human finger
(Lgy X wyp), the width of the impact area of a human finger under maximum force (Lys),
the piezoresistive layer topology associated with the precisely sensing, and finally the
maximum error rates required of the sensing mechanism dimensions to detect exerting

force magnitude and its location with high-sensitivity.

Linear absolute encoder structure is preferred as the force encoding sensor struc-
ture in this thesis. The working logic of the linear absolute encoder structure is based
on a binary coding system in order to detect the location and magnitude of the ap-
plied force. A conceptual drawing demonstrating the working principle of the linear
absolute force encoder is depicted in Figure 3.3. In this design, the 3-bit force encoder
has eight segments, as emphasized in the Figure 3.3. Each segment has the same size
(Lgy x wy) and is composed of three rows, one under the other. As shown in Figure
3.3, the first four consecutive columns (C1 to C4) of the first row (R1) do not have
any graphite coating, whereas the remaining consecutive columns (C5 to C8) of the

same row are all coated with a thin layer of graphite. The first row of each segment is
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Figure 3.3: Conceptual drawing that demonstrates the working principle of the pro-
posed 3-bit linear absolute encoder structure. The structure consists of eight different
segments, three different conductive electrical paths (EP), and various graphite coat-
ings. It is important to note that the graphite coatings actually forms a 3-bit linear

absolute encoder as in its truth table.

electrically connected to each other thanks to a silver conductive path. With this form,
graphite-coated areas would correspond to high digital [52]. In contrast, uncoated areas
would represent a digital low in the subsequent electronic detection part as illustrated
in Figure 3.3. The other rows (R2 and R3) of the segments are processed with the
same method to form a 3-bit truth table on the proposed linear absolute force encoder

structure.

Let us presume that a force is applied on Segment 3 of the linear absolute force
encoder structure given in Figure 3.3. A deformation occurs on each row (R1 to R3) of
column 3 (C3). The exerted force and hence the corresponding deformation do not have
any significant electrical effect because R1 and R3 of this segment do not include any
graphite coating but just conductive layers to ensure the electrical connection. On the
other hand, the same deformation forms an effective resistance change in the graphite
layer coated on R2 of Segment 3. In that way, even though we apply a considerable
force on Segment 3, we read a substantial resistance change only from the electrical
path (EP) II but not from EP I and III. Therefore, one should note that each segment

outputs a different electrical signal when a force is exerted. For instance, a force applied
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on Segment 3 yields to a digital read-out of 010, whereas one can acquire a read-out
of 110 once the same force is applied on Segment 7. Consequently, the proposed linear
absolute encoder structure enables an optimum way of detecting the externally applied

force location.

First three constraints are about the length of the proposed linear absolute en-
coding structure, an average human finger impact area, and the spread size of the
average human finger under maximum force. The length of the proposed linear abso-
lute force encoder structure (L,s) is chosen as 210 mm being the width of a generic
A4 sheet that is comparable to an average human arm circumference [53]. The dimen-
sions of the electrical pads (EP) are chosen according to the Dual edge card connector
(Amtek@® S5FP1B1SND-08TOBLT-01) structure which is used as a electrical connec-
tion between the read-out circuit and the sensor. The other dimensions are relatively

selected according to the criteria explained above.

The length of each segment (Lg3) is selected to be 24 mm for the proposed
structure. On the other hand, considering that the contact region of an average human
finger is approximately ranging between 420 mm? to 580 mm? [54], the width of each
segment (w,) should be in the range between 17.5 mm and 24 mm. Hence, 1/16 of an
A4 paper, 18.5625 mm is preferred as the desired width of the sensor (w,). The details

and the rest of the all other design parameters will be shared in Section 3.4.

The fourth constraint mentioned above is the topological structure of the piezore-
sistive layers. The design of the piezoresistive layer plays a significant role in order to

be able to obtain a high-sensitivity and a low-cost force encoding sensor.

Well-known resistance formula is given in Equation 3.1 [55], where R represents
the electrical resistance of the piezoresistive layer, p expresses the conductivity of the
material, and L4, w,, and t, symbolize length, width, and thickness of the resistor,

respectively. L, is determined according to the length of each segment (Lgs).
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(3.1)

As seen in Equation 3.1, there are three critical parameters for increasing the
resistance change of a piezoresistive line. t, can be considered as constant assuming
that we accomplish a coating process with uniform thickness. While the length of the
line, Ly, is increased by using a serpentine structure, its width w, should be decreased
in order to be able to increase the sensitivity. Increasing sensitivity ensures the piezore-
sistive layer to sense applied low magnitude forces, and thus a slight contact can be
measured. As can be seen from the equation 3.1, in order to increase the resistance
of the piezoresistive layer, the width, wy, and thickness, t,, of the piezoresistive layer
should be low, and the length, L4, should be as long as possible. Thus, serpentine
structure design for piezoresistive layer is preferred due to high-sensitivity according

to the rigid topology and cost effective because less material is used.

Piezoresistive Width Test-1
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Figure 3.4: Photo of fabricated piezoresistive lines with alternating widths, all mea-

surements are in micrometers.
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For the last constraint, we performed a test to determine the piezoresistive layer
width w, that can be fabricated with the lowest-error rate and repeatability as shown
in Figure 3.4. Because, we want to obtaion a precise location measurement and there-
fore the piezoresistive layer should not diffuse between the segments. Widths of the
fabricated piezoresistive line (w;) were designed from 50 ym to 1000 pm as shown in
the in Figure 3.4. The distance between each fabricated piezoresistive line is 600 pm.
After the fabrication process, the electrical connections of the lines are checked, and
the first signal is received from the 230 pum piezoresistive line w; width. For this reason,
the piezoresistive line designed with a width of 230 um is taken as the minimum feature

size that ensures electrical connectivity.

(1000) & (800 g (400)

Figure 3.5: Close up view of the piezoresistive lines fabricated with various widths.
The design values of the widths of the lines are located in the upper right corner of

each of them.

Figure 3.5 shows the microscope views of piezoresistive lines fabricated with vari-
ous sizes from 190 um to 1000 gm. The values emphasized in Figure 3.6 and tabulated
in Table 3.2 show the average of values obtained by measuring each piezoresistive line

pair at different locations under the microscope.
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Figure 3.6: Plot of the widths of the fabricated piezoresistive lines (w;) and designed
piezoresistive lines drawn with reference to the minimum reproducible and repeatable

piezoresistive line width (230 pum).

According to the test results presented in Figure 3.6 and in Table 3.2, piezore-
sistive line width (w;) having 1000 pm has more high accuracy rate with 4.35% and
most precision rate 2%. Considering the last constraint, piezoresistive line width (wy),
which is designed as 1000 pum and fabricated as 980 pm, is selected due to its lower

diffusion with 2% precision rate.

In order to observe how many serpentine structures such as 1S-shaped, 2S-shaped,
etc. the piezoresistive layer can consist of. The minimum reproducible limit of the
distance between two adjacent piezoresistive lines is determined. Obtained fabrication
limits are compared with ablation tests and simulations, and the most appropriate
design is decided to reduce the effective Young’s modulus (E.ss). According to the
determined piezoresistive line width (w;) and segment area (Lgz X w,) of the 3-bit
linear force encoder sensor, possible gap distances (wgy,,) between the piezoresistive
lines were calculated, and two piezoresistive layer models were designed for possible

probabilities, as illustrated in Figure 3.7.
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Table 3.2: Designed and average fabricated values of the piezoresistive line width (w;)

with their accuracy and precision rates.

Designed Measured Accuracy Precision Designed Measured Accuracy Precision
(um) (um) Rate (%) Rate (%) (pm) (pm) Rate (%) Rate (%)
230 328.7 42.91 24.59 340 352.8 3.76 12.95
240 384 60 24.26 350 373 6.57 18.37
250 369 47.6 11.9 360 348.4 3.23 24.21
260 374.6 44.07 16.15 370 410.4 10.9 19.7
270 343 25.56 19.97 380 425.3 11.92 17.35
280 298.3 6.54 17.67 390 441 13 9.16
290 266.4 8.13 21.36 400 465.2 16.3 4.13
300 272.7 9.1 16.01 600 658.6 9.76 6.4
310 333.5 7.58 17.39 800 841.3 5.16 7.88
320 352.4 10.12 15.46 1000 980 2 4.35
330 359 8.78 11.75 - - - -

Bristol Paper  Piezoresistive Piezoresistive Line

:\ Layer J M2

R1

o v, e |+

. R3

E L :
= 793" Conductive Layer

Figure 3.7: Illustration of piezoresistive layer designs M1 and M2. wg,, values are 1200

pm and 270 pm for M1 and M2 model, respectively.

[lustration of two different piezoresistive layer designs that can be placed in
each row that are represented as R1, R2, and R3, of one segment area is given in
Figure 3.7. As indicated in Figure 3.7, The piezoresistive layer structures that are
represented as M1 and M2 are designed as an 1S-shaped and 2S-shaped in order to

connect between segments. The models designed with determined piezoresistive line
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width, which is designed as 1000 pm and fabricated as 980 um, have two different
gap between adjacent piezoresistive line pairs as approximately 1200 gm and 270 pm
according to the calculations in the scope of w,. Producibility of these two gap distance

were examined by the experiment presented in Figure 3.10.

In order to determine the producibility of emphasized gap distances between the
two adjacent lines, different piezoresistive line pairs having a width of 1 mm and a
length of 5 mm (1 mm x 5 mm) are fabricated using the silk-stencil method as shown
in Figure 3.8. The distance between piezoresistive lines are changing from 10 ym to 400
pm with a step size of 10 pm and finalized with 500 um. After the fabrication, adhesion
is checked between two adjacent piezoresistive line pairs and adhesion is detected the
fabricated piezoresistive line pairs up to 180 um. For this reason, the distance 190 pym

gap is taken as the minimum gap distance.

Piezoresistive Gap Test-1

(10) (20) (30) (40) (50) (60) (70) (80) (90) (100)

(110) (120) (130) (140) (150) (160) (170) (180) (190) (200)

(210) (220) (230) (240) (250) (260) (270) (280) (290) (300)

(310) (320) (330) (340) (350) (360) (370) (380) (390) (400) (500)

Piezoresistive Gap Test-2

(10) (20) (30) (40) (50) (60) (70) (80) (90) (100)

(110) (120) (130) (140) (150) (160) (170) (180) (190) (200)

(210) (220) (230) (240) (250) (260) (270) (280) (290) (300)

(310) (320) (330) (340) (350) (360) (370) (380) (390) (400) (500)

Figure 3.8: Photo of fabricated piezoresistive lines with changing gaps, all measure-

ments are in micrometers.
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Figure 3.9 shows the microscope views of fabricated lines with various sizes start-
ing and which go up to from 10 gm - 500 pm. The values in the Figure 3.10 were found
by taking the average of the values obtained by measuring over each gap between the

piezoresistive line pair at different locations under the microscope.

Figure 3.9: Close up view of the piezoresistive lines fabricated with various gaps. The
design values of the gap of the lines are located in the upper right corner of each of

them.

According to the experimental results of the gap test that is shown in Figure
3.10, gap distance (wyqp,) designed as 240 ym and fabricated as 259 pm is determined
because of its lower-error rate. However, it has approximately 7.87% accuracy rate
and 29.3% precision rate. Because of this, it is not acceptable value in order to be
able to fabricated 270 pm gap distance (wgy,,). For this reason, the gap (wgqp) is
chosen according to the piezoresistive layer designed as the M1 model, hence, it has

approximately 1200 pym .

Another factor affecting the resistance change and sensitivity is the thickness of

the piezoresistive line as shown in Equation 3.1. Figure 3.11 shows the normalized
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Figure 3.10: Plot of the designed versus fabricated gap distance (wgq,) between the
adjacent piezoresistive line pairs. The first value where the materials do not diffuse to

each other is the eighth data.

resistance change values according to various bending ratios of the piezoresistive line
fabricated as a single or double layer on the Strathmore®) 400 series Bristol paper.
According to the data obtained from the experiments, the normalized resistance change
(AR/R) decreases from 0.2291 to 0.0586 €2/Q2 with an average error margins of 0.0239
2/Q, and 0.4857 to 0.086 2/ with an average error margins of 0.0515 Q2 /) for Single
layer, and double layer, respectively, as shown in Figure 3.11. The equations and R-
squared values of the fitting lines are determined in the Figure 3.11 as 2.1735x 0967
and 0.9381 for the single layer, and 3.365327%%2 and 0.8948 for the double layer.

Therefore, the single-layer thickness fabricated as a thin film is selected because of its

more linearity and lower error.

3.3. Hole Ablation

Effective Young’s Modulus (E.sf), and surface stress play an important role to
develop and achieving a more sensitive, flexible, and robust force encoding structure
[56,57]. Therefore, structure does not suffer from a plastic deformation under exerting
force and stress density increases. In order to increase the effective Young’s Modulus

(E.ss) and surface stress of the linear absolute force encoder structure [58-60], some
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Table 3.3: Designed and fabricated values of the gap (wg,,) between adjacent piezore-

sistive line pairs with their accuracy and precision rates.

9 13 17 21 25 29 33 37 41 45

Radius (mm)

Designed Measured Accuracy Precision Designed Measured Accuracy Precision

(pum) (um) Rate (%) Rate (%) (pm) (pm) Rate (%) Rate (%)
190 269.5 41.84 72.06 310 327.5 5.64 47.45
200 273 36.5 58 320 314 1.87 28.12
210 241.5 15 42.85 330 280 15.15 43.94
220 247.8 12.63 31.64 340 312.2 8.17 47.45
230 232.7 1.17 54.6 350 296.5 15.28 30.55
240 258.9 7.87 29.3 360 332.7 7.58 38.67
250 232.6 6.96 49.2 370 328 11.35 63.27
260 277.7 6.8 28.12 380 372 2.1 50.97
270 299.6 10.96 30.64 390 375 3.85 47.45
280 278.8 0.43 82.6 400 440.5 10.13 75.58
290 266.5 8.1 63.27 500 536 7.2 61.5
300 322.8 7.6 77.33 - -
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Figure 3.11: The behaviour of Bristol paper for various layers. The fitting line equations

for the single layer, and double layer are 2.173527%%7 and 3.36532~%%°2, respectively.

aspects can be listed as follows: (1) the ablated holes diameter (w,), and (2) the pattern

of the ablated holes located in each segment.

As mentioned in section 3.2, piezoresistive line width (w;), the gap (wyqp) between
two adjacent piezoresistive line pair, and the S-shaped values of piezoresistive layer,

that is placed in each row of one segment area, is selected 980 pm, 1200 um, and single
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S-shape, respectively, according to the fabrication results.

Ablation Power Test

0000000000000 0000 0000000000000 00000000000000RNRRS

SO0 0D0000000000000 000000000000 00000000000RRRRRRRNS

t%}l—H—lq—HHA—HHAA—FH—H—G—FH—H—HP%%Hi—]—HHH—HHH—H

50 60 70 80 90 100

Figure 3.12: The fabricated view of the holes having 1 mm diameter that are cut
by increasing the power level by 1% from 50% to 100% while keeping the speed and

frequency constant.

Ablation Speed Test

{"-e.)|—|+FH4444—]+HA—HA—H—|—++H—H4—r—H+HHH—H—H—!—H—H|—HHHH—|

50 60 70 80 90 100

Figure 3.13: Fabricated view of holes having 1 mm diameter that are cut by increasing

speed by 1% from 50% to 100% with determined 67% power level.

Firstly, as indicated in Figures 3.12 and 3.13, the laser cutter was optimized be-
forehand for the most precise hole ablation fabrication. This optimization determines
optimal power, and speed level of the laser cutter so that the ablated hole can be fabri-
cated as close to the designed one. For these experiments, initially, the minimum power
level at which the substrate material, Strathmore Bristol paper, can be perforated is
tested. As shown in Figure 3.12, while keeping the speed and frequency constant, 1
mm holes are cut by increasing the power level from 50% to 100% with a 1% step size.

As a result, a minimum perforation level was achieved using 67% power.

In Figure 3.13, the determined power level (67%) and frequency of the laser cutter
is kept constant, and the holes designed as 1 mm are cut by increasing the speed by
1% from 50% to 100%. In this experiment, the coherency between the designed and
fabricated holes is observed. According to the test results presented in Figure 3.14, the

highest amount of coherency between the designed and fabricated holes with a diameter
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of 1 mm is detected at 100% speed level with the least expansion ratio stemming from

peripheral combustion.
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Figure 3.14: Plot of the fabricated holes values which are designed as 1000 pum, ac-
cording to the various laser speed level testing to determine the most appropriate laser

speed level.

Hole Ablation Test

Figure 3.15: Fabrication view of various holes designed from 20 yum to 1000 pym with 20
pm resolution cut by laser’s determined 67% power, 100% speed and 5000 Hz frequency.

In order to find the most suitable and precise hole ablation form, as shown in
Figure 3.15, holes with various dimensions that change from 1000 pm to 20 pym with
a 20 pm resolution, was designed and cut by means of a laser cutter with 67% power,
100% speed and 5000Hz frequency. The views under the microscope of the ablated holes
are indicated in Figure 3.16. As can be seen in Figure 3.16, the hole dimensions that is
under the 460 pym are not able to be perforated precisely with optimized laser cutting

parameters. Therefore, 460 pm is taken as the minimum fabrication limit for the hole
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ablation. The results of the experiment carried out to compare the dimensions of the
designed, and ablated holes under the 67% power, 100% speed and 5000 Hz frequency
of the laser are plotted in Figure 3.17.
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=k Y 'g A=

Figure 3.16: Close up view of ablated holes with various diameters. The design values

of the holes are located in the upper left corner of each of them.

Based on the test results for hole sizes w, indicated in Figure 3.17 and Table 3.4,
the hole, which is designed as 500 pm and fabricated as approximately 590 pm, has
most accuracy rate with 18.62%. Additionally, according to the finite-element-modeling
(FEM) simulation results shown in Figure 3.18, hole diameter, which is designed as 500
pm and fabricated as approximately 590 pm, having 10.4 MPa maximum stress density
Omaz and 342.74 pm minimum bending 644 under 1N force loading is preferable due to
its higher-stress value among the other patterns. For this reason, in order to reduce the
graphite line diffusing and the peripheral combustion effect of the laser on the graphite,

500 pm hole design is selected in comparison with all the other ablated holes.
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Figure 3.17: Plot of the test of the perforation of designed holes versus ablated holes

that are cut under the optimized values of power, speed, and frequency of the laser, is

emphasized.
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Figure 3.18: Simulation results of ablated holes with various hole diameters within a
defined segment area (Ly3 X w,): (a) designed as 820 pm and fabricated as 980 pm, (b)
designed as 760 um and fabricated as 935 pum, (c) designed as 680 um and fabricated
as 839 pm, (d) designed as 620 pum and fabricated as 755 um, (e) designed as 560 pm
and fabricated as 678 pm, and (f) designed as 500um and fabricated as 593 pm.

However, the positioning of the designed holes on the sensor with a particular
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Table 3.4: Designed and ablated values of the hole diameters (w,) with their accuracy

and precision rates.

Designed Measured Accuracy Precision Designed Measured Accuracy Precision
(pum) (um) Rate (%) Rate (%) (pm) (pm) Rate (%) Rate (%)
1000 1261.8 26.18 21.08 720 898 24.72 8.79
980 1208.2 23.28 18.45 700 875.2 25.02 33.39
960 1195 24.48 19.33 680 839.17 23.4 9.67
940 1143.3 21.63 7.78 660 814.57 23.42 2.63
920 1119.5 21.68 1.76 640 774.15 20.96 7.91
900 1088.7 20.97 6.15 620 755.69 21.88 8.78
880 1121.24 27.41 1.75 600 750.42 25.07 12.3
860 1072 24.65 1.75 580 712.64 22.86 4.39
840 1040.4 23.85 1.76 560 678.37 21.13 14.06
820 980.65 19.59 3.51 540 668.7 23.83 2.63
800 1000 24.88 7.91 520 669.58 28.76 5.27
780 971 24.48 13.18 500 593.13 18.62 23.7
760 934.95 23.02 31.63 480 600.16 25.03 4.39
740 923.5 24.8 7.91 460 573.19 24.608 23.78

pattern is directly effective in maximizing ¢,,,, under the minimum bending after the
force is applied to the segment. For this reason, the gap test shown in Figure 3.20 was
carried out to find out how many predetermined 593 pm holes can be placed between
the piezoresistive lines in each segment. According to the test results, the minimum
producible distance between ablated holes is determined as 380 um. Based on this
minimum value, various patterns were designed to observe the stress behaviour of the
sensor and simulated as shown in Figure 3.20. These designed hole patterns can be
listed as follows: (a) no ablation, (b) ablation with 8x12 patterns with 1500 pm gap
between each hole, (c¢) ablation with 8 x15 patterns with 1000 ym gap between each
hole, (d) ablation with 8 x23 patterns with 500 ym gap between each hole, (e) ablation
with 826 patterns with minimum producible gap of 380 pm between each hole, and (f)
ablation along the x-axis in dimensions 21.941 x 0.593 mm? between the piezoresistive

lines as an 8x 1 pattern with no gaps between the holes.
According to the finite-element-modeling (FEM) simulation results shown in Fig-

ure 3.20, hole pattern produced with a gap of 1000 um having 10.3 MPa maximum

stress density 0,4, and 0.3281 mm minimum bending d 44 under 1N force loading is
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preferable due to its higher-stress value among the other patterns.
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Figure 3.19: The fabrication view of the gap values that is between the determined 0.5

pm diameter designed holes changing from 20 pm to 1000 gm with 20 pm resolution,

cut by laser’s determined 67% power, 100% speed and 5000 Hz frequency.
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Figure 3.20: Simulation results of ablated holes at various pattern within a defined seg-

ment area (Lgz X w,): (a) non-ablated, (b) ablated with 1500 ym gap, (c) ablated with

1000 pm gap, (d) ablated with 500 pum gap, (e) ablated with the minimum producible

gap of 380 um, and (f) all-ablated holes.

3.4. Proposed Force Encoder Structure

The parameter of the paper-based sensing structure, which directly affects the

overall performance of the system, is tabulated in Table 3.5. The illustrated force
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Figure 3.21: Technical drawing of the proposed 3-bit paper-based linear absolute force
encoder structure and its design parameters. (a) The top view of the paper-based
sensing structure that harbors eight segments. (b) a close-up view of the piezoresistive

lines and ablated holes. (c) a side view of the sensing structure.

encoding structure harbours eight different segments for ease of application. Piezore-
sistive graphite layers are carefully coated on these segments as shown in Figure 3.21a.
On the other hand, Figure 3.21b and 3.21c indicate details of top and side views of
the serpentine-shaped graphite layers, respectively. In Figure 3.21, L,, and w, indicate
the length and the width of the proposed structure, respectively. we,, illustrates the
width of the connector housing, whereas w,qq defines the width of one conductive pad.
Additionally, Ly, depicts the length of just one segment, whereas L, expresses the
total length of the segments. Finally, L,.q defines the length of the conductive pad.
The length of the sensor frame (L,,) has been chosen as 210 mm (long edge of a generic
A4 sheet) in order to make it comparable with the length of the robotic system. Other
dimensions that are displayed and then tabulated in Table 3.5 are carefully selected

and scaled according to this initial choice of L,,.

Figure 3.21b illustrates just one segment of the proposed sensor in detail. The
parameters, w,, indicate the width of the piezoresistive graphite layer. Moreover, wyq,,

expresses the gap between two graphite lines, whereas w; states the width of just one
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line of this graphite layer. The structure has been perforated by ablating holes having
diameters of w, in order to increase its performance, as illustrated on the right-hand
side of Figure 3.21b. Ablated holes are separated from each other with a distance of
W, and are positioned to w, mm away from the graphite line. The parameters stated
in Figure 3.21b are chosen concerning the fabrication limits, which will be thoroughly
explained in Chapter 4. Thus, w, of perforated holes are confined by the resolution
of the laser-cutting system (Epilog@®) Mini 18, 30 W) used to complete the ablation
process. Moreover, the resolution of stencil masks limits the minimum width of the

graphite line (w;) and the gap (w,q,) in between them.

In Figure 3.21c, the parameters are selected regarding the precision of the silk
screen-printing. The thickness of the off-the-shelf paper-substrate (t,) is equal to 289
pm. Moreover, the thickness values t.; of the conductive layer and ¢, of the graphite
coating are both approximately 50 pm because of the 50 um thick silk stencils used to
form these layers. Piezoresistive layers with serpentine shapes are preferred in order to
increase the sensitivity and the amount of total normalized resistance change [61,62].
Hence, a similar serpentine design, as shown in Figure 3.21 is preferred over a complete
full-area coating on the segments in order to be able to detect the slightest resistance

changes occurring in the system.

In order to increase the precision of the detection process, a silicone sandwich
structure is shown in Figure 3.22; is employed, which decreases the force exerting
area hence increases the pressure acting on the paper-based structure. This low-cost
sandwich structure also acts like an artificial skin that protects the proposed force
encoder system [51]. In Table 3.5, values defining the geometry of the silicone sandwich
structure are tabulated. It should be noted that these values are in line with the
geometry of those as mentioned above paper-based 3-bit linear absolute force encoding
structure. Additionally, two connector housings are placed at the edges of this silicone

structure, as shown in Figure 3.22d.
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Figure 3.22: Technical modelling of the proposed silicone molding body along with
the paper-based piezoresistive force encoder sensor and its design parameters. (a) top
view of the upper part of the silicone mold structure. (b) side view of the upper part
of the silicone mold structure. (c) side view of the base part of the silicone mold
structure. (d) 3D view of the structure. This silicone mold structure protects the
sensing structure and electronics circuits and reduces the force exerting active area,

and, in turn, increases the stress acting a piezoresistive layer.
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Table 3.5: Parameters and related values of the proposed system indicated in Figures

3.3, 3.21, and 3.22.

Prms. Descriptions Designed || Measured || Error
(mm) (mm) (%)
Wp Width of the force encoder 18.5625 18.576 0.07
Wpad Width of the contact pad 1.6 1.5614 2.52
Lpaa Length of the contact pad 6.0 5.834 2.77
L, Length of the graphite layer on one segment 24 23.613 1.62
Ly, Length of eight segment 198 198.55 0.27
L,, Length of the force encoder 210 208.86 0.55
Wear Width of the ear 9.125 8.845 3.07
Wy Width of the graphite layer 5.5 5.58 1.45
Wit distance between each graphite layer bit 1.0 0.918 9.2
Woo Vertical distance between two ablated holes 2.25 2.1675 3.67
Wey Width of the silver line 0.6 0.68 13.3
W, Diameter of the ablated hole 0.5 0.593 18.6
Loo Horizontal distance between two ablated holes 1.5 1.462 2.54
Wgap Distance between two graphite lines 1.2 1.088 9.44
wy Width of the graphite line 1.0 0.98 2
tel Thickness of the silver layer 0.05 0.05 -
iy Thickness of the graphite layer 0.05 0.05 -
tp Thickness of the paper substrate 0.289 0.289 -
Wol Distance between the hole and graphite line 0.375 0.187 51.14
Weg Width of the silicon region for eight segment 37 36.89 0.3
Leont Length of the connector port 6.6 6.82 3.33
Leg Length of the silicon region for eight segment 192 193 0.52
Weonl Width the connector 25.8 26.93 4.37
L. Length of the silicone mold bulge 24 23.82 0.75
Leona Length of the connector 14 13.64 2.58
Ly, Distance between the silicone mold bulges 1.86 1.63 12.37
Weon2 Width the connector port 22 21.57 1.96
Lo, Length of the silicon mold 280 280 0
te Thickness of the upper part of mold bulge 7.8 8.21 5.25
Wpeb Width of the PCB housing 54 53.66 0.63
ts1 Thickness of the upper part of the silicon mold 8.2 8.21 0.12
Lpey Length of the PCB housing 44 44.12 0.27
tso Thickness of the base part of the silicon mold 14 13.7 2.15
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4. IMPLEMENTATION

This chapter elaborates on the implementation of the paper-based piezoresistive
force encoding sensor. Section 4.1 presents details about the preferred material for the
fabrication process of low-cost force encoding sensor and the contents of the supporting
materials. Section 4.2 explains the method used in fabrication in order to be able to
obtain a robust force encoding sensor. Finally, Section 4.3 shows and explains the

proposed fabrication process and final form of the fabricated force encoding sensor.

4.1. Materials

There are three main materials required to fabricate the force encoding sensor
structure proposed in this thesis. These can be listed as follows: (1) a substrate
material that forms the basis of the sensor structure, (2) a piezoresistive material for
sensing, and (3) a conductive material to be used for electrical connection between the
sensor and the read-out circuit. Main are constraints selection of these materials are:
cost effectiveness, fabrication ease, flexibility, high-conductivity, and integration with
each other. For these reason, various materials have been examined and presented

considering the above mentioned criteria.

The materials tested and compared are listed in Table 4.1 and Table 4.2. Firstly,
cellulose-based materials are investigated as the main substrate material due to their
flexibility, low-cost, ease and quick fabrication form. The primary advantages of paper
materials are: (1) easy being to produce and then (2) suitability for coating processes
of pasty materials due to their fibrous structure [63]. Strathmore®) Bristol, Alex
Schoeller®), and Photography papers are chosen and analyzed as a substrate material
in regard with above mentioned points. These substrate materials are suitable for silk
screen printing, and laser cutting since they do not require any clean room treatment
and have easily detachable textures. Unlike the other compared substrates in Chapter

3, Strathmore®) Bristol paper is more preferable because of their robust texture and,
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therefore, their long-term durability against high force magnitudes, stability under the

various bending, and lower-absorbency features.

Secondly, sensing materials are examined. It is widely preferred as a sensing
material for force, pressure, and tactile sensing. It is a soft, black opaque, easily adhered
to texture, water-soluble material hence it is suitable for easy and quick fabrication, and
flexible material. Because of these features, graphite is preferred. Moreover, graphite
does not require any cleanroom process. Gwent®) C2030519P4 carbon paste and Bare
Conductive@®) Electric paint are preferred and compared as shown in Table 4.1 to use
as sensing material in the proposed system. The materials compared are discussed
from two perspectives: (1) ease of production according to clean-up solvent and drying
time, and (2) the amount of resistivity for a thin film. Thus, as a piezoresistive layer,
Bare Conductive®) Electric paint is chosen because of its good adhesion, non-toxic,

low-cost, water-soluble, and shorter cleaning process presented in Table 4.1.

Finally, materials such as gold, silver and platinum paste have been compared
as shown in Table 4.2 we tried to minimize the electrical loss and eliminate noise as
much as possible in connection. Therefore, compared with other materials, Baku®)
Bk-426 is chosen to print onto paper using a silk stencil because of its low-cost, not
require any clean-room process, easy and quick to fabrication with low drying time,

and sufficiently high conductivity.

Table 4.1: Comparison of the features of the selected elastic dielectric materials.

Elastic Dielectric Sheet Clean-up | Drying Temperature
Materials Resistivity Solvent in 15 minutes
Gwent®) C2030519P4 75 Q/0O Ethoxy Q0" O
Carbon paste @ 25 pm thick film | propanol
Bare Conductive®) 55 /0
Water Room temperature
Electric paint @ 50 pm thick film
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Table 4.2: Comparison of the features of the selected conductive materials.

In the literature, there are various fabrication methods for coating the sensing as
mentioned above and conductive material onto a paper substrate in desired dimensions.
They can be listed as follows: (1) silk screen-printing [64-66], (2) ink-jet printing
[67,68], (3) the printing with a hand-crafted stencil [69-71], and (4) directly drawn on

Conductive Sheet Clean-up Drying Storage
Material Resistivity | Solvent Time Temperature
Gwent

® Ethoxy 10 min
(C2130809D5 100 m$2/0O Room temp.
propanol @ 80° C
Ag paste
Gwent(®r)
Ethoxy 30 min
C2050804P9 590 m€) /0] Room temp.
propanol @ 80° C
Pt paste
Gwent(®)
Ethoxy 30 min i
C2041206P2 80 m2/00 15° C
propanol @ 80° C
Au paste
Circuit Scribe®)
Ethoxy 30 min
Beta 25 mQ /O Room temp.
propanol @ 140° C
Ag paste
Baku®)
) 60 min
BK-426 0.1 Q/O0 Thinner Room temp.
@ Room temp.
Ag paste
4.2. Methods

paper [72,73]. The points to consider while choosing the fabrication method are not

to damage the paper substrate, sensing and conductive material, to be low-cost, easy
and quick to fabricate, and production precision. When all fabrication methods are
examined in terms of the specified criteria, the silk-screen printing method is preferred
as the main fabrication method in this study because it provides high-sensitivity coating

and desired properties. The production steps of silk screen printing are visualized in
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detail in Appendix A [74].
4.3. Proposed Fabrication Process

Figure 4.1 shows steps of the fabrication process of the paper-based force encoder
structure. As mentioned above, in this thesis, due to its low-cost and robustness, the
main fabrication material is chosen as a 289 um thick off-the-shelf Strathmore®) 400
series Bristol paper. Furthermore, as the main fabrication method, silk screen-printing
techniques are used to form both the graphite and conductive layers on the paper

substrate.

(a) Conductive

Squeegee
Paste
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Squeegee movement

)
e 7/

Silk Stencil I Bristol Paper

(b) Graphite
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(c) .
Graphite Layer Laser Ablated Hole

'

Figure 4.1: Ilustration of the fabrication process of the linear absolute encoder force
sensor. (a) Ag paste coated onto the Strathmore®) 400 series Bristol paper as a base
material with stencil mask (mask I) using silk screen printing method. (b) graphite
paste coated onto the Ag coated Strathmore®) 400 series Bristol paper with stencil
mask (mask II) using silk screen printing method. (c) laser ablation (Epilog Mini 18,
30W).
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As a first step, a 48 pum thick silk stencil mask (mask I) having a pore size of 36
pm that is shown in Figure 4.2, is used to apply a high-conductive and low resistant
silver paste (Baku(®) Bk-426) onto the paper substrate that is indicated in Figure 4.1a
with the aim of forming conductive lines between the graphite pads and peripheral
electronics read-out circuitry. The conductive paste is applied onto mask I with the help
of a squeegee blade as depicted in Figure 4.1a. The silver-coated layer is rested for 60
minutes to have an optimal conduction level by drying at room temperature. Following
that, an electrically high-resistant graphite paste (Bare Conductive®) Electric paint)
having 48 pm thickness is chosen and coated using the second stencil mask onto the

Ag coated paper base as depicted in Figure 4.1b.
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Bristol paper, (b) view of the silk stencil (mask II) to coat graphite paste. (c¢) close up

view of emulsified, and (d) open pores of the mask.

Here it is carried out as a result of manual aligning by means of the semi-circle
shaped tips of the silver layers that are used as alignment marks onto the silk stencil as
depicted in Figure 4.2. The fabrication of the sensing structure continues with folding

and cutting the long edge of an A4 size Strathmore®) 400 series Bristol paper three
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times. Thus, an encoder structure having dimensions of 210 mm x 18.5625 mm is

obtained.

The force encoder is proposed, which its form has covered and perforated in
Chapter 3. Subsequently, multiple holes are created on the structure through a laser
ablation process to reduce the effective Young’s Modulus and acquire more considerable
bending. Hence, sensitivity under the exertion of collision force is increased. The
ablation process that is depicted in Figure 4.1c is operated utilizing a laser-cutting
device (Epilog®) Mini 18, 30W) by arranging the specifications that are speed, power,
and frequency as 100%, 67%, and 5000 Hertz, respectively.

Figure 4.3: Side view of the paper-based structure sandwiched in between two silicone
molds. The sensing system is getting poked with the linear motor tip. The gap between
the upper and lower parts of the silicone mold Sgap completely closes when a force of

12N or higher is exerted.

Finally, the silicone molds are utilized to augment the sensitivity of the overall
sensing system, as illustrated in Figure 4.3. The underlying reason for employing the
silicone mold is to benefit from the linear region of the resistance in case of bending. The
silicone mold also acts as a protective layer, resembling an artificial skin-like structure.

A depiction of the fabricated paper-based linear absolute force encoder is given in

37



Figure 4.4a, a close-up view of the Ag and graphite coated perforated structure that
consists of piezoresistive and conductive layer shown in Figure 4.4b along with scale
bar, and the microscope view of the structure of the paper material, which is the main

material of the sensor. The graphite coated state is shown in Figures 4.4c and d.

(a)

Figure 4.4: (a) The fabricated view of a paper-based piezoresistive linear absolute
force encoder, (b) a close-up view of Ag and graphite layers along with its perforated
structure, (c) microscope view of the fibrous structure of the Strathmore®) 400 series
Bristol paper with a 20X magnification ratio, and (d) microscope view of the graphite

printing onto the paper substrate with a 20X magnification.

The force encoder is connected to the peripheral electronic read-out circuit via
dual-edge card connectors at the end of the fabrication process. The connectors ensure
the electrical connectivity between the biosensor and read-out circuit by contacting the

silver pads to the connectors’ insertion pins.
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5. ELECTRONICS

This chapter presents the electronic read-out system and components that exist
within its structure of it. Section 5.1 elaborates our proposed read-out circuitry for
converting resistance changes resulting from the application of force in the piezoresistive

layer into an electrical voltage signal.
5.1. Proposed Read-Out Circuitry

As mentioned in the literature, many complex circuits have been presented in
flexible piezoresistive sensors. However, there are not many types of read-out systems
recommended for use in disposable sensors that is paper as the substrate material. The
proposed circuits are uncomplicated read-out circuits created only to detect the change
that occurs due to the working principle of the material and the sensor. Since the
working principle of these circuits is on balance, they work both with high performance
and high sensitivity. For this reason, it constitutes an adaptation to work on paper-
based sensors. The two most common read-out systems work on the balance principle.
These are the voltage divider and Wheatstone bridge circuits as illustrated in Figure
5.1. However, the Wheatstone bridge circuit is chosen as the read-out circuit because
it can be integrated with an instrumental amplifier for higher gain and the sensing

material can be better calibrated.

@ v, (b)
R

Rer 2

=

Figure 5.1: Schematics of conventional read-out circuits. (a) Voltage divider circuit,

(b) Wheatstone bridge circuit.
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It is above mentioned that the proposed sensing mechanism is composed of a
3-bit linear absolute encoder structure. As a result of this means that the proposed
read-out circuitry has a collaboration of identical three Wheatstone bridge circuits and
instrumentation amplifiers to follow each bit. In order to be able to detect the resistance
change AR, occurring due to the linear motor’s force loading Fj,.q, a Wheatstone bridge

circuit and an instrumentation amplifier are used.

Rpr B R
Rpr+ Rrer R+ R

Vour = Vin( )G (5.1)

Rs
+
1 8
0 Ve
Vi , INattgp [ e
4 51
o

Figure 5.2: The block diagram of the proposed electronic read-out circuitry that com-
posed of a Wheatstone bridge circuit with one positively changing piezoresistor and
a subsequent instrumental amplifier, INA118P, to amplify the voltage signal acquired

through the resistance change.

In order to be able to detect the resistance change AR occurring due to the
linear motor’s force loading Fj,.q4, @ Wheatstone bridge circuit and an instrumentation
amplifier are used. The fundamental aim of the circuit is to detect the changes in the
unknown resistance value of Rpg, which tends to vary under the applied mechanical
stress [64]. The calibration of the circuit relies on balancing two branches of the
Wheatstone bridge circuit. In other words, the output voltage should be zero-volt in
case the sensing mechanism is situated in its original position. In order to arrange

the zero position of the read-out system, an identical 200 k2 potentiometer is added

40



into the circuit as Rrpr shown in Figure 5.2. The linear motor triggers the system by
applying force Fj,.q to any segment, and the resistance value increases if the segment
contains a graphite layer. Based on the respective changes of the voltage measurements,

the incident force magnitude can be calculated.

W+
Al

- 2 Over-Voltage i INA118
Vin Protection A A A KA
Ay VY WY G=1+ S0k01
: = B0k B0k Ry
J—C‘ 25k0
MMM
- VY 6
:_._j_‘_ HG —O VJ
= A
8 W Vll‘v'ﬂ
25k0
N NN SN ) O Ref
3| |Over-Voltage
Vin Protection e e
|
Qo
AT

Figure 5.3: Simplified schematic of the instrumental amplifiers (Texas Instru-

ments@®) INA118P).

Table 5.1: Pin functions of Texas Instruments®) INA118P.

Pins | Symbols Descriptions
1& 8 Rq Gain setting
2 Vin_ Negative voltage input
3 Vine Positive voltage input
4 V_ Negative voltage supply
REF Reference input
6 Vour Output voltage
7 Vi Positive voltage supply
SR o
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In order to further enhance the sensitivity of the system, the instrumentation
amplifier (INA118P) shown in Figure 5.3, is integrated into the circuit [62,75,76]. The
reasons for using the amplifier can be listed as follows: (1) high-CMRR (common-mode
rejection ratio), (2) high-SNR (signal-to-noise ratio), (3) high input resistance, and low
offset voltage, (4) low input bias current, and finally (5) low drift. Also, pins of the
INA 118P is tabulated in Table 5.1. These features allow the output voltage, which
varies depending on the resistance change in the piezoresistive layer, to be detected
more clearly, sensitively, and perceptibly. The gain of each amplifier G is arranged as
10 V/V based on the Equation 5.2. The output voltage of the circuit under augmented
stress in the piezoresistive graphite layers, is amplified via INA118P and fed into a

real-time controller (Dynomotion®) KFlop & KAnalog series motion controller).
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Figure 5.4: (a) and (b) top and bottom views of the schematic of the proposed electronic
read-out circuit. (c¢) and (d) top and bottom views of the printed circuit board for the
proposed electronic read-out circuit. An implemented PCB has dimensions of 54 mm

x 44 mm and its components are shown inset.
The proposed electronic read-out circuit is executed utilizing surface mount de-
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vices as a printed circuit board (PCB) shown in Figures 5.4c and 5.4d. It can design
with the length and width dimensions of 54 mm x 44 mm, respectively. A dual-edge

card connector (Amtek@® S5FP1B1SND-08TOBLT-01) is plugged onto the ears of the

linear absolute force encoder structure.
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Figure 5.5: Plot of the output voltage change (AV') as a function of resistance change
(AR). Blue line corresponds to the theoretical results of the proposed read-out circuit,
whereas red line corresponds to the experimental results of the system with imple-

mented PCB.

The proposed electronic read-out circuit is calculated for an increasing value of
Rpr and plotted as Vj., in Figure 5.5. It is also tested with an implemented PCB,
and the experimental results are indicated as V;,. On the other hand, the test setup
elaborately shown in Section 6 is designed to detect the magnitude of the applied force
and the location where it is applied. The force is generated by a linear motor with

different magnitudes.
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6. EXPERIMENTS

This chapter elaborates on the experimental works of the fabricated paper-based
piezoresistive force encoding sensor. Section 6.1 shows the experimental test setup of
the force encoding system output. Section presents force encoding system calibration

and various test results of the experiments.

6.1. Test Setup

In the following step, the proposed paper-based piezoresistive force encoding sys-
tem is tested along with its electronic read-out circuit as shown in Figure 6.1, the
experimental test setup that is used to characterize and test the proposed paper-based
piezoresistive force encoding system. The system is composed of (1) the proposed linear
absolute encoder sensor structure to sense applied force, (2) a single-channel power sup-
ply to activate the real-time controller (Dynomotion®) KFlop & KAnalog series motion
controller) and a three-channel power supply (Rohde&Schwarz® HMP3030) to drive
the read-out system and the pantograph robot, (3) a real-time controller (Dynomo-
tion@®) KFlop & KAnalog series motion controller) to collect data that occurs as a
result of changes on force encoding structure and control the motion, (4) a pantograph
robot arm for the lateral motion of the force encoding structure with high precision,
(5) a linear motor to exert an Fj,,q to mimic the ambient impact, and finally a PC to

monitor and process these data is installed.

The setup is installed with its components to monitor the behaviour of the de-
signed and implemented system is shown in Figure 6.1. The paper-based piezoresistive
force encoding sensor preserved between two reverse silicone mold structures is fixed to
the rail floor to prevent shaking on the structure during the force applied by the linear
motor and move through the x-axis via a pantograph robot. Within the experiments,
the linear motor that can move in y-axis direction with a step size of 0.5 pym easily ma-

nipulates the silicone mold structures to apply precise force owing to its rollers located
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to the tip of it. The known force value from the robotic system is relevantly created
using Dynomotion@®) KFlop & KAnalog series motion controller board. Bending sili-
cone mold structures under force application activate one segment of the paper-based
force encoder structure. The location of the segment that the linear motor will trigger
is determined by the pantograph robot, which arises from two identical rotary motors.
As a result, a robotic pantograph presents the random segment travelling so that the

linear motor can hit all of the segments with specified forces.

Pantograph
Robot

Figure 6.1: View of the experimental setup used to monitor magnitude and localization

of the exerted force on the proposed sensing system.

It is previously explained that the level of resulting stress at the anchor points
of the paper-based force encoder sensor increases in the direction of proportion to
the magnitude of applied force and hence the amount of deflection d 5 caused by
the bending of the paper-based structure. Thereby, the resistance changes of related
bits that contain graphite pad on its surface are monitored as voltage data through
the medium of a read-out circuit. In that vein, it is aimed to detect, firstly, which
normalized voltage change AV /V value corresponds to the loading force Fj,,q and

dynamic operating range of the force encoder sensor. Secondly, the location on the
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sensor through the voltage value corresponding to the known loading force Fj,.q applied
to a particular segment, and finally, the robustness against plastic deformation via the
voltage value corresponding to applying in a particular configuration loading force Fj .4

as the static and point.

6.2. Test Results

The behaviour of the implemented force encoder under fluctuating force loading
(Floaa) is plotted in Figure 6.2. According to the experiment, when the load force Fj,qq
magnitude is gradually increased from zero to 14N with the help of the linear motor
indicated in Figure 6.1, the normalized changes AV /V due to resistance changes of
the proposed force encoding sensor are monitored. As highlighted in Figure 6.2, values
increase linearly for R1-C8, R2-C8, and R3-C8 locations from 0 to 3.048 V/V, from 0
to 3.877 V/V, and from 0 to 5.0387 V/V, respectively.

Apart from these, the hysteresis behaviours of the paper-based piezoresistive force
encoding sensor are acquired when the load force Fj,.q gradually decreases from 14N
to zero while the linear motor continually moves to the negative direction on the same
axis. Thus, as emphasized in 6.2, the normalized voltage changes while decreasing the
magnitude of Fj,.q are reported that linearly decreasing from 3.048 to 0.3565 V/V for
R1-C8, 3.8770 to 0.4697 V/V for R2-C8, and 5.0387 to 0.6382 V/V for R3-C8.

Moreover, as shown in Figure 6.2, once the applied force exceeds 12N, the gap
between the upper and lower part of the silicone sandwich structure shown in Figure
4.3, Sgap, goes to zero. Thus one can not bend the paper-based sensor furthermore,
and the change in the normalized voltage saturates even though the exerted force is
further increased. As seen from the plot, the sensor has a slight hysteresis behaviour
due to the plastic deformation occurring in the paper structure and piezoresistive layers.
The linear part of this plot defines the dynamic range of the proposed force encoding

system, and it is between 0.6 and 12N.
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Figure 6.2: A calibration graph of the force encoder sensor shows the hysteresis be-
haviour of the proposed sensor by plotting the normalized voltage changes versus the
bending force. The smooth lines represent the incremental Fj,,; dependent AV/V
value, whereas the dashed lines represent the gradually decreasing load force from 14N

to zero.

The subsequent experiment was carried out by gradually increasing the force
through the linear motor to determine the root mean squared error (RMSE) of the
sensor. The applied force increases from 0.5N (minimum detectable force) to 2.5N,
where the sensitivity is highest with a step size of 0.1N. The normalized voltage changes
versus the applied force behaviour of the proposed force encoding sensor are plotted
in Figure 6.3 for three different rows on segment 8. It is reported that normalized
voltage changes AV /V for the first, second, and third row, respectively, linearly increase
from 0.0159 to 0.3109 V/V, 0.0161 to 0.3104 V/V, and 0.0071 to 0.2984 V/V. The
average error margins for the proposed sensor is measured as 0.0175 V/V. Within the
same figure, The black and dashed line corresponds to the average AV/V (sensitivity)
starting from 0.5 to 2.5 V/V, and it is defined as 0.1468 mV /(mN-mV). The linear range
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Figure 6.3: Illustrates the performance of the sensor while getting actuated in the

most sensitive linear region. The dashed line in the this part represents the curve

fitted equation of y = 0.15x — 0.0686 with an R-squared value of 0.99.

behaviour of this sensor can be modelled with y = 0.152 — 0.0686 with an R-squared
value of 0.99.

According to these experimental results, our proposed force encoder sensor is
calibrated as a mechanical process related to piezoresistive feedback converted into a
normalized voltage change output. The magnitude of the randomly applied force will

be obtained.

Figure 6.4 and 6.5 shows the localization experiments of the impact point using
the proposed paper-based piezoresistive force encoder. In order to measure the per-
formance of the detection, the pantograph robot arm moves through the x-axis and
displace the force encoder sensor. The linear motor was rolled over the overall struc-
ture by applying force to provide temporary deformation. Bending silicone molds under

a force application activate one segment of the paper-based force encoder structure.
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Figure 6.4: The paper-based sensor is continuously triggered on the x-direction with

the help of the pantograph robotic arm. Shows the analog output of the sensor system.

The sensor is kept under a 1N force in the orthogonal direction by the linear motor.
Meanwhile, the resistance changes AR/R on each segment was recorded by the real-
time controller indicated in Figure 6.1 as a time-series data with a sampling period of
180us. The real-time measurement and control algorithm which is generated using a
C code. The code is generated in the KMotion interface of the Dynomotion real-time

control board.

In order to evaluate the performance of the system in a real environment, some
preliminary experiments are carried out to determine the threshold levels of each seg-
ment that will provide the transition between analog and digital data. These threshold
levels are then used in the real-time measurement system to determine the localization
of the segment where the force is applied. The resultant changes in the voltages are
recorded and the threshold values of the rows are selected using the recorded data.
Figure 6.4 plots the time-dependent voltage values acquired directly from the sensor,

whereas Figure 6.5 shows the digital version of the same output after applying tailored
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Figure 6.5: The paper-based sensor is continuously triggered on the x-direction with

the help of the pantograph robotic arm. Plots the digital version of the same output

after careful thresholding.

thresholding. The numerical values of those thresholds that is determined according to
the experimental results shown in Figure 6.4, are 34.42 mV, 34.18 mV, and 29.16 mV,
respectively for the first, second, and the third rows of the structure. In the transi-
tions between segments, small rising and falling values are seen. The reason for this is
that while the pantograph robot moves the structure along the x-axis, the cylindrical
structure at the tip of the linear motor slides along the silicon structure by applying
a certain force and passes over the support points in the transitions between the seg-
ments. As we emphasized in this plot, the digital output for segment 1 is 000, whereas

the output for segment eight is given as 111.

After the experiments carried out to determine the magnitude of the applied force,
the dynamic operating range of the system and the location of the segment where the
force is applied, various force patterns were applied to the proposed paper-based force

encoder structure. Therefore the robustness of the structure against plastic deformation
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Figure 6.6: The output voltage of the system under the application of 1N point-forces
with period 1.25 seconds.

and time response was tested to observe its performance in the real environment.

The response of the proposed implemented force encoding structure to various
contact patterns that are point-force, static force, and combined application is moni-
tored and plotted in Figure 6.6, 6.7, and 6.8, respectively. Once again, the 8" segment
of the paper-based piezoresistive sensor is employed to measure the performance of the
system. The voltage output of the system, which consists of a paper-based piezore-
sistive force encoding sensor and a silicon mold that increases bending-enhancing, is
plotted by the linear motor as a result of the various force loading patterns as point
and static force applied to each bit on segment 8 using the test system along the line
A-A’ and within the contact area specified in Figure 3.21. Figure 6.6 demonstrates the
voltage outputs of the system under successive force loads of 1N with a cyclic frequency
of 0.67 Hertz (40cycles/60sec) and 0.3 seconds average frequency response precision for
each row on segment 8. It is seen that the system has not undergone any significant

deformation.
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Figure 6.7: The output voltage of the system under the application of 1N static forces

with period of 20 seconds, together with their respective error values.

Moreover, the proposed system is also tested for more extended static force ex-
ertions as it is plotted in Figure 6.7. This time, the system can detect and follow
the actuating force that is applied without cessation for a period of 5 seconds. This
experiment with static force exertion has been repeated to understand the error band
of the sensor. We can state that average error value for the first bit is 0.14181 mV,
0.26128 mV for the second bit, and finally 0.19946 mV for the third bit. Additionally,
the standard deviation values are reported as 0.0013, 0.0013, and 0.0011 for the first,

second, and third bit, respectively.

In the last experiment, the system is tested for mixed-signals, static and alternat-
ing force exertions, and monitored. The result, which is presented in Figure 6.8 shows
the voltage output of the proposed force encoder system under such force patterns.
These experiments show that the proposed system performs on robotic structures in
real experimental environments that do not require going up to high-frequency lev-

els, has high response sensitivity, no considerable plastic deformation is detected, and
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Figure 6.8: The output voltage of the system under combined application of 1N point-

force and static force with the average of 0.3 seconds time response.

the low-cost disposable sensor works appropriately in the required short interval of

operation time.

We report that the proposed system can detect a minimum 0.6N force (0.181
AV/V) and costs approximately $0.2 per device. The sensor covers an area of 36.75
cm? and is able to differentiate the position of the impacts with a resolution of 2.4 cm
in x- and 0.55 e¢m in y-directions (a 3 x 8 force encoding array is used). The measured
quantities and properties peculiar to the proposed sensing system are tabulated in

Table 7.1.
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7. DISCUSSION

This study aims to design and fabricated a low-cost piezoresistive linear absolute
force encoding sensor to measure the magnitude of the applied force, the location
of the segment where the force is applied, and the robustness against to the plastic
deformation under the various force patterns. Numerous fabrication methods and
materials is elaborated by comparing with the literature. In this context, it has been
reported that paper-based structures are sensitive enough and can be integrated into
the system because they are cheap, off-the-shelf, and easy and quick to fabricate for

use in robotic systems.

As clarified in the above sections, within the scope of this study, a paper-based,
easy- and quick- fabricated, perforated linear absolute force encoder structure coated
with a serpentine piezoresistive layer has been proposed as a novel method in order to
measure the magnitude of the applied force (Fjyuq) and to detect the impact location
where it is applied. In this way, the magnitude and location of the applied force are

precisely determined and the effective Young’s Modulus (E,.ff) is reduced.

In this study, using this proposed force encoding methodology, a sufficiently sen-
sitive structure was improved compared to the flexible silicon-based tactile sensor [77],
and the flexible polyimide-based sensors [78,79]. Although the proposed paper-based
force encoding sensor structure has lower spatial resolution, high force resolution and
time response were obtained by using a low-cost, easy and quick silk-stencil fabrica-
tion method, contrary the difficult, expensive and long fabrication methods used in
other studies. A brief comparison between this thesis and studies reported in [77], [78]

and [79] is given in Table 7.1.
Considering the elements highlighted above, the sensitivity value obtained from

the system can be improved in the future with some innovations and improvements.

For example, (1) the low-cost substrate material of the system is able to be selected
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as a more flexible material, (2) the resolution can be reduced by designing a higher
bit structure, (3) a new voltage amplifier with higher SNR can be selected, a more
sensitive read-out circuit can be designed, and (4) Compared with silicone, the mold
structure in which the sensor is located can be covered with a structure that has more

similar physical properties to human skin.

Table 7.1: Comparison of specifications of our proposed paper-based piezoresistive

force encoding sensor regarding its detection capability of the force magnitude and its

impact localization to the other works.

’ Specifications ‘ This work ‘ Reference [77] ‘ Reference [78] ‘ Reference [79] ‘
Strathmore®)
Silicone Rubber
Substrate 400 series Polyimide
RTV FPC
Material Bristol paper (125 pm thick)

(289 pm thick)

(100 pm thick)

Electric paint)

Array Form 8 x 3 4 x4 4 x4 3 x3
(Linear absolute) (Matrix) (Matrix) (Matrix)
Array Size
(L x w x t) 198 x 18.5625 x 0.289 20 x 20 x 0.1 2.5 x 2.5 x 0.05 21 x 21 x 2.7
(mm)
Spatial
24 mm X 5.5 mm 5 mm X 5 mm 0.6 mm X 0.6 mm 5 mm X 5 mm
Resolution
Force Range 06-12N 0.05-2N 0-08N 0-20N
Detected
01N 0.05 N 0.2 N 2N
Force Step
Sensitivity 5.5 mV/mN 0.45 V/N 206.6 mV /N 0.251 V/N
Graphite paste
Sensing Graphene Nichrome Conductive rubber
(Bare Conductive®)
Material nanoplate (NiCr) (INASTAMOR)

Fab. Method

for Sensing

Silk screen

Spin coating

Spin coating

Spin coating

printing
Material
Electrode Silver paste
AgNF Au Copper
Material (Baku® Bk-426)
Fabrication <30 minutes <5 hour <2.5 hour <3.5 minutes
Process in laboratory in laboratory in any place in laboratory
Time
0.3 secs 0.2 secs Not available Not available
Response
BoM $0.2 Not available Not available Not available
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8. CONCLUSIONS AND FUTURE WORKS

In this thesis, a paper-based piezoresistive linear absolute encoder force encoding
sensor system has been designed, fabricated and characterized. Implemented dispos-
able structure is used to detect both the applied force magnitude and its position in
real-time. The scope of this study does not aim to improve a gold standard force
encoder device. Therefore, it is essential to note that the sensing structure is de-
signed for single usage; hence fabricated using low-cost, off-the-shelf components has
acceptable sensitivity and resolution values for robotic applications. For this purpose,
the fabrication materials of the proposed disposable linear absolute force encoder are
chosen as a 289 pum thick Strathmore®) 400 series Bristol paper, graphite (Bare Con-
ductive@®) Electric Paint), and RTV-2 silicone molds. In order to detect the applied
force more precisely and to increase the clarity of the localization, approximately 50
pm thick piezoresistive graphite paste is coated on the paper-based linear absolute en-
coder structure. Additionally, the proposed paper-based structure has rows of closely
spaced perforation on pre-specified locations to facilitate the force encoder’s bending
and further increase the system’s sensitivity. Apart from these, a peripheral electronic
read-out circuit customized for the 3-bit linear absolute force encoder structure is de-
veloped and integrated into the system. As tabulated in Table 7.1, experiment results
show that the fabricated force encoder structure can measure point-force with a 0.1N
step size and detect the location of the applied force in a flexible medium. At the
same time, the implemented sensor has 0.6N minimum detectable force with an output
of 0.0183 V/V, and sensitivity of 5.5 mV/mN. Therefore, results illustrate that the

proposed system can be effectively used in flexible structures like soft robots.

As part of future work, more flexible, lower-cost, a polyimide-based force encod-
ing sensor is developed, whose substrate material is more flexible and low-cost, has
higher spatial resolution, and has integrated read-out circuitry. This sensor structure
is implemented on a robotic arm and then the force feedback motion control system of

the robotic arm is provided.
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APPENDIX A: MANUFACTURING OF THE SILK
STENCILS

Figure A.1: The production stages of the silk stencil which using for the fabrication

method of screen-printing.

welding the frame.

silk stretching platform.

placing the silk onto the platform.

stretched silk.

applying an adhesive paste to bond the silk to the frame.
weights loading to strengthen the bond.

cutting the silk along with the frame out.

)
)
)
)
)
)
)
h) applying emulsion paint.
) emulsified mask.
) emulsion drying for a while.
) dried emulsified .
) positive photolithography process.
) exposing UV.
) removing with the water
)

ready to use view of the silk stencil.
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APPENDIX B: DATASHEETS

B.1. Graphite

ESE%uctw Electric Paint’
Technical Data Sheet
English

PRODUCT DESCRIPTION

Electric Paint is a nontoxic, water based, water soluble, electrically conductive paint.

It can be used in circuits as a painted resistor element, a capacitive electrode or can
function as a conductor in designs that can tolerate high resistivity. It is intended for
applications with circuits using low DC voltages at low currents. Electric Paint adheres
to a wide variety of substrates and can be applied using screen printing equipment.

Its major benefits include low cost, solubility in water and good screen life. It is black in
colour and can be over-painted with any material compatible with a water-based paint.

ADVANTAGES / PRODUCT BENEFITS

High sheet resistance

Nontoxic

Water-soluble

Can be used to create capacitive touch and proximity sensors

Can be used as a potentiometer or resistive circuit element

Compatible with many standard screen printing processes

Low cost

TYPICAL PROPERTIES

Colour / Black
Viscosity / Highly viscous and shear sensitive (thixotropic)
Density / 1.16 g/ml

Sheet Resistance /

55Q/sq at 50 micron film thickness

Vehicle /

Water-based

Drying Temperature /

Electric Paint should be allowed to dry at room temperature for 5 - 15 minutes.
Drying time can be reduced by placing Electric Paint under a warm lamp or other
low intensity heat source.

PROCESSING AND HANDLING

Screen Printing Equipment /

See below summary table of typical properties.

Manual

Screen Types /

Polyester, stainless steel (43T — 90T gauge mesh)

Typical Cure Conditions /

Room temperature (24°C) for 15 minutes

Typical Circuit Line Width /

0.5 - 10mm (43T-mesh stainless steel screen)

Clean-up Solvent /

Warm water and soap

Sheet Resistance /

Approximately 32Q/sq when using a brush or manual screen printing

Shelf Life /

6 months after opening

Storage /

Electric Paint should be stored, tightly sealed in a clean, stable environment
at room temperature. Composition should be thoroughly mixed prior to use.

See below graph to predict resistance using manual screen printing.

First Floor, 98 Commercial St
London E16LZ, United Kingdom
+44 0 207 650 7977
info@bareconductive.com
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Product Name
Package size
Side resistance
175-200mesh

165-250mesh

Curing time

Model

B.2.

Silver Ink

conductive sliver paint
153mm*93mm*95mm
<0.1ohms/@1mil
inch monofilament polyester mesh

inch stainless steel wire mesh

71°C for 30min,93°C for 15min,121°C for
5min

BK-426
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B.3. Dual Edge Connector

——CONNECTORS:MANUFACTURER

FPC/FFC 2.54mm Non ZIF Single Contact Dip Type Side Entry

Specifications Material

Current Rate:1.0 AMP Insulator:Polyester,UL 94V-0
Insulation Resistance:50MQ Min. (©Standard:PBT

Contact Resistance:20mQ Max. Terminal:Copper Alloy

Dielectric Voltage:500V AC for one minute  Plated:Tin Plated
Operation Temperature:-20°C to +85°C

C+0.40
B10.40
A0.30
I |
[ [ fa [ %‘
=)
7 o —o— - S — -
~THUEIRIRNEIANATEL, (2| o644
I I I 254 &
| | |
U U U U Recommended PCB Layout
U (PCB TOLERANCE 0.05)
254 0.52
No. of Dimensions No. of Dimensions
Contacts [ A B C_| Contacts A B C
02 254 843 10.54 15 35.56 | 41.45 | 43.56
03 508 1097 | 13.08 16 38.10 | 43.99 | 46.10
’—’/ T 04 7.62 1351 | 1562 17 4064 | 46.53 | 48.64
5y 05 10.16 | 16.05 | 18.16 18 4318 | 49.07 | 51.18
w| ( = 06 1270 [ 18.50 | 20.70 19 [ 4572 | 5161 | 5372
fz ] 7% : 07, 15.24 | 21.13 | 23.24 20 48.26 | 54.15 | 56.26
8| 08 | 17.78 | 2367 | 2578 21 50.80 | 56.69 | 58.80
| 09 2032 | 26.21 | 28.32 22 5334 | 59.23 | 61.34
= e e e e e e e ] 10 2286 | 28.75 [ 3086 23 5586 | 61.77 | 6388
U U U U U U | 11 2540 3129 | 3340 | 24 | 5840 | 6431 | 6642
12 27.94 | 3383 | 3594 25 60.96 | 66.85 | 68.96
13 3048 | 36.37 | 38.48 26 6350 | 69.39 | 71.50
14 33.02 | 38.91 | 41.02 =

P/N.:5FP1BRND-XX-01
FPC/FFC 2.54mm Non ZIF Single Contact Dip Type Top Entry

Specifications Material

Current Rate:1.0 AMP Insulator:Polyester,UL 94V-0
Insulation Resistance:50MQ Min. (©Standard:PBT

Contact Resistance:20mQ Max. Terminal:Copper Alloy

Dielectric Voltage:500V AC for one minute  Plated:Tin Plated
Operation Temperature:-20°C to +85°C

C20.40
B0.40

——1| o
I I

4.50

Recommended PCB Layout
(PCB TOLERANCE *0.05)

* No. of Dimensions No. of Dimensions
- Contacts [ A B C | contacts [ A ) c
= =7 02 254 | 843 | 1054 15 | 3556 | a1.45 | 4356
“ 03 508 | 1097 | 13.08 16| 3810 | 4399 | 46.10
) Nl ( 04 762 | 1351 | 1562 17| 4064 | 4653 | 4864
“ *% 05 | 1016 | 16.05 | 18.16 18 4318 [4907 [ 5148
06| 1270 | 18.59 | 20.70 19 | 4572 | 5161 | 5372
L 07 | 1524 | 2113 [ 2324 20 [ 4826 | 54.15 | 5626
1 08 | 17.78 | 2367 | 2578 21| 5080 | 56,69 | 58.60
* = 09 12032 [ 2621 | 28.32 22 [5334 | 5023 | 61.34
102286 [ 2875 | 3086 23 [5588 [6177 | 6388
11| 2540 | 31.29 | 33.40 24 | 5842 [6431 | 6642
1.03 12 27.94 | 3383 [ 3504 25 60.96 | 66.85 | 68.96
254 13 | 3048 | 3637 | 38.48 26 6350 | 6939 [ 7150
| 2.4 | 14| 3302 | 3891 | 41.02 —

P/N.:5FP1BSND-XX-01

ORDER INFORMATION

DJ[-] (ol [8]

[/No. of Contact | [(Black Tnsulator_] [7:Tube |

P[1][B]

[70:Tin Plated | [C:RoHs + PBT |

R:DIP Right angle Type
S:DIP Straight Type

Old P/N:FPC1DR6
FPC1DS6

©:Standard Recommended

FE] www-amtek=co-com
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B.4. Silicone Mold
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APPENDIX C: Main Algorithm

1 #include ”KMotionDef.h”

2 #include ”MotionControl.h”

3 #include ”MotionControl.c”

1

5

struct
struct
struct
struct
struct
struct

struct

; struct

5 double
; double

double
double
double
double
double
double
double
double
double

; double

double
double
double
double
double
double
double
double
double

MotorStruct M1, M2, M3, M4;
FilterStruct VOBMI1, VOBM2, VOBM3, VOBM4;
FilterStruct AOBM1, AOBM2, AOBM3, AOBM4;
FilterStruct DOBM1, DOBM2, DOBM3, DOBM4;
FilterStruct FOBMI1, FOBM2, FOBM3, FOBM4;
FilterStruct LPFX1, LPFX2, LPFX3, LPFX4,
FilterStruct LPFY1l, LPFY2, LPFY3, LPFY4;
ABGStruct ABG1, ABG2;

Scope00[10500],Scope01[10500],Scope02[10500],Scope03[10500];
Scope04[10500], Scope05[10500],Scope06[10500],Scope07[10500
Scope08[10500],Scope09[10500 10500 10500
Scopel2[10500],Scopel3 [10500],Scopel4d[10500],Scopel5[10500
TO, dT, TNew, T1, Time, TOff,TOId;

AccDesM1, AccDesM2, AccDesM3, AccDesM4;

SatM1, SatM2, SatM3, SatM4;

Pos_X_ref, Pos_Y_ref, Pos_R_ref;

Vel X_ref, Vel . Y_ref, Vel _R_ref;

Acc_X_ref, Acc_Y_ref, Acc_R_ref;

Pos_M1_ref, Pos_M2_ref, Pos_M3_ref, Pos_M4_ref;

Vel M1_ref, Vel M2_ref, Vel M3_ref, Vel M4 _ref;
Acc_M1_ref, Acc_M2_ref, Acc_M3_ref, Acc_M4 _ref;

)

i

,Scopell ,Scopell

)

[ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]

EndTime, w, r;
C, K;

T
M1CompCur, M2CompCur, M3CompCur, M4CompCur;

M1CompCurF, M2CompCurF, M3CompCurF, M4CompCurF;
M1CompCurF0, M2CompCurF0, M3CompCurF0, M4CompCurF0 = O0;
AccS1X, AccS2X, AccS3X, AccS4X;

AccS1Y, AccS2Y, AccS3Y, AccS4Y;
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double
double
double
double
double
double

double AccXdiff, AccYdiff, AccRdiff;

double MI1DriftAcc, M2DriftAcc, M3DriftAcc,
double

5 int

int

7 int

; int

int
int
int

int

AccMeanCount = 0;

DummyM1, DummyM2, DummyM3, DummyM4 ;
Counter = 0;

Array ;

ExpLength = 10500;
PrintingIndex ;

Ind;

pi =3.14159265359;

main ()

dT = 0.00036;

T0 = Time_sec();
TOld = Time_sec () ;

chO0—>InputMode=ENCODERMODE;
EnableAxis (0) ;

FILE xFilePointerl;
FILE xFilePointer2;
char Stringl [256];
char String2[256];

73

NewMean1X, NewMean2X, NewMean3X, NewMeandX ;
NewMeanlY, NewMean2Y, NewMean3Y, NewMeandY ;
OldMean1X, OldMean2X, OldMean3X, OldMean4X;
OldMeanlY, OldMean2Y, OldMean3Y, OldMean4Y ;
AccXFromEnc, AccYFromEnc, AccRFromEnc;
AccXFromAcc, AccYFromAcc, AccRFromAcc;

M4DriftAcc;

HomePosl, HomePos2, HomePos3, HomePos4, DummyVarl, DummyVar2;



73 Ml.Kn = 0.0414;
74 M2.Kn = 0.0414;
75 M3.Kn = 11.64;

77 Ml.Mn = 0.000004108;
7 M2.Mn = 0.000004108;
7o M3.Mn = 0.240;

81 M1.T = dT;
2 M2.T = dT;
s3 M3.T = dT;

s5 VOBML.G = 2500;
s6  VOBM2.G = 2500;
s7 VOBM3.G = 2500;
so AOBML.G = 1500;
oo AOBM2.G = 1500;
o1 AOBM3.G = 1500;

93 DOBM1.G = 2500;
9« DOBM2.G = 2500;
95 DOBM3.G = 2500;

o7 FOBMIL.G = 1500;
s FOBM2.G = 1500;
9o FOBM3.G = 1500;
100

i LPFX1.G = 1000;
w2 LPFX2.G = 1000;
s LPFX3.G = 1000;
01 LPFX4.G = 1000;
s LPFYL.G = 1000;
s LPFY2.G = 1000;
w7 LPFY3.G = 1000;
s LPFY4.G = 1000;
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110 VOBML.T = dT;
111 VOBM2.T dT;
112 VOBM3.T = dT;

112 AOBM1.T = dT;
115 AOBM2.T = dT;
116 AOBM3.T = dT;

s DOBML.T = dT;
1o DOBM2.T = dT;
20 DOBM3.T = dT;

122 FOBML.T = dT;
123 FOBM2. dT;
124 FOBM3.T = dT;

H
|

126 SatMl = 1.2; // Max value = 2.4
127 SatM2 = 1.2; // Max value = 2.4
125 SatM3 = 1; // Max value = 2.4
129

30 K = 500;

131 C = 5;

132 EndTime = 30;

131 HomePosl = ch0—>Position /122230.9962945;
135 HomePos2 = chl-—>Position /122230.9962945;
136 HomePos3 = ch2-—>Position /2000000;

155 M1.Pos[0] = 0;
139 M2. Pos [0] = O;
140 M3.Pos[0] = 0;

142 MI1.Pos[1]
143 M2.Pos|[1] = 0;
11a M3.Pos[1] = 0;

I
o
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159

160

161

162

163

164

165

166

168

169

M1.
. Vel [0]
M3.

M1.
. Vel [1]
M3.

M1.
.Acc|[0]
M3.

M1.
.Acc|1]
M3.

Mi.
.IDis [0]
M3.

M1.
.IDis [1]
M3.

M1.
.IDes [0]
M3.

Mi1.
.IDes [1]
M3.

Mi1.
.IRef[0]
Ms3.

Vel [0]

Vel [0]

Vel [1]

Vel [1]

Acc[0]

Acc[0]

Acc[1]

Acc[1]

IDis [0]

IDis [0]

IDis [1]

IDis [1]

IDes [0]

IDes [0]

IDes [1]

IDes [1]

IRef[0]

IRef[0]
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188

189

190

191

192

205

206

207

208

209

210

M1.
M2.
M3.

M1.

M2

M1.
M2.
M3.

IRef[1]
IRef [1]
IRef[1]

TAct [0]

.TAct [0]
M3.

TAct[0]

TAct[1]
TAct[1]
TAct[1]

DAC(0,0) ;
DAC(1,0) ;
DAC(6,0) ;

dT'=0.000720;

M1.T =

M2.T =
M3.T =
VOBM1.T =
VOBM2.T =
VOBM3. T =
AOBM1.T =
AOBM2.T =
AOBM3.T =
DOBM1.T =
DOBM2.T =
DOBM3.T =
FOBM1.T =
FOBM2.T =
FOBM3.T =

dT;
dT;
dT;
dT;
dT;
dT;
dT;
dT;
dT;
dT;
dT;
dT;
dT;
dT;
dT;

7



for (Ind =

0; Ind<ExpLength; Ind = Ind+1)

Time = Time_sec ()—TO0;

TNew = Time_sec () ;

time at every second)

ML. Pos [0]

M2.Pos [0]

M3.Pos[0] = ch2->Position /2000000 — HomePos3;
M. Vel [0] = VOB(&ML,&VOBMI) ;
M2.Vel [0] = VOB(&M2,&VOBM2) ;
M3. Vel [0] = VOB(&M3,&VOBMS3) ;
M. Acc[0] = AOB(&ML,&AOBMI) ;
M2.Acc[0] = AOB(&M2,&AOBM2) ;
M3.Acc[0] = AOB(&M3,&AOBMS3) ;
MI. IDis [0] = DOB(&ML,&DOBML) ;
M2. IDis [0] = DOB(&M2,&DOBM?) ;
M3. IDis [0] = DOB(&M3,&DOBMS3) ;
ML. For [0] = FOB(&ML &FOBMI) ;
M2.For [0] = FOB(&M2,&FOBM2) ;
M3.For [0] = FOB(&MS3,&FOBMS) ;

= ch0—>Position /122230.9962945 — HomePos];
= chl—>Position /122230.9962945 — HomePos2;

if (Time>EndTime)

DAC(

DAC(
break;

0,0)
DAC(1,0
6,0

K
,0) 5

// Get current Time(in while loop it gets
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J

//AccDesM1=0;

0

258 //AccDesM2=0;

259 //AccDesM3=0;

260

261 AccDesM1 = —0.8xsin (2xTime) + 19x%(0.4%cos (2+«Time)-M1. Vel [0]) +
30%(0.20%sin (2+Time)-MI1.Pos[0]); // POSITION CONTROL

262 AccDesM2 = 0.8%sin (2+xTime) + 18%(—0.4xcos(2+Time)-M2.Vel [0]) +
30%(—0.20*sin (2%« Time)—M2.Pos[0]); // POSITION CONTROL

263 AccDesM3 = 50%(0.02—M3.Vel [0]) ; // VELOCITY CONTROL

264 //AccDesM3 = 0.04*sin (2xTime) + 10%(—0.02*cos (2+«Time)—M3. Vel [0]) +

30%(—0.01l%sin (2xTime)-M3.Pos[0]);// POSITION CONTROL

267 Ml.IDes [0] = AccDesM1x(M1.Mn/M1.Kn) ;

268 M2.1Des [0] = AccDesM2x*(M2.Mn/M2.Kn) ;

269 M3.IDes [0] = AccDesM3*(M3.Mn/M3.Kn) ;

270

- M. IRef[0] = MI.IDes[0] + MI.IDis [0];

- M2.IRef [0] = M2.IDes [0] + M2.IDis [0];

278 M3.IRef[0] = M3.IDes[0] + M3.IDis [0];

274

275 M1.TAct [0] = Saturate(Ml.IRef[0],SatM1);
276 M2.TAct [0] = Saturate (M2.IRef[0],SatM2);
277 M3.TAct [0] = Saturate(M3.IRef[0],SatM3);
279 DummyM1 = (int ) (MI.TAct[0]*—853);

280 DummyM2 = (int) (M2.IAct[0]* —853);

281 DummyM3 = (int ) (M3.IAct[0]*853);

282

283 DAC(0 ,DummyM]1) ;

284 DAC(1 , DummyM2) ;

285 DAC(6 ,DummyM3) ;

286

287

288

289

290
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291

292

293

294

299

300

301

302

303

304

305

306

307

308

309

310

311

312

= Time; // Experiment Time Value

= dT; // dT Value

Scope00 [ Counter

Scope01 [ Counter

[ ]

[ ]
Scope02 [Counter|] = MlL.Pos[0]; // Ml Position Value
Scope03 [Counter] = M2.Pos [0]; // M2 Position Value
Scope04 [ Counter|] = M1.Vel [0]; // Ml Velocity Value
Scope05 [ Counter] = M2.Vel [0]; // M2 Velocity Value
Scope06 [ Counter| = MIL.Acc[0]; // Ml Acceleration Value
Scope07 [Counter] = M2.Acc[0]; // M2 Acceleration Value
Scope08 [Counter|] = M3.Pos[0]; // M3 Position Value
Scope09 [Counter] = M3.Vel [0]; // M3 Velocity Value
Scopel0[Counter] = M3.Acc[0]; // M3 Acceleration Value
Scopell [Counter] = M3.For[0]; // M3 Force Value
Scopel2 [Counter| = 0;
Scopel3 |[Counter| = 0;
Scopeld [Counter| = 0;
Scopel5 [Counter| = 0;
Counter = Counter+1;

AccMeanCount = AccMeanCount+1;
UpdateMotor(&M1) ;
UpdateMotor(&M2) ;

UpdateMotor(&M3) ;

dT = TNew — TOIld; // dT Calculation
TOld = TNew;

WaitNextTimeSlice () ;

DAC(0,0) ;
DAC(1,0) ;
DAC(6,0) ;
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s28 1f (Counter <=(ExpLength—1)) // For Loop Break Condition
329 {

330 for (Array=Counter ; Array<ExpLength ; Array=Array+1) // Write into the
File

831 {

332 Scope00 [Array| = 0; // Experiment Time Value

333 Scope0l [Array] = 0; // dT Value

334 Scope02 [Array| = 0; // Ml Position Value (Pantograph)

335 Scope03 [Array| = 0; // M2 Position Value (Pantograph)

336 Scope04 [Array| = 0; // Ml Velocity Value (Pantograph)

337 Scope05 [Array] = 0; // M2 Velocity Value (Pantograph)

338 Scope06 [Array| = 0; // Ml Acceleration Value (Pantograph)

339 Scope07 [Array| = 0; /] M2 Acceleration Value (Pantograph)

340 Scope08 [Array] = 0; // M3 Position Value (Linear)

341 Scope09 [Array] = 0; // M3 Velocity Value (Linear)

342 ScopelO[Array| = 0; // M3 Acceleration Value (Linear)

343 Scopell [Array| = 0; // M3 Force Value (Linear)

344 Scopel2[Array| = 0;

345 Scopel3 [Array| = 0;

346 Scopeld [Array] = 0;

347 Scopelb [Array| = 0;

348 } // for close

a0} // if close

350

351 printf(”%s \n”,” Writing Datas into the File has begun.”);

352 FilePointerl=fopen (”C:\\ Users\\student\\Desktop\\Experiments\\
Experiments_2020_21_25(Position Check)\\TempExperiment08a.txt” ,”wt”);

// Open the File

353 for (PrintingIndex=0;PrintingIndex <ExpLength; PrintingIndex=PrintingIndex
+1) // Write into the File

355 fprintf (Stringl ,”%f %t %t %f %t %t %t %f\n” ,Scope00[PrintingIndex],
Scope0l [PrintingIndex],Scope02[PrintingIndex],Scope03 [PrintingIndex],
Scope04 [PrintingIndex ], Scope05[PrintingIndex ], Scope06 [PrintingIndex],
Scope07 [PrintingIndex]) ;

e )

357 fclose (FilePointerl);
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358 FilePointer2=fopen (”C:\\ Users\\student\\Desktop\\ Experiments\\

Experiments_2020_21_25(Position Check)\\TempExperiment08b.txt” ,”wt”);
// Open the File

359 for (PrintingIndex=0;PrintingIndex <ExpLength; PrintingIndex=PrintingIndex
+1) // Write into the File

361 fprintf (Stringl ,”%f %f %f %f %t %t %t %f\n” ,Scope08[PrintingIndex],
Scope09 [PrintingIndex],ScopelO[PrintingIndex],Scopell [PrintingIndex],
Scopel2 [PrintingIndex],Scopel3[PrintingIndex],Scopeld [PrintingIndex],
Scopel5 [PrintingIndex]) ;

363 fclose (FilePointer2);

364

365 }
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APPENDIX D: Main Algorithm Library-1

1 double VOB(struct MotorStruct *MS, struct FilterStruct xFS) //
Filtered velocity estimation using ”Backward Euler”

> {return LPF(MS,FS,(1/MS—>T)*(MS—>Pos[0] —MS—=>Pos[1]));}

1 double AOB(struct MotorStruct *MS, struct FilterStruct xFS) //
Filtered acceleration estimation using ”Backward Euler”

5 {return LPF(MS,FS,(1/MS—>T)*(MS—>Vel[0] -MS—>Vel[1]));}

7 double FOB(struct MotorStruct s*MS, struct FilterStruct *FS) //
Reaction Force estimation using ”Backward Euler”

{return ((LPF(MS,FS, ((MS—>IAct [0]+*MS—>Kn)+(MS—>Vel [0] *MS>MnxFS—>G) ) ) —(MS
—>Vel [0] «MS>MnxFS—>G) ) ) 5 }

®

o double DOB(struct MotorStruct *MS, struct FilterStruct *FS) //

Disturbance observer using ”Backward Euler”
11 {return ((1/MS—>Kn) % (LPF(MS,FS, ((MS>IAct [0]+*MS—>Kn)+(MS—>Vel [0] «MS—>MnxFS
—>G)) ) —MS—=>Vel [0] *MS>MnxFS—>G) ) ) ; }

13 double LPF(struct MotorStruct *MS, struct FilterStruct xFS, double U0)

// Low pass filter using ”Backward Euler”

11

15 FS>Y0 = (FS—>YI+FS—>G«MS—>T«U0) / (FS—>G+«MS—>T+1) ;

16 FS—>Y1 = FS—>YO0;

17 FS—=>U1 = U0;

18 return FS—>YO0;

!

20

21 double INT(struct IntegratorStruct *IS, double UO0) //
Integrator ”Backward Euler”

n {

23 IS—=Y0 = IS—>T«UMHIS—Y1;

24 IS—Y1 = IS—Y0;

25 IS—>Ul = U0;

26 return IS—>YO0;

27 }
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N

25 double Saturate (double I, double Sat_Level)

29 {
30 if (I>Sat,Level)

s A

32 I = Sat_Level;

8.}

e else if (I<(—1xSat_Level))
55 |

36 I = —1xSat_Level;

s7 }

38 return I;

o}

40

11 double Signum (double Inp)

2 {

43 double S;

1w if (Inp>0)

s A

16 S=1;

)

s else if (Inp<0)
o |

50 S=—1;

1}

52 else if (Inp==0)
3 |

54 S=0;

s}

56 return S;

57 }

50 double Absolute(double Inp)

0 {
61 double S;
62 if (Inp>0)
s {

64 S=Inp;
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66 else if (Inp<0)
o
68 S=(—1)*Inp;

0 else if (Inp==0)

72 S=0;

™o}

74 return S;

7}

76 double Sgm(double x)

 {

79 // Modified Sigmoid Function (2%S—1)
80 double f;

81 double a;

82

s a=1/(1+exp(—x));

84

85 f=2%a—1;

87 return f;

90 double Sgmd(double x)

o {

o2 ////Derivative of Modified Sigmoid Function

93 double f;

94 double a;

95 double b;

o6 //// If x is a function, numerator should be multiply with derivative
of x in MainAlgorithm

o7 b=1/(1+exp(—x));

s amexp(—x) /(1+exp(—x));

99 f=2xaxb;

100
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101 return f;

102 }

103
101 double tanh (double x)

s

w6 ////Hyperbolic Tangent Function
107 double f;

108

1o f=(exp(—2xx)—1)/(exp(—2*x)+1);
110

111 return f;

s

113

1+ double tanhd (double x)

-

ne //// Derivative of Hyperbolic Tangent Function

1

117 double a;

118 double f;

119

120 //// If x is a function, numerator should be multiply with derivative

of x in MainAlgorithm

122 a=(2%exp(x))/(exp(2%x)+1);

123

124 f=axa;

125

126 return f;
127 }

128

120 void ForwardKinematics(struct RobotStruct xRS)

130 {

51 double M = (RS—>Pos2 — RS—>Posl) /(2«RS—>H) ;

132 double N = (pow(RS—>Posl,2) — pow(RS—>Pos2,2))/(4xRS—>H) ;
133 double A = Ms«M+1;

134 }
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APPENDIX E: Main Algorithm Library-2

1 #define MOIORMEMO 3 // MOTORMEMO-1 defines the number of previous

steps to be stored.

2 #define ROBOIMEMO 3 // MOTORMEMO-1 defines the number of previous

steps to be stored.

3 #define BUFFLENGTH 200

4

5

16

19

20

N
%]

N

3

24

struct MotorStruct

{

b

double T; // Incremental time step;

double Kn; // Nominal torque constant of the motor

double Mn; // Nominal motor inertia

double Pos [MOTORMEMO] ; // Current motor position array (while
calling write: Pos[i] for the ith previous step)

double Vel [MOIORMEMO] ; // Current motor velocity array (while
calling write: Vel[i] for the ith previous step)

double Acc [MOTORMEMO] ; // Current motor acceleration array (while
calling write: Acc[i] for the ith previous step)

double For [MOTORMEMO] ; // Current reaction force acting on the
motor (while calling write: For[i] for the ith previous step)

double Dis [MOTORMEMO] ; // Current disturbance force over the motor
(while calling write: Dis[i] for the ith previous step)

double IDes [MOTORMEMO] ; // Desired input current to the motor (
Generated by the controller)

double IDis [MOTORMEMO]; // Disturbance current over the motor (DOB
output)

double IRef [MOTORMEMO] ; // Input current reference to the motor (
IRef = IDes + IDis)

double IAct [MOTORMEMO]; // Actual current input of the motor (

Saturated IRef)
double Der [MOTORMEMO] ;
double Forc [MOTORMEMO];

struct RobotStruct

{
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%

double T

double

double H

double
double
double
double
double
double
double
double
double
double
double
double
double
double
double
double

double
double
double
double
double
double
double
double
double
double
double
double

=

)

Y

PosX
PosY
Posl
Pos2
VelX
VelY
Vell
Vel2
AccX
AccY
Accl
Acc2
ForX
ForY
Forl
For2

T;

Al;
Be;
Ga;
XO0;
VoO;
AOQ;
XM;
RO;
X1;
V1;
Al;

// Sampling time
// Length of the connection arms

// Offset distance to center of two motors

; // End effector X position
3 // End effector Y position

; // Acceleration of Joint—1
g // Acceleration of Joint—2

7 struct ABGStruct

s {

// Sampling Period
// Alpha Coefficient
// Beta Coefficient
// Gamma Coefficient
// Old Position

// Old Velocity

// Old Acceleration
// Measured Data

// Residual Error
// New Position

// New Velocity

// New Acceleration

88



62 void UpdateMotor (struct MotorStruct x MS)

63

64

65

81

{

int i;

for (i=1;i<MOTORMEMO; i++)

{

}
}s

MS—Pos [MOTORMEMO-i |=MS—>>Pos [MOTORMEMO-i — 1
MS—Vel [MOTORMEMO-1i |
MS—>A ce [MOTORMEMO-1i |
[ ]
[ ]

)

[ ]

MS->Vel [MOTORMEMO-i —1];

MS->Acc [MOTORMEMO-i — 1];
[ ]
[ ]

)

MS—>For [MOTORMEMO-i —1];
MS—>Dis [MOTORMEMO-i —1];
MS-—>IDes [MOTORMEMO-i —1];

MS-—>IDes [MOTORMEMO- i | [ l;
MS >IDis [MOTORMEMO i ]=MS >IDis [MOTORMEMO i — 1];
[ ] [ ]
[ ] ]

MS—>For [MOITORMEMO-i
MS—>Dis [MOIORMEMO-i

MS—>IRef [MOIORMEMO-i |=MS—>IRef [MOIORMEMO-i —1];
MS—TA ct [MOTORMEMO-i ]=MS—>IAct [MOTORMEMO-i — 1
MS-—>Der [MOTORMEMO-i |=MS-—>Der [MOTORMEMO-i —1];
MS—Forc [MOTORMEMO-1 |=MS—>F orc [MOTORMEMO-i —1];

)

void UpdateRobot (struct RobotStruct * RS)

2 {

int i;

for (i=1;i<ROBOIMEMO; i++)

{

RS—>PosX [ROBOIMEMO-i |=RS—>PosX [ROBOIMEMO-i —1];
RS—>PosY [ROBOITMEMO-i |=RS—>PosY [ROBOIMEMO-i —1];
RS—Pos1 [ROBOIMEMO-i |=RS—Pos1 [ROBOIMEMO-i —1];
RS >Pos2 [ROBOIMEMO- i ]=RS >Pos2 [ROBOIMEMO i — 1];
RS>VelX [ROBOIMEMO- i ]=RS>VelX [ROBOIMEMO-i — 1];
RS >VelY [ROBOIMEMO i]=RS >VelY [ROBOIMEMO i — 1];
RS >Vell [ROBOIMEMO-i]=RS >Vell [ROBOIMEMO i —1];
RS—>Vel2 [ROBOIMEMO-i |=RS—Vel2 [ROBOIMEMO-i —1];
RS—>AccX [ROBOTMEMO-i |=RS—>AccX [ROBOIMEMO-i —1];
RS—AccY [ROBOIMEMO-i |=RS—AccY [ROBOIMEMO-i —1];
RS—>Accl [ROBOIMEMO-i |=RS—>Accl [ROBOIMEMO-i —1];
RS—>Acc2 [ROBOIMEMO-i |=RS—>Acc2 [ROBOIMEMO-i —1];
RS—>ForX [ROBOITMEMO-i |=RS—>ForX [ROBOIMEMO-i —1];



99

100

101

102

103

104

105

106

107

108

109

110

111

119

RS—>ForY [ROBOITMEMO-i|=RS—>ForY [ROBOIMEMO-i —1];
RS >Forl [ROBOIMEMO i]=RS >Forl [ROBOIMEMO i — 1];
RS >For2 [ROBOIMEMO i]=RS >For2 [ROBOIMEMO i — 1];

}
}s

struct FilterStruct

{
double

double
double
double
double
double

}s

{
double

double
double
double
double

2 };

double Vi
double Al

double DO

double

double INT

(@)

O

double FO
LP

U0;
U1,
YO0;
Y1,

B(struct
B(struct
B(struct
B(struct
F(struct

(

struct

double Sgm(double
double Sgmd(double x);

// Sampling Period
// Gain of Filter

// Current Input Value

// Previous Input Value

// Current Output Value

// Previous Output Value

5 struct IntegratorStruct

// Sampling Period

// Current Input Value

// Previous Input Value

// Current Output Value

// Previous Output Value

MotorStruct
MotorStruct
MotorStruct
MotorStruct
MotorStruct

*MS,
*MS,
*MS,
*MS,
*MS,

IntegratorStruct

X);

struct
struct
struct
struct

struct

FilterStruct
FilterStruct
FilterStruct
FilterStruct
FilterStruct

xIS, double U0);

90

5 double Saturate(double I, double Sat_Level);

*F'S
*F'S
*F'S
*F'S
*FS, double U0);

bl
)

)

b

)
)
)
)



136 double Signum (double Inp);
137 double Absolute (double Inp);
135 double tanh (double x);

130 double tanhd(double x);

140

111 void ForwardKinematics(struct RobotStruct xRS);

91



