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ABSTRACT

The human skin has several sensors with different properties and responses to
different stimuli, such as pressure, temperature, and pain. Tactile sensors are
generally modelled after the biological sense of cutaneous touch; these are able
to detect stimuli resulting from mechanical stimulation. Pressure sensors are the
most common types of receptors that enable the manipulation of foreign objects.
Their application in robotics is rapidly developing, mainly driven by the prospect
of autonomous and intelligent robots that can interact with the environment.
Robotic end-effectors, prosthesis and wearable devices benefit from the
development of tactile technology. This tries to mimic the properties of human
skin not only as a protective shell, but also to provide sensory information from
the outside environment. Many attempts have been made to create tactile sensors
with various techniques and materials, leading to a variety of devices. Most of
these are based on the human skin’s functionality and appearance and resemble
small patches of the skin with various degrees of flexibility and occasionally

stretchability, such as electronic skin (Eskin).

New manufacturing techniques such as Additive Manufacturing (AM) are currently
used to develop complex structures via layer-by-layer deposition methods.
Complex shapes are possible using 3D printing as deposition is controlled from the
electronics. Antennas, interconnects and 3D printed circuit boards are now
possible to be manufactured using this technology. Moreover, tactile sensing
devices embedded in the core structure of robotic parts intrinsically can be made.
This has the potential to produce a new generation of tactile sensors without the
issues noted in Eskins. This thesis presents an investigation in the development of

complex, smart and intelligent devices, particularly for robotic end-effectors.
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This new approach presented in this thesis developed complex three-dimensional
(3D) intelligent structures using innovative designs and multi-material AM
technology. It covers current 3D printing systems with the ability of past-like
extruder mechanism and traditional filament deposition modelling (FDM),
resulting in 3D printed structures with various materials for complex applications.
The enhanced 3D printer can print a variety of materials from food-based

materials (chocolate, condiment etc) to conductive materials and dielectrics.

This methodology was used to produce distal phalanges for a 3D printed hand with
inherent capacitive pressure sensors and embedded electronics. Materials such as
thermoplastic polyurethane (TPU), silver paint, conductive polylactic acid
composite, graphite ink, etc. are explored to develop different variants of the
sensors using 3D printing. The best-performing 3D printed soft capacitive touch
sensors, formed with silver paint and soft rubber (Ecoflex 00-30), are integrated
on the distal phalanges of the 3D printed robotic hand. These sensors exhibit a
stable response with sensitivity of 0.00348 kPa—' for pressure <10kPa and
0.00134 kPa" for higher pressure. A 3D printed hand was designed, fabricated and
integrated with the sensors. The robotic hand was also provided with harvesting

generating devices for autonomous operation.

As 3D printing provides design freedom for complex shapes, a soft, flexible and
low-cost capacitive pressure-sensitive insole was developed using a single-step 3D
printing method. Developed using elastomeric materials, the soft and robust
sensory sole can bend and twist, without altering its performance. The sensors
exhibit a sensitivity of 2.4MPa‘" for the range of 0-60kPa and 0.526MPa" for 60kPa

and above while tested for forces up to 1000N.

As capacitive sensors are slow to respond/read a piezoresistive sensor was
embedded using 3D printing for faster response on dynamic conditions. The
devices fabricated use graphite paste encapsulated in a two-part rubber material
and embedded using a 3D printer in TPU. The devices are tested for their response

in the time and frequency domain.

While the above focuses on devices, fabrication difficulties arose. A novel closed-
loop feedback 3D printer extruder was developed to expand 3D printers’
capabilities and eliminate current problems and short-comings of current state 3D

printers. The system expands the range of materials that can be printed with the
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advantage of printing multi-part materials such as two-part polymers without

preparation. Experimentation was done using various materials showing good flow

control at high printing speeds.



iv

LIST OF PUBLICATIONS

Journal Articles

1. M. Ntagios, H. Nassar, A. Pullanchiyodan, W.T. Navaraj and R. Dahiya,
“Robotic Hands with Intrinsic Tactile Sensing via 3D Printed Soft Pressure

Sensors”, Advanced Intelligent Systems, vol.2, 6, 2020.

2. M. Soni, M. Bhattacharjee, M. Ntagios and R. Dahiya, "Printed Temperature
Sensor Based on PEDOT: PSS-Graphene Oxide Composite,” IEEE Sensors
Journal, vol. 20, 14, 2020.

3. P. Escobedo, M. Ntagios, D. Shakthivel, W. T. Navaraj and R. Dahiya,
"Energy Generating Electronic Skin With Intrinsic Tactile Sensing Without

Touch Sensors," IEEE Transactions on Robotics, vol. 37, 2, 2021.

4. A. Christou, M. Ntagios*, A. Hart and R. Dahiya “GlasVent—The Rapidly
Deployable Emergency Ventilator”. Global Challenges vol.4, 12, 2020.

5. 0. Ozioko, P. Karipoth, P. Escobedo, M. Ntagios, A. Pullanchiyoda and R.
Dahiya. “SensAct: The Soft and Squishy Tactile Sensor with Integrated
Flexible Actuator” Advanced Intelligent Systems, vol.3, 3, 2021.

6. F. Nikbakhtnasrabadi, H. El Matbouly, M. Ntagios, and R. Dahiya, “Textile-
Based Stretchable Microstrip Antenna with Intrinsic Strain Sensing”. ACS

Applied Electronic Materials, vol.3, 5, 2021.

7. A. Pullanchiyodan, L. Manjakkal, M. Ntagios, and R. Dahiya, “MnOx-
Electrodeposited Fabric-Based Stretchable Supercapacitors with Intrinsic
Strain Sensing” ACS Applied Materials & Interfaces, vol. 13, 40, 2021.

8. M. Ntagios, H. Nassar and R. Dahiya, “Closed-Loop Direct Ink Extruder For

Multi-Part Materials”, (in progress).

9. M. Ntagios and R. Dahiya, "3D Printed Soft and Flexible Insole with Intrinsic
Pressure Sensing Capability,” IEEE Sensors Journal, 2022.

* Equal contribution



Conference Articles

1.

H. Nassar, M. Ntagios, W. T. Navaraj and R. Dahiya, "Multi-Material 3D
Printed Bendable Smart Sensing Structures,” 2018 IEEE SENSORS, 2018.

. M. Ntagios, W. T. Navaraj and R. Dahiya, "3D Printed Phalanx Packaged

with Embedded Pressure Sensor,"” 2018 IEEE SENSORS, 2018.

. M. Ntagios, P. Escobedo and R. Dahiya, "3D Printed Robotic Hand with

Embedded Touch Sensors,” 2020 IEEE International Conference on Flexible
and Printable Sensors and Systems (FLEPS), 2020.

P. Escobedo, L. Manjakkal, M. Ntagios and R. Dahiya, "Flexible Potentiostat
Readout Circuit Patch for Electrochemical and Biosensor Applications,”
2020 IEEE International Conference on Flexible and Printable Sensors and
Systems (FLEPS), 2020.

. P. Escobedo, M. Ntagios and R. Dahiya, "Electronic Skin with Energy

Autonomous Proximity Sensing for Human-Robot Interaction,” 2020 IEEE
SENSORS, 2020.

. M. Ntagios, P. Escobedo and R. Dahiya, "3D printed packaging of

photovoltaic cells for energy autonomous embedded sensors,” 2020 IEEE
SENSORS, 2020.

R. Chirila, M. Ntagios and R. Dahiya, "3D Printed Wearable Exoskeleton
Human-Machine Interfacing Device," 2020 IEEE SENSORS, 2020.

. M. Ntagios, S. Dervin and R. Dahiya, "3D Printed Capacitive Pressure Sensing

Sole for Anthropomorphic Robots,” 2021 IEEE International Conference on
Flexible and Printable Sensors and Systems (FLEPS), 2021.

. X. Karagiorgis, M. Ntagios, P. Skabara, “3D printed Elastomer foam based

soft capacitive pressure sensors”, 2022 IEEE International Conference on
Flexible and Printable Sensors and Systems (FLEPS), 2022.

Book Chapters

1.

A. S. Dahiya, Y. Kumaresan, O. Ozioko, M. Ntagios and R. Dahiya, “Soft

Sensors for Electronic Skin” Elsevier, (In press).



vi

2. M. Ntagios, O. Ozioko and R. Dahiya, “Biomimetic Skin with integrated

Tactile Sensing, Actuation and Computing”, MIT Press, (In press)

Awards

1. 3™ Place Best Student Paper Award to M. Ntagios, P. Escobedo and R.
Dahiya for “3D Printed Robotic Hand with Embedded Touch Sensors” IEEE
FLEPS 2020,



ACKNOWLEDGMENT

| would like to express my most worm-heartly gratitude to my supervisor Professor
Ravinder Dahiya for his invaluable support and guidance. His knowledge and
leadership throughout the period of my research led me to this point. Without his
encouragement and discussion, this work would not be possible. | would like to
thank Dr. Bernd Porr my second supervisor for his inputs. | also would like to thank
Rich Walker director of Shadow Robot Company for his advice and support to this
project. His invaluable inside on robotics and sensing shaped the work and
encouraged me to push my boundaries to new high. Also, | would like to express
my gratitude to the entire Shadow Robot Company for their support, especially
Dr. Annagiulia Morachioli. | am eternally grateful to UKRI for funding this PhD and
Shadow Robot Company, as well as EPSRC and the IEEE community. | would like to
thank Dr. William Taube Navaraj for his support and time he spent helping me
with my initial steps in my research. To Dr. Oliver Ozioko, Dr. Abhilash
Pullanchiyodan | would like to thank him for supporting my research. To my
dearest friend and colleague Habib Nassar | would like to heartily thank for his
collaboration, support and discussion and ideas he provided through the four years
we worked together. Lastly, | would like to thank all members of the Bendable
Electronics and Sensing Technologies (B.E.S.T.) group for their help, support and
collaboration, as well as the University of Glasgow and especially the technicians
for the fabrication of PCBs. Special thanks go to my friends from the group Dr.
Nivasan Yogeswaran, Dr. Tasos Viliouras, Adamos Christou, Fatemeh Nikbakht,
Xenofon Karagiorgis, Radu Chirila, Ayoub Zumeit, Joan Neto, Sihang Ma. To Dr.
Abhishek Dahiya | would like to thank him for his amazing support and

encouragement in completion of this work.

There are no words to describe my eternal gratitude to my partner and best friend
Eleni Charla. The support, strength, tolerance and love | received in the last four
years of my endeavours, cannot be written in words, or repaid. To her, | give her

all my love and support to her endeavours.

| would like to thank my entire family. Especially, my great father Dr. Stavros
Ntagios for believing in me and supporting me without hesitation. His infinite

wisdom was, is and will guide me to move forwards. To my beloved mother |



viii
cannot express my love, for her, with words. Her love is priceless to me, even

when | do not deserve it. To both, they have my eternal thankfulness for

supporting me all my life.



| dedicate this thesis to my family

members that are currently

not with us and hopefully in a better place

ix



DECLARATION

I, Markellos Ntagios, hereby declare that, except where explicitly reference is
made to the contribution of others, this thesis is the result of the work of my own
work and has not been submitted for any other degree at the University of Glasgow

or any other institution.



xi

TABLE OF CONTENT

Y 03] - Vo i
(I Y ol U151\ [f-1 4 (o] o -SSP N iv
AcCknowledgment .......ceeeiiiiiiiiiiiiiiiiiiiiiinnneneesescetececccssesesscnnnnnnnnnnas vii
[0 7= od - T - 1 (oo X
L= 1] (3o T 6eT 4 =] 3| N xi
[ o IF- 1 o] (=S N xvi
[ £ o) 8 o [~ T ] =T S xvii
[ £ fo] i Yol 010/ 1 1 - O PP xxii
Chapter 1: INtroduction .....cccuiiiiiiiiiiiiiieiieieeeneneneseseeeeccccecessssssannes 24
L I 11T 017 (o P PP 24

LA 0 ) =T ot 1= 25

1.3 Thesis Organisation .......c.c.eeeeeeeiiiiieieiiiiiiiiiiiiieeeeeeeeereseeeeenannns 27
Chapter 2: State-of-the-art of soft sensors and smart structures............... 29
2% I [ 21 oo [1 ot o] o KN PN 29

2.2 Transducing Methods......oviiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeieiiineaeas 31
2.2.1 CapPACITIVE SENSOIS 1 uuureeeeeieeeeeeeeeeeeeeennnnnnseseeeseseseseeesessnannes 31

2.2.2 Resistive/Piezoresistive SeNSOrS ....cvviiuiiiiiiiiiiiiieeeeeeeeeeennnnnns 32

2.2.3 PieZoeleCtriC SENSOIS . .uuiii ittt iiiiiii i e eeeeeeeeeeeeeeaeaannnnns 33

2.2.4 OptiCal SENSOTS «vvvtiettittiiiteeeeiiiiiiieeeeeeeeeeeeeeeseesnsnnnnnnnnnees 33

2.2.5 Comparison of tactile transducing methods ...........cccovviiinnnnn 34

2.3 Tactile Sensing deViCeS. .. .uiiiiiiii ittt eeeeeeeeeanannas 35
2.3.1 Early tactile SENSOrIS ....uiiiiii ittt eeeeananaas 35

2.3.2 Recent advanCements ....ccieeieiiiiiiiiiinniiiiiiieeeeeeeeeeeeeennnnnnes 38

2.4 Fabrication methods and materials ....oouvviiiiiiiiiiiiiiiiiiiiiieienaenns 42



2.4 EleCtrodes....ovvuuiiiiiiiiiiiiiiii i 42
2.4.2 Active materialS......oovveiiiiiiiiiiiiiiiiiiiii i e 43
2.5 Additive Manufacturing and embedded sensors .........ccceeveviiiiiinnnnnn. 46
2.5.1 Printing TeChNIQUES. ....cciiiiiii i eeeeaaaas 47
2.5.1.1 Laser based 3D printing ......ccoviiiiiiiiiiiiiiiiiiiiiieieeeennnnnnnns 47
2.5.1.2 EXXrusion printing .....ccoeeeeiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeennnnns 48
2.5.2 3D printing and smart structures .......cccoiiiiiiiiiiiiiiiiiiiiiiaaan, 49

2.5.2.1 Smart structures for advanced electronic devices using 3D printing

..................................................................................... 49
2.5.2.2 3D printed tactile Sensors......coeveiiiiiiiiiiiiiiiiiii i 51

2.6 SUMIMIAIY .t ttiietttteeeeeeeteeeeeeennneeeeesssnseeessnsnseessssnsesssnnneeeenns 54
Chapter 3: Design of sensors, end-effectors, and peripheratls................... 56
3.1 INErOdUCION .eueeeiiii e 56
3.2 3D printed Robotic Hand.........cceviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii e eeeeans 57
3.2.1 Design of the robotic hand .........ccoeiiiiiiiiiiiiiiiiiiiiiiiiiiiieees 58
3.2.2 Design of the WIist....uueiiiii it eaeaes 59
3.3 TACHIle SENSOIS .uviiiiiii it e e 60
3.3.1 Embedded capacitive sensors for robotic hands ....................... 60
3.3.1.1 3D printed Phalanx with embedded pressure sensor ............. 60

3.3.1.2 Robotic Hands with Intrinsic Tactile Sensing via 3D Printed Soft

PrESSUNE SENSOIS . eiiiiiiiiiieieiiiiiieeeeeeeeeeeeeeeennnnnnnnneeeeaeeseeeens 61
3.3.1.3 Increasing ReSOlUtION ... eeeee e ieeeeiiaeees 64
3.3.2 Intrinsic tactile sensors for gait analysis ......c.covvviiiiiiiiiiiiinnnnns 65

3.3.3 Packaging of piezoresistive tactile sensors .........cceeeeviiiiiinnnnnn. 67



Xiii

3.4 Robotic hand with embedded sensors and energy harvesting capabilities

.......................................................................................... 68

3. UMM tiiiiiiiii ittt ittt tieeeeeeanneeeeeennnneeesssnnnseessnnnnnnns 70
Chapter 4: Electronics and embedded electronics using 3D printing .......... 71
2 300 I 1 oY [ T o] o I 71
4.2 Electronics and electronic components for robotic hands................. 71
4.2.1 Power management UNit.....ouiiiiiiiiiiiiiiiiiiiiieiiiiieeeeeennaeaeeenns 71

4.2.2 Controller PCB CirCUIt «..vvvieiriiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeaaannnns 72

4.3 Embedded electronics for intrinsic sensing devices ..........ccceuuunne.... 72

4.4 Readout circuits for tactile SeNSOrs .......cceveiiiiiiiiiiiiiiiiiiieeieinnnns 73
4.4.1 Robotic hand capacitive sensors readout circuit....................... 73

4.4.2 Robotic hand piezoresistive sensor readout circuit.................... 74

4.4.3 Insole electronic readout CirCuit .....ccoeviiiiiieeiiieiiinninnnn. 75

4.5 SUMIMAIY ittttiiiiiiiiiiiieeeeeteeeeeenenenneteeeeeaeseseseeessssssnnnnnsnsnnns 76
Chapter 5: Packaging and Performance.....c.ccciiiiiiiiiiinneeeeeeeeeeeccceccnannnns 77
T I 11 o o 13Tt [ o 1 77
5.2 Fabrication of robotic parts and assembly ......ccovviiiiiiiiiiiiinnnnnn.. 77

5.3 Realization and performance of sensorised fingertips ...........cc........ 78

5.3.1 Fabrication and performance of embedded pressure sensor using 3D

(910110 [T N 78
5.3.2 Fabrication & performance of intrinsic tactile sensors................ 80
5.3.3 Realization & characteristics of soft touch sensor..................... 92
5.4 Manufacturing and characterization of insoleS..........cccceevvvvieennnn... 97

o T 01 I == 0 Tt o (o o PR 97



5.4.2 Characterization of sensing iNsOle.......ccvvuiiiiiiiiiiiiiiiiieiennnnnnns 99
5.4.3 Demonstration of gait analysiS.......cceiiiiiiiiiiiiiiiiiiiiiiineeiennnns 107
5.5 Performance of piezoresistive sensors and frequency response ......... 108
5.5.1 Characterization ........c.coeiiiiiiiiiiiiiiiiiiiiiiciiiiic 108
5.5.2 Time-domain and frequency domain reSponse .........cceeeeeeeeennns 109
5.6 Performance of embedded photovoltaiccells......ccoevveieiiiiiiiiiit. 110
5.6.1 Energy harvesting deViCe ....cceiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeaanns 111
5.6.2 Fabrication of the covers ........ccoiiiiiiiiiiiiiiiiiiiiiiiii 111
5.6.3 Characterization SEtUP «.ccevviiiiiiiiiii e eeeeeeeeeiiiieeeeeeeens 111
5.6.4 RESULES .eevii i e 113

o TR0 101 10F- 1oV A PP 116
Chapter 6: Development of new extruder system ........cccceeeeeevevnnenennnn. 117
6.1 INEroduCtion .....ooueiiiieiiiiiiiiiiii 117
6.2 Design & fabrication of paste extruders.......ccoveeiiiiiiiiiiiiiinnnnnnn.. 118
6.2.1 Pre-Pressure-Subsystem. .. ...cooviiiiiiiiiiiiiiiiiiiiieiiiennnnnnn. 118
6.2.2 Screw-Driven-Subsystem design.......ccceeeeieiiiiiiiiiiiiiiiiiiiiinnnns 120
6.3 Electronics and integration of extruder on 3D printer .................... 122
6.4 Performance of 3D custom-made DIW extruder..............cccovvnnaee.. 123
6.4.1 Pressure variation.........ovvviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiaaes 123
6.4.2 Printing Speed .....ccviiiiiiiiiiiiiiiiiiiiiiiiiir et e e, 126
6.4.3 INCreasing FlOW .....uiiiiiiiiiiiiiiiiiiiiiiiiiiii e e ee e e eeeeiiaaaas 128
6.4.4 Nozzle diameter......ooiuuiiiiiiiiiiiiiiiiiii e 129

6.5 Autonomous ManufaCturing .......coeviiiiiiiiiiiiiiiiiiiiiiieeeeennnnnnn. 130



6.5.1 Two-part elastomer mixing and printing ..........c.ccoovvvviiiiinnnnn.. 130

6.5.2 Color MiXiNg..uuuuuuiieeiiiiieeeeeeeteteeennnnreeeeeeeeeeeeeeeeessnsnnnnnns 131

6.5.3 Food Based material printing .......ccceiiiiiiiiiiiiiiiiiiiiiiiinnnn. 132

6.5.4 Fully 3D printed embedded Tactile sensors........ccccevvvvvvvnnnnnnn. 133

6.5.5 Characterization of fully 3D printed tactile sensors.................. 134

6.6 SUMIMAIY .iiiiiittiitiiieeeeeeeeeeeeeeeeeeeennnsnnnneeseseesesesssssssnnnnnnns 135
Chapter 7: Conclusion and FUtUre Work .......cceeeeeiiiiiinnnnnnneeeeeeeeceecenns 137
8 B Oo 3 Lod LT o] o 137
7.2 FUBUIE WOTK ettt ettt e e e e 138

7AYo 0 1= T | N 141

=] =] (=] 1 T =53 147



Xvi

LIST OF TABLES

Table 2.1 Transducing modalities’ benefits and drawbacks. Adopted from:[10] 34

Table 2.2 Approximate Publications in the 1970s, 1980s and 1990s for tactile

sensors. Adopted from [32]. .uieiiiiiiiiiiiiiiiiiiii it eeeraaaaaaaas 38
Table 2.3 Tactile sensors and their performance. Adopted from [179] ........... 45
Table 2.4 3D printed tactile sensing devices developed recently.................. 53
Table 3.1 Robotic Hand’s Components........uuuiiiiiiiiiiiiiiiiiiiinnnnnnnnnennnnns 57
Table 5.1 Specifications of the five types of sensors ........ccccvivvviiiinnnn... 83
Table 5.2 Time response of 3D printed insole.......c.ccoeviiiiiiiiiiiiiiiiiinnnnn. 104

Table 5.3 Comparison of 3D printed insole with previous works reported in the
G =T - L] = 107

Table 5.4 Photovoltaic Panel Performance. Adapted from: [258] Copyright © 2020,



XVii

LIST OF FIGURES

Figure 1.1 Sensorised object fabrication pathway .......ccccoiiiiiiiiiiiiiinnnnnnn, 26
Figure 2.1: HUMaN sKin. ..ooiiiiiiiiiiiiii i et eeeeeeaaaaeaaaas 31
Figure 2.2: Capacitive sensor morphologies. .......ccoviiiiiiiiiiiiiiiiiiiiinneenennns 32

Figure 2.3 Tactile sensors developed recently showcasing problems with current

= 10] 0] (0 T Tl 2 VS0 39

Figure 2.4 Robotic Hands utilising tactile sensing devices as feedback mechanisms.

Figure 2.5 Electronic skin properties and applications in recent years [126]. ... 42

Figure 2.6 Breakdown of percentage of 3D printing use in industrial sectors.
Adapted from [203]. «uurniiiiiii i ittt rrraaaaaan 47

Figure 2.7 3D printing teChniqUeS.....uvuueiiiiiiii e eceeeeeeeeees 49

Figure 2.8 Examples of 3D printing used to make smart and intelligent structures.

............................................................................................... 50
Figure 2.9 3D printed sensors recently developed.........ccceeviiiiiiiiiiiiiiinnn.. 53
Figure 3.1 Overview of the Robotic hand/wrist........ccooiiiiiiiiiiiiii, 57
Figure 3.2 The 3D printed hand .....ovuriiiiiiiiiiii e eeeees 59
Figure 3.3 RODOIC WISt . .uueiiii ettt e e eaeeaaanas 60

Figure 3.4 (a) CAD design of the distal phalanx. (b) Phalanx in a bending condition.

[254] Copyright © 2018, IEEE ...coiiiiiiiiiiiiii ettt e e e e e rraaeas 61
Figure 3.5 The 3D printed hand with intrinsic tactile sensing ...................... 62
Figure 3.6 Design of intrinsic capacitive fingertip........ccceevviiiiiiiiiiiiiinn... 64

Figure 3.7 a) CAD Design of robotic hand with fingertip having embedded soft
capacitive sensors. b) Cross-Sectional view of the soft sensing fingertip. [256]
Copyright © 2020, IEEE ...civrriiiiiiiiiiiiiie et eteennnrateeaaaaaeeseeeeeennnnnns 65



XViii

Figure 3.8 X-Ray view of the sensorised pressure sensor insole for anthropomorphic

0] 0 ] 1 [of-J S PPN 66
Figure 3.9 Embedded piezoresistive tactile sensor........ccceviiiiiiiiiiiiiinnnnnnn 68
Figure 3.10 3D printed hand with Energy harvesting cells. ..........ccooiiiiiiiit 70

Figure 4.1 Schematic of embedded electronics in the robotic fingertip.[253]... 73

Figure 4.2 a) Schematic of the system b) Fabricated PCB for reading capacitance
value and transmission of digital data. [256] Copyright © 2020, IEEE............. 74

Figure 4.3 Demonstration of 3D printed insole under load. ............c.ccc.u...... 75

Figure 5.1 (a) 3D printing of the phalanx using FDM technique; (b) the 3D printed
phalanx; (c) the phalanx with embedded capacitive touch sensor [254]. Copyright
(@ 0 T TR |l 79

Figure 5.2 Capacitance change with respect to pressure applied on the 3D printed
phalanx. [254]. Copyright © 2018, IEEE .....ccciiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeees 80

Figure 5.3 3D printed devices with sensor structures comprising: ................. 83

Figure 5.4 The average change in the relative capacitance of the five printed

sensing devices with increase in pressure [253]. ..cvviiiiiiiiiiiiiiiiiiiiiieeeee 84
Figure 5.5 Response of each device under different conditions.................... 85
Figure 5.6 Dynamic response of various samples.[253] ..ccvviiiiiiiiiiiiiinnnnnnnn, 86
Figure 5.7 Ag-ECO PerforManCe ..ccuuuuuuiiiiiiiiiieeeeeeteeeeennnniaeeeeeeeeeeeeenns 88

Figure 5.8 Modular-embedded capacitive pressure-sensing distal phalanges (a-e)

on a robotic hand responding to pressure stimuli shown via LabVIEW. [ref]. .... 91
Figure 5.9 Fabrication steps of the soft capacitive sensing fingertip.............. 93
Figure 5.10 Experimentational results of the soft tactile sensor................... 94

Figure 5.11 Robotic end effector with soft embedded pressure distribution sensors

and the response of the system presented by a custom-made LabVIEW program.



Xix
Figure 5.12 Fabrication process of the 3D printed embedded capacitive pressure

=] 1Yo ] 1 1Yo ] (= 98

Figure 5.13 a) Fabricated 3d printed capacitive pressure insole under bending

condition. b) Sensorised insole viewed while twisted. ............cccooiiiiiiiil 99

Figure 5.14 Relative change of capacitance with respect to pressure of the three-

3D printed capacitive tactile sensors insoles. .......ccvviiiiiiiiiiiiiiiiiieeeenennnns 101

Figure 5.15 Cyclic performance of three devices for 1000 cycles at 30kPa of

DI ESSUIE. « e tttttuneeeeeeeeeeeeeeeeennnnnsnsnnssseseseseeesssssssnnnssnnsnssssssesesssanes 102

Figure 5.16 Response of the 3D printed insole over time with a sudden increase

and decrease Of the Ll0ad. ...vuviuiiiiiiii ittt ettt ittt iteieeeteenneennns 103

Figure 5.17 Relative change of capacitance with respect to pressure for all four

sensors in one of the 3D printed insole. ......cvviiiiiiiiiiiiiiiiiiiiiiiiiiieieeeen, 104

Figure 5.18 Relative change of capacitance with respect to bending curvature for

all four sensors in one of the 3D printed capacitive sensing devices. ............ 105

Figure 5.19 Relative change of capacitance with respect to temperature and

pressure of the t0e SENSOr. ..oiviiiiiiiiiii i ittt eeeeas 106

Figure 5.20 Shoe integrated with the 3D printed embedded capacitive sensorised
insole used for gait analysis, presenting the data capture from the MCU in real-

time over three steps of the right leg. ... 107

Figure 5.21 a) Loading and unloading characteristics for the four fabricated
piezoresistive sensing layers; b) cyclic loading of the sensors using 3 N force at
O o VA 2 ¥ A P PP 108

Figure 5.22 Time and frequency domain response of the SensAct sensorised 3D

o]aTa]e=Te I A a1 =] o o [ o P 110

Figure 5.23 a) Photovoltaic panel placed on top of the base 3D printed structure.
b) Top view of the 1mm, 2mm and 5mm 3D printed transparent covers. c) side
view of the 3D printed covers [258] Copyright © 2020, IEEE....................... 113

Figure 5.24 a) Graph representing the current with respect to voltage recorded

from the solar panel covered completely, 5mm, 2mm, 1Tmm and no cover. b) Power



XX

with respect to voltage for 5mm, 2mm ,1 mm and cover. [258] Copyright © 2020,

Figure 6.1 a) Fully assembled customized 3D printer with in-house DIW system, b)

CAD representation of the custom 3D printer.......cccoviiiiiiiiiiiiiiiiiiiniennnnnns 118

Figure 6.2 a) CAD design of the assembled PPS system. b) Cross Section view of
the PPS system. c¢) Exploded view of the PPS system. ........ccooiiiiiiiiinnnnn... 119

Figure 6.3 a) Fully assembled SDS. b) Assembly CAD design. c) Cross-sectional view
of the subsystem. d) Exploded view of the subsystem..............ccccvvinnnnnn. 121

Figure 6.4 Results of printing at different pressures.......cccovviiiiiiiiinnnnninn, 125

Figure 6.5 a) Average line width with respect to speed b) percentage ratio of

printed lines length to designed length with respect to printing speed. ........ 127

Figure 6.6 a) Average line width with respect to percentage flow b) Percentage

ratio of printed lines length to designed length with respect to percentage flow.

Figure 6.7 Printed smiley-face without premixing. a) printing to realize the

structure. b) final result of automatic 3D printing of two-part elastomer. ..... 131

Figure 6.8 Print of disk-like design on paper while two materials are mixed on the
go, a) 3D printing of 1:1 ratio of dark blue and white colours b) 3D printing of 10:7

ratio of dark blue and White COlOUIS. ...vuniuiiiiiiii it eeeee e aeeaaens 132

Figure 6.9 Print of food related materials a) Star shape food additive b) 3D printing
of ‘BEST’ with melted chocolate. ........cceeeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeenns 133

Figure 6.10 3D printed phalanx with embedded capacitive touch sensor. a) printing

of the dielectric layer of the sensorised phalanx. b) testing of the sensorised

phalanx for its response at different applied pressures. ........ccceviiieieenennnns 134
Figure 6.11 Cycling response for five fully 3D printed tactile sensors............ 134
Figure 6.12 Static response of the sensors for force between ON-11N ........... 135
Figure 7.1 Power management schematiC.......covviiiiiiiiiiiiiiiiiiiiiiinnns 141

Figure 7.2 PCB Layout of power management CirCUit........covvviiiiiiieneennnnnns 141



Figure 7.3 Control circuit SChematiCs ....ovviiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeaanns 142
Figure 7.4 PCB layout of the control circuit.........cccoiiiiiiiiiiiiiiiiiiinn, 142

Figure 7.5 Robotic hand with SensAct device embedded on the fingertip been

pressed and LabVIEW GUI presenting the resistance of the device. [257]....... 143
Figure 7.6 Customized FDM desktop 3D printer for paste extrusion.............. 144
Figure 7.7 PPS electronic sChematiC....ooeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeaans 145
Figure 7.8 PCB of the PPS system. ...cciiiiiiiiiiiiiiiiiiiiii e 145

Figure 7.9 3D printed lines for Silicone based rubber and food condiment at

different pressures and nozzle diameters. ......cvvuiiiiiiiiiiiiiiiiiiiiiiiinnnn.. 146



XXii

LIST OF ACRONYMS

Acronym Full Name

ABS acrylonitrile butadiene styrene
Al Artificial Intelligence

AM Additive Manufacturing

ASA acryloni-trile styrene acrylate
BIS Beam Interference Solidification
CAD Computer-aided design

CDC Capacitive to Digital Converter
CNT Carbon nanotubes

DIW Direct Ink Writing

DMD Direct metal deposition

DMLS Direct metal laser sintering

DoA Degrees-of-Actuation

DoF Degrees-of-Freedom

DUT device under test

EDA Electronic Design Automation
EMIM-ES 1-ethyl-3-methylimidazolium ethyl sulfate
Eskin Electronic Skin

FDM Filament Deposition Modelling
FET Field-Effect-Transistors

FFF Fused Filament Fabrication

FSR Force Sensitive Resistors

GUI Graphical-User-Interface

HIS Holographic Interference solidification
HRI Human Robot Interaction

12C Inter-Integrated Circuit

IC Integrated Circuit

loT Internet of things

ITO Indium tin oxide

LPD Laser powder deposition

LTP Liquid thermal polymerization
MCU microcontroller unit

MEM microelectromechanical

MUX multiplexer

PCB Printed Circuit Board

PCB Personal Computer

PDMS Polydimethylsiloxane
PEDOT:PSS polymer—poly(3,4-ethyl-enedioxythiophene—poly(styrenesulfonate)
PEI polyetherimide

PEMA Printed Electrode membrane assembly
PLA polyactic acid

PMMA poly(methyl methacrylate)

PPS Pre-Pressure-Subsystem

PWM Pulse Width Modulation

SDS Screw-Driven-Subsystem



SGC
SLA
SLC
SLM
SLS
SMU
TPU
UART
usB
uv

Solid ground Curing

Stereolithography

Selective laser cladding

Selective laser melting

Selective laser Sintering

Source/Measure Unit

thermoplastic polyurethane

Universal Asynchronous Receiver/Transmitter
Universal Serial Bus

Ultraviolet

xxiii



Chapter 1: Introduction

1.1 Motivation

Smart and intelligent structures involve the distribution of actuators, sensors and
processing units that are able to analyse sensor response and use integrated
control methods to trigger a response to a changing environment. Numerous
applications, from the automotive industry to implants, benefit from smart
structures. The field has attracted interest from many sectors as implementing
such devices show a significant advantage. Smart structures can help in the robotic
industry, from navigation systems to internal system conditions. However, robotic
systems suffer from space limitations to implement such systems as bulk

components, so a different approach is needed for robotic applications.

In addition, replicating biological organs to develop artificial equivalents and
placing them on robotic systems is a growing scientific field with several
challenges yet not fully resolved. Topics, such as soft robotics, Eskins, bionic limbs
and more are attracting significant interest for the development of next-
generation robots, moving from state-of-the-art robotics towards smart factories,
assistive living and safe human-robot interaction. Moving from industrial use to
urban areas (houses, hospitals) and unstructured environments (forests, mines
etc.) it is crucial to equip such robots with human-skin capabilities, for safer
interaction with humans. Soft and flexible electronics have driven progress in the
field by conforming to the rigid and curved surfaces of robotic bodies with various

level of success.

Robotic manipulators must be equipped with sensing modalities to provide
information for achieving a specific task. Other fields such as the Internet-of-
Things (loT) are benefitting from the development of robots, able to provide
tactile information on objects that are grasped, to the end-user/operator. Medical
doctors are now able to perform surgery using such systems [1], which can provide

valuable tactile information about the tissue of interest. Tactile sensing is also
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used to extract information about material properties, such as softness and
surface roughness and to classify materials using advancements in machine
learning [2]-[6]. In addition, Eskins are used in humanoids, prostheses and
wearable applications. However, the current state of technology still falls short
on providing human-skin capabilities. Just by touch, a human is able to recognise
properties of the grasped object such as size, shape, edges, roughness/softness,
temperature, texture, curvature and many more. The human hand extracts this
vast amount of information from different mechanoreceptors embedded at
different depts in the skin. Electronic skin is unable to replicate this level of
complexity. Furthermore, some of the most common issues involve mechanical
flexibility, sensitivity, robustness, high fabrication cost, wear and tear and

integration difficulties.

Additive Manufacturing, with the use of multi-material printing of smart and
intelligent structure utilising layer-by-layer deposition shows promise for
addressing most of the above challenges. This could enable the embedment of
electronic components, the fabrication of active structures such as sensors and

energy storage structures in compact and complex shapes.

This thesis aims to address problems with the current state of tactile sensors
utilizing AM technologies and smart design by printing tactile sensors using multi-
material printing. It enables the creation of sensors using 3D printing while the
sensing elements can be embedded in the core structure of robotic bodies and
take advantage of the available space, while simultaneously it could embed the
accompanying electronic components necessary for reading the sensor’s state.
This can provide a compact solution to the spatial problems of current technology
and packaging. With the development of new materials and deposition methods,
this could spark a new generation of smart compact structures for a plethora of

applications, from robotics to food partials.

1.2 Objectives

Currently, there are three main pathways for developing smart and sensorised
devices. The first is to develop tactile sensors using Eskin approach, this involves

often costly processes and dedicated equipment of their fabrication. The second
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is to purchase off-the-shelf sensors and use them as they are or encapsulate them,
either using 3D printing or moulding. Lastly, the third method is to 3D print the
devices on existing substrates and encapsulate them using methods such as drop-

casting. Figure 1.1 presents the current approaches.

Sensorised Objects

______________________

]
I Fabrication . Multimaterial 3D
E approach Eskins Off-the-shelf S

S =-

= = === -

Packaging 3D embedding Printing Moulding

SNacaaa-

Figure 1.1 Sensorised object fabrication pathway

The objective of this thesis is the development of smart and intelligent systems
for robotic applications. This thesis attempts to bridge the gap between packaging
and fabrication of smart and sensorised devices. The current method of developing
sensorised systems is to develop the sensing structure firstly while packaging the
system is often overlooked and pushed to a later state after the development of
the sensors. After their development, packaging issues are extremely difficult to
overcome due to lack of oversight at the initial designing phase of the sensing
structure. This problem is magnified when these systems need to perform for
robotic body parts such as humanoid hands and feet. . For example, Eskins suffer
from wear and tear, wiring and routing, and difficulties with wire bonding. This
thesis presents an attempt to overcome these issues utilising AM technology. The
versatility of the technology and rapid improvements can provide an alternative
approach to the problem. Smart design and multi-material printing can provide a
new solution to the problem. Multiple transducers have been developed using AM
techniques for fabrication or encapsulation. This presents a new approach to
fabrication of transducers for robotic application that minimises complexity, cuts
the cost of fabrication and reduces the wear and tear of the sensing elements,

thus introducing a cost-effective alternative.

The objectives are:
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1.

Development of smart devices with embedded sensors and electronics for
advanced functionality. This includes tactile sensors for robotic/prosthetic
hands, as feedback mechanisms for object manipulation using a cost-

effective approach.

Improving the durability of Eskins. This includes the exploration of
materials and dielectrics, packaging strategies and fabrication steps that

could enhance the durability of tactile sensors.

Improving automation in smart devices. This includes the development and
modification of 3D printers, if need be, for more specialised use. To achieve
the above goals, new hardware/software might be required, and more

complex fabrication techniques might need to be developed.

To investigate, develop and integrate energy harvesting systems for
autonomous operation of robotic systems. To that end, a robotic hand and
wrist have been developed with energy harvesting solar panels for
harvesting and energy storing for autonomous operation. As current solar

panel technology involves fragile materials, protecting them is a necessity.

1.3 Thesis Organisation

The thesis is organised as follows:

Review of Literature (Chapter 2)

Chapter 2 presents the state-of-the-art in physical sensors. Initially, it
provides the fundamentals of transducing mechanisms that can be found in
the human skin. Afterwards, it presents a plethora of transducing
mechanisms and compares different realisation methods for various
sensors. The chapter also introduces 3D printing used in smart structures

and sensors.
Design of sensors, end-effectors and peripherals (Chapter 3)

Chapter 3 describes the design processes for making sensors and robotic
parts. This involves the design of the robotic hand and wrist, followed by

the design of capacitive and piezoresistive sensors, and covers of
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photovoltaic cells. The chapter presents the designing freedom of using 3D

printing processes.
e Electronics and embedded electronics using 3D printing (Chapter 4)

Chapter 4 concerns the electronics used for the sensors and robotic parts.
It presents designs of custom-made Printed Circuit Boards (PCBs),
electronic circuits and their embedment using 3D printing for complex

smart devices.
e Packaging and performance (Chapter 5)

Chapter 5 explores how 3D printing was used as a fabrication tool to make
different sensors and robotic parts, as well as the characterization of the
different sensors and systems. The section discusses each of the fabrication
processes required to make of each transducer and presents their

performance and the reasoning for the materials used.
e Development of tools for autonomous fabrication of sensors (Chapter 6)

Chapter 6 provide details on modifying of the 3D printers used in this thesis
to increase their capabilities and to provide advanced functionalities. This
section provides the design of a custom-made extruder mechanism, the
related electronics used, and the accompanying software and controls. It
presents the performance of the system while demonstrating the advantage

of its use in an autonomous manner to fabricate smart structures.
e Conclusion and future prospective (Chapter 7)

Chapter 8 summarises the key outcomes of this work on designing and
creating smart structures, as well as advancements in 3D printers and

provides some suggestions for future research.
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sensors and smart structures

This chapter presents a review of the state-of-the-art involving various processes
for obtaining tactile sensors and smart intelligent structures. Initially, it provides
a brief introduction to human skin modalities for a comprehensive understanding
of the sense of touch in the human-skin. It continues with an extensive study of
the existing artificial mechanoreceptors and different transducing methods,
presenting advantages and disadvantages for each type. A variety of existing
tactile devices that can be implemented on robotic systems are presented,
together with the drawbacks in the current methodology. An introduction to 3D
printing is presented with different technologies and its use in smart devices,
embedded electronics and sensing modalities. This chapter provides the reasoning

for the work carried out in this thesis.
2.1 Introduction

The human skin is the largest organ of the human body. Besides its protective role
as a barrier between the external environment and the rest of the human body, it
plays a significant role in humans’ perspective of the outside world [7]-[9].
Interaction between humans and the environment is possible via the human skin
and its sensing capabilities. The physical changes are captured via
mechanoreceptors and thermoreceptors that can convey information about tactile
and temperature information, while pain is detected by nociceptors existing in all
layers of the skin. The sensors are embedded in all skin layers and can be found
to overlap in some areas, providing a robust mechanism [10]. Mechanoreceptors
are a type of somatosensory receptors transferring information of external stimuli,
usually in the form of touch, pressure, stretching, vibration and motion [11]. There
are four tactile mechanoreceptor types: Merkel cells, Meissner’s corpuscles,

Ruffini endings and Pacinian corpuscles, classified as Low-Threshold



Chapter 2: State-of-the-art of soft sensors and smart structures 30

Mechanoreceptors (LTM). A subclassification can be established based on the
adaptation rate of each type. Fast or rapid adapting (FAI and FAIl or RAI and RAIl)
fire only on the onset and offset of the stimuli. The second type is slow adapting
(SAl and SAll) that fire throughout the duration of the stimulus [12].

e Meissner’s corpuscles (FAI) have been found in the glabrous skin of all
mammals and are mostly responsible for detecting a gentle touch. They
have the highest sensitivity when sensing vibration. Lack of Meissner’s
corpuscles results in the loss of gentle touch and difficulties with

sensorimotor control [13].

e Pacinian corpuscles (FAIl) can be found in both glabrous and hirsute (hair)
skin with a primarily responsibility for detecting vibrations. They respond,
mostly, to disturbances and are highly sensitive to vibration frequencies of
250 Hz.

o Merkel cells (SAl) are oval-shaped and can be found in the epidermis. They
are highly sensitive and respond to low vibration frequencies of 5-15 Hz and
pressure over long periods. They are mostly found in the fingertips and toes
[14], [15].

e Ruffini endings (SAll) can be found between the dermal and hypodermis
tissue. They respond to skin stretching and contribute to the somatosensory

controls. They respond to static pressure and have very slow adaptation.

Figure 2.1 presents the human skin and the mechanoreceptors embedded in the

different layers.
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Figure 2.1: Human skin.

Presenting the spike trains, human skin receptors and signal response.

2.2 Transducing methods

All physical transducers’ working principal is to convert mechanical stimuli to an
electrical signal. There are multiple transduction mechanisms that the human skin
can detect, such as pressure, vibration, shear and strain force. Tactile sensors
implement different transduction methods to capture that information and the
most commonly used sensors are capacitive, piezoresistive, piezoelectric, and
optical sensors. Other less-used transduction mechanisms are ultrasonic and
triboelectric, and have been used to detect pressure, vibration and other types of
stimuli. All these transducer types can be found in many applications both for
robots as well as in wearable applications for either feedback to robotics or for

health monitoring, respectively[16]-[19].

2.2.1 Capacitive sensors

One of the most common transducing methods is capacitive. They are used in a

parallel plate structure where device capacitance is defined as C=¢&¢ Ald,

where C is capacitance, &, is the permittivity of free space, &, is relative

permittivity, A is the surface area of the plate and d is the distance of the parallel
plates. If an applied force, perpendicular from one of the plates, is exerted, then
the dielectric material is compressed and the distance of the two plates
decreases, resulting in an increase of capacitance. This change of capacitance can
be measured and a relation between the capacitance and the applied force can
be established.

A second type of morphology used in capacitive sensors is interdigitating
electrodes. The structure resembles two combs facing each other on the same
plane with each comb being an individual electrode. The capacitance occurs
across a narrow pathway between the electrodes, which is typically filled with a

dielectric material. The capacitance is given by: C =&*I[(N—3)*A + A,] Where

& is the dielectric constant, [ is the length of the interdigitated capacitive

structure, N the number of periodicity of the structure, and A and A; are derived
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from the morphology of the substrate material and conductor [20]. While pressure
is applied, the morphology of the structure changes, resulting in a change of

capacitance. Figure 2.2 shows the two different morphologies.

v g )\"’:\\,\

Figure 2.2: Capacitive sensor morphologies.

a) Parallel plate morphology b) Interdigitated morphology
2.2.2 Resistive/Piezoresistive sensors

Piezoresistive sensors utilise the effect of two surfaces changing their resistivity
across them, while a force is applied perpendicular to them.
Resistive/piezoresistive tactile sensors are now commonly made from conductive
polymers. A force applied on the conductive polymer results in the decrease of
the structure’s resistance as the conductive materials come closer. The
relationship between the applied force and resistance is more often a hyperbolic
curve. This results in a rapid decrease of resistance for low amounts of pressure
and is thought to be ideal for low-pressure applications. In general, there are two
basic morphologies for the use of such sensors [21]. The first is a single-sided
electrode contact and the second is a double-sided electrode contact. The second
resembles the parallel-plate capacitive structure mentioned above (Figure 2.2a)
and the first resembles the interdigitated structure, without the need of a comb

morphology (Figure 2.2b).

Piezoresistive tactile sensors are commonly made using parallel electrode stripes
on the top and bottom of the sensing material. The electrodes of one side are
rotated at 90° degrees against the other, thus allowing a crossing configuration.
This arrangement enables a matrices structure sensor array. When a load is
applied to the matrix, the sensing material in the local area changes its resistance,

which can be measured at the crossing joints of the electrode stipes. This
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approach can be used for large area sensor matrices and can offer high sensitivity
with high pixel density [22]-[24].

2.2.3 Piezoelectric sensors

The term piezoelectricity refers to the ability of a material to generate electric
charge or voltage potential across its surface when a mechanical stress is applied.
At the same time, they have the property to exert force when a voltage is applied.
These materials are asymmetric crystals, which still exist in an electrically natural
state. When mechanical deformation, from an external force occurs, the atoms
are pushed and conduct electricity. This piezoelectric effect can be used to
develop devices able to utilise this effect to measure changes in pressure,
acceleration and strain based on the electric charge generated [25]. Piezoelectric
tactile sensors morphologically resemble capacitive structures with the difference
being the use of a piezoelectric instead of a dielectric material. On such devices,
when force is applied, it causes polarisation of the crystal and generates opposite
charges on both electrodes. The efficiency of the material to convert mechanical

stress to electricity is given by the piezoelectric constant (ds3).

These sensors are highly sensitive, with a high output even with relatively small
amounts of force. A drawback to this transduction method is that when a load is
maintained, the output decays quickly to zero. Piezoelectric devices are
commonly used for sensing dynamic forces/vibration. As an upside, these devices
do not require power supply for operation, exhibit high sensitivity, good linearity

and high signal-to-noise ratio.

2.2.4 Optical Sensors

Optical transducers are an alternative method for tactile sensing used in robotics.
Light is emitted in a transparent/translucent medium and when an applied force
is acting upon the structure, it results in the change of the emitted light. A
detector is used to capture this change and a relationship between the light
intensity and the force can be obtained. There are three basic categories for such

sensors [10].
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i. Extrinsic optical transducers, which work when an applied force interacts
with the light path.

ii. Intrinsic optical sensors, which change the phase, intensity or polarization
of the light beam while an applied force is exerted and do not interrupt the

optical path.

iii. Optical fibres can be used as well as transducers. They often transmit a
light source from a broadband into the fibres, and when an applied force is
exerted, the light is reflected or transmission is missing from the observed

spectrum.

Optical sensors have been developed to cover large body parts in robotic systems.
Commonly, cameras and markers are often used for tactile sensing as they provide
a lot of information about the contact area, pressure, shear force and even
temperature [26]-[28]. There are many works in the literature that use such
techniques such as robotic limbs, fingertips, and E-skins. The main advantages of
optical sensors are their immunity to external electromagnetic interference and
high resolution. Drawbacks of optical sensor implementation are loss or alteration
of the light due to signal distortion, bulky construction and the fact that are

computationally intensive.

2.2.5 Comparison of tactile transducing methods

As described above, tactile transducers implemented different methodologies to
extract information about the nature of an applied force. Each transduction
methodology has inherent advantages and disadvantages. Table 2.1 presents a

summary thereof for each method.

Table 2.1 Transducing modalities’ benefits and drawbacks. Adopted from:[10]

Sensor Types  Benefits Drawbacks
Ay High Sensitivity Complex electronics
Capacitive Low Cost Cross-talk
Scalability Hysteresis
Simple Design
Piezoresistive/ | High Sensitivity Non-linear response
Resistive Low Cost Hysteresis
Low noise Signal drift
Simple electronics Temperature sensitive
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. . High sensitivity Temperature Sensitive
Piezoelectric Dynamic Response Unsuitable for static events
High Bandwidth Complex electronics
Optical Immune to electromagnetic Complex electronics
interference Relatively large size
Fast response Power consumption
No interconnections

2.3 Tactile sensing devices

In the field of tactile sensing technologies, many transduction methods and
materials are used to produce artificial skins for tactile feedback, using a variety
of fabrication techniques. In the pursuit to develop such systems many attempts
have been made to create sensors able to capture information from transducers,
with various degrees of success. This section focuses on the development of
sensors using a variety of techniques in traditional fabrication (clean-room)

approaches.

2.3.1 Early tactile sensors

At first, tactile sensing technology was implemented for touch screens and
prosthetics and initially rigid materials were used. Researchers began working on
flexible electronics/sensors by exploring the use of organic/inorganic
semiconductors [29], [30]. This started an explosion of scientific curiosity in
flexible and smart devices able to conform to curved surfaces. This technology
can be applied not only for tactile sensing but also in wearables, flexible displays,
healthcare monitoring, soft robotics, human-machine interfaces and many others
[31].

Even though interest in robotics started in the early 1950s, the tactile sensing field
did not see any research interest as most problems involving robotics concerned
mechanical aspects, such as motion [32]. One of the first implementations of
tactile sensors was a manipulation system developed by the Massachusetts
Institute of Technology (MIT). The computer-operated mechanical hand by Ernst
was able to learn about its environment using tactile information [33]. As
technology progressed, an optical touch sensor was developed by MIT researchers

[34]. This sensor was able to produce optical information on a monitor for the
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operator and it was used to study the operator’s ability to recognise objects from
a simple tactile pattern. The hand resembles a simple gripper system, with the
camera attached outside the gripper. A coherent fibre bundle cable connected

the camera’s lens with one of the fingers [35].

With further advancements in the mechanical capabilities of hands, there was
increased interest for tactile sensing to provide those manipulators feedback for
grasping objects. The 1980s saw a variety of new devices, designs and transduction
methods. This period, marked the rise of devices with surface pads with linear
arrays [35], [36] and the use of elastomers made out of doped carbon or silicon,
combined with rigid or discreet substrates to make resistive based sensors [37],
[38]. Some of the most common materials, used even today, such as carbon fibers,
were firstly introduced in this period. In 1981, Larcombe from the University of
Warwick introduced the use of carbon fibres as a sensing material for a resistive
pressure sensor [39]. Even today, we can see the use of such materials in many
applications such as wearables [40]-[45]. At the end of the decade, Riberton and
Walkden were able to produce a 256-element array made from carbon fibres using
a row and column approach [46]. Many other transducing methods, such as
piezoelectric, were used in this period. Quartz and ceramics were used to develop
piezoelectric devices, but the use of those materials show inherent problems due
to mechanical properties of the materials, especially due to fragility issues. Some
of the polymers used are polyvinylidene fluoride (PVDF) but they do not exhibit
piezoelectric properties in raw form. The use of high electric fields was used to
make them piezoelectric/pyroelectric. In particular, a 128 PVDF sensor array was
developed with conductive rubber as electrodes [47]. Capacitive structures were
also explored but in general these types of devices were dismissed due to
electromagnetic interference issues. However, attempts were made to develop
transducers using this kind of system with a better practical implementation in a
narrow range of applications. Most often they were made from orthogonal
conductive strips in a row-column configuration and a dielectric layer in between.
For example, Bell Labs, produced an 8x8 array and utilized a shield to reduce the
interference. The bottom electrodes were etched on a flexible PCB with two

analogue multiplexers (one attached to the bottom and the second to the top
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electrodes) fixed to it [48]. This enables the user to have an image representation

of the forces involved with the point of contact.

Over the next decade (1990s), the growth of tactile sensors continued with the
exploration of many new materials. In this period, many topics were explored and
expanded upon, not only in the design and fabrication but also in analysis and
experimentation, data processing, application, multifingered hands, healthcare
and others. Some of the concerns in field regarded device packaging and better
performance, as previous works showed qualitative performance rather than
quantitative results. Researchers started to explore mechanisms to increase the
sensitivity of devices in order to extract fine texture details, stress and strain,
slippage detection and other temporal contact events [32], [49]-[54]. All these
features are important as more and more highly dexterous hands started to be
developed and better and more accurate sensing was needed to operate those
hands optimally. As the field showed significant progress at that time, there was
an opportunity to develop sensors and manipulators that could inspire a new
medical field in assistive medical robotics surgery, with robots guided by surgeons
to perform difficult surgeries as they could have finer movements than the human
counter-parts and tactile sensors on the manipulators could also transmit tactile
information back to medical staff [55]-[57]. Most of the devices used transduction
methodologies similar to those of previous decade, such as piezoresistive force
sensors with silicon-based materials, piezoelectric PVDF film, silicon-based
capacitive arrays and Complementary metal-oxide-semiconductor (CMOS) devices
[53], [58]-[62]. Parallel to tactile sensing, for robotic hands, there was an interest
in tactile sensing insoles as they provide an additional challenge due to the
extreme pressure they exhibit. F-Scan was an attempt to introduce tactile sensing
able to sense at pressures up to 1.7 MPa. However, the sensors are sensitive to
temperature variations, loading speeds, surface condition and ununiform response
[63]. Even though there was a significant advancement in the field of sensing in
this period, many have pointed out the limitations of the mechanical properties
of the materials used [50]. Force Sensing Resistor (FSR) was also commercialised
in this period by interlink and is widely used in many experimental sensing devices

[64]. These devices are used even today in many applications such as a joysticks,
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tactile sensing insoles, tactile sensors for manipulators, wearables, health

monitoring and many others [65]-[73].

The field of tactile sensing in these distinct periods showed exponential growth.
The need for better control systems and algorithms for robotic systems drives the
field towards better-performing devices. Automation, in particular, is heavily
reliant on feedback mechanisms and tactile sensing is the first component in the
development of such systems. In general, we see the scientific effort for such
devices tripling every decade. Table 2.2 shows an approximate number of unique
scientific publications in the 1970s, 1980s and 1990s both in conference works and
journals. This clearly showcases the growth, importance and need for more and

more advanced tactile sensors with better capabilities.

Table 2.2 Approximate Publications in the 1970s, 1980s and 1990s for tactile sensors. Adopted
from [32].

1970s 1980s 1990s

Total number of 30 115 246
publications

2.3.2 Recent advancements

In recent years, tactile sensing has become synonymous with the success of
robotics in implementing complex tasks. Grasping and manipulation is heavily
dependent on the ability to recognise an object’s geometrical and physical
characteristics [74]. This enables a safer environment for Human-Robot
Interaction (HRI) as robotic vision is most often not enough to prevent accidents.
As the pressure for more autonomous robots is increasing, due to unforeseen
circumstances, such as pandemics, avoiding hazardous environments for humans,
and a general need for higher skilled occupation, to fulfil low-skilled jobs, there
is an increasing pressure on the development of such systems. In order to move
robots from structured to unstructured environments, such as mines, urban areas

and healthcare facilities, those machines need to be equipped with multiple
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perception mechanisms such as visual, tactile and many others that humans

possess [75].

Tactile sensing systems have now been integrated in robots for demonstration
purposes and are able to be integrated into microcircuits. There is currently a
plethora of solutions and technologies for the development of tactile systems.
Unfortunately, not only design is affecting the performance of transducers,
especially on large-scale devices, but also problems arise with wiring (wire
routing, signal driving, ambient conditions and robotic platforms integration
difficulties). Figure 2.3 presents tactile sensors with the aforementioned inherent

problems of current approaches used in making of these devices.

Tactile force

sSensors

Figure 2.3 Tactile sensors developed recently showcasing problems with current approach.

a) uSkin fingertip [76] Copyright © 2018, IEEE, b) Human- Like Electronic skin with four tactile
force sensors and a temperature sensor embedded in soft elastomer [77], c) Soft transparent Eskin
for pressure sensing [78] d) Tactile sensor based on organic thin film transducer [79] Copyright ©
2012, IEEE, e) Normal and Shear force flexible tactile sensor with embedded multiple capacitors
[80] Copyright © 2008, IEEE.

All these issues have limited the number of dexterous robotic hands to incorporate
tactile sensors [81]. The most well-known hands to implement tactile sensing are
the GIFU hand [82], the MAC hand [83], the Obrero hand [84], Shadow hand [85]-
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[87], Robonaut hand [88], Barret hand [89] and a few others [90]. Figure 2.4

presents robotic end-effectors equipped with tactile sensors.

Figure 2.4 Robotic Hands utilising tactile sensing devices as feedback mechanisms.

Robotic hands enhanced with tactile sensors a) UB Hand VI [91], Copyright © 2013, IEEE, b) KITECH
Hand [92], Copyright © 2012, IEEE c) Shadow Hand with SynTouch sensors [93].

Most of the tactile sensors developed in the recent years have not been integrated
with robotic body parts, as the development of robotic parts is often costly, time-
consuming and mechanically challenging. Based on the aforementioned,
researchers often avoid developing their own platforms and either tested their
devices in isolation (especially for lower extremities) or at best used already
developed systems such as prosthetics or robotic hands and grippers [94]-[106].
Most of the tactile systems developed nowadays are based on an Eskin approach
with high resolution and sensitivity, often avoiding the integration problems

encountered by attachment to robotic systems.

Eskins have benefited from the advancement of flexible electronics with
capabilities of bending and stretching, if need be, providing a significant
advancement compared to rigid devices. Flexible substrates enable new
fabrication methods for deposition of electronic components, electrodes, sensing
materials and others, such as roll-to-roll processing, and 3D printing [107]-[113].
Recently, new works have incorporated thin-film transistors on a polymer
substrate using graphene and other conductive materials, as part of the device,
such as Field-Effect-Transistors (FET) [114]-[118]. Moreover, thinning devices have

showed promising results with rigid materials able to bend by reducing the
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thickness of the substrate, and as result reducing mechanical strain to the
materials [119]-[124].

Eskins provide many benefits and can meet some of the requirements of prosthetic
hands; however, as mimicking the sensory properties of skin while resembling its
mechanical properties is challenging, there are currently no commercial
prosthetic hands with tactile sensing capabilities. The reason for this is the
electrical/mechanical performance of current tactile systems and the lack of
proper propagation of tactile information to the wearer. Thus, many Eskins are
now starting to be used in different applications, such as wearables, for pressure
mapping, temperature and health monitoring devices and visual displays [125]. In
the medical and dental field, implantable devices are also integrated with sensing
and monitoring capabilities [126]. Some of the most recent Eskins also include
energy generation capabilities, self-healing and multi-sensing modalities [127]-
[132]. As more and more materials are explored, tactile sensors, in general, have
increases their capabilities, in some cases even overpassing the human skin
equivalent. Figure 2.5 provides an overview of the range Eskins applications that

can be employed and highlights their strengths.
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Figure 2.5 Electronic skin properties and applications in recent years [126].

This is only possible with materials that are now been explored. The next section

discusses fabrication methods and materials in depth.

2.4 Fabrication methods and materials

New methods and materials have enabled more complex devices. Herein, the
focus will be on the electrode and dielectric/sensing materials for fabrication of

tactile sensors, as they are the most important parts of a transducer.

2.4.1 Electrodes

Research on tactile sensing has progressed beyond the old ways of fabricating

electrodes via etching copper from a PCB. New fabrication techniques such as
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screen-printing, roll-to-roll techniques, photolithography, electrodeposition, DIP-
coating and many others are more compatible with the current requirements of
tactile devices. This is thanks to the changing trend from inorganic materials, that
are usually fragile and can have a permanent deform at low strain, to more
mechanical compliant organic equivalents. Therefore, materials such as copper,
silver and other inorganic materials do not receive the same attention as newly
developed materials and composites. One of these newly developed materials is
graphene, which has promising mechanical and electric properties [133].
Graphene has been used as an electrode but also as an active material in many
applications, from tactile sensors to photovoltaic and energy storage devices
[134]-[138]. Many works try to implement conductive polymers as electrodes. In
many studies, polymer—poly(3,4-ethyl-enedioxythiophene-poly(styrenesulfonate)
(PEDOT:PSS), has been used as an electrode or mixed with other materials to
increase its conductivity or other mechanical or electrical properties [139]-[142].
Indium tin oxide (ITO) is another electrode used for tactile sensing, often valued
for wearable applications due to its transparent nature [105], [143], [144]. AgNW
and carbon nanotubes (CNTs) are other materials often used for electrodes [145],
[146]. In the case of inorganic materials, a new approach to flexible electrodes is
the deposition of electrodes on a pre-stretch substrate such as
Polydimethylsiloxane (PDMS) then laminated with copper, silver or gold material
[147], [148]. This technique is often used for interconnects rather than electrodes

as they more often require higher electrical performance.

2.4.2 Active materials

Eskins have undergone rapid development to overcome new challenges. Polymer
based composites are now used for the development of dielectric and sensing
materials. Currently, a combination of organic and inorganic materials are used,
as found in resistive, piezoresistive, piezoelectric and triboelectric devices.
Devices developed nowadays can twist, bend and stretch with relative ease, with

a minimum trade-off in sensitivity.

Piezoresistive transducers respond to lower pressures than previous devices by
incorporating novel materials. Many have reported using piezoresistive sensors for

strain measurements. Materials such as CNTs were used for strain measurements
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[149]. Many devices use CNTs for their excellent conductivity and mechanical
properties; these can be found in many applications not only in tactile sensing,
but also as electrodes for rechargeable batteries [150]-[153]. CNT was also mixed
with porous PDMS to create a soft piezoresistive sensor with a response of
0.033KPa™' for a pressure range of 0-20 KPa [154]. Other materials used are
Nanowires (NW) of different materials. NWs can grow at any length, depending on
the desired application. Tactile sensing devices usually use semiconductor NWs,
such as FET devices [155]-[158]. As an example, gold NWs on tissue paper were
dip-coated and integrated on interdigitated electrodes to form a resistive device
[159]. Another material type used for tactile sensors is conductive fillers
embedded on soft elastomers. These materials are easy to use and are low-cost,
usually containing carbon black and can be 3D printed. Other materials often used
are metallic particles and CNTs [126], [160]-[162].

Capacitive sensors have also benefited from advancements in materials. The most
common dielectric material used for capacitive sensors is PDMS films and
researchers have tested many capacitive sensors using different PDMS thicknesses
[163]-[166]. Most PDMS dielectric formation is done by spin-coating the material;
the faster the rotation of the spinner, the thinner the dielectric material will be.
The thickness of the dielectric often ranges from tenths of pm to mm. One study
was able to fabricate a PDMS dielectric device with a thickness of 45um with 3pF/N
sensitivity [167]. Other materials that use spin-coated techniques are a
poly(methyl methacrylate) (PMMA) solution, Ecoflex and others [168], [169].
Another method is drop-casting into a mould to obtain the desired morphology.
Researchers used carbon-based silicone composite as a dielectric for a capacitive
force sensor. [170]. The composite was mixed using ultrasonic dispersion and was
afterwards degassed under vacuum, poured to a mould and cured under room
temperature with a thickness of 0.5mm. The device sensitivity was 0.02536 %/Kpa
with maximum hysteresis of 5.6% and a response time of 89ms at a pressure range
of 0-700KPa. The device was demonstrated on a sock and insole wearable device

and also demostrated as feedback to robotic fingertips.

Piezoelectric materials refer to materials that possess piezoelectric
characteristics. The materials under mechanical force can generate electric

charges due to the occurrence of electric dipole moments. This phenomenon
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enables the conversion of mechanical stress to electrical signals. In general,
piezoelectric devices have fast response times and relatively high sensitivity based
on the piezoelectric coefficient (ds3). There are two types of materials used for
such devices; inorganic and organic. Inorganic materials often exhibit a higher ds3,
but they are often fragile and unsuitable for strain conditions. To combat this
disadvantage, often composite materials based on polymers have been developed
to increase their durability. A common material used for piezoelectric devices is
PVDF, and is widely used in the literature [171]-[177]. A few preparation methods
for forming piezoelectric devices are non-solvent induced phase separation (NIPS),
thermal induced phase separation (TIPS), vapor-induced phase separation (VIPS),
solution casting and electro-spinning [178]. Recently, oriented piezoelectric NWs
are used to produce such devices. ZnO NWs, for example, used to produce a
flexible sensor array that could map pressure with high sensitivity and resolution
[159]. Table 2.3 presents studies of tactile sensors with the respective materials

used and other performances.

Table 2.3 Tactile sensors and their performance. Adopted from [179]

Transduction Materials Sensitivity Response/recovery Cycling Ref.
Type time (ms) numbers
Piezoresistive PDMS/SWNTs 1.8 kPa™ <10 67,500 [180]
Piezoresistive PPy 133.1 kPa™ 50 8000 [181]
Piezoresistive PDMS/PEDOT:PSS/PUD 10.32 kPa™ 200 - [139]
Piezoresistive Graphene/PU sponge 0.26 kPa™ - 10,000 [182]
Piezoresistive PDMS/CNTs 15.1 kPa™ 10 - [183]
Capacitive Alumina ceramic 3.5 MPa™ - - [184]
Capacitive PDMS/air gap 0.7 kPa™' - - [132]
Capacitive PDMS/Rubrene 0.55 kPa™ <10 - [185]
Capacitive lonic conductor 10 MPa™ - 1000 [186]
Capacitive Fluorosilicone/air gap 0.91 kPa™ <40 - [187]
Piezoelectric P(VDF-TrFE) 0.41V Pa”’ - - [188]
Piezoelectric Zn0 nanowires 2.1 pS kPa™ 150 1000 [189]
Piezoelectric Polypropylene 1MPa™ - - [190]
Triboelectric PDMS/ZnS 6 MPa™’ 8.7 - [191]

Triboelectric PDMS/ITO 0.29 V kPa™ 100 - [192]
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2.5 Additive Manufacturing and embedded sensors

Additive Manufacturing (AM) technologies, commonly known as 3D printing, is an
emerging fabrication methodology, attracting interest across multiple disciplines.
The field of 3D printing is experiencing exponential growth. In 2020, it was valued
at 13.7 billion USD and by the end of 2026 is expected to reach 63.46 billion USD
globally [193]. This relatively recent field of manufacturing has now been adapted
to many industries, such as aerospace, automotive, medical & dental and
consumer goods, to name but a few [193]-[202]. Figure 2.6 is a breakdown of the
percentage of industrial sectors using 3D printing in their production [203]. AM has
many attractive advantages compared to traditional fabrication methods
(moulding/drop-casting, cutting, spin-coating etc.). 3D printing allows fast
adaptation, reduces material waste, enables faster prototyping and above all
provides unprecedented design freedom. This fabrication approach leads to new
devices/products with arbitrary shapes, cavities and functionalities that are
difficult to achieve with other fabrication methods. 3D printing can produce
structures that are lightweight, due to the partial filling of the structure, with
minor impact to overall strength of the part, or even higher strength in some
occasions, due to fill patterns [204]-[206].
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Figure 2.6 Breakdown of percentage of 3D printing use in industrial sectors. Adapted from
[203].

3D printing consists of many technologies and processes for producing an object.
Herein, a short description of the most used technologies for making smart devices
will be presented. Lastly, we will present some of the latest works on the field of

3D printing for making intelligent systems.

2.5.1 Printing Techniques

3D printing has its roots in the late 1940s’and many different processes are
established, depending on the materials used.. Each 3D printing methodology has
advantages and disadvantages and, depending on the purpose of use, different
methods can be employed. This section describes two of the most used AM
technologies, based on the fabrication process. These are Laser-based processes
and extrusion processes. There are three more processes (Adhesive, Electron

Beaming and jetting processes) but they are not used as frequently [203].

2.5.1.1 Laser based 3D printing

This process uses a laser to melt, solidify or cure a material. This group could also

be subdivided based on the way the material changes through the process. The
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two processes are melting and polymerisation. In the first subdivision, the
material is, usually, in powder form; as the laser melts the powder, a structure is
formed where the laser passes. For the polymerisation processes, the material
used is often a photosensitive resin; with the use of ultraviolet (UV) light, the
resin cures and solidifies. Most common polymerisation processes are
Stereolithography (SLA), Solid ground curing (5GC), Liquid thermal polymerisation
(LTP), Beam interference solidification (BIS) and holographic interference
solidification (HIS). In contrast, the melting processes are Selective laser sintering
(SLS), Selective laser melting (SLM), Direct metal laser sintering (DMLS), Direct
metal deposition (DMD), laser powder deposition (LPD) and selective laser
cladding (SLC).

2.5.1.2 Extrusion printing

Extrusion deposition is the most used technique to deposit polymers on a 3D
printer bed. This process is often done with the melting of polymers by a heated
nozzle melting the polymer and depositing on the bed where it freezes back to
solid state. The most well-known process is fused deposition modelling (FDM), also
known as fused filament fabrication (FFF). This process uses a variety of
thermoplastic materials such as acrylonitrile butadiene styrene (ABS), acryloni-
trile styrene acrylate (ASA) nylon, polyetherimide (PEl), polylactic acid (PLA),
thermoplastic polyurethane (TPU) to name but a few. Recently, a new technique,

Direct Ink Writing (DIW), has been developed for cold extrusion [207].

DIW is critical for several technologies requiring precision of the materials
deposited such as microfluidics, photonics, tissue engineering, sensors, flexible
electronics and many others. The technology can utilise many different materials,
from simple liquids to complex composites. This subsection of the extrusion
printing method can be further divided depending on the method of deposition.

Some of them are piston-driven, pneumonic or screw-based.

Figure 2.7 presents the working principle for laser-based 3d printing, FFF and DIW

techniques.
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Figure 2.7 3D printing techniques

a) Stereolithography (SLA) 3D printing working principle. b) Fused Filament Fabrication
methodology [208] Copyright 2018, MDPI. c) Direct Ink Write (DIW) working principle of based on
pneumatic actuation.

2.5.2 3D printing and smart structures

Progress in the field is driven by the exploration of new materials/composites.
The field of electronics is currently exploring the use of 3D printing in many
applications. Both passive and active materials are used to make functional
structures for various applications. Many works combine 3D printing techniques
such as FDM and DIW to develop unique devices that traditional methods are
unable to construct. A common characteristic of 3D printed devices is the intrinsic
capabilities of multi-material printing of novel materials. This can result in devices
fabricated with active elements and their packaging in one continuous step with

a high level of automation.

2.5.2.1 Smart structures for advanced electronic devices using 3D printing

One of the first steps in the development of electronic components using 3D
printing was the need to produce simple electronics. Basic structures such as fully
printed capacitors, resistors and inductors have been demonstrated in the
literature [209], [210]. Early works were fabricating those devices with a single
conductive material such as copper-based filaments and conductive PLA
composites. More complex devices are also possible with multi-material printing
such as antennas, transistors, diodes, sensors, interconnects, supercapacitors,
batteries and microelectromechanical (MEM) devices [211]-[220]. Many
researchers have explored 3D printing techniques to form smart and intelligent

devices such as electronic dice, wearable health monitoring systems, sensing
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gloves etc. Figure 2.8 presents some of the devices fabricated using 3D printing

techniques.
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5 mm

Figure 2.8 Examples of 3D printing used to make smart and intelligent structures.

a) 3D printed interconnects using conductive filament on flexible 3D printed substrate. [217] b) 3D
printed rechargeable dice. [221] Copyright © 2014, IEEE c) Galinstan-based 3D printed dipole
antenna. [219] Reprinted with permission from John Wiley & Sons Copyright © 2016, John Wiley
and Sons d) Flexible 3D printed supercapacitor for wearable energy storage. [222] e€) Smart glove
with integrated liquid-state printed components and interconnects with IC chips in all three
dimensions, various orientations, and multiple printing layers, delivering personalised system-level
functionalities. [219] Reprinted with permission from John Wiley & Sons Copyright © 2016, John
Wiley and Sons f) Embedded 3D printing process and realisation of a planar array of soft sensors
and for strain measurements [223] Reprinted with permission from John Wiley & Sons Copyright ©
2014.

3D printing manufacturing provides new freedom to fabricating soft functional
materials. It can produce soft electronics that combine many fabrication
techniques such as DIW with conductive and dielectric elastomers, while FDM can
be used for packaging. With additional tools such as pick and place of surface-
mount electronic components, 3D printers are a very attractive proposal for
automation and industrial adaptation. Both passive and active electrical
components are easily integrated to produce the desired electronic, sensing,

communication and other parts required based on the desired application. Once
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the electronic components are placed, they can be interconnected via printed
conductive traces (either filaments or pastes). This can yield soft electronic
devices that can find applications in a variety of areas such as wearables, soft

robotics and biomedical devices [224].

For example, an electronic circuit was 3D printed using pick and place by suction,
for the electronic components, and AgTPU material for the electric traces [224].
This resulted in a functional LED array able to be wrapped around a human finger.
Moreover, 3D interdigitated micro-batteries were able to be fabricated by printing
concentrated lithium oxide based ink using DIW [225]. DIW was also used with
multiple materials to make a flexible supercapacitor. The materials were mounted
on syringes and contained silicone paste, Ag paste, activated carbon particles and
a gel electrolyte [222]. Ceramic materials can also be printed using AM techniques.
Specifically, researchers were able to print an electrode membrane assembly
(PEMA) prepared by depositing ceramic-polymer electrolytes directly over LiFePO4
[226].

2.5.2.2 3D printed tactile sensors

AM techniques play a significant role in the advancement of sensing used for
robotic applications. More and more works have explored the use of 3D printing
for sensing modalities. These include, but are not limited to, strain, pressure,
vibration and temperature [227]-[233].

Early 3D printed works for tactile sensors relied on embedding prefabricated or
off-the-shelf tactile sensors and placing them in cavities of the 3D printing
structure and printing on top of them in order to embed the sensing devices.
Researchers have used 3D printers and were able to produce tactile sensors for
anthropomorphic hands, insoles and grippers [234]. Some of the most common
tactile sensors placed in cavities and embedded in devices are strain and pressure
sensors such as Force Sensitive Resistors (FSR), capacitive sensor arrays and
temperature sensors. Some works have also embedded the accompanying
electronic components needed for measuring the sensor output, resulting in a

standalone device.
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Only recently, with the use of multi-printing materials, do we see a rise of intrinsic
tactile sensors using 3D printing techniques. With the development of more
sophisticated 3D printers, able to 3D print different materials, more complex
designs can be realised. As an example, a multi-material and multi-nozzle 3D
printer was able to print different rubber materials, with different young’s
modulus, in one print, resulting in a soft pneumatic actuated multilegged robot
[235]. These advancements in 3D printing tools also have an impact on the
fabrication of more intrinsic tactile sensors. For example, researchers were able
to 3D print embedded sensors in a soft gripper finger utilising a DIW process. They
made a curvature sensor, inflation sensor and a contact sensor in the finger using
resistive based ink. The sensor ink is a conductive ionogel composed of the organic
ionic liquid 1-ethyl-3-methylimidazolium ethyl sulfate (EMIM-ES) filled with fumed
silica particles, which serve as a rheology modifier [236]. Furthermore,
researchers were able to print stretchable tactile sensors using a combination of
nanocomposite ink. The ink was derived by mixing submicrometer-sized silver
particles within a highly stretchable silicone elastomer to form a resistive based
sensor with compressive gauge factor of 180 [237]. Capacitive-based 3D printed
sensors are also reported in the literature. Specifically, the most common
capacitive-based 3D printed sensors use only the FDM approach with TPU filaments
for dielectric and conductive TPU composites to form the electrodes [238].
Similarly, an integrated wearable resistive sensor array was fabricated with
coaxial extrusion 3D printing for simultaneous pressure and direction sensing
capabilities. The conductive material used was a conductive carbon grease, in the
inner core of the printed trace, and the outer shell of the trace is a SE 1700
adhesive as the encapsulation layer resulting in a fibre formation. A capacitive
sensor was formed as a row/column structure exhibiting a maximum sensitivity of
0.56 kPa' [239]. Table 2.4 compares different 3D printed tactile sensors

developed recently.
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Table 2.4 3D printed tactile sensing devices developed recently.
TRANSDUCTION MATERIALS SENSITIVITY RANGE REF.
METHOD
CAPACITIVE Carbon grease - adhesive 0.56kPa’" <2kPa Up to [239]
15kPa

RESISTIVE Conductive ionogel ~25Q0/kPa 100 kPa [236]

PIEZORESISTIVE Silver particles/silicone elastomer 180 gauge factor 250kPa [237]
composite

RESISTIVE & CAPACITIVE lonically conductive ink composite/silicone 0.348 gauge [240]

factor

RESISTIVE Carbon conductive grease 3.8 gauge factor [223]

CAPACITIVE Co-hydrogel, Aam/PEGDA and photo- 0.84kPa’' 3kPa [241]
initiator

RESISTIVE (TPU)/MWCNT filaments 1.5-3 gauge factor [242]

CAPACITIVE Carbon Black Ecoflex composite/Ecoflex -0.4 at 100% strain  100% strain  [243]
BTO-Ecoflex substrate

CAPACITIVE Conductive hydrogel/polyethylene 0.45kPa’’ 1kPa [244]

Most studies have presented 3D printed tactile sensors often in isolation or at best

used as wearable applications. Figure 2.9 showcases the most recent works based

on 3D printing sensors in the literature.

Figure 2.9 3D printed sensors recently developed.
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a) 3D printed wearable Piezoresistive strain and tactile sensor on a robotic finger [245] Reprinted
with permission from John Wiley & Sons Copyright © 2021. b) 3D printed finger with embedded
strain sensors [246] Copyright © 2020, IEEE. c) Image showing a gripper holding nothing, a small
ball, and a spiked ball [236] Reprinted with permission from John Wiley & Sons Copyright © 2018.
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d) Stretchable piezoresistive sensor detecting dynamic vibration [247]. Reprinted with permission
from John Wiley & Sons Copyright © 2018

The vast majority fail to present works with intrinsic use in robotic/prosthetic
applications. One of the most common problems in the integration of 3D printing
sensors and robotic parts is the combination of traditional FDM processes for
making robotic parts and DIW processes for sensors. Often, to work,
anthropomorphic robotic hands it requires complex large parts leaving, little to
no space for embedded sensors and wiring.

2.6 Summary

The field of smart structures and robotics has progressed significantly over the
last few years, with advancements in fabrication strategies, materials, and
morphology. Pressure sensors have moved beyond fragile and rigid components
that require multiple fabrication steps with manual alignment. With the
introduction of organic-based materials, sensors and electronic devices are now
soft, bendable and/or flexible. This brings robotics, prostheses, wearables and
health monitoring systems to the next generation of devices, combined with the
advancement of loT technology and Al. Now, AM techniques have contributed to
the formation of even more complex designs, materials, and unique structures, in

the forefront of innovation.

This chapter initially outlined human skin modalities and transduction methods.
Transducing methods used to realise artificial tactile sensors have been presented
with their advantages and disadvantages, followed by materials and fabrication
methods used to make them. Lastly, Additive Manufacturing has been introduced.
A brief description of the different AM technologies, such as laser-based 3D
printing and extrusion-based 3D printing, has been presented. 3D printing smart
structures using novel composite materials have been included along with their
unique realisation processes. 3D printing sensors using this novel fabrication

processes have been presented and compared.

Even though tactile sensing and Eskins have been explored extensively, there is

an unexplored potential for the use of 3D printing and tactile sensing for robotic
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applications, novel materials, morphology, wiring and packaging. These well-
known issues, where other fabrication processes are unable to provide solution,
can be addressed with 3D printing. The following text presents a step towards
this.



Chapter 3: Design of sensors, end-

effectors, and peripherals

3.1 Introduction

Intrinsic or tightly integrated sensing, actuation, energy harvesting & storage, and
computation into 3D structures could enable a new generation of truly smart and
complex systems such as robots that have human-like dexterity, motor skills, and
physical abilities that rely on feedback provided by specialised receptors in the
body [248]-[250]. The field of robotics has strived to replicate human-like
capabilities using large-area Eskins artificial muscles, computing devices, etc
[251], [252] and are often placed on the external surface of the robot's body.
These robots, however, often fail to execute intricate tasks that are easily
conducted by humans. They also cannot be effectively used as current
arrangements do not allow the synergistic working of sensors, actuation, and
computation, such as the arrangements that exist in humans. To properly explore
their full potential, next-generation robots require soft sensors embedded in the
body to provide distributed touch and haptic feedback. This chapter presents a
new approach to address the aforementioned issues, discussed in the literature,
by intrinsically embedding sensors and electronics, developing 3D printed

robotic/prosthetic parts that are robust, stable, and affordable.

Specifically, in this chapter a robotic end-effector with intrinsic tactile sensing
fingertips and embedded read-out circuit is presented. The robotic part has also
attached photovoltaic cells that are able to power the electronics and are covered
with 3D printed transparent material for protection. The cells can also be used for
proximity sensing. Finally, here an insole device with intrinsic sensing is also
presented using this new methodology to further validate the approach and

showcase the robustness of the devices.
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3.2 3D printed Robotic Hand

This section, a robotic hand and wrist are presented with their mechanical and
electronic parts. The overall design can be seen in figure 3.1. The hand resembles
a five-fingered human-like hand with the thumb having two Degrees-of-Actuation
(DoA) and 2 Degrees-of-Freedom (DoF). The rest of the fingers have 1 DoA and 3
DoF.

Figure 3.1 Overview of the Robotic hand/wrist.

Table 1.1 presents all the components found on the robotic hand and wrist

including the electronics.

Table 3.1 Robotic Hand’s Components

Component Description Amount

Hand Parts
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Linear actuators PQ12-63-6-R 6
Flex wires Tendons 6
Nuts M5 3
Bolts M5 3
3D printing hand Mechanical 3D printed structure 1

Wrist part
Battery holder Double 18650 Lithium Battery Holder 1
3D printed pieces | Wrist, Left & Right covers, Battery cover 4
Photovoltaic panel | 193852 Monocrystalline Solar Cell, RSC-M125XL, Conrad 3
Battery 18650 Lithium Battery 2
Bolts M3 4
Nuts M3 4
Rocker Switch Double Pole Single Throw (RS) 1
Power Management PCB
MCU PIC16F684E/P 1
Resistors Various resistors for circuit operation 8
LED green, yellow, red LED for power level monitoring 3
Diode Voltage drop 2
Capacitors Various capacitors 5
Inductor 22mH 1
Control PCB
MCU PIC16F88-E/P 1
Capacitors Stabilising the signal 2
Diode Voltage drop 1
Bluetooth DSD TECH HM-10 Bluetooth 4.0 BLE iBeacon UART Module 1

3.2.1 Design of the robotic hand

The robotic hand was a collaborative effort between me and Dr. William Navaraj.
The 3D printed hand was designed to utilize the capabilities of multimaterial 3D
printing offered by state-of-the-art 3D printers with a layered architecture to
ensure easy printability without requirements for any support structure. The palm
area of the hand has six slots for six PQ12-63-6-R microlinear actuators (two
actuators for the thumb and four for the rest of the fingers). The hand was
fabricated using three different 3D printing materials (Figure 3.2). The hand is
segmented into three sections: bottom, middle, and top, and was printed in a
layered fashion. The first layer is PLA (of 4 mm thickness) followed by a second

layer of ABS (1 mm thickness). The adhesion between ABS and TPU is much higher
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than TPU and PLA. Hence, the thin layer of ABS was used, followed by the TPU
which forms the third layer. This is followed by a fourth layer of ABS, lastly the
final layer was a PLA material. The multimaterial printing was possible as the
printer used has the capability to print three materials from its three nozzles. This
layered arrangement utilizes the rigidity of PLA/ABS as a skeletal support
structure, whereas the elasticity of TPU is used to achieve flexion for the fingers’
joints. The fingers are actuated via a tendon mechanism. The tendons were
connected to the distal phalanges and were pulled through slots in the hand via
microlinear actuators to achieve the desired flexion. During extension, the linear
actuator is released, and the joints get back to the normal state as the TPU
reverses back from its elastic deformed bent state. This structure can be classified
as an adaptive under-actuated tendon mechanism where the fingers can bend
easily with a single actuator used by each finger. Furthermore, the phalanges have
been designed with gaps to embed the electronics related to intrinsic touch

sensors.

Figure 3.2 The 3D printed hand
CAD design of the hand with the smart sensing phalanx. [253].

3.2.2 Design of the wrist

The wrist has a cylindrical-based shape with an average diameter of 100 mm and
total a height of 170 mm. The wrist is segmented into 4 total bodies: Core
structure, left and right cover and the battery door cover. The wrist is housing all

the necessary electronics for the proper operation of the hand. At the front of the
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wrist, a cavity is located for housing two 18650 Lithium-lon batteries. The output
of the batteries is connected to a rocker switch and from the switch a PCB is
powering the motors and the rest of the electronic components. The right side of
the wrist was designed for mounting the 3 solar panels at an angle of 60°. The left
side of the wrist is housing the PCB used for controlling the hand. The bottom of
the wrist has a cylindrically shaped cavity for further integration to robotic arms.

Figure 3.3 shows the entire integrated system.

Figure 3.3 Robotic Wrist

3.3 Tactile Sensors

3D printing is widely used as a quick way to transform a design concept to the
physical world. The field of AM allows printing of several types of polymers,
including soft and bendable materials. While 3D printing allows an easy way to
develop complex mechanical 3D structures, it does not inherently allow these
mechanical parts to have any sensing capabilities. However, in applications such
as robotics and prosthetics, 3D printed structures with sensory capability are much
needed [254].

3.3.1 Embedded capacitive sensors for robotic hands

3.3.1.1 3D printed Phalanx with embedded pressure sensor

This part is adapted from:
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M. Ntagios, W.T. Navaraj, R. Dahiya, “3D Printed Phalanx Packaged with
Embedded Pressure Sensor”, IEEE Sensors Conference, 2018, Copyright ©
2018, IEEE.

This part of the thesis presents an early adaptation for using 3D printing method
to develop a robotic finger with embedded capacitive touch sensors. The concept
has been demonstrated by designing and printing the distal phalanx of a finger

with soft material.
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Figure 3.4 (a) CAD design of the distal phalanx. (b) Phalanx in a bending condition. [254]
Copyright © 2018, IEEE

The finger design closely resembles the average prosthetic distal phalanx of the
human index finger with dimensions of 48mm x16mm x10mm. The phalanx
structure is designed to have two cavities, which, when filled with conductive
materials, lead to the formation of a parallel plate capacitor inside the phalanx.
These cavities are designed and located at the bottom half of the device with each
of them being 1.5 mm thick and 10 mm wide. The bottom cavity is 28 mm long
and the top cavity is 37 mm, as shown in figure 3.4. The separation between the
cavities is 200 uym, which defines the thickness of the dielectric material between
the two plates of the embedded capacitor. The two holes at the one end of the
phalanx allow access to the two cavities and these are plugged after filling up the

cavities with conductive materials.
3.3.1.2 Robotic Hands with Intrinsic Tactile Sensing via 3D Printed Soft Pressure
Sensors

As the previous study showed promising early results. As a next step, a thorough

investigation of the 3D printing approach was conducted. 3D printing could also
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be used for the deposition of the electrodes for a higher level of autonomous
fabrication. The packaging and the transducer part can be fabricated
simultaneously in the fingertips of the robotic hand. To this extent, this section
describes the development of a complex 3D intelligent structure using innovative
designs and multimaterial additive manufacturing technology. The distal
phalanges of the 3D printed thumb presented herein have inherent soft capacitive
sensor and embedded electronics. Figure 3.5 presents the intelligent fingertip
with the embedded electronics and sensor tightly integrated into the distal

phalanx of a robotic hand showcased for the first time.
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Figure 3.5 The 3D printed hand with intrinsic tactile sensing

a) CAD design of the hand with the smart sensing phalanx having a soft capacitive touch sensor
and an embedded readout circuit. b) CAD design of the interior structure of the phalanx. c)
Fabrication steps for the 3D printed phalanx.[253]

For the capacitive sensor, TPU and two-part rubber (Ecoflex) are used as dielectric
materials. Silver paint, conductive PLA composite and a graphite ink, are used as
electrodes of the capacitive structure and explored to develop five different
variants of the sensors using a modified 3D printer, which is capable of extruding

conductive ink, metal paste, and polymers, presented in section 6.1.

The full design of the intrinsic touch sensor is shown in Figure 3.6a. The simple
design makes it easy to fabricate the embedded capacitive pressure-sensing
phalanx using the different combinations of materials. In some way, the

architecture of the phalanx imitates the human distal phalanx which consists of
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the bone with soft tissue and skin. The design resembles this pattern with a rigid
base made from black PLA, the conductive and the dielectric elements mimicking
the soft tissue, and the top layer of the TPU 3D printing filament (Young's modulus
of 12 MPa) resembles the elastic properties of the human skin with Young's
modulus of 5-20 MPa [255]. The embedded capacitive pressure-sensing phalanx
has two computer-aided design (CAD) model variations to compensate for the

different fabrication techniques required for the two dielectric materials.

The embedded capacitive pressure sensor is 19.6 mm wide, 2.6 mm thick, and
28 mm high. The phalanx structure has five parts: base structure, bottom
electrode, dielectric, top electrode, and top polymer layer. A mould for the
bottom electrode is designed on top of the base structure and filled with the
conductive material for the formation of the capacitive sensor. Each electrode is
14 mm wide, 0.5 mm thick, and 19.2 mm high. The distance between the bottom
electrode and the surrounding walls of the base structure is 0.3 mm. Similar to the
bottom electrode, the top electrode has a separation distance of 0.3 mm from the
surrounding walls. This offset/gap prevents the 3D printer nozzles from colliding
into the existing fabricated structure during printing. There are two access points
in the 3D printed phalanx, one for each electrode of the capacitive-sensing
element. The overlapping surface area of the two parallel plates is 250 mm? and
the dielectric thickness between them is 0.5 mm. Figure 3.6b shows the
fabrication processes of the two variations and the performance of the system is

presented in the section 5.3.2.
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Figure 3.6 Design of intrinsic capacitive fingertip.

Capacitive pressure-sensing part of the phalanx showing a) the complete structure of the phalanx,
b) the fabrication procedure of the TPU and two-part rubber dielectric, and c) the graphite ink
printing using the modified desktop 3D printer capable of cold extrusion.[253]

3.3.1.3 Increasing Resolution
This part is adapted from:

M. Ntagios, P. Escobedo, R. Dahiya, “3D Printed Robotic Hand with Embedded
Touch Sensors”, IEEE Flexible and Printable Sensors and Systems Conference,
2020, Copyright © 2020, IEEE

Besides the amount of applied force to a fingertip, tactile systems require also
the need to understand the point of contact. To this end, the following expands
the previous work by increasing the number of sensors for locating the point of
contact of a force exerted to the fingertip. The touch or pressure sensors were
fabricated by 3D printed electrodes using copper-based conductive filament and
a two part-rubber as the dielectric. The sensitive fingertip was tested with

dynamic and static stimuli, explained in section 5.3.3.

The thumb fingertip has two soft embedded capacitive pressure sensors, used as
a feedback system to understand the distribution of an applied force on top of the
distal phalanx of a robotic hand (Figure 3.7). The sensing phalanx resembles the

human fingertip of the thumb with two soft capacitive sensors located inside, as
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shown in Figure 3.7b. The entire device is 20 mm wide, 30 mm long and 8.3 mm
thick. The overlapping areas of the parallel capacitive sensors are 163.24 mm?
with a dielectric thickness of 1 mm. The capacitive sensors have a 2.5 mm distance
between them and are located at 5.8 mm depth inside the highest point of the
fingertip. The parallel plates are 0.5 mm thick with an offset of 0.25 mm from the
walls of the designated cavities to eliminate the chances of bridging with each

other during the fabrication process.
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Figure 3.7 a) CAD Design of robotic hand with fingertip having embedded soft capacitive
sensors. b) Cross-Sectional view of the soft sensing fingertip. [256] Copyright © 2020, IEEE

3.3.2 Intrinsic tactile sensors for gait analysis

To further showcase the adaptability/flexibility and robustness of multimaterial
3D printing, a 3D printed soft and flexible insole with intrinsic sensing capabilities
is presented. A soft, flexible, and low-cost capacitive pressure-sensitive insole
developed using resource-efficient single-step 3D printing method, is presented.
The insole is developed using elastomeric materials with the soft and robust

sensors that can bend and twist without altering its performance. The insole is
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designed to have four sensing zones to capture the pressure information from the

entire contact area.

The device was designed to resemble a human foot using state-of-the-art CAD
software. The size of the insole resembles a size 4 UK shoe. The limiting factor to
the insole design was the build area of the used 3D printer (Ultimaker S5). The
insole’s design was done to accommodate four embedded pressure sensors. The
four sensors are capacitive pressure sensors fabricated with two different
techniques - 3D printing and drop-casting. A total of 8 holes are designed at the
side of each capacitive plate, for the wire bonding, while the device was entirely

fabricated using the 3D printer without the need of any other fabrication tool.

The insole is 225mm long from heel to toe, from side to side it is 87 mm long and
the thickness is 10.5mm. Each electrode has thickness of 1.4mm and the dielectric
has thickness of 4mm. The toe sensor covers an area of 3,356 mm?2, the left and
right sensors cover an area of 2,855 mm? and 2,482 mm? respectively and the heel
sensor covers about 2,100 mm?2. Figure 3.8 presents the design and dimensions of
the sensorised insole for anthropomorphic robotic and wearable systems. The

characterization results can be found in the following section 5.4.

Figure 3.8 View of the internal structure of the sensorised pressure sensor insole for

anthropomorphic robotics[257]
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3.3.3 Packaging of piezoresistive tactile sensors

As capacitive readout electronics require relatively long time to read the
capacitive value, a piezoresistive device and electronic components were
embedded in the distal phalanx of the thumb for faster response. Piezoresistive
sensors are ideal for vibration conditions as they can read faster than capacitive

readouts.

Here a fabricated piezoelectric sensor for vibrotactile feedback for
robotic/prosthesis is present. The sensor was provided from Dr. Oliver Ozioko as
a collaborative work towards enhancing tactile sensing in robotics [258]. The
fabricated sensing layer was systematically embedded in a fingertip. Figure 3.9
shows the scheme utilized for embedding one of the soft piezoresistive sensors
into the fingertip of the 3D-printed hand as a proof of concept. First, a CAD model
(Figure 3.9a1,a2) of the required fingertip was designed to fit into the custom 3D-
printed hand. The CAD model was designed to fit into the cavities of the distal
phalanx of the thumb (Part A). In the interior of the design, channels connecting
to the basic electronic components required for reading the resistance value of
the sensor, are located. The piezoresistive sensor (Figure 3.9a3) was encapsulated
by the second part of the model (part B). The designed models for part A and part
B were then printed separately with rigid and soft materials, respectively (Figure
3.9a1,a2). Part A was printed with PLA using a nozzle of 0.4 mm diameter, 100%
infill, and 0.1 mm layer height. The nozzle and the heated bed temperatures were
200 and 60 °C, respectively. In the core of part A (Figure 3.9a1), there is a cavity
designed for embedding a resistor that is needed to read the value of the
piezoresistive pressure sensor. To achieve this, the Gcode was modified to pause
the print around the 100th layer. At this point, the resistor was placed in the

cavity and the printing was resumed.
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Figure 3.9 Embedded piezoresistive tactile sensor

a) 3D Model of the fingertip and soft piezoresistive sensor; b) the fabricated 3D-printed fingertip
with embedded sensor; c) Phalange of the custom 3D-printed hand with provision for integrating
the sensorised fingertip; d) full custom 3D-printed hand with the sensorised fingertip attached; e)
zoom in of the integrated fingertip. [258]

Part B (Figure 3.9a2) was printed with TPU (NinjaFlex, NinjaTech) at a
temperature of 235 °C with a 60% infill. TPU is a flexible elastomer highly suitable
for replicating the stiffness and elasticity of the skin. In this case, the GCode was
also modified to pause at the 27th layer for the placement of the sensor. After
embedding the sensor, the printing flow rate was tuned from 100% to 99% to
reduce the infill line width to further improve the compressibility. Finally, the
two parts were glued together with Epoxy and attached to the robotic hand (Figure
3.9e).

3.4 Robotic hand with embedded sensors and energy
harvesting capabilities
This section was adopted from:

M. Ntagios, P. Escobeto, R. Dahiya, "3D printed packaging of photovoltaic
cells for energy autonomous embedded sensors” IEEE Sensors
Conference,2020, Copyright © 2020, IEEE
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Prosthetic and robotic systems require an extensive amount of energy to operate.
Motors and electronic components draw considerable amount of power. In the
case of powered prosthesis, batteries have a limited time of operation, usually
around an hour before the batteries are depleted. The current battery technology
is not sufficient for use in prosthesis, in a practical manner. Energy density and
capacity are not up to the task for a prosthetic hand to be used consistently as

batteries need to be changed constantly and add to the prosthesis weight.

To ensure that the sensing, actuating, and computing units on such devices are
powered for a significant amount of time, the robotic hand designed in the
previous section 3.2 was integrated with photovoltaics. Photovoltaics emerge as
the most suitable solution due to energy harvesting capabilities, as they can
generate power for the various sensing/electronic components in robotics and
other related applications. Solar cells are also the optimum solution for
prosthetics/robotics due to their low weight. The lightweight, fewer parts and the
ease of implementation of such devices are extremely attractive for robotic
applications. Unfortunately, the most efficient commercial solar cells are
extremely fragile to be used with robots operating in an unstructured
environment. They may break or crack due to impact if the robots collide with
objects around. To prevent such undesirable situations, a packaging arrangement
is necessary to protect the solar cells. In this regard, 3D printed package with

transparent materials has been explored here.

An experimentation of 3D printed covers for solar cells and evaluate the effect of
the printed structures on the performance of the photovoltaic device, is
presented. Three 3D printed covers were fabricated with different thicknesses and
tested to see the effect of the thickness of the material on the energy generated
by the solar cells. The covers were 3D printed from a transparent PLA filament.
All covers were printed with the same 3D printer and settings. From the results,
we identify the trade-offs between thickness, structural integrity, and energy
harvesting, and are presented in section 5.6. The system can be seen in Figure
3.10.
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Figure 3.10 3D printed hand with Energy harvesting cells.

a) 3D printed robotic hand with three photovoltaic panels. b) Tmm thickness covers attached on
the top to reduce wear and tear.[259] Copyright © 2020, IEEE

3.5 Summary

This chapter presented the design approach used in the development of smart
systems with intrinsic sensors, embedded electronics and energy harvesting
devices. Several sensors presented in this chapter are fabricated using AM
techniques, while prefabricated sensors were also used and embedded in the
robotic parts resulting in more robust and tightly integrated smart systems. The
fabrication processes and performance of these systems can be seen in Chapter 5.
The overarching goal is to develop smart systems with high complexity and 3D
printing can facilitate the production process. This design approach can be
expanded not only to robotic/prosthesis end-effectors but also to the overall
anthropomorphic robotic bodies. Beyond robotic application, the design approach
can be adapted in many other fields such as wearables, smart devices for loT and

healthcare to name but a few.

The following chapter describes the electronics used for these systems, thus
covering the designing aspect of the smart structures developed throughout the

thesis.



Chapter 4: Electronics and embedded

electronics using 3D printing

4.1 Introduction

Different electronic circuits were designed and developed, to control the robotic
system and read the tactile information from the various sensors. This chapter
presents the electronic circuits used throughout the development of the systems
in chapter 3. All electronic designs were made using Eagle (Autodesk) software,
an electronic design automation software (EDA). As a first step, the schematics

for the electronics were drawn, followed by the fabrication of the PCB.

4.2 Electronics and electronic components for robotic
hands

The 3D printed robotic hand presented in section 3.2 has two PCBs, one for power

management and another for controlling the hand’s movement.

4.2.1 Power management unit

The first PCB developed for the robotic hand was a power management circuit.
The robotic hand is using two lithium-ion batteries in series resulting in an input
voltage of 8.4V (fully charged) to 7.4V (depleted). The robotic hand is actuated
via six PQ12-63-6-R microlinear actuators requiring an input voltage of 6V. The
PCB designed here, drops the voltage from the batteries to a constant 6V for high
current operation, as the motors can draw, at worst case scenario, 3 Amps. To
step down the voltage a step-down converter is used (LMR 14050, Texas
Instruments). At the same time, a microcontroller (MCU) (PIC16F684) is used and
powered by the batteries. A diode drops the 6V output of the step converter to
5.2V and powers the MCU. The MCU is responsible for monitoring the voltage level
of the battery pack. Three LEDs are used and driven by the MCU for visual
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indication. Figures 7.1 and 7.2 in the Appendix present the schematic and PCB

layout of the power management module.

4.2.2 Controller PCB circuit

The output of the power management circuit is then connected to a second PCB.
The output of the power management PCB is connected via pins to the motors’
power lines. Meanwhile, a diode is also connected in series to the power line to
drop once again the 6V input to a 5.2V output and powers a second MCU
(PIC16F88). The MCU is responsible to drive the motors using 6 Pulse Width
Modulation (PWM) pins. The MCU is also connected to a Bluetooth module and
transfers data between the MCU and an external device (tablet/smartphone).
Figures 7.3 and 7.4 in Appendix present the schematic and PCB layout of the

control circuit.

4.3 Embedded electronics for intrinsic sensing devices

Electronic circuits often require a large amount of space, especially for
complicated systems such as robotic hands. Dexterous robotic hands, especially,
use a number of motors and mechanical parts to actuate their fingers, wrist, etc.
Due to that, electronics need to be even more tightly integrated into the body of
the robot. Towards that, this section presents a tightly packed readout circuit
embedded in the distal phalanx of the thumb of the robotic finger in collaboration
with Habib Nassar as collaborative effort towards 3D printed interconnects. The
sensor, able to read pressure, is capacitive based and was presented in section
3.3.1.2. To read the capacitive value a Capacitive to Digital Converter (CDC)
(AD7747, Analog Devices) was used. The Integrated Circuit (IC) can read data from
one of the plates and the second can be grounded. The IC reads the capacitive
value and transmits the data to a MCU via Inter-Integrated Circuit (12C)
communication protocol. The 12C protocol requires two pull-up resistors for the
data and clock lines. The size of the fingertip allows to fit the CDC and pull-up
resistor in a stacking configuration for vertical integration. The pull-up resistors
are embedded between the CDC and the sensor. Vertical 3D printed conductive
lines connect the IC with the pull-up resistors and sensor. The IC was, firstly,

soldered on a small break-out PCB due to small size pads (0.25m). That was
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necessary as 3D printing in such resolution was not possible. The breakout board
has pins to connect the IC to the MCU. Figure 4.1 shows the schematic of the

embedded circuit.
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Figure 4.1 Schematic of embedded electronics in the robotic fingertip.[253]

4.4 Readout circuits for tactile sensors

4.4.1 Robotic hand capacitive sensors readout circuit

All capacitive sensors for the fingertips use similar readout circuits as explained
above. As the thumb fingertip of the robotic hand has embedded the readout
electronics the rest of the digits were measured using CDCs mounted on a PCB.
The PCB was fabricated and assembled to demonstrate the capability of the
variety of sensors, mounted on the hand. The schematic of the system and the
fabricated PCB dedicated to the capacitive readout electronics is presented in
figure 4.2. The system uses a microcontroller to communicate with several CDC
ICs via 12C communication protocol, similar with the above section 4.3. An 12C
multiplexer (MUX) is used to communicate with the several CDCs, due to the fact
they have the same I12C address. This arrangement was done to expand to multiple
sensing fingertips. The CDCs convert the capacitance value from the sensors to
digital data and transmit back the data to the MCU. The microcontroller transits
the data via Universal Asynchronous Receiver/Transmitter (UART) protocol to
Universal Serial Bus (USB) converter. A Personal Computer (PC) receives the data
and displays them on a LabVIEW program. The CDC converters have two inputs for

capacitive sensors and can operate in a single-ended or differential mode.
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In this thesis, both modes were used. The single-ended mode was used to read the
values of the sensors in section 3.3.1.1. The differential mode was used for the
work described in 3.3.1.2 as each fingertip has two embedded sensors and, in this
way, it is used to estimate the contact point of the force without the need of a

large array of sensors.

Qi UART TO USB
a

Figure 4.2 a) Schematic of the system b) Fabricated PCB for reading capacitance value and

transmission of digital data. [256] Copyright © 2020, IEEE

4.4.2 Robotic hand piezoresistive sensor readout circuit

For the piezoresistive sensor presented in section 3.3.2, a simple voltage divider
circuit was designed. The resistor used for the readout circuit was embedded, in
a similar manner as the resistors in the previous section 4.3. The 3D printed
fingertip with the piezoresistive sensor has three pins, as can be seen in figure
3.9a. One pin is connected to the ground, the second is for suppling 5V, and the
third is the output of the voltage divider circuit. The output of the voltage divider
is connected to an Analogue to digital converter of an MCU (Atmel SAM3X8E ARM
Cortex-M3). The MCU is connected to a PC via a USB cable. A Graphical-User-
Interface (GUI), based on LabVIEW, was designed to present the data captured by
the MCU. Figure 7.5 in the Appendix shows the robotic hand with the sensorised
fingertip being pressed while the data are presented in the LabVIEW GUI.
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4.4.3 Insole electronic readout circuit

In section 3.3.2, an insole design was presented. Herein the electronics involved
in reading the capacitive values, are presented, in a similar approach as the
previous capacitive sensors. Once the device characterization was completed (see
section 5.4), one of the tested devices was further used for feedback during
walking. For this, the device was integrated with a CDC IC chip (FDC1004-4, Texas
Instruments). The IC is connected to four capacitive sensors in a single ended
configuration with grounded electrodes. The IC is connected to a microcontroller
(Atmel SAM3X8E ARM Cortex-M3) using 12C communication protocol and the
microcontroller is connected to a PC via a USB connector (Figure 4.3a). A custom-
made C-sharp program (via visual studios) was made to represent the data

captured from the IC as a GUI program. The GUI presents the data in two ways.
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Figure 4.3 Demonstration of 3D printed insole under load.

a) electronic circuit schematic of the system. b) GUI created to represent the data received from
the microcontroller. c) sensorised insole under load and connected to external electronics for
capacitive measurement.

The GUI on the top left side of the screen has an insole shape image segmented

in four parts that represent the area of the respected sensor. At the start, the

image area is black and represents no pressure applied to the specific sensor. As
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pressure increases, the pressed part of the insole starts to become green and,
with an increase in pressure the intensity of the green color further increases. On
the right is the graph displaying the capacitance for each sensor. The graph
updates in real-time thus providing a better understanding of the history of each
sensors’ response. Figure 4.3b shows the GUI of the system and figure 4.3c is a
snapshot of the device being pressured upon and the response is provided via the
GUI.

4.5 Summary

Intelligent systems require numerous electronic components and sophisticated
circuits to operate. Particularly, robotic systems with a high number of actuating
parts leave electronic circuits limited space. As dexterous hands implement
complex mechanical parts and many actuators, there is not enough space for the
required electronics and readout circuits to be implemented with traditional
techniques. Embedded electronics in the core structure of the robotic parts are
essential for such systems. Embedding electronics and 3D printed interconnects
using AM technique can provide the tools needed for utilising the available space
located in the mechanical body of the robot. This approach can be expanded to
other areas, not just robotics, such as food packaging for monitoring the quality
of products, in pipelines with embedded electronics and sensors for monitoring

flow and materials.

This chapter presented the electronics used in robotic systems, such as readout
electronics for tactile sensors and the electronics involved with the robotic hand.
Meanwhile, it presents the embedded electronics used for the development of

smart and intrinsic tactile sensing fingertips.
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5.1 Introduction

Multimaterial printing enables complex designs and structures to be fabricated in
a layer-by-layer manner. This provides the designing tools to fabricate intrinsic
and tightly integrated sensing, actuation, and computation into 3D structures for
a new generation of devices and systems. The multimaterial 3D printing
techniques, used in this thesis, offer advances over current AM strategies. Previous
works have mainly focused on the printing of relatively thin and planar structures.
Considering this, multimaterial printing for making tactile feedback mechanism
for robotic hands with the embedded electronics and sensors in 3D space has not
been explored in depth. The approach offers the ability to realize different types
of structures without the need for expensive equipment, large-scale
modifications, or expensive materials. AM allows for easily customizable designs
and on-site/on-demand production while reducing material waste, energy
consumption, and prototyping time. AM technique has the potential for
simultaneous multimaterial printing of conductive or photosensitive materials and
polymers, resulting in smart structures. This chapter presents the fabrication

process and the performance of the systems described in chapter 3.

5.2 Fabrication of robotic parts and assembly

The robotic hand’s design was presented in the above section 3.1. The robotic
hand was printed with a CubePro Trio 3D printer (3D Systems), able to mount three
different filaments. The printer has a large print volume (275mm x 265mm Xx
240mm) for printing relatively large structures. The printer was mounted with
PLA, ABS and TPU filaments for the fabrication of the hand. The printing
temperatures were 180 °C, 200 °C and 210°C for PLA, ABS, TPU respectively. The

entire structure was printed at 100% infill with layer height of 0.2mm.
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The wrist of the hand was printed using Ultimaker S5 with a printing volume of
330mm x 240mm x 300mm. The printer has two nozzles for printing different
materials, but for the wrist only one nozzle was used and was mounted with white
PLA material. The printing temperature was set to 200°C at 70mm/s speed with
15% infill resulting in approximately 20 hours print with a total weight of 300 g.
The entire assembled system weighs less than 800g. This is an additive benefit of
3D printing as majority of robotic end-effectors weight usually above 1 kg and the

data processing are done externally from the hand.

5.3 Realization and performance of sensorised fingertips

5.3.1 Fabrication and performance of embedded pressure sensor using 3D

printing

The design of an early study in embedded sensors was presented in section 3.3.1.1.
Herein, the fabrication process and performance are presented. The 3D printer
used is CubePro Trio 3D Printer. The printer was mounted with a TPU filament for
printing the fingertip. The system was set to print with 70um layer height. The
FDM printing resolution is 200 pm. The extrusion temperature was set at 216°C.
With these settings, the printing duration of the phalanx was 50 mins. The result
was a high compressible and bendable structure without any deformities or the
need for supporting structure. Figure 5.1a shows the interior of the sensorised

phalanx and Figure 5.1b the complete printed structure [254].
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Figure 5.1 (a) 3D printing of the phalanx using FDM technique; (b) the 3D printed phalanx; (c)
the phalanx with embedded capacitive touch sensor [254]. Copyright © 2018, IEEE

Once the device was fabricated, the steps related to the formation of the
capacitive sensor were initiated. The capacitor’s parts comprise of two cavities of
the printed structure and one layer of the flexible TPU material, which acts as the
dielectric. The separation distance between the two plates is 0.2 mm under no

load. As pressure is applied to the device the gap between the cavities decreases.

Once the device was printed, the conductive material was injected into the
cavities using a syringe. The syringe was inserted into the cavities and a
commercial silver conductive paste was injected. The use of silver conductive
paste was mainly due to its simplicity of use and high conductivity. After injecting
the silver ink, two wires were inserted inside the cavities for wire bonding. After
this, the cavities were plugged to prevent spilling of the conductive material, as
shown in figure 5.1c. The paste was cured for 1 hour at 80°C, and after it was

exposed to ambient air for 12 hours.

The device was tested under various loads and the change of capacitance was
measured accordingly. An FSR of known characteristics was placed underneath the
device to record the applied force. The bottom surface of the device and the FRS
were in contact, while two plastic plates were secured above and below the
system. The top plate was applying force downwards towards the setup. The

changes in the capacitance were recorded with an LCR meter while a digital
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multimeter was recording the resistance of the FSR as the ground truth. Figure

5.2 presents the data captured from the experimentation.
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Figure 5.2 Capacitance change with respect to pressure applied on the 3D printed phalanx.
[254]. Copyright © 2018, IEEE

The capacitance of the device increases with an exponential rate as the pressure
increases. The sensitivity of the sensorised phalanx has a linear dependency, with
an average sensitivity of 0.025 kPa' in the range of 20 kPa up to 52 kPa. The
sensor did not show response to pressures below 20kPa, which was due to
deformation of the cavities before there a deformation of the dielectric material,
occurred. The increase in sensitivity can be related to the porosity of the
dielectric due to the direction of printing (vertical printing). The device after
applying pressure above 70kPa was shorted. This sparked a further investigation
in the printing approach of the dielectric and material choices. These problems

are resolved in the following section.

5.3.2 Fabrication & performance of intrinsic tactile sensors

In section 3.3.1.2, the design of the intrinsic tactile sensor was presented. Herein
the fabrication process and the performance are presented. The problems
mentioned above were resolved in this section. The fabrication direction of the
dielectric was changed from vertical to horizontal, resulting in a bulk structure
without pathways for the conductive material to short the device. Three

conductive and two dielectric materials were mismatched, resulting in the
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formation of 5 variants of the sensor. The deposition of each electrode/dielectric

material required different fabrication techniques.

The three conductive materials used for the formation of the parallel capacitance
plates are a commercially available silver conductive paint (RS Components 186-
3600, having resistivity (p) =0.001 Q cm), a commercially available conductive PLA
filament (proto-pasta CDP11705, p=15Qcm), and an in-house formulated
graphite-based ink (p=2.6 Qcm).

The ink was formulated by Dr. Abhilash Pullanchiyodan in an organic solvent-based
system. Initially, 0.5 g of Triton X-100 (Sigma Aldrich) and 0.35 g of polyethylene
glycol (Sigma Aldrich) were dissolved in 9.0 mL of terpineol (Sigma Aldrich) solvent
by magnetic stirring for 30 min. After that, the binder ethyl cellulose (0.15g,
Sigma Aldrich) was added, and the mixture was stirred for 1 h. Finally, 4.0g of
graphite powder (Sigma Aldrich) was added, and the mixture was continuously
stirred for 6 more hours to obtain a well-homogenized stable ink. The electrical
resistivity of the developed ink was measured using a four-probe method on the
printed pattern. After stirring, the graphite ink was used to fill the syringe
connected to the extruder for paste extrusion. The internal diameter of the nozzle
used to extrude the paste was 0.51 mm with the printing layer height set to
0.25mm and the print speed set to 3 mms™'. After the printing process, the print
bed was heated to 60 °C and a hot air gun was used at 100 °C to dry the composite
for 2 h.

The reason for the use of these conductive materials is their printability using a
commercially available paste extruder (DISCOV3RY 2.0 system, Structur3D

Printing) with the 3D printer presented below in section 6.1.

The first dielectric material used to form the capacitive sensor was a two-part
silicone rubber (Ecoflex 00-30, Smooth-On, Inc) that has high elasticity with
Young's modulus of 27.24 kPa and a dielectric constant of 2.8. The preparation of
the material can be found in the Appendix A. This material can withstand high
temperatures, which is a requirement as FDM process deposits liquid plastic. The
second dielectric used was a flexible TPU (NinjaFlex 85A, NinjaTek) 3D printing
filament, with a tensile modulus of 12 MPa and a dielectric constant of 3.57. The

sensor’s response was investigated based of these materials.
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Three devices for each type were fabricated from the combinations of these
materials. In addition, a sixth type of the device was fabricated with TPU, as the
dielectric, and conductive PLA to form the parallel plates of the capacitor.
However, the higher temperature required for the extrusion of TPU, compared
with conductive PLA, resulted in the mixing of the dielectric and conductive

materials while printing and prevented the formation of the transducer.

To fabricate the sensing devices, an open-source desktop 3D printer (RepRap
Ormerod 2) was customized to be able to extrude conductive pastes (see section
6.1). Figure 3.6¢c shows the deposition of the graphite ink as an electrode for the
formation of the transducer. In all variations, the base structure was fabricated
using the traditional FDM method. The electrodes of the capacitive sensor were
fabricated with different techniques, depending on the material used. For
example, the silver adhesive paint was applied with a brush, the conductive PLA
was deposited using the traditional FDM process, and the graphite ink was

deposited using the paste extrusion setup added to the 3D printer.

The TPU flexible filament material used as a dielectric was deposited from the
original FDM extruder of the modified 3D printer. In contrast, the two-part rubber
was prepared separately with the parts mixed in a 1:1 volume ratio. The rubber
was poured on top of the bottom electrode and the excess material was removed
with a flat tool. The adhesion of both the two-part rubber and the graphite ink
with the other printable materials was found to be poor and the FDM deposition
of materials on top of them was not possible. To overcome this problem, a thin
layer of Kapton film was placed on top of the dielectric to enable FDM printing.
After the deposition of the top electrode, the full encapsulation of the sensing
element was done via FDM printing. Figure 3.6b shows the fabrication process and

figure 5.3 presents one device from each variant.
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Figure 5.3 3D printed devices with sensor structures comprising:

a) silver paint with two-part rubber dielectric, b) silver paint with TPU dielectric, c) graphite ink
with two-part rubber dielectric, d) graphite ink with TPU dielectric, and e) conductive PLA with
two-part rubber dielectric. [253]

For each type of sensor, a set of three devices was fabricated and characterized.
Once the sensors were fabricated, the characterization process followed. The
devices were placed on a load cell and force was applied on the top via an actuator
controlled by a LabVIEW program. The capacitance was measured using an LCR
meter. The five different fabricated intrinsic capacitive pressure-sensing
phalanges, namely Ecoflex-silver (Eco-Ag), Ecoflex-graphite (Eco-Grp), Ecoflex-
conductive PLA (Eco-PLA), thermoplastic polyurethane-silver (TPU-Ag), and
thermoplastic polyurethane-graphite (TPU-Grp), are shown in figure 5.3a-e. All
five devices were tested for their sensing capabilities and Table 5.1 summarizes
the average sensitivity and linearity, in the entire tested range, of all the types

and the amount of drift for all sensors.

Table 5.1 Specifications of the five types of sensors

Eco-Ag Eco-Graphite Eco-PLA TPU-Ag TPU-Graphite
Se[rl‘(ﬂg_‘l’]"y 0.002115 0.001214 0.00218 0.000651 0.003
Linearity 0.80 0.33 0.99 0.58 0.93
Drift S1 S2 S3 S1I S2 s3SI S2 S3 S S2 s3SI S2 S3
(x10™*min-
5 56 19 o0 -0 7 6 8 18 4 16 21 -06 36 21 21

Figure 5.4 shows the average relative change of capacitance of each type with

respect to increasing pressure from 0 Pa to 50 kPa.
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Figure 5.4 The average change in the relative capacitance of the five printed sensing devices
with increase in pressure [253].

It is clear from the figure that all types show an increase in capacitance with an
increase in applied pressure. However, the rate of change in capacitance in each
type is not the same. Figure 5.5 shows all the characterizing results of all the

devices besides the Eco-Ag.
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Figure 5.5 Response of each device under different conditions.
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a-c) TPU-Grp devices under constant load, relative change of capacitance over pressure and
hysteresis. d-f) Eco-PLA devices under constant load, relative change of capacitance over pressure
and hysteresis. g-i) Eco-Grp devices under constant load, relative change of capacitance over
pressure and hysteresis. j-1) TPU-Ag devices under constant load, relative change of capacitance
over pressure and hysteresis. [253]

All devices were tested under a constant pressure of 20 kPa for 8 min. The devices

were also tested for hysteresis from 0 kPa to 50 kPa. Finally, the devices were

tested for their dynamic cycle response with increasing pressure (0-50 kPa) and

Figure 5.6 shows the cycling testing for one sensor of each type besides Eco-Ag.
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Figure 5.6 Dynamic response of various samples.[253]

Among the tested types, the TPU-Grp devices, on average, showed the highest
sensitivity (0.00309 kPa™") in the tested pressure range from 0 Pa to 50 kPa. The
linearity was found to be 0.932.

The Eco-PLA devices were found to have an average sensitivity of 0.00218 kPa™
and the linearity of the devices is 0.99 in the entire tested range, with a significant
deviation in sensitivity among them. Another detriment of this type is that all
devices showed the highest amount of hysteresis compared to other devices of the

other types, specifically in the range of 10 -30 kPa.

In contrast, the Eco-Grp showed irreproducible results. One of the devices showed
instability in all characterization tests. Two of the devices showed an increase in

capacitance over time under a constant load, while the third one showed an
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unstable response with a general trend of decreasing capacitance. This is due to
the fragility of the electrode. The graphite while dry can easily crack under any
stress. While the material under no load shows good electrical characteristics, but
under small amount of force shows a lot of cracks. The average sensitivity of all
devices was found to be 0.00121 kPa~'. There are two linear regions, one from 0
to 14 kPa with sensitivity of 0.00256 kPa™! and a second from 14 to 50 kPa with
sensitivity of 0.000721 kPa~'. From hysteresis testing, all devices show hysteresis
but not in the same pressure region. The first device showed hysteresis in the
entire tested range with the second showing hysteresis in the 25-35 kPa range and
the last showing hysteresis in the 10-25kPa range. Due to the aforementioned

issues, this type of sensor was found to be unreliable for the current application.

The devices formed by the TPU and the silver show minor drift. The response of
each device varies significantly and the average sensitivity for the entire range
was found to be 0.00065 kPa~' and showed the lowest sensitivity. Two devices
exhibit hysteresis in two different pressure ranges: the first in the range of 25-
35 kPa with the second in range of 10-25 kPa.

The Eco-Ag devices exhibit superior performance among the rest of the devices,
capable of reliably sensing pressures as low as 1 kPa. All three devices showed
high stability and reproducibility in their response. All devices showed
insignificant drift for over 8 min of constant pressure. High sensitivity was
observed up to 10 kPa at 0.00374 kPa™', whereas for pressures above 10 kPa, the
sensitivity of the devices dropped to 0.00134 kPa™' with linearity of 0.996. The
Repeatability and reproducibility of the sensors were major factors for choosing
this type to integrate with the embedded readout circuit. Figure 5.7a shows one
of the three Eco-Ag devices' relative change in capacitance over time with an
increase of pressure every second cycle (from 0 Pa to 50 kPa) for over 100 loading

and unloading cycles.
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Figure 5.7 Ag-Eco performance

a) Dynamic response of one of the Eco-Ag sensing devices over time with increasing pressure. b)
Relative change in capacitance of the Eco-Ag sensing device with respect to time during one of
the loading-unloading cycles. c) Response of all three sensors under constant load. d) Relative
change in capacitance with increasing pressure. e€) Hysteresis curve of the tested devices. [253]

It was noted that all the devices showed similar response trends, as well as
excellent stability and repeatability in the tested range. Similar testing was

conducted for the rest of the devices.

Figure 5.7b shows the relative change of capacitance response of one of the Eco-
Ag devices under loading and unloading with respect to time. This test can be
segmented into three phases: pre-load, load, and unload phase. The sensor in the
pre-load condition was subjected to a static load of 6.6 kPa. Then, the pressure
was increased to 18 kPa for a short period of time, indicating the load phase. The
sensor's response time to a sudden change in pressure is in the order of a hundred
milliseconds. Then, the pressure was reduced back to the previous level during
the final unload phase. The device's response is, again, in the range of a few
hundred milliseconds with minor deviation before and after the load phase. The
devices were tested under constant pressure and all of them showed minor
deviation over time (Figure 5.7c). Figures 5.7d and 5.7e show the relative change
of capacitance over an increase in pressure and the hysteresis of each fabricated
device for this variation. All three sensors have similar behaviour with good

reproducibility. From the above, we conclude that the two-part rubber with the
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silver adhesive paint had superior performance in comparison to the rest of the
fabricated devices.

The TPU-Ag devices showed the lowest sensitivity on average. This was the main
factor for discarding this type as a tactile feedback sensor. This can be attributed
to the elastic modulus of the TPU as it is almost two orders of magnitude higher
than that of EcoFlex.

The graphite ink devices when combined with the TPU dielectric are less
reproducible, despite their higher average sensitivity. The large deviation and
unusual behaviour in sensitivity of each graphite-based device compared to the
silver-based devices may be due to the formation of microcracks in the graphite-
printed film, which tends to propagate with the application of higher amounts of
pressure. This can be observed from hysteresis and cyclic tests for both graphite-
based devices. The two devices with low sensitivity made from TPU and the
graphite ink have an average sensitivity of 0.00145 kPa~' a comparable sensitivity
to the TPU-Ag devices. Nonetheless, the graphite ink could be used to develop
interconnections between the sensor and the readout circuit, where chances of
deformation or cracking are low. This will be a low-cost interconnect which can

be used in an automated 3D printing process.

Similarly, the phalanges fabricated from the graphite ink and the two-part rubber
(Eco-Grp) have low sensitivity (0.001214 kPa~'). As mentioned earlier, the graphite
ink starts to crack even under small amounts of pressure. In one of the devices,
this effect can be seen clearly in the hysteresis of the device. This effect can be
seen in both variations of the graphite-based devices. As a result, the sensors
containing the ink were discarded for the use in the robotic/prosthetic hands as

tactile sensors.

Eco-PLA variation shows good response in terms of sensitivity with an average of
0.00218 kPa~" and a linear response in the entire tested range. The devices showed

good stability, but they also showed the highest hysteresis.

The superiority of the Eco-Ag devices over the rest of the devices is due to the
material properties of the silver adhesive and the two-part rubber. The surface

roughness of the silver was compensated by the capability of the two-part rubber
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to surround the adhesive and establish a strong bond between them. Moreover,
silver did not show a paste-like behaviour, such as graphite ink, after curing. The
silver adhesive paint, even as a fragile material after curing, showed exceptional

robustness in the packaged phalange.

To demonstrate the potential of the presented approach for robotic hands with
intrinsic tactile sensing, five modular sensors based on the Eco-Ag variation were
printed and mounted on the distal phalanges of a 3D printed prosthetic hand. The
PCB used for the demonstration was presented in section 4.4.1 to read out the
data from the sensors and transmit the data to a computer via a USB cable. A
LabVIEW program was designed for the representation of the data captured from
the integrated circuits on the PCB. Figure 5.8a-e shows the 3D printed hand with
integrated soft capacitive sensors. On the right side of the figures, the graphs
represent the real-time response of the sensors on the five distal phalanges. As
pressure is applied on them, the capacitance increases, and this change can be

observed from the graph.
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Figure 5.8 Modular-embedded capacitive pressure-sensing distal phalanges (a-e) on a robotic

hand responding to pressure stimuli shown via LabVIEW. [253].

Even though this is a progress towards smart and intelligent sensors with

embedded electronics, issues arose. The main issues are driven by the paste
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extrusion system. The material flow seemed to be inconsistent, and extrusion of
the material was difficult to control. To overcome those issues a novel extrusion
system is needed. Chapter 6 presents an attempt towards a novel 3D printing

extrusion system.

5.3.3 Realization & characteristics of soft touch sensor

As the DIW extruder system was used in the previous section showed
inconsistencies, we explored other conductive filament materials that are more
flexible than PLA. In this section, we explored new materials and attempted to
design and fabricate more sensors in one phalange. The objective was not only to
be able to read pressure information but also to be able to estimate the point of

contact on the robotic hand.

The design of the fingertip was presented in section 3.3.1.3. The device has two
capacitive sensors in a parallel-plate configuration. The 3D printing materials used
in this study are chosen for their bendability and softness. The electrodes of the
capacitive sensors are made from copper-based composite filament (electrifi,
Multi3D) and the dielectric material was formed by a two part-rubber material
(Ecoflex 00-30). The rest of the fingertip was fabricated using TPU filament
(NinjaFlex, NinjaTek). The electrifi filament has shown good electrical

characteristics.

All fabrication steps took place on an Ultimaker S5 3D printer. The printer was
mounted with the TPU filament on the first nozzle and Electrifi on the second.
The device was printed with 0.2 mm layer height and printing speed of 15 mm/s
from the two 0.4 mm diameter nozzles. The infill of the TPU was 45% and the
conductive filament was 100% with printing temperatures of 230°C and 150°C
respectively. The 45% infill of the TPU was found to allow some compressibility to
further enhance the grasping capabilities of the fingertip. The entire fabrication

process took approximately 3 hours including curing and wire bonding.
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Figure 5.9 Fabrication steps of the soft capacitive sensing fingertip

a) bottom electrodes. b) Formation of the cavity for the dielectric. c) electrode-dielectric
structure. d) adhesive tape on top of the dielectric. e) Deposition of the top electrodes. f) Soft-
embedded capacitive pressure sensing fingertip. [256] Copyright © 2020, IEEE

The fabrication started with the printer depositing TPU in a layer-by-layer
method. On the third printed layer, the second nozzle mounted with the
conductive filament started the deposition of the bottom electrodes of the device.
The Gcode was modified to pause on the 4th layer of the print to allow the wiring
of the electrodes (Figure 5.9a). Once the wire bonding was done the print was
resumed until the 10th layer, where the printer formed the two cavities dedicated
to the dielectric material (Figure 5.9b). The two part-rubber was mixed in a 1:1
ratio and stirred for 15 mins. The mixture was poured on top of the cavities and
cured for 20 minutes, thus forming the electrode-dielectric structure (Figure
5.9¢). Once the dielectric was fully cured, a blue scotch masking tape (RS
Components) was cut with the shape of the electrodes and placed on top of the
dielectric. This step is required to enable the printing of the conductive material
on top of the dielectric as the adhesion between the two-part rubber and the
filament is poor (Figure 5.9d). On the 13th layer, the printer was paused for the
last time for the wire bonding of the top electrodes (Figure 5.9e) and once

completed the print was resumed. Figure 5.9f shows the fabricated device.
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Figure 5.10 Experimentational results of the soft tactile sensor.

a) Relative change of capacitance with respect to static force. b) Relative change of capacitance
of the two sensors over time. [256] Copyright © 2020, IEEE

The sensor system was tested under static and dynamic condition. Figure 5.10a
shows the relative change of capacitance with respect to force for the two
sensors. The devices were examined under linear loading, up to 25 N, and linear
unloading, down to 0 N. From that experiment, the hysteresis graphs were
obtained for the two sensors. Likewise, the sensors were loaded and unloaded
from ON up to 15 N for more than 200 cycles at a frequency of 1 cycle/s. The
results revealed that both transducers have similar response and have high
repeatability. Figure 5.10b presents the relative change of capacitance with

respect to cycle.
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The left sensor has a nominal capacity of 3.933 pF while the right sensor is 4.471
pF. The sensitivity of the left sensor is 0.005523 N-! with linear fit of 92.2% for the
entire test range (0 N-25 N). The right sensor showed similar characteristics with
sensitivity of 0.00657 N', but slightly less linear response with linear fit of 64%.
The right sensor showed slightly higher sensitivity, but in contrast it showed a
slightly larger amount of hysteresis. These variations could be due to minor
imperfections related to dielectric deposition, as the drop-casting process could
cause uniformities. Due to the comparable responses of the two sensors, their
integration on a robotic hand does not require any sophisticated hardware

compensation.

Once the entire system was assembled a custom-made LabVIEW program was
developed to present the data captured from the sensors. Figure 5.11 presents
the fully functional system and the response captured and presented in a custom-
made LabVIEW program. In Figure 5.11a the right side of the fingertip was gently
pressured and on the top right side of the figure, a gauge type indicator shows the
additional percentage capacitance of the right sensor over the left sensor. Figure
5.11b presents the fingertip pressed on the left side and the response of the
system. The positive value represents the extra percentage capacitance of the
right sensor over the left, while the negative value represents the extra
percentage capacitance of the left sensor over the right one. This can be used for

estimating to point of contact of a force on the finger.
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Figure 5.11 Robotic end effector with soft embedded pressure distribution sensors and the

response of the system presented by a custom-made LabVIEW program.

a) force applied on the right side of the fingertip and presenting the percentage change in
capacitance over the left sensor. b) force applied on the left side of the finger-tip and the response
and presenting the percentage change in capacitance with respect to the right sensor. [256]
Copyright © 2020, IEEE

This work presents a novel approach to estimate the point of contact of a force
for robotic applications. The fingertip showed good performance especially in
terms of repeatability and durability. The low percentage infill for the TPU

encapsulation material allows some compression of the fingertip like human skins.

Nonetheless, the drop-casting method of the dielectric for tactile sensors of this
scale is an issue as the accuracy of the method is based on the person’s skills
rather than a closed-loop system. In addition, the conductive material used in this
study can be considered costly and has limited flexibility therefore a better

material is needed for better reliability.
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5.4 Manufacturing and characterization of insoles

Even though drop-casting is a non-ideal method for developing dielectric
materials, for larger scale structures the deviation from device to device would
be insignificant. In this section, a conductive TPU based filament is used as
electrode that is more cost-effective and flexible, an ideal material to withstand
extreme forces and strain. In that regard, an intrinsic insole for gait analysis is

presented. The design of the insole was previously introduced in section 3.3.2.

5.4.1 Fabrication

The pressure sensitive insole was developed using a multimaterial 3D printing
system. The capacitive sensors were 3D printed using the Ultimaker S5, a 3D
printer capable of printing two materials in the same print. The first material was
a TPU. The second was a conductive thermoplastic filament, PI-ETPU (Palmiga-PI-
ETPU 95-250 Carbon Black). The PI-ETPU filament was used to fabricate the
electrodes of the capacitive sensors and the TPU was used as an encapsulation
material for the sensors. Ecoflex 00-30 (Smooth-On) was used in 1:1 ratio to form

the dielectric layer of the capacitive sensors.

The printer was mounted with two 0.4mm nozzles with the TPU material attached
to the first nozzle and the PI-ETPU on the second nozzle. The slicer software used
was Cura 4.7.1 (Ultimaker). The following are the optimized printing parameters.
The layer height was 0.2mm, speed was set to 25 mm/s for both materials, the
printed temperature for the TPU was set to 240 °C and 250 °C for the PI-ETPU and
the temperature of the bed was set to 45 °C. The infill for the TPU was set to 85%
and for the PI-TPU was set to 95%. The file that generated the instruction for the
printer (gcode) was modified to include pauses at layers 21, 38, 41. The total time

for printing one device was about 18 hours on average for three devices.
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Figure 5.12 Fabrication process of the 3D printed embedded capacitive pressure sensors
insole[257].

a-ib) Fabrication steps for 3D printing the insole. ic) Final depiction of the pressure sensing device.
id) Cross-Section presenting the different materials.

Initially, the print started with the deposition of TPU on the bed of the printer.
The printer at layer 18 started the deposition of the bottom electrodes. At layer
21, the printer was paused to allow access to the bottom electrodes for wire
bonding. Thin wires were placed on top of the electrodes and a small amount of
silver paint (RS Pro Silver Conductive RS186-3600, RS Components) was applied on
top of the area where the wire and the electrode were touching, to reduce the
conduct resistance, and left for some time to dry. Figure 5.12b shows the result
of this process. Once the wires were secured and the paint dried, the printing
process was resumed. At layer 38, the printer was paused again to form a cavity
with a depth equal to the thickness of the dielectric. Once the printer was paused,
the material needed for the soft dielectric layer between the two printed
electrodes of the capacitor, was prepared. For this, the Ecoflex was prepared
separately in a beaker, and it was poured at 1:1 weight ratio, then part A and part
B were mixed vigorously for about 20 minutes. After, the beaker was placed under
vacuum for about 10 minutes to remove all bubbles from the mixture. The
mixture, then, was removed from the vacuum, it was drop-casted on the cavities

of the capacitive sensors to form the dielectric layer. The excess amount of
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material was removed by scraping the entire device leaving an even level plane
with the rest of the print. The device was left to cure for about an hour. Once the
dielectric was completely cured the area of the dielectric was covered with a thin
masking tape (RS Pro 60° paper masking tape, RS Components). This is due to poor
adhesion of PI-ETPU with Ecoflex as direct deposition of PI-ETPU was found to be
challenging. Once the process was completed, the print resumed until layer 41.
Once the printer reached that layer the system was paused, and the wire bonding
of the top electrodes was carried out (Figure 5.12i). The same process was
followed as the bottom electrodes for wire bonding. After this the printing of the
last layers of the device was carried out. The outcome of this fabrication process
was a flexible, soft, and highly bendable structure (Figure 5.13a-b). The 85% infill
of the TPU material allows the structure to be softer than a 100% solid TPU
structure. This makes it more attractive for wearable applications such as in walk

monitoring systems as it absorbs impact more gradually than a solid block.

Figure 5.13 a) Fabricated 3d printed capacitive pressure insole under bending condition. b)

Sensorised insole viewed while twisted[257].

5.4.2 Characterization of sensing insole

Three separate insoles were fabricated for characterization. From those three
fabricated insoles, the toe sensors were characterized and compared with each

other under three different testing conditions. The first set of experiments was to
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determine the response of the sensors with respect to the applied pressure.
Secondly, they have been tested for a prolonged cycling response, to confirm the
reliability and robustness of the sensor during actual use when frequent force is

expected. Lastly, the devices were tested for their time response.

The capacitive transducers were characterized for their response with respect to
different magnitudes of force. The devices were tested under increasing and
decreasing amounts of the applied pressure. The toe sensors were tested up to
300kPa pressure with a step of 30kPa. This covers a much wider range of forces
than the devices may experience during use. Even at extreme pressures, the
sensors did not alter their functionality. Figure 5.14 presents the relative change
of capacitance with respect to the applied pressure for all three devices. It can
be observed that there are two linear regimes of the sensor’s response. The first
linear region is from 0 - 60kPa with sensitivity of 2.4 MPa™'. The second range is
from 60kPa to 300kPa, for which the sensitivity was found to be 0.526MPa‘'. The
sensors exhibit an average maximum hysteresis of 9.57%. The highly sensitive
range is due to the deformation of the softer elastomer (e.g., dielectric material).
The second range is mostly due to the deformation of the encapsulation material.
The TPU material, that encapsulates the transducer, can deform at a different
rate from the softer elastomer, thus, the transducers do not saturate at low

forces, extending the measuring range of the device.
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Figure 5.14 Relative change of capacitance with respect to pressure of the three-3D printed
capacitive tactile sensors insoles[257].

Next, the three sensors were tested for long-term stability of the response. All
sensors were applied with pressure of 30kPa for 1000 cycles. Each device was
tested for 2 hours, and 46 minutes and each cycle lasted for 5 seconds of applied
force followed by 5 seconds relaxed state i.e., no force applied. Figure 5.15
presents the relative change of capacitance for each cycle for all three sensors.
All three devices have similar responses with negligible change from cycle to the
next cycle. This provides the necessary reliability for the potential use of tactile
sensing in robotic applications where accurate pressure information is needed

during prolonged use in harsh terrains.
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Figure 5.15 Cyclic performance of three devices for 1000 cycles at 30kPa of pressure[257].

Last set of experimentation was to see the time it takes for the sensors to respond
to the changes in applied force. The sensors at the beginning were not under any
stress. Then a load of 20kPa was applied for a long period and the capacitance of
the devices were continuously measured. Once the sensors had a constant (or
saturated) response, the applied force was suddenly removed to measure the
response time. Figure 5.16 presents the results of the measurements. All devices
had similar response. The average response time of the sensors to reach 90% of
the applied force value was found to be 3 seconds and the time to reach 98% was
slightly over 1 min. For decreasing load, the sensors average time response from
0 to 90% was found to be 25.5 seconds with a total of 2 minutes to reach the 98%.
Table 5.2 summarizes the results of the experimentation. The difference in

response times at the time of applying force and its removal, is likely due to the
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viscoelastic effect of the Ecoflex resulting in an increase time response of the

device when forces are released.
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Figure 5.16 Response of the 3D printed insole over time with a sudden increase and decrease

of the load[257].
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Table 5.2 Time response of 3D printed insole

. . Time to reach 90% Time to reach
Direction
(s) 98%(s)
Increasing force 3.2 107
Decreasing force 25.5 170

To further evaluate the 3D printed capacitive sensing insole, all sensors in one
insole were characterized under different conditions. Two sets of experiments
were conducted: The first was to characterize the sensors with respect to applied
pressure up to a maximum load of 1000N. As the surface area of each sensor differs
slightly, the corresponding pressure response for each sensor differs as well. The
response of the sensors from one insole is given in figure 5.17. The right sensor
exhibits sensitivity of 0.854 MPa™! for the entire pressure range while the left
section exhibits sensitivity of 1.065 MPa"' and the heel sensor’s sensitivity is 0.867
MPa-',
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| |——Toe

—— Left
0.45 7 Right 1
! |— Heel

0.40 1 4

0.10 1 8

0.05 1 1

0.00
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Figure 5.17 Relative change of capacitance with respect to pressure for all four sensors in one
of the 3D printed insole[257].
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Furthermore, the insole was tested under different bending conditions and the
response of each sensor was recorded. In this experiment one of the insoles was
placed in such a way that only the front and back of the device were touching the

test set up, as shown in the inset in figure 5.18.
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Figure 5.18 Relative change of capacitance with respect to bending curvature for all four
sensors in one of the 3D printed capacitive sensing devices[257].

A linear motor was placed above the centre of the device and was able to bend
the device at specific intervals. The maximum bending curvature that the device
experienced was 5.6 m™'. Figure 5.18 shows the relative change of capacitance
with respect to bending curvature. All sensors exhibited linear response. The
sensitivities for the right and the left sensors were 0.0133m and 0.0143m
respectively. The toe and the heel sensors exhibited a lower sensitivity of 0.003m
and 0.006m, respectively. The different sensitivities of these sensors are due to
the geometrical/dimensional differences, as the sensors in the centre are longer

than the ones at heel and toe.
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The 3D printed insole was also tested under different temperatures to observe the
potential response variation in outdoor conditions. The device, at first, was left
overnight in a cold environment at a temperature of 11°C and then was placed at
room temperature (23°C). The output of the toe sensor was monitored with an
infrared non-contact digital thermometer and the temperature and capacitance
of the device was monitored constantly and logged. Once the device reached room
temperature, a heat gun was placed above the device at a 30 cm distance, and it
was set to 100°C at the maximum air flow. The device started to heat, and the
temperature and response of the sensor were continuously monitored. The
maximum temperature the device experienced was 29°C. Figure 5.19 shows the
relative change of capacitance with respect to temperature and at the same time
the response to pressure for comparison. The sensor shows a liner response with
temperature with a sensitivity of 0.0023°C-'. This shows that the relative change
in capacitance due to temperature variation of 18°C is equivalent to the 15kPa of

applied pressure.
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Figure 5.19 Relative change of capacitance with respect to temperature and pressure of the
toe sensor[257].

Table 5.3 compares this work with respect to other similar works reported in the
literature. From the table is clear the sensors in the 3D printed insole provide a

higher sensitivity than some works reported in the literature.
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Table 5.3 Comparison of 3D printed insole with previous works reported in the literature[257]

Materials Sensitivity Range 3D printed? Ref.
Gold thin films-Silicone rubber 0.4 MPa™ 160kPa No [260]
MWNT/PEDOT:PSS-Porous PDMS 1.12 MPa™ 1400kPa No [261]
Conductive PDMS-Ecoflex 0.42 MPa” 1200kPa Yes [262]
Gold-Ecoflex 0.48 MPa™ 250kPa No [263]
Silver cloth-cotton cloth 0.95 MPa™ 200kPa No [264]
ETPU-Ecoflex 2.4 MPa™’ 300kPa Yes This Work

5.4.3 Demonstration of gait analysis

The device was tested for gait analysis under walking conditions. The sensorised
insole was securely placed under a shoe and the wearer walked at a normal pace.
The real-time data captured with GUI for three steps of the right leg is shown in
figure 5.20. From the data, there is a clear view of the walking pattern of the

individual and can see the repeatability of the response.
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Figure 5.20 Shoe integrated with the 3D printed embedded capacitive sensorised insole used
for gait analysis, presenting the data capture from the MCU in real-time over three steps of
the right leg[257].

This section presented an extremely durable pressure sensing insole for gait
analysis with the use of 3D printing. The intrinsic insole was 3D printed using
different materials and showcases good performance. Nonetheless, the sensor has
a relatively high response time making it difficult for use in extreme dynamic

conditions.
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5.5 Performance of piezoresistive sensors and frequency

response

To combat this issue, piezoresistive sensors often have a better response time
compared to capacitive sensors. To overcome the issues in the previous section,

this thesis adapted piezoelectric sensors for dynamic response.

5.5.1 Characterization

The piezoresistive tactile sensor design and formation process were described in
section 3.3.3. Herein, a brief introduction to the performance of the sensor is
presented. The piezoresistive device (SensAct) was made by Dr. Oliver Ozioko and
it is presented here for better clarity of the systems’ capabilities. Figure 5.21a
shows the loading and unloading characteristics of four fabricated piezoresistive
sensing elements using a contact force between 0 and 12 N. Considering all four
sensors in Figure 5.21a, the sensors have a mean variation of AR/Ro = 70% around
5N, with a standard deviation approximately 8.9%. Figure 5.21b shows the cyclic
loading of the four fabricated sensors with a force of 3 N. This resulted in an
average resistance variation of AR/Ro =45% with a standard deviation of =3.2% and
a response time of =149 ms. More details about the device characteristics can be
found in [258].
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Figure 5.21 a) Loading and unloading characteristics for the four fabricated piezoresistive

sensing layers; b) cyclic loading of the sensors using 3 N force at 0.8 Hz. [258]



Chapter 5: Packaging and Performance 109

5.5.2 Time-domain and frequency domain response

The SensAct device was embedded in a 3D printed fingertip of a robotic hand as
explained in section 3.3.3. After that, the device was demonstrated to capture
the response of the sensorised fingertip as shown in Figure 7.5 in the Appendix.
From figure 5.21b, the sensor’s response under cycling testing shows to have
variation between different cycles, but a significant fast time response, ideal for
exploring the possibility to identify different vibrotactile stimuli. To that end, two
different stimuli were acting upon the device to observe the difference in the
response of the device in the frequency domain. The first was a cycling pressure
with a frequency of 0.5 Hz. In the second case, a cardboard box was sliding on the
device at a slow pace. Figure 5.22a presents the binary data for time domain and
frequency domain response of the device for the first stimuli, while figure 5.22b

shows the binary data for time domain and frequency domain for the second case.
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Figure 5.22 Time and frequency domain response of the SensAct sensorised 3D printed
fingertip

a) Response of a cycling response at frequency of 0.5 Hz b) Sliding of a cardboard box

A Fourier Transform was used to obtain the Frequency Domain response of the
device. This can alleviate the need for the capacitive sensors to have an extremely
fast response as this type of devices can act as the fast-adaptive receptors for

artificial skins, while capacitive sensors can act as the slow adaptive receptors.

5.6 Performance of embedded photovoltaic cells

As all these sensors and devices require energy to be provided to them to operate.
This thesis suggests an alternative solution to the energy needs of smart
structures. To this endeavour energy harvesting devices were explored to provide
the necessary power to the systems. As current technology of photovoltaics
implements fragile materials, the need to protect them from external hazards is

necessary. Herein, 3D printed covers for protecting solar cells are presented with
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different thickness. The cells are integrated on the robotic hand and the design

was presented in section 3.4.

5.6.1 Energy harvesting device

For this section, a commercial photovoltaic device (193852 Monocrystalline Solar
Cell, RSC-M125XL, Conrad) was used to harvest the energy from the incident solar
electromagnetic waves produced from a high illumination office lamp. The light
source is a 4 W LED lamp with color temperature (CCT) of 4500 K and Color
Rendering Index (CRI) higher than 80 RA according to manufacturer specifications
(model LT-T15, Aglaia, California, USA). The cell has an efficiency of up to 17.8%.
The panel has dimensions of 50x50 mm?, with nominal voltage of 0.5 V, nominal

current of 0.77 A, and short circuit current of 0.85 A.

5.6.2 Fabrication of the covers

All covers were printed with Ultimaker S5 3D printer. The printed covers were
printed with the following settings for consistency of the results. The infill was
set to 100% with a line filling pattern. The layer height was set to 0.1 mm. The
printed temperature was set to 200°C with a printing speed of 40mm/s. Slower
printing speeds, in general, provides better adhesion between layers, which is

desired for solar panel covers.

Firstly, we printed a small 3D-printed plastic part with a small cavity where the
photovoltaic panel could be secured safely. This small base part was printed with
a black PLA filament. This structure was necessary to keep the experimentation
consistent from cover to cover. The covers were printed from a transparent PLA
material. Even though the material is transparent after the printing process the
parts looked more translucent than transparent. After the fabrication process, the

parts were placed above the base structure and tested.

5.6.3 Characterization setup

Firstly, the base structure with the photovoltaic panel were placed on a flat
surface without any cover (Figure 5.23a). A high illumination lamp was directly
illuminating the structure from above at 10 cm. Then we recorded the output of

the solar cell using 4-wire measurements with a Precision Source/Measure Unit
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(SMU) B2912A (Keysight Technologies, Santa Clara, CA, USA). The 4-wire
measurement scheme eliminates the voltage error caused by the test lead residual
resistance so that only the voltage drop across the device under test (DUT) is
measured. The Keysight B2900A Quick I/V Measurement Software was used to
automate the sweep measurements by connecting the SMU unit to a PC through
USB. Afterwards, we covered the device with the 1mm thickness translucent PLA
3D printed part and recorded again the output of the device. This was followed
by 2mm and 5mm thickness covers (Figure 5.23b,c). Lastly, we covered the device
with a thick black cloth that absorbs most of the visible light and recorded the
performance of the photovoltaic panel. Figure 5.24a presents the recorded |-V
curves of the device under no cover, Tmm, 2mm, 5mm thickness covers and
completely covered. Figure 5.24b presents the power generation of the device

under the five conditions mentioned above with respect to voltage.
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Figure 5.23 a) Photovoltaic panel placed on top of the base 3D printed structure. b) Top view
of the 1mm, 2mm and 5mm 3D printed transparent covers. c) side view of the 3D printed
covers [259] Copyright © 2020, IEEE

5.6.4 Results

As expected, the thick cloth absorbed most of the light, and virtually no output
was detected by the SMU. The exact opposite could be observed when there was
no cover, and all other results are compared with this as the reference point.

From the experimental results, a clear pattern emerges as observed from Figure
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5.24. The thickness of the covers plays a significant role in the effectiveness of
the photovoltaic panel.
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Figure 5.24 a) Graph representing the current with respect to voltage recorded from the solar
panel covered completely, 5mm, 2mm, 1mm and no cover. b) Power with respect to voltage
for 5mm, 2Zmm ,1 mm and cover. [259] Copyright © 2020, IEEE

In all settings, the output voltage reaches a special point as shown in Figure 5.24b:
the maximum power voltage (VMPP). The output power reaches its peak (PMPP)
when the output voltage is at VMPP. In all cases, at VMPP=0.41V, the device has

the highest efficiency. From that point, we can compare different settings. When
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the device was uncovered, it generated a maximum power of PMPP=43.8mW. Once
a cover is introduced, the energy generated dropped. For the 1mm PLA cover, the
energy generation dropped significantly with the PMPP measured at 36.4mW. The
efficiency of the device dropped even further down to PMPP=33.1mW with the use
of the 2mm cover. The 5mm thickness cover was found to drop the energy

generation down to 23.1mW, the lowest value from all PLA covers.

As expected, all 3D printed covers have reduced the effectiveness of the
photovoltaic panel in terms of power generation. The 1Tmm cover reduced the
efficiency by 16.9%, the 2mm by 24.4%, and the 5mm by 47.3%. As table 5.4 shows,
the covers have a clear reduction in the efficiency. This is expected as with
increasing thickness of the material more photons are absorbed, resulting in a
constant reduction of the energy generated. The 1 mm cover has the least effect
on the power generation. Even that the 16.9% reduction on the ability of
photovoltaic panel to generate power is considerable, we were able to power ten
ICs consistently under those conditions. This arrangement also provided a
significant protection of the device from mechanical stress, dust and other

hazards.

Table 5.4 Photovoltaic Panel Performance. Adapted from: [259] Copyright © 2020, IEEE

COVER TYPE PERFORMANCE

Power Output Reduction
NO COVER | 43.8mW -
1MM | 36.4mW 16.9%
2MM | 33.1mW 24.4%
5MM | 23.1mW 47.3%

This work presents a novel study of 3D printed transparent materials as protective
cover for photovoltaic panels and their effect on the energy harvesting capabilities
of such devices. The study presents the use and advantages of 3D printed
protective covers for fragile photovoltaic cells. We observed that the 1mm
thickness cover provides significant durability to the energy harvesting device with
a small reduction in the performance of 16.9%. The device with this cover
generates 36.4 mW. With this amount of power generated it is possible to power
around 10 ultra-lower power ICs. This will alleviate some of the high demand

energy requirements of robotics/prosthetics. The excess generated from the
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device can be further stored and use in a later time. Also, this device can be used
as a sensor for ambient light and/or time of the day. An extension to this work
can be found in a collaborative effort using photovoltaic panels in an flexible Eskin

approach[265].

5.7 Summary

This Chapter presented various novel works related to smart structures from
tactile sensors to embedded electronics and energy harvesting devices. Major
issues with traditional approaches are related to durability, flexibility, wear and
tear, and wiring and it is possible to be resolved with the approach presented in
this thesis. AM techniques show an ulternative method of producing and
embedding sensors and electronics in tightly packed space such as a fingertip with
some drawback in sensitivity. The parallel fabrication of the transducer and the
sensing elements provide substantial durability to the tactile devices.
Investigation of many materials was conducted resulting in a plethora of sensors.
Alongside tactile sensing, energy harvesting devices were used to contribute to

the autonomy of robotic systems.

The following Chapter presents modifications of commercial 3D printers used in
this work to develop the various devices presented in this thesis. This includes
both commercial systems and a newly developed closed-loop extruder mechanism

for paste-like complex materials such as Ecoflex.
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extruder system

6.1 Introduction

3D printers have been heavily modified to expand their capabilities using a variety
of methods depending on the desired purpose. Extruder mechanisms have been
developed for deposition of pastes to develop interesting solutions for biomedical
and electronic applications and were presented in section 2.5. These
modifications are termed as Direct Ink Writing (DIW) extruder mechanisms. The
recently developed DIW systems have focused heavily on optimizing the printing
of materials with similar viscosities, leading to a narrow range of materials that
can be used with the systems. DIW extruders, currently use direct drive systems
which lead to uncontrollable deposition after start and stop commands, oozing,
occasional inability to retract the material, and limitations on the size of the
syringes that are compatible with the systems. Importantly, most of these systems
can only print one material at a time and do not allow mixing multipart materials
(e.g., nanocomposites) on the go, and thus cannot be used for advanced structures

based on complex materials.

In section 5.3.2 we presented a 3D printing sensorised phalanx using such a system.
Figure 7.6 in the Appendix presents the DIW extruder mechanism used for the
deposition of the graphite ink. The extruder mechanism (Discov3ry Paste Extruder)
is a commercially available DIW system that can be plugged in an available stepper
motor driver on the circuit board of the 3D printer (Duet 2). The system used
showed all the problems discussed above, and it was clear that such a system

requires improvements as reliability was an issue.

To address and advance the current technology of such systems, this section
focuses on a custom-made 3D printed DIW extruder (Figure 6.1), which utilizes a

double extrusion mechanism and a pressure sensor for feedback. The DIW extruder
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uses two stepper motors and off-the-shelf control electronics, resulting in an
inexpensive system that is affordable even for hobbyists. The system is able to
mix multipart materials in different ratios and print them to develop innovative
smart structures. Materials such as Polydimethylsiloxane (PDMS) or Ecoflex can be
printed with no need for manual mixing thus providing better control of
deposition. The system shows no leaking issues compared to other systems while

also being compact, lightweight and portable.

RepRap
Ormerod 2
3D printer

Digital Pressure
Sensor

Pre-Pressure
Subsystem
(PPS) o

_

Figure 6.1 a) Fully assembled customized 3D printer with in-house DIW system, b) CAD

representation of the custom 3D printer.

6.2 Design & fabrication of paste extruders

The DIW system can be divided into two subsystems that are complementary to
each other. The first is a Pre-Pressure-Subsystem (PPS) (Figure 6.2) and the second
is a Screw-Driven-Subsystem (SDS) (Figure 6.3). All the parts were designed in a
CAD program (SolidWorks) and most of these were fabricated using an FDM 3D
printer (S5, Ultimaker).

6.2.1 Pre-Pressure-Subsystem

The PPS system, shown in figure 6.2, uses a stepper motor to convert rotating
motion to linear. Specifically, the PPS is designed to mount two syringes, one

placed on the top and a second can be inserted from the bottom of the PPS (Figure
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6.2a, 6.2b). The syringes are attached with female Luer to Barb hose adapters and
are connected together with flexible tubes (8mm external diameter Flexible PVC,
RS Components) and a Y-connector. The common output from the connector is
connected to a tube and its ending splits again with another Y-connector. One end
is connected to a pressure sensor (PX3AN2BS100PAAAX, Honeywell) and the second

is connected to the inlet of the SDS system.

Ball bearings

Thrg,

vadg

Alignment Rods Plunge, ded Ry Bagear Syster,
a } o - > )

g
ui

g
; Guides
éyringes Holder
Figure 6.2 a) CAD design of the assembled PPS system. b) Cross Section view of the PPS system.
c) Exploded view of the PPS system.

The syringe barrels are placed on a large piece of PLA support structure which
incorporates the syringes’ holders at the front of the PPS system (Figure 6.2c).
The barrel parts of the syringes are secured and cannot move or rotate. The PPS
core is an 8mm threaded rod (leadscrew mechanism), as shown in figure 6.2. The
threaded rod is attached to a 2:1 ratio 3D printed drive gear system. The driving
gear is connected to a Nema 17 stepper motor, that drives the system. A leadscrew
is located in the middle of the threaded rod and is attached to two pieces of PLA
support structure that enclose the leadscrew. The largest of the two pieces is
designed to attach the two syringe plungers whereas the sides of the part are
attached to two linear bearings which restrict the entire structure from rotating
but allow the system to move forwards and backwards along the threaded rod’s
length. The threaded rod is attached to the threaded rod base piece that has a
narrow gap for the rod to barely go through. Two roll bearings are placed at the

opposite sides of the narrow gap but are not able to go through. Two nuts then
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follow and are firmly attached next to the bearings. This arrangement allows the
threaded rod to rotate freely but restricts movement backwards or forwards from
its position (Figure 6.2b). The three large PLA pieces, namely the syringe base,
threaded rod base and motor base, are attached to each other using four smaller
threaded rods and nuts to allow for adjustments and better alignment of all the
parts of the PPS. This means that once the motor rotates, the plunger holder
(Figure 6.2c) can travel back and forward alongside the length of the threaded
rod and in turn, move the plungers of the syringes. This pressurizes the material

in the syringes and pushes or retracts the material.

6.2.2 Screw-Driven-Subsystem design

The material in the syringe travels from the PPS through the tube and ends in the
inlet of the SDS. The SDS pushes the multi-material out of the outlet onto the bed
of the printer. The SDS is a screw-based mechanical design (Figure 6.3a). Figure
6.3b depicts the fully assembled SDS design in CAD. The system’s crucial
component is a helical/screw structure, as seen in the cross-sectional view in
figure 6.3c. The shaft of the screw passes through an oil ring that prevents printing
material from leaking upwards and out of the system and allows the part to rotate
with minimum friction. The shaft of the screw is then attached to the motor
connector piece which itself is attached to the motor shaft. This arrangement
transfers the rotation of the motor shaft to the helical/screw part in a 1:1 ratio.
The oil ring is epoxied on the gear housing part of the SDS. The housing part is
attached to the rotor and the nozzle part via M3 bolts and nuts. The nozzle piece
of the system has two gaps on each side for M3 bolts which are attached to the 3D
printer’s x-carriage. The gaps allow the system to slide up and down to adjust the

nozzle height on the printer.
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Motor
Connection

. outlet

Figure 6.3 a) Fully assembled SDS. b) Assembly CAD design. c) Cross-sectional view of the
subsystem. d) Exploded view of the subsystem.

The chamber that houses the screw is cylindrically shaped and is 12 mm in
diameter with a total length of 40 mm. In the last 12mm, the chamber’s diameter
decreases smoothly. That reduces the need for high pressure extrusion due to
Poiseuille’s law as the length of the material that needs to travel from the source
of the pressure (SDS helical screw) to the outlet is less than 3 mm. The screw’s
diameter has a 0.2 mm offset from the chamber’s walls. The smaller the gap
between the chamber’s wall and the screw, the harder it will be for material to
slip through the gap. This small gap also prevents backflow and helps to build
pressure for the extrusion of the material. The screw has a pitch of 5mm and six
complete revolutions. Two nozzles were fabricated for the purpose of testing the
system’s performance under different outlet diameters. The first nozzle has a
diameter of 1Tmm and was produced using a FDM 3D printer and the second is a

0.5mm nozzle produced using a Stereolithography (SLA) 3D printer.

The proposed SDS system offers substantial advantages over the Bowden-tube
systems, which is typically used by common 3D printers. The Bowden tube-based
systems have drawbacks such as difficulty in controlling the amount of extruded
material. Further, the need for pressure to build up in these systems and the large
distance between the syringe and the nozzle cannot produce accurate translation

of the motor’s rotation to material extrusion. These problems are addressed by
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the SDS mechanism, which is also advantageous over other mechanisms for
application of pressure such as pneumatic systems. Such systems also have
difficulties related to integration with existing electronics in the 3D printers,
require pressurized cylinders/compressors, and occasionally do not reproduce the
same flow rates. Further, pneumatic systems are often expensive and immobile.
The system presented here demonstrates a portable alternative with pressure

feedback for pressure control and monitoring.

6.3 Electronics and integration of extruder on 3D printer

The PPS and SDS are controlled from two different electronics boards. The PPS is
controlled by a custom-made electronics board based on an Atmel
microcontroller, while the SDS is controlled via the printer’s electronics. The
extruder mechanism was attached to an open-source 3D printer (Ormerod 2,
RepRap) which was modified for the purpose of integration. The SDS and the 3D
printer are controlled by the Duet 3 Main Board 6HC (Duet3D). The stepper motor
of the SDS is connected to the second extruder stepper driver. The Duet similarly
controls the SDS stepper as it controls other FDM feeder motors. In the firmware,
a second extruder is enabled with cold extrusion, to bypass the detection of a
heating element at the nozzle, and the steps per mm is set to 80 steps per mm.

The explanation of how this number is derived can be seen in Appendix B.

For the PPS, a custom PCB was designed, and an Atmel microcontroller was
programmed to control the system. Figures 7.7 and 7.8 in the Appendix present
the schematic and PCB layout, respectively. The stepper motor of the PPS is
connected to the PCB and is driven by a DRV8825 stepper motor driver (JYOPTO).
The DRV8825’s digital input pins are connected to the microcontroller and the
system was set up in half-stepping mode. The pressure sensor, which is located
near the inlet of the SDS, provides the pressure feedback for the PPS and it is
connected to the Atmel microcontroller. The Duet board and the Atmel were
connected via one Input-Output (I/0) pin, where the Duet controls the pin’s digital
output, and the Atmel receives the information. The Duet board can set the pin
to ‘high’ to indicate that the 2nd extruder is currently active and ‘low’ to indicate
that it is inactive. The PPS also utilizes an end-stop switch which, when pressed,

allows the system to recognize that the material in the syringe is depleted. To this
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end, an LED is used as a visual indicator. A custom-made GUI made in Visual
Studios was programmed in C# to visualize the pressure, control the PPS, and

record the data and state of the system.

6.4 Performance of 3D custom-made DIW extruder

Two different material formulations, targeting different applications, were
printed using two different nozzle diameters (0.5mm and 1mm). The first material
tested was a food condiment (mayonnaise, Hellman’s Real) and the second is a
two-part Silicone rubber (Polycraft GP-3481F RTV, Polygraft). The rheological
properties of these materials are significantly different to each other, and hence
they provide a good challenge to the system. The food condiment’s viscosity was
about 65,000 cp for low revolution per minute (rpm) of the spindle and decreases
with increasing rpm and finally settles at 5000 cp at 100 rpm. The base material
of Silicone rubber showed an average viscosity of 39,000 cp before adding the
catalyst. To evaluate the system, we also varied the printing parameters such as

pressure, printing speed and material flow.

The developed system was characterized for the line width deposited using each
set of printing parameters that we altered. Two test structures were used for the
evaluation of the developed system. The first test structure design was a model
containing 5 straight lines with length of 10 cm, width of 1 mm, and height of
0.5mm. Both nozzles (1 mm and 0.5mm) were used for this design. The second
test structure is a CAD design containing 5 lines with 0.5mm width, 10 cm length,
and 0.25mm height and it was tested only with the 0.5 mm diameter nozzle. It is
generally suggested to print using a layer height that is half the nozzle’s diameter
and this is the reason for the difference between the two test designs. A few
printing parameters were constant in all the characterization processes. Those
are: all walls were removed from all settings (bottom/top, sides), 100% infill,

heated bed was off, and printing was carried out at ambient temperatures.

6.4.1 Pressure variation

Firstly, the materials were tested under pressure without printing to extract the

suitable pressure range. Each material was mounted on the system individually,
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pressure was slowly increasing to observe when and if the material would start
oozing from the nozzle. The food condiment was not oozing from the nozzle for
pressures up to 1 PSI. In contrast, the silicone-based material started oozing at
pressures of 0.5 PSI. Following this, the constant pressure of 0.5, 1 and 1.5PSI
were used for the models mentioned above. The rest of the printer parameters
were unaltered, and they were: printing speed was set to 5mm/s and material
flow was set to 100%. In total, 18 prints were obtained to extract the information
for all pressures and system arrangements (3 pressure settings, 2 materials, 3
printing setups). The printing setups were, the model with Tmm width design lines
with the Tmm nozzle, the 1 mm width design with the 0.5 mm nozzle and the
0.5mm design with the 0.5 mm nozzle. Each print was photographed, and each

line was analysed for its average width and all 5 lines were averaged out.
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Figure 6.4 Results of printing at different pressures

a) Average line width of 5 printed lines with respect to pressure, b) Percentage ratio of printed
lines length to designed length with respect to pressure.

Figure 6.4a shows the average printed line width with respect to pressure for each
printing setting. The results show that the line width of both materials (silicone
and food condiment) increases linearly with increasing pressure. The average rate
of change and standard deviation for the condiment were 0.8 mm/PSI and 0.123
mm respectively and were 0.6mm/PSI and 0.18mm for silicon material. Figure
6.4b shows the percentage ratio between actual printing length over designed line
length. In some cases, the prints did suffer from insufficient flow of the material,
resulting in prints having droplet like formation instead of an actual line. The

percentage print varied with pressure but also with the material. The higher the
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pressure, the more is the likelihood of the print lines being continuous and

uniform. Figure 7.9 in the Appendix presents all these printed structures.

6.4.2 Printing Speed

The second parameter used to characterize the system was printing speed. This
was done to see how fast the printer can print reliably and the effect the faster
movement of printer has to the line width. Each material was tested separately
with the PPS providing a constant pressure of 1 PSI. The printing speeds tested
were: 2, 5, 10 and 20mm/s and a total of 24 prints were obtained. Figure 6.5a
presented the average linewidth for all 5 printed lines with respect to printed
speed. Figure 6.5b presents the percentage ratio between printed line length over
designed length with respect to printed speed. These results show that the
condiment material is less affected by printed speeds. On average, all printed
lines were not discontinuous, and the deviation is relatively low (average deviation
for all print setting of the mayo is 0.088mm). Materials with rheological properties
such as the condiment are affected by the SDS system as the rotation of the screw
can provide enough pressure to the material for extrusion. In this scenario, the
PPS acts as a tank for the SDS to control the deposition. The screw acts as an
isolated piston and it deposits the material uniformly, as long there is enough
material and pressure in the inlet. Therefore, speed does not have a significant
effect on the prints. The rotation of the screw matches the printer’s movement

and therefore the amount of material deposited is the same.
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Figure 6.5 a) Average line width with respect to speed b) percentage ratio of printed lines
length to designed length with respect to printing speed.

In contrast to the above, the printing of silicone is affected by the speed. As the
printer moves faster, the fast rotation of the screw cannot fully compensate for
material that the PPS is contributing. Therefore, for the same print, lesser
material is extruded from the nozzle at higher speeds. On average, the line width
decreased at a rate of 0.016 mm per mm/s, while the deviation from low speeds
to high speeds increases rapidly. This further worsened when the print was
evaluated for the percentage length printed over designed length. At low speeds,
silicone has little droplet-like formation on the printed bed, but the effect is

regular once the speed increases.
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6.4.3 Increasing Flow

The last parameter tested was the percentage flow of the material. This setting
changes the screw rotation percentage per line. This testing presents the effect
of the ratio of revolutions of the SDS system per line. Five different flow rates
were tested, namely, 10%, 20%, 50%, 100% and 150% resulting in 30 different
prints. Figure 6.6 presents the data acquired from these tests. Figure 6.6a shows
the line width with respect to percentage flow. The percentage ratio of actual
printed length over the designed length with respect to flow percentage is given

in figure 6.6b.

This set of experimentation shows that SDS has greater influence on the mayo,
while PPS can influence the flow of silicone. In fact, the line width of the silicone
does not change significantly with increased flow. In contrast, line width of mayo
changes with the increase of flow at a rate of 0.0047 mm per flow percentage.
The relation between the flow and the line width is linear and the deviation for
mayo is 0.11 mm. As the screw rotates more times per line, more material is
deposited on the printer’s bed. This is magnified even further when the
percentage printed lines are compared to the expected. In general, the flow of
the materials was too low to print continuous lines and droplets were observed in
most of the print settings, especially for the prints with layer height of 0.5 mm.

Once the material flow was high enough all prints were continuous.

In contrast to condiment material, silicone could flow in the SDS chamber,
resulting in material flow. The SDS does not provide a significant pressure drop in
the chamber for silicone, and can flow from an inlet to an outlet, at this pressure.
The pressure difference between inlet and outlet for the silicone is mainly
provided by the PPS (1PSI). Even though the screw seems to have no effect on the
line width, it can still affect the deposition of the material. As can be seen in
figure 6.6b, the faster the screw rotates, the less likely a droplet can form. That
is caused by the screw’s ability to push the material out towards the nozzle. At
10% flow silicone is printed in more droplet-like forms. Once the flow setting was

increased the droplet formation was minimized.



Chapter 6: Development of new extruder system 129

53 | =4 Mayolmm@ I [ [
=& Silicone Imm @ | | :
—@& Mayo 0.5 mm @ with Imm i i i
— @ Silicone 0.5 @ with 1 mm ! ! '
— = Mayo 0.5 @ with 0.5 mm ! ! !
18 | = = Silicone 0.5 @ with0.5mm __|_______ . o
i i i i i .
] ] | 1 -
E E - - - E - i’ I
£ P T |
St - T 1 |
1 1 1 1 ‘T
R E T [ IR AR I S |_____J._"___
3 T ' : T
E ! ! Ao 0T
v R P e
= * ’T—-—'---,T’- = -9 _’_;f”s
i, 0
A PR _ ’ L4 |
Yo = L -T&7
08 % R -_;---—I__—_-_.-_ &0 b
- = -
|9 ;ian SR R | :
/BT i | | | |
L 4 ‘ ‘ ‘ | | :
1 1 1 1 1 1
1 1 1 1 1 1
03 1 1 1 1 1 1
0 25 50 75 100 125 150
a Flow (%)
110 - - - : : T
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1
100 1 1 1 1 1 1
[T &S oS == - e —x —
ser - e ok Bkl
TS ST | | :
90 - | ————— [—
‘0 7 i i | :
& : 27 : : | | :
80 l-————_ v 4 Lo ____ Lo ____ [, | I [
e s : | | :
- /
s o, | : : |
~ 70 boooo_ vro oo oo [ o __
- oy v v I I ]
o 1 1 1 1 1 1
-: ’ 1 1 1 1 1
o : : : | | :
60 |-—--f - e - ]
g 4 S | :
= 1 : : | | :
50 fommdempm e (R (R [ [ -
, : : 1 1 1 1
;! h —4 Mayo1lmm@
1 1
R e F---- —¢ Silicone Imm @
;! ! —& Mayo 0.5 mm @ with Imm
30 | -dhomotoemeon L ____ == Silicone 0.5 @ with 1 mm
H H — = Mayo 0.5 @ with 0.5 mm
1 1
o ' ' — = Silicone 0.5 @ with 0.5 mm
0 25 50 75 100 125 150
b Flow (%)

Figure 6.6 a) Average line width with respect to percentage flow b) Percentage ratio of

printed lines length to designed length with respect to percentage flow.

6.4.4 Nozzle diameter

The effect of the nozzle diameter has on the printing quality could be derived
from the above experiments. For example, by comparing different nozzles (1mm
and 0.5 mm diameter) with the same CAD model (1mm width lines at 0.5 mm layer
height), it is easy to see the effect of nozzles have on the printed lines. In fact,
we observed that the nozzle diameter has a significant effect on the quality of
the print. From Poiseuille’s law, the smaller diameter outlet used, should reduce

the flow of the material (under same pressure) resulting in deposition of lesser
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material on the bed. Both nozzles at low pressure show similar results but once
the pressure increases, the width of the lines start to diverge with the wider
nozzle diameter printing thicker lines compared to the narrower nozzle. The 1mm
nozzle showed an increase in line width of 0.841 and 0.775 mm/PSI for mayo and
silicone, respectively. For the 0.5 mm diameter nozzle, the rates were 0.596 and
0.3mm/PSI for mayo and silicone, respectively. Also, the narrower nozzle has
lesser deviation in each pressure setting, thus increasing the uniformity in

deposition.

The nozzles follow a similar trend with respect to speed. The nozzle diameter
shows little to no effect on the line width when the food condiment is considered.
For mayo, the SDS system significantly influences the material deposition,
therefore, there is no significant change based on the nozzle diameter. Silicone
has a small difference in the line width, with the narrowest nozzle depositing
thinner lines. Likewise, when flow is considered, the nozzle diameter seems to
play no role for the mayo as the difference in the print for both nozzles is
insignificant. The nozzle diameter does not affect the line width but can increase
the reliability of the printing as it decreases the amount and length of
discontinuous lines. The same is true for the silicone. The narrowest nozzle does

not affect the printing lines width but decreases the gaps between the prints.

6.5 Autonomous manufacturing

To illustrate the capability of the developed system, a variety of test structures

were fabricated as described below.

6.5.1 Two-part elastomer mixing and printing

A thin smiley face-like structure was printed using the developed 3D printer. For
this, we used Ecoflex - an elastomer with two parts that are required to be mixed
for proper functioning. It is commonly mixed in 1:1 ratio and widely used as
substrate in flexible electronics or to develop soft robotic structures. The CAD
design resembles a face with two cheekbones, to evaluate the capability for z-
axis printing of Ecoflex. The thickness of the smiley face was 0.6mm and the bone

cheeks reached a height of 2.8mm with the face covering a circular area with
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diameter of 80mm. The design was printed using 0.2mm layer height at 100% infill

with a printing speed of 5mm/s.

v //”" :

Mixing &
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Figure 6.7 Printed smiley-face without premixing. a) printing to realize the structure. b) final
result of automatic 3D printing of two-part elastomer.

To fabricate the face design, the PPS was mounted with two identical syringes,
each containing one part of the two-part elastomer at the same volumetric
marker. This resulted in a 1:1 of part A and part B, mixed on the go inside the SDS
chamber and printed on the surface of the 3D printer bed. For faster curing, the
bed of the printer was heated at 40°C. This also ensured that the subsequent layers
printed on top have a solid structure for better resolution. The total time of the
print is approximately 1 hour. Once the print was finished, the fabricated design
was left for about 30 minutes at 40°C on the print bed. Figure 6.7a shows the
printing of two-part elastomer and figure 6.7b shows the completed 3D printed

face-like structure.

6.5.2 Color Mixing

To further validate the ratio printing and mixing procedure, a CAD file for a disc-
like structure was generated. Two different prints were carried out to
demonstrate the mixing capabilities of the system. The PPS was mounted with two
syringes one containing a blue color paint and the second containing a white color
paint. For the first print, both syringes have an inner diameter of 20 mm, therefore
the ratio between the blue and white was 1:1. Figure 6.8a shows the result of the
printing process. The second print is the same disc design, but with different

diameter syringes. The ratio for this print between the blue and white colors is
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10:7. Figure 6.8b shows the result of this print, which clearly shows a different

mixing ratio as the color of the printed structure has strong presence of blue color.

‘ 3 ’/‘- vi

‘ Ny

Figure 6.8 Print of disk-like design on paper while two materials are mixed on the go, a) 3D
printing of 1:1 ratio of dark blue and white colours b) 3D printing of 10:7 ratio of dark blue

and white colours.

6.5.3 Food Based material printing

A major advantage of 3D printing is its versatility and possibility to alter the
models without the need for fabricating different moulds every time the design
changes. This is further advanced with printing of different types of materials. For
example, the developed system was evaluated for its capability to print food-
based materials such as mayonnaise and melted chocolate and the printed

structures are shown in figure 6.9.
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Figure 6.9 Print of food related materials a) Star shape food additive b) 3D printing of ‘BEST’

with melted chocolate.

6.5.4 Fully 3D printed embedded Tactile sensors

In robotic applications, a major challenge is the fabrication of tactile sensors that
are robust, soft, and low-cost. The system provides the ability to produce such
tactile sensors in an automated process. To demonstrate this, we obtained a 3D
printed tactile fingertip using the DIW system in combination with the FDM nozzle
on the printer. The device has three embedded capacitive pressure sensors
located at the tip, left, and right sides of the fingertip. All materials, including
the encapsulation, conductive layer, and dielectric (silicone), were 3D printed.
The bottom part of the finger is made from PLA. The conductive plates of the
sensors are fabricated using conductive PLA (Proto-pasta) filament using the FDM
nozzle. Once the base and bottom electrodes were printed, the encapsulation
layer made from TPU was printed using the FDM nozzle. The device has three
cavities which were filled with dielectric material using custom-made extruder
(Figure 6.10a). After this, the material was left to cure for 3 hours, while the
heated bed was set to 40°C. After this, a masking tape was placed on the surface
of the dielectric layer, as printing directly on top of the dielectric was found to
be challenging. Then, the printer continued printing the top electrodes and once
those were printed, the material was changed to TPU to encapsulate the entire

structure resulting in a soft 3D printed capacitive tactile finger with three
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embedded force sensors. Figure 6.10b shows the finger pressed and the response
of the sensor.

Capacita nce

Figure 6.10 3D printed phalanx with embedded capacitive touch sensor. a) printing of the
dielectric layer of the sensorised phalanx. b) testing of the sensorised phalanx for its response

at different applied pressures.

6.5.5 Characterization of fully 3D printed tactile sensors

To further validate the system, five fully 3D printed sensors where fabricated
similar to the one described above with only one difference. The fingers had only
one capacitive sensor (the separation was removed therefore forming only one

sensing structure). The five fingers were tested for dynamic and static response.

Figure 6.11 presents the dynamic response of the five sensors. For each sensor a

force of 2N was applied for 7 consecutive cycles, then 5N and lastly for 9N.
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Figure 6.11 Cycling response for five fully 3D printed tactile sensors
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Figure 6.12 presents the static response of the five sensors. All sensors show
similar response in the tested range of ON up to 11N. The sensitivity of each device
is presented in table 6.1. The average sensitivity of the devices is 0.00406 N-' with
an average deviation of 0.000362.

Table 6.1 Sensitivity of the five devices in the entire range of testing

Device Sensitivity (N?)

Sensor 1 0.0036
Sensor 2 0.0037
Sensor 3 0.004
Sensor 4 0.00414
Sensor 5 0.0049
0.06 —@— Sensor 1 Sensor 2 Sensor 3
0.05
0.04
UO
.03
3
0.02
0.01 /
0
0 2 4 6 8 10 12

Force (N)

Figure 6.12 Static response of the sensors for force between ON-11N

This presents the superiority of the approach of 3D printing tactile sensors using
the above extruder mechanism, compared to previous approaches of drop casting
the dielectric or/and electrode. The uniformity in the response shows not only the
possibility of automation in smart structures but also the reproducibility of the

results.

6.6 Summary

The current state-of-the-art FDM 3D printers are lacking the tools needed to
fabricate complex/intelligent and smart structures while being cost-effective.
Other 3D printers with similar capabilities are expensive and bulky in comparison.

To overcome the limitations of FDM printing, a new 3D printing extruder
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mechanism is presented in this chapter. The developed printer can print filaments
and paste-like materials in the same print, while utilizing a pressure sensor for
feedback. The system utilizes the mounted syringes with different barrel
diameters to show mixing of multipart and multimaterials (in desired ratios) on
the go and print them to enable complex 3D smart structures. The results show
the extruder mechanism can handle diverse materials with different rheological
properties. Furthermore, the system is free from previous common problems to
direct drive, Bowden tube, and pneumatic DIW systems such as uncontrollable
deposition, leaking, and delay between initiating printing and material deposition
on the bed. The developed system does not rely on bulky equipment such as
compressors, and thus offers better portability due to its reduced size and weight.
The presented extruder mechanism is also capable of manufacturing complex
structures in an automated manner and can be used in many fields from food

decoration to complex electronics and robotics.
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7.1 Conclusion

The rapid progress in the development of smart structures in recent years pave
the way for the future society. Additive Manufacturing, in particularly, has
infiltrated most industries due to its versatility. The field of robotics, especially,
benefit from the advancement in 3D printing as it allows complex designs to be
manufactured seamlessly. Multimaterial printing can provide more functionality
to the printed structure, enhancing them with sensors, embedded electronics,
interconnects and energy storage capabilities. These active elements can drive
the next industrial revolution of smart devices using AM as the core element. As
an example, a robotic 3D printed hand and wrist was developed and equipped with

power energy harvesting devices, tactile sensors and embedded electronics.

In this regard, various sensors, with different designs and materials were explored.
A variety of different fabrication techniques were examined. State-of-the-art 3D
printing mechanisms were used, and weaknesses and shortcomings were

identified, while presenting alternative arrangements.
The following are the significant outcomes of the research.

1. The first reported 3D printed hand with intrinsic soft capacitive sensors
with the accompanied electronics embedded in the phalanx of the
fingertip. The fingertip’s design is presented in sections 3.3.1.2 and in
section 5.3.2 the fabrication and performance can be seen. The tightly
integrated sensing within the 3D printed structures could pave the way for
a new generation of truly smart material systems. The fabrication process
presented introduces a cost-effective alternative method for tactile sensing
systems that otherwise require complex, expensive, and specialized

equipment. In this regard, compared to the state-of-the-art robotic or
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prosthetic hands, the presented approach could lead to robust and
affordable hands with more functionalities. Furthermore, the multimaterial
3D printing methodology offers efficient use of 3D space through embedded

components.

2. This thesis emphasises the advantages of fabrication of the packaging and
the sensing elements in one single step resulting in a durable arrangement.
In this thesis, sections 3.3.2 and 5.4, a novel sensorised insole with most of
the surface area occupied by transducing elements, was presented. This
has the potential to be used in anthropomorphic robotic systems and
wearables where extreme load conditions are expected during walking or
standing, while providing sensory feedback. The sensors were tested for
loads up to 1000 N, which is the equivalent to a load it would experience
when an above average male adult was standing on one leg and his toe.
This approach can be used not only for robotic systems but also in wearables
to monitor the performance of athletes and in health/rehabilitation

applications.

3. A novel 3D printer, able to print filaments, multipart and multimaterials
without the need of premixing complex materials at different ratios. This
system was developed to overcome issues with state-of-the-art

multimaterial 3D printers and was described in detail in section 6.

3D printing technologies presents a new methodology for the development of new
smart structures that could not be produced by other means. That includes
practical solutions to everlasting problems with tactile sensing. This approach has
the potential to overcome problems with wear and tear, wiring and electrode
bonding in traditional Eskin approaches, while simultaneously being attractive due
to ease of customization, simplicity of manufacturing, low-cost, durability, and

resource efficiency.

7.2 Future work

The focus of this work is based in the development of smart and intelligent
structures for robotic applications. 3D printing is a relatively recent manufacturing

technology and is constantly evolving and attracting many industries and
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researchers. The progress in 3D printing techniques drives the field to more and

more unique uses from decorative structures to fully 3D printed houses, from

scaffolds to tactile sensors and more. However, various challenges still lay ahead.

From sensors point of view:

1.

Improvements with the adhesion between different materials and processes
are needed. It has presented a significant challenge to overcome as masking
is non-ideal. Masking can affect the performance of the sensor and can

introduce variation in the response from sensor to sensor.

. The sensitivity of the devices shown in this thesis can be further improved

with the use of composite materials. The packaging can reduce the
sensitivity of the devices and improving the sensitivity would be beneficial

for fine texture detection.

Increasing the number and types of tactile sensors to develop stack sensing
arrays (such as capacitive and piezoresistive) that could provide multiple
tactile information. Also, the design of the sensors can be done using
sophisticated algorithms such as generative design to further improve the

overall system.

From 3D printing tools point of view:

1.

3D printing processes resolution can still be considered low. The diameter
nozzles of FDM printers, currently, do not offer a resolution that is needed
to match the human skin structural complexity. This could resolve some of

the issues mentioned above.

. Enhancing the 3D printing extruder developed and presented in chapter 6

with a heater and thermistor for even more complex materials that need
specific temperatures. UV light attached to the nozzle could provide an

automated method to cure photocuring materials.

From 3D printed smart structures and towards anthropomorphic robotics point of

view:
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1.

The robotic hand and wrist structures printed with a single material (PLA)
can be enhanced with the use of multimaterial printing. 3D printed
capacitors or batteries can be printed simultaneously in the structures of
the hand. This will lead to parts having the ability to store energy and
elevating the need for traditional batteries for better autonomy and weight

reduction.

. Utilize the current knowledge and scale up towards anthropomorphic and

biomimetic robotic systems with intrinsic sensors and embedded
electronics. This can pave the way for autonomous systems from robotaxis

to robotic nurses and smart cities.
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Figure 7.3 Control circuit schemati
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Figure 7.4 PCB layout of the control circuit
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Figure 7.5 Robotic hand with SensAct device embedded on the fingertip been pressed and
LabVIEW GUI presenting the resistance of the device. [258]

A. Preparation of two-part rubber

The two-part rubber was mixed in a 1:1 volume ratio for 3 min and kept under
vacuum for 1 min to remove air trapped in the mixture. After that, it was poured
on top of the device. The device was placed on the build plate of the 3D printer,
which was set at 60 °C, and a hot air gun (set at 100 °C) was directed on top of
the device for 1h with minimal flow to accelerate the curing process of the

EcoFlex.
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Figure 7.6 Customized FDM desktop 3D printer for paste extrusion
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The SDS can be viewed as a leadscrew driven mechanical system and the stepper
motor step angle is 1.8 (200 per revolution). The driver has 1/16 micro stepping,
that was set from the firmware, and the leadscrew pitch is 5 mm, by design, and
the ratio between the chamber diameter and nozzle diameter is 10:1. The steps

per mm is 64 steps per mm.

200 steps per revolution*16 microstepping

= 64 steps per mm (1)

5 mm pitch+10 diameter ratio

That number would be true if the materials did behave as solids, but liquids do
have a resistive behavior and some of the material was resisting in moving towards
the nozzle therefore we increased the steps per mm to 80 as this showed to be

more accurate through our experimentation.

0.5 PSI 1PSI 1.5PSI 0.5 PSI 1PSI 1.5PSI
0.5mm @ 0.5mm @ 0.5mm @ 0.5mm @ 0.5mm@ 0.5mm@
1mm design 1mm design 1mm design 0.5 mm design 0.5 mm design 0.5 mm design

i

0.5 PSI 1PSI 1.5 PSI
1mm@ 1mm@ 1mm@

Figure 7.9 3D printed lines for Silicone based rubber and food condiment at different pressures

and nozzle diameters.
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