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ABSTRACT 

Tactile sensors are devices which acquire data from the physical world through sense of touch. 

These acquired data may be related to either, surface roughness, texture, force, or any other 

tactile parameter. Even though, tactile sensor systems are identified as a feasible method to 

acquire force feedback in robotics and automation systems, due to the requirement of physical 

interaction between the sensor and application, development of tactile sensors does not come 

to the spotlight during the past decades. Rather, researchers were more focused on developing 

non-contact sensors for various sensing modalities when comparing with the tactile sensors. 

Currently, importance of tactile sensors has come to the spotlight, as development of robotics, 

automation and biomedical applications are limited due to lack of tactile feedback. Also, many 

application areas are identified, where tactile sensors can be incorporated such as robotics, 

industrial automation, biomedical imaging, biomedical robotics, etc. 

Tactile imaging is one of the medical imaging technique, which mimic manual palpitation to 

diagnose diseases such as breast cancer, prostate cancer, etc. Tactile sensor is the foremost 

element in a tactile imager. Comparing with the other medical imaging techniques, it was 

found that tactile imaging is the most cost effective method to screen breast cancers. Also it 

has other advantages such as minimum exposure to radiation, simple and easy operation, etc.  

Hence, main aim of this research is to develop miniaturized tactile sensors for tactile imaging 

applications.  

Working with that aim, miniaturized tactile sensors were developed during this research. In 

these developed sensors, Quantum Tunnelling Composite (QTCTM), which is a conductive 

polymer composite, has been used as the sensing element. A novel structure was proposed to 

be incorporated with the sensing elements and analysis of the structure discussed. Proposed 

sensor was developed and calibrated. In the next stage of this research, a novel enclosed tactile 

sensor was designed and developed utilizing the same sensing and working principle as the 

developed 1-DOF tactile sensor. Main motive of developing this sensor is to include the 

proposed improvements for the 1-DOF tactile sensor based on its experimental results. An 

enclosed novel structure was proposed so that the sensing element and spring will be omitted 

from the environmental effects. Sensor was developed and calibrated so that it could be 

integrate with tactile imaging applications. Sensitivity of this developed tactile sensor, 

calculated to be 0.02 V/N and sensor displayed repeatability of ±3 N. 

An experiment was carried out to evaluate the usability of developed sensors in tactile imaging 

applications. Using the developed sensor pressure variation of a human left hand was mapped 

and visual images were constructed. Applicability of sensor arrays instead of a single sensor 

in tactile imaging applications and miniaturization techniques to be used to construct tactile 

sensor arrays with high Taxel density is discussed. 

A MEMS based tactile sensor design was proposed to be developed to construct tactile sensor 

arrays with good performance for tactile imaging applications. Proposed sensor design 

analysed and simulated to validate the proposed working and sensing principles. Fabrication 

steps for the designed MEMS sensor was proposed. 

 
Key Words: Tactile Imaging, Tactile Sensors, Force Sensors, MEMS



iii 

 

DEDICATION 

I dedicate my dissertation work to my family and my teachers. A special feeling of 

gratitude to my loving parents, Jayasena and Padmini Perera whose words of 

encouragement and push for tenacity ring in my ears.   



iv 

 

ACKNOWLEDGMENT 

I am deeply grateful to Head of Department of Mechanical Engineering Dr. W.K. 

Wimalsiri and all the academic and non-academic staff of the department for their 

constant encouragement in the period of research. Especially my research supervisor, 

Dr. Y.W.R Amarasighe gave me the best support and attention towards my work. 

Without his keen supervision none of this would have been possible for myself alone. 

I consider myself very fortunate for being able to work with such a resourceful 

individuals.  

I also like to extend my sincere gratitude to Mr. V.S.C.Weragoda of the department of 

materials engineering for helping me in the process of testing of the developed tactile 

sensors. I had to invoke the help of him several times and he agreed to assist me 

without a reluctance each time.  

I am particularly grateful for the assistance given by Mr. Janaka Mangala and Mr 

Janath Priyankara with all the non-academic staff at Die and Mould Centre of 

University of Moratuwa, when fabricating the designed sensor structures.  

Furthermore, I would like to express my gratitude to Mr. Janaka Basnayake, Mr. 

Dumith Jayathilaka and Mr. Kanishka Madushanka for their assistance given me 

throughout my research. Specially, I would like to mentions the help given by Mr. 

Janaka Basnayake when fabricating electrodes for the developed tactile sensors. 

Moreover, I’m particularly grateful to Dr. R.A.R.C. Gopura, who is the research 

coordinator of Mechanical Engineering Department and Dr. R.U. Weerasuriya, who is 

the chair of the progress review panel appointed for this research, for their valuable 

comments and advices given to me throughout this research. 

Last but not the least, I owe my thankfulness to Mr. Salith Ranasinghe and Mr. 

Chathura Jeewantha of the Mechatronics and MEMS/NEMS laboratory for providing 

me the tools and facility required for conduction my research works whenever 

required. 

Thotegodage Don Isuru Udayanga 

MSc Postgraduate, 

Department of Mechanical Engineering, 

University of Moratuwa. 



v 

 

TABLE OF CONTENTS 

Declaration .................................................................................................................... i 

Abstract ........................................................................................................................ ii 

Dedication ................................................................................................................... iii 

Acknowledgment ........................................................................................................ iv 

List of Figures ............................................................................................................. ix 

List of Tables.............................................................................................................. xv 

List of Abbreviations................................................................................................. xvi 

List of Appendices ................................................................................................... xvii 

1 Introduction ............................................................................................................ 1 

2 Literature Review ................................................................................................... 4 

2.1 Tactile Sensors...................................................................................... 4 

2.1.1 What is Tactile Sensing ............................................................ 4 

2.1.2 History of Tactile Sensing ........................................................ 4 

2.1.3 Sensing Principles and Existing Tactile Sensors ...................... 5 

2.1.4 Current Trends of Tactile Sensing .......................................... 12 

2.2 Tactile Imaging ................................................................................... 13 

2.2.1 Applications of Tactile Imaging ............................................. 15 

2.2.2 Existing Tactile Imagers ......................................................... 16 

2.3 Conclusion – Literature Review ......................................................... 19 

3 Development of 1-DOF Tactile Sensor................................................................ 21 

3.1 Introduction ........................................................................................ 21 



vi 

 

3.2 Sensing principle of the proposed 1-DOF Tactile Sensor .................. 22 

3.2.1 Challenges of QTCTM ............................................................. 24 

3.3 Mechanical Structure of the Proposed 1-DOF Tactile Sensor ........... 27 

3.3.1 Working Principle of the Proposed Sensor Structure ............. 27 

3.3.2 Proposed Structural Design 1 for 1-DOF Tactile Sensor ....... 29 

3.3.3 Proposed Structural Design 2 for 1-DOF Tactile Sensor ....... 31 

3.4 Analysis and Simulation of Proposed 1-DOF Tactile Sensor ............ 34 

3.5 Fabrication of Designed 1-DOF Tactile Sensor ................................. 40 

3.5.1 Fabrication of Sensing Element Configuration ...................... 40 

3.5.2 Structural Fabrication and Assembling .................................. 41 

3.6 Testing of Developed 1-DOF Tactile Sensor and Results.................. 43 

4 Development of enclosed 1-DOF Tactile Sensor................................................. 46 

4.1 Introduction ........................................................................................ 46 

4.2 Proposed Structural Design for 1-DOF Enclosed Tactile Sensor ...... 46 

4.3 Analysis and Simulation of Proposed 1-DOF Enclosed Tactile 

Sensor .............................................................................................. 49 

4.4 Fabrication of Designed 1-DOF Enclosed Tactile Sensor ................. 56 

4.4.1 Fabrication of Sensing Element Configuration ...................... 56 

4.4.2 Structural Fabrication and Assembling .................................. 57 

4.5 Testing of Developed 1-DOF Enclosed Tactile Sensor and Results .. 59 

5 Application of Tactile Sensors for tactile Imaging .............................................. 63 

5.1 Introduction ........................................................................................ 63 



vii 

 

5.2 Development of Graphical User interface .......................................... 63 

5.3 Tactile Imaging using Developed 1-DOF Tactile Sensors ................. 67 

5.3.1 Experiment Conducted to Construct Tactile Images Using 

Developed 1-DOF Tactile Sensors .................................................... 67 

5.3.2 Results of the Experiment to Construct Tactile Images ......... 69 

6 Design and Simulation of MEMS based Tactile Sensor ...................................... 71 

6.1 Introduction ........................................................................................ 71 

6.1.1 Why MEMS? .......................................................................... 71 

6.1.2 Literature Review ................................................................... 72 

6.2 Structural Design of 5-DOF MEMS Tactile Sensor........................... 74 

6.3 Working Principle of 5-DOF MEMS Tactile Sensor ......................... 76 

6.4 Sensing Principle of 5-DOF MEMS Tactile Sensor........................... 78 

6.5 Structural Analysis of the Proposed 5-DOF MEMS Sensor 

Structure .......................................................................................... 80 

6.6 Sensing Element Placement in Proposed 5-DOF MEMS Sensor 

Structure .......................................................................................... 85 

6.7 Multiphysics Analysis of 5-DOF MEMS Tactile Sensor ................... 86 

6.8 Results of the Simulation of proposed 5-DOF MEMS Tactile 

Sensor .............................................................................................. 93 

6.9 Fabrication of Proposed 5-DOF MEMS Tactile Sensor..................... 96 

6.9.1 Proposed Wiring Design for 5-DOF MEMS Tactile Sensor .. 96 

6.9.2 Proposed Fabrication Steps for 5-DOF MEMS Tactile 

Sensor 96 



viii 

 

7 Conclusion ........................................................................................................... 99 

References ................................................................................................................ 101 

Appendices .............................................................................................................. xviii 

Appendix A: Sensor Enclosure (Design 1) ................................................. xviii 

Appendix B: Production Drawings of Sensor Structure (Design 2) .............. xx 

Appendix C: Material Properties Chart ...................................................... xxiv 

Appendix D: Production Drawings of Sensor structure (Enclosed sensor) . xxv 

Appendix E: Arduino Code of Graphical User Interface ............................ xxix 

Appendix F: Production Drawings of 5-DOF MEMS Sensor Structure ... xxxii 

  

  



ix 

 

LIST OF FIGURES 

Figure 1.1: Miniaturized tactile sensor development process ...................................... 2 

Figure 2.1: Application areas of tactile sensing ......................................................... 13 

Figure 2.2: General view of breast tactile imager ...................................................... 16 

Figure 2.3: Representation of the breast examination results by breast tactile 

imager. ........................................................................................................................ 17 

Figure 2.4: General view of prostate tactile imager. .................................................. 17 

Figure 2.5: Representation of prostate examination results by prostate tactile 

imager. ........................................................................................................................ 18 

Figure 2.6: General view of vaginal tactile imager .................................................... 18 

Figure 2.7: Representation of stage III prolapse by vaginal tactile imager. .............. 19 

Figure 3.1: Categories to be considered when developing a 1-DOF tactile sensor ... 21 

Figure 3.2: SEM image of the cut surface of QTCTM; (a) 50 µm scale. (b) 2 µm 

scale. ........................................................................................................................... 23 

Figure 3.3: Variation in resistance as a function of compression for a soft silicone-Ni 

type 123 QTC™ composite. ...................................................................................... 24 

Figure 3.4: Experiment setup to find Young's modulus of QTCTM ........................... 25 

Figure 3.5: Experiment results of QTCTM pill ........................................................... 26 

Figure 3.6: Free body diagram of the proposed working principle of the mechanical 

structure ...................................................................................................................... 28 

Figure 3.7: Isometric view conceptual design of structural design 1 and component 

assembly ..................................................................................................................... 29 

Figure 3.8: Sectional Front elevation conceptual design of structural design 1 and 

component assembly .................................................................................................. 30 

file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215181
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215182
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215183
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215184
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215184
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215185
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215186
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215186
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215187
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215188
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215189
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215190
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215190
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215191
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215191
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215192
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215193
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215194
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215194
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215195
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215195
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215196
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215196


x 

 

Figure 3.9: Basic dimensions of the proposed sensor structure 1 .............................. 30 

Figure 3.10: Isometric view conceptual design of structural design 2 and component 

assembly ..................................................................................................................... 32 

Figure 3.11: Sectional Front elevation conceptual design of structural design 2 and 

component assembly .................................................................................................. 32 

Figure 3.12: Basic dimensions of the proposed structural design 2 ........................... 33 

Figure 3.13: Components arrangement in the assembly of proposed structural design 

2 .................................................................................................................................. 33 

Figure 3.14: Geometry Considered for the FEA ........................................................ 35 

Figure 3.15: Total deformation of the sensor structure under loading for spring gauge 

1.0 mm ....................................................................................................................... 36 

Figure 3.16: Total deformation of the sensor structure under loading for spring gauge 

1.5 mm ....................................................................................................................... 37 

Figure 3.17: Equivalent Stress of sensor structure under loading for spring gauge 1.0 

mm. ............................................................................................................................ 37 

Figure 3.18: Equivalent Stress of sensor structure under loading for spring gauge 1.5 

mm. ............................................................................................................................ 38 

Figure 3.19: Total deformation plot of QTCTM pill. ................................................ 38 

Figure 3.20: Equivalent stress plot of QTCTM pill. .................................................. 39 

Figure 3.21: Electrode Fabrication; (a) Electrode arrangement with sensing element. 

(b) Electrode Design .................................................................................................. 41 

Figure 3.22: Fabricated structural components and assembled sensor structure ....... 42 

Figure 3.23: Fabricated 1-DOF Tactile Sensor .......................................................... 43 

Figure 3.24: System layout of the experimental setup ............................................... 44 

file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215197
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215198
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215198
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215199
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215199
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215200
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215201
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215201
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215202
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215203
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215203
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215204
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215204
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215205
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215205
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215206
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215206
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215207
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215208
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215209
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215209
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215210
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215211
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215212


xi 

 

Figure 3.25: Experiment Results; voltage vs. force plot ............................................ 44 

Figure 4.1: Isometric view of proposed design of novel enclosed sensor structure .. 47 

Figure 4.2: Sectional front elevation of proposed design of novel enclosed sensor 

structure ...................................................................................................................... 47 

Figure 4.3: Exploded view of the proposed novel enclosed sensor structure ............ 48 

Figure 4.4: Geometry Considered for the FEA .......................................................... 50 

Figure 4.5: Boundaries selected to apply boundary conditions for FEA ................... 52 

Figure 4.6: Total deformation variation of the sensor structure................................. 53 

Figure 4.7: Force vs. Deformation plot. ..................................................................... 53 

Figure 4.8: Equivalent stress variation of the sensor structure .................................. 54 

Figure 4.9: Force vs. Equivalent stress plot ............................................................... 54 

Figure 4.10: Total deformation plot result of QTCTM pill. ...................................... 55 

Figure 4.11: Equivalent Stress plot result of QTCTM pill......................................... 55 

Figure 4.12: Proposed revised electrode design ......................................................... 56 

Figure 4.13: Steps of electrode fabrication and fabricated electrode ......................... 57 

Figure 4.14: Fabricated structural components and Assembled and finalized novel 

enclosed 1-DOF tactile sensor ................................................................................... 58 

Figure 4.15: System layout of experimental setup ..................................................... 59 

Figure 4.16: Developed experimental setup............................................................... 60 

Figure 4.17: Calibration Results for Continuous Loading & Unloading ................... 60 

Figure 4.18: Repeatability analysis for Continuous Loading & Unloading............... 61 

Figure 4.19: Calibration Results for Dead Weight Loading & Unloading ................ 62 

file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215213
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215214
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215215
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215215
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215216
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215217
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215218
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215219
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215220
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215221
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215222
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215223
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215224
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215225
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215226
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215227
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215227
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215228
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215229
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215230
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215231
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215232


xii 

 

Figure 5.1: Proposed system layout for the graphical user interface ......................... 64 

Figure 5.2: Developed Hardware Interface ................................................................ 65 

Figure 5.3: LabVIEW program developed for the proposed graphical user interface 66 

Figure 5.4: Developed GUI based on LabVIEW software ........................................ 66 

Figure 5.5: Chosen posture for the experiment .......................................................... 68 

Figure 5.6: Data points considered on the left hand .................................................. 68 

Figure 5.7: System layout of the proposed experimental setup ................................. 69 

Figure 5.8: Graphical representation of pressure values on data points considered on 

the left hand ................................................................................................................ 69 

Figure 5.9: Constructed pressure mapping image of the left hand for given posture 70 

Figure 5.10: Constructed Contour color mapping image of the pressure variation of 

left hand for given posture. ........................................................................................ 70 

Figure 6.1: Comparison between tactile sensor arrays; (a) Sensor array constructed 

with novel enclosed tactile sensors. (b) Sensor array constructed with MEMS tactile 

sensors ........................................................................................................................ 72 

Figure 6.2: Isometric view of the conceptual design of proposed MEMS tactile sensor

 .................................................................................................................................... 74 

Figure 6.3: Plan view of the conceptual design of proposed MEMS tactile sensor... 75 

Figure 6.4: Degrees of freedoms of the structure ....................................................... 77 

Figure 6.5: Possible structural deformations for loading condition A. ...................... 77 

Figure 6.6: Possible structural deformations for loading condition B ....................... 78 

Figure 6.7: Piezoresistive sensing element arrangement in full Whetstone Bridge. .. 80 

Figure 6.8: Piezoresistive sensing element arrangement in half Whetstone Bridge. . 80 

file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215233
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215234
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215235
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215236
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215237
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215238
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215239
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215240
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215240
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215241
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215242
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215242
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215243
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215243
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215243
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215244
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215244
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215245
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215246
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215247
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215248
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215249
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215250


xiii 

 

Figure 6.9: Selected boundary to apply boundary load.............................................. 82 

Figure 6.10: Selected Boundaries to apply fixed constraint boundary condition ...... 82 

Figure 6.11: Displacement plot of the sensor structure for load condition A ............ 83 

Figure 6.12: Displacement plot of sensor structure for load condition B. ................. 83 

Figure 6.13: Equivalent stress plot of sensor structure for load condition A. ............ 84 

Figure 6.14: Equivalent stress plot of sensor structure for load condition B. ............ 84 

Figure 6.15: Stress variation along a beam under loading and suitable position to place 

sensing elements......................................................................................................... 85 

Figure 6.16: integrated sensing elements on the structure and their positions with 

electrical connections ................................................................................................. 85 

Figure 6.17: Geometry considered for the Multiphysics analysis.............................. 86 

Figure 6.18: Considered Piezoresistive layer for material assignment in the 

Multiphysics analysis ................................................................................................. 87 

Figure 6.19: Specified thin Piezoresistive sensing elements ..................................... 88 

Figure 6.20: Specified thin conductive layer ............................................................. 88 

Figure 6.21: Specified electrical terminals for the Multiphysics analysis ................. 89 

Figure 6.22: Change in resistance of elements in beam 1 for Loading Condition A . 90 

Figure 6.23: Change in Resistance of elements in beam 3 for Loading Condition A 90 

Figure 6.24: Change in Resistance of elements in beam 1 for Loading Condition B 91 

Figure 6.25: Change in resistance of elements in beam 3 for Loading Condition B. 91 

Figure 6.26: Voltage variation of a Whetstone Bridge in a beam .............................. 92 

Figure 6.27: Current direction of a Whetstone Bridge ............................................... 92 

file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215251
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215252
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215253
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215254
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215255
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215256
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215257
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215257
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215258
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215258
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215259
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215260
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215260
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215261
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215262
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215263
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215264
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215265
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215266
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215267
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215268
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215269


xiv 

 

Figure 6.28: Plot result for loading condition A showing the relationship between 

output voltage of Whetstone Bridge and force applied to the sensor ........................ 95 

Figure 6.29: Plot result for loading condition B showing the relationship between 

output voltage of Whetstone Bridge and force applied to the sensor ........................ 95 

Figure 6.30: Proposed wiring design with wire bonding pads for 5-DOF MEMS tactile 

sensor ......................................................................................................................... 96 

Figure 6.31: Proposed fabrication steps for the designed 5-DOF MEMS tactile sensor.

 .................................................................................................................................... 98 

  

file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215270
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215270
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215271
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215271
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215272
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215272
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215273
file:///D:/OneDrive/MSc/Thesis/MSC%20THESIS%20DRAFT_V16.0.docx%23_Toc460215273


xv 

 

LIST OF TABLES 

Table 2.1: Piezoresistive Tactile Sensors ..................................................................... 5 

Table 2.2: Capacitive Tactile Sensors .......................................................................... 7 

Table 2.3: Optoelectric Tactile Sensors ....................................................................... 8 

Table 2.4: Piezoelectric Tactile Sensors ...................................................................... 9 

Table 2.5: Conductive Polymer Tactile Sensors ........................................................ 10 

Table 2.6: Advantages and disadvantages of sensing principles ............................... 11 

Table 3.1: Input Parameters for the ANSYS finite element analysis ......................... 34 

Table 3.2: Results of FEA Analysis for different spring gauges ............................... 40 

Table 4.1: Input parameters of FEA ........................................................................... 51 

Table 4.2: Sensor characteristics values calculated for the developed sensor ........... 61 

Table 5.1: Specifications of Arduino Mega 2560 ...................................................... 64 

Table 6.1: Literature regarding MEMS tactile sensors .............................................. 73 

Table 6.2: Basic dimensions of the sensor structure .................................................. 75 

Table 6.3: Piezoresistive element specification ......................................................... 79 

Table 6.4: Parameters specified for the structural analysis ........................................ 81 

Table 6.5: Parameters specified for the Multiphysics analysis .................................. 87 

Table 6.6: Voltage output for each whetstone bridge for Loading condition A ........ 93 

Table 6.7: Voltage output for each whetstone bridge for Loading condition B ........ 94 

  



xvi 

 

LIST OF ABBREVIATIONS 

  

Abbreviation Description 

ADC Analogue to Digital Converter  

BSF Breast Self-Examination 

CAD Computer Aided Drawing 

CBE Clinical Breast Examination 

CNC Computer Numerical Controller 

CT Computed Tomography 

DOF Degrees of Freedom 

DRE Digital Rectal Examination 

FEA Finite Element Analysis 

GUI Graphical User Interface 

MEMS Micro Electro Mechanical Systems 

MIS Minimally Invasive Surgery 

MRI Magnetic Resonance Imaging 

PSA Prostate Specific Antigen 

PVDF Polyvinylidene Fluoride 

PZT Lead Zirconate Titanate 

QTC Quantum Tunneling Composite 

SOI Silicon on Insulator 

TRUS Transrectal Ultrasound 

USB Universal Serial Bus 

  



xvii 

 

LIST OF APPENDICES 

Appendix            Description                                                                                           Page 

Appendix A: Sensor Enclosure (Design 1) ................................................. xviii 

Appendix B: Production Drawings of Sensor Structure (Design 2) .............. xx 

Appendix C: Material Properties Chart ...................................................... xxiv 

Appendix D: Production Drawings of Sensor structure (Enclosed sensor) . xxv 

Appendix E: Arduino Code of Graphical User Interface ............................ xxix 

Appendix F: Production Drawings of 5-DOF MEMS Sensor Structure ... xxxii 

 



1 

 

1 INTRODUCTION 

Tactile sensor is a device, which incorporates tactile sensing principles to sense the 

physical parameters by physically interacting with the environment. Such sensors need 

to physically touch the surface of the application to acquire data related to the 

measuring parameter. The tactile parameters that can be measured through such tactile 

sensor may vary from force, pressure, surface roughness, surface texture, temperature, 

etc. There are many transduction techniques available so far regarding the tactile 

sensors, such as capacitive, Piezoresistive, Piezoelectric, strain gauges, etc. They have 

their own advantages and disadvantages. Since the sensitivity and the range of these 

sensors mostly depend on the transduction technique, it is utmost important to have 

most suitable technique for a particular sensor. Tactile sensors are widely used in many 

developing areas such as robotics, industrial automation, Biomedical, Aerospace, etc. 

Unlike non-contact sensors (temperature, vision, motion), tactile sensors hasn’t 

developed much over the past decades. Nevertheless, at the present many industrial 

and commercial applications now appear to be on the cusp of accepting tactile sensing 

technology.  

Tactile sensor is the foremost element in a tactile imaging equipment. Tactile imaging, 

also known as computerized palpation or mechanical imaging is an area of medical 

imaging, which mimic manual palpation by converting sense of touch to a digital 

image. This is done by mapping pressure variations of the surface to be imaged under 

applied deformation. Tactile imaging is one of the medical imaging technique. Medical 

imaging consists of non-invasive methods of constructing visual images of inner body 

parts, tissues and organs for clinical diagnosis. Other than this method, there are 

several other techniques available for medical imaging such as radiography, magnetic 

resonance imaging, ultrasound, elastography, and thermography. Tactile imaging has 

several advantages comparing to other medical imaging techniques. Cancer nodules 

present under the skin can be identified easily and patient’s exposure to radiation is 

minimum in this method. 

To develop better tactile imaging equipment, it is vital to develop tactile sensors with 

good performance and optimum spatial resolution. Therefore, main aim of this 
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research is to develop miniaturized tactile sensors with good performance for tactile 

imaging application. When developing a tactile sensor, there are several areas to be 

focused on. Working principle, sensing principle, fabrication, testing and calibration 

are some of those areas. Figure 1.1 shows the development process of developing a 

tactile sensor. According to this development process, development of tactile sensors 

were conducted in this research. 

 

 

 

Sensing Principle Working Principle 

Structural Design 

Structural Analysis 

Structural Fabrication 

Electrical Circuit 

Design 

Electrode Design 

Electrical Circuit and 

Electrode Fabrication 

Testing and Calibration 

Sensor Fabrication 

Figure 1.1: Miniaturized tactile sensor development process 
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When developing tactile sensors, it is vital to conduct a literature review, regarding 

tactile imaging and tactile sensors, to identify current stage of development regarding 

them. Hence, in this thesis, chapter two consist of the details about the conducted 

literature review. 

Then tactile sensors were developed according to the identified areas as shown in 

Figure 1.1. Chapter three of this thesis consist of the details about the first stage of 

developing tactile sensors and chapter four consist of the details about second stage of 

developing tactile sensors. 

After the development of tactile sensors, they were tested for feasibility to use them in 

tactile imaging applications. Details about this work is consist in the chapter five of 

this thesis. After these experiments, it was identified that it is more feasible to use 

further miniaturised tactile sensors to achieve better performance regarding tactile 

imaging. As, instead of using a single tactile sensor, it is feasible to use sensor arrays 

to get the tactile feedback from an application. In tactile sensor array, number of taxels 

defines the performance characteristics of it. Hence, miniaturization is a method to 

increase taxel density or number of taxels present in the sensor array, so as to increase 

the performance of the sensor array.  

Hence, chapter six of this thesis consist of the details about designing a MEMS based 

tactile sensor. With the improved spatial resolution with this proposed MEMS tactile 

sensor, better performance can be achieved in tactile imaging applications. 
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2 LITERATURE REVIEW 

2.1 Tactile Sensors 

2.1.1 What is Tactile Sensing 

Tactile Sensing is measuring tactile parameters with the aid of physical touch. Tactile 

parameters may often include, temperature, vibration, softness, texture, shape, 

composition shear and normal force. Even though, pressure and torque is not identified 

as tactile parameters in this list, they are important parameters that can be sense by 

physical touch. Using tactile sensors, one or more of these tactile parameters can be 

sensed and measured from the external environment [1], [2].  

Human tactile sensing or more specifically, human skin have been a reference point 

for tactile sensing as researchers tries to mimic human tactile sensing through tactile 

sensors. Although human tactile sensing act as a reference point, current developed 

tactile sensors are not that much refined comparing with human skin. Because, unlike 

human skin, tactile sensors are capable of sensing limited number of tactile parameters 

simultaneously [3].  

2.1.2 History of Tactile Sensing 

In the 1970s, with the increase of robotics and automation activities, tactile sensing 

came to the attention of researchers, as a mean of acquiring force feedback. Based on 

that, there were wide variety of devices and transduction techniques invented and 

developed in that era. But almost all of these developed devices were either in a 

primitive stage or experimental prototypes. Despite the fact that, tactile sensing can 

provide feasible mean of acquiring force feedback of robotics and automation systems, 

researchers in that era were more focused on developing non-contact sensing methods 

such as machine vision. This can be proved by comparing the quantity of research 

articles published related to machine vision and tactile sensing. Even though, tactile 

sensing and related devices weren’t developed up to the usage of industrial 

applications in that era, many researchers were hopeful that tactile sensing will soon 

adapt with industrial applications such as robotics, automation, and so on [4], [5].  
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2.1.3 Sensing Principles and Existing Tactile Sensors 

Over the past decades there have been many sensing principles were identified and 

developed which can be incorporated with tactile sensing.  

 Piezoresistive 

 Capacitive 

 Optoelectric 

 Piezoelectric 

 Conductive Polymer  

Above mentioned sensing principles are some of the sensing principles that are widely 

used in tactile sensing devices [1]. 

Piezoresistive sensing principle associated with change of resistance with respect to 

the applied force, pressure or strain. Such change of resistance can be easily quantified 

as Piezoresistive sensing generally associate with the ohms law. Hence, they generally 

require less electronics as change in resistance can easily be quantified and are 

therefore easy to manufacture and integrate. Piezoresistive tactile sensing is 

particularly popular among the MEMS based and silicon based tactile sensors [6], [7]. 

Table 2.1 shows some developed tactile sensors, which incorporates Piezoresistive 

sensing principle. 

Table 2.1: Piezoresistive Tactile Sensors 

Name Figure Discription 

Flexiforce Sensor 

[8] 

 

 Constructed of two 

layers. 

 On each layer, a 

conductive material 

(silver) is applied, 

followed by a layer of 

pressure-sensitive ink. 

 Resistance vary from 

MΩ to 10 kΩ or lower 

 Hysteresis = 4.5% 
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FSR 400 Series 

Sensor [9] 
 

 A thick-film device 

 Have much lower 

performances 

comparing to flexiforce 

sensor. But have good 

robustness comparing to 

it. 

 Force sensitivity range 

is lower than flexiforce 

sensors. 

 Hysterisis = 10% 

Active Tactile 

Sensor [10] 

 

 Can detect both the 

contact force and 

hardness of the object. 

 Contact force can be 

detected using the 

deformation of the 

diaphragm. 

 For hardness detection, 

pneumatic force is 

applied. 

 

Tactile sensors with capacitive sensing principle, consists of two conductive plates 

with a dielectric material sandwiched between them. Capacitance of parallel plate 

capacitors can be expressed using Equation 2.1,  

C = (Aε0εr)/d 

Where, A is the overlying area of the two plates, ε0 is the permittivity of free space, εr 

is the relative permittivity of the dielectric material and d is distance between the 

plates. Capacitive sensing technology is also popular among the tactile sensors based 

on MEMS and silicon micromachining. Capacitive tactile sensors generally exhibit a 

good frequency response, high spatial resolution, and have a large dynamic range [11], 

[12]. Table 2.2 shows some of the developed tactile sensors which incorporates 

capacitive sensing principle. 

 

 

(2.1) 



7 

 

Table 2.2: Capacitive Tactile Sensors 

Name Image Description 

ROBOTOUCH & 

DigiTactsTM [13] 

 

 Off the shelf product 

 Developed by 

Pressure Profile 

Systems. 

 This is the highest 

performance tactile 

sensing system in the 

market. 

 Provides outstanding 

sensitivity (0.7 kPa) 

and repeatability 

Stretchable 

Capacitive Tactile 

Skin [14] 

 

 Can be used to 

environmental 

exploration (obstacle 

detection, surface 

reconstruction) by 

tactile information. 

 Design fabrication 

done by using 

MEMS techniques. 

 This sensor can be 

subjected to tactile 

strains of  15% across 

a pressure range of 

250 kPa. 

Capacitive flexible 

force sensor [15] 

 

 Composed of four 

redundant capacitors. 

 Have typical force 

sensitivity of 1-2 

fF/N 

Tactile sensors with optical mode of transduction use the properties of optical 

reflection between media of different refractive index.  Usually such sensors consist 

of, light source, transduction medium and a photo-detector. Transduction occurs when 

changes in the tactile medium modulate the transmission or reflectance intensity, or 

the spectrum of the source light, as the applied force varies. They have high spatial 

resolution, and are immune to common lower frequency electromagnetic interference 
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generated by electrical systems. Some of the developed tactile sensors associated with 

Optoelectric sensing principle is shown in Table 2.3. 

Table 2.3: Optoelectric Tactile Sensors 

Name Image Description 

Optical Tactile 

Sensor for 

Medical 

Palpation [16] 
 

 Deformable 

semi-spherical 

silicon shells are 

used. 

 This system 

cannot provide 

depth 

information 

directly. 

Optical 3-Axis 

Tactile Sensor 

[17] 

 

 Based on the 

principles of an 

optical 

waveguide-type 

tactile sensor 

 Has sufficient 

dynamic sensing 

capability to 

detect normal 

and shearing 

forces. 

Optical Tactile 

Sensor [18] 

 

 Sensor 

comprised of a 

tactile section 

and imaging 

section. 

 Using imaging 

section 

information of 

external force 

applied at 

multiple 

directions is 

achieved. 

The piezoelectric materials have the property of generating charge/voltage 

proportional to the applied force/pressure which distort the crystal lattice. 
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Alternatively, they are capable of generating force due to electrical input.  The 

sensitivity of the crystal depends on its cut/structure, allowing it to distinguish between 

transverse, longitudinal and shear forces.  These sensors exhibit a very good high-

frequency response. While quartz and some ceramics (PZT) have good piezoelectric 

properties, the polymers such as PVDF normally have been used in touch sensors 

because of some excellent features, such as, flexibility, workability and chemical 

stability [19], [20]. Some of the tactile sensors developed using piezoelectric sensing 

principle is shown in Table 2.4. 

Table 2.4: Piezoelectric Tactile Sensors 

Name Image Description 

Micromachined 

Piezoelectric 

Tactile Sensor for 

Endoscopic 

Grasper [21]  

 Sensor Structure is 

consist of 3 layers 

 Compared to other 

similar type of 

sensors, this is fairly 

simple to fabricate. 

 Sensor exhibits high 

sensitivity, large 

dynamic range, a 

wide bandwidth with 

good linearity and a 

high signal-to-noise 

ratio. 

Flexible 

Piezoelectric 

Tactile Sensor 

[22] 
 

 Consist of thin layer 

of PVDF sandwiched 

between two flexible 

substrates. 

 Electrodes are formed 

within the substrates 

so that they are in 

contact with the 

PVDF layer. 

 This design claims to 

reduce the cost of 

manufacturing. 
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Piezoelectric 

Tactile Sensor 

with three 

Sensing Elements 

[23] 

 

 Both magnitude and 

position of the 

applied force can be 

identified. 

 Use triangulation 

approach combined 

with membrane stress 

to do so. 

 Has high sensitivity 

as PVDF film used as 

a membrane. 

The principle of Electrical conductive composites is one of the most important finding 

in the past century. Despite the useful material properties that the polymers provide, 

they have been neglected by many applications because of their electrical insulation 

property. But by combining polymers with filler materials, it was found that the 

polymers can show electrical conductive property to some extent [24].  

Electrical conductivity of these composites vary with the type and the amount of filler 

material used in the process. A polymer material become conductive if its filler content 

exceeds beyond the percolation threshold. Main mechanism behind such composites 

is that the fillers inside tend to form paths between them, so that the electrical current 

could flow [25]. Most effective methods to determine the filler content for a composite 

are Statistical Percolation [25] and Effective Medium Model [26]. Table 2.5 shows 

some of the tactile sensors developed using conductive polymers/composites. 

Table 2.5: Conductive Polymer Tactile Sensors 

Name Image Description 

Conductive 

Polymer based 

Tactile sensor 

[27] 

 

 Consist of 

conductive 

polymer layer and 

electrodes. 

 Design allows 

fabrication of low 

cost flexible tactile 

sensors. 

 Sensitivity is less 

due to the smaller 

area of electrodes. 
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Highly 

Twistable 

Tactile Sensing 

Array [28] 

 

 The design claims 

to be a highly 

flexible and 

durable artificial 

skin. 

 Employs 

extendable spiral 

electrodes. 

 sensor array can be 

twisted up to 700 

without any 

damage. 

QTC based 

MEMS Tactile 

Sensor [29] 

 

 Use of novel 

material Quantum 

Tunneling 

Composite (QTC). 

 Due to improved 

performance of the 

sensing material, 

sensor exhibits 

good performance. 

When compare and contrast each and every of these sensing principles, there can be 

found advantages and disadvantages associated with them [1], [30]. Table 2.6 shows 

the summerised advantages and disadvantages for each sensing principles. 

Table 2.6: Advantages and disadvantages of sensing principles 

 Source: Tiwana, M.I., et.al. [1] and Cutkosky, M.R., et.al. [30] 

Sensing 

Principle 

Modulated 

Parameter 
Advantages Disadvantages 

Piezoresistive Changed in 

resistance 

High spatial resolution 

High scanning rate in 

mesh 

Structured sensors 

Lower repeatability 

Hysteresis 

High power 

consumption 

Capacitive Change in 

capacitance 

Excellent sensitivity 

Good spatial resolution 

Large dynamic range 

Noise susceptible 

Complexity of 

measurement 

electronics 

Optoelectric Light intensity/ 

spectrum change 

Good sensing range 

Good reliability 

High repeatability 

High spatial resolution 

Immunity from EMI 

Bulky in size 

Non-comfortable 
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When designing a tactile sensor, it is crucial to choose an optimum sensing principle 

according to their benefits and limitations so that the designed tactile sensor is suitable 

for the application. 

2.1.4 Current Trends of Tactile Sensing 

Figure 2.1 shows some of the current application areas of tactile sensing. Currently, 

specifically regarding the robotics and biomedical fields, research were limited by 

having lack of tactile feedback systems. Hence, tactile sensing has come to the 

spotlight of research and has developed so considerably when comparing with the past 

decades [31]. Henceforth, numerous research has been conducted regarding tactile 

sensing and various devices were developed regarding variety of applications. Also 

application areas of tactile sensing has been expanded as new fields of applications has 

emerged recently regarding tactile sensing. Figure 2.1 shows some of the application 

areas of tactile sensing. 

Entertainment and communication applications are one of emerging application area 

considering tactile sensing. Currently, tactile sensing is used in mobile phone displays 

to input method in gaming consoles [32]. 

Robotics is one general application area of tactile sensing where many researches were 

conducted to improve the tactile feedback systems of robots. Considering robotics, 

tactile sensing is defined as “the continuous sensing of variable contact force”. In 

robotics, tactile information is useful in object manipulation, force feedback, stability 

of grasp, contact verification and so on. Hence, currently, researchers are trying to 

develop sensing fingers, smart skins, industrial grippers and multi-fingered hands for 

dexterous manipulation associated with tactile sensing [33].  

 

Piezoelectic Strain 

polarization 

High frequency 

response 

High sensitivity 

High dynamic range 

Poor spatial 

resolution 

Dynamic sensing 

only 

Conductive 

Polymer/ 

Composites 

Change in 

conductivity 

High sensitivity 

Good spatial resolution 

Low cost 

Low sensing range 

Hysteresis occur at 

certain range 
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Medical field is one another application area of tactile sensing. With the advancements 

of biomedical engineering, many applications are emerged regarding tactile sensing. 

Tactile imaging is one such field which uses tactile sensors to acquire tactile 

information to construct images. These images are later used to diagnose diseases such 

as breast cancer, prostate cancer, etc. [34]. Minimally invasive surgery (MIS) is one 

another biomedical related application of tactile sensing. MIS, which uses minimum 

incision on a patient’s body while doing a surgery, has great advantages considering 

the patients point of view. Tactile feedback is one of the main feedback channel used 

in MIS which provide information regarding variety of tissue properties to the surgeon 

[35], [36].  

Other than those applications, usefulness of tactile sensing in medical, prosthetic, 

agriculture/livestock and food industry are presented in published review articles [37]. 

2.2 Tactile Imaging 

Tactile Imaging, also known as “Mechanical Imaging” or “Stress Imaging”, is one of 

the method used in medical diagnosing [34]. This technique involves with constructing 
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Figure 2.1: Application areas of tactile sensing 
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high definition stress variation pattern on tissue surfaces by using non-invasive 

methods [38]. Usually, a probe equip with pressure/force sensor or sensor array, is 

pressed against the tissue with a constant pressure and map the stress variation pattern, 

in this imaging method. Information about the elastic properties of internal tissues 

structures can be taken by these mapped stress variation patterns. Hence, calculations 

of the properties such as size, shape, nodularity, mobility and consistency, of internal 

lesions can be done using these acquired data. This process can be identified as 

mimicking the manual palpation, as traditionally, physicians use manual palpation to 

identify abnormalities present under soft tissues. But when comparing with manual 

palpation, tactile imaging has much more sensitivity and therefore it can be taken as a 

reliable medical diagnosing method [34], [39], [40]. 

Tactile imaging is a branch of medical imaging techniques available for medical 

diagnosing. Medical imaging consists of several imaging techniques which uses non-

invasive methods to visualize the anatomical structure to monitor and diagnose 

medical conditions. Other than tactile imaging, there are several other medical imaging 

techniques available, such as, 

 Ultrasound imaging, which uses high frequency sound waves to visualize 

anatomical structure. 

 Radiography imaging, which uses X-rays to construct images of human body 

structure. 

 Computed Tomography (CT), which uses multiple X-ray projection to 

construct detailed cross sectional images of human. 

 Magnetic Resonance Imaging (MRI), which uses radio waves and a magnetic 

field to create images of anatomical structure. 

When comparing with tactile imaging, these medical imaging techniques have several 

disadvantages such as, 

 Exposure to harmful radiation 

 Low specificity 

 Complexity of machineries and process 

 Excessive cost 
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Also, most of these imaging techniques only provide spatial information whereas 

tactile imaging is capable of providing both spatial information and mechanical 

properties of lesions [41], [42], [43].  

2.2.1 Applications of Tactile Imaging 

Tactile imaging is frequently uses in applications involves with diagnosing cancer such 

as breast cancer and prostate cancer, and screening pelvic organ prolapse [39]. Other 

than that tactile imaging is also used in applications such as Minimally Invasive 

Surgery (MIS) [44]. 

Breast cancer is one of the most common causes of death from cancer among women. 

According to cancer statistics 2014 by The American Cancer Society, probability of 

developing a breast cancer for women is stated as 12.3 (1 in 8). The American Cancer 

Society estimates that in 2014, approximately 235 030 new cases of invasive breast 

cancer will be diagnosed in the U.S. alone, and 40 430 deaths (40 000 women and 430 

men) from this disease are predicted. Current methods of breast screening and 

diagnosis include Breast Self-Examination (BSE), Clinical Breast Examination 

(CBE), Mammography, Ultrasound, Magnetic Resonance Imaging (MRI), biopsy and 

Tactile Imaging. It has proven that Tactile Imaging is the most cost effective technique 

to screen breast tumours [45], [46], [47]. 

Prostate cancer is one of the most common causes of death from cancer among men. 

According to cancer statistics 2014 by The American Cancer Society, probability of 

developing a prostate cancer among men is stated as 15.3 (1 in 7). The American 

Cancer Society estimates that in 2014, approximately 233 000 new cases of invasive 

prostate cancer will be diagnosed in the U.S. alone, and 29 840 deaths from this disease 

are predicted. Current methods of prostate assessment include digital rectal 

examination (DRE), prostate specific antigen (PSA) blood test, transrectal ultrasound 

(TRUS), computerized axial scanning tomography (CT), endorectal magnetic 

resonance imaging (MRI) and Tactile Imaging.  Several studies demonstrated that 

Tactile Imaging is a quantitative method to assess several mechanical parameters such 

as elasticity index of prostate which can be used to differentiate normal tissues with 

diseased tissues [45], [48]. 
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Pelvic organ prolapse, or genital prolapse, is the descent of one or more of the pelvic 

structures (bladder, uterus, and vagina) from the normal anatomic location toward or 

through the vaginal opening. 40% of women older than 50 years have some degree of 

prolapse on examination. A sense of bulging or protrusion in the vagina is the most 

specific symptom. Tactile Imaging allows quantitative evaluation of elastic properties 

of vaginal walls and has a potential for differentiation of normal tissue and diseased 

tissue under prolapse condition [49], [50]. 

Minimally invasive surgery (MIS) is a form of surgery intended to provide great 

benefits to the patient over conventional open surgery by minimizing unnecessary 

trauma caused in the process of performing a medical procedure. However, it is also 

well documented that this approach brings a number of corresponding difficulties such 

as highly limited workspace, specialized tools requiring further staff training and 

adaption for use, and greatly reduced visual and touch information to the clinical staff 

performing it.  Tactile Imaging can be used to get the touch information in a graphical 

manner which allows the surgeon to improve surgical performance via autonomous, 

semiautonomous, or tele-operated control [35], [44]. 

2.2.2 Existing Tactile Imagers 

There have been various tactile imagers developed regarding earlier mentioned tactile 

imaging applications. Figure 2.2  and Figure 2.3 shows a breast tactile imager 

developed to screen breast cancer.[51] 

 

 

Figure 2.2: General view of breast tactile imager 

Source: Mechanical Imaging of the Breast [51] 
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This developed breast tactile imager consist of a tactile sensor array and a computer to 

process the acquired data. Currently this tactile imager is produced under the 

trademark “SureTouch” [51].  

Figure 2.4 and Figure 2.5 shows a prostate tactile imager developed to screen prostate 

cancer. 

 

 

Figure 2.3: Representation of the breast examination results by breast tactile imager. 

Source: Mechanical Imaging of the Breast [51] 

Figure 2.4: General view of prostate tactile imager. 

Source: Prostate Mechanical Imaging: A New Method for Prostate Assessment [52] 
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This developed tactile imager is consist of a trans-rectal probe, data acquisition system 

and a computer to process the acquired data. The trans-rectal probe is consist of two 

separate tactile sensor arrays and orientation sensors [52]. 

Figure 2.6 and Figure 2.7 shows a developed vaginal tactile imager to screen Pelvic 

Organ Prolapse. 

 

 

Figure 2.5: Representation of prostate examination results by prostate tactile imager. 

Source: Prostate Mechanical Imaging: A New Method for Prostate Assessment [52] 

Figure 2.6: General view of vaginal tactile imager 

Source: Quantifying vaginal tissue elasticity under normal and prolapse conditions by tactile imaging  

[53] 
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This developed tactile imager is consist of a trans-vaginal probe, motion tracking 

system, data acquisition system and a computer to process the acquired data. The 

vaginal probe consist of a tactile sensor array and a motion tracking system [53]. 

2.3 Conclusion – Literature Review 

Early cancer screening is a major factor to minimize the fatalities occurs due to cancer, 

as it allows the physicians to treat cancer patients with a goal of curing cancer. When 

comparing with 1991 to 2010, risk of death due to cancer has been decreased to 20%. 

This is mainly due to the advancements in cancer screening methods over the past 

decades. But when considering the cancer patients in under-developed or developing 

countries, there is still a high risk of dying from cancer due to the unbearable cost of 

cancer screening. Optimum solution for this problem is to reduce the cost of cancer 

screening. As it has been proven that tactile imaging is a cost effective method to 

screen breast cancers, one method of achieving the early stated goal is to develop low 

cost tactile imagers [45], [47].  

Tactile sensors is the basic element in all the tactile imagers, as they use tactile sensors 

to acquire stress variation of a surface to construct visual images. So it is vital to 

Figure 2.7: Representation of stage III prolapse by vaginal tactile imager. 

Source: Quantifying vaginal tissue elasticity under normal and prolapse conditions by tactile imaging 

[53] 
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improve sensitivity, response time, long-time stability and cyclic reliability of a tactile 

sensor, so as to improve the performance to tactile imagers. In other words, it is 

necessary to develop novel tactile sensors with good performance to develop tactile 

imagers with best performance [54].   
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3 DEVELOPMENT OF 1-DOF TACTILE SENSOR 

3.1 Introduction 

According to the conclusion of the literature review related to this research, it was 

identified that it is important to develop novel tactile sensors with good performance. 

Hence, one of the main objective of this research is to design and develop tactile 

sensors for tactile imaging purposes. As per this stated objective, considering the 

application requirement and resource limitation, a 1-DOF tactile sensor was 

developed. This chapter describes the procedure and the findings of that newly 

developed 1-DOF tactile sensor. 

There are several aspects to be considered when developing a 1-DOF tactile sensor. 

These aspects can be categorised in to three categories as shown in Figure 3.1. 

 

 

Sensing element in a tactile sensor is the element which convert the applied force to 

the sensor in to the measurable, useful electrical signal. Since there are various sensing 

principles that can be incorporated with tactile sensors, it is imperative to select an 

optimum sensing principle considering the application of the proposed tactile sensor. 

Mechanical structure is also one important aspect considering the tactile sensor, as it 

transfer the applied tactile force to the sensor to the sensing element. Force scaling 

down, overload protection and protection of sensing element can be accomplished by 

carefully designing the mechanical structure of a tactile sensor. 

Tactile 
Sensor

Sensing 
Principle

Mechanical 
Structure

Electrical 
Circuit

Figure 3.1: Categories to be considered when developing a 1-DOF tactile sensor 
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The next important aspect in developing a tactile sensor is the electrical circuitry of it. 

This is used to get the electrical signal generated by the sensing element out of the 

tactile sensor, so that it can be used for further decision making purposes. Development 

of electrical circuit is critical as unwanted noises can be added to the sensor output 

signal through this. 

All three of these categories directly affect the performance of the tactile sensor in its 

operation. Hence great care must be taken when developing the tactile sensor under 

these three categories. 

3.2  Sensing principle of the proposed 1-DOF Tactile Sensor 

From the literature review, by carefully reviewing the advantages and disadvantages 

of available sensing principles for tactile sensing, conductive polymer/composite has 

been chosen to integrate with the proposed sensor so as to sense the force applied to 

the sensor. 

Quantum tunneling composite (QTCTM) is such a commercially available conductive 

composite which is developed by the Peratech Ltd., United of Kingdom [55]. QTCTM 

is a novel material which is developed to enhance the pressure switching and sensing 

capability, in which conductive filler particle bind with elastomeric binder (typically 

Silicon Rubber) [56]. This material shows extensive reversible increase in electrical 

conductivity when mechanically deformed. This is an improved property comparing 

to the other composite available. Also response to an applied voltage changes 

according to the amount of deformation from ohmic to nonlinear and hysteresis.  

Usually most of the conductive polymers or polymer composites consist of high 

percentage of carbon black which act as the conductive particles which was enclosed 

by vulcanised rubber insulators. When such conducting polymer is compressed, the 

number of conducting elements touching each other increases so that the current 

conducting paths through the element increases. However, resistance range of such 

materials restricted between 102 Ω and 103 Ω. However, QTCTM use Inco Nickel 

Powder as the conducting elements enclosed with elastomeric binder. These nickel 

nanoparticles contain sharp spikes like protrusions. Figure 3.2 shows the scanning 
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electron microscopy (SEM) images of the QTCTM. According to these images, spikes 

present in the nickel particles can be seen clearly. Also it can be identified that these 

nanoparticles are completely covered and insulated by the elastomeric binder. Hence, 

even at the extreme deformations, these nanoparticles will not touch with each other. 

Hence electrical conducting through this material is different from the traditional 

conductive polymers. In QTCTM, electrical charge is transferred through the tunnelling 

with the help of sharp protrusions in the nickel nanoparticles [57], [58].   

 

 

Figure 3.2: SEM image of the cut surface of QTCTM; (a) 50 µm scale. (b) 2 µm scale.  

Source: Metal-polymer Composite with Nanostructured Filler Particles and Amplified Physical 

Properties [57] 
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Under compression resistance of the QTCTM can fall from 1012 – 1013 Ohm to less than 

1 Ohm. Also when the QTCTM compressed into low resistance state, it can carry a large 

current without damaging the element [58]. Figure 3.3 shows the variation in resistance 

as a function of compression for a soft silicone-Ni type 123 QTC™.  

QTCTM comes in the form of pills of size 3 mm× 3 mm × 1 mm. So the maximum 

deflection that could obtain for the force applied is limited to under 0.8 mm. this affects 

the sensor range severely. It is suitable to use a force scaling down structure along with 

this material to increase the sensor range 

 

 

3.2.1 Challenges of QTCTM 

Since this is a novel material, its mechanical properties were not specified in the 

literature. Founding company, Peratech Ltd. is also focused their research on finding 

its electrical properties rather than finding mechanical properties of the material such 

as young’s modulus, poisons ratio, etc. 

Figure 3.3: Variation in resistance as a function of compression for a soft silicone-Ni type 123 

QTC™ composite. 

 Source: Metal-polymer Composite with Nanostructured Filler Particles and Amplified Physical 

Properties [57] 
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So an experiment was carried out to find the young’s modulus of the QTCTM material. 

Figure 3.4 shows the experimental setup and experiment procedure as follows, 

 A gradually increasing force will be applied to the QTCTM material using 

Universal Tensile Testing Machine. 

 Force required to deflect the material at each set displacement points is noted 

down. 

 Relationship between the force applied and the material deflection will be 

found. 

 Young’s modulus of the material will be calculated using the relationship 

found.  

 

 

Considering the forces acting on the QTCTM pill by Hook’s Law, Equation 3.1 can be 

stated, 

𝐹

𝐴
= 𝐸 ×

𝑥

𝑡
 

Where, E is the Young’s modulus, A is the area of the QTCTM pill and t is the thickness 

of the QTCTM pill.  

Hence, relationship between force applied and the deflection of QTCTM pill should be 

as follows as Equation 3.2, 

𝐹 =
𝐸 × 𝐴

𝑡
𝑥 

x 

F 

To Universal Tensile  

Testing Machine 
QTCTM pill 

Figure 3.4: Experiment setup to find Young's modulus of QTCTM 

(3.1) 

(3.2) 
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Figure 3.5 shows the experiment results for the QTCTM pill. 

 

Two data sets were taken from the experiment and the above plot was plotted by taking 

the mean values among those two data sets. Standard deviation with respect to the 

mean at each data point is also plotted in the Figure 3.5. A linear trend line was plotted 

corresponding to the experimental data, so that equation of the line will be taken by 

Equation 3.2. 

From the results, slope of the trend line is taken as, 

𝑚 = 256.43
𝑁

𝑚𝑚
 

From Equation 3.2, m can be taken as, 

𝑚 =  
𝐸 × 𝐴

𝑡
 

Hence we can expect that the Young’s Modulus of the QTCTM material takes a values 

as following Equation 3.3,  

𝐸 =  
𝑚 × 𝑡

𝐴
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Hence, Equation 3.4 can be taken as 

𝐸 = (256.43
𝑁

𝑚𝑚
)

𝐴

𝑡
 

QTCTM pills that was used for this experiment had standard size of 3 mm× 3 mm ×

1 mm. Hence, thickness of the QTCTM pill can be taken as 1 mm andthe surface area 

of the QTCTM pills can be taken as 9 mm2. 

Following are the values measured for each unknown of Equation 3.4, 

t = 1 mm,  A = 9 mm2 

Hence, 

𝐸 = (
256.43 𝑁

𝑚𝑚
)

1 𝑚𝑚

9 × 10−6𝑚2
 

𝐸 = 28.49 × 106 𝑃𝑎 

𝐸 = 28.49 𝑀𝑃𝑎 

Hence Young’s modulus for the QTCTM pill can be taken as 28.49 MPa. This value 

can be taken for further analysis corresponding to the mechanical properties of the 

QTCTM. 

3.3 Mechanical Structure of the Proposed 1-DOF Tactile Sensor 

3.3.1 Working Principle of the Proposed Sensor Structure 

After finalising the sensing element, the next step of developing a tactile sensor is to 

develop the mechanical structure. When developing a mechanical structure for a tactile 

sensor, it is important to have an idea about the working principle of the sensor, as it 

will act as a guide when developing a mechanical structure. Figure 3.6 shows the free 

body diagram of the proposed working principle regarding the 1-DOF tactile sensor. 

For this free body diagram effect of structure and sensing element is taken and 

behaviour of these elements under loading is evaluated. 

(3.4) 
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In this Figure 3.6, FS represents the reaction force from the structure and FQ represents 

the reaction force from the sensing element under F loading and x is the total 

deformation of the sensor for that F loading. Using this free body diagram, a 

mathematical model can be proposed to elaborate the working principle of the 

proposed 1-DOF tactile sensor. 

Considering the static balance of the free body diagram, Equation 3.5 can be expressed 

as follows, 

𝐹 =  𝐹𝑆 + 𝐹𝑄 

Considering the structural deformation under loading, Equation 3.6 can be used to 

express FS as follows, 

𝐹𝑆 =  
𝐸𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 × 𝐴𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒

𝑡𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒
 𝑥 

Hence, stiffness (KS) of the structure can be express as Equation 3.7,  

𝐾𝑆 =  
𝐸𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 × 𝐴𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒

𝑡𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒
  

Considering the mechanical deformation of sensing element under loading, Equation 

3.8 can be used to express FQ as follows,  

𝐹𝑄 =  
𝐸𝑄𝑇𝐶 × 𝐴𝑄𝑇𝐶

𝑡𝑄𝑇𝐶
 𝑥 

Hence, stiffness (KQ) of the sensing element can be express as Equation 3.9,  

F 

x F
S
 F

Q
 

Sensing Element Structure 

Figure 3.6: Free body diagram of the proposed working principle of the mechanical structure 

(3.5) 

(3.6) 

(3.7) 

(3.8) 
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𝐾𝑄 =  
𝐸𝑄𝑇𝐶 × 𝐴𝑄𝑇𝐶

𝑡𝑄𝑇𝐶
  

Hence from Equation 3.5, 

𝐹 =  𝐾𝑆 × 𝑥 +  𝐾𝑄 × 𝑥 

Hence the mathematical relationship between the total deformation (x) of sensor and 

the applied load (F) can be expressed by Equation 3.10,  

𝑥 =  
𝐹

𝐾𝑆 + 𝐾𝑄
 

3.3.2 Proposed Structural Design 1 for 1-DOF Tactile Sensor 

Box shape geometry selected for this conceptual design. To decrease the force acting 

on the sensing element four springs is used. To guide the movement within the 

structure four guide pins are used. This ensures structure will not show unusual 

movements when the force applied. Also force transfer to the sensing element through 

the structure will be perpendicular to the surface of the sensing element. Due to this 

maximum sensitivity can be achieved. Figure 3.7, Figure 3.8 and Figure 3.9 shows the 

conceptual design of this structure. Refer Appendix A for detailed drawings of this 

design 

 

 

Top 

Cover 

Stopper 

Pins 

Bottom 

Cover 

Figure 3.7: Isometric view conceptual design of structural design 1 and component assembly 

(3.9) 

(3.10) 
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Following listed limitations and problems occurred when producing the structure 

according to this design, 

 box shape geomatery required lengthy and time consuming machining 

operations to manufacture. 

Spring 

Space for 

Sensing 

Element 

Figure 3.8: Sectional Front elevation conceptual design of structural design 1 and component 

assembly 

ALL DIMENSIONS ARE IN MILLIMETERS 

Figure 3.9: Basic dimensions of the proposed sensor structure 1 
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 Complexity of the structure has increase due to the several different parts in 

this structure. 

 Alighning problems occure when assembling the parts.  

 Precision machining operations requried when machining the guide pins and 

guide holes because of their dimensional tolarances. 

 Even with the guide pins, smooth perpendicular movement can not expect with 

respect to the force applied surface. 

3.3.3 Proposed Structural Design 2 for 1-DOF Tactile Sensor 

This design contains piston cylinder system with a single spring. Force will be applied 

to the top face of the piston. Due to this, piston tend to move along the cylinder axis 

and transfer that force to the sensing element. Spring applied in this structure will 

decrease the magnitude of the force applied to the sensing element. Figure 3.10 and 

Figure 3.11 shows the conceptual design of this structure and the arrangment of 

sensing element inside the structure and the components of the Sensor Assembly. 

Following listed are some of the advantages of the proposed structural design 2. 

 Since almost all the parts have circular geomatry, they could be manufactured 

easily with simple machining operations.  

 Allignment problems won’t occurre at the assembling stage due to the 

minimum number of parts and the geomatery of the parts,.  

 Easy manufaturability and simple assembling operations will reduce the 

overall manufacturing cost and time.  

 It is possible to give a pre compression to the sensing element because of the 

thread between the base cup and the lid. 

Considering the manufacturing and economical advantages, design 2 was selected as 

the final design for the force scaling down structure. Also flexibility of the design was 

also taken to acount when finalising the final conceptual design. Figure 3.12 shows the 

basic dimension of the proposed structure and Figure 3.13 shows the elaborated 

conceptual design of the design 2 and the arrangment of the components in the Sensor 

Assembly. Refere Apendix B for detail production drawings of the design. 



32 

 

 

 

 

 

Piston 

Top 

Lid 

Opening for 

Wiring Out 

Figure 3.10: Isometric view conceptual design of structural design 2 and component assembly 
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Figure 3.11: Sectional Front elevation conceptual design of structural design 2 and component 

assembly 
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Figure 3.12: Basic dimensions of the proposed structural design 2 
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Figure 3.13: Components arrangement in the assembly of proposed structural design 2 

ALL DIMENSIONS ARE IN MILLIMETERS 
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3.4 Analysis and Simulation of Proposed 1-DOF Tactile Sensor 

In the next stage, using the finite element analysis (FEA) software ANSYS, a structural 

analysis is performed. One of the major objective of performing a structural analysis 

is to forecast the behaviour of the sensor for different spring gauges. ANSYS analysis 

performed here has the capability to indicate amount of deflection of the sensing 

element for each force value. Table 3.1 shows the inputs for the ANSYS structural 

analysis. 

Table 3.1: Input Parameters for the ANSYS finite element analysis 

Parameter 
Specification 

Unit Value 

Material 

Data 

Spring 

Material Type ASTM A228 

Density Kg/m3 7850 

Modulus of 

Elasticity 
Gpa 210 

Poisson Ratio 0.313 

QTC 

Density Kg/m3 3861 

Modulus of 

Elasticity 
MPa 28.49 

Poisson Ratio 0.3 

Structure 

Material Type Aluminum 1060 

Density Kg/m3 2700 

Modulus of 

Elasticity 
Gpa 70-80 

Poisson Ratio 0.33 

Contact Type Bonded 

Mesh 

Element 

Type 

Spring 

Hex Dominant Structure 

Sensing Element 

Minimum Element Size mm 0.5 

Minimum Skewness 1.31E-10 

Average Skewness 0.42366 

For a FEA, there are four different aspects that should be considered. 

 Geometry 

 Material Data 

 Mesh 

 Boundary Conditions 
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For this FEA, corresponding to the structural design 2 of proposed 1-DOF tactile 

sensor, only the load bearing components were considered. These components 

were modelled and assembled together using SolidWorks software and imported 

to the ANSYS software. Figure 3.14 shows the geometry considered for the FEA. 

 

 

The next step of the FEA is to define material properties of each component of 

imported geometry. In this analysis, Aluminium 1060 material was assigned using the 

material library available with ANSYS software for structural components such as 

piston top, piston and lid. Considering QTCTM, modulus of elasticity was specified 

according to the results of previous experiment and density was calculated. Poisons 

ratio of QTCTM was found by conducting FEA for QTCTM and tallying the results with 

the experiment results from the previous experiment conducted for QTCTM. Data for 

spring material properties were taken from the data sheet in Appendix C. 

A mesh was created according to the parameters specified in Table 3.1. In this mesh 

hex dominant elements were chosen as the overall mesh elements. In ANSYS, quality 

of the mesh can be determine by the average skewness and minimum skewness of the 

mesh. According to the values in Table 3.1 mesh created for this FEA has sufficient 

quality. 

Piston Top 

Piston 

Spring 

Lid 

QTCTM Pills 

Figure 3.14: Geometry Considered for the FEA 
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The next important step in conducting an FEA is to define boundary conditions. For 

this FEA, a boundary load was applied to the top surface of the piston top and fixed 

constraint was given to the bottom surface of QTCTM elements. 

Final step of FEA is to calculate the problems according to the specified parameters. 

Figure 3.15 and Figure 3.16 shows the displacement plot results of the sensor structure 

with spring gauges 1.0 mm and 1.5 mm respectively. 

Figure 3.17 and Figure 3.18 shows the equivalent stress plot results of the sensor 

structure with spring gauges 1.0 mm and 1.5 mm respectively. 

Figure 3.19 shows the total deformation plot results for the QTCTM pill under loading 

condition. Figure 3.20 shows the equivalent stress plot results for the QTCTM pill under 

loading condition. 

 

 Figure 3.15: Total deformation of the sensor structure under loading for spring gauge 1.0 mm 
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Figure 3.16: Total deformation of the sensor structure under loading for spring gauge 1.5 mm 

Figure 3.17: Equivalent Stress of sensor structure under loading for spring gauge 1.0 mm. 
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Figure 3.18: Equivalent Stress of sensor structure under loading for spring gauge 1.5 mm. 

Figure 3.19: Total deformation plot of QTCTM pill. 
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This FEA was performed for a range of spring gauges varying from 0.8 mm to 1.8 mm. 

Purpose of this analysis is to find the behaviour of structure for different spring gauges 

under loading conditions and the optimum spring gauge for the proposed sensor 

structure that will be compatible with the application. From this analysis it was 

identified that the 1.0 mm and 1.5 mm spring gauges are the optimum spring gauges 

considering the proposed sensor structure. 

Table 3.2 shows the results of these two analysis with maximum force range that can 

be applied for spring gauges 1.0 mm and 1.5 mm. Also it shows the maximum 

deflection of the sensor for each spring gauges at corresponding maximum force that 

can be applied. From the results it can be seen that for different spring gauges, force 

range of the proposed sensor is varying. This characteristic can be used to design tactile 

sensors with force range suitable for the particular application. 

Figure 3.20: Equivalent stress plot of QTCTM pill. 
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Table 3.2: Results of FEA Analysis for different spring gauges 

Characteristic Unit 

Spring 

Gauge 

1.0 mm 

Spring 

Gauge 

1.5 mm 

Force Range N 0-250 0-270 

Total Deformation (Overall) mm 0.72733 0.76049 

Equivalent Stress (Overall) MPa 315.74 305.42 

Total Deformation (QTCTM pill) mm 0.71784 0.74293 

Equivalent Stress (QTCTM pill)  MPa 10.737 11.206 

3.5 Fabrication of Designed 1-DOF Tactile Sensor 

After verifying the proposed structure and the working principle through the FEA 

simulation, the next stage of developing the tactile sensor is to fabricate the sensor 

using available manufacturing methods. When fabricating the sensor, two major 

fabrications can be identified regarding the proposed tactile sensor, 

 Fabrication of Sensing Element Configuration  

 Structural Fabrication 

Following sections discuss these two major fabrications in detail. 

3.5.1 Fabrication of Sensing Element Configuration 

Fabrication of sensing element configuration is one of the major fabrications regarding 

a sensor development. Electrodes are fabricated in the sensor to take the output of the 

sensing element for particular loading condition.  

In this sensor development stage, an electrode design was proposed as shown in Figure 

3.21 (a) to get the sensor output for further decision making. In this electrode design, 

sensing element (QTCTM) is sandwiched between two electrodes and output of the 

sensor is taken from these two electrodes. 

When fabricating the electrode, two copper cladded board was used shaped as 

geometry shown in Figure 3.21 (b). This geometry is preserved so that the electrical 

shortages won’t occur between the two electrodes. 
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Another important step of electrode fabrication is to ensure the physical contact 

between the electrode and the sensing element. For this fabrication, graphite based 

conductive glue was used to create the physical contact. Since it work as an adhesive, 

it will not only create a current conducting path between the electrode and the sensing 

element but also it will bind the sensing element to the electrode. 

 

3.5.2 Structural Fabrication and Assembling 

Next stage of sensor fabrication is to fabricate structural components. Production 

drawing of each structural components were generated (refer Appendix B) to fabricate 

them using machining operations. Since all the structural components have cylindrical 

geometry, it was decided to fabricate these components using conventional 

manufacturing processes such as turning, milling and drilling machining operations, 

preserving the geometrical and dimensional tolerances specified in the production 

drawings. To perform these machining operations, conventional machining centres 

were used such as conventional lathe machines, conventional milling machines and 

Electrode 1 

Electrode 2 QTCTM Pill 

(a) 

(b) 

Electrode QTCTM Pills 

Figure 3.21: Electrode Fabrication; (a) Electrode arrangement with sensing element. (b) Electrode 

Design 
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conventional drilling machines. Aluminium has chosen as the material to be used to 

fabricate these structural components as Aluminium is light weight, durable material 

with sufficient material properties. After fabricating the structural components, they 

were assembled together and Figure 3.22 shows the fabricated structural components 

and the assembled sensor structure. 

 

 

After fabricating the structure, it was assembled together along with the sensing 

element configuration. Since Aluminium is a conductive material, there can be current 

leakages through the structure. Such current leakages will add noise to the output 

signal of the sensor and correct behaviour of the sensing element cannot be tracked so 

as to measure inputs of this sensor accurately and precisely. But due to the use of 

copper cladded boards to fabricate electrodes, there won’t be such issues. Figure 3.23 

shows the fully assembled 1-DOF tactile sensor. 

 

Piston Top 

Spring 

Lid 

Piston  

Bottom 

Cover 

Figure 3.22: Fabricated structural components and assembled sensor structure 
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3.6 Testing of Developed 1-DOF Tactile Sensor and Results 

After the fabrication, next stage of developing a sensor is to test and calibrate the 

sensor for further use in applications. Output variation with regard to the input 

variation is important when calibrating a sensor. Calibration of sensor is done so that 

the performance of the sensor will be free of structural errors. Performance errors 

usually occurs when the sensor output is deviate from expected output for a 

corresponding sensor input. Usually structural errors are repeatable errors which 

consistently added to the output at each measurement. These errors can be calculated 

and compensated at the signal processing stage so that the sensor output is free of 

structural errors[59]. 

Hence for the calibration purposes an experiment was designed regarding the 

developed 1-DOF tactile sensor. In this experiment the main motive was to identify 

the variation of the sensor output signal with respect to the load applied. Hence, this 

experiment was designed to measure the sensor output for certain force intervals at 

both loading and unloading conditions. Universal Tensile testing machine was used in 

this experiment to apply the load on top to the developed 1-DOF tactile sensor. This 

developed sensor was connected to a voltage divider circuit, where the fix resistor (R1) 

value to be 10 MΩ. Using a digital Multimeter, voltage output across the sensor was 

Piston Top 

Spring 

Lid 

Bottom Cover 

Wiring 

Figure 3.23: Fabricated 1-DOF Tactile Sensor 
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measured. Figure 3.24 shows the system layout of the experimental setup used in this 

experiment. 

 

 

Figure 3.25 shows the plotted results for this experiment 

 

 

Universal 

Tensile Testing 

Machine 

Sensor 

Sensor 

Output 

V+ 

R
1
 

VOUT 

Figure 3.24: System layout of the experimental setup 

Figure 3.25: Experiment Results; voltage vs. force plot 
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According to the plot shown in Figure 3.25, the fabricated tactile sensor shows slight 

hysteresis error. Also from the graph it can be seen that hysteresis error occur during 

the lower force values. So when measuring forces at high values, hysteresis shown by 

this sensor will be insignificant. Also by compensating the output with a well versed 

algorithm, hysteresis of this sensor can be avoided. 
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4 DEVELOPMENT OF ENCLOSED 1-DOF TACTILE SENSOR 

4.1 Introduction 

While conducting experiments on the developed 1-DOF tactile sensor at stage 1, some 

issues were identified associated with the sensor. 

Since conventional manufacturing techniques were used to fabricate the sensor 

structure there were some manufacturing errors associated with the fabricated 

structural components. Some of these errors are poor maintenance of geometrical and 

dimensional tolerances, low dimensional accuracy and precision associated with the 

manufacturing technique. Due to these manufacturing errors, alignment Problems 

Occurred during assembling stage and offsetting errors occurred while transferring 

force to sensing element. Also due to the insufficient physical contact between 

electrode and the sensing element, noise was added to the output signal and it might 

has been one of a cause for the hysteresis error of the developed sensor.  

Some other issues associated with the developed sensor structure is lack of overload 

protection which was not incorporated in the structure and environmental conditions 

such as dust, humidity affecting the performance of sensing element as it is open to 

the environment in the current sensor structure. 

To address these issues to a satisfactory level, a novel sensor structure was designed 

and developed as the next stage 2 of developing a 1-DOF tactile sensor. Novel 

structural design for the 1-DOF tactile sensor was proposed while utilizing the same 

working and sensing principle as the developed 1-DOF tactile sensor. This chapter 

describes the development of this novel enclosed 1-DOF tactile sensor.  

4.2 Proposed Structural Design for 1-DOF Enclosed Tactile Sensor 

First step of developing this novel enclosed 1-DOF tactile sensor is to design the sensor 

structure while improving the structural issues identified with previously developed 1-

DOF tactile sensor. 

Main issues related with previous sensor structure are lack of overload protection, lack 

of sensing element encasement and high precision and dimensional accuracy. To 
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address these issues a novel structure was designed with the same working and sensing 

principle. This novel structure also consist of components with circular geometry as 

previous and increased number of components comparing with it. Figure 4.1 and 

Figure 4.2 shows the conceptual design and the components of the designed novel 

enclosed sensor structure. 

 

 

 

 

Top Cover 

Base Cap 

Figure 4.1: Isometric view of proposed design of novel enclosed sensor structure 

Spring 

Base 

QTCTM 

Pills 

Piston 

Bolt 

Electrode 

a 

Figure 4.2: Sectional front elevation of proposed design of novel enclosed sensor structure 
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In this sensor structure, force is applied to the top cover and then it is transferred to the 

sensing element while scaling down the force through the spring. In this design, space 

between the top cover and the base (dimension a as shown in Figure 4.2) is controlled 

such that it will provide an overload protection to the sensing element. Overload 

condition can be set by adjusting the piston bolt and the base cap in the structure. This 

will affect the force range of the sensor, as this controls the allowable maximum 

Base Cap 

Top Cover 

Spring 

Base 

QTC Pill 

Piston Bolt 

Wires 

Electrode 

Figure 4.3: Exploded view of the proposed novel enclosed sensor structure 
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displacement for the QTCTM pill. Hence, with this newly added feature now force 

range of the sensor can be adjusted suitable to the application not only by changing the 

spring used in the structure but also by adjusting the piston bolt and the base cap of the 

structure. 

Another advantage of this structure is that the sensing elements (QTCTM pills) are not 

open to the environment as they are enclosed in the structure. This will ensure that the 

environmental conditions such as dust, humidity will not affect the performance of the 

sensing element.  

Arrangement of each and every component with each other in the sensor structure can 

be described with an exploded view of the sensor structure as shown in Figure 4.3. 

Refer Appendix D for the production drawings of the proposed structure. 

4.3 Analysis and Simulation of Proposed 1-DOF Enclosed Tactile Sensor 

Next step of developing this novel enclosed 1-DOF tactile sensor is to validate the 

proposed sensor structure by analysing the proposed structure in the previous step. 

Since validation of working principle and impact of spring gauge for sensor range is 

analysed at the development of 1-DOF Tactile Sensor, in this step FEA was performed 

solely for validating the proposed sensor structure and to verify whether it follows the 

proposed working principle at development of 1-DOF Tactile Sensor. 

Analysis was performed using COMSOL Multiphysics software, which is a FEA 

software. Comparing with ANSYS software package, COMSOL Multiphysics 

software package has several advantages, such as easy to use GUI, inbuilt modules for 

solve specific problems, added features to specify a problem and so on. Same as in 

ANSYS, in COMSOL also, following major aspects have to be considered when 

specifying a problem to conduct a FEA. 

 Geometry 

 Material Data 

 Mesh 

 Boundary Conditions 
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For this analysis, geometry was modelled considering only the load bearing structural 

components such as top cover, piston bolt, QTCTM pill and spring. These components 

were modelled in the virtual space using SolidWorks software. Then this 3D model 

was imported to the COMSOL software using a feature available with COMSOL 

called Live Link Interface for SolidWorks. In ANSYS software, importing of a model 

have to follow several tasks such as converting the model into compatible file types, 

such as IGES, STL, etc. But due to the availability of the Live Link feature in 

COMSOL, CAD (Computer Aided Drawing) model can be imported to the software 

easily and there is a possibility to modify to the geometry while performing the FEA. 

Figure 4.4 shows the CAD model considered for this analysis. 

 

 

The next aspect to be considered for FEA is to specify the material data related to the 

geometry considered for FEA. Table 4.1 shows the material and the required material 

properties to conduct the FEA considering the geometry. In here, material data related 

to Aluminium 1060, which was assigned to the structural components were taken from 

the inbuilt material library in COMSOL software. Material data related to QTCTM was 

taken from the experimental data described in the chapter three. 

Top Cover 

QTCTM Pills 

Piston Bolt 

Figure 4.4: Geometry Considered for the FEA 
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Table 4.1: Input parameters of FEA 

Parameter 
Specification 

Unit Value 

Material 

Data 

QTC 

Density Kg/m3 3861 

Modulus of 

Elasticity 
MPa 28.49 

Poisson Ratio 0.3 

Structure 

Material Type Aluminum 1060 

Density Kg/m3 2700 

Modulus of 

Elasticity 
Gpa 70-80 

Poisson Ratio 0.33 

Spring Constant N/m 2.22E+03 

Contact Type Bonded 

Mesh 

Element 

Type 

Structure 
Tetrahedral 

Sensing Element 

Minimum Element Size mm 0.12 

Number of Elements 67928 

Minimum Element Quality 1.41E-01 

Average Element Quality 0.7188 

The next step of performing a FEA using COMSOL is to construct a mesh for the 

geometry considered for the FEA. Table 4.1 shows the specified parameters when 

constructing the mesh for the given geometry. In this mesh, tetrahedral elements were 

chosen as the mesh element to construct the mesh. In COMSOL, parameter to evaluate 

the quality of the mesh is known as element quality parameter when comparing to 

skewness parameter in ANSYS. According to the values specified for minimum and 

average element quality parameters as shown in Table 4.1, constructed mesh for the 

given geometry has sufficient quality to perform an optimally accurate FEA. 

Specifying the boundary conditions is the next step in FEA using COMSOL. For this 

FEA, contact type between each component is set to be bonded, so that the components 

in the given geometry will show the desired behaviour under loading considering the 

real world situation. Same as FEA discussed in chapter three, a boundary load was 

given to the top surface of top cover and fixed constraint is given to the bottom surface 

of the piston bolt. Another important aspect to be considered when specifying the 

boundary conditions for this FEA is to specify the spring effect to the considered 
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geometry. Unlike in FEA discussed in chapter three, spring wasn’t modelled in the 

considered geometry for this FEA. In this FEA spring force is calculated at each 

displacement and add it to the analysis using a feature available with the COMSOL 

Multiphysics software rather than modelling the spring to add the spring effect. 

Boundaries selected to apply these boundary conditions are shown in Figure 4.5. 

 

 

Figure 4.6 and Figure 4.8 shows the results of the FEA analysis for sensor structure. 

According to the results shown in Figure 4.7, proposed structure with sensing element 

shows a linear relationship between the force applied and the structural displacement. 

This validate that the proposed structure is working on the working principle described 

at chapter 3. Also according to Figure 4.9, force applied and the equivalent stress also 

has a linear relationship Figure 4.10 and Figure 4.11 shows the FEA plot results 

considering the QTCTM pill. 

Boundary Load 

Spring 

Force 

Fixed Constraint 

Figure 4.5: Boundaries selected to apply boundary conditions for FEA 



53 

 

 

 

 

 

Figure 4.6: Total deformation variation of the sensor structure 

Figure 4.7: Force vs. Deformation plot.  
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Figure 4.8: Equivalent stress variation of the sensor structure 

Figure 4.9: Force vs. Equivalent stress plot 
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Figure 4.10: Total deformation plot result of QTCTM pill. 

Figure 4.11: Equivalent Stress plot result of QTCTM pill. 
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4.4 Fabrication of Designed 1-DOF Enclosed Tactile Sensor 

After analysing the structure, next step of developing novel enclosed 1-DOF tactile 

sensor is to fabricate the sensor. Same as in developing 1-DOF Tactile sensor, in this 

step sensor fabrication can be categorised in to two categories, 

 Fabrication of sensing element configuration. 

 Structural fabrication 

Following subtopics will discuss in detail about these two categories. 

4.4.1 Fabrication of Sensing Element Configuration 

Electrode designing and fabrication is critical for this sensor, as described in chapter 3 

sensor development, there is a possibility of a transmission loss of the output signal 

through the contact points between QTCTM pills and the electrode. Also noise could 

be added to the signal through these points. This will be a disadvantage when taking 

the sensor output for measurements. Also these will may cause for hysteresis error in 

the sensor. So an electrode was design to minimize the contact points between QTCTM 

pills and electrode. Figure 4.12 shows the designed electrode. In this design a copper 

cladded board is used to create electrodes. In this electrode design copper layer is 

separated to two regions so that it work as two separate electrodes. QTCTM pills are 

mounted on the copper clad board so that they are touching both these electrodes. 

Output signal can be taken out from those two electrodes. 

 

 

Vcc 

GND 

Electrode 1 

Electrode 1 

QTCTM Pills 

Figure 4.12: Proposed revised electrode design 
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When fabricating this designed electrode, one of the major issue identified was create 

the physical contact between the sensing element and the electrode. Since the solution 

from previous stage of sensor development is not an optimum, it is required to find the 

best method to create an optimum physical contact. From the literature, it was found 

that vacuum depositing Aluminium on both surfaces will give the optimum results 

[60]. Since vacuum depositing facilities are not available in Sri Lanka, next optimum 

available solution, which is to use silver paste to create the physical contact between 

electrode and sensing element is used when developing sensing element configuration. 

Figure 4.13 shows the steps of electrode fabrication and the fabricated electrode 

arrangement. 

 

 

4.4.2 Structural Fabrication and Assembling 

Next step of fabrication of proposed novel enclosed 1-DOF tactile sensor is to fabricate 

the structural components. Since there were issues related with the structural 

fabrication at stage 1, such as low dimensional precision and accuracy, much 

Silver  

Paste 
Electrode 

QTCTM 

Pills 

Fabricated 

Electrode 

Arrangement 

Figure 4.13: Steps of electrode fabrication and fabricated electrode 
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consideration were done to increase the quality of the fabricated product. With that in 

mind, production drawings were generated for each structural components with higher 

dimensional and geometrical tolerances. Refer Appendix D for generated production 

drawings. 

Since the use of high tolerance values in production drawings, conventional machining 

techniques could not be used to fabricate these structural components. So, it is decided 

to use CNC machining techniques to fabricate each structural components as with the 

use of such machining techniques high dimensional precision and accuracy can be 

maintained. 

After fabricating each and every structural components, they were assembled together 

with electrode configuration. Figure 4.14 shows the fabricated structural components 

and assembled and finalized novel enclosed 1-DOF tactile sensor. 
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Figure 4.14: Fabricated structural components and Assembled and finalized novel enclosed 1-DOF 

tactile sensor 
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4.5 Testing of Developed 1-DOF Enclosed Tactile Sensor and Results 

As the next step of developing novel enclosed 1-DOF tactile sensor, experiments were 

carried out to the fabricated sensor for testing purposes. To conduct these experiments, 

same electric circuit was used as in stage 1 to get the output signal of the sensor. 

Experiments were carried out to find the relationship between the developed sensor 

output and input, to find the sensitivity of the sensor, to find the sensor range, to find 

the resolution of the sensor and the repeatability of the sensor. To find all these 

characteristics, an experiment was designed using Universal Tensile Testing Machine 

available with the Material Science Engineering Department, University of Moratuwa. 

Purpose of using this machine to conduct experiment for the sensor is to deliver a 

gradually increasing and decreasing force to the sensor. Figure 4.15 shows the system 

layout of the experimental setup and Figure 4.16 shows the experimental setup used to 

conduct experiments. 
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Figure 4.15: System layout of experimental setup 
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Figure 4.17 and Figure 4.18 are the results of these experiments carried out using the 

above developed experimental setup. 
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In these results Figure 4.17 shows the relationship between sensor input and the sensor 

output with standard deviation at each data point. Also Figure 4.18 shows the 

repeatability analysis for the developed sensor. Table 4.2 shows the sensor 

characteristics values calculated from the experimental results. 

Table 4.2: Sensor characteristics values calculated for the developed sensor 

Sensor Characteristics Value 

Sensor Range 0 – 170 N 

Sensitivity 0.2209 V/N 

Resolution 0.5 N 

Repeatability ± 3 N 

According to these results, it can be seen that the hysteresis error of the developed 

sensor was increased comparing with the experimental results at stage 1. Reasons 
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behind this phenomena may be due to errors cause by the universal tensile testing 

machine and errors present in the QTCTM material use for the experiment. Hence, 

another experiment was conducted using dead weight to compensate the errors cause 

by the testing machine, and results of this experiment is shown in Figure 4.19. 

 

 

According to the loading and unloading variation shown in Figure 4.19, it can be 

concluded that the machine errors associated with the universal tensile testing machine 

was a major factor contributed to the hysteresis error of the developed novel enclosed 

1-DOF tactile sensor. Also, it can be concluded that the remaining hysteresis error may 

be due to the errors present in the QTCTM material used in the experiment. 
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5 APPLICATION OF TACTILE SENSORS FOR TACTILE 

IMAGING 

5.1 Introduction 

Main motive of this research is to develop tactile sensors, so that they can be 

incorporated with tactile imaging applications. So with that purpose in mind, this 

chapter describes the work carried out regarding the tactile imaging using the 

developed tactile sensors. 

Content of this chapter can be categorised into two categories, 

 Development of a Graphical User Interface for developed tactile sensors. 

 Tactile Imaging using developed tactile sensors and graphical user interface. 

Main motive behind these work is to assess the feasibility of the use of developed 

tactile sensor for tactile imaging so as to apply them in tactile imaging applications. 

5.2 Development of Graphical User interface 

Main motive of developing a graphical user interface for the developed tactile sensors 

is to help the users to visualize the output of the developed sensor in a graphical 

manner. With this motive in mind a graphical user interface was proposed, which was 

consist with following components, 

 Data Acquisition System. 

 Signal Conditioning System. 

 Data Processing System. 

A system layout for the proposed graphical user interface was proposed with above 

mentioned system components. Figure 5.1 shows the proposed system layout. 

In this system layout, a microcontroller based development board was used, which act 

as a data acquisition system and a signal conditioning system in the proposed graphical 

user interface. Arduino ATmega 2560 controller, which is a single microcontroller 

development board based on Atmel microcontrollers, has chosen to use in this 

proposed system as it has 16 analogue inputs and 54 digital inputs with 10 bit ADC.  
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Arduino is basically designed for people with little knowledge about electronics to 

develop systems based on microcontrollers. Arduino is consist with open source 

physical computing platform with microcontroller and a development environment to 

program it. Because of the user friendliness and easy to use characteristic, Arduino has 

become the most popular development board over the past years. Table 5.1 shows the 

specification of Arduino Mega 2560. 

Table 5.1: Specifications of Arduino Mega 2560 

Microcontroller ATmega2560 

Operating Voltage 5V 

Input Voltage (recommended) 7-12V 

Input Voltage (limits) 6-20V 

Digital I/O Pins 54 (of which 15 provide PWM output) 

Analog Input Pins 16 

DC Current per I/O Pin 40 mA 

DC Current for 3.3V Pin 50 mA 

Flash Memory 256 KB of which 8 KB used by bootloader 

SRAM 8 KB 

EEPROM 4 KB 

Clock Speed 16 MHz 

 

Sensor 

Microcontroller 

based development 

board 

Excitation 

voltage 

output 

USB 

LabVIEW 

Program 

Hardware Interface 

Figure 5.1: Proposed system layout for the graphical user interface 
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As per the proposed system layout for the graphical user interface, output of the 

developed 1-DOF tactile sensor is taken to the Arduino Mega 2560 development board 

through a voltage divider circuit. As shown in the system layout, hardware interface 

for the proposed graphical user interface is consist with the sensor and the 

microcontroller based development board. So with the chosen Arduino Mega 2560 

development board a hardware interface was developed as shown in Figure 5.2. In this 

hardware interface, Arduino Mega 2560 development board will acquire the output 

signal of the developed sensor and convert that signal from analogue to digital using 

the built in ADC. Then this converted digital signal will be pass on to computer for 

further processing.  

 

 

This developed hardware interface consists of data acquisition system and signal 

processing system of the graphical user interface as describe earlier. Considering the 

other component of the proposed graphical user interface a LabVIEW program was 

developed which act as a data processing system and a mean to visualize the data 

graphically. LabVIEW (Laboratory Virtual Instrument Engineering Workbench), is a 

highly dynamic development to create environment for custom applications that 

interact with real data and signals in areas such as science and technology.  

Figure 5.3 shows the LabVIEW programme and Figure 5.4 shows the GUI developed 

using LabVIEW software. 

Sensor 

Enclosure 

USB 

Interface 

Figure 5.2: Developed Hardware Interface 
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Figure 5.3: LabVIEW program developed for the proposed graphical user interface 

Figure 5.4: Developed GUI based on LabVIEW software 

file:///D:/OD/OneDrive/MSc/Thesis/Videos/WP_20160707_11_20_01_Pro.mp4
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When connecting the Arduino to the LabVIEW program, a special interface should be 

added which is known as LabVIEW Interface for Arduino (LIFA). Refer Appendix E 

for the Arduino programming codes. 

After successfully connecting the Arduino board to the LabVIEW program, block 

specifying Arduino board can be added to the program as shown in Figure 5.3. 

Through this programming block, data related to the Arduino board such as board type, 

communication frequency, etc. can be specified. Since Arduino program need to be 

run on a loop, a while loop block is used for this LabVIEW program as shown in Figure 

5.3. All the commands related to process the sensor output signal and visualization 

process should be included within this While Loop block to execute the LabVIEW 

program while communicating with the Arduino development board. As shown in 

Figure 5.3, input pin block related to Arduino is taken for the LabVIEW program. 

Sensor output can be taken to the LabVIEW program through this input pin block. 

After that several data visualization blocks are used as shown in Figure 5.3, to visualize 

the output of the sensor taken through the input pin block. 

Using this developed graphical user interface, users are able to visualize output of the 

developed tactile sensors. Also this graphical user interface can be used as an aid to 

construct visual images of a pressure variation of a given surface.  

5.3 Tactile Imaging using Developed 1-DOF Tactile Sensors 

As mentioned in the literature review, tactile imaging is consist of mapping pressure 

variation of a surface and present these data in a graphical manner. Based on this 

concept to create tactile images using the developed tactile sensors and the developed 

graphical user interface, an experiment was carried out. 

5.3.1 Experiment Conducted to Construct Tactile Images Using Developed 1-

DOF Tactile Sensors 

An experiment was designed to map the pressure variation of a left hand of a person. 

When mapping the pressure variation of a hand, mapped results will depend on the 

posture of the human. For this experiment it is decided to use the cow pose which is 

one of the yoga pose [61] as shown in Figure 5.5. 
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Ultimate goal of performing this experiment is to construct a visual image of the 

pressure variation of the left hand of a human at chosen posture. To achieve this in an 

efficient method, it is required to get pressure value of several points of the hand rather 

than measuring the pressure value of one point. So a data point array was designed so 

it can be overlap with the hand and measure the pressure variation at each data point. 

Figure 5.6 shows the data point array construct for the left hand. 

  

 

An experimental setup was developed to acquire pressure data of left hand at each data 

point as specified in Figure 5.6 . Figure 5.7 shows the developed experimental setup. 

In this experimental setup for data acquisition and signal conditioning purposed 

Arduino Mega 2560 development board is used. 

Figure 5.5: Chosen posture for the experiment 

Source: 10 Easy, Essential Yoga Poses [61] 
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Figure 5.6: Data points considered on the left hand 
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5.3.2 Results of the Experiment to Construct Tactile Images 

Using the developed experimental setup pressure values at each data points were 

measure and recorded. At each data point, one hundred data values were taken and 

then take the average of this data set as the final pressure value at each data point. 

Figure 5.8 shows the graphical representation of acquired pressure values in a 

graphical manner at each data point. 

 

 

Data acquisition 

and Signal 

Conditioning 

To Computer 

Force @ Data 

Point 

Sensor 

Figure 5.7: System layout of the proposed experimental setup  
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Figure 5.8: Graphical representation of pressure values on data points considered on the left hand 
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Then using these acquired force values at each data point, a tactile image was 

constructed using curve fitting toolbox of MATLAB software. This MATLAB toolbox 

uses different techniques to construct the best fit curve or surface for the given dataset. 

For this problem, interpolant cubic spline method was used to construct the best fit 

surface for the specified dataset. In the interpolan cubic spline method, MATLAB tries 

to fit different cubic polynomial in between sets of three points in a surface [62]. For 

this fitted surface, Sum of Squared Errors of Prediction (SSE) is taken to be 3.401E-

28 and R-squared is taken to be 1. According to these values, it can be conclude that 

the fitted surface through this MATLAB toolbox is an optimum fit considering the 

specified dataset. Figure 5.9 shows the constructed tactile image using surface fitting 

toolbox according to the pressure variation of the left hand at the given posture. Figure 

5.10 shows the constructed colour contour tactile image from the Figure 5.9. 
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Figure 5.9: Constructed pressure mapping image of the left hand for given posture 
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Figure 5.10: Constructed Contour color mapping image of the pressure variation of left hand for given 

posture. 



71 

 

6 DESIGN AND SIMULATION OF MEMS BASED TACTILE 

SENSOR 

6.1 Introduction 

While assessing the feasibility of developed 1-DOF tactile sensors for tactile imaging 

applications, it was came to the attention, that rather than using a single sensor to get 

data at several data points, it is optimum to have a sensor array covering the whole 

area at one time [63]. 

Resolution and the accuracy of tactile sensor array solely depend on the number of 

tactile sensors present in the array and specifications of tactile sensor [64]. So to 

increase the performance of such tactile sensor arrays, it is vital to increase the number 

of sensors (taxels) present in the sensor array [65]. 

6.1.1 Why MEMS? 

Taxel density or the number of sensors present in the array can be increase by 

miniaturizing the sensor used to create the sensor array [66]. But with conventional 

machining techniques such as conventional lathe and milling operations, and advanced 

machining techniques such as CNC machining operations, won’t allow this 

miniaturization of sensor beyond a certain limit. Figure 6.1 shows a comparison 

between a tactile sensor array construct with macro tactile sensors (developed novel 

enclosed tactile sensor) and a tactile sensor array construct with micro tactile sensors 

(MEMS tactile sensor). 

6.1.1.1 What is MEMS? 

Micro Electro Mechanical Systems (MEMS) is a technology, which uses micro-

fabrication techniques to miniaturise the mechanical or electro-mechanical devices and 

structures. Scale of such MEMS elements can be vary from few millimetres to all the 

way up to few micrometres. The main four functional elements of MEMS includes, 

Micro-Sensors, Micro-Actuators, Micro-Structures and Micro-Electronics. 

Researchers were able to develop numerous Micro-Sensors over the past decades 
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varying for almost all the sensing modalities, having much greater performance when 

comparing with their macro scale versions. 

 

 

Hence, it is feasible and optimum to design and develop MEMS based or miniaturized 

tactile sensors to be incorporated with tactile sensor arrays to be used in tactile imaging 

applications so that their output is more reliable with high accuracy and precision. 

6.1.2 Literature Review 

MEMS (Micro Electro Mechanical Systems) technology is turning into a favourable 

solution for miniaturizing of sensing technology [67]. Rather than its small size, there 

are many promising features associated with MEMS technology such as low weight, 

high performances, and easy mass-production [68]. What’s more, MEMS technology 

gives the ability to develop tactile sensor arrays with large force range and spatially 

varying sensitivity[66]. 

No. of Elements = 30 

Taxel Density = 9.375 × 10−4 𝑚𝑚−2 

No. of Elements = 1280 

Taxel Density = 0.04 𝑚𝑚−2 

(a) 

(b) 

Figure 6.1: Comparison between tactile sensor arrays; (a) Sensor array constructed with novel 

enclosed tactile sensors. (b) Sensor array constructed with MEMS tactile sensors 
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In conjunction with the discussion of sensor performance, it is important to discuss 

about the degree of freedom (DOF) of a sensor. Most of the available MEMS tactile 

sensor measurements are limited to fewer number of DOFs [7], [20], [69]. MEMS 

based tactile sensors with higher number of DOFs are very uncommon, as most of the 

developed tactile sensors just measure 3 linear DOFs and some more rotational DOFs 

[6]. Table 6.1 shows some of the work conducted by researchers related to MEMS 

tactile sensors. 

Table 6.1: Literature regarding MEMS tactile sensors 

Research 
No. of 

DOF 

Sensing 

Principle 
Mechanism 

Development of a 

Biomimetic MEMS 

based Capacitive 

Tactile Sensor [66] 

1 Capacitive 

 

A Three-Axis Force 

Sensor for Dual Finger 

Haptic Interfaces [70] 

3 
Strain Gauges 

(Resistive) 

 

Three-axis micro-force 

sensor with sub-micro-

Newton measurement 

uncertainty and tunable 

force range [71] 

3 Piezoresistive 

 

A novel haptic 

platform for real time 

bilateral 

biomanipulation with a 

MEMS sensor for 

triaxial force feedback 

[72] 

3 Capacitive 
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As a response to the miniaturization of tactile sensors and the absence of higher DOF 

tactile force sensors, a MEMS based 5 DOF tactile force sensor based on Piezoresistive 

sensing principle is proposed in this research. In miniaturised applications, 

Piezoresistive sensing principle shows more promising results [20]. This chapter will 

discuss about the structural design of the 5-DOF MEMS based Tactile Sensor, sensing 

principle and Finite Element Analysis of structural stability and piezoresistivity. 

6.2 Structural Design of 5-DOF MEMS Tactile Sensor 

A wagon wheel spring structure was designed for the proposed MEMS tactile sensor 

as shown in Figure 6.2 and Figure 6.3. Designed wagon wheel spring structure 

comprises of eight straight flexible beams which converges on a focal stage which will 

be used as the sensing platform. Despite the fact that some researchers discussed about 

the utilization of Maltese cross spring structure, which consists of four straight flexible 

beams and a focal plate, for Multi-DOF MEMS tactile force sensors [70], [73], as per 

the authors’ knowledge, wagon wheel spring structure was never has been come to the 

consideration of researchers.  

 

 

Central Platform 

Y 

Z 

X 

Figure 6.2: Isometric view of the conceptual design of proposed MEMS tactile sensor 
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Wagon wheel structure would provide the ability to sense force acting on higher 

number of axes, due to its support from eight flexible beams. In addition, the improved 

load bearing capacity of the structure would enhance its range of operation. So in this 

research, it analyses the use of wagon wheel spring structure for Multi-DOF MEMS 

tactile force sensor according to the structural specifications given in Table 6.2. For 

detailed dimensions refer Appendix F. 

Table 6.2: Basic dimensions of the sensor structure 

Size of the sensor 3 mm x 3 mm x 300 µm 

Diameter of central platform 600 µm 

Width of a beam 150 µm 

Thickness of a beam 30 µm 

Length of a beam 900 µm 

Angle between two consecutive beams 450 

Flexible 

Beams 

Figure 6.3: Plan view of the conceptual design of proposed MEMS tactile sensor. 
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6.3 Working Principle of 5-DOF MEMS Tactile Sensor 

As indicated by the proposed MEMS sensor structure, it exhibits 5 DOFs, x, y, z and 

two directions along x-y plane that forms angles 450 and -450 with x-direction. These 

directions are the force applicable directions to the sensor. For force applied to the 

sensor through each of the above directions, structural deformation pattern can be 

anticipated through the sensor structure. Hence, magnitude and the direction of the 

force applied can be determined by monitoring the structural deformation of the 

sensor. 

The applicable 5DOFs for the proposed sensor structure in detail is as follows, three 

symmetric planes of x-z (X-direction), x-y (Y-direction), y-z (Z-direction) and two 

planes through z-axis that form angles 450 (P-direction)and -450 (Q-direction) with x-

direction, as shown in Figure 6.4. There are two main structural patterns associated 

with the proposed sensor structure when forces acting on each defined directions, as 

shown in in Figure 6.5 and Figure 6.6, which can be used to measure the force applied. 

When forces acting on X, Y, P and Q directions as mentioned above, structural 

deformation pattern will be identical (Load Condition A as shown in Figure 6.5) due 

to the symmetricity. Also another structural deformation pattern can be identified when 

force applied along the z-axis (Load Condition B as shown in Figure 6.6).  

Spring effect used in developing 1-DOF tactile sensors, is also incorporated into this 

proposed 5-DOF MEMS tactile sensor. Rather than using a spate spring to add the 

spring effect, in this proposed design, spring effect is incited by the deformation of 

eight flexible beams in the proposed structure. Since this proposed wagon wheel 

structure contains eight flexible beams spring effect will be much higher when 

comparing with Maltese cross spring structures having four flexible beams. Hence, 

sensor range will be higher in this structure. 
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X 
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Z 

P 

Q 

450 

450 

450 

Figure 6.4: Degrees of freedoms of the structure 

Beam 5 Beam 1 

Fx 

Figure 6.5: Possible structural deformations for loading condition A. 
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6.4 Sensing Principle of 5-DOF MEMS Tactile Sensor 

Since the force identification method of the sensor is by observing of the structural 

deformation, it is essential to incorporate a sensing principal that will give optimum 

results. From the literature, it was decided to use Piezoresistive sensing principle to 

convert structural deformation of the sensor with respect to the force applied to a 

measurable output. 

Piezoresistivity is the change of resistance of a material as per the mechanical strain it 

experiences [74]. This characteristic depend on the material and specially, 

semiconductor materials has Piezoresistive characteristics.  This is an added advantage 

for MEMS device design and fabrication as materials such as single crystal Silicon 

and Germanium, which are semiconductor materials, are typical material used in 

MEMS fabrication.  

Single crystal Silicon, which is the selected material for the proposed sensor, permits 

to integrate Piezoresistive sensing elements on the structure [75].  This is basically due 

to the Piezoresistive characteristics of Silicon and using these fabricated sensing 

elements, output of the sensor can be taken with respect to the force applied. Due to 

the anisotropic nature of Silicon, force direction also can be differentiate easily through 

the sensor output. Equation 6.1 can be used to calculate the resistance change of a 

Piezoresistive sensing element.  

Beam 1 Beam 5 

Fz 

Figure 6.6: Possible structural deformations for loading condition B 
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∆𝑅

𝑅
=  𝜋𝐿𝜎𝐿 + 𝜋𝑇𝜎𝑇 

Here πL and πT is the Piezoresistive coefficient along longitudinal and transverse 

direction respectively, σL and σT is the mechanical stress along longitudinal and 

transverse direction respectively.  

Sensor output can be taken by placing Piezoresistive sensing elements on high stress 

points under loading conditions along a beam, to identify the magnitude and the 

direction of the applied force. Table 6.3 shows the specifications of the sensing 

element, which was proposed to integrate with the sensor structure. 

Table 6.3: Piezoresistive element specification 

Width 10 µm 

Length 50 µm 

Thickness 500 nm 

Dopant 

Density 

Sensing 

element 
1.20 x 1019 cm-3 

Connectors 1.50 x 1020 cm-3 

It is important to connect the sensing element in a specific order to get the sensor 

output. In this research sensing elements are orchestrated in a whetstone bridge to get 

the output. Two whetstone bridge arrangements can be identified, full whetstone 

bridge and half whetstone bridge arrangement, which can be incorporated with the 

structure to get the sensor output. Equation 6.2 is related to the output when elements 

are connected in full whetstone bridge and Equation 6.3 is related to the output when 

elements are connected in half Whetstone Bridge.  

𝑉𝑜𝑢𝑡 =
1

4
(

∆𝑅1

𝑅1
−

∆𝑅2

𝑅2
+

∆𝑅3

𝑅3
−

∆𝑅4

𝑅4
) 𝑉𝑖𝑛 

𝑉𝑜𝑢𝑡 =
1

4
(

∆𝑅1

𝑅1
−

∆𝑅2

𝑅2
) 𝑉𝑖𝑛 

Here, Vin is the input voltage, Vout is the output voltage, R1, R2, R3 and R4 are the 

resistance of sensing element arranged in the sensor structure. Figure 6.7 shows the 

sensing element arrangement in full Whetstone Bridge and Figure 6.8 shows the 

sensing element arrangement in half Whetstone Bridge.  

(6.1) 

(6.2) 

(6.3) 
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6.5 Structural Analysis of the Proposed 5-DOF MEMS Sensor Structure 

To validate the working principle and optimize the structure, an FEA was performed 

for the proposed structure. COMSOL Multiphysics software was utilized to perform 

this FEA. Structural deformation pattern for loading condition A and loading condition 

V
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4
 

Figure 6.7: Piezoresistive sensing element arrangement in full Whetstone Bridge. 

R 

R 

Vin 

Vout 

R1 

R2 

R – Fixed 

Resistors 

Figure 6.8: Piezoresistive sensing element arrangement in half Whetstone Bridge. 



81 

 

B analysed was analysed separately in the conducted analysis. Table 6.4 shows the 

parameters specified for this structural analysis. 

For this analysis also, four basic steps has to be perform, which are structure 

specification, material specification, specification of boundary conditions and mesh 

construction. Considering the geometry applicable for this structural analysis, 

proposed structure shown in Figure 6.2 was modelled with SolidWorks software and 

imported to COMSOL using the live link interface feature in COMSOL.  

The next step of preparing this structural analysis is to specify the materials 

incorporated with the specified geometry. For this analysis, single crystal Silicon was 

chosen as the structural material. Since Silicon is the most abundant material in the 

earth, due to its feasible material properties and semi conductive characteristic, Silicon 

or Silicon base materials are used in almost all the MEMS based components. For this 

proposed sensor also, properties of Silicon is optimum and because its anisotropic 

nature, proposed working principle can be monitored through the proposed sensing 

principle. 

The next step is to specify the boundary conditions for the analysis. In this analysis, a 

boundary load is applied to the structure through the surface as shown in Figure 6.9. 

Also fixed constraint was applied to the surface as shown in Figure 6.10. As the final 

step, a mesh was constructed for the specified structure according to the parameters 

specified in Table 6.4 computed the specified analysis to obtain results. 

Table 6.4: Parameters specified for the structural analysis 

Parameter 
Specification 

Unit Value 

Material 
Silicon (Single Crystal, 

Anisotropic) 

Mesh 

Element Type Tetrahedral 

Minimum Element Size mm 0.03 

Number of Elements 161883 

Minimum Element Quality 1.22E-01 

Average Element Quality 0.7389 
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After setting up the analysis, it was computed and results were obtained. From the 

obtained results, it can be seen that the structural deformation pattern for each loading 

condition is as same as the expected deformation pattern in the working principle. 

Figure 6.11 and Figure 6.12  shows the displacement plot results of sensor structure 

for loading condition A and B respectively. Figure 6.13 and Figure 6.14 shows 

equivalent stress plot results of sensor structure for loading condition A and B 

respectively.  

Boundary 

Load 

Figure 6.9: Selected boundary to apply boundary load 

Fixed 

Constraints 

Figure 6.10: Selected Boundaries to apply fixed constraint boundary condition 
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Figure 6.11: Displacement plot of the sensor structure for load condition A 

Figure 6.12: Displacement plot of sensor structure for load condition B.  
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Figure 6.13: Equivalent stress plot of sensor structure for load condition A. 

Figure 6.14: Equivalent stress plot of sensor structure for load condition B. 
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6.6 Sensing Element Placement in Proposed 5-DOF MEMS Sensor 

Structure 

It is crucial to place sensing elements at position where stress is higher under loading 

conditions for an optimum sensor output [76]. Stress variation along a beam was 

plotted under loading as shown in Figure 6.15 from the results of the structural 

analysis. As per this plot two ideal positions can be recognised along a beam to place 

sensing elements as shown in Figure 6.15. So it was chosen to place the two sensing 

elements at 320 µm and 1120 µm away from the centre of the sensor structure as 

appeared in Figure 6.16. 

 

 

 

 

Suitable range to 

place sensing 

elements 

Figure 6.15: Stress variation along a beam under loading and suitable position to place sensing 

elements 

320 

1120 

Sensing 

Element 

Connectors 

Figure 6.16: integrated sensing elements on the structure and their positions with electrical 

connections 
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6.7 Multiphysics Analysis of 5-DOF MEMS Tactile Sensor 

A Multiphysics analysis was performed using COMSOL 5.0 Multiphysics software, 

after integrating Piezoresistive sensing elements in the structure. In this analysis, not 

only the structural mechanics of structure but also the piezoresistivity variation of 

sensing elements was analysed concurrently. Main objective of performing this 

analysis is to simulate the proposed MEMS tactile sensor for given conditions and 

validate the proposed sensing principle. 

For this Multiphysics analysis also, four preliminary steps, which are specification of 

geometry, specification of material, boundary condition specification and mesh 

construction, should be completed before computing the problem. Figure 6.17 shows 

the geometry considered for this Multiphysics analysis using COMSOL. In this 

geometry, proposed 5-DOF MEMS structure was incorporated with the Piezoresistive 

elements such as sensing elements and connectors according to the specifications 

identified through the sensing principle and the structural analysis performed for the 

proposed structure. 

 

 

Sensing Elements Connectors 

Figure 6.17: Geometry considered for the Multiphysics analysis 
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The next step of setting up the analysis is to specify the material for each element 

considered in the specified geometry. For this analysis, as specified in the Table 6.5, 

lightly doped, single crystal n-Silicon was chosen as the structural material and lightly 

doped, single crystal p-Silicon was chosen for the Piezoresistive layer. Figure 6.18 

shows the specified Piezoresistive layer.  

 

 

Table 6.5: Parameters specified for the Multiphysics analysis 

Parameter 
Specification 

Unit Value 

Material 

Structure 
n-Silicon (Single Crystal, Lightly 

Doped) 

Piezoresistors and 

connectors 

p-Silicon(Single Crystal, Lightly 

Doped) 

Dopant Density 

Piezoresistors and 

connectors 
cm-3 1.20E+19 

Connectors cm-3 1.50E+20 

Piezoresistive layer thickness nm 500 

Mesh 

Element 

Type 

Structure 

Tetrahedral Piezoresistors and 

connectors 

Minimum Element Size mm 0.05 

Number of Elements 194695 

Minimum Element Quality 1.41E-02 

Average Element Quality 0.6917 

Piezoresistive Layer 

Figure 6.18: Considered Piezoresistive layer for material assignment in the Multiphysics analysis 
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After assigning the materials for the element in the specified geometry, it is required 

to specify boundary conditions to conduct the Multiphysics analysis. As described in 

the structural analysis performed for the proposed MEMS 5-DOF tactile sensor, a 

boundary load and fixed constraint was added to the surfaces as shown in the Figure 

6.9 and Figure 6.10 respectively.  

Apart from these boundary conditions, another boundary condition was added 

specifying the Piezoresistive elements in the specified geometry. In this boundary 

condition layer thickness was set to 500 nm and dopant density was set to be 1.20E+19 

cm-3 as specified in the Table 6.5. Figure 6.19 shows the specified sensing elements in 

the geometry. 

 

 

 

 

Sensing Elements 

Figure 6.19: Specified thin Piezoresistive sensing elements  

Thin Conductive Layer 

Figure 6.20: Specified thin conductive layer 
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Also another boundary condition was added specifying a thin conductive layers to 

specify the connector elements for the Multiphysics analysis. For this boundary 

condition, parameters were set, so that the layer thickness is 500 nm and dopant density 

is 1.50E+20 cm-3 as specified in the Table 6.5. Figure 6.20 shows the specified thin 

conductive layer for the analysis. 

The above boundary conditions were added to evaluate the electrical characteristics of 

the proposed sensor and to supply power to the specified electrical circuitry in the 

geometry another boundary conditions were added specifying a voltage terminal and 

ground terminal. For this analysis 3 V was supplied to the voltage terminal. Figure 

6.21 shows the specified electrical terminals. 

 

 

After specifying the boundary conditions, a mesh was constructed according to the 

parameters specified in the Table 6.5. Then, for each and every loading conditions this 

Multiphysics analysis was performed, and results were obtained for several categories 

considering the sensor performance such as resistance change of each sensing element, 

voltage variation in a Whetstone Bridge, voltage outputs of each whetstone bridge and 

current conducting direction. Figure 6.22 and Figure 6.23 shows change of resistance 

in sensing element for loading condition A. Figure 6.24 and Figure 6.25 shows change 

of resistance in sensing element for loading condition B. Figure 6.26 and Figure 6.27 

shows potential variation through electrical circuit and current conducting direction. 

Ground 

Terminal 

Output 

Terminal 

Voltage 

Terminal 

Figure 6.21: Specified electrical terminals for the Multiphysics analysis 
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Figure 6.22: Change in resistance of elements in beam 1 for Loading Condition A 

Figure 6.23: Change in Resistance of elements in beam 3 for Loading Condition A  
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Figure 6.24: Change in Resistance of elements in beam 1 for Loading Condition B 

Figure 6.25: Change in resistance of elements in beam 3 for Loading Condition B. 
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Figure 6.26: Voltage variation of a Whetstone Bridge in a beam 

Figure 6.27: Current direction of a Whetstone Bridge 
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6.8 Results of the Simulation of proposed 5-DOF MEMS Tactile Sensor 

Following actions can be identified regarding the proposed MEMS tactile sensor 

according to the results of the Multiphysics analysis as shown in Figure 6.22, Figure 

6.23, Figure 6.24 and Figure 6.25. Considering the loading condition A, it can be 

identified a pattern for change of resistance in sensing elements of the beams along the 

force direction and comparing with those sensing elements, resistance change is 

neutral in sensing elements on the beams perpendicular to the force direction. 

Considering the loading condition B, change of resistance of sensing elements in all 

beams has the same pattern with similar change of resistance. 

Hence, the output of each whetstone bridge can be calculated from this Multiphysics 

analysis as it is possible to measure resistance change of each and every sensing 

elements on the beams. The output voltage variation of each Whetstone Bridge with 

respect to force variation under loading condition A, is shown in the Table 6.6. When 

analysing the values of Table 6.6, it can be identified that, for loading condition A 

where the force is acting on x-direction, first Whetstone Bridge gives the maximum 

output when comparing with others as highlighted in the Table 6.6.  

Table 6.6: Voltage output for each whetstone bridge for Loading condition A 

Total 

Force 

(N) 

Output (V) 

Bridge 1 Bridge 2 Bridge 3 Bridge 4 Bridge 5 

0.01 -1.47E-02 -7.86E-03 1.26E-03 4.49E-03 7.08E-04 

0.02 -2.93E-02 -1.57E-02 2.51E-03 8.97E-03 7.10E-04 

0.03 -4.40E-02 -2.36E-02 3.77E-03 1.34E-02 7.12E-04 

0.04 -5.86E-02 -3.15E-02 5.02E-03 1.79E-02 7.15E-04 

0.05 -7.33E-02 -3.93E-02 6.28E-03 2.24E-02 7.18E-04 

0.06 -8.79E-02 -4.72E-02 7.53E-03 2.69E-02 7.21E-04 

0.07 -1.03E-01 -5.51E-02 8.79E-03 3.14E-02 7.25E-04 

0.08 -1.17E-01 -6.29E-02 1.00E-02 3.58E-02 7.28E-04 

0.09 -1.32E-01 -7.08E-02 1.13E-02 4.03E-02 7.33E-04 

0.1 -1.47E-01 -7.87E-02 1.26E-02 4.48E-02 7.37E-04 
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Output voltage variation of each Whetstone Bridge with respect to force variation for 

loading condition B, is shown in Table 6.7. From the values of Table 6.7, it can be 

seen that, fifth Whetstone Bridge gives the maximum output for loading condition B 

when comparing with others as highlighted in Table 6.7.  

Table 6.7: Voltage output for each whetstone bridge for Loading condition B 

Total 

Force 

(N) 

Output (V) 

Bridge 1 Bridge 2 Bridge 3 Bridge 4 Bridge 5 

0.01 3.27E-05 5.25E-05 1.18E-05 -4.46E-06 1.26E-03 

0.02 7.53E-05 9.78E-05 2.27E-05 -1.82E-05 1.82E-03 

0.03 1.19E-04 1.45E-04 3.40E-05 -3.21E-05 2.37E-03 

0.04 1.64E-04 1.94E-04 4.56E-05 -4.63E-05 2.93E-03 

0.05 2.09E-04 2.45E-04 5.76E-05 -6.07E-05 3.48E-03 

0.06 2.55E-04 2.97E-04 6.99E-05 -7.54E-05 4.04E-03 

0.07 3.03E-04 3.52E-04 8.26E-05 -9.03E-05 4.59E-03 

0.08 3.51E-04 4.08E-04 9.56E-05 -1.05E-04 5.15E-03 

0.09 4.00E-04 4.66E-04 1.09E-04 -1.21E-04 5.70E-03 

0.1 4.51E-04 5.25E-04 1.23E-04 -1.37E-04 6.26E-03 

This phenomenon is helpful in differentiating the force direction of the force applied 

to the proposed MEMS tactile sensor. Since there are 4 different directions applicable 

to apply force under loading condition A, according to this phenomena that the 

proposed sensor exhibit, output values of the Whetstone Bridge along the force 

direction among first four Whetstone Bridges will be maximum when comparing with 

others. Whereas, loading condition B can be identified by the maximum values at fifth 

Whetstone Bridge comparing with others as there are only one force applicable 

direction for loading condition B. 

Subsequent to recognizing the direction of force, magnitude of the applied force can 

be distinguished using the output values of the Whetstone Bridge which provides the 

maximum output when comparing with others at each loading condition. Additionally, 

it can be identified that the relationship between output voltage and force applied is 
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linear according to the Figure 6.28 considering the loading condition A and Figure 

6.29 considering the loading condition B. 

 

 

 

 

Figure 6.28: Plot result for loading condition A showing the relationship between output 

voltage of Whetstone Bridge and force applied to the sensor 

Figure 6.29: Plot result for loading condition B showing the relationship between output 

voltage of Whetstone Bridge and force applied to the sensor 
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6.9 Fabrication of Proposed 5-DOF MEMS Tactile Sensor 

Next step of developing a sensor is to fabricate the proposed design. But due to 

unavailability of MEMS production facility, fabricating the proposed MEMS sensor 

won’t be possible regarding this research. But nevertheless, fabrication steps of the 

proposed MEMS sensor is proposed in this section.  

6.9.1 Proposed Wiring Design for 5-DOF MEMS Tactile Sensor 

When designing the fabrication process steps for a MEMS sensor, it is crucial to design 

optimum design for wirings and wire bonding pads of the structure. Figure 6.30 shows 

the proposed wiring design for designed 5-DOF MEMS tactile sensor. 

 

 

6.9.2 Proposed Fabrication Steps for 5-DOF MEMS Tactile Sensor 

Figure 6.31 shows the proposed fabrication steps for designed 5-DOF MEMS tactile 

sensor. These proposed fabrication steps are unique for this proposed 5-DOF MEMS 

tactile sensor as all the MEMS related devices follow its own unique fabrication steps. 

Figure 6.30: Proposed wiring design with wire bonding pads for 5-DOF MEMS tactile sensor 
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Figure 6.31: Proposed fabrication steps for the designed 5-DOF MEMS tactile sensor. 
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7 CONCLUSION 

Tactile sensors use sense of touch to acquire data from the physical environment 

considering tactile parameters such as force, pressure, temperature, etc. Over the past 

decades there have been found many sensing principles that can be incorporated with 

tactile sensors such as Piezoresistive, piezoelectric, capacitive, etc. These each and 

every sensing principle has their own advantages and disadvantage, hence, it is 

required to choose optimum sensing principle considering the application to use in a 

tactile sensor. There can be found many applications of tactile sensors related to 

robotics, mechatronics, biomedical and industrial field. This is mainly due to the 

capability of tactile sensors to provide an optimum feedback systems for those 

applications. Considering biomedical field, tactile sensors are widely used in tactile 

imaging applications. 

Tactile imaging is one of the medical diagnostic technique which generally uses to 

screen breast or prostate cancer. Other than that there are many applications of tactile 

imaging such as pelvic organ prolapse screening, minimally invasive surgery, 

biomedical pressure mapping and so on. It has been proven that, comparing with other 

cancer screening methods, tactile imaging is a cost effective cancer screening 

technique. To develop low cost tactile imagers with optimum performance, it is 

required to develop tactile sensors with better performance for low cost, as tactile 

sensor is the foremost element in a tactile imager. 

In this research, main motive was to develop miniaturized tactile sensors for tactile 

imaging applications. With that motive in mind, as the first stage of this research, a 

novel 1-DOF tactile sensor was developed. Working principle and sensing principle 

of the developed sensor are clearly stated. After the designing, sensor was fabricated 

and conducted experiments with the purpose of calibrating the sensor and quantify the 

sensor characteristics accordingly. At this stage, there were some issue found 

associated with the developed sensor such as, lack of overload protection, 

manufacturing limitations which cause structural errors, etc. 

A novel enclosed 1-DOF tactile sensor was developed as the stage 2 of developing 

tactile sensors, while trying to overcome the issues identified at previous stage. 
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Working and sensing principles incorporated with this were same as the one developed 

at previous stage. Designed sensor was fabricated and tested to calibrate it and also to 

quantify the sensor characteristics. 

With this developed sensor, an experiment was carried out to verify the feasibility to 

use this sensor for tactile imaging applications. Details of the conducted experiment 

was stated and tactile image was constructed of a left hand of a person at a certain 

posture using the acquired data at the experiment. This validate that the developed 

sensor can be used in tactile imaging applications. 

When using sensors in tactile imaging applications, it is better to use sensor array, 

rather than using a single sensor. To have a sensor array with better performance it is 

required to have large number of taxels present in the sensor array. Hence, to 

accomplish this, a design of a MEMS based tactile sensor was presented. Working 

principle and sensing principle was stated regarding the MEMS based tactile sensor. 

A Multiphysics analysis was conducted with the purpose of simulating the designed 

sensor and results of this analysis is presented. Due to the use of wagon wheel structure 

for this MEMS tactile sensor, number of DOFs of sensor is increased and load bearing 

capacity of the sensor has improved. Fabrication steps for the proposed sensor was 

also presented in this research. 

Future work of the research lies in fabricating this sensor using MEMS fabrication 

techniques and calibrate and test the characteristics of the developed sensor. 
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Appendix A: Sensor Enclosure (Design 1) 
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Appendix B: Production Drawings of Sensor Structure (Design 2)  
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Appendix C: Material Properties Chart 
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Appendix D: Production Drawings of Sensor structure (Enclosed sensor) 
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Appendix E: Arduino Code of Graphical User Interface 

LIFA_BASE 

// Standard includes.  These should always be included. 

#include <Wire.h> 

#include <SPI.h> 

#include <Servo.h> 

#include "LabVIEWInterface.h"  

 

void setup() 

{   

  // Initialize Serial Port With The Default Baud Rate 

  syncLV(); 

   

} 

 

void loop() 

{    

  // Check for commands from LabVIEW and process them.    

  

  checkForCommand(); 

   

  if(acqMode==1) 

  { 

    sampleContinously(); 

  } 

} 

 

LabVIEWInterface.h 

 

#define FIRMWARE_MAJOR 02         

#define FIRMWARE_MINOR 00   

#if defined(__AVR_ATmega1280__) || defined(__AVR_ATmega2560__) 

#define DEFAULTBAUDRATE 9600    // Defines The Default Serial Baud Rate (This 

must match the baud rate specifid in LabVIEW) 

#else 

#define DEFAULTBAUDRATE 115200 

#endif 

#define MODE_DEFAULT 0            // Defines Arduino Modes (Currently Not Used) 

#define COMMANDLENGTH 15          // Defines The Number Of Bytes In A Single 

LabVIEW Command (This must match the packet size specifid in LabVIEW) 



xxx 

 

#define STEPPER_SUPPORT 1         // Defines Whether The Stepper Library Is 

Included - Comment This Line To Exclude Stepper Support 

 

 

// Declare Variables 

unsigned char currentCommand[COMMANDLENGTH];    // The Current Command 

For The Arduino To Process 

//Globals for continuous aquisition 

unsigned char acqMode; 

unsigned char contAcqPin; 

float contAcqSpeed; 

float acquisitionPeriod; 

float iterationsFlt; 

int iterations; 

float delayTime; 

 

/Synchronizes with LabVIEW and sends info about the board and firmware 

(Unimplemented)/ 

 

void syncLV(); 

 

/Sets the mode of the Arduino (Reserved For Future Use)/ 

 

void setMode(int mode); 

 

/Checks for new commands from LabVIEW and processes them if any exists./ 

 

int checkForCommand(void); 

 

/Processes a given command/ 

 

void processCommand(unsigned char command[]); 

 

/Write values to DIO pins 0 - 13.  Pins must first be configured as outputs./ 

 

void writeDigitalPort(unsigned char command[]); 

 

/Reads all 6 analog input ports, builds 8 byte packet, send via RS232./ 

 

void analogReadPort(); 

 



xxxi 

 

/Configure digital I/O pins to use for seven segment display.  Pins are stored in 

sevenSegmentPins array./ 

 

void sevenSegment_Config(unsigned char command[]); 

 

/Write values to sevenSegment display.  Must first use sevenSegment_Configure/ 

 

void sevenSegment_Write(unsigned char command[]); 

 

/Set the SPI Clock Divisor/ 

 

void spi_setClockDivider(unsigned char divider); 

 

/Sens / Receive SPI Data/ 

 

void spi_sendReceive(unsigned char command[]); 

 

/Compute Packet Checksum/ 

 

unsigned char checksum_Compute(unsigned char command[]); 

 

/Compute Packet Checksum And Test Against Included Checksum/ 

 

int checksum_Test(unsigned char command[]); 

 

/Parse command packet and write speed, direction, and number of steps to travel/ 

 

void AccelStepper_Write(unsigned char command[]); 

 

/Returns several analog input points at once./ 

 

void sampleContinously(void); 

 

/Returns the number of samples specified at the rate specified./ 

 

void finiteAcquisition(int analogPin, float acquisitionSpeed, int numberOfSamples ); 

 

/Prints Data to the LCD With The Given Base/ 

 

void lcd_print(unsigned char command[]); 

  



xxxii 

 

Appendix F: Production Drawings of 5-DOF MEMS Sensor Structure 

 


