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SUMMARY 
 
Polydimethylsiloxane (PDMS) is a widely used polymer in many research areas such as 
microfluidics, flexible electronics, soft robots, biosensors, biomedicine, among others. 
PDMS has various advantages compared to other materials; however, it presents weak 
bonding strength to many substrates. This work presents a new measuring system to 
measure bonding strength between a PDMS thin membranes and gold plasmonic sur-
faces. 
 
This work is based on a piezoresistive sensor, it was selected as the main sensor to 
measure the force and a micrometer was adapted to a stepper motor to measure the 
displacement of the surfaces. Additionally, a digital camera was added to the system to 
bring more information about the adhesion phenomena. A calibration was performed to 
calculate the main characteristics of the instrument, sensitivity, range, precision, etc. This 
calibration shows the relationship between voltage and weight. Two different gold surface 
modification processes were studied to compare the presented device response to the 
current measuring systems and establish the presented solution as a cost-effective alter-
native.  
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RESUMEN 
 
Polidimetilsiloxano (PDMS) es un polímero utilizado en muchas áreas de investigación 
como microfluidos, biosensores, biomedicina, electrónica flexible, robots suaves, entre 
otras. PDMS tiene muchas ventajas respecto a muchos materiales; sin embargo, pre-
senta fuerzas de unión débiles con diferentes substratos. Este trabajo presenta un nuevo 
sistema de medición para medir la fuerza de unión entre membranas de PDMS y super-
ficies plasmónicas de oro.  
 
Este trabajo está basado en un sensor piezoresistivo, el cual fue seleccionado como el 
principal sensor de fuerza; y un micrómetro que fue adaptado a un motor a pasos para 
poder medir el desplazamiento de las superficies de prueba. Además, fue utilizada una 
cámara digital para obtener más información sobre el fenómeno de adhesión. Una cali-
bración fue realizada para calcular las características principales del sensor, sensibilidad, 
rango de operación, precisión, etc. La calibración muestra la relación entre voltaje y peso, 
con la cual se probaron varias pruebas de oro con PDMS. Dos distintas funcionalizacio-
nes fueron probadas en la superficie de oro, esto para comparar los resultados con sis-
temas existentes y establecer el sistema como una opción económica respecto a dichos 
sistemas.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



vi 
 

vi 
 

 
 

CONTENTS 

FIGURES ...................................................................................................................................................... viii 

1  INTRODUCTION ............................................................................................................................... 1 

1.1 Surface Plasmon Resonance Based Sensors ....................................................................... 1 

1.2 Bonding strength of PDMS to gold surfaces .......................................................................... 3 

1.3 Force and stress sensors .......................................................................................................... 4 

1.3.1 Capacitive sensors ............................................................................................................. 5 

1.3.2 Piezoelectric sensors ......................................................................................................... 7 

1.3.3 Resistive sensors. .............................................................................................................. 9 

1.4 Piezoresistive sensors ............................................................................................................. 10 

1.4.1 History ................................................................................................................................ 10 

1.4.2 Piezoresistive effect ......................................................................................................... 10 

1.4.3 Types of piezoresistive sensors. .................................................................................... 13 

1.4.4 Applications of FSR sensors .......................................................................................... 16 

1.5 Sensor static characteristics. .................................................................................................. 16 

1.5.1 Sensitivity ........................................................................................................................... 17 

1.5.2 Sensor span ...................................................................................................................... 17 

1.5.3 Errors .................................................................................................................................. 17 

1.5.4 Accuracy ............................................................................................................................ 18 

1.5.5 Precision ............................................................................................................................ 19 

1.5.6 Linearity ............................................................................................................................. 19 

1.5.7 Drift ..................................................................................................................................... 19 

1.5.8 Full-scale output ............................................................................................................... 19 

1.5.9 Resolution .......................................................................................................................... 19 

1.5.10 Hysteresis .......................................................................................................................... 20 

1.6 Literature review ....................................................................................................................... 20 

1.6.1 Commercially available options. .................................................................................... 22 

1.7 Goals and expectations ........................................................................................................... 22 

1.8 Primary Goal ............................................................................................................................. 22 

1.9 Secondary Goals ...................................................................................................................... 23 



vii 
 

vii 
 

2   DEVELOPMENT OF THE FORCE AND DEFLECTION MEASURING SYSTEM ............... 24 

2.1 Methodology .............................................................................................................................. 24 

2.1.1 Design requirements ........................................................................................................ 24 

2.1.2 Measuring system architecture ...................................................................................... 25 

2.2 Mechanical design ................................................................................................................... 26 

2.2.1 Sample holder ................................................................................................................... 28 

2.3 Circuit design ............................................................................................................................ 29 

2.3.1 Sensor ................................................................................................................................ 29 

2.3.2 Conditional circuit ............................................................................................................. 30 

2.3.3 Data acquisition and processing .................................................................................... 31 

2.3.4 Programming. ................................................................................................................... 32 

2.4 Final setup ................................................................................................................................. 33 

2.5 Calibration ................................................................................................................................. 35 

2.6 Sample preparation .................................................................................................................. 38 

3  RESULTS AND DISCUSSION ...................................................................................................... 40 

3.1 Sensor estimated cost ............................................................................................................. 40 

3.2 Part I: Sensor characteristics .................................................................................................. 40 

3.2.1 Sensitivity ........................................................................................................................... 40 

3.2.2 Residual error: .................................................................................................................. 41 

3.2.3 Accuracy: ........................................................................................................................... 41 

3.2.4 Precision ............................................................................................................................ 43 

3.2.5 Resolution .......................................................................................................................... 45 

3.3 Part II: System response to gold samples ............................................................................ 45 

3.3.1 Response of the system with glass-PDMS samples. ................................................. 45 

3.3.2 Constant surface contact ................................................................................................ 46 

3.3.3 Signal saturation. .............................................................................................................. 47 

3.3.4 Reference samples .......................................................................................................... 48 

3.3.5 11MUA samples ............................................................................................................... 49 

3.3.6 MPTMS samples .............................................................................................................. 50 

3.3.7 Comparison between Reference and MPTMS ............................................................ 51 

3.3.8 Video results ..................................................................................................................... 52 

4  CONCLUSIONS AND FUTURE WORK ...................................................................................... 54 



viii 
 

viii 
 

REFERENCES ............................................................................................................................................... 56 

APPENDICES .................................................................................................................................................. 1 

Appendix A .............................................................................................................................................. 1 

Appendix B .............................................................................................................................................. 3 

Appendix C .............................................................................................................................................. 5 

Appendix D .............................................................................................................................................. 8 

Appendix E .............................................................................................................................................. 9 

 

FIGURES 
FIGURE 1: A) ATTENUATED TOTAL REFLECTION OR KRETSCHMANN 

CONFIGURATION; B) OPTICAL GRATINGS CONFIGURATION; C) SPR SENSOR 

BASED ON NANOHOLE ARRAYS; AND D) LOCALIZED SURFACE PLASMON 

RESONANCE SENSOR 4. ........................................................................................ 2 

FIGURE 2 MOST COMMON BONDING STRENGTH TESTING METHODS: A) SHEAR 

STRENGTH TEST; B) TENSILE STRENGTH TEST; AND C) PEELING TEST. 

SCHEMATIC ADAPTED FROM 12............................................................................ 5 

FIGURE 3 CONFIGURATION OF CAPACITIVE SENSORS USED TO MEASURE 

DISPLACEMENT 28. ................................................................................................. 6 

FIGURE 4 BASIC STRUCTURES OF INTEGRATED CAPACITIVE PRESSURE 

SENSORS 28. ........................................................................................................... 7 

FIGURE 5 PIEZOELECTRIC EFFECT IN QUARTZ CRYSTAL 23. ................................. 8 

FIGURE 6: A) UNBONDED STRAIN GAUGE B) BONDED STRAIN GAUGE. ............. 13 

FIGURE 7 FOIL STRAIN GAUGE. ................................................................................ 14 

FIGURE 8: A) FSR SENSOR; B) COMPOSITION OF A FSR SENSOR; AND C) 

OPERATING PROCESS OF INK BASED FSR SENSOR. ..................................... 15 

FIGURE 9 A) FSR TACTILE SENSOR ELASTOMER FILM; B) GENERAL TRANSFER 

FUNCTION OF FSR SENSOR, RESISTANCE, AND CONDUCTANCE. ............... 16 

FIGURE 10 SYSTEM ARCHITECTURE ....................................................................... 25 

FIGURE 11: A) CYLINDER-PLUNGER SYSTEM (PEN); B) SYSTEM SIMPLIFIED 

MODEL. .................................................................................................................. 27 

file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993689
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993689
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993689
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993689
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993690
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993690
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993690
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993691
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993691
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993692
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993692
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993693
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993694
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993698
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993699
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993699


ix 
 

ix 
 

FIGURE 12 MAIN MECHANICAL DESIGN: A) PIEZORESISTIVE SENSOR; B) BASE; 

C) PLUNGER; D) SPRING; E) COMPLEMENTARY BASE; F) NEEDLE; AND G) 

SYSTEM ASSEMBLED. ......................................................................................... 28 

FIGURE 13 SAMPLE HOLDER .................................................................................... 28 

FIGURE 14 STEPPER MOTOR BASE TO FOLLOW THE MICROMETER AXIS......... 29 

FIGURE 15 PIEZORESISTIVE SENSOR FSR402 ....................................................... 30 

FIGURE 16 CIRCUIT COMPARISON BETWEEN WHEATSTONE BRIDGE AND 

VOLTAGE INVERTER. ........................................................................................... 31 

FIGURE 17 CURRENT TO VOLTAGE CONVERTER .................................................. 31 

FIGURE 18 PROGRAM FLOWCHART TO OBTAIN THE FORCE AND DEFLECTION

 ................................................................................................................................ 32 

FIGURE 19 A) FINAL SETUP OF THE MEASURING SYSTEM; B) EXPLODED VIEW 

OF THE MEASURING SYSTEM ............................................................................ 34 

FIGURE 20 FINAL SETUP OF THE MEASURING SYSTEM: A) MAIN MECHANICAL 

SYSTEM; B) SAMPLE HOLDER AND MICROMETER; C) STEPPER MOTOR ON 

THE MOTOR BASE; D) GOLD SAMPLE POSITION DURING A TEST AND E) 

VIDEO CAMERA CONNECTED TO A RASPBERRY PI. ....................................... 35 

FIGURE 21 CALIBRATION SETUP. ............................................................................. 36 

FIGURE 22 CALIBRATION CURVE A) CALIBRATION CURVE WITH MEAN AND 

STANDARD DEVIATION, N=4, B) 4 TESTS VARYING WEIGHT. ......................... 38 

FIGURE 23 GOLD SAMPLE PREPARATION PROCESS, FOR FUNCTIONALIZATION 

AND REFERENCE SAMPLES. .............................................................................. 39 

FIGURE 24 RESIDUAL ERROR OF EACH CALIBRATION CURVE. ........................... 42 

FIGURE 25 SAME GLASS SAMPLE OVER 5 RUNS (T4 MEMBRANE BREAKING, T5 

LAST RUN WITHOUT PDMS MEMBRANE). ......................................................... 44 

FIGURE 26 PRECISION VALUES OBTAINED FOR EACH CALIBRATION CURVES. 45 

FIGURE 27 SYSTEM RESPONSE TO GLASS SAMPLE WITH AND WITHOUT PDMS 

MEMBRANE. .......................................................................................................... 46 

FIGURE 28 BEHAVIOR DUE TO IRREGULAR CONTACT SURFACE. ....................... 47 

FIGURE 29 SIGNAL SATURATION EXAMPLE ............................................................ 48 

file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993700
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993700
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993700
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993701
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993702
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993703
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993704
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993704
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993705
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993706
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993706
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993707
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993707
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993708
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993708
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993708
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993708
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993709
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993710
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993710
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993711
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993711
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993712
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993714
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993716


x 
 

x 
 

FIGURE 30 REFERENCE SAMPLES: A) COMPLETE BEHAVIOR; B) BEFORE 

BREAKING OFF. .................................................................................................... 49 

FIGURE 31 11MUA SAMPLES: A) COMPLETE TEST; B) BEFORE BREAKING OFF.

 ................................................................................................................................ 50 

FIGURE 32 MPTMS SAMPLES: A) COMPLETE TEST; B) BEFORE BREAKING OFF

 ................................................................................................................................ 51 

FIGURE 33 MPTMS VS REFERENCE SAMPLES A) COMPLETE TEST; B) TEST 

BEFORE BREAKING-OFF POINT ......................................................................... 52 

FIGURE 34 CONTROL SAMPLES: A) BEFORE BREAKING OFF; B) AFTER 

BREAKING OFF. .................................................................................................... 52 

FIGURE 35 REFERENCE SAMPLES A) BEFORE AND B) AFTER BREAKING OFF. 53 

FIGURE 36 MPTMS SAMPLES A) BEFORE AND B) AFTER BREAKING OFF. ......... 53 

FIGURE 37 VOLTAGE INVERSOR USING THE OP-AMP LM358. ................................ 8 

FIGURE 38 MOTOR ELECTRICAL CIRCUIT ................................................................. 9 

 

 

 

 

 

file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993718
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993718
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993719
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993719
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993720
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993720
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993721
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993721
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993722
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993722
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993723
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993724
file:///C:/Users/Aldo%20Gonzalez/Desktop/Tesis_AEGL_Corr.docx%23_Toc121993725


1 
 

 

 

1  

INTRODUCTION 

 

 

1.1 Surface Plasmon Resonance Based Sensors 
 Optical sensors are widely used to measure chemical and biological quantities. 

Many sensors with different operational principles can be employed for that task. The 

most popular methods are ellipsometry, spectroscopy, interferometry, spectroscopy of 

guided modes in optical waveguides, and surface plasmon resonance. Among these 

methods, the Surface Plasmon Resonance (SPR) based sensors, have been studied 

due to their high sensitivity 1.   

In 1902 Wood documented for the first time the plasmon effect when he illuminated a 

metallic diffraction grating with polychromatic light. On his observations he noticed dark 

narrow lines, which he could not explain, and he named them “anomalies”. In that work, 

he discussed the possible explanation, attributing these anomalies to the light diffrac-

tion when it hits the ridge of the grating 2. 

A plasmon is a collective oscillation of free electrons in a noble metal; in other words, 

a plasmon is a quantum of a plasma oscillation. Another interpretation of plasmon is 

that represents a mechanical oscillation of the electron gas of a metal. According to 

Mayer and Hafner, 2011 Surface Plasmons are optically excited, and light can be cou-

pled into standing or propagating surface plasmon modes through a grating or a defect 

in the metal surface 3.  

Surface Plasmon Resonance (SPR) is an oscillation that takes place on the bond of 

surfaces with two dielectric constants of opposite signs, such as metal and dielectric 

materials. These materials have been widely used in the development of SPR sensors 

1. The SPR sensors have shown a high sensitivity to changes in the reflection index 

near the metallic surface 4.  
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Possible configurations of SPR sensors are shown in Figure 1, namely: Attenuated 

Total Reflection (ATR), or Kretschmann configuration; optical grating configuration, and 

nanohole array configuration. In addition, another widely investigated configuration is 

the Localized Surface Plasmon Resonance (LSPR) sensor, where nanoparticles are 

excited by light with larger wavelengths than the particle diameter 4. 

 

 

Nanoplasmonic sensors show extraordinary sensitivity compared to current optical sen-

sors, moreover, this kind sensor has shown ability of real time, label-free sensing. They 

have shown successful applications in the field of chemistry, biology, medicine, and 

food safety 5.   

The structure of an SPR-based sensor has three main parts. The first one is an optical 

system, which excites the system and produces surface plasmons. The second one is 

a transducer, which interrelates the optical and (bio)chemical domain. The last part is 

the electronic system, which supports optoelectronic components of the sensor and 

allows data processing 1. 

Among the possible configurations for SPR-based sensors, the integration of nanohole 

arrays has been widely studied, because they facilitate the resonance-induce field en-

hancement 6. In addition, the development and application of SPR-based sensors has 

increased in the past few years and a focus has been the reduction in cost to incorpo-

rate them into devices for biological and chemical sensing applications 7,8.  

In recent years, the integration of nano hole array-based sensors to microfluidic chips 

allowed the development of optofluidic devices with unique characteristics compared 

to other optical sensors 6. Nano hole arrays made from gold have shown impressive 

Figure 1: A) Attenuated Total Reflection or Kretschmann configuration; B) Optical gratings configuration; C) SPR sensor based on 
nanohole arrays; and D) Localized Surface Plasmon Resonance sensor 4. 
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performance as optical detectors in various investigations, therefore, this material is 

widely used on these applications 6. In general, microfluidic chips are made of glass or 

PDMS, being PDMS the most popular nowadays 9. In consequence, the bonding prop-

erties, in particular bonding strength, of the main materials for nano hole arrays (gold) 

and microfluidic chips (PDMS), is a promising area to study the implications of this 

property on the performance of new optofluidic devices. 

1.2 Bonding strength of PDMS to gold surfaces 

 In general, microfluidic devices are made of various materials such as elasto-

mers, glass, and metals 10; however, in recent years, research on elastomers bonded 

to metals on microfluidic devices have increased due to their properties. In many appli-

cations these materials interrelate, making their surface interaction an important feature 

to study. Different materials, such as gold, silver, glass, and silicon, present useful sur-

face properties10. From those materials, according to Prats-Alfonso et al (2011), gold 

is one of the most versatile materials, being this material commonly used to create 

biosensors destinated for different applications, such as medical diagnostic and indus-

trial processes. Polydimethylsiloxane (PDMS) is a polymer that belongs to the silox-

anes group. It is usually presented in two separate parts, a liquid silicon rubber base, 

and a catalyst or curing agent. PDMS is widely used in electronics, mechanics, biology, 

chemistry, and microfluidics, among other research areas, due to its properties; it is 

transparent to optical wavelengths, inexpensive, flexible, thermal, and chemically sta-

ble, and also is biocompatible 11,12. Also, PDMS is a suitable material for thin mem-

branes, because of its semi permeable behavior, which allows gasses passing through 

but not water, this characteristic can be used on biosensors and Lab-on-Chip applica-

tions 13,14.  However, some properties of PDMS could represent drawbacks for biosens-

ing, such as its hydrophobicity or the need to improve the wettability to deliver liquids 

9. This problem arose the need for some treatments (preprocess or post-process) for 

this polymer 15. 

Due to the advantages of using gold and PDMS at microscales, such as microfluidics, 

many studies have focused on the combination of PDMS membranes and gold sur-

faces 16. Although some treatments allow bonding of PDMS to gold surfaces 17,15, some 

studies focus on the maximum pressures that bonding permits, before leakage occurs 
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due to bonding failure17. Casanova-Moreno et al (2017), use microchannels to test 

bonding between PDMS and gold pattern surfaces, they concluded that some treat-

ments are capable of improving the mechanical properties of the bonding between 

these two materials.  

Some studies have focused on test bond strength of PDMS to gold films by using peel-

ing tests with adhesive tape 18,19, for example, Byun et al (2013), uses this method to 

compare the performance of gold surfaces modified with MPTMS and 11MUA. This 

method showed that gold and PDMS bond is stronger by using MPTMS treatments; 

however, this method is qualitative but not accurate. On a different study, Ouellet et al, 

(2010), used a strength testing machine (MTS 810) to obtain the force needed to sep-

arate PDMS from modified gold surfaces; although this process is more accurate, the 

cost of this machine (MTS 810) can make it unaffordable for further studies 20. 

1.3 Force and stress sensors 

Transducers are devices that convert one form of energy into another. According 

to the International Vocabulary of Basic and General Terms in Metrology (ISO, 2006), 

a sensor is defined as a “component of a measuring system that is directly affected by 

a phenomenon, body, or substance carrying a quantity being measured” 21. It is im-

portant to notice that this definition is general, and many authors use a narrower defi-

nition by including that a sensor must have an electrical output signal 22. An actuator is 

considered as the opposite of a sensor, due that the actuator oversees the conversion 

of electrical signals into actions, such as mechanical.  

A sensor can be integrated by many transducers and one direct sensor, these elements 

oversee the correct conversion of the stimulus into the desired electrical signal, this 

sensor is called hybrid 23. 

Sensors can be classified according to the application, the sensing elements, the input 

stimulus or the operational principle 24,25. Measuring forces and stress is an important 

field of study, a broad range of applications needs to measure forces accurately, for 

instance, in robotics, wearable sensors where the development of force sensors to 

measure the behavior of robots is crucial to perform different tasks 26 such as wearable 

sensors to healthcare, monitoring, and medical treatment. There are distinct sensors 
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for measuring forces; based on their operational principle, they can be separated into 

many groups, for instance, capacitive, resistive, and piezoelectric sensors. 27 

Stress could be due to tension or compression forces; stress is defined as a force per 

unit area. The strain is the result of stress, and it is a dimensionless quantity, mean-

while, the stress is a quantity that has physical dimensions. Many of the sensors can 

measure the stress by knowing the strain of a material and the Young’s modulus. 22  

The interest on bonding strength properties between gold and PDMS has caused the 

use of measuring systems separated on four main tests, namely: Tensile strength test 

(Figure 2 a); shear strength test (Figure 2 b); peeling test, (Figure 2 c); and leakage 

test 13. From these tests, the tensile strength and the shear strength tests are performed 

by applying normal or tangent forces to the polymeric surface and measuring the ap-

plied force required to separate the gold and the PDMS13. 

 

 

1.3.1 Capacitive sensors 

Capacitive sensors are based on the two-conductor surfaces called electrodes, 

which are separated with a dielectric material. The electric charge (𝑄) between the 

electrodes is directly proportional to the voltage (𝑉) between them and the capacitance 

(𝐶).28  

𝑄 = 𝑉𝐶 1 

Figure 2 Most common bonding strength testing methods: a) shear strength test; b) 
tensile strength test; and c) peeling test. Schematic adapted from 12. 
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The capacitance is a quantity that depends on three parameters: the permittivity (𝜀) of 

the dielectric material, the surface area (𝐴), and the distance between the electrodes 

(𝑑), as expressed in the equation 2: 

𝐶 = 𝜀
𝐴

𝑑
 

 2 

These sensors are widely used to measure displacement, force, and pressure. They 

are well known because of their low cost, and high sensitivity, and they are also avail-

able in commercial A/D chips, making them accessible nowadays. The main drawbacks 

of these sensors are the high hysteresis effect; their sensitivity to weather conditions 

(moisture); and the complex electronic circuits required to use them. 29 28 

There are three basic configurations for these sensors: flat plate, multiplate, and silicon 

capacitive sensors. The flat plate and the multiplate configurations are commonly used 

to measure displacement; meanwhile the silicon capacitive sensors are also used to 

measure distance, force, and pressure.28 Additionally to these configurations, a cylin-

drical configuration is also available, but in practice it is difficult to build it compared to 

the flat plate and multiplate configurations. 23 

 

Figure 3 shows the three basic configurations for measuring displacement using ca-

pacitive sensors, flat plate configuration (A and B), and cylindrical configuration (C). It 

is important to notice that by using an appropriate construction, any displacement sen-

sor could be used as a force sensor 28.  

In contrast to flat plate configurations, the silicon pressure sensor, shown in Figure 4, 

incorporates a flexible membrane attached to one flat electrode allowing the variation 

of the voltage due to changes in the distance between the electrodes (reference gap). 

Figure 3 Configuration of capacitive sensors used to measure displacement 28. 
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Two main structures of this kind of sensor are (A) a glass top plate configuration and 

(B) three silicon layers  28. 

 

 

1.3.2 Piezoelectric sensors 

The piezoelectric effect is present on specific materials when they are deformed, 

producing the reorientation of electric charges in the material, also called electric po-

larization. By changing the electric polarization, the elements have opposite charges 

on the opposing surfaces of the element. In these materials, the change in charge is 

proportional to the applied force.30 Piezoelectricity comes from the Greek “piezein” 

which means «to press, to compress» and refers to the electricity, then it is known as 

electricity from pressure or compression. In 1880, the Curie brothers discovered this 

effect; years later, they documented the inverse effect on this kind of material 31. 

Three groups of materials exhibit piezoelectricity: the natural piezoelectric materials, 

the quartz (𝑆𝑖𝑂2); ceramic materials, such as barium titanate (𝐵𝑇𝑂); polymers, for in-

stance, polyvinylidene fluoride (PVDF) 30. 

The construction of these sensors is similar to a flat-plate capacitor, where the dielectric 

element is located between two electrodes, and the strain due to external forces 

charges the capacitor. Some piezoelectric sensors use two electrodes on opposite 

sides to measure a voltage between the two electrodes 23,30. In Figure 5 the piezoelec-

tric effect is represented on quartz when compression is applied (b) or tension (c) on 

two edges of the crystal 23. 

Figure 4 Basic structures of integrated capacitive pressure sensors 28. 
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The magnitude of the piezoelectric effect can be represented by the vector of polariza-

tion 23: 

𝑷 = 𝑷𝑥𝑥 + 𝑷𝑦𝑦 + 𝑷𝑧𝑧 

These vectors can be written as the linear combination of the axial stresses: 

𝑷𝑥𝑥 = 𝑑11𝝈𝑥𝑥 + 𝑑12𝝈𝑦𝑦 + 𝑑13𝝈𝑧𝑧 

𝑷𝑦𝑦 = 𝑑21𝝈𝑥𝑥 + 𝑑22𝝈𝑦𝑦 + 𝑑23𝝈𝑧𝑧 

𝑷𝑧𝑧 = 𝑑31𝝈𝑥𝑥 + 𝑑32𝝈𝑦𝑦 + 𝑑33𝝈𝑧𝑧 

Where 𝝈𝑥𝑥, 𝝈𝑦𝑦, and 𝝈𝑧𝑧  represents the axial stresses, and 𝑑𝑖𝑗 are the piezoelectric 

coefficients, which are unique for each material and depends on the force direction; the 

units for these coefficients are (
𝐶

𝑁
), Coulomb per Newton. If a piezoelectric material is 

properly built as a flat plate capacitor configuration, and the applied force lays on one 

axis only, then the charge generated by the piezoelectric 𝑄𝑥 will be 23: 

𝑄𝑥 = 𝑑11𝐹𝑥  3 

Where 𝐹𝑥 is the applied force, and 𝑑11 is the piezoelectric coefficient along the x axis. 

Considering this piezoelectric sensor as a capacitor due to the electrodes on its edges, 

the voltage generated (𝑉) is expressed as: 

𝑉 =
𝑄𝑥

𝐶
=

𝑑11

𝐶
𝐹𝑥 

 4 

Figure 5 Piezoelectric effect in quartz crystal 23. 
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The capacitance of this configuration is defined as: 

𝐶 =
𝜅𝜀0𝑎

𝑙
  5 

Where 𝑎 is the electrode surface area, 𝑙 is the crystal thickness and 𝜅𝜀0 is the dielectric 

constant. With this equation, the output voltage of the sensor can be expressed as: 

𝑉 =
𝑑11𝑙

𝜅𝜀0𝑎
𝐹𝑥 

 6 

As this equation shows, the maximum output voltage can be obtained as the electrode 

surface area is minimized, and the thickness is increased. Although this expression 

shows the linear relationship between force and voltage, this kind of sensor is not suit-

able to measure static forces. 23  

Piezoelectric sensors are widely used in industry and research to measure force and 

by using a proper construction; they also can measure pressure, strain, and accelera-

tion. For detecting forces, piezoelectric sensors are sensitive to small deformations and 

do not need the implementation of spring systems.30 

1.3.3 Resistive sensors. 

Resistive sensors are devices that measure changes in the environment based 

on changes in the resistance of a transductor. All the materials have different electrical 

properties associated with them, for instance, resistivity and conductivity. Conductivity 

𝜎 is defined as the relation between the current density 𝐽 and the electric field 𝐸 applied 

to an element, also it can be seen as the inverse of the specific resistivity 𝜌.23,32 

𝜎 =
1

𝜌
=

𝐽

𝐸
 

 7 

The specific resistivity 𝜌 is expressed in the next equation: 

𝜌 =
𝑚

𝑛𝑒2𝜏
  8 

Where 𝜏, is the time between collisions, 𝑒 is charge of an electron, 𝑚 is the mass of 

electron and 𝑛 is the number of conduction electrons per unit volume of material.23 

Some factors also affect the specific resistivity of a material, like temperature, strain, 

and moisture.  
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The resistance of a bar 𝐵 depends on the geometry and the properties of the material. 

The resistance between the endpoints of the bar 𝐵 of length 𝑙 and cross-section area 

𝐴 is represented by: 

𝑅 = 𝜌
𝑙

𝐴
 

 

 9 

The resistance 𝑅 of a resistor in electrical circuits can be determined, first by applying 

a voltage 𝑉 on the element, which generates an electrical current 𝐼, and then using 

Ohm’s law:23 

𝑉 = 𝑅𝐼 

 

 10 

Based on this equation, resistive sensors can be divided into five main groups; strain 

gauges, which are based on the variation of the ratio 
𝑙

𝐴
 and are widely used as force 

and pressure sensors; piezoresistive sensors, which are used to measure force and 

pressure; magnetoresistive sensors, used to measure changes on magnetic fields; 

thermoresistive sensors, which are more sensitive to temperature variations and opto-

resistive sensors, which are sensitive to light variation. The last four groups of sensors 

are based on the variation of the specific resistivity 𝜌. 32 

1.4 Piezoresistive sensors 

1.4.1 History 

The discovery of the piezoresistive effect can be attributed to Lord Kelvin in 

1856, who compared the change of the resistance in copper and iron wires, while their 

elongation was the same. In 1935 Cookson defined “piezoresistance” as the change in 

conductivity with stress. Piezo comes from the Greek “piezein” which means <<to 

press, to compress>> and from Latin “resistĕre”, which means <<to stop>>. Piezore-

sistive is the change in the resistance due to a change in pressure or compression. 33,34 

1.4.2 Piezoresistive effect 

The resistive sensors are based on wires, on which relative changes of the re-

sistance are stated in the equation:  
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𝑑𝑅

𝑅
=

𝑑𝜌

𝜌
+

𝑑𝑙

𝑙
−

𝑑𝐴

𝐴
 

 11 

 

The wire has across sectional 

 area defined as 𝐴 = 𝜋𝑟2 and derived from this equation results on: 

𝑑𝐴

𝐴
= 2

𝑑𝑟

𝑟
 

 12 

The relation between the resistance variation and its parameters could be expressed 

as: 

𝑑𝑅

𝑅
=

𝑑𝜌

𝜌
+

𝑑𝑙

𝑙
−

2𝑑𝑟

𝑟
  13 

To simplify this expression, it is necessary to use the Poisson’s ratio, which states for 

the relationship between the change on the radio and the length of the wire. 

𝜈 = −
𝑑𝑟/𝑟

𝑑𝑙/𝑙 
  14 

Finally, by substituting equation 14 in equation 13 the relative change in resistivity is 

expressed as: 

𝑑𝑅

𝑅
=

𝑑𝜌

𝜌
+ (1 + 2𝜈)

𝑑𝑙

𝑙
  15 

The gauge factor for a resistive sensor is defined as the fractional change in resistance 

per unit strain: 

𝐺𝐹 =

𝑑𝑅
𝑅
𝑑𝑙
𝑙

  16 

This factor is important because it represents the sensitivity of piezoresistive sensors 

25. 

Equation 15 implies three possible cases for resistive sensors: the first case when the 

change ratio on the resistivity is bigger than the geometrical factor: 

𝑑𝜌

𝜌
≫

𝑑𝑙

𝑙
  17 
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In this case, the geometrical changes are negligible and then changes on volume re-

sistance are expressed as: 

𝑑𝑅

𝑅
=

𝑑𝜌

𝜌
  18 

In this scenario, the change in resistance will depend only on material’s specific resis-

tivity, so that equation 18 allows having larger gauge factors than other cases of study. 

The second case is when changes on the geometrical factor and the specific resistivity 

are comparable to each other: 

𝑑𝜌

𝜌
~

𝑑𝑙

𝑙
 

 

 19 

Considering equation 19 the change in the volume resistance is represented as: 

𝑑𝑅

𝑅
= (2 + 2𝜈)

𝑑𝑙

𝑙
 

 20 

And the gauge factor should be determined only by the Poisson’s ratio (𝜈) and this is 

constrained by  𝜈 ≤ 0.5. In consequence the maximum gauge factor for this case is 3, 

which is a small factor for a sensor. 

The third case is characterized by bigger changes in the geometrical factor: 

𝑑𝑙

𝑙
≫

𝑑𝜌

𝜌
 

 

 21 

On this regard, the volume resistance is represented by the expression: 

𝑑𝑅

𝑅
= (1 + 2𝜈)

𝑑𝑙

𝑙
 

 

 22 

In this case, changes in the resistance are due to the geometrical changes, therefore 

the gauge factor will be maximum 2. 

In conclusion, change in the specific resistivity (𝑑𝜌/𝜌) and the geometrical factor (𝑑𝑙/𝑙) 

exists for all the resistive sensors, which means that all piezoresistive sensors are sen-

sitive to these changes. For instance, strain gauges (metal materials) are more 
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sensitive to geometrical factors (𝑑𝑙/𝑙) and are mainly used in the case number three, 

sometimes the specific resistivity factor is almost zero; meanwhile, on piezoresistive 

sensors (semiconductor materials) the variation in the resistivity is 50 or 100 times 

larger than the changes in the geometrical factor, which represents the first case 

23,32,34,35. 

1.4.3 Types of piezoresistive sensors. 

According to the operational principle of the sensors, piezoresistive sensors are 

divided into two main groups, namely: strain gauges and Force-Sensing Resistance 

(FSR) sensors. Strain gauge sensors are the most used due to their large number of 

applications. 

1.4.3.1 Strain Gauges 

Piezoresistive sensors can transform stress and strain into resistance variation, 

but strain is easier to measure, then when a sensor directly measures the strain is 

called Strain Gauge, which is a passive sensor and can be separated in terms of its 

configuration 36. 

 

Among strain gauges, there are three main divisions, namely: wire strain gauges, foil 

strain gauges and semiconductor strain gauges. Wire strain gauges can be classified 

into bonded (Figure 6 a) and unbonded (Figure 6 b) strain gauges. The latter has wires 

bonded to a supporting base, and then the strain is transferred to the wires. Meanwhile, 

the unbonded strain gauges are wires joined between two parts of insulating material 

and then the length is varied with a mobile platform. These gauges are in the second 

group and its gauge factor is between 2 and 3 36. 

Figure 6: a) Unbonded strain gauge b) Bonded strain gauge. 

a) b) 
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A problem with bonded strain gauges is that in presence of strain wires will experiment 

strain in the transverse axis. This effect is not desirable because introduces error sig-

nals; despite this resistance change in the cannot be eliminated, but it can be compen-

sated by using different configurations that can consider this phenomenon36. 

Foil strain gauges were implemented by using a metallic foil to make the patterns on 

these devices. Building process of these sensors consists of attaching a thin foil to a 

base and then applying a mask to the desired pattern Finally, the remain metal is elim-

inated. Using this process, the metal patterns can be thinner than the wire strain 

gauges, and the sensitivity of these groups is almost the same. Recently, most of the 

metallic strain gauges are built on this configuration because it reduces the hysteresis 

and the transverse sensitivity, and increases the longitudinal sensitivity compared to 

the wire configuration 36,37. 

 

Figure 7 Foil strain gauge. 

The use of semiconductor materials as piezoresistive sensors have been widely inves-

tigated due to properties of these materials; germanium and silicon are examples of 

them. The advantage of using these materials instead of metals are, as seen in the first 

case of the piezoresistive sensors, the gauge factor of these sensors is between 50 

and 400 and the range of hysteresis approximately 0.05% On the other hand, they are 

more expensive than wire strain gauges and their behavior is less linear 37. One of the 

recommended circuits for this sensor are invert-current operational amplifiers to act as 

a pressure transductor, and a Wheatstone bridge array to compensate the temperature 

variations 36. 
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1.4.3.2 Force Sensing Resistors (FSR) 

Force Sensing Resistors are sensors based on two main elements, first, a thin 

resistive layer applied to a film and digitizing contacts applied to another film. When 

forces are applied to these devices, the contact between the two films varies depending 

on this force, in consequence, the resistance of the former film will decrease 25. FSR 

can be classified into two groups depending on the configuration, namely: Thru mode 

(five layers) or Shunt mode (three layers). 

 

Figure 8: a) FSR sensor; b) Composition of a FSR sensor; and c) Operating process of ink based FSR sensor. 

Thru mode consists of five layers, two protective layers, the printed film and finally two 

electrodes. The Shunt mode for FSR sensors comprises three layers, one of which has 

some conductive materials impregnated on it, for example, carbon powder 23. 

A FSR sensor exhibits higher thermal stability compared to semiconductor strain 

gauges, and the sensitivity is at least ten times larger than wire strain gauges 23. More-

over, these sensors have a logarithmic behavior based on resistance changes 25, as 

shown in Figure 9 , but present a quasilinear behavior when the conductance is meas-

ured 23. 

FSR sensors show lower sensitivity to temperature changes compared to the semicon-

ductor strain gauges. To have a linear behavior, the sensor must have an offset to start 

measurements (usually 40g). Studies have shown the comparison between FSR sen-

sors, piezoelectric sensors, and capacitive sensors 38,39. Such researches have demon-

strated that FSR sensor are cost-effective sensors that can be used for many applica-

tions. 
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Figure 9 a) FSR tactile sensor elastomer film; b) General transfer function of FSR sensor, resistance, and conduct-

ance. 

 

1.4.4 Applications of FSR sensors 

FSR sensors have been widely used for accurate applications, such as measur-

ing heartbeats 23, sensors for robotic fingers 39, foot plantar pressure measurement 40, 

musculoskeletal behavior and sport tracking 38, instrumental gloves 41, etc. 

On this regard, it is shown that FSR sensors can be used on various applications in 

different fields. Many researchers use different circuit configurations to obtain different 

sensor characteristics, such as sensitivity, sensor span and accuracy 39,42,43. Among 

the limitations of the FSR sensors, it is shown by many authors that the hysteresis 

effect, the drift effect, and the use of cycling forces are substantial sources of error and 

inaccuracy for the systems that work with this kind of sensor 44. Another important lim-

itation is the room temperature, which should be controlled or at least the room tem-

perature must be the same as possible as the calibration curve conditions 42. 

1.5 Sensor static characteristics. 

Static characteristics of a sensor are the properties of this device obtained from 

a process called calibration, these are: sensitivity, sensor span (input full-scale), reso-

lution, errors, accuracy, linearity, drift, full-scale output, resolution, repeatability, and 

hysteresis. These characteristics can be considered when two different sensors are 

compared, to choose the best option 23,36. 
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1.5.1 Sensitivity 

Sensitivity is defined as the relationship between the output and the input of the 

system when a change in the input is applied. When a system is represented by a linear 

function, then the sensitivity is the slope of the calibration curve. Assuming that the 

linear representation of the system is defined by: 

 

𝑦 = 𝐴 + 𝐵 ∗ 𝑥  23 

 

Where 𝐴 is the offset of the sensor, 𝐵 is the slope of the line, 𝑦 is the output of the 

system and 𝑥 is the input or stimulus. Thus, the sensitivity of the system will be ex-

pressed as: 

𝐵 =
∆𝑦

∆𝑥
 

 24 

 

For nonlinear curves, the sensitivity is not represented by a number, it is defined as the 

derivative of the nonlinear function between the output and the input, evaluated on the 

input point 𝑥𝑖 
23. 

1.5.2 Sensor span 

Sensor span or input full-scale is defined as the range of stimuli that the sensor 

is capable of measuring. This value is the highest input value before having an output 

beyond the tolerance. Graphically the span is the zone in the stimulus axis where all 

the data is found 25. 

1.5.3 Errors 

The error is the deviation of the measured value from the desired value. The 

error can be expressed in two forms, in absolute and percentage 36: 

𝑒 = 𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 − 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 = 𝑌𝑛 − 𝑋𝑛 

 

 25 
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%𝐸𝑟𝑟𝑜𝑟 =
𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑣𝑎𝑙𝑢𝑒

𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒
 ×  100 = (

𝑌𝑛 − 𝑋𝑛

𝑌𝑛
) × 100 

 

 26 

Where 𝑌𝑛 is the desired value and 𝑋𝑛 measured value. 

Authors categorized errors to understand and treat the source of errors, to do this they 

are divided into three main groups according to the nature of the error: 

1.5.3.1 Gross error: 

These errors are mainly due to human intervention on recording observations, 

which results in mistakes, also incorrect adjustments or computational mistakes can be 

categorized as gross errors. It is important to note that gross errors cannot be solved 

by mathematical analysis 36. 

1.5.3.2 Systematic error: 

Systematic errors are due to defective or worn parts, mainly due to ageing or 

effects of the environment on the instrument. This group of error influences the meas-

urements of a determined quantity 36. 

1.5.3.3 Random error: 

There are many effects that influence the sensor, it is an accumulation of many 

unknown small effects that take place only in one measurement. Sometimes the insuf-

ficient knowledge of the nature of the process and a poor design are the main causes 

of ignoring these errors in the system. 

1.5.4 Accuracy 

Accuracy is the specified amount of uncertainty of measured values 23, in other 

words accuracy is the highest deviation from the ideal value of the sensor. This concept 

is fundamental for a sensor, it represents the difference between a true value and the 

measured value, the true value is called like that because it can be referred to an ab-

solute or agreed standard 25.  Authors express the accuracy of a system in terms of 

relative accuracy or percentage. 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = 1 − |
𝑌𝑛 − 𝑋𝑛

𝑌𝑛
|  27 
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𝑎 = 100% − %𝑒𝑟𝑟𝑜𝑟 = 𝐴 × 100% 

 

 28 

1.5.5 Precision 

Precision is a concept close to accuracy, the difference between them is that 

precision is the number of times that one measure will repeat, therefore, is also known 

as repeatability. This concept is important for a measuring system. To calculate the 

repeatability many, have to be done, then the average is calculated and the precision. 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 = 1 − |
𝑋𝑛 − �̅�𝑛

�̅�𝑛

| 

 

 29 

 

Where 𝑋𝑛 is the nth measurement and �̅�𝑛 is the average of the nth measurement. 

1.5.6 Linearity 

Linearity is the maximum deviation of the real calibration curve from the theoret-

ical value. Also, this characteristic is called nonlinearity, due that the behavior of the 

sensor is always nonlinear, but through approximations and data processes, a linear 

function describing the system can be obtained. 

1.5.7 Drift 

Drift is caused by variations on the sensor parts or environmental variables over 

time. Signal drifting is defined as a change in the signal output over time, without 

changes in the stimuli. 

1.5.8 Full-scale output 

It is the range in which the system can respond to the input signal, in other words, 

the minimum output and the saturation signal. 

1.5.9 Resolution 

Resolution is defined as the smallest change in the input variable that causes a 

change in the output. 
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1.5.10 Hysteresis 

The change in the direction of application of the stimulus will result in a different 

behavior of the sensor. This change is called hysteresis and it is well known in mechan-

ics and magnetic fields. 

1.6 Literature review 

In recent years, PDMS has become a critical material for many research areas, 

such as microfluidics, biomedicine, flexible electronics, etc. 45,46,47 For example, in mi-

crofluidics this material plays a crucial role in the construction of chips to perform spe-

cific tasks 48; in biomedical applications, the utilization of PDMS increased due to its 

key features and the low environmental impact 47,49,50. In addition, many applications 

reported on research articles include the PDMS bonding as an important decision factor 

in substrate election. Some investigations are focused on PDMS bonding to polymers, 

for instance, polymethylmethacrylate (PMMA), polyimide (PI), polyethylene tereph-

thalate (PET), polystyrene (PS), and PDMS itself 50–53 ; other researchers work with 

metallic materials, such as, gold, titanium, aluminum, copper, chromium, among others 

45,48,50,54–58. On this regard, some customized measuring systems have been developed 

to test bonding strength on polymer membranes, microfluidic chips, and biosensors 

55,59–61; regardless of these developments, most of the studies on this topic employs 

expensive and sophisticated equipment to perform measurements 51,52,58,62. 

According to Borók et al (2021) manual peeling, peeling, tensile strength, shear 

strength, leakage, and burst are the most used tests to measure bonding strength. 

Manual peeling is the easiest method; however, it needs proper tools, also many as-

sumptions are made to describe the bonds13. For example, Byun et al (2013) reported 

the use of this process to measure the performance of PDMS bonding strength; this 

report consists of a quantitative characteristic of the bonding18. In contrast, the peeling 

test employs instruments to measure direct forces on bonding sections. For example, 

Hoang et al (2016) presented a peeling test where they pulled at a 90° angle a substrate 

from PDMS, they employed a tester machine Instron 5943, and the paper shows the 

difference between four different bonding techniques; however, the results shown that 

the force applied is not uniform, and some peaks are present on the signal response 

63. 
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The tensile strength test is the most used method of adhesion measurement 64;it con-

sists of a uniaxial or biaxial force applied to the PDMS to detach the substrate; the force 

can be measured by strain gauges attached to the samples 61. This type of test enables 

researchers to determine important properties of the material, for example, Young’s 

modulus, yield strength, ductility, etc.; Nonetheless, tensile studies are not limited to 

mechanical properties, also measure electrical, magnetic, or optical effects on the sub-

strates 58–60,65. This method offers smooth and accurate results, although most of them 

make use of specialized and expensive machines 51,52,54,58,60,62. 

Another method to measure the bonding performance is the shear strength test, the 

interest of it relies on overcoming the internal parallel forces of the PDMS-based chips 

66. Wang et al (2017), reported five stages on a shear strength test, these stages are 

attributed to bond breaking; however, the non-uniformity of the oxygen treatments and 

the surface finish of the substrate, increase the noise on measurements.  

Finally, the leakage test is also widely used to test the PDMS adhesion; It is important 

to note that almost all the articles cited in this work, are based on the combination of 

two or more testing methods. Therefore, tensile and shear methods are widely used 

alongside leakage tests, this is due to the additional information that this method can 

bring 45,51–53,66–68. For example, Rezal et al (2011) used a tensile test to determine the 

stress-strain curve of the PDMS bonded to parylene; in addition, they include the leak-

age test with different fluids, and they reported a big difference in the behavior of the 

strength depending on the fluid used 51; Also, the maximum pressure obtained with the 

leakage test is different compared to the shear or tensile test used. 

Customized methods have been developed as an option for sophisticated testing ma-

chines; these are based on different operational principles, for example, Lacour et al 

(2006) use micrometers to measure the response of PDMS to the strain; Read and 

Dally (1993), measured the elongation of a characterized spring to calculate the applied 

force to the PDMS. These devices have limitations, such as a limited linear range of 

operation, and assumptions of the acting forces, which made them less accurate than 

the previous works presented.  
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An optical analysis is extensively used on bonding strength measurements because it 

offers details about the nature of forces, and it helps to establish hypotheses about the 

measuring system behavior; in consequence, most of the systems presented here use 

an optical device, for example, microscopic cameras56, digital cameras55, contact angle 

measurements 58, among others.  

In a conclusion, the bonding strength of PDMS is a determinant topic to study, due to 

the broad area of application of this polymer; in recent years there have been many 

papers about the key factors to achieve good adherence between PDMS and many 

substrates. However, these studies rely on the use of expensive machines. According 

to Agostini et al (2019), some of the current PDMS treatments to improve bonding are 

not sufficient, and future investigations will use bonding tests to develop new bonding 

methods In addition, customized measuring systems are a good option compared to 

existing machines because they can be designed to satisfy all the requirements of the 

samples; nevertheless, these instruments should overcome difficulties of instrumenta-

tion requirements, such as a good operating range and accurate results. 

1.6.1 Commercially available options. 

Current commercial solutions for measuring bonding were investigated to develop an 

alternative for this application. For example, Mark-10 presents a Universal Testing Ma-

chine, M5-2 which has a resolution of 0.2 grams and a full-scale output of 1kg, the 

sensor costs 1300 USD (Appendix A); however, this price does not include the motor-

ized test stand, which costs 3200 USD. Another option used by Bakouche et al, 2020, 

is the Mecmesin Multitest, which has a resolution of 0.1 kg, a maximum input of 0.5 kN, 

and an accuracy of 0.1% FS, which represents ±51 g, the total cost is around 7000 

UDS (Appendix B). 

1.7 Goals and expectations 

1.8 Primary Goal 

Develop a cost-effective and accurate system capable of measuring the deflec-

tion and the total force applied to thin polymer layers bonded to plasmonic metallic 

surfaces, which are used in Surface Plasmon Resonance (SPR)-based sensors.  
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1.9 Secondary Goals 

To meet the primary goal, the following steps will be followed: 

• Investigate force sensors and their operational principle. 

• Choose an appropriate sensor based on the system requirements. 

• Design a mechanical system that allows transporting forces from the top plunger 

to the sensor. 

• Design and build a circuit that obtains accurate data from the sensor. 

• Test the sensor’s response to external forces applied to the top of the plunger. 

• Calibrate the sensor in an operating range according to the range of forces found 

in the literature on SPR-based sensors.  

• Characterize the sensor to obtain parameters, such as repeatability, sensitivity, 

and accuracy of operation. 

• Identify the type of errors present on the system’s behavior. 

• Run tests using different polymer membranes bonded to metallic surfaces, to 

compare the performance of the bonding process on each set of membranes. 
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2  

 

DEVELOPMENT OF THE FORCE 

AND DEFLECTION MEASURING 

SYSTEM 
 

 

 

 

2.1 Methodology 

This chapter aims to get insight about the deflection of thin polymer membranes 

bonded to plasmonic metallic surfaces when forces are applied to these membranes. 

A new measuring system has been developed to measure the forces applied to polymer 

membranes and the total deflection they cause. This system transports forces to an 

appropriate force sensor and uses a micrometer to measure the total deflection on the 

membranes. In addition, a video camera has been employed to record the tests from 

the bottom of the samples. 

2.1.1 Design requirements  

According to the literature review, the bonding strength between PDMS and 

other materials (glass, gold, PDMS, among others) depends on various factors, such 

as the material, layer thickness, and bonding process. Different articles report the leak-

age pressure of PDMS bonding tests; for example, PDMS bonded to PDMS can 

achieve a bonding strength higher than 500 kPa 58. On the other hand, PDMS and gold 

bonding strength can reach 250 kPa, without functionalization processes; PDMS 

bonded to PS reaches leak pressures of 800 kPa. The force sensor selected for this 

measuring system must detect forces applied on a specific area that corresponds to 

the pressures reported in the literature. A resolution of 50 kPa can be enough for this 

system. 
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On this work, gold samples coated with PDMS will be used to test the performance of 

the measuring system in SPR-based sensors, these samples are described later. 

Therefore, the proposal system must measure forces on a small area (circle of 1 mm 

diameter) where the gold sample was drilled. 

2.1.2 Measuring system architecture 

The instrument is separated into four different stages, as shown in Figure 10. 

The first one is the excitation stage, in which the mechanism transports the deflection 

force from the polymer membrane to the force sensor, and adds adequate force offset 

to the sensor. By adding a proper offset, the system will avoid errors due to the start of 

the contact between the mechanical parts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the second stage, the signal is conditioned, which oversees the correct signal pro-

cessing in two ways: first, it adds an operational amplifier (OPAMP) working on inverter 

Figure 10 System architecture 

Force 

Sensor 
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mode to linearize the input voltage; second, it uses passive filters, such as capacitors, 

which filter noise signals originated from the power supply elements and background 

signals. At the end of this stage, the signal obtained is an analog voltage output ranging 

from 0 to5 V.  

In the third stage data is acquired and converted; the voltage produced in the last stage 

is treated to convert it into a digital value. This operation is carried out by a microcon-

troller (Arduino Uno), which has an analog to digital converter of 10 bits. Finally, the 

digital parameters are printed in the serial port as ASCII characters after the analog to 

digital signal conversion. 

In the last stage data are processed, in which the data obtained in the past stage is 

now ordered and gathered in a text file. The data is arranged and processed in the 

Origin software using a Python script to obtain the needed information. 

 

2.2 Mechanical design 

The mechanical system is based on the cylinder-plunger mechanism. When a 

force is applied to the top of the plunger, it transports the force to the tip of the cylinder, 

as shown in Figure 11 a). Using a spring will make the system more stable and endow 

a force offset, which is needed to ensure the linear behavior of the piezoresistive sensor 

(on a limited range of operation). Figure 11 b) shows the desired and simplified system, 

in which the sensor is attached to the ground, and it will measure the force in the tip of 

the system, the sensor at the end will measure the force due to the changes on the 

layer and the system.  
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The mechanical system shown in Figure 12 consists of four main elements: a) the pie-

zoresistive sensor base, which is the element attached to the ground and holds the 

sensor; b) the base, which contains the plunger and the spring; and the needle, which 

contacts the polymer layer; c) the plunger, which transports the applied forces on the 

top of the pen to the pin; d) the spring, which brings an offset to the piezoresistive 

sensor and makes the system more stable to small vibrations; e) the complementary 

base, which is attached to the base and the tip of the spring; f) needle, is the element 

which applies the transmitted force to the membranes. 

The base and the plunger were manufactured using the Vat Photopolymerization pro-

cess. This allows a good resolution and a smooth surface finish, which is important 

because the piezoresistive sensor is sensitive to constant surface contact. The friction 

between the plunger and the base also affects the sensor. It is important to notice that 

these smooth finish surfaces cannot be enhanced by using other available additive 

manufacturing processes at the same cost. 

Some considerations taken in the mechanical design were influenced by using the pi-

ezoresistive sensor, according to the datasheet and the guide provided by the sensor’s 

manufacturer.   

 

Figure 11: a) Cylinder-plunger system (pen); b) System simplified model. 

a) b) 
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2.2.1 Sample holder 

The measuring system uses a micrometer to displace the samples from the ini-

tial position to the desired final position; the micrometer was coupled to a stepper motor 

to automate the transportation process.  

A sample holder base (Figure 13) has been designed to fix the samples to the microm-

eter and ensure that both have the same displacement. This sample holder is formed 

by a printed base with a hole in the center to allow the needle to go through it; two 

springs that apply the needed force to attach the metallic sample to the base, and finally 

two metallic sheets to hold the metallic surface.  

The main problem with the coupling between micrometer and the stepper motor was 

that a variation on the micrometer’s dial changed the vertical position of the micrometer 

axis. To ensure contact between the two axes a compressible base for the stepper 

motor was designed, Figure 14. This is formed by two triangular printed bases where 

a) 

b) c) 

d) 

e) 
f) 

g) 

Figure 12 Main mechanical design: a) piezoresistive sensor; b) base; c) plunger; d) spring; e) complementary base; f) 
needle; and g) system assembled. 

Figure 13 Sample holder 
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the motor is placed, then three springs with screws to self-adjust the height of the motor. 

On Appendix D the electrical circuit for the motor is shown. 

 

2.3 Circuit design 

2.3.1 Sensor  

A piezoresistive sensor has been selected because it is widely used to measure 

force and pressure. Some properties of piezoresistive sensors, such as their low cost, 

wide range, and resolution, make them a suitable option among existing force and 

pressure sensors. There is a difference between the contact area of the membrane 

(circle of 1 mm diameter) and the piezoresistive active area (circle of 14 mm diameter). 

A mechanical system was designed to ensure that both surfaces constantly contact 

each other to account for this difference. 

The piezoresistive sensor, FSR 402 from Interlink electronics, is shown in Figure 15. It 

was selected due to its range, sensitivity, and relative low drift. The variation in the 

applied force in this sensor is reflected in resistivity changes. According to the technical 

datasheet, the resistivity can change between 0 and 10 MΩ. In addition, the range of 

forces is between 0 and 5 kg, with actuation forces of less than 20 g. Finally, the drift 

of the sensor is less than 5% per 35 days. In Appendix  the values, the key dimensions, 

and main features are shown. 

 

Figure 14 Stepper motor base to follow the mi-
crometer axis. 
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2.3.2 Signal process circuit 

Three different arrays of amplifier circuits were studied: the voltage divider with 

an OPAMP, the Wheatstone Bridge with an OPAMP, and an OPAMP working on the 

inverter mode (current to voltage converter). Figure 16 shows the output for Wheat-

stone bridge circuit compared to the voltage inverter configuration, both have a similar 

trend, however, the sensitivity is slightly higher on the inverter voltage circuit; moreover, 

with this offset and the increments tested, the Wheatstone bridge output is saturated in 

60 grams. 

From these arrays, the best option was the OPAMP on the inverter mode Figure 17, 

which has a linear response in a range of forces applied. Results from the Wheatstone 

bridge array showed a decrease in the sensitivity of the device, this could be attributed 

to the selection of resistors for this array. The response of the circuit shown in Figure 

17 can be calibrated by varying the gain resistance in the circuit, which were decisive 

factors when using this array. With the appropriate resistors, the final output varied 

between 0 V and 4.5 V. 

Figure 15 Piezoresistive sen-
sor FSR402 
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2.3.3 Data acquisition and processing 

The circuit’s final output is an analog voltage signal converted to a digital value 

by a microcontroller Arduino Uno. To perform this task this microcontroller has a 10 bits 

Analog to Digital Converter, which can divide 5 V into 1023 threshold levels. These 

levels are important because they define the resolution of the system.   

Figure 17 Current to voltage converter 

Figure 16 Circuit comparison between Wheatstone bridge and Voltage inverter. 
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A python script gathered all the data and wrote it into a text file. This information was 

treated using Origin pro in two steps: first, by plotting the data, and second by obtaining 

a linear regression applying the least square regression method. 

2.3.4 Programming.  

The program to run the test on the measuring system is depicted in Figure 18.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 Program flowchart to obtain the force and deflection 
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This program starts by asking the desired displacement for the test, then it cal-

culates the steps that the motor needs to complete that displacement, as follows:  

𝑆𝑡𝑒𝑝𝑠 = 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 ∗ 𝛼 
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where 𝛼 is the constant that relates the steps taken by the motor and the displacement 

traveled by the sample. The micrometer employed has a resolution of 0.25 mm per turn 

and the stepper motor performs a turn in 200 steps, then constant 𝛼 can be calculated 

as: 

𝛼 =
200

0.25
[
𝑆𝑡𝑒𝑝𝑠

𝑚𝑚
] = 800 [

𝑆𝑡𝑒𝑝𝑠

𝑚𝑚
] 

 

The program converts the displacement input into the number of steps and calculates 

a deflection vector in millimeters. In addition, the program asks the user to check the 

sample positioning to start the program. If everything is ready, the motor will take a step 

and measure 10 values of the sensor, after which the average force will be stored in 

the force vector. Finally, when the motor finishes all the steps, the force and displace-

ment vectors are plotted, and the raw data is printed on a text file. 

2.4 Final setup 

The Integration of all the mechanical parts is shown in Figure 19 a), the mechan-

ical design and the micrometer are attached to an optical table to reduce vibrational 

noise. Additionally, Figure 19 b) shows the exploded view of these parts, to show where 

the needle will contact the gold samples.  

The final system is depicted in Figure 20. The motor base was placed on an optical 

table to reduce vibration noise or other mechanical interference. The main mechanical 

system, a), and the micrometer with the sample holder, b), were attached to a vertical 

rail to align the needle of the system to the sample holder. The micrometer was coupled 

with the stepper motor by using the stepper motor base, c), and an additive manufac-

tured couple for the axis. During the test, the sample was placed, d). Before performing 

the tests, the alignment of needle-sample was verified with a camera. 
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Figure 19 a) Final setup of the measuring system; b) exploded view of the measuring system 

a) b) 
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2.5 Calibration 

Tests were run to obtain the calibration data, and subsequently, the data were 

processed to plot a calibration curve. The system parameters, such as sensibility, re-

producibility and error were calculated based on the calibration curve. The system was 

a) 

b) 

c) 

d) 

e) 

Figure 20 Final setup of the measuring system: a) Main mechanical system; b) Sample holder and micrometer; c) Stepper 
motor on the motor base; d) Gold Sample position during a test and e) Video camera connected to a Raspberry Pi.  
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set up with the FSR sensor attached to the bottom, by doing this the system can be 

calibrated using pre weight objects with a scale. 

This instrument measures forces applied on a small surface (flat needle of 0.8 mm 

diameter), and by using a micrometer with a resolution of 0.01 mm, the system also 

measures the total deflection of the membrane. Operation ranges are based on the 

literature69 70, the maximum operating pressure of SPR sensors ranges from 10 to 20 

psi, and the deflection expected range for the PDMS is between 1 mm and 1.5 mm.  

The calibration process was performed in two steps. First, the sensor was set up me-

chanically by compressing the spring to a known displacement; this compression is the 

offset force applied to the piezoresistive sensor (Figure 21). Second, by varying the 

weight directly applied to the needle, the output voltage was read by the microcontroller 

(Arduino Uno).  

 

The calibration curve was generated by varying the weight from 0 to 180 g with 20 g 

increments Tests were made by quadruplicate and results are shown in Figure 22 a. 

This information allowed obtaining the mean and the standard deviation as shown in 

Figure 22 b. Based on the information obtained from the calibration curve, the linear 

relationship between voltage and force through the method of least squares was 

Figure 21 Calibration setup. 
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obtained. This process overcomes random errors and allows obtaining the intercept 

and the slope. The least squares method can be summarized by the expressions: 

𝐴 =
∑ 𝐸 ∑ 𝑠2 − ∑ 𝑠 ∑ 𝑠𝐸

𝑘 ∑ 𝑠2 − (∑ 𝑠)2
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𝐵 =
𝑘 ∑ 𝑠𝐸 − ∑ 𝑠 ∑ 𝐸

𝑘 ∑ 𝑠2 − (∑ 𝑠)2
  32 

where the constant 𝐴 is the intercept and 𝐵 represent the slope of the linear function, 

𝑘 is the number of readings, 𝐸 are the output values and 𝑠 are the input values 23. 

Table 1 shows the values of the four calibration tests that were taken under similar 

conditions. 

Table 1 Calibration data and mean. 

Mass  
(g) 

Test 1 
(V) 

Test 2 
(V) 

Test 3 
(V) 

Test 4 
(V)  

Mean 
(V) 

0 2.361183 2.421291 2.350099 2.345312 2.369471 

20 2.472901 2.487842 2.453467 2.427247 2.460364 

40 2.611181 2.533545 2.546435 2.585645 2.569202 

60 2.687696 2.654053 2.672656 2.612206 2.656653 

80 2.882812 2.826366 2.897607 3.017236 2.906005 

100 3.186036 3.087697 3.112012 3.176366 3.140528 

120 3.341066 3.083253 3.070362 3.123243 3.154481 

140 2.784668 3.465773 3.485694 3.508741 3.311219 

160 3.560205 3.587843 3.590137 3.623145 3.590333 

180 3.659619 3.727734 3.760644 3.748925 3.724231 

 

After applying equations 31 and 32 to the data in the Table 1, the linear regression for 

the mean column, the intercept value 𝐴 and the slope 𝐵 are: 

𝐴 = 2.291681091 

𝐵 = 0.007739621 

The expression that relates the voltage and the force is: 
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𝑉 = 2.29 + 0.00774 ∗ 𝐹  33 

Figure 22 a) shows the linear regression is plotted along with the scattered data of the 

voltage mean from Table 1, and Figure 22 b shows the calibration curves obtained 

under similar conditions. 

 

2.6 Sample preparation 

Figure 23 shows the process used for producing the two functionalization pro-

cesses compared in this work. First, glass slides coated with a gold layer of 100 nm 

were used. These slides were drilled into a 1 mm diameter hole in the center. Second, 

all the samples were rinsed with acetone, isopropanol, and deionized water.  After that, 

the samples were divided into two main groups, namely: the reference group and func-

tionalized group. Samples from the latter group were immersed in a MPTMS and etha-

nol solution to modify the gold surface, and thus the bonding strength with PDMS. Then, 

both groups were spin coated with PDMS 184 Sylgard and the PDMS cured on a hot-

plate at 125 °C for 10 minutes and then 70 °C for 30 minutes. According to Johnston et 

al, 2014, the Young’s modulus for curing at 125 °C is 2.46 ± 0.16 𝑀𝑃𝑎, and the ultimate 

Figure 22 Calibration curve a) Calibration curve with mean and standard deviation, n=4, b) 4 tests varying weight. 

a) b) 
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tensile strength is 7.65 ± 0.27 𝑀𝑃𝑎. These values help as comparison, however, the 

curing time for the PDMS was reported as 48 hours; in contrast, the curing time for this 

process was significantly shorter, 24 hours. Additional to this functionalization 

(MPTMS), another functionalization process was tested, 11MUA. The same process of 

Figure 23 was followed, only changing the MPTMS for 11MUA.  
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Figure 23 Gold sample preparation process, for functionalization and reference samples. 
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3  

RESULTS AND DISCUSSION 

3.1 Sensor estimated cost 

An estimated cost for this measuring system is depicted in Table 2, the main 

parts are included in the final setup of Figure 20. The costs of building elements with 

the Vat photopolymerization and the Material Extrusion machines were calculated ac-

cording to the Anycubic software, Workshop, this shows the material and time needed 

to built them. FSR sensor and electronic elements were acquired on Digikey Canada.  

Table 2 Estimated cost for the measuring system 

Element 
Number of 

parts 
Consume mate-

rial 
Time 

Cost 
(USD) 

Sensor base 1 22.385 ml 2h  1.119 

Base complement 1 2.5 ml 20 min 0.67 

Plunger 1 5.565 ml 1:30 h 1.22 

Base  1 26.312 ml 5 h 5.789 

Motor base 2 60 ml 4 h 15 

Camera support 1 12.062 ml 37 min 2.658 

Springs 6 N/A N/A 10.92 

Raspberry Camera 1 N/A N/A 13.65 

Stepper motor 1 N/A N/A 30 

FSR sensor 1 N/A N/A 12 

Total 93.026 

 

3.2 Part I: Sensor characteristics 

It is important to calculate the static characteristics of a sensor because it allows 

describing the sensor behavior and reliability of its measurements.  

3.2.1 Sensitivity 

By using the linear regression of equation 33 and the calibration curve of Figure 

22 b), the sensitivity is represented by the slope of the linear regression, this is:  
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𝑆 = 0.00774 (
𝑉

𝑔
)  34 

3.2.2 Residual error: 

 Residual errors were obtained in Table 3 by applying equation 25 to the data 

from the linear fitting and the measured values. With the information from Table 3, a 

residual error scattering plot was obtained (Figure 24) to analyze the relationship be-

tween the error and the independent variable. 

The independence of residuals and the independent variable is crucial, because if we 

can establish a relationship between these variables, then the linear regression is not 

adequate for the system described in system 71. An outlier is a data point that is quite 

distant from the surrounding values, a way to determine if a value is an outlier is pre-

sented by Shardt, 2015; this method is depicted in the equation below: 

𝑍𝑖 =
𝑥𝑖 − �̅�

𝜎
 

 35 

Equation 35, also known as the 3s rule, establish that the value should be considered 

as outlier if the error is at least three times standard deviation, in other words, 𝑍𝑖 is 

equal or higher than three 71. Additionally, an outlier can be identified by a visual test, 

for instance, in Figure 22 a) the test number 1, shows a different behavior compared to 

the other tests; therefore, this point can be considered as an outlier, and this was con-

firmed by the 3s rule. 

𝑍8 =
63.91 − 131.94

45
= 3.008 
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Outliers can be originated by human errors during the measurements. 

3.2.3 Accuracy: 

 The accuracy was calculated according to equation 28, and the information from 

Table 3.Table 4 presents all the accuracy values, it is observed that the lowest accuracy 

in the measurements is 60 grams with 79 % of accuracy, and the highest value regis-

tered is 99.5% which corresponds to a weight of 80 grams.60 grams points are ob-

served on Figure 24, all of them have a positive error; additionally, show the same 

behavior on Figure 22 a). One explanation of this can be a systematic error, which can 



42 
 

 

be attributed to an error of an element, for example the friction between the plunger 

and the base.  

Table 3 Calibration residual error 

 

 

Desired 
Value (g) 

W1 (g) W2 (g) W3 (g) W4 (g) Mean (g) 
Error_1 

(g) 
Error_2 

(g) 
Error_3 

(g) 
Error_4 

(g) 

0 9.20 16.96 7.76 7.15 10.27 -9.20 -16.96 -7.76 -7.15 

20 23.63 25.56 21.12 17.73 22.01 -4.28 -6.21 -1.77 1.62 

40 41.50 31.47 33.13 38.20 36.07 -1.50 8.53 6.87 1.80 

60 51.38 47.04 49.44 41.63 47.37 9.26 13.61 11.21 19.02 

80 76.59 69.30 78.50 93.96 79.59 4.70 11.99 2.79 -12.67 

100 115.77 103.06 106.20 114.52 109.89 -13.83 -1.12 -4.27 -12.58 

120 135.80 102.49 100.82 107.65 111.69 -13.21 20.10 21.76 14.93 

140 63.91 151.91 154.48 157.46 131.94 79.32 -8.68 -11.25 -14.23 

160 164.11 167.68 167.98 172.24 168.00 -0.23 -3.80 -4.10 -8.36 

180 176.95 185.75 190.01 188.49 185.30 7.57 -1.23 -5.48 -3.97 

Figure 24 Residual error of each calibration curve. 
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Table 4 Error and Accuracy 

Voltage  

(V) 

Mean value 

(g) 
Error  
(%) 

Accuracy (%) 

2.29 10.3 - - 

2.4398 22.0 10.1 89.9 

2.5996 36.1 9.8 90.2 

2.7594 47.4 21.0 79.0 

2.9192 79.6 0.5 99.5 

3.079 109.9 9.9 90.1 

3.2388 111.7 6.9 93.1 

3.3986 131.9 5.8 94.2 

3.5584 168.0 5.0 95.0 

3.7182 185.3 2.9 97.1 

 

3.2.4 Precision  

 The following glass sample was tested four times before breaking off. Figure 25. 

shows the system output returning almost to the same position the first three times until 

the breaking off point. These results were corroborated by using equation 29, repeata-

bility or precision on the first four tests; the average of these graphics was calculated, 

and the precision for each point was calculated using equation 29. The lowest and 

highest precision value for each graphic is shown in Table 5.  
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Figure 25 Same glass sample over 5 runs (T4 membrane breaking, T5 last run without PDMS membrane). 

Table 5 Precision on the same glass sample 4 times 

 

 

 

The same equation (equation 29) was used to obtain precision of the calibration curves 

from Figure 22 a). Precision values were obtained for each point and for all the tests, 

Figure 26 shows the precision for each calibration point. This plot depicts that the four 

tests showed a low precision value on the first calibration point (0g). Another point with 

a low precision value is present in the calibration test 1 (red line), which is consistent 

with the error data from Figure 24, this point is where the outlier is present. Overall, 

most of the precision values are higher than 0.8 or 80% of precision for measuring the 

same inputs.  

Precision Test 1 Test 2 Test 3 Test 4 

Minimum 0.704 0.895 0.84 0.822 

Maximum 0.999 0.999 0.999 0.999 
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3.2.5 Resolution 

The resolution of the system is defined by using the calibration curve (Figure 22) 

with increments of 20 g. However, the datasheet of the sensors indicates that 15 g is 

the minimum force needed to obtain a change in the resistance. 

 

3.3 Part II: System response to gold samples 

Before testing the system with gold samples, many tests were run to analyze the 

response of the system. Glass samples were evaluated under similar conditions in-

stead of using the gold samples. These were prepared with the same process as de-

picted in Figure 23. 

3.3.1 Response of the system with glass-PDMS samples.  

The system was tested several times with different samples. The first readings 

showed the system’s response when the PDMS membrane is not present on the glass. 

Figure 26 Precision values obtained for each calibration curves. 
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Figure 27 shows the behavior of two glass samples, the first one (black line) with a 

PDMS membrane, and the second one without a PDMS membrane (red line). In this 

picture, we can identify that the sample without a membrane behaves like a horizontal 

line because the sensor does not measure any force applied on the tip of the plunger. 

The behavior of the red line shown in Figure 27, can be attributed to the bonding 

strength of the sample; first, the PDMS layer is touched by the needle at 0.5 mm, then 

the force applied increases until the PDMS is broken at 0.9 mm of displacement; after 

breaking, the graphic returns almost to the same value. Some peaks and steady values 

can be attributed to systematic errors, for instance, the friction of the mechanical sys-

tem. 

 

Figure 27 System response to glass sample with and without PDMS membrane. 

 

 

3.3.2 Constant surface contact 

After the last tests, the deflection for the next tests was settled from 0 to 1.5 mm. 

This range ensures that all the samples will reach the breaking-off point. Figure 28 
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shows the behavior of three different samples, displaying an unexpected behavior of 

the slopes within the first 0.6 mm and in the 0.8 mm. Zoom to these peaks, displays a 

decay in voltage that represents a decay in force.  

According to the Interlink Electronics guide 72, the contact area must be constant. On 

the contrary, this can cause variations in the output voltage due to the uneven force 

applied to the sensor. Moreover, this guide emphasizes the importance of an appropri-

ate offset for the sensor. The irregularities observed in both Figure 27 and Figure 28, 

kept showing in the next tests. After a deep analysis of the system, we observed that 

the plunger was off centered to the base. This is the reason why the contact area was 

irregular, and according to the sensor manufacturer, to ensure acquired force meas-

urements the contact area must be consistent and within the sensor’s active area (a 

circle of 14 mm diameter). 

 

 

 

 

 

 

 

3.3.3 Signal saturation.  

Other samples were aligned, but a different behavior was observed, for example, 

an abrupt increase in the voltage, saturating the output through the entire test, as shown 

Figure 28 Behavior due to irregular contact surface. 
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in Figure 29. This behavior is attributed to an alignment error because the needle 

touches the gold, and the sensor reaches its maximum output. 

Considering that this problem would repeat in the future, the use of a video camera was 

implemented. With this camera, the user can see on a monitor in real-time the sample 

from the bottom, which allows ensuring a good alignment and proceed to run the test. 

 

Figure 29 Signal saturation example 

3.3.4 Reference samples 

After solving the previous problems, reference samples were evaluated under 

the same conditions and the same offset force. We used the calibration curve previ-

ously obtained to convert the voltage output to force in grams. Figure 30 a) shows the 

complete test, and it is observed that all the samples finish with a little force applied to 

them. Figure 30 b) shows the system's behavior before breaking off, as we can see, 

the reference samples 1 and 3 have the same trend. 
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3.3.5 11MUA samples 

11MUA samples were evaluated under the same conditions as the previous 

samples. Figure 31 a) shows the behavior of the samples before the breaking-off point. 

These results do not show significant similarities in the slope between them. On the 

other hand, samples 1 and 2 present the same breaking point. Additionally, after the 

breaking point of sample 3, the output does not return to the same value, which can be 

interpreted as a force applied to the system. Finally, 11MUA results were not consistent 

with each other. This can be attributed to lack of strong in the chemical bonds between 

PDMS and 11MUA presented by some authors (Byun et al, 2013); additionally, a bad 

functionalization process, or non-uniformity on the substrate layer can cause this in-

consistency 66. 

Figure 30 Reference samples: a) complete behavior; b) before breaking off. 
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3.3.6 MPTMS samples 

Figure 32 a) shows MPTMS results from the complete test, in which it is ob-

served that the output after the breaking-off point is higher in some samples, compared 

with reference samples and 11MUA samples. A possible explanation is the increases 

on PDMS stiffness after MPTMS functionalization that was reported by Osmani et al, 

2016. Figure 32 allows to compare only the slopes. It is important to note that some 

samples have the same breaking-off point and slope tendency. These results are sim-

ilar between them, according to Byun et al, 2013, MPTMS liquid treatment has a better 

adsorption, despite the non-uniformity of the gold surface it increased the bonding 

strength.  

 

Figure 31 11MUA samples: a) Complete test; b) Before breaking off. 
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3.3.7 Comparison between Reference and MPTMS 

A comparison between reference and MPTMS samples is shown in Figure 33. 

First, on a) the output forces after breaking off point on the MPTMS samples are 

stronger than the output forces on the reference samples; As it was mentioned before, 

the sample preparation process was the same for both groups, only differ on the chem-

ical treatment. Second, on Figure 33 b), the slopes on MPTMS samples are higher than 

the slopes on reference samples. Finally, the maximum forces are significantly 

stronger, compared to the ones that reference samples can resist before breaking off 

the PDMS membrane. 

 

 

 

 

 

Figure 32 MPTMS samples: a) Complete test; b) Before breaking off 
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3.3.8 Video results 

By using the Raspberry Pi camera, videos of the samples before and after the 

breaking off point of the PDMS were recorded. These videos were projected in real 

time on a computer monitor to watch the test all the time. This optical resource provides 

a complementary information from the different testing groups.  

3.3.8.1 Reference sample: 

Figure 34 shows the reference sample before the breaking-off point. It cannot 

be observed accurately at the tip of the needle, due to the thin PDMS layer on the top 

of the sample. In Figure 34 b the needle is clearer because it already went through the 

PDMS layer. A yellow dashed circle shows the area around the needle, where the 

PDMS is only attached to the gold surface. 

 

 

 

 

Figure 33 MPTMS vs Reference samples a) complete test; b) test before breaking-off point 
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3.3.8.2 MPTMS sample: 

Figure 36 shows the reference sample before the breaking-off point, this picture 

is a zdim image of the tip of the needle, due to the thin PDMS layer on the top of the 

sample. On the other hand, in Figure 36 b the yellow dashed circle shows a little glow 

around the needle, a difference with the previous figure, the PDMS is attached to the 

gold surface, and that shine might be due to the PDMS attached to the gold and the 

needle. This would explain the final force outputs on MPTMS samples, where the val-

ues are higher than the reference ones. 

1 mm 1 mm 

a) b) 

Figure 35 Reference samples a) before and b) after breaking off. 

1 mm 1 mm 

a) b) 

Figure 36 MPTMS samples a) before and b) after breaking off. 
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4  

CONCLUSIONS AND FUTURE 

WORK 

 

This work aimed to develop a new measuring system that measures the bonding 

strength between thin PDMS membranes and plasmonic surfaces. Various sensing 

principles were investigated to find one that fulfills the task requirements; a FSR sensor 

was selected due to their characteristics compared to sensors on the same price range. 

Two different functionalization processes were tested to modify these bonds, and 

based on the system response and characteristics, it can be concluded that it repre-

sents an alternative to similar current measuring systems. 

A mechanical system was designed to transport the force from the bonded part to the 

sensor; several factors were considered based on many works done with FSR sensors, 

for example, a rigid and constant surface in contact with the active area, a constant 

room temperature during all the tests. However, further work is needed to ensure that 

the system works smoothly, by adding improvements to the mechanical design, so that 

it can help to avoid the irregular peaks observed in the results section. For small de-

tecting areas, the tip of the mechanical system could be adapted to different testing 

areas, both smaller and bigger. 

Rapid prototyping was used as the principal manufacturing process, allowing the sys-

tem to be redesigned or upgraded easily. In addition, rapid prototyping processes have 

increased their use in different areas, and in recent years, have become more afforda-

ble than conventional processes. In comparison the measuring system building on this 

work have a cost around 100 USD, meanwhile commercially available option cost 

around 5000 USD. Therefore, this instrument can represent a cost-effective and 



55 
 

 

affordable alternative to measure bonding strength, compared to the current testing 

machines used on similar tasks. 

Calibration process was performed in just in one way, which allowed us to obtain the 

behavior of the sensor based on weight increments. The sensor sensitivity was calcu-

lated based on the force range that the system must measure, and results showed a 

relatively high accuracy (lowest value of 79%), which is considered a good estimation 

for the force values, among the range of forces that are measured. Nevertheless, the 

calibration was performed by adding weights on the tip of the system, then it was turned 

right side up, this change can cause a systematic error, an increase or decrease on the 

output. Therefore, a new calibration method should be implemented to avoid this sys-

tematic error and increase the accuracy of the system. 

Different sources of error were identified and addressed independently: saturation due 

to wrong sample position, which was repaired by using a digital camera; irregular peaks 

due to incorrect sensor alignment, which were treated by correcting the alignment. Ad-

ditionally, residual errors were quantified to calculate the accuracy of the system. None-

theless, as observed in previous works, the use of additional tests, like leakage test, 

should be considered to gain more information about the bonded area. 

The plasmonic gold samples were separated into three groups, two with different func-

tionalization methods, MPTMS and 11MUA, and the reference group. All the samples 

were elaborated under the same conditions and finally a PDMS membrane was added 

to them. From the three study groups, a remarkable difference was displayed in the 

system output. This difference was consistent and matches with different studies in this 

regard following different approaches. 

Finally, based on the results presented, and the use of rapid prototyping, this measuring 

system proves to be a cost-effective option to measure bonding strength on plasmonic 

surfaces. However, many considerations must be addressed to solve systematic and 

gross errors highlighted in this work. 
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Sensor FSR07 datasheet.  

 

 

Features and Benefits

Force Sensing Resistors®

Description

Interlink Electronics FSR® 400 Series is part of the single zone Force Sensing Resistor® 

family. Force Sensing Resistors, or FSR's, are robust polymer thick film (PTF) devices that 

exhibit a decrease in resistance with increase in force applied to the surface of the sensor. 

This force sensitivity is optimized for use in human machine interface devices 

including automotive electronics, medical systems, industrial controls and robotics. 

The FSR 400 Series sensors come in seven different models with four different connecting 

options. A battery operated demo is available. Call us for more information at 

+1 805-484-8855.

FSR® 400 Series Data Sheet

Human-Machine Interface Solutions for a Connected World

P/N: PDS-10004-C

FSR® 400 Short

5mm Circle x 20mm

FSR® 400

5mm Circle x 38mm

FSR® 402 Short

13mm Circle x 25mm

FSR® 402

13mm Circle x 56mm

FSR® 404

20mm Donut with 5.5mm hold

FSR® 406

38mm Square x 83mm

FSR® 408-xxx

10mm Wide x xxx mm strip

xxx = 50, 100, 200, 300, 400, 500mm

• Actuation force as low as 0.2N

and sensitivity range to 20N

• Cost effective

• Ultra thin

• Robust; up to 10M actuations

• Simple and easy to integrate



 

 

 

 

 

 

 

Force Sensing Resistors®

Specifications are derived from measurements taken at 1000 grams, and are given as (one standard deviation/mean), unless otherwise noted.

*Typical value. Force dependent on actuation interface, mechanics, and measurement electronics.

FSR® 400 Series Data Sheet

Device Characteristics

Actuation Force*

Force Sensitivity Range*

Force Resolution 

Force Repeatability Single Part

Force Repeatability Part to Part

Non-Actuated Resistance

Hysteresis 

Device Rise Time

Long Term Drift

1kg load, 35 days

Operating Temperature Performance

Cold: -40ºC after 1 hour

Hot: +85ºC after 1 hour

Hot Humid: +85ºC 95RH after 1 hour

Storage Temperature Performance

Cold: -25ºC after 120 hours

Hot: +85ºC after 120 hours

Hot Humid: +85ºC 95RH after 240 hours

Tap Durability

Tested to 10 Million actuations, 1kg, 4Hz

Standing Load Durability

2.5kg for 24 hours

EMI

ESD

UL

RoHS

~0.2N min

~0.2N – 20N

Continuous (analog)

+/- 2%

+/- 6% (Single Batch)

>10 Mohms

+10% Average (RF+ - RF-)/RF+

< 3 Microseconds

< 5% log10(time)

-5% average resistance change

-15% average resistance change

+10% average resistance change

-10% average resistance change

-%5 average resistance change

+30% average resistance change

-10% average resistance change

-5% average resistance change

Generates no EMI

Not ESD Sensitive

All materials UL grade 94 V-1 or better

Compliant



 

 

 

 

 

 

 

 

Force Sensing Resistor®

FSR® Model 402

Model 402: 

Active Area: Ø14.68mm 

Nominal Thickness: 0.46mm 

Switch Travel: 0.15mm

Available Part Numbers:

PN: 44-29103 Model 402

- No contacts or solder tabs

PN: 34-00012 Model 402

- with female contacts

PN: 34-00001 Model 402

- with female contacts and housing

PN: 30-81794 Model 402

- with solder tabs

Exploded View

Sensor Mechanical Data



 

 

Appendix D 
  

FSR sensor electrical circuit. 

 

The system uses an operational amplifier (Op-Amp) LM358N. This device is suitable 

for the system because of its electric characteristics, such as, the slew rate and the 

bandwidth values. Also, this Op-Amp was selected because it can be used for both 

proposed circuits, Wheatstone Bridge circuit and Inverter Voltage circuit, thus we com-

pared them. On Figure 37 the electric circuit is displayed and based on the sensor’s 

manufacturer guide; the next expression was obtained: 

 

 

 

 

 

 

 

 

 

𝑉𝑜𝑢𝑡 = 𝑉𝑟𝑒𝑓 . (−
𝑅𝐺

𝑅𝑠𝑒𝑛𝑠𝑜𝑟
) 

This is an inverter circuit, then the reference voltage used to source the sensor, should 

be negative, to obtain a positive value in the output. It is important to know that the gain 

resistor 𝑅𝐺 is a constant value of 2.23 𝑘Ω, and the sensor resistance will vary between 

10 𝑀Ω and 1 𝑘Ω when a force of 1 kg is applied. By considering these values, and the 

reference voltage as −5𝑉 the expression should be: 

 

𝑉𝑜𝑢𝑡 = (
11.35

𝑅𝑠𝑒𝑛𝑠𝑜𝑟
) [𝑉] 

 

LM358 

RG 

Vref 

Cf 
Vss 

 -Vss 

Figure 37 Voltage inversor using the Op-Amp LM358. 



 

 

Appendix E 

 

Stepper motor electrical circuit 

 

The stepper motor oversaw moving the samples through the test, to perform this 

task, the motor used is attached to this system by using a base shown in Figure 14. On 

this project we use a bipolar stepper motor and to control it uses a driver A4988, this 

driver allows to control the number of steps and the direction. Also, this driver can per-

form micro steps by dividing the steps of the motor. However, the aim of this work is to 

use a micrometer, which has a suitable resolution per step, attached to this stepper 

motor, thus we don’t need to use the micro steps. In Figure 38 the motor circuit is 

shown, this circuit uses a driver A4988, a bipolar stepper motor and a microcontroller 

Arduino Uno. Figure represents the electrical circuit used for this work.  

 

Figure 38 Motor electrical circuit 


