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ABSTRACT 
 

The Tactile Imaging System (TIS), developed in the Control, Sensor, Network, and Perception 

(CSNAP) Laboratory at Temple University, is a novel non-invasive method to measure the size 

and elastic modulus of inclusions. In this thesis, we revamped TIS to enlarge the contact area and 

replaced the lens to provide clearer shape information. We investigated different lighting sources 

and configurations in order to obtain clearer images of the target. We also improved the 

illuminating circuit using a constant current driver and a Pulse Width Modulation (PWM) 

dimming to stabilize the light brightness. After confirming the ability to obtain clearer images of 

the target, we compared the newly revamped TIS with the older version. The results showed that 

the images are clearer with a 214% larger interrogation area. We compared the accuracies of two 

tactile imaging systems using the depth, size and elastic modulus estimation algorithms.  The 

results indicated that the second generation TIS (TIS G2) has better performance in all three 

parameters. TIS G2’s error for depth estimation was 1.4%, which is 5.78% better than first 

generation TIS (TIS G1).  TIS G2’s error for size estimation was 5.28%, which is 0.96% better 

than first TIS G1. TIS can only calculate relative elasticity of the phantoms. We made five 

phantoms with varying stiffnesses and TIS G1 could not differentiate different stiffnesses, while 

TIS G2 recognized four out of five phantoms’ relative stiffness. Finally, we performed a t-test to 

see whether the differences in G1 and G2 are statistically significant. The results showed that 

there are significant differences between the two systems. 
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CHAPTER 1    

 

INTRODUCTION 
 

1.1   Motivation 

The most common cancer among women in Western countries is breast cancer (Parkin et al 

2002). Worldwide, breast cancer accounts for 22.9% of all cancers in women.  According to the 

information from the American Cancer Society, breast cancer caused 458,503 deaths in 2008 

(Society of Toxicology, 2013). The survival rates for breast cancer vary greatly depending on the 

cancer stage. Once a tumor reaches metastatic stage, the chances of successful treatment become 

very low. Therefore, early detection of malignant tumors is necessary for successful treatment of 

cancer.  Many methods were developed to help detect cancer, like mammography (MG), 

ultrasonic imaging (US), and magnetic resonance imaging (MRI). However, all these techniques 

can only provide the spatial information and each of them has different disadvantages. For 

example, MG uses X-rays, which is harmful; MRI is not widely available and cannot be on used 

on the patients who have some types of medical implants. All the devices are expensive and 

require dedicated operators (My-MS.org. 2012). To avoid these disadvantages, tactile imaging 

sensors (TIS) were designed to detect breast tumors non-invasively. These tactile imaging sensors 

are used to measure the mechanical properties of the target, which are used to distinguish the 

benign and malignant tissues (Thitaikumar et al., 2008). An artificial tactile imaging device was 

developed in the Control, Sensor, Network, and Perception (CSNAP) Laboratory at Temple 

University. It uses the total internal reflection (TIR) principle to quantify the size and elastic 

modulus of the target (Lee and Won 2011).  Our goal for this research is to improve the tactile 

imaging system to detect large targets, provide stable light brightness and obtain clear shape 

information of the targets. 
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1.2   Statement of Problem 

The ultimate goal is to develop a portable device for detecting the mechanical properties of 

embedded objects. In this thesis, we mainly focus on revamping the tactile imaging system to 

have a larger contact area, stabler light brightness and clearer images to improve size, depth and 

elastic modulus estimation accuracy. 

1.3   Organization of the Thesis 

This thesis is organized as follows. A background is given in order to lay the foundation for this 

work. In the background, the concept of tactile sensing is described. Some artificial tactile 

imaging systems are introduced. The principle and structure of first generation tactile sensors are 

described. In addition, the description of spectral imaging systems and other breast cancer 

detecting applications are presented. Next, the design of the second generation tactile sensing 

system and test plans are described. The algorithms to compare the two tactile imaging systems 

are described, which is followed by the statistical analysis method used to analyze the difference 

of two systems.  

 

 

  



3 

CHAPTER 2    

 

BACKGROUND AND LITERATURE REVIEW 
 

2.1   Tactile Imaging System 

2.1.1   Tactile Sensing 

Human have five senses: smell, taste, sight, hearing and touch. The touch sense is also called 

tactile sensation. It is recognized by the receptors of touch which are found mainly in the skin. 

Since Hippocrates, the human sense of touch has been the most prevalent and successful medical 

diagnostic technique. A great variety of diseases were diagnosed through tactile sensing including 

detection of malignant tumors (Sarvazyan et al., 2011). Since the tumors are usually associated 

with changes in mechanical properties, such as the tumor tissues tend to be stiffer than the healthy 

tissues, doctors often used palpation to detect breast tumors (Krouskop 1998). In clinical practice, 

they often used the hand and the palm to assess the mechanical properties of tissues for 

diagnosing. Although this is a useful method of diagnosis, doctors often miss nodules and small 

lumps (Barman & Guha, 2006). The issue of improving the qualitative nature of palpation 

characterization has received considerable attention in recent periods, as indicated by Hall et al 

(Cited in Tiwana et al., 2012).  

Many artificial tactile sensors have been developed over the past decade (Schmidt et al., 2006). 

The capacitive sensors, transforms the applied force into capacitance variation (Chu et al., 1996), 

(Leineweber et al., 2000), (Morimura et al., 2000). The capacitive sensors are able to show spatial 

resolution, but they have significant hysteresis and are very sensitive to temperature (Dargahi et 

al., 2000). The piezoresistive sensors monitor the resistance change in a conductive material 

under the applied force (Samaun et al., 1973). This type of sensors have high sensitivity and low 

cost, but they consume a lot of power and cannot measure multi-touch at the same time.(Kolesar 

http://www.biology-online.org/dictionary/Organ
http://www.biology-online.org/dictionary/Touch
http://www.biology-online.org/dictionary/Skin
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and Dyson, 1995), (Schaffner et al., 1991). The piezoelectric sensors use the piezoelectric effect, 

which is the voltage generation across a piezoelectric material when the force is applied (Rossi 

and Domenici, 1986). This type of sensor is simple and inexpensive. However, they have limited 

spatial resolution and hysteresis (Krishna and Rajanna, 2004).  The magnetic-based sensors 

measure the movement of a small magnet by an applied force generating flux density (Ong et al., 

2009). The advantages of this type of sensors are high sensitivity, good dynamic rage and linear 

response. But they can only be used in non-magnetic object.  

General architecture of these devices has several common features and components, such as a 

probe with an array of tactile sensors, an electronic unit, and a touch screen laptop computer 

(Egorov & Sarvazyan 2008).  The configuration of the probe, structure of sensors, user interface, 

and data processing algorithms are specific for a particular application. Figure 1 shows general 

view of the devices for breast tumor detection (Medical Tactile, CA). This device includes three 

parts: a sensor probe, an electronic unit and a computer. The probe for the tactile breast imager 

(TBI) has 192 pressure sensor and array of 40mm by 30mm to acquire pressure patterns between 

the probe surface and the skin surface of the breast during contact (Figure1). Each pressure sensor 

has rectangular pressure sensing area of 2.5mm by 2.0mm (PPS, CA). TBI can quantitatively 

evaluate multiple mechanical and structural properties of breast and breast lesions, such as 

Young’s modulus, elasticity contrast, tissue nonlinearity (strain hardening), heterogeneity index, 

nodule size, shape and mobility, which could be altered by cancer development (Sarvazyan et al., 

2011). 
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Figure 1: General View of the TBI (Reproduced from Egorov, V. and Sarvazyan, A.P., 

IEEE Trans. Med. Imaging, 27, 1275, 2008.) 

 

2.1.2   First Generation Tactile Imaging System 

The optical sensor is also commonly used in artificial tactile sensors. This type of sensor uses the 

optical tactile sensing mechanism called “phenomenon of photoelasticity” (Katz, 2002), which 

means if pressure is applied to the photoelastic sensing probe of optical sensors while light is 

injected into it, light intensity changes and the changes can be measured.  An optical sensor 

project called the Tactile Imaging System (TIS) from the Control, Sensor, Network, and 

Perception Laboratory at Temple University was designed to detect breast tumor. In this thesis, 

we call it First Generation Tactile Imaging System (TIS G1). 

TIS G1 is based on the total internal reflection (TIR). Total internal reflection is a phenomenon 

that happens when light injects from a high refractive index medium (  ) into a lower refractive 

index medium (  ), and when its angle of incidence (  ) is greater than the critical angle (  ), the 

light cannot pass through and it is entirely reflected, where             ⁄  . Under the TIR 

conditions, light completely reflect back into the high index medium (Ramachandran et al., 

2013).  Figure 2 displays the three major angles related to total internal reflection. 

http://en.wikipedia.org/wiki/Reflection_(physics)
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Figure 2: Optical Reflection: Critical Angle and Total Internal Reflection (Josell7, 2012) 

 

In this case, a flexible transparent waveguide made of Polydimethylsiloxane (PDMS, Si(CH3)2) , 

which is a high performance silicone elastomer, is used as the sensing probe (Rajan et al., 2003) 

(Chang-Yen et al., 2005).  The refractive index of the PDMS waveguide is greater than the air, so 

when the light inject into the waveguide and the angle of light exceeds the critical angle, the light 

will be trapped inside of the waveguide. The principle of this device is based on the observation 

the changing of the reflected light, which is caused by pressure from the object (Lee and Won 

2011). Figure 3 shows the conceptual diagram of tactile imaging system. From the diagram, we 

can see if no pressure was applied on the waveguide, there was no image appears on the screen. 

When the pressure was applied on the waveguide, the trapped light scatters out and was captured 

by the camera.  

 

Figure 3: Conceptual Diagram of Tactile Imaging System (Saleheen et al., 2014) 

 

http://commons.wikimedia.org/w/index.php?title=User:Josell7&action=edit&redlink=1
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The TIS G1 incorporates three units: a probe unit with optical waveguide and lighting source, a 

high resolution camera unit to capture the image, and a computer unit to analyze data (Lee and 

Won 2011). According to the description in (Saleheen et al., 2014), this design used PDMS as the 

transparent waveguide and it is flexible and has higher reflective index than the air. The 

dimension of the waveguide is 23mm × 20mm. The camera in TIS G1 is a mono cooled charged-

coupled-device (CCD) camera F044B-NIR from Guppy Allied Vision Technology, which has 0.4 

mega pixels maximum resolution with 8.4 µm × 9.8 µm individual pixel size and a pixel array of 

768 × 492. It used four 1500 mill candela (MCD) ultra-bright white light emitting diodes (LED) 

as the light source, and each LED has 25 degree view angle. The LEDs are placed in the middle 

of each side with the nickel spacers. An interface to force gauge is placed on the top of the 

camera because in the experiment, a force gauge (Mark-10, NY, USA) need to be connected to 

obtain the force information. The force gauge can measure the force from the range of 0 to 50 N 

with the resolution of 0.05 N and will be screwed on the loading machine.  The force information 

and integrated pixel value were record as output data. A firewire (IEEE 1394A) was used to 

connect the camera and computer. A round glass plate is placed under the lens to hold the frame 

and waveguide. Figure 4 shows the schematic diagram and the general layout of tactile imaging 

sensor.  

 

Figure 4: The Schematic Diagram and General Layout of Tactile Imaging Sensor (Saleheen 

et al., 2014) (Lee and Won 2011) 
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2.2   Breast Imaging Application  

To help physicians detect tumors more efficiently, various imaging techniques utilizing different 

modalities have been developed. The most popular methods are mammography (MG), magnetic 

resonance imaging (MRI), ultrasonic imaging (US) and Thermography. 

Screening mammogram are x-ray exams of the breasts that are used for women who have no 

breast symptoms. The goal of a screening mammogram is to find breast cancer when it is too 

small to be felt by a woman or her doctor. In a mammogram, the breast is briefly compressed or 

squeezed between two plates attached to the mammogram machine- an adjustable plastic plate  

(on top) and a fixed x-ray plate to hold the x-ray film or the digital detector (on the bottom). 

However the compression can feel uncomfortable and even painful for some women and entire 

procedure for a mammogram takes about 20 minutes. Although mammography has been used 

from 1960s, it still comes with various disadvantages. Mammograms requires radiation, which 

could harm a growing fetus, in addition, repeated X-rays may cause cancer. 

MRI scans can provide high resolution and cross section picture of the tissue using strong 

magnets and radio waves. It produces image to differential the soft tissues and hard tissues (Orel 

and Schnall, 2001). The energy of radio waves is absorbed by the proton and released after 

exciting molecules. The magnet coils in the machine receive the emitting energy and send the 

information to the computer. After computer process the information, a very detailed image of 

parts of the body is generated (Medical News Today, 2013). The breast cancer MRI is 

complicated. Before the scan, a contrasting dye liquid needs to be injected into a vein to suppress 

the fat and get better result. The cost of this test is expensive, and may take an hour. The cost of 

machine is very high and it needs a professional operator to operate and a radiologist to interpret. 

In addition, some types of medical implants are generally considered contraindications for MRI 

examinations. Patients are therefore always asked for complete information about all implants 

http://en.wikipedia.org/wiki/Contraindication
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before entering the room for an MRI scan. According to my-ms.org, several deaths have been 

reported in patients with pacemakers who have undergone MRI scanning without appropriate 

precautions (My-MS.org. 2012).  

Ultrasound, also known as sonography, is a non-invasive method to detect breast tumor which 

using sound waves to create an image of human tissue (Sehgal et al., 2006). During the test, a 

layer of gel is put on the skin of the breast and a handheld sensor instrument, then rubbed and 

pressed against the skin. The sensor emits sound waves to the breast tissues and receives the 

echoes. The echoes are transmitted to a computer to form a black and white image of the tissues. 

Ultrasound is less sensitive than MRI (that is, it detects fewer tumors), but it has the advantages 

of being less expensive and more widely available. 

Thermography is another method to detect breast cancer. It uses a special heat sensing camera to 

measure and temperature on the surface of the breast. It is based on the idea that the blood flow 

and metabolism increased in the tumor area, and which will rises the temperature. However, this 

method is highly affected by the size of breast and the   surrounding tissue. A 2012 research 

review found that thermography detected only a quarter of the breast cancers found by 

mammography (America Cancer Society, 2013).   
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CHAPTER 3 

    

SECOND GENERATION TACTILE IMAGING SYSTEM 
 

3.1   Introduction 

In the literature, the existing tactile imaging sensor system (TIS G1) has proven to be successful 

in capturing tactile images and measuring mechanical properties (Lee and Won, 2011). However, 

the dimensions of PDMS in TIS are 2.3cm × 2.0cm × 1.2cm, which limits the size of the 

detection area of TIS G1. In addition, the images provided by the TIS G1 are blurring images of a 

target because the camera in TIS G1 focuses far away from the contact surface of this device. In 

TIS G2, we want to obtain clearer images of the PDMS probe and target interactions. Also, LED 

illuminating circuit is a simple resistor circuit, where the light intensity is not stable and hard to 

control. Thus, our goal for this section is to design a second generation tactile imaging system 

(TIS G2) to detect larger area, provide stable light brightness and obtain the clear image of the 

target. In other words, we should distinguish the shape information for different targets. To make 

TIS G2 more portable, we will also design a possible upgrade for the external force sensor.  

3.2   Requirement and Challenge  

TIS G1 detects target through the touch sensation, which is similar to the way physicians use 

palpation to detect breast tumors. Physicians use fingers to feel unhealthy tissues which tend to be 

stiffer than the healthy tissues (Fung, 1993) (Krouskop et al., 1998). Average pad of the human 

finger is 10 to 14 mm wide and the average fingertip is 8 to 10mm wide (Wroblewski, 2010). We 

would like to make the contact area as big as the palm of hand; however, there are some 

difficulties to have such a large contact area. First, we need more LEDs to emit light and that 

needs more battery to support the LED circuit which will increase the size and weight of ours 
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device. Second, it’s hard to keep the light even within the waveguide. At least, the bigger the 

waveguide, the easier the light is disturbed by outside interferences. Thus, in this section, we will 

first design the configuration of the light source for the probe. 

 We plan to obtain clearer shape information. For the first generation TIS, when we detect targets 

which have different shapes, we get round images for all the targets. That is because the focus 

point of lens is far away from the surface of the probe.  A lens can precisely focus objects at a 

distance; objects at other distances are defocused. On the other hand, we want to make TIS G2 as 

small as possible, which restrict our choices of the lenses with short focal distance. In order to get 

clearer image and minimum size of the device, we need to make our camera focal distance small. 

The third challenge is to build a constant current driver circuit small enough to be attached on the 

side of the camera. There are a lot of constant current driver modules available in the market. 

However, if we use them in our design, we will need a high voltage source to drive all the LEDs. 

In that way, we need a large space for the battery. But in our project, we want to arrange all the 

parts around the camera, so the space is limited. Therefore, we need to design a circuit as small as 

possible with a lower voltage input requirement. 

When we calculate the mechanical properties of the targets, we need to utilize the compression 

information, which correlates which each image. Thus, in the experiment for both TIS G1 and 

TIS G2, we have to connect a force gauge on the top of our device to obtain the force 

information. In our clinical practice, not all the doctors are comfortable with this method. Thus, at 

the end of this section, we will introduce a possible upgrade for force gauge part.  

3.3   Hardware Design 

In this design, since we are focusing on the hardware improvement, and in order to minimize the 

software modification, we keep using the TIS G1’s camera and computer interface in TIS G2. 

http://en.wikipedia.org/wiki/Defocus
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The TIS G2 will also incorporate a light source unit with PDMS optical waveguide, a camera unit 

with lens and tubes, and a computer unit to analyze the data. The camera in TIS G2 is the same 

CCD camera F044B-NIR and connected to computer using IEEE 1394A firewire.  Following 

section will introduce the hardware modifications. 

3.3.1   Lighting Source Configuration  

First, we design the lighting source of TIS G2. A large PDMS would make it harder for the LED 

light to distribute evenly inside the PDMS. In this design, we use 3.8cm × 3.8cm × 1.4cm PDMS, 

which has a similar size of four fingers. In TIS G1, simple single LED are arranged on four sides 

of PDMS to provide the light. We first tried this method. We used the same 1500 mcd LEDs and 

put them in the middle of each side as shown in Fig 6. However, just four LEDs are no longer 

sufficient to light up the whole area of PDMS. So we also tried higher intensity 3000 mcd LED, 

the tactile image for a 15 mm white ball is shown in Fig 6. Instead of showing the round image, 

the lights from four sides are stronger than other areas, which change the shape of the target. We 

also tried using the flat top wide angle LEDs, which have 105˚ -120˚ viewing angle. However the 

image did not get much better. 

  

Figure 5: The Schematic of Initial Design of TIS G2 and the Image 

 

After these tests, we decide to use 8 LEDs to light up the PDMS, and each LED has rating of 

typical forward voltage of 3.6 V, a forward current of 20 mA and a viewing angle of 25°. We 
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changed the circuit to drive 8 LEDs, and constructed two designs. For the first one, we put two 

flat top LEDs on each side of PDMS, and for the second one, we used a nylon tube as the 

diffusing lighting tube and put two regular LEDs on the two sides of nylon tube. These two 

designs are shown in Fig 7. After comparing the images of these two designs, the second one give 

us better image of the target, but the camera also captures some light from the LEDs from four 

corners, which results in distortion of the image. To avoid that light, we decided to use black tape 

cover the margins of nylon tube.  

 

Figure 6: The Schematic of Second Design of Lighting Part 

 

3.3.2   Lens Selection 

To get a clear image for the target, we need to choose another lens to focus on the surface of 

PDMS; in the meanwhile we want to keep TIS G2 as small as possible in size. Therefore, the lens 

should have small minimal focal distance and large picture size at minimal focal distance. Our 

camera is AVT Guppy F044B, which has C-Mount lens interface. We searched different wide 

angle C-Mount lenses. After comparison, the Kowa LM6JC lens has smallest minimal focal 

distance (less than 0.1m) and largest shooting range, which is the best option for our design.  
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Table 1 

 

A List of Data for Different Wide Angles Lens 

Part Number Company Imager 

Size 

(in) 

Mount 

Type 

Focal 

Length

(mm) 

Angle of View 

(1/2) 

Focusing 

Range 

Price 

($) 

LM6JC Kowa 2/3 C 6.0 59.4°× 44.5° close ~ 

0.1m ~ ∞ 

129.00 

LM4NCL Kowa 1/2 C 3.5 103.6°× 76.6° 0.2m ~ ∞ 135.00 

LEMV2814 1stvision 2/3 C 8.0 57.32°× 44.29° 0.1m ~ ∞ 140.00 

DF6HA1B Fujinon 1/2 C 6.0 56.09°× 43.36° 0.1m ~ ∞ 157.00 

FE185C045 Fujinon 1/2 C 1.4 185°× 185° 0.1m ~ ∞ 525.00 

M23FM06 Tamron 2/3 C 6.0 43.6°× 33.1° 0.1m ~ ∞ 543.00 

 

 

3.3.3   Constant Current Driver Circuit 

In our design, the probes are lit up using 4 semitransparent nylon tubes and each nylon tube has 

two ultra-bright white LEDs on both sides. The intensity of each lighting tube affects the pixel 

values of the captured images.  The pixel values are very important, since we use these values to 

calculate depth, size and elasticity of the embedded targets. Therefore, having an uniform amount 

of light in each lighting tube and throughout the entire probe is an essential condition.  

In the LED illumination circuit of TIS G1, four 1.5 V battery is used as a voltage source and the 

four LEDs are connected in parallel. Therefore, the voltage across each LED is the same. 

However, LEDs manufactured in different batches may have difference resistance, so the light 

intensity, may be different. Figure 8 shows comparison results among random six LEDs.  Even 

for the products from the same batch, the forward current at given voltage varies widely. From 

Figure 7, we can find out that the current is approximately exponential function of voltage, which 

http://www.bhphotovideo.com/c/product/404242-REG/Fujinon_DF6HA1B_DF6HA_1B_6mm_F1_2_Fixed.html
http://www.bhphotovideo.com/c/product/404242-REG/Fujinon_DF6HA1B_DF6HA_1B_6mm_F1_2_Fixed.html
http://en.wikipedia.org/wiki/Exponential_function
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means a small voltage change may result in a large change in current (Maxim Integrated 

Products, Inc, 2004). Thus, it is not a reliable solution to drive LEDs using a constant voltage.   

 

Figure 7: Forward Current versus Forward Voltage for Six Random White LEDs (three 

from each of the two leading manufacturers) (Maxim Integrated Products, Inc, 2004) 

 

In order to ensure all LEDs are provided with same amount of current, all LEDs should be 

connected in series. In addition, a constant current driver should be used to stabilize the light 

output over a range of input voltage, which can increase the life of batteries. Having constant 

current driver can also help to avoid violating the absolute maximum current rating and 

reliability. Moreover we can obtain predictable and matched luminous intensity and chromaticity 

from each LED by driving all LEDs with constant current.  

There are many different kinds of constant current driver having a wide range of price and 

function. In most of LED circuit designs, an integrated constant current driver module is used to 

drive the LED circuit, like step-down constant current source.  However, the dimension of this 

module is 22.10 mm × 12.55mm × 8.50mm, which is not small enough for our design. In our 

design, we plan to attach all the parts around the camera, so we want to build our circuit as small 

as possible. The other reason the step-down series is not suitable for our design is that we need 



16 

large space to arrange the batteries.  Since in a step down source, the input voltage need to be 

greater than the LED’s operating voltage, which is 28.8 volt (3.6volt × 8 LEDs). In this case, we 

need at least ten 3V batteries or four 9 V batteries. Another idea is to add a boost up circuit to 

reduce the number of batteries. However, the extra circuit may add complexity to our design. 

Therefore, the integrated constant current driver module is not a good option for our design. 

Therefore, we decide to build a circuit by using small IC chips and other circuit components. 

For the constant current driver chip, what we need is a small size chip, which can drive at least 8 

LEDs in series using the smallest possible amount of input voltage. After researching some boost 

up driver chips, we find out the LT1932 constant current DC/DC LED Driver of ThinSOT Chip is 

the best option. It has wide voltage range of 1V to 10V and can drive eight LEDs in series 

connection from 3V. In this case, we can drive the circuit using only one battery. The current 

through each LED can be fixed between 5mA and 40mA using different value external resister. It 

also provide the dimming control function to adjust light using either a DC voltage or a pulse 

width modulated (PWM) signal.  Using this chip, we do not need extra boost up circuit, a signal 

battery greater than or equal to 3 V will solve the power problem. Moreover, we control the light 

intensity by add dimming control circuit. However, the chip is packaged in 6-lead plastic SOT-23 

package and the dimension is about 3mm × 1.75mm × 1mm, which is too small to solder on the 

PCB board. Thus we need a SOT-23 to DIP adapter (10.16mm × 7.62 mm) to connect it into the 

circuit. Fig. 9 shows the comparison among the RCD series driver module, LT1932 and L  T1932 

with adapter.   
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Figure 8: The Pictures of RCD Series Driver, LT1932 Chip and LT1932 Soldering on the 

Adapter 

 

In the datasheet of LT1932, there is an example circuit, which can drive 8 LED using wide range 

voltage from 3volt to 4.2 volt. It also provides the part numbers of the best fit components. 

However, all the suggested components are SMD (surface-mount device) component. Since it is 

very hard to solder SMD component on the PBC board, we decide to find DIP (Double In-line 

Package) replacement according to the component selection requirement. Figure 10 is the 

example circuit using LT1932 to drive 8 LEDs.  

 

Figure 9: Example Circuit of LT1932 to Drive 8 LEDs 
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After comparing different types of battery, the lithium battery was chosen as the best option in 

order to provide a maximum amount of operating hours. The Tadiran 3.6V coin cell lithium 

offers a capacity of 1.7Ah, which provide much more operating hours than other types of 

batteries. In addition, the small dimension (ø 32.9mm × 10.2mm) allows us to attach it to the side 

of a camera. 

According to the application information in the datasheet, for the inductor selection, since the 

core losses at 1.2MHz, which is much lower for the ferrite core, the ferrite core is a better option 

than the cheaper powdered-iron ones to obtain higher efficiency (Linear Technology Corporation, 

2001). This design requires the inductor to handle at least 0.5A have a low DCR (copper wire 

resistance) to minimize     power losses and give two optional inductor value, 4.7µH and 6.8µH  

to satisfy the overall system efficiency. In our design, we chose 78F4R7J-RC (BOURNS JW 

MILLER), which has 38 MHz self-resonant frequency, 530mA direct current (DC) current rating 

and 0.35 Ω DC maximum resistance.  

For capacitor selection, in order to decrease the output ripple voltage, a low ESR (equivalent 

series resistance) capacitor should be added at the output side. Multilayer ceramic capacitor 

should be an excellent choice for the output capacitor. A 1µF or 2.2µF output capacitor in X5R or 

X7R type is preferred. Thus, we used 1µF-50V-X7R capacitor 2C20X7R105K050B (VISHAY 

SPRAGUE) in our circuit.  For the input decoupling capacitor, we also used a ceramic capacitor. 

We placed it on the left side of the LT1932 and as close as possible to it. The datasheet also offer 

us two value options, 2.2µF and 4.7µF. We used 4.7µF-50V-Z5U capacitor C340C475M5U5TA 

(KEMET) as the input capacitor. 

For diode selection, the datasheet suggest us to use Schottky diode, because it has low forward 

voltage drop and fast switching speed. Furthermore the voltage rating of this diode must be 
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greater than the output voltage.  A 1A-40V-SOD323 Schottky rectifier ZHCS400 (DIODES INC) 

was used in our circuit, and the diode just conduct current when the power switch is turned off.  

For the resistor, a single setting resistor is used to set the current for each LED. This resister is 

connected to the      pin, which is internally regulated to 100mV. The current flows out from 

the pin      , and the value is calculated using 100mV/    . The current goes into the LED pin, 

    , is 225 times of the value of     . Thus, for different LED current values, the      can be 

calculated using the following equation, 

             
    

    
  . (1) 

In our design, we want the white LEDs to be driven at maximum currents of 20mA, so the value 

of      will be 1.13kΩ. 

For the chip LT1932, there are two ways to control the light brightness. First one is to use a 

variable DC voltage to adjust the LED current and the other one is using PWM signal. In our 

design, we just use batteries to power the circuit, and we want to get as much life time from the 

batteries. We decided to use PWM dimming control, because this method is more energy 

efficient. The PWM brightness control function pulses the LEDs on and off using the control 

signal and the average current changes with the PWM signal duty cycle. Typically, a 5 kHz to 40 

kHz PWM signal is used for LT1932 applications (Linear Technology Corporation, 2001). In our 

design, we accomplish PWM dimming use      pin with a resistor. In this way, the LEDs will be 

decreased the brightness by increasing the duty cycle and turned off completely using     ̅̅ ̅̅ ̅̅ ̅̅ . 

The approximate value of      should be calculated using following equation, where the  

      is the high pulse value of the PWM signal.  

            
    

     
   .  (2) 
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To obtain a PWM signal, the most common method is to generate it from a microcontroller, but 

we need to program the microcontroller, which is not the easiest method for our design. The other 

common method is to use LM555 Timer to build a PWM generator. However, the minimum 

supply voltage for LM555 chip is 4.5 V, which is greater than our 3.6 V power supply. After 

researching different designs for PWM generator, a PWM circuit designed by David Cook has 

wide input voltage range from 2 V to 6 V. We decided to use this design. Figure 11 shows the 

original design by David Cook. We needed to modulate some components to get our required 

PWM signal.  

 

Figure 10: The PWM Circuit Design (Cook, 2007) 

 

 A PWM signal is a rectangular voltage pulse wave signal which generated by making the voltage 

goes up and down repeatedly. The circuit in above figure uses RC timing with a diode twist to 

change the duty cycle, which is the ratio of the on-pulse time versus the off-pulse time (Cook, 

2007). This IC chip is a 74AC14. This chip is designed with Schmitt-trigger inputs which can 
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efficiently convert slowly changing or analog signals.74xx14 is the standard number of hex 

inverter and AC means advanced complementary metal oxide semiconductor (CMOS), which 

indicated the chip has wide input range from 2 V to 6 V and the output current is up to 25 mA. 

The chip 74HC14 and 74LV14 also can generate PWM signal, however the voltage range or 

output strength cannot match the 74AC14. In this design we just use two inverters. It’s better to 

have small dual inverter in our design, but we did not find any dual inverter chip which has 

Schmitt-trigger input and the same wide input range, so we just use this six inverter chip.  

For the compounds in this circuit,    is the input capacitor to smooth the power supplied to the 

chip and avoid intermittent glitches on the inputs or spikes on the outputs.  The author Dived 

Cook used 0.1 µF capacitor in his design, so we keep use this value.    is the capacitor to be 

filled up and drained repeatedly to make the pulse wave and the value of this capacitor will affect 

the frequency of the signal. Increasing the capacitance decrease the frequency of the wave and 

decreasing the capacitance increase the frequency of the wave.    is a variable resistor to change 

the duty cycle of the output wave and the value of the total resistance value also can change the 

frequency of the wave. In our design we chose 0.01 µF capacitor and 10 kΩ potentiometer to 

generate a 10 kHz PWM signal. For the two diodes    and   , one is the charge path, and the 

other is discharge path. We used 1N914 diode in our design.  

After the components calculation and selection, we put all the parts together and finish the final 

design of the LED driving circuit. Fig. 12 shows the schematic of entire circuit. 
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Figure 11: Schematic of Constant Current Driving Circuit with PWM Dimming Control 

 

3.3.4   The Final Design  

 

Figure 12: The Schematic of Final Design of TIS G2 

 

Here is a list of the material we need to build second generation tactile imaging sensor. 
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Table 2 

 

Material List for TIS G2 

Camera AVT Guppy F044B 

Lens 6mm 1:1.4 C2/3in Kowa Lens (Focal length: close~0.1~infinite m, Aperture: 

1.4~16) 

Lens  Setting  Focus: closest（0.03m）, Aperture 1.4. 

Glass 7cm (2.75 in) diameter × 0.3cm (0.12in) thinkness discs glass 

Battery 2 × 3.6V coin cell lithium battery 

Potentiometer 10kΩ potentiometer with Analog Turning Knob 

Chip LT1932,  74AC14 

Circuit 

Component 

Capacitors (4.7 µF, 1.0 µF, 0.1 µF and 0.01 µF), Schottky rectifier (1A-

40V),  Switching diode (200MA-75V) Inductor (4.7 µH),  Resistors 

(1,13kΩ, 26.1kΩ)  

Interface Interface to connect the force gauge（Mark-10, M3-10） 

PDMS 3.8cm × 3.8cm × 1.4cm 

LED 8 × Ultra-Bright White 3mm LED 4000 MCD 

Tube Off white nylon tube (outer diameter: 6.3mm, inner diameter: 4.6mm) 

Others Black tape, glue, adpter and wires 

 

The frame of LED was made by glue (Arrow). First we used the glue gun to melt the glue stick 

and put glue around the LED tubes, and then used paper to shape the glue. For other components 

we placed all the parts around the camera and used super glue to hold them, then solder all the 

wire connection, then used black tape to wrap the sensor. 

3.3.5   Other Possible Change 

After finishing the main design of the TIS G2, there is one more upgrade planned in the future, 

the replacement of the force gauge. In our test, we continued using the force gauge Mark-10 M3 
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from TIS G1 system. The dimension of the gauge is 99 mm × 64 mm × 38 mm, we need to 

connect the gauge on the top of the TIS and hold the gauge to do the measurement. Also we need 

an extension interface between gauge and camera, which is not convenient. In the future design, 

we plan to use a small cell force sensor to replace this force gauge. The comparison of these two 

designs is shown below.  

 

Figure 13: The Schematic of The Driving Circuit of the Light Source Unit 

 

3.4   Test Plan of Second Generation TIS 

The software used for image processing is Matlab. The graphical user interface (GUI) uses the 

MATLAB Image Acquisition Toolbox to create a link to the camera. The GUI connects the 

camera, sets up the camera variables, and starts the video feed automatically. The basic 

functionality of GUI is to be able to start and stop the camera, to view a snapshot or current tactile 

image of the processed video, and to save the current tactile image to specified folder.  
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In this design, we want to improve TIS with a larger contact area and clearer images. In the first 

test, we use white rubber ball as target. We press this ball use different regions of PDMS, and see 

if we can get clear image for all regions. The second test is to verify if this design can get clearer 

image and shape information of the targets. We use three targets with different shapes, a rubber 

ball, a rubber cube and rubber triangular prism to figure out if we can get clear shape information 

for the targets. Since the breast tumor is under the skin, in the third test we will determine if this 

device works for detecting the target under skin. We will use the inclusion phantom to perform 

indirect contact experiment. In this test, we will apply different force on the target and see the 

difference from the images between direct contact and indirect contact experiments. 
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CHAPTER 4    

 

COMPARISON BETWEEN FIRST AND SECOND  

 

GENERATION TIS 
 

The overall goal of developing TIS is to detect an embedded object (tumor) and estimate the 

mechanical property of the inclusion. When the tactile sensor compresses the human tissue from 

the surface, if there is a tumor under the skin, the pressure deforms the sensing probe and trapped 

light scatters to the camera and forms the tactile image. Using this image information, we can 

estimate the mechanical properties such as size, depth, and young’s modulus (Saleheen et al., 

2014). So after we successfully get the image, we want to use TIS G2 image to estimate the 

mechanical properties. Then we repeat the same experiment using TIS G1 to compare the 

performance of two devices. In this section, we will describe the methods we will use to estimate 

the mechanical property like size, depth, and elasticity of embedded object. 

4.1   Depth Estimation 

For depth calculation, we want to estimate the depth information of the embedded target. In this 

algorithm, we assumed the depth is a function of the minimum normal force. The minimum 

normal force is the force value when the tactile image just appears on the screen. In this approach, 

we wanted to build a model from depth-minimum normal force mapping and the goal was to use 

the model and force information to estimate the depth. To build the model, we recoded the 

minimum normal force values for the targets with different depths. The actual depth value was 

known. After getting the force data points, we used Matlab to plot date and curve fitting tool to 

compare the    value of different models. A linear and the first order regression model gave us 

best fitting result.  The regression model is as follows.  
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      .  (3) 

The    ,    and    are the parameters,      is the estimated depth and       is minimum normal 

force. In the depth estimation accuracy comparison between two generations TIS, we will use 

experiment data to find the parameters of this model for each system. 

 

4.2   Size Estimation 

For size calculation, we assumed the diameter of an embedded target was a function of applied 

normal Force, number for pixels from corresponding tactile image, and depth of the embedded 

target. Therefore, when experiments were performed for varying depth, the tactile images were 

obtained for known sizes and applied forces. We performed the experiment using same depth 

phantom and recorded the normal force information and pixel number for targets with different 

sizes. The true diameters of targets were known. We also used Matlab to plot data and compared 

the models. The polynomial regression models give us the best fitting result. So the relationship 

among size, force, and number of pixels for each depth can be described using the following 

model. 

  (    )   ∑ ∑      
   

    
   

   
    .  (4) 

Where D is the diameter of the embedded target, F is the normal force and    is the pixel number 

of the tactile image.  In addition, we found out the best setting of degrees for force value and 

pixel number were three and one, which neglected some coefficient to avoid the overfitting. Thus, 

the polynomial interpolation function D (F,    ) can be written as: 

    (    )                                                    .  (5) 

The parameters    ,    ,    ,    ,    ,    and     can be found using two systems’ data.  
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4.3   Elasticity Estimation 

The tactile imaging system cannot measure the actual elasticity of the embedded target because 

we do not have a good algorithm to estimate the real elasticity. However we can calculate the 

relative Young’s modulus to differential the hardness of the inclusive object. In this method, we 

need to use two tactile images with different normal forces. A formula is used to calculate the 

relative young’s modulus of sample.  

          
   

  
 .  (6) 

The    is the tensile stress, which is calculated from the ratio the force value    and contact area 

A of the image corresponding to the lower force.  

     
  

 
 ,  (7) 

where  

      
  

 
   ,  (8) 

where    is the diameter with the lower force. The tensile strain    is calculated from: 

     
     

  
 .  (9) 

4.4   Test Plan of Comparison of TIS G1 and TIS G2 

In this section, some tests were designed to compare the capabilities of TIS G1 and TIS G2 in 

characterizing an inclusion embedded in the soft tissue. The models are developed using spherical 

targets and PVC tissue phantom with base, depth, and intermediate layers. Figure 15 shows the 

schematics of PVC tissue phantom. We will perform depth, size, and elasticity tests using 

different targets and depth layers.   
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Figure 14: The Schematics of PVC Tissue Phantom 

 

For the depth estimation test, the target is a 15.54mm polyacrylonitrile ball. We record the 

average minimum normal forces for six different depth layers (3.5mm, 4.5mm, 5mm, 7.5mm, 

8mm and 10mm). The 5mm data is used as test data, others are training set data. After we build 

the models for TIS G1 and G2, we will test the 5mm data and calculate errors. Secondly, we try 

the size estimation test using 4.5mm depth layer and five different polyacrylonitrile balls 

(10.71mm, 11.81mm, 13.73mm, 15.54mm and 17.88mm). We will also build the models and 

compare the errors.  

To begin the elasticity accuracy experiments, we need to create target samples. Since it is difficult 

to determine the true elasticity of objects, we are attempting to measure the relative elasticity. As 

previously discussed, PDMS has two main mixing components: A, the base agent and B, the 

curing agent. Increasing B increases the elasticity of the PDMS. Elasticity samples created for 

testing the accuracy made from different ratios of PDMS (1:20, 1:15, 1:10, 1:5 and 1:1.4). After 

we have all of our samples created, we can begin testing as described above in section 4.3. In the 

same manner as for size and depth test, we will calculate errors and compare them. 
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4.5   Statistical Analysis Methods 

To compare the accuracy of TIS G1 and TIS G2, we will repeat the experiments multiple times to 

get statistical data and perform statistical analysis. This will compare the performance of these 

two systems. In this section, we will describe the statistical analysis methods that we use in this 

thesis. 

4.5.1   Student’s T-test 

Student's t-test is one of the most commonly used techniques for testing a hypothesis on the basis 

of a difference between sample means. A two-sample t-test examines whether two samples are 

different and is commonly used when the variances of two normal distributions are unknown and 

when an experiment uses a small sample size. 

 

Figure 15: Three Scenarios for Different Distributions (Trochim, 2006) 

 

Figure 16 shows three different scenarios for different distributions. From the three scenarios, we 

can find that the differences between means are small in the three cases, but these three situations 

are not same (Trochim, 2006). The first one shows the data in each group has moderate 
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variability. The second one shows the data in each group has large variability. The third example 

shows the data have small variability. After comparing the distributions in three cases, we could 

notice that the two group data in third situation appear most different or distinct. For the third 

case, the two groups’ data overlap so much, so the difference is least striking. We can conclude 

that when we consider the difference between two groups, we should compare the means with the 

variability. Therefore, t-test will be used to look up the statistical difference between two groups. 

In t-test, we will calculate the t-value, which is a ratio of signal over noise. The signal part is the 

difference between the two means or averages and the noise part is a measure of the variability or 

dispersion of the data. The formula of t-value is shown below, 

         
      

     
 , 

                                       = 
                              

                     
 ,    (10)    

                   = 
  ̅̅̅̅    ̅̅̅̅

     ̅̅̅̅    ̅̅̅̅  
 . 

The top part of the formula is easy to find and just uses the mean of second group and subtract the 

mean of first group. The bottom part is little complex, the standard error of the difference is used 

to represent the variability of groups. The formula of the standard error of the difference is shown 

below,   

      
̅̅̅̅    

̅̅̅̅   √
    

  
 

    

  
 .  (11) 

The      and      are the variances for each group and the    and    are the numbers of samples 

in each group. We first divide variance by the number of smaples for each group, add these two 

values, and then take the square root. After we find out the t-value, we can check the value with a 

table of significance to see if the ratio is large enough to say that the difference between the 

http://www.socialresearchmethods.net/kb/statdesc.htm#Dispersion
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groups is statistical significant. To test the significance, we need to set a risk level and it usually 

to set the alpha level to 0.05 in most research.  

To perform t-test, JMP Pro 10.0.2 will be used in our statistical analysis.  JMP combines 

powerful statistics with dynamic graphics, in memory and on the desktop. Its interactive and 

visual paradigm enables JMP to reveal insights that are impossible to gain from raw tables of 

numbers or static graphs. We can easily perform t-test from our data using JMP. 

4.5.2   Another Possible Statistical Analysis Method  

In our size estimation  algorithm,  we calculate diameter of the target from applying force and 

pixel numbers of correlative image for each depth layers. In this method, we can use principal 

component analysis(PCA) to compare the fitting module and differentiate the data in several 

groups. PCA is a mathematical variable reduction procedure. It converts a larger number of 

observed variables into a smaller number of variables. Number of original variables is more than 

or equal to the number of principal components. In this technique, the first principal component 

has the highest variance; the second principal component has the second highest variance and so 

on. But each principal component should be orthogonal to the one before that. 

PCA helps us to identify pattern in data and emphasize on the similarities and differences of the 

dataset. When the data had a large number of variables, patterns in the dataset are difficult to be 

recognized. So we can use it to differentiate our size data for different depth layers. We can use 

the PCA plot tool in the software Unscrambler for this purpose. 
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CHAPTER 5    

 

EXPERIMENTS AND RESULTS 
 

In this chapter, we discuss our experiments and results. The aim of this project is to design, build 

and test the second generation tactile imaging system to improve size, depth and elastic modulus 

accuracy. We will show the hardware and image results. After that, we will compare the 

performances of TIS G1 and TIS G2 for the mechanical properties estimation. We will show the 

t-test results for both devices.     

5.1   Hardware Result 

For the hardware part, we first constructed the lighting tube and the probe frame, using glue and 

black tape to hold all the tubes and LEDs on the glass. We also made the frame round in shape to 

decrease the pressure of compressing the target. Then, we finished the lens test, and determined 

the best setting of the lens. The focal distance was set to the closest position, which is smaller 

than 10 cm. The aperture knob was set to the 1.4 f-stop position. Under this setting, we get the 

clearest image of the target. After that, we connected the camera to the laptop and put the probe 

frame under the camera. We used the Matlab GUI to observe the image and found the best 

position for the camera and lens. At last, we used glue to make a tube to connect the lens and the 

probe frame. 

After fixing the configuration of the probe and lens, we soldered all the components on a PCB 

board. Fig. 17 shows the front view and the back view of the constant current driver circuit.  Fig. 

18 shows the PWM signal to control the LEDs brightness. After connecting the circuit to the 

batteries, potentiometer and switch, the entire circuit is finished. All the parts are distributed and 

glued around the camera. Then we use black tape to wrap all the parts. Figure 13 shows the front 

view and the side view of TIS 2E.  
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Figure 16:  The Front View and the Back View of the Constant Current Driver Circuit 

 

The PCB board circuit looks slightly different than the schematic. From the front view picture, 

the top three wires are connected to the potentiometer. Two black wires are connected to the sides 

of the potentiometer, and the red one is connected to the movable contact. The next pair of black 

and red wires is connected to the first battery to power the 74AC14 chip. The bottom pair of 

black and red wires is connected to the second battery to power the LT1932 chip.  The red wires 

are connected to the positive pin of the battery and the black ones are connected to the negative 

side of battery. The two black power wires need to be connected to provide the same ground 

voltage. The middle pair of the wires is connected to the switch to turn on and off LEDs 

completely.  

After finishing the circuit, we used oscilloscope to observe the dimming control signal. Figure 18 

shows the waveform of the PWM dimming signal. By adjusting the potentiometer, the on/off 

ratio (duty cycle) is changed. The brightness of the LEDs is decreased by increasing the duty 

cycle, and increased by decreasing the duty cycle. 
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Figure 17: The Dimming Control Single Generated from the PWM Circuit 

 

 

Figure 18: The Picture of TIS G2 
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We finished the device and successfully enlarged the detection area.  The front view and the side 

view of TIS G2 are shown in Figure 19. After we built the hardware, we tested its active area and 

ability to capture the clear image of the target by performing three tests. First, we compressed the 

small targets using different regions of the PDMS probe. Second, we detect the three rubber 

targets with different shapes (circle, triangle and rectangle). Using TIS G2, we can clearly 

identify the shape of the target, which is an improvement over the previous version (Figure 20). 

 

Figure 19: The False Color Imaging for Targets 

 

Since the breast tumor is under the skin, in the third test, we did the indirect contact experiment 

with an inclusion phantom. The images under different forces are shown in Table 3. Thus TIS G2 

can clearly capture images in both direct and indirect contact experiments. Also, we performed 

the indirect and direct contact experiment in similar conditions using the same value of applied 

force. We clearly see that the intensity of the image in the indirect contact experiment is lower 

than the corresponding image in the direct contact experiment. 
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Table 3  

 

The Image of Target in Direct Contact and Indirect Contact 

Force 1 N 5 N 10 N 

 

Direct 

Contact 

   

 

Indirect 

Contact 

   

 

 

5.2   Mechanical Properties Estimation Result 

In this section, we described the details about the process of the size, depth and elasticity 

estimation. After using training data to build the models for each estimation algorithm, we 

estimated the predictive results and compared the errors for both TIS G1 and TIS G2. 

5.2.1   Depth Estimation Result 

In this test, we use a three layers PVC tissue phantom, which is shown in Fig.21. The transparent 

PVC tissue is the base layer. The left tissue is the intermediate layer. In this test, the depth for this 

layer is 15mm. We made a hole in the middle of this layer, and put the 15.54 mm 

polyacrylonitrile  ball in this layer, then covered them using different depth layer. For this 

experiment, we obtained the minimum normal forces for six depth layers (3.5mm, 4.5mm, 5mm, 

7.5mm, 8mm and 10mm). 
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Figure 20: The Picture of the PVC Phantom 

 

We recorded the minimum force data for each layer, and repeated it 3 times, then took the 

average value. The 5 mm data is used as test data, and others are training set data. We first used 

the force information and actual depth information of training set data to plot the module in 

Matlab. Then, we use the force information of test data and the module to calculate the predictive 

depth value.  The error is calculated using the difference between actual depth value and 

predictive depth value divided by actual depth value. We will do the same process for both TIS 

G1 and TIS G2 and compare the results. 

The following table shows the average minimum normal force for the different depth layers. 

 

 

 

Base Layer 

Depth Layer 
Intermediate Layer 

Layer 

15.54mm 

Target 
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Table 4 

 

The Minimum Normal Force Data for TIS G1 

Depth(mm) Force(N) 

3.50 4.30 

4.50 5.40 

5.00 5.95 

7.50 8.05 

8.00 8.50 

10.0 10.9 

 

The force and depth data for 3.5, 4.5, 7.5, 8.0 and 10.0 were used to plot the module. The result is 

shown below. 

 

Figure 21: The Fitting Curve for Depth Estimation of TIS G1 

 

From the result of the fitting curve, the general model is: 

             .  (12) 
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The coefficients a is equal to 3.557, b is 0.6121, and c is -5.294. Then we use 5mm force data to 

calculate the predictive depth (Depth_Pre) and the error between the actual and predicted depth. 

The error of this estimation is 7.18 %. 

 

Next, we did the same process for 2E, first get the minimal force information for each layer, the 

average force value is shown in following table.  

Table 6 

 

The Minimum Normal Force Data for TIS G2 

Depth(mm) Force(N) 

3.50 3.20 

4.50 4.60 

5.00 4.50 

7.50 6.03 

8.00 7.15 

10.00 9.35 

 

Then, the force and depth data of the training set (depth, 3.5, 4.5, 7.5, 8.0 and 10.0) were used to 

plot the model. The result is shown below. 

Table 5 

 

Depth Estimation Result for TIS G1 

Depth(mm) Force(N) Depth_Pre(mm) Error % 

5.00  5.95 5.36  7.18 
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Figure 22: The Fitting Curve for Depth Estimation of TIS G2 

 

From the result of the fitting curve, the general model is same with TIS G1 model. The 

coefficients a is equal to 5.49, b is 0.4944, and c is -6.475. Then we use 5mm force data to 

calculate the predictive depth, and the error between the actual and predicted depth. The result in 

the following table shows the error of this estimation is 1.4 %. 

 

5.2.2   Size Estimation Result 

In this experiment, we use a 4mm depth layer and five polyacrylonitrile balls as the targets, 

whose diameters are 10.71mm, 11.81mm, 13.73mm, 15.54mm and 17.88mm respectively. First, 

we recorded the pixel number of images for targets. The force applied in each case range from 0N 

to 25N, each time the force is incremented by 1 N. The pixel number data is shown below. 

 

Table 7 

 

Depth Estimation Result for TIS G2 

Depth(mm) Force(N) Depth_Pre(mm) Error % 

5.00  4.50 5.07 1.40 
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Table 8 

 

The Pixel Number Data for TIS G1 

Depth layer: 4mm, Intermediate layer: 16mm, Base: 15mm 

Potentiometer setting: 35,9 threshold:35 

Force (N) Size (mm) 

Pixel 

Number 10.71 11.81 13.73 15.54 17.88 0 

0 107 325 5399 3127 0 24 

1 17 1 11891 29974 11434 0 

2 56 87 23261 38208 20426 476 

3 0 351 28066 43020 29764 765 

4 0 231 34099 51588 34923 540 

5 0 105 39637 59118 42869 286 

6 0 771 46227 65470 55195 109 

7 0 2925 52268 68678 66632 124 

8 0 5308 53505 75260 78253 148 

9 0 4519 57254 79777 90187 1233 

10 39 6445 61433 88532 100954 26362 

11 261 10805 65972 96474 115386 22599 

12 242 14703 70704 101767 126777 16732 

13 556 16303 75068 108140 138307 12677 

14 6651 19426 83565 113855 161419 9869 

15 9518 24390 95813 125428 172444 17837 

16 18430 32008 99208 134528 183864 3450 

17 21426 37026 104724 140472 192714 4537 

18 30243 40258 111056 144266 203841 6092 
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Table 8 

 

(continued) 

Force (N) Size (mm) 

Pixel 

Number 10.71 11.81 13.73 15.54 17.88 N 

19 33063 49556 119947 151067 211016 8429 

20 35855 56893 126413 157193 227826 10530 

21 47703 75227 135864 164078 241287 14613 

22 53167 113554 144757 170851 250348 19383 

23 61205 121649 152592 177983 238391 30141 

24 67094 136626 162457 185176 241868 34423 

25 72304 149934 174710 195309 268212 39166 

 

Then we plot training test data for the ball whose diameter is 10.71mm, 11.81mm, 15.54mm and 

17.88mm using Matlab. In this test, we plot the data from 1N to 25N, 

 

Figure 23: The Fitting Curve for Size Estimation of TIS G1 

 

From the result of the fitting curve, the general model is 
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                                                        (13) 

The coefficient     is 13.11,     is -0.5197,     is 0.0001449,     is 0.04221,     is equal to         

-1.091 ×     ,     is -0.001275 and     is 2.752 ×     . 

At last, we used pixel number (Pix_No) data which related to each applied force for the 13.73 

mm target to compute the predicted size (Size_Pre) from the model described above. The average 

error was 6.22 %. 

Table 9 

 

Size Estimation Result for TIS G1 

Size(mm) Force(N) Pix_No Size_Pre(mm) Error% 

13.73 1 11891 14.22778 3.62551 

13.73 2 23261 15.11781 10.10786 

13.73 3 28066 15.11404 10.08042 

13.73 4 34099 15.22797 10.91019 

13.73 5 39637 15.26128 11.15281 

13.73 6 46227 15.36621 11.91706 

13.73 7 52268 15.38981 12.08896 

13.73 8 53505 15.02637 9.441886 

13.73 9 57254 14.87283 8.323596 

13.73 10 61433 14.74894 7.42125 

13.73 11 65972 14.64254 6.646343 

13.73 12 70704 14.539 5.892182 

13.73 13 75068 14.408 4.938065 

13.73 14 83565 14.46104 5.324397 

13.73 15 95813 14.64487 6.663308 
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Table 9 

 

(Continued) 

Size(mm) Force(N) Pix_No Size_Pre(mm) Error% 

13.73 16 99208 14.42497 5.061714 

13.73 17 104724 14.29006 4.079062 

13.73 18 111056 14.18076 3.283053 

13.73 19 119947 14.16119 3.140497 

13.73 20 126413 14.04947 2.326804 

13.73 21 135864 14.05092 2.337344 

13.73 22 144757 14.04192 2.271838 

13.73 23 152592 14.0082 2.026225 

13.73 24 162457 14.07874 2.540002 

13.73 25 174710 14.29032 4.081001 

Average 

  

14.59 6.23 

 

We performed the same experiment for TIS G2, first get the pixel number for each target under 

different applied force. 

Table 10 

 

Pixel Number Data for TIS G2 

Depth layer: 4mm, Intermediate layer: 16mm, Base: 15mm 

Potentiometer setting: 7, threshold:50 

Force(N) Size(mm) 

Pixel 

Number 10.71 11.81 13.73 15.54 17.88 N 

0 84 107 124 165 189 96 

1 99 111 152 57318 90707 29051 
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Table 10 

 

(Continued) 

Force(N) Size(mm) 

Pixel 

Number 10.71 11.81 13.73 15.54 17.88 N 

2 99 114 331 59337 90684 21547 

3 93 108 2354 56124 86958 6667 

4 71 76 5445 52380 89659 1165 

5 61 66 7967 53073 93080 396 

6 57 60 10754 55575 98939 293 

7 51 53 5528 60124 104630 231 

8 52 47 4970 66310 111077 206 

9 50 49 28054 71109 118033 201 

10 50 51 30764 74304 123763 132 

11 52 48 33128 77720 129608 120 

12 56 215 35954 81679 134786 71 

13 58 1699 38238 84700 139804 52 

14 65 4367 41431 88978 142920 55 

15 2645 8043 44046 93661 149585 39 

16 6518 10270 47945 98078 153906 146 

17 11800 12228 50416 103018 157409 382 

18 16348 14591 54621 108012 162301 447 

19 23678 15994 59816 111201 167539 429 

20 27243 17701 63241 112183 171614 1588 

21 30948 14663 58837 111440 176324 1245 

22 33439 15544 55836 119434 180559 2208 

23 36829 21883 74559 126718 184350 3589 

24 39885 32398 72724 132506 187773 7249 

25 43027 34862 68321 142527 189918 9322 
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Then we derive the model by plotting the training set data points for the balls (diameter, 

10.71mm, 11.81mm, 15.54mm and 17.88mm). The fitting curve is shown in following figure. 

 

Figure 24: The Fitting Curve of Size Estimation for TIS G2 

 

From the curve result, the model is same as TIS G1.The coefficient     is 11.61,     is 0.1015, 

    is 0.0001449,     is -0.009173,     is equal to  -3.081×     ,     is 0.0001421 and     is 

6.405 ×     . 

At last, we used pixel number data corresponding to each applied force for the 13.73 mm target to 

compute the predicted size from the model described above. The average error was 5.27 %  

Table 11 

 

Size Estimation Result for TIS G2 

Size(mm) Force(N) Pix_No Size_Pre(mm) Error% 

13.73 1 152 11.71337 14.68776 

13.73 2 331 11.80023 14.05514 

13.73 3 2354 11.99132 12.66339 

13.73 4 5445 12.22376 10.97042 

13.73 5 7967 12.39142 9.749333 
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Table 11 

 

(Continued) 

Size(mm) Force(N) Pix_No Size_Pre(mm) Error% 

13.73 6 10754 12.54922 8.600017 

13.73 7 5528 12.23105 10.91731 

13.73 8 4970 12.17701 11.3109 

13.73 9 28054 13.34847 2.778805 

13.73 10 30764 13.39831 2.415834 

13.73 11 33128 13.41569 2.28921 

13.73 12 35954 13.44216 2.096443 

13.73 13 38238 13.43172 2.172443 

13.73 14 41431 13.4526 2.0204 

13.73 15 44046 13.43933 2.117024 

13.73 16 47945 13.47381 1.865909 

13.73 17 50416 13.44332 2.088011 

13.73 18 54621 13.48038 1.818039 

13.73 19 59816 13.55386 1.282895 

13.73 20 63241 13.55756 1.255963 

13.73 21 58837 13.26477 3.388401 

13.73 22 55836 13.03578 5.056206 

13.73 23 74559 13.63622 0.683026 

13.73 24 72724 13.46762 1.910978 

13.73 25 68321 13.21355 3.761478 

Average 

  

13.01 5.28 
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5.2.3   Elasticity Estimation Result 

Similar to the size estimation, we used same 4mm depth layers in the test, and used spherical 

objects with same size. In this test, we created objects with varying elasticity. When we measure 

the elasticity, we want to make sure that our number increases as the elasticity increases. In order 

to do this, we created our elasticity objects out of varying PDMS ratios. The PDMS has two main 

mixing components: A, the base agent and B, the curing agent. Increasing B increases the 

elasticity of the PDMS. In the same manner as for size estimation, the force applied in each case 

range from 0N to 25N, each time the force is incremented by 1N. We calculated the relative 

elasticity using the algorithm discussed in Chapter 4, and the results for G1 and G2 are shown 

below. 

Table 12 

 

Elasticity Estimation Result for TIS G1 

Sample Ratio Rel. Elasticity Elasticity (kPa) 

1 1:20 Hardest 27.0233 

2 1:15 Less Hard 47.0856 

3 1:10 Soft 27.3283 

4 1:5 Less Soft 65.1859 

5 1:1.4 Softest 31.2292 
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Table 13 

 

Elasticity estimation result for TIS G2 

Sample Ratio Rel. Elasticity Elasticity (kPa) 

1 1:20 Hardest 133.1428 

2 1:15 Less Hard 102.8600 

3 1:10 Soft 77.7026 

4 1:5 Less Soft 300.5293 

5 1:1.4 Softest 68.1172 

 

We tested the PDMS targets whose ratio of base: curing agent is 1:20, 1:15, 1:20, 1:5, 1:1.4 

respectively. Sample 1 should have the highest elasticity value followed by sample 2, 3 and 4. 

The sample 5 should have the lowest elasticity value. We measured the relative elasticity (kPa) of 

the target and compared the performance of TIS 1E and 2E. Table 14 shows the decreasing trend 

in the elasticity value from sample 1 to sample 5. However, the elasticity value of sample 4 is 

erroneous and is considered as an outlier. Table 13 shows no decreasing trend of elasticity from 

sample 1 to sample 5. Thus we can conclude that TIS G2 estimates elasticity more accurately 

than TIS G1.  

5.3   Statistical Analysis Result 

In our size, depth and elasticity estimation algorithms, there are two kinds of data we used in 

calculation. First is the minimal normal force data, which was used to compute the depth the 

inclusive target. The other one is the pixel number of the image, which was used to compute the 

size and elasticity of the target. Thus we analyzed these two data sets using statistical analysis 

method, t-test, to compare the data sets for two TIS systems. 
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5.3.1   Minimal Normal Force Result 

In this test, we used same PVC phantom as we used in estimation part. The target in this test is 

13.73 mm inclusive ball. We obtained minimum normal force data for 5mm depth layer and 

repeated 25 times. Then we record 25 minimum normal force data into excel and use JMP 

software to process the t-test. The result is shown in the following figure. 

 

Figure 25: The T-test Result for Minimum Normal Force Data 

 

The t-value we obtained is -28.2476. The next item, Prob > |t|, shows that the p-value associated 

with this t is less than 0.0001. The two remaining items in the t-test table are the one-tailed 

probabilities for the observed t value, which tests not only that there is a difference, but also the 

direction of the difference. Prob > t is the probability that the difference in population group 

means is greater than the observed difference. Prob < t is the probability if that the difference in 
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population group means is less than the observed difference. We also plotted the mean and 

standard deviation of two data sets. 

From Fig. 25, we find out that the mean of minimum normal force of TIS G1 is smaller than TIS 

G2, which indicated that in the same experiment, the TIS G2 required less applied force to obtain 

the image. That means the TIS G2 is more sensitive than TIS G1. We also compare the standard 

deviation of these two data sets. We find the value of standard deviation in case of TIS G2 is 

smaller than the value of standard deviation in case of TIS G1, which indicated that, the sample 

data for TIS G2 has fewer varieties than the data for TIS G1, in the other word; the TIS G2 

system is more repeatable. 

5.3.2   Pixel Number Result 

After comparing the minimum normal force data in two systems, we also did the same process to 

analyze the pixel number data, which is used to compute the size and elasticity estimation. In this 

experiment, we also used small 13.73 mm ball as the target and 4 mm depth layer. We recorded 

the images of the target under 8N and repeated 25 times to get 25 images. After image 

processing, we obtain the pixel number values of each image, and used JMP software to process 

the t-test. The result is shown in the following figure. 
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Figure 26: The T-test Result for Pixel Number Data 

 

The t-value we obtained is 54.50348. The next item, Prob > |t| is less than 0.001. Prob < t =1 

means the probability if that the difference in population group means is less than the observed 

difference. We also plotted the mean and standard deviation of two data sets. 

From Fig. 26, we find out that the mean of pixel number in case of TIS G2 is more than TIS G1, 

which indicated that TIS G2 is more sensitive than TIS G1. In other words, it will be easier to 

obtain clear shape information of targets with TIS G2. We also compared the standard deviation 

of these two data sets. We found the value of TIS G2 is smaller than the value of TIS G1, which 

again, indicated that the TIS G2 system is more repeatable. 
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CHAPTER 6    

 

DISCUSSION AND CONCLUSIONS  
 

6.1   Discussion 

We faced some issues in the hardware design while building the circuit for TIS G2. Initially we 

had used a 3.6V battery to power the LT1932 chip and 74AC14 chip at the same time. However, 

when we constructed the circuit on the breadboard and tested it, we found out that the PWM 

dimming part was not working. Then we checked the entire circuit, and found that the voltage 

across the circuit is 1V instead of 3.6V. After checking the data sheet, we found the PIN     

limits the input voltage to 1V. For chip 74AC14, the minimum operation voltage is 2V. Thus, we 

separate the powers for two chips and use one 3.6 V battery for each chip. After soldering the 

entire circuit, we connected the negative pins of two batteries to provide the same ground voltage.  

For the probe frame part, we increased the size of the detection area to 3.8cm × 3.8cm, and used 

the nylon tube as a lighting source. In this part, the position of the nylon tube did affect the image. 

If the tubes were close to the surface of the probe, more light will distribute on the surface. Also, 

when we do the indirect contact experiment, the whole screen will light up. In that condition, we 

cannot capture the image of the target. So, we put the light tube close to the glass, and make a 

glue frame on the top of the tubes. The distance between the PDMS and the tube also affects the 

quality of the image. When we put the tubes 1cm away from the PDMS, the image is little better 

than putting the tube right next to the PDMS. However, putting the tubes 1cm away from the 

PDMS will increase the size of probe frame, which will increase the required force to get the 

image. Since the images for the two conditions just have a slight difference, we decided to put the 

light tube close to the PDMS. 
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6.2   Conclusion 

In this thesis, we described a new design of the tactile imaging system. The objective for this 

design was to improve the TIS performance in estimating mechanical properties of soft tissue 

with inclusion. Therefore, we proposed, designed and implemented three hardware upgrades. 

First, the light source configuration was redesigned to fit the larger probe. Second, we 

incorporated a wide angle lens, with a small focal distance to improve the image resolution. Third, 

a constant current driver circuit with PWM dimming control was designed and implemented to 

provide the uniform brightness. In order to compare TIS G1 and TIS G2, we performed a 

mechanical properties estimation experiment on phantoms. The results showed that TIS G2 

improved the depth and size estimation over TIS G1 by 5.78% and 0.96% respectively. 

Furthermore, TIS G2 was more consistent in differentiating hardness based on elastic modulus 

than TIS G1. Finally, we performed t-test on system outputs (minimal normal force and pixel 

number). The results show that TIS G2 is more sensitive and more reliable than TIS G1. With 

these results, we concluded that the new TIS design improved the performance significantly. For 

future improvement, force cell can be considered to replace the heavier force gauge, which will 

make the system lightweight and comfortable for the patients.  
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