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Abstract 

Prostate Cancer (PCa) remains one of the most prevalent form of cancer 

affecting men worldwide. As the aging population continues to increase, the number 

of men with prostate pathological conditions is also gradually on the rise. The task, 

therefore, of developing new methods and tools which are suitable for the early 

detection of PCa is nontrivial. There is strong evidence that pathological conditions 

such as cancer significantly changes the spatial-temporal mechanical characteristics 

(stiffness) of healthy soft tissues; cancerous tissues are often stiffer than healthy tissue. 

For many decades physicians have leveraged this knowledge in a qualitative manner 

in form of touch sensation to detect PCa during a clinical screening routine procedure 

called digital rectal examination (DRE). It is an easy and inexpensive PCa screening 

modality. This technique, however, is subjective and depends on the experience of a 

medical examiner. To improve the subjective results associated with DRE results, this 

study proposes two cable driven robotic palpation sensor systems with two different 

contact force estimation approaches based on cable tension and cantilever beam strain 

measurement, respectively. The sensor systems are capable of obtaining quantitative 

spatial-temporal information about the mechanical properties of the prostate. The 

thesis provides a detailed account of the proposed palpation sensor system design, 

construction, sensor system characterization, contact force sensing strategies, and 

mechanical property characterization of tissue mimicking elastomers. 

System characterization and calibration tests were carried out in order to evaluate 

the kinematics and contact force sensing performance of the developed palpation 

systems. By conducting scanning and uniaxial single point indentation palpation tests 

on silicone elastomers as well as prostate samples with embedded hard inclusions to 

mimic different PCa conditions, contact force information was obtained. Moreover, 

relationships between contact force and indentation depth were investigated and the 

sensor system’s performance for estimating the Young’s modulus was evaluated. The 

results obtained by the proposed systems were compared with those obtained by using 

a commercial indentation test machine. The outcomes of this study support the 

feasibility of robotic palpation systems to improve the effectiveness of PCa screening 

by DRE. 
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Chapter 1: Introduction 

1.1 Motivation for the Thesis 

In the past few decades there has been a rapid technological growth in healthcare 

in response to the rising demand for quality healthcare services, increase in the aging 

population and disease prevalence. A combination of information technology 

revolution paving ways for new hardware and data driven algorithms, robotics, nano 

materials, and novel manufacturing modalities for microelectromechanical (MEMS) 

sensors have resulted in tremendous success in the development of novel methods and 

devices for disease diagnosis, monitoring and treatment procedures.  

Robotics in particular, have become an integral part the clinical setup. In 

minimally invasive surgical procedures, surgical robot systems enable surgeons to 

perform complex surgical operations with high precision and reduce wound healing 

time for patients. For centuries clinical palpation using fingers has played a significant 

role in the diagnosis of diseases such as breast cancer and prostate cancer (PCa), 

despite it being qualitative in nature. There has been a growing interest in extending 

the success of surgical robotic systems to new robotic palpation tools and methods to 

supplement the limitations related to manual palpation of soft tissues like the prostate. 

This chapter provides an overview of the proposed robotic palpation sensor systems 

for PCa screening described in this thesis. It starts by presenting a motivation for the 

research followed by the aim and specific objectives regarding the development of the 

robotic palpation sensor systems. A list of contributions and the overall structure of 

this thesis are also provided. 

Prostate Cancer (PCa) is the second leading form of cancer affecting men 

worldwide. As the aging population increases, PCa cases are also rising. In the early 

stages, PCa may not manifest serious symptoms. However, once the cancer has 

metastasized to the surrounding organs including the lumpy nodes or bones, it can lead 

to serious complications such as pelvic pain and difficulty in urination; this may 

significantly worsen the prognosis of patients. Therefore, early detection of PCa is 

nontrivial for the ensured provision of prompt and adequate medical interventions to 

combat PCa. 
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In clinical practice, two primary and inexpensive screening modalities for PCa 

include a digital rectal examination (DRE) and measurement of prostate specific 

antigen (PSA) levels in the blood, a protein released by the prostate gland. DRE which 

leverages on the sense of touch from the mechanoreceptors in the fingers is performed 

by inserting a gloved and lubricated finger into the rectum of a patient and then 

posteriorly palpate the prostate to identify tissue abnormalities such as lumps and 

changes in roughness. Although DRE is simple, requiring no equipment, low risk and 

readily available, the results are susceptible to high interobserver variability, the 

sensitivity is dependent on the examiner’s skill level and experience [1,2]. 

Furthermore, the repeatability of DRE is not guaranteed. Since Benign Prostatic 

Hyperplasia (BPH) can also raise PSA levels, blood tests are susceptible to high false 

positive rate, leading to overdiagnosis of PCa [3].  

The current diagnosis methods for PCa after a confirmed positive DRE or 

elevated PSA levels, include multi-parametric Magnetic Resonance Imaging 

(mpMRI), transrectal ultrasound (TRUS) and image guided biopsy [4-5]. MRI has 

proven useful in the diagnosis of pathological conditions such as PCa and is frequently 

used for treatment planning. However, the usefulness of MRI may be limited due to 

the high cost and availability of experienced radiologists. It is also unable to accurately 

detect small PCa nodules less than 10mm [6]. Although TRUS provides quantitative 

image information to clinicians it has some limitations in distinguishing between PCa 

and BPH. Sono-elastography has also been widely used in clinical diagnosis for PCa. 

This technique allows for spatial mapping of relative tissue stiffness of density. 

Diagnosis by this modality poses some challenges in certain circumstances such as in 

the co-occurrence of BPH or when the tumours are located deep from the measurable 

surface of the tissue [7].  

Histopathological analysis of prostate biopsy cores obtained by TRUS guided 

needle biopsy remains the gold standard for PCa diagnosis and staging despite the 

controversies surrounding its efficacy. The random nature of biopsy sampling makes 

this method to be susceptible to a high probability of false negatives [8]. Furthermore, 

biopsy procedures expose patients to the risk of developing complications which may 

generally affect their condition [9]. The severity of such complications increases for 

patients in need of either a large number of tissue samples or a biopsy redo.  
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Despite advances in various imaging modalities and the inefficiencies of DRE, 

DRE remains an integral part and the most-effective widely used clinical screening 

routine procedures. Improving upon the limitations of DRE by providing alternative 

cost-effective new tools for quantitative measurement and characterization of prostatic 

tissue mechanical properties is nontrivial for the screening, monitoring, and 

understanding prostatic diseases like PCa.  

Recently, there has been strong interest in the adoption of robotic systems for 

soft tissue palpation. Robotic palpation systems can provide objective and quantitative 

information for a better understanding of the underlying morphological changes in the 

tissues using mechanical properties as potential biomarkers for cancer. Several 

modalities have been developed in several studies. Indentation tests performed using 

indentation test machines have been implemented in several studies on ex vivo prostate 

tissue to characterize normal tissue and cancerous tissue [10]. However, many such 

systems proposed in most studies are bulky and limited to ex vivo setup conditions. 

This is mainly due to the size constraints of the force sensors used. Furthermore, the 

emphasis is on material characterization rather than cancer screening task which is 

very essential and can only be achieved under in vivo setup [11]. 

The need to further improve and develop inexpensive and reliable robotic 

palpation sensor systems which are potentially ideal for in vivo palpation to 

supplement current modalities for the early diagnosis of PCa within the clinical reach 

remains eminent. This study presents a robotic palpation sensor system as a 

quantitative tool for the early detection, and characterization of PCa, in order to 

complement DRE’s subjective results by quantifying and enhancing reproducibility of 

the results.  

1.2 Aim and Objectives 

The aim of this study is to develop a robotic palpation sensor system for PCa 

screening based on the quantitative measurement of the mechanical properties of the 

prostate gland.  

 

 

 



 

4 Chapter 1: Introduction 

 

The objectives of the thesis include: 

1. To provide a background on the anatomy and physiology of the prostate gland, 

pathological conditions of the prostate and the current clinically available methods 

for PCa screening and diagnosis. 

2. To explore the current state of art in prostatic tissue mechanical properties 

characterization and robotic palpation systems for PCa screening. 

3. To develop and validate the first prototype of a palpation sensor system with 

contact force sensing based on cable tension measurement. 

4. To develop a miniaturized and relatively low-cost roller scanning type palpation 

sensor system based on a cantilever beam force measurement. 

5. To conduct a performance evaluation of the proposed sensor systems in estimating 

the contact force and tissue stiffness by a comparative study benchmarking against 

a commercial indentation machine. 

 

1.3 List of contributions 

 The following is a summary of the major contributions of this research: 

1. Design and development of a 2DoF cable driven robotic palpation probe and an 

arc guide design optimization method to minimize cable stretch as the probe 

rotates about the yaw joint. Kinematics modelling and tip positioning accuracy 

measurements were carried out. 

2. Design of a differential pulley joint actuation mechanism consisting of a return 

spring and motors as passive and active actuators, respectively. The mechanism 

allows for extremely high reduction ratio, low cable slack, and a single motor per 

joint. 

3. A method to estimate the joint angles, hence the tip position of the probe by 

measuring cable tension and the change in length of the return spring on the 

passive side of the actuation mechanism.  
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4. Development of the first-generation palpation sensor system prototype with 

contact force sensing based on cable tension observation. In this system the 

contact force was estimated by using cable tension and joint torques as inputs to 

simple static models as well as deep learning models, eliminating the need to 

integrate force sensors at the tip of the probe which may not be ideal for 

sterilization. Validation tests to evaluate the performance of the system were 

conducted on silicone samples and prostate models.   

5. The fifth contribution is the design and development of a second-generation low 

cost 3DoF scanning palpation system prototype based on cantilever beam strain 

force measurement. The miniaturized system can generate a reaction force map 

and localized sample stiffness by performing scanning palpation and single point 

indentation palpation, respectively. The effectiveness of the proposed palpation 

sensor system for PCa screening was evaluated through a comparative study with 

a commercial indentation machine. 

1.4 Thesis outline 

The work presented in this thesis is organized in 6 chapters. A summary of each 

chapter is as follows: 

Chapter 1: Introduction 

This chapter gives an overview of the thesis, including the motivation, the aim 

and objectives of the research, overall thesis structure and a list of contributions. 

Chapter 2: A review of the prostate and modalities for PCa screening and diagnosis  

This chapter presents a general background about the anatomy and physiology 

of the prostate, pathological conditions of the prostate such as prostate cancer, 

hypertrophy, and prostatitis along with the treatment of each condition. In addition, 

the chapter gives a broader picture on the current clinically available PCa screening 

and diagnosis methods which are briefly stated in chapter 1, highlighting the 

advantages and limitations of each modality. 

Chapter 3: Mechanical characterization of prostatic tissue and robotic palpation 

sensor systems for PCa screening. State of the art 

The chapter focuses on the review of various studies on prostate tissue 

mechanical properties characterization (stiffness) studies and the limitations.  
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It also provides specific studies on robotic palpation systems designed for in vivo 

deployment as PCa screening tools. The methods for modelling mechanical behaviour 

of prostatic tissue are also presented. 

Chapter 4: Development of a cable driven robotic palpation sensor system with 

indirect contact force sensing. 

This chapter presents the design, modelling, calibration, and validation of a first 

robotic palpation sensor system capable of estimating the contact force between the 

end effector and sample by measuring the change in the driving cable tension. A static 

model-based contact force estimator and a deep learning-based contact force estimator 

were implemented. A validation study was conducted on silicone samples as well as 

prostate models. 

Chapter 5: A roller scanning type prostate palpation sensor system. 

This chapter presents the development of a second prototype of the palpation sensor 

system based on a cantilever beam force measurement which can perform scanning 

and single point indentation palpation. Sensor fabrication and calibration are 

presented. Furthermore, a comparative study of the estimated Young’s modulus of 

silicone sample and prostate models with the results obtained by a commercial 

indentation machine was conducted. Experimental results are given demonstrating that 

the proposed system can estimate tissue stiffness. 

 Chapter 6: Conclusion and future work 

In this chapter, conclusions and limitations are provided. Additionally, 

suggestions for future work are presented. 
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Chapter 2:  A review of the Prostate and 

modalities for PCa screening and 

diagnosis 

Understanding the anatomy, histology and physiology of the prostate gland and 

their relationship to prostate cancer (PCa) progression and prognosis is vital for the 

provision of effective modalities for the early detection of PCa and planned disease 

management. This chapter provides a basic understanding of the anatomy, histology, 

physiology of the prostate gland, pathological conditions associated with it and 

treatment. Furthermore, a broader picture of the current clinically available screening 

and diagnosis modalities for PCa and their limitations are presented. 

2.1 Prostate anatomy and histology 

Found only in men and located in the pelvic body cavity, the prostate gland as 

an accessory organ plays a significant role in the male reproductive system. It is a 

pyramidal dense fibromuscular gland, approximately 4cm at its widest region and 3cm 

thick. The size is about that of a walnut, although the actual size tends to vary among 

men. The normal prostate in male adults weighs about 11grams on average, and range 

between 7 and 16 grams. The prostate lies directly inferior to the bladder neck and 

surrounds the proximal urethra in the lesser pelvis, as shown in Figure 2.1.  

 

Figure 2.1 The male reproductive system [1]. 
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It is enclosed by a fibrous capsule, with the nerves and vascular plexus, and is further 

surrounded by a visceral layer of pelvic fascia. The prostate gland regions include the 

prostate base located at the bladder neck, the middle gland region, and the apex at the 

urogenital diaphragm. A thin, filmy layer of connective tissue known as the Denon 

Villiers’ fascia posteriorly separates the prostate and seminal vesicles from the rectum. 

Skeletal muscle fibres from the urogenital diaphragm extend into the prostate at the 

apex and up to the middle region of the prostate anteriorly [2]. The prostate surrounds 

the urethra as it exits the bladder and merges with the ductus deferens at the ejaculatory 

duct.   

Five distinct lobes are associated the prostate gland structure: the anterior and 

posterior lobes, two lateral lobes, and one median lobe. Histologically the prostate 

gland is comprised of three different anatomical zones; the peripheral zone (PZ), 

transition zone (TZ), and the central zone (CZ) [3], as shown in Figure 2. 2. 

 

 

Figure 2.2 Prostate zones [3] 

The peripheral zone is the largest zone and constitutes all the prostatic glandular 

tissue at the apex as well as all the tissue located posteriorly near the capsule.  It 

amounts to 70% of the prostate’s volume and surrounds most of the central zone and 

partially surrounds the distal part of the prostatic urethra. The peripheral zone is 

accessible from the rectum during (DRE) by a physician. Carcinoma, chronic 

prostatitis, and post inflammatory atrophy are relatively more common in this zone 

than in the other zones.  

The central zone is a cone-shaped area accounting for about 25% of normal 

prostate volume. Its apex is at the confluence of the ejaculatory ducts and the prostatic 
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urethra at the verumontanum. The central zone forms part of the base of the gland that 

surrounds the ejaculatory ducts. It is located in front of the transition zone. Since it is 

the furthest point from the rectum, tumours in this zone cannot be detected by a doctor 

during DRE. 

The transition zone is a small middle area of the prostate, between the peripheral 

and central zones. It surrounds the urethra as it (urethra) passes through the prostate. 

The zone makes up about 5%-10% and 20% of the prostate gland volume in young 

men and aged men about 40 years old, respectively. The transition zone begins to 

enlarge and becomes the largest area of the prostate as men age. This results into a 

condition known as benign prostatic hyperplasia (BPH) or hypertrophy. When the 

transition zone enlarges, it pushes the peripheral zone towards the rectum. PCa in this 

zone is less common. 

On a micro anatomical scale, the prostate consists of two types of tissues: the 

exocrine and fibromuscular tissue. Exocrine glandular tissue is the epithelial tissue 

specialized for the secretion of prostatic fluid. Fibromuscular tissue is comprised of 

smooth muscle tissue and dense irregular connective tissue containing many collagen 

fibres. The collagen fibres provide strength to the tissue while the smooth muscle 

permits tissue contraction for the expel semen during ejaculation. Fibromuscular tissue 

forms the outermost layer of the prostate and the tissue surrounding the urethra. The 

anterior fibromuscular stroma forms the convexity of the anterior external surface. The 

apical half of this area is rich in striated muscle, which blends into the gland and the 

muscle of the pelvic diaphragm. Near the base, smooth muscle cells become 

predominant, blending into the fibres of the bladder neck [5]. The distal portion of the 

fibromuscular stroma is important in voluntary sphincter functions, whereas the 

proximal portion plays a central role in involuntary sphincter functions.   

2.2 Physiology of the Prostate 

The main function of the prostate gland is to secrete a prostatic alkaline solution 

which contains supportive proteins as well as enzymes. The alkaline prostatic fluid 

secretions balance the acidity of the vagina, which in turn promotes the survival of 

sperm cells in the female reproductive system and increases the overall lifespan of the 

sperm cells, allowing for the greatest length of time to sperm cells to successfully 

fertilize an egg. Enzymes work to break down proteins in semen after ejaculation to 
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free the sperm cells from the viscous semen. The added volume of prostatic fluid to 

the mixture of the seminal fluid and the sperm cells enhances easy propulsion of semen 

through the urethra. In addition, the gland also releases a prostate specific antigen 

protein (PSA). The ejaculatory duct releases sperm during ejaculation by allowing 

semen to pass from the ductus deferens into the urethra. Smooth muscle tissue in the 

prostate contracts to push semen through the urethra. The prostate gland also helps in 

the control of urine flow. The urethra runs from the bladder, through the prostate, and 

out through the penis. The muscle fibres of the prostate are wrapped around the urethra 

and are under involuntary nervous system control [6]. These sphincter fibres contract 

to slow and stop the flow of urine. 

2.3 Pathological conditions of the Prostate gland 

Three common pathological conditions that arise in the prostate gland include 

Benign Prostatic Hyperplasia (BPH) or hypertrophy, prostatitis, and prostate cancer 

(PCa). Among these conditions, PCa is the most detrimental condition and poses 

serious consequences, including death if not detected early. Majority of PCa develops 

in the peripheral zone, while BPH tends to be found in the transitional zone [7]. 

2.3.1  Benign Prostatic Hyperplasia and Prostatitis  

Benign Prostatic Hyperplasia (BPH) is the enlargement of the prostate which 

leads to the narrowing of the urethra, or protrusion into the bladder, ultimately 

obstructing urine flow. It is caused by the nodular enlargement of the gland, rather than 

diffuse enlargement [8]. Treatment for BPH condition include the use of alpha-1 

receptor blockers to relax the muscles around the urethra, 5-alpha-reductase inhibitors 

as medications to reduce the level of testosterone-Dihydrotestosterone. In addition, 

surgery is also carried out to improve BPH symptoms and reduce complications.  

Prostatitis is the inflammation of the prostate. It is often caused by strains of 

bacteria which commonly affect the urinary tract. Symptoms include pain, as well as 

an array of urinary tract symptoms [9]. Prostatitis can be difficult to diagnose as 

bacteria can seldom be detected. Depending on the type of prostatitis, treatment may 

include the use of antibiotics which are designed for gram-negative species, and 

surgery. 
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2.3.2  Prostate Cancer (PCa) 

According to a recent report by GLOBALCAN shown in Figure2.3, PCa remains 

as one of the most common forms of cancer affecting men, corresponding to 12 % of 

estimated number of cancer prevalence cases in Asia [10].  Early diagnosis of PCa is 

nontrivial in enhancing prompt medical treatment planning.  

 

 

Figure 2.3 Estimated number of Cancer prevalence cases in Asia [10]. 

 About 95% of PCa occurs as adenocarcinoma (glandular cancer), and in most 

cases early stage PCa has no presenting specific symptoms; the cancer is often 

clinically silent, although it sometimes resembles the symptoms of BPH.  As a result, 

patients may be diagnosed with advanced PCa with metastases minus the 

manifestation of symptoms related to the prostate gland. A low back pain due to 

metastases may be a symptom for advanced PCa. The occurrence of PCa is linked to 

several factors, although not fully understood. These factors include family history, 

obesity, smoking history, ionizing/ultraviolet radiation, and race [11]. PCa tends to 

metastasize to the nearby organs such as the seminal vesicles, rectum, bladder, and 

lymph nodes. It also has the tendency to spread to bones. Treatment of PCa include 

prostatectomy, which is the surgical removal of the prostate gland, radiation therapy 

to kill PCa cells with minimal damage of healthy tissue, radioactive seed implants in 

the prostate to kill cancer cells, cryotherapy which involves the destruction of PCa 

cancer cells by freezing them, and hormone therapy. When PCa is at an advanced 

stage, chemotherapy may aid in reducing further metastasis. 
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2.4  Prostate Cancer grading and staging 

Cancer grading is conducted to characterize the aggressiveness of malignant 

tumours. The Gleason score is the most common grading criteria for PCa. In order to 

determine this score, prostate biopsies obtained by image guided undergo 

histopathological analysis and then the cancerous tissue in two different areas are each 

given a grade between 3 and 5, based on their histological appearance. A score of 3 is 

associated with normal prostatic tissue, while a score of 5 is an indicator for poorly 

differentiated cells or PCa. The two scores in the two biopsies are then combined to 

find the final score. Gleason 6 signifies normal prostatic tissue; tumours are highly 

unlikely to develop. Gleason 7 is related to medium-grade cancers; cells appear 

moderately abnormal. Finally, Gleason scores from 8 to 10 is associated with severe 

tumours in which the cells appear very different from normal prostatic tissue. These 

tumours are more likely to grow and metastasize to other organs.  

Staging of prostate cancer plays an essential role in helping to decide on the most 

appropriate treatments and predict prognosis. TNM staging is widely adopted in 

staging many cancers. In this criterion, the letter T which stands for tumour, and 

numbers (0-4) are used to describe the tumour size and location. N represents lymph 

nodes, and M is related to the evidence of metastases. Specific Prostate cancer staging 

can be categorized as follows,  

a) T0: No evidence of a cancer in the prostate gland. 

b) T1: The tumour cannot be discovered by DRE and does not appear during imaging 

procedures. T1 is further subdivided in categories as follows. 

• T1a: The tumour is present in less than 5% of the prostate tissue. 

• T1b: The tumour is present in more than 5% of the prostate tissue. 

• T1c: The tumour is found during a needle biopsy conducted due to elevated 

PSA levels. 

c) T2: The tumour is large enough to be sensed by DRE but has not metastasized 

beyond the prostate. T2 is subdivided further as follows. 

• T2a: The tumour is located only in one-half of one side of the prostate. 

• T2b: The tumour covers more than one-half of one side of the prostate; the 

other side is unaffected. 
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• T2c: The tumour is found on both sides of the prostate. 

d) T3: The tumour has metastasized beyond the prostate to nearby tissues. 

• T3a: The tumour has spread from the prostate but not to the seminal vesicles. 

• T3b: The tumour has spread to the seminal vesicles. 

e) T4: the tumour is immobile in the prostate and has metastasized beyond seminal 

vesicles to the bladder, rectum, pelvic wall as well as external sphincter. 

2.5 Clinical screening and diagnosis modalities for Prostate Cancer 

In this section, the clinically available methods for PCa screening and diagnosis 

are presented in order to examine their advantages and disadvantages. Diagnosis of 

PCa begins by screening procedures such as PSA blood tests, DRE, imaging-based 

modalities which include Magnetic Resonance Imaging (MRI), Transrectal Ultrasound 

(TRUS), elastography and finally TRUS-guided prostate needle biopsy or MRI-TRUS 

fusion with targeted biopsy. PCa screening and diagnosis protocol is not optimized 

and is inconsistent within the healthcare ecosystem mainly due to social-economic 

reasons such as availability of equipment and qualified medical experts as well as 

funding. 

2.5.1  Prostate Cancer screening 

In a standard clinical procedure for PCa screening, most medical examiners 

utilize DRE and PSA blood tests as the most cost-effective modalities [12]. The use of 

DRE, prostate-specific, or a combination of both has become a norm for PCa screening 

in many healthcare setups. Since both are complementary in the detection of PCa, their 

combined usage tends to increase the detection rate than each individual method [13]. 

2.5.1.1 Digital Rectal Examination (DRE) 

DRE has been a primary procedure for prostate cancer for many decades. During 

DRE a doctor inserts a gloved, lubricated digital finger into the rectum to access the 

posterior region of the prostate, adjacent to the rectum and only separated by a thin 

recto-prostatic fascia as shown in Figure 2.4. He or she then induces palpation motions 

on the prostate, and by tactile perception any prostate abnormalities such as texture, 

stiffness and nodules, shape, or size can be assessed.  
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Figure 2.4 Digital rectal examination [14]  

After a suspicious or abnormal DRE, a biopsy may be recommended as the next 

step in PCa diagnosis and staging. DRE is readily available, cost effective as it does 

not use any equipment, and possess lower risk. The efficacy of DRE relies primarily 

on a combination of tactile perception of the doctor’s finger, palpation skill and 

experience. Tactile perception is ambiguous, subjective, and influenced by the doctor’s 

experience. These factors ultimately make the DRE results to be subjective, and 

lacking objective and quantitative information. The effectiveness of DRE depends 

highly on the examiner’s level of experience [15]. A recent meta-analysis on prostate 

cancer patients who underwent both DRE and biopsy reported a pooled sensitivity 

51% and 59% specificity of DRE performed by primary care clinicians, respectively 

[16]. Results reported by Mistry et al., either support or refute the clinical utility of 

DRE, which has overall estimated sensitivity, specificity, and positive predictive value 

(PPV) of 53.2%, 83.6%, and 17.8%, respectively, in asymptomatic men aged 39 to 92 

years [17]. Moreover, the reduction in PCa mortality rate due to DRE remains unclear.  

Despite the poor sensitivity and the limitations mentioned above, DRE remains an 

essential clinical routine for screening of prostate-related conditions, such as benign 

and malignant. To overcome the limitations of DRE, various instrumented palpation 

methods for mechanical properties characterization of the prostate have been 

developed. Details on these methods will be discussed later in chapter 3.  
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2.5.1.2 Prostate-Specific Antigen (PSA) blood tests 

In the previous decades, the introduction of PSA blood tests as a screening 

protocol for PCa significantly improved the detection of PCa and reduced PCa related 

deaths. The PSA test is a simple blood test which is carried out in order to determine 

the levels of prostate-specific antigen in the blood. PSA is a protein secreted by 

prostatic cells, and it is very specific for prostate tissue. Small amounts of PSA levels 

between 3.0 and 4.0 nanograms per millilitre (ng/ml) may exist in the bloodstream of 

males of 50-70 years old. However, if higher than normal levels are found, this may 

be an indicator for prostate enlargement (BPH), prostate cancer or prostatitis. The 

levels of PSA tend to naturally increase with age.  

 PSA test is non-invasive and inexpensive. Therefore, PSA results are often used 

by clinicians to guide on the need for further diagnosis. PSA blood tests were initially 

developed for surveillance of PCa and later it was also used as a diagnosis modality. 

PSA protocol is a controversial marker of prostate cancer as BPH and prostatitis can 

also raise the PSA levels. Evidence from some studies suggests that PSA tests may not 

significantly reduce mortality but may result in a high number of false positives 

leading to unnecessary invasive diagnostic tests that can result in pain, erectile 

dysfunction, and overdiagnosis.  

2.5.2  Diagnosis of Prostate Cancer  

When screening test results based on PSA or DRE are abnormal, patients may 

be required to undergo diagnostic tests based on imaging modalities such as TRUS 

and MRI, elastography and biopsy tests in order to determine whether or not PCa is 

indeed present and predict how fast it is spreading.  

2.5.2.1 Transrectal ultrasound (TRUS)  

The first approach to image the prostate gland was implemented by using a 

standard grey scale B-Mode TRUS. In 1986, the use of TRUS in prostate cancer 

detection was reported [18]. During TRUS procedure, a thin, lubricated ultrasound 

probe is inserted into the rectum. Ultrasound pulses are then projected on the prostate 

and an image is reconstructed. The distortion of the sound waves due to loss in 

glandular structure and an abnormal area of hardness reduces the reflective interfaces 

and leads to the hypoechoic areas, which then can characterize PCa on TRUS [19].  
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The method is non-invasive, provides to the clinicians a quantitative diagnosis and 

does not expose the patients to ionizing radiation. Furthermore, ultrasound is relatively 

less expensive than MRI. However, grey-scale TRUS is not sensitive because PCa 

often appears isoechoic or hyperechoic [20]. Using this modality alone as a means of 

PCa diagnosis is insufficient. 3D TRUS as well as contrast enhanced US and doppler 

ultrasound techniques have been developed to supersede grey-scale TRUS. With 3D 

ultrasound biplane imaging of the prostate is simultaneously performed with computer 

reconstruction, thereby providing both a 3D image and a coronal plane. There is, 

however, limited information on the efficacy of this modality in prostate cancer 

detection. 

2.5.2.2 Magnetic Resonance Imaging (MRI) 

MRI is frequently used in radiology to provide spatial information on the 

anatomic structures and the physiological processes in the body by using strong 

magnetic fields, magnetic field gradients, and radio waves to reconstruct high 

resolution images. In contrast to computerized tomography (CT) and positron emission 

tomography (PET), MRI neither uses X-rays nor radioactive elements. In PCa 

diagnosis, MRI is used for early detection, treatment planning and follow-up 

procedures. This imaging technique, however, has limitations in detecting small 

tumour nodules of less than 10mm. Recently, the development of multiparametric MRI 

(mpMRI) technique [21], which is a combination of morphological assessment 

obtained by a MRI, with diffusion-weighted imaging (DWI) and dynamic contrast-

enhanced perfusion imaging has led to improvements in the early detection and 

characterization of high grade PCa. The technique, however, is associated with 

challenges related to image acquisitioning and their interpretation. 

2.5.2.3 Elastography 

Transrectal sono-elastography computes the relative stiffness of the prostate and 

detect PCa from the superimposed image by evaluating the change in the ultrasound 

images before and after the application of a compression wave. In this procedure, a 

compression wave is applied on the tissue manually or by controlled excitation, which 

in turn alters the morphology of the tissue, with stiffer tissue experiencing less 

deformation than more soft tissue. The changes can be analysed using various 

techniques such as imaging processing methods, Doppler effect, and shear wave speed 

analysis by crawling wave techniques. The presence of BPH results in the high rate of 
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false positives by this technique. Additionally, manual compression of the soft tissue 

introduces variability and poor reproducibility of the results [22]. 

In crawling wave sono-elastography, the waves are generated by two mechanical 

vibration sources with two distinct frequencies. The technique allows for real time 

visualization of the prostate stiffness map. However, the technique is limited in 

detecting small tumour nodules. It is also associated with relatively high false positive 

rate due to BPH, image artefacts and calcifications. It is also influenced by the stiffness 

ratio between the cancerous and healthy regions [23]. 

Magnetic Resonance Elastography, a non-invasive technique which maps and 

calculates the shear modulus of the prostate based on using MRI to image the 

propagation of induced shear waves on the prostate has also been proposed. However, 

this technique has limitations in inducing shear waves with sufficient amplitude into 

prostate from the trans-pelvic approach and a high signal-to-noise ratio of MR signals 

at 1.5T [24]. Moreover, easy access to elastography technology may be limited due to 

the cost of the imaging systems. 

2.5.2.4 Image guided prostate needle biopsy 

Image guided prostate needle biopsy serves as the gold standard for definite PCa 

diagnosis. B-Mode TRUS shown in Figure 2.5 is widely adopted in clinical settings to 

guide a needle in biopsy core sampling, if the abnormal regions are found on the US 

image, abnormal levels of PSA persist, and abnormalities are felt during DRE 

procedure. 

 

Figure 2.5 TRUS guided prostate needle biopsy [25].   
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During a standard sextant needle guided prostate biopsy procedure six biopsy 

cores are taken systematically from random regions of the prostate with a small, hollow 

needle placed in the prostate transrectally or transperineally. Extended needle guided 

biopsy protocols with 12-24 biopsies are also employed. The samples then undergo 

histopathological examination under a microscope to determine the presence of 

malignant tissue. The limitation of this modality is that the random nature of biopsy 

sampling increases the probability of missing possible cancer regions. Moreover, an 

increase in the number of biopsy core has its own potential health complications on 

patients such as erectile dysfunction and bleeding. 

Multiparametric MRI (mp-MRI) technique is also used to detect abnormalities 

in the prostate gland in a similar manner as TRUS guided needle biopsy. This 

technique eliminates the random biopsy sampling. An MRI is performed prior to a 

biopsy procedure to enable targeted biopsy. This approach may aid in the reduction of 

overdiagnosis and overtreatment of prostate cancer. Due to the high-cost operations of 

MRI machines and availability of qualified radiographers, this procedure may not be 

readily available [26]. MRI fusion combines MRI and TRUS modalities in PCa 

diagnosis. Since this technique allows for targeted biopsies, PCa diagnosis is more 

accurate than using a standard TRUS procedure. However, this procedure as with MRI, 

may not be readily available. 

2.6 Chapter Conclusion 

Despite being small of size, the prostate gland is of great importance in the male 

reproductive system. Knowledge on the anatomy and histology of the prostate gives a 

better understanding of various changes in the prostatic tissue due to underlying 

pathological conditions such as PCa, and for the development of effective modalities 

for early diagnosis and treatment of PCa. The current clinically available methods for 

PCa screening and diagnosis have been pivotal in providing both qualitative and 

quantitative diagnostic information. However, there need to improve on these methods 

especially DRE, by developing alternative and inexpensive modalities for PCa 

screening and diagnosis, which are readily available within the clinical reach. 
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3.1 Mechanical behaviour and Modelling of Prostatic tissue 

The use of mechanical properties such as elasticity for characterizing soft tissues 

and detecting tumours using various methods has been of great interest to both clinical 

practitioners and the biomedical engineering research community. Biomechanical 

characteristics of tissues provide a better understanding of disease progression and aid 

in biomimetic research for the development of equivalent artificial tissue. It has been 

generally known that mechanical properties (elasticity or stiffness) vary significantly 

for different soft tissues and depend on the hierarchical structural organization of their 

molecules. Prostatic tissue is of heterogeneous, incompressible, and anisotropic nature. 

Like many other soft tissues, it exhibits a nonlinear and time dependent (viscoelastic) 

mechanical behaviour which is correlated with the spatial-temporal changes of its 

macro and microstructure scale due to the presence of underlying pathophysiological 

conditions. Such structural changes in the prostate tissue are related to variations in the 

mechanical properties and have proven to be an effective biomarker for (PCa), as 

cancer tends to be stiffer than healthy prostatic tissue. Characterization of the 

mechanical behaviour of prostatic tissue is nontrivial. DRE as a tissue mechanical 

behaviour assessment method for prostate tissue stiffness has been used for many years 

in PCa screening. However, the sense of touch on which DRE relies only provides 

qualitative information and may not distinguish elastic properties for complex tissue 

composition. 

To model the biomechanics of soft biological tissues such as prostatic tissue 

researchers have developed a variety of models to mathematically describe the 

mechanical behaviour. These models can be summarized as hyper-elastic (nonlinear) 

models, linear viscoelastic models, and nonlinear viscoelastic models [1-4]. Soft 

tissues exhibit a highly nonlinear stress-strain relation under large displacement. 
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Polynomials or exponential functions are widely used to describe the stress-strain 

relationships.  

In other studies, nonlinear soft tissue behaviour is well modelled by hyper-elastic 

models based on strain-energy functions. The stress-strain functions are derived from 

the partial differentiation of the strain energy function with respect to strain. 

Hyperplastic models may include Ogden models, Arruda–Boyce, Neo-Hookean and 

Mooney–Rivlin models [5]. 

Prostatic tissue is not a pure elastic material, but an elastomer with elastic and 

viscous components. Linear viscoelastic models which are often presented as 

mechanical spring-dashpot models, where Hookean elasticity is represented by a 

spring and Newtonian viscosity by a dashpot can be employed to model an 

infinitesimally small deformation of prostatic tissue in stress relaxation tests. Linear 

viscoelastic models include the Voigt (spring and dashpot in parallel), Maxwell (spring 

and dashpot in series), and Kelvin (spring in parallel with a Maxwell) models. While 

linear viscoelastic models are suitable for soft tissues with small deformation, 

nonlinear viscoelastic models like hyper-elastic models can be used to model soft 

tissues subjected to a large tissue deformation. 

3.2 Direct Methods for Mechanical Characterization of Prostatic 

Tissue. 

Quantitative characterization of mechanical behaviour of prostatic tissue has 

great potential to use parameters such as the elastic modulus (E) or the Young’s 

modulus as a biomarker for PCa screening and diagnosis. Cut off elastic modulus E 

values under which the prostatic tissue can be considered to be normal, benign, or 

cancerous can be established. Mechanical characterization of prostatic tissues also 

establishes the basis for fundamental understanding of tissue behaviour which can be 

useful in the mathematical modelling of prostatic tissue.  

Success attributed to commercial surgical robots has propelled the development 

of these objective methods for direct mechanical characterization of prostate tissue. 

Several studies have reported to quantitatively assess the mechanical properties of the 

prostate in an attempt to characterize the material properties of the prostatic tissue and 

also use robotic palpation or instrumented palpation as an objective alternative 

modality to subjective DRE results.  
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The main methods of mechanical characterization of prostate tissue reported in 

the literature include compression testing, indentation testing of prostatic tissue. These 

methods involve the application of engineering techniques to objectively measure the 

variations in the tissue elasticity and viscoelasticity. This is usually achieved by 

inducing a normal force on the tissue sample and then observing the resulting 

deformation. From the force and deformation relationship, stress and strain 

information can be obtained, and the elastic modulus can be estimated. Studies on 

mechanical characterization of prostatic tissue and palpation devices for PCa screening 

are presented below. 

Mechanical property characterization focusing on elasticity for different 

prostatic tissues (normal, tissue with BPH, and cancerous tissue) began with Krouskop 

et al. in the late 1990s [6]. Testing was carried out using an indentation machine on 

small slab shaped prostate samples which were cut from the anterior and posterior 

regions of the prostate gland within 30 minutes of resection. Testing was done at 2% 

and 4% precompression strain with 0.1 Hz, 1.0 Hz and 4.0 Hz loading frequencies. 

The load and the maximum indentation depth from the top surface of the samples were 

measured and this information was used in equation below to estimate the elastic 

modulus of the prostate samples. 

𝐸 = 2𝑎(1 − 𝜐2)
𝑃

𝑑
                            (3.1) 

Where E is the elastic modulus, 𝜐  is the Poisson’s ratio of the tissue sample 

assumed to be 0.495 for incompressible materials, P is the load per unit area, a is the 

contact radius, and d is the maximum displacement in the direction of the load. After 

mechanical testing the samples were processed for histopathological examination. 

The results showed that PCa is significantly stiffer than both normal prostatic 

tissue and benign tissue, confirming the long established fact about the changes that 

occur within tissues as a consequence of an underlying pathological condition such as 

cancer, which are qualitatively assessed during DRE. The findings also showed that 

the elastic modulus of normal prostatic tissue is significantly larger than the elastic 

modulus of tissue from prostates with BPH. There was also a constant but insignificant  

difference between the elastic modulus of the anterior and posterior regions of the 

prostate, confirming some degree of heterogeneity.  
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Moreover, at such small strain ranges and loading frequencies, the tissue may be 

assumed to behave as a pure elastic material with minimal influence of  the viscous 

component. The study concluded that since the measured elastic modulus were 

averaged over different individuals it can assumed that the absolute elastic modulus of 

prostatic tissue may not change significantly from one individual to another.   

In another study, Carson et al. [7] carried out indentation tests on  ex vivo 32 

prostate specimens obtained by prostatectomy and autopsy, respectively in order to 

characterize the mechanical properties of prostate tissue. The robotic system included 

a 12mm in diameter spherical indenter to attain maximum compression of up to 30% 

of the prostatic tissue  at the indentation velocity of 0.1mm/s. By considering the 

recorded force-indentation depth information and sphere diameter, the elastic moduli 

of healthy and cancerous prostatic tissue were estimated using the Oliver–Pharr 

method [8]. Likewise, the results also confirmed that there was a significant difference 

between the elastic modulus of healthy prostatic tissue and cancerous tissue; the 

stiffness increased as  PCa stage increased. There was also a large variability in the 

measured elastic modulus values between samples, which indicated the high degree of 

heterogeneity in both healthy and cancer prostatic tissues. Moreover, the obtained 

force-indentation depth curves showed that under large deformation, prostatic tissue 

exhibits a  nonlinear response. 

Ahn et al.[9] conducted ex vivo experiments using a minimally motorized 

indenter in order to determine the existence of measurable differences in the 

mechanical properties (elastic modulus) between healthy and cancerous prostatic 

tissue. Indentation tests were conducted at the  indentation velocity of 1mm/s on 552 

sites from 46 prostate specimens collected from patients who had undergone radical 

prostatectomy. The elastic modulus of the tissue was estimated using the Hertz-

Sneddon contact model [10]. The results also showed a variation in the elastic modulus 

between the health and cancerous regions of the prostate gland. Moreover, the elastic 

modulus was higher in the tissue with a  high Gleason score of 8 and with the tumor 

volume of  greater than 5 cm3. 

The studies such as those presented above focused only on the elasticity as the 

main mechanical property variable, but in order to expand further on the time 

dependence viscoelastic behavior of prostatic tissue, some studies put into 
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consideration the viscosity as well by performing dynamic indentation testing and 

fitting the data into linear and nonlinear viscoelastic models.    

By performing indentation tests on prostate samples Phipps et al. [11] also 

confirmed variations of the mechanical properties between healthy and cancerous 

prostatic tissues and related to the histological makeup of prostatic tissue. In this study 

prostate tissue specimens were obtained from patients who underwent transurethral 

resection of the prostate (TURP), either benign or malignant prostate enlargement. On 

each TURP chipping uniaxial indentation testing was conducted by applying a 

dynamic compressive strain with the loading frequency ranging between 5-50Hz in 5 

Hz increments. The elastic modulus and viscous components defined by the amplitude 

ratio and phase difference were derived respectively. Results showed that there were 

measurable differences between the mechanical characteristics of benign and 

malignant prostatic tissue. Moreover, the evidence of significant correlation between 

prostatic tissue morphology and mechanical characteristics was shown. 

In another study which evaluated tissue elasticity as a biomarker for PCa , Hoyt 

et al. [12]  used a Kelvin-Voigt Fractional Derivative (KVFD) viscoelastic model [13] 

to characterize stress relaxation data measured from 8 human prostate glands in an ex 

vivo experiment set up. Their findings also confirmed that there was a significant 

difference between normal and cancerous tissue with the stiffness ratio between 

normal and cancerous tissue increasing from 2.1 at 0.1 Hz to 2.5 at 150 Hz loading 

frequency. Furthermore,  the viscosity parameter for PCa is greater than that of normal 

tissue by a factor of approximately 2.4.  Zhang et al. [14] also independently performed  

stress relaxation tests on 17 cylindrical prostate samples obtained via radical 

prostatectomy. The tests were conducted at 5% uniaxial compression  and 0.5mm/s 

strain rate, respectively. The relaxation data  fitting was achieved using KVFD models. 

The results agreed with those by other researchers; a significant difference in the 

elastic moduli between cancerous and healthy prostatic tissues was confirmed. By 

performing indentation tests using a small probe on prostate samples harvested from 

cystectomy and radical prostatectomy, diagnosed with bladder cancer and BPH, Yang 

et al. [15] also showed that stromal and epithelial histological components of the 

prostate gland exhibit different mechanical properties. 
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3.3 Palpation sensor systems for PCa screening 

The studies  presented in the previous section focused solely on the tissue 

characterization task and the tests performed under ex-vivo set up conditions. 

Therefore, PCa screening procedure which involves trans-rectal deployment of 

compact palpation probe into the rectum to perform in vivo palpation of the prostate 

cannot be achieved using such indentation devices. This is mainly due to the structure 

of the systems, the size of the probes, and the force sensors used. Some studies have 

attempted to mitigate this limitation by developing miniaturized palpation sensors 

systems ideal for in vivo PCa screening and complementary to DRE.  

Hammer at al. [16] developed a deployable palpation sensor system capable of 

distinguishing between cancerous and normal prostatic tissue by measuring the quasi-

static and dynamic elastic modulus. The sensor is of 6mm in size and consists of a 

strain gauge as a sensing element which is embedded in a flexible transparent 

membrane sensor/actuator as shown in Figure 3.1. It is pneumatically actuated by 

varying airflow at frequencies of 1 and 5 Hz. The system was validated on ex vivo  11 

whole prostate glands at 359 indentation points. The sensor system was designed to be 

worn on the doctor’s finger during in vivo palpation; this may lead to  user dependent 

results.  

In addition, as shown in Figure 3.2 Ahn [17]  proposed a robotic palpation 

system with sweeping palpation and  needle biopsy module for PCa diagnosis which 

was aimed at overcoming the limitations of DRE. The system was able to identify the 

tumor nodules based on the variation of reaction force values. The biopsy module 

allowed for the extraction of tissue samples on the regions where  tumor nodule was 

detected. 

Figure 3.1 Deployable sensor system capable of distinguishing between cancerous and health prostatic 

tissue [16]. 
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Figure 3.2 Robot system with sweeping palpation and needle biopsy for prostate cancer detection. 

[17]. 

 

Table 3-1 shows a summary of the above afore described studies mechanical 

characterization of prostatic tissue and robotic palpation sensor systems suitable for 

PCa screening. 

Table 3-1 Studies on mechanical characterization of prostatic tissue and PCa diagnosis. 

Reference Conditions Study design Samples Elasticity/Viscosity  

Krouskop et 

al., 1998 [6] 

Ex-vivo Indentation tests at 2-4% 

precompression strain 

and 0.1- 4Hz loading 

frequency. 

1 prostate specimen Normal :55-71 kPa 

BPH: 36-41 kPa 

PCa: 96-241 kPa 

Phipps et al. 

2005, [11] 

Ex-vivo Dynamic palpation on 

TURP chippings at 5-50 

Hz loading frequency, in 

5 Hz increments.  

 

83 samples from 22 

patients. 

                              

BPH: 100 kPa              

PCa: 118 kPa 
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Hoyt et al., 

2008, [12]. 

Ex-vivo Indentation tests at 5% 

pre compression on 

cylindrical cuttings from 

prostate specimens. 

Loading frequency 0.1–

250Hz. 

8 prostate specimens 

obtained via RP 

Normal: 3.8-25kPa   

PCa:7.8-40.6 kPa 

 

 

Zhang et al., 

2008, [14]. 

In vitro Indentation tests on 17 

cylindrical prostate 

samples from the 

(posterior region), 5% 

pre-compression and 

150Hz loading frequency 

8 prostate samples 

obtained via RP 

Normal: 15.9 ±5.9 kPa    

PCa: 40.0 ±15.7 kPa                  

Carson et al., 

2010, [7]. 

Ex vivo Indentation tests on 

prostate samples at 30% 

compression strain with 

0.1 mm/s velocity. 

32 prostate 

specimens from RP 

and autopsy 

Normal: 41.1 kPa          

BPH: 36.8 kPa                   

PCa: 135kPa                   

Ahn et al. 

2010, [9].  

Ex vivo Indentation tests at 3mm 

indentation depth on 522 

sites at 1mm/s. 

46 RP prostate 

specimens 

Normal: 17.0 ±9 kPa          

PCa: 24.1 ±14.5 kPa                   

Ahn et al., 

2011, [17]. 

Ex-vivo Sweeping palpation on 

prostate samples using a 

robotic probe. 

Ex vivo prostate 

samples from 6 

subjects. 

Variations in the 

reaction force. 

Hammer et 

al.,2017, 

[16]. 

Ex- vivo Indentation tests on 

prostate samples at 3, 5 

and 8mm pressing depth. 

1-5Hz loading 

frequency. 

11 prostate samples Normal:14.2±0.2kPa          

PCa: 14.4 ±0.2 kPa                   

 

3.4 Chapter conclusion  

Prostatic tissue is made up of intricate microstructures that are highly 

incompressible and anisotropic, giving rise to the non-linear hyperplastic and 

viscoelastic mechanical behaviour. The presence of pathological conditions such as 

PCa alters the mechanical behaviour of prostatic tissue. Moreover, the stage and 

aggressiveness of the PCa also influence the mechanical behaviour. Manual palpation 

has been used for centuries for PCa diagnosis by assessing the mechanical behaviour 

of prostatic tissue. However, this technique is subjective and cannot distinguish elastic 

properties for complex tissue composition.  
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Interest has grown in the quantitative mechanical assessment of elasticity of 

prostatic tissue since it was introduced in the late 1990s. This quantitative assessment 

of prostatic tissue is particularly appealing for clinicians who seek reproducibility and 

objectivity. Various studies have attempted to characterize the mechanical behaviour 

of prostatic tissue and quantitatively classify the statistical variations between different 

prostatic tissue conditions with the aim of distinguishing between normal and 

pathological conditions. Mechanical characterization of prostatic tissue elasticity and 

viscosity is achieved mainly by measuring the deformation and the corresponding 

applied force in a quasi-static and vibratory palpation. 

This literature review on various studies about mechanical properties 

characterization has shown that there are significant mechanical differences between 

prostatic tissue with cancer, BPH and normal tissue, confirming the long known 

clinical findings. In all the studies considered, it was verified that PCa is significantly 

stiffer than normal tissue. This shows that tissue elasticity, a potential biomarker for 

PCa and can be assessed using various methods. The mechanical properties of the 

prostate stand a chance to advance understanding of PCa progression. Many such 

systems, however, are not ideal for in vivo palpation of the prostate during PCa 

screening due to the size constraints. Analysing the results in the various studies 

presented, it is worth pointing out that the reported mechanical properties results 

(elastic modulus) tend to vary greatly. The results tend be device specific depending 

on the type of mechanical assessment test performed, frequency of excitation and pre-

compression and boundary conditions. The effects of specimen and probe size, non-

linearity of stress–strain response and temporal (or viscoelastic) behaviour are not 

analysed systematically. Furthermore, the tissue physical conditions (vivo, ex vivo, in 

vitro, fresh or formalin fixed) have a profound effect on the results. Temperature, 

humidity and tissue degradation and time after specimen removal can also influence 

the results [18]. 
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Chapter 4: Development of a robotic palpation 

sensor system with indirect contact 

force sensing 

4.1 Introduction 

DRE, a palpation technique is often used by physicians to acquire diagnostic 

information about the pathological conditions the prostate gland based on the sense of 

touch. This method, however, is subjective. The sensitivity of DRE results depends on 

the physician's experience and skill. Therefore, to make palpation objective and 

minimize inter observer variability in prostate cancer screening results among 

physicians, a robotic palpation sensor system is proposed. This chapter describes the 

design, development, and performance evaluation of robotic palpation sensor system 

with indirect contact force sensing, consisting of a two Degrees of Freedom (2DoF) 

cable driven robotic probe. The probe’s palpation motion is controlled by actuating 

steel cables using a cable-differential pulley transmission system and a return spring. 

Kinematic models and a joint angle estimation method based on measuring the spring 

displacement and cable tension in order to determine the tip position of the probe are 

derived. Furthermore, a cable path length model was geometrically derived, and an 

optimization method for guide arc centre placement to minimize change in cable length 

was presented. Positioning accuracy measurement was verified using an optical 

marker tracking system, cable tension, and displacement of a return spring 

measurement, respectively. A static model and deep learning models are presented as 

indirect methods to estimate the contact force based on cable tension observation. The 

estimated indirect contact force was compared with the ground truth contact force. A 

validation study of the proposed sensor system in estimating the Young’s modulus was 

carried out on prostate models and silicone samples simulating different PCa 

conditions. 

4.2 Robotic palpation sensor system design   

Figure 4.1 shows a CAD model and prototype of the proposed robotic palpation 

system; The system is comprised of a (2DoF) cable driven palpation probe, a cable 

tension sensing unit, return spring displacement measurement unit,  
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CAD model: (A) Palpation Probe, (B) Differential pulleys mounted on the motor shafts, (C) Primary 

cable, (D) Cable tension measurement unit consisting of loadcells, (E) Displacement measurement 

unit, (F)Return springs, (G) Sliding mechanism, (H) Driving wire cable, (I) Returning wire cable.[1] 

 

Palpation sensor system prototype 

Figure 4.1 A CAD model and prototype of the proposed palpation sensor system. 
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and a driving mechanism unit consisting of stepping motors (yaw and pitch motors), 

differential pulleys, return springs and sliding mechanisms [1].  

For in vivo palpation of the prostate, the probe specifications must allow entry 

through a constrained entry point (rectum). Once aligned with the target, the 2DoFs of 

the probe can be used to initiate palpation and should cover at least 40mm x 30mm 

area, the average size of the prostate [2]. There is also need for an extra robotic 

manipulator to shuffle the probe at least 100 mm from the entry point and to position 

the probe tip at an arbitrary point along the path of the rectum for more dexterity.  

The concept for robotic palpation procedure is as follows; A 2DoF probe covered 

with a lubricated glove is inserted into the rectum of the patient and manipulated using 

cables driven by an actuator system placed outside the probe. By controlled palpation, 

the contact part of the probe applies pressure on the prostate similar to that applied by 

the physician’s finger. In this prototype, contact force between the probe’s tip and the 

palpated sample is estimated indirectly by measuring the difference in the tension 

between the driving and the returning cable of each joint, using load cells positioned 

away from the probe. This configuration minimizes the size constraints of the 

commercially available force sensors. Moreover, placing all the electronics outside the 

patient as much as possible is advantageous for sterilization purposes, and minimizes 

the chances of sensor contamination. Estimated contact force and indentation depth 

information can then be used to estimate stiffness of the prostate tissue. 

4.2.1  A 2DoF cable driven palpation probe  

A CAD model of the proposed probe and articulating 2DoF wrist, and a 

prototype are shown in Figure 4.2. The palpation probe mainly constitutes a 2DoF 

wrist consisting of yaw and pitch revolute joints with their axes of rotation 

perpendicular to each other, a hollow shaft connecting the probe to the actuation side 

and disposable or interchangeable cap fitted at the distal end of the probe. Steel cables 

(SUS304, diameter 0.45 mm) are used to actuate the joints. They pass through the 

articulation wrist shown in Figure4.2b via four wire cable guide holes of 1.2 mm in 

diameter, located 10 mm radially away from the centre of the wrist and wrap around 

each joint pulley. 
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(a) 

 

(b) 

 

(c) 

Figure 4.2 Proposed 2DoF palpation probe: A CAD model, 2DoF wrist, and prototype 

One end of each driving cable is fixed to a sliding pulley of a differential drive actuator 

and the other end to a return spring as shown in Figure1G and F.  Guide arcs are placed 

on the yaw part of the wrist to prevent acute bending of the pitch cable on the sharp or 

small round edges when the probe yaws, which leads to reduced durability of the cable. 

Non-movable guide arcs lead to a simpler construction of the tool wrist and reduce the 

number of moving components. A similar design concept of guide arcs has been used 

in the wrist mechanism for surgical robotic systems [3].  
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Furthermore, the disposable cap attached at the distal end of the probe contains a 

chrome steel ball to function as a contact component between the probe and the 

prostate. For future consideration of sensor placement on the distal end, the probe has 

a channel for routing tactile or contact force sensor cables from the distal to the 

proximal part of the probe.  

The developed cable-driven palpation probe is designed to mimic finger motions 

of physicians during manual palpation procedures for tumour detection and in surgery. 

The outer diameter of the probe is reduced to minimize discomfort and injury. The 

target dimensions of this prototype are 14 mm maximum outer diameter and 135 mm 

length. Besides the steel cables and joint bearings, all the main parts of the probe are 

3D printed from Polylactic acid (PLA) material. 

4.2.2  Cable tension sensing unit  

Figure 4.3 shows a basic illustration of a cable tension sensing unit of each joint. 

Each joint is associated with two cable tension sensing units. Each unit has a one-axis 

load cells (KYOWA LMB-A-50N) coupled to a cable pulley on the sliding mechanism 

by a metallic pin. The tension in each yaw and pitch joint driving cable is measured by 

a respective load cell. At home position when the yaw 𝜓 and pitch θ is at 0o, the cable 

tension is set to 5.5 N. 

 

 

Figure 4.3 Cable tension sensing unit 
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4.2.3  Displacement measurement unit 

Figure 4.4 shows the return spring displacement measurement unit on the passive side 

of the actuation mechanism unit. 

 

Figure 4.4 Displacement measurement unit 

The displacement of each return spring is measured by a distance sensor (Sharp 

GP2Y0A41SK0F). The size of the probe limits the integration of a rotary encoder in 

each joint for angle measurement. Therefore, the measured displacement is essentially 

used for estimating the joint angles of the probe. Alternatively, the joint angles can be 

estimated from the cable tension information and the spring constant. By using 

estimated joint angles, the tip position can then be determined.   

4.2.4  Driving mechanism unit 

The driving mechanism unit shown in Figure 4.5 constitutes two cable–pulley 

transmission systems to drive the pitch and yaw joints independently.  

 

Figure 4.5 Driving mechanism unit for joint actuation 

Each unit consists of two 3D printed concentric differential pulleys of radii 𝑟1 =

6mm and 𝑟2 = 7mm  mounted on a stepping motor shaft (P-PMSA-U42D2), a sliding 

mechanism, cable routing pulleys and a pretensioned return spring (k=0.15N/mm, 

55mm free length, 48.5mm tensile limit).  
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The sliding mechanism is connected to the differential pulleys via a primary wire 

cable, and to the joint pulley by a pitch or yaw cable, respectively. The cables are then 

fixed to a pitch and yaw pulley joints at cable fixing points using a pin. A return spring 

serves as a passive actuator. This arrangement forms an antagonistic configuration 

cable-pulley transmission. When the differential pulleys move clockwise and 

counterclockwise by an angle 𝜔, each primary wire winds and unwinds from them, 

respectively. This in turn translates the sliding mechanisms back and forth, 

respectively, leading to the actuation of the joints. The winding amount of the driving 

and returning cables to the joint pulley depends on the angular displacement of each 

motor. 

4.3 Robot Kinematics Modelling  

4.3.1  Forward and inverse kinematics  

The probe is modeled using standard robot kinematics. Forward kinematics is 

resolved using the Denavit-Hartenberg (D-H) method [4]. The range of motion for the 

joint angles  𝜓 and 𝜃 is [−90°, +90°] , as shown in Figure 4.6.  

Figure 4.6  2DoF motion representation 

 

The coordinate frames based on D-H convention for each segment are shown in Figure 

4.7.   

 

Figure 4.7 Probe coordinate frames 
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Obtained D-H parameters are specified in Table 4.1,  where 𝑙1 = 15.0  mm and 𝑙2 =

28.0 mm correspond to the offset links between the yaw and pitch joint axes, and 

between the pitch joint and the probe’s tip, respectively.  

Table 4-1   DH parameters  

Axis Link 

length 

𝑟𝑖−1(𝑚𝑚) 

Twist 

angle 

𝛼𝑖−1(𝐷𝑒𝑔𝑟𝑒𝑒) 

Link 

offset 

𝑑𝑖(𝑚𝑚)  

Joint Variable 

(𝐷𝑒𝑔𝑟𝑒𝑒) 

1 𝑙1 90° 0 𝜓 

2 𝑙2 0 0 𝜃 

From the D-H parameters in Table 4.1, the homogenous transformation matrix 

is expressed as 

𝐻2
0 = [ 

𝑐𝑠𝜓𝑐𝑠𝜃 −𝑐𝑠𝜓𝑠𝜃 𝑠𝜓
𝑠𝜓𝑐𝑠𝜃 −𝑠𝜓𝑠𝜃 −𝑐𝑠𝜓

𝑠𝜃 𝑐𝑠𝜃 0

𝑐𝑠𝜓(𝑙2𝑐𝑠𝜃 + 𝑙1)

𝑠𝜓(𝑙2𝑐𝑠𝜃 + 𝑙1)

𝑙2𝑠𝜃
0                0            0 1

],       4.1  

 

where 𝑐𝑠𝜓 = 𝑐𝑜𝑠𝜓 , 𝑠𝜓 = 𝑠𝑖𝑛𝜓, 𝑐𝑠𝜃 = 𝑐𝑜𝑠𝜃, 𝑠𝜃 = 𝑠𝑖𝑛𝜃.  

A position vector 𝑃 = [𝑥   𝑦  𝑧 ]𝑇 with respect to the base frame O can be expressed 

by the equation (4.2). By using this equation, the coordinates for the tip of the probe 

can be defined as a function  𝑃(𝜃, 𝜓). 

 

                           𝑃 = [
𝑥
𝑦
𝑧
] = [

𝑐𝑠𝜓(𝑙2𝑐𝑠𝜃 + 𝑙1)

𝑠𝜓(𝑙2𝑐𝑠𝜃 + 𝑙1)

𝑙2𝑠𝜃
]  .         4.2              

 

The resulting workspace of the probe’s tip is illustrated in Figure 4.8. Given a 

desired position space  𝑃 = (𝑥, 𝑦, 𝑧) in space, the pitch joint 𝜃 angle and yaw 𝜓 joint 

angle can be calculated by inverse kinematics given by the following equations  

                                       𝜃 = 𝑎𝑟𝑐𝑠𝑖𝑛 (
𝑧

𝑙2
)                          4.3 

 

                                                             𝜓 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑦

𝑥
)                        4.4 
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Figure 4.8 Working space 

4.3.2  Kinematic mapping 

Figure 4.9 shows an illustration of kinematic mappings between user space, 

actuator space consisting of a differential pulley driving mechanism, joint space 

corresponding to pitch and yaw joint variables, and task space of the kinematic model 

for the palpation probe. 

 

Figure 4.9 Kinematic mapping between various spaces 

The user space represents the desired joint angles 𝑞𝑑 = [ 𝜓𝑑  𝜃𝑑]𝑇 ∈ [−90°, 90°]  

for palpation and the desired position of the tip of the probe position 𝑃𝑑 =

[𝑥𝑑  𝑦𝑑  𝑧𝑑]𝑇commanded by the user in the user space. Given the desired palpation 

angles, the desired target can be determined by using forward kinematics.  
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Alternatively, using the desired tip position as input, the desired joint angles can be 

calculated by inverse kinematics. Commanded inputs are then mapped to corresponding 

motor rotations 𝝎 = [𝜔𝑦  𝜔𝑝 ]
𝑇
. From the motor rotations, the inputs are mapped on to 

the change in the primary cable length 𝚫𝒔, and the changes in the primary cable length 

result in the change of joint angle rotations  𝒒 = [𝜃  𝜓 ]𝑇, spring displacement 𝚫𝒍, and 

target position  𝑷𝒕 = [𝑥𝑡  𝑦𝑡 𝑧𝑡]
𝑇.  

4.3.3  Joint actuation 

Each joint is actuated by the pulling a driving cable by the rotation of concentric 

differential pulleys mounted on a motor shaft which causes linear motion of a sliding 

mechanism via a primary wire cable. A returning wire cable passively drives the joint 

by a return spring as already shown in Figure 4.9. During joint actuation, the yaw and 

pitch motor angular displacement 𝝎 = [𝜔𝑦  𝜔𝑝 ]
𝑇
 cause a change in length 𝚫𝒔 of the 

primary wire cables and the relationship between the motor rotation and this change in 

length of the primary cables can be expressed by 

                                            𝚫𝒔 = (
𝑟𝑑2−𝑟𝑑1

2
) [

𝜔𝑦

𝜔𝑝
],                         4.5 

 

where  𝑟𝑑1 and 𝑟𝑑2 are the differential pulleys radii. This change in length 𝚫𝒔 results in 

the rotation of the joint pulleys by  𝒒 = [𝜃  𝜓 ]𝑇. The yaw and pitch motor rotations are 

essentially calculated from the two joint variables 𝒒 using the following.  

                                     𝒒 =
𝚫𝒔

𝑟𝑜
= (

𝑟𝑑2−𝑟𝑑1

2𝑟𝑜
) [

𝜔𝑦

𝜔𝑝
],               4.6                 

  

where 𝑟𝑜 is the radius of each joint pulley. From equation (4.6), a very high reduction 

ratio can be obtained by varying radii  𝑟𝑑1 and 𝑟𝑑2  of the differential pully during the 

design process. 
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4.3.4  Joint angle estimation  

Each return spring portion of the driving unit serves as a passive actuator to 

actuate the joints and as a joint angle estimator. Taking the pitch joint actuation as an 

example in Figure 4.10, the pitch joint angle 𝜃  can be estimated by two methods 

indicated in the dotted green box; by using a distance sensor to measure the change in 

length Δ𝑙 of the return spring which is equivalent to the change in length Δs of the 

primary wire cable, and by using the tension of the cable measured by a loadcell in the 

tension sensing unit.  

 

        Figure 4.10 Joint angle estimation from  

Using the measured change in length of the return spring by a distance sensor, 

the pitch joint angle can be approximated as 

                                   �̅�  =
∆𝑙

𝑟𝑜
,                              4.7 

 

where ro is the radius of the pulley joint. 

 Taking the tension measured by the load on the returning spring side to be T2p, the 

change in length of the spring is related to this tension by the following equation. 

                              𝑇2𝑝 = 𝑘∆𝑙                      4.8 

 
Where k is the spring constant. 

Consequently, the pitch angle can be estimated from the measured cable tension using 

the expression, 

 

                               �̅� =
∆𝑙

𝑟𝑜
=

𝑇2𝑝

𝑘𝑟𝑜
                    4.9 
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The yaw joint angle 𝜓 ̅ can be estimated in similar manners using the two methods. 

However, in this study only the pitch angle was considered. Finally, the actual 

position of the tip of the probe can be approximated by using equations (4.7), 4.9 and 

(4.2) in a practical setup. 

4.3.5  Cable length modelling  

Figure 4.11 shows an illustration of path of the pitch cable at three distinct yaws  

𝜓  angle positions; Initial position 𝐴𝐸  when 𝜓  is 0°, Position (1)  𝐵𝐸  when 𝜓  lies 

between 0° and -90°, and position (2) 𝐷𝐸  when 𝜓   is 90°. The offset distance 

𝑙1 between the yaw and pitch centers of rotation is obtained from the D-H parameter 

Table 4.1. 

 

 

Figure 4.11 Cable path modelling 

During yaw motion, if no guide arc or pulley is present, the length of the pitch 

cable is constant about any angle 𝜓. However, sharp, and small round edges would 

wear the cable fast and increase friction as the probe pivots about the yaw axis. Guide 

arcs are therefore, used to provide a minimum turning radius required for transmission, 

increasing cable durability of the cable, and reduction in permanent stretch of the cable 

over multiple uses, which may cause backlash and affect the positioning accuracy. 
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Circular guide arcs 1 and 2 are mirrored to each other about the shaft’s plane of 

symmetry. 

Consider guide arc 1 when the probe rotates about the yaw axis by 𝜓 and moves 

from the initial position to position 1. For a given yaw angle 𝜓 , the coordinates 

 𝐵(𝑥𝑏 , 𝑦𝑏) with respect to the yaw origin  𝑂(0,0) can be expressed as 

         𝑥𝑏 = 𝑙1 𝑐𝑜𝑠(𝜓)  , 𝑦𝑏 = 𝑙1 𝑠𝑖𝑛(𝜓).                    4.10 

 

The distance 𝑙𝑏𝑐  between the guide arc center  𝐶(𝑥𝑐, 𝑦𝑐)  and point 𝐵(𝑥𝑏 , 𝑦𝑏)  is 

expressed as 

 

       𝑙𝑏𝑐 =√(𝑥𝑏 − 𝑥𝑐)2 + (𝑦𝑏 − 𝑦𝑐)2 .                              4.11 

                                           

The tangent segment 𝑙𝐵𝑇 is given by   

 

                        𝑙𝐵𝑇 =√𝑙𝑏𝑐
2 − 𝑟2,                                      4.12 

 

where 𝑟  is the radius of the guide arc. The contact point  𝑇(𝑥𝑇 , 𝑦𝑇) between the 

segment  𝑙𝐵𝑇 and the circular guide arc is given by (4.13). 

 

[
𝑥𝑇

𝑦𝑇
] = [

𝑥𝑐 +
(𝑥𝑏−𝑥𝑐)𝑟

2+ 𝑟(𝑦𝑐−𝑦𝑏)√(𝑥𝑏−𝑥𝑐)2+(𝑦𝑏−𝑦𝑐)2−𝑟2

(𝑥𝑏−𝑥𝑐)2+(𝑦𝑏−𝑦𝑐)2

𝑦𝑐 +
(𝑦𝑏−𝑥𝑐)𝑟

2+ 𝑟(𝑥𝑏−𝑥𝑐)√(𝑥𝑏−𝑥𝑐)2+(𝑦𝑏−𝑦𝑐)2−𝑟2

(𝑥𝑏−𝑥𝑐)2+(𝑦𝑏−𝑦𝑐)2

].        4.13 

 

Using the calculated contact points and the length of the chord 𝑆  connecting point  𝑇  

and 𝐸 , the angle  𝛽  subtended by the arc length 𝑙𝑇𝐸 can be calculated using the law 

of cosines.  

𝛽 = 𝑎𝑟𝑐𝑐𝑜𝑠 (1 −
𝑆2

2𝑟2) = 𝑎𝑟𝑐𝑐𝑜𝑠 (1 −
(𝑥𝑇−𝑥𝑐)

2+𝑦𝑇
2

2𝑟2 )            4.14 

 

Therefore, the arc length 𝑙𝑇𝐸 can be calculated by  

 

                        𝑙𝑇𝐸 =𝛽𝑟                                                        4.15 

 

The common tangent  𝑙𝐵𝑇 between 𝑇 and 𝐵 can give by.   
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                𝑙𝐵𝑇 =√(𝑥𝑏 − 𝑥𝑇)2 + (𝑦𝑏 − 𝑦𝑇)2                             4.16 

 

Finally, the length of the pitch cable segment 𝑙𝐵𝐸 can be calculated. 

 

                                            𝑙𝐵𝐸 = 𝑙𝐵𝑇 + 𝑙𝑇𝐸                               4.17 

 

The initial length of the cable segment 𝑙𝐴𝐸   at  𝜓 = 0°  is expressed as  

 

                                               𝑙𝐴𝐸 = 𝑙𝐴 + 𝑥𝑐                              4.18 

 

In the ideal state, the cable path length must remain the same for all 𝜓 ∈ [0, 90°]. 

In other words,  𝑙𝐴𝐸 = 𝑙𝐵𝐸 . Hence, the change in cable length 𝜀(𝑥𝑐,𝜓, 𝑙𝐴, 𝑟) = 𝑙𝐴𝐸 −

𝑙𝐵𝐸  becomes the objective function. Optimization is achieved by finding the optimum 

(𝑥𝑐
∗) values in the [−𝑟, 0] search space for which the objective function is minimum. 

 

                            (𝑥𝑐
∗) =

𝑎𝑟𝑔𝑚𝑖𝑛 (𝜀(𝑥𝑐,𝜓, 𝑙𝐴, 𝑟))

𝑥𝑐 ∈ [−𝑟, 0]
                 4.19 

4.3.6  Guide arc center optimization and simulation results. 

An optimization procedure for the placement of guide arcs to minimize the 

objective function 𝜀(𝑥𝑐,𝜓, 𝑙𝐴, 𝑟) is presented in this section. At the initial position 

when 𝜓 =0°, guide arc center is positioned such that  𝑥𝑐 = 𝑟 below the yaw 𝑂 origin. 

To avoid bending the cable at the arc-shaped guide end, the guide arc is always set 

tangentially to the 𝑥-axis such that 𝑦𝑐 = 𝑟.  The length of the pitch cable remains 

constant and is expressed as.  

                                             𝑙𝐴𝐸 = 𝑙1 + 𝑟                            4.20 

 

In position (2) the cable path is of length   𝑙𝐷𝐸 when 𝜓  is  90°. The pitch cable curves 

along the arc-shaped guide of radius 𝑟2 = 𝑟 . 

                                              

                                    𝑙𝐷𝐸 = 𝑙1 +
𝜋𝑟

2
− 𝑟                               4.21 
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The change in cable length between the two positions can be calculated by 𝜀 = 𝑙𝐴𝐸 −

𝑙𝐷𝐸 = (2 −
𝜋

2
) 𝑟 ≈ 0.4292𝑟.  

To minimize the previous cable length error, optimization can be done by shifting  𝑥𝑐 

upwards by  (2 −
𝜋

2
) 𝑟 , towards the yaw origin 𝑂  such that the center is  𝑥𝑐 =

(
𝜋

2
− 1) 𝑟 ≈ 0.5708𝑟. Under this condition the cable length remains approximately 

constant for 𝜓= -90, 0 and +90° angles in other words,  𝐴𝐸 ≈ 𝐷𝐸 ≈ 𝐵𝐸. The optimal 

offset 𝑥𝑐
∗  is sensitive to the yaw pitch axis offset to the arc guide radius   

𝑙1

𝑟
  ratio. 

In general, for any range of motion  𝜓𝜖[−90°, 90°], the optimization method for 

finding guide arcs which route the cable around the yaw joint while minimizing the 

stretch can be achieved. Cable stretch can be minimized by adjusting the center C, as 

follows; Start with (90°, 𝑥𝑐 = −𝑟) as initial conditions as shown above. Find the 

lengths of the cable segment using (4.17) for 𝜓𝜖[−90°, 90°]. Find the change in length 

and perform optimization using (4.21). Translate 𝑥𝑐  upwards by a distance equal to the 

change in length for this range of motion.  This results into a new center, and the new 

reduced stretch in the cable. Repeat shifting position 𝑥𝑐 towards the yaw origin until a 

minimum change in cable length 𝜀 is found. 

 Simulation of the cable path model and optimization of the 1.5 mm radius guide 

arc centers was carried out for yaw motion 𝜓𝜖 [0°, 90°] under different offset link 

parameters  𝑙1 between the yaw and pitch joint axes conditions. Figure  4.12 shows the 

change in cable length in the vicinity of optimized guide arc center positions.  

 

Figure 4.12  Theoretical change in cable length in the vicinity of guide arc optimized center positions. 
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The results show that the cable length change 𝜀 was maximum in the  𝜓𝜖[54°, 62°] 

region. The negative sign implies that the cable length decreases. Since the cable was 

pre-tensioned to prevent backlash, the length was expected to become shorter.  

Figure 4.13 (a) and (b)  shows root mean square (RMS)  of the cable length 

change for   
𝑙1

𝑟
= 10 and   

𝑙1

𝑟
= 20 . The simulation results show that the ratio of the 

length of the offset link  𝑙1 between the pitch and yaw axis to the guide arc radius 𝑟  

has effect on the RMS of the cable length change. 

(a)                                                                      

 (b) 

Figure 4.13 Root-mean-square (RMS) values of the cable length change 

The desired parameters such as the guide arc radius 𝑟, offset length 𝑙1 and guide arc 

center can, therefore, be decided based on the model with the smallest RMS value. In 

this study, 
𝑙1

𝑟
= 10  ratio and guide center C(−0.5726𝑟, 𝑟)  were the preferred 

parameters for the robotic probe owning to their yielded smallest RMS value. 
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4.3.7  Investigation of yaw motion effect on pitch cable tension 

The proposed probe has a unique joint mechanism. Pivoting about the yaw axis 

also results into bending of the pitch cables which can affect the initial cable tension 

in the two cables. A considerable change in tension in cables due to this yaw motion 

can adversely have an effect on force estimation accuracy and performance of the 

sensor system. Circular guide arcs were therefore, optimally positioned on the yaw 

portion of the probe to minimize acute bending.  

Experiments were conducted in order  to investigate the effect of the yaw 𝜓 

motion on the tension of the pitch cables. At home position, the tension on each cable 

of the pitch was set to 5.5 N. By varying the 𝜓 between -80o and 80o in 20o increments 

whilst keeping θ  at 0o 4, the tension in each cable was also measured by the respective 

loadcells, as shown in Figure 4.14. For each yaw condition, the tensions T1 in the 

driving cable and T2 in the returning cable were measured for six seconds, and the 

mean value was calculated.  

(a) Yaw motion and cable tension measurement  

 

     (b) change in pitch cable tension 

Figure 4.14 The effect of yaw motion on the pitch cable tension T1, and T2 tensioned at 5.5N in home 

position. The pitch was at 0o.The 𝜓 yaw was varied between ±80° in 20o increments. 
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Ideally since the joints are mechanically decoupled, the yaw motion must exhibit little 

to no influence on the pitch cable tension; the pitch cable tension T1 and T2 must 

remain unchanged or slightly drift from the tension at home position at any arbitrary 

yaw angle, as indicated by the green dotted line. 

The results show relatively small changes in the cable tensions T1 and T2. The 

difference, however, increased at [-80o,-40o] and [40o,80o] 𝜓 regions. As 𝜓 increased, 

the contact between the pitch cables and the 3D printed circular guide arcs also 

increased, resulting into the increased friction force between them. This factor may 

have contributed to the observed change in the cable tension. The maximum absolute 

error was 0.9 N and 0.4 N for T1 and T2, respectively. Therefore, it was suggested that 

that the yaw motion has little effect on the pitch cable tension at any arbitrary 𝜓 =

±80°, confirming  that a good optimization of the guide arc centers was achieved. 

4.4 Tip positioning accuracy and joint angle estimation method 

validation experiments 

Experiments were carried out in order to validate the positioning accuracy as 

well as to validate both the joint angle estimation method by optical marker tracking 

system and by measuring the displacement and cable tension of the return spring. 

4.4.1   Position measurement by optical marker tracking system 

 Figure 4.15 shows an experimental setup for measuring the tip position P of the 

probe using an optical marker tracking system.  

 

Figure 4.15 Experimental setup for position measurement using an optical marker tracking system. 
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Position measurement was achieved by tracking infrared reflective markers installed 

on the probe using a 3D motion capture system (VICON) with four infrared cameras 

(MX-T160). The sampling rate was set at 100 Hz. An Arduino Mega microcontroller 

board was used for motor control. Experimental conditions were set for the yaw 𝜓 and 

pitch θ joint variables according to the predefined five trajectories. The yaw angle 𝜓  

was varied between -40° and 40° in 20° increments. For each 𝜓 condition, the pitch 

angle θ was varied from 0° to 80° in 10° increments. The obtained probe’s tip position 

results were then compared with the theoretical values derived from inverse 

kinematics, in order to determine the positioning error for each trajectory.  

Position measurement results by motion capture system 

A comparison between the theoretical and measured tip positioning results by 

using VICON system in the workspace subregion for which five (5) paths were 

investigated is shown  in  Figure 4.16.  

 

                       

 

 

 

 

 

 

 

Figure 4.16 Theoretical and measured position of the probe tip P. (A) 3D view and (B) Top view with 

RMSE values  for each path. 

B 
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The results show a relatively good agreement between the measured and 

theoretical values for all the five paths  𝜓 ∈ [−40°, −20°, 0, 20°, 40°] as the pitch 

angle was varied between 0°and 80°. The results in  Figure 4.12B show that path (4) 

had the largest RMSE values of (x=1.23mm, y=1.33mm, z=1.21mm). The RMSE 

values reported show that the positioning accuracy for this system may be sufficient 

for prostate palpation for all the five palpation paths  investigated. 

The tables 4-2, 4-3 and 4-4 show absolute position error corresponding to the 

difference between the theoretical and measured tip-position. There results show a 

relatively small error between the measured and theoretical position with a maximum 

absolute error of 2.50 mm in the z-direction, 2.46 mm in the x-direction, and 2.24 mm 

in the y-direction. 

Table 4-2 Position error between measured value and theoretical values (mm) in the z-direction 

θ [Degrees] 

ψ
 [

D
eg

re
es

] 

 0 10 20 30 40 50 60 70 80 

-40 0.12 0.15 0.67 0.05 0.07 0.02 0.14 0.21 0.32 

-20 0.66 0.52 0.03 1.30 1.03 0.80 0.18 0.05 0.01 

0 0.12 0.81 0.06 0.19 0.03 0.42 0.01 0.21 0.32 

20 0.36 0.67 2.50 1.97 0.42 1.32 0.63 0.18 0.21 

40 0.12 0.25 0.11 0.18 0.27 0.02 0.49 0.21 0.06 

 

Table 4-3 Position error between measured value and theoretical values (mm) in the x-direction 

θ [Degrees] 

ψ
 [

D
eg

re
es

] 

 0 10 20 30 40 50 60 70 80 

-40 0.64 0.42 0.63 0.49 0.66 1.01 1.00 0.39 1.54 

-20 0.06 0.66 1.33 0.10 0.68 0.92 0.54 0.41 0.01 

0 0.10 0.08 0.01 0.02 0.05 0.04 0.08 0.05 0.28 

20 0.02 0.01 0.61 2.46 2.37 0.92 0.40 0.10 0.67 

40 0.34 0.68 0.03 0.50 0.00 0.08 0.03 0.17 0.84 
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Table 4-4 Position error between measured value and theoretical values (mm) in the y-direction.  

θ [Degrees] 

ψ
 [

D
eg

re
es

] 
 0 10 20 30 40 50 60 70 80 

-40 0.14 0.14 0.05 0.41 0.72 0.49 0.60 0.06 0.01 

-20 0.03 0.16 0.59 0.16 0.00 0.00 0.23 0.04 0.23 

0 0.00 0.13 0.16 0.29 0.39 0.44 0.41 0.42 0.49 

20 0.31 2.24 1.89 1.53 1.22 0.99 0.82 0.93 0.96 

40 0.06 0.95 1.29 0.04 0.24 0.05 0.00 0.12 0.01 

 

Table 4.5. shows a comparison between the theoretical pitch angles for 𝜓 ∈

[−40°, 40°] the estimated pitch angle pitch angles derived from measured position 

data using equation (4.3). Pitch angle is essential for vertical motion of the probe. The 

results show a relatively good agreement between the measured pitch angles and 

theoretical values. The probe is expected to perform palpation by applying a loading 

force on the tissue sample mainly in the z-axis direction. Therefore, the positioning 

accuracy and contact force in this direction are particularly very essential. 

 

Table 4-5 Comparison of measured pitch angles for each yaw angle 

Set Yaw  

  

ψ [Degrees] 

-40 -20 0 20 40 

 

                 Estimated pitch angle [Degrees] 

T
h

eo
re

ti
ca

l 
p

it
ch

 a
n

g
le

 θ
 [

D
eg

re
es

] 

0 0.25 1.36 0.25 0.74 0.25 

10 9.68 8.93 8.32 8.60 9.47 

20 21.46 20.06 19.87 14.63 20.25 

30 30.12 26.96 29.56 25.44 30.43 

40 39.82 37.30 39.92 41.14 40.73 

50 50.05 47.5 51.36 45.97 50.05 

60 60.56 59.27 59.97 57.5 62.09 

70 71.3 70.28 71.3 68.96 71.3 

80 85.01 79.83 76.73 82.85 80.73 
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4.4.2  Joint angle and position estimation by spring displacement and tension 

measurement. 

Optical marker tracking system based tip position measurement may not be 

feasible in a practical clinical setup. In this case, position can alternatively be obtained 

by estimating the joint angles using  either the measured displacement of the return 

springs or the tension of the cable. An illustration of an experiment set up for joint 

angle estimation is shown in Figure4.17. 

 

 

 Figure 4.17 Joint angle estimation set up experiment 

In this experiment, the yaw angle  𝜓 was set to 0° and the pitch angle θ was 

varied between 0°and 80° in 20° increments by using an Arduino micro controller. The 

displacement of the return spring and the cable tension were measured by a distance 

sensor (GP2Y0A41SK0F, SHARP) and a load cell (LMB-A-50N, KYOWA), 

respectively. The outputs were acquired at 100 Hz sampling rate using a data 

acquisition system (NR-500, KEYENCE). Since the two joints are mechanically 

decoupled, only the pitch joint angle was investigated.  

        Joint angle and position estimation results 

Figure 4.18 shows the out of the distance sensor and the load cell. The cable was 

initially pre-tensioned at 5.5 N. From the results it can be seen the distance sensor  

output was noisy. Therefore, an exponential moving average filter was used smooth 

remove the noise. There was also a slight change in the cable tension from 5.5 N to 4.9 

N when the probe was returned back to the initial position. 
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     Distance sensor                                        Load cell  

Figure 4.18 Sensor output  

The pitch angle θ was estimated by using the spring displacement data and 

tension data in equations (4.7) and (4.9), respectively. A comparison of the angular 

results between the reference input angles commanded by the user and the estimated 

value are shown in Figure 4.19.  

 

(A) 

 

(B) 

Figure 4.19 Comparison between the reference estimated pitch angles derived from spring 

displacement measurement (a) and cable tension (b) 
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The results show a good agreement between the reference and estimated values. Also, 

estimating the joint angle from the cable tension produced relatively steady results than 

using a distance sensor.  For the spring displacement based joint angle estimation, the 

RMSE value was 4.80o. When using tension, RMSE value was found to be 4.20o. 

Overall, the two approached resulted in an average RMSE value of 4.50o. Therefore, 

proposed sensor system is capable of estimating and tracking the joint angles by using 

either the measured cable tension or the displacement of the return spring. 

Due to the noisy nature and resolution of the distance sensor used, the sensor 

could not reliably estimate small changes in the joint angle. Joint angle using tension 

can be recommended. Additionally, a distance sensor with much higher resolution can 

also be used in the place of the sensor which was used in this study. 

Consequently, by using the estimated and the reference input pitch angle values 

in equation (4.2), the estimated and theoretical z-position values of the probe’s tip  

were calculated, respectively. As shown in Figure 4.20 the estimated and theoretical 

z-position values show a good agreement.  

 

 Figure 4.20 Comparison between the theoretical fingertip z position and the estimated values derived 

from the spring displacement and tension. 

4.5 Indirect contact force estimation  

Contact force sensing plays an essential role in palpation sensor systems as well 

as in  minimally invasive surgery. In clinical palpation, it provides qualitative 

information about tissue stiffness. In ex vivo mechanical properties characterization, 

force feedback enables effective and precise measurement of tissue stiffness. In robot 

assisted minimally invasive surgery, the absence of force feedback remains a huge 

unresolved challenge [5], [6] as it has an  adverse effect on the efficiency and safety 

of surgery and surgeons only depend on the visual feedback. It is difficult to apply 
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appropriate operating force to tissue when performing certain operations as the 

surgeon has no tactile feedback since he/she cannot directly touch the tissue [7]. 

Existing force sensing methods is categorized mainly into direct detection and 

indirect detection methods. In many robotic systems and palpation devices direct force 

sensing is adopted. Direct force sensing is realized by installing integrated sensors on 

the probe’s tip to detect contact forces; It includes the use of commercial loadcells, 

strain gauges, fiber Bragg grating optical sensors, and tactile sensor arrays based on 

piezoresistive or capacitive [8-15]. 

Integration of sensors at the end effectors may lead to some problems. Due to 

the small size of robotic probes, sensor attachment is difficult to implement, making 

many robotic systems bulky and/or very costly and potentially limiting their potential 

for clinical use. Sterilization of the probe after use may destroy sensors  due to the 

intensive heat, pressure, and humidity. Moreover, biocompatibility may also limit the 

clinical applicability of these approaches. 

It is ,therefore, desirable that  contact force is sensed in an indirect way whereby 

no sensor is integrated at the end effector. Rather, contact force can be estimated for 

example by measuring the change in the tension of the driving cables or the motor 

current of the driving mechanism. This enables the sensor system to be positioned 

outside the patient during in vivo procedures. As a result, indirect  issues related to 

direct force sensing (size, biocompatibility, sterilizability, and cost) can be minimized.  

Rather than using a complex dynamics modeling, this section focuses on the 

implementation of  indirect contact force sensing methods based on static model and 

deep learning recurrent neural networks using the measured of change in the cable 

tension as input. Considering that palpation by this sensor system was quasi-static and 

that the tension was in form of a time series, a static model and recurrent neural 

networks were adopted as contact force estimators, respectively. The performance of 

each estimator was verified experimentally. 
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4.6 Indirect contact force estimation by cable tension observation 

Essentially, it is ideal that all the sensors are placed far away from probe’s tip. 

In this way, the probe’s end effector disposed or interchanged. It also minimizes offers 

low chances contamination of sensors by biological fluids, easy sterilizability and 

reduced costs of replacing sensors. Due to the size constraints of the palpation probe, 

installation of most commercially available force sensors at the tip of the probe may 

not be feasible. In this system, the four cables/cables used for changing the pose of the 

probe are also simultaneously utilized for indirectly estimating the contact force at the 

tip of the probe.   

Sensor configuration which enables the acquisitioning of essential parameters 

for indirect contact force estimation by this system is shown in Figure 4.21. The two 

joints have a similar wire cable tension measurement and joint actuation principle. The 

antagonistic configuration of the driving and the returning wire cable actuates each 

joint pulley.  

 

Figure 4.21  Cable tension measurement configuration and joint actuation principle 

The tensions  𝑇1 and  𝑇2 in the driving and the returning cables of each joint are 

measured by the load cells. A contact force is then determined indirectly through the 

measured cable tensions. 

4.7 Static model based indirect contact force estimator  

Figure 4.22 shows a mechanical model of the palpation probe consisting of the 

link length (l1, l2), yaw and pitch joint torques (𝜏𝑝𝑖𝑡𝑐ℎ, τ yaw), cable tension (T1p, T2p, 

T1y,T2y) joint radius ro, and joint angle parameters (𝜓, 𝜃).  
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Using the principle of virtual work, a static model  for indirect estimation of the 

contact force at the tip of the probe through tension measurement of the driving wire 

cables is presented.  

 

 

         Figure 4.22  Mechanical model 

 

The model depends mainly on the pose of the probe and joint  torque  information. The 

tip position P of the probe and the joint variables (𝜓, 𝜃) are associated with each other 

through a Jacobian matrix (J)  which relates joint velocities to end effector velocities 

of the probe by the following expression,  

                                          �̇� = [
𝑥
�̇�
�̇�

̇
] = 𝐽 [

�̇�

�̇� 
],                                     4.22 

 

 Where the J  for this palpation probe is given by  

𝐽 =

[
 
 
 
 
𝜕𝑥

𝜕𝜓

𝜕𝑥

𝜕𝜃

𝜕𝑦

𝜕𝜓

𝜕𝑦

𝜕𝜃

𝜕𝑧

𝜕𝜓

𝜕𝑧

𝜕𝜃]
 
 
 
 

= [

− sin𝜓 (𝑙1 + 𝑙2 cos 𝜃) −𝑙2 sin 𝜃 𝑐𝑜𝑠𝜓

cos𝜓 (𝑙1 + 𝑙2 cos 𝜃)  −𝑙2sin 𝜃 𝑠𝑖𝑛𝜓
0 𝑙2 cos 𝜃

].                    4.23 

 

The difference in the measured tension in the driving and returning cables of the pitch 

and yaw joint yields  joint torques  τ= [τ pitch  τ yaw ]T,  where  

                               𝜏𝑝𝑖𝑡𝑐ℎ = ( 𝑇1𝑝 − 𝑇2𝑝) × 𝑟𝑜                                   4.24 

 

                                       𝜏𝑦𝑎𝑤 = ( 𝑇1𝑦 − 𝑇2𝑦) × 𝑟𝑜                                       4.25 
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The relationship between the contact force F= [Fx  Fy  Fz]
T  at the tip of the probe and 

the joint torques estimated through cable tension measurement can be expressed as  

 

                                                    𝑭 = (𝐽𝑇)−1𝝉 .                                        4.26  

 

For this probe, the Jacobian transpose is given by 

 

𝐽𝑇 = [
− sin𝜓 (𝑙1 + 𝑙2 cos 𝜃) cos𝜓 (𝑙1 + 𝑙2 cos 𝜃) 0

−𝑙2 sin 𝜃 𝑐𝑜𝑠𝜓  −𝑙2sin 𝜃 𝑠𝑖𝑛𝜓 𝑙2 cos 𝜃
]             4.27 

 

In general, joint torques are related to contact forces or the wrench through a 

Jacobian. However, the Jacobian above is non-square and there are only two joint 

torque variables associated with this probe.  

Therefore, using singular valued decomposition (SVD), a Moore-Penrose pseudo 

inverse 𝐽+ = (𝐽𝑇𝐽)−1𝐽𝑇 ≈ 𝐽−1 of the Jacobian matrix is instead found [16].  

Finally, the contact force can be expressed by  

 

               𝑭 = [

𝐹𝑥

𝐹𝑦

𝐹𝑧

] = (𝐽𝑇)+ [
𝜏𝑦𝑎𝑤

𝜏𝑝𝑖𝑡𝑐ℎ
]                                                             4.28  

 

𝐹𝑥 = −(
𝜏𝑦𝑎𝑤 sin𝜓

𝑙1+𝑙2𝑐𝑜𝑠𝜃
+

𝜏𝑝𝑖𝑡𝑐ℎcos 𝜓sinθ

𝑙2
) = −(

 (𝑇1𝑦−𝑇2𝑦)𝑟𝑜 sin𝜓

𝑙1+𝑙2𝑐𝑜𝑠𝜃
+

 (𝑇1𝑝−𝑇2𝑝)𝑟𝑜cos 𝜓sinθ

𝑙2
)    4.29 

 

𝐹𝑦 = (
𝜏𝑦𝑎𝑤 cos𝜓

𝑙1+𝑙2𝑐𝑜𝑠𝜃
−

𝜏𝑝𝑖𝑡𝑐ℎsin𝜓sinθ

𝑙2
) = (

 (𝑇1𝑦−𝑇2𝑦)𝑟𝑜 cos𝜓

𝑙1+𝑙2𝑐𝑜𝑠𝜃
−

 (𝑇1𝑝−𝑇2𝑝)𝑟𝑜sin𝜓sinθ

𝑙2
)   4.30 

 

        𝐹𝑧 =
𝜏𝑝𝑖𝑡𝑐ℎcos (𝜃)

𝑙2
=

( (𝑇1𝑝−𝑇2𝑝)𝑟𝑜𝑐𝑜𝑠𝜃 

𝑙2
                                                          4.31  

 

The accuracy of this indirect contact force sensing method can be validated by 

comparing the estimated results with the ground truth contact force, measured by using 

a three axis load cell. During palpation, the contact force component Fz given by 

equation (4.31) is the most relevant force for palpation. Therefore, in this study only 

Fz was  considered. 
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4.7.1  Static model contact force estimation experiments  

Silicone samples with different hardness were made by mixing (KE-1300T, 

Shin-Etsu,JAPAN) with CT-1300 in various proportions in order to simulate three 

prostate tissue stiffness conditions: benign, normal and cancer.  The samples are shown 

in Figure 4.23. Three silicone samples (A, B, C) of size (40mm x 20 mm x 20mm) 

were prepared first. Another set of  three silicone samples (D, E, F) of size (40mm x 

40mm x 20mm) were prepared in a similar manner as the first samples.  

 

Figure 4.23 Silicone samples 

 

The Young’s modulus of each sample was confirmed by performing indentation 

tests on the samples using a commercial indentation machine (YAWASA MSES-0512, 

Tech Jihan, Japan). The Young’s modulus values are shown in Table 4-6. The values 

of the samples were larger than the reported for the prostate tissue in indentation 

studies such as those reported by Carson et al; 36.8kPa, 41.1kPa and 135.0Kpa for 

benign prostatic hyperplasia (BPH), normal and cancer conditions, respectively. 

However, this did not impede the purpose of the contact force estimation experiments.  

Table 4-6  Young’s modulus of silicone samples 

Silicone sample A B C D E F 

Young’s 

Modulus (kPa) 

52.0 106.0  264.0 32.0  110.0  259.0 
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Figure 4.24 shows the physical experimental setup for indirect contact force 

sensing in which each silicone sample was palpated. A schematic representation of the 

entire experimental setup is shown in Figure4.25 . A sample was fixed on an acrylic 

plate, and a 3-axis load cell (USL06-H5-50N-C ,Tec Gihan,Japan) was mounted above 

it in order to measure the ground truth contact force.  

 

 

Figure 4.24 Experimental setup. A silicone sample mounted on a z-axis stage during palpation 

experiments 

 

 

Figure 4.25 Experimental setup for contact force estimation 
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A silicone sample, acrylic plate, and 3-axis load cell were then fixed to a z-axis 

stage. The loadcell was connected to a strain amplifier (DSA-30A) and to analog 

channels (NR-HA08) of the data acquisition device (NR-500 KEYENCE).  The 

tension in each wire cable was measured using a uniaxial load cell (LMB-A-50N 

KYOWA) connected to a strain amplifier (NR-ST04) of the same data acquisition 

device mentioned above. To change the initial contact angle, the vertical position of 

the silicone sample was varied by adjusting the stage. 

Experimental conditions were set based on the pitch θ angle and yaw 𝜓 angle. 

Palpation was performed by changing the pose of the probe to the desired states. The 

initial contact pitch angle θc between the sample and the tip of the probe was set at 10o 

and 20o consecutively. The yaw angle 𝜓 was varied between 0o and 20o. For each test 

on the samples, the  pose of the probe was changed to satisfy each 𝜓, θc, as well as the 

indentation angle θin palpation condition as shown in Figure 4.26.  

 

Figure 4.26 Contact and indentation angle conditions 

After setting the initial contact angle, the position of the sample was adjusted on 

the z-axis stage, such that the tip of the probe and the sample were in contact with each 

other. The probe was then pushed into the sample by θin. The tension in each wire cable 

and the 3-axis load cell output were measured for 5 seconds after the probe stopped, 

and the average values were calculated. The procedure was repeated for another θin 

condition. The joint torque 𝝉 during contact was calculated from the tension data and 

then together with the bending state (𝜓, θ) information, were used Jacobian variables 

to indirectly estimate the contact force. The measured tension by each load cell before 

initial contact with the sample was adjusted to 0 N as a threshold value.  

Depending on the pose of the probe and the pseudo inverse of the Jacobian the 

contact force F can be estimated. In this study, only the cable tension in the driving 

and returning cables associated with the torque on the pitch joint was investigated, 

since the dominant pressing force during palpation was  due to the pitch motion. 
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4.7.2  Static model indirect contact force sensing  results  

Cable tension data and the ground truth contact force data were acquired by the 

respective load cells. Cable tension information was then used in equation 4.31to 

compute the contact force indirectly. Thereafter, the absolute error between the 

estimated and measured contact force was determined for each palpation experiment 

on the silicone samples. Figures 4.27- 4.33 show the results for the measured and 

estimated contact force on silicone samples (A,B,C,D,E,F) under 𝜓 = 0o , 𝜓 = 20o, 

θc=10o, θc=20o conditions.  

 

                 

   (A) θc=10o                                                                               (B)    θc=20o 

Figure 4.27 Estimated and ground truth contact force on silicone sample A (56kPa) at (𝜓 = 0°) θc=10o 

,θc=20o) palpation conditions  

                   

 (A)   θc=10o                                                            (B)   θc=20o 

Figure 4.28 Estimated and ground truth contact force on silicone sample B at (𝜓 = 0°, θc=10o, 

θc=20o) palpation conditions. 
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(A)  θc=10o                                                                     (B)   θc=20o 

  Figure 4.29 Estimated and ground truth contact force on silicone sample C at (𝜓 = 0°, θc=10o 

,θc=20o) palpation conditions 

 

Sample A                            Sample B 

 

 

Sample C 

Figure 4.30 Estimated and ground truth contact force on silicone samples (A,B,C)  at (𝜓 = 20°, 
θc=10o, θc=20o) palpation conditions. 
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(A)  (𝜓 = 0°, θc=10o , θin=5o, 10o ,20o )               (B)  (𝜓 = 0°, θc=20o , θin=5o, 10o ,20o )                                                             

Figure 4.31 Estimated and ground truth contact force on silicone sample D. 

  

(A)   (𝜓 = 0°, θc=10o , θin=5o, 10o ,20o )               (B)  (𝜓 = 0°, θc=20o , θin=5o, 10o ,20o )                                                             

Figure 4.32 Estimated and ground truth contact force on silicone sample E  

 

(A)   (𝜓 = 0°, θc=10o , θin=5o, 10o ,20o )               (B)  (𝜓 = 0°, θc=20o , θin=5o, 10o ,20o )                                                             

Figure 4.33 Estimated and ground truth contact force on silicone sample F.  
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The results above show that the estimated contact force values were relatively in 

good agreement with the measured values as confirmed by the maximum absolute 

error which was below 0.1 N. The contact force increased as the indentation angle θin 

was increased from 10o to 20o  on samples (A,B,C) and  5o , 10o , 20o  on samples 

(D,E,F). There was also an increase in the error when the indentation angle increased 

in some experiments. An increase in the indentation angle resulted into an increase in 

the wire cable tension, and friction force in the joints and pulleys. This phenomena 

possibly may have contributed to the increase in the error. In this study, energy loss 

due to friction force  was not considered. 

The relationship between the mean estimated contact force and the z-component 

of the measured contact force for samples (A,B,C) is shown in Figure 4.34.  Figure 

4.35 shows the  contact force on samples (D,E,F). Three trials were conducted on each 

silicone sample and the average contact force for each trial was calculated.  

                                            (A)   (𝜓 = 0°, 𝜃𝑐 = 10°), (𝜃𝑖𝑛 = 10°, 20°)                                         

 

(B )  (𝜓 = 0°, 𝜃𝑐 = 20°) and (𝜃𝑖𝑛 = 10°, 20°). 

Figure 4.34 A relationship between the estimated and the measured average contact force on silicone 

samples (A,B,C) under two palpation conditions;(A)(𝜓 = 0°, 𝜃𝑐 = 10°)and (𝜃𝑖𝑛 = 10°, 20°); (B) 

(𝜓 = 0°, 𝜃𝑐 = 20°) and (𝜃𝑖𝑛 = 10°, 20°).  
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Figure 4.35 Contact force comparison for silicone samples (D, E, F) at  (𝜓 = 0°, θc=10o , θin=5o, 

10o,20o ) palpation condition. 

 

The dotted straight lines show the linear fit of the estimated contact force to the 

measured contact force. The results show a good linear relationship with the slope of 

1.0 and the coefficient of correlation r2=0.99.  For each initial contact angle condition, 

the largest contact force was recorded on the sample with the largest Young’s  

modulus. The yaw motion showed some little effect on the pitch cable tension at large 

𝜓 angles and on the contact force estimation in the z-direction. Therefore, contact 

force estimation experiments were conducted only at  𝜓 = 0o and 20o  only.  

The proposed joint drive mechanism is non-symmetrical in the forward and 

reverse pressing directions. Pressing against a sample in the forward direction by 

pulling the driving cable produces a relatively larger force than in the reverse direction 

when the return spring pulls the returning cable. The choice of the spring also has an 

influence on the largest possible pressing force in the reverse direction on the return 

spring side of the mechanism. Therefore, due to this non symmetric nature of the 

palpation system, to generate a large pressing force ideal for a deeper pressing depth, 

it is recommended that palpation is performed in the forward direction of the driving 

wire. The system can also be rotated to ensure that palpation is always in the forward 

direction. The results in this study were based on the forward pressing direction. The 

returning spring side of the drive mechanism was used for estimating the joint angle 

by measuring the change in the length of the return spring using a distance sensor. For 

the vertical position setup of the sample in the contact force estimation experiments, 

the predominant contact force was in the z-direction, which in this study was estimated 

from the pitch joint torque and the Jacobian. Hence the study only investigated this 
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particular contact force component. However, for other sample position setups, such 

as positioning the sample on either the left or right hand side of the tip, the yaw joint 

torque would be essential for providing a pressing force. In that case the need for force 

sensing on the yaw axis would be non-trivial. 

4.8 Deep Learning‑based indirect contact force estimation. 

The proposed 2DoF probe must be compact in size. Therefore, indirect contact 

force sensing is preferred instead of integrating force sensors in the distal part of the 

probe, yielding better biocompatibility, sterilizability and reduced cost. In the previous 

section, a static model was successfully evaluated as a contact force estimator. 

Compared to dynamic models which are often complex, a static model is relatively 

simple. However, it has limitations certain limitations in dynamic palpation. 

Furthermore, fairly accurate pose estimation is essential and computing the inverse of 

a non-square Jacobian matrix of  the proposed probe was straight forward. An 

interesting approach would be a data driven approach. 

This section presents an alternative indirect contact force estimator based on 

deep learning; the dynamics of the probe are learned from the measured cable tension 

information. The section proposes in particular a method based on recurrent neural 

networks (RNNs) that take the time series cable tension as the input to a RNN model 

and output the contact force. After collecting training data sets, three types of RNN 

models for contact force estimation were implemented in MATLAB. Their 

performances were compared in order to verify the feasibility of each model. A long-

short-term memory (LSTM) model was used as a baseline model. 

The development of machine learning/deep learning  techniques has paved a way 

for many engineering applications. This has opened new opportunities for research to 

use data driven approached to solving complex such as computer vision, natural 

language processing, and robotics. Some researchers in robotics field have used 

computer vision approaches to achieve force sensing for continuum robotic 

manipulators. Su et al. [17] and Haouchine et al.[18] presented a method for vision 

based force estimation in surgical robotic systems by detecting tissue deformation. 

However, computer vision approaches require more computational resources. In many 

studies, artificial neural networks (ANN) have been used for the kinematic modeling, 

and adaptive neural network control of a robotic probes [19-24].  
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Despite the ANN-based models’ dependance on training data, they are capable 

of learning and capturing many factors as machining and assembly errors of robotic 

system, and so on. Therefore, if trained well, the models can achieve better 

performance than dynamic and static models. 

4.8.1  Neural Network structure selection 

Prior to neural network structure considerations, the inputs and outputs of the 

network were determined. The proposed palpation sensor system in general should 

contain four tension and two return spring displacement as inputs and three force 

components as outputs. The input data can be regarded as time series; hence it is ideal 

to adopt a neural network models that are better suited for time-series data. In this 

study, however, I tried to only the tension related to the pitch joint was considered as 

input and Fz as the output; the distance sensor was unable to reliably detect small 

changes in the length of the return spring when the probe was pushed into the sample.  

To model time series cable tension information, modified versions of RNNs; 

namely long short-term memory (LSTM) networks, Bidirectional long short-term 

memory (BiLSTM) and gated recurrent unit (GRU) networks were considered for this 

sequence to sequence regression task. 

4.9.1.1 Long-Short Term Memory (LSTM) block 

Figure 5.36 shows an illustration of a long short-term memory (LSMT) block. A 

(LSTM) is a variant of a recurrent neural network (RNN) that circumvents vanishing 

and exploding gradients problems as well as long-term dependency problems [25].  

 

Figure 4.36  Long-Short Term Memory block [26] 
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The most critical element of the LSTM is cell state Ct, and data are passed along 

it. The forget gate layer 𝑓𝑡 determines what old information should be discarded while 

input gate layer 𝑖𝑡  update determines what new information should be stored; By 

combing the two layers, the state is updated. The output gate layer 𝑜𝑡 gives out the 

output information. LSTMs are better at processing and predicting time series data 

with long intervals and delays than standard RNNs. Computations at time t is 

expressed as 

𝑓𝑡 = 𝜎(𝑊𝑓[ℎ𝑡−1 , 𝑥𝑡] + 𝑏𝑓), 𝑖𝑡 = 𝜎(𝑊𝑖. [ℎ𝑡−1 , 𝑥𝑡] + 𝑏𝑖)

�̃�𝑡 = 𝑡𝑎𝑛ℎ(𝑊𝐶 . [ℎ𝑡−1 , 𝑥𝑡] + 𝑏𝐶), 𝑜𝑡 = 𝜎(𝑊𝑜. [ℎ𝑡−1 , 𝑥𝑡] + 𝑏𝑜)

𝐶𝑡 = 𝑓𝑡 ∗ 𝐶𝑡−1 + 𝑖𝑡 ∗ �̃�𝑡, ℎ𝑡 = 𝑜𝑡 ∗ tanh (𝐶𝑡)

        4.32 

Where, 𝑤 are weights for each associated layer, ℎ𝑡−1 is the previous output, 𝑥𝑡 is the 

input, 𝑏𝑖, 𝑏𝑜 are input and output bias. 

4.9.1.2  Bidirectional long short‑term memory network (BiLSTM) 

A bidirectional long short-term memory network (BiLSTM) [27] is a modified 

version of the LSTM that solves the exploding and vanishing gradients problem which 

is associated with regular RNNs. Data can be processed, and prediction can be 

achieved from long periods of data inputs. The state Ct of BiLSTMs is related to both 

the previous time steps (t − 1, t – 2,…) as well as to the future time steps (t + 1, t + 

2,…). With BiLSTMs, the neurons of regular LSTMs are divided into positive time 

direction (forward states) neurons and negative time direction (backward states) 

neurons, as shown in Figure 4.37. 

 

Figure 4.37  BiLSTM network [27] 
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This bidirectional structure of the allows for the utilization of past and future input 

information of the current time frame.  The six shared weights Wif, Wib, Wff, Wfo, Wbb 

and Wbo  can be used to calculate the outputs at time t by the following expression. 

                                

  ℎ𝑡
𝑓

= 𝜎(𝑊𝑖𝑓𝑥𝑡 + 𝑊𝑓𝑓ℎ𝑡−1
𝑓

+ 𝑏𝑖𝑓)

ℎ𝑡
𝑏 = 𝜎(𝑊𝑖𝑏𝑥𝑡 + 𝑊𝑏𝑏ℎ𝑡−1

𝑏 + 𝑏𝑖𝑏)

𝑜𝑡 = 𝜎(𝑊𝑓𝑜ℎ𝑡
𝑓

+ 𝑊𝑏𝑜ℎ𝑡
𝑏 + 𝑏𝑜)

           [27]                   4.33 

 

4.9.1.3   Gated Recurrent Unit   

A gated recurrent unit (GRU) shown in Figure 4.38 is a gating mechanism in 

RNNs and variation on the LSTMs. GRU as a long short-term memory (LSTM) 

consists of a forget gate but has fewer parameters than regular LSTM. However, it 

does not have an output gate. GRU's are well-suited for classification, processing and 

forecasting of time series with very long time lags of unknown size.  

 

Figure 4.38  GRU block 

 

4.8.2  Deep Learning implementation 

To test the feasibility of the proposed deep learning indirect contact force sensing 

approach, a dataset comprising 25386 pitch cable tension (T1, T2) paired data points 

was created from the experiments conducted silicone samples (D,E,F) in the contact 

force estimation experiments which were described in the previous section. After 

acquiring the data from the tension sensing units, the dataset was normalized between 

0 and 1 using min-max scaling.  
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Figure 4.39 shows the structure of the proposed RNN based estimator. 

 

 

Figure 4.39 Structure of RNN based contact force estimator 

After normalization, the dataset was split into training and testing sets. The 

models were therefore trained using the training set and validated using the testing set. 

MATLAB deep learning toolbox was used to build and train the LSTM, BiLSTM and 

GRU neural networks models. The normalized tension data (T1, T2)  were used as 

inputs to the input layer. Each model consisted of two RNN layers, containing 100 

neurons per layer. In both layers, dropout operation with 0.2 probability was applied 

at the output of the hidden layers to prevent the models from overfitting [28]. Since 

the only value considered was the tip contact force of the probe Fz, a single neuron 

was used in the fully connected output layer. An adaptive momentum (Adam) was 

used an optimizer during training with an initial learning rate of 0.001, gradient 

threshold of 1, a 150 learning rate drop period, and a 0.2 learning rate drop factor. The 

batch size was 64, and 100 maximum epochs were selected. The root-mean squared 

error (RMSE) and mean absolute error (MAE) were used as performance metrics to 

evaluate each model in the testing set. Loss (L2) regularization was used in the training 

set.  

4.8.3  Contact force results using Deep Learning  

The performance of the three trained RNN models on the training set which 

consisted of tension data on the palpated silicone samples was compared.  
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Table 4-7  shows the RMSE and mean absolute error (MAE) performance 

metrics in newtons (N) for each model. 

 

Table 4-7  Model performance summary. 

RNN 

Method 

SAMPLE 

Epochs D E F 

RMSE  MAE RMSE MAE RMSE MAE   

LSTM 0.096 0.085 0.074 0.063 0.094 0.085 100 

BiLSTM 0.081 0.072 0.058 0.050 0.070 0.059 100 

GRU 0.088 0.084 0.057 0.049 0.077 0.068 100 

 

From the RMSE results, it can be shown the BiLSTM and GRU models 

performed fairly better than the LSTM model. The lowest RMSE value for the GRU 

model was 0.057,while the BiLSTM model was 0.058 N. The largest RMSE value for 

the GRU model was 0.088 ,while the BiLSTM model was 0.081 N.  The results also 

show that the MAE values are significantly smaller than the RMSE values.  

Figure 4.40 shows the box plot of errors for each RNN model on the three testing 

sets.  

                     (A)  sample D testing set                     (B) sample E testing set                      

                    (C) sample F testing set 

         Figure 4.40  Error comparison on the testing tests 
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The results give a clear and comprehensive of the difference in performance of 

each model. The results show that the BiLSM model performed the best on the testing 

sets as indicated by the median information. For the BiLSTM model, most of the error 

values were between (-0.06N and 0.12N) on sample D, (-0.025N and -0.058N) on 

sample E and (-0.06N and 0.04N) on sample F, respectively.  

Figure 4.41 shows examples of the performances of the three models in 

predicting the contact force on the 259kPa testing set.  

 

                                           (A)  LSTM                             (B) BiLSTM  

 

(C) GRU  

      Figure 4.41 Contact force prediction performance of each model. 

The results show that both BiLSTM and GRU models predicted better than the 

baseline LSTM model. Therefore, with  further improvement, the two candidate 

models can be trained and adapted as contact force estimators, eliminating the need 

for complex dynamics modelling as well as static models. In this study, the static 

model performed better than the deep learning models. Therefore, a static model used 

to estimate the Young’s modulus of the silicone samples and prostate models in the 

next section. 
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4.9  Validation study using silicone samples and prostate models 

After evaluating the performance of the proposed palpation sensor system in 

terms of positioning accuracy and contact force estimation, a study which was aimed 

at estimating the Young’s modulus of the silicone samples (A-F) and prostate models 

was conducted. The silicone samples and prostate models were chosen because their 

mechanical characteristics can be made similar to soft biological tissues. Stiffness 

information is an essential variable for differentiating the samples. Validation of the 

palpation sensor system on silicone samples and prostate models is an essential step 

towards in vivo considerations on real prostatic tissue.  

To simulate the realistic geometry and size of the prostate, two prostate models 

in Figure 4.42 mimicking stage II PCa which has not metastasized beyond the prostate 

and is detectable through DRE were prepared. Prostate model 1 simulated an enlarged 

right lobe prostate with two lumps embedded beneath the top surface of the right lobe 

to signify stage IIB PCa. Model 2 with three embedded hard lumps simulated stage 

IIC PCa found on both the right and the left lobes of the prostate.  

 

 

   (A)  Prostate model 1        (B) Prostate model 2  

Figure 4.42  Prostate models with indentation points in blue to simulate. Dashed circles indicate the 

locations of the embedded hard inclusions. 

 

The prostate models were made of polyurethane resin (HITOHADA gel, H0, 

EXSEAL Corporation), and the lumps were made of silicone resin(KE-1300, Shin-

Etsu Silicone). Each prostate model under analysis was divided into six parts to 

represent the apex, base, and middle gland regions accordingly. Six indentation 

palpation points Apex left (AL), Apex right (AR), Middle left (ML), Middle right 

(MR), Base left (BL), Base right (BR) selected according to the 6-Core biopsy sextant 

were investigated.  
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 In this manner, it was possible to distinguish two base points, two middle points, and 

two apex points of the prostate gland.  For silicone (A-F)  samples, only the center 

point was considered given that no hard inclusion was embedded in each of the 

samples.    

To confirm the stiffness of the soft and hard regions of the prostate models  an 

experiment shown in Figure 4.43 was conducted to obtain the Young’s modulus of the 

models through uniaxial indentation tests at six discrete pre-marked palpation points 

by using a commercial indentation machine (YAWASA MSES‐051,Tech Gihan, 

Japan) which was used in the previous section to confirm the stiffness of the silicone 

samples. The prostate models in this experiment were manually moved for desired 

each palpation point. The maximum applied force was set to 2.0N with the indentation 

rate of 1mm/s. Sampling frequency was set to 1000 Hz. Each indentation point was 

probed for five times and the average elastic modulus was calculated.  

  

Figure 4.43 Indentation experiment using a commercial indentation machine. 

Table 4-8 shows the average Young’s modulus of prostate models which were 

measured by using the indentation machine above. 

Table 4-8 Young’s modulus of each prostate model at six pre marked locations 

 AR AL MR ML BR BL 

kPa 

Model 1 63.7 71.0 274.0 66.4 330.0 70.0 

Model 2 438.0  487.0 90.0 433.0 94.0 87.2 
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Figure 4.44 shows the palpation experiment setup using the developed palpation 

sensor system. A prostate model was fixed to a linear slider and palpation was 

conducted at each palpation point. Palpation was achieved by bending the probe and 

then drive the contact part of the probe into the prostate model at the desired 

indentation pitch angle 𝜃𝑖𝑛.  When the probe indented the sample for five seconds, the 

tension in each wire cable was measured by a single-axis load cells (KYOWA LMB-

A-50N) in the sensor unit connected to a strain amplifier (NR-ST04). 

 

 

Figure 4.44 Palpation experiment setup  

The contact force between the tip of the probe and the sample was determined 

indirectly by estimating the joint torque through the measured cable tensions and then 

apply the principle of virtual work using the static contact force estimator as mentioned 

in section 4.7. The tension data  𝑇2 which was measured by the load cell on the spring 

was used, in order to estimate change in the indentation pitch angle 𝜃𝑖𝑛 in equation 

4.9. Using the estimated 𝜃𝑖𝑛, the indentation depth was estimated as 

                  𝑑=𝑙2 (sin (
𝑇2

𝑘𝑟𝑜
) − sin(𝜃𝑐))  ,   4.34 

 

         where l2  is the link length between the yaw and pitch joint, which was explained 

in section 4.3, 𝑘 is the spring constant, 𝜃𝑐 is initial contact angle, and 𝑟𝑜 is the radius 

of the pitch joint pulley. 
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The basic idea is to palpate different points on the prostate samples via uniaxial 

indentations and estimate the contact force and indentation depth at each point. To 

estimate the Young’s modulus E of the palpated samples, a Hertz contact model was 

used by taking the contact force and indentation which was obtained at the maximum 

indentation angle. 

       𝐸 =
3

4

(1−𝜈2)𝐹

√𝑅 𝑑
3
2

,                 4.35                      

 

where F is the estimated contact force (N), R is the radius of the indenter (4.75 

mm), d is the indentation depth (mm) and 𝜈 is Poisson’s ratio (considered to be 0.499 

for incompressible materials) 

The estimated Young’s modulus of the silicone samples is shown in Figure 4.45.The 

results show that the estimated values were in good agreement with the results which 

were confirmed by the commercial indentation machine. 

 

 Figure 4.45 Young’s modulus results for silicone samples (A-F) 

Figure 4.46 shows the mean estimated Young’s modulus of a prostate model 1 

which simulated an enlarged lobe with two lumps in the  middle right (MR) and base 

right (BR) regions. The estimated Young’s modulus on a  prostate model 2 with 

embedded three lump in the middle left  (ML) and the apex (AR, AL)  regions and one 

in the base region is shown in Figure 4.47. 
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Figure 4.46 Young’s modulus results for prostate model 1with three lumps at MR and BR. 

 

 Figure 4.47 Young’s modulus results for prostate model 2 with three lumps at AR, RL and ML. 

 

The results for both samples show that relatively large Young’s modulus values 

were associated with the palpation points where the lumps were located; (MR ,BR) for 

prostate model 1 and (AR, AL and ML) for prostate model 2,respectiely. Therefore, 

by using this palpation sensor system, the soft and the hard regions in each prostate 

model were distinguished from each other. Silicone samples were also differentiated 

based on  the hardness. 
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4.10 Chapter conclusion  

In this chapter 2DoF robotic palpation system for prostate palpation was 

presented. Tip position and joint angle estimation based on cable tension and 

displacement measurement of the return spring were also described. The tip 

positioning and joint angle estimation results are promising. Two methods for the 

indirect estimation of the contact force between the tip of the probe and palpated 

sample based on the static modelling and deep learning RNNs were implemented, 

respectively. Finally, palpation experiments were conducted on silicone samples to 

confirm the feasibility of this contact force estimation method.  

There was consistence in agreement between the estimated and the ground truth 

contact force. However, in order to estimate the stiffness of elastic modulus of the 

sample , indentation depth, size and the geometry of the indenter are essential 

parameters in addition to the contact force information. An extension of this study to 

include indentation depth measurement in order to estimate the stiffness, for example, 

using Hertz contact model will be undertaken. 

In the validation experiments on prostate samples, the stiffness of the samples 

was estimated by Hertz contact model, using the estimated contact force and 

indentation depth. The system was able to reliably estimate the Young’s modulus 

which were withing the range of values confirmed by the commercial indentation 

machine. The results obtained on silicone samples and prostate models mimicking 

different PCa conditions demonstrated the capability of the proposed system to 

distinguish healthy regions from diseased regions of the prostate. It is, therefore, 

suggested that this system holds potential as an objective modality for prostate cancer 

detection. 

However, there is need for miniaturization of both the sensor unit and driving 

mechanism unit in order to make the system more compact enough to be mounted on 

a robotic manipulator for more dexterity. In order to improve static model contact force 

estimator, the effect of friction on the contact force estimation accuracy and dynamic 

models should be considered. The estimators based Recurrent neural networks (RNN) 

also require further improvement. Development of a method to obtain a spatial 

distribution of the contact force as well as a stiffness map display would also be an 

essential improvement. 
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Chapter 5: A Roller Scanning Type Palpation 

Sensor System 

5.1 Introduction 

Robotic palpation aimed at quantitative acquiring mechanical properties or 

tactile information of prostatic tissue by inducing controlled mechanical stimuli onto 

tissue, and then measure the tissue’s mechanical behaviour is a non-trivial task. 

Quantitative measurement of mechanical properties of tissues as potential biomarkers 

for cancer may yield accurate medical diagnostics. 

As described in chapter 4, a first prototype of the robotic palpation sensor system 

for prostate cancer detection was developed and its performance was evaluated. The 

work in chapter 4 demonstrated the feasibility of indirect contact force sensing from 

cable tension information, and capability of distinguishing soft and hard samples based 

on the recorded contact force. However, the sensor system was relatively bulky and 

limited to 2DoF motion.  Further the system mainly provides single point palpation 

which may be time consuming if the sample is large or the number of palpation points 

is increased. Therefore, a miniaturized 3DoF palpation sensor system capable of 

performing both scanning palpation and single point palpation is proposed. This 

chapter describes the design, calibration, and performance evaluation of a scanning 

type robotic palpation sensor system for prostate palpation. Fundamental 

characteristics of the proposed sensor system were validated by comparison with the 

ground truth load cell output. 

Scanning palpation experiments were conducted on silicone elastomers in order 

to validate the effectiveness of the sensor system to detect stiff nodules which 

simulated prostate cancer. During scanning palpation, embedded hard lumps were 

detected based on the reaction force waveform peak fluctuations. The system was able 

to detect lumps of various sizes embedded at the depth of 5mm from the top surface 

of the silicone samples. Uniaxial indentation palpation experiments aimed at 

estimating the Young’s modulus was conducted on both silicone samples with 

embedded nodules and prostate samples. The estimated Young’s modulus by the 

sensor system was compared with the results obtained by the commercial indentation 
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machine. By using the force-indentation depth quantitative information obtained at 

specific palpation points on the samples, the proposed system was able to obtain a 

good estimate of the Young’s modulus and capable of distinguishing stiff regions 

embedded with lumps from normal regions based on these values, thus presenting 

great potential in palpation for prostate cancer screening. 

5.2 Design of the roller scanning type palpation sensor system  

A CAD model, a force sensor unit prototype and a user interface of the proposed 

palpation sensor system are shown in Figure 5.1. It consists of a compact palpation 

module, and an x-axis linear motion slider (EZLP245K-MRM, ORIENTAL MOTOR 

Co.Ltd.) to move the palpation module horizontally. 

 

Figure 5.1  Proposed roller scanning type palpation sensor system. (A) CAD model, sensor unit 

prototype and (B) graphical user interface for control. 

The palpation module embodies a 2 degrees of freedom (2DoF) cable driven 

probe whose pitch and yaw joints are actuated by using the two servo motors. The 

range of motion of the yaw and pitch joints is between -90o and +90o. 

A 
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 By using the yaw motion and slider movement, the palpation module can achieve a 

palpation range area of least 40mm x 30mm, which is the average size of the normal 

prostate.  Design, construction, and kinematics of the probe were described in detail in 

the previous chapter 4. The probe is designed with in vivo palpation considerations in 

mind. It is of size 15 mm in diameter, which is small enough to pass through a natural 

orifice. The length of the probe  is 135 mm. 

In order to further miniaturize the sensor system, a different actuation 

configuration mechanism of the driving motors is adopted in contrast to the differential 

pulley driving mechanism described  in chapter 4. In the actuator unit, two cable–

pulley transmission systems, each consisting of a 3D printed driving pulley mounted 

on a servo motor shaft drives each joint pulley of the probe. Firstly, two steel wire 

cables (0.45mm in diameter) wrap around the driving pulleys and are routed to the 

probe. The cables then wrap around the joints of the probe; they actuate the joints as 

the servo motor shafts change their angular positions based on the received 

commanded input angles from the user. This results in the desired change of the pose 

of the probe which is essential for palpation. An Arduino Mega microcontroller board 

was used to control the servo motors.  

The palpation sensor system is designed to perform uniaxial point by point 

indentation palpation, sweeping palpation, and scanning palpation procedures. In a 

uniaxial point indentation palpation setup, the probe applies a force at a palpation point 

of interest on a measured object and the resulting force and indentation depth can be 

measured. Sweeping and scanning palpation involve indentation of the object as well 

as lateral movement of the probe simultaneously along the indented surface. Spatial 

reaction force information over the scanned surface can be obtained. 

  In the development of the force sensing unit for this system, the force sensor is 

placed at the distal section of the probe, and consists of a strain gauge, a contact 

component, and a cantilever beam. To measure the reaction force  against the contact 

element, a strain gauge (KYOWA,JAPAN ) firmly glued to a rectangular aluminum 

cantilever beam (l= 30mm, w= 5mm, h=1.2mm) is used.  The contact component of 

the probe is a steel chrome ball (𝜙=9 mm) placed into a 3D printed  cylindrical holder 

with a neodymium magnet (𝜙=3mm) embedded at the back side. This mechanism 

enables free rotation of the ball .  



 

92 Chapter 5: A Roller Scanning Type Palpation Sensor System 

The contact component is mounted at the tip of the cantilever and the other end 

of the cantilever is fixed to a fixture of the probe through a socket. The roller structure 

reduces the friction force in the scanning direction  between the ball and the object 

under palpation. The palpation module is fixed on the x-axis linear slider. By moving 

the slider and changing the yaw and pitch angles as shown in Figure 5.2, the probe 

indents the sample by 𝜃𝑖𝑛  and palpates over the indented surface of the object. The 

strain output from the cantilever was acquired using a commercially available strain 

amplifier (NR-ST04) of the data acquisitioning device (NR-500, KEYENCE, Japan), 

and was used to compute the estimated cantilever beam force Fm. Furthermore, a 

graphical user interface was developed in LabVIEW for palpation motion control, 

sensor data acquisitioning, and results visualization. Cantilever beam force 

measurement system was adopted because it is relatively low cost compared to most 

commercially available force load cells. 

 

Figure 5.2 Palpation angle setup conditions  

Scanning palpation using the proposed sensor system is performed according to 

the following sequential procedures: Firstly, a palpation module is mounted on a linear 

motion slider. Then, the slider  translates the  module horizontally and brings it to a 

predetermined initial reference point which is the position where the contact 

component of the probe is in alignment with the palpation sample. The pose of the 

probe is then changed to a desired palpation angle. The probe indents the measured 

object. While the object is indented by the contact component, the slider moves probe 

horizontally and the contact component scans over the indented surface region of the 

sample. Finally, mechanical characteristics of the palpation sample are measured by 

the force sensing unit. The task sequence above can be repeated at several sites of the 

sample in order to detect lumps. 
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5.3 Calibration experiments of the sensor unit 

Figure.5.3. shows an experiment setup for the calibration procedure to establish 

the relationship between the contact force at the tip of the probe and sensor system 

output. The probe was positioned in such a way that the contact component was 

slightly above and in vertical alignment with the three axis loadcell (USL06-H5-50N-

C,Tec Gihan) which was connected to a strain amplifier (DSA-03A, Tec Gihan.Co., 

Ltd) and fixed on a z-axis stage. An Arduino micro controller was used to control the 

pitch servo motor which actuated the pitch joint via cables and changed the pose of the 

probe. Changing the pitch angle caused the contact component to press against the 

three axis loadcell. The strain output and three axis load cell output were acquired by 

a data acquisitioning device (NR-500, ST04, HA08, KEYENCE,Japan) and stored on 

a personal computer. The two outputs were acquired simultaneously as the probe 

pressed against the load cell. 

 

Figure 5.3  Experiment setup for sensor calibration 

 

Calibration results in Figure 5.4 show a very strong linear trend with coefficient 

of correlation r2=0.9989. By using the obtained calibration equation 𝐹 = 0.0042𝜇 +

0.0174, the contact force between the contact component and the sample can be 

calculated. From the results, it is also suggested that the sensor system can easily be 

calibrated. Figure5.5 shows a comparison of waveform patterns between the load cell 

output and the estimated contact force for at 0o and 10o contact angle 𝜃𝑐  respectively. 
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Figure 5.4 Relationship between the contact force and sensor output 

  

(A) 0o contact angle. 

       

(B)  10o contact angle. 

Figure 5.5 Comparison between the estimated contact force and the load cell output at (A) 0o and (B) 

10o contact angle. 

A probe was pressed against the object which was place on the loadcell and then 

released repeatedly. The contact force was calculated from the measured strain output 

F= 0.0042μ+ 0.0174
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by using the calibration equation when the contact component of the probe was in 

contact with the object placed under the loadcell . The results show a relatively good 

agreement between the estimated contact force and the load cell output. Therefore, it 

was found that the sensor system can effectively estimate the contact force. 

5.4 Scanning palpation experiments on silicone elastomers 

Three silicone (KE-1300T,Shin-Etsu,JAPAN) samples  (h5𝜙10, h5𝜙8 and 

h5𝜙6) embedded with spherical hard lumps of different sizes were prepared as 

measured objects. The dimensions of the samples were length (l) =50mm, width (w) 

=40 mm, thickness (h) =20mm.The hard lumps were embedded in the center of the 

soft samples at the depth of 5mm from the top surface, as  shown in Figure 5.6. The 

size of each lump was 6mm, 8mm and 10mm in diameter. The Young’s modulus of 

the soft part of the samples was 69 kPa, and that of the lumps was 120 kPa. 

 

Figure 5.6 Silicone elastomer description 

An experimental setup for the measurement of the reaction force using the 

developed system is shown in Figure5.7.  

 

Figure 5.7 Scanning palpation experiment setup. 
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Single path and multiple paths scanning palpation experiments were conducted on the 

silicone samples to investigate variations in the reaction force due to the presence of a 

lump at two distinct pressing depth conditions of 3 mm and 5mm.  

A silicone sample was placed on a z-axis stage. Thereafter, the palpation module 

was moved by a linear slider to the scanning initial position of 5mm offset from the 

longest edge of the sample. The contact element of the probe was positioned over the 

sample. Then the contact component was pushed into the sample to about 3 mm 

pressing depth. The first experiment involved single path scanning palpation of the 

middle path with a lump in the middle as shown in Figure 5.8. The probe scanned 40 

mm over the sample at the scanning speed of 12mm/s. The procedure was repeated for 

5mm pressing depth.  

 

Figure 5.8 Single path for scanning palpation on a silicone sample.  

In the multiple paths scanning experiments, scanning palpation was conducted 

on the entire surface of the silicone elastomer with a 10mm in diameter hard lump in 

order to generate a 3D reaction force distribution for lump localization as shown in 

Figure 5.9. By changing the yaw angle in 3o-5o intervals, the scanning paths were 

obtained and for each path, the contact component was pushed into the sample in a 

similar manner as single path scanning palpation.  

 

Figure 5.9 Multiple paths scanning palpation. 
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In both scanning palpation experiments, the strain output was acquired by the data 

acquisitioning device (NR500,KEYENCE,Japan) and analyzed on a PC to compute 

the reaction force. A motion capture system (VICON) was used to measure the 

indentation depth. Measurements were acquired at 500Hz sampling frequency and 

began one second before starting the scanning procedure and stopped a second after 

the end of scanning.  

5.5 Scanning palpation results 

Figure 5.10  shows the waveforms of the measured reaction force during single 

path scanning on three silicone samples with lumps of different sizes at 5mm depth. 

The results show peaks in the reaction force when the contact component scanned 

around 20 mm from the starting position, where the lump was embedded.   

 

(a) 3mm pressing depth  

 

(b) 5mm pressing depth 

Figure 5.10  Reaction force on three silicone samples during single path palpation. 
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The peak height of the reaction force increased when the pressing depth 

increased. Therefore, the system can be used to detect lumps considered at 5mm depth. 

The largest sensor output peak was detected in the silicone sample with largest lump 

𝜙10mm. The output peak for the 𝜙6mm and 𝜙8mm lumps was almost 

indistinguishable. The size of the contact component ( 𝜙9mm) was larger than the size 

of the lumps (𝜙6mm and 𝜙8mm), and this may have had an influence in the detection 

of a such lumps. An investigation of this factor can be carried out order to determine 

the influence of contact component size of the on the  detection of smaller lumps. This 

information is essential in choosing the  ideal size of the contact component.  

Figure 5.11 shows the reconstructed reaction force and stiffness maps which 

were obtained by multiple paths scanning palpation on the entire surface of the silicone 

sample with an embedded hard lump of size 10mm in diameter. 

 

(a)    Reaction force distribution                                       (b)    stiffness map 

Figure 5.11 Multiple paths scanning palpation results on the silicone elastomer with a 10mm size hard 

lump. 

The Young’s modulus E  was reconstructed from the reaction force information and 

the average pressing depth which was obtained by using a motion capture system 

(VICON). From the reaction force distribution and stiffness distribution, a hard lump 

embedded in the middle of the silicone sample was detected successfully. The highest 

peaks in color map information depicted the presence of the hard lump.  
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5.6 Indentation palpation on silicone samples and prostate models 

5.6.1  Palpation samples  

In order to evaluate effectiveness of the proposed robotic system for prostate 

cancer detection, two silicone samples (h5𝜙10 and h5𝜙6) which were used in section 

5.4 and prostate models in chapter 4 were used as measured objects.  Seven indentation 

points were marked on the samples according to the 6-Core biopsy sextant protocol 

and an extra  indentation point at the center (C) was added as shown in Figure 5.12.  

 

 

           (a)   h5𝜙10 sample          h5𝜙6 sample       

Figure 5.12 Palpation samples with 7 indentation points in red to simulate. Dashed circles indicate the 

locations of the embedded hard inclusion. 

5.6.2 Experimental setup and protocol 

Figure 5.13 shows the experimental setup for mechanical properties 

characterization of silicone and prostate samples using the proposed palpation sensor 

system.  

 

                                                                           

Figure 5.13 Experimental set up for mechanical properties characterization  
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Palpation protocol was as follows: While maintaining the 0o pitch angle, the 

palpation module was mounted on a linear motion slider and a sample to be palpated 

was placed on a z-axis stage. Thereafter, the palpation module was moved horizontally 

to the initial position near the sample by a linear slider and the contact component of 

the probe was positioned just above indentation palpation point of the sample. To 

induce indentation palpation, the pose of the probe was changed vertically by varying 

the pitch servo motor angle to correspond to the desired indentation palpation pitch 

angle θin of approximately 30o in 10o increments every five seconds. In this way the 

tip of the probe was pushed into the palpated sample.  

After reaching the maximum indentation palpation pitch angle, the probe was 

unloaded gradually in 10o decrements. The strain output from the sensor unit was 

amplified by a strain amplifier (DPM-911B, KYOWA, Japan) and was then sent to a 

data acquisition system and analyzed on a PC to determine the contact force Fm using 

the calibration equation. Measurement of the indentation pitch angle was also carried 

out simultaneously by tracking infrared reflective markers installed on the probe using 

a 3D motion capture system (VICON) with four infrared cameras (MX‐T160) as 

mentioned in section 5.4. The strain output and position data were acquired at 100 Hz 

sampling frequency. This task sequence was repeated for all seven predefined 

palpation points on the silicone samples and prostate samples as described earlier, 

utilizing the yaw motion and the motion of the palpation sensor system. Using the 

contact force Fm derived from the calibration equation and the measured indentation 

pitch angle information, the normal contact force F to the surface of the sample was 

estimated  as  𝐹 = 𝐹𝑚 cos 𝜃𝑖𝑛 . Under small indentation pitch angle conditions, the 

contact normal force can be approximated as 𝐹 ≈ 𝐹𝑚.   

5.7 Stiffness estimation results and discussion 

Table 5-1 shows the average measured Young’s modulus at seven palpation 

points on the silicone samples and prostate samples by using the commercial 

indentation machine (YAWASA-051, Tech Gihan, Japan) which was also used in 

chapter 4. The results show that relatively large elastic modulus values were measured 

at the locations with hard inclusions.  
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Table 5-1 Mean measured Young’s modulus of each sample at seven location points. 

 

 

 

 

 

 

In order to ascertain the effectiveness of the proposed palpation sensor system 

and to demonstrate the validity of the results, a comparison between results obtained 

by proposed system and baseline values obtained by the commercial indentation 

machine was performed. The two silicone samples and prostate models were indented 

5 times on each of the 7 indentation palpation points. The indentation depth was 

determined by the maximum palpation angle for all the points and was measured by 

the optical measurement system. The contact force was derived from the strain output, 

then the force-indentation depth curves were obtained for each palpation point. Figure5 

14a  shows an example of a force versus indentation depth curves obtained on right 

apex (AR) palpation point and the center (C) of the silicone elastomer (h5𝜙10) 

embedded with a 𝜙10 mm chrome ball hard inclusion, respectively. The two curves 

under the same applied force of 1.8 N exhibit very distinct nonlinear force-indentation 

depth relationships with the hardest region showing a steeper curve and relatively less 

maximum indentation depth of 3 mm which signifies that the hard region deformed 

relatively less as compared to more surrounding soft region. Hence a hard inclusion 

can be detected from the force-indentation depth curve information. Figure5.14b 

shows the force-indentation depth curves associated with the center point (C) of the 

prostate model 1 obtained by using the commercial indentation machine and the 

proposed palpation sensor system, respectively.  

 Silicone 

h5𝜙10 

Silicone  

h5𝜙6 

Prostate 

model 1 

Prostate 

model 2 

 Young’s Modulus (kPa) 

AR 69.6 66.9 63.7 438.0 

AL 65.8 65.2 71.0 487.0 

MR 66.4 69.8 274.0          90.0 

ML 70.0 71.5 71.1 433.0 

C 155.0 117.3 73.0 96.0 

BR 66.7 65.4 330.0 87.2 

BL 66.5 66.8 70.0 94.0 
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(A )                                                 (B) 

Figure 5.14 Relationship between the contact force and indentation depth. (a)  At the Apex right (AR)  

in red and center (C)  in blue on the silicone elastomer with a 𝜙10mm hard inclusion, (b) Comparison 

of force-displacement curves obtained at the center of the prostate model 1 by using the commercial 

indentation machine  (YAWASA) and proposed palpation sensor system 

The two curves show a good similarity indicating that the proposed sensor system is 

capable of measuring the mechanical characteristics in consistent with the commercial 

indentation machine. A Hertz-Sneddon spherical contact theory was used to estimate 

the Young’s modulus. In order to minimize the indentation depth error by cantilever 

beam deflection, the beam deflection was estimated and used as compensation. Elastic 

modulus values obtained by the commercial indentation machine were compared with 

those obtained by the proposed palpation sensor system. Figure 5.15 shows the results 

obtained at 7 indentation palpation points on silicone samples.  

 

(A) h5𝜙6 mm  silicone sample  (A) h5𝜙10mm  silicone sample   

       

Figure 5.15 A comparison between the estimated and measured elastic modulus values of silicone 

elastomers.  
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A good consistence in the set of results by the two systems was observed. It was 

found that the proposed system can effectively estimate the Young’s modulus and 

distinguish soft regions from the regions with hard inclusions.  

It is essential to establish a cutoff  Young’s modulus below which the palpation 

point can be regarded as normal. Therefore, using the proposed palpation sensor 

system, for each sample a threshold Young’s modulus corresponding to a cutoff 

between normal tissue and cancer was obtained by calculating the upper limit of the 

95.0% confidence interval of the surrounding soft palpation points without hard 

inclusions. The estimated Young’s modulus cut off values of the two silicone samples 

and prostate models were then assessed to confirm if they agreed with the range of the 

elastic modulus of normal prostatic tissue, 55-71±11kPa reported in a study by 

Krouskop et al., 1998. For the two silicone samples, the estimated Young’s modulus 

cut off values were 72.4 kPa and 75.1 kPa, respectively. These cut off values were 

within the range of normal prostatic tissue. 

Figure 5.16 (A) shows the obtained results on prostates model 1 which had two 

embedded hard inclusions at (MR and BR) palpation points. The hard inclusion points 

were associated with the largest elastic modulus values reflected as the high peaks at 

such points. The estimated elastic modulus cutoff value on this prostate model was 

72.0 kPa which was within the range of the elastic modulus of normal prostatic tissue.  

 

(A)  prostate model 1                           (B) prostate model  2 

Figure 5.16 A comparison between the estimated and measured elastic modulus values on prostate 

models. 

Figure 5.16 (B) shows the results obtained on the prostate model 2 with hard 

inclusions at AR, AL and ML palpation points. For this model, a cutoff value 84.5 kPa 

was obtained which was slightly out of the range of Young’s modulus for normal 
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prostatic tissue.  Compared to the results on silicone samples, at the locations of hard 

inclusions there was a relatively large difference between the estimated Young’s 

modulus obtained by the proposed sensor system and the measured elastic modulus by 

the commercial indentation test machine. The size and geometry of the indenter also 

contribute to the variation of the elastic modulus values. It is also possible that the 

difference in the indentation motion at such points may have resulted in the slight shift 

of the tip of the probe from the exact position where measurements were taken with 

the commercial indentation machine. However, in both systems a similar trend existed 

whereby the hard inclusion palpation had considerably large Young’s modulus 

compared to the soft palpation points. Overall, these results demonstrate that the 

proposed sensor system is able to discriminate between normal and diseased regions 

of the prostatic tissue under an ex vivo setup conditions.  

5.8 Chapter conclusion 

In this chapter, a roller scanning type robotic palpation sensor system for 

mechanical characterization of prostatic tissue was developed. The system adopts a 

relatively inexpensive contact force sensing which is based on cantilever beam strain 

measurement. By measuring the change in strain of the aluminum cantilever beam, the 

contact force was estimated and validated with the load cell output. The system was 

able to estimate the contact force on the contact component with a strong linear 

correlation with ground truth measured force. In scanning palpation experiments to 

detect the lumps in silicone samples, variations in the measured reaction force in form 

of peaks were detected when the system scanned above the lumps. It was found that 

the sensor system can detect abnormalities in the soft tissues at 5mm depth. Moreover, 

a hard lump can be localized on a 3D spatial reaction map or stiffness map which were 

reconstructed during multiple paths scanning palpation.  

Indentation palpation experiments to validate the effectiveness of the system 

were conducted on the silicone samples and prostate models mimicking different PCa 

conditions by measuring the Young’s modulus. The results obtained by the proposed 

sensor system were compared with those obtained by using a commercial indentation 

machine. From the force-indentation depth curve obtained at specific palpation points 

on the samples, the proposed system was able to estimate the Young’s modulus of 

samples and was capable of distinguishing stiff regions embedded with hard inclusions 



 

Chapter 5: A Roller Scanning Type Palpation Sensor System 105 

from soft regions based on these values, thus, presenting potential in palpation 

applications for PCa screening.  
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Chapter 6: Conclusion and Future work 

6.1 Thesis conclusion 

Development of novel methodologies and technologies aimed at improving the 

effectiveness of current clinical screening and diagnosis modalities for PCa remains 

nontrivial. There has been a strong interest in the use of tissue mechanical properties 

variations as potential biomarkers for cancer. In the past recent decades various sensor 

systems for mechanical properties characterization of prostatic tissue have been 

developed. However, for many such systems the bulkiness, structure and high cost of 

sensors have limited their potential use as screening tools for in vivo setup usage.  The 

goal of this thesis was to design a robotic palpation sensor system which is potentially 

ideal for in vivo palpation of the prostate gland and at the same time relatively cost 

effective. To achieve this goal, two robotic palpation sensor systems with different 

contact force sensing principles were proposed.  

The first contribution of this study was the development of a robotic palpation 

sensor system with indirect contact force sensing. The sensor system consisted of a 

2DoF probe, a cable pulley transmission unit and cable tension and spring 

displacement measurement units. The unique actuation differential pulley mechanism 

was based on the combination of an active and passive actuator (return spring) with a 

high reduction ratio and low cable slack.  This actuation mechanism reduced the need 

for two motors per joint.  

A mathematical model for cable length change and an optimization approach for 

guide arc placement on the wrist of the probe to minimize the stretching of the pitch 

cable when the probe moves about the yaw axis was also presented. Guide arcs 

minimize acute bending of the pitch cables which can cause cable slack over multiple 

usage and affect the contact force estimation and positioning accuracy. Therefore, 

guide arc centre optimization information may be of great in importance during the 

design phase of the palpation probe in helping to decide on the best parameters which 

guarantee minimum cable stretch. 
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Contact force was indirectly estimated by measuring the change in the tension 

of the driving cables; with this configuration no force sensor is required to be 

integrated at the tip of the probe. In this way, the probe can easily be sterilized before 

and after in vivo use and the tool end part of the probe can be interchanged. Moreover, 

the joint angles may be estimated by measuring the cable tension and change in length 

of the return springs using position sensors. Using the estimated joint angle 

information and cable tension, the tip position of the probe and contact force can be 

estimated. The kinematics and contact force sensing performance of this proposed 

system were validated and the results showed good positioning accuracy. Moreover, 

the system can indirectly estimate the contact force and estimate the Young’s modulus 

of silicone samples and prostate models. 

The second part of the work contributed to the development of a roller scanning 

type palpation sensor system with cantilever beam force sensing. The developed 

prototype integrates a relatively inexpensive interchangeable force sensing unit 

mounted at the distal portion of the probe. It consists of an aluminium cantilever beam 

and a chrome steel ball suspended on a neodymium magnet as a contact component. 

By measuring the strain of the cantilever beam using a strain gauge, the contact force 

can be estimated. This excluded the need for expensive and large commercial force 

sensors. The main advantages of this prototype are cost effectiveness, simple structure, 

and the ability to perform single point palpation as well as scanning palpation. 

Scanning palpation allows for the reconstruction of reaction force and stiffness 

distribution which are useful in localizing tumours. Furthermore, scanning palpation 

may reduce palpation time since it can cover a wide area in relatively less time as 

opposed to single point indentation palpation. In a clinical setup scenario, the medical 

examiner can insert this probe in the rectum and once it is in proper alignment with 

prostate, scanning palpation can be performed first to acquire the geometric boundaries 

of the prostate and find areas which are affected by PCa from the stiffness and reaction 

force spatial map information. After scanning palpation, uniaxial single point 

indentation palpation can be performed on suspected areas for further confirmation.  

The performance of the developed palpation sensor system was validated by 

scanning palpation and single point indentation palpation tests on silicone samples and 

prostate models. The results show that the system can detect the hard lumps effectively 

when the probe scanned over the surfaces the palpated samples.  
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Furthermore, by indentation palpation the sensor system was able to estimate the 

Young’s modulus of soft and hard regions on the palpated samples. There was also a 

good agreement between the results by this system and those obtained by the 

commercial indentation testing machine.   

Overall, this study contributes to the ongoing research on robotic systems for in-

vivo palpation of the prostate which can quantitatively assess the mechanical 

characteristics of the prostate gland and detect cancer. The proposed palpation systems 

have the potential to be an alternative method to DRE which is subjective and lacks 

repeatability during PCa screening. Tissue mechanical properties estimated by the 

proposed sensor systems may be very useful for PCa screening and could also improve 

the transrectal biopsy random sampling procedures which are prone to missing cancer 

regions.  

6.2 Future work recommendations  

Currently as they stand, the methods, results and conclusions presented in the 

thesis have some limitations. Further improvements are needed for accelerating the 

implementation of robotic palpation towards clinical setup for PCa screening. 

6.2.1  Palpation sensor system design improvements 

The first prototype is relatively large and only provides 2DoF motion which may 

not be sufficient for in vivo palpation. There is need for further miniaturization of the 

system and for an extra robotic manipulator to shuffle the probe at least 100mm from 

the rectum. To mitigate this limitation, an improved and miniaturized 3DoF palpation 

sensor system shown in Figure 6.1 has been proposed. This sensor system allows for 

the linear motion of the probe horizontally, in addition to the already existing 2DoF 

motion. The sensor system consists of a 2DoF cable driven probe, an actuator unit 

(stepping motors and returning springs) which actuate the joints of the probe by pulling 

the cables connected between the spools on the motor shafts and the joints of the probe. 

The stepping motor and lead-screw mechanism behind the cable tension provides the 

forward and backward movement of the probe. The tension sensing unit (one-axis 

loadcells) measures the tension in the cables and then the cable tension information 

can be used to estimate the contact force as already demonstrated in the first prototype. 
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Figure 6.1 A 3DoF robotic palpation sensor system for future work consideration 

Another approach would be to develop robotic palpation systems which are 

based on remote centre of motion, since one key characteristic of such robots is to 

pivot around their incision point and thus avoid damage on the surrounding tissue.  

 The position sensors used in this prototype are susceptible to noise and the 

resolution may not be suitable to detect very small displacement changes of the return 

springs. Position sensors with a much higher resolution and low noise can be used to 

improve the tip position estimation accuracy. The first indirect contact force estimator 

was simple static model. Dynamic models can be implemented to account for friction 

and dynamic forces, although this may complicate the system. Deep learning RNNs 

were implemented as another indirect contact force estimators by training them on the 

pitch cable tension as input only. Tension information on the yaw joint should be 

included as inputs for robust contact force prediction. Furthermore, the results can be 

improved for example by tuning the number of epochs, and by adopting ensemble 

models of RNNs and multilayer perceptron (MPLs). Hyperparameter optimization is 

also recommended to determine the optimal deep learning model architectures and 

other optimal training parameters which in most cases are based on heuristics. 

Moreover, the cable tension information and return spring displacement measurements 

are processed in an offline mode. It will also be ideal in future to implement the contact 

force sensing in real time. 
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The second protype too requires further experiments and improvements. During 

scanning palpation experiments the study only investigated lumps at 5mm depth at 

12mm/s scanning speed. Investigation of the influence of scanning speed on lump 

detection is required. Therefore, in the future work further experiments under different 

scanning speed conditions on samples with hard lump embedded more than 5mm deep 

should be considered. 

In addition to this, improvement to compensate for large initial contact angle 

conditions is necessary. Furthermore, development of algorithms for feature extraction 

such as lump size and depth are non-trivial.  

In order to accurately model the relation between indentation depth and tissue 

deformation during uniaxial indentation palpation tests, the indentation depth must be 

measured reliably. Only then can the accurate estimation of elastic modulus of tissue 

based on contact mechanics models such as Hertz-Sneddon and Oliver-Pharr be 

guaranteed.  This study relied on a VICON motion capture system to measure the 

indentation depth which in a real clinical setup would not be feasible. Therefore, there 

is a need to develop a method to measure the indentation depth reliably without using 

optical systems like VICON. The probe’s tip position and orientation can be tracked 

by using a 6DoF position and 9DoF inertial measurement units. Electromagnetic 

tracking can be considered. Measurement of the pitch joint angle can also be ideal for 

indentation depth estimation. However, addition of extra sensors may affect the cost 

effectiveness of the palpation sensor system. 

Also, other contact force sensing approaches such those based on optical fibre 

Bragg grating can be regarded as alternatives to strain gauges. Bragg grating sensors 

are MRI compatible but are susceptible to temperature. Although the sensing unit can 

easily be removed from the probe, sterilization may affect the sensor. Therefore, 

establishment of a balance between the cost effectiveness and performance is required. 

6.2.2  Integration of the probe with haptic feedback 

While the palpation probe is in contact with the prostate tissue during robotic 

palpation, mechanical properties can be displayed graphically as feedback. However, 

the medical examiner may be unable to feel the stiffness of the prostate. It would, 

therefore, be ideal to develop haptic feedback system for the medical examiner so that 

they can confirm the tissue stiffness as the robotic system is performing palpation 
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tasks. This combination of qualitative from the medical examiner and quantitative 

from the robotic system may prove to be advantageous in PCa screening.  

6.2.3  Palpation experiments in a prostate simulator set up.  

In this study, palpation experiments were conducted under ex vivo set 

conditions, whereby the palpated samples were placed on a z-axis stage. To fully 

evaluate the performance of the proposed system under in vivo considerations, it 

would be ideal to place the samples in a prostate simulator which mimics the anatomy 

of the male pelvic cavity and prostate, and then perform palpation experiments on the 

samples in an in vivo setup. These palpation conditions would offer a more realist 

scenario with regards to the performance of the sensor system and provide a better 

insight for improving the palpation systems.  

6.2.4  In-vivo studies 

The ultimate target of the study is for the palpation sensor systems to be validated 

in an in vivo set up condition in the future work. However, in vivo setup conditions 

come with challenges due to the complexity of the male pelvic anatomy and tissue 

inhomogeneity. Therefore, careful consideration is required. Furthermore, the tissue 

covering the prostate, including the prostate fascia, Denonvillier’s fascia and the rectal 

wall too needs to be taken into consideration when estimating the stiffness of the 

prostate. Another very important future consideration is a modality to guide and track 

the palpation probe tip contact point setting to ensure that the probe has correctly 

reached and aligned with the intended target. A fusion of a robotic palpation system 

with transrectal ultrasound imaging technology can be considered.  
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