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Abstract 

 

 

Background  

The most common form of cancer among males in Europe and the USA is 

prostate cancer, PCa. Surgical removal of the prostate is the most common 

form of curative treatment. PCa can be suspected by a blood test for a 

specific prostate antigen, a PSA-test, and a digital rectal examination, DRE 

where the physician palpates the prostate through the rectum. Stiff nodules 

that can be detected during the DRE, and elevated levels of PSA are 

indications for PCa, and a reason for further examination. Biopsies are taken 

from the prostate by guidance of a transrectal ultrasound. Superficial cancer 

tumours can indicate that the cancer has spread to other parts of the body. 

Tactile resonance sensors can be used to detect areas of different stiffness in 

soft tissue. Healthy prostate tissue is usually of different stiffness compared 

to tissue with PCa.  

Aim  

The general aim of this doctoral thesis was to design and evaluate a flexible 

tactile resonance sensor system (TRSS) for detection of cancer in soft human 

tissue, specifically prostate cancer. The ability to detect cancer tumours 

located under the surface was evaluated through measurements on tissue 

phantoms such as silicone and biological tissues. Finally measurements on 

resected whole prostate glands were made for the detection of cancer 

tumours. 

Methods  

The sensor principle was based on an oscillating piezoelectric element that 

was indented into the soft tissue.  The measured parameters were the change 

in resonance frequency, Δf, and the contact force F during indentation. From 

these, a specific stiffness parameter fF   was obtained. The overall 

accuracy of the TRSS was obtained and the performance of the TRSS was 

also evaluated on tissue models made of silicone, biological tissue and 

resected whole human prostates in order to detect presence of PCa. Prostate 

glands are generally spherical and a special rotatable sample holder was 

included in the TRSS. Spherically shaped objects and uneven surfaces call for 

special attention to the contact angle between the sensor-tip and the 

measured surface, which has been evaluated. The indentation velocity and 
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the depth sensitivity of the sensor were evaluated as well as the effect on the 

measurements caused by the force with which spherical samples were held in 

place in the sample holder. Measurements were made on silicone models 

and biological tissue of chicken and pork muscles, with embedded stiff 

silicone nodules, both on flat and spherical shaped samples. Finally, 

measurements were made on two excised whole human prostates. 

Results  

A contact angle deviating ≤ 10° from the perpendicular of the surface of the 

measured object was acceptable for reliable measurements of the stiffness 

parameter. The sensor could detect stiff nodules ≤ 4 mm under the surface 

with a small indentation depth of 0.4 to 0.8 mm. 

Measurements on the surface of resected human prostate glands showed 

that the TRSS could detect stiff areas (p < 0.05), which were confirmed by 

histopathological evaluation to be cancer tumours on, and under the surface.  

Conclusions  

A flexible resonance sensor system was designed and evaluated on soft tissue 

models as well as resected whole prostate glands. Evaluations on the tissue 

models showed that the TRSS can detect stiffer volumes hidden below the 

surface on both flat and spherical samples. The measurements on resected 

human prostate glands showed that PCa could be detected both on and 

under the surface of the gland. Thus the TRSS provides a promising 

instrument aimed for stiffness measurements of soft human tissue that could 

contribute to a future quantitative palpation method with the purpose of 

diagnosing cancer.   
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2. Abbreviations 

 

BPH Benign prostatic hyperplasia 

 

CT Computer tomography  

DRE Digital rectal examination 

 

GS Gleason score 

PCa Prostate cancer 

MP Measurement position 

 

MRI Magnetic resonance imaging 

PLL   Phase-locked loop 

PSA Prostate specific antigen 

 

PZT Lead zirconate titanate (referring to the piezoelectric element) 

SD               Standard deviation 

TNM Tumour, Nodule, Metastasis 

 

TRSS Tactile Resonance Sensor System 

TRUS Transrectal ultrasound 
 
TURP Transurethral resection of the prostate 

α Contact angle between sensor and object 

 

αr Rotation angle 

 

αsm Angle for sensor movement 

d Distance to the surface above the centre of a stiff inclusion 

 

D Diameter 
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ε                   Error  

Δf  Frequency shift 

f Loaded resonance frequency 

F                  Contact force 

FC                  Clamping force 

Itot                 Total indentation - indetation depth during measurement 

IZ                  Indentation - indetation depth of interest 

n                   Number of measurements  

vi                  Indentation velocity 

fF          Stiffness parameter 
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3. Introduction 

 

 

3.1 General introduction 

 

Research in new and improved methods for early detection of prostate 

cancer (PCa) is necessary as PCa is the most common form of cancer among 

males in Europe and in the USA. There were about 417000 new cases of PCa 

diagnosed in Europe in 2012, and nearly 92000 deaths were reported [1]. 

The American Cancer Society estimates that more than 238000 new cases 

will be diagnosed with PCa in 2013 and that close to 30000 men will die 

from PCa [2]. The latest report from the Swedish National Board of Health 

(Socialstyrelsen) states that PCa stood for 32.2% of the new cases of males 

diagnosed with cancer in 2011, reporting 9663 new cases and 2382 deaths 

due to PCa [3].  

Common diagnostic methods for detecting PCA are digital rectal 

examination (DRE), where the physician palpates the prostate from the 

rectum and a blood test for a prostate specific antigen (PSA) [3]. However, 

an elevated PSA-level can be due to other causes than PCa and the use of this 

alone can lead to over-diagnosis [4]. A transrectal ultrasound (TRUS) guided 

systematic needle biopsy is necessary for final diagnosing [5]. The outcomes 

of these tests are important for decisions regarding what treatments are 

thought to give the best results in each case.  

When performing different kinds of open surgery, palpation of areas with 

suspected cancer can be used for assessing areas of stiffness and other 

abnormalities of the tissue. Earlier studies have reported that tumours in 

soft tissue usually are stiffer compared to healthy tissue [6, 7, 8, 9]. An 

artificial tactile sensor based on a piezoelectric resonance sensor can be of 

aid for the physician when performing the otherwise general palpation of the 

tissue [10]. Palpation of soft tissue has been performed during different 

thoracotomies, where undetected malignant pulmonary nodules were found 

during lobectomies,  metastatic tumours has been found on patients with 

colorectal cancer, tumours that had not been detected with prior helical 

computed tomographies. [11, 12, 13, 14] For PCa diagnosis, the results of the 

DRE are subjective and dependant on the physicians’ experience [15]. In a 

study where palpation for detecting texture abnormalities in thoracic 

paraspinal region were evaluated, they concluded that palpation to assess 
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differences in texture was complex and subjective depending on the 

examiners’ experience [16]. For this reason, an objective method and 

quantitative parameter related to the prostate tissue might be useful to 

physicians.  

 The tactile resonance sensor system designed and evaluated in this 

study, as well as in previous studies [III, IV] provides an instrument aimed 

for stiffness measurements on resected whole human prostates. 

 

3.2 Aims 

The overall aim was to develop a sensor system for possible detection of 

cancer in soft human tissue, specifically prostate cancer.  

 

 

- To design a flexible resonance sensor system with the possibility to 

measure on flat and spherical objects. 

 

- To determine the performance of the system and maximum errors. 

 

- To evaluate how the system parameters are affected by variations in 

contact angle and indentation velocity, using flat soft tissue silicone 

phantoms. 

 

- To determine the depth sensitivity of the resonance sensor system, 

using flat soft tissue silicone phantoms and biological tissue with 

embedded harder silicone inclusions. 

 

- To evaluate the functionality of the flexible resonance sensor system 

on spherical samples of soft tissue silicone phantoms and biological 

tissue with embedded stiff silicone inclusions. 

 

- To perform measurements on whole human prostates ex vivo in 

order to find stiffer areas that can indicate the presence of possible 

cancer tumours and evaluate the findings against the results from 

the histopathological analysis. 
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4. Anatomy, physiology and tactile 
resonance sensors 

 

 

4.1 Prostate anatomy and pathology 
 

 

The prostate is a gland, about 30 to 40 mm in diameter, which is located 

below the urinary bladder, figure 1. The prostate encircles a part of the 

urethra as it leaves the urinary bladder. The prostate gland consists of 

glandular tissue and fibromuscular stroma which is surrounded by and 

wrapped in a thick blanket of smooth muscle fibres called the capsule [17, 

18]. 

 

 

 
 

Figure 1. Illustration of the prostate anatomy. Modified from Wikipedia. 

(http://en.wikipedia.org/wiki/prostate). 
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The prostate produces prostatic fluid, a secretion that stands for about 25 % 

of the volume of semen and promotes the mobility and viability of the 

sperms [18]. The prostate grows until the age of 30, after which it shows a 

decrease in the growth rate. After the age of 45-50 it is common that 

enlargements start to occur, so called benign prostatic hyperplasia (BPH). 

An enlarged prostate can cause pain and problems to urinate, as the swelling 

of the prostate constricts the urethra [17]. The condition can be corrected 

with a transurethral resection of the prostate (TURP) where some of 

constricting parts of the prostate tissue is surgically removed trough the 

urethra. 

Prostate cancer (PCa) is an adenocarcinoma, a malignant and 

metastasizing cancer that often originates from one of the secretory glands. 

To metastize, the malignant cancer cells must migrate from the primary 

tumour, penetrate and circulate through the blood stream to reach target 

tissues such as bone marrow, the lymphatic system and lungs [17, 19]. For 

this reason it is important to diagnose PCa at an early stage. 

 

 

4.2 Methods for diagnosis, in brief 
 

 

The most common screening methods for PCa are a blood test for a prostate 

specific antigen (PSA) and a digital rectal examination (DRE), where the 

physician palpates the prostate through the rectum. The aim of the palpation 

through the rectal wall is to detect stiff areas or nodules on the prostate, as it 

has been shown that cancer tumours in general are stiffer than the 

surrounding healthy tissue [7, 8, 9, 20, 21]. In the case that the result from 

the DRE is positive for PCa, transrectal ultrasound (TRUS) guided biopsies 

are used for the final diagnosis [22]. With TRUS it is possible to determine 

the volume of the prostate to determine the PSA density, but the main use 

for this method is to guide the needles used for biopsies in different areas of 

the prostate. Biopsies are usually obtained from six areas; left and right of 

the apex, the midgland and the base, a total of 10 to 12 cores are common 

practice [23]. However, for the early stages of PCa when the tumours might 

be small, the needles can miss existing nodules which results in false-

negative determinations [24, 25]. The imaging method could be improved by 

colour Doppler technology and a contrast enhanced technology with micro 

bubbles, which increases the rate of prostate cancer detection [23, 25, 26].  

Computer tomography (CT) produces images by the use of X-rays to 

create images. CT is not considered an effective method for imaging and 

diagnosing PCa as it lacks when it comes to distinguishing the prostate 

anatomy from, for example nearby muscle tissue, the bladder wall etc. which 
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makes it difficult to detect cancers within the prostate gland. However, CT 

can be useful as an imaging method for high risk patients’ with advanced 

local disease [23, 26]. As prostate cancer can metastasize to the bone CT has 

been used to monitor bone metastases, but for this purpose Magnetic 

resonance imaging (MRI) is a better alternative [23, 27]. 

MRI can be used for visualizing cancer and determine its volume, extent 

and location. MRI uses a strong magnetic field and by analysing the 

resonance signal that is generated by the hydrogen nuclei and the protons in 

the tissue when the magnetic field is disturbed by pulsing radio waves, 

images can be created. MRI have an important role for patients where there 

is a discrepancy between PSA-tests and the result from the biopsies taken 

with the aid of TRUS, as such discrepancy might indicate missed cancer 

tumours [28]. MRI is considered as a good method for imaging the prostate 

anatomy and locations of PCa. The MRI has a high resolution for soft tissue 

imaging, and can also be used for staging of the PCa [23, 26]. The method 

should be avoided earlier than 4 to 8 weeks after biopsies [29, 30] as 

haemorrhages, which are common after biopsies, can mimic cancer and 

therefore limit the detection of actual PCa [26].      

Before any decisions regarding the choice of treatment, the severity of the 

PCa is classified by a classification system called the Gleason Score (GS), a 

scale ranging from 1 to 5 with under groups. The two most descripting scores 

are added which results in a GS with a maximum of 10, which would indicate 

a severe condition with a bad prognosis [31, 32]. After surgery or a radical 

prostatectomy, the tumour and possible tumour spreading, are classified by 

a pathological classification system; tumour, nodule, metastasis (TNM) 

staging system [33].  

The different options for treatment vary depending on the medical 

condition and age of the patient, as well as the grading and the stage of the 

cancer. About half of the patients diagnosed with PCa are treated by radical 

prostatectomy or radiation therapy which can be administered as external 

beam radiation och by implants of radioactive seeds into the prostate 

(brachytherapy). Hormonal treatment may be given before or after surgery. 

All of these treatments may have an effect on the quality of life for the 

patient, as side effects such as urinary and erectile difficulties are common 

complications. For some patients with an early diagnose and a slow growing 

PCa, an alternative is active monitoring with planned regular PSA-tests and 

biopsies. Hormonal treatment is also an alternative for early detected PCa, 

which may be given in order to temporarily stop or slow down the growth of 

a tumour [2, 3]. 
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4.3 Resonance sensors and theory 

 

The theory behind the characteristics of resonance sensors, like the one used 

in this study, can approximately be described by a model of vibrations in a 

finite rod which has been reported by Omata et al [34] and Jalkanen et al 

[35]. The rod is set to vibrate with its resonance frequency, f0, and when the 

tip of the sensor comes into contact with an object, a change in the resonance 

frequency occurs which can be described with 

 

0

0

2 lZ

V
f x




   1  

where V0 stands for the wave velocity in the rod, βx is the reactance part of 

the impedance, l is the length of the rod and Z0 is the acoustic impedance of 

the rod. The impedance of the object with which the rod comes into contact 

can be written 

xxx iZ    2 

where αx is the resistance. The reactance part of the impedance can be 

describes as 


 x

xx
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m   3 

 

where mx is the inertia term, ω is the angular frequency and kx is the term for 

the hardness (stiffness) of the surface. To calculate mx and kx, for these case 

of a spherical tip, also used in this study, the following equations can be used 
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where the Poisson’s ratio is denoted ν (for tissue samples ν = 0.495 is 

commonly used [36]) and a11 is a coefficient that depends on Poisson’s ratio 

[37]. ρ is the density of the contacted object and S is the surface of the 

contact area. E is the elastic modulus (Young’s modulus). The theoretical 

model of the finite rod was studied by Jalkanen et al [35] with a Venustron® 

resonance sensor system and it was found that as mx >> (kx/ω), the term for 

the surface stiffness, can be omitted. Thus with equations 1 to 4 it is possible 

to write 

 
23Sf     6 

which is valid if Poisson’s ratio is assumed to be constant, and the specific 

rod is oscillating at a constant frequency. Since the contact force F between 

the sensor and the contacted object can be written as [35]. 

 
23ESF    7 

 

Eq / gives that the surface contact area S is depending on F, and by using this 

expression in equation 6 the following is valid 

 

E

F
f


   8 

 

By introducing a stiffness sensitive parameter, fF  , equation 8 can be 

written as 

 



E

f

F





              9             

 

The stiffness parameter fF   was derived from the measured Δf and F in 

the work by Jalkanen et al [35], where they verified a theoretical model in 

measurements on human prostate tissue. The stiffness parameter was found 

valid, as the variations in density were small and mostly non-significant.  In 

this work, the absolute value, fF  , of the stiffness parameter was used. 
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4.4 Tactile sensors in medical applications 

 

4.4.1 Piezoelectric tactile resonance sensors 

Resonance measurement systems are based on the principle of a 

piezoelectric element oscillating at its resonance frequency, and the change 

in the frequency that occurs when the element comes into contact with an 

object. Piezoelectric resonance sensors have been used as tactile sensors in 

different fields of medical research [6, 34]. Measurements with resonance 

sensors have been made to study the differences in stiffness and elasticity of 

the skin in order to detect oedema and lesions [38, 39]. In other studies, 

measurements have been made to detect lymph nodes containing metastases 

[40] and stiffness of the liver that can indicate liver fibrosis [41]. Jalkanen et 

al. [9, 42], has reported measurements on slices of resected prostate tissue ex 

vivo, which demonstrates the possibility to differentiate between healthy 

tissue and malignant tumours. A piezoelectric resonance sensor in an 

applanation tonometer has also been used by Hallberg et al. [43] and Eklund 

et al. [44], to measure the intraocular pressure of the eye, as an elevated eye 

pressure can be an indicator for glaucoma. 

 

4.4.2 Other types of tactile sensors  

 

There are many studies reporting of different experimental devices for 

measuring stiffness in soft tissue. Force measurements in order to detect stiff 

nodules during large deformations have been reported by Kim et al [45], 

showing that they could detect cancer lesions in human prostates at a depth 

of 3.4 mm using an 3 mm indentation depth. They have also reported on 

measurements for characterization of tissue stiffness using large 

deformations on porcine liver [46]. Rolling indenter probes measuring 

indentation forces to detect inclusions of stiff nodules have also been used on 

silicone phantoms and porcine kidney tissue [47, 48]. Their results showed 

that they could detect stiff nodules at a depth of 22 mm with an indentation 

depth of 6 mm. One interesting type of tactile sensing system for very soft 

human tissue (brain) has been reported by Tanaka et al [49]. The sensor had 

a tip made of a latex balloon with 4 mm in diameter that could expand. The 

balloon was connected via a surgical line through an endoscope to a syringe 

with which the pressure was controlled by a water column and a pressure 

sensor.  

During minimal invasive surgery, MIS, different solutions to enhance the 

tactile feedback to the surgeon have been reported. One common type of 
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technical solution seems to be force sensors added to graspers and other 

instruments used during laparoscopic, and robot assisted surgery. Samur et 

al [50] developed a robotic indenter to measure soft tissue in the abdominal 

region during MIS. They report on successful measurements made on adult 

pigs in vivo. Similar instruments were evaluated on bovine liver and porcine 

lungs ex vivo with implanted nodules, and it was suggested that such 

instruments could give the surgeons the haptic feeling that is often lost 

during MIS [51]. A very different approach to the issue of lost haptic 

information during MIS was reported by Beccani et al [52]. Their solution 

was a wireless tactile sensor to be used to palpate for lumps in soft tissue 

during laparoscopic surgery. Their prototype was 60 mm long with a 

diameter of 15 mm and was held by a standard laparoscopic grasper, 

operated by the surgeon.  With this wireless device they could localize 

tumours and distribute a stiffness map in real time. 

 

 

4.5 Soft tissue silicone phantoms and biological tissue 
 

Silicones of different stiffness have been found to be very suitable for 

evaluating tactile sensor techniques regarding soft human tissue 

characterization as soft tissue phantoms for preliminary research due to the 

similarities regarding mechanical properties [42, 53, 55, I]. Silicone is an 

elastomer which can be regarded as incompressible with a mechanical 

strain-stress relationship that can be described using hyperelastic models 

[55, 56].  The silicone can be cast in different geometries and it is possible to 

embed small volumes of different stiffness to mimic stiffness variations due 

to disease, i.e. cancer nodules.  Silicones are also more stable over time, 

compared to biological materials which make them appropriate to store for 

repeated measurements at a later date. 

Biological tissue is more difficult to use as models as its properties can 

show changes due to environmental conditions, such as degrading or 

dehydrating during the time of measurements. Its normal properties are 

different when measurements are made ex vivo, compared to in vivo, due to 

the physiological differences and the change in supporting tissue structures. 

Indentation measurements on human liver show a difference in elastic 

properties between normal and diseased tissue [57]. Mazza et al [58] have 

reported of increased stiffness in human liver ex vivo, compared to in vivo. 

The fact that ex vivo measurements often are made in laboratory 

environment with well-defined boundaries and conditions, can also be an 

advantage for the outcome of the measurements. 
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In contrast to silicone, biological tissue does not have a linear stress-strain 

relationship [58]. Most biological soft tissues can be described as 

hyperelastic, but they also have viscoelastic properties when they are subject 

to deformation [36, 56]. Viscoelasticity is a combination of elasticity and 

viscosity, and the ratio between these two can vary depending on the type of 

biological tissue [59]. Viscosity is the resistance that a certain material has 

against changing when subjected to a force as it resists shear and strain 

when stress is applied. Elasticity is the property of a material to temporarily 

change shape during the time when it is subjected to a force and retract 

when the force is unloaded [60]. There are other properties that can 

characterise viscoelastic materials, such as hysteresis which is the difference 

in behaviour of loading and unloading when subjected to a force. The 

mechanical behaviour of healthy and malignant prostate tissue has been 

described with viscoelastic models by Phipps el al. [61]. 

 

 
 
 
 
 
 



 

11 

5. Materials and methods  

 
 

5.1 The piezoelectric resonance sensor  
 

The resonance sensor used in this measurement system consists of a 

piezoelectric element. A piezoelectric element changes its shape when an 

electric field is applied. If this electric field is of a sinusoidal type, the 

piezoelectric element will start to oscillate. The resonance sensor used was 

divided into two different piezoelectric elements, a driving element and a 

pick-up, which is separated by a non-conducting section, figure 2. The signal 

from the pick-up section was constantly transferred to a feedback circuit 

where a phase-shift circuit ensured that a zero phase condition between the 

pick-up and the drive signal was established. This kept the resonance sensor 

oscillating at its resonance frequency.  

 

 

fo f

Healthy tissueCancerous tissue

The frequency shift f

f = f - f0

Pickup element

Driving element

Phase shift

circuit

PEEK tip

Non conducting

section

Force sensor

Sensor movement

 
 

 

 

Figure 2. A schematic illustration of the piezoelectric resonance sensor in a 

measurement situation.  
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When the driving section of the resonance sensor comes into contact with an 

object, a change in frequency will occur, f = f - f0 where f0 is the free 

(unloaded) resonance frequency of the piezoelectric element, and f is the 

loaded resonance frequency when in contact with the object. Contact with a 

soft object that can be deformed will result in a f with a negative sign, and a 

positive sign will be the result from contact with a hard object. 

 

5.2 The measurement system 
 

The tactile resonance sensor system (TRSS) was developed and used for 

these studies. The TRSS was equipped with three motorized translation 

stages that were controlled by a computer and a LabView® (National 

Instruments, Austin, Texas, USA) program. Two translation stages were used 

for horizontal movements, X and Y. A third translation stage for vertical 

movements, Z, was mounted on a rotational stage to enable movements at 

different contact angles, α, between the sensor and the measured object [38, 

III], figure 3.  

 

Stepper

motor
Horizontal translation

stages, X and Y

Platform with flat 

sample

Stepper motor

Vertical translation

stage, Z

Sensor head

Rotational stage

Electronic circuits, I/O

connector block, etc.

Computer with DAQ 

 
 

Figure 3. A schematic side view of the basic components of the TRSS in position 

for measurements on a flat sample. The movements of the translation stages are 

controlled from a desk-top computer.   
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5.3 Technical setup 
 

The three translations stages for the TRSS enabled 3-D movement’s 

necessary for the flexibility of the instrument. The translation stages for 

horizontal movements (M4424; Parker Hannifin Corporation, Daedal 

Division, Irwin, PA, USA) were equipped (in house) with stepper motors 

(17HD1008; Moon’s, Shanghai, P.R. China) and connected to the 

micrometre screws of the translation stages. The motorized translation stage 

(VT-21, Micos, Irvine, CA, USA) for the vertical movements was controlled 

by a stage controller (Pollux Box; Micos GmbH, Eschbach, Germany). All 

three motorized translation stages had a resolution of 2.5 μm. The rotational 

translation stage (NT55-030; Edmund Optics, York UK) with a resolution of 

0.5° made it possible to adjust the angle of the movement of the vertical 

translation stage ± 90°.   

The sensor in the TRSS used for measuring f was a piezoelectric 

cylindrical element (Morgan Electro Ceramics, Bedford, Ohio, USA) made of 

lead zirconate titanate (PZT). The element was 15 mm long with an outer 

diameter of 5 mm and an inner diameter of 3 mm. A hemispherical tip with 

the radius of 2.5 mm made of polyether-ether-ketone (PEEK) was glued at 

the end of the sensor which came into contact with the measured object. The 

PZT-element and a preloaded force sensor (PS-05KC; Kyowa, Tokyo, Japan) 

were mounted inside a cylindrical aluminium casing, which will be referred 

to as the sensor head, figure 4. The force sensor and the PZT-element were 

calibrated before each study to get valid constants for the voltage-to-force, 

and voltage-to-frequency conversions. The signals from the force sensor and 

the PZT-element were collected by a data acquisition card (NI6036E; 

National Instruments, Austin, Texas, USA), and transferred to a computer at 

a sampling rate of 1 kHz.  

The TRSS can be used for measurements on both flat and spherical 

objects, which can be rotated in a special holder. Due to the, often uneven, 

and spherical shape of the prostate and the importance of making 

measurements perpendicular towards the surface, the sensor was fitted to a 

rotational device which allows  to be varied. The rotatable holder, figure 4A, 

for spherical objects during measurements was equipped with a cantilever 

strain gauge (CEA-06-240UZ-120; Measurements Group Inc, Raleigh, NC, 

USA) for measuring the clamping force FC and a sensor for recording the 

rotation angle, αr [III]. 
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Figure 4. The TRSS A) The sensor head B): 1) The vertical and the rotational 

stages. 2) Sensor head. 3) Fixture for spherical samples. 4) Rotation angle sensor. 5) 

Cantilever strain gauge. 6) Translation stages for horizontal movements. 7) The 

platform for flat samples. 8) Force sensor inside. 9) PZT-element. 10) PEEK tip.    

 

5.4 Preparation of soft tissue phantoms made of silicone 
 

For the studies on soft tissue phantoms, different hardness and shapes were 

used in [I – V]. The silicone used was a two-component type (Wacker SilGel 

612; Wacker-Chemie GmbH, Germany), which has been used in earlier 

studies [37, 43, 55, 62, III].  

 

 

Table 1. The mixing ratios and hardness values for the different silicone mixes used 

in papers I – V. The Shore-000 scale was used only in papers IV and V. 

 

Hardness Mixing 
ratio A:B 

Shore-000 
value 

Cone penetration 
value (mm x 10-1) 

Used in paper 

Softest 4:3.75 16 251 I 
 4:3.50 23,5 221 I 
 4:3.30 33 188 IV, V 
 4:3.20 39 163 I, II, III 
 4:3.00 51 126 I 
 4: 2.50 82 49 I, II, III 

Hardest 4: 2.22 88 33 IV, V 
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All flat silicone samples were cast in standard Petri dishes (diameter 87 

mm and height 13 mm). By letting the silicone cure on a horizontal surface 

and in room temperature, the surfaces came out even and glossy. For the 

purpose of evaluating Δf at different hardness, five homogeneous samples 

with the height 13 mm were used.   

To study at what depth into soft silicone the TRSS could detect an 

embedded stiffer nodule, silicone samples with different height were cast, all 

with a stiff hemisphere of silicone (diameter 8 mm, height 4 mm), and a 

nodule centred at the bottom of the Petri dish, figure 5A. The same 

combination of soft silicone, and hard silicone for the nodules were used in 

both paper IV and V, see table 1. The distance from the top of the nodule to 

the surface of the silicone, d, varied from 1 to 9 mm between the different 

samples. 

The TRSS had a rotatable holder to facilitate measurements on spherical 

objects. The possibility to perform reliable measurements on spherical 

shaped samples needed to be evaluated, as well as how nodules could be 

detected under a curved surface. For this purpose soft spherical silicone 

samples were cast, using the inside of a table tennis ball (diameter 40 mm) 

as a mould. Small spheres of stiff silicone with different diameters (2.5, 4 

and 6 mm) were placed inside the mould during the casting procedure, 

figure 5B. The embedded small stiff spheres could then mimic cancer 

tumours.   

 

d

A B

d

 
Figure 5. Tissue models made of soft silicone with embedded stiff nodules 

mimicking cancer tumours at the distance d from the surface. A) Flat sample in a 

Petri dish. B) Spherical sample with nodules. 

 

5.5 Preparation of biological tissue phantoms 

The biological tissue phantoms for the flat samples were made of chicken 

muscle tissue [IV]. Commercially available chicken breasts were sliced into 

different thickness, 5 to 11 mm. Silicone nodules of the same type as for the 
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silicone samples mimicked cancer tumours were used. An incision of the 

same size as a nodule was made on the bottom of each slice of chicken 

muscle, figure 6A, to make room for the nodule without causing a bulge on 

the surface of the slice. Finally the slice was pinned on a polystyrene foam 

plate. The nodules were placed with d= 1 to 7 mm under the surface of the 

slices. 

For the spherical tissue phantoms, pieces of porcine tenderloin were used 

instead of chicken muscles because of the volume needed to get the right size 

of spherical shaped samples [V]. The pieces were cut approximately into a 

spherical shape with a diameter D = 40 mm. All visible membranes were 

carefully removed, and pieces with visible tendons were avoided to get as 

homogeneous tissue samples as possible. A spherical nodule with the 

diameter 6 mm of stiff silicone was inserted under the surface of the sample; 

this was done from the side, not to disturb the measurement area, figure 6B. 

The nodule was placed at d = 3 ± 0.5 mm under the surface. 

d

B

d

A
 

Figure 6. Cross-section side views of two biological tissue samples with embedded 

silicone nodules at the distance d from the surface. A) A flat sample made of 

chicken muscle tissue. B) A spherical sample made of porcine muscle tissue. 

 

5.6 Human prostate samples 

For the studies in paper V, two prostate glands were obtained with written 

consent from the patients, aged 70 and 72 years old. Both were undergoing a 

radical prostatectomy at the University Hospital in Umeå. Ethical approval 

was given by the Ethics Committee at Umeå University (Dnr 03-423). The 

younger man’s prostate gland weighed 60.1 g and had the approximate 

diameter D = 50 mm. The other prostate gland weighed 40.6 g and had the 

approximate diameter D = 40 mm. Before measurements, the pathologist 

dyed the surface of the prostate gland according to their standard, figure 7. 

The dorsal aspects (backside) of the prostates were marked with yellow 
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colour, the left anterior (front) red and the right anterior sides were marked 

green. 

 

A B C
 

Figure 7. A resected prostate from a radical prostatectomy. A) Fresh from surgery. 

B) The dorsal side of the prostate gland, dyed yellow. The apex is pointing down. C) 

The anterior side of the prostate gland seen from the front, dyed green and red. 

 

 

5.7 Measurement set-up 

The setup of the TRSS used in the studies referred to in this thesis has been 

presented recently [III - V, 63]. The measured parameters were the applied 

force, F, when the sensor was indented into the measured object and the 

change in the resonance frequency, f. Jalkanen et al. [35], has shown a 

theoretical model that relates the measured stiffness trough F and f to the 

Young’s elastic stiffness modulus, as described in 4.3. For evaluating the 

stiffness measurements, a parameter called the stiffness parameter fF   

was introduced. This is found as an important parameter as it is a function of 

the indentation depths, IZ. In the studies presented here, the TRSS has been 

evaluated regarding how the measured parameters F, f and fF   are 

affected by variations in contact angles,  and   indentation velocities, vi. 

Each measurement lasted four seconds, during which the sensor was at a 

standstill for two seconds after the pre-set indentation depth, Itot, was 

reached, before retracting from the sample. With the pre-set indentation 

velocity, i, and the sampling rate of 1 kHz, any indentation depth, IZ, could 

be calculated, and hence data of interest could be retrieved from the logged 

data at any depth IZ ≤ Itot. The stiffness parameter, fF  , was derived by 

linear regression for each IZ. All measurements were made at normal room 

temperatures, 20 to 22 °C. 

For the measurements made on the different spherical samples, the 

necessary force, the clamping force FC, used to hold the sample in place 
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between the two concave discs, see figure 4A, were logged as well as the 

rotational angle αr. To prevent the biological samples, that were wet and 

slippery, from gliding in the rotatable sample holder, pieces of emery cloth 

(P80, KK114F, VSM® Abrasives Limited, GB-Milton Keynes, UK ) were 

glued to the inside of the concave discs.   

 

5.7.1 Measurements on soft tissue silicone phantoms 

 

The flat silicone samples were mainly used to evaluate the basic functions of 

the TRSS, such as the ability to differentiate between silicones of different 

hardness. The dependencies of the measured parameters on α and i were 

studied using flat silicone samples with two different hardness, see table 1, 

and with the height 13 mm. The angle of the sensor movement, α, was 

adjusted with the rotationa stage. The deviation in α from the perpendicular 

(α = 0°) towards the surface were chosen in steps of 1° from α = 0° to 11°, 

and thereafter in steps of 2° up to α = 35°. Five different i were used (i = 1 

to 5 mm/s) for that part of the study and Itot was set t0 1 mm [III]. For 

papers [IV, V], the indentation velocity was i = 4 mm/s for all 

measurements.   

The nodules in the spherical silicone models were place under and near 

the surface. They were tinted to be visible in the otherwise transparent 

silicone. They were aimed as phantoms to mimic a prostate gland with 

cancer tumours. The measurements on the spheres were made in different 

measurement positions (MPs) with the sensor head movement in different 

angles, αsm, but always perpendicular to the surface at the point of contact, 

figure 8. 

 



 

19 

0°-10°
-20°

10° 20°

O - 360°

αr

αsm

1

2

3

4
αr

αsm

A B
 

Figure 8. A) Illustration of a silicone sample in the rotatable holder, illustrating αsm 

and αr. B) A picture of a porcine sample in the rotatable holder. 1) Rotational stage 

for αsm. 2) USB-microscope. 3) Cantilever strain gauge. 4) Angle sensor for αr. 

  

 

 

 

The MPs were chosen directly on the nodules, αsm = 0° and at the positions 

αsm = 10° and αsm = 20° axially to the left and right of the vertical. The 

difference in angle (10°) between each MP was equivalent to a distance of 3.5 

mm on the surface of the sphere [V]. For every row of measurement points in 

the axial direction, the sphere was rotated approximately αr = 60°, but 

making sure to find the correct position for the nodules that was placed at 

approximately every αr = 120°. For the measurements on all silicone 

samples, there were six measurements made at every MP. The clamping 

force, FC, for the silicone spheres were approximately 500 ± 50 mN during 

the stiffness measurements.                                                             

 

5.7.2 Measurements on biological tissue phantoms 

 

The biological tissue models of chicken breast muscle were cut in a semi 

defrosted state with an electric slicing machine to get even surfaces.  

Measurements were made with a vertical sensor movement, αsm = 0°,: one 

MP aimed over the nodule wiht another two to the left and two to the right of 

the nodule with a distance of 5 mm in between them [IV]. 

Spherical tissue models were made of porcine muscle from tenderloin. 

The measurements on the porcine tissue were made at αsm = 0°, and the 
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tissue was rotated in steps of αr = 5° within an interval of ± 40° from the 

nodule. The distance between each MP was approximately 1.75 mm on the 

surface of the samples. For all measurements on the biological tissue models, 

there was only one measurement made in each point, i.e. several samples of 

both chicken and porcine muscles were used [V]. The spherical shaped 

porcine samples were subjected to FC = 425 ± 39 mN.The tissue samples 

were kept moist by spraying them with saline solution (Sodium Chloride 9 

mg/ml, Fresenius Kabi AG, DE-61346 Bad Homburg, Germany) about every 

5 minutes, using an atomizer. 

 

5.7.3 Measurements on excised human prostate tissue 

For the measurements on the resected prostate glands, the rotatable holder 

for spherical objects was used. The two prostates were different in weight 

and size, resulting in a higher FC for Prostate 1 (FC = 760 ± 99 mN), 

compared to Prostate 2 which was held in place by FC = 460 ± 85 mN. The 

measurements were made with a sensor movement in the vertical direction, 

αsm = 0°. A total of 36 to 40 measurement points were made as the prostate 

specimens were rotated in steps of 10° between each measurement, i.e. only 

one measurement in every MP. By doing so, all MP were in a straight line 

around the circumference of the prostate gland. Points along this line were 

marked with black dye. The reason for this was to guide the pathologist when 

cutting the slices and to ensure that the correct slice was used for 

comparison with the measurements. The prostate was cut in the horizontal 

plane in o.5 cm thick slices and were dehydrated before being embedded in 

paraffin. The slices were then cut in thin slices (5 μm) before they were 

stained with haematoxylin-eosin and examined by light microscope.  

 

5.8 Maximum estimated errors and overall accuracy 
 

The estimated errors, ε, for the measurement parameters in each study has 

been reported [III, IV, V], taking into consideration the specific settings for 

each measurement situation. For the indentation depth, the IZ varies 

between the different papers, but a general ε for the different IZ was 2 – 4%. 

The errors for Δf, F and fF   were all < 1.5%. The strain gauge for the 

clamping force had an estimated error of 10% due to mechanical friction. 

The rotational stage for measuring αsm and the angle sensor for αr both had a 

ε = 0.5°. For measurements made on uneven surfaces, for example spherical 
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biological tissue samples and the prostate gland, photographs were taken 

during the contact phase which was later studied for incorrect α. 
 

5.9 Statistics 
 
 

 

In paper III, the statistical tests were done with a one-tailed t-test to test if 

the measured parameters F, Δf and fF  deviated from their respective 

values at α = 0° with the null hypothesis that the average relative deviation 

with respect to the measurements with α = 0° was equal to 10% against the 

alternative hypothesis that it was ≤ 10%. Wilcoxon’s signed rank test was 

used for the silicone discs in paper IV, and a non-parametric Kruskal-Wallis 

method followed by a multiple comparison test for the differences between 

the different slices of chicken muscle. In paper V, the statistical tests for the 

measurements on silicone were performed with one-way ANOVA and 

Tamhane’s post hoc comparison test. The differences between groups of data 

from the prostate measurements were done with a Mann – Whitney – 

Wilcoxon test. 

The software used for the tests were IBM SPSS Statistics 21, and 

Microsoft Excel 2010. The measured values were presented as mean ± 

standard deviation (SD) and p-values of ≤ 0.05 were considered significant 

for all statistical tests. 
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6. Results and discussion 
 

 

 

 

 

The TRSS has been evaluated systematically step-by-step with good results 

regarding performance and the different measurement parameters. 

However, it must be clarified that the absolute values of the measurements 

most likely is unique for this TRSS. The size and geometry of the sensor tip, 

the free (unloaded) resonance frequency and the size and type of the PZT-

element are only a few important components that interact uniquely for this 

TRSS.  

The stiffness measurements on the chicken and porcine muscle tissues, 

[IV, V] were only performed once in each MP, as soft biological tissue ex vivo 

can be permanently deformed after indentations, and repeated 

measurements in the same MP would be affected by this [64]. During the 

first measurements on the flat silicone models in Petri dishes, it was noticed 

that there was a 0.7 mm protruding rim on the underside. That resulted in 

that the bottom could give after during indentation due to the applied force 

F. The rim had to be removed to assure full contact between the Petri dish 

and the measurement platform. The conditions surrounding the nodules in 

the flat silicone models and the spherical samples were different. In fle flat 

models, the nodules were supported from underneath, as the y were placed 

on the rigid measurement platform. The nodules in the spherical silicone 

samples were surrounded by soft silicone in all directions.  

 

6.1 Instrument performance and accuracy 

 

The TRSS was evaluated on five flat silicone samples regarding the ability to 

distinguish between different hardness, see table 1 [I]. Figure 9 shows the 

linear relationship between Δf and the cone penetration values which is a 

method for measuring hardness in soft materials according to DIN ISO 

standard 2137.  



 

24 

 

Figure 9. Measurements of Δf (mean ± SD, n = 10) at constant F = 40 mN on five 

silicone samples with different hardness. For most Δf, the standard deviations are too 

small to be visible as error bars.  

The results from figure 8 show a linear correlation between Δf and the cone 

penetration values, (p < 0.05, R2 = 0.99). The standard deviations are small, 

about 1 to 3 % of the measured values. The higher values for the softer 

silicone samples are in agreement with previous studies on the same type of 

silicone [42]. The results show that the TRSS could differentiate between 

materials with different hardness, which was important for the stiffness 

measurements that lay ahead. 

 

6.2 Angular dependency 
 

Two silicone samples with different hardness, see table 1, and two different 

indetation depths were used for evaluating the angular dependency of Δf, F 

and fF   on different α [III]. The dependency of F on α showed a weak 

dependency, with a relative deviation due to α, figure 10. It was on average ≤ 

10% for α up to about 10° (one-tailed t-test, p < 0.05). However, the stiffer 

silicone showed stable values of F with respect to α up to about 20° [III]. The 



 

25 

dependency of Δf on α showed to be very similar to the dependency of 

fF   on α, figure 10, with a relatve deviation due to α that on average 

was ≤ 10 % for angles up to 10° (one-tailed t-test, p < 0.05). For all other α, 

the angular dependency of fF   were significant (p > 0.05) [III].  

 

 

Figure 10. Measurements made on silicone samples with two different hardness at 

IZ = 0.20 mm and 0.38 mm for α between 0° and 35°. The figure shows the relative 

deviation of fF   to fF  (α=0°), (mean ± SD, n = 6). The vertical line was 

drawn as a guide for the eye. 

 

Measurements on both flat and spherical shaped tissue samples were 

especially prone to get the contact angle α ≠ 0° due to the uneven surfaces. 

By studying the photographs that were taken at the time of each 

measurement, such deviations were possible to identify. Other studies [10, 

65] support the findings in paper [III] that the precision in Δf decreases as α 

increase, due to the change in contact area between the sensor and the 

measured sample. For variations in α ≤ 10°, the measured Δf and F and thus 

the fF   were not significantly affected [III]. 
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6.3 Velocity dependency 
 

The velocity, with which the sensor moved during indentation, could be set 

through the LabView® program. In the first papers [I, II], the standard 

setting of i, = 5 mm/s was used. In paper III the possible effect that 

different i could have on the measured parameters Δf, F and fF   were 

evaluated. The evaluation of fF   as a function of i was made on flat 

silicone samples, two different hardness, and α = 0°, figure 11. 

 

 

 

Figure 11. Measurements of fF   (mean ± SD, n = 10) on flat silicone samples 

with two different hardnessfor different i, and at two different IZ.  

 

The results showed that there was a dependency of fF  on i, and that it 

was increasing with higher i. The relative difference in fF   for the 

increase in i was more evident for the softer silicone sample compared to 

the stiffer. The evaluation also showed results that indicated a lower 

dependency for F on i, compared to the dependency for Δf. However, a low 

i showed higher accuracy in Itot and Iz since the first sampled data point 

showing contact with the surface was more distinct.  For the measurements 

in [IV, V] the indentation velocity used were chosen to i = 4 mm/s. The 

reason was that the silicone samples used were of the softer kind to better 
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mimic biological tissue, and at the same time minimize some of the viscous 

effects in the ex vivo biological tissues. 

 

6.4 Depth sensitivity 
 

The ability of the TRSS to detect stiff volumes embedded under a layer of 

softer silicone or biological tissue was evaluated on flat silicone samples of 

different thickness with embedded stiff hemisphere of silicone [IV]. Figure 

12 shows the measurements of fF   on ten different silicone samples. 

Nine with with embedded hemispheres with the distance from the top of the 

hemisphere to the surface of the soft silicone ranging from d = 1 t0 9 mm.   

 

 
 

Figure 12. The fF   (mean ± SD, n = 6) as a function of d with the sensor 

centred above the embedded stiff silicone hemisphere, IZ = 0.4 and 0.8 mm is 

shown.   
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The statistical tests of significant differences between fF   measured at 

the position of the hemisphere, and the average fF   of the surrounding 

soft silicone were performed using Wilcoxon signed rank test. From figure 11 

and the statistical analysis, it was evident that the stiff hemisphere could be 

detected at d ≤ 4 mm (p < 0.05). However, the statistical analysis also 

showed that the hemisphere, with some exceptions, could be detected with a 

weak significance at d = 5 to 9 mm (p < 0.05).  

The same type of silicone hemispheres was used for the biological tissue 

samples, chicken breast muscles, where a small incision was made on the 

underside to make room for the hemisphere. The thicknesses of the 

defrosted slices of chicken muscle were, as mentioned earlier, cut in a semi 

defrosted state to get an even surface and equal thicknesses. However, the 

thawed slices turned out slightly unequal in thickness so for that reason, the 

slices were divided into three groups depending on their thickness. This 

resulted in six slices for each group with d = 1.5 ± o.5 mm, d = 3.5 ± o.5 mm 

and d = 6.5 ± o.5 mm when the nodules were in place. The measured 

fF   from a point centred over the hemisphere were significantly 

different (p < 0.05) compared to the measurements of the surrounding 

tissue. 

In general, the depth sensitivity for this TRSS agrees with the estimated 

sensing depth presented by Jalkanen et al [66]. In that study, the depth 

sensitivity was extrapolated from a measured stiffness parameter and the 

histological data of the prostate tissue and the results showed an estimated 

sensing depth of 3.5 to 5.5 mm for IZ = 1 mm. 

 

6.5 The clamping force 

The spherical shaped samples were all subjected to an axially clamping force, 

FC when mounted in the rotatable holder [V]. The effect on fF   caused 

by FC was evaluated with forces up to five or six times higher compared to 

what was used later during the other stiffness measurements on spherical 

samples. The evaluation on silicone samples showed that fF   did not 

depend on FC (p > 0.05). The fF   for porcine muscle tissue showed a 

weak but significant dependence (p < 0.05) on FC. The fF   increased 

with FC, most noticeable at FC > 800 mN. For this reason, FC was chosen to 

be in the range of 500 ± 50 mN for the further studies. For Prostate 1, FC 

was higher (FC = 760 ± 99 mN), due to its size and weight. 
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6.6 Measurements on prostate gland ex vivo 

In previous works [9, 35, 42, 53, 66, 67], the stiffness measurements were 

performed on slices of human prostate tissue with PCa, whereas in this study 

the measurements were made on the whole human prostate gland including 

the capsule. The previous measurements on other spherical shaped samples 

with the rotatable sample holder showed to have been important as the time 

frame for measurements on human prostates were very narrow so the 

measurements on prostates was quite stressful. The measurements on the 

two resected prostate glands took place about 1 hour after that they had been 

surgically removed. The prostate glands were mounted in the rotatable 

sample holder of the TRSS with the urethra axially. This was done to enable 

measurements in a line around the prostate. For the measurements, the 

prostate was rotated in steps of approximately 10° between each 

measurement, as there was only enough time for a limited number of MPs 

due to the short exsess time ( which was 1 hr including transport between the 

location of the TRSS and the pathology department).  

After the measurements with the TRSS, the prostates were transported 

back to the pathologist for routine processing and examination. A tissue slice 

of Prostate 1 embedded in paraffin, stained at the periphery in order to locate 

the left anterior (red), the right anterior (green) and the dorsal (yellow) parts 

of the prostate is shown in figure 13AB. Due to the large size of that 

particular prostate gland, the slice had to be cut in a half in this phase, a left 

and a right part. Note that they are placed correctly next to each other in 

figure 12, even though the mid-section does not look as a straight cut, which 

maybe could be expected.  
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A B C D(2) (3)(1)
 

 

Figure 13.  Prostate 1 in a paraffin block is shown in figure A) and B). At the 

periphery, the colours from the staining are visible.  Arrow (1) points at punch holes 

in the tissue slice where tissue specimens have been taken out after the stiffness 

measurements. C) and D) Photomicrographs of the corresponding tissue slice. 

Arrows (2) and (3) are aimed at small areas in both the left and right dorsal parts of 

the prostate with cancer tumours. 

 

 

The measurements on Prostate 2 were performed in the same way as for 

Prostate 1. A large area of the anterior part of the prostate was marked as 

cancer tumours, on the left anterior a Gleason score of 7 (3+4) was noticed, 

figure 14. 

 

A B(1) (2)
 

Figure 14. Prostate 2 is shown in A) and B). A) The tissue slice embedded in 

paraffin. B) The photomicrograph of the corresponding tissue slice. Arrow (1) is 

pointing at the Gleason staged cancer tumour, and arrow (2) is aimed at the anterior 

area containing cancer tumours. 
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Figure 15 shows the results from the stiffness measurements on both 

prostates. The areas with higher stiffness parameter values, fF  , were 

mainly located in the anterior parts of the prostate, except for Prostate 1 

where higher values were noticed in the dorsal aspect as well. The anterior 

parts consist of mainly smooth muscle and connective tissue, which usually 

is stiffer. The dorsal aspect consists more of glandular tissue which is soft.   

The dorsal aspect of Prostate 1 had small multiple areas of tumour tissue 

encircled in figure 13CD which correspond to the stiffness measurements 

and was found ti be significantly different (p < 0.05) to the rest of the 

measuremnts on the dorsal side of theprostate [V]. On Prostate 2, figure 14B, 

the dorsal aspect showed low stiffness values, but a large area in the anterior 

were marked for presence of tumours by the pathologist. 

 

 

 
 

Figure 15. The measurements on prostate 1 (P1) and prostate 2 (P2) are shown. 

fF   was measured in a line around the prostates,along the great circle, 

perpendicular to the urethra. The colours in the figure are the same as how the 

pathologist dyed the different areas of the prostate glands.  
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7. General Summary and Conclusion 

 

 

7.1 Conclusion 
 

In this doctoral thesis, the aim was to design and evaluate a flexible tactile 

resonance sensor system for the possibility to detect cancer in soft human 

tissue with a focus on prostate cancer.  

The work started with measurements on flat samples, soft tissue models 

made of silicone to evaluate the errors and overall accuracy of the measured 

parameters Δf, F and fF  which were estimated to be < 1.5% of the 

measured values. The effect of a contact angle deviating from a 

perpendicular indentation direction and the impact of different indentation 

velocity on the measured parameters were evaluated. Contact angles 

deviating < 10° from the perpendicular to the surface of the measured object 

did not significantly affecte the measurement parameters. Flat silicone and 

chicken muscle tissue samples with embedded stiffer volumes (nodules) 

were used to investigate the ability to detect stiffer volumes at different 

depth under the surface of the tissue phantoms. The results showed that 

embedded stiff nodules with certainty could be detected down to a depth of ≤ 

4 mm under the surface of the measured object, with a small indentation 

depth of 0.4 to 0.8 mm into the surface. 

Spherical shaped soft tissue phantoms made of silicone and porcine 

muscle tissue were used to evaluate the measurement procedures when 

using the rotatable holder for spherical objects. Measurements have been 

made on resected human prostates and after comparing the measurements 

with the histopathological evaluation, it was shown that the TRSS stiffness 

parameter could distinguish areas with cancer from normal prostate tissue 

(p < 0.05). 

In conclusion the work presented here involving the TRSS has shown that 

the resonance sensor technique has the potential to contribute to the future 

development of new techniques and routines for diagnosis and detection of 

prostate cancer tumours, for example during open surgery procedures and 

thus become an important clinical application in the future. 
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Summary of papers 
 

 

Paper I 

A flexible measurement system using piezoelectric resonance sensor 

technology developed for measurements on both flat and spherical objects is 

described. The newly developed measurement system can distinguish 

between five flat silicone discs with different stiffness through measurements 

of the frequency shift and the applied force. All measurements were made 

perpendicular to the surface of the silicone disc and the indentation velocity 

of the sensor was 5 mm/s.  

The evaluation of the measurement system showed that the measured 

frequency shift from the measurements on the different silicone mixtures 

was in compliance with the given hardness measurements provided by the 

silicone manufacturer and according to the DIN ISO standard 2137. A 

linearly correlation with the cone penetration depth used in the standardwas 

found (R2 = 0.99, p < 0.05). The paper reports that the measurement system 

could distinguish between silicones of different stiffness with repeatability. 

The function of the measurement system is further evaluated on spherical 

objects and presented in Paper II. 

 

Paper II 

The measurement system described in Paper I is further evaluated, but in 

this study the measurements were made on spherical objects. Spherical soft 

tissue models with a diameter of 40 mm were made of a semi-soft silicone. 

Initially, measurements were made with the sensor movement vertical 

towards each measuring point along the axis of rotation, disregarding that 

the contact angle varied for each point.  Secondly, the measurements were 

made ensuring that the contact angle was kept perpendicular to the surface 

of the same measuring points as in the first measurement series. All 

measurements were made with the indentation velocity of 5 mm/s. The two 

measurement series were compared. A systematical deviation in the 

frequency shift and applied force were noticed between the vertical 

measurements compared to the measurements made perpendicular to the 

surface of the silicone. The measurements with a contact angle that deviated 

from the perpendicular were underestimated. However the applied force 

seemed to be less sensitive for the deviating contact angles. The conclusion 

was that the measurement system could be used for measurements on 
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spherical objects, and the importance of making measurements with the 

sensor movement perpendicular to the surface of the measured object was 

pointed out. Further evaluation of the angular dependency of the frequency 

shift and applied force is reported in Paper III.  

 

Paper III  

Further measurements were made on flat soft tissue silicone models. In this 

study, to evaluate the dependence of the frequency shift, applied force and 

the stiffness parameter on the contact angle, the indentation velocity for 

different impression (indentation) depths. The overall error of the resonance 

sensor measurement system was also determined. In this study, two soft 

tissue silicone models of different stiffness (hardness) were used.  

Measurements were made with the indentation velocities ranging from 1 

mm/s to 5 mm/s, and contact angles varying up to 35° from a line 

perpendicular towards the surface (0°).  

The results showed a velocity dependence for the stiffness parameter, as a 

higher contrast between the silicones with different stiffness at higher 

indentation velocity was noticed. The three measured parameters: frequency 

shift, applied force and the stiffness parameter, all showed to be dependent 

on the contact angle. One conclusion from the study was that deviations in 

the contact angle from the perpendicular can be accepted up to ± 10°. Larger 

deviation in the contact angle resulted in increased errors which lead to an 

underestimation of the frequency shift. This could give a wrong indication 

for cancer.  

The maximum errors for the measured parameters were generally small 

compared to the magnitude of the measured values, except for the relative 

error in the impression (indentation) depth, which was 12.5% when the 

highest indentation velocity was used. Continued work and measurements 

on biological tissue are reported in Paper IV. 

Paper IV  

The focus in this study was to evaluate at what depth a stiff nodule of silicone 

could be detected in flat discs of silicone and in biological tissue. A 

hemisphere of silicone with a diameter of 8 mm was embedded at different 

depths ranging from 1 to 9 mm in a surrounding softer silicone. The same 

type of hemispheres were used for measurements on chicken muscle tissue 

that were used as phantoms for biological tissue. The measurements were 

made perpendicular to the surface of the measured objects and at a 

indentation velocity of 4 mm/s. For depths of up to 4 mm of soft silicone 
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covering the stiff silicone hemisphere, the response of fF  clearly 

indicated the presence of the nodule. For depths exceeding 5 mm the 

nodules could be detected using statistical analysis that showed that also 

stiffer nodules at depths from 5 to 9 mm could be distinguished with 

significance. The measurements on the biological tissue showed that it was 

clear that the sensor could detect the stiff silicone hemisphere up to a depth 

of 4 mm (p < 0.05, n = 24).  

The results are promising for further studies for detection of prostate 

cancer. In Paper V, the work is continued on spherical phantoms made of 

silicone and biological tissue mimicking a prostate gland. 

Paper V  

In this paper, the tactile resonance sensor system (TRSS) was evaluated for 

measurements on spherical objects, using the rotatable sample holder of the 

TRSS. The evaluation was taken in three steps. At first measurements were 

made on spherical soft tissue phantoms made of silicone with embedded stiff 

nodules at different depths under the surface of the sphere. The next step 

was to use spherical shaped biological tissue models of porcine muscle with 

embedded stiff nodules before the las phase of the study that included 

measurements on resected prostate glands with cancer tumours.  

The spherical samples were mounted in a rotatable holder where they were 

held in place by two spring loaded concave discs in a way that the sample 

could be rotated around its own horizontal axis. The movement of the sensor 

was kept perpendicular to the surface of the samples at all times. For the 

measurements on the silicone spheres, the measurement positions were 

chosen directly over the nodule αsm = 0° and ± 10° and ± 20° to the left and 

right. The reason for this was to evaluate if the sensor could detect a nearby 

stiff nodule when the sensor movement was angle towards the surface and a 

short distance, 3,5 and 7 mm on the side of the curved surface. 

 In the study, two resected prostate glands from patients undergoing a 

radical prostatectomy were obtained for measurements: Ethical approval 

was given by the Ethical Committee at Umeå University (Dnr 03-423). From 

the measurements it was concluded that the TRSS could detect stiffer areas 

on the prostate glands, areas that were confirmed to be prostate cancer 

through a histopathological evaluation. 
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