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Abstract—Recent research in the medical field has 

increasingly focused on tissue repair, tumor detection, and 

associated therapeutic techniques. A significant challenge in 

Minimally Invasive Surgery (MIS) is the loss of direct tactile 

sensation by surgeons, as they cannot physically feel the organs 

they operate on. Tactile feedback enhances patient safety by 

tissue differentiation and reducing inadvertent damage risks. 

Addressing this challenge, this study introduces a novel tactile 

sensor designed for compliance detection to enhance tactile 

feedback in MIS. The sensor operates on a 2-Degree-of-Freedom 

(2-DOF) vibration absorber system, utilizing a piezoelectric 

actuator with a calibrated stiffness of 188 N/m. It interprets 

tissue stiffness regarding a spring constant, Ko, and measures 

changes in soft tissue stiffness by analyzing variations in the 

vibration absorber frequency, specifically at the frequency 

which causes the first mass to exhibit zero amplitude. The 

effectiveness of this sensor was evaluated through tests on 

polydimethylsiloxane (PDMS) specimens, which were 

engineered to replicate varying stiffness found in human organ 

tissues. Young's modulus of these specimens was determined 

using a universal testing machine, showing a range from 10.12 

to 226.89 kPa. Additionally, the sensor was applied to measure 

the stiffness of various chicken tissues – liver, heart, breast, and 

gizzard with respective Young's moduli being 1.97, 9.47, 19.55, 

and 96.36 kPa. This sensor successfully differentiated between 

tissue types non-invasively, without requiring substantial 

deformation or penetration of the tissues. Given its piezoelectric 

nature, the sensor also holds significant potential for 

miniaturization through Micro-Electro-Mechanical Systems 

technology (MEMS), broadening its applicability in surgical 

environments. 

Keywords—Tactile Sensor; Soft Tissue; Compliance 

Detection; Vibration Absorber; MIS; Piezoelectric Actuator. 

I. INTRODUCTION  

Historically, surgical procedures predominantly involved 

conventional open surgery, necessitating large incisions. The 

advent of Minimally Invasive Surgery (MIS) marked a 

significant shift in this paradigm. MIS, now widely practiced 

across various medical specialties, utilizes significantly 

smaller incisions, offering numerous benefits such as reduced 

pain, faster recovery, lower infection risk, minimal scarring, 

and decreased bleeding [1]-[7]. Despite these advantages, 

MIS poses a challenge regarding the loss of tactile feedback, 

which is inherently present in open surgery. This tactile 

information is crucial, as it aids surgeons in making informed 

decisions during operations. 

Artificial tactile sensing technologies have emerged as a 

solution to mitigate this loss of tactile perception in MIS. 

These technologies enable the recovery of critical tactile 

information without inflicting harm, discomfort, or tissue 

damage to the patient. This is particularly beneficial for 

clinicians who rely heavily on their sense of touch during 

physical examinations and palpation, a routine practice in 

traditional diagnostics and surgeries [8]-[13]. Artificial tactile 

sensors play a pivotal role in these scenarios, offering an 

objective means to measure tissue compliance. This feature 

is invaluable in tasks such as detecting cancerous lumps or 

assessing tissue health, which traditionally relied on 

significant incisions [14]-[17]. 

The integration of Micro Electromechanical Systems 

(MEMS) in MIS has seen a rapid expansion due to these 

emerging needs and applications. Extensive research has 

been conducted to ascertain the mechanical properties of soft 

tissues surrounding internal organs [18]-[26]. Moreover, 

tactile sensing has found applications beyond the medical 

field, including stiffness detection in various domains [27]-

[31]. Significantly, cancerous tissues often exhibit greater 

stiffness compared to healthy tissues [32]-[39], enabling 

clinicians to assess conditions such as liver [40] and breast 

tumors [41] based on tissue compliance. In MIS, compliance 

detection during soft tissue palpation tasks is crucial for 

identifying cancerous tissues [42]-[48]. Mechanical models 

typically represent soft tissues as having a flat substrate, from 

which Young’s modulus can be derived through indentation 

tests [49]-[52]. The concurrent measurement of indentation 

force and depth is instrumental in evaluating the stiffness of 

the targeted soft tissue [53]-[55]. This approach underscores 

the growing importance and utility of tactile sensing and 

MEMS technology in enhancing the efficacy and safety of 

MIS procedures. 
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The impact of diseases on the mechanical properties of 

various human tissues has been a subject of extensive 

research, leading to significant findings. For example, liver 

disease results in a marked increase in tissue stiffness, with 

diseased liver samples exhibiting an elastic modulus 

approximately three times higher than that of healthy liver 

tissue. In vivo investigations using a small indenter revealed 

that sick human liver samples possessed an average elastic 

modulus of 0.74 MPa, significantly stiffer than the 0.27 MPa 

typically observed in healthy liver tissue [56]. 

Similarly, notable variations in the elastic modulus have 

been documented in other human tissues. Indentation testing 

has shown that the brain's elastic modulus ranges between 0.5 

and 1 kPa [57], with its Young's modulus reported to be 

between 0.3 and 10 kPa [58]. In the case of cartilage, the 

elastic modulus is considerably higher, ranging from 450 to 

800 kPa [59]. Additionally, the elastic modulus of kidney 

tissue varies across different regions, with values estimated 

at 24.5 kPa and 62.3 kPa based on the interaction forces 

between a probe and the kidney's surface [60]. 

Further expanding the scope of research in this area, a 

study [61] developed a system using a robotic device 

equipped with a force transducer to measure the mechanical 

properties of live pig tissues. This system successfully 

determined the stiffness and Young's modulus of liver tissue, 

which were found to be 127 N/m and 31.8 kPa, respectively. 

In the lower esophagus tissue, stiffness measurements 

reached 195 N/m, with Young’s modulus of 48.8 kPa. These 

studies collectively underscore the significance of 

understanding tissue mechanics, not only for diagnostic 

purposes but also for the development of more effective 

surgical tools and techniques in treating various diseases. 

Tactile sensors, which are integral to MIS, can be broadly 

classified based on their sensing mechanisms [62]. From a 

transactional viewpoint, these sensors are typically 

categorized as capacitive [63]-[65], resistive [66]-[70] or 

piezoelectric [71]-[77]. In the current market, most tactile 

sensors are designed either for static or dynamic applications. 

Static or passive tactile sensors operate on the fundamental 

principle that tissue deformation under applied force 

correlates with its stiffness [78]-[81]. These sensors are 

crucial in applications where steady pressure is applied and 

the resultant deformation is measured to assess tissue 

characteristics [82]-[86]. 

As highlighted in sources [87], [88], among the various 

types of tactile sensors, cantilever-based sensors employing 

piezoelectric elements are particularly effective and widely 

used. These sensors leverage the piezoelectric effect to both 

sense and actuate signals. One of the key advantages of 

piezoelectric sensors is their capability for self-sensing and 

actuation [89]-[93]. This means that they can generate an 

electrical signal in response to applied mechanical stress, and 

conversely, they can produce mechanical motion when an 

electrical field is applied. 

Furthermore, the compatibility of piezoelectric sensors 

with MEMS technology is a significant benefit. MEMS 

technology enables the miniaturization of these sensors, 

making them highly suitable for MIS applications where 

space constraints are a critical factor. The integration of 

piezoelectric sensors with MEMS technology allows for the 

development of more compact, efficient, and sensitive tactile 

sensors. This combination enhances the surgeon's ability to 

assess and interact with tissues, contributing significantly to 

the precision and safety of minimally invasive surgical 

procedures. 

To enhance tissue stiffness assessment in Minimally 

Invasive Surgery (MIS), a tactile sensor leveraging 

piezoelectric technology has been developed. This sensor 

operates by detecting variations in resonant frequency upon 

contact with tissue, thereby determining tissue stiffness [94]. 

Utilizing a piezoelectric bimorph, the sensor is capable of 

distinguishing between similar soft materials, which is 

particularly crucial in procedures like precise brain tumor 

removal. Its operation involves a random phase multi-sine 

input, and it evaluates contact properties through the 

Frequency Response Function (FRF) [95].  

Furthermore, a resonant tactile sensor specifically 

designed for MIS applications has been introduced to detect 

tissue stiffness by measuring changes in resonant frequency 

during interaction with different tissues [96], [97]. 

Incorporating a PZT (lead zirconate titanate) bimorph that 

functions as both an actuator and a sensor, this design is 

notably streamlined. The sensor identifies shifts in resonant 

frequency by monitoring alterations in the electrical 

impedance during resonance, providing a simple yet effective 

means to evaluate tissue stiffness [98]. 

In this study, we developed a tactile sensor specifically 

designed for the detection of soft tissue stiffness. This sensor 

is based on a 2-degree-of-freedom (2-DOF) vibration 

absorber model, which is particularly chosen to mitigate the 

risk of damage that might arise from resonance effects. The 

parameters of the sensor were meticulously identified and 

optimized using MATLAB software, ensuring precise and 

reliable performance. 

To validate the sensor's applicability, we conducted 

experimental measurements using a variety of 

polydimethylsiloxane (PDMS) samples and soft tissues. 

These experiments included indentation tests, which are 

pivotal for assessing the mechanical properties of soft tissues. 

The results from these tests have demonstrated the 

piezoelectric sensor's effectiveness in accurately detecting 

tissue stiffness. This efficiency not only validates the sensor's 

design but also underscores its potential for enhancing 

diagnostic capabilities in medical applications, particularly in 

the context of minimally invasive surgery. 

II. SENSOR MODEL 

The measurement system implemented in the study is 

designed as a 2-degree-of-freedom (2-DOF) system, as 

illustrated in Fig. 1. This system is constituted by two masses, 

denoted as 𝑚1 and 𝑚2, and two springs, labeled 𝐾1 and 𝐾2. 

The primary function of this configuration is to accurately 

measure the stiffness of soft tissue, represented as 𝐾𝑜. 

The mathematical model underpinning this system is 

derived following the methodology outlined in [99]. This 

process involves a detailed analysis of the dynamics of the 2-

DOF system, considering the interaction between the masses 

and springs and their impact on measuring tissue stiffness.  
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Fig. 1. Two degrees of freedom system 

A. System Description 

As mentioned in the previous section, the sensor is 

modeled with two masses and two springs, where m1 is a large 

mass, m2 is a small mass, K1 is a large spring stiffness, and K2 

is a small stiffness. The stiffness of the soft tissue will be 

expressed as Ko as shown in Fig. 1. The system is subjected 

to a sinusoidal input force affecting the main mass m1 and 

equals F= Fo sin(ωt), where Fo is the amplitude of the input 

force and (ω/2π) is the frequency. The system is intended to 

exhibit the vibration absorber phenomenon, where it can 

effectively absorb or reduce the vibrations generated by the 

input force, and the system is designed to satisfy the vibration 

absorber phenomena as in [99], [100]. 

When there is no contact between the system and the 

object (at Ko equals zero), the system can achieve vibration 

absorption when operating at a specific frequency (ω = ω22 

= ω11). This is achieved when the displacement of mass m1 is 

zero and all excitation energy is absorbed by mass m2. The 

absorber part (m2, K2) counteracts the applied force on m1 

with an equal and opposite force [99], [100]. Thus, if the 

sensor meets an object with different stiffness, the natural 

frequencies of the overall system are altered, including the 

vibration absorber frequency (ωabs). Assuming the natural 

frequencies of the two springs as: 

𝜔11 = √
𝐾1

𝑚1
  and  𝜔22 = √

𝐾2

𝑚2
 (1) 

The amplitude of the displacement of the two masses due to 

the applied force are X1, X2, respectively. 

𝑋1 =  
[

𝑓
𝐾2

] [(1 +
𝐾𝑜

𝐾2
)  − (

ꞷ
ꞷ22

)2]

[(1 +
𝐾2
𝐾1

)  − (
ꞷ

ꞷ11
)2][(1 +

𝐾𝑜

𝐾2
)  − (

ꞷ
ꞷ22

)2]  −  
𝐾2
𝐾1

 (2) 

𝑋2  =  
𝑋1

(1 +
𝐾𝑜

𝐾2
)  −  (

ꞷ
ꞷ22

)2
 

(3) 

Defining the amplitudes ratio 𝑅 as 

𝑅 =
𝑋1

𝑋2

= 1 −
𝑚2𝜔2

𝐾2

+
𝐾𝑜

𝐾2

 (4) 

As depicted, R is a function of ( 𝜔,  𝐾𝑜 ,  𝐾2,  𝑚2)  and it is 

not dependent on K1, and m1. 

To study the effects of each parameter ( 𝜔,  𝐾𝑜 ,  𝐾2,  𝑚2) 

on the amplitude ratio (R), apply partial derivatives for (4): 

𝜕𝑅

𝜕𝜔
= −

(2 𝑚2𝜔)

𝐾2

,  . . . . 𝑛𝑜𝑛 𝑙𝑖𝑛𝑒𝑎𝑟 (5) 

𝜕𝑅

𝜕 𝑚2

= −
𝜔2

𝐾2

,  . . . .   𝑙𝑖𝑛𝑒𝑎𝑟 𝑎𝑡 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝜔,  𝐾2 (6) 

𝜕𝑅

𝜕 𝐾𝑜

=
1

𝐾2

,  … .   𝑙𝑖𝑛𝑒𝑎𝑟 𝑎𝑡 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝐾2 (7) 

𝜕𝑅

𝜕 𝐾2

=
𝑚2𝜔2 − 𝐾𝑜

𝐾2
2 ,  . . . .  𝑛𝑜𝑡  𝑙𝑖𝑛𝑒𝑎𝑟 (8) 

Let: m2 and K2 be selected to make 𝜔22 = 𝜔 which refers to 

achieving no resonance to get linear relationship. 

𝐾𝑜 = 𝑅 𝐾2 (9) 

The sensor measures the stiffness changes (𝐾𝑜) by 

measuring the shock absorber's frequency (𝜔𝑎𝑏𝑠). When the 

sensor interacts with an object of varying stiffness, causing a 

vibration absorber frequency shift (𝜔𝑎𝑏𝑠) as shown in (13), 

this relationship enables the sensor to determine the object 

stiffness. The vibration absorption phenomena occur at 𝑋1 =
0. 

[(1 +
𝐾𝑜

𝐾2

) −  (
ꞷ

ꞷ22

)
2

] = 0 (10) 

𝑋2 =  
𝑓

𝐾2

 (11) 

ꞷ𝑎𝑏𝑠  = √ꞷ22
2(1 +

𝐾𝑜

𝐾2

) (12) 

𝐾𝑜  =  𝐾2 ( 
ꞷ𝑎𝑏𝑠

2

ꞷ22
2

 –  1 ) (13) 

B. The Soft Tissue Model and Measuring Range 

In this section the soft tissue is modeled as a cube with 

height (h). If the soft tissue is excited by vertical load F acting 

over an indentor of radius, r as shown in Fig. 2, then the 

stiffness can be expressed according to Hayes model [101] 

and the soft tissue stiffness can be expressed as the following 

equation: 

𝐾𝑜 =
2𝑟𝐸𝐶𝑘

(1 − 𝜈2)
 (14) 

Where Ko is tissue stiffness and it equals F/d. F is the applied 

force needed to produce displacement, h is the tissue height 

from a bone layer, d is the indentation depth, r is the radius 
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of the indentor, 𝜈, and E are Poisson’s ratio and Young's 

modulus of the tissue moreover, Ck is a scaling factor 

(geometry dependent factor) depends on 𝜈, aspect ratio (r/h) 

and deformation ratio (d/h) [101].  

 

Fig. 2. Indentation model parameters 

For determining the measuring range of the sensor, some 

literatures show the following: According to [56] normal 

liver has a Young’s modulus of 270 kPa and a defective liver 

has a Young’s modulus of 740 kPa. Thus, Young's modulus 

for the present study will be assumed to be 1 MPa and 

Poisson's ratio equals 0.5 based on previous studies for soft 

tissue. Assumed par0ameters for the plane-ended cylindrical 

indentor to get stability in readings as proved in [102]. The 

parameters are, h = 5 mm, tissue height, r = 1 mm, indentor 

radius, from table (3) in [103] at r/h = 0.2, 𝜈 = 0.5, and 

d/h=0.1% Ck equals 1.244 and Ck= 1.356 at d/h=10% for 

maximum deformation considering the friction between 

indentor and the skin. Taking the mean value of Ck = 1.300, 

E = 1 MPa, 𝜈 = 0.5, and r = 1 mm for the calculation of Ko 

using (14), Ko equals 3.46 N/mm. Finally, the tissue stiffness 

range will be taken from 0 to 4 kN/m to carry out the design. 

Taking into consideration that the value of the measurement 

range can be changed according to the application as the 

measuring range depends on the scaling factor Ck, which 

changes from 1.244 to 1.356 according to the tissue 

deformation percentages and the indentor size. Mention that 

while forcing the sensor against the tissue, the sensor output 

reading according to different tissue compliance will change. 

III. SENSOR PARAMETERS SELECTION 

This section describes the guidelines for selecting the 

sensor parameters, m1, K1, m2, and K2: 

• To ensure compliance with the vibration absorber, it is 

first necessary to satisfy the ratio between the stiffness of 

the springs and the masses, so that:  √
𝐾1

𝑚1
  = √

𝐾2

𝑚2
. 

• A value of 0.5 for m2/m1 is then chosen to facilitate zero 

displacement at m1 [99] 

• It is recommended that the relationship between ωabs-Ko, 

remains linear across the working range, to maintain 

consistency of measurement along the measuring range. 

• The selection of vibration absorber parameter, K2 and m2 

should be chosen to achieve higher accuracy when 

detecting soft tissue stiffness Ko.  

• Finally, it is recommended to keep the masses m1 and m2 

as small as possible to increase the frequency range at 

certain values of K1 and K2. 

The system is intended to measure tissue stiffness change, 

potentially detecting diseased tissues. The guidelines above 

mention considerations such as the ratio of masses between 

(m1 and m2), the need for a linear relationship between 

frequency and soft tissue stiffness (Ko) a desire for high 

measurement consistency, and the importance of minimizing 

mass to increase the frequency range hence more 

measurement range. 

IV. MATHEMATICAL MODEL 

In this section the frequency responses of X1 and X2, the 

displacements of the lumped masses m1 and m2, respectively, 

are determined. To ensure the vibration absorber phenomena 

using MATLAB as in Fig. 3, The responses are determined 

at different values of Ko using MATLAB, based on (2) and 

(3). Furthermore, the frequency at which the displacement of 

m1 equals zero where the vibration absorber phenomenon 

occurs. The relation between the soft tissue stiffness (Ko) and 

the frequency was determined according to (12) besides the 

frequency responses of each mass in (2) and (3) The 

association between tissue stiffness and the corresponding 

frequency (ωabs) at which the vibration absorber operates is 

established based on specific design parameters to assure the 

vibration absorber phenomenon mathematically. These 

parameters include m2 = 6 gm (assumed), K2 = 188 N/m 

(using available Piezo actuator as an example, such as PIEZO 

SYSTEMS: D220-A4-503YB), m1 = 2 m2, and K1=2 K2, 

where criteria 1 and 2 are applied. Fig. 3 illustrates the 

normalized displacements of the two masses as a function of 

the excitation frequency at various Ko values. 

 

(a) 

 

(b) 

Fig. 3. Frequency response of (a) X1 (m1), and (b) X2(m2) at certain tissue 

stiffness Ko values, and the corresponding vibration absorber frequency ωabs. 
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V. OPTIMIZING PARAMETERS 

The parameter optimization process aims to improve the 

system functionality and accuracy by identifying the most 

effective parameter values within constraints and objectives. 

Fig. 4 shows the schematic diagram for the proposed 

experimental measurements. 

  

Fig. 4. Schematic diagram for the proposed sensor version 

To optimize the system's linearity and measurement 

range, the parameters of the 2-DOF system were chosen 

based on available piezoelectric actuators shown in Fig. 5. 

Through a comparison of measurement range and linearity 

across various stiffness values, it was evident that higher 

stiffness not only enhances linearity but also results in a 

higher measurement range. Each one of them will be tested 

using MATLAB software to choose which one will achieve 

the best performance that gives reliability, and best linearity 

relation between the frequency and the measured stiffness. 

The concentrated mass of the two actuators is assumed as in 

[104] by adding the equivalent mass of the beam (0.23 * mass 

of the piezoelectric beam) at the tip of the cantilever, m1 and 

m2 besides the stiffness as in the datasheet: m2 = 2.25 gm, K2= 

61 N/m for (D220-A4-103YB) and m2 4.3 gm, K2= 188 N/m 

for (D220-A4-503YB) as mentioned above. Furthermore, 

m1= 2 m2, and K1= 2 K2 as mentioned before in section 3 

according to [99] to widen the operating range, the masses 

must be as small as possible. 

 

Fig. 5. Piezo actuators systems 

To assess the measurement range of the two available 

piezoelectric actuators and evaluate the system to determine 

the measurement range of the two piezoelectric actuators, a 

comprehensive analysis was conducted using MATLAB. Fig. 

6 shows cases of the impact of varying tissue stiffness (Ko) 

on the vibration absorber frequency of the sensor. The 

MATLAB results present a square correlation (R2) depicting 

the linearity between ωabs-Ko within the 0 to 4 kN/m range, 

using the specified design parameters. It is apparent that the 

parameters of the first actuator fail to meet the required 

measurement range. This is primarily attributed to the 

vibration absorber frequency (ωabs) closely aligning with the 

second natural frequency of the system within the range of Ko 

up to 4 kN/m, as illustrated in Fig. 6. a. Consequently, 

distinguishing the vibration absorber frequency (ωabs) during 

excitation frequency changes becomes challenging the 

difference between the second natural frequency and the 

vibration absorber frequency becomes zero. 

Thus, for the first actuator (D220-A4-103YB), the 

acceptable range falls below 100 N/m, as the difference 

between the second natural frequency and the vibration 

absorber frequency is approximately 1 Hz, which is deemed 

unacceptable. On the other hand, the range of measurements 

for the second actuator (D220-A4-503YB) extends from 0 to 

800 N/m as in Fig. 6. b. The first piezo system (D220-A4-

103YB) exhibits lightly lower linearity and a much narrower 

measurement range. Conversely, the second actuator (D220-

A4-503YB) offers superior linearity and a wider 

measurement range for assessing soft tissue stiffness. 

Considering the optimization guidelines and our objective of 

creating a sensor with efficient performance and 

measurement range, it is evident that the first actuator is 

unsuitable due to limited measurement range and slightly 

lower linearity of 95%. Therefore, the best choice would be 

the second actuator with K2= 188 N/m. 

 

(a) D220-A4-103YB actuator 

 

(b) D220-A4-503YB actuator 

Fig. 6. Sensor frequencies at different stiffness ko 

VI. DESIGN PROCEDURES OF THE SENSOR 

• Commence by determining the appropriate measurement 

range based on the intended application, as detailed in the 

above section. 
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• For addressing the soft tissue scenario, a range of soft 

tissue properties of Young’s modules, 0 to 1 MPa and 

sensor indentor radius 1 mm to detect a stiffness of (0 to 

4 kN/m) is chosen. 

• Calculate measurement range and linearity for each value 

of piezoelectric stiffness based on available types. 

• Next, make decisions regarding the masses required at m1 

and m2, accounting for any additional components (such 

as bolts). These masses should be minimized to avoid 

diminishing sensitivity. The system can detect and 

respond to changes or stimuli. If the masses are too high, 

it can result in decreased sensitivity, making it harder for 

the system to detect subtle variations or changes in the 

measurement. 

• The simplified mathematical model presented in (2) and 

(3) was used to evaluate the performance of the sensor 

using MATLAB software. 

• Leverage a finite element modeling tool to validate the 

simplified mathematical model and establish the 

relationship between the vibration absorber frequency 

ωabs and the tissue stiffness Ko to ensure the vibration 

absorber phenomena.  

• Then, implement the appropriate optimization principles. 

For instance, consider the optimization criterion of 

achieving the highest detection range besides a linearity 

measurement of R2=97%, as explained in section 5, to 

identify the optimal combination of a wide range of 

measurements and linearity to achieve sensitivity during 

measurement. 

VII. EXPERIMENTS 

A. FEA Simulation 

In this section, the proposed soft tissue compliance sensor 

is simulated effectively via Finite Element Analysis (FEA) 

using ANSYS software. Following this, we will thoroughly 

compare the results with the mathematical model generated 

in the above section using MATLAB. The CAD model 

consists of three layers; the 1st layer and the 3rd layer share 

the same material and thickness, which is PZT-5A, while the 

middle layer is made of Brass. Table I shows the properties 

of the material of the Piezoelectric Actuator. 

TABLE I.  MATERIAL PROPERTIES OF THE PIEZOELECTRIC ACTUATOR 

Material 

Type 

Density 

(kg/m3) 

Modulus of 

Elasticity (N/m3) 

Poisson's 

ratio 

Brass 8300 1e11 0.32 

PZT-5A 7800 5.2e10 0.34 

 

The model consists of the bolts that are used to mount the 

three actuators together; the mass of each bolt and nut is equal 

to 0.9 gm besides the acrylic part to support all together at the 

main mass. Considering that the second mass equals half of 

the first (main) mass. All parts were scaled, and their weight 

was reported in grams to be equal to 3.6+1.4 (mass of the 

bolts and the acrylic part connect the 3 PZT together) at the 

main mass and 0.7+1.8 (bolts and acrylic part with the tip) at 

the second mass. The boundary condition in the ANSYS 

model is fixed support at the end of the first two beams. The 

mesh settings were optimized in the FEA by selecting the 

minimum mesh size (1 mm) that provided accurate and 

reliable results. Here, we simplified the weight of bolts in our 

CAD model with point masses in FEA analysis. When using 

ANSYS or similar FEA software, we can assign point masses 

at the locations where the bolts are in the CAD model. This 

allows us to account for the weight of the bolts without 

modeling their detailed geometry, as in Fig. 7.  

 

Fig. 7. Boundary conditions applied to the model 

Fig. 8 shows the mode shapes of the 1st and 2nd natural 

frequencies. Furthermore, the mode shape of the system at the 

vibration absorber frequency which shows the displacement 

of the main mass near zero at no contact. 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. The 1st mode shape  and (b) 2nd mode shape of the system, and (c) the 

vibration absorber 
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The vibration absorber phenomena are achieved at no 

contact and when it is in contact, as in Fig. 9 and Fig. 10 

according to harmonic analysis. 

 

Fig. 9. Frequency response of the system at no contact to the tip of the 

piezoelectric sensor 

 

Fig. 10. Frequency response of the system at stiffness 500 n/m attached to 

the tip 

B. Experimental Work Using D220-A4-503YB Actuator 

In this section, a prototype of the sensor is developed to 

experimentally confirm the contact sensor's suitability (based 

on a 2-DOF vibration absorber) for stiffness measurements. 

The sensor prototype consists of three cantilevers using the 

Piezoelectric bending actuators D220-A4-503YB. Where the 

system parameters are K2=188 N/m, m2=1.8+0.7= 2.5 gm 

(bolts+ acrylic part), K1 = 2 K2, and m1= 2 m2. 

The experimental setup shown in Fig. 11 consists of the 

piezoelectric sensor, prototype setup of Polymethyl 

methacrylate (PMMA) was fabricated using VLS3.5 

UNIVERSAL LASER SYSTEMS, power supply, function 

generator, amplifier, eddy current position sensor, and 

oscilloscope.  

 

Fig. 11. The experimental setup 

(1) Piezoelectric actuator. (5) Eddy current sensor. 

(2) Indentor (tip). (6) Power supply. 
(3) Function generator. (7) Oscilloscope. 

(4) Amplifier.  

 

a) Specimens Preparations:  

To assess the effectiveness of the proposed sensor, we 

prepared four Polydimethylsiloxane (PDMS) specimens 

shown in Fig. 12 with varying levels of stiffness to replicate 

the diverse stiffness found in human internal organs tissues 

[105],[106]. SYLGARD 184 is a popular silicone elastomer 

kit manufactured by Dow Corning, which is commonly used 

in various scientific and industrial applications. It consists of 

two parts: the base elastomer and the curing agent. When 

these two components are mixed in the correct proportions 

and cured, they form a flexible and durable silicone rubber 

material. The mixing ratio between PDMS and the curing 

agent influences Young's modulus of elasticity (E) for PDMS 

material. Specifically, Young's modulus decreases as the 

mixing ratio (elastomer) increases [107]. In other words, 

when you increase the proportion of curing agent relative to 

PDMS in the mixture, the resulting PDMS material becomes 

stiffer and less flexible. This property allows for adjusting the 

material's elasticity to suit specific applications by controlling 

the mixing ratio during preparation. The four specimens were 

mixed at 1:50,1:40,1:30, and 1:20 ratios. 

 

Fig. 12. Four PDMS samples with different stiffness 

b) Indentation Test of PDMS:  

The indentation approach is used to characterize how a 

material responds when subjected to applied stress, 

particularly focusing on its compliant behavior. Indentation 

is a widely employed method for assessing the mechanical 

characteristics of softtissues as mentioned in previous 

studies. A mechanical model is applied to determine Young’s 

modulus of the tissue through an indentation test. Typically, 

this model assumes that the soft tissue is resting on a flat 

surface [49]. The Young's modulus of elasticity was 

determined for the fabricated specimens using Universal 

Testing Machine (SHIMADZU, J11 0201) shown in Fig. 13 

and the indentation test was conducted under low velocity 

(0.2 mm/min) to avoid damping forces. If the sample is not in 

complete contact with the indentor and lacks sufficient 

preload before the indentation test, the elastic modulus of the 

sample will be underestimated compared to its actual value 

[108]. As a result, it is necessary to apply preloading to ensure 

that the test provides precise measurements. After the 

preloading was applied and the sample was fully contacted, 

the machine was set to zero and then the test started. The 

indentor was chosen to be 14 mm and the specimen 

dimensions were 30 mm in diameter and 10 mm in thickness. 

The four specimens were fabricated in the same conditions 

using PMMA mold for 45 minutes and temperature of 100 °C 

according to the datasheet [109]. 
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Fig. 13. Universal testing machine (Shimazu, UTM AG X Plus series) 

c) Estimation of Young’s Modulus for The Specimens:  

According to the previous studies [110]  Young’s 

modulus was estimated according to  [101] [103]. Regarding 

(14), the final equation of Young’s modulus, E will be: 

𝐸 =
 𝐹 (1 − 𝜈2)

2𝑟𝐶𝑘𝑑
 (15) 

Where F, d, r, 𝐶𝑘, and 𝜈 are applied force, indentation depth, 

the radius of the indentor, geometry material dependent 

factor, and Poisson's ratio. The young modulus will be 

estimated at an aspect ratio (r/h) of 0.7 and indentation 

deformation will be 10% of the original thickness. By taking 

the mean value of Ck from Table 3 in [103], it will equal 2.818 

and Poisson's ratio for PDMS is 0.5 [111].  

d) Vibration Analysis of the PDMS Specimens:   

Using this experimental setup, we delved into the sensor's 

response under different conditions: one without any contact 

(ko = 0) and another involving contact with materials of 

varying stiffness. The PDMS specimens mentioned above 

were used to achieve the target of examining the sensor 

performance in detecting different stiffnesses. The frequency 

change of the three frequencies mentioned is observed and 

the readings were reported. 

e) Vibration Analysis of Soft Tissue Specimens:  

In this study, our investigation revolved around probing 

various tissues, the gizzard, breast, heart, and liver samples 

shown in Fig. 14, using our proposed piezoelectric sensor 

system. The primary aim is to uncover valuable insights into 

the mechanical properties of these tissues by analyzing their 

first, absorber, and second resonant frequencies. 

 

Fig. 14. The specimens used in the test 

The use of a piezoelectric sensor system allowed us to 

apply controlled mechanical stimuli to the tissues and 

measure their vibration as in Fig. 15. These responses 

provided critical information about the tissues' elasticity and 

compliance characteristics, which are essential factors in 

understanding their biomechanical behavior. Overall, it 

contributed to a better understanding of the elasticity of the 

different tissues and showcased the potential of piezoelectric 

sensors as valuable tools for non-destructive evaluation by 

introducing the three frequencies. 

 

Fig. 15. The experimental testing of the specimen 

VIII. RESULTS AND DISCUSSION 

The system is established based on the vibration absorber 

concept to avoid resonance measurements. This concept is 

checked theoretically using MATLAB software, as in Fig. 3 

to ensure that the displacement will equal zero at vibration 

frequencies. Then it is proven using finite element simulation 

using ANSYS software and verified experimentally. 

Optimizing sensor stiffness can significantly enhance sensor 

performance by extending the frequency range, improving 

linearity sensitivity, and widening the measurement range, as 

illustrated in Fig. 6. This optimization process may involve 

exploring alternative materials, innovative structural designs, 

or advanced fabrication techniques to achieve optimal 

stiffness characteristics. Listed below in Fig. 16. a, the results 

of the finite element model at different stiffness in contact, 

and Fig. 16. b a comparison between the results of finite 

elements and mathematical models that achieve the vibration 

absorber phenomena. The dynamic vibration absorber 

concept is employed to use the vibration absorber frequency 

to indicate tumors away from the resonance frequencies. At 

different values of Ko, it appears that the increase in the 

stiffness of the third stiffness Ko has led to a change in the 

behavior of the vibration absorber system and a shift in the 

system's natural frequencies. This shift could cause the 

second natural frequency of the main structure and the 

frequency associated with the vibration absorber's near-zero 

amplitude to become closer or even match the absorber 

frequency. As indicated in Fig. 16. a, the second frequency is 

constant after a stiffness of 800 N/m. Therefore, this design 

dimension will satisfy the required measurement range of 0 

to 800 N/m because saturation occurs after stiffness Ko = 800 

N/m. Besides that, the absorber frequency value becomes 

closer to the second frequency, making the design suitable for 

this range. 

Taking the force and displacement values of the results 

from the indentation test using MATLAB software to 

calculate the force-deformation ratio to get the exact force 

values at a deformation ratio of 10% for the four specimens 

A, B, C, and D respectively as indicated in Fig. 17. Using 

(15), Young's Modulus values for these specimens were 

calculated. Our findings revealed that these samples 

exhibited varying stiffness levels of stiffness are reported in 

Table II. Due to difference, Young’s Modulus differed from 

the value of 10.12 to 226.89 kPa, resulting in observable 

shifts in their natural frequencies. The differences in stiffness 

among the PDMS samples directly contributed to the 
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observed frequency shifts as mentioned in the previous 

section of experimental measurements using the piezoelectric 

system. 

 
(a) 

 
(b) 

Fig. 16. (a) Finite element results for stiffness Ko range (0 – 1 kN/m), and (b) 

comparison between the mathematical results and finite element results of 

the vibration absorber  

TABLE II.  YOUNG’S MODULUS FOR DIFFERENT PDMS SPECIMENS 

MEASURED BY UNIVERSAL TESTING MACHINE 

Specimen 
PDMS mixing ratio 

(hardener to base) 

Young's modulus 

(kPa) 

Specimen 

A 
1:50 10.12 

Specimen 

B 
1:40 22.53 

Specimen 

C 
1:30 82.75 

Specimen 

D 
1:20 226.89 

 

 

Fig. 17. Force-deformation ratio curve (a) A (1:50), (b) B (1:40), (c) C 

(1:30), and (d) D (1:20) 

The change in the three frequencies is observed, and the 

mean readings based on five repetitions for each specimen ± 

10 standard deviations of the repeatable measurements are 

reported in Fig. 18. Additionally, the system's frequency 

response (peak to peak) at no contact and specimens (A, B, 

C, D) in Fig. 19. The sensor's response was analyzed under 

different conditions: no contact (Ko = 0) and various stiffness 

levels using different PDMS specimens with different 

stiffness. Fluctuations in the stiffness of the tissue caused by 

the presence of diseased tissue led to alteration in the 

vibration absorber frequency, facilitating the subsequent 

detection of the diseased tissue as mentioned in [56], the 

stiffness of the liver's diseased tissue was discovered to be up 

to three times that of normal one.  

 

Fig. 18. The frequency change in the three frequencies for pdms specimens 

 

Fig. 19. Frequency response curve at no contact to the tip and specimens (A, 

B, C, D) 

In this study, we experimentally tested four biological 

tissues (Gizzard, Breast, Heart, and Liver). The shift in three 

frequencies was recorded, and the frequency response curve 

for all specimens was plotted from the measured data, as 

shown in Fig. 20 and Fig. 21. Besides Their Young’s modulus 

is estimated according to the previous measurements of 

PDMS specimens’ curve as a reference in Fig. 22.  

 

Fig. 20. The frequency change in the three frequencies for the gizzard, 

breast, heart, and liver 
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Fig. 21. Frequency response curve of the soft tissue samples 

 

Fig. 22. Testing gizzard, breast, heart, and liver for estimating young’s 

modulus 

The Young's modulus (E) values for each tissue were 

reported in Table III ranging from 1.97 to 96.36 kPa. 

TABLE III.  YOUNG’S MODULUS VALUES OF SOFT TISSUE 

Specimen Young’s Modulus (kPa) 

Liver 1.97 

Heart 9.47 

Breast 19.55 

Gizzard 96.36 

IX. CONCLUSIONS 

A detailed design methodology for the parameters of 

tactile sensors dedicated to compliance detection has been 

presented. The sensing approach relies on using the vibration 

absorber frequency to achieve a non-invasive measurement, 

eliminating the need to operate at resonance, which could 

potentially harm the system and tissue during compliance 

detection. The optimization of sensor parameters is 

conducted to achieve the maximum measurement range and 

linearity. A simplified mathematical model is introduced 

using MATLAB and verified through finite element analysis 

with ANSYS. Due to a theoretical comparison between the 

two sensors with stiffness of 61 N/m and 188 N/m, the higher 

stiffness sensor gives the higher range of measurements and 

the best linearity that achieves accurate and reliable 

measurements. Subsequently, increasing the stiffness will 

increase linearity and the range of measurements, ensuring 

precision and accuracy in measurements. We carefully 

selected sensor design parameters to ensure effective 

vibration absorption. These parameters were optimized to 

provide a wide measurement range and strong linearity. As a 

result, the measurements for the second actuator range from 

0 to 800 N/m, with an excellent linearity of R2 = 97%. We 

presented a novel contact stiffness sensor specifically for 

detecting diseased tissue. This sensor is designed based on 

the concept of a (2-DOF) vibration absorber system. 

The sensor's measuring range is chosen to cover typical 

Young's modulus values of diseased tissues, going up to 1 

MPa, with an indentor radius of 1 mm, resulting in a stiffness 

range of 4 kN/m. To validate our concept, we created an 

experimental prototype, which revealed that the first 

resonance has a high deflection amplitude, making it more 

prone to failure. In contrast, the second resonance has a lower 

deflection amplitude. The sensor has been proven to be highly 

capable, providing precise and dependable compliance 

measurements of soft tissues such as the liver, heart, breast, 

and gizzard. It can accurately measure tissues with varying 

Young's modulus values, ranging from 1.97 to 96.36 kPa, and 

PDMS samples with stiffness values between 10.12 and 

226.89 kPa. The results demonstrate the successful non-

invasive detection of tissue differences by the proposed 

sensor, offering high sensitivity and linearity without 

necessitating significant tissue deformation or penetration. 

This innovation holds promise for improving the precision of 

tactile awareness in MIS, thereby contributing to enhanced 

surgical outcomes. 

The sensor's capabilities significantly enhance clinical 

outcomes in MIS by accurately measuring tissue compliance, 

enabling precise differentiation of pathological tissues like 

during tumor resections or organ surgeries. This minimizes 

tissue damage, reducing surgical trauma and complications. 

For instance, it provides real-time feedback on tissue stiffness 

variations, aiding precise tumor removal while preserving 

healthy tissue. Its ability to measure a wide range of Young's 

modulus values in delicate procedures ensures optimal tissue 

handling and reduces inadvertent damage, enhancing surgical 

precision and patient safety through tailored treatment 

strategies. Integrating this sensor into MIS practices promises 

to advance surgical techniques and optimize patient care by 

improving tissue characterization and procedural accuracy. 

X. FUTURE WORK 

Looking forward, our research will focus on refining 

sensor design to enhance sensitivity across a wide frequency 

range, which is crucial for tissue characterization. We plan to 

integrate advanced signal processing techniques and 

Artificial Intelligence (AI), particularly Machine Learning 

Algorithms (MLA), to further optimize detection capabilities. 

This integrated approach promises to advance surgical 

techniques by providing surgeons with enhanced real-time 

feedback, facilitating early tumor detection and precise 

localization, ultimately improving overall patient outcomes. 
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