
ABSTRACT 

BAKSHI, SAURABH SANJEEV. Cell Characterization Using High Frequency Ultrasound. 

(Under the direction of Dr.Xiaoning Jiang.) 

 

Cell characterization has acquired increasing attention and significance as one of the key 

steps in tissue engineering and genetic study. This thesis presents a new method of 

characterizing human stem cells quantitatively and in real-time, by establishing a well-

studied relationship between the electric impedance of a piezoelectric transducer and the 

acoustic properties of the matching layer. In this case, the matching layer is represented by 

the stem cell layer, and the cell acoustic impedance is thus obtained by measuring the electric 

impedance of the piezoelectric resonator on which the cells were grown and chemically 

induced to undergo osteogenic differentiation. Experiments were conducted with human 

adipose derive stem cells (hASC) growing on lead magnesium niobate-lead titanate (PMN-

PT) resonator plates under in-vitro conditions. A clear change in the electrical impedance of 

the piezoelectric transducer was observed over a period of 14 days, during which the cells 

began to deposit calcium, causing a change in the resonator acoustic load. This observed 

phenomenon is simulated mathematically by the use of a Mason model for transducer design. 

A MATLAB program was developed based on the Mason equivalent circuit for a 

piezoelectric resonator behaving under loaded conditions. Cell thickness, sound speed and 

densities were required as input parameters for running simulations. These were obtained by 

conducting pulse-echo experiments on the cell layer growing separately in culture wells 

using a 50 MHz piezoelectric transducer. The simulation was able to show similar resonator 

behavior as observed from the impedance experiments. This work is thus an initial step in 

developing a new technique for characterizing cells based on their mechanoacoustic 

properties. 
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Chapter 1 

INTRODUCTION 

Cell characterization has achieved elevated significance in the fields of gene therapy and 

tissue engineering [1-4]. It is important to identify cell properties and study their behavior as 

they are used to regenerate new tissue. Human stems cells exhibit pluripotent nature and have 

great potential in a wide range of regenerative medical applications. Cell characterization is 

also useful to study cell mechanisms and their response to different conditions [5]. An 

understanding of the mechanical characteristics of undifferentiated stem cells can greatly aid 

research investigating the forces necessary to promote differentiation into various cell 

lineages [6]. Previous work has demonstrated that malignant cells exhibit different material 

properties than benign cells [7]. Study of single-cell biomechanics has led to new findings in 

the progression of diseases like malaria [8]. Therefore, cell mechanical properties can be 

used to identify and isolate cancer cells [9]. It has been found that human cells exhibit 

extensive variability in their chemical and mechanobiological response due to donor-to-donor 

variability; thus, cell characterization can enable identification of proper biological 

procedures. Some commonly used cell characterization techniques in practice consist of 

optical and acoustic microscopy, tactile sensors at the micro/nano scale and atomic force 

microscopy [10]. Active research has been focused on eliminating the limitations of 

biological incompatibility, cost, time consumption, size and complexity. 

1.1 Literature Review 
A review of existing cell characterization methods, their operation principle, advantages 

and limitations, is given below. Broadly, cell characterization techniques are classified as 

contact and non-contact type methods. Figure 1 shows the important characterization 

techniques in use with biological samples. 
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Figure 1: Different cell characterization methods in current use 

1.1.1 Non-contact Methods 

Optical microscopy is probably the oldest non-contact technique in use to characterize 

cells. Cells are observed under an optical microscope, and visible cell features are used to 

identify cell types. Optical imaging techniques can provide very good contrast, but have 

limited penetration depth in tissues due to high optical scattering [11]. Optical microscopy, 

however, has the biggest disadvantage that it needs the cells to be stained and fixed. 

Chemical fixatives are used to preserve tissue from degradation, and to maintain the structure 

of the cell and of sub-cellular components (nucleus, endoplasmic reticulum, mitochondria). 

These fixatives preserve tissues or cells mainly by irreversibly cross-linking proteins. This 

process, while preserving the structural integrity of the cells and tissue, can damage the 

biological functionality of proteins, particularly enzymes, and can also denature them to a 

certain extent. This can be detrimental to certain histological techniques. It is challenging to 

achieve good contrast by local difference in refraction and/or transmission spectrum. Cell 

staining is a technique that can be used to better visualize cells and cell components under a 

microscope. Cells are stained to enhance visualization of the cell or certain cellular 

components under a microscope. Cells may also be stained to highlight metabolic processes 

or to differentiate between live and dead cells in a sample. Most stains can be used on fixed 

or non-living cells, while only some can be used on living cells. Staining is done by 

chemicals, and the tissue, after being stained, often completely loses its biological functions. 

The other non-contact technique developed extensively in the last 50 years is acoustic 

microscopy, where an ultrasound transducer is used to image the specimen [12-15] or 
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measure its mechanical properties [16-28]. Analysis is carried out based on the principles of 

time-resolved acoustic microscopy for measuring velocity of sound in the medium, and 

spectroscopy is applied for determining elasticity, acoustic impedance and physical 

dimensions. Acoustic microscopy is used as one of the following: Scanning Acoustic 

Microscope (SAM), Scanning Laser Acoustic Microscope (SLAM) or C-mode Scanning 

Acoustic Microscope (C-SAM). Acoustic scanning microscopy in the GHz range has been 

developed for imaging of single cells in vivo [29]. Although acoustic microscopy does not 

involve any chemical process of the cells, the equipment is bulky and expensive. It requires 

analysis and image processing, which makes it a lengthy procedure even for imaging a single 

cell. There is also the limitation of axial resolution, and only thinly sliced tissue can be 

studied using acoustic microscopy. 

Photoacoustic or optoacoustic imaging is a new hybrid method that combines the 

advantages of optical and acoustical techniques [30]. In this minimally invasive imaging 

method, the tissue volume is illuminated by a laser source which causes heating and thermal 

expansion of the tissue. This heating process is accompanied by the generation of acoustic 

waves as a result of the thermal displacements. These acoustic waves are less sensitive to 

scattering compared to the optical field, and are used to obtain data from the exposed region 

[31]. Another such combined high-resolution multiphoton-acoustic scanning microscopy 

method was developed by Shenkl et al [32, 33].  A review of the existing and recently 

developed biomicroscopy techniques is given by Foster et al  [34]. 

Recently, imaging of cells based on measurement of acoustic impedance of the cells has 

been demonstrated [35]. The research team at Tohoku University, Japan, used an impedance 

microscope to demonstrate the change in acoustic impedance of a HIFU-exposed chicken 

breast muscle [36]. Nakano et al. also used impedance microscopy to image cells cultures in 

vitro [37]. Raum et al. used acoustic impedance mapping along with computed tomography 

mapping to measure the elastic stiffness coefficient (c33) of human bone [38]. 

Another optical technique involves trapping and stretching of cells using optical tweezers 

[39] or a laser source [40]. It has also been developed as an acoustic technique [41]. 
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1.1.2 Contact Methods 

Contact methods for measuring cell properties include the use of micro tactile sensors 

(MTS) and micro devices like micro-pipettes, micro-plates and micro-needles. Optical or 

magnetic tweezers and magnetic twisting cytometry are used to mechanically deform the 

cells and measure their response [42]. The most commonly used technique however, is 

atomic force microscopy (AFM). An review of the various micro and nano-scale testing 

techniques for measuring mechanical properties at the cellular level is given in [43]. 

The tip of an AFM is used to indent soft samples, and the force versus indentation 

measurement provides mechanical information about the cell sample [44, 45]. It is well 

established that the AFM can be used to image living cells under physiological conditions in 

a non-destructive manner [46-48].  AFM can also be used to study material properties [49, 

50] by analyzing force curves over a point on the sample surface. A force curve is a plot of 

the force applied to the AFM tip as the sample is approached and pushed against the tip. In 

principle, this plot gives the force required to achieve a certain depth of indentation 

(deformation) from which viscoelastic parameters can be determined. This technique has 

been used to examine micromechanical properties of a wide range of biological samples: 

bones [51], platelets [52], bacteria and cancer cells [53]. By collecting arrays of force curves, 

so-called force volumes, high-resolution 2-D maps of mechanical properties can be 

produced. 

Micro-pipette aspiration technique is used to measure viscoelastic coefficients and 

adhesion forces of hepatocellular carcinoma cells in mice [54]. Micro-plates are used to 

compress cells, and the deformation of the pre-calibrated plates as a response to cell stiffness 

and elasticity is measured [55]. Cells are stretched, compressed or rotated by twisting 

embedded particles or particles attached to the cell surface using magnetic fields. This 

method, called magnetic cytometry, is described in [56]. Micro tactile sensors (MTS) shaped 

as micro-probes and micro-needles [57] have been developed for measuring the stiffness of 

microscopic materials like ovum [58]. The sensor consists of a piezoelectric element that is 

divided into vibrating (actuator) and detecting (sensor) components. The resonance 

frequency of the sensor shifts relative to the stiffness of the contacted material. 
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Contact methods disturb the cell and alter its natural progression. They might also cause 

cellular damage and death. These techniques work on a single cell at a time, and need 

extreme control and accuracy, which makes them highly time consuming. 

Recent micro/nano techniques include devices like micro Post Array Detectors (mPADS) 

[59-61] and Micro-post Force Sensor Arrays (MFSA) [62]. When a cell resides on an array 

of micro-posts, it bends them at the top. Each force sensing unit can detect the cell traction 

force at the site where it contacts the cell. Once the lateral deflections of the micro-posts are 

obtained by image acquisition and analysis, cell traction forces can be determined based on 

the beam theory. However, this method requires the fabrication of intricate array substrates to 

grow cells. 

The key features, advantages and limitations of the more commonly used cell 

characterization methods are summarized in Table 1. 
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Table 1: Comparison of advantages and limitations of existing cell characterization methods 

 Use Biocompatibility 
Real-time 

monitoring 
Modular Ease of use Fabrication Cost 

O
p

ti
ca

l 

m
ic

ro
sc

o
p

y
 

Imaging 

technique, cell 

properties cannot 

be measured 

accurately 

No; samples need to 

be stained using 

chemicals for 

contrast, which 

usually kills the cells 

No; staining 

procedure renders 

the cell sample 

biologically dead 

No; the 

optical 

microscope 

is bulky 

Staining cells needs 

expertise. Using 

microscope for 

imaging purposes is 

relatively simple 

No 

fabrication 

involved 

Fairly 

expensive 

A
co

u
st

ic
 

m
ic

ro
sc

o
p

y
 

Used for both 

imaging and 

mechanical 

property 

measurement 

Yes; does not need 

staining, and it is a 

non-contact method 

Yes; although 

measurements 

need to be taken 

at intervals 

No; 

equipment is 

bulky 

Using an acoustic 

microscope needs 

moderate training 

No 

fabrication 

involved 

Moderately 

expensive 

M
T

S
 

No imaging , 

mechanical 

properties 

measured by 

tactile sensing 

Yes; but may disturb 

cells and cause 

damage/ death 

No; process is 

very sensitive 

and delicate 

No; needs 

optical 

microscope 

system for 

display 

Difficult to use, 

needs precision and 

control 

Micro-probes 

and sensors 

need to be 

fabricated 

Moderately 

expensive 

A
F

M
 

Used for both 

imaging and 

mechanical 

property 

measurement 

Yes; but may disturb 

cells and cause 

damage/ death 

No; process is 

very sensitive 

and delicate 

No; 

equipment 

for control 

is bulky 

Difficult to use, 

needs precision and 

control 

Micro-probes 

and sensors 

need to be 

fabricated 

Moderately 

expensive 

m
P

A
D

S
/M

F
S

A
 No imaging, cell 

traction forces 

measured 

Yes; cells are made 

to grow freely on 

fabricated substrate 

Yes; data is taken 

automatically as 

cells continue to 

grow 

Yes; only 

device is the 

fabricated 

micro-

substrate 

Simple to use, not 

much processing 

involved 

Micro-

substrate is 

expensive to 

fabricate  

Not 

expensive 
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1.2 Motivation 
From the literature review, it is known that the existing methods to characterize cells are 

static, expensive, time-consuming, and sometimes destructive. Hence, there is a need for an 

accurate, repeatable cell characterization technique that can track cell property change in 

real-time and can detect an anomaly in a high throughput manner. Human stem cells possess 

great potential in a variety of regenerative applications. A good understanding of stem cell 

mechanics at the single cell level may provide information about the role of biophysical 

forces affecting differentiation. In this study, a method of cell detection and characterization 

based on the electrical impedance of a piezoelectric transducer as a function of cell acoustic 

properties is proposed. Electrical impedance has not been previously investigated as a 

quantitative criterion for cell characterization. The previous techniques used impedance 

microscopy techniques for cell characterization. The specimen sample was imaged using 

sound speed and impedance mapping carried out by using an ultrasound microscope. These 

impediography processes were time consuming and required a complex SAM system to map 

the samples. The proposed method is non-contact, free from use of destructive staining 

procedures, and does not require any complicated system. Results are instantaneous and real-

time monitoring of cells has been demonstrated. Specifically, human adipose derived stem 

cells (hASC) were grown on lead magnesium niobate-lead titanate (PMN-PT) piezoelectric 

resonator plates acting as the substrate, and the change in resonator electric impedance was 

measured. This change was attributed to the change in material properties of the hASC layer. 

A pulse-echo experiment was carried out to evaluate hASC layer acoustic impedance, which 

was used as an input parameter in a computational simulation model. 

1.3 Thesis Overview 
This thesis presents a new technique to characterize human stem cells based on their 

mechanoacoustic properties. The idea is explained in theory and further demonstrated in 

working by experimentation. A simulation model based on a proven technique for a parallel 
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application is applied by making suitable modifications to validate the theory and 

experimental results. 

 In Chapter 2, the basic concepts that are applied in impedance measurement of 

ultrasound transducers are discussed in detail. The principle applied in this research 

project is explained with the help of mathematical notation. An equivalent circuit 

model for a piezoelectric resonator under loaded and unloaded conditions is explained 

using network theory. 

 Chapter 3 comprises of the experimental setup and a description of the actual 

experiment. Key aspects of the measurement process are explained thoroughly. 

 Validation of the observed results from experimentation is done in chapter 4. It is 

done with the aid of pulse-echo experiment and by writing a simulation program in 

MATLAB based on the earlier described equivalent circuit. 

 Finally, a summary is put together from all the findings observed in this project. 

Future steps and scope of application are discussed briefly. 
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Chapter 2 

FUNDAMENTALS 

The most important component in this technique is the piezoelectric resonator. 

Piezoelectricity is the property of a material to react as a mechanical deformation to an 

electric stimulus, or, conversely, react electrically to a mechanical stimulus. A piezoelectric 

material can be a ceramic, a polymer, or a composite. It has the unique characteristic of 

generating charge under an applied stress, which is called the direct piezoelectric effect. The 

inverse piezoelectric effect is the mechanical deformation under an electric field. This 

bilateral transduction requires the understanding of both mechanical and electrical principles 

for analysis. 

The concept behind the proposed technique is inspired by the principles used in the 

design of piezoelectric ultrasound transducers. An ultrasound transducer consists of an active 

element which is basically a piezoelectric resonator, one or more matching layers and a 

backing layer, all of which are enclosed in a housing. The significance of each is explained 

below. In the characterization technique developed, the human stem cells were grown on a 

lead magnesium niobate-lead titanate (PMN-PT) piezoelectric plate. The cell layer can be 

considered as the matching layer. The resonator behavior then can be well explained by the 

use of an equivalent circuit model, like the Butterworth-Van Dyke model, the Mason model, 

the Redwood-Lamb model or the KLM (Krimholtz-Leedoem-Matthaei) model. For this 

research, the Mason model was implemented for developing a simulation program to validate 

the observed results. 

The aim of this chapter is to thoroughly explain the theory behind the developed 

characterization method. 
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2.1 Important Terminology 

2.1.1 Acoustic Impedance 

Acoustic impedance (Z) is a material property that describes the behavior of a particle 

when it is exposed to a pressure (sound) wave. It is a measure of the resistance offered by a 

substance to the propagation of a sound wave through it. It is calculated as 

 0Z v  (1) 

ρ is the density of the substance and v is the speed of sound in the medium. 

The above formula is for ‘specific’ or ‘characteristic’ acoustic impedance. This is the 

acoustic impedance of a material per unit cross sectional area, and is an intrinsic material 

property. For a surface area A, the acoustic impedance is given by 

 0Z vA Z A   (2) 

2.1.2 Electric Impedance 

Electric impedance (Zel) is the measure of the opposition to the passage of a current 

through an electrical circuit when a voltage is applied. Thus, it is the term analogous to 

acoustic impedance on the electric port of a piezoelectric resonator. It is defined as the 

frequency domain ratio of the voltage (V) to the current (I). 

2.1.3 Active Material 

The active element is the piezoelectric or ferroelectric material that converts electrical 

energy into mechanical (ultrasonic) energy and vice versa. Polarized ceramics, piezoelectric 

polymers and composites are the most commonly used active materials. 

2.1.4 Matching Layer 

The matching layer is the front layer that is in between the active material and the 

coupling media. It serves as an acoustic transformer between the high acoustic impedance of 

the active element and the low impedance coupling fluid, which is usually water. The 

matching layer is usually of quarter-wave (λ/4) thickness. Usually, the matching layer has 

acoustic impedance (ZM) given by 
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 *( )M a wZ Z Z  (3) 

where Za = acoustic impedance of active element 

         Zw = acoustic impedance of coupling fluid 

2.1.5 Backing Layer 

When the active layer is excited, it emits acoustic waves in a direction normal to its 

surface. As a result, waves are generated in two directions, and those propagating away from 

the target object may cause interference due to secondary reflections and result in image 

distortion and generation of artifacts. To avoid this, a highly attenuative, high density 

material is used to absorb the vibration energy radiating from the back face of the active 

element. A backing layer is also used to control the spatial pulse length. When the acoustic 

impedance of the backing layer matches that of the active element, we get a heavily damped 

transducer that displays good range resolution, but has low signal amplitude. If there is a 

mismatch in acoustic impedance between the element and the backing, more sound energy 

will be reflected forward into the test material, and we get a transducer that is lower in 

resolution but higher in signal amplitude or greater in sensitivity. Usually, a high impedance 

material like tungsten powder mixed in epoxy is used as the backing material. The thickness 

of the backing layer is several times that of the piezoelectric component for effective 

attenuation of energy. 

Figure 2 is a schematic representation of the arrangement of each of these layers in a fully 

functioning device. 
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Figure 2: Schematic arrangement of the different layers in a piezoelectric transducer 

2.2 Piezoelectric Transduction 
The transduction in piezoelectric materials can be explained mathematically with the help 

of linear relationships between mechanical and electric variables. These expressions, called 

‘constitutive relations’ are as follows: 
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where β, ε are dielectric constants, d, g, e, h are piezoelectric constants, and s, c are elastic 

constants. The description of each symbol is given with the units in Table 2. 

Table 2: List of terms used in constitutive relations 

Symbols Description Type Units 

T Stress Mechanical N/m
2 

S Strain Mechanical - 

E Electric field strength Electrical V/m 

D Electric displacement Electrical C/m
2 

s Elastic compliance Mechanical m
2
/N 

c Elastic stiffness Mechanical N/m
2 

ε Permittivity Electrical F/m 

β Dielectric impermeability Electrical m/F 

d Piezoelectric charge – stress constant Electromechanical C/N or m/V 

e Piezoelectric dielectric – stress constant Electromechanical C/m
2
 or N/Vm 

g Piezoelectric voltage – strain constant Electromechanical m
2
/C or Vm/N 

h Piezoelectric charge – strain constant Electromechanical N/C or V/m 

 

It is important to show the interrelationship between the acoustic load layer acting on a 

piezoelectric resonator, and the change it induces in the electric impedance of the transducer. 

This is achieved by the use of a 1-D transducer model [63]. For simplicity purposes, it is 

assumed that the transducer lateral dimensions are much larger than the thickness and that the 

transducer performance is linear in nature. All losses are neglected. 

The resonator is represented as a three-port device with one electric port and two acoustic 

ports, one each for the two faces of the resonator. The electric port is represented by the 

current (I) and voltage (V) applied across the two electrode faces of the resonator. The 

acoustic ports are represented by the force (F) and particle velocity (v) acting on each surface 

of the piezoelectric resonator plate. 

Consider a 1-D representation of the piezoelectric resonator of length l as shown in 

Figure 3. For an element of thickness dz the stress T in the piezoelectric medium due to a 

wave propagating in the z-direction is a function of both time and direction. 
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Figure 3: 1-D model of a piezoelectric plate excited in the thickness expansion mode 

Denoting displacement of the plane along the z-axis at a given instant of time by ξ, the strain 

(S) for this elementary volume is given as 

 S
z





 (5) 

Assuming that A is the cross sectional area of the elementary volume of thickness dz, the 

force acting on this volume is given as 

 ( / )A T z dz   (6) 

and mass is given by 

 0 Adz  (7) 

l

F1, v1 F2, v2

I

V

z

Medium 2Medium 1
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Then from Newton’s second law, we have 

 
2

0 2

T

z t




 


 
 (8) 

Applying the constitutive relationship 

        
tDT c S h D      

where  c 
D 

= elastic stiffness at constant electric displacement 

S = mechanical strain 

D = dielectric displacement 

h = piezoelectric charge-strain constant 

Taking the partial derivative with respect to z, we get 

 DT S D
c h

z z z

  
 

  
 (9) 

In the absence of free charges in the piezoelectric medium,  

Thus, we get the differential equation for the displacement 

 
2 2

02 2

Dc
z t

 


 


 
 (10) 

The equations governing the relationship between the electrical and mechanical properties of 

the transducer at the three ports are obtained by solving this equation using appropriate 

boundary conditions. 

Denoting wave number by  

the relationship between the mechanical and electric terms is expressed in matrix form as 

 

1 1

2 2

0

cot( ) cos ( ) /

cos ( ) cot( ) /

/ / 1/ ( )

a a

a a

F Z l Z ec l h v

F i Z ec l Z l h v

V h h C I

  

  

  

     
     

      
         

 (11) 

Here,  F = force acting on resonator face 

V = voltage measured across electric terminal 

v = sound velocity in medium at face 

I = current at electric port 

Za = resonator acoustic impedance 

/ 0D z  

0 0/ / /D Dc c    
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ω = angular frequency 

l = resonator thickness 

h = k√c
D
/ε

S
 is the piezoelectric charge-strain constant 

C0 = Aε
S
/l is the clamped capacitance of the resonator 

ε
S
 is the clamped dielectric permittivity of the piezoelectric element (constant strain) 

2.3 Equivalent Circuit for a Piezoelectric Crystal 
In 1948, Mason proposed the circuit model shown below [64] with terminal equations 

similar to those given by equation (11). The equivalent circuit shown in Figure 4 known as 

Mason’s equivalent circuit is used in the design and analysis of piezoelectric transducers [65-

67]. The operation of the proposed technique can be explained by expounding the theory of 

piezoelectric transducer design. The Mason model separates the piezoelectric material into an 

electric port and two acoustic ports through the use of an ideal electromechanical 

transformer. 

 

Figure 4: The Mason equivalent circuit for a free (unloaded) piezoelectric transducer 
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The center branch is the electrical port where voltage is applied or produced and the left 

and right branches are the acoustic ports, i.e., the transducer surfaces that either transmit or 

receive mechanical stress. Thus a voltage transformed to the acoustic side of the transducer 

becomes a force. On the electric side, the relation V = ZeI holds, where Ze is the electrical 

impedance; while on the acoustic side, force is related to velocity v through F = Zav where Za 

is the acoustic impedance given by equation (2). Thus, it is possible to express 

mechanoacoustic parameters as electric terms by using network theory. 

For a thickness mode resonator, the Mason model is expressed mathematically as: 

 tan( )
2

aT D

l
Z iZ

v


  (12) 

 cos ( )aS D

l
Z iZ ec

v


   (13) 

where ZT is the acoustic impedance at the front and back ports of the transducer, ZS is the 

impedance of the voltage source, ω is the resonant frequency, l is resonator thickness, A is 

resonator cross section area, v
D 

is stiffened compressional speed, ε
S
 is the clamped 

permittivity, C0 is clamped capacitance for transducer (C0 = Aε
S
/l). 

The electrical impedance measured at the electrical port for a free resonator is given by 

 
2

(1 )C

C

A

el

Z N
Z Z

Z
   (14) 

where 

  

 

N = C0h is the turns ratio for transformer 

h = k√c
D
/ε

S
, c

D
 is the elastic stiffness  

k is the complex electromechanical coupling coefficient (k
2
 = e

2
/c

D
ε

S
) 

2.4 Layered Model 
The acoustic load layer is modeled based on the application of equations similar to those 

used for the piezoelectric element. The representation is shown as Figure 5. 

0

1
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Z
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Z T ZT

ZS

L L

L

 

Figure 5: The Mason circuit representation for an acoustic load layer 

Applying equations. (12) and (13), we have for the acoustic load layer 

 tan( / 2 )L L L L

T AZ iZ l v  (15) 

 cos ( / )L L L L

S AZ iZ ec l v   (16) 

where the superscript L stands for the ‘load layer’. 

For simplification of explanation, only one of the acoustic ports of the Mason equivalent 

circuit is connected to one acoustic port of an acoustic element. The other acoustic port of 

both, the equivalent circuit, and the acoustic load layer, are shorted. 

 

Figure 6: The Mason equivalent circuit for a piezoelectric transducer with an acoustic load on 

one surface and shorted (unloaded) on the other 
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Total layer impedance 

 
( )

L L
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Acoustic (mechanical) impedance for combined resonator and load layer 
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The transmitted electric impedance observed at the electric port of the transducer is given by 

equation (14) using the value of ZA obtained from equation. (18). 

A similar approach is followed to evaluate the electric impedance for a resonator with 

acoustic loads at the front and back ports. Resonator behavior for change in mechanical 

properties of the hASC layer was simulated in MATLAB to observe the change in resonator 

electric impedance as the cells underwent osteogenic differentiation. A pulse-echo 

experiment was carried out to obtain cell thickness and sound speed data, which were 

necessary input parameters for the model. The experimental procedure and the results 

observed from the experiment are discussed in Chapter 3, followed by a comparison with the 

simulation results and the pulse-echo experiment in Chapter 4. 
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Chapter 3 

MEASUREMENT TECHNIQUE 

This chapter describes the experimental procedure and the setup used for the same. The 

resonator electric impedance was the characterizing property for this experiment. Chapter 2 

describes the dependence of electric impedance on the acoustic impedance of the front load 

in transducer design theory. The same principle was used and thereby, a change in the cell 

layer acting as the front load for a PMN-PT resonator was detected. 

3.1 Resonator Preparation 
Four PMN-PT thickness mode resonators of dimensions 10 mm × 10 mm × 0.45 mm (L 

× W × t) were used for measuring the change in acoustic impedance of the hASC layer. 

These resonator plates had a gold electrode of thickness ~ 35 nm deposited on each 10mm × 

10 mm surface. A coaxial wire (38 AWG, Hitachi Cable Manchester) of length 80 mm was 

bonded to each electrode of the four resonator plates. The wires were bonded using 

conductive silver epoxy (MG Chemicals). A minimum amount of epoxy was used to avoid 

any damping effect on the resonator sensitivity. The epoxy was cured at room temperature 

for 8 hours. A picture of a wire-bonded PMN-PT resonator plate prior to seeding cells is 

shown in Figure 7. 
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Figure 7: Picture of a PMN-PT thickness mode resonator plate with coaxial wires 

3.2 Cell Culture and Differentiation 
Human adipose derived stem cells (hASC) were cultured in complete growth medium 

(CGM) - Eagle’s Minimum Essential Medium, alpha-modified (-MEM) [68] supplemented 

with 10% fetal bovine serum, 2 mM L-glutamine, 100 units/mL penicillin, and 100 g/mL 

penicillin/streptomycin. 

A preliminary test was performed to verify that the chemicals in the epoxy used to bond 

the wire electrodes did not have any harmful effect on the cell culture once the epoxy was 

cured. The gold electrode substrate was found to be suitable for cell growth. The plates were 

sterilized by immersing them in 70% EtOH (ethanol-water solution) for a day before seeding 

the cells. An image of the resonator plate with cells growing directly on the gold electrode is 

shown in Figure 8. Additionally, cells were also seeded in thirty Falcon tissue culture dishes 

of 35 mm diameter. The cells seeded on the resonator plates were monitored for change in 

the resonator electric impedance, which was measured using an impedance analyzer. The cell 

cultures seeded on the polystyrene substrate of the Falcon dishes were used for measuring 

cell thickness and the speed of sound in the cell medium. This data was used along with the 

mathematical model to simulate the resonator behavior and validate the observed impedance 

change. 
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resonator plate

Bonded coaxial 

wires
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Figure 8: Cells growing in -MEM on a PMN-PT resonator plate 

The incubator for the culture wells was maintained at 100% humidity and 37 °C with a 

95% air and 5% CO2 atmosphere. A confluency of 80% was observed on day 4 by inverted 

microscopy, after which the medium was changed in half the culture wells to osteogenic 

differentiation medium (ODM) - complete growth medium supplemented with 50 M 

ascorbic acid, 0.1 M dexamethasone, and 10 mM β-glycerolphosphate. Cell confluency is a 

measure of the number of the cells in the cell culture dish, and refers to the coverage of the 

dish by the cells. Thus, the cells growing on two of the resonator plates and fifteen of the 

Falcon dishes started differentiating into osteogenic cells. The remaining two resonator plate 

cell samples and cell cultures in fifteen Falcon dishes were maintained in complete growth 

medium. The culture medium in all the wells was replaced with the corresponding growth 

media type every three days to replenish the nutrients absorbed by the cells. 

3.3 Experimental Setup 
The PMN-PT resonator electric impedance was measured as a signature of monitoring 

change in stem cell mechanical properties. Figure 9 shows a photograph of the experiment 

and a schematic for the experiment procedure is shown in Figure 10. 
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Figure 9: Setup of impedance measurement experiment 

The schematic diagram explains procedures for both impedance measurement and the 

pulse-echo experiment for validation using a simulation model. This chapter deals only with 

the impedance measurement portion of the experiment. The pulse-echo test is discussed in 

Chapter 4. 

 

Figure 10: Schematic of experimental procedure 
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The resonator electrical impedance was tracked as stem cells were seeded directly on 

PMN-PT thickness mode resonator plates. Cell properties including cell density, speed of 

sound in the cell, wave attenuation and other mechanical and acoustic characteristics change 

as the cells undergo osteogenic differentiation. This cell layer growing on the resonator 

surface can be assumed as an acoustic load layer acting at one acoustic port of the resonator. 

The other acoustic port is exposed to the cell growth medium, and has no acoustic load acting 

on it. From the resonator behavior described earlier in Chapter 2, it is evident that any change 

in the acoustic load layer properties will result in a change in the electrical impedance 

measured across the electric port of the resonator. Thus, as the cell layer continues to change 

into osteogenic cells and deposit calcium, a change in the resonator impedance is expected in 

the measurements taken every day for a period of 14 days. 

The resonator electric impedance was measured by using a precision impedance analyzer 

(Agilent 4294A). The impedance analyzer was calibrated for use with the fixture (16047E) 

for ‘open’ and ‘short’ configurations each time measurements were taken to eliminate 

measurement errors. A photograph of the impedance analyzer under operation is shown as 

Figure 11. 

 

Figure 11: Setup of impedance measurement experiment 
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All measurements were taken with the culture wells placed inside a laminar flow 

chamber to keep the entire process sterile. The resonator plate with stem cells growing on it 

was connected to the two terminals of the impedance analyzer using the free ends of the two 

coaxial wires bonded to each electrode of the resonator. The PMN-PT resonator was kept 

immersed in the cell growth medium while all measurements were taken. Measurements 

were taken with the help of an Excel Macro program (Agilent Inc.). All measurements were 

saved using a GPIB interface between a data acquisition laptop and the impedance analyzer. 

To eliminate the effect of noise, each resonator was measured twice for its electrical 

impedance and phase. The values for each day were then averaged for analysis. Also, there 

were two resonators with non-differentiating cell samples, and two with differentiating cell 

samples. This averaging gave a more uniform set of data points and removed any 

inconsistencies. 

Every day, for a period of 14 days, the electric impedance at resonance and anti-

resonance frequencies was recorded for the four piezoelectric plates. The resonance and anti-

resonance frequencies were also noted. 

3.4 Results and Discussion 
It has been shown earlier that increased mass loading of piezoelectric resonators causes 

an increase in the electrical impedance at resonant frequency and a decrease in the impedance 

value at anti-resonant frequency [65, 69]. The electrical impedance for the differentiating 

cells increased at a steeper rate as compared to that for the CGM cells with the culture time at 

resonant frequency. Conversely, the electrical impedance measured at the anti-resonant 

frequency decreased faster for the differentiating cells than the CGM non-differentiating cells 

from day 1 to day 14. The change in the resonator electric impedance for the osteogenic 

differentiating cells measured at resonant and anti-resonant frequencies can be seen in Figure 

12. 
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Figure 12: Measured change in resonator electrical impedance for the differentiating cells 

The acoustic impedance of a material is a function of the speed of sound in the material, 

and its density. As hASC underwent osteogenic differentiation and accreted calcium, the cell 

layer thickness and density increased relative to the non-differentiating cells. The 

differentiating cell layer consisted of calcium accretion zones, in addition to the cell adhesion 

sites. Human ASC in complete growth media has a specific density of almost unity (the same 

as the medium) [68], while calcium has a known specific density of 1.55. The pulse-echo 

experiment indicated a steeper rise in sound speed for the osteogenically differentiating cells 

compared to the non-differentiating samples over the period of 14 days. As both, the speed of 

sound and the density of the differentiating cell layer increased gradually by the end of 14 

days, the acoustic impedance increased, as explained by equation (1). 
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As explained earlier in Chapter 2, the resonator electric impedance is a function of the 

acoustic impedance of load layer, and thus the observed increase in resonator electric 

impedance is proportional to the increase in the acoustic impedance. 

It was also observed that the non-differentiating cells registered an increase in the 

acoustic impedance value. This might be explained by the fact that the cell layer, although it 

did not undergo osteogenic differentiation, tried to achieve 100% confluency as the cells kept 

growing and multiplying. This resulted in an increase in the cell surface area. Acoustic 

impedance is directly proportional to the surface area of the load layer, as given by equation 

(2). In addition, although the hASC were selected for this experiment because they tend to 

adhere to the substrate as a monolayer of cells, some overlap occurs after confluence is 

reached. This results in an increase in the cell layer thickness, which affects the speed of 

sound. Thus, the change in the impedance value for the non-differentiating cells is valid. The 

change in the resonator electric impedance for the non-differentiating cells is shown in 

Figure 13. 

From Figure 12 and Figure 13 , it was observed that the change in the resonator electrical 

impedance value is also accompanied by a shift in the resonance and anti-resonance 

frequencies for both the differentiating and non-differentiating cell samples. This shift is very 

small, and is neglected in this study. It can however be explained as the effect of the damping 

caused by the cell layer as the cells multiply and occupy the entire surface of the resonator. 

For the differentiating samples, the frequency shift is also a result of the change in cell layer 

mass due to calcium accretion. However, this increase in mass due to both, cell growth and 

calcium deposition, is extremely miniscule, and hence the frequency shift was ignored. 
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Figure 13: Measured change in resonator electrical impedance for the non-differentiating cells 

To ensure that the measured electrical impedance difference between the osteogenic 

differentiated cells and the undifferentiated stem cells was an accurate representation of the 

changing cell properties and differentiation process, and not because of the different growth 

media used with the respective cells, measurements were taken in the respective 

differentiation medium. No statistical differences in medium impedance were found. 

A comparison of the change in the normalized impedance at the resonant frequency of 4 

MHz for hASC cultured in CGM and ODM is shown in Figure 14.  
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Figure 14: Change in resonance electrical impedance for hASC cultured in complete growth 

medium (CGM) and in osteogenic differentiation medium (ODM) tracked over a period of 14 

days 

As stated earlier the cell growth media was changed on day 4 and subsequently changed 

after every 3 days. Replacing the cell growth media was characterized by a sharp change in 

impedance which is partly attributed to a change in pH, temperature, and dissolved CO2, but 

is primarily a cell response to the media change [70]. The measured data was averaged by 

conducting simultaneous impedance measurements with hASC samples growing on two 

PMN-PT resonators for each of the CGM and ODM groups. The calculated variation within 

each group was smaller than the variation between the two groups. The 5% error bars shown 

in Figure 14 indicate that although the absolute impedance change for the differentiating cells 

was small, it is still significant as a means to characterize the osteogenic differentiating cells 

from the non-differentiating cells. 
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Table 3 summarizes the measured resonator electrical impedance change for the 

differentiating and the non-differentiating cell samples. 

Table 3: Resonator electrical impedance values measured by the impedance analyzer 

 

3.5 Histological Examination 
Both hASC maintained in complete growth medium (CGM) and osteogenic 

differentiation medium (ODM) were fixed and stained using Alizarin Red after 14 days, to 

visualize cell mediated calcium accretion. This is used as an indicator of osteogenic 

differentiation of the hASC. Calcium forms an Alizarin red S-calcium complex in a chelation 

process. The reaction is birefringent. The samples were imaged under an optical microscope 

(Olympus STM6) and are shown in Figure 15. 
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Figure 15: Cells observed at 10x magnification at the end of 15 days of seeding. (a) Cells 

growing in non-differentiating complete growth media (CGM). (b) Cell-mediated calcium 

accretion for hASC cultured in osteogenic differentiated medium (ODM). The red spots are 

areas of calcium concentration 

From the images of stained hASC cultured in CGM and ODM in Figure 15, it can be seen 

that calcium accretion was not excessive. This can explain the small change in observed 

resonator impedance. However, we would expect resonator impedance to increase more with 

greater calcium accretion. 

A steady trend in resonator impedance tracking can be seen in Figure 14. This implies 

that the cells were growing and proliferating in a healthy fashion, and were not affected by 

the experiment or the daily measurement process. 

 

100 μm 100 μm 
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Chapter 4 

VALIDATION BY SIMULATION 

The change in resonator electric impedance recorded as described in Chapter 3 can be 

calculated with the use of a mathematical model for the resonator behavior. Based on the 

Mason equivalent circuit for a piezoelectric resonator, a simulation program was developed 

in MATLAB. The cell sound velocity and cell density were the required input parameters for 

the model. The speed of sound in the cell layer can be determined by performing a pulse-

echo test on the cell sample. This chapter describes the pulse-echo experiment setup and the 

subsequent validation procedure for the observed impedance change. 

4.1 Pulse-echo Method 
The speed of sound is associated with the scattering and attenuating behavior of the 

propagation medium and is therefore an important acoustic parameter for quantitative 

characterization of cells. The pulse-echo test is the most commonly used technique for non-

destructive evaluation (NDE) and ultrasonic testing of materials. Any ultrasound experiment 

requires a coupling fluid between the transducer and the specimen for the propagation of the 

ultrasonic waves. The presence of a defect or a feature having acoustic impedance other than 

that of the specimen is indicated by the reception of an echo signal before that of the back 

wall echo. Usually, a CRT screen or an oscilloscope is calibrated to show the separation in 

distance between the arrival time of an echo signal as against that of the back wall echo of 

the specimen. This enables the precise calculation of the sample thickness and the speed of 

sound in the specimen. A schematic of a typical pulse-echo test setup is shown in Figure 16. 
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Figure 16: Principle of pulse-echo test 

The analysis of the above experiment can be done in either time domain, or in frequency 

domain. Measurement of the travel time is complicated by waveform distortion due to the 

tissue inhomogeneity and the roughness of interface, which reduces the accuracy of the 

measurement [71]. Moreover, for calculating the thickness of a cell layer with thickness in 

the range of 5-15 μm, the time lag between the reflections from the top and bottom surfaces 

is difficult to estimate because the cell thickness is less than or very close to the wavelength 

of the acoustic wave. At such small thicknesses, the reflections from the top and bottom 

surfaces may overlap each other. Also, the speed of sound in the cell layer is almost the same 

as that of the coupling medium surrounding it, and the echo from the cell surface is hardly 

visible compared to that from the reflector surface. Hence, phase analysis in the frequency 

domain is usually preferred. 

A frequency scan of the specimen is required for thickness measurement in the frequency 

domain, and it takes a long time to scan the frequency as well as to mechanically scan the 

sample. The setup cost is expensive. In addition, it is not easy to realize high stability of the 

measured data. As a result, a method in which time domain signal was converted into the 
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frequency domain for further analysis was adopted [72]. Sound speed and thickness were 

both calculated by phase analysis of the Fourier transformed echo signal. 

4.2 Time-frequency Analysis Method 
As shown in Figure 16, consider a cell layer of thickness d placed on a rigid reflecting 

substrate like polystyrene. The cell culture was kept immersed in the cell growth medium, 

which also acts as the coupling fluid for the transmission of acoustic waves from the 

transducer into the cell layer. Let c0 be the speed of sound in the coupling medium. A 

transducer with a suitable frequency in the range of 50-100 MHz, high enough to be able to 

acoustically resolve the cell layer of thickness in the micron scale, was held parallel to the 

reflecting surface at the focal distance of the ultrasound transducer. 

The transducer was excited by a low intensity pulse to avoid damaging the cells. The 

input pulse was set at a high frequency repetition rate to achieve an almost-continuous 

output. The transducer is operated in pulse-mode since the same transducer is operated as 

both transmitter and receiver, and using it in continuous-mode may cause overlap and 

interference of the transmitted and reflected waves. Accordingly, reflection of ultrasound 

waves occurred at the front and back faces of the specimen and at the rigid reflector surface. 

The wave reflected from the top and bottom surfaces of the cell layer contains an 

oscillating component. Hence, this waveform was subjected to deconvolution processing by 

the reference signal. The two reflections were separated in the time domain and were 

analyzed in the frequency domain to determine the sound speed [73]. The reference signal 

consists of the waveform obtained by the reflection of sound from the polystyrene substrate 

where no cells were present. This allows the separation of the reflections at the front and rear 

sides of the cell layer. The analysis procedure is explained with the help of Figure 17. 
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Figure 17: Introduction of time and phase shift in the reflected waveform due the to cell layer 

The intensity and phase spectra of these separated waveforms were calculated by Fourier 

transforming the waveform. The spectrum of each separated waveform was normalized by 

that of the reference waveform. 

The cell layer gives us a shift of            in the time domain, 

 

which corresponds to a phase shift of          in the frequency domain. 

This is the phase shift obtained from the wave reflected from the bottom of the cell layer. The 

maximum intensity point on the normalized intensity spectrum shown in Figure 22 

corresponds to the reflection from the top of the cell layer, while the minimum point 

corresponds to the reflection from the bottom of the cell layer. Then for any minimum 

frequency f, if we know the phase angle Φ at that frequency, the cell layer thickness d and 

sound speed c are given by equations (19) and (20), respectively. 
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4.3 Experimental Setup 
A photograph of the test setup used for performing the pulse-echo experiment is shown 

below in Figure 18. A 50 MHz LNO (lithium niobate) ultrasound transducer was used for the 

test (USC UTRC). The measured transducer characteristics are given in Table 4. 

Table 4: Ultrasound transducer properties 

Aperture diameter 

(mm) 

Focal length 

(mm) 

Bandwidth 

(%) 

Sensitivity 

(dB) 

Axial resolution 

(μm) 

2 5 48 -36 0.3 

 

The instrumentation for the pulse-echo test consisted of a pulser-receiver (Olympus 

5800PR) and a digital oscilloscope (Agilent DSO7104B). An input pulse of magnitude 1 μJ 

was generated at a pulse repetition frequency (PRF) of 200 MHz by the pulser-receiver. The 

transducer was driven by this input signal. The pulser-receiver input parameters were set as 

shown in Table 5. 

Table 5: Input parameters for the pulse-echo test 

PRF 

(Hz) 

Energy 

(μj) 

Damping 

(Ohms) 

HP filter 

(MHz) 

LP filter 

(MHz) 

Attenuation 

(dB) 

Gain 

(dB) 

RF output 

phase 

200 1 50 10 100 5 54 0º 

 

The cell cultures in the Falcon polystyrene well were exposed to the acoustic wave. Input 

pulse and received echo signal were monitored by using a digital oscilloscope (Agilent 

DSO7104B). The bandwidth and sampling rate were 1 GHz and 4GSa/s respectively. A XYZ 

manual linear stage (Newport 460A-XYZ stage with three SM-13 actuators), with a 

resolution of 1 μm was used to position the transducer relative to cells. FFT analysis of the 
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received signal was carried out for calculating sound speed and thickness data for further use 

in the simulation model.  

 

Figure 18: Setup of pulse-echo experiment 

4.4 Analysis of Data 
Figure 19 is the waveform of the ultrasound wave reflected from the polystyrene 

substrate without the presence of any cells. Figure 20 shows the waveform obtained from the 

pulse echo experiment due to the introduction of a cell layer between the transducer and the 

substrate. Both the figures are a function of reflection voltage (V) plotted versus a time scale 

(μs) as the x-axis. These waveforms are for the differentiating cells grown in the polystyrene 

wells obtained on day 14 of the experiment. The small reflection seen as the highlighted 

portion in the waveform in Figure 20 denotes the reflection from the cell layer. The two 

reflections from the cells and the substrate interfere to a large extent, making it very difficult 

to determine the time lag between the two waveforms. The cell layer thickness thus cannot be 

calculated by analysis in the time domain. 

50 MHz transducer with 5 

mm DOF

Translation stage used to 
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the cell layer

Petri dish with cell sample
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Figure 19: Waveform of wave reflected from polystyrene substrate without the presence of 

cells 

We can calculate the velocity of sound c0 in the cell growth medium because we know 

the distance traveled by the acoustic wave as it travels to and from the substrate. The distance 

d traveled by the wave is the same as the focal length of the transducer, which was set using 

the XYZ stage. The time taken for the wave to travel is half of that recorded in the echo 

waveform. The value of c0 was calculated as 1531 m/s. 
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Figure 20: Waveform of wave reflected from cell layer grown on top of the polystyrene 

substrate 

The shift in the time scale for the two waveforms is due to the inconsistency in the 

thickness of the polystyrene culture dishes used. Two different dishes were used to get these 

waveforms, which gives a shift of 0.015 μs on the time scale, which corresponds to a 

thickness difference of 23 μm. 

 The spectra of the waveforms in Figure 19 and Figure 20 are shown in Figure 21. Each 

spectrum has a spread from 30 MHz to 80 MHz, and has a central frequency of 60 MHz. The 

maximum intensity is seen at this frequency, and the spectrum was normalized by this 

amplitude for each corresponding spectrum. However, it can be seen that it is extremely 

difficult to determine the minimum and maximum points on either of these spectra, which are 

required to estimate the phase angles Φfront and Φback, as specified in equations (19) and (20). 

Thereby, it is not possible to determine the cell layer thickness and sound speed by this 

approach alone. 
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It is much easier to proceed if the intensity spectrum for the cell layer is normalized by 

the reference spectrum. The reference spectrum is the intensity spectrum for the polystyrene 

substrate, as shown in Figure 21.a. 

 

Figure 21: Intensity spectrum of acoustic waves reflected from (a) polystyrene substrate 

without presence of cells; and (b) cell layer grown on top of the polystyrene substrate 

The normalized intensity and phase spectra were Fourier transformed. The MATLAB 

program for this process is shown in Appendix II. Figure 22 shows a plot of the normalized 

intensity spectrum. From the Fourier transformed data, the frequencies for the maximum and 

minimum intensities closest to the central frequency of 60 MHz were used to determine the 

phase angles for the corresponding frequency. These values and the value for c0 are used in 

equations. (19) and (20) to give us the thickness and sound speed in the cell layer. The results 

are shown in Table 6. 
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Figure 22: Intensity and phase of the waveform reflected from the layer of differentiating cells 

at day 14 normalized with the waveform obtained from the reflection from the polystyrene 

substrate 

Table 6: Cell properties measured by pulse-echo test 

 

The measured cell layer thickness and sound velocity values are used to calculate the cell 

acoustic impedance, which is used in the simulation model. The change in the transducer 

electrical impedance for hASC samples in the ODM was modeled. PMN-PT resonator 

dimensions used in the simulation are the same as those experimentally measured (10 mm × 

10 mm × 0.45 mm). Cell density values approximated from those presented in previously 

published references [71, 74] were used as inputs to the model. 
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4.5 Validation from Simulation 
The modeled behavior for a loaded resonator is shown in Figure 23 .The calculated 

resonator impedance difference for the differentiating and the non-differentiating cells is 

shown in Table 7. The difference is between simulated values for day 1 and day 14 at 

resonance and anti-resonance frequencies. 

Table 7: Resonator electrical impedance values calculated from the simulation model 

 

The simulation model gives a resonance frequency of 4.1 MHz and an anti-resonance 

frequency of 5.2 MHz. These values match very closely to those observed from the 

experimental results. 

 
Osteogenic differentiating 

sample (ODM) 

Non-differentiating sample 

(CGM) 

Impedance change (%)

( )
sample medium

medium

Z Z

Z


 

At 

resonance  

frequency 

At 

anti-resonance  

frequency   

At 

resonance  

frequency 

At 

anti-resonance  

frequency 

19.17 -3.56 5.28 -1.3 
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Figure 23: Modeled resonator behavior using Mason’s equivalent circuit 

A simulation run was conducted for a high frequency (HF) PMN-PT resonator. The 

calculated frequency for this resonator was 50 MHz. the frequency of a transducer is 

inversely proportional to the thickness of the piezoelectric element used. For the desired 

operating frequency of 50 MHz, the resonator thickness was required to be 0.045 mm. the 

resonator cross-section needs to be reduced in order to minimize the electrode impedance. 

The calculated electrical impedances based on this mathematical simulation are given in 

Table 8. 

 

 

 

 

 

 

 

3 3.5 4 4.5 5 5.5 6 6.5 7

x 10
6

0

2

4

6

Frequency (MHz)

E
le

c
tr

ic
a
l 

im
p

e
d

a
n

c
e
, 
lo

g
 s

c
a
le

  
(O

h
m

)

 

 

3 3.5 4 4.5 5 5.5 6 6.5 7

x 10
6

-100

0

100

3 3.5 4 4.5 5 5.5 6 6.5 7

x 10
6

-100

0

100

3 3.5 4 4.5 5 5.5 6 6.5 7

x 10
6

-100

0

100

P
h

a
se

 (
d

e
g

re
e
s)

Amplitude: medium 

Phase: medium

Amplitide: cell layer

Phase: cell layer



44 

 

Table 8: Resonator electrical impedance values calculated from the HF simulation model 

4.6 Comparison of Measured and Calculated Impedance  
The change in the resonator electrical impedance was the key parameter in this research 

work. This was measured from the experiment and was further validated by a simulation 

model. A comparison of the observed data with simulated results for the differentiating cells 

is presented as Table 9. 

Table 9: Comparison of observed and calculated resonator electrical impedance for the 

differentiating sample 

 Experimental data LF simulation HF simulation 

Impedance change 31.7 % 19.17 % 39.1 % 

 

A difference of 12% can be observed between the measured and simulated results for a 

resonator of frequency 5 MHz. The modeled resonator behavior neglects attenuation losses in 

the medium and cell layer. Also, cell density values were approximated from earlier 

published results and were thereby not accurate. The cell growth medium showed a highly 

attenuating effect, and this was not considered in the simulation. Even in light of this 

difference between simulated and experimental results we can still conclude that the Mason's 

equivalent circuit model is valid. From Figure 23, we can see that the introduction of a cell 

layer causes a change in the resonator electric impedance at both frequency points. A similar 

observation can be made from the measured resonator response to the change in cell property 

under osteogenic differentiation. 

 
Osteogenic differentiating 

sample (ODM) 

Non-differentiating sample 

(CGM) 

Impedance change (%) 

( )
sample medium

medium

Z Z

Z


 

At 

resonance  

frequency 
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frequency 

At 

resonance  

frequency 

At 

anti-resonance 

frequency 

39.1 -8.03 14.59 -3.96 
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Figure 12 shows a drop in the measured electrical impedance for the resonator for the 

stem cells growing in ODM. Thus, we can say that the simulation model can predict the 

observed electrical impedance change in the piezoelectric transducer. 

Based on the calculated values, the change in the resonator electrical impedance for the 

differentiating cells from day 1 to day 14 was predicted to be 39.1% for a 50 MHz resonator. 

This shows almost twice the percent change as compared to the simulated result at lower 

frequency. It has been shown that better image resolution can be achieved using ultrasonic 

transducers of higher frequencies. We can expect the same for quantitative impedance 

measurement. It can thus be concluded that higher resonator sensitivity can be achieved at 

higher frequencies. 
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Chapter 5 

SUMMARY AND FUTURE SCOPE 

An innovative, minimally invasive technique was developed for monitoring cell growth 

and differentiation. Modeling and experimental results show that it is possible to measure 

change in cell growth by monitoring the electrical impedance change of a resonator. 

Cell impedance change was tracked for cell samples undergoing osteogenic 

differentiation induced by the addition of suitable chemical agents. This was compared with 

the cell impedance change demonstrated by the non-differentiating batch of cells that were 

seeded at the same time as the differentiation batch. The cell acoustic impedance was tracked 

as a function of the electric impedance of a piezoelectric transducer. The cells were grown on 

a piezoelectric resonator, and the resonator electric impedance was measured using a 

precision impedance analyzer. The differentiating cell sample showed a change of 31.7% in 

the electric impedance of the PMN-PT resonator. The corresponding change for the non-

differentiating cells was 13.46%. 

The main reason for the small change in the impedance value can be attributed to the 

‘degree of differentiation’, as shown by the histological examination of the cells. The cells 

were stained to show areas of calcium deposition. From the images taken using a microscope, 

it was observed that calcium accretion was not significant. The cell layer properties change 

due to the change in the mechanical properties, namely the density and speed of sound. The 

density for the non-differentiating cells is very close to that of the growth medium, and is 

therefore highly dependent on the amount of calcium accretion. Also, the sound speed 

changes only with the accretion of calcium. It can be expected that the resonator electric 

impedance will show a more promising change if more calcium formation occurs. Tracking 

the cells for a few more days might be a better solution. 
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A simulation program was developed in MATLAB to validate the observed electrical 

impedance change. The program was based on Mason’s equivalent circuit theory, which is 

commonly used for the mathematical design and study of ultrasonic transducers. A pulse-

echo experiment was carried out to obtain the cell layer thickness and the speed of sound in 

this layer. These were the required input parameters in the mathematical model. The pulse-

echo experiment was carried out in the time-domain, and then the obtained data was Fourier 

transformed to carry out more accurate analysis. The calculated thickness change in the cell 

layer over a period of 14 days was around 0.30 μm. The change in the sound velocity in the 

cell layer was from 1557 m/s on day 1, to 1583 m/s on day 14. These values were used in the 

MATLAB program and the calculated change in the resonator electric impedance for the 

differentiating cells was 19.17%. 

Although the simulation did not give exact impedance values obtained from the 

experiment, it showed similar resonator behavior. The measured electrical impedance for the 

PMN-PT transducer increased with cell-differentiation at the resonant frequency, and 

dropped at the anti-resonant frequency. The exact observation was made from the simulation. 

The mathematical model neglected attenuation of sound in the coupling fluid, which in this 

case, was the cell growth medium. Calibration tests in the growth medium showed that it had 

a highly attenuating behavior. The attenuation in the cell layer was also neglected. Also, the 

cell layer thickness is extremely small, around 10 μm, and the Mason model does not work 

very well for such small dimensions. 

The particular usefulness of this technique is that it relies on an intrinsic contrast 

mechanism and can be used without chemical staining, making it minimally invasive. Cell 

mechanical properties can be measured in a real-time fashion without having a complicated 

control system. The cells are not affected physically and are maintained in the growth 

medium throughout the process, eliminating damage due to contamination or thermal or 

physical shock due to exposure. 
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While still in its early stages, this technique may revolutionize the process of cell 

characterization as it allows for the monitoring of a large population of cells in a real time 

and high-throughput fashion. Additionally, simulation results shown in this work suggest that 

resonators with higher resonant frequencies can achieve greater sensitivity in detecting a 

change in the load acoustic impedance for the same cell thickness and sound speed. 

Ultimately, a lab-on-chip device could be constructed to act as the goal would be to develop 

a non-contact transducer-like device that can be used for in vivo characterization of cells in a 

real-time, throughput manner.  
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Appendix I: Matlab Program for Impedance Calculation 

clc 
clear all 
close all 
  
%% Piezoelectric element properties (PMN-PT) 
  
% low frequency resonator 
deltaf = 8000;      % step size 
maxf = 7e6;         % minimum frequency (Hz) 
minf = 3e6;         % maximum frequency (Hz) 
maxk = ((maxf-minf)/deltaf)+1; 
maxn = 5;           % number of loading layers 
minZ = 0; 
maxZ = 1e3; 
% element dimensions 
l = 0.450e-3;       % element thickness (m) 
L = 10e-3;          % element diameter/length (m) 
A = L*L;            % cross sectional area (m^2) 
  
% % high frequency resonator 
% deltaf = 8000;      % step size 
% maxf = 70e6;         % minimum frequency (Hz) 
% minf = 30e6;         % maximum frequency (Hz) 
% maxk = ((maxf-minf)/deltaf)+1; 
% maxn = 5;           % number of loading layers 
% minZ = 0; 
% maxZ = 1e3; 
% % element dimensions 
% l = 0.0450e-3;       % element thickness (m) 
% L = 2e-3;          % element diameter/length (m) 
% A = L*L;            % cross sectional area (m^2) 
  
% material properties 
rho = 8100;         % density (kg/m^3) 
c33 = 174e9;        % elastic stiffness (N/m^2) 
epsilon0 = 8.854e-12;        % vacuum permittivity (c/V-m) 
epsilonS = epsilon0.*800;   % clamped permittivity of medium (c/V-m) 
v = sqrt(c33/rho)           % stiffened compressional speed (m/s) 
f0 = v/(2*l)       % antiresonance frequency (Hz) 
kt = 0.64;          % coupling coefficient 
  
% calculated properties 
lambda = v/f0;      % wavelength 
omega0 = 2.*pi.*f0; % angular frequency of transducer 
C0 = A.*epsilonS./l;% clamped capacitance 
Z0 = rho.*v;        % characteristic acoustic impedance of element 
Za = A.*Z0;         % specific acoustic impedance of element 
h = kt.*sqrt(c33./epsilonS);       %  
N = C0.*h;          % turns ratio of transformer 
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%% Model calculations (for load impedances = 1 to 'n' MRayl) 
  
for k = 1:maxk  
    f(k)= minf+deltaf*(k-1); 
    omega(k) = 2*pi*f(k);  
  
    % unloaded transducer acoustic loads 
    tau(k) = omega(k)/v; 
    Zt(k) = i*Za*tan(tau(k)*l/2); 
    Zs(k) = -i*Za*csc(tau(k)*l); 
    a(k) = pi*omega(k)/omega0; 
    Zc(k) = 1/(i*omega(k)*C0); 
    Zel_unloaded(k) = Zc(k)*(1-((kt^2)*tan(a(k)/2)/(a(k)/2))); 
  
    % electrical impedance(measured at electrical port) 
    Z(k) = Zs(k) + Zt(k)/2; 
    Zel_loaded(k) = Zc(k)*(1 - Zc(k)*(N^2)/Z(k)); 
  
    for n = 1:maxn 
        Zl(n) = (n-0.996)*10^6*A; 
        Zmech(k,n) = Zs(k) + Zt(k)*(Zt(k)+Zl(n))/(2*Zt(k)+Zl(n));   % total acoustic (mechanical) 
impedance 
        Zel_total(k,n) = Zc(k)*(1-(Zc(k)*N^2)/Zmech(k,n));          % total electrical impedance 
    end 
end 
  
for n = 1:maxn 
    Zmax(n) = 10; 
    for k = 2:maxk 
         
        if Zel_total(k,n) > Zmax(n) 
            Zmax(n) = Zel_total(k,n); 
            nmax(n) = n; 
            fmax(n) = f(k); 
        end 
    end 
end 
  
% display output 
fmax 
res_imp_unloaded = min(abs(Zel_unloaded)) 
antires_imp_unloaded = max(abs(Zel_unloaded)) 
res_imp_loaded = min(abs(Zel_total)) 
antires_imp_loaded = max(abs(Zel_total)) 
  
% % Plots 
% figure; 
% subplot(2,1,1); 
% semilogy(f,abs(Zel_total)); 
% xlim([minf,maxf]), ylim([minZ,maxZ]); 
% title('Electrical impedance vs  
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Frequency','FontWeight','bold','FontWeight','bold','FontSize',12,'FontAngle','italic'); 
% xlabel('Frequency (Hz)'), ylabel(['Electrical impedance',sprintf('\n'),'- loaded (Ohm)']); 
%  
% subplot(2,1,2); 
% semilogy(f,abs(Zel_unloaded), 'color', 'red'); 
% xlim([minf,maxf]), ylim([minZ,maxZ]); 
% title('Electrical impedance vs Frequency','FontWeight','bold','FontSize',12,'FontAngle','italic'); 
% xlabel('Frequency (Hz)'), ylabel(['Electrical impedance',sprintf('\n'),'- unloaded (Ohm)']); 
  
%% Layered model 
  
% layer1: epoxy + tungsten = backing layer 
l1 = 20e-3;    % thickness (m) 
A1 = 0;        % cross sectional area (m^2) 
rho1 = 1000;   % density (kg/m^3) 
v1 = 1480;     % longitudinal wave velocity in medium (m/s) 
Z1 = A1*rho1*v1% acoustic impedance of layer 1 
for k = 1:maxk 
    tau1(k) = omega(k)/v1; 
end 
  
% layer2: gold electrode 
l2 = 350e-10;   % thickness (m) 
A2 = A;         % cross sectional area (m^2) 
rho2 = 19700;   % density (kg/m^3) 
v2 = 3240;      % longitudinal wave velocity in medium (m/s) 
Z2 = A2*rho2*v2 % acoustic impedance of layer 2 
for k = 1:maxk 
    tau2(k) = omega(k)/v2; 
end 
  
% layer3: coupling fuid - top 
l3 = 20e-3;     % thickness (m) 
A3 = A;         % cross sectional area (m^2) 
rho3 = 1200;    % density (kg/m^3) 
v3 = 1490;      % longitudinal wave velocity in medium (m/s) 
Z3 = A3*rho3*v3 % acoustic impedance of layer 3 
for k = 1:maxk 
    tau3(k) = omega(k)/v3; 
end 
  
% layer4: coupling fuid - bottom 
l4 = 20e-3;     % thickness (m) 
A4 = A3;         % cross sectional area (m^2) 
rho4 = rho3;    % density (kg/m^3) 
v4 = v3;      % longitudinal wave velocity in medium (m/s) 
Z4 = A4*rho4*v4 % acoustic impedance of layer 3 
for k = 1:maxk 
    tau4(k) = tau3(k); 
end 
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% layer5: cell layer 
l5 = 16.49e-6;   % thickness (m) 
A5 = 0/5;         % cross sectional area (m^2) 
rho5 = 1350;   % density (kg/m^3) 
v5 = 1583;      % longitudinal wave velocity in medium (m/s) 
Z5 = A5*rho5*v5 % acoustic impedance of layer 2 
for k = 1:maxk 
    tau5(k) = omega(k)/v5; 
end 
  
%% Model calculations 
  
for k = 1:maxk  
%     Zl_1t(k) = i*Z1*tan(tau1(k)*l1/2); 
%     Zl_1s(k) = -i*Z1*csc(tau1(k)*l1); 
%     Zl_1(k) = (Zl_1t(k))/2 + Zl_1s(k); 
    Zl_1(k) = abs(i*Z1*tan(tau1(k)*l1/2)); 
%     Zl_1(k) = abs(i*rho1*v1*(tau1(k)*l1)); 
%     Zl_1(k) = 1.48e6*A1; 
   
%     Zl_2t(k) = i*Z2*tan(tau2(k)*l2/2); 
%     Zl_2s(k) = -i*Z2*csc(tau2(k)*l2); 
%     Zl_2(k) = Zl_2t(k)/2 + Zl_2s(k); 
    Zl_2(k) = abs(i*Z2*tan(tau2(k)*l2/1)); 
%     Zl_2(k) = abs(i*rho2*v2*(tau2(k)*l2)); 
%     Zl_2(k) = 62.6e6*A2; 
     
%     Zl_3t(k) = i*Z3*tan(tau3(k)*l3/2); 
%     Zl_3s(k) = -i*Z3*csc(tau3(k)*l3); 
%     Zl_3(k) = Zl_3t(k)/2 + Zl_3s(k); 
    Zl_3(k) = abs(i*Z3*tan(tau3(k)*l3/1)); 
%     Zl_3(k) = abs(i*rho3*v3*(tau3(k)*l3)); 
%     Zl_3(k) = 1.48e6*A3; 
  
%     Zl_4t(k) = i*Z4*tan(tau4(k)*l4/2); 
%     Zl_4s(k) = -i*Z4*csc(tau4(k)*l4); 
%     Zl_4(k) = Zl_4t(k)/2 + Zl_4s(k); 
    Zl_4(k) = abs(i*Z4*tan(tau4(k)*l4/1)); 
%     Zl_4(k) = abs(i*rho4*v4*(tau4(k)*l4)); 
%     Zl_4(k) = 1.48e6*A4; 
  
%     Zl_5t(k) = i*Z5*tan(tau5(k)*l5/2); 
%     Zl_5s(k) = -i*Z5*csc(tau5(k)*l5); 
%     Zl_5(k) = Zl_5t(k)/2 + Zl_5s(k); 
    Zl_5(k) = abs(i*Z5*tan(tau5(k)*l5/1)); 
%     Zl_5(k) = abs(i*rho5*v5*(tau5(k)*l5)); 
%     Zl_5(k) = 1.48e6*A5; 
             
%     Zl_total(k) = 1/(1/Zl_1(k) + 1/Zl_2(k) + 1/Zl_3(k) + 1/Zl_4(k)); 
    Zl_total(k) = Zl_1(k) + 2*Zl_2(k) + Zl_3(k) + Zl_4(k) + Zl_5(k); 
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    % Complete model: PZT-5H + Layer1 
    Zmech(k,n) = Zs(k) + Zt(k)*(Zt(k)+Zl(n))/(2*Zt(k)+Zl(n));                   % total acoustic (mechanical) 
impedance 
    Zel_total(k,n) = Zc(k)*(1-(Zc(k)*N^2)/Zmech(k,n)); 
    Zmech_layered(k) = Zs(k) + Zt(k)*(Zt(k)+Zl_total(k))/(2*Zt(k)+Zl_total(k)); % total acoustic 
(mechanical) impedance 
    Zel_total_layered(k) = Zc(k)*(1-(Zc(k)*N^2)/Zmech_layered(k));              % total electrical impedance 
end 
  
% display output 
res_ac_imp_layer1 = min(abs(Zl_1/A1)) 
res_ac_imp_layer2 = min(abs(Zl_2)) 
res_ac_imp_layer3 = min(abs(Zl_3/A3)) 
res_ac_imp_layers_total = min(abs(Zl_total)) 
res_imp_layered = min(abs(Zel_total_layered)) 
antires_imp_layered = max(abs(Zel_total_layered)) 
  
% Plots 
figure; 
% [AX,H1,H2] = plotyy(f,abs(Zel_total_layered),f,angle(Zel_total_layered)*180/pi); 
[AX,H1,H2] = plotyy(f,log(abs(Zel_total_layered)),f,angle(Zel_total_layered)*180/pi); 
% title('Electrical impedance vs Frequency',... 
%     'FontWeight','bold','FontWeight','bold','FontSize',12,'FontAngle','italic'); 
xlabel('Frequency (Hz)'); 
set(get(AX(1),'Ylabel'),... 
    'String','Electrical impedance (log) - loaded (Ohm)'); 
set (gca,'YTick',[-10 -8 -6 -4 -2 0 2 4 6 8 10],'YMinorTick','on'); 
set(get(AX(2),'Ylabel'),'String','Phase (degrees)'); 
set(gca,'XMinorTick','on','YMinorTick','on'); 
text(fmax(1),antires_imp_layered,'aaa'); 
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Appendix II: Matlab Program for Normalization and FFT of Reflection Waveforms 

clc 
clear all 
close all 
  
%% Read file 
  
Uy = xlsread('C:\Users\User\Dropbox\Thesis documents\plots\PE FFT\media.CGM.ODM time-vltg 
data.xlsx'); 
t_media = Uy(:,1); 
y_media = Uy(:,2); 
t_cells = Uy(:,3); 
y_cells = Uy(:,5); 
  
% 
t_media = t_media'; 
y_media = y_media'; 
t_cells = t_cells'; 
y_cells = y_cells'; 
  
%% Waveform plots 
  
% without cells 
figure (1); 
plot(t_media,y_media,'b','LineWidth',2); 
xlabel('Time ({\mu}s)', 'FontSize',12,'FontName','Times New Roman'),... 
    ylabel('Echo amplitude (V)','FontSize',12,'FontName','Times New Roman'),... 
    legend('measured echo waveform'); 
xlim([5.9 6.25]), ylim([-3.5 3.5]); 
  
% with cells 
figure (2); 
plot(t_media,y_cells,'r','LineWidth',2); 
xlabel('Time ({\mu}s)', 'FontSize',12,'FontName','Times New Roman'),... 
    ylabel('Echo amplitude (V)','FontSize',12,'FontName','Times New Roman'),... 
    legend('measured echo waveform'); 
xlim([5.9 6.25]), ylim([-3.5 3.5]); 
  
%% FFT 
  
% without cells 
delta_media = t_media(2)-t_media(1); 
fs_media = 1/delta_media; 
N_media = length(y_media); 
fy_media = fft(y_media); 
f_media = (0:N_media-1)*fs_media/N_media; 
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% with cells 
delta_cells = t_media(2)-t_media(1); 
fs_cells = 1/delta_cells; 
N_cells = length(y_cells); 
fy_cells = fft(y_cells); 
f_cells = (0:N_cells-1)*fs_cells/N_cells; 
  
%% Plots 
% media intensity spectrum and phase 
figure (3); 
subplot(2,1,1); 
plot(f_media,abs(fy_media),'LineWidth',1); 
xlim([1 100]); 
xlabel('Frequency (MHz)','FontSize',12,'FontName','Times New Roman'),... 
    ylabel('Intensity spectrum (dB)','FontSize',12,'FontName','Times New Roman'),... 
    annotation('textbox',[0.64 0.83 0.24 0.06],... 
    'String',{'without cell layer'},'HorizontalAlignment','center',... 
    'FontSize',12,'FontName','Times New Roman','FitBoxToText','off'); 
subplot(2,1,2); 
plot (f_media,angle(fy_media)*180/pi,'LineWidth',1); 
xlim([1 100]); 
xlabel('Freq(MHz)','FontSize',12,'FontName','Times New Roman'),... 
    ylabel('Phase (deg)','FontSize',12,'FontName','Times New Roman'); 
  
% cell intensity spectrum and phase 
figure (4); 
subplot(2,1,1); 
plot(f_cells,abs(fy_cells),'LineWidth',1); 
xlim([1 100]); 
xlabel('Frequency (MHz)','FontSize',12,'FontName','Times New Roman'),... 
    ylabel('Intensity spectrum (dB)','FontSize',12,'FontName','Times New Roman'),... 
    annotation('textbox',[0.64 0.83 0.24 0.06],... 
    'String',{'with cell layer'},'HorizontalAlignment','center',... 
    'FontSize',12,'FontName','Times New Roman','FitBoxToText','off'); 
subplot(2,1,2); 
plot (f_cells,angle(fy_cells)*180/pi,'LineWidth',1); 
xlim([1 100]); 
xlabel('Freq(MHz)','FontSize',12,'FontName','Times New Roman'),... 
    ylabel('Phase (deg)','FontSize',12,'FontName','Times New Roman'); 
  
% comparison of media and cell intensity spectra 
figure (5); 
subplot(2,1,1); 
plot(f_media,abs(fy_media),'LineWidth',1); 
xlim([1 100]); 
xlabel('Frequency (MHz)','FontSize',12,'FontName','Times New Roman'),... 
    ylabel('Intensity spectrum (dB)','FontSize',12,'FontName','Times New Roman'),... 
    annotation('textbox',[0.64 0.83 0.24 0.06],... 
    'String',{'without cell layer'},'HorizontalAlignment','center',... 
    'FontSize',12,'FontName','Times New Roman','FitBoxToText','off'); 
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subplot(2,1,2); 
plot(f_cells,abs(fy_cells),'LineWidth',1); 
xlim([1 100]); 
xlabel('Frequency (MHz)','FontSize',12,'FontName','Times New Roman'),... 
    ylabel('Intensity spectrum (dB)','FontSize',12,'FontName','Times New Roman'),... 
    annotation('textbox',[0.65 0.35 0.22 0.06],... 
    'String',{'with cell layer'},'HorizontalAlignment','center',... 
    'FontSize',12,'FontName','Times New Roman','FitBoxToText','off'); 
  
%% Normalization 
  
% intensity spectrum 
figure (6); 
subplot(2,1,1); 
plot(f_media,(abs(y_cells)/abs(y_media)),'LineWidth',10); 
xlim([1*10^0 100*10^0]); 
xlabel('Frequency (MHz)','FontSize',12,'FontName','Times New Roman'),... 
    ylabel('Intensity spectrum (dB)','FontSize',12,'FontName','Times New Roman'),... 
% phase 
subplot(2,1,2); 
plot(f_cells,(angle(fy_cells)/angle(fy_media)),'LineWidth',1); 
xlim([1 100]); 
xlim([1 100]); 
xlabel('Freq(MHz)','FontSize',12,'FontName','Times New Roman'),... 
    ylabel('Phase (deg)','FontSize',12,'FontName','Times New Roman'); 


