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Tooth carious is a harmful and enduring hurt to parts of the teeth’ rigid surface that seem 

like small holes and cavities. Caries is caused by a summation of factors, such as creating 

bacteria between teeth, eating soft foods frequently, drinking sweaty drinks, and not 

brushing the teeth right. The present study aims to design and implement an electrical 

circuit for measuring the electrical impedances of healthy and carious teeth. Besides, the 

LCR meter analyser was employed to calculate the electrical average impedance and 

phase shift of healthy and carious teeth with different frequencies ranging from 0.01 Hz 

to 10 MHz. The presented study is supported by the scanning electron microscopy 

(SEM) and the Energy Dispersive X-ray spectroscopy (EDX) test for analysis of the 

teeth' structure and detect the elements and chemical characteristics of the teeth. The X-

ray and imaging tests are done using dental radiography X-ray equipment in Al-Karkh 

General Hospital with the help of dentists. The results of the study showed that with the 

wide spectrum of frequencies, the electrical impedance averaged value for carious teeth 

is less than its value in the healthy teeth since the impedance real part is (3.63E+03 to 

2.59E+06) Ω and (82.567 to 1.27E+05) Ω for the healthy and carious teeth respectively, 

with increasing in the frequency range (1.00E-02-8.89E+06) Ω and reducing the phase 

shift. Since healthy teeth have fewer chemical elements than carious teeth, the EDX test 

showed the chemical elements of the tooth, including Antimony, Calcium, Phosphorous, 

Carbon, and Chlorine, in different concentrations. The promising results show that the 

proposed method is sufficient and reliable to differentiate the carious in early stages, 

giving a chance to recover and maintain the teeth' health. 
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1. INTRODUCTION

Caries of the enamel is a disease that still affects billions 

of people all over the world. This is primarily because of the 

consumption of fermentable sugars and poor hygiene 

practises, which allow oral bacteria to self-organize in 

biofilms (dental plaque) and produce acid as part of the 

acidogenic bacteria metabolism [1]. Enamel consists of 

hydroxyapatite (HAp), accounting for around 85 percent of 

its volume, together with water and a minor yet essential 

quantity of binding proteins. The components are organised 

in an intricate configuration [2, 3]. 

The capacity of biological tissue to impede the passage of 

an electric current is referred to as bioimpedance, or 

bioelectrical impedance. The bioimpedance spectroscopy 

(BIS) method can be used to measure the impedance of living 

tissue over a wide frequency range [4]. This is done by 

combining the two ways. Electric impedance spectroscopy 

(EIS) is a common method for characterising material 

electrical characteristics. BIS is methodologically 

comparable to EIS. EIS is a low-cost, non-destructive method 

for characterising electrical characteristics of different 

materials. Having said that, BIS is where the method is most 

often used on biological tissues [5]. The process involves 

measuring the impedance magnitude and phase difference at 

each frequency point while delivering a weak alternating 

current (AC)-like that present in human tissue-through the 

biological sample [6]. In some cases, like a full-body analysis, 

the "tissue" can be enormous; in others, like a microscopic 

section of the target tissue, like the mucosa, it could be 

incredibly tiny. In direct contact with the external 

environment, the mucosal membrane, also known as mucosa, 

borders several body cavities. When observed within the 

mouth, this membrane is known as the oral mucosa or oral 

mucous layer [7]. 

Spectral cameras work by detecting the light that is 

reflected off of an item after it has been illuminated by a light 

source [8]. Alternately, the object may be illuminated with a 

monochromatic light, and the light that is reflected back can 

then be filtered to identify certain wavelengths [9]. The kind 

of information that one seeks to extract from the item being 

investigated dictates the selection of the appropriate filter 

[10]. Imaging a sample's surface with a focused electron 

beam allows scanning electron microscopy (SEM) to produce 
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images of the sample [11]. Scientists use these signals to 

study the sample in depth, determining surface shape, 

composition, and crystal structures through electron 

interactions with atoms in the sample. Elements and chemical 

compounds in a sample can be identified using chemical 

microanalysis techniques like EDS [12]. With a search 

engine optimization (SEM) tool, it is commonplace. Because 

each element has its own atomic structure, each X-ray signal 

created when blasted with electrons is unique, the 

characterisation capabilities of this technique are based on 

this basic premise. Micrometrical elemental compositions of 

a sample may be studied using this method [13]. A number of 

studies have been achieved recently that focuses the 

bioimpedance spectroscopy characteristics and importance. 

Emran et al. [1] developed a method for measuring electrical 

impedance utilising five distinct depth settings across a 

frequency range of 1 kHz to 1MHz. The impact of impedance 

magnitude and phase spectra is investigated by Lackovic and 

Stare [14] from 30Hz to 1MHz. Besides, Pathiraja et al. [15], 

Tatullo et al. [16] use the measurable impedance magnitude 

to identify the healthy teeth. 

The LCR-meter electrical impedance analyzer was used in 

this study to measure the impedance change of various teeth 

with and without carious over a wide range of frequency [17-

21]. The results demonstrated that the range of impedance 

value when the teeth are healthy is greater than when the 

teeth are carious. In addition, the SEM test was used to scan 

the surface characteristics of teeth. 

 

 

2. METHODOLOGY 

 

2.1 Sample preparations 

 

Twenty teeth were used in the present study, ten of them 

are healthy and the others are not, some of them are depicts 

in Figure 1. In order to keep them for a long time, all teeth 

were saved in saline solution. As for the samples, 20 teeth 

were examined from normal, healthy, recovered people who 

do not suffer from chronic diseases or bone diseases, and 

their ages are similar. The results were compared with the 

dental X-ray machine located in the hospital, and the results 

were presented to specialist dentists to evaluate the results. 

 

 
 

Figure 1. Healthy and carious teeth samples 

 

2.2 The electrical impedance measurements 

 

It's possible to conduct electrical impedance studies using 

a variety of different approaches, including two, three, and 

four electrode techniques [17, 18]. In bioimpedance analysis, 

two and four-electrode procedures are the most prevalent 

[19-21]. In the present study to measure a bioimpedance, the 

two-electrode approach “bipolar method” which uses two 

electrical connections to inject a known. 

Current and measure the subsequent voltage drop between 

those two contacts. In the present study the proposed 

electrical circuit of the measurement of electricity was shown 

in Figure 2 and carried out by using an appropriate computer 

controlled soft-ware, also another approach was used for 

measuring the bio impedance by using the LCR-8110G 

electrical impedance analyser (GW INSTEK, Taiwan). A 

frequency range of (0.01Hz to 10MHz) for providing 

consistent and repeatable findings was used. Under open 

circuit conditions, the supplied AC voltage amplitude was 

100mV rms. Coaxial leads were utilized to link the specimen 

to the impedance testing apparatus in order to reduce stray 

capacitance, and these connections were maintained as short 

as feasible (15 cm). 

 

 
 

Figure 2. The proposed electrical circuit design 

 

 
 

Figure 3. The electrical bioimpedance measuring process 

 

On one day, five measurements of impedance were taken 

on a specimen from each tooth group to test the technique's 

short and long-term repeatability, as well as it’s fit to the 

suggested equivalent circuit. Furthermore, a specimen from 

each group was measured on each of five distinct days, and 

the average impedance of all measurements, was calculated. 

The process for measuring (EIS) using an impedance 

analyser LCR-meter is shown in Figure 3. 

The bioelectrical impedance measurement is achieved by 

two main methods: The first by applying an AC current with 

a constant value through the teeth, then measure the resultant 

voltage drop across the tooth and determine the impedance 

components. Second the use of the LRC system for 

calculating the resistance (R), reactance (inductive reactance 

XL and capacitive reactance XC), so calculate the impedance 

(Z). The interface of the present measurement including the 

personal computer electrical bioimpedance meter interfacing, 

since during the measurement by the LCR, the measured data 
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is processed by the signal processing techniques and applying 

an algorithms and programs to measure and analyse the 

average bioimpedance of the healthy and carious teeth and 

their phase shift. The transmission of data from the 

bioimpedance meter to the computer was constructed 

according to the standard RS-232C interface, which is easy 

control and downloadable results to the PC. The proposed 

connection which is used to interface as shown in Table 1 is 

the RS-232C to connect to the USB converter. 

 

Table 1. PC to LCR analyser connections 

 
PC Pins Bioimpedance LCR-8110G Analyser Pins 

TxD (Pin2) RxD (Pin2) 

RxD (Pin3) TxD (Pin3) 

GND (Pin5) GND (Pin5) 

RTS (Pin7) RTS (Pin7) 

CTS (Pin8) CTS (Pin8) 

 

2.3 SEM and EDX experimental conditions 

 

Dentine specimens were fractured and analysed under 

scanning electron microscopy (Inspect S50 SEM) at a regular 

vacuum was used for the investigation to obtain high spatial 

resolution. Figure 4 depicts the SEM that used in this study 

which is a multi- use SEM with a tungsten light filament. The 

analysis performed by this SEM can do with high or low 

vacuum, which permits the imaging process without using 

any not conductive materials. Also, the SEM can map the 

crystalline alignment of the surface of the material. 

 

 
 

Figure 4. Inspect S50 SEM 

 

Accurate information on the distribution of elements in a 

small region requires high spatial resolution. A lot of effort 

was put into optimizing the SEM-EDX experimental 

parameters in order to improve the spatial resolution [22, 23]. 

An electron beam is focused on the specimen, and this 

produces the SEM-EDX results. There are a number of 

various signals that may be generated when incident 

electrons interact with atoms in a specimen [24, 25]. For 

example, secondary and backscattered electrons, and 

characteristic X-rays. When using the EDX technique, the 

spatial resolution is determined by the interaction volume's 

size, which is dependent on a number of different parameters, 

including the material's physical properties and instrument-

related parameters like density, atomic number, accelerating 

voltage, and electron beam size [26, 27]. 

Besides, The EDX spectroscopy (BRUKER, Germany) 

was employed to identify the chemical elements of healthy 

human teeth and carious as well. Moreover, it shows the 

different between them and the concentration of each element 

that present in both type of teeth [28, 29]. The present 

manuscript was written based on the most prominent rules 

and instructions for writing discreet international researches 

[30-32]. 

The measurement in the present SEM system in Ministry 

of Science and Technology is achieved by the following steps: 

(1) Apply high energy electrons as abeam of (11,200 eV) 

(2) Formulation the image by select a large focused area 

based on an appropriate lenses and optical elements, the 

selected area is 8 nm to reach the depth of 0.85 µm 

(3) Scanning the gun of the beam to all the surface of the 

teeth with difference magnification values (500, 200, 100, 50, 

10, 5, and 1 µm) to obtain the information of healthy and 

carious teeth surface in details. 

(4) Detect the response from the teeth by a detector of the 

system and from gathering these responses can formulate the 

corresponding image. 

(5) Display the image in the desirable form with 

determination of intensity, resolution, and brightness of an 

image which indicate the surface information and details [33-

35]. 
 

2.4 X-ray and imaging test 
 

The entry of radiology and X-ray technology into the 

world of dentistry is a very important in classifying healthy 

and carious teeth, diagnosing different dental conditions and 

the position of the tooth. The present X-ray test applied in the 

dental radiography equipment in Al- Karkh General Hospital 

which is shown in Figure 5 for the previous healthy and 

carious teeth. 
 

 
 

Figure 5. Dental radiography X-ray equipment (a) the 

overview of the system (b) central and X-ray controller (c) 

tube head and X-ray generator (d) dental X-ray unit 

specification 

 

 

3. RESULTS 

 

Electrochemical impedance spectroscopy has been shown 

to be a powerful approach for evaluating the electrical 

properties of dentine, but in order to yield relevant data, it 

requires thorough sample processing and experimental set-up. 

The average impedance and phase shift of two from the 

carious teeth are shown in Table 2. 
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Table 2. Impedance and phase shift values of carious teeth 

 
Frequency Hz AVG Impedance of Tooth 1 Ω Phase shift of Tooth 1 AVG Impedance of Tooth 2 Ω Phase shift of Tooth 2 

100 1.27E+5 -2.86 1.07E+5 -4.86 

1.11E+6 1.05E+3 -75.22 1.08E+3 -78.61 

2.22E+6 464.27 -76.32 7640.27 -78.94 

3.33E+6 317.2 -76.77 6170.2 -82.82 

4.44E+6 224.67 -75.9 4240.67 -84.30 

5.56E+6 177.36 -76.59 4770.36 -85.03 

6.67E+6 140.71 -76.21 3400.71 -85.20 

7.78E+6 115.52 -77.13 1450.52 -85.20 

8.89E+6 95.93 -78.27 1000.93 -85.03 

1.00E+7 82.567 -79.04 970.56 -84.52 

 
 

Figure 6. The real part of average impedance changes of 

carious teeth 

 
 

Figure 7. Imaginary part of the average impedance changes 

of carious teeth 

 

Figure 6 shows the real part of the average electrical 

impedance change of carious teeth. The results show that the 

impedance located in the range of (82.567 to 1.27E+05) Ω 

with increasing of the frequency for the range of (1.00E-02-

1.00E+07) Hz, and decreasing in the phase shift of the tooth. 

Figure 7 shows an imaginary part of the average change of 

electrical impedance of the carious teeth which represent the 

measuring electrode of the bioelectric impedance meter of 

carious tooth for ten sub- jects by the relation between the 

phase shift angle of the teeth and the frequency of the meter. 

In the other hand, Table 3 shows the average impedance and 

phase shift of some of healthy teeth. 

 

Table 3. Impedance and phase shift values of healthy teeth 

 
Frequency Hz AVG Impedance of Tooth 3 Ω Phase Shift of Tooth 3 AVG Impedance of Tooth 4 Ω Phase Shift of Tooth 4 

100 1.69E+6 -172.24 2.59E+6 -125.5 

1.11E+6 1.95E+5 -71.44 3.27E+5 -68.62 

2.22E+6 6.78E+4 -78.69 9.00E+4 -76.35 

3.33E+6 5.09E+4 -83.25 7.11E+4 -81.58 

4.44E+6 2.81E+4 -86.00 3.47E+4 -83.97 

5.56E+6 1.61E+4 -86.48 1.88E+4 -84.61 

6.67E+6 9.57E+3 -86.60 1.06E+4 -85.17 

7.78E+6 5.85E+3 86.47 6.30E+3 -85.20 

8.89E+6 3.63E+3 -86.02 3.83E+3 -85.02 

 

 
 

Figure 8. The average impedance changes of healthy teeth 

for real part 

 
 

Figure 9. The average impedance changes of healthy teeth 

for imaginary part 
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Figure 8 shows the real part of the healthy teeth. The 

results show the average impedance located in range of 

(3.63E+03 to 2.59E+06) Ω which are larger than the range of 

carious teeth. While the Figure 9 illustrates the imaginary 

part of the average impedance of the healthy teeth. With 

increasing the frequencies (1.00E-02-8.89E+06) Hz and 

decreasing in the phase shift. 

The SEM results of healthy tooth surface with different 

range of magnification (500 µm-5 µm) are shown in Figure 

10 which clearly shows the surface morphology of healthy 

tooth were very smooth and there is no wrinkles and holes 

appear on the surface. In contrast the SEM results of carious 

tooth were shown in Figure 11. The SEM surface 

morphology of carious tooth at different magnification show 

the surface has numerous of holes, grooves, and wrinkles due 

to the carious of tooth. 

The EDX analysis of tooth surface before and after carious 

are illustrated in Table 4 and Table 5, also shown in Figure 

12, and Figure 13 respectively. 

 

 
 

Figure 10. SEM image of healthy tooth at different 

magnification (a) at 500 µm, (b) at 200 µm, (c) at 100 µm, (d) 

at 50 µm, (e) at 20 µm, (f) at 10 µm (g) at 5 µm and (h) at 1 

µm 

 

 
 

Figure 11. SEM image of carious tooth at different 

magnification (a) at 500 µm, (b) at 200 µm, (c) at 100 µm, (d) 

at 50 µm, (e) at 20 µm, (f) at 10 µm (g) at 5 µm and (h) at 1 

µm 

 

Table 4. The measurement of the EDX test on the healthy teeth 

 
El AN Series unn. C [wt.%] C norm. [wt.%] C Atom. [at.%] C Error (1 Sigma) [wt.%] 

Sb 51 L-series 72.91 54.22 21.38 2.39 

Ca 20 K-series 30.00 22.31 26.73 1.07 

P 15 K-series 22.09 16.42 25.46 1.05 

C 6 K-series 8.59 6.39 25.53 4.16 

Cl 17 K-series 0.89 0.66 0.90 0.12 

 

Table 5. The measurement of the EDX test on the carious teeth 

 
El AN Series unn. C [wt.%] C norm. [wt.%] C Atom. [at.%] C Error (1 Sigma) [wt.%] 

Sb 51 L-series 59.72 48.81 21.38 2.39 

Ca 20 K-series 27.02 15.22 13.73 0.81 

P 15 K-series 22.09 2.1 4.46 0.56 

C 6 K-series 21.08 1.3 2.32 0.45 

Cl 17 K-series 2.03 0.99 1.90 0.17 

117



 

 
Figure 12. EDX spectrum of healthy tooth 

 

 
Figure 13. EDX spectrum of carious tooth 

 

In Figure 12, EDX of healthy tooth shows the 

concentrations of chemical elements, which contain 54.22% 

of Antimony (Sb), 22.31% of Calcium (Ca), 16.42% of 

Phosphorus (P), 6.39% of Carbon (C), and 0.66% of Chlorine 

(Cl) which confirm the chemical composition of tooth. In 

contrast, EDX analysis of carious tooth show in Figure 13, 

which contains 40.82% of Antimony (Sb), 16.27% of 

Calcium (Ca), 18.47% of Phosphorus (P), 15.23% of Carbon 

(C), 2.16% of Chlorine (Cl), 3.02% of Sodium (Na), 1.70% 

of Aluminum (Al), 1.39 of Magnesium (Mg), and 0.94% of 

Silicon (Si). In this case, the error can be determined by using 

the formula: 

 

Error(%) 3 100 3 100
N

N N


=  = 

 

(1) 

 

where, N is the X-ray counts number after background 

subtraction in the peak. Generally, the increasing N is, the 

decreasing the error in the EDX analysis. And 𝜎 = √𝑁. 

The X-ray imaging test for healthy and diseased teeth is a 

fast and painless way to get images of the tooth structure for 
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diagnosing issues with the jaw, mouth, or teeth. For the 

simple reason that a visual examination can't always reveal 

issues like cavities, tumours, bone loss, or hidden dental 

structures like wisdom teeth; X-ray scans can. Different 

densities of materials absorb X-rays to varying degrees as 

they travel through the tooth. Bone and metal, both of which 

are dense, seem white on X-ray pictures. It looks like the air 

within the lungs is dark. Muscle and fat show up as different 

colours of grey. Any physical measurement worth its salt will 

always be an average. 

A few examples of the healthy teeth are shown in Figure 

14. If a function f of one variable x describes the system's 

state, then the average of over a 2δ interval is: 

 

1
( )( ) ( )

2

x

x
M f x f y dy



 

+

−
= 

 
(2) 

 

 
 

Figure 14. The X-ray test of the healthy tooth 

 

 
 

Figure15. The X-ray test of the carious tooth 

 

 
 

Figure 16. The X-ray test of the bone resorption 

 

Tooth decay caused by acid produced by bacteria is known 

as carious teeth or dental caries. The buildup of bacterial 

debris and the subsequent development of caries are both 

caused by poor oral hygiene and the consumption of sugary 

foods and drinks. From yellow to black, there's a rainbow of 

possible cavity colours. Discomfort in eating and other 

related symptoms are possible. Tooth loss, inflammation of 

the tissues surrounding the tooth, infection, and abscess 

formation are all potential complications. 

Figure 15 demonstrates different types of caries. In the 

subgraph (a) of Figure 15, The presence of spaces and 

indentation between the teeth, which leads to the 

accumulation of foods and the formation of bacteria that led 

to tooth decay and pain in the gums. For subgraph (b) of 

Figure 15, this tooth requires orthodontics or extraction 

because its indentation causes latensification in the adjacent 

tooth, pain in the gums, and erosion in the external texture, 

while the teeth in subgraph (c) of Figure 15 represent 

proximal caries mesial four and distal caries. Subgraph (d) of 

Figure 15 illustrates evidence of bone formation and bone 

resorption and change in periodontal with association. 

In the other cases the X-ray test detect the bone resorption 

as in Figure 16 which demonstrates periodontics with lateral 

bone resorption caries on proximal surface of radiograph of 

mandibular teeth. 

One of the most significant factor effects on the 

interpretation of the image and the diagnosis is the density of 

the teeth. Density is different in human teeth and according to 

the age, it is certain that in children it is less dense, and in 

adults it is a higher and constant amount, and sometimes 

there is a slight discrepancy according to the size of the tooth. 

What determines the dark and light colours is the duration of 

the X-ray radiation the present duration in this study is 

between 0.6-0.8 depending on the patient's circumstances or 

the condition of the tooth. 

Also, another factor is the acidification period which is 

passing in three stages: Fixation, Cleaning, and Watering. 

Each stage has a specific time that is inversely proportional 

to the duration of the exposure that the film is exposed to it, 

that also gave us additional information about the reflection 

of rays from minerals such as the filling or orthodontic and 

the minerals of the tooth and the lack of its reflection in 

caries due to bacteria that feed on the ray-reflecting minerals. 

 

 

4. DISCUSSION 

 

This research consists of implementing a new method to 

diagnose the condition of teeth, whether they are healthy or 

decayed, through the use of electrical impedance, and it was 

compared with the traditional method through the use of a 

dental X-ray device. 

The current system consists of available components, is 

easy to use, is low in cost, is safe for the patient, can be easily 

navigated, and its results are accurate through testing it on 

several patients and comparing it with other traditional 

methods, and by consulting a group of dentists. The 

discussion also clarified the reasons for using the frequency 

ranges shown in the research due to their effective effect on 

the teeth and the possibility of recording the response of the 

teeth and diagnosing their condition. This method was used 

because it is safe for the patient and radiation-free. 

Applying other dental tests to obtain other conclusions. In 

the future, it is possible to increase the number of samples 

and apply different statistical methods. Packaging the device 

and trying to market it. Submitting an international patent 

using the current system. 

 

 

5. CONCLUSIONS 

 

In this work, the electrical impedance analyser was used to 

measure the impedance changes of different teeth with and 
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without carious over a wide range of frequency, since the 

average electrical impedance change of healthy teeth is larger 

than the electrical impedance of the carious teeth with the 

increasing in the wide range of frequencies and decreasing of 

the phase shift of the tooth. Further investigations including 

measurements or simulations of dental tissues are expected to 

benefit from use of electrical impedance analyser. 

The SEM test also used for studying and scanning the 

surface morphology and characteristics of teeth. The surface 

of healthy teeth was very smooth in contrast with the surface 

of carious teeth which show a number of holes and grooves. 

The EDX applied to test and analysed the teeth. The number 

of chemical elements that found in healthy tooth is lower 

than of element that found carious tooth. There are some 

common elements between healthy and carious teeth, such as 

antimony, calcium, phosphorous, carbon, and Chlorine. The 

antimony and calcium percentage in healthy teeth is larger 

than in carious teeth, while the percentage of phosphorous, 

carbon, and Chlorine is lower. In the carious teeth there are 

additional elements that are not found in healthy teeth such as, 

Sodium, Aluminium, Magnesium, and Silicon. 

As for the X-ray images measurements which are taken for 

samples of the teeth, they are important to indicate the 

condition of the tooth and its position, whether it is healthy, 

carious or bone resorption. The discrepancy in the colour of 

the images is due to on the radiographs, the teeth appear in a 

lighter colour than the surrounding tissues due to their 

resistance to penetration of rays, and the presence of any 

cavities or carious in the teeth will appear in the images in a 

different dark colour due to the low density of that material. 

As future work, we will increase the number of samples 

for different cases in order to apply advanced methods and 

statistics. 
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