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The aim of this thesis is to develop an accurate measurement technique for sodium-ion 

concentration in dermis layer using time-constant-domain electrical impedance spectroscopy (TCD-

EIS). The aim is achieved by a series of systematic steps of the following objectives: 1) Sodium-ion 

concentration extraction in the dermis layer by time-constant-domain electrical impedance 

spectroscopy (TCD-EIS) with dermis separation model (DSM); 2) Skin layer classification in 

conductivity changes by source indicator trained from feedforward neural network in bioelectrical 

impedance spectroscopy; 3) Free and bound sodium identification in human skin model by skin 

dielectric properties separation algorithm of bioelectrical impedance spectroscopy (spa-BIS). The 

details of present study explained in this thesis can be summarized as follow: 

 

Chapter 1 
This chapter has highlighted the significance of sodium-ion concentration in the skin and its 

association with various skin diseases [1] and systemic disorders [2]. The measurement of each skin 

layer and identifying free and bound sodium in the skin offer valuable insights into sodium storage, 

regulation, and potential treatment targets. Sodium-magnetic resonance imaging (23Na-MRI) is 

commonly used in-situ to measure sodium-ion concentration in the dermis layer of the skin [3]. 

However, its limitations have led researchers to explore other methods, including bioelectrical 

impedance spectroscopy (BIS), which is non-invasive, fast, inexpensive, and portable [4]. BIS can 

overcome the limitation of considering skin as a bulk instead of layer composition, but careful 

consideration and standardization of testing settings are crucial for accurate and reliable results. 

Furthermore, accurately determining the electrical properties of each skin layer using BIS can be 

challenging.  

 

Chapter 2 
The chapter discusses the drawbacks of using Electrical Impedance Spectroscopy (EIS) in the 

measurement of sodium-ion concentrations. One solution to this is using time-constant-domain 

electrical impedance spectroscopy (TCD-EIS) based on the distribution of relaxation times (DRT) [5], 

which is a method that can be used to obtain more accurate results in the measurement of sodium-ion 

concentrations. DRT allows for the characterization of complex systems with multiple relaxation 

processes [6], which is particularly useful for electrolyte systems [7]. Thus, TCD-EIS can be a viable 

solution for the measurement of sodium-ion concentrations. 

 

Chapter 3 
This chapter focuses on identifying free and bound sodium characteristics based on phantom 

skin fabrication and the skin dielectric properties separation algorithm of electrical impedance 

spectroscopy (spa-BIS). The spa-BIS is developed through three stages: 1) conductivity-permittivity 
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conversion [8], 2) contact impedance compensation [9], and 3) a correlation score algorithm based on 

a bipolar circle electrode, as shown in Figure 1. Figure 2 shows that the algorithm successfully 

identifies sodium type: free sodium has a positive, and bound sodium has a negative correlation score 

trend. The study demonstrates that spa-BIS has a prominent performance to replace 23Na-MRI in 

terms of free and bound sodium identification. 

 
Figure 1. Correlation scoring algorithm based on spa-BIS 

 

Figure 2. Correlation score between free and bound sodium 

 

Chapter 4 
This chapter focuses on developing a technique to measure sodium-ion concentration in the 

dermis layer of porcine skin using TCD-EIS with DSM. This technique involves three stages: dermis 

separation formulation, numerical optimizations, and dermis relaxation times with radial base function 

[10], as shown by Figure 3. The optimized TCD-EIS with DSM is then applied to porcine skin under 

various conditions, and both simulation and experimental results show that the normalized distribution 
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function of the dermis decreases with the increase of sodium-ion concentration, revealing the sodium-

ion concentration in the dermis layer. 

 

Figure 3. Conceptual figure of TCD-EIS with DSM 

 

Chapter 5 
This chapter presents a method to classify skin layers based on conductivity change using 

bioelectrical impedance spectroscopy (BIS) and a feedforward neural network (FNN). The study 

involved developing four impedance input profiles [11] and selecting frequency pairs using 

distribution of relaxation time (DRT), as shown by Figure 4. The FNN was trained using numerical 

simulations and validated through BIS experiments with porcine skin [12]. The proposed method 

successfully classified conductivity changes in the dermis layer with high accuracy, and the selected 

frequency pair based on DRT minimized measurement noise and systematic error. 
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Figure 4. Schematic flow of skin layer classification of conductivity change 

Chapter 6 
This chapter presents another application of planar sensors in industrial applications. The 

copper (Cu) particles have been detected among significant aluminum (Al) particles in a wet-type 

gravity vibration separator utilizing an integration of generative adversarial network and electrical 

impedance tomography (GAN-EIT) [13]. GAN-EIT generates two kinds of images of different Cu 

positions among significant Al particles, which are 1) the photo-based GAN-EIT images, and 2) the 

simulation-based GAN-EIT images. In static conditions, the proposed GAN-EIT is utilized to evaluate 

the performance of the metal detection method with different positions of Cu particles. In conclusion, 

the results showed that the GAN model successfully enhanced the EIT images, resulting in more 

feasible images for distinguishing between the different Cu positions. 

In summary, three different studies aimed to extract and identify sodium-ion concentration in 

the dermis layer of the skin. The first study employed a skin dielectric properties separation algorithm 

called spa-BIS. The second study used TCD-EIS with DSM, while the third study utilized skin layer 

classification in conductivity changes through feedforward neural network in bioelectrical impedance 

spectroscopy. All three studies showed promising results in accurately identifying and classifying 

sodium-ion concentration in the dermis layer of the skin. These findings could be useful for improving 

the diagnosis and treatment of skin diseases and for gaining a better understanding of skin 

pathophysiology. Another study conducted to apply planar sensor in industrial applications. 
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