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Terahertz imaging offers significant potential for the early detection of 
skin cancer. This study introduces a metamaterial unit cell designed to 
operate in the terahertz (THz) band for non-invasive contact-based 
skin cancer detection. The sensor relies exclusively on the reflection 
coefficient response, providing high sensitivity to subtle changes in 
tissue properties without requiring complex signal processing. This 
simplicity may result in a cost-effective and straightforward 
implementation for early cancer detection. Simulations were 
conducted using 3D models representing various skin types, including 
normal skin, basal cell carcinoma (BCC), and melanoma. The dielectric 
characteristics of the samples were determined using the Double Debye 
model. The simulations revealed that the metamaterial design 
exhibited double negative material properties at a specific frequency of 
1.15 THz. Upon skin contact and detection of malignancy, the reflection 
coefficient showed a shift toward lower frequencies. Notably, the 
melanoma sample exhibited the most significant shift, indicating a 
more severe form of cancer compared to BCC. Furthermore, it was 
observed that the difference in resonance frequencies between normal 
and malignant skin increased with the thickness of the sample. The 
sensor demonstrated high sensitivity in detecting cancer thickness, 
with a sensitivity of 9.25 GHz/µm for basal cell carcinoma (BCC) and 
10.2 GHz/µm for melanoma. Furthermore, linear regression analysis 
revealed a robust correlation between the resonance frequency and the 
variation in cancer thickness, with R2 values of 0.9948 and 0.9947 for 
BCC and melanoma, respectively. These findings underscore the 
sensor's ability to detect skin cancer at its earliest stages, regardless of 
its severity. 
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1. Introduction 
Modern lifestyles have increased persons' vulnerability to serious illnesses, demanding early diagnosis. Cancer is 
a significant health issue in Malaysia, with more than 200 different forms. Regrettably, more than 50% of patients 
are diagnosed at the advanced stage [1]. The delay in treatment is associated with both expensive expenses and 
demanding therapeutic interventions [2]. Skin cancer, which is caused by continuous exposure to ultraviolet (UV) 
radiation and is characterised by an abnormal growth of skin cells, can be classified into three main categories: 
basal cell carcinoma (BCC), squamous cell carcinoma (SCC), and cutaneous malignant melanoma (CMM) [3]. A 
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conventional diagnostic method consists of performing a biopsy, which requires using anaesthesia to numb the 
skin and surgically removing a potentially abnormal tissue sample, which is then subjected to laboratory analysis 
[4]. Nevertheless, this approach is invasive and requires a significant amount of time. 

Within the field of Systems Biology, researchers have recently put forth several mechanistic models aimed at 
comprehending and controlling the biochemical and biophysical elements of skin cancer [5]. In contrast, 
biosensors, which are small, easy to use, and can be carried around, provide a practical method for detecting skin 
cancer. Biosensors provide convenient and effective real-time monitoring without necessitating the use of 
labelling. Terahertz (THz) frequency-based biosensors have made significant advancements in the development 
of advanced sensing technology. The frequency range from 0.1 THz to 10 THz offers photons with low energy 
levels and strong penetrating capabilities [6]. Furthermore, this frequency spectrum corresponds to the 
vibrational energy levels seen in several biomacromolecules. The distinctive characteristics of THz waves have 
created opportunities for in-vivo medical imaging and diagnostics. However, the direct detection of trace-level 
chemicals at THz frequencies is difficult because water molecules have a significant tendency to absorb these 
frequencies [6]. To overcome this obstacle, one can utilise metamaterials (MMs) to enhance the electromagnetic 
field [7], [8]. 

It is crucial to acknowledge that THz frequencies cause no harm to living cells or the human body because of 
their low energy levels. Moreover, the THz band contains the rotational and vibrational energy levels of several 
polar chemicals and macromolecules found in biological systems. The ability to analyse and identify biological 
tissues can be enhanced using this characteristic [9]. Tumours typically exhibit more water content in comparison 
to healthy tissues, leading to substantial absorption of THz waves. As a result, tumours can be identified by 
analysing their unique THz absorption spectra [10]. Several recent studies have presented a variety of sensors 
based on metamaterials to detect cancer [11-14]. An example is the Terahertz (THz) Metamaterial (MM) 
suggested in reference [15], which achieves a 99% absorption rate at a frequency of 3.71 THz. Reference [16] 
proposed an alternative sensor consisting of two hexagonal gold layers stacked in loops, which achieved a 
remarkable absorption rate of 99.9% at a frequency of 3.15 THz. In [17], a very sensitive triple-band biosensor 
based on metamaterials was presented for detecting different forms of cancer. The sensor employed a polyimide 
dielectric layer with a gold patch and full grounding on its lower surface. The analyte sample filled the metallic 
patch, resulting in numerous resonances. In addition, a new technique for detecting skin cancer was suggested in 
reference [18], which utilises a semiconductor film and water-based terahertz MM to achieve increased 
sensitivity. The technique of utilising terahertz pulse imaging in a reflection geometry was applied to accurately 
detect and identify skin-related cancers. Azizi et al. [19] proposed a simplified method for early diagnosis of skin 
cancer by integrating split ring resonators (SRRs) into the central region of the T-shaped prototype line. The SRR 
enhanced the strength of the electric field, but the gaps mostly contributed to the capacitance and clustering of 
the electric field. 

However, most of the past studies have concentrated on predetermined sample sizes or consistent sample 
volumes, which frequently exhibit variations in real-world scenarios. Our paper presents a novel resonator that 
utilises THz metamaterials to detect the two prevalent types of skin cancer at an early stage. We analyse the 
characteristics of basal cell carcinoma (BCC) and melanoma by utilising second-order Debye dielectric properties. 
Crucially, our methodology considers both the thickness and location of the tumour, which helps in accurately 
identifying where the tumour is and assessing the severity of the cancer. This metamaterial sensor utilises direct 
contact with the sample to minimise reflections and impedance mismatches between the sensor and the skin. Our 
metamaterial sensor operates in the THz frequency range and can detect skin cancer during its initial phases. This 
new sensor is expected to have substantial lateral sensitivity in the THz frequency range, enabling it to distinguish 
between healthy and malignant skin properties. 

2. Method 
The sensor design proposed is shown in Figure 1, which was modelled and simulated using the 3D EM analysis 

software package, CST Microwave Studio Suite. The design is based on a square-shaped slot with two square 
patches inside it. As seen in the layered view (Figure 1 (b)), the sensor has a dual-layer construction that 
incorporates gold and polyimide materials with a unit cell area is 0.22 mm2. Gold is used as a metallic part and 
polyimide with a dielectric constant (ε) of 3.5 is used as the substrate part. The thickness of the polyimide 
substrate, (h) and gold patch, (t), is 15 µm and 1 µm, respectively. The dimensions of the unit cell are given in Table 
1. Figure 2 shows the reflection coefficient (S11) response of the design. The resonance of the design is realised at 
1150 GHz with a magnitude of -15 dB. This technique allows for the non-invasive detection of malignant skin cells 
with just one port, increasing sensitivity in the detection of changes in the reflection coefficient without the need 
for a second port. It is assumed that the unit cell acts as a metamaterial if it represents negative permeability (µ) 
and negative permittivity (ε). The permittivity and permeability of the unit cell were extracted using the Numerical 
Robust Method (NRM) [20]. As illustrated in Figure 3, the constitutive parameters of MM are viewed as negative at 
the resonance frequency of 1150 GHz, hence the unit cell shows double negative MM characteristics. 
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(a) (b) (c) 
 
Fig. 1 Metamaterial design and simulation setup (a) front view of a unit cell; (b) layered view: top with skin sample; 

(c) the simulation setup 

Table 1 Dimensions of the design 
Label Value (µm) 

W 25 
L 25 
a 150 
t 1 
h 15 

 

 

Fig. 2 Resonance frequency of the MM design 

 

Fig. 3 Extracted constitutive parameters of the designed unit cell 
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Subsequently, the surface of the metamaterial is investigated along with its interaction with the skin sample. 
The electric and magnetic field distributions, with and without a skin sample, are illustrated in Figures 4 and 5, 
respectively. In Figure 4(a), the electric field strength is measured to be 3.8 V/m when there is no contact between 
the skin and the electric field. Conversely, Figure 4(b) demonstrates that the electric field intensity decreases to 
3.13105 V/m upon contact with the skin. The primary regions where the electric field distributions are 
concentrated are the upper and lower gaps between the two square patches of the sensor. Figure 5(a) displays 
the H-field distributions, with the square patches' boundaries exhibiting the most strong magnetic field, 
measuring approximately 1070 A/m. When the skin makes contact with the sensor's surface, the H-field decreases 
to a maximum value of 969 A/m. 
 

    
                      (a) (b) 

Fig. 4 E-field distributions (a) without skin; (b) with skin 

 

    
        (a) (b) 

Fig. 5 H-field distributions (a) Without skin; (b) With skin 

The designing of the sensor of high sensitivity which can identify various skin cancer cell types (such as BCC and 
CMM) at various thicknesses of skin tumours is the main contribution of this study. Near field electromagnetic (EM) 
waves are essential to the system's operation. A portion of the signal travels through the skin as a result of the 
produced THz waves passing through the sensor design, with the remaining power being reflected via the design. 
Resonance frequency and amplitude of the reflected signal provide important information about the extent of 
tumour spreading through skin. This study examines the fluctuation in resonance frequency in the case of 
malignant cells, namely BCC and CMM, in a normal skin sample. 

3. Skin Cancer Detection 
Complicated conductivity or permittivity measurements must be used to correctly depict the properties of any 
substance in EM simulations [21]. The double Debye model may be used to predict human skin's dielectric 
behaviour in the THz frequency range, according to [22]. The Double Debye model is based on two relaxation values 
that illustrate accurately how an applied electric field affects water molecules [23]. This study focuses on the 
phenomenon of the interaction between water molecules in the skin and terahertz radiation. The Double Debye 
model, as described in equation (1), may be used to characterize the complex dielectric variables in the THz band. 
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𝜀𝜀(𝜔𝜔) = 𝜀𝜀∞ +
𝜀𝜀𝑠𝑠 − 𝜀𝜀2

1 + 𝑖𝑖𝜔𝜔𝑖𝑖1
+
𝜀𝜀2 − 𝜀𝜀∞

1 + 𝑖𝑖𝜔𝜔𝑖𝑖2
 (1) 

In this case, εs denotes static permittivity, ε∞ denotes the permittivity at highest frequency, ε2 denotes the 
intermediate frequency limit, 𝜏𝜏1 denotes slow relaxation frequency, and 𝜏𝜏2 denotes rapid relaxation frequency [18]. 
Pickwell's [24] well-known Double Debye features of BCC is employed in this analysis. While the criteria for normal 
skin were taken from [21], the parameters for melanoma were taken from [25]. The Double Debye parameters for 
normal skin, BCC, and melanoma that were simulated are summarized in Table 2.  

Table 2 Double Debye parameters of normal skin, BCC and melanoma 
Sample ε∞ εs ε2 𝜏𝜏1(PS) 𝜏𝜏2 (ps) 

Normal Skin 3.4 25 5 7 1 
BCC 4.2 40 6.2 10 1 
Melanoma 4.3 58 4.6 5 0.49 

 
3D portrayal in Figure 6 offers a comprehensive depiction of many cancer kinds, revealing the disease's 

concealed growth beneath the skin, particularly in its early stages when symptoms are not readily noticeable. This 
work proposes a skin model with a concealed layer of cancer at various levels to address this challenge. After that, 
simulations are run, with a focus on various cancer thicknesses, to help with early cancer identification. The 
outcomes of the simulation for the emergence of basal cell carcinoma (BCC) are shown in Figure 7. Situations 
without BCC, which show normal skin of the same thickness, are illustrated by dotted lines, whereas findings for 
BCC are shown by solid lines. A comparative analysis is carried out to investigate the distinctions between skin 
cancer and healthy skin. Notably, as the thickness of the BCC layer increases, the resonance shifts towards lower 
frequencies. This is illustrated by a frequency shift that occurs as the BCC thickness changes from 10 µm to 50 µm, 
from 914 GHz to 579 GHz. 

When melanoma is present, Figure 8 shows a more noticeable shift in resonance frequency than when BCC is 
present. The graphic uses a consistent depiction, with dotted lines representing normal skin results and solid lines 
indicating melanoma discoveries. When melanoma thickness increases from 10 µm to 50 µm, resonance shifts to 
lower frequencies from 900 GHz to 558 GHz. The greater alteration is attributed to melanoma's disruptive effect 
on the skin's dielectric properties. Double Debye analysis immediately observes magnified resonance shifts due to 
increased dielectric disturbances caused by melanoma. Furthermore, melanoma is associated with a permanent 
change in resonant frequency that is reminiscent of basal cell carcinoma (BCC). As sample thickness grows, the 
frequency resonance decreases more sharply, demonstrating our sensor's capacity to precisely identify and 
quantify the extent of skin cancer using fine-grained THz imaging. 

 

   
(a) (b) (c) 

 
Fig. 6 Samples considered in this study (a) Normal skin; (b) BCC; (c) Melanoma [26] 
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Fig. 7 S11 at different thicknesses of BCC (___) and normal skin (---) 

 

Fig. 8 S11 at different thicknesses of melanoma (__) and normal skin (---) 

4. Analysis and Discussion 
This part does a sensitivity study of the sensor. Analysing the sensitivity of the MM sensor is crucial to determining 
its ability to detect malignant cells in the skin. The sensitivity was estimated using equation (2). 
 

𝑆𝑆 = ∆𝑓𝑓 ∆𝑡𝑡⁄  (2) 
 

The sensor's sensitivity (S) is characterized by the ratio of the shift in frequency (∆f) to the change in thickness 
(∆t) of the malignant cell, given as S = ∆f/∆t. In our investigation, the sensor showed a sensitivity of 8.365 GHz per 
micron for basal cell carcinoma (BCC) and 8.558 GHz per micron for melanoma. Compared to BCC, the sensor 
notably shows a greater intensity in melanoma detection. Even with a maximum malignant cell thickness of 25 µm 
(depending on real-world variances), the sensor can still identify skin cancer samples with higher thicknesses. 

Resonance frequency was treated as the independent variable and skin cancer thickness as the dependent 
variable in a linear regression analysis used to further analyse the data. Practitioners can estimate the depth of skin 
cancer growth with the use of this analytical method. With an R2 value of 0.9987, Figure 9 shows how well the linear 
regression model predicts BCC thickness. Similarly, the prediction performance of the proposed sensor for 
melanoma thickness, provides an R2 value of 0.9981. The exceptionally high R2 values highlight the sensor's 
remarkable efficacy in early cancer detection by confirming the linearity of the resonance shift concerning 
variations in the thickness of malignant cells. 
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Fig. 9 Linear regression applied to the results obtained from the sensor 

5. Conclusion 
In summary, we present a novel miniaturised biosensor that operates within the THz frequency range and exhibits 
significant promise for the early detection of skin cancer. To better understand the use of THz imaging for 
detecting skin cancer, we simulate how THz radiation interacts with both cancerous and healthy skin tissues. The 
sensor's high sensitivity to polar molecules, particularly water, makes it highly useful for cancer detection, 
considering the association between elevated amounts of water molecules in the skin and the progression of 
cancer. The proposed sensor enables the non-intrusive evaluation of skin samples that come into contact with it, 
thanks to its unique single-port configuration. The objective of this study was to examine the differences between 
healthy and malignant skin in two common kinds of skin cancer: melanoma and basal cell carcinoma. The sensor 
demonstrates a linear response to changes in resonance frequency corresponding to variations in sample 
thickness, implying its potential for measuring thicknesses beyond the scope of this investigation. The utilisation 
of the linear regression method, as a reliable analytical instrument, proves advantageous in evaluating the severity 
of cancer. The sensor, which has been specifically built, evaluates the varying thicknesses of cancerous cells and 
exhibits exceptional efficacy in assessing the range of cancer severity, encompassing both mild and more serious 
conditions. The results emphasise the sensor's capacity to transform skin cancer monitoring and early detection, 
creating a significant opportunity to enhance patient outcomes and medical analysis. 
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