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This paper presents a high-sensitivity terahertz (THz) metamaterial 
absorber engineered for early-stage detection of skin and breast 
cancers using a full-wave simulation approach. The proposed sensor 
employs a hybrid square-ring geometry, achieving a base absorption 
rate of 51% in the unloaded state. Upon dielectric loading with 
biological samples, the absorption rate significantly increases up to 
99% for melanoma tissue and 98% for normal breast tissue. Dielectric 
properties of biological samples were modelled using the Double 
Debye model, enabling realistic simulation of tissue-specific spectral 
responses. The sensor exhibits measurable resonance frequency shifts 
up to 48 GHz between normal and malignant samples with peak 
sensitivity values of 5.2 GHz/µm for melanoma, 3.7 GHz/µm for basal 
cell carcinoma, and 1.7 GHz/µm for breast cancer. These shifts show a 
linear dependence on sample thickness, highlighting the potential for 
severity assessment. The findings establish a simulation-based 
foundation for non-invasive, label-free THz diagnostic systems with 
promising prospects for future clinical transformations. 

Keywords 
Metamaterial, absorber, cancer, THz, 
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1. Introduction 
Early and accurate disease detection remains a critical challenge, as conventional diagnostic methods are often 
limited by delays and inaccuracies, underscoring the need for advanced sensing technologies [1]. Similarly, the 
incorporation of intelligent healthcare solutions, such as Internet of Things (IoT) and Artificial Intelligence (AI) 
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systems has been emphasised as a revolutionary route to ongoing observation and prompt action, especially in 
applications like the detection of skin and breast cancer [2]. In this regard, Terahertz (THz) technology, operating 
within the 0.1 to 10 THz frequency range, has emerged as an innovative improvement in imaging and sensing. 
Positioned between the infrared and microwave frequency bands, this technology has gained significant attention 
due to its unique capabilities. With the expansion of its applicability to various fields, such as biomedical imaging 
[3], security and surveillance [4], and tomography [5], THz technology has become an intriguing field. One of the 
primary advantages of the THz band lies in its non-ionizing nature and its ability to penetrate dielectric materials 
to substantial depths [6]– [8], making it highly suitable for non-destructive analysis in biomedical applications [9]. 
Additionally, the higher spatial resolution offered by THz frequencies surpasses that of ultrasound and microwave 
technologies [10], further enhancing its potential utility. THz technology has already resulted in groundbreaking 
advances in cancer diagnosis [11]. Its low-wavelength nature enables the detection of subtle cellular variations 
caused by cancer, introducing a novel and potent modality of medical imaging [12]. The author in [13] has 
presented the preliminary potential of THz imaging for cancer detection and hence was supported by many 
researches on various types of cancer. Notably, THz pulsed imaging can precisely delineate the margin of ex-vivo 
unstained breast tumours as demonstrated in [14]. Furthermore, the development of a highly sensitive THz nano-
biosensor has further demonstrated the technology's promise in detecting cancer cells, highlighting its 
considerable potential [15]. 

While significant progress has been made, challenges remain, particularly in maintaining sensitivity when 
analysing samples smaller than 100 nm which dimensions below the wavelength of the THz band [16]. Several 
recent studies have investigated related THz-based sensing and resonator approaches [3], [12], [17], providing 
important context for the present work. To overcome this, researchers have focused on THz biosensors 
incorporating metamaterials (MMs), which offer unprecedented sensitivity in biomolecular detection, particularly 
for cancer diagnostics. MMs, known for their unique physical properties such as super absorption, 
electromagnetic stealth, and negative refractive index [18], [19], have expanded the possibilities of THz sensors 
in biomedical applications. MM-based THz split-ring resonators (SRRs) are among the sensitive devices in 
detecting viruses from small to low-density species [7]. Furthermore, THz technology has been investigated for 
application in the detection of cancer such as water-based metamaterials to detect skin tumours (in-vivo) [20]. 
The THz spectrum is very sensitive to water’s changes content, and because the cancerous tissues usually show 
higher water contents than normal tissue it makes this spectrum particularly effective. Previous experimental 
studies have confirmed that cancer tissues can be detected on an MM-based THz sensor and would cause 
resonance frequency shifts due to the loading of substances covering the sensor surface [21]. Another highly 
sensitive MM THz-based sensor was proposed in [22]. The resonator sensor with a double corrugation structure 
was developed to improve the performance in both terms of Q-factor and sensitivity. Furthermore, this innovative 
method allowed the sensor to identify an analyte even when it had greater thickness effectively. In recent years, 
these efforts have yielded further improvements in THz cancer detection. Novel MM-based absorbers have been 
developed, achieving high Q-factors and exceptional sensitivity in analyte thickness measurements [23]. These 
absorbers have demonstrated near-perfect absorptivity, emphasizing their potential for early cancer detection, 
particularly for breast cancer [24]. 

Building on these advancements, this study aims to design a THz metamaterial absorber capable of detecting 
both skin and breast cancers. A circular, hollow square–shaped hybrid design is proposed in this paper for the 
early detection of skin and breast cancer. The dielectric properties of skin and breast cancer tissues are modelled 
using the double-Debye model. A detailed investigation of the THz absorber-based metamaterial sensor is 
presented, including its design evolution and parametric study. Furthermore, an equivalent circuit analysis of the 
design is conducted. The proposed design achieves an absorption peak of 51% at 1.61 THz in the absence of a 
sample. However, the sensor is optimized in the presence of a dielectric sample, resulting in a significantly 
enhanced absorption peak of 92% at 1.475 THz when a normal skin sample is introduced. This improved 
performance demonstrates the potential of THz metamaterial absorbers in developing cancer detection. 

2. Methodology 
The design and analysis of the electromagnetic (EM) wave responses in this study were conducted using CST 
Studio, a leading software for EM field analysis. The simulations were carried out using the Frequency Domain 
Solver, which utilizes the Finite Element Method (FEM)—an approach particularly well-suited for high-frequency 
applications and resonant structures. Fig. 1 depicts the boundary conditions applied to the metamaterial (MM) 
absorber. In this configuration, EM waves with an electric field aligned along the y-axis and a magnetic field along 
the x-axis are incident on the absorber from Port 1 along the z-axis. To evaluate the absorber’s performance, the 
scattering parameters (S11 and S21) were analysed, which are crucial for calculating the absorption, A = 1 – T – R, 
where T is the squared magnitude of S21, and R is the squared magnitude of S11 [25]. 
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Fig. 1 Simulation setup of the proposed THz metamaterial resonator [24] 

The design process for the proposed metamaterial absorber, particularly with the presence of a sample, was 
conducted in four distinct phases, as depicted in Fig. 2. The corresponding absorption properties are presented in 
Fig. 3. In the initial phase, a fundamental metamaterial absorber with a circular-shaped geometry was developed, 
as illustrated in Fig. 2(a). However, this design exhibited a relatively low absorption efficiency. To enhance the 
performance, a square patch was subsequently investigated, as shown in Fig. 2(b), which resulted in slightly 
improved absorption rate of 40%. Later, the square patch was converted into a hollow square ring (Fig. 2(c)), this 
resulted in an absorption rate of up to 80%. In the end, the combination of the circular shape and the square ring 
geometries, as depicted in Fig. 2(d), led to a significant enhancement in absorption, achieving a rate of 92%. The 
absorber’s design features a circular structure enclosed within a square, meticulously constructed to induce 
electric and magnetic dipoles that generate destructive interference, thereby minimizing the reradiation of EM 
waves. This configuration assumes that the MM material is characterized by high ohmic losses, leading to the 
dissipation of EM energy as heat. The EM characteristics of the absorber are primarily governed by its geometric 
properties, including the diameter (d), outer length (lo), inner length (li), and the gap (g) between the circular and 
square shapes. A schematic of the analysed absorber is presented in Fig. 4. 

 

    
(a) (b) (c) (d) 

Fig. 2 Design evolution of the proposed absorber (a) Initial circular patch design (Design 1); (b) Improved square 
patch (Design 2); (c) Hollow square-ring geometry (Design 3); (d) Final hybrid design combining circular and 

hollow square-ring geometry 

 

Fig. 3 Absorption spectra of the absorber through its design evolution 
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Fig. 4 Schematic of the final absorber design 

Subsequently, the dimensions of both the square and ring geometries, along with the spacing between them, 
were optimized to identify the most critical parameters affecting the absorber's efficiency. Fig. 5(a) illustrates the 
effect of varying the diameter (d) on the absorption characteristics. Adjustments in the diameter from 23 µm to 
27 µm resulted in a noticeable change in the absorption magnitude, while the operating frequency remained 
relatively stable. This stability is particularly crucial for applications in skin cancer detection. At a diameter of 23 
µm, the absorption value was recorded at 0.88 at a frequency of 1.475 THz. An increase in diameter to 27 µm 
resulted in an absorption value of 0.96, accompanied by a minor frequency shift. At this larger diameter, the 
absorption peaked at 0.974 at a frequency of 1.767 THz. Conversely, varying the outer length (lo) from 33 µm to 
37 µm induced a significant shift in the operating frequency, as demonstrated in Fig. 5(b). An increase in lo caused 
the absorption peak to shift towards lower frequencies. Specifically, at a length of 33 µm, an absorption peak was 
observed at a frequency of 1.57 THz, with an intensity of 0.95. While the absorption magnitude remained 
consistent, the frequency shifted towards the lower spectrum as the outer length increased to 35 µm and 37 µm. 

 

  
(a) (b) 

Fig. 5 Effect of geometric variation on absorption characteristics (a) Increasing the circular diameter, d; (b) 
Increasing outer length, lo 

The optimised dimensions of the absorber design are detailed in Table 1. The unit cell of the proposed 
absorber consists of a polyimide as a substrate with a dielectric permittivity (ε) of 3.5, and a gold layer of 1 µm 
thickness with electrical conductivity of 4.561×107 S/m. Fig. 6 depicts the reflection coefficient (S11) in dB, along 
with the absorption profile of the designed absorber. By employing the LC equivalent circuit model, the resonance 
frequency of the designed MM absorber was determined using (1) [17]. As illustrated in Fig. 6, the design achieves 
its highest absorption at 1.6 THz, with an absorption magnitude of 0.513. 

    

𝑓𝑓 =
1

2𝜋𝜋�𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒
              

(1) 
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where Leff is the effective inductance of the design, which is mainly contributed by the square shape and the 
circular resonator, whereas Ceff is the effective capacitance contributed by the gap between the circular resonator 
and the squared enclosure. Fig. 7(a) represents the RLC equivalent circuit model for the designed absorber with 
two segments, one representing the square ring in the design and other representing the circular patch inside the 
square ring. The capacitor (C3) between the two segments works as the coupling or model interaction between 
two segments. Fig. 7(a) draws the comparison of the reflection coefficients obtained from CST Studio and the 
Advanced Design System (ADS). It can be seen that the RLC values obtained from ADS as shown in Fig. 7(a) achieve 
very high matching with the results obtained from CST. 

Table 1 Optimized dimensions of the designed absorber 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 6 Absorption and reflection characteristic of the proposed THz MM absorber in the unloaded condition. 
(without biological sample) 

  

(a) (b) 

Fig. 7 (a) RLC equivalent circuit model representing the absorber’s electromagnetic behavior, where square-ring 
and circular elements are modelled as coupled resonators; 

(b) Comparison between simulated and circuit-modelled reflection coefficients from CST and ADS, respectively 

For the simulation of skin samples, the well-known Double Debye model was employed. Previous research 
has validated the use of the Double Debye theory in predicting the human skin’s dielectric response in THz 

Dimension Value (µm) 

a 75 
h 10 
lo 35 
li 28 
d 25 
g 1.5 
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frequencies [26]. This approach hinges on the interaction of THz radiations with the human skin’s water 
molecules. The Double Debye model features two relaxation processes that describe how the external electric field 
affects these water molecules. Natural tetrahedral structures of water molecules when exposed to incident T-rays 
are reoriented by the breakage and reformation of multiple hydrogen bonds besides central water molecules in 
the slow relaxation process [27]. This process typically occurs on the scale of picoseconds. In contrast, another 
relaxation process (fast relaxation) represents the reorientation of the central water molecule. The Double Debye 
model utilized for modelling dielectric properties of human skin is given in (2) [24]. 

 
 

𝜀𝜀𝑟𝑟(𝜔𝜔) =
𝜀𝜀𝑠𝑠 − 𝜀𝜀2

1 + 𝑗𝑗𝑗𝑗𝜏𝜏1
+

𝜀𝜀2 − 𝜀𝜀∞
1 + 𝑗𝑗𝑗𝑗𝜏𝜏2

 

 

 
(2) 
 

Here ε∞ and εs represent the permittivity at maximum frequency and the static permittivity, respectively, ε2 
is the dielectric constant of the transition between two relaxation processes, εs- ε2 represents the dispersion in 
amplitude of the slow relaxation process attributed to its relaxation time constant, τ1 while ε2- ε∞ represent 
dispersion in in amplitude of fast relaxation process attributed to its relaxation time, τ2. The double Debye 
parameters for the samples tested in this study are given in Table 2 [12], [28], [29]. 

Table 2 Double Debye parameters of samples tested in this study 

Sample εs ε∞ ε2 τ1 (ps) τ2 (ps) 
Normal skin 25 3.4 5 7 1 
BCC 40 4.2 6.2 10 1 
Melanoma 58 4.3 4.6 5 0.49 
Normal breast tissue 76.5 2.1 3.9 10.3 0.07 
Breast cancer tissue 77.9 2.5 4.3 9.1 0.08 

 
It is important to highlight that the sensor was specifically optimized to accommodate the introduced samples, 

with the primary focus on resonance behaviour upon sample placement on the absorber's surface. As depicted in 
Fig. 8(a), a 2 µm-thick sample (illustrated in blue) was applied to the sensor's surface. Subsequently, Fig. 8(b) 
demonstrates the absorption characteristics when a normal skin sample was introduced. The results indicate a 
leftward shift in resonance frequency (towards lower frequencies) upon the introduction of the dielectric sample. 
For the design optimization, a normal skin sample was employed as the reference. This led to the emergence of a 
new absorption peak at 1.475 THz with a substantial magnitude of 92%. To further investigate the mechanism of 
absorption, their electric field distribution at resonant frequency was analysed. As shown in Fig. 9, at 1.475 THz, 
the incident THz radiation is predominantly concentrated at the top and bottom corners of the square structure, 
approximately 35 µm apart. The maximum electric field magnitude was observed to be 2.37×107 V/m. When the 
skin sample was introduced, the absorption of THz radiation increased, leading to a reduction in the peak electric 
field magnitude to 1.97×107 V/m. Additionally, the introduction of the skin sample caused a reversal in the 
direction of the electric field pattern on the sensor's surface. 

This detailed analysis of the sensor's resonance behaviour and electric field distribution underscores the 
meticulous optimization process, which enhances the sensor's ability to detect subtle changes in sample 
characteristics, thereby improving its sensitivity and effectiveness in cancer detection applications. 

 

 
 

(a) (b) 
 

Fig. 8 (a) Depiction skin sample on sensor’s surface; (b) Absorption and reflection characteristic sensor 
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(a) (b) 
 

Fig. 9 Simulated e-field distribution at the resonance frequency of 1.475 THz (a) In the absence of the biological 
sample; (b) Upon loading with a 2 µm-thick skin sample 

3. Results and Discussion 
In this study, the sensitivity of the proposed THz sensor was evaluated for the detection of both skin and breast 
cancers. Initially, the sensor’s performance was assessed using samples of normal skin, Basal Cell Carcinoma 
(BCC), and Melanoma. When the sensor was applied to suspected skin cancer, distinct shifts in the absorption 
spectrum were observed, indicating the presence of malignancy. As depicted in Fig. 10, a notable frequency shift 
to lower values occurred when cancerous skin samples were tested, with a shift of 35 GHz observed in BCC, 
resulting in a peak absorption at 1.44 THz, and a shift to 1.427 THz in the case of Melanoma. Moreover, the 
absorption magnitude increased significantly in cancerous samples, reaching 95% for BCC and 99% for Melanoma, 
underscoring the sensor’s high sensitivity in distinguishing between healthy and malignant skin tissues. 

The sensor's performance was further evaluated for breast cancer detection. In the case of normal breast 
tissue, the peak absorption was observed at 1.47 THz, with a high absorption rate of 98%, as depicted in Fig. 11. 
Consistent with the results from skin cancer detection, the introduction of cancerous breast tissue led to a 
downward shift in frequency, with the peak absorption moving to 1.456 THz, representing a 14 GHz shift. 
However, in contrast to the trend noted in skin cancer detection, the absorption rate slightly decreased when 
cancerous breast tissue was present, measuring at 97%. 

These results highlight the significant potential of the proposed THz sensor for the precise and sensitive 
detection of both skin and breast cancers. The observed frequency shifts and changes in absorption underscore 
the sensor’s effectiveness as a non-invasive diagnostic tool, offering a promising approach for early cancer 
diagnosis and improving clinical outcomes. 

 

 

Fig. 10 Absorption spectra for normal skin, basal cell carcinoma (BCC), and melanoma samples loaded on the 
absorber 
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Fig. 11 Absorption spectra for normal and breast cancer samples loaded on the absorber 

Quality-factor (Q) can be used to characterise the sensing quality of the designed sensor. Quality-factor is 
defined by (3) [30]: 

 
 

𝑄𝑄 = 𝑓𝑓𝑟𝑟
∆𝑓𝑓

, 
 

 
(3) 
 

 
where 𝑓𝑓𝑟𝑟  represents the resonance frequency (e.g. 1.427 THz for melanoma), while ∆𝑓𝑓 represents the 50% of 

absorption magnitude. It is important to note that the results presented in this study are based on a sample 
thickness of 2 µm. The quality-factor in case of normal skin, melanoma, BCC, normal breast tissue, breast cancer 
and normal skin when these samples were 2 µm thick are given in Table 3: 

Table 3 Quality-factor of samples at thickness of 2 µm 

Sample Quality-factor 
Normal skin 792 
BCC 746.6 
Melanoma 645.2 
Normal breast tissue 444.1 
Breast cancer 430.6 

 
Our previous research has demonstrated that sensor sensitivity increases with greater sample thickness [31]. 

Consequently, an analysis of frequency shift as a function of sample thickness was conducted. Fig. 12 provides a 
summary of the frequency shifts observed in the detection of skin and breast cancers as the sample thickness 
varied. The sample thickness was changed from 2 µm to 16 µm and the difference between the peak absorption 
frequencies of the normal sample and the cancerous sample was calculated. For instance, the absorption peak of 
a normal skin sample of 4 µm was obtained at 1.425 THz, and the absorption peak of BCC of 4 µm (1.375 THz) was 
subtracted from it. In this way, the sensitivity based on the thickness of the sample was calculated for sample 
thicknesses from 2 µm to 16 µm on step of 2 µm. Fig. 12 illustrates that the sensor's sensitivity is directly 
proportional to the thickness of the sample. This is apparent from the larger frequency shifts observed at 
increased sample thicknesses. The sensor's sensitivity can be quantitatively measured by analysing the 
differences in the absorption peak shifts at different sample thicknesses, using (4) [32]. The relationship highlights 
the improved capability of the THz sensor in detecting cancerous growths as the sample thickness increases. 

 
𝑆𝑆 = ∆𝑓𝑓𝑠𝑠ℎ−∆𝑓𝑓𝑠𝑠𝑠𝑠

𝑡𝑡ℎ−𝑡𝑡𝑠𝑠
 , 

 

 
(4) 

where ∆fsh and ∆fst are the shift in resonance for the highest and smallest thicknesses of the sample, 
respectively and th and ts are the highest and smallest thicknesses, respectively. It is determined that the sensitivity 
per unit change in thickness in µm in the case of BCC is 3.7 GHz/µm and it is 5.2 GHz/µm in the case of melanoma. 
The smallest change in sensitivity concerning changes in thickness is obtained in the case of breast cancer where 
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it is found to be 1.7 GHz/µm. This indicates that the shift in absorption peak will be 3.7 GHz, 5.2 GHz and 1.7 GHz 
if the sample size is increased by 1 µm in the case of BCC, melanoma and breast cancer, respectively. 

The proposed THz metamaterial sensor achieves a significant high absorption efficiency of up to 99% and a 
peak spectral sensitivity of 5.2 GHz/µm, placing it among the most responsive non-invasive diagnostic platforms 
reported to date. Compared to existing designs, the absorber offers a compelling balance between absorption 
sharpness and frequency shift resolution, rivalling or surpassing prior state-of-the-art benchmarks in cancer 
detection using THz metamaterials. 
 

 

Fig. 12 Sensitivity of the THz metamaterial absorber in terms of frequency shift as a function of sample thickness 
(2–16 µm) 

Further analysis of the absorber based on detailed electromagnetic properties is presented in Fig. 13. The 
thickness was varied from 2 µm to 16 µm and quality-factor, absorption rate and resonance frequency were 
analysed for each sample considered in this study. A clear trend is observed where the resonance frequency 
decreases with increasing tissue thickness for all samples. Cancerous tissues generally exhibit lower resonance 
frequencies than their corresponding normal tissues, with melanoma showing the highest initial resonance (1.728 
GHz at 2 µm) and the steepest decline as thickness increases. Absorption values remain high across all tissues, 
typically above 0.9, but cancerous tissues, especially melanoma shows slightly higher absorption than normal 
tissues, indicating greater energy dissipation. The Q-factor, representing the sharpness of resonance, declines with 
thickness in all tissues but shows a particularly steep drop in melanoma, from 645.2 at 2 µm to as low as 4–10 at 
higher thicknesses. Breast cancer also exhibits significantly lower Q-factors compared to normal breast tissue. 
These patterns suggest that melanoma and breast cancer tissues can be distinctly identified through their higher 
absorption and markedly lower Q-factors, as well as more pronounced resonance shifts with thickness, 
highlighting their potential for differentiation using electromagnetic sensing techniques. 

 

   
(a) (b) (c) 
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(d) (e) 

 

Fig. 13 Resonance frequency, absorption, and Q-factor at different thickness of samples (a) Normal skin; (b) BCC; 
(c) Melanoma; (d) Normal breast; (e) Normal breast 

A Decision Tree Classifier was implemented to classify tissue types based on simulated spectral features, 
namely resonance frequency, absorption magnitude, and quality factor. The dataset was derived from parametric 
simulations with varying tissue thicknesses and was partitioned into training and testing sets using a stratified 
sampling 80:20 split. An overall classification accuracy of 97.5% was achieved, with no errors observed for 
melanoma and BCC samples. As shown in Fig. 14, the classifier exhibited clear decision boundaries based on 
resonance frequency and quality factor. Although absorption was part of the full feature set and contributed to 
the model's accuracy, it is not depicted in the 2D plot. Feature importance analysis confirmed that resonance 
frequency was the most significant predictor, followed by quality factor and absorption. These findings 
demonstrate the potential of combining THz spectral responses with machine learning to enhance non-invasive 
cancer detection using metamaterial biosensors. 

 

 

Fig. 14 Decision boundaries generated by a Decision Tree Classifier using resonance frequency and quality factor as 
input features 

As summarized in Table 4, the proposed sensor demonstrates strong performance compared to previously 
reported THz absorbers in terms of absorption efficiency, operating frequency, and thickness-based sensitivity 
across different tissue types. Notably, the resonance frequencies of cancerous tissues consistently shifted to lower 
values compared to their healthy counterparts, with shifts of 35 GHz for BCC, 48 GHz for melanoma, and 14 GHz 
for breast cancer. These shifts were observed with a fixed sample thickness of 2 µm, confirming the design’s 
capability to discriminate subtle dielectric changes. Furthermore, the sensor exhibited a linear sensitivity trend 
with increasing sample thickness as this is an essential characteristic for severity assessment in biomedical 
diagnostics. Furthermore, the quality-factor of the design also shows satisfactory results when compared to the 
previously presented designs. The quality-factor is found higher only in [24] that is because of their design 
incorporating graphene as multilayer structure.  However, this results in increased design complexity. In 
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comparison, the proposed metamaterial absorber is simple and optimum design that can help detecting cancer at 
early stages efficiently. 

Table 4 Benchmarking against state-of-the-Art THz absorber 

Ref. Absorber Type Freq. 
(THz) 

Absorptivity Sensitivity 
(GHz/µm) 

Quality-
factor 

[33] Graphene-infused 
metamaterial 

4.48 99% 23.75 127 

[30] Metamaterial 0-1 99% - 126 
[24] Graphene-based 

Metamaterial 
6.7 99% 175 670 

[34] Metamaterial 1.6 99% - 155.98 
This work Metamaterial 1.4 99% 5.2 645.2 

4. Conclusion 
A high-performance terahertz (THz) metamaterial absorber has been presented, uniquely optimized for non-
invasive, ultra-sensitive detection of skin and breast cancers. The proposed absorber achieves a base absorption 
of 51% in the unloaded state. When loaded with biological tissue samples, the structure exhibits a substantial 
enhancement in absorption reaches up to 99% for melanoma and 98% for normal breast tissue driven by 
dielectric-induced resonance modulation. 

Through full-wave simulations and Double Debye modelling of tissue dielectric properties, the sensor 
demonstrates significant resonance frequency shifts corresponding to malignant versus normal samples, with a 
peak sensitivity of 5.2 GHz/µm for melanoma detection. The observed linear correlation between sample 
thickness and frequency shift further reinforces the sensor’s potential for early-stage cancer detection and 
severity assessment. 

Despite being simulation-based, the sensor design is grounded in realistic fabrication materials and validated 
against established analytical models, showcasing strong potential for physical realization. Future efforts will 
focus on experimental validation using terahertz time-domain spectroscopy (THz-TDS) and the development of 
portable, real-time diagnostic systems, and the integration of AI-based classifiers to enable intelligent tissue 
recognition and automated cancer stage prediction. 

This study not only underscores the viability of THz metamaterials for cancer diagnostics but also paves the 
way for non-invasive, label-free screening technologies that could significantly improve early detection and 
intervention outcomes. 
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