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Abstract: This study presents the design and simulation of a metamaterial-based radio frequency (RF) sensor
employing Split-Ring Resonator (SRR) structures for the non-invasive detection of static bone fracture states.
Traditional imaging modalities such as X-ray, CT, and MRI, though widely used, often face limitations in
accessibility, cost, radiation exposure, and sensitivity to micro-fractures. To address these gaps, the proposed
sensor operates within the 1-3 GHz frequency range and leverages dual SRRs to enhance field confinement and
sensitivity to dielectric changes caused by bone discontinuities. Full-wave simulations were conducted using CST
Microwave Studio on a multilayer femur phantom comprising realistic anatomical layers, including skin, fat,
muscle, cortical bone, and blood. The sensor demonstrated a strong response to variations in dielectric properties
associated with fracture conditions, achieving detection of fracture features as small as 0.10 mm in width and 20
mm in depth beneath a 5.00 mm thick cortical layer. Reflection coefficient analysis (IS111) revealed distinct
resonance shifts between healthy, fractured, and healed bone states, with frequency deviations up to 47 MHz and
quality factors exceeding 80. An iterative antenna design process led to an optimised SRR configuration (ANT 5),
exhibiting high Q-factor, enhanced electromagnetic confinement, and excellent impedance matching. The findings
highlight the sensor’s potential as a compact, non-ionising, and wearable diagnostic tool for orthopaedic
applications.

Keywords: Biological tissues; Dielectric material; Fracture detection; Metamaterial; Microwave sensor; Split-ring
resonator

1. Introduction

Bone fractures are a pervasive medical condition with significant impacts on both individual health
and public healthcare systems. Accurate and early diagnosis is crucial for timely intervention, ensuring
proper healing and functional recovery. Delayed or missed diagnoses can lead to severe complications,
including non-union, malunion, chronic pain, and impaired mobility. Alarmingly, missed fractures may
account for up to 80% of diagnostic errors in emergency medicine, exposing a critical gap in current
clinical practice [1-2]. These oversights often occur due to subtle symptoms or the technical limitations of
conventional imaging modalities.

The standard diagnostic methods include X-ray radiography, computed tomography (CT), magnetic
resonance imaging (MRI), and ultrasound (US). While effective, each has drawbacks. X-rays can fail to
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detect hairline or occult fractures, especially in anatomically complex regions [3-4]. CT and MRI offer
superior resolution but are expensive, time-consuming, and expose patients to ionising radiation (in the
case of CT). Ultrasound is radiation-free but is highly operator-dependent and offers limited penetration
through bone.

This study introduces a metamaterial-inspired RF sensor that utilises a dual Split-Ring Resonator
(SRR) architecture to enhance fracture detection in bone tissue. Operating in the microwave S-band (1-3
GHz), the sensor is designed to detect high-sensitivity dielectric contrasts at fracture sites. This work
builds upon preliminary findings presented in [5] and extends prior research by designing a sensor
specifically for sub-millimetre defect detection, employing anatomically layered phantoms for enhanced
realism, and demonstrating clear resonance shifts as a function of the fracture's state.

2. Related Work and Comparative Analysis

The exploration of non-ionising modalities for medical diagnostics has gained significant traction,
with a rich field of research into microwave sensors for various biomedical applications [6-7]. These
methods leverage the distinct dielectric properties —permittivity (er) and conductivity (o) —of biological
tissues, which have been extensively modelled by foundational studies [8-9]. A bone fracture introduces a
localised dielectric anomaly (e.g., an air gap or blood-filled haematoma) that can be detected by
microwave systems [10].

Microwave imaging (MWI) has been investigated for bone fractures, but early work by Santos et
al. [11] struggled to achieve the resolution needed for micro-fractures. Other approaches have used
alternative hardware, such as the compact monopole antenna proposed [12], or to improve diagnostic
accuracy, some studies have incorporated machine learning [13].

developed a microwave sensor paired with a deep neural network. Their system could detect cracks
between 1-3 mm but relied on simplified cylindrical bone geometries. This simplification, while effective
for algorithmic training, limits the direct clinical applicability of the findings, as real anatomical structures
are far more complex and heterogeneous. This points to another research gap: the need for validation
using more anatomically realistic models.

To overcome these resolution challenges, recent research has focused on metamaterials, particularly
Split-Ring Resonators (SRRs), which offer exceptional electromagnetic field confinement [14-16]. The high
sensitivity of SRRs has been successfully demonstrated in other fields, such as for characterising fluids in
microfluidic channels [17], a principle that directly applies to detecting blood within a fracture site. The
table below provides a comparative analysis of these approaches. Another study in [18] utilised an SRR
array with a microwave transceiver, achieving high-resolution imaging of narrow fractures (sub-
millimetre to 2 mm) at 2.45 GHz. Their work underscored the potential of SRRs but focused on advanced
imaging systems with complex arrays.

2.1. Justification for the Present Work

The literature reveals a clear need for a sensor that is non-ionising, low-cost, and capable of detecting
sub-millimetre fractures within an anatomically realistic context. While previous studies have made
significant progress, they have been limited by either low resolution [11], oversimplified models [13], or
complex system architectures [18]. This study aims to fill this gap by proposing a compact, dual-SRR
sensor specifically optimised for high sensitivity to sub-millimetre defects. By validating the design on a
realistic, multi-layer femur phantom, this work directly addresses the limitations of previous models and
demonstrates a clear path toward a clinically viable diagnostic tool. The comparative analysis is
summarised in Table 1.

2.2. Comparative Analysis of Related Work

A comparative summary of relevant studies in microwave-based bone fracture detection, contrasting
their methodologies and findings with the present work. This analysis highlights the novelty of our
proposed sensor, particularly in its ability to detect sub-millimetre fractures using an anatomically
realistic phantom. As shown in table (1) below:
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Table 1. Comparative Analysis of Related Work

34

[Ref] Sensor Type Freq Phantom Model Detected  Fracture | Key Limitation or Focus
Size

[11] Microwave Imaging | 1-4 Three-layer Macro-fractures only | Lacked resolution for detecting

System GHz cylindrical ~ model micro-fractures.
(skin, fat, bone).

[13] Microwave Sensor | 1-8 Simplified bone | Cracks of 1-3 mm | Relied on simplified models,
with Deep Neural | GHz geometries width limiting clinical applicability.
Network

[18] Microwave 2.45 Three-layer Narrow bone Focused on high-resolution
Transceiver with SRR | GHz phantom simulating | fractures (sub- imaging using advanced antenna
Array human arm tissue millimetre to 2 mm) | arrays.

This Dual Split-Ring 1-3 Anatomically As small as 0.10 mm | Contribution: high sensitivity for

Work | Resonator (SRR) RF GHz layered femur sub-millimetre defect detection in
Sensor a realistic, multi-layer phantom.

3. Materials and Method
3.1. Anatomically Realistic Femur Phantom and Dielectric Properties

To ensure clinical relevance, a detailed multi-layer phantom of a human femur was developed in CST
Microwave Studio. The model replicates the natural shape and tissue composition around the femoral
shaft, including layers for skin, fat, muscle, and cortical bone. As microwaves attenuate when passing
through these layers, a highly sensitive sensor is essential for accurate detection. The phantom layers and
their respective thicknesses are detailed in Table 2, and their frequency-dependent dielectric properties
are listed in Table 3. In a fracture event, blood accumulation alters the local dielectric environment, which
is a key component of the detection mechanism.

Table 2. Geometric and Dielectric Properties of the Multi-Layer Femur Phantom at 2.5 GHz

Tissue Layer Thickness (mm) Relative Permittivity (er) Electrical Conductivity (o, S/m)
Skin 2 37.5 1.74
Subcutaneous Fat 7.5 10.7 0.34
Muscle (Quadriceps) 35 52.1 2.15
Cortical Bone 20 11.1 0.51
Blood (in fracture) N/A 57.4 3.08
Table 3: Dielectric Properties of Human Tissues at 2.0, 2.5, and 3.0 GHz
Tissue Freq. (GHz) Relative Permittivity () Electrical Conductivity (o, S/m)
Blood 2.0 58.2 291
2.5 57.4 3.08
3.0 56.6 3.25
Bone (Cortical) 2.0 11.4 0.49
2.5 11.1 0.51
3.0 10.8 0.53
Fat 2.0 11.0 0.33
2.5 10.7 0.34
3.0 10.4 0.35
Muscle 2.0 53.0 2.05
2.5 52.1 2.15
3.0 51.3 2.25
Skin 2.0 38.4 1.65
2.5 37.5 1.74
3.0 36.6 1.83

The femur phantom consists of various tissues, including skin, muscle, bone, blood, and fat. The
muscle layer attenuates microwave penetration, reducing detection accuracy; thus, a highly sensitive
sensor is essential.

A cylindrical model of the femur was initially developed and later refined to replicate natural femur
shape and tissue composition, as shown in fig. (1-3). The phantom includes various tissues, including
skin, fat, muscle, bone (cortical), and blood. The femoral shaft is composed of osseous structures, with the
medial portion positioned beneath the skin and covered by the surrounding tissues. These tissue layers
attenuate microwave penetration, reducing the accuracy of fracture detection. Consequently, a highly
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sensitive sensor is essential for reliable monitoring. In the event of a fracture, ruptured blood vessels result
in blood accumulation, affecting the dielectric properties of the surrounding tissues.

While biological factors such as age, gender, and diet can influence tissue dielectric properties, these
variations were not explicitly modelled in this study. Future work may explore the impact of these factors.

3.2. Full-Wave Simulation Setup

All simulations were performed using the Time Domain Solver in CST Microwave Studio® 2024 with
adaptive mesh refinement to ensure numerical accuracy. The sensor was placed in direct contact with the
skin layer of the femur phantom, as shown in Figures 1-2. The system's response was evaluated by
analysing the reflection coefficient (1S111) at the sensor's input port over a frequency range of 2.0 to 3.0
GHz. Four primary scenarios were simulated to assess the sensor's diagnostic capabilities:

1. Healthy Bone: The intact bone phantom, establishing the baseline resonant frequency.

2. Fractured Bone: A 0.10 mm wide transverse gap was introduced into the cortical bone layer, filled
with material properties corresponding to blood.

3. Healed Bone: The fracture gap was filled with a material model representing denser, calcified
tissue to simulate a healed state.

4. Blood Extended into Tissue: A scenario modelling a more severe injury where the haematoma
extends beyond the bone into surrounding tissue.

Figure 2. Side view of the position of a monostatic sensor.

FAT

SKIN

CORTICAL BONE

0.lmm FRACTURE
WITH BLOCD

Figure 3. Slightly tilted front view of the bone phantom with tissue layers
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3.3. Sensor Design & Theoretical Principle

The proposed sensor is based on a dual Split-Ring Resonator (SRR) architecture, designed to operate
between 1.0-3.0 GHz. SRRs function as LC resonant circuits, where the ring acts as an inductor and the
gap between the rings acts as a capacitor. The resonant frequency (fr) can be approximated by:

1
o e v

Here, Lett represents the effective inductance of the ring structure, and Cett represents the effective
capacitance, which is primarily influenced by the gap in the ring and the dielectric material nearby.

The sensing principle relies on near-field perturbation. The SRR's split-gap structure creates a highly
confined and intense electric field. When the sensor is placed on tissue, the tissue's dielectric properties
become part of the sensor's effective capacitance (Cer). Any change in the tissue's relative permittivity (er),
such as a fracture filled with blood, causes a shift in this capacitance, leading to a measurable shift in the
resonant frequency (Afr). The sensor was implemented on a 0.80 mm thick FR-4 substrate (er = 4.3, tand =
0.025) with compact dimensions of 30.00 mm x 25.00 mm.

3.4. Iterative Sensor Design and Optimisation (ANT 1 to ANT 5)

The final sensor configuration was achieved through a systematic, iterative design process  aimed
at maximising sensitivity and ensuring robust performance when loaded with the tissue phantom. This
evolution, from ANT 1 to the optimised ANT 5, is depicted in Figure 4, with the corresponding simulated
reflection coefficients shown in Figure 5.

e ANT 1 (Baseline Design): The process began with a basic single-ring SRR coupled to a microstrip
feedline. Simulations showed a resonant response, but the resonance was broad (low Q-factor)
and shallow, indicating poor field confinement and inefficient energy coupling.

e ANT 2 & 3 (Geometric Tuning): Successive modifications involved systematically varying the
geometric parameters of the single ring, including its radius, conductor width, and gap width.
These stages yielded incremental improvements in the Q-factor but failed to achieve the sharp,
deep resonance required for high-resolution sensing.

e ANT 4 (Dual-SRR Introduction): A significant architectural change was made by introducing a
second, coupled SRR. This dual-resonator configuration leverages electromagnetic coupling to
enhance the resonant behaviour, resulting in a much sharper and deeper resonance notch in the
reflection coefficient, which corresponds to a higher Q-factor and stronger field confinement.

e ANT 5 (Final Optimisation): The final design, ANT 5, involved fine-tuning the dual-SRR
geometry. Specific adjustments, including notch modifications in the feedline and alterations to
the ring symmetry, were implemented. These final refinements were specifically aimed at
optimising the impedance matching between the sensor and the multi-layer tissue phantom. This
optimisation is evidenced by the exceptionally deep reflection coefficient minimum (S11) achieved

in the final loaded simulations.
ANT1 ANT3

L

ANT2 ANT4
Figure 41. Design stages of the proposed antenna
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Simulated S-parameters of the Antenna Design Stages

S11 (dB)

Designs
— ANT 1
—40 1 ANT 2
— ANT 3
— ANT 4

— ANT_S

=50 T T T T
2.0 2.2 2.4 2.6 2.8 3.0

Frequency (GHz)
Figure 52. Simulated S-parameters of all ANT design stages

4. Results and Analysis

The performance of the optimised sensor (ANT 5) was rigorously evaluated by simulating its
response to the different bone conditions. The results demonstrate clear, distinguishable responses for
each state, providing strong evidence for the sensor's diagnostic potential.

4.1. Resonant Response to Fractured States

Figure 6a presents the simulated reflection coefficient (1S111) of the sensor when loaded with the
phantom under various conditions. When placed on the healthy bone phantom, the sensor established a
baseline resonance at 2.470 GHz. In the primary fracture scenario ("Blood Within Bone"), the resonant
frequency shifted down significantly by 47 MHz to 2.423 GHz. For the healed fracture state, the frequency
was 2.452 GHz, a smaller but still distinct downward shift of 18 MHz relative to the healthy baseline. The
unique and clearly separable frequency signature for each state is evident in the zoomed-in view (Figure
6b), Similarly with a simulated reflection coefficient (S11) of the sensor in free space, without tissue
loading

All Variables vs Frequency

(dB)

—— Free Space
Healthy Bone
—— Blood Extend Inte Tissue
—— Blood Within Bone
—— Healed_Fracture

20 2.2 2.4 2.6 28 3.0
Frequency (GHz)

(a)
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0 Zoomed Reflection Coefficient (S11) near Resonance ) Free Space vs Frequency
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Figure 6. (a) Simulated reflection coefficient (511) of the proposed SRR-based sensor in contact with the bone phantom
under different fracture conditions, showing resonant frequency shifts; (b) A zoomed-in plot around the resonance
shifts region (2.4-2.5 GHz) and (6¢) the simulated reflection coefficient (S11) of the sensor in free space, without tissue
loading

4.2. Analysis of Diagnostic Sensitivity and Resolution

The large 47 MHz frequency shift observed for the fractured state is the primary diagnostic indicator.
This shift is a direct consequence of the physics of resonant perturbation outlined in Section 3.2. The
fracture gap, when filled with blood, introduces a region of very high relative permittivity (e =57.4)
directly into the sensor's most sensitive near-field region. This is in stark contrast to the low permittivity
of the surrounding cortical bone (er= 11.1). This high-contrast dielectric anomaly dramatically increases

the local effective capacitance (Ceff) of the SRR, causing the pronounced downward shift in resonant
frequency.

The high sensitivity derived from this mechanism enables the detection of fractures as small as 0.10
mm in width, even when located 20 mm deep within the cortical bone layer. This represents a significant
advancement in resolution compared to prior art. For context, previous microwave imaging systems were
often limited to detecting only macro-fractures, and other sensor designs combined with neural networks
could resolve cracks only in the 1-3 mm range. The ability to detect sub-millimetre features demonstrates
a key strength of the proposed dual-SRR design, addressing a critical limitation of previous work.
Furthermore, the ability to distinguish between healthy, fractured, and healed states suggests the sensor's
potential for not just initial diagnosis but also for non-invasively tracking patient recovery, a concept
supported by studies showing changes in bone's electrical properties during the healing process.

4.3. Signal Integrity and Potential for Clinical Reliability

Beyond the magnitude of the frequency shifts, the quality of the resonance signal itself underscores
the sensor's robust design and potential for clinical reliability. As shown in Table 3, the reflection
coefficient (1S111) for the healthy bone state reached a minimum of —47.0 dB. This extremely low value
indicates that nearly all the input energy was efficiently coupled into the sensor-tissue system at
resonance, signifying excellent impedance matching. Such strong coupling is vital for maximising the
signal-to-noise ratio in a practical application, ensuring that the diagnostic signal is strong and clear.

Moreover, the sensor maintained a high-quality factor (Q-factor), ranging from 77.4 to 82.1 across all
tested conditions. The Q-factor is a measure of the sharpness of the resonance peak. A high Q-factor, as
achieved here, is critically important for clinical reliability for two reasons. First, it ensures that the
resonance is a sharp, narrow dip rather than a broad, shallow one, making the precise resonant frequency
easy and unambiguous to determine. Second, it allows for the clear separation of closely spaced
frequencies. As seen in Figure 5b, the distinct peaks for healthy, healed, and fractured states are clearly
distinguishable, which minimises the risk of misdiagnosis. This high performance in both impedance
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matching and Q-factor is a direct result of the iterative design process that optimised the dual-SRR
geometry for high field confinement and sensitivity.

Table 4. Summary of Simulated Sensor Response under Varying Bone Conditions

Condition Resonant Frequency (GHz) = |1S111 (dB) Af (MHz) Q-Factor
Healthy Bone 2.470 —47.0 - 82.1
Blood  Extended 2.440 —41.3 30 79.2
into Tissue
Blood Within Bone 2.423 -38.5 47 77.4
Healed Fracture 2.452 —43.8 18 80.7
The quality factor (Q) was calculated using the following formula:
__Ir
Q= fwim 2)

where f,. is the resonant frequency and FWHM represents the full width at half maximum of the
[S111 response.

4.4. Electromagnetic Field Confinement and Sensing Mechanism

To visually demonstrate the sensing mechanism, the simulated surface current and electric field
distributions at the resonant frequency are shown in Figure 7 and the sensor’s geometry in Figure 8. The
underlying physics of the sensor's high sensitivity is rooted in its ability to generate and confine intense
electromagnetic fields in a very small, sub-wavelength volume [21].

The surface current plot (Figure 7) confirms the strong resonant behaviour in the dual-ring structure.
At the resonant frequency, the incident microwave energy efficiently excites strong, circulating currents
within the metallic rings. This resonant current flow is fundamental to establishing the strong magnetic
and electric fields that define the sensor's operation [22].

The gaps in the SRRs function as capacitors, where charge accumulates on opposite sides, creating a
powerful and highly localised electric field. This region of maximum field intensity is the "sensing hot-
spot".It is this concentration of energy that makes the sensor exceptionally sensitive to dielectric changes
occurring directly beneath it in the near field. The interaction between this confined field and the material
under test is the core of the sensing principle. When the high-permittivity blood from a fracture enters this
hot-spot, it dramatically increases the effective capacitance of the gaps, which in turn causes the large,
measurable downward shift in the sensor's resonant frequency, visually confirming the source of the
sensor's high sensitivity [23].

Figure 7. Surface current of the proposed sensor at (f=2GHz)
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Figure 8. Proposed sensor with its dimensions
Table 5. Dimensions of the proposed microwave sensor
Parameter Dimension (mm) Parameter Dimension (mm)
Feedline length 10 | Bottom left vertical height 11
Feedline width 0.7  Horizontal offset (top step) 6
Lower patch left width 11.7 = Top left notch offset 25
Lower patch right height 9.5 | Ring 1: Left inner radius 1.5
Top right inset height 3.1 Ring 1: Outer radius 2
Middle right section height 74 Ring 2: Right inner radius 3.3
Middle left section height 4.3 | Ring 2: Outer radius 4

5. Conclusion and Future Work

This study successfully demonstrated, through full-wave simulations, the potential of a
metamaterial-based dual-SRR sensor for the non-invasive detection of static bone fracture states.
Validated on an anatomically realistic femur phantom, the sensor exhibited high sensitivity to fracture-
induced dielectric variations, capable of detecting features as small as 0.10 mm. The distinct and
measurable frequency shifts between healthy, fractured, and healed bone conditions, combined with the
high signal quality (high Q-factor and excellent impedance matching), underscore the sensor's diagnostic
promise.

It is important to acknowledge the limitations of this study. The results are currently based on
simulations of idealised, static scenarios. The current model only investigates a single type of transverse
fracture, and the potential impact of inter-patient variability in tissue dielectric properties was not
explored.

Future work will advance this research toward clinical application along four key avenues. First, the
immediate next step is to fabricate a prototype of the optimised sensor and validate its performance using
physical, tissue-mimicking phantoms, cross-validating the results against established measurement
techniques. Second, we will explore the fabrication of the sensor on a flexible substrate, such as polyimide
or PDMS, to create a conformal, wearable prototype suitable for long-term monitoring. Low-cost
manufacturing techniques like screen printing or inkjet printing are viable options for producing such
flexible electronic sensors. Third, pending ethical approval, in vivo studies will be planned to track the
healing process over time, correlating sensor readings with medically relevant metrics of bone
repair. Finally, we will investigate the integration of the sensor with machine learning algorithms to
automate the classification of bone states, which could enhance diagnostic accuracy and create a "smart"
system for real-time orthopaedic assessment.
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