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Abstract: Metamaterials based on split-ring resonators (SRRs) exhibit unique permeability and can increase the signal-to-
noise ratio (SNR) of magnetic resonance imaging (MRI). However, the clinical applications of SRRs in MRI are hindered by 
inhomogeneous magnetic field distributions and interference in the transmitting magnetic field. In this study, we propose a 
metamaterial with a capacitance gradient and nonlinear frequency response. With the capacitance gradient strategy, we 
redistribute the enhancement performance of each SRR and increase the field homogeneity, paving the way for the design of 
a nonlinear frequency response. In addition, we eliminate the interference in the transmitting magnetic field using the 
nonlinearity control method proposed in our previous study, which renders the metamaterial applicable to all typical clinical 
sequences without any modifications prior to scanning. Clinically, the SNR achieved by the metamaterial is more than twice 
that achieved by a 12-channel wrist coil, which indicates that the metamaterial performs significantly better than state-of-the-
art conventional commercial coils. Our study reveals the feasibility of clinical applications via metamaterials based on SRRs 
and may reform the composition of the radiofrequency coil system used in MRI. Consequently, coils fabricated using the 
metamaterial may dominate in the future.
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1. Introduction

Metamaterials are artificially created with subwavelength unit cells that are periodically arranged [1] and can manipulate 
electromagnetic wave propagation paths [2] and increase localized fields [3] owing to their unique electromagnetic properties, 
which are distinct from those of natural materials. Among the various unit cells constituting metamaterials, split-ring 
resonators (SRRs) are the most frequently used owing to their strong resonant response and negative permeability [4,5]. 
Metamaterials based on SRRs encompass a wide frequency range, that is, from the optical frequency to the radio frequency 
(RF) [6,7]; additionally, they are excellent materials for magnetic resonance imaging (MRI) [8–12], whose operation 
frequency is in the RF band [13]. However, none of the metamaterials proposed thus far have accounted for the elimination 
of interference in the transmitting magnetic field, which adversely affects their clinical applications [14–17].

In MRI, two RF magnetic fields are involved, that is, the transmitting magnetic field and the receiving magnetic field. The 
transmitting magnetic field is generated by the body coil and is used to excite protons in the samples, whereas the receiving 
magnetic field originates from the spin of the excited protons and serves as the MRI signal. Although their generation 
techniques differ, both fields function at identical frequencies, known as the Larmor frequency [13,18]. Therefore, existing 
metamaterials, with their linear response to magnetic fields, increase the receiving field while increasing the transmitting 
field [11]. An increase in the receiving magnetic field increases the signal-to-noise ratio (SNR); however, an increase in the 
transmitting magnetic field results in several issues [14,15]. First, an increase in the transmitting magnetic field B1 abnormally 
enlarges the real flip angle (FA), which is proportional to B1, introducing several RF-related artifacts and even resulting in 
failed imaging. In addition, some MRI platforms and a few sequences allow operators to modify the RF power [11,19]; 
however, performing this modification to reset the FA for each scanning sequence prior to examination is laborious. Second, 
an increase in the transmitting magnetic field B1 results in an ultrahigh specific absorption rate (SAR), which may pose the 
risk of overheating in the metamaterials [20]. Therefore, to realize the use of metamaterials in clinical applications, their 
interference in the transmitting field must be eliminated.

Previously, we proposed an adaptive control method to eliminate interference in the transmitting magnetic field for a 
metamaterial based on metal wires, which has been experimentally demonstrated to be effective and practical [14]. This 
method is applicable to SRR-based metamaterials because the resonance characteristics of the latter are similar to those of 
wire-array metamaterials [1]. However, this control method requires a highly uniform transmitting magnetic field, whereas 
the magnetic field of typical metamaterials with the same unit cell SRRs is highly inhomogeneous. Therefore, to use the 
adaptive control method, the magnetic field homogeneity of the metamaterial must be increased during the transmitting 
period. In addition, the homogeneity of the receiving magnetic field determines the magnetic resonance (MR) image 
uniformity, which is essential for achieving the desired image contrast and diagnostic accuracy [21]. Consequently, it is 
necessary to increase the uniformity of the transmitting and receiving magnetic fields.

In this study, we report a nonlinear metamaterial with a capacitance gradient featuring highly homogeneous field 
distributions, a nonlinear frequency response, and user-friendly clinical applications. The metamaterial is evaluated 
comprehensively on the basis of clinical indicators, such as signal uniformity, SNR, and convenience, using a homogeneous 
phantom, a microstructure phantom, and human wrists on a 1.5 T MRI system (operating frequency 64 MHz; uMR570, 
United Imaging, China).

2. Methods and materials

2.1. Configuration of the metamaterial

The metamaterial is composed of a support and 10 SRRs. The support is fabricated via three-dimensional (3D) printing 
technology using a photosensitive resin; it is used to sustain the SRRs and provide a stable space for examination. Each SRR 
comprises a flexible printed circuit (FPC) and a printed circuit board (PCB), both of which are fabricated using low-loss 
dielectric materials. The FPCs are wound on the outer surface of the elliptical support, and the PCBs are soldered on the FPCs 
to create an elliptical closed loop. Nonmgnetic ceramic capacitors and diodes are soldered on the PCBs. The circuit diagram 
is shown in Fig. 1.



3

Fig. 1. Configuration of the metamaterial and its unit cell and the nonlinear control method. The origin of the coordinate system is the center of 
the elliptical metamaterial. B0: static magnetic field; CR: resonant capacitor; CT: tuning capacitor; Trans: transmitting; Recei: receiving.

The FPC is fabricated using Pyralux KH (DuPond, USA). It has a dielectric thickness of 25 μm, a permittivity of 3.2, a 
loss tangent of 0.008 (at 10 GHz), and a copper thickness of 12 μm. The PCB is fabricated using a Rogers RO4003C (Rogers, 
USA) It has a dielectric thickness of 0.51 mm, a permittivity of 3.55, a loss tangent of 0.0027 (at 10 GHz), and a copper 
thickness of 70 μm. The diode used is a BAR63-04W (Infineon, Germany). It features a forward voltage of 0.95 V (100 mA) 
and a junction capacitance of 0.23 pF. The non-magnetic ceramic capacitors are selected from the DLC 70A series (Dalicap, 
China) with high Q values (≥ 1000 under 1 MHz and 1 root-mean-square voltage (Vrms)).

2.2. Numerical simulation

All the numerical simulations were performed using CST Microwave Studio Suite 2021. A plane wave was used to simulate 
the resonant frequencies and magnetic field distributions, whereas magnetic field (H-field) probes and monitors were used to 
obtain the frequency response and magnetic field distributions of the metamaterial.

2.3. Microstructure phantom

The microstructure phantom used in this study, as shown in Fig. 2, has a comb structure and is submerged in deionized 
water inside a container. The comb structure features teeth of varying sizes, labeled with numbers that represent their widths, 
which range from 0.2 to 1.0 mm. The comb design ensures the required spacing, whereas the deionized water provides a 
sufficiently strong MRI signal.

Fig. 2. Configuration of the microstructure phantom used. The spine coil, which was integrated into the examination table, was used as the 
receiving coil.

2.4. MRI experiment of the microstructure phantom

The MR images of the microstructure phantom at various in-plane resolutions were obtained using the following 
parameters: a multi-echo gradient echo sequence; a field of view (FOV) of 80 mm × 80 mm; a slice thickness of 2 mm; and 
in-plane resolutions of 0.50 mm × 0.50 mm, 0.42 mm × 0.42 mm, 0.31 mm × 0.31 mm, and 0.20 mm × 0.20 mm.
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The MR images of the microstructure phantom at various acquisition times were obtained using the following parameters: 
a spoiled gradient echo sequence (SPGR); an FOV of 80 mm × 80 mm; a slice thickness of 2 mm; and a resolution of 0.42 
mm × 0.42 mm.

2.5. MRI experiment on the human wrist

MR images of the participants were collected using the sequence parameters outlined in Table S1 in Appendix A. Ethical 
approval for all human and animal studies was provided by the Ethics Committee of Beijing Tsinghua Changgung Hospital, 
School of Medicine, Tsinghua University (approval number: 21267-4-01). All the volunteers provided informed consent 
before participation.

2.5.1. Normalization

The magnetic field strength (H) was normalized using Eq. (1):

Hnor = H/Hmax     (1)

where Hnor denotes the normalized magnetic field strength and Hmax represents the maximal magnetic field strength along the 
central axis. 

The signal (S) was normalized using Eq. (2): 

Snor = S/Smax      (2)

where Snor and Smax are analogous to Hnor and Hmax, respectively.

2.5.2. Calculation of SNR

The SNR is calculated according to Method 4 of the National Electrical Manufacturers Association (NEMA) MS 1-2008 
standard. The signal (S) is the mean pixel value in the region of interest (ROI). Noise (N) is measured by defining an ROI in 
the image background, avoiding artifact-prone areas, and obtaining the standard deviation (SD) of the pixel values. The noise 
value is SD/0.66, and the final SNR is calculated by

SNR = S/N     (3)

2.5.3. Statistical analysis

Data are reported as the mean ± standard error of the mean (SEM) and were analyzed using Prism. Student’s t-test was 
used for pairwise comparisons, whereas two-way analysis of variance was applied for multiple group analyses. Pearson 
correlation was employed to analyze the associations between two numeric variables.

Krippendorff’s alpha (α) was used to evaluate the interobserver consistency of the subjective scores. An α ≥ 0.8 indicates 
high consistency, 0.6 ≤ α < 0.8 indicates moderate consistency, and 0 ≤ α < 0.6 indicates insufficient consistency. The data 
should be used with caution. An α < 0 indicates consistency lower than the random level, and the data are not reliable.

The results were deemed substantially different when p < 0.05.

3. Results

3.1. Comparison between metamaterials with and without a capacitance gradient

The metamaterial was composed of 10 elliptical unit cell SRRs with a major axis of 100 mm and a minor axis of 66 mm, 
width of 19 mm, period of 20 mm, and total length of 199 mm. The elliptical configuration was ergonomically designed such 
that the metamaterial resembled the human wrist to maximize the SNR. Relatively small gaps of 1 mm between adjacent 
SRRs prevented flux leakage and increased the field uniformity at the fringe of the metamaterial. An SRR comprises a copper 
transmission line and a circuit board, on which the control circuit is distributed (Fig. 1). During the receiving period, the 
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diode in the control circuit remained inactive because the voltage was insufficient to reach its conduction threshold. In this 
state, the metamaterial resonates at 64 MHz, corresponding to the Larmor frequency, with only the resonant capacitor CR 
contributing to the circuit. In contrast, during the transmitting period, the diode was activated by a higher voltage, allowing 
tuning capacitor CT and resonant capacitor CR to form a parallel configuration. This adjustment increased the overall 
capacitance and reduced the resonant frequency compared with the receiving period [22–24].

The comparison between metamaterials with and without a capacitance gradient is shown in Fig. 3. For the metamaterial 
without a capacitance gradient (Fig. 3(a)), whose unit cell SRRs were the same, even though it possessed a nonlinear response 
(Fig. 3(b)), its transmitting and receiving fields were not sufficiently uniform (Fig. 3(c)). In addition, RF-related artifacts 
appeared in the phantom MR image, and the signal homogeneity was unacceptable (Figs. 3(d) and (g)).

However, after the capacitance of the unit cell was redistributed (Fig. 3(a)), the uniformity of both the transmitting and 
receiving fields increased significantly (Figs. 3(e) and (f)). The phantom MR image shows that the artifacts were completely 
eliminated from the ROI and that the signal homogeneity increased significantly (Figs. 3(d) and (g)).
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Fig. 3. Comparison between metamaterials with and without a capacitance gradient. (a) Permeability of each SRR of the metamaterial with and 
without a capacitance gradient. (b) Variation in the H-field with the frequency of the metamaterial without a capacitance gradient. The purple 
arrow denotes the Larmor frequency of the 1.5 T MRI system used (64 MHz). Roman numerals I and II denote the H-field at the Larmor frequency 
in the transmitting and receiving periods, respectively. (c) Normalized H-field in the yz plane and along the dotted black lines of the metamaterial 
without a capacitance gradient. (d) MR images of a uniform phantom with and without a capacitance gradient. (e) Variation in the H-field with 
the frequency of the metamaterial with the optimal capacitance gradient. (f) Normalized H-field in the yz plane and along the dotted black lines 
of the metamaterial with the optimal capacitance gradient. (g) Signal distributions of phantom images along the dotted lines shown in (d). 

3.2. Dependence of the enhancement properties and capacitance of a single SRR

For a typical metamaterial without a capacitance gradient, all the unit cells have the same enhancement property, although 
their increased fields are superimposed at the center; hence, the magnetic field deduced by the metamaterial inevitably peaks 
at the center and decreases significantly toward the two ends (Fig. 3(c)). Therefore, to increase the field homogeneity, the 
enhancement properties of the SRRs must be redistributed such that their trends are inverse to the field distribution trends, 
that is, increasing from the center to the two ends.
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The resonant frequency of a single unit cell SRR of a metamaterial is significantly higher than that of the metamaterial, 
which resonates at the Larmor frequency (64 MHz). Within the frequency band below the resonant frequency of a single 
SRR, a higher capacitance corresponds to a better enhancement ability at the Larmor frequency (Fig. 4(a)). Therefore, we 
redistributed the enhancement properties of the SRR by modifying its capacitance.

Fig. 4. Performance of the single SRR and the optimal capacitance gradient. (a) Frequency response of a single SRR with different capacitances. 
(b, c) Normalized H-field distributions (b) on the yz plane and (c) along the dotted black lines shown in (b). E: electric field; H: magnetic field; 
k: wave vector; f: capacitance gradient factor.

3.3. Increasing field uniformity with increasing capacitance gradient in simulations

As analyzed previously, to increase field homogeneity, the capacitance of the SRRs should increase from the center toward 
the end. In this study, we use a linear capacitance gradient, that is, 𝐶𝑛 = [1 + (𝑛 ― 1)𝑓]𝐶1, where n represents the serial 
number of the SRRs, which varies from 1 to 5 (Fig. 1), and Cn represents the capacitance of the corresponding SRR; f denotes 
the capacitance gradient factor, where f = 0 corresponds to a metamaterial without a capacitance gradient.

First, we consider the magnetic field at the resonant frequency corresponding to the receiving stage. The simulation results 
reveal that modifying the gradient factor can alter the magnetic field distribution (Figs. 4(b) and (c)). As the gradient factor 
increases, the uniformity of the magnetic field increases. However, above a critical threshold, further increases in the gradient 
factor decrease the uniformity and shift the peak field intensity from the center to bilateral regions adjacent to the core.

To optimize the capacitive gradient parameters systematically for increased field homogeneity, we implemented a global 
optimization strategy based on a genetic algorithm. In each optimization, an initial population consisting of several random 
gradient factors is generated. Each individual represents the value of a gradient factor, and its fitness is obtained through two-
dimensional electromagnetic simulation. Specifically, we extract the magnetic field distribution curve of the structure 
corresponding to the gradient factor at x = [−50, 50] and z = 0 in the xz plane and use the uniformity of this curve as the 
optimization objective function.

In each generation, individuals with higher fitness values are selected as parents, and new offspring are generated through 
crossover operations in addition to small probability gene variations to increase the diversity of the search space. Offspring 
will replace and update with weaker individuals in the original population, thereby facilitating the evolution of the population 
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toward a better solution. After 30 generations of evolution, the algorithm converges and obtains the optimal gradient factor 
of 0.12. This scheme conducts a global search in high-dimensional space through a genetic algorithm, ensuring that the 
selected gradient parameters have significant effects on increasing magnetic field uniformity, improving the theoretical basis 
and practicality of the optimization process. (For the detailed implementation process and code, refer to the supplementary 
materials in Appendix A.)

For clarity, only the yz-plane magnetic field is presented here because of its maximal spatial extent and inherent 
nonuniformity risks. Magnetic fields in other planes (e.g., Fig. S1 in Appendix A) exhibit favorable homogeneity.

We subsequently considered the homogeneity of the transmitting magnetic field, whose frequency was much lower than 
the resonant frequency (Fig. 3(e)). Capacitance gradient factor (f) was chosen to increase the homogeneity of the transmitting 
magnetic field because Fig. 3(c) shows that the homogeneity of the transmitting magnetic field is noticeably poorer than that 
of the receiving magnetic field. On the basis of the numerical simulation, the optimal f was 0.12 for the transmitting magnetic 
field (Fig. S2 in Appendix A).

To ensure safety, the electric field and SAR were considered. The electric field with the metamaterial was only 5.6% of 
that without the metamaterial; hence, the SAR, which is proportional to the square of the electric field, was only 3.1% of that 
without the metamaterial (Fig. S3 in Appendix A). Therefore, the metamaterial can redistribute the electromagnetic field, 
similar to wire-array metamaterials, and the magnetic field is focused in the ROI, whereas the electric field dissipates from 
the ROI [14,25].

3.4. Adaptivity characterization using a uniform phantom

The nonlinearity of a metamaterial allows interference to be avoided in the transmitting field. Ideally, a metamaterial should 
significantly increase the signal without altering the transmitting field. The enhancement ratio of the signal (λr) should be as 
high as possible, and enhancement ratio of the metamaterial (λt) on the FA should be 1.0. The longitudinal relaxation time T1 
for the uniform phantom was 104 ms; hence, the Ernst angle, which indicates the maximal signal for an SPGR, was 80°, with 
a repetition time (TR) of 200 ms. The fluctuations in the signal and conventional FA with the body coil and metamaterial 
exhibited a consistent pattern, both reaching their apex at an FA of 80°. Through data fitting of the mean signal across an 
extensive area, we determined that λt = 1.02 and λr = 38.9, which closely approximated the ideal values (Fig. 5(a)). By 
extracting the signal of each pixel, we were able to map λt and λr, which correspond to the transmitting magnetic field 
distribution and receiving magnetic field distribution, respectively [26]. By normalizing λt and λr, we obtained the normalized 
transmitting and receiving magnetic field distributions, which were highly uniform within the ROI (Fig. 5(b)).

Fig. 5. Adaptivity characterization using a uniform phantom. (a) Variations in the signal and nominal FAs of phantom images obtained using the 
body coil and metamaterial. (b) Normalized transmitting and receiving fields within the phantom (colored panels) along the dotted black lines. 

3.5. Characterization of high-resolution imaging using a microstructure phantom
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The metamaterial significantly increased the SNR, which facilitated high-resolution imaging and increased the scanning 
efficiency. In this study, we designed a microstructure phantom featuring a comb-shaped structure filled with deionized water 
(Fig. 2). The images obtained using the metamaterial were much clearer than those obtained using a dedicated commercial 
12-channel wrist coil, particularly for the images at higher resolutions, in which the gaps and numbers were clearly shown 
(Fig. 6(a)). Quantitatively, the SNR of the images obtained using the metamaterial was 2.5 times greater than that of the 
images obtained using the wrist coil. At similar SNRs (≈150), the in-plane resolution of the image obtained using the 
metamaterial is 2.8 times greater than that of the image obtained using the wrist coil (i.e., 0.30 mm × 0.30 mm to 0.50 mm × 
0.50 mm) (Fig. 6(b)). A high SNR not only sustains high-resolution imaging but also increases the scanning efficiency. At 
similar SNR levels (≈105), the imaging method using the wrist coil required six acquisition times, whereas that using the 
metamaterial required only one acquisition time (Figs. 6(c) and (d)). Theoretically, the SNR is proportional to the pixel size 
and the square root of the acquisition time; hence, the results are consistent with the theoretical values.

Fig. 6. Ability of the metamaterial to support high-resolution imaging and increase imaging efficiency. (a) MR images of the microstructure 
phantom at various in-plane resolutions. (b) SNR assessment of the MR images of the microstructure phantom at various in-plane resolutions. (c) 
MR images of the microstructure phantom at various acquisition times. (d) SNR assessment of the MR images of the microstructure phantom at 
various acquisition times.

3.6. Clinical performance on human wrists

The proposed metamaterial achieved excellent performance in clinical applications. In this study, we recruited ten healthy 
volunteers and scanned their wrists using several commonly employed clinical MRI sequences (Fig. 7(a)). To intuitively 
present the overall performance improvement achieved by the metamaterial, we supplemented Figs. 7(b) and (c) with 
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magnified local detail images and SNR maps. The results showed that the SNR of the images obtained using the metamaterial 
was more than twice that of those obtained with the commercial wrist coil (Fig. 7(d)), and this increase in the SNR extended 
across the entire imaging region. In addition, contrast-to-noise ratio (CNR) analysis indicated that the metamaterial produces 
images with better tissue contrast. Consequently, the images obtained with the metamaterial exhibited overall better image 
quality, highlighting its potential for clinical diagnosis.

The diagnostic value of the images was further evaluated using a subjective scoring system, with a focus on image quality, 
as described in the supplementary materials in Appendix A. The images acquired using the metamaterial consistently received 
higher scores than those obtained with the wrist coil did (Fig. 7(e)), indicating its high diagnostic efficiency and accuracy in 
clinical applications.
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Fig. 7. Clinical application of the metamaterial. (a) Photographs of (left) a 12-channel wrist coil and (right) the metamaterial with the human wrist 
inside. (b) Sample MR images and (c) SNR maps of human wrists obtained with a 12-channel wrist coil and the metamaterial using the following 
sequences: T1 SE (stands for T1-weighted spin‒echo), PD FSE fs (stands for proton density-weighted, fat-saturated fast spin‒echo), T1 quick3D 
(stands for T1-weighted, 3D SPGR), and T2 GETI (stands for transverse relaxation time (T2)-weighted gradient echo training image); the sequence 
parameters are detailed in Table S1. (d) Comparative analysis of SNR enhancement in MR images obtained with the metamaterial versus those 
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taken using the wrist coil. (e) Experienced radiologists quantified the image quality scores. The spine coil was used as the receiving coil when the 
metamaterial was used.

The interobserver consistency (Krippendorff’s alpha) for the subjective scores of wrist coil imaging sequences, including 
T1 SE (stands for T1-weighted spin‒echo), PD FSE fs (stands for proton density-weighted, fat-saturated fast spin‒echo), T1 
quick3D (stands for T1-weighted, 3D SPGR), and T2 GETI (stands for transverse relaxation time (T2)-weighted gradient echo 
training image), was 0.764 (95% confidence interval (CI): 0.716–1.000), 0.733 (95% CI: 0.718–1.000), 0.832 (95% CI: 
0.817–1.000), and 0.946 (95% CI: 0.945–1.000), respectively. These results indicate moderate to high consistency among 
observers. For imaging with metamaterials, the scores of the T1 SE, T1 quick3D, and T2 GETI images from three volunteers 
were all 5, with Krippendorff’s alpha being 1. Additionally, the Krippendorff’s alpha value for the PD FSE fs images scored 
from three volunteers was 0.845 (95% CI: 0.820–1.00), indicating a high level of interobserver agreement.

4. Discussions

The magnetic field pattern of metamaterials composed of identical SRRs is similar to that of a solenoid, which is typically 
used as a wireless local coil to increase the SNR, particularly in ultrahigh fields [27–29]. In some studies, metamaterials based 
on SRRs are known as “metasolenoids” [30,31]. However, metamaterials based on SRRs perform significantly better than 
solenoids in two aspects. First, the metamaterials are composed of many independent SRRs, and their independent property 
allows us to manipulate the enhancement property of each SRR and further increase the magnetic field homogeneity. In 
contrast, all the turns of the solenoids are connected in series and are highly interdependent, thus rendering redistribution of 
the magnetic field difficult. Second, solenoids are typically designed without lumped elements; hence, their resonant 
frequency cannot be shifted easily and effectively from the Larmor frequency during the transmitting period. In addition, the 
intrinsic inhomogeneous magnetic field profile of solenoids renders their nonlinearity meaningless (Fig. S5 in Appendix A).

A linear capacitance gradient was used in this study to increase the field homogeneity. Other types of gradients, such as 
exponential, power, and logarithmic gradients, can be used to obtain a more homogeneous field distribution. As shown in 
Fig. S6 in Appendix A, we used an exponential gradient to increase the homogeneity of the transmitting field, and the 
capacitance of the SRR is expressed as 𝐶𝑛 = 𝐶1exp[𝑓(𝑛 ― 1)]. The optimal capacitance gradient factor f is 0.08, and the 
field homogeneity (Fig. S7 in Appendix A) and capacitance (Table S2 in Appendix A) of the SRRs are similar to those yielded 
by the linear gradient. Owing to the coupling between SRRs, the theoretical derivation of the optimal capacitance gradient is 
highly complex. A comprehensive analysis based on an equivalent circuit model and electromagnetic field theory is provided 
in the supplementary material in Appendix A to explain why the capacitance gradient strategy is effective in achieving 
magnetic field homogenization. In addition to the theoretical basis of the gradient strategy, we also analyzed the 
electromagnetic coupling between the SRRs in the metamaterial. To further clarify the origin of the resonance frequency shift 
in the SRR array, we conducted a theoretical analysis of the coupling mechanism on the basis of coupled mode theory. This 
analysis reveals how the interaction between SRRs results in collective resonance behavior and explains the frequency 
deviation between a single SRR and a metamaterial composed of multiple SRRs. A representative four-SRR system was 
analyzed through eigenmode decomposition, which demonstrated how different coupling strengths and capacitance gradients 
affect the current distribution and magnetic field uniformity (Fig. S8 and Table S3 in Appendix A). The purpose of increasing 
the field homogeneity is to obtain an MR image with a uniform signal and without RF-related artifacts, which was 
successfully achieved in the current study using a linear gradient. In Ref. [32], the magnetic field homogeneity was increased 
by optimizing the number of resonant elements (ceramic rings for dielectric resonators and resonant SRRs for metasolenoids). 
Compared with the published methods, our capacitance‒gradient shimming method is more favorable (see details in Fig. S9 
in Appendix A).

In addition, to increase the clinical reliability of the metamaterial, we evaluated the effect of manufacturing tolerances on 
its resonance frequency systematically. The metamaterial consists of several components, including PCB circuits and 
capacitors. The simulation results show that a ±5% capacitance tolerance causes an average frequency shift of 0.85 MHz 
(1.33% relative deviation), whereas a ±0.1 mm trace width tolerance has a negligible effect (frequency shift of 0.07 MHz and 
relative deviation of 0.11%). Capacitor mismatch is identified as the dominant source of instability. Therefore, a preselection 
strategy was employed. Moreover, clinical wrist images obtained with the metamaterial exhibit high SNRs and uniformity, 
with no artifacts observed. These results confirm that the design tolerates manufacturing errors while maintaining high 
performance and reliability for clinical MRI applications.
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Compared with conventional coils [33,34], the metamaterial performs better in three aspects. First, the SNR of the 
metamaterial is more than twice that of state-of-the-art commercial coils; hence, the metamaterial enables clearer images, 
higher image resolutions, and higher imaging efficiency. Second, the metamaterial functions in a wireless and passive regime; 
hence, it enables unique performance that cannot be achieved by wired commercial coils. The metamaterial does not require 
any interfaces to communicate with the MRI system, and the same metamaterial is applicable to all 1.5 T MRI systems from 
different manufacturers [14]. In addition, the wireless and passive features of the metamaterial avoid the requirement for a 
heavy control module, thus rendering it lightweight (0.13 kg for the metamaterial vs 2.35 kg for the wrist coil), which 
significantly facilitates its removal and installation. The passive adaptivity, wireless, and lightweight features of the 
metamaterial allow it to be easily maneuvered and used comfortably by operators and patients.

To verify the applicability of the proposed design in high- and ultrahigh-field MRI systems, we constructed metamaterial 
configurations for 3.0 and 9.4 T and conducted experimental validation. In a 3.0 T Philips system (128 MHz), the spine coil 
alone produced low-SNR wrist images, whereas the addition of the metamaterial enabled high-quality imaging. In a 9.4 T 
Bruker system (400 MHz), combining the metamaterial with an 86 mm body coil increased the SNR by 13 times compared 
with the body coil alone. These results confirm that the metamaterial delivers consistent SNR enhancement from 1.5 to 9.4 
T, demonstrating excellent adaptability and clinical potential. The corresponding imaging results are shown in Fig. S19 in 
Appendix A.

5. Conclusions

We propose a nonlinear metamaterial with a capacitance gradient, which is based on SRRs for MRI applications, and use 
the capacitance gradient strategy to substantially increase the homogeneity of both the transmitting and receiving fields. 
Without increasing the transmitting field, the metamaterial was able to greatly increase the receiving field owing to its 
nonlinear frequency response. In addition, the metamaterial significantly decreased the electric field and SAR; therefore, it 
not only increased the SNR but also rendered MR imaging safer. Clinically, the metamaterial provides a region exceeding 
100 mm with a homogeneous signal distribution, which is sufficient for human wrist imaging. The SNR achieved by the 
metamaterial far exceeded that achieved by the state-of-the-art commercial coil (12-channel wrist coil). The same 
metamaterial is applicable to MRI platforms manufactured by different manufacturers, which is not possible if commercial 
coils are used; hence, using the metamaterial is cost effective, because it does not require the purchase of RF coils. In addition, 
the metamaterial can be installed and removed more conveniently, thus reducing the efforts required from the operators and 
accelerating its examination. Our study removed the obstacles that hinder the clinical application of SRR-based metamaterials 
in MRI. The design also achieved robust adaptability and consistent performance in 3.0 and 9.4 T MRI systems, confirming 
its versatility across a wide range of field strengths. Considering the overall advantage of the metamaterial over conventional 
commercial coils, we believe that the metamaterial will revolutionize the conventional RF coil system through its pervasive 
use for manufacturing coils.
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