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Abstract Mode-localized sensors are a class of ultra-sensitive resonant sensors that leverage the mode localization effect of weakly cou-

pled systems for signal detection. In this study, a high sensitivity MEMS current sensor based on mode localization is proposed, utilizing

a heat-sensitive structure to enhance sensitivity. The heat-sensitive V-shaped beam generates thermal expansion forces in response to

current-induced Joule heating, altering the stiffness of weakly coupled resonators and leading to a change in amplitude ratio. The current

sensor based on the mode localization principle achieves the highest current resolution in the field of MEMS current sensors. Compared

to previous mode-localized current sensors employing shunt resistors, the proposed design achieves a 10-times improvement in ampli-

tude ratio sensitivity. Through rigorous experiments, the sensor demonstrates a noise floor of 2.7 nA/
√
Hz and a resolution of 5.9 nA,

achieving a 30-times enhancement over previous designs. The proposed sensor achieves the highest resolution among reported microelec-

tromechanical system current sensors and outperforms handheld digital multimeters, laying a strong foundation for the development of

next-generation miniaturized, high-precision current sensing technologies.
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1 Introduction

Accurate current measurement is essential for power management [1], biomedical monitoring [2], and particle de-
tection [3], driving the need for high-sensitivity sensors. Digital multimeters (DMMs) are widely used for electrical
measurements, with benchtop models offering high resolution but being bulky and unsuitable for portable appli-
cations. In contrast, handheld DMMs are compact and convenient but suffer from significantly lower resolution,
which severely limits their applicability in precision measurements. Therefore, there is a growing need to develop
miniaturized current sensing devices that can achieve both high resolution and compact size to meet the demands
of modern applications.

In recent years, various novel current sensing strategies have been explored to address the limitations of con-
ventional approaches. A wide range of current sensors has been developed based on magnetic effects, such as Hall
effect [4], Rogowski coil [5], magnetic metal film [6], fluxgate [7], and giant magnetoresistance [8]. However, these
approaches are susceptible to external magnetic field interference and limited sensitivity, constraining their appli-
cability in precision measurements. To address these challenges, various innovative methods and principles have
been reported. For instance, high-sensitivity giant magnetoimpedance sensors based on novel CoFeNiSiB amor-
phous ribbon meanders enable current sensing at ampere-level ranges [9]; a diamond-based quantum sensor has
demonstrated high-precision current sensing capabilities up to 400 A [10]; fiber-optic sensors utilizing polarization-
bias-added structures have enabled high-current AC measurements [11]; a DC current sensor based on the surface
acoustic wave principle achieves a detection limit of 0.05 mA [12]; and conducting polymer composites such as
polyaniline/methylcellulose have been investigated for stable, low-current sensing in supercapacitor applications,
achieving detection limits down to 0.05 mA [13]. Despite these advances, challenges remain in simultaneously
achieving miniaturization and higher resolution in current sensing devices.

The advancement of microelectromechanical system (MEMS) technology has enabled the development of high-
performance sensors with possibility [14–17]. Especially mode-localized sensors, leveraging the amplitude ratio (AR)
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Figure 1 (Color online) Schematic diagram of the mode-localized current sensor.

as the output dimension of weakly coupled resonator systems (WCRs), have emerged as a promising approach. The
mode localization phenomenon occurs when a weak stiffness perturbation disrupts the balance of WCRs, leading
to an energy redistribution. This effect has been successfully applied in mass [18], acceleration [19, 20], magnetic
[21], electrostatic charge [22], and voltage detection [23], demonstrating its potential for ultra-high sensitivity
applications [24].

In our previous work, we successfully designed the first mode-localized current sensor, where the current was
converted into voltage via a shunt resistor and then detected [25]. In this study, a novel MEMS current sensor
is proposed, utilizing a thermally induced stiffness perturbation in a weakly coupled resonator system. The input
current flowing through a V-shaped beam generates localized Joule heating, inducing thermal expansion that alters
the stiffness of the resonator structure. This results in a measurable change in AR, enabling highly sensitive current
detection.

Compared with conventional current sensors, the proposed mode-localized current sensor offers an ultra-high
sensitivity. In this study, we experimentally validate the sensor’s performance by evaluating its sensitivity, noise
floor, and resolution. The results demonstrate that mode localization provides a viable and highly sensitive ap-
proach for current sensing, paving the way for the integration of MEMS current sensors with high resolution and
miniaturization potential.

2 Device design and theory analysis

2.1 Device design of the current sensor

The mode-localized current sensor, as illustrated in Figure 1, includes WCRs, sense electrode, drive electrode,
lever, V-shaped beam, and anchors. The WCRs consist of two resonators connected by a ring-shaped coupler.
Since the coupling stiffness is significantly lower than that of the resonators, a weak coupling effect is established.
The resonators are symmetrically placed and oscillate only in the vertical direction of the resonator. The drive
electrode applies an AC voltage signal to the resonator, inducing vibrations. These vibrations generate an AC,
which is measured by the sense electrode to determine the resonator’s displacement. The V-shaped beam is the key
structure of the current sensor. It receives the external current signal and converts it into thermal expansion force
through thermal deformation, which is amplified by a lever and applied to the resonators.

The working principle of the current sensor is as follows. First, the external current is input through the V-
shaped beam, generating Joule heat. The beam expands due to thermal deformation, producing thermal expansion
force. Two symmetrically placed V-shaped beams on each resonator cancel out any off-axis thermal expansion
forces. The thermal expansion force is then amplified by a lever and applied axially to the resonators, inducing
the mode-localization effect in the WCRs. The current redistributes energy in the WCRs, leading to changes in
the resonators’ amplitudes. The current value is determined by measuring the amplitude ratio between the two
resonators. Table 1 shows the dimension parameters of the structure.
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Table 1 Parameters of the current sensor.

Parameters Value

Beam length of resonators 600 µm

Beam width of resonators 6 µm

Inner radius of the coupler 310 µm

External radius of the coupler 316 µm

Gap between drive comb 2.5 µm

Overlap length of drive comb 11 µm

Gap between sense capacitor 2.5 µm

Length of sense capacitor 110 µm

Length of V-shaped beam 2000 µm

Width of V-shaped beam 20 µm

Angle of V-shaped beam 60◦

Figure 2 Mass-spring model of the WCRs.

2.2 Theory analysis of the weakly coupled resonators

The WCRs can be simplified to a mass-spring model in ideal conditions without damping, as shown in Figure 2.
Theoretically, the WCRs are symmetric, with identical masses and stiffness for both resonators (k1 = k2 = k,
m1 = m2 = m). The two resonators are weakly coupled by a mechanical coupler, whose stiffness kc is much smaller
than that of the resonators (kc ≪ k). The stiffness perturbation ∆k caused by the current is also much smaller
than k (∆k ≪ k). The dynamic equation of the current sensor is given in

{

mẍ1 + (k + kc)x1 − kcx2 = 0,

mẍ2 + (k + kc −∆k)x2 − kcx1 = 0,
(1)

where x1 and x2 are the vibration displacements of the two resonators.
The resonant frequencies and amplitude ratios of the first two vibration modes are given by [26]
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The sensitivity based on the amplitude ratio of the WCRs is expressed as follows:
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Figure 3 (Color online) Schematic diagram of the V-shaped beam.

The amplitude ratio output shows a nonlinear region when the disturbance is near zero; however, as the distur-
bance increases, the theoretical output sensitivity (kc ≪ ∆k) gradually stabilizes, with the final output sensitivity
approximated as follows:

Sk =
1

kc
. (5)

2.3 Theory analysis of the V-shaped beam

The analysis above demonstrates that WCRs operate as stiffness signal sensors, directly detecting changes in
resonator stiffness. Thus, the core focus of this paper is to achieve high-sensitivity conversion of current signals into
stiffness signals. This study employs a V-shaped beam structure for this conversion, with the structural schematic
shown in Figure 3. Each resonator has two symmetric V-shaped beams positioned axially, with current applied
to both beams simultaneously. Due to the symmetric structure, the current splits evenly between the two beams,
causing them to expand thermally to the same extent. The heat transfer process for each V-shaped beam can be
expressed as

I2ρl1
A1

= hA∆T, (6)

where I is the current input into the V-shaped beam, ρ is the resistivity of the material, l1 is the arm length
of the V-shaped beam, h is the effective heat transfer coefficient to the external environment, A1 is the effective
cross-sectional area of the V-shaped beam, and A is the effective heat transfer area to the external environment.

From (6), it can be seen that when there is a temperature change ∆T , the free expansion of the V-shaped beam
is

FT = αE∆TA1, (7)

where α is the coefficient of linear expansion of the material, E is the Young’s modulus of the material.

The thermal expansion forces generated by the two V-shaped beams cancel each other in the direction perpen-
dicular to the resonator, while stacking in the direction parallel to it. After amplification by the lever, the resulting
axial force applied to the resonator is given by

F = 2DFT cos θ = 2DαE∆TA1 cos θ, (8)

where D is the amplification factor of the lever, θ is the angle between the thermal expansion force and the direction
of the resonator.
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Figure 4 (Color online) The finite element simulation of V-shaped beam.

The analysis proceeds by beginning with the one-dimensional Euler-Bernoulli equation and following this by
proceeding with the Rayleigh-Ritz energy method. The vibration of the resonator can be simplified as a doubly
clamped beam under axial force where the stiffness change caused by axial force equals to [27]

∆k =
4.85F

L
, (9)

where L is the length of the resonator.
According to (6), (8), and (9), the stiffness perturbation caused by thermal expansion force to the resonator can

be written as

∆k =
9.7I2ρl1DαE cos θ

hAL
. (10)

According to (3) and (10), the amplitude ratio in the first mode can be obtained (∆k ≫ kc)

AR ≈ AR0 +
∆k

kc
= AR0 +

9.7I2ρl1DαE cos θ

kchAL
, (11)

where AR0 is the initial working point of the current sensor.
The linear output equation for the input current I obtained by squaring equation (11) is

ARsq =
√

AR−AR0 =

√

9.7ρl1DαE cos θ

kchAL
I. (12)

2.4 Finite element simulation of the current sensor

Optimizing the structural parameters of the device is crucial for enhancing current sensing performance, with the
V-shaped beam angle being particularly important due to its direct impact on thermal force transmission. To
determine the optimal angle, finite element simulations were conducted to analyze the relationship between the
direction of thermal expansion force and the resulting axial force applied to the resonator. ε is the angle between
the V-shaped beam and the direction perpendicular to the resonator. As shown in Figure 4, the efficiency of axial
force transmission gradually increases, reaching its maximum at almost 60◦. When ε continues to increase, it can
easily lead to unstable force transmission, manifesting as a decrease in transmission efficiency. Therefore, this study
designed the angle of the V-shaped beam to be 60◦.

To evaluate the potential impact of the auxiliary components on the dynamic response of the primary resonator,
the mode simulations were conducted. As shown in Figure 5, the resonant of frequency of resonator, lever, and
V-shaped beam are 22763.6, 65546.4, and 123337.6 Hz, respectively. The results show that the work resonant mode
of the resonator appears at a much lower frequency compared to the lever and V-shaped beams. Therefore, the
lever and V-shaped beams remain almost static during resonator operation. No abnormal vibrations or modal
couplings were observed in the work frequency. These findings confirm that the auxiliary structures primarily serve
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Figure 5 (Color online) The resonant frequency of the structure.

Figure 6 (Color online) (a) The finite element simulation of measuring range; (b) the finite element simulation of temperature variation.

as quasi-static force transmission elements and do not introduce unintended dynamic interference to the resonator’s
response.

When a current flows through the structure, it generates heat, leading to a temperature change on the surface
of the resonators. Since the resonators are made of semiconductor silicon, this temperature variation alters the
material properties, affecting the overall system dynamics. Finite element simulations are conducted to verify the
temperature distribution on the resonator surface within a specific current range, ensuring the feasibility of this
thermal effect in practical applications. The finite element simulation results are shown in Figure 6. As shown
in Figure 6(a), within the input current range of 1 mA, the input current exhibits a linear relationship with the
output ARsq, validating the effectiveness of the proposed method. A temperature simulation was conducted with
an initial setting of room temperature (293.15 K). As shown in Figure 6(b), under an input current of 1 mA, the
maximum surface temperature of the device reached 293.37 K, while the resonator surface temperature stabilized at
293.31 K. This maximal temperature variation, approximately 0.05%, confirms that within the 1 mA measurement
range, the effect of Joule heating on the system’s performance is negligible.

3 Fabrication and experimental setup

3.1 Device fabrication

The current sensor was fabricated using a silicon-on-insulator (SOI) process [28, 29], as illustrated in Figure 7(a).
The fabrication steps include: (1) depositing and patterning photoresist on the substrate; (2) performing ICP
etching on the substrate trenches and removing the oxide layer; (3) depositing and patterning photoresist on the
front side; (4) patterning metal electrodes; (5) defining the device structure and bonding it to a carrier wafer; and
(6) using DRIE to etch the device layer, followed by the removal of photoresist and the carrier wafer. Finally, the
devices were released in an HF solution. The device processing results are shown in Figure 7(b).

3.2 Experimental setup

The performance of the current sensor was evaluated in a vacuum chamber at a pressure of 0.022 Pa using both open-
loop and closed-loop schemes. The schematic of the experiment measurement is depicted in Figure 8(a). Current
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Figure 7 (Color online) (a) The current sensor process; (b) optical diagram of the current sensor.

Figure 8 (Color online) (a) Schematic of the experiment measurement; (b) the photo of the experimental setup.

sensor is applied to a DC bias voltage of 10 V by DC power. The photo of the experiment setup is illustrated in
Figure 8(b).

In the open-loop schematic, a sweep signal from a lock-in amplifier (Zurich Instruments HF2LI) is applied to
the drive electrode. The amplitude signals from the resonators are first amplified by charge amplifiers and then
measured by the lock-in amplifier to detect the mode localization phenomenon in the current sensor. In the closed-
loop schematic, the resonator is also driven and detected by a lock-in amplifier. Additionally, the lock-in amplifier
provides a PID controller and numerical oscillator to track and lock in the phases of the resonators, ensuring they
vibrate in the desired working mode.

4 Results and discussion

4.1 Frequency responses

Under the open-loop control, the amplitude-frequency response and phase-frequency response of the current sensor
were tested. As displayed in Figure 9(a), the available vibration modes of resonators 1 and 2 were 21756.3 and
21762.8 Hz, respectively, resulting in a frequency difference of 6.5 Hz. The −3 dB bandwidth of the resonator is
3.0 Hz, therefore the quality factor Q is approximately 7252. Based on the frequency difference and resonant
frequency, the coupling coefficient κ of WCRs can be calculated to be κ = 6.5/21756.3 ≈ 3× 10−4. The smaller the
coupling coefficient, the higher the sensitivity of the mode-localized sensor [30]. The κQ is about 2.2 > 1, ensuring
that WCRs work in the mode-localization regime without mode mixing [26].

As shown in Figure 9(b), in the first mode, the phase difference between resonators 1 and 2 is about 180◦, whereas
in the second mode, their phases are nearly identical. A 180◦ phase difference in the output signal corresponds to
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Figure 9 (Color online) (a) Amplitude-frequency of resonator 1 and resonator 2; (b) phase-frequency of resonator 1 and resonator 2.

Figure 10 (Color online) Amplitude-frequency with different current.

an out-of-phase vibration mode of the sensor, while the same phase difference indicates an in-phase mode. This
study chooses the first-order mode, which is the reverse mode, as the working mode.

4.2 Mode localization phenomenon

To observe the phenomenon of mode localization, the amplitude-frequency response of the current sensor with
varying input currents was tested. As shown in Figure 10, only the peak value of the first mode of resonator 1
increased whereas the other three modes decreased. This result demonstrates that energy converges from resonator 2
into the 1st mode of resonator 1, which verifies that the mode-localized current sensor responds to current variations
and observes the phenomenon of mode localization.

4.3 Sensitivity

To assess the sensor’s sensitivity, a precision current source (Keithley 6220) was used to apply a standard current
ranging from 0 to 1 mA with a step of 0.1 mA. The sensitivity measurements were conducted under closed-loop
control to ensure accuracy. As shown in Figure 11, the AR increased from 1.67 to 5.03 with increasing current,
exhibiting a quadratic relationship that aligns well with the theoretical model in (11). The maximum sensitivity
reached 6053/A in 0.9–1 mA. The result is 10 times higher than in previous work [25], highlighting the sensor’s
potential for ultra-sensitive current detection.

To reduce nonlinearity, a dimensional transformation was applied to the output to establish a linear relationship
between the input current and the output response. As shown in Figure 11, the transformed output, ARsq, exhibits
a near-linear correlation with the input current. The fitted linear equation is presented in (13), the sensitivity
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Figure 11 (Color online) AR and ARsq versus input current.

Figure 12 (Color online) (a) Backhaul errors of the current sensor; (b) repeatability errors of the current sensor.

was determined to be 1875.8/A, and the nonlinearity error was about 3%. This sensitivity result is slightly higher
than the finite element simulation predictions, likely due to fabrication-induced variations. Specifically, processing
imperfections may have resulted in a reduction in the coupling beam dimensions, thereby decreasing the coupling
stiffness. As weaker coupling enhances sensitivity, this reduction in stiffness is the most probable cause of the
observed deviation.

Y = 1.8758×X + 0.0627. (13)

4.4 Backhaul and repeatability error

Maintaining low Backhaul and repeatability error is crucial to the accuracy measure current. For accurate evaluation
of the performance of current sensors, these errors were carefully evaluated. To assess backhaul and repeatability,
the current was measured many times independent. This test helps verify the stability of the current sensor.

As shown in Figure 12(a), the backhaul error is calculated as

σh =
|hmax|
A

≈ 0.2%, (14)

where hmax is the largest difference between the curves of forward leave and return route.
As shown in Figure 12(b), the repeatability error is calculated as

σR =
3δ

A
≈ 0.9%, (15)

where δ is the largest difference among the five curves for forward and reverse travel.
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Figure 13 (Color online) Response time of the current sensor. Figure 14 (Color online) Zero drift of the current sensor.

The sensor demonstrated exceptional stability, with a return error of just 0.2% and a repeatability error of 0.9%,
ensuring highly reliable measurements. These results confirm the sensor’s stability, further highlighting its potential
for precise and consistent current detection.

4.5 Response time

A small current step test on the sensor was conducted to obtain its response time. Using a current source (Keithley
6220) input with a step of 1 µA, the test results are shown in Figure 13. The current sensor has an obvious step
for a current of 1 µA, demonstrating its ability to detect small currents. The response time is about 500 ms.

4.6 Zero drift

Ambient temperature fluctuations can cause significant zero drift by inducing thermal deformation and stiffness
changes in the V-shaped beams and coupled structures. Conducting zero drift experiments is crucial as it validates
sensor stability. Experiments were conducted using temperature control equipment within the range of 0◦C–40◦C,
with a step of 10◦C. After the temperature stabilizes, collect 30 s of current sensor output as the zero point output
at that temperature. The test results are shown in Figure 14. When the temperature rises from 0◦C to 40◦C, the
zero drift increases from 0 to 0.35, with an average drift of 0.4%FS/

◦
C.

4.7 Noise floor, resolution and dynamic range

The sensor was tested under closed-loop control using a lock-in amplifier, which simultaneously recorded the output
signal of the current sensor. The data acquisition was performed at a sampling rate of 225 Hz over a continuous
period of about one hour to ensure sufficient statistical accuracy. The collected signal was then processed and
transformed into ARsq for further analysis. To evaluate the sensor’s noise characteristics, the noise spectral density

of the signal was computed. As shown in Figure 15, the noise floor of ARsq was 5 × 10−6/
√
Hz at 1 Hz. The

sensitivity of the current sensor, based on the ARsq, was 1875.8/A. The noise floor of the current sensor could then
be calculated as

Inoise =
5× 10−6/

√
Hz

1875.8/A
= 2.7 nA/

√
Hz. (16)

The −3 dB bandwidth ω−3 dB of the current sensor is about 3.0 Hz and the noise equivalent bandwidth NEB is
1.57× larger than the ω−3 dB. The resolution of the current sensor can be calculated by [31]

Res = Inoise ×
√
NEB = 5.9 nA. (17)

The measurement range is 1 mA and the resolution is 5.9 nA. Therefore, the dynamic range of the current sensor
is calculated as

DR = 20× lg

(

MR

Res

)

= 104.6 dB. (18)
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Figure 15 (Color online) Noise spectral density of the output.

4.8 Comparison of different current sensors

The performance comparison between the proposed sensor and other current sensors is summarized in Table 2.
Compared to MEMS sensors based on magnetic metal film, giant magnetoresistance, and shunt resistor principles,
the proposed current sensor achieves significantly higher sensitivity due to the combined effects of mode localization
and heat-sensitive detection, thereby enhancing its detection limit. Furthermore, unlike magnetic principle-based
sensors, it is entirely immune to external magnetic interference, overcoming a major limitation of such technologies.

Furthermore, the highest-resolution range of the Fluke 18B+ multimeter, which offers a lower measurement range
than the current sensor, is selected for comparison. The current sensor achieves a resolution of 5.9 nA, substantially
surpassing that of the Fluke 18B+. Moreover, it exhibits an exceptional dynamic range of 104.6 dB, demonstrating
its strong potential for high-precision current sensing applications.

Table 2 Comparison of different current sensors.

Performance
indexes

This
work

Previous
work [25]

Magnetic

metal film [6]
Giant

magnetoresistance [8]
Fluke
18B+

Sensitivity AR: 6053/A; ARsq : 1875.8/A AR: 567/A 5
√
Hz/A 22 V/A –

Resolution 5.9 nA 183.6 nA – Sub-mA 100 nA

Measurement range 1 mA 2 mA 1.5 A 2 mA 400 µA

Dynamic range 104.6 dB 80.7 dB – – 72 dB

5 Conclusion

In this study, an ultrasensitive MEMS current sensor based on mode localization and thermal sensitivity was pro-
posed and experimentally validated. By leveraging the thermal expansion effect induced by current flow, the sensor
achieves the ultrasensitive measurement of current. Experimental results demonstrated a maximum sensitivity en-
hancement of 10 times compared to previous mode-localized current sensors based on shunt resistors. By output
linearization, the input-output relationship is transformed from a quadratic relationship to a linear one, with a
return error of 0.2% and a repeatability error of 0.9%. The sensor achieved a noise floor of 2.7 nA/

√
Hz, resolution

of 5.9 nA, and dynamic range of 104.6 dB, making it the highest-resolution MEMS current sensor reported to date.
The proposed sensor offers significant advantages, including immunity to external magnetic interference and ex-

cellent miniaturization potential, making it highly suitable for compact, high-resolution current sensing applications.
Future work will focus on further improving linearity and optimizing structural design to enhance performance and
expand its application range.
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