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Abstract—This article presents a high-sensitivity magnetic
tactile sensor comprising a dipole magnetic film and a z-axis
Hall sensor. The tactile sensor primarily focuses on pres-
sure response along the z-axis, minimizing interference from
magnetic fields in other axes and thereby simplifying signal
processing complexity. To enhance the overall performance
of the tactile sensor, a qualitative analysis and structural
optimization are conducted on both the magnetic film and the
Hall sensor. The magnetic film is optimized by comparing dif-
ferent thicknesses and magnetic powder mass fractions, and
the Hall sensor undergoes structural optimization through a
comparative analysis of different length-to-width (L/W) ratios.
By embedding the Hall sensor into the printed circuit board
(PCB), we can ensure a snug fit with the ultrathin flat mag-
netic film, resulting in an advantageous packaging effect.
Employing these approaches, we substantially improve sen-
sitivity, measuring at 5.92 Gs/N, surpassing the sensitivity
level (about 0.17 Gs/N) reported in previous works by one
order of magnitude. Finally, the device performs comprehensive characterizations, revealing excellent properties,
including low hysteresis (6.82%), the rapid response time (<2 ms), remarkable stability (0.09%), and high repeatability
(0.48%). This research will actively promote the development of tactile sensors, which offer substantial applications in
robotics, health monitoring, and electronic skin devices.

Index Terms— CMOS Hall sensor, dipole magnetic film, high sensitivity, magnetic tactile sensor, structural
optimization.
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I. INTRODUCTION

TACTILE sensors play a vital role in human tactile percep-
tion and have numerous applications in human life. For

instance, tactile sensors have been gradually applied to robotic
systems for environmental perception and dexterous operation.
By possessing the capability, robots acquire a sense of touch,
facilitating adaptive grasping and enhancing human–robot
interaction [1], [2]. In addition, tactile sensors have been
utilized to implement electronic skin, which can mimic tactile
sensations [3], [4] and monitor physical conditions to facilitate
health detection [5], [6]. They measure and quantify the
electrical signals generated by human activities, enabling the
monitoring of various indicators of human health [7], [8],
[9], [10]. To date, different sensing types of tactile sensors,
including magnetic [11], [12], [13], [14], [15], [16], [17],
[18], [19], piezoresistive [20], [21], [22], and capacitive [23],
[24], [25] sensors, have been developed. Magnetic tactile
sensors can provide rich information dimensions, extracting
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Fig. 1. Illustration of the magnetic tactile sensor. Robot hand image source: pixabay.com.

force information including magnitude, direction, and position
through magnetic field information in three directions. More-
over, magnetic tactile sensors have higher stability and lower
hysteresis than resistive types, better linearity than capacitive
types, and a wider range of force types than piezoelectric types
and are less susceptible to external environmental influences
than optical types. Finally, magnetic tactile sensors have the
advantages of a simple structure and are easy to use.

Currently, many researchers have carried out extensive stud-
ies to improve the performance of magnetic tactile sensors.
For example, Yan et al. [26] reported a work using a proper
design of the magnetization direction in the flexible magnetic
film and variable transformation by theoretical calculations
to solve the coupling problem between normal force and
shear force. Yan et al. [26] and Hu et al. [27] proposed
a method utilizing sensor arrays and algorithms to enhance
the spatial resolution of tactile sensors. The unambigu-
ous discrimination between tactile and touchless interactions
has also been successfully achieved through the rational
design of the structure, such as air gaps and pyramid-shaped
extrusions [13].

To improve the pressure/force perception performance, sen-
sitivity was also focused on by some reported works. The
most common approach to enhancing sensitivity is by modi-
fying the magnetization method and the structure of magnetic
films, thereby increasing the surface magnetic field strength.
Methods to improve the performance of flexible magnetic
films include origami [28], [29], folding [30], [31], microstruc-
ture [32], [33], [34], and Halbach magnetization [26], [35].
These methods significantly increase the surface magnetic field
strength.

However, methods to enhance the surface magnetic field
strength of the magnetic film invariably complicate the surface
magnetic field strength distributions, which cause magnetic
field component signals in the three directions of x , y, and
z and increase signal processing difficulty. In addition, recent
research relies more on experiments to determine the dimen-
sional parameters of magnetic films, but there is a lack of
theoretical or numerical optimization. Another key element
of the magnetic tactile sensor is the Hall sensor. Currently,
commercially available Hall sensors are widely utilized, but
a mismatch occurs due to the fixed size and packaging of
Hall sensors [27], reducing sensitivity and limiting their effec-
tiveness in industrial applications. There is an urgent need to

qualitatively analyze the most basic combination of a magnetic
film and a Hall sensor and conduct structural optimization
analysis to promote follow-up research.

This article introduces a tactile sensor enhancing perfor-
mance through optimized design and packaging. Composed
of a dipole magnetic film and a z-axis Hall sensor, the
tactile sensor mainly focuses on pressure response along the
z-direction, minimizing interference from magnetic fields in
other axes and, thereby, simplifying signal processing com-
plexity. To enhance the overall performance of the tactile
sensor, the magnetic film and Hall sensor are optimized,
respectively. The magnetic film was optimized by comparing
the thicknesses and the mass fractions. By manufacturing Hall
sensors in different sizes, the optimal performance is achieved
by selecting the sensor size that demonstrates the best per-
formance for tactile sensor applications. Simultaneously, the
Hall sensors are embedded in the printed circuit board (PCB)
during packaging to ensure a precise fit and optimal integra-
tion. In summary, these methods can enhance the sensitivity
of tactile sensors without complicating the magnetic field.
Furthermore, we have filled a gap in structural parameters and
performance optimization of dipole magnetic film and z-axis
sensor cooperation. The qualitative analysis and performance
optimization of this most basic type of magnetic tactile sensor
will benefit subsequent research of complex structure magnetic
film and multiple-axis Hall sensors.

II. DESIGN AND FABRICATION

As illustrated in Fig. 1, the tactile sensor consists of three
parts: the top layer is a flexible magnetic film, which generates
a magnetic field in a specific direction, and the distribution of
the magnetic field changes when an external force is applied.
The middle layer is an elastomer of Ecoflex 00-30 (1 mm
thickness), which is utilized to increase a certain degree of
deformation so that the magnetic field change increases. The
bottom layer is a PCB with a Hall sensor mounted, which
senses the change in the magnetic field and, thus, outputs
corresponding electrical values.

When an external force F is applied to the flexible magnetic
film, the magnetic film produces deformation, which will result
in the displacement of permanent magnetic particles, and the
magnetic flux under the magnetic film changes. The Hall
sensor senses changes in the magnetic field due to the Hall
effect and outputs a corresponding Hall voltage.
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Fig. 2. Fabrication of dipole magnetic film. (a) Mix NdFeB powder and
Dragon Skin 10 NV. (b) Coating film. (c) Laser cutting. (d) Magnetization.

Fig. 2 shows the fabrication of the dipole magnetic films.
The magnetic films comprise magnetic powder NdFeB and
Dragon skin 10 NV (Smooth-On, Macungie, PA). First,
we mixed Part A and Part B of Dragon skin 10 NV in the
1:1 mass ratio and then added NdFeB with an average size of
38 µm (LW-N 12-9, Guangzhou Xinnuode Transmission Parts
Company Ltd., China) with different mass fractions (40, 50,
and 60 wt.%).

The mixture was stirred evenly and poured onto a glass
plate, and then a film applicator made it into a film. After
curing, the laser cutting machine cut the film into 2 × 2 cm.
Finally, the magnetizer magnetized the magnetic film at 3 T
in the direction of thickness.

Fabricated using a standard 0.18-µm CMOS technology,
Hall sensors are made in a cross-shape for the best perfor-
mance. Fig. 3(a) exhibits a cross-shaped Hall plate’s typical
plan and side sectional views. First, an N-well layer with
a cross-like shape was implemented on a p-type substrate
to form the device’s active region. Moreover, four same
contact regions with a highly doped N+ implantation layer
were formed to reduce contact resistance. Finally, to decrease
the flicker noise induced by carrier surface recombination,
a heavily doped P+ implanting layer covered the surface of the
device. To enhance the performance, the Hall sensor is struc-
turally optimized through a comparative analysis of different
length-to-width (L/W ) ratios. To ensure the structure is prac-
tical, Hall sensors with different L/W ratios are simulated by
COMSOL Multiphysics, as shown in Fig. 3(b). Here, N-type
silicon was chosen as the material, whose conductivity was
set to 100 S/m. The physical field was selected as “current,”
whose conduction model was chosen as “Hall effect” and the
Hall coefficient was set to about (−16.425 × 103)m3/(s · A).
Then, L/W is scanned parametrically from 0.1 to 1.2 in steps
of 0.05, and the trend of Hall voltage with L/W is counted.
It reveals that the simulated sensitivity goes up rapidly with
the increase in L/W and a maximum value is achieved at L/W
≈ 0.4. Subsequently, it decreases slowly with L/W increasing.
The trend can be explained by the theoretical formula [36]

SH ≈
G

2 L
W +

2
3

µH (1)

Fig. 3. (a) Top and side views of the Hall sensor structure. (b) Simulation
results of Hall sensor sensitivity concerning L/W. (c) Four different sizes
of Hall sensors. The top row is the layout drawn by cadence software,
and the bottom row is the physical drawing obtained by metallurgical
microscopy.

Fig. 4. Position of the Hall sensor relative to the PCB. (a) Hall sensor
on top of the PCB. (b) Hall sensor embedded in PCB.

where G and µH denote the geometric factor of the Hall
device and Hall mobility, respectively. An analytical expres-
sion of G for a cross-like Hall plate operating is derived by

G = 1 − 1.044exp
(

−3.142
L
W

)
. (2)

Based on the results, four specific sizes of Hall sensors are
chosen for the fabrication process. Fig. 3(c) displays the four
cross-like Hall plates with L/W ratios of 0.2, 0.4, 0.5, and 1,
respectively. The cross width (W ) of all the Hall plates is
designed to be 50 µm.

To ensure a flat fit between the PCB and the magnetic
film, the Hall sensor was embedded within the PCB during
the packaging process instead of simply glued on top of the
PCB. This embedded approach allows for a more precise
and seamless integration between the PCB and the magnetic
film, enhancing the overall performance and reliability of
the sensor. Fig. 4 illustrates the comparison of the packaging
methodology employed in this article with other studies that
utilize commercial Hall sensors. It highlights the distinctive
packaging approach adopted in this research, showcasing its
advantages and distinguishing features compared to previous
works.
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Fig. 5. M-H curves of NdFeB with different mass fractions.

Fig. 6. SEM image of the magnetic material.

III. RESULTS AND DISCUSSION

A. Magnetic Film
1) Magnetic Properties: The performance characterization

of flexible materials is extremely important [37]. The magnetic
properties of the materials were characterized by a physical
property measurement system (PPMS-9T, Quantum Design).
Magnetization versus magnetic field (M-H) curves of NdFeB
with different mass fractions are shown in Fig. 5. It shows that
Mr increases with the increasing of mass fraction, which is
up to the maximum when the content of NdFeB is 60 wt.%:
Mr = 43.4 emu/g.

Fig. 6 shows the distribution of 60 wt.% NdFeB particles
in Dragon Skin 10 NV, using a scanning electron microscopy
(SEM, ZEISS G300, Zeiss, Germany).

2) Simulation Optimization: The magnetic field distribution
of the magnetic film mainly depends on the magnetic prop-
erties and the shape. For the block shape of magnetic film,
the magnetic field above the surface Bh is calculated as this
equation [38]

Bh =
Br

π

[
arctan

lw

2h
√

4h2 + l2 + w2

−arctan
lw

2 (t + h)
√

4 (t + h)2
+ l2 + w2

]
(3)

where l is the film’s length, w is the width, t is the thickness
of the magnet, and h is the height above the magnet’s surface.

These parameters are related to geometry. This article sets
l and w to constant (2 cm), mainly studying the influence
of t and h.

The magnetic remanence Br is the magnetic induction or
magnetic flux density remaining in zero field (H = 0) after an
external magnetic field is applied, which is enough to achieve
saturation. It is relevant to the performance of the material
itself and is defined as

B = µ0 (H + M) (4)
Br = µ0 Mr (5)

where the constant µ0(4π × 10−7N·A−2) is the vacuum
magnetic permeability, B represents the density of magnetic
flux, H is magnetic field intensity, and M is the magnetization.
The remnant magnetization Mr is measured by an instrument
such as a physical property measurement system.

In the simulation conducted using COMSOL Multiphysics,
magnetic field components in the x-, y-, and z-axes (Bx ,
By , Bz) are obtained and visualized in Fig. 7(a)–(c). The
magnetization is oriented along the thickness direction in this
study. The analysis reveals that Bx and By are prominently
concentrated at the edges of the magnetic film. In contrast, Bz
is more uniformly distributed across the surface. Given this
distribution, the study selects a z-axis Hall sensor to capture
the characteristics of the magnetic field.

According to the calculation formula, we set the thickness
of the magnetic film t and the height from the surface of
the magnetic film h as variables for parameter optimization,
and the mass fraction of NdFeB is 60 wt.%. t1 = 0.1 mm,
t2 = 0.2 mm, t3 = 0.3 mm, t4 = 0.4 mm, and t5 = 0.5 mm;
h1 = 0.1 mm, h2 = 1 mm, and h3 = 10 mm. Parameter
simulation results are shown in Fig. 7(d)–(f). To control the
thickness of the magnetic film in the submillimeter range and
ensure sufficient sensitivity, 0.5 mm is chosen as the upper
limit for the simulation. As the value of t increases, the
magnetic field intensity increases; as the value of h increases,
the magnetic field intensity decreases. The mean value of Bz
is 2.3 mT (t5, h1).

3) Experimental Results: The surface magnetic field auto-
matic testing system (TY2100, TUNKIA, China) tests the
magnetic films with different mass fractions and thicknesses.
Fig. 8 illustrates that increasing the magnetic field strength is
considered from two aspects: increasing the thickness and the
mass fraction of magnetic powder. When the mass fraction of
magnetic powder is 60 wt.% and the thickness of the magnetic
film is 500 µm, the maximum average magnetic field value at
the center is 2.59 mT.

Tensile Young’s modulus of different mass fractions is
shown in Fig. 9, which was tested by a universal testing
machine (Z020, ZwickRoell, Germany). As the mass fraction
increases, Young’s modulus increases. The tensile Young’s
modulus of 40 wt.% NdFeB (thickness of 300 µm) is
0.71 MPa, and the 60 wt.% NdFeB is 1.14 MPa. As depicted
in Fig. 9, both linearity and strain range decrease as the
mass fraction of magnetic powder in the silicone elastomer
composite increases. One of the factors is the effect of particle
agglomeration. As the mass fraction of magnetic powder
increases, there is a higher likelihood of particle agglomeration
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Fig. 7. Magnetic film simulation and parameter optimization. (a) Distribution of Bx. (b) Distribution of By. (c) Distribution of Bz. (d) Curves of Bz at
h1. (e) Curves of Bz at h2. (f) Curves of Bz at h3.

Fig. 8. Test of the surface magnetic field.

within the elastomer matrix. This agglomeration leads to a
nonuniform distribution of particles, resulting in localized
areas of higher stiffness and reduced elasticity. Consequently,
the material exhibits less linear behavior as the strain increases.
Besides, we also need to consider the effect of the reduction of
the polymer network connectivity. With higher mass fractions
of magnetic powder, the polymer network within the elas-
tomer matrix may become disrupted. This disruption weakens
the connectivity between polymer chains, leading to reduced
elasticity and increased susceptibility to deformation at higher
strains. As a result, the material’s ability to maintain linearity
in stress–strain behavior diminishes.

B. Hall Sensor
1) Geometry Optimization for Maximum Sensitivity: The sen-

sitivity of a Hall sensor refers to the degree of change in the

Fig. 9. Test of tensile Young’s modulus.

output voltage in response to variations in the magnetic field.
For sensitivity property characterization, the relative magnetic
field density was tuned from 0 to 60 mT, which is enough to
measure the magnetic field generated by the magnetic film.
The output voltage of the hall sensor at the relative magnetic
field density of 0 T was set as the base value, and the output
voltage change is plotted in Fig. 10(a). The following equation
calculates the sensitivity value:

SH =
VH

Bz · VBIAS

(
%

/
T
)

(6)

where SH is the sensitivity of the Hall sensor, Bz is the
magnetic field applied to the Hall sensor, and VH and VBIAS
represent the output voltage and bias voltage, respectively.

The Hall sensors of four different L/W ratios are com-
pared in Fig. 10(a), and it is experimentally demonstrated a
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Fig. 10. (a) Output comparison of different L/W Hall sensors under
different magnetic fields. (b) Comparison of Hall sensor sensitivity
obtained from simulation and experiment, respectively.

maximum sensitivity of 2.5 %/T when the cross L/W ratio of
the Hall plate is about 0.4.

As illustrated in Fig. 10(b), the simulation results are con-
sistent with the changing trend of the experimental results.

2) Offset Cancellation: Hall misalignment is a condition in
which a Hall device has an electrical potential difference
across the sensing electrodes of the device even when no
magnetic field is applied. Misalignment is mainly caused by
defects in the device fabrication process, such as geometrical
errors in the device structure, uneven doping concentration,
uneven thickness, and asymmetry of the contact electrodes.
In addition, Hall devices are subjected to mechanical stress,
piezoresistive effects, thermal expansion and contraction dur-
ing packaging, and other external factors can also cause
misalignment.

The rotating current technique can remove the bias voltage.
Fig. 11(a) and (b) illustrates the two-phase rotating current
technique, and 1R characterizes the offset. The offset voltage
can be effectively eliminated by rotating the input and output
states of the four ports and then summing or subtracting
the outputs. When the Hall device is operating, as shown in
Fig. 11(a), the bias current flows into the Hall device from the
top to the bottom, and the following equation calculates the
potential difference between the left and right ports:

VO1 =VH1+ − VH1− =VHall +

(
1
2

−
R

2R + 1R

)
VBIAS (7)

when the Hall device is operating, as shown in Fig. 11(b), the
bias current flows into the Hall device from the left to the
right, and the potential difference between the top and bottom
ports is calculated by the following equation:

VO2 = VH2− − VH2+ = −V Hall +

(
1
2

−
R

2R + 1R

)
VBIAS.

(8)

The absolute values of the Hall voltage and the out-of-phase
voltage produced by the same Hall device in different phases
should be the same, so subtracting the output voltages of
the two cases before and after can eliminate the out-of-phase
voltage

VO = VO1 − VO2 = 2VHall. (9)

The four-phase rotating current technique was applied to
reduce the offset voltage. As illustrated in Fig. 11(c), the offset

Fig. 11. Characterization of rotating current technique. (a) State of the
Hall sensor at 0◦. (b) State of the Hall sensor at 90◦. (c) Comparison of
offset voltage before and after treatment.

Fig. 12. (a) Schematic of the test setup for the tactile sensor. (b) Picture
of the test setup for the tactile sensor. The tactile sensor is shown in the
lower left corner.

voltage is reduced by 94.75% compared to the original result
after the rotating current technique.

C. Magnetic Tactile Sensor
In this article, the performance of the tactile sensor is

evaluated through sensitivity, hysteresis, response time, and
so on. During response time, step signal output, repeatability,
and stability testing, the Hall output voltage was amplified
approximately 100 times by an instrumentation amplifier to
avoid the oscilloscope bottom noise masking small signals.
When it comes to the test setup, by applying force to each
other with a tactile sensor and a pressure gauge, the pressure
gauge detects the amount of force, and the tactile sensor
outputs the voltage, which is captured by a multimeter and
an oscilloscope, as illustrated in Fig. 12.

1) Sensitivity Test: Sensitivity is an important property of
a tactile sensor. Higher sensitivity indicates better sensor
performance. The corresponding output voltage was tested
from 3 to 30 N during the sensitivity test, as shown in
Fig. 13(a) and (b). The following equation calculates the
sensitivity value:

S =

∣∣VF2 − VF1

∣∣
F2 − F1

(
V

/
N

)
(10)
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Fig. 13. Characterization of tactile sensor performance. Output Comparison of tactile sensors composed of different mass fractions with (a) 300 µm
thickness and (b) 500 µm thickness, respectively. (c) Sensitivity comparison of tactile sensors corresponding to different types of magnetic films.
(d) Response time characterization. (e) Hysteresis characterization. (f) Stability characterization.

Different tactile sensors corresponding to different magnetic
films were measured. Fig. 13(a) and (b) illustrates a compar-
ison of the outputs of tactile sensors consisting of magnetic
films with different thicknesses and mass fractions. As shown
in Fig. 13(c), the higher the mass fraction of the magnetic
powder or the thicker the magnetic film, the stronger the mag-
netic field on the surface of the magnetic film, and the greater
the change in the magnetic field when subjected to pressure,
which ultimately results in a higher sensitivity of the tactile
sensor, consistent with Fig. 8. Each set of experiments was
repeated three times, and the error bars in Fig. 13(a) and (b)
represent the data fluctuations in the three tests. The errors
can be attributed to factors such as uneven magnetic film
powders, mechanical noise, and human testing errors. The
results indicate that the tactile sensor achieves its highest
sensitivity when the magnetic film has a thickness of 500 µm
and a mass fraction of 60 wt.%. In this configuration, the
sensitivity value reaches its maximum value of 0.074 mV/N
(5.92), which is one order of magnitude higher than previous
papers, and the measurement range is larger [27].

2) Transient Test: The response behavior of the tac-
tile sensor was characterized by conducting a test where
a 15-mm-diameter ball weighing 14 g was dropped five times
onto the sensor at a distance of 3 cm. As illustrated in
Fig. 13(d), the response time of the applying and releas-
ing force process is (1.24 ± 0.11) and (1.66 ± 0.11) ms,
respectively.

3) Hysteresis Test: During the application of force, the
result is a certain hysteresis due to the elastic recovery
properties of the elastomer and the magnetic film. For hys-
teresis property characterization, the relative force was tuned
from 3 to 30 N and then returned to 3 N for five tests,

as illustrated in Fig. 13(e). The following equation can cal-
culate the hysteresis value:

H =
VA_F − VR_F

VF=3N − VF=30N
% (11)

where VA_F and VR_F are the voltage values tested at a
certain F value in the applying and releasing force processes,
respectively. The maximum hysteresis value of the tactile
sensor is 6.82%.

4) Stability Test: The stability of the tactile sensor was
characterized by different constant force values ranging
from 5 to 30 N, as shown in Fig. 13(f). The stability index
coefficient of variation (Cv) of the voltage change is charac-
terized via the following equation:

Cv =
σ

µ
(12)

where σ is the standard deviation of a set of voltage values
and µ is their mean. The Cv values at the relative force of 5,
10, 15, 20, 25, and 30 N are 0.04%, 0.06%, 0.09%, 0.07%,
0.09%, and 0.07%, respectively. The results show long-term
stability.

5) Step Signal Output: Fig. 14(a) exhibits a step sig-
nal under different relative force values in applying force
from 5 to 17 N and releasing force from 17 to 5 N.

6) Repeatability Test: To characterize the repeatability of
the device, the dynamic response was conducted with force
ramp-up and ramp-down circles, as shown in Fig. 14(b).
A range of force increases (from 5 to 20 N) and force
decreases (from 20 to 5 N) was monitored over 200 cycles.
The variation of the repeatability (Vr ) is calculated to describe
the repeatability of the sensor via the following equation:

Vr =

∣∣Vpeak − Vpeak_average
∣∣

Vrange
% (13)
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TABLE I
PERFORMANCE COMPARISON OF SENSORS WITH SIMILAR FUNCTIONS

Fig. 14. (a) Step output characterization of the tactile sensor.
(b) Repeatability of the tactile sensor with the periodical force change
from 5 to 20 N. (c) Temperature effects on tactile sensors.

where Vpeak is the peak voltage change of each cycle and Vrange
is the peak difference of each voltage change period. Based on
this definition, the variation of the repeatability of the device
is calculated with the average value Vr_ave of 0.48%.

7) Thermal Effect Test: To characterize the response to
temperature, the output at different temperatures was tested.
As shown in Fig. 14(c), the output was tested at four tem-
peratures (40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C), each lasting for
200 s. During 40 ◦C–60 ◦C, it is relatively stable, and when
the temperature rises to 70 ◦C, the output drops slightly as
the alignment of the magnetic domains is affected, and the
magnetic properties are weakened.

IV. CONCLUSION

This article introduces a high-sensitivity magnetic tactile
sensor that consists of a dipole magnetic film and a z-axis Hall

sensor. The tactile sensor’s optimal performance is achieved
through qualitative analysis and structural optimization of the
magnetic film and Hall sensor. By manipulating the magnetic
film’s thickness and mass fraction, the tactile sensors’ perfor-
mance is systematically analyzed, revealing that increasing the
thickness and mass fraction leads to higher sensitivity of the
tactile sensor. To improve the performance of the Hall sensor,
a structural optimization process is conducted by comparing
different L/W ratios. This comparative analysis determines
the optimal L/W ratio, resulting in enhanced performance
of the Hall sensor. The structural optimization allows for
improved sensitivity and overall effectiveness of the sensor
in its intended application. Moreover, the Hall sensor was
embedded within the PCB to achieve a precise and secure
integration, ensuring a snug fit with the ultrathin flat magnetic
film. Employing these approaches, we substantially improve
sensitivity, measuring at 5.92 Gs/N, surpassing the sensitivity
level (about 0.17 Gs/N) reported in previous works by one
order of magnitude. The performance of the sensor compared
to other sensors with the same function is summarized in
Table I. It is worth mentioning that the devices are outstand-
ing in terms of sensitivity and response. In conclusion, the
approach can effectively avoid increasing the complexity of
the magnetic field and reduce the difficulty of processing
the signal. In addition, it can fill the gap in analyzing the
effect of size on device performance through quantitative
analysis. However, this method only stays at the enhancement
of sensitivity with less information dimension. In terms of
future improvements, it is intended to incorporate aspects such
as three-axis force decoupling and position sensing to make
the tactile sensor with more comprehensive performance.
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