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Large-area magnetic skin for multi-point
andmulti-scale tactilesensingwithsuper-
resolution
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The advancements in tactile sensor technology have foundwide-ranging applications in robotic fields,
resulting in remarkable achievements in objectmanipulation and overall human-machine interactions.
However, the widespread availability of high-resolution tactile skins remains limited, due to the
challenges of incorporating large-sized, robust sensing units and increased wiring complexity. One
approach to achieve high-resolution and robust tactile skins is to integrate a limited number of sensor
units (taxels) into a flexible surface material and leverage signal processing techniques to achieve
super-resolution sensing. Here, we present a magnetic skin consisting of multi-direction magnetized
flexible films and a contactless Hall sensor array. The key features of the proposed sensor include the
specific magnetization arrangement, K-Nearest Neighbors (KNN) clustering algorithm and
convolutional neural network (CNN)model for signal processing. Using only an array of 4*4 taxels, our
magnetic skin is capable of achieving super-resolution perception over an area of 48400mm2, with an
average localization error of 1.2 mm. By employing neural network algorithms to decouple the multi-
dimensional signals, the skin can achieve multi-point and multi-scale perception. We also
demonstrate the promising potentials of the proposed sensor in intelligent control, by simultaneously
controlling two vehicles with trajectory mapping on the magnetic skin.

Tactile skin is indispensable in robotic applications as it enables robots to
perceive the location, timing, andmanner of interactive contactwith other
objects1–9. Numerous tactile sensor designs have been proposed to mea-
sure contact on the sensing surface10–14. These designs often utilize various
transduction methods such as resistive15–19, piezoresistive20–23,
capacitive24–27, piezoelectric28–30, or triboelectric31,32. A common char-
acteristic of surface tactile sensors is the integration of numerous small
sensing units, forming a grid-like pattern on a flat or curved surface14,33.
Each sensing unit, known as a taxel, is responsible for detecting interac-
tions in its vicinity34. In typical applications, a high-resolution is desired,
which necessitates a large number of taxels35. Increasing the density of
smaller taxels and using thinner wires can enhance resolution, but it may
lead to drawbacks such asmechanical fragility, electromagnetic noise, and
cross-talk between taxels36,37. Technical challenges arise in terms of the
physical size of taxels as well as the costs associated with manufacturing
and wiring.

Efforts are being made to reduce the number of physical taxels while
extracting more tactile information38. It is possible to reduce the number of
taxels, by enabling each taxel to cover a larger area, and by combining
information from multiple taxels39,40. From this perspective, the concept of
super-resolution (SR) sensing is proposed, aiming to solve the inverse
problem of inferring tactile information from a limited number of sensors
and effectively creatinghigh-resolutionvirtual taxels. Theprimary approach
leverages properties of the tactile material and combining them with
machine learning algorithms to extract meaningful tactile information41. A
wide range of materials can be employed, such as, electrical resistance33,41,
magnetic flux42, fluid dynamics43, etc.

Table 1 provides a comprehensive comparison of these sensors. M.
Boutry et al. 44 andGe et al. 45 both developed electrical perceptionmethods to
localize contact for capacitive tactile sensors with 25 taxels and 4 taxels
respectively, both achieving a 1-fold SR factor. SR factor is defined as the
effective sensing length per single sensor divided by the sensing accuracy as
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shown inTable 1. Their sensing accuracy ismainly limited by the physical size
of taxels and themanufacturing difficulty. An SR factor of 15.5 is achieved by
embedding five magnetometers underneath a soft magnetic skin with
machine learningmethods46. Sunet al. 34madeabarometer-based sensor array
to achieve an SR factor of 32.5. Yan et al. 42 built amagnetic sensor with an SR
factor of 42.3 by machine learning methods and corresponding sinusoidal
magnetization theories. Park et al. 33 embedded both electrical and acoustic
based-taxels to achieve an SR factor of 6 in a 40,000 mm2 area with data
processing method. These different taxel arrays can achieve super-resolution
sensing on varying sensing areas ranging from 324 mm2 to 40,000 mm2.
However, the sensing area per taxel in the extant research is relatively low,
meaning thata largeamountof taxels are required tocovera large sensingarea,
and thiswill lead to a rise in themanufacturing and installation costs aswell as
maintenance difficulties.

Toaddress the above limitations,wepreviouslypresent awirelessflexible
magnetic tactile sensor consisting of a multi-direction magnetized film and
contactless Hall sensors to achieve an SR factor of 29.6 with 3600 mm2 per
taxel47. Here, based on our previous work, we expand the functional surface
area from a 3600 mm2 discrete grid to a 48,400 mm2 continuous area by
embedding magnetic films into the soft silicone layers (Fig. 1a). Sixteen
magnetic taxels are contactless and placed under the film to perceive a 48-
dimensional magnetic signal, from which the perception information is
extracted with machine learning algorithms. Our work demonstrates a
magnetic skinwith a high SR factor and large sensing area per taxel, achieving
large-area super-resolution sensing while keeping the manufacturing process
simple. Benefiting from the high-dimensional magnetic field signals and
machine learning methods, the average localization error is reduced by
42.86%, from 2.1mm to 1.2mm, and our magnetic skin achieves a sensing
area of 3025mm² per taxel with an SR factor of 45.8. Owing to the specific
magnetization arrangement, more dimensions of the effective magnetic field
signal, and neural network algorithms, our proposed magnetic skin has sur-
passed its previous limitations and now possesses the ability of multi-scale
object perception and multi-point pressure sensing on the whole magnetic
skin. The generalization of this technique allows for the recognition of multi-
scale objects as well as the demonstration of real-time continuous pressure-
sensing writing touchpad. Furthermore, we construct a human-machine
interaction (HMI) systemwith the proposedmagnetic skin, demonstrating its
capability of simultaneously controlling two vehicles’ trajectory by pressing
the skin with two different balls.

Results
Magnetic Skin Design and Fabrication
Figure 1a shows the structure of the proposedmagnetic skin, including four
layers. The upper silicon layer (220mm× 220mm; thickness, 1mm) is a
flexible layer made of soft silicone elastomer to protect internal flexible
magnetic films and integrate the dispersed magnetic films into an entirety.

Themiddlemagnetic film layer consists of twenty-five small magnetic films
(37.5mm× 37.5mm; thickness, 1mm) with specific magnetized arrange-
ments. The lower flexible silicone layer (220mm× 220mm; thickness,
10mm) is alsomade of flexible silicone material and consists of twenty-five
small cavities,which can secure the twenty-five smallmagneticfilms inplace
andprovide a considerable range of deformation for themagneticfilms. The
bottom sensor array layer consists of sixteen magnetic Hall sensors. Each
Hall sensor (MLX90393; Melexis) can detect a three-dimensional magnetic
field signal, allowing for the real-time acquisition of 48-dimensional mag-
netic signal. The sensor array layer is placed 30mmunder themagnetic film
layer in a contact-free manner. The fabrication process and material com-
position of each layer can be referenced in Supplementary Fig. 2 and Sup-
plementary Note 2.When an external force is applied to the top layer of the
magnetic skin, the magnetic field lines of the middle magnetic films will be
displaced due to structural deformation, which can produce a certain
magnetic signal pattern and can be detected by the Hall sensor array, as
shown in Fig. 1b. Meanwhile, the real-time 48-dimensional magnetic signal
is processed by the computer to extract contact information using machine
learning methods, as shown in Fig. 1c.

As illustrated in Fig. 1d, the overall structure of the proposedmagnetic
skin resembles the human skin. The outermost silicone layer protects the
internal sensory layer against the external contact, similar to the stratum
corneumofhuman skin, byproviding a barrier against external contact. The
middle layer consists of specially arrangedmagnetic films that function like
sensory neurons in human skin, perceiving external stimuli. The bottom
sensor array detects the external contact through the wireless transmission
of magnetic field signals, and the host computer performs real-time signal
processing to extract the contact information, acting like the human brain.

The internal flexible magnetic films are primarily magnetized in
opposite directions (Fig. 1d right), and themagnetic field simulation results
are shown in Supplementary Fig. 7. Based on our previous work47, this
arrangement allows us to determine the approximate region of contact by
analyzing the signs of the three-dimensional magnetic signals. The detailed
calculation process of location and magnitude of the contact force is pre-
sented in Supplementary Note 3 and the following section.

The capability and application of our magnetic skin is demon-
strated with several tasks, as shown in Fig. 1e–g. First, the multi-scale
sensing capability is illustrated with amulti-scale object recognition task
(Fig. 1e). Then, the large-area full-range super-resolution continuous
perception capability allows our proposed skin to serve as a writing
touchpad for human-machine interaction (Fig. 1f). Moreover, with the
multi-point andmulti-scale perception capability, ourmagnetic skin can
drive multiple trolleys simultaneously through trajectory mapping,
providing much greater flexibility in control system compared with the
conventional control with only four directions (forward, backward, left,
and right) (Fig. 1g).

Table 1 | A comparison of state-of-the-art tactile sensors and our magnetic skin

Sensor name Transduction
method

Sensing
area (mm2)

No. of
physical
taxels

Sensing
area/
sensor

Length/
sensor

Localization
RMSE (mm)

Data
processing

SR factor M-p* M-s#

M. Boutry et al.44 Electrical 25 25 1 1 1 ____ 1 No No

Ge et al.45 Electrical 100 4 25 5 5 ____ 1 No No

Hellebrekers et al.46 Magnetic 1600 5(3-axis) 320 13.3 0.86 MLP 15.5 No Yes

Sun et al.34 Barometer 676 25 27 5.2 0.16 MLP 32.5 No No

Hu et al.47

previous work
Magnetic 3600 1(3-axis) 3600 60 2.1 KNN 29.6 No Yes

Yan et al.42 Magnetic 324 9(3-aixs) 36 6 0.142 MLP 42.3 No No

Park et al.33 Electrical and
acoustic

40000 32+ 25 702 25 4.2 MLP 6.0 Yes Yes

Our work Magnetic 48400 16(3-axis) 3025 55 1.2 CNN 45.8 Yes Yes

SR factor ¼ ðLength=sensorÞ=RMSE, M-p* means multi-points perception ability, M-s# means multi-scale perception ability.
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Super-resolution sensing ability
Figure 2a, b, c, and d illustrates the procedures of super-resolution
perception of our magnetic skin. When the soft magnetic skin is pressed
using a pressing head, the change in the 48-dimensional magnetic signal
is collected by the 16 Hall sensors located at the bottom layer, and then
transmitted to the host computer for localization and magnitude cal-
culation (Fig. 2a).

The sixteen different magnetic sensors detect the changes in the
magnetic strength (Bz) at corresponding position on the skin. By analyzing
theBzmagnetic strength changes from these sensors, it becomes possible to
estimate the approximate square location of the pressing point on the skin.
This initial estimation helps in determining the general area where the
pressure is applied.

Based on the location of the press, the pressing situations can bemainly
classified into three categories. Firstly, when the press occurs on the four
corners of the magnetic skin, it corresponds to three dimensions of valid
magnetic field information generated by the nearby one sensor. When the
press happens on the outer four edgesof themagnetic skin, it corresponds to
six dimensions of valid magnetic field information generated by the nearby
two sensors. When the press occurs in the central position of the magnetic
skin, the valid magnetic field information extends to twelve dimensions in
four sensors as shown in Fig. 2b.

After roughly determining the position, the original pressing data of
standard three-dimensional standardmagnetic flux density signal (Bx0,By0,
and Bz0) obtained from the corresponding small magnetic patches is
expanded from a 10 × 10 dataset to a 100 × 100 dataset to improve the

Fig. 1 | Structure design and working mechanism of the magnetic skin. a The
overall structure of the magnetic skin consists of four layers: upper silicone layer,
magnetic film layer, lower silicone layer, and sensor array layer. The perception
process of magnetic skin consists of two steps: b Deformation of the magnetic skin
with pressure which results in a 48-dimensional magnetic field signals; c Real-time

signal processing with machine learning algorithms to identify the contact force.
d Illustration of the analogy between the human skin and magnetic skin. Three
demonstrations of magnetic skin functionalities: e Multi-scale object recognition.
f Real-time writing touchpad. g Intelligent car path mapping.
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precision of super-resolution compressions using the Kriging interpolation
method formula as shown:

ZðxÞ ¼ mðxÞ þ ϵ0ðxÞ ð1Þ

m xð Þ ¼
Xn

k¼1

αkpkðxÞ ð2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXk¼n

i¼1
ðxi � yiÞ2

r
ð3Þ

where ZðxÞ is the linear universal Kriging result value we want, ϵ0ðxÞ is a
stochastic, mðxÞ is the constant trend, αk are the local trend or drift coef-
ficients, pkðxÞ are functions of the site coordinates (trend equations) and x is
the two-dimensional position vectorðx; yÞ. (Fig. 2c).

The final step involves comparing and calculating the Euclidean dis-
tance between the input real-time signal and the generated 10,000-point
dataset using the Kriging algorithm. This is done using the K-Nearest
Neighbors (KNN) algorithm. The dataset with the closest Euclidean dis-

tance in the corresponding dimension
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPk¼n

i¼1 ðxi � yiÞ2
q

is selected, and

the corresponding position is output as the reconstructed pressing location
of the signal:

ΔE ¼
Xk¼n

i¼1

ðBxi � Bxn0Þ2 þ ðByi � Byn0Þ2 þ ðBzi � Bzn0Þ2 ð4Þ

where Bxi, Byi, and Bzi are real-time acquired magnetic field signals, and
Bxn0,Byn0, andBzn0 are the premeasured standardmagnetic signal datasets.
The value of n depends on the number of effective sensor signals. For
example, when the pressure is applied on the corners of the magnetic skin,
there may be only one adjacent magnetic sensor that provides an effective
signal, so n = 1. By setting the value of n, the computational dimension and
time can be effectively reduced, thereby improving the real-time
perception rate.

To validate the effectiveness of this method, we conducted accuracy
measurements for the pressing positions using a 4mm diameter spherical
indenter. The three types of pressing scenarios mentioned earlier were
individually evaluated to determine theprecisionof the pressingpositions in
the pattern of “Z”, “J”, and “U” as shown in Supplementary Note 5. As the
number of effective sensors increases, the dimensionality of the effective
magnetic field signals also increases. Consequently, the overall perception
error decreases, which aligns with our expectations. The overall average
localization error of the magnetic skin is shown in Supplementary Note 8
and Supplementary Figure 11.

In addition toaccurately determining the positionof the contact spot, it
is crucial for tactile sensors to be able to ascertain the magnitude of the
contact force. The force magnitude sensing performance of magnetic skin
was assessed by recording the magnetic flux density in the z-direction (Bz)
under different applied contact forces according to four different sensors.
An electric drive XYZ three-dimensional platform (PMS-3), controlled by
theplatform itself, was used in conjunctionwithadigital force gauge (Zhiqu,
DS2− 50N) to apply and measure the contact force as shown in

Supplementary Fig. 15 and Supplementary Note 5. The relationship
between the applied loading force and the amount of variation in Bz at the
nearby left-up position of the pressing position was respectively shown in
Fig. 2h. A linear relationship was observed between the loading force and
pressing distance with an R-squared value of 0.9900, attributed to the
material properties. Furthermore, Bz at the nearby right-up position of the
pressing position, at the nearby left-lower position of the pressing position,
and at the nearby right-lower position of the pressing position exhibited also
strong linear relationship with R-squared values of 0.9871, 0.9752 and
0.9942 in Supplementary Fig. 14. Hence, based on our previous work and
these results, the relationship between loading force and Bz changing also
exhibits a linear relationship in the whole region on the magnetic skin.

Figure 2i and Supplementary Fig. 16 show the pressing force percep-
tion stability and pressing position perception stability of the magnetic skin
to the loading force over 500 cycles. Supplementary Fig. 17 also presents the
dynamic response of the magnetic skin to the periodically loaded depth of
4mmover 2500 cycles.The stable and reproduciblemagnetic signals further
confirm the excellent durability of the proposedmagnetic skin toward long-
term applications. As seen in Fig. 2j, the magnetic skin has a relatively low
localization error and quite large sensing area per sensing unit compared
with the previous design33,34,42,44–50.

Multi-scale pressing object recognition
As illustrated in Fig. 3a, the overall process of object recognition consists of
two main parts. The first part is data preprocessing, which involves trans-
forming the 48-dimensional magnetic field signals obtained from 16 mag-
netic field sensors into a 4 × 4 pixel-sized RGB image-like form. The
different pixel positions in the image correspond to the locations of the
respective sensors, while the RGB color information corresponds to the Bx,
By, andBzmagneticfield signal informationof each sensor. Before inputting
themagneticfield signal data into theneural networkmodel, the data should
be standardized to align it with the data standards required for neural
network training. By performing this data transformation, the magnetic
field signal data can be better utilized and becomes more suitable for sub-
sequent neural network model training. This process facilitates the effec-
tiveness and efficiency of the training process51.

Moving on to the second step, the transformeddata is inputted into the
convolutional neural network (CNN) model for forward propagation. The
data undergoes a series of processing through layers such as convolutional
layers, activation functions, and pooling layers. These layers gradually
extract and combine features, ultimately resulting in the network’s output,
which determines the shape of the object being pressed.

While considerable research has showcased the potential of leveraging
magnetic sensors to develop highly accurate object recognition perception
systems with AI analysis46,52, almost all of them have primarily focused on
recognizing objects of a consistent size. The multi-scale object recognition
ability has not been discussed so far.

Here we selected two different kinds of scale object shapes to test the
multi-scale object recognition ability of themagnetic skin. First, we assessed
the ability to recognize the pressing of small-scale objects. As depicted in
Fig. 3b and Supplementary Fig. 18, we employed 3D printing to fabricate
small-scale pressing heads in the shapes of square, triangle, pentagram,
ellipse, and rhombus with corresponding same dimensions. The press head
dimension is quite smaller than the small magnetic film of the magnetic

Fig. 2 | Principle of super-resolution pressure sensing and performance evalua-
tion of magnetic skin. The principle of pressure perception in magnetic skin can be
divided into four main parts: a The 48-dimensional pressure magnetic field signals
corresponding to the sixteen sensors are obtained. b The magnitude of the magnetic
field in the z-direction at the pressure location is used to determine the approximate
position of the pressure, thereby identifying the rough pressure region. cThe original
dataset is expanded using the Kriging interpolation method to improve the per-
ception accuracy. d The K-nearest neighbors (KNN) algorithm is used to determine
the reconstructed pressure point based on themagnetic field signals, and the result is

outputted. e–g Super-Resolution experimental error verification of the pressing
position. A spherical head with 4 mm diameter is used to press the magnetic sample
in a pattern of ZJU with three different conditions, and we show the localization
error of each condition individually. h The relationships between loading force (F)
and z-direction magnetic flux density (Bz) of nearby left-up Hall sensor (Fig. 2h-
inset). i The relationships between loading force (F) and z-direction magnetic flux
density (Bz) after 500 cycles. j Magnetic skin has achieved a high-precision com-
pression position sensing ability with large sensing area per sensing unit compared
with the previous design33,34,42,44–50.
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Fig. 3 | Multi-scale object press recognition based on convolutional neural net-
works. a The overall process of object recognition mainly consists of two parts: data
preprocessing and CNN classification. b Illustration of the five small-scale pressing
heads with their press positions and corresponding effective sensors and c signals.
The corresponding (d) 3D, e 2D PCA clustered results, f and the corresponding

confusion map of five pressing heads. g Illustration of the thirteen large-scale
pressing heads with corresponding forty-eight dimensions signals. The corre-
sponding (h) PCA clustered results of thirteen pressing heads and i enlarged detail
view of four pressing heads. and j The corresponding confusion map of thirteen
large-scale pressing heads.
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skin, so the effective magnetic sensors are less than or equal to four. As
shown in Fig. 3b, when the five different-shaped pressing heads are pressed
onto themagnetic skin at the sameposition, the corresponding four effective
magnetic sensors, as shown in Fig. 3b capture the corresponding signals.
The intensity differences in the obtained signals from the four sensors in
Fig. 3c allowus todistinguishbetweendifferentpressinghead shapes.A total
of 25 pressing positionswere considered,with twodifferent pressing depths:
2mmand 4mm. For eachpressing depth, 50 data points were collected and
fed into the CNN where 80% of samples were used for training, 20% of
samples were used for testing. After applying principal component analysis
(PCA) for feature reduction, the preliminary classification results were
visualized in Fig. 3d. The pressing signals from the five different pressing
heads are evenly distributed along 25 lines. An example of the pressing
signals fromoneof the lines is illustrated in the two-dimensional plot Fig. 3e.
Each pressing head appears as two clusters due to the presence of two
different pressing depths. However, the ellipse and rhombus pressing heads
have a similar shape, leading to some overlap between the blue and red
clusters. As shown in the confusionmaps in Fig. 3f, the highest accuracy for
small-scale shape recognition is 92.188%mainly because of the similarity of
ellipse and rhombuspressingheads. The details of theCNNtrainingprocess
can be found in Supplementary Fig. 19.

For the large-scale shape recognition, thirteen different large pressing
heads were used as shown in Fig. 3g and Supplementary Fig. 20. In con-
trast to the limited effective pressing signal information obtained from
small pressing heads, the larger pressing heads, due to their larger contact
area with the magnetic skin, provide 48-dimensional effective pressing
magnetic field variation signals. These high-dimensional magnetic field
variation signals are then inputted into the CNN model to obtain the
recognition results. Upon implementing principal component analysis
(PCA) to reduce the dimensionality of the features, the 2D preliminary
classification results were depicted in Fig. 3h. Due to the increased
dimensionality of the effective pressing signals, the data points cluster
corresponding to each pressing shape are well separated and distin-
guishable. The magnified view of closely clustered points is illustrated in
Fig. 3i, where the increased magnification reveals a more distinct
separation between the clusters. According to Fig. 3j, the highest accuracy
for large-scale shape recognition is 100%mainly because of the increase in
the amount of effective pressing signal information available.

In summary, the magnetic skin system described can successfully
recognize pressing signals from objects of different dimensions. This cap-
ability showcases the potential of magnetic skin technology in recognizing
and interpreting pressing actions across a range of object dimensions.

High-precision real-time continuous trajectory perception
By combining specific magnetization arrangements and advanced signal
processing methods, our magnetic skin achieves super-resolution percep-
tion across large areas. Unlike multi-point sensing capabilities achieved
through sensor arrays which can only sense the pressing information upon
the sensing unit49, our system utilizes real-time signal processing techniques
with specific magnetization arrangements to achieve ultra-super-resolution
real-time perception as shown in Supplementary Video 1. In the video, the
actualfingerpressing situation,whenpressingdownwards, the force exerted
by the fingers cannot remain constant like on the three-dimensional plat-
form, resulting in certain force variations, which may cause the pressing
signal to have a slight movement.

With the magnetic skin’s wide-ranging, ultra-super-resolution per-
ception capabilities, the continuous sensing of pressing points can be
achieved. As demonstrated in Supplementary Video 2, a green ball is con-
tinuously moved and pushed on the magnetic skin. By processing the real-
timepressing signals obtained,we canderive the real-timemotion trajectory
of the green ball.

Having demonstrated the ability of our magnetic skin to use specific
magnetization arrangements and signal processing methods to achieve
continuous ultra-super-resolution real-time perception, several

representative daily tasks were subsequently conducted, which include
continuous pressing handwriting board demonstration.

The overall process of pressing perception, as shown inFig. 4a, involves
pressing and rolling a ball (15mm in diameter) on the magnetic skin. The
real-time data changes in the magnetic field signals resulting from different
pressing positions are transmitted to a computer for signal processing. By
processing the corresponding magnetic field signals, real-time pressing
points can be obtained. Connecting the obtained pressing points allows for
the reconstruction and output of the ball’s movement trajectory on the
computer. Figure 4d shows the trajectory paths formed by themovement of
a ball on themagnetic skin, forming the letters “Z”, “J”, and “U” respectively.
As the ball rolls, the real-time 48-dimensional signals are simultaneously
captured by 16 magnetic sensors and processed on a computer. The real-
time sensing signal positions and ball movement path comparison are
shown inFig. 4f. In the actual experimental test process, themovement force
of the ball is formed by the vertical pressure and lateral push of the hand.
There will be lateral thrust, which is different from our standard measure-
ment (the data points are obtained by only vertical pressing), and the error
point will be generated, because the pressing force of the hand cannot be
kept constant when pressing, the noise point of the pressing signal will be
produced and the trajectory of thewriting boardwill be confused. To ensure
a clear and comprehensible real-timehandwriting effect, the stabilized point
signals with three iterations are plotted on a drawing board interface. The
consecutive points are then connected to form the trajectory of the ball’s
movement.The reconstructed trajectorypathsof the letters “Z”, “J”, and “U”
based on the ball’s sliding motion are depicted in Supplementary Video 3.

Multi-point and multi-scale perception and intelligent
control system
Conventional magnetic sensors typically rely on the magnetic field signal
variations caused by the deformation of magnetic films to obtain infor-
mation about the location and force of pressing47. The ability to perceive
multi-point andmulti-scale pressing information has not been discussed so
far because of the integrity of magnetic materials and the low-dimensional
information of magnetic sensors. Benefiting from the combination
arrangement ofmultiple smallmagnetic pieces in ourmagnetic skin and the
multi-dimensional magnetic field variations that can be obtained from the
sixteenmagnetic sensors, ourmagnetic skin enables theperceptionofmulti-
point and multi-scale pressing.

For example, when two points are pressed on the magnetic skin, the
overall deformation can be considered as a combination of the individual
deformations caused by the pressing of each point. Similarly, the magnetic
field signal variations can be considered as a combination of the magnetic
field signal variations obtained from the pressing of each individual point.
By combining the signals obtained from single-point pressings in various
configurations, we can generate the magnetic field signals corresponding to
multi-pointpressings. These signals can thenbe input intoCNNfor training
to obtain the best model. This model enables real-time multi-point press
sensing for subsequent applications. The press sensing capabilities of
magnetic skin with two-point, three-point, and four-point presses are
showcased in Fig. 5a, b, and c and Supplementary Video 4.

Similarly, by combining the signals of single-point presses of different
scales to obtain the magnetic field signals of multi-point presses, and
training a convolutionalneural networkwith these signals,we canobtain the
optimalmodel that enables real-time sensing ofmulti-point andmulti-scale
presses.

The magnetic skin enables the capability of large-scale, full-range
sensing for multi-point and multi-scale presses. As a demonstration, real-
time control of multiple small car trajectories has been successfully imple-
mented, showcasing the versatility of the system.

Unlike traditional control methods that rely on four directional but-
tons (forward, backward, left, and right) to control the movement of the
car53, our car control demonstration employs a mapping technique. By
accurately mapping the positions of two balls on the magnetic skin, we are
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able to control the movement of the cars and achieve accurate trajectory
mapping.

As shown in Fig. 5d, the magnetic field sensing signals obtained by
pressing the ball are inputted to a computer for neural network recognition.
The corresponding reconstructedpress point information is then fed into an
Arduinoboard,which controls themovementof the corresponding car’s left
and rightmotors for a specifiedduration.This enables theprecisenavigation
of the small car to reach the desired positions based on the recognized press
points. Through this process, our magnetic skin enables the simultaneous
and high-resolution control of multiple cars.

The plastic balls used in the experiments are inherently lightweight, and
the weight of the balls itself does not cause them to perceptually change
deformation on the magnetic skin. The gravity of the plastic ball itself is not
within the perceptual range of ourmagnetic skin. So, if they roll onmagnetic
skin on their own, it will not cause the magnetic field signal to change,
resulting inapress-sensing signal. In the experiment,weplaced theplastic ball
in the specified position by hand and then pressed it to obtain the magnetic
field change signal for signal processing, after obtaining the perception signal,
we used theArduino todrive the left and rightmotors of the car to control the
car to the specified position using the Bluetooth module.

The movement steps of the green ball (15mm in diameter) and blue
ball (10mm in diameter) controlling the corresponding small cars to spe-
cific locations are illustrated in Fig. 5e. The correspondence between the
balls, reconstructed positions, and small cars is depicted in Fig. 5f. Figure 5g
illustrates the reconstructed positions of the two corresponding balls. The
movement trajectories of the two cars are shown in Fig. 5h. The corre-
sponding Bx, By, and Bzmagnetic signals of the six-step process control for

two cars are shown in Fig. 5i and Supplementary Figure 21. Supplementary
Video 5 and Supplementary Video 6 demonstrate single-car control and
simultaneous control of two cars, respectively.

This demonstration showcases the real-time, large-area, andmultiscale
signal perception and processing capabilities of magnetic skin. It can be
widely applied invariousfields such ashuman-computer interaction, virtual
reality, etc., providing enhanced interactive experiences and control cap-
abilities for users.

Discussion
In summary, we developed a magnetic skin that can acquire super-
resolution X and Y coordinates, as well as magnitude information, for
pressing actions. The 48400 mm2 continuous multi-point and multi-scale
sensing areas and 45.8 SR factor can be achieved by 48-dimensional mag-
netic signal data from sixteenmagnetic Hall sensors combing withmachine
learning methods.

By integratingamagnetizationandarrangementmethod, expanding the
datasets using a linear universal Kriging equation, employing the k-nearest
neighbors (k-NN) algorithm to interpret three-dimensional magnetic flux
density signals, andmachine learning algorithm,our sensor surpasses current
technologies. This combined approach enables us to achieve superior per-
formance in determining the super-resolution magnitude and position of
contact force. The average error of super-resolution sensing is reduced to
1.2mm by utilizing higher-dimensional magnetic field signals.

The recognition of multi-scale objects can be achieved by magnetic
skin through the combinationofmagneticfield signals andneural networks.
By employing a neural network that utilizes low-dimensionalmagnetic field

Fig. 4 | High-precision real-time continuous pressing perception and Real-time
handwriting demonstration. The overall process of the real-time handwriting
demonstration on the drawing board includes: a Pressing and sliding the ball on the
magnetic skin to obtain the rolling trajectory, b real-time signal processing of the
magneticfield signals corresponding to thepressingpoints to reconstruct thepressing

point information, and c connecting the reconstructed points on the drawing board
interface to generate the rolling trajectory of the ball. d The rolling path of the ball on
the magnetic skin consists of three letters: “Z”, “J”, and “U.” The real-time 48-
dimensional signals are processed to obtain reconstructed pressing positions e. The
real-time sensing signal positions and ball movement path comparison f.
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signals from neighboring sensors, we can recognize the pressing signals of
small-scale objects. Additionally, by combining the overall 48-dimensional
magnetic signal datawith the neural network,we can identify the pressing of
large-scale objects.

With its super-resolution recognition capability and a full range sen-
sing area of 48,400mm², magnetic skin can enable real-time handwriting
applications. By continuously rolling a small ball (15mm in diameter) on
the magnetic skin, the corresponding rolling trajectory of “Z,” “J,” and “U”
can be obtained by connecting the corresponding points of pressure
perception.

Few discussions about magnetic tactile sensors have addressed the
ability to perceive multi-point and multi-scale pressing information due to
the integrity of magnetic materials and the low-dimensional information of
magnetic sensors. Our magnetic skin overcomes these limitations by
employing a combination arrangement of multiple small magnetic pieces
and utilizing themulti-dimensionalmagnetic field variations obtained from
sixteen magnetic sensors. As a result, our magnetic skin enables the per-
ception of multi-point and multi-scale pressing. Here, we demonstrate this
feature using an intelligent car control system. Unlike traditional control
methods that rely on four directional buttons (forward, backward, left, and

Fig. 5 | Multi-point and multi-scale perception and real-time control of multi-
cars trajectory demonstration. The demonstration of multi-point pressing,
including (a) two-point pressing, b three-point pressing, and c four-point pressing.
d Principle Illustration of controlling cars’ movement using magnetic skin. e The
movement trajectories of the two balls on the magnetic skin, f the correspondence

between the balls, reconstructed positions, and small cars, g the reconstructed
positions of the two cars after signal processing, and h the actual routes of the two
cars after being driven during dual-car control. i The variation of magnetic field
signal strength in the x-direction for the sixteen sensors during the six stages of
controlling the two cars.
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right) to control the movement of the car53, our car control demonstration
introduces a mapping technique. This technique involves accurately map-
ping the positions of two balls on themagnetic skin, allowing us to precisely
control themovement of two cars and achieve accurate trajectorymapping.

Moreover, the magnetic field has the ability to penetrate most mate-
rials, allowing for the separation of the magnetic films (perceptionmodule)
and the Hall sensor array (signal-receiving module). This is unlike tradi-
tional wire-connected soft electronic sensors. This characteristic helps to
address issues such as the difficulty of repairing damaged sensor arrays and
the complexity of wiring.

By altering the ratio of the top andbottomsilicone layers, the sensitivity
of the sensor can be altered. For example, adding silicone oil during the
molding of the bottom flexible silicone layer can adjust the elastic modulus
of the substrate, thereby making the magnetic signal changes generated by
pressing more sensitive. Due to the low-frequency magnetic field’s trans-
parency through the human body and its non-invasive nature, our sensor
has the potential to be applied to human-robot interaction applications. The
only rigid components of magnetic skin are the Hall sensors which can be
replaced by flexible printed circuits, enabling the development of con-
tinuous magnetic skin. This advancement would enhance the safety and
reliability of human-machine interactions, as the flexible nature of the
sensors would minimize the risk of injury or damage.

In summary, we have developed a large-area super-resolution mag-
netic skinwithmulti-point andmulti-scale perception ability. The proposed
design approach can be further applied to robot large-area tactile sensing
skins, providing robots with the ability to perceive tactile information over a
large surface area and allow for reliable and safe human-machine
interactions.

Methods
Fabrication of magnetic skin
The fabricationmethod for the magnetic skin is relatively simple. According
to our previous work47, the whole process of making magnetic films can be
mainly divided into two steps. We first combine NdFeB microparticles
(Jianghuai Ciye Corp) with the soft silicone elastomer (Ecoflex 00-30 Part B).
The mixture is thoroughly mixed to form the magnetic materials. Using an
aluminummoldwitha cuboid shapemeasuring37.5mm*37.5mm*1mm,
we stamp the magnetic pastes into consistent shapes with the desired
thickness. Next, we take the aluminum mold containing magnetic gel and
place it in a high-temperature heating cabinet. The mold is solidified at a
temperature of 248 °F, resulting in a square solid magnetic sample. This
sample can then be permanently magnetized in a magnetizer, aligning the
magnetic particles in a specific direction.

Following thefix 16magneticHall sensors (MLX90393;Melexis) in the
specified positions on the base. Place the base fixture of the magnetic skin
directly above the sensors andpour Ecoflex 00-30AB resin.Use amoldwith
25 compartments to allow the silicone to solidify, creating 25 square cavities.
Attach pre-magnetized flexible magnetic films into the 25 cavities. Finally,
pour Ecoflex 00-30 AB resin on top to integrate the components into a
unified structure.

Material ratio selection of soft magnetic film
When an external force is applied to the sensor, it is observed that the degree
of deformation of the magnetic film and the change in three-dimensional
magnetic flux density signals (ΔB) are influenced by the proportion of
magnetic powder in the film. According to our previouswork47, considering
the influence of sensing sensitivity, elastic modulus, stiffness, and the risk of
fracture, 60% wt magnetic powder is chosen as the best composition of the
soft magnetic film. The specific discussion can be found in Supplementary
Note 1 and Supplementary Fig. 1.

Magnetic sensor selection
For this magnetic skin, we select the 3-axis magnetic Hall sensor
(MLX90393; Melexis) as the unit of our sensor array. The main reason that
we use the magnetic Hall sensor MLX90393 is that we need to make the

sensor array and we want the unit to be small and easy to combine them
together. The size of the MLX90393 is small, and they can use the SPI to
connect and make the sensor array. On the other hand, the detecting point
of MLX90393 is at the center of the sensor which can make the measure-
ment more accurate. And we use the TCA9548A device to connect them
together as an array.

Machine learning
For small-scale object recognition, we used a standard CNN with six fully
connectedhidden layers. Thedata consisted of 12500 samples thatwere split
into datasets of training, validation, and test with a ratio of 8:1:1. The data
were recorded from sixteen Hall sensors with 48-dimensional magnetic
signals after being pressed of different heads at 25 different positions with
two different strengths. The models were trained with the standard error
loss. For the large-scale object recognition, the settingwas the same as above,
except that we have only 1950 data points.

Response time of the sensor
The instant response time of the sensor is measured by calculating the
dropping time of the sensor signals when the external load is quickly
changing.Wedoanexperimentbyusing the Six axis force and torque sensor
(KWR75 KUNWEI) to test the loading force and detecting the magnetic
signal at the same time as shown in Supplementary Fig. 23. According to
Supplementary Fig. 22a, themagnetic signal can catch the applied force very
well. And the delay of the magnetic signal is about 20ms in Supplementary
Fig. 22b.

Wealso test the average response timeof the16-Hall sensor array to the
computer and operating time of the super-resolution clustering algorithm is
about 43.5 ms, which means the sensing frequency of the data transmitted
from the Hall sensor to the computer is about 23Hz as shown in Supple-
mentaryFig. 24a.The computation time for thedetect point is about 44.2ms
as shown in Supplementary Fig. 24b. In summary, the shortest time for the
effective response is the combination of the magnetic signal delay and the
computation time which is about 65ms, which is mainly affected by the
sensing frequencyof theHall sensor, and theoperation timeof the clustering
algorithm.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Code availability
All the custom codes deemed central to the conclusions are available from
the corresponding authors upon reasonable request.

Received: 7 December 2023; Accepted: 28 June 2024;

References
1. Lei, Z. et al. A Biomimetic Tactile Palm for Robotic Object

Manipulation. IEEE Robot. Autom. Lett. 7, 11500–11507 (2022).
2. Dingley, G., Cox, M. & Soleimani, M. EM-skin: an artificial robotic skin

using magnetic inductance EM-skin: an artificial robotic skin using
magnetic inductance tomography tomography. IEEE Trans. Instrum.
Meas. 72, 1–9 (2023).

3. Mary Catherine, V. G., Paul, B. & Vinoj, P. G. Wearable Fabric Tactile
Sensors for Robotic Elderly Assistance. Proc. - 2nd Int. Conf. Smart
Technol. Commun. Robot. 2022, STCR 2022 1–5 (2022).

4. Kwon, S. Y. et al. On-skin and tele-haptic application of mechanically
decoupled taxel array on dynamically moving and soft surfaces. npj
Flex. Electron. 6, 1–9 (2022).

5. Liu, W. et al. Touchless interactive teaching of soft robots through
flexible bimodal sensory interfaces. Nat. Commun. 13, 1–14 (2022).

6. Li, S. et al. Bioinspired robot skin with mechanically gated electron
channels for sliding tactile perception. Sci. Adv. 8, 1–13 (2022).

https://doi.org/10.1038/s41528-024-00325-z Article

npj Flexible Electronics |            (2024) 8:42 10



7. Li, G., Liu, S., Wang, L. & Zhu, R. Skin-inspired quadruple tactile
sensors integrated on a robot hand enable object recognition. Sci.
Robot. 5, 1–12 (2020).

8. Liu, F. et al. Printed synaptic transistor-based electronic skin for
robots to feel and learn. Sci. Robot. 7, (2022).

9. Liu, F. et al. Neuro-inspired electronic skin for robots. Sci. Robot. 7,
1–16 (2022).

10. Seo, B., Cha, Y., Choi, Y., Kim, S. & Choi, W. Rationally designed
micropixelation-free tactile sensors via contour profile of triboelectric
field propagation. Nano Energy 109, 108255 (2023).

11. Mu, Y. et al. All-printed flexible capacitive array tactile force sensors
with tunable sensitivity and low crosstalk for micro motion detection.
Sens. Actuators A Phys. 356, 114337 (2023).

12. Yin, A. et al. High performance waterproof-breathable fully flexible
tactile sensorbasedonpiezotronics coupledOFET.NanoEnergy106,
108034 (2023).

13. Yang, Y. et al. Human skin based triboelectric nanogenerators for
harvesting biomechanical energy and as self-powered active tactile
sensor system. ACS Nano 7, 9213–9222 (2013).

14. Zhao, Z. et al. Large-Scale Integrated Flexible Tactile Sensor Array for
Sensitive Smart Robotic Touch. ACS Nano 16, 16784–16795 (2022).

15. Samaddar, N., Wani, M. I., Maharshi, V., Sonkusale, S. & Malik, S. A
Resistance Change Detection Circuitry for Thread Based Resistive
Sensors. APSCON 2023 - IEEE Appl. Sens. Conf. Symp. Proc. 1,
3 (2023).

16. Hong, W. et al. Self-adaptive cardiac optogenetics device based on
negative stretching-resistive strain sensor. Sci. Adv. 7, (2021).

17. Gong,S. et al. Hierarchically resistive skins as specificandmultimetric
on-throat wearable biosensors. Nat. Nanotechnol. 18,
889–897 (2023).

18. Zhang, X. et al. Silver Nanowire/Silver/Poly(dimethylsiloxane) as
Strain Sensors for Motion Monitoring. ACS Appl. Nano Mater. 5,
15797–15807 (2022).

19. Zhao, S. et al. Strain-driven and ultrasensitive resistive sensor/switch
based on conductive alginate/nitrogen-doped carbon-nanotube-
supported Ag hybrid aerogels with pyramid design. ACSAppl. Mater.
Interfaces 6, 22823–22829 (2014).

20. Okamoto,Y. et al.Highly sensitive low-frequency-detectableacoustic
sensor using a piezoresistive cantilever for health monitoring
applications. Sci. Rep. 13, 6503 (2023).

21. Zhang, W., Guo, Q., Duan, Y., Xing, C. & Peng, Z. A Textile Proximity/
Pressure Dual-Mode Sensor Based on Magneto-Straining and
Piezoresistive Effects. IEEE Sens. J. 22, 10420–10427 (2022).

22. Cheng, Y. et al. Bioinspired Microspines for a High-Performance
Spray Ti3C2Tx MXene-Based Piezoresistive Sensor. ACS Nano 14,
2145–2155 (2020).

23. Yu, R. et al. Highly Sensitive Flexible Piezoresistive Sensor with 3D
Conductive Network. ACS Appl. Mater. Interfaces 12,
35291–35299 (2020).

24. Sun, F. Y. et al. Vascular smoothmuscle-inspired architecture enables
soft yet tough self-healing materials for durable capacitive strain-
sensor. Nat. Commun. 14, 1–12 (2023).

25. Sachdeva, S. et al. Polymer-Metal Organic Framework Composite
Films as Affinity Layer for Capacitive Sensor Devices. ACS Sens. 1,
1188–1192 (2016).

26. Chen, L. et al. Textile-Based Capacitive Sensor for Physical
Rehabilitation via Surface Topological Modification. ACS Nano 14,
8191–8201 (2020).

27. Qin, R. et al. A new strategy for the fabrication of a flexible and highly
sensitive capacitive pressure sensor.Microsyst. Nanoeng. 7,
1–12 (2021).

28. Liu,Q.etal.WirelessSingle-ElectrodeSelf-PoweredPiezoelectricSensor
for Monitoring. ACS Appl. Mater. Interfaces 12, 8288–8295 (2020).

29. Rajala, S. et al. Cellulose Nanofibril Film as a Piezoelectric Sensor
Material. ACS Appl. Mater. Interfaces 8, 15607–15614 (2016).

30. Wang, H. S. et al. Biomimetic and flexible piezoelectric mobile
acoustic sensors with multiresonant ultrathin structures for machine
learning biometrics. Sci. Adv. 7, 1–9 (2021).

31. Qu, X. et al. Artificial tactile perception smart finger for material
identification based on triboelectric sensing. Sci. Adv. 8,
1–12 (2022).

32. Zhang, S. et al. Nondestructive Dimension Sorting by Soft Robotic
Grippers Integrated with Triboelectric Sensor. ACS Nano 16,
3008–3016 (2022).

33. Park, K. et al. A biomimetic elastomeric robot skin using electrical
impedance and acoustic tomography for tactile sensing. 7187,
1–12 (2022).

34. Sun, H. & Martius, G. Guiding the design of superresolution tactile
skins with taxel value isolines theory. Sci. Robot. 7, (2022).

35. Hu, K., Arcadia, C. E. & Rosenstein, J. K. Super-Resolution
Electrochemical Impedance Imaging with a 100 × 100 CMOS Sensor
Array. BioCAS 2021 - IEEE Biomed. Circuits Syst. Conf. Proc.
1–4 (2021).

36. Yeh, S. K. & Fang,W. Integration of Stainless-Steel Tactile Bumpwith
Inductive Tactile Sensor Array for 3D Micro Joystick Button
Application. 2019 20th Int. Conf. Solid-State Sensors, Actuators
Microsystems Eurosensors XXXIII, TRANSDUCERS 2019
EUROSENSORS XXXIII 1882–1885 (2019).

37. Lam, C. et al. Human finger inspired grasping structure using tactile
sensingarraywith single typeoptoelectronic sensor.Proc. IEEESens.
2017, 1–3 (2017).

38. Weerasinghe, L. & Chathuranga, D. S. Development and
characterizationof a soft tactile sensor array used for parallel grippers.
MERCon 2018 - 4th Int. Multidiscip. Moratuwa Eng. Res. Conf.
102–107 (2018).

39. Lee, H., Kwon, D., Cho, H., Park, I. & Kim, J. Soft Nanocomposite
Based Multi-point, Multi-directional Strain Mapping Sensor Using
Anisotropic Electrical Impedance Tomography. Sci. Rep. 7,
1–10 (2017).

40. VanDenHeever,D. J., Schreve,K. &Scheffer,C. Tactile sensingusing
force sensing resistors and a super-resolution algorithm. IEEE Sens.
J. 9, 29–35 (2009).

41. Wu, B., Liu, Q. & Zhang, Q. Tactile Pattern Super Resolution with
Taxel-based Sensors. 2022. IEEE/RSJ Int. Conf. Intell. Robot. Syst.
3644, 3650 (2022).

42. Yan, Y. et al. Soft magnetic skin for super-resolution tactile sensing
with force self-decoupling. Sci. Robot. 6, (2021).

43. Krause, A., Singh, A. & Guestrin, C. Near-optimal sensor placements
in Gaussian processes: Theory, efficient algorithms and empirical
studies. J. Mach. Learn. Res. 9, 235–284 (2008).

44. Boutry, C. M. et al. A hierarchically patterned, bioinspired e-skin able
to detect the direction of applied pressure for robotics. Sci. Robot. 3,
1–10 (2018).

45. Ge, J. et al. A bimodal soft electronic skin for tactile and touchless
interaction in real time. Nat. Commun. 10, 1–10 (2019).

46. Hellebrekers, T. et al. Soft Magnetic Tactile Skin for Continuous Force
and Location Estimation Using Neural Networks. IEEE Robot. Autom.
Lett. 5, 3892–3898 (2020).

47. Hu, H. et al. Wireless Flexible Magnetic Tactile Sensor with Super-
Resolution in Large-Areas. ACS Nano 16, 19271–19280 (2022).

48. Hellebrekers, T., Kroemer, O. & Majidi, C. Soft Magnetic Skin for
ContinuousDeformation Sensing.Adv. Intell. Syst.1, 1900025 (2019).

49. Dobashi, Y. et al. Piezoionic mechanoreceptors: Force-induced
current generation in hydrogels. Sci. (80-.) 376, 502–507 (2022).

50. Zou,Z. et al. Rehealable, fully recyclable, andmalleable electronic skin
enabled by dynamic covalent thermoset nanocomposite. Sci. Adv. 4,
1–9 (2018).

51. Sun, Z., Zhu,M., Shan, X. & Lee, C. Augmented tactile-perception and
haptic-feedback rings as human-machine interfaces aiming for
immersive interactions. Nat. Commun. 13, (2022).

https://doi.org/10.1038/s41528-024-00325-z Article

npj Flexible Electronics |            (2024) 8:42 11



52. Xia, Z. et al. Contact Shape and Pose Recognition: Utilizing a
Multipole Magnetic Tactile Sensor With a Metalearning Model. IEEE
Robot. Autom. Mag. 29, 127–137 (2022).

53. Qiu, X., Liu, J., Zhou, B. & Zhang, X. Bioinspired Bimodal
Mechanosensors with Real-Time, Visualized Information Display for
Intelligent Control. Adv. Funct. Mater. 33, 1–10 (2023).

Acknowledgements
This work was supported in part by the National Key R&D Program of
China under Grant 2022YFC2401903; in part by the National Natural
Science Foundation of China under Grant 52205424; in part by the
“Pioneer” and “Leading Goose” R&D Program of Zhejiang Province
under Grant 2023C01170; and in part by Zhejiang Provincial Natural
Science Foundation of China under Grant LY23A020001. We also thank
Huaijin Pi and Zhi Cen for their help in discussing neural network
approaches.

Author contributions
H.Hu and C.Zhang led the development of the concepts and interpreted
results. H.Hu designed the algorithms and experiments, and analyzed the
data. X.Lai provided valuable comments for the project and revised the
paper.H.Dai,H.Sun,D.TangandZ.Huhelped todo theexperiment together.
C.Pan revised the paper. T.Li and J.Fu conceived the idea and provided
valuable comments for the project implementation. P.Zhao conceived the
idea and led the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41528-024-00325-z.

Correspondence and requests for materials should be addressed to
Chengqian Zhang or Peng Zhao.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’sCreativeCommons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s41528-024-00325-z Article

npj Flexible Electronics |            (2024) 8:42 12

https://doi.org/10.1038/s41528-024-00325-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Large-area magnetic skin for multi-point and multi-scale tactile sensing with super-resolution
	Results
	Magnetic Skin Design and Fabrication
	Super-resolution sensing ability
	Multi-scale pressing object recognition
	High-precision real-time continuous trajectory perception
	Multi-point and multi-scale perception and intelligent control system

	Discussion
	Methods
	Fabrication of magnetic skin
	Material ratio selection of soft magnetic film
	Magnetic sensor selection
	Machine learning
	Response time of the sensor

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




