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A B S T R A C T   

The rapid development of wearable tactile sensors in human-machine interaction (HMI) is revolutionizing the 
way that people communicate with intelligent terminals. Compared with “tapping”, another daily operation, 
“directional sweeping”, is rarely explored in tactile sensors for HMI due to the limits from device configuration. 
Herein, we designed and optimized the in-plane magnetized flexible micropillars as the self-powered interface 
that can perceive the sweeping with distinguishable signals according to the operation directions. Based on 
Faraday’s law of induction, the intrinsic magnetic polarity was applied as an avenue to rapidly produce diverse 
electromotive forces of “+ /-” and “-/+ ” through the bi-directional micropillar deformation. With the self- 
powered interface, several interesting HMI applications, e.g., smartphone page flip, Morse code communica-
tion, and game playing, were demonstrated via habitual finger sweeping with high efficiency, accuracy, intuitive 
experience, and control diversity. Furthermore, the unique behavior of “+ /-” and “-/+ ” enables the build-up of 
ternary system with broader command capacity of 3 n if n devices were integrated in parallel. Along with the 
merits such as high sensitivity, applicable diversity (humid condition), mechanical robustness, and coding ac-
curacy, we believe that the study would bring inspiration of future HMI design for a more fascinating, effective 
and intelligent living.   

1. Introduction 

With the emergence of artificial intelligence (AI), Internet of things 
(IoT), and augment reality (AR)/virtual reality (VR), the demand for 
development of wearable human-machine interaction (HMI) system is 
continuously growing [1–4]. HMI system is playing a key role between 
humans and the machines, and also exhibits promising potential for 
applications in robot control [5–7], healthcare system [8–10], intelli-
gent identification and security [11,12], and game design [13–15]. 
Recently, the flexible and wearable devices have also attracted abundant 
interest owing to the superiorities including portability [16], wear-
ability [17], and stretchability [18]. Therefore, the integration of 

flexible electronics to HMI system is revolutionizing the way that 
humans interact with machines in a more intuitive and fascinating 
pattern [19,20]. For wearable tactile sensors, the “tapping” operation 
from humans was widely applied as the mechanical input, which is 
carrying the human desire for generation of electrical signal and trans-
mitted to the terminal. Compared with “tapping”, the “sweeping” 
operation, another common operation for HMI in our daily life, is rarely 
reported in flexible tactile sensors [21,22]. Unlike the “tapping”, 
“sweeping” is the operation that the fingers slide across the terminal 
from one position to another. The sensor should thus be capable to 
perceive the sweeping direction so that the intention from the human 
input can be reflected precisely. However, the current configuration of 
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tactile sensor is not allowed to react to the sweeping operation and 
provide distinguishable feedbacks regarding the direction [23]. Even 
though the sensor array can help to solve this limitation, the increased 
device number inevitably brings the concern of power consumption, 
connecting wires, and space for the real applications [24,25]. To design 
a wearable interface that can function with the sweeping operation 
based on one device is still in urgent demand and yet to be fully 
addressed. 

Additionally, to develop reliable sensors that can decode the me-
chanical inputs to diverse electrical signals and commands is the key to 
broaden the communication capacity in HMI [26,27]. One design 
concept to broaden the capacity from a single device is to delineate 
different thresholds for signal encoding based on the amplitude of 
external stimuli. For example, Xiong et al. reported a flexible capacitive 
sensor that enables the manipulation of robotic hands to manipulate 
objects based on the feedback of the pressure signals [28]. With a broad 
sensing linearity and detection range of the flexible capacitive sensor, Ji 
et al. proposed the intensity-based recognization system that can deliver 
the logic code of “1”, “2”, and “3” based on the applied force and the 
signal intensity [29]. Such mechanism relies heavily on the performance 
of the flexible sensor, and brings the concern of accuracy during the 
signal processing if the input was generated via different user groups 
[30,31]. Apart from the threshold-based command system, the number 
or the duration of the electrical pulses was also considered as possible 
avenue to determine the codes for HMI [32,33]. For example, Liu et al. 
developed a triboelectric sensor which could generate the single or 
double voltage pulses to be defined as “0” and “1” for the logic manip-
ulation [34]. Similarly, the difference in signal durations was introduced 
to differentiate the mechanical inputs for HMI or language communi-
cations [35]. The concern of efficiency is raised herein because the 
time-scales should be sufficient to satisfy the number difference or 
duration variation of the pulse to ensure the precise interaction. 

In view of this, it is appreciated that an individual sensor could 
provide distinguishable electrical signals when receiving the different 
mechanical stimuli to catch the increasing demand of functionalities in 
HMI. Qin et al. reported that the finger’s flexion or extension could be 
used to induce positive/negative pulse signals of wearable triboelectric 
nanogenerator for the real-time human-robotic interaction [36]. Dai 
et al. optimized the surface architecture of a bidirectional bending 
sensor, so that the device can provide positive or negative resistance 
variations when exposed to the outward and inward bending [37]. The 
recent report by Zhou et al. also showed that the magnetized and tilted 
micropillars could serve as the dielectric layer for a wearable capacitive 
sensor [38]. When the North or South poles approach the device, a 
positive or negative capacitance was generated and the communication 
system with expanded capacity could be built. Previous studies have 
demonstrated that the wearable sensor can be promising to serve as the 
ternary interface that can provide distinct signals related to the me-
chanical inputs with information expansion. However, a self-powered 
and sweeping-sensitive interface is yet to be explored. Consequently, it 
is of great significance to develop the interface that can not only respond 
to the sweeping operation, but also distinguish the direction with 
non-overlapping signals for the subsequent command allocation or ac-
tion design. Herein, we applied the Faraday’s law of induction and the 
intrinsic magnetic polarity as the fundamental principle to realize the 
self-powered HMI with the ternary communication capability. Via 
elaborate design of the flexible and in-plane magnetized micropillar 
arrays (MMPA), the bending of the micropillars would result in the 
induced electromotive force (EMF) when the MMPA was exposed to the 
sweeping operation, e.g., via human finger. Thanks to the in-plane 
magnetized orientation, the different bending direction would lead to 
distinguishable signals of “+ /-” or “-/+ ” due to the negative and pos-
itive variation of the magnetic flux in the conductive coil. Through the 
signal processing, the bending directions of MMPA could be applied as 
the input for intelligent HMI systems such as smartphone page flip, 
Morse code communication, and game playing, etc., with accuracy, 

efficiency, and intuitive experience. Furthermore, the ternary interac-
tion system with signals of “0”, “1”, and “− 1” could be built based on 
the direction of the sweeping operation and working status of MMPA, 
and thus the interaction capacity can be broadened even with one de-
vice. Along with the rapid response, applicable diversity (humid con-
dition) and mechanical stability of the MMPA, the proposed interface 
can be promising for the burgeoning IoT and HMI to achieve a more 
intelligent, effective, and friendly living. 

2. Results and discussion 

2.1. Conceptual design and methodology 

Fig. 1a indicates the basic concept of the self-powered and ternary 
HMI based on the magnetized micropillar arrays (MMPA) with the 
direction-aware capability for sweeping-based wearable interactions. 
The wearable MMPA interface receives the instruction, which carries the 
intention from the input terminal (humans), and translates to diverse 
electrical signals for terminal control. The MMPA interface thus plays an 
important role to serve as the bridge between the input and target ter-
minals. With the signal processing, the non-overlapping readouts enable 
a more fascinating control to explore more functionalities that matches 
the continuously increasing demand in HMI. Fig. 1b briefly illustrates 
the fabrication process of the wearable interface that is consisted of the 
MMPA and the conductive copper coil. The micropillars were prepared 
via uniformly mixing the magnetic component, NdFeB (see Fig. S1 for 
the SEM image and EDS result of the particles), with PDMS matrix and 
produced with a convenient molding process. Afterwards, a magneti-
zation process functionalized the micropillars as MMPA, which acts as 
the converter to transmit the stimuli of sweeping operation to the 
electrical signals that can be induced in the underlying conductive coil. 
The two-layered conductive coil was encapsulated and insulated by 
polyimide (PI) film, and each layer contains 50 copper coil turns with 
the distance between two adjacent loops of 80 µm (Fig. S2). Fig. 1c 
provides the working mechanism of the assembly for generation of 
ternary signals based on the different bending directions from the 
MMPA. During the bending of MMPA, the spatial distribution of the 
magnetic fields would be altered and thus the magnetic flux, ΦB =
∮

B→• d S→, within the coil area was changed accordingly. Here, B is the 
strength of the localized magnetic field and S is the effective area of 
coils. When the sweeping operation caused the deformation of the 
MMPA, e.g., finger-induced leftward bending, the magnetic flux within 
the coil region was changed and an electromotive force (EMF, ε) was 
generated according to the Faraday’s law of induction (ε = − dΦB

dt ). We 
herein defined that the value of ΔФB was negative if the North pole of 
the MMPA was pushed towards the underlying coil. Correspondingly, 
the induced ε in the coil instantly exhibits a positive voltage peak, and a 
paired negative voltage peak was subsequently produced during the 
recovery of the MMPA owing to the excellent flexibility and elasticity of 
the micropillars. Furthermore, the time interval between these two 
signals could be customized by the input terminal, which provides 
another dimensionality for effective control in HMI as demonstrated in 
the following section. Similar phenomenon can also be observed if the 
mechanical stimuli caused a rightward bending of the MMPA, which 
induces the positive ΔФB and a corresponding negative ε. The direction- 
aware readout is mainly dependent on the directionality of the magnetic 
flux (horizontal magnetization), which is different from the traditional 
HMI devices based on triboelectric devices or pressure sensors [39–41]. 
As will be discussed in details, the concept of horizontal magnetization is 
critical to realize the positive and negative magnetic flux change for 
direction differentiation and thus the ternary readouts. With such 
distinct EMF formats (“+/-” and “-/+”), we thus can define the electrical 
output as signals of “− 1” and “1” based on the different mechanical 
stimuli, along with the “0” (idle status) to complete the definition of a 
ternary system for high-capacity communication. 
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Owing to the flexibility of both the MMPA and the conductive coil, 
the assembled device can be firmly attached on the human body as 
Fig. 1d shows, which can further serve as the communication channel 
between the human and the intelligent terminal. In this work, the typical 
samples were designed in the array number of 5 × 5, which roughly 
covers the area of ~1 mm × 1 mm and thus all the micropillars could be 
bent simultaneously via the finger sweeping process. The optical image 
(Fig. 1e) shows the small dimension of the micropillar arrays, which is 
highly compatible for the wearable applications. The SEM image 
(Fig. 1f) further shows the high aspect ratio of the typical micropillars, 
with the height of 3 mm and radius of 0.25 mm, which thus allows the 

flexible deformation to convert the mechanical stimuli to electrical 
signals for communication. The energy dispersive X-ray spectroscopy 
(EDS) images in Fig. 1g clearly indicates the magnetic component, 
NdFeB, has been uniformly distributed within the PDMS-based micro-
pillar matrix (yellow dashed rectangle in Fig. 1f). Fig. S3 and Video S1 
further display that the flexible micropillars can deform in leftward and 
rightward directions according to the external force, and recover to the 
initial status once the mechanical constriction was released. With the 
magnetization, such functionalized micropillars are capable to provide 
distinct electrical feedbacks according to the intentions from the input 
terminal, which allows the establishment of the ternary command 

Fig. 1. Conceptual illustration and design principle of the self-powered HMI system based on MMPA. (a) Schematic diagram of HMI based on the magnetized 
micropillar arrays (MMPA). The desire from the nervous system can be immediately transferred by mechanical stimuli and applied on the MMPA with non- 
overlapping and ternary electrical readouts. After signal processing, the digital signals can be received by different terminals, and diverse commands could be 
realized based on pre-setting program. (b) The fabrication process of MMPA including the molding, magnetization process and assembly with the coil. (c) Mechanism 
of MMPA for HMI with diverse electrical signals when exposed to the leftward/rightward sweeping operations. Magnetic field around the coil could be redistributed 
due to the deformation of the MMPA, and the flux through the coils would change with induced electromotive force (EMF). The different bending direction results in 
the distinguishable signals of “+ /-” and “-/+ ” for encoding and terminal control. (d) Optical images of the wearable MMPA and underlying coil as the self-powered 
HMI. (e) Optical images of the MMPA sample supported on the finger and the optical images of the MMPA before magnetization. (f) Typical SEM image of the MMPA 
that shows the high aspect ratio. (g) Energy dispersive X-ray spectroscopy (EDS) results of the micropillar region as indicated in the yellow dashed rectangle in (f). All 
scale bars in the EDS images are 50 µm. 
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system for multifunctional interactions based on an individual 
sweeping-sensitive device. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107671. 

2.2. Optimization of the ternary HMI system 

Thanks to the high energy product, large coercive field and rema-
nence strength, NdFeB was selected as the filler in the PDMS matrix to 
realize the flexible magnets for wearable interface [42]. Fig. 2a shows 
the M-H curve of the composites (see Fig. S4 of the samples for the 
magnetic hysteresis measurement) which were prepared by different 
mass ratios (MP:MN) between PDMS and NdFeB. Normally, a larger 
NdFeB mass ratio renders the higher remanent magnetization, which is 
beneficial for a more intensified signal output when exposed to the 
mechanical stimuli. However, the higher NdFeB ratio would also in-
crease the material modulus and viscosity of the mixture [38], which 

possibly brings the concern of reproducibility across different samples as 
described below. When the magnetized composites were shaped as the 
form of micropillars (the inset in Fig. 2b), the dimensional parameters 
such as R (pillar radius), H (pillar height), and D (distance between 
adjacent pillars, namely pillar density), play an important role to regu-
late the intensity of the generated EMF signal. In this work, the height of 
the MMPA was fixed at 3 mm owing to the consideration of the pro-
duction yield and the possibility for signal optimization. A smaller 
height results in a weaker remanence and corresponding signal in-
tensity, while the further increased height would cause the pillar 
disruption during the peeling-off process due to the high aspect ratio. To 
confirm the optimized value of R and D, a computer-controlled motion 
platform was used to apply periodical sweeping and mechanical defor-
mation to the MMPA and a voltmeter recorded the real-time voltage to 
evaluate the capability of signal generation (Fig. 2b, see Fig. S5 for the 
overall platform setup). When the mechanical indenter moved across the 
micropillars, the deflection of the MMPA would lead to the alternation of 

Fig. 2. Systematical study of the parameters for signal optimization. (a) Hysteresis loop of PDMS/NdFeB composite with different mass ratios. Higher NdFeB ratio 
normally leads to higher residual magnetism. (b) Schematic diagram of a standard electrical test platform. The platform is consisted of motorized platform, voltmeter 
and control system. The platform was used to optimize the dimension of MMPA via collecting the data of the induced EMF. Radius and height of the micropillars and 
distance between two adjacent pillars are defined as R, H and D, respectively. (c) Standard electrical test of three MMPA samples with different micropillar radii (R) 
of 0.15 mm, 0.25 mm, and 0.4 mm. The distance (D), height (H) and PDMS-NdFeB mass ratio (MP:MN) are the same for all samples. (d) Overall mapping results of the 
induced EMF intensities based on the combinational effects from the micropillar radius (R), distance (D), and the PDMS/NdFeB mass ratio (MP:MN). (e) Optical 
images of micropillar arrays after magnetization from different directions. Vertical (out-of-plane) magnetized micropillars would repel each other, while the 
micropillars attract each other with horizontal (in-plane) magnetization. (f) Measurement of the magnetic flux changes when the MMPA was bent in different di-
rections. A magnetic probe was placed under the assembly to real-time record the magnetic field intensity during the bending process. (g) Simulation results of the 
magnetic field distribution around the in-plane magnetized MMPA at different conditions of initial status, leftward bending, and rightward bending. Comparison of 
the output EMF signals when the MMPA was magnetized in (h) out-of-plane, and (i) in-plane orientations. The in-plane magnetization allows the different magnetic 
flux variations when the MMPA was bent in leftward/rightward directions, which finally realizes the distinguishable output formats of “+ /-” and “-/+ ”. 
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magnetic flux (ΦB) within the coil region and an electromotive force 
(EMF) was generated according to the Faraday’s law of induction as 
mentioned (ε = − dΦB

dt ). Fig. 2c shows the typical EMF generation when 
R was set at 0.15 mm, 0.25 mm, and 0.4 mm, with the same value of D 
(1 mm) and MP:MN (1:2) of the micropillars. For each sample, a typical 
pair of positive and negative voltages was corresponding to the bending 
and recovery of the MMPA. As shown in Video S2, the micropillars 
recovered spontaneously once the mechanical constriction was relieved. 
During the recovery process, the cyclic vibration of the micropillars 
quickly vanished within several milli-seconds as recorded in Fig. S6. 
This recovery process provided the opposite electrical signals owing to 
the contrary magnetic flux change when compared with the deformation 
step. Normally, the amount of NdFeB particles in the sample increases if 
a larger micropillar radius was used, which ensures a more obvious 
change of ΦB and the higher electric potential in the coil when exposed 
to the same deformation. The smallest voltage was thus generated based 
on R of 0.15 mm, and the highest value was related to the radius of 
0.4 mm. Note that the small radius of 0.15 mm might lead to the 
possible micropillar fracture during the fabrication process (see Fig. S7 
for optical images of MMPA with R=0.15 mm). Apart from the gener-
ated electrical signal, the simulation results in Fig. S8 also compared the 
mechanical deformations among the three samples when exposed to the 
same horizontal force. With a larger micropillar radius, the elastic 
MMPA could result in the smaller lateral deformation owing to the 
intrinsic mechanical resistance. We also observed that the voltage signal 
split during the MMPA recovery were significant when the micropillar 
radius was relatively large (R=0.4 mm as the black circle shows), which 
can be attributed by the intrinsic oscillation of the MMPA after the 
withdrawal of the mechanical constriction. A possible explanation is 
that with relatively larger micropillar radius, the oscillation speed dur-
ing the recovery process would be slower and thus more voltage peaks 
can be induced in the broader time interval when compared with smaller 
R (0.15 mm and 0.25 mm). Furthermore, owing to the large micropillar 
radius (R=0.4 mm) and higher remanence, the significant attractive 
forces among magnetized micropillars would result in a curly shape of 
the sample (Fig. S9), which thus cannot be considered as a reliable 
platform for the further HMI applications. Considering the generated 
electrical signal and processing reproducibility, we thus selected the 
value of 0.25 mm as the optimized MMPA radius (R) for further analysis. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107671. 

To further optimize the signal generation, we tuned the variables 
such as micropillar distance (D) and mass ratios (MP:MN), and a series of 
measurements was performed on the same platform (Fig. 2b) for 
consideration. The two ends of the coil layer were connected to the 
voltmeter to record the EMF that was induced by the magnetic flux 
change during the sweeping process. All the samples were prepared in 
an array number of 5 × 5 for comparison. Five periodical cycles of back- 
and-forth scanning (1000 mm min− 1) was applied to the MMPA for 
electrical signal generation in two directions. The average value of the 
peak voltage was then used for comparison and the results were sum-
marized in Fig. 2d. The typical EMF profiles based on different values of 
D and MP:MN were provided in Fig. S10. With an increased value of D 
from 1.0 mm to 1.5 mm (see optical and SEM images in Fig. S11), the 
decreased micropillar intensity resulted in the signal descent. Similar 
phenomenon was observed when the mass ratio of MP:MN was reduced 
from 1:2–1:1 due to the reduced amount of the magnetized component 
within the PDMS matrix. Fig. S12 further exhibits the five cycles’ peri-
odical voltage outputs from the typical sample of R= 0.25 mm, 
D= 1 mm, H= 3 mm, and MP:MN = 1:2 (as indicated in the green circle 
in Fig. 2d). In addition to the signal intensity, the production repeat-
ability is another important factor that should be taken into consider-
ation. For example, the magnetic interaction would attract the 
micropillars as a cluster if the spacing between adjacent micropillars was 
reduced to 0.5 mm (Fig. S13), which inevitably brings the concern of 

repeatability for real applications. Furthermore, the value of MP:MN 
= 1:3 resulted in the obviously increased elastic modulus and the 
disruption of micropillars in the mold was inevitable (see optical images 
in Fig. S14), which not only brings the concern of reproducibility, but 
also the decrease of electrical signal even though the magnetic amount 
was increased when compared with a smaller MP:MN. Considering all 
aspects (signal intensity, flexibility, stability, and reproducibility) 
mentioned above, the MMPA with parameters of R= 0.25 mm, 
D= 1 mm, H= 3 mm, and MP:MN = 1:2 was finally confirmed as the 
optimized sample for following studies. We also tuned the total number 
of micropillars to investigate the performance of the device. Another two 
arrays, e.g., 3✕3, and 7✕7, were fabricated based on the confirmed 
parameters (see optical images and corresponding EMF signals in 
Fig. S15). With a smaller region and micropillar number, the electrical 
signal was relatively weaker when compared with the 5✕5 counterpart; 
however, the further increased electrical readout was not observed for 
the array of 7✕7. One possible explanation is that the surface area of the 
indenter was 1 cm✕1 cm in the standard characterization, and it cannot 
deform all the micropillars at the same time to strengthen the magnetic 
flux change and the corresponding EMF. Considering the readout from 
the 5✕5 array and the suitable dimension for wearable application and 
human finger operation, the standard array of 5✕5 was confirmed for 
the subsequent signal analysis and HMI demonstration. 

Apart from the signal intensity, the magnetization direction of 
MMPA is another crucial parameter to distinguish the sweeping direc-
tion and broaden the signal capacity for multifunctional HMI. Fig. 2e 
shows the optical images of the typical MMPA (R=0.25 mm, D=1 mm, 
and H=3 mm), which was magnetized out-of-plane (upper panel) and 
in-plane (bottom panel). The inserted diagrams also display the resul-
tant flexible magnet of individual MMPA based on the different 
magnetization directions. For vertically magnetized MMPA (out-of- 
plane), repelling force could be observed as shown by the deformation 
trend of the adjacent micropillars because of the same polarity on top of 
the MMPA. On the contrary, adjacent micropillars would attract each 
other owing to the different polarity of the neighboring magnetic poles 
based on the in-plane magnetization. Even though the attractive forces 
caused slight incline of the micropillars, the optimization of the MMPA 
ensured that the vertically aligned micropillars could be maintained for 
reliable HMI operation. Via continuously deforming the MMPA, we also 
monitored the real-time magnetic field and flux change below the coil 
(Fig. 2f). The test platform was provided in Fig. S16, which is composed 
of the electric displacement platform with force gauge, a high-speed 
camera, and a Gauss meter (B-probe in the diagram) for magnetic 
field monitoring. As Fig. 2f shows, the initial height of the micropillars 
was defined as H, and the vertical displacement during the compression 
process was defined as ΔH. Considering the pole-dependent magnetic 
flux, we also defined the value of ΔH to be negative when the North pole 
(leftward bending) gets closer to the coil, and positive for the rightward 
bending. Based on the magnetic flux, ΦB =

∮
B→• d S→ = BScosθ, where B 

is the strength of the magnetic field, S is the area of coils, and θ is the 
angle between magnetic field lines and the normal vector of the coil 
surface, the change of flux (ΔΦB) was defined as negative when the 
North pole gets closer to the coil and positive when the South pole gets 
closer to the coil. From Fig. 2f, we can notice that the absolute value of 
ΔΦB is increasing when the MMPA was exposed to a severer deformation 
(increased ΔH). The serial optical images also recorded the overall 
bending process with corresponding magnetic field strength indicated 
(Fig. S17). From this perspective, the in-plane magnetization of the 
MMPA enables the positive and negative record of ΔΦB, which thus 
offered the negative and positive electromotive forces (EMF) based on 
ε = − dΦB

dt as discussed below. 
Fig. 2g also shows the simulation results of the magnetic field dis-

tribution around the horizontally magnetized MMPA and the results of 
the magnetic field distribution after the bi-directional deformations. The 
surface magnetic flux clearly displays the distinct variation tendency 
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when the North or South pole was bent towards the conductive coil at 
the bottom. As a comparison, the simulation results of the magnetic field 
distribution from the vertically magnetized MMPA were presented in 
Fig. S18. With the out-of-plane symmetric distribution of the magnetic 
fields, the leftward and rightward bending of the vertically magnetized 
MMPA would result in the identical variation of the magnetic flux, and 
thus the same profile of the signal output was generated. Consequently, 
the bidirectional bending of vertically magnetized MMPA could not be 

applied for generation of different electrical signals for sweeping 
determination or capacity expansion. As presented in Fig. 2h, a positive 
voltage was followed by the subsequent negative signal (+/-) due to the 
micropillar bending and recovery regardless of the bending direction. It 
is thus difficult to decode such electrical signal to two diverse commands 
for the HMI (e.g., only the command “− 1” can be defined). However, the 
horizontally magnetized MMPA exhibits the unique direction-aware 
capability. When the MMPA was bent in different directions, two 

Fig. 3. Standard performance characterization of the optimized MMPA. (a) Induced current in the coil with different bending frequencies of MMPA and the bending 
displacement was maintained at constant for each case. The six frequencies were set from 2 H to 32 Hz. (b) Induced current in the coil with different bending 
magnitudes of ΔH and the frequency was maintained at constant for each case. (c) Response time of the MMPA for the leftward/rightward deformation and recovery. 
(d) EMF at two ends of coil when MMPA was bent by the human finger sweeping. The two images in the red and blue rectangles are related with two different 
sweeping directions. (e) Detailed voltage profiles based on the finger press and release with direction and duration controls. (f) Potential application of MMPA 
interface for intelligent car control including the motion direction and movement distance. The leftward and rightward sweeping can be applied to determine the 
motion direction, and the release time can be used to control the displacement during the pressing period. The pair of two peaks for each control was precisely related 
to the micropillar bending and recovery. (g) The generation of EMF when the MMPA was exposed to the rolling of a basketball from different directions. An enlarged 
profile indicates the distinct behavior of “+ /-” and “-/+ ” if the basketball was moving across the MMPA from two opposite directions. 
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distinct pairs of voltage output (+/- and -/+) could be conveniently 
generated owing to the opposite variation of the magnetic flux (Fig. 2i). 
Consequently, the concept of horizontal (in-plane) magnetization allows 
the customer to build the ternary system with encoded command “− 1” 
(+/-) and “1” (-/+) via the leftward and rightward sweeping operations. 
The sequence of positive and negative EMF thus presents greater pos-
sibilities for subsequent signal encoding and HMI processing with more 
intuitive instructions based on only one wearable device. We further 
provided control experiment to examine the interference from electro-
static induction as shown in Fig. S19a and b with detailed explanations. 
Via electrically polarizing the surfaces of MMPA, pure PDMS and 
unmagnetized PDMS/NdFeB micropillar arrays, sweeping was applied 
and the voltage readouts from the three different samples were recorded 
(Fig. S19c). Only the MMPA could produce obvious voltage signals with 
direction-aware capability, which confirms that the developed interface 
can effectively avoid the interference from the electrostatic induction 
and the voltage signals was generated because of the electromagnetic 
induction effect. 

2.3. Performance of mechanical-to-electrical conversion 

For the two-layered multiple loops in this work, the theoretically 
induced electromotive forces is ε = − 2×

∑50
i=1

dΦBi
dt , where dΦBi is the 

flux change through the loop that is numbered i. Based on the governing 
formula, the magnitude of induced EMF can be mainly affected by the 
frequency (Δt) of external mechanical stimuli and the maximum 
deformation which determines the flux variation (ΔФB). A mechanical 
shaker was firstly used to apply periodical forces onto the MMPA with 
changing frequency, and the EMF was recorded in real-time by a high 
accuracy ammeter along with a multifunctional data acquisition (DAQ) 
system. The optical image of the measuring system was presented in 
Fig. S20. Fig. 3a provided the relationship between the induced current 
in the coil (resistance of ~80 Ω) and the applied oscillation frequency 
applied to the MMPA. From 2 Hz to 32 Hz, six different frequencies were 
used to reflect the relationship between the induced current and the 
MMPA oscillation frequencies. With the similar deformation amplitude 
and thus the ΔΦB, the duration Δt gradually decreased as the frequency 
increased, which brought a higher EMF and corresponding electrical 
current. MMPA can respond quickly to the vibration with range from 2 
to 32 Hz, which can fully meet the daily frequency of human finger’s 
sweeping in HMI applications [43,44]. Similarly, Fig. 3b shows the 
relationship between the induced current and the deformation ampli-
tude (ΔH) of MMPA. By varying the input voltage of the mechanical 
shaker, the amplitude of the vibration could be adjusted without altering 
the frequency (8 Hz). This allows us to tune the value of ΔΦB and it 
could be observed that the larger deformation amplitude resulted in the 
more obvious EMF output and thus the electrical current, which is 
related to the larger amount of magnetic flux change. The insets in 
Fig. 3a and b also confirm the periodical and repeated electrical be-
haviors, which is attributed by the external mechanical stimuli. 

To further assess the mechanical stability of the micropillars, a me-
chanical indenter with moving speed of 500 mm min− 1 was applied to 
provide a periodical normal force to the MMPA and then withdrawn 
from the assembly for ~1000 cycles (see Fig. S21 for the experimental 
setup). During the bending and recovery process, the dynamic force 
applied on the MMPA was measured in real-time and the generated EMF 
was recorded simultaneously. As shown in Fig. S22, the force curves of 
the 1st, 2nd and 1000th cycles were almost identical, which confirms the 
mechanical strength of the MMPA was preserved even after 1000 cycles’ 
deformation and recovery (see Fig. S23 for optical images of the MMPA 
after 1000 cycles’ compression and releasing). Furthermore, no signifi-
cant decay of the electrical signals (EMF) was observed during the whole 
process, which further emphasizes the mechanical stability of the micro- 
scaled MMPA (Fig. S24). To illustrate the sensitivity of the MMPA, subtle 
airflow through the rubber suction bulb was manually generated 

towards the micropillars. The underlying coil could sensitively monitor 
the transient and slight deflection of the MMPA as shown by the voltage 
peaks in Fig. S25, which was attributed by the excellent flexibility of the 
micropillars and the magnetic flux variation from the MMPA. To 
determine the response capability of the wearable system, rapid finger 
sweeping was then applied to the MMPA. As presented in Fig. 3c, the 
corresponding EMF profiles were recorded via connecting the two ends 
of the coil layer to the voltmeter. A pair of positive/negative voltage 
output was related to the micropillar bending and recovery, and the 
sweeping direction of the finger clearly caused the distinct behavior of 
“+ /-” and “-/+ ” as discussed above. A response time of ~150 ms was 
recorded during one completed sweeping process no matter the 
sweeping direction, which indicates the potential of MMPA as the 
wearable HMI to rapidly convert the mechanical stimuli for command 
generations. Such rapid response also ensures the potential of MMPA for 
real applications, which not only provides instant feedback to the 
external stimuli, but also exhibits the capability of spontaneous recovery 
once the mechanical force was removed. A more detailed electrical 
profile was provided in Fig. 3d, where the human finger was applied to 
sweep the micropillars in different directions under various speeds. 
Apart from the direction-aware capability, the time interval between 
one pair of positive (negative) and negative (positive) voltage can also 
be flexibly controlled by the bending/recovery status of the micropillars. 
For example (red rectangle in Fig. 3e), an instant positive EMF pulse was 
produced once the finger caused a leftward bending of the MMPA, and 
the negative voltage could only be generated after the release of the 
finger and the recovery of the micropillars. A rightward sweeping (blue 
rectangle in Fig. 3e) also caused the similar phenomenon, which thus 
enables the multifunctional HMI that can simultaneously take the 
directionality and interaction duration into consideration for a more 
powerful, intuitive, and intelligent communication. Since a pair of 
opposite peaks could be induced within the coil for one-time sweeping 
on the MMPA, the interval between these two signals can be artificially 
controlled and this unique approach brings more space for coding to-
wards a more convenient and functional HMI process. Fig. 3f depicts the 
concept of a new interaction type based on the MMPA for intelligent car 
control. For example, the first electrical signal generated by the defor-
mation of the MMPA can be defined as the command to start a car, and 
this specific command also conveys the information of motion direction. 
The opposite signal generated by the recovery of MMPA could be 
defined as the instruction of “stop” and the time interval between these 
two opposed signals can be applied as the duration of motion 
displacement. On the contrary, when the finger deforms the MMPA to 
make the South pole get closer to the coil, a negative voltage peak was 
induced, which can be considered as the command for the car to start 
moving backward. The moving backward continues only when an 
opposite peak was generated by the recovery of the MMPA if the finger 
was released. Furthermore, the flexibility of the MMPA can precisely 
respond to the rolling objects that pass from the device with corre-
sponding electrical signals. For example, we fixed the MMPA and coil on 
the ground and a basketball was pushed to roll from the micropillar 
surface for repeated cycles. It can be observed that the rolling direction 
of the basketball could result in the dynamic deformation of the MMPA 
and precisely reflected from the electrical signals of “+ /-” and “-/+ ” 
with intensity change if the rolling speed was varied (Fig. 3g and Video 
S3). Through the further optimization of the system, this phenomenon 
can bring possible applications for the detection of tiny objects from 
different directions in the future. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107671. 

2.4. Multifunctional HMI based on self-powered ternary system 

As mentioned above, the unique direction-aware property of the 
MMPA with outputs of “+ /-” and “-/+ ” allows us to define the signal 
processing system based on the operation of finger sweeping. Fig. 4a 
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shows the HMI system based on the wearable MMPA and the coil, as well 
as the Bluetooth-connected smartphone application interface. The op-
tical images of the circuit boards were presented in Fig. S26 with 
explanation and the real-time record of the HMI process was provided in 
Video S4. Fig. 4b further shows that with the generated electrical signals 
(+/-) within the coil, a leftward sweeping process could be recognized 
and reflected in customized software on the terminal (smartphone). 
Similarly, a rightward finger sweeping from the user could easily 
generate an opposed signal of “-/+ ” and the signal could be transmitted 
via Bluetooth and displayed on the screen in the form of a graphical 
interface with rightward arrow (Fig. 4c). Fig. 4d-e further show the 
application of MMPA for the page flip on a smartphone with intuitive 
experience. As the leftward and rightward finger sweeping can induce 
the distinct electrical signals of “+ /-” and “-/+ ” (Fig. 4d), these two 
signals could be easily applied as the trigger for a smart page turning. 
For example, a pair of “+ /-” signals were induced within the coil when 
the MMPA were driven to leftward bending by the finger. After the 
signal amplifying, processing, and transmitting, commands would be 
received and executed by terminals with continuously leftward page 

flip. However, when the finger bent the MMPA to the right, a pair of 
“-/+ ” signals was induced and communicated with the pre-designed 
software program in the terminal for rightward page flip (see Video S5 
for the complete operation process). This demonstration confirms the 
effectiveness of the intrinsic magnetic polarity could bring the intuitive 
experience during the HMI processes. Apart from the ergonomic supe-
riority, the direction-aware signal output allows us to reform and opti-
mize the widely-used communication system, e.g., the Morse code, 
through the customized design. Via encoding the message to standard-
ized sequences of “dots” (“.”) and “dashes” (“-”), Morse code system has 
been widely demonstrated as a reliable interaction approach based on 
wearable devices [45]. Conventionally, an instant tapping and a stable 
pressing were applied to the flexible sensor and the duration difference 
was used as the criterion for translation to “dots” and “dashes”. This 
time-dependent behavior, however, inevitably brings the concern of 
efficiency and precision because the obvious duration change should be 
ensured to realize correct “dots” and “dashes”. Instead, the 
direction-aware MMPA could generate distinguishable signals based on 
the sweeping directions and thus eliminate the dependence on 

Fig. 4. Applications of the MMPA for sweeping operation-based HMI. (a) Wearable HMI device composed of the MMPA, the coil, and an application program 
interface for direction indication. (b-c) Mechanism of directional sensing and visualization. When MMPA was swept to left, a pair of “+ /-” signals would be induced 
within the coil, while a pair of “-/+ ” signals can be induced when MMPA was swept to right. After the signal amplifying and processing, the direction of finger 
sweeping could be graphically displayed on the screen of the smartphone. (d) Optical image of the setup for page flip based on the MMPA with ergonomics. The 
different electrical signals of “+ /-” and “-/+ ” caused by the leftward and rightward finger sweeping could be translated to the commands of page flip to the left or 
right. (e) Experimental results of the page flip based on the MMPA with leftward/rightward finger sweeping. (f) Definition principle of the Morse code communi-
cation. A pair of “+ /-” signal resulted from leftward sweeping was defined as dot “.”, while “-/+ ” signal resulted from rightward sweeping was defined as dash “-”. 
(g) The profile of electrical signals of Morse code “Morse” generated by the MMPA interface. (h) Graphical demonstration of “HELLO*WORLD” with a processing 
circuit and customized software design in wireless mode. 
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time-scales (Fig. 4f). For example, a leftward sweeping (North pole to 
the coil) generated the signal of “+ /-” was defined as “.” and the signal 
of “-/+ ” from rightward sweeping (South pole to the coil) was trans-
lated to “-”. In this case, the time interval (T0) between two opposite 
peaks were not applied as the control parameter and a pair of opposite 
peaks was transmitted to the processing circuit as a complete signal. 
Based on the combination of leftward and rightward finger sweeping, a 
series of electrical signals could be swiftly produced and translated as 
the “dots” and “dashes” for Morse code “MORSE” in an effective manner 
(Fig. 4g). Furthermore, we designed the processor that collected the 
mechanical stimuli from the user and converted to sequences of “dots” 
and “dashes” as raw data (green rectangle in Fig. 4h). With the built-in 
recognition system, corresponding Morse code was generated and dis-
played on the smartphone as the phrase “HELLO*WORLD” (yellow 
rectangle in Fig. 4h and see Video S6 for the whole process). Note that 
the traditional duration-based requirement can be completely avoided 
here. These demonstrations confirm the superiority of the MMPA-based 
system that can provide distinguishable electrical signals (“+/-” and 
“-/+”) regarding the mechanical stimuli, which thus enables a more 
effective and precise mode for portable communication. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107671. 

For real applications, the possibility to adapt for a more flexible 
situation is another factor to consider the overall superiority of the 
wearable device [46,47]. For example, the resistance from water inter-
ference allows the interface to work effectively even under the humid 
condition or in rainy days (Fig. 5a). To confirm this, we immersed the 
MMPA interface with the conductive coil into water and applied 
continuous mechanical stimuli for the Morse code generation. As shown 
in Fig. 5b, the leftward and rightward finger sweeping can also suc-
cessfully generate corresponding electrical signals, which were finally 
translated to the target Morse code “SOS” (see Video S7 for the complete 
process). The results imply that the self-powered MMPA interface can 
stably perceive the mechanical stimuli and provide significant electrical 
readouts with anti-liquid interfering capability. To further verify the 
stability under various circumstances, we built two testing platforms to 
evaluate the signal performance under different temperatures or hu-
midities (see Fig. S27a and c with detailed description of the experi-
mental setups). As provided in Fig. S27b, the induced EMF maintained at 
a stable value even when the humidity was continuously tuned from 
39% to 95.3% within ~400 s. The generation of electrical signals was 
further evaluated under various temperature conditions of 10 ℃, 
25.6 ℃ (room temperature), 40 ℃, and 60 ℃, respectively. Fig. S27d 
presents that the induced EMF did not change significantly under the 
investigated temperatures, confirming the potential of the MMPA 
interface to function stably in a broad temperature range. As mentioned 
previously, the ternary capability is based on the sign (“+/-” and “-/+”) 
of the electrical signals received by the output terminal. This mechanism 
can absolutely avoid the possible error that can be generated via the 
system if built on the electrical magnitude. For example, if the command 
identification was mainly based on the intensity, the processing error 
may occur across different users and the precision is the concern for real 
applications. From this perspective, the magnitude of the EMF can be 
different across the user groups, e.g., the elder, the child, etc., because 
the intensity of the EMF is affected by the sweeping speed. Even though 
the magnitude of the induced EMF can be influenced by the habitual 
frequency or speed from different users, the sign is fixed when the 
MMPA was exposed to the directional sweeping. Considering this, four 
volunteers (two males and two females, with ages of 20–30) were 
invited and informed of the operation principle about how to generate 
the specific Morse code by combining the leftward and rightward finger 
sweeping. As presented in Fig. 5c and Video S8, all volunteers could 
successfully generate the target code “UM” after the attempts. Note that 
the operation of finger sweeping was based on the living habits of the 
volunteers without an informed standard. The results imply that all the 
volunteers could produce the EMF with the magnitude above the 

threshold that has been set in the processing circuit. This ensures that 
the self-powered MMPA interface can be promising for reliable and ac-
curate HMI applications for a broad spectrum of users thanks to the 
polarity-related behavior instead of magnitude-dependent. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107671. 

As previously stated, the time interval between a pair of two opposite 
peaks is mainly determined by the micropillar deformation and recov-
ery, which can be artificially controlled via the mechanical inputs of 
pressing and retracting. We further demonstrated that the wearable 
MMPA-based interaction system could provide more functionalities for 
the game playing in an intuitive way. Taking the shot-put game as 
example, the users normally have to decide both the direction and the 
distance of the final location when releasing the shot (Fig. 5d). 
Conventionally, two wearable tactile devices were required to sepa-
rately serve as the direction and distance buttons in principle [48]. 
Instead, the MMPA-based system allows the user to apply the sweeping 
orientation for direction control, while using the force accumulation 
(time of Tx) before finger releasing to decide the throwing range 
(Fig. 5e). A conceptual interface of shot-put game was thus designed as 
shown in Fig. 5f, and the entire playing process was recorded as Video 
S9. With one MMPA-based device, the directionality and distance of the 
shot-put can be controlled simultaneously. To start with, the leftward 
finger sweeping from the user defined the direction of the shot-put. 
Before releasing the finger from the device, the continuous accumula-
tion from the user’s input could be applied for the distance regulation. 
Once released, the recovery of the MMPA triggered another opposite 
electrical signal to determine the location of the shot-put, which was 
finally settled down as indicated in the insert, e.g., left-deviated at 
4.20 m from the athlete. Similarly, a rightward pressing on the MMPA 
along with a different pressing duration can result in another shot 
location (right-deviated at 2.00 m) as exhibited in Fig. 5g. The appli-
cation indicates that the self-powered MMPA-based interface can 
effectively relieve the dependence on the device number, while preser-
ving the control dimensionality to fulfill the user demand. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2022.107671. 

With the development of artificial intelligence (AI) and Internet of 
things (IoT), the demand for coding diversity and capacity is continu-
ously growing. The wearable interface that can translate diverse me-
chanical stimuli to discernible logic signals is thus appreciated for the 
capacity extension. Previously, logic interaction based on tactile sensors 
was normally binary, which relies on the pulse numbers or the stimuli 
duration for discrimination of “0” and “1′′ [32,34]. Alternatively, the 
MMPA-based interface was able to convert the mechanical stimuli 
directly into different electrical readouts and build up a reliable ternary 
system (Fig. 5h). For example, a pair of “+ /-” signals was induced 
within the conductive coil when the MMPA was bent leftward. After 
amplifying, processing, and transmitting, the signal was interpreted as 
“− 1′′ and visually exhibited on the terminal. Based on the standard 
mechanism, a “-/+ ” signal was defined as “1′′ and the idle status 
without electrical signals was defined as “0” to accomplish the ternary 
system (see Video S10 for the whole process). The results confirm that 
the diverse electrical readouts can possibly be encoded as the specific 
logic commands for further processing. Compared with the binary 
counterpart, the ternary system obviously broadens the information 
capacity from 2 n to 3 n if n devices were introduced as the parallel input 
terminals (see Fig. S28 for comparison between binary and ternary 
system). As the schematic diagram (Fig. 5i) shows, the combination of 
two MMPA-based devices can provide totally nine (n = 2, 32) coding 
information via inputs of leftward or rightward sweeping. A possible 
coding design based on two MMPA systems was further provided in 
Fig. S29a, which shows that the output codes (1–9) can be successfully 
allocated as different commands and applied for robot controls such as 
walking, sitting, and jumping (Fig. S29b). With the direction-aware 
capabilities, the MMPA interface exhibits the great potential to 
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Fig. 5. Demonstration of the MMPA-based ternary system for multifunctional HMI. (a) Schematic diagram showing the working of MMPA interface under humid/ 
rainy conditions. (b) The translation of Morse code “SOS” when the MMPA interface was completely immersed in water. (c) Universal applicability of the MMPA- 
based interface for different user groups. Four volunteers were informed of the operation to generate the Morse code “UM”. After the individual operation, the 
software on the smartphone can recognize all electrical inputs and translate to the correct codes. (d) Schematic diagram of the game playing with common demand of 
distance (intensity) and direction control. (e) Principle of the MMPA-based system for the game playing control including the directionality and accumulation. The 
deformation of the micropillar was induced by mechanical stimuli, and before the release, the time interval between two opposite peaks can be applied as the 
accumulation force for intensity control. (f) A typical shot-put game result controlled by one MMPA device for the direction and intensity control. (g) Game playing 
based on the MMPA interface with screen record image during the shotput game. The result shows a different shooting direction and magnitude of the shooting 
distance. (h) Ternary interaction system based on the MMPA interface. Different mechanical stimuli could result in diverse signals “− 1′′, “0”, and “1′′ based on the 
sweeping directions. (i) Schematic diagram of the combinational system based on two MMPA devices that can totally generate nine different commands for HMI 
application. 
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provide more logic functions for the ever-growing wearable HMI from 
entertainment experiences to intelligent controls. 

3. Conclusion 

In summary, we developed a direction-aware and self-powered HMI 
interface with the expanded information capacity for wearable and 
portable interaction. With the in-plane magnetization, the intrinsic po-
larity of the MMPA can serve as an effective solution to provide distin-
guishable electromotive forces (EMF) of “+ /-” and “-/+ ” when exposed 
to the directional sweeping operation. Through the systematical opti-
mization, the generated EMF can be identified and applied as the trig-
gering signals to allocate different commands with high precision. 
Demonstrations such as page flip on smartphone, Morse code commu-
nication, and game playing, reveal the self-powered interface with ad-
vantages of time saving, intuitive experience, and control 
dimensionality. Thanks to the sensitivity and flexibility, the MMPA can 
easily respond to the common mechanical frequencies of our daily life, 
so the user do not need to apply high frequency beyond the habitual 
values for signal production. Furthermore, the diverse response 
behavior of “+ /-” and “-/+ ” allows us to build up the ternary system 
using the combinational stimuli of leftward/rightward sweeping, and 
thus enabling the increased command volumes with a factor of 3 n if n 
devices were integrated in parallel. As summarized in Table S1, our 
proposed interface exhibits the superiorities from the aspects of infor-
mation capacity (ternary), power consumption (self-powered), and the 
coding approach (sign-dependent precision). This developed interface 
also explores the possibility to apply one of the daily operations, 
directional sweeping, for the effective interaction in wearable HMI 
systems. We also compared our device with other sweeping-responsive 
HMI devices (Table S2), which shows that our approach can effec-
tively identify the sweeping operations with non-overlapping readouts 
in a self-powered manner. Along with the rapid response, applicable 
diversity (humid condition) and the mechanical stability, the proposed 
MMPA-based interface is promising to well match the burgeoning IoT 
and HMI for a more intelligent, convenient, and friendly future. 

4. Materials and methods 

4.1. Fabrication of the interface composed of MMPA and conductive coil 

Laser patterning of the copper coil was conducted with laser 
engraving machine (LPKF ProtoLaser U4, LPKF Laser& Electronics AG, 
Germany). The width of each loop is ~70 µm and the distance between 
two adjacent conductive lines is ~80 µm. The coil consists of two layers, 
which are separated by an insulating polyimide film, and each layer 
contains 50 turns. After engraving, the coil was bathed in citric acid to 
remove the oxidized layer, and a drop of conductive silver glue was 
deposited on the hole to unite both layers. Finally, plastic capsulation 
was applied to the coil to avoid oxidation during the application. For the 
MMPA, a plastic mold with pre-designed micro-hole arrays was used as 
the template for the micropillar (NdFeB/PDMS) preparation. The 
neodymium-iron-boron (NdFeB) particles were purchased from Mag-
nequench, China. Polydimethylsiloxane (PDMS) base and curing agent 
(Sylgard 184 kit) were purchased from Dow Corning, USA. First, we 
uniformly mixed the PDMS gel and NdFeB particles with a specific mass 
ratio, and the composite was poured into the plastic mold and cured on 
the hot plate at 70 ℃ for 30 min. After solidification, the cured PDMS/ 
NdFeB composite was peeled off from the mold, and placed in the 
magnetic field with strength of ~ 3 T and desired orientations for 
magnetization. After the in-plane magnetization, the MMPA was stuck 
onto the conductive copper coil layer via a thin double-sided adhesive 
tape to ensure a tight adhesion and complete the fabrication process of 
the self-powered HMI system. 

4.2. Characterization 

The SEM and EDS images were obtained by field-emission scanning 
electron microscopy (FE-SEM, Carl Zeiss, Germany). The hysteresis 
loops were measured by a physical property measurement system 
(PPMS) DynaCool instrument (Quantum Design North America, USA) 
using the vibrating sample magnetometry at room temperature. The 
variation of magnetic flux and corresponding field intensity was 
measured by a commercial Gauss meter (Model HT20, HengTong 
Magnetoelectricity Ltd., Shanghai, China). For standard sweeping test 
on the MMPA, the assembly was fixed on the platform, and then the 
motorized platform swept across the MMPA under the control system 
(MAR 100–90, Zolix Instruments Co. Ltd., China). The speed of the 
mechanical indenter was fixed at 1000 mm min− 1 to deflect the apex of 
the micropillars horizontally. Meanwhile, the electrical signals gener-
ated in the coil were recorded by the external voltmeter (34460 A, 
Keysight). For the average intensity of each EMF peak, five consecutive 
cycles were applied to obtain the result and evaluate the performance 
from each sample. For the systematical investigation of the typical 
sample, a mechanical shaker (JZK-2, Sinocera piezotronics Inc.) was 
used to apply periodical forces onto the MMPA with changing fre-
quencies or amplitudes. The relationship between the induced current 
with vibration frequency and bending amplitude was measured by the 
low-noise current preamplifier (MODEL SR570, SRS, USA) and multi-
function I/O device (USB-6341, NI, USA). For the long-term mechanical 
stability measurement, a motorized platform (ESM303, Mark-10 Cor-
poration, USA) was employed to apply periodical bending and releasing 
to the MMPA at a constant speed of 500 mm min− 1. For the observation, 
the entire bending and recovery process of the MMPA was also recorded 
via a high-speed camera (Photofocus, Switzerland) with frame rate of 
750 frames per second (fps). 

4.3. Simulation model 

The software, COMSOL Multiphysics 5.6, was employed to simulate 
the magnetic field around the MMPA. To be consisted with experiment, 
we adopted a two-dimensional model. The diameter, height, and dis-
tance of the micropillars were set as 0.5 mm, 3 mm, and 1 mm, 
respectively. The dimension of the base under the MMPA was set as 
10 mm × 1 mm. To simplify the model, PDMS and N54 (sintered 
NdFeB) was given to the base and pillars respectively. Air atmosphere 
was set with the dimension of 20 mm × 20 mm. The mesh was 
controlled by the physics interfaces with regular size. Magnetic field (no 
current) module was employed to trace the magnetic scalar potential 
and magnetic flux density, with the governing equations H = − ∇Vm and 
∇ • B = 0, where H is the magnetic field vector, B = μ0μrH is the 
magnetic flux density vector and Vm the magnetic scalar potential. The 
boundary conditions were set as n • B = 0. The initial value of magnetic 
scalar potential was set as 0. The constitutive relation between the 
magnetic field and magnetization was governed by B = μ0(H + M), 
where M is the magnetization vector. For the in-plane magnetization 
case, Mx, My, Mz was set as 1 A m− 1, 0, and 0, respectively. Similarly, 
Mx, My, Mz was set as 0, 1 A m− 1, and 0 for the out-of-plane magneti-
zation. To simulate the magnetic field around the tilted horizontally 
magnetized micropillars, we replaced the original rectangle with a 
parallelogram tilted at 30◦, with Mx, My, Mz of 0.8166 A m− 1, 
0.5 A m− 1, and 0 for leftward bending, and 0.8166 A m− 1, − 0.5 A m− 1, 
and 0 for rightward bending. For the mechanical deformation, we 
adopted a three-dimensional model for the simulation. The height and 
distance of the micropillars were set as 3 mm and 1 mm, respectively. 
The different micropillars with radii of 0.15 mm, 0.25 mm and 0.4 mm 
were involved and compared in the simulation. To simplify the model, 
PDMS was allocated to the base and the micropillars. The mesh was 
controlled by the physics interfaces with regular size. Solid physics 
module was employed to trace the deformation. The base was set as a 
fixed constrain, and the external force Ftot was set at − 0.003 N for y 
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component. Based on this, the deformation of the micropillars was ob-
tained and the dependence on the micropillar dimension was achieved. 

4.4. Signal processing and circuit design 

The electrical signal is firstly filtered through a third-order resistive- 
capacitance filter circuit, and then amplified by a high-precision 
instrumentation amplifier AD620. Followed with that, the signal was 
sent to the next amplifier via a multi-order filter circuit composed of two 
op-amps, which amplifies the signal to about ± 5 V with another signal 
filtering process. The microcontroller transmits the processed signal to 
the smartphone through the BLE Bluetooth module to complete the HMI 
process. Based on the operation of leftward or rightward sweeping, a 
corresponding “+ ” or “-” voltage peak was produced, which was then 
collected by the terminal to process the allocated command. The display 
on the terminals can then be designed towards different applications 
including the page flip, Morse code communication, game playing 
interface, and the ternary system with definitions of “− 1′′, “0”, and “1′′. 
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