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Abstract—Whiskers of some animals, such as rats and cats, can
actively sense stimuli from their surrounding environment. Such
a capability is attractive for intelligent mobile robots. However,
an artificial whisker with similar abilities has not been fully de-
veloped so that the robots acquire their surrounding environment
information in an active approach such as rats. In this paper, we
propose a new bioinspired active whisking tactile sensor (MAWS)
capable of sensing the distance, shape, size, and orientation of caves
and environmental conditions. Two orthogonally distributed linear
Hall sensors are mounted beneath a circular permanent magnet
for spatial localization of the whisker. The whisker is then actuated
and controlled by an array of nine electromagnetic coils by tuning
the excitation current and phase sequence. Conical pendulum and
bidirectional sweeping strategies were designed to mimic the simul-
taneous perception behavior of rats. A reactive obstacle avoidance
experiment was also conducted to evaluate the performance of the
proposed MAWS installed on a mobile robot.

Index Terms—Active sensing, bioinspired tactile sensors,
distance perception, reactive obstacle avoidance, shape
reconstruction.

I. INTRODUCTION

P ERCEPTION is critically important for mobile robots to
sense their surrounding environments to perform effective

and accurate control and responses. Over the decades, various
functional sensors have been developed to enhance the percep-
tion ability of robots [1]–[4]. Recently, flexible tactile sensors
have enabled robots to carry out delicate tasks due to the compact
and compliant feedback system for contact force [5], [6]. How-
ever, these kinds of epidermal tactile sensors are challenging to
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provide tactile sensation through active sensing, thereby limiting
their applications for reactive obstacle avoidance of mobile
robots.

It is known that certain nocturnal animals, such as rats and
whales, in nature have evolved effective biological tactile sys-
tems to actively sense complex stimuli and generate immediate
reactions to them. For instance, rats can run fast in a dark envi-
ronment to sense their surrounding environments or search for
food by sweeping their facial whiskers (or vibrissae) [7]. Their
whiskers are independently moved by the follicle-sinus com-
plex (FSC) located beneath the facial skin [8]. Recent research
revealed that the tactile whiskers of rats have high sensitivity,
specificity, and short response time as active systems and can
detect a variety of features, such as shape, location, orientation,
surface texture, and radial distance by actively whisking their
facial whiskers[9]–[11].

Inspired by the sensing mechanism of rat FSC (Fig. 1(a)),
many active artificial whisker sensors have been designed for
robots to extract important environmental information [12]–
[14]. Compared with traditional passive sensing whiskers[15],
active whiskers are able to improve the detection efficiency
of unknown environments by extending the perception area
through sweeping. However, most reported designs employ elec-
tric motors or robots as actuators, resulting in a bulky and heavy
structure. Although the piezoelectric active sensor can retain
a compact structure [16], the required high voltage, intrinsic
hysteresis, and limited sweep amplitude have hindered its broad
applications in mobile robots.

To realize a close-range interaction with the surrounding
environment, distance estimation plays a key role in the re-
active obstacle avoidance and navigation of robots [17]. For
the past few years, laser range finders or binocular vision have
been widely adopted by robots to provide a remote interaction
capability with the environment [18], [19]. However, it is still
challenging for robots to achieve a close-range interaction with
their surrounding environment, especially in a dark environment.
Interestingly, natural animals such as rats can interact closely
with their surrounding environment through their facial whiskers
[9], [10] even in a dark environment. Therefore, the bioinspired
whisker sensors used to calculate the distance have been widely
studied and have made great progress [11], [13].

In this work, we have developed a multifunctional active
whisker sensor (MAWS) that can be fully printed for building
a robotic tactile sensing system (Fig. 1(b)). It is the first highly
integrated artificial whisker sensor that can simultaneously sense
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Fig. 1. Bioinspired multifunctional active whisker sensor (MAWS).
(a) Schematic of the FSC of rats. (b) Schematic illustration of MAWS: the
sensing and actuating units, and their structural configuration.

the shape, distance, size, and orientation information in an
active manner. The MAWS is able to capture the key functions
of the FSC system of rats. It has integrated two orthogonally
distributed linear Hall sensors to mimic the follicle receptor of
rats to obtain the real-time spatial movement information of the
whisker. Nine electromagnetic coils were employed to actuate
the active whisker to generate a rhythmic movement, similar
to the muscle in the FSC. Two basic active sweeping modes
(i.e., conical pendulum mode and bidirectional sweeping mode)
were designed and implemented by tuning the excitation current
and phase sequence of the electromagnetic coils. An in-house
characterization system was also designed and prototyped to
evaluate the performance of the MAWS in characterizing the
shape, distance, size, and orientation of the environment. Finally,
the MAWS was integrated into an autonomous ground vehicle
(AGV) to test its performance in reactive obstacle avoidance.
With the assistance of the MAWS, the AGV successfully avoided
the collision and demonstrated the effectiveness and applicabil-
ity of the proposed MAWS for robotics.

II. METHODS

A. Prototype Design and Working Mechanism of the MAWS

Rats can run at a high speed in darkness without colliding
with any surrounding obstacles by using their whiskers. Fig. 1(a)
depicts the major anatomical structure of a rat whisker follicle.

The innervation regions are used to transduce mechanical signals
from the whisker [20]. The musculature can actively control the
motions of whiskers. Inspired by the rat whisker, we propose
a new MAWS (Fig. 1(b)) that is able to measure the shape,
distance, size, and orientation information of environments. The
MAWS consists of a sensing unit and an actuating unit. The
sensing unit has two orthogonally distributed linear Hall sensors
HV and HL (WSH138, Aoweziic), a 3D-printed ball bearing and
its holder, and a hollow cylinder NdFeB permanent magnet (Φ
8 mm × 3 mm). The permanent magnet is placed with its “N”
pole towards along the whisker (Fig. 1(b), upper), embedded in
the bearing. As the whisker sweeps, the permanent magnet also
moves with the whisker. The deflection of the permanent magnet
produces a changing magnetic field, which is instantaneously
recorded by the linear Hall sensors. According to the measured
signal by the Hall sensors, the movement state and position of
the whisker tip can be obtained in a real-time manner.

The actuation unit is mainly composed of a carbon fiber
(whisker), a magnetic pendulum, electromagnetic coils and a
spherical shell (Fig. 1(b), below). A thin NdFeB permanent
magnet (Φ 9 mm×1 mm) was mounted at the end of the whisker
to form a pendulum structure, and the “N” pole of the magnet
pointed to the center of the shell structure of the actuating unit.
Nine electromagnetic coils (Φ 8 mm×9.5 mm) were firmly
attached to the internal surface of the shell, and 1 mm thick
cylindrical silicon iron was implanted into the electromagnetic
coils to enhance the produced magnetic field. Each coil was
assembled with 3760 turns of varnished wire (Φ 0.2 mm), and
the produced polarity and magnitude of the magnetic field can
be independently tuned by a dual full-bridge driver L298, which
can provide a current up to 4 A. Once the whisker bridges the
sensing and actuating unit through the magnetic pendulum and
the ball bearing, the pendulum can drive the whisker to generate a
preset movement by programming the power sequence, polarity,
and frequency of the electromagnetic coils.

B. Control Strategies

To mimic the active sensing behaviors of rats, we propose two
control strategies to generate the bidirectional sweeping motion
and the conical pendulum motion of the MAWS (Fig. 2). The
bidirectional sweeping mode is to move the pendulum between
the boundary and center electromagnetic coils (Fig. 2(a)), while
the conical pendulum mode is to move the pendulum along the
peripheral circle line formed by the boundary electromagnetic
coils (Fig. 2(b)). Both modes can be used to sense the surround-
ing environment in an active method.

As shown in Fig. 2(a), the bidirectional sweeping of the
whisker is achieved by sequentially powering linearly dis-
tributed electromagnetic coils (e.g., G-I-C). Considering that
the MAWS can be randomly positioned, we must first find the
pendulum and then perform its bidirectional sweeping. There-
fore, we initially power all the surrounding coils to generate a
repulsive mode while keeping the central coil in an attractive
mode, leading to the restoring of the pendulum to the central
coil position. Once the pendulum reaches the center coil, a series
of time-resolved signals can be applied to drive the whisker to
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Fig. 2. Two working modes and related actuation mechanism of the MAWS.
The red, blue, and gray lines represent the attraction, repulsion, and neutrality
states, respectively. (a) Bidirectional sweeping mode. (b) Conical pendulum
mode.

perform swiping. For clarity, we take the bidirectional sweeping
among the three coils G, I, and C to describe the active whisking
behavior. Fig. 2(a) illustrates the energizing state of the nine
electromagnetic coils over time. Depending on the energized
state, each electromagnetic coil consists of three basic states
in terms of the magnetic pendulum: attraction, repulsion, and
neutrality. The red line indicates the attractive state, while the
blue line represents the repulsive state. The gray line is the
power-off state, and no magnetic field is generated (neutral-
ity). To avoid wandering of the whisker during its sweeping
mode, the adjacent coils were set to a repulsive state when the
magnetic pendulum entered the desired position (e.g., Fig. 2(a),
40∼60 ms). Furthermore, a pre-attractive magnetic field was
also used to guide the motion of the magnetic pendulum as it
moved away from its previous position (e.g., Fig. 2(a), 60∼80
ms).

To generate a conical pendulum motion of the MAWS, we
designed a rotating electromagnetic field to guide the pendulum
by sequentially powering the electromagnetic coils from A to H
(Fig. 2(b)). To accurately localize the magnetic pendulum, three
electromagnetic coils were treated as one unit to generate the
repulsion-attraction-repulsion complex, while the others were
kept in a neutral state. In this complex, the middle attraction coil
is used to initialize the pendulum, while the adjacent electromag-
netic coils are used to balance the resultant force formed by the
inertia force, the fractional force between the pendulum and the

Fig. 3. Schematic illustration of the spatial positioning mechanism for MAWS.
(a). Spatial positioning based on α and β. (b) Transfer matrices calculation.

MAWS shell, and other external disturbances. The central elec-
tromagnetic coil (I) maintains a repulsive state to the pendulum
in this operation process, thereby constraining the pendulum to
generate conical sweeping movement. To smoothly control the
conical pendulum process, a periodic A-AB-B- …, …-H-HA-A
powering sequence is utilized to further subdivide the electro-
magnetic field. It is noted that the conical pendulum moving
direction can also be reversed by simply changing the excita-
tion sequence of the coils. The conical pendulum speed and
acceleration can be adjusted by tuning the electromagnetic field
through the applied electric current. In comparison of the two
active whisking modes, it can be concluded that the bidirectional
sweeping mode possesses a high potential for reactive obstacle
avoidance of mobile robots due to its short-stroke, while the
conical pendulum whisking mode is suitable for effectively cap-
turing the graphical information of surrounding environments.

C. Sensing Theory

Fig. 3(a) illustrates the positioning mechanism of the MAWS.
The carbon fiber is assumed to be rigid due to its high Young’s
modulus [21], and no rotation occurs on the z-axis. Thus, when
the whisker moves from position P0 (x0, y0, z0) to position Pt

(xt, yt, zt), Pt can be represented by:

Pt = Ry(β)Rx(α)P0 (1)

whereα andβ are the rotation angles along the x-axis and y-axis,
respectively. Ryand Rx are transfer matrices and can be obtained
by rotating the coordinate axis (Fig. 3(b)). Therefore, Pt (xt, yt,
zt) can be represented as:
⎛
⎝xt

yt
zt

⎞
⎠ =

⎛
⎝ cosβ 0 − sinβ

0 1 0
sinβ 0 cosβ

⎞
⎠

⎛
⎝ cosα sinα 0

− sinα cosα 0
0 0 1

⎞
⎠

⎛
⎝x0

y0
z0

⎞
⎠

.
(2)
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Fig. 4. Schematic illustration of the distance perception. (a) Forced vibration
of the MWAS. (b) Vibration amplitude increase with the detection distance.

Therefore, once α and β are known, the spatial position of
the whisker in real time can be calculated by (2). Pt can also be
expressed by ϕ and θ in the original coordinate as:

xt = L · sinϕ · cos θ (3)

yt = L · sinϕ · sin θ (4)

zt = L · cosϕ (5)

where L is the length of the whisker, ϕ is the swing angle, and
θ is the azimuth angle. By combining (1) to (5), we can obtain
ϕ and θ by:

ϕ = cos−1(cosα · cosβ) (6)

θ = cos−1

(
sinβ

sinϕ

)
(7)

If MV and ML denote the recorded intensity of the magnetic
field for HV and HL, respectively, the variations in α and β
can be expressed as a function of MV and ML. Therefore,
we can accurately calculate α and β through the relationship
between MV and ML. Once we acquire α and β, the arbitrary
spatial position of the whisker can be calculated by (6) and (7).
This spatial positioning ability enables MAWS to be used for
characterizing the shape, size, and orientation of holes.

D. Distance Acquisition Strategies

As shown in Fig. 4, we propose a distance acquiring method
based on the forced vibration, in which the forced vibration of
the whisker was actuated by electromagnetic coils. When the
obstacles are placed at different distances away from the MAWS,
the vibration amplitude can be expressed by:

A =
f

|ω2
0 − ω2| (8)

where A is the amplitude, ω0 is the intrinsic vibration frequency,
ω is the forced frequency, and f is the result of F/m. F is the
driving force from the powered electromagnetic coils, and m
is the equivalent mass of the whisker. Based on the resonant
frequency of a simply supported beam [22], we know that ω0 is
related to L. Therefore, we can obtain the corresponding A under
different L, i.e., the closer the obstacles are to the MAWS, the
larger the value A is (Fig. 4(b)).

Fig. 5. Prototype of the characterization system for MAWS.

Fig. 6. Calibration of the linear Hall sensor. (a) and (b) depict the correlation
between α-ML and β-MV, respectively.

III. EXPERIMENTS AND RESULTS

A. Characterization System

To verify the performance of the proposed MAWS, we also
designed a 3D-printed characterization system (Fig. 5). It con-
sists of an MAWS, a changeable panel with different patterns,
and a panel holder fixed on a slider to adjust the distance. The
changeable panel is used to verify the active sensing capabilities
of shape, size, and orientation of the MAWS, while the slider
is designed to verify the distance sensing performance of the
MWAS. The center of the ball bearing is coaxial with the
changeable patterns, as shown in Fig. 5.

B. Calibration of Linear Hall Sensors

Prior to characterizing the performance of the MAWS, we
first calibrated the linear Hall sensors. This is an essential step
to obtain the relationship between α-MV and β-ML. Here, we
carried out bidirectional sweeping along xoz and yoz planes and
set L = 105 mm to calculate the values of α and β. After
completing one sweeping cycle, we normalized the raw data
to be zero-centered and plotted the curves of α-MV and β-ML

(Fig. 6). The MV (ML) varies greatly as the whisker sweeps in
the yoz (xoz) plane, while the ML (MV) is almost negligible. This
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Fig. 7. Distance perception. (a) Experimental setup. (b) Powering state distri-
bution of the electromagnetic coils. (c) Typical time-resolved A under different
L. (d) Fitted A-L curves under different significant digits.

indicates that α and β can be independently expressed by MV

and ML. We obtain the correlation between α-MV by fitting the
output data as α = 5×10−7MV

3+2×10−5MV
2+0.04MV+0.10

(R2 = 0.998). Similarly, the correlation between β-ML is also
obtained as β = 3×10−7ML

3+1×10−5ML
2+0.04ML+0.09 (R2

= 0.997). Notably, the MV and ML demonstrate a quasi- linear
correlation with α and β. Therefore, α and β can be calculated
by the obtained MV and ML based on the fitted linear equation
F(x) = 0.04x +0.1, where x represents the MV or ML.

C. Distance Perception

Fig. 7(a) demonstrates the experimental setup for verifying the
performance of the MAWS on acquiring distance. A panel with a
triangle pattern was treated as an obstacle in the environment. To
provide the forced motion of the whisker, coils H, A, and B were
switched on-off at a frequency of 4 Hz (Fig. 7(b), Movies S1).
The typical time-resolved A curves at different L values over time
are shown in Fig. 7(c). The light color lines depict the real-time
variations of A, while the dark lines demonstrate the slide average
performance of A. We can see that the maximum A increases as
L lengthens. To acquire a property sampling frequency of the
Hall sensor, the maximum vibration frequency of the whiskers
was calculated based on the time-resolved A curves at different
L. By taking the Fourier transform of the A curves in Fig. 7(c),
the maximum vibration frequency is obtained as 100 Hz@L =
105 mm.

Considering that the standard response bandwidth of the em-
ployed Hall sensor is 23 kHz, which is far higher than the needed
sampling frequency, we finally set the sampling frequency at 500
Hz. Notably, the sampling frequency can be tuned to megahertz

Fig. 8. Shape characterization: experimental setup and measured signals.
(a) Triangle. (b) Square. (c) Polygon. (d) Circle.

to match the utmost bandwidth of the Hall sensor by tuning the
clock division of the ADC (analog to digital converter).

The maximum vibration amplitudes of the typical time-
resolved A curves were extracted from Fig. 7(c) and plotted
in Fig. 7(d). To obtain the accurate relation between A and L,
we conduct 5 experiments at each specific length. Their average
amplitude of these 5 experiments was used as the amplitude
of the specific distance L. Moreover, the significant digits of
the A-L function coefficients were also analyzed. We can see
that the A-L curves tend to overlap as the number of significant
digits increases and are almost overlapped when the number
of significant digits reaches 4. Therefore, we obtain the A-L
function by fitting the experimental data as A = 0.0926L3-
2.8907L2+31.7054L-114.0341 (R = 0.995). The mean squared
error (MSE) of the obtained A-L function was also calculated
as 0.048 mm, which indicates the high accuracy of the obtained
A-L function. Notably, once θ, ϕ and L are known based on MV

and ML, the size, shape and orientation of the obstacles can be
perceived.

D. Shape, Size and Orientation Perception

In a dark environment, rats can perceive whether the cave or an
obstructed environment is suitable for travel based on the shape
and size detected by their whiskers [7]. To mimic their perception
behavior, several 3D-printed panels with triangle, square, circle,
and polygon shapes (Fig. 8) were prepared and assembled on
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Fig. 9. Shape reconstruction of the patterns detected by MAWS. (a) Triangle.
(b) Square. (c) Hexagon. (d) Circle.

the panel holder to verify the shape, size and orientation sensing
capability of the MWAS (Movie S2).

Fig. 8 demonstrates the experimental setups and the captured
data from HL and HV. We note that the time-resolved curves
of ML and MV all demonstrate equal fragments as the edges of
the detected panels, which can be used to teach the MAWS to
understand and perceive the surrounding environment like a real
rat. To gain a better understanding of the time-resolved curves
of MV and ML, we highlighted the vertices of the triangle by P1,
P2, and P3 (Fig. 8(a)). As mentioned above, the

HL (HV) outputs a set of data ML (MV) only when the whisker
generates a displacement projection on the x (y) axes (Fig. 5).
Therefore, we obtained a sharp increase in the ML when we
execute an almost lateral whisking motion (from P1 to P2),
as shown in Fig. 8(a). Correspondingly, the Hall sensor of HV

outputs an approximate constant during this process because no
displacement projection occurs on the y-axes. From P2 to P3 and
then back to P1, the displacement projection of this process on
the x-axes is unidirectional. Thus, HL yields a continuous decline
in the ML. We can see that the unidirectional sweeping action
of the whisker breaks the vertical symmetry of the obtained ML

curve, although the output data ML and MV tend to be vertically
symmetric as the number of polygon sides increases.

To verify the shape reconstruction ability of the MAWS, four
panels with different shapes (i.e., triangle, square, hexagon and
circle) were mounted on the panel holder, as the inset image
shown in Fig. 9. The real size (side length) of the changeable
triangle, rectangle and hexagon pattern is 40 mm, 40 mm, and 20
mm, respectively, while the real diameter of the circular pattern
is 40 mm. We conduct the shape reconstruction experiment while
the slider is 105 mm away from the MAWS.

Three cycles of the time-resolved MV and ML data of each
pattern were extracted and converted to the real size and shape
of the detected patterns based on (2), as demonstrated in Fig. 9.

Interestingly, the triangle pattern obtains a relatively accurate
shape sensing at the vertices compared to the other patterns. By
carefully checking the shape construction movies of the triangle
(Movie S2), we found that a backswing phenomenon occurred
at the vertices of the triangle. We attribute the backswing phe-
nomenon to the elastic collision between the whisker and the
contour of the triangle pattern approaching the vertices. During
this elastic collision process, the acute angle property constrains
the movement of the whisker and yields out the vertices position
of the detected triangle pattern. This explains why we collected
more contour data at the vertices of the reconstructed patterns.
The constraint effect weakened and disappeared with the in-
crease in the interior angles (>90°) of the detected patterns and
thus introduced the shape estimation error, as shown in Fig. 9(b)
and 9(c).

Overall, the detected pattern can be reconstructed efficiently
(∼0.88 s) based on the conical whisking of the whisker. The
reconstructed pattern shape also matches the real pattern well
to a large extent, although the results are not satisfactory at
some vertices of the detected patterns due to the bounce effect
between the whisker and detected patterns. In practice, the
bouncing impacts on shape reconstruction can be overcome by
changing the conical pendulum mode into a sweeping mode. In
the sweeping mode, the real contour of the pattern vertices can
be obtained even though bouncing occurs. This is because the
real contour can be obtained at the moment of contact between
the whisker and contour of the patterns.

To quantitatively evaluate the reconstruction accuracy of the
detected pattern size and shape, we performed an error analysis
based on the Hausdorff distance [23]. The reconstructed shape
contour points and the real shape contour points were used
as two groups of point sets for calculating the pattern shape
estimation error. The shape estimation error corresponding to
the four patterns was calculated and is demonstrated in Fig. 10.
Notably, the reconstructed pattern sizes match well with their
real dimensions. The shape estimation error tends to occur on
the vertices or the curved contour of the detected patterns. The
pattern shape estimation error varies with the detected cycles and
yields a maximum shape estimation error lower than 4 mm. This
maximum shape estimation error is tolerable when considering
the high shape reconstruction efficiency (∼0.88 s).

Considering the impact of time delay on the reconstruction
accuracy of pattern shape and size, the time delay between
acquiring the raw data from the two Hall sensors and the position
calculation of the whisker was experimentally measured by
using a timer function (micros()) of the Arduino board. By
recording the system time before and after the position calcu-
lation equation, the time difference (time delay) is obtained at
about 4 µs. Thus, the estimation error resulting from the time
delay can be further calculated based on the sweeping frequency
of the whisker. In Fig. 8(a), the conical pendulum sweeping
frequency is 1.14 Hz (T = 0.88 s). The estimation errors δϕ and
δθ resulting from the time delays in ϕ and θ can be calculated as
0.39′′and 0.59′′respectively. Here, in view of (sinϕ)max = sinδϕ,
(cosϕ)max = 1-cosδϕ, (sinθ)max = sinδθ, and (cosθ)max =
1-cosδθ, the maximum position estimation error at L = 105 mm
in x, y and z can be calculated based on (3), (4), and (5) as δx
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Fig. 10. Shape estimation error analysis of the detected patterns. (a) Triangle.
(b) Square. (c) Hexagon. (d) Circle.

= L·sin(δϕ)·(1-cosδθ) = 3.1×10−18 mm, δy = L·sinδϕ·sinδθ
= 1.47×10−11 mm, δz = L·(1-cosδϕ) = 5.72×10−12 mm. We
can see that the position estimation error resulting from the
time delay is insignificant and can be neglected. In terms of
orientation, we can calculate it in a real-time manner based on
the acquired θ from (7).

E. Reactive Obstacle Avoidance

To further verify the effectiveness and applicability of the
designed MAWS, we carried out a reactive obstacle avoidance
experiment by integrating it into a commercial AGV car (10×10
cm). It is driven by a dual DC geared motor without an encoder
and is controlled by an ATmega328 processer, which is suitable
for investigating the ideas proposed in this paper.

To verify the reactive obstacle avoidance capability of the
MAWS, we built an orthogonal wall with an acrylic board
(Fig. 11(a)) and left one wall fixed by the tape. Without the
guidance of the MAWS, the AGV robot moved forward blindly
and did not stop until it hit down the wall (Fig. 11(b)). We then
mounted the MAWS on top of an AGV robot and switched
the whisker to the bidirectional sweeping mode (Fig. 2(b)).
The sweeping frequency was set as 0.67 Hz. The whisker was
∼150 mm in length, and the sweeping angle ϕ was set at ∼60°.
The dual full-bridge driver L298 was supplied by an 8 V DC
power and controlled by an ATmega2560 processer. The power
consumption of each electromagnetic coil was ∼3.2 W. The
acquired analog signal obtained from the linear Hall sensor was
first processed by the ADC and then processed by a programmed
reactive obstacle avoidance algorithm to generate the control
commands. The generated control commands were transmitted
to the AGV robot through a Bluetooth module. According to
the collision steering experiment, we finally set the maximum
movement speed of the AGV robot to 10 cm/s.

Fig. 11. Reactive obstacle avoidance experiment based on MAWS mounted
on an AGV robot. (a) Schematic illustration of the experimental setup. AGV
robot moving (b) without and (c) with a MAWS. (d) Time-resolved variation of
ϕ during reactive obstacle avoidance.

Fig. 11(c) demonstrates the testing results of the reactive ob-
stacle avoidance experiments after installing the MAWS (Movie
S3). It can be seen that the AGV robot could successfully avoid
possible collisions with walls. This process can be divided into
three stages: approaching, perception, and avoidance. In brief,
the AGV robot approached the wall (Fig. 11(c), I), and then
the active sweeping whisker sensed the wall (Fig. 11(c), II).
After that, the robot turned left and moved along the wall
(Fig. 11(c), III) to avoid possible collision, similar to the rats
reacting to the environment with their facial sweeping whiskers.
To quantitatively analyze the collision avoidance process, a slide
average approach was employed to smooth the acquired ϕ.
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Fig. 11(d) demonstrates the time-resolved variations ofϕ during
the reactive obstacle avoidance of the AGV robot.

IV. CONCLUSION

A bioinspired multifunctional active whisker sensor has been
developed for mobile robots in graphic recognition and reactive
obstacle avoidance. The new whisker sensor has two working
modes, an active conical pendulum mode and bidirectional
sweeping mode, by powering nine electromagnetic coils se-
quentially. A pair of orthogonally distributed linear Hall sensors
were used to monitor the variation in the magnetic field of the
permanent magnet mounted on the whisker. The variation in the
magnetic field resulting from whisking has been successfully
utilized to sense the distance, shape, size, and orientation of the
obstacles in the surrounding environment. We also demonstrated
the MAWS in an AGV robot to evaluate its performance in
reactive obstacle avoidance for mobile robots. This research
provides new designs and approaches in the development of
multifunctional active tactile sensing systems for mobile robotic
applications.
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