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Magnetostrictive biomimetic whiskers have been used as tactile and flow sensors. Compared to other types of whiskers, such
whiskers have the advantage of being able to perform static and dynamic measurements. For dynamic measurement, the
whisker’s resolution changes with varying vibration frequency; however, the mechanism for this influence has not been studied
yet. Thus, the aim of this study is to investigate the resolution–frequency correlation. First, the structure and operation principle
of the whisker were analyzed. Then, the Euler–Bernoulli beam theory was employed to establish the sensing model of the
magnetostrictive whisker. Finally, the mapping relationship between sensor resolution and frequency was obtained. The
eigenfrequency analysis was implemented by FEM to obtain the frequency response of the whisker. A vibration experimental
system was built for dynamic testing. The experimental results were in good agreement with the theoretical calculations.
Furthermore, it was noted that the resolution was positively correlated with frequency, and the maximum resolution was
attained at the natural frequency (two peak values appeared at the first-order and second-order eigenfrequencies). Our research
reveals the manner in which a whisker sensor’s resolution is affected by the vibration frequency. The theoretical model can be
used to predict the resolution of magnetostrictive whisker sensors.

1. Introduction

In nature, several animals use their whiskers to collect ambi-
ent information, including obstacles, distance, and force and
vibration, to overcome any limitations of vision and hearing.
For example, seals use their whiskers to perceive hydrody-
namics, and rats rely on whiskers to recognize obstacles.
Many researchers have studied the operation mechanism of
animal whiskers and developed artificial whisker systems.
As a near-range sensor, the biomimetic whisker can be a use-
ful supplement for traditional sensing technologies.

In the last two decades, research on bio-inspired whiskers
has progressed greatly. The principle, materials, measure-
ment methods, and applications of biomimetic whiskers have
been studied extensively. Among them, Lucianna et al and
Kan et al. investigated the mechanism and elastic modulus
of a rat whisker sensory system [1, 2]. Bovet et al. established
the simulation models of rigid and flexible whiskers [3].
Kaneko and Tsuji first used a flexible beam coupling with a

torque sensor to detect the hole shape in machining pro-
cesses; the whisker had a high sensitivity of 5μm [4, 5]. Ju
and Ling developed a piezoelectric whisker and applied it
to tactile and geometry measurements [6, 7]. Another kind
of tactile sensor, a PVDF beam-based whisker was reported,
and its frequency response was studied by Tiwana et al. [8].
Pearson et al. and N’Guyen et al. applied the whisker sensory
system in a robotic rat for obstacle identification [9, 10].
However, all the abovementioned whiskers are based on
elastic or piezoelectric materials, and their application range
is limited.

It is known that magnetostrictive devices exhibit excel-
lent static and dynamic performances [11–13]. This charac-
teristic makes them potentially applicable in the sensing
field. To this end, Raghunath and coworkers developed a
magnetostrictive whisker [14]. On the basis of magnetoelas-
tic effect mechanism, a magnetostrictive whisker can mea-
sure both stress and vibration. As a novel whisker-type
tactile sensor, it can sense static and dynamic information,
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and it demonstrates satisfactory environmental adaptability.
In these studies, the whisker’s magnetoelastic bending model
and design optimization problems (the location of the bias
magnetic field and the relation between sensor sensitivity
and beam thickness [15, 16]) were investigated; however,
the dynamic performance (such as dynamic sensitivity and
resolution) has not been studied yet. In [17], we discussed
the influence of frequency on the sensitivity of the magneto-
strictive whisker, but the mapping relation between the
vibration frequency and whisker response is still unclear.

To realize the quantitative description of a whisker’s
resolution, we fabricated, analyzed, and modeled a galfenol-
(FeGa alloy-) based magnetostrictive whisker sensor. The
frequency response of the whisker was obtained by using a
finite element software. A dynamic experimental system
was established to test the dynamic performance of the whis-
ker. The details are presented in the following sections.

2. Design

2.1. Structure and Fabrication. Figure 1 shows a typical mag-
netostrictive whisker consisting of four parts: a magnetostric-
tive cantilever beam, a bias magnet, and a magnetic sensor.
Several magnetostrictive materials, such as galfenol and alfe-
nol (Fe–Al alloy) [15, 16], can be used as raw materials of the
whisker beam. The beam was clamped at the base and mag-
netized by the bias magnet. The change in magnetic flux
was measured by a magnetic sensor. Either a Hall sensor or
a GMR sensor can be used as the magnetic sensors. Here,
we selected a Hall sensor, the WSH138 (manufactured by
Winson Lt. Co.) to measure the change in magnetic flux [18].

In the design process, a high magnetostrictive coefficient
and flexibility are the two mainly considered factors. Thus,
we selected a galfenol thin plate to fabricate the beam. The
magnetostrictive coefficient of galfenol is higher than that
of alfenol (their saturation magnetostrictions are 250 and
120ppm, respectively, reported in [19]). The rolling process
ensures that this material demonstrates excellent elasticity.
The geometric and physical parameters of the magnetostric-
tive whisker are listed in Table 1.

2.2. Operation Principle. Figure 2 illustrates the operation
principle of the proposed whisker. The bias magnet provides
a magnetic field to orient the magnetic domains along the y-
axis direction. The linkage flux is detected by a Hall sensor
fixed next to it (Figure 2(a)). Raghunath et al. observed the
change in magnetic domain in a bending magnetostrictive
beam using a Kerr microscope [20]. It was found that the
domain rotation depends on the inner stress distribution.
As shown in Figure 2(b), the magnetic domains on the right
side of the natural centerline have the maximum deflection
angle. Thus, the linkage flux increases. In contrast, when
stress is applied to the beam rightwards, this value decreases
(Figure 2(c)). In summary, when stress is applied from differ-
ent directions, the Hall sensor outputs an alternating voltage.

The measurement method of the proposed whisker
allows the sensor to measure both static and dynamic
stresses. Furthermore, the microsecond response speed of

galfenol and Hall sensor can help the whisker realize real-
time monitoring tasks.

2.3. Definition of Resolution. In our design, the whisker trans-
forms the displacement signal to a voltage signal. In addition,
its displacement resolution is dependent on the minimum
conversion voltage of the measurement circuit. This means
that the displacement resolution of the whisker system is
limited by the resolution of the Hall sensor. Herein, we intro-
duce the beam’s displacement-linkage flux transmission
coefficient α and the Hall’s magnetic resolution rH. The sys-
tem resolution can be expressed as

r = α ⋅ rH, 1

where α is defined as dy/dB, that is, the differential of the
displacement to the magnetic flux, and the magnetic resolu-
tion of WSH138 is 0.1 mT [18]. From (1), it is known that
the system resolution depends on the system sensitivity and
the resolution of the Hall sensor.

3. Analytical Modeling

3.1. Classic Beam Theory. In this section, a classical beam the-
ory, in the form of the Euler–Bernoulli beam equation, is
introduced to model the proposed magnetostrictive whisker.
Considering that the designed whisker has a low working fre-
quency, we use a pseudostatic analysis method. For this
method, the base vibration excitation (along the direction
of the z-axis) is equivalent to a dynamic load applied to the
free end of the beam [21]. In this way, the static beam equa-
tion can be used to model the whisker [22].

According to the Euler–Bernoulli theory, the stress in the
x-direction of the beam is defined as

σx = −z
M
I
, 2

whereM is the bending moment, andM = F L − x ; I repre-
sents the second moment of area. Substituting M = F L − x
into (2), the stress can be rewritten as

σx t = −z
L − x
I

F t , 3

where z is the position along the thickness direction, and F t
represents the equivalent dynamic load, reflecting the effect
of the ambient vibration excitation.

Bias magnet

Magnetic sensor

Cantilever beam

Base

Figure 1: 3D model of the magnetostrictive whisker.
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As mentioned in [21], the vibration excitation is
described as an input harmonic base motion of

yb t = Yb sin ωbt, yb t = −Ybω
2
b sin ωbt 4

The tip deflection, y t , can be obtained by the motion
equation of the beam due to a base excitation for acceleration
−Zbωb

2 at a frequency of ωb as

y t = Yba sin ωbt − φ , 5

where ω1 is the beam’s first-order natural frequency; φ =
tan−1 2ςω1ωb/ ωn

2 − ωb
2 + tan−1 ω1/2ςωb , ς represents

the beam’s damping ratio, and a = ω1 ω1
2 + 4ς2ωb

2/ ω1
2 −

ωb
2 2 + 4ς2ω1

2ωb
2 1/2

The equivalent force can be expressed as

F t =
3EI
L3

y t − yb t 6

By substituting (4), (5), and (6) into (3), we obtain

σx t = Yb
3 L − x zE

L3
sin ωbt − a sin ωbt − φ 7

Most resonant-based energy harvesters demonstrate
their highest performance when excited near their resonant

frequency. The ith resonance frequency of a uniform beam
can be estimated using

ωn = β2
n

EI

mL4
, 8

where βn is the solution of the equation cosh βnL cos
βnL + 1 = 0

3.2. Magnetoelastic Sensing Model. The magnetoelastic effect
is the basis for the magnetostrictive whisker to realize force
sensing. In general, the behavior of magnetostrictive mate-
rials is described by the piezomagnetic equation. Using this
linear equation, Downey and Flatau derived the expression
for the magnetic flux of a bending beam under a bias mag-
netic field [23]; the formula for which is

Bi t = d∗33σx t − d∗33d33EHi + μH i, 9

where Bi is the internal magnetic flux of the beam. d33
and d∗33 are the piezomagnetic and inverse piezomag-
netic coefficients, respectively; they are defined as d33 =
∂ε/∂H and d∗33 = ∂B/∂H. Hi is the internal magnetic field
of the beam, and μ is the permeability of the magneto-
strictive material.

Assuming that the bias magnetic and flux are H0 and B0,
Bl is the linkage flux in the space; Bt is the linkage flux at the

Table 1: Parameters of the magnetostrictive whisker.

Material Name Symbol Value Unit

Bias magnet
Magnetic field strength Hb 300 mT

Dimension L × W × H 8.5× 3.5× 2 mm3

Galfenol

Saturation magnetostriction λs 170 ppm

Young’s modulus E 60 GPa

Poisson’s ratio ν 0.3 —

Relative permeability μr 200 —

Dimension L× W × H 80× 4× 0.15 mm3

Hall

Beam
y

z x
Clamped

Natural
centra line

Magnet

(a) (b) (c)

𝜎 𝜎

Figure 2: 3D model of the magnetostrictive whisker.
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measurement point; and B0 = Bi + Bl; the linkage flux Bt can
be expressed as

Bt t =
1
2
km B0 − Bi t , 10

where km is the linkage magnetic coefficient related to the
location of the Hall sensor, relative permeability of galfenol,
and the magnetic field distribution. According to (4), (10),
and (11), the transform coefficient α can be given by

α t =
dyb t
dBt t

=
1
6
km

L3

x − L zE

⋅
1

1 − a cos φ 2 + a2 sin2φ
⋅

cos ωbt
cos ωbt + ϕ

,
11

where ϕ = tan−1 a sin φ/ 1 − a cos φ , and x = 0.
Considering that α t is a time-varying function, in order

to obtain the frequency characteristics of the whisker resolu-
tion, we perform a Laplace transform of α t and note that
s = jω. Then, we achieve the modular α jω ; substitute it
into (2), and the whisker’s displacement resolution can be
obtained as follows:

r = α jω ⋅ rH =
1
6
km

L2

zE
⋅

1

1 − a cos φ 2 + a2 sin2φ
⋅ rH

12

4. Finite Element Analysis

For the finite element analysis, a more sophisticated model of
the whisker was established in the COMSOL. The eigenfre-
quency analysis was implemented using structural mechanics,
dynamics, and vibration modules. Figure 3 shows the 3D
model and mesh creation of the whisker model. A fine mesh
was created with 5501 tetrahedral elements, 3976 boundary
triangular elements, 572 mesh points, and 34,302 degrees of
freedom. The minimum element quality was set to 0.066.
The model was created using the Lagrange quadratic element
type. The computations employed second-order polynomials,
which was a good tradeoff between the memory and result
accuracy. The use of finer meshes did not have a significant
effect on the results. The simulation was performed to calcu-
late the eigenfrequencies for the first six modes.

The COMSOL model also enables the analysis of the
shape of the whisker at different modes, as shown in
Figure 4. Using the model, the natural frequency of the
whisker can be set to any value between 0.5 and 500Hz by
choosing different materials and physical dimensions.

The theoretical value of the eigenfrequency can be
obtained using an analytical model based on (8). The simu-
lated and theoretical values for the six modes are listed and
compared in Table 2. The relative error shows that at the
first-order natural frequency, theoretical calculation results
do not agree well with the simulation result. With the
increase in frequency, the results of theoretical models and
finite element analysis approach equivalence.

5. Experiment

An experimental system was established to test the resolution
performance of the proposed magnetostrictive whisker.
Figure 5 shows the vibration test system. In this system, the
sinusoidal signal was generated by the dSPACE (ds1103)
and then amplified by an amplifier (AE7224) to drive the
vibration exciter in order to simulate the ambient vibration.
The vibration amplitude of the vibration excitation was mea-
sured by a laser displacement sensor (Ltc-025). The data
from the Hall sensor and laser sensor were acquired using
the dSPACE platform. The vibration frequency was set in
the range of 0.5–60Hz. To measure the minimum displace-
ment, for each frequency, the voltage amplitude of the Hall
sensor was required to be maintained at 8.3mV.

In the experiment, some parameters required for the
theoretical model were also determined. The damping
coefficient ς of the whisker system was determined as 0.014
using the Rayleigh model. The linkage magnetic coefficient
is km = 0 6. Further, according to the data reported in [24],
the inverse piezomagnetic coefficient is d∗33 = 20 T/N.

6. Results and Discussion

Figure 6 shows the dynamic performance of the magneto-
strictive whisker sensor. The voltage amplitude of the Hall
sensor was limited to 8.3mV. Then, we obtained the ampli-
tude of the ambient vibration at different frequencies. At
0.5Hz, which represents the quasi-static condition, the
amplitude of the ambient vibration was 1.22mm. When the
frequency became 60Hz, this value changed to 0.18mm. It

0

2

4

6

8

0
0.5

0.2
−0.2

Figure 3: 3D model and mesh of the magnetostrictive whisker.
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was noted that with increasing frequency, the displacement
amplitude sensed by the magnetostrictive whisker decreased
gradually. It is thus concluded that the frequency and resolu-
tion are positively correlated.

The theoretical value and the experimental results are
shown in Figure 7. The figure displays a clear change in the
resolution, depending on the vibration frequency. The results
of the experiment show the existence of two peaks: P1
(0.18mm) at 3.5Hz and P2 (0.06mm) near 40Hz. These
two peaks, located near the 1st and 2nd natural frequencies
of the whisker, are the maximum values of the displacement
resolution. This means that at natural frequencies, the whis-
ker demonstrates a larger response amplitude than that at
other frequencies. The theoretical calculation is in good
agreement with the actual value, but only P1 occurs in the
theoretical curve. This is because our analytical model does
not consider additional vibration modes (besides the 1st
order natural frequency) for the cantilever beam.

7. Conclusion

This study aimed to determine the influence of the vibration
frequency on the displacement resolution of the whisker sen-
sor. We established an analytical model based on the Euler–
Bernoulli beam theory to obtain the mapping relation of the
sensor resolution and frequency. To analyze the frequency
response, we used the finite element method. Further, accord-
ing to the vibrationmode analysis, the first-order to sixth-order
natural frequencies were identified. A vibration test system was
constructed to determine the dynamic performance of the
whisker. Finally, the following conclusions were derived:

(i) The displacement resolution of the whisker sensor
is positively correlated. Moreover, the theoretical

Table 2: Eigenfrequency calculated using analytical model and
finite element software.

Mode Simulated (Hz) Theoretical (Hz) Error (%)

1st 3.9306 4.297 9.32

2nd 36.697 35.374 3.60

3rd 102.75 99.049 3.60

4th 201.37 194.09 3.62

5th 332.94 322.29 3.19

6th 497.5 483.52 2.81

dSPACE

Whisker

Amplifier

Laser
sensorVibrations

exciter

Figure 5: Vibration test system for magnetostrictive whisker.
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Figure 4: Shape of the whisker beam at the first six modes.
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model presented in this work appropriately con-
formed to this trend.

(ii) When operating at the resonance frequencies, the
resolution attains a local maximum value. For exam-
ple, in the experiment, two peaks were noted in the
vibration amplitude-frequency curve at the 1st and
2nd resonance frequencies of the whisker sensor.
That means that the resolution performance of the
whisker sensor can be improved by a reasonable
frequency design.

(iii) Our research can help understand the dynamic
behavior of magnetostrictive whisker sensors and
predict its dynamic resolution.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

20

0

2 4 6
Time (s)

8

Vo
lta

ge
 (m

V
)

D
isp

la
ce

m
en

t (
m

m
)

−20

1.2

−1.2

0.0

(a)

Time (s)

D
isp

la
ce

m
en

t (
m

m
)20

0

0 1 2 3 4

Vo
lta

ge
 (m

V
)

−20

1.2

−1.2

0.0

(b)

Time (s)
0 1 2 3

20

0

Vo
lta

ge
 (m

V
)

−20 D
isp

la
ce

m
en

t (
m

m
)1.2

−1.2

0.0

(c)

20

D
isp

la
ce

m
en

t (
m

m
)1.2

−1.2

0.00

0.0 0.5 1.0 1.5 2.0
Time (s)

Vo
lta

ge
 (m

V
)

−20

(d)

20

0

Vo
lta

ge
 (m

V
)

−20 D
isp

la
ce

m
en

t (
m

m
)1.2

−1.2

0.0

0.0 0.5 1.0
Time (s)

(e)

20

0

Vo
lta

ge
 (m

V
)

−20 D
isp

la
ce

m
en

t (
m

m
)1.2

−1.2

0.0

0.0 0.5 1.0
Time (s)

(f)

20

D
isp

la
ce

m
en

t (
m

m
)1.2

−1.2

0.00

0.0 0.1 0.2 0.3 0.4
Time (s)

Vo
lta

ge
 (m

V
)

−20

(g)

20

0

Vo
lta

ge
 (m

V
)

−20 D
isp

la
ce

m
en

t (
m

m
)1.2

−1.2

0.0

0.00 0.05 0.10 0.15 0.20
Time (s)

(h)

20

0

Vo
lta

ge
 (m

V
)

−20 D
isp

la
ce

m
en

t (
m

m
)1.2

−1.2

0.0

0.0 0.5 1.0 1.5 2.0
Time (s)

(i)

20

0

Vo
lta

ge
 (m

V
)

−20 D
isp

la
ce

m
en

t (
m

m
)1.2

−1.2

0.0

0.00 0.05 0.10
Time (s)

(j)

20

0

Vo
lta

ge
 (m

V
)

−20 D
isp

la
ce

m
en

t (
m

m
)1.2

−1.2

0.0

0.00 0.02 0.04 0.06 0.08 0.10
Time (s)

(k)

20

0

Vo
lta

ge
 (m

V
)

−20 D
isp

la
ce

m
en

t (
m

m
)1.2

−1.2

0.0

0.00 0.05 0.10
Time (s)

(l)

Figure 6: Sensing voltage and vibration amplitude at various frequencies: (a) 0.5, (b) 1, (c) 2, (d) 3, (e) 3.5, (f) 5, (g) 10, (h) 20, (i) 30, (j) 40, (k)
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