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Featured Application: This research is related to fields such as landmine detection (humanitarian
landmine mine detection especially) and nondestructive testing.

Abstract: Prodders are widely used devices in landmine detection. A sensorized prodder has been
developed to detect shallow buried landmines by their vibrational characteristics. However, the
influencing mechanisms of prodder’s components on the measured vibrational characteristics are
not clear, and the vibration intensity of the buried landmine decreases with burial depth. A
numerical analysis method is proposed to investigate the effects of parameters of prodder-object
coupling system on the measured vibrational characteristics. The calculated main resonance
frequency is 109.2 Hz, which corresponds well with the published analogy result of 110 Hz, and the
mathematical method is also validated by the previous experimental results. Based on the proposed
analysis method, an optimized prodder is designed, whereby the signal strength can theoretically
increase 122.78%, which means that a greater depth of detection can be acquired. This optimal
design is verified by the simulation experiment that was conducted with the optimization function
of Adams software.
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1. Introduction

As cheap but effective defensive weapons, landmines have been widely deployed since World
War I. About 100 million landmines remain to be removed in more than 80 countries. These
landmines kill or injure approximately 20,000 people every year. More people get poorer because the
contaminated land is not suitable for agricultural or industrial production [1-4]. However, landmine
detection has been a historically difficult problem.

Landmines are 5-30 cm in diameter (including anti-personnel and anti-tank mines), their casing
materials vary from plastic to metal, and the burial environments are very complicated. Under these
circumstances, even though many techniques have been developed for landmine detection, current
researches indicate that no single device can detect landmine to a real performance level. Metal
detection based on electromagnetic induction (EMI) can only detect landmines containing a certain
amount of metal components, and it may lead to a high rate of false alarm due to metal shreds that
are very common on battlefields [5,6]. Ground penetrating radar (GPR) images geophysical
subsurface by acquiring reflected radar signals that are related to underground dielectric variations
and it has a larger detection depth when compared to EMI method, but it also may cause a high false-
positive detection rate due to the existences of big rocks, animal burrows, and roots [7,8]. The nuclear
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quadrupole resonance method observes the presence of abundant nitrogen in the explosives (TNT
and DNT) of the mine, is why this device is very expensive and difficult to operate [9]. Dogs and rats
have also been trained to sense the explosive vapor that is diffused from the mine for their remarkable
sense of smell, but the training time is long and the detection result is dependent on individual
animal’s work status [10]. Other methods, like X-ray backscatter and electric impedance tomography
(EIT), are limited by the lack of safety involved in X-ray radiation [11] and detection depth [12].

Mine prodders can be traced to World War I and they are still most common supplementary
tools in landmine detection because of their adaptability on detecting metal or nonmetal landmines
that are buried in complex circumstances [13-18]. Generally, prodding a landmine with a force of 25
N is unlikely to detonate a mine, though 50 N is regarded to be “safe” by some authorities [19]. A
conventional prodder is usually a steel stick that is 30 cm in length. After the rain has softened the
soil, deminers use the prodder to inspect subsurface of suspect area by poking the ground gently to
contact the buried object to sense whether it is a landmine by their senses of touch and sound.
Therefore, in recent years, many novel prodders with force feedback have been developed to explore
new solutions for landmine detection by combining sensors with prodders [20-25].

Giovanni Borgioli et.al. introduced a sensorized prodder to detect landmines that are buried in
shallow soil based on their mechanical feature of big compliance when compared to stone, root, and
other clutters [26]. This prodder consists of three main parts: an electromechanical actuator, a thin
steel rod, and an accelerometer that is fixed on it. After the steel rod is inserted in to the soil to obtain
contact with the buried object to form a prodder-object coupling system, an external electronic unit
provides power supply and excitation signals to drive the actuator to stimulate the buried object, and
the vibration signal that is measured by the accelerometer mounted on the rod is transmitted to the
signal processing unit for characteristic analysis. The tests that were carried out in the laboratory and
an outdoor test bed validated that the buried objects” vibration responses are well distinguishable
both in the frequency range and vibration intensity due to the landmine having a larger compliance
when compared to roots, stones, and other rigid clutters for the landmine structure contains an air
cavity between the explosive cavity and upper casing.

Since the vibration response is the key feature in distinguishing landmine from other rigid
buried objects. When compared to the Ref. [26], we further studied the theoretical model of the
prodder-object coupling system to investigate the effects of system parameters on the measured
response signal features in this paper. A numerical analysis method is proposed to quantitatively
investigate the resonance behavior of the prodder-object system and their influencing factors. The
calculation result met well with the simulation and experimental data published in [26], which
verifies the feasibility of this proposed numerical method. Based on the analysis results regarding
system sensitivity, an optimal design for a better performing prodder is proposed, and the measured
signal strength can increase 122.78% theoretically, which means greater depth of detection can be
acquired, and a simulation experiment is conducted to verify the proposed optimal design with the
optimization function of Adams software. This analysis procedure provides a reference for
developing a good performing prodder.

2. Modeling of the Prodder-Object System and the Numerical Analysis Method

As shown in Figure 1(a), the prodder that is described in Ref. [26] is composed of seven
components, namely, 1) electromechanical actuator; 2) adjusting load spring; 3) aluminum cylinder
for mechanical connection between springs; 4) aluminum cylinder for mechanical connection
between spring and steel rod; 5) steel rod; 6) triaxial accelerometer with the y-axis aligned with the
steel rod; and, 7) shell of the prodder.
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Figure 1. (a) Mechanical sketches of the sensorized prodder; (b) Kinetic model of “prodder-object”
system.

The air cavity between a thin upper casing and the explosive makes the landmine structure more
compliant than other buried clutters, such as rocks, tree roots, metal shreds, etc. The prodder is
designed to distinguish landmines from those clutters by sensing buried objects’ resonance behavior,
including vibration intensity and frequency response.

In the detection procedure, the rigid steel rod is inserted into soil to get direct contact with the
buried object to form a prodder-object coupling system. Subsequently, a programmable data
acquisition board generates a chrip signal to control a pulsewidth-modulated (PWM) power driver
that excites the electromechanical actuator of the prodder to vibrate. The steel rod stimulates the
buried object with the mechanical force output from the actuator resultantly. For safety consideration,
the output force of the prodder should be controlled below 10 N by adjusting the PWM power driver
current. Meanwhile, the acceleration of the contact point is measured by a light silicon MEMS
accelerometer that is mounted on the steel rod and then transmitted to the acquisition board for data
analysis. After Analogue-to-Digital (A/D) conversion, filtering and Fast Fourier Transformation (FFT)
processing of the measured data, the frequency response of the buried object can be acquired.
Landmine structure is typically much more compliant than those rigid clutters, thus the vibration
intensity of landmine would be much larger and its natural frequency would focus on the low
frequency band when compared to other rigid clutters. Since these two resonance behaviors are the
key features in distinguishing landmines from other rigid clutters, the resonance mechanism of the
prodder-object coupling system should be further studied to make the influencing factors and their
influencing mechanism clear.

The kinetic model of this prodder-object system can be obtained by lumped parameter method;
this method has been used to investigate acoustic landmine detection [27,28]. As indicated in Figure
1(b), k1 and c1 represent the stiffness and damping constants of adjusting spring respectively; and, k2
and c2 represent the viscoelastic parameters of the moving part of buried object’s upper casing;
Stiffness constant k3 and damping constant cs of the prodder-object coupling part are equivalent to
the viscoelastic constants of steel rod. While m1 and ma represent the mass of the moving parts of
prodder and buried object respectively.

According to the lumped model that is shown in Figure 1(b) and linear vibration theory, we can
obtain the following kinetic equations:
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The above equations in matrix form can be written, as follows:

KX+CX+MX=F, 2 @

where X=diag(x1, x2) is the displacement matrix dependent on the moving part of prodder and buried

object, thus X and X are the corresponding velocity and acceleration matrixes, respectively; while

K= k,+k, -k, - c,te; G M| ™| p- F
k, Ktk | <,  c¥c, | m, | 0|

After being Fourier transformed, the matrix equation (2) can be written, as follows:
(K—a)ZM+ja)C)X(a))=F(a)), G @

Accordingly, Z(w), the impedance matrix of equation (3), can be written as the following
equation:

Z(w)=K-w’M+jwC, @ @
Subsequently, detZ(w) and adjZ(w), the determinant and adjoint matrixes of Z(w), respectively,
can be written, as follows:
, k. +k —w*m, +jw(c, +¢ k, + jwc
adjiZ(w)=| " 2" (ei+e) : Joa 5 ©
k, + jwc, ky +ky—w’m, + jw(c, +c;)
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Afterwards, the system frequency response function H(w) can be written, as follows:

220 [l (0] Hole)]

7 7
detZ(w) |H, (w) H,(w) Y

In the 2-2 matrix H(w), Hiy(w) is the transfer function between the I th and p th component of the
system. In this case, Hi2(w), the transfer function between prodder and buried object, can be written,

as follows:
C2+D2
‘le (a))‘=, fﬁ , (8) (8)
where

A=k +k,—o'm;

B=0w(c +¢;);
C=k,+k—a'm,;
D=0w(c,+c;);
E=AC-BD-k} +@’c;; and,
F=AD+BC—2ack,.

3. Numerical Analysis of the Influencing Mechanisms of Prodder-Object System Parameters



Appl. Sci. 2019, 9, 744 5 of 14

3.1. Verification of the Mathematical Analysis Method

For testing the numerical analysis method, the results of mathematical analysis and experiments
are compared. The data reported in Table 1 are the measured mechanical parameters of the prodder-
object system, a plastic box with a diameter of 95 mm is used as the non-metallic landmine simulant,
since the effects of a hollow plastic cap that simulates the upper casing of a landmine [26].

Table 1. Mechanical parameters of the lumped model.

Component Mass Elastic coefficient Damping coefficient
(kg) (N/m) (Ns/m)
Moving part of the prodder m1=0.054 ki1=1818 c1=0.1
Plastic box m2=0.013 k2=30-10° =4
Steel rod N.A. ks=3,213-103 =0

After substituting all of the above data into Equation (8), the calculated frequency response of
the plastic box is shown in Figure 2. The resultant main resonance frequency is 109.2Hz, meeting well
with the result 110 Hz that is published in Ref. [26], which validates our mathematical analysis
method.

x10™*

109.2Hz

0 T TR TS 010
Frequency/(Hz)

Figure 2. Viewgraph of the frequency response of the plastic box.

3.2. Effects of Prodder Components on the Vibrational Characteristics of Buried Object

The resonance behavior of prodder-object system is the most important feature in distinguishing
a buried landmine. However, the influencing mechanisms of prodder’s each component on the
buried object’s vibrational characteristics are not clear. On the other hand, the amplitude at resonance
frequency is equivalent to the measured signal strength, but the object’s vibration intensity usually
diminishes with the increase of burial depth, which indicates that a better performing prodder should
acquire greater signal strength under the same condition. Therefore, in the following sections, the
effects of prodder’s each component on the measured signal are quantitatively analyzed with the
proposed mathematical method to explore the optimal design parameters for a better performing
prodder.

3.2.1. Effects of mi, the Mass of the Moving Part of Prodder

Parameter m1 represents the mass of the moving part of prodder, which includes the total mass
of steel rod, accelerometer, actuator’s mobile part, adjusting springs, and aluminum cylinders. As
shown in Figure 3, the resulting vibration intensity at the main resonance frequency of the plastic box
increases by adjusting the value of m1 from 10 g (mass of accelerometer) up to 100 g, while the other
parameter values did not change, which indicates that the value of m1 should be reasonably large to
obtain greater signal strength.
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Figure 3. Effects of m1 on the frequency response of the plastic box.

3.2.2. Effects of ki, the Stiffness of Adjusting Load Spring

Figure 4 shows that both the intensity and frequency features of the plastic box vibration change
little when the value of ki is variable from 600 N/m to 30 kN/m. It demonstrates that, with adjusting
spring, which as an energy storage element, the effect of its stiffness on the measured signal could be
ignored.

x10™
3.5 \
109.2Hz
3 e
0 T 0 100 10
Frequency/(Hz)

Figure 4. Effect of k1 on the frequency response of the plastic box.

3.2.3. Effects of c1, the Damping Coefficient of the Adjusting Spring

With the value of damping coefficient c1 increasing from 0.1 Ns/m to 9 Ns/m, the resonance
frequency of the plastic box remains unchanged, while the vibration intensity decreases a lot, as
shown in Figure 5.
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Figure 5. Effects of c1 on the frequency response of the plastic box.

Ideally, the adjusting spring is used as an energy storage element without changing the
magnitude of the output force that is exported from electromechanical actuator. However, in practice,
there is still a part of energy consumed by the damping effect of the spring. Thus, damping coefficient
of the adjusting spring should be small enough to acquire better detection performance.

3.3. Effects of the Prodder-Object Coupling Part on Plastic Box Vibrational Characteristics

The lumped model shown in Figure 1(b) is a two-degree freedom mechanical model that has
two resonance frequencies, namely the main resonance frequency and a higher second resonance
frequency, as introduced by the coupling part (steel rod). The values of ks and cs are uncertain when
the rod and the measured object are not in good contact. Moreover, the value of cs is difficult to
measure. Therefore, it is necessary to analyze the effects of the coupling part on the measured signal
characteristics.

3.3.1. Effects of ks, the Stiffness of Steel Rod

As shown in Figure 6, when the value of ks is increasing from 100 kN/m to 3213 kN/m, the main
resonance frequency of the plastic box increases slightly while the related amplitude decreases, which
means that a steel rod with smaller stiffness may lead to greater measured signal strength. Thus, steel
rods for a better performing prodder should have smaller stiffness.
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Figure 6. Effects of ks on the frequency response of the plastic box.

3.3.2. Effects of c3, the Damping Coefficient of the Steel Rod
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Figure 7 shows that the main resonance frequency and vibration intensity of the plastic box
remain the same, while the amplitude at the second resonance frequency increases with the value of
cs increasing from 0 up to 90 Ns/m. It can be seen that the damping effect of the coupling part only
introduces a second resonance frequency without changing the amplitude of the measured signal,
and when the prodder contacts well with buried object, the smallest damping effect of the coupling
part can be achieved.

10

35}

2

0 107 10* 10°
Frequency/(Hz)

0 10!

Figure 7. Effects of c3 on the frequency response of the plastic box.

Figure 8 represents the one-degree freedom model that ignores the coupling effects of the steel
rod. In this case, the output force from the actuator is directly applied to the measured object.
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Figure 8. Mechanical model of one-degree freedom prodder-object system.

The dynamic equation of the one-degree freedom model can be illustrated as:
(k,+k, ) x+(c +e, ) x+(m +m, ) ¥=F, @ 9

Subsequently, the frequency response function of this one-degree freedom system can be
written, as follows:

1
\/[kl +k,-w? (m,+m, )T +? (e, +¢, )

As shown in Figure 9, the theoretical frequency response of the plastic box can be easily obtained
by calculating Equation (10). The calculated main resonance frequency is 110 Hz, which is consistent
with the main resonance frequency of the two-degree freedom mechanical model that is shown in
Figure 1(b). It indicates that the mechanical model shown in Figure 1(b) has two degrees of freedom

, (10)

‘HO (w) - (10)
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is due to the coupling effects of the steel rod, and it would attenuate to a one-degree freedom model
as the decrease of the rod’s damping coefficient.

x10™
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0 I TR 10° 010
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Figure 9. The frequency response of the one-degree freedom model of the plastic box.

3.4. Effects of Buried Object’S Parameters on the Measured Signal Features

Since the landmine is buried in soil, the actual value of stiffness k2 and damping coefficient c2
might be significantly influenced by the varying environmental conditions, such as burial depth,
moisture, particle size, and porosity of soil. Meanwhile, different landmines may have different
viscoelastic coefficients. Obviously, the measured signal characteristics would be influenced by
parameters of landmine and soil conditions. In the following part, the viscoelastic coefficients of
buried object are analyzed quantitatively with the same mathematical method.

3.4.1. Effects of ke, the Stiffness of the Moving Part of Plastic Box

Figure 10 shows the effects of landmine upper casing stiffness k2 on the measured signal features,
the amplitude of the measured signal decrease, while the related resonance frequency increases as
the value of k2 increases from 30 kN/m up to 66 kN/m. Since the casing stiffness of the plastic
landmines are smaller than the stiffness of metal landmines [26], according to the analysis results
above, the prodder may have better performance in the detection of non-metallic landmines that
cannot be detected by the common device, for example, metal detector.

x10™

k=30kN/m 109.2Hz

.
2.5
% 2 F l=66kN/m
1.5}
1
0.5
0 10! 10° 10°

10° 10°
Frequency/(Hz)
Figure 10. Effects of k2 on the frequency response of the plastic box.

3.4.2. Effects of ¢z, the Damping Coefficient of the Moving Part of Plastic Box

Figure 11 shows the upper casing damping effects on the measured signal characteristics; the
amplitude at the main resonance frequency decreases significantly as the value of c2 increases from 4



Appl. Sci. 2019, 9, 744 10 of 14

Ns/m up to 24 Ns/m. This is due to the significant amount of vibrational energy that can be consumed
by damping effects. However, the actual value of damping coefficient c2 increases with the burial
depth. As a result, the signal strength, namely the amplitude at main resonance frequency of buried
landmine, would decrease with burial depth. These results are consistent with the experimental
results in Ref. [26]. It highlights the importance of designing an optimized prodder that can obtain
larger signal strength to achieve a greater depth of detection.

x10™

4

3 - ¢,=4Ns/m

(6

~ ¢,=24Ns/m

0 10' 102 10° 10* 10°
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Figure 11. Effects of c2 on the frequency response of the plastic box.

According to the analysis above, the effects of each prodder’s component on buried landmine’s
vibrational characteristics can be summarized in Table 2 as the relevant parameter values increase.
The notation “ 1 ” represents an increase, “ | ” represents a decrease, and “—" means no influence.

Table 2. Effects of Parameters of the System on Its Vibrational characteristics.

Prodder Steel rod Buried object
Component
mi k1 c1 ks c3 k2 c2
Parameter value ) ) t ) ) ) 1
The main resonance | _ _ ' _ t -
frequency
Vibrational amplitude t — ' | — | i

4. Evaluation of the optimized design

On the basis of the above analysis results, an optimized prodder with parameter values of m1=
0.1 kg, k1=1818 N/m, c1= 0.1 Ns/m, and k3= 100 kN/m can obtain greater signal strength and larger
detection depth. As shown in Figure 12, the plastic box’s theoretical resonance vibration intensity, as
measured with the optimized prodder, is 8.07 x 10, while the same value that was measured with
the original prodder is 3.60-10, thus the signal strength increases by approximately 122.78%.



Appl. Sci. 2019, 9, 744 11 of 14

x10™
9 .
The optimized prodder

8 \ The original prodder

7 (76.5, 8.07)

6 122.78%

s 3 (109.2, 3.60)

4

3

2

1

[ 1 (A T
Frequency/(Hz)

Figure 12. Performances comparison between the optimized prodder and the original prodder.

Finally, Adams, which is a widely used multi-body dynamics simulation software, is used to
conduct a simulation experiment to verify the numerical analysis results. The optimization function
of this software allows for users to obtain the optimal parameter values for the design objectives
within certain constraints. As shown in Figure 13(a), a parametric dynamics model explaining the
working principle of prodder is built in the Adams software. According to the above analysis results,
ki has few influence on the measured signal, smaller values for the damping coefficients c1 and c3 tend
to enhance performance. Therefore, ks and m, the viscoelastic coefficients of steel rod and the mass
of the moving part of prodder, are set as key design variables. The objective function is the mean
value of the variance between the time domain vibration data measured with the original and new
designed prodders. It is obvious that the maximum value of the objective function corresponds to the
strongest difference of vibration intensity, as measured by these two prodders. The corresponding
parameter values are optimal in the design of better performing prodder. The optimization result is
shown in Figure 13(b) and the theoretical main resonance frequencies of vibration signal measured
by the original and optimized prodders are 109.27Hz and 76.5Hz, respectively, which perfectly meets
with the numerical analysis results that are shown in Figure 12. Due to Adams software taking earth
gravity into account, the vibration intensity of simulation results increases 161.56%, which is larger
than the numerical analysis result of 122.78%, but they are of the same order. The corresponding
values for ks and m1 are 100 kN/m and 0.1 kg, respectively, which are equal to the results deduced by
the mathematical method, which verifies this numerical analysis method and the optimal design. It
should be noted that the value ranges of the above parameters are selected experientially, mainly for
studying the parameter’s effect on the prodder’s performance. This paper principally provides an
optimization analysis method for developing a better performance prodder used for landmine
detection.

x107
18 —— The ;Jplimized prodder
(ky, e1) 16+ >\ ——— The original prodder
A n (76.5. 15.94)

(k3, c3)

(109.27, 6.09)
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Frequency/(Hz)
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Figure 13. (a) Parametric dynamics model of prodder-object system; and, (b) Performance comparison
between the original prodder and the prodder optimized with the function of Adams software.

5. Conclusions

Based on the working principle of a sensorized prodder that is used for landmine detection, a
mathematical analysis method is proposed to analyze the influences of each of the prodder’s
components on the measured signal. The calculated results meet well with the published
electromechanical analogy simulation results and experimental results respectively, proving the
feasibility of the proposed numerical analysis method. According to the analysis results, we can draw
the following conclusions:

If the mass of the moving part of prodder increases, the main resonance frequency of the
measured signal would decrease while the corresponding vibration intensity would increase.
Therefore, the mass of the moving part of prodder should be reasonable large to acquire greater signal
strength to obtain larger detection depth.

The stiffness of prodder’s adjusting spring has no effect on the vibrational characteristics of the
measured object, but the damping effect of spring can attenuate the vibration intensity. Thus, the
spring of an optimized prodder should have a smaller damping coefficient.

The steel rod’s coupling effects generate a second resonance of the measured signal, while its
influence on the main resonance vibration could be ignored. However, the measured signal strength
would decrease with the increase of the stiffness of the steel rod. As a result, a better performing
prodder should adopt a steel rod with smaller stiffness, for example, a hollow steel rod with conic-
shaped tip.

The analysis results of the effects of the measured object’s stiffness and damping coefficient show
that the theoretical signal strength for the plastic mine is larger than the related value for metal mine,
which indicates that the prodder might be better suited for non-metallic landmine detection.

According to the above analysis results, when the mass of the prodder’s moving part is 0.1 kg,
the adjusting spring is still the same, and the stiffness of the rod is 100 kN/m, the measured signal
strength would increase approximately 122.78% resultantly, which means that a greater depth of
detection could be achieved, and this optimal design is verified by the simulation experiment that
was conducted with the optimization function of Adams software. It should be mentioned that,
although many prodders have been proposed, prodder with force feedback is more of an exploration
solution for landmine detection and is under consideration by some mine clearance organizations at
this stage for its safety as a contact method. However, this optimized prodder could be of
considerable interest in landmine detection training, other shallow buried landmine detection, and
nondestructive testing for structural health. In our future work, we will develop an optimized
prodder and dedicate it to these fields.
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