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Abstract— Landmines are major problems, waste life and 
money. Much recent research acknowledges that the contact 
sensors have promising potential. In this work, a new idea of 
contact sensor for landmine detection is introduced. The sensor 
main principle is based on the concept of 2-DOF vibration 
absorber system (two springs and two masses), to detect the 
existence of an object (ex: landmine) in sand which is modeled 
as a 3rd spring. The sand stiffness (the 3rd spring stiffness ko) 
can be acquired as function of the frequency vibration 
absorber mode ωAbs (the frequency at which the 2nd mass has 
the lowest amplitude (mathematically proven: zero)). When the 
sand stiffness changed due to the presence of the landmine, the 
vibration absorber frequency ωAbs changes, and consequently 
the landmine can be detected. The mathematical derivation of 
the (ωAbs-ko) relation is verified by simulations with Matlab 
and with finite element COMSOL Multi-physics. The system is 
succeeded to measure the sand stiffness up to 100kN/m. A 
physical prototype for the sensor is developed with sensitivity 
16.85 (N/m)/Hz.  

Keywords- Contact sensing; finite element; Landmine 
detection; vibration; vibration absorber. 

I.  INTRODUCTION 
The presence of landmines causes major problems in 

many regions in the world, because they restrict the 
development in such regions and also increase the personal 
risk. There are more than 100 countries affected by 
Landmines, UneXploded Ordnances (UXO), and Explosive 
Remnants of War (ERW). About, 20 countries are heavily-
affected  [1]. Sensing systems used for landmine detection are 
expensive and very critical in the demining process  [2]. 
Many sensing technologies and studies are introduced. The 
most mature technologies are based on the electromagnetic 
waves (like Electromagnetic induction metal detector (MD), 
magnometers, and Ground penetration radar (GPR))  [3]. 

The Humanitarian Demining Standards for clearance 
success must satisfy 99.6% to 200 mm depth (according to 
United Nation Department of Human Affairs (UNDHA)) 
and 100% (according to International Mine Action Standards 
(IMAS)). To reach such high grades, until now, manual 

procedure is mandatory (that uses 'prodding' or 'probing' 
excavation tool) [4]. For this reason, Acoustic/Seismic and 
smart prodding are of the most promising technologies as 
they have Low false alarm, and properties feedback [5]. 

Many concepts have been introduced based on contact 
Acoustic/Seismic sensor. Martin et al. [6, 7, 8] studied the 
elastic-wave interactions with landmines and investigated 2-
DOF model of surface-contacting vibrometer. Ground 
excitation is based on remote source while the moving 
vibrometer measures the associated ground surface motion, 
which is affected by the buried landmine when exists.  

Donskoy et al. [9, 10, 11, 12] studied the nonlinear 
response of the 2-DOF model of the soil-mine system. The 
perturbation method used in the model introduces for the 
derived analytical solution to describe both quadratic and 
cubic acoustic interactions at the soil-mine interface. This 
solution has been compared with actual field measurements 
to obtain the nonlinear parameters of the buried mines, which 
have been analyzed with respect to mine types and burial 
depths. It was found that the cubic nonlinearity could be a 
significant contributor to the nonlinear response. This effect 
has led to develop a new intermodulation detection algorithm 
based on dual-frequency excitation. 

Ishikawa et al. [13] modeled an active sensing prodder 
and mine as 2-DOF model. The prodder emits white 
Gaussian noise vibration to identify the object in front of the 
prodder by the frequency response and discrete Fourier 
transform.  

Muggleton et al. [14] explored point vibration 
measurements to detect shallow-buried objects. The ground 
is modeled as single DOF at low frequency. A shaker is used 
to excite the ground vertically and has a built in impedance 
head which senses both the applied force and the measured 
acceleration. Resonance frequency and acceleration are used 
to detect buried pipes, but mechanical fatigue may occur. 

Ali, et al. [15] studied the ground surface pressure 
distribution changes when applying static load. They studied 
objects (Anti-tank landmine, Anti-personnel landmine, rock, 
and can) exist under the ground at depths and inclination 
angles. That indicates a clear change in the ground surface 
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hardness and stiffness (around three time
shallow objects. 

 In this study, based on the fact that the
increases when a landmine exists, and the c
vibration absorber, a novel stiffness sen
simulated and fabricated. The measuring ran
is selected to be associated with the sand-la
Then, a finite element model is develope
sensor performance with the designed param
and linearity are calculated. Experiments are
sensor prototype. 

II. SENSOR MODEL 

A. System Description 
The sensor is modeled as 2-DOF system, 

and m2 are small spring stiffness, big spring
mass, and big mass, respectively. While the
is modeled as ko (sensed object stiffness), as
The mass m2 is affected with input sinusoid
sin (ωt), where Fu is the input force amplit
input frequency, respectively. The system
satisfy the vibration absorber phenomenon w߱ଵଵ ൌ ඥ݇ଵ/݉ଵ ൌ ߱ଶଶ ൌ ඥ݇ଶ/݉ଶ    … …

At ko equals zero (no object is in conta
system operates at ω = ω22 = ω11 the vi
phenomenon is accomplished (where the dis
mass m2 equals zero and the whole the exc
absorbed by the mass m1. where the absor
exerts a force equals and opposites to the ac
[16]. When the sensor contacts an obje
stiffness ko, the overall system natural freque
and also the vibration absorber frequen
phenomenon is also shifted. There is a
between ko and that frequency as will be pro

B. Mathematical Derivation 
The free body diagram in Fig.1 show

equations are as follow: ݉ଵݔଵ·· ൅ ሺ݇௢ ൅ ݇ଵሻ ݔଵ െ ݇ଵݔଶ ൌ 0   … … … … … ݉ଶݔଶ·· ൅ ሺ݇ଵ ൅ ݇ଶሻݔଶ െ ݇ଵݔଵ ൌ ௨݂   … … … … …
By solving the differential eq’s, the amplitud

ܺଶ ൌ ቂிೠ௞మቃ ൤ቀ1 ൅ ௞೚௞భቁ െ ቀ ఠఠభభቁଶ൨൤ቀ1 ൅ ௞భ௞మቁ െ ቀ ఠఠమమቁଶ൨ ൤ቀ1 ൅ ௞೚௞భቁ െ ቀఠ
ଵܺ ൌ ሾܨ௨/݇ଶሿቂቀ1 ൅ ௞భ௞మቁ െ ሺ ఠఠమమሻଶቃ ൤ሺ1 ൅ ௞೚௞భሻ െ ቀ ఠఠభ
A vibration absorber phenomenon occur
   ቈሺ1 ൅ ݇௢݇ଵሻ െ ൬ ߱߱ଵଵ൰ଶ቉ ൌ 0     … … … … … … …

ଵܺ ൌ െܨ௨݇ଵ     … … … … … … … … … … … … … …
So that, the frequency causes the vi

phenomenon: 

es) especially at 

e ground stiffness 
oncept of 2-DOF 

nsor is modeled, 
nge of the sensor 

andmine problem. 
ed to verify the 

meters. Sensitivity 
e introduced with 

 where k1, k2, m1, 
g stiffness, small 

e ground stiffness 
s shown in Fig.1. 
dal force: fu = Fu 
tude and ω is the 

m is designed to 
where: … … … … … … ሺ1ሻ  
ct) and when the 
ibration absorber 
splacement of the 
citation energy is 
rber part (m1, k1) 
cting force on m2 
ect with certain 
encies are shifted 

ncy ωAbs of the 
a direct relation 
ved next. 

ws the dynamic … … … … … ሺ2ሻ … … … … … ሺ3ሻ 
des X1, X2 are: 

ఠఠభభቁଶ൨ െ ௞భ௞మ
ሺ4ሻ 

ఠభభቁଶ൨ െ ௞భ௞మ
… ሺ5ሻ 

s at: ܺଶ ൌ 0 

… … … … … … ሺ6ሻ … … … … … … ሺ7ሻ 

ibration absorber 

ωAୠୱ ൌ ඨωଵଵଶ ൬1 ൅ k୭kଵ൰        … … …
Thus the ground stiffness ko and

which the vibration absorber phen
expressed as follows: ࢕࢑ ൌ ૚࢑  ቆ࣓஺௕௦૛࣓

૚૚૛ െ ૚ቇ        … … … …
III. MEASURING RANGE O

PROBLEM 
Unlike Young’s modulus, stiffn

on the material property of an 
dimensions. It is assumed that, 
homogeneous elastic and incompre
excited by a vertical force, fu, act
radius r as shown in Fig. 2, the lo
land ko can be expressed as follows ܧ ൌ ሺ1 െ ݀ݎ2ܨଶሻߥ     … … … … … … … …݇௢ ൌ ܨ݀ ൌ ሺ1ܧݎ2 െ …     ଶሻߥ … … … … …

Where: h, d, E, and ν are the g
rock, indentation depth, the Young’s
ratio of the ground respectively.  

From Equation (11), to estimate
range, it is required to choose the 
Young’s Modulus range. From 
modulus values of typical medium

Fig.1. Sensor physical model and free body 

Fig.2. Indentation model parameters. 

… … … … … … … … … ሺ8ሻ 

d the frequency (ωAbs), at 
nomenon occurs can be 

… … … … … … … … … ሺ9ሻ 

OF SAND-LANDMINE 

ness isn’t only dependent 
object, but also on its 
the ground material is 

essible. If the ground is 
ting over an indentor of 
cal static stiffness of the 
[17]: … … … … … … … … … ሺ10ሻ … … … … … … … … … ሺ11ሻ 

ground height from rigid 
s Modulus, and Poisson’s 

e the stiffness measuring 
indentor radius, and the 
literature, the Young's 

m uniform sand: 30- 50 

 
diagram. 
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MPa [18, 19, 20, 21]. Base on the sand
element model, the stiffness of the sand 
increases around three times [15]. In this
Modulus range is selected be up to 150 MP
represent the presence of landmine with th
is 5 mm. By applying Equation (11), the sti
range can be estimated as 0-2 MN/m. 

IV. CRITERION OF PARAMETERS S
CONSIDERING VIBRATION ABSORBER

This section states the criterion for sele
parameters (m1, k1, m2, and k2) as follows: 
1) First of all, the (springs stiffness / the m

satisfy the vibration absorber Equation (
2) To get clear phenomenon occurrence (

displacement at m2), m1/m2 = 0.5 is consi
3) The relation between ωAbs-ko derived in 

should be linear through the working ra
keep constant sensitivity along the measu

4) The sensitivity value (dωAbs/dko), which 
and m1) should be as large as possibl
accuracy when obtaining the object stiffn

5) The masses m1 and m2 should be as sma
order to not activate the landmine. 

6) The masses m1 and m2 should be as small a
increase the frequency range at certain k1, an

V. MATHEMATICAL MODELING AND

A. Mathematical Model 
In this section, the frequency responses 

displacements of the lumped masses m1 and 
are determined, based on Equations (4, 5) u
After that, the frequency at which the vi
phenomenon occurs (zero displacement at m
using the flowchart shown in Fig.3. The rela
sand stiffness (ko) and the corresponding fre
which the vibration absorber occurs is deter
selected design parameters: m1= 0.0017 k
N/m (based on the available Piezo actuator
m1, and k2= 2k1 (criteria 1 and 2 are ap
normalized displacements, of the two 
excitation frequency, are presented in Fig.5, 

From the Fig.5.a, and at ko= 0 N/m (b
shown that the vibration absorber phenome
at frequency ω = ωAbs= 161.2 Hz, where
equals zero. For the same sensor parameter
ground stiffness values: ko= [104, 1
corresponding vibration absorber frequenc
As presented in Fig.5.b, it is clear that 
nonlinear. For this reason the sensor param
properly selected to fulfill the criteria in sect
section a finite element method will be utili
the vibration absorber frequency of the sen
subjected to different land stiffness ko. The s
will be selected to fulfill the selection criteri
section 4.  

d-landmine finite 
above landmine 

 model Young’s 
a (50MPa x 3) to 
e indentor radius 
iffness measuring 

SELECTION 
R SYSTEM 
ecting the sensor 

masses) ratio must 
1). 
(easily find zero 
idered [16]. 
Equations (8, 9), 
ange, in order to 
uring range. 
is adapted by (k1, 
le to reach high 
ness ko. 
all as possible in 

as possible in order 
d k2. 

D SIMULATION 

of x1 and x2, the 
d m2, respectively, 
using MATLAB. 
ibration absorber 
m2) is determined 
ation between the 
equency (ωAbs), at 
rmined as for the 
kg, k1= 1.78x103 
r in Fig.4), m2= 2 
pplied here). The 

masses vs. the 
at certain ko. 

blue curve), it is 
enon is happened 
e the x2 response 
rs but at different 
105] N/m, the 
ies are different. 

this relation is 
meters should be 
tion 4. In the next 
ized to determine 

nsor system when 
sensor dimension 
a 3, 4, 5, and 6 in 

Fig.4. PIEZO SYSTEMS: D220-A4-503YB a

Fig.3. Flow chart of the mathematical model

(a) x2, x1 frequency re

(b) Direct relation betwe
Fig.5. Frequency response at certain groun
corresponding vibration absorber frequency ω
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B. Finite Element model (with COMSOL M
In this section the sensor parameters (m

and its dimension will be selected to ver
sensitivity and linearity of the sensor. The s
will take values based on the commerci
actuators cantilever system as shown in 
springs k1 and k2, which are shown in Fig.1 
the stiffness of the cantilever beams. The m
which in Fig.1 is represented by the equival
two Piezo-electric cantilever plus the conc
which shown in Fig.6. 

The Piezo-electric actuators are chosen h
produce excitation with high frequency ran
frequency range offered by commercial mo
in the excitation systems such as rotating m
cam-follower. 

The COMSOL model: Type: 2D Solid 
Material: Piezo-ceramic, Lead Zirconat

Systems Material Designation Type 5A4E (N
Elastic Modulus: 52GPa, Poisson's: 

8216Kg/m3 
Geometry: As shown in Fig.7, two bl

masses and two beams for the two springs. 
Beam1 width= Beam2 width=28.6 mm,  
Mass1= 1.5 gm, Mass2= 3 gm. 
Note: the mass m1 in the mathematic

MATLAB simulation is the equivalent mass݉ଵ ൌ 1ݏݏܽܯ ൅ 4ݏݏܽ݉ 1ܾ݉ܽ݁ … … … . . … …
Beam thickness (t) = 0.86mm, Whe

relation:  ݇ ൌ ௖ଷܮଷݐݓܧ    … … … … … … … … … … … … …
Where: E, w, t, and Lc are the Young’s 

height, and length. 
Solid Mechanics: 
Boundary conditions: fixed from left. 
Boundary load:  applied at the end 

harmonic perturbation force per unit lengt
5x102 N/m. 

Spring foundation to represent the obj
ground in our case), at each beam thickness
sensor output frequency with different land 
2x106] N/m. 

Meshing: the system is meshed by:  
Type: free Triangular. Size: extremely fin

VI. SIMULATION RESULT

In this section the two natural frequen
shapes, and the vibration absorber frequen
(which composed of Piezo Systems: T4
determined.  

The effect of changing the sand stiffn
sensor vibration absorber frequency is sho
simulation results is presented for (k1 =1
sensitivity is (9.85 Hz/(KN/m) ) in the rang
The linearity is (R2=0.96) in the range (0-1

Multiphysics) 
m1, k1, m2, and k2) 
rify the resultant 
sensor parameters 
ial Piezo-electric 

Fig.6. The two 
are presented by 

masses m1 and m2 
ent masses of the 
centrated masses 

here because they 
ge more than the 
otors which used 

mass unbalance or 

Mechanics 
te Titanate, Piezo 
Navy Type II) 

0.38, Density: 

lock for the two 

al modeling and 
s [16]: … … … … … ሺ12ሻ 
ere the stiffness 

… … … … … ሺ13ሻ 

Modulus, width, 

 of the beam2, 
th in y direction: 

ect stiffness (the 
s we will find the 
stiffness: ko= [ 0-

ne. 

TS 
ncies, the mode 
cy of the system 

434-A4-201), are 

fness (ko) on the 
own in Fig.8, the 
1.78 kN/m). The 
ge (0-100 kN/m). 
100 kN/m), while 

for the range (0-2MN/m), the li
(R2=0.37). 

Figure 8 shows that, this des
satisfy the required measurement ra
saturation occurs after stiffness (k
another problem appears that 
frequency (ωAbs) is very close to the
of the system in the range up to ko 

Fig.6. Piezo-electric version of the proposed s

Fig.7. Finite element COMSOL model
boundary constrains 

Fig.8. Linearity of the relation between ωA

ko range (0 – 2 MN/m) at (k1=1.78 kN/m).

Fig.9. Sensor frequencies when changing sti

inearity is decreased to 

sign dimension couldn’t 
ange 0- 2 MN/m because 
ko) = 2x105 N/m. Also 
the vibration absorber 

e upper natural frequency 
= 105 N/m, as shown in 

 
sensor 

 
l 2D beam model, load and 

 
Abs-ko (finite element model) 

 
iffness ko at (k1=1.78 kN/m). 
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Fig. 9. This means it is difficult to distingu
absorber frequency (ωAbs), during changin
frequency. At ko= 105 N/m the difference be
natural frequency and the vibration absorb
very small around 14 Hz, which is one of t
this design parameter value (k1=1.78 kN/m).

The natural frequencies modes and the v
mode of the sensor are shown in Fig.10. It 
that the 1st and 2nd natural frequencies 
displacement of 2050 and 2395 mm respe
the vibration absorber mode, it is only 7µm. 
the presented novel sensor has advantages, 
at the vibration absorber mode where lo
occurs. 

VII. EXPERIMENTAL WO
In this section a prototype is produ

experimentally that the contact sensor (2
absorber based) can be used in stiffness me
experimental setup is prepared, then the se
investigated at no contact and at contact w
objects stiffness ko. 

As shown in fig.4 and fig.11, the s
consists of two cantilevers which are produ
criterion on section 4, using the PIEZO SY
A4-503YB bending actuators. Where the sy
are: k1=188 N/m, m1= 3.4+10.3/4 =6 gm, k2=

As shown in fig. 12, the experimental 
the sensor prototype, signal generator, am
sensor, oscilloscope and Acrylic (PMM
(represent the stiffness objects to be measure

The sensor response is investigated at n
and at contact with stiffness as shown in T
note that the noise in the system is record
which leads to that the actual amplitude 
absorber mode is nearly zero, as proven 

(a) Y-displacement (mm), 1st natural frequency

(b) Y-displacement (mm), 2nd natural frequency

(c) Y-displacement (mm), Vibration absorber pheno
ωAbs=1156.83 Hz when displacement =0 at m2. 
 

Fig.10. finite element COMSOL model responses a
105 N/m and (k1=1.78 kN/m). 

uish the vibration 
ng the excitation 
etween the second 
rber frequency is 
the drawbacks of 
.  
vibration absorber 

is clearly shown 
have maximum 

ectively; while at 
From This point, 
because it works 

ow displacement 

ORK 
uced to validate 
2-DOF vibration 
easurements. The 
ensor behavior is 

with five different 

sensor prototype 
uced to satisfy the 
YSTEMS: D220-
ystem parameters 
=2k1, m2= 2m1 
setup consists of 

mplifier, position 
MA) cantilevers 
ed) 

no contact (ko =0) 
Table I. We must 
ded to be 90 mv, 

of the vibration 
mathematical in 

section 2. Figure 13 shows that t
stiffness ko and the 3 modes can be
of each: linear zone, nonlinear zone,

It is clear that: The 1st resonance
ko) relation is the most critical (
sensitivity and linearity. The 2n

stiffness (ω2-ko) relation has wider
others. The vibration absorber freq
relation has the highest sensitivi
Sensitivity= 16.85 (N/m) / Hz.  

VIII.  CONCLU

New model of contact stiffn
introduced with a design procedure

 
y at 306.6 Hz 

 
y at 1170.80 Hz 

 
omenon at frequency

at ground stiffness ko =

(1) Two Piezo-electric bending Actuators  
(3) Test specimen 1 with stiffness ko        (
(5) Position sensor level adjustment mecha
Fig.11. sensor prototype 

Base 

(4) 

(3) ((2) 

(1) The sensor Prototype   (2) Test specim
(4) Linear Amplifier     (5) position sensor 
Fig.12. Experimental setup

TABLE I
FREQUENCY MODES AT DIFFEREN

Stiff. 
ko 

(N/m)

1st resonance mode Vib. Ab
Freq. 
(Hz) 

pk-pk 
(v) 

Freq. 
(Hz) 

0 13 8.4 28 
278 28 2 45 
556 33 1.1 61 
834 36 1.1 65 
1112 38 1.1 69 
1390 39 1.1 70 

the relation between the 
e divided into three zones 
, and saturation zone. 
e frequency-stiffness (ω1-
(high pk-pk) and lower 

nd resonance frequency-
r linearity range than the 
quency-stiffness (ωAbs-ko) 
ity in the linear zone. 

USION 
ness sensor has been 
e for landmine detection, 

 
 (2) Indentor   
4) Position sensor probe 
anism 

(1) 

(5) 

 
en 1  (3) Function generator  
probe   (6) Oscilloscope 

I 
NT SPECIMENS STIFFNESS 
bs. mode 2nd resonance mode 

pk-pk 
(v) 

Freq. 
(Hz) 

pk-pk 
(v) 

0.08 56 2.3 
0.13 60 1.4 
0.08 63 0.8 
0.09 67 0.5 
0.09 71 0.4 
0.09 71 0.4 
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based on the concept of 2-DOF vibration absorber system. It 
consists of 2 springs and 2 masses, to detect a third spring 
(landmine presence in sand). The 3rd spring stiffness can be 
measured as function of the vibration absorber frequency 
(ωAbs). The changes in sand stiffness due to landmine, 
causes changes in the vibration absorber frequency ωAbs, and 
subsequently the landmine can be detected. 

The main advantage of this idea is that the frequency 
(ωAbs) searching is done away from the resonance points of 
the system.  
The measuring range of the sensor is chosen to be 
associated with typical sand Young's modulus values: up to 
150 MPa and at indentor radius 5 mm. This gives the 
stiffness range (0-2 MN/m). 
Simplified mathematical model has been introduced and 
simulated with MATLAB and verified with finite element 
with COMSOL. 

The sensor design parameters are selected to satisfy the 
vibration absorber phenomenon. The design parameter 
values are verified to be k1=1.78 kN/m, k2= 3.56 kN/m, 
m1=2.5 gm, m2 = 5 gm. Finite element model proved that the 
propose sensor can detect different sand stiffness in the 
range 0-100 kN/m. It give as high sensitivity as 9.85 Hz / 
(kN/m) and linearity (R2= 96%), but lower linearity in the 
stiffness range (0-2 MN/m). 

Experimental prototype is developed to prove the concept 
which indicates that the vibration absorber frequency-
stiffness (ωAbs-ko) relation has the highest sensitivity in the 
linear zone. Sensitivity= 16.85 (N/m) / Hz. 
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Fig.13. Experimental work, frequencies change when changing stiffness

ko Range (0-1500 N/m) at (k1 =188 N/m) 

Linear period nonlinear period saturation 

94

hussein
Stamp

hussein
Stamp

hussein
Stamp


