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Abstract. With the development of society, the damage of geological disaster to people's life and property is more 

serious, so the improvement of monitoring means of geological disaster is particularly urgent, there are some 

shortcomings in traditional monitoring methods, and it is impossible to measure the three-dimensional displacement of 

underground. The authors have designed an integrated three-dimensional displacement sensor to measure underground 

horizontal displacement and vertical displacement and tilt angle, and realize the real-time on-line monitoring of 

underground three-dimensional displacement visually through multi-group structure co-measurement.  

1 Introduction  

China's geological disasters are frequent, widely 

distributed, frequent and seriously harmful [1], So the real-

time on-line monitoring of geological hazards[2] is 

particularly important, and the most direct monitoring 

means is to monitor the depth of the underground 

displacement situation. At present, the main monitoring 

methods are borehole inclinometer technology[3], time 

domain reflection (TDR) testing technology[4], although 

these methods are widely used, there are obvious 

shortcomings. First, borehole inclinometer technology 

needs many people to cooperate, the operations are 

complex[5], and the soil movement makes the inclined tube 

multi-curved, so the inclinometer probe may not be put 

into[6]. Second, the use of TDR technology monitoring 

means are difficult to monitor the size of the displacement 

[7] if the cable does not deform and destroy, and the local 

deformation of soft clay can not be effectively determined 

[8]. In view of the shortcomings of the above methods, the 

author designed an integrated sensor which can measure 

the three-dimensional displacement of the underground, 

combined with the communication module, the 

underground displacement can be monitored more 

intuitively. 

2  Overall scheme design 

Figure 1 is the general design of underground three-

dimensional displacement measurement system, wherein 

C1, C2, ..., Cn have the same structure, two adjacent 

sections form a group of displacement monitoring device. 

Multiple sets of devices are buried vertically in the rock 

and soil, when the displacement of the rock and soil, the 

distance between the integrated sensor changes, by 

measuring a set of integrated sensor mutual inductance 

voltage 𝑼𝒐  and the adjacent two sensor units of the 

distance L and the relative displacement direction and tilt 

angle θ, by comparing with the model which is established 

by experiments, the displacement data of rock and soil can 

be obtained, the sensor transmit the displacement data 

through the 485 bus[9] or wireless data network in real time 

via the host on the surface, the client can view the 

displacement data in real-time, so as to more accurately 

assess the displacement of the rock and soil, easy to 

develop disaster prevention and mitigation plan. 

 

Figure 1. General design of underground three-dimensional 

displacement measurement system. 

3 Design of integrated sensor for 
underground three-dimensional 
displacement measurement  
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The three-dimensional displacement integrated sensor 

consists of the measurement of mutual inductance 

voltage and the distance between adjacent two 

integrated sensor units  measurement and displacement 

direction and tilt angle measurement between the 

adjacent two integrated sensor units, which is expressed 

as an example of a group of integrated sensors. Figure 2 

is a set of integrated sensor structure diagram, in the 

figure C1 and C2 are identical units, each unit of the coil 

can be launched or received, when the C2 as a 

transmitting coil, C1 as a receiving coil for mutual 

inductance voltage measurement. The special metal 

wire  is used to measure the distance between adjacent 

two integrated sensor units. One end of  the special 

metal wire is fixed in the bottom of the C1, the 

remainder is completely pierced into the C2 in the F1 

layer of the soft spiral tube coil, used to measure the line 

distance between the  center  of  C1 bottom surface and  

the center of C2 the top surface,  F2 layer for the 

mainboard, attitude measurement chip can be 

implemented accelerometer and gyroscope and 

electronic compass function, for measuring two units in 

each group of relative displacement direction and tilt 

angle, through the fixed time interval to send the 

measured data through the bus to the host which is 

located on the ground, through the calibration 

experiment with the model to calculate the horizontal 

and vertical displacement of each group of integrated 

adjacent sensors and the relative direction of movement 

and tilt angle, the host could get the three-dimensional 

displacement of the underground. 

 

Figure 2. A set of integrated sensor structure diagrams. 

3.1 Principle of displacement measurement 

Figure 3 is the integrated sensor displacement 

measurement schematic diagram, θ is two adjacent 

integrated sensor axis angle, can be obtained from the 

attitude measurement chip, R is the radius of the 

integrated sensor round tube, L is the straight distance 

between the center of the C1 Bottom surface and the 

center of the C2 top surface also the length of the wire 

drawn when the subsurface displacement occurs. 

 

Figure 3. Integrated sensor displacement measurement 

schematic diagram. 

Now another: 

             

{
 
 

 
 
𝒂𝒄 =  𝑿
𝒇𝒅 =  𝒙
𝒃𝒄 =  𝒀
𝒆𝒅 =  𝒚
𝒂𝒃 =  𝑳

                   (1) 

They exist in the following mathematical relationships: 

𝒀 = 𝒚 + 𝑹𝒔𝒊𝒏𝜽                           (2) 

𝑿 = 𝒙 + 𝑹 − 𝑹𝒄𝒐𝒔𝜽         (3) 

𝑳 = 𝒈(𝒙, 𝒚, 𝜽) = √𝑿𝟐 + 𝒀𝟐 =

√(𝒙 + 𝑹 − 𝑹𝒄𝒐𝒔𝜽)𝟐 +(𝒚 + 𝑹𝒔𝒊𝒏𝜽)𝟐         (4) 

𝒀 =  √𝑳𝟐 − 𝑿𝟐                    (5) 

The mutual inductance voltage of the receiving coil is 

𝑼𝒐  by the relative position x, y and the relative axis 

angle θ between two integrated sensor units in a set of 

measurement sensors. 

 Firstly, a mathematical model of  𝑼𝒐 = 𝒇(𝑳, 𝒙, 𝜽) or 

𝑼𝒐 = 𝒇(𝑳, 𝒚, 𝜽)  is established by recording the 

corresponding x, y and θ and L values of the specific 

2

MATEC Web of Conferences 232, 02053 (2018) https://doi.org/10.1051/matecconf/201823202053
EITCE 2018



receiving coil mutual inductance voltage 𝑼𝒐 through a 

large number of experiments. 

When measuring, through the circuit measurement 

to obtain the length of  L and angle θ and the receiving 

coil mutual inductance voltage 𝑼𝒐, we can get a group 

of adjacent two integrated sensor units in the relative 

position, through the measurement of the displacement 

of a number of integrated sensors, the displacement of 

the overall sensor around the situation. 

3.2 Hardware design of integrated sensor for 
underground three-dimensional displacement 
measurement 

 Figure 4 is the underground three-dimensional 

displacement measurement integrated sensor working 

flow chart,  the use of STM32 combined with AD9851 

chip using direct digital synthesis (DDS)[10], generate 

amplitude frequency stable sine wave signal, through 

the  DC-Block and amplifying circuit and power 

amplifier circuit output to the analog switch, the analog 

switch defaults to loading the signal into the length-

measuring bridge, when the displacement occurs the 

output voltage signal of the long bridge changed, 
amplifies the output signal after it is converted to the DC 

signal by a rectifier circuit then use the STM32 internal 

ADC to gather them, the length L of this time is obtained 

by comparing with the calibrated data, After measuring 

L, STM32 control analog switch switching, loading the 

output signal of the power amplifier circuit into the 

mutual inductance transmitting coil, the signal of the 

output of mutual inductance receiving coil is collected 

and recorded by the STM32 internal ADC after the 

rectifier circuit. At the same time, the attitude sensor 

sends the measured displacement direction and the tilt 

angle data into the STM32 via RS485 Bus then STM32 

send the aggregated data to the host which on the 

surface. 

 

Figure 4. Underground three-dimensional displacement 

measurement integrated sensor working flow chart. 

3.3 Modeling experiments 

The displacement of a set of integrated sensors can be 

simulated by using the five-axis displacement table, the 

integrated sensor unit is completely symmetric about 

the central axis, one unit C2  is fixed on the table, 

simulating the movement of another unit C1 in one 

quadrant to represent other quadrants. 

 

Figure 5. Motion diagram of five-axis displacement table 

Figure 5 is the five-axis displacement table motion 

diagram, C1 and C2 form an integrated set of sensors,  

the C2 fixed on a flat table, C1 mounted at the end of the 

five-axis displacement stage, at the beginning, two 
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integrated sensor unit axis coincident. The slider 1 can 

be moved along the y-axis,  the slider 2 can move along 

the z-axis, the slider 3 can move in the x-axis direction, 

and the C1 can rotate the θ angle along the arrow 

direction of the graph with the slider 3 horizontal axis. 

Several experiments recorded the slider 1 each 

movement distance namely C1 and C2 relative 

horizontal displacement x, while recording C2 mutual 

inductance voltage 𝑼𝒐𝒖𝒕, wire total extraction length L 

and unit relative tilt angle θ, combined with (4) and (5) 

formula through MATLAB mathematical tools to build 

𝑼𝒐𝒖𝒕 = 𝒈(𝒙, 𝒚, 𝜽)  mathematical model,  it also 

establishes the relation model  𝑼𝒐𝒖𝒕 = 𝒇(𝑳,𝑿, 𝜽) 

between the mutual inductance voltage and the vertical 

displacement L and the horizontal displacement and the 

angle.  

 

Figure 6. The relation model between the mutual inductance 

voltage U and the vertical displacement L and the horizontal 

displacement and angle 

Fig. 6 is the θ   of   0 °  (black),  respectively,  the 

relationship model of 25° (light grey), 70° (dark grey), 

when measured 𝑼𝒐𝒖𝒕,  θ,  L,  can get the X,  and then 

according to Formula (5), can calculate Y, with X, Y and 

tilt angle and relative displacement direction angle, and 

the measurement data which from multiple units of 

measuring cells is sent to ground host to deal via RS485 

bus, then the three-dimensional displacement of the 

underground soil body is obtained.  
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