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Abstract: Research on the electrical properties of rocks and ores plays a crucial role in the development
of geophysical electromagnetism methods. However, currently available instruments suffer from
high power consumption, a limited number of electrodes, inaccurate measurements, poor portability,
and a limited ability to measure the electrical parameters of rocks and ores. To address these issues,
this paper presents a three-dimensional electrical impedance tomography system for rock samples
with high-density microelectrodes based on an Android system and STM32 microcontroller. The
system features high observation accuracy, dense electrode arrays (with 384 current and potential
electrodes), flexible electrode selection, user-friendly human—-computer interaction, good stability, and
real-time performance. Powered by a single power bank, the entire instrument can be controlled and
monitored wirelessly via Bluetooth and Wi-Fi technology using an Android smartphone. Additionally,
the system not only enables accurate measurement of electrical parameters, but also facilitates the
generation of three-dimensional impedance imaging of specimens via inversion algorithms after data
export, allowing for a comprehensive understanding of the electrical properties of rocks and ores.
This system holds great potential for future research in this field.

Keywords: rock and ore; electrical impedance tomography; STM32; dense electrode arrays

1. Introduction

The electrical properties of rocks and ores constitute fundamental prerequisites for
electrical (and electromagnetic) field surveys in geophysical exploration [1]. Through these
electrical properties, we can understand the differences in resistivity and polarization
between mineralized bodies and surrounding rocks, which serve as essential criteria
for selecting appropriate geophysical exploration methods. Furthermore, the electrical
parameters of rocks and ores provide an objective basis for forward calculations and
inversion interpretations, as well as a physical foundation for result explanations [2]. In
addition to laboratory-based investigations, the study of rocks and ores often necessitates
field-based research. For example, the practice of metal ore exploration often involves
splitting key core samples along the core axis, reserving one portion for laboratory analysis
while preserving the other as evidence of exploration. Consequently, there are situations
where it becomes imperative to conduct measurements on specific core samples within
their original field environment before the splitting procedure takes place [3]. Consequently,
the development of a highly precise, portable, and efficient instrument system for obtaining
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accurate and reliable electrical information from rock and ore specimens represents a
crucial foundational research area in geophysical instrument development [4]. Currently,
the focus of researchers lies predominantly on the measurement of the overall electrical
properties of rock and ore specimens, while the study of three-dimensional impedance
imaging techniques capable of reconstructing the internal impedance distribution within
such specimens remains relatively limited.

In 2009, GDD Instrumentation Company in Canada developed the Sample Core IP
Tester (SCIP), a rock core testing instrument, with the operating software installed on a PDA.
This instrument enables rapid real-time measurement of the resistivity and chargeability
of sampled specimens, core samples, outcrop rocks, and borehole surrounding rocks [5].
Wang et al. (2014) studied theoretical methods for testing the true electrical parameters of
rock and ore specimens and subsequently developed the WXE type test system electrical
parameters of rocks and minerals [6]. In 2016, He et al., from Central South University,
designed a spectral induced polarization measurement system for high-impedance rock
and ore samples in laboratory settings [7]. Cheng et al. (2021) developed a precise current
encoding signal transmitting system for measuring electrical parameters of rock and ore
specimens [8]. In 2022, Gurin et al. conducted high-precision laboratory measurements
of spectral induced polarization (SIP) on rock samples using the multi-functional electro-
chemical P-40x potentiostat-galvanostat instrument [9]. However, the aforementioned
instruments can only conduct overall measurements of the electrical parameters of rock
and ore specimens and lack the capability to obtain a visual three-dimensional distribution
of electrical impedance.

Electrical impedance tomography (EIT) refers to a non-invasive imaging technique
that involves applying electrical signals to a target object, observing boundary voltage
data on the surface of the object, and then using inversion algorithms to reconstruct the
internal conductivity distribution of the target object [10]. This efficient and non-destructive
imaging technique has been widely applied in medical diagnostics [11,12] (such as lung and
breast examinations) and material inspections [13]. Additionally, it is increasingly being
used to characterize the structure of underground systems. For example, in 2022, Weigand
et al., from the University of Bonn in Germany, designed spectral electrical impedance
tomography (sEIT) to characterize the structure of subsurface systems [14]. Therefore, EIT
technology provides a new approach for studying rock and ore specimens.

In recent years, with the advancement of electronic technology, Android technology
has been widely applied in various geophysical instruments, driving the development
of lightweight and intelligent geophysical instruments. Compared to computer-based
host systems, Android smartphones offer advantages such as portability, ease of use,
aesthetic interfaces, and long battery life, making them more suitable for field exploration
in geophysics. For instance, Wen et al. developed acquisition and monitoring software for
a Wide-Field electromagnetic receiver based on the Android platform [15].

Building upon the aforementioned research, this study developed an electrical impedance
tomography system for rock samples with high-density microelectrodes. The system
incorporates low-power and high-precision devices such as the STM32 microcontroller
and CPLD (Complex Programmable Logic Device) to ensure measurement accuracy and
reduce power consumption. Human-machine interaction is achieved through an Android
smartphone, enabling real-time monitoring of the instrument’s operational status and
facilitating user convenience. Consequently, the need for conventional display panels used
in most geophysical instruments is eliminated, resulting in reduced power consumption,
improved instrument sealing, and decreased weight. Bluetooth and Wi-Fi wireless com-
munication technologies are employed to eliminate the time-consuming and laborious
process of laying cables in challenging terrain conditions, which often leads to tangles,
disconnections, and short circuits. The system is designed with 192 current electrodes
and 192 potential electrodes, surpassing the typical 16-electrode configuration [16] and
32-electrode configuration [17] used in most EIT systems. This increased electrode count
ensures a comprehensive coverage of rock and ore specimens. All electrode channels can
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be flexibly selected and configured on the Android App according to specific requirements.
Once the electrodes are initially deployed, automatic switching and data acquisition can
be achieved, enhancing measurement efficiency and increasing the volume of acquired
data. Subsequently, three-dimensional inversion imaging of rock and ore specimens can
be performed based on the collected data, allowing for a comprehensive representation
of their electrical properties. Furthermore, this system also enables fully automated three-
dimensional high-density induced polarization imaging of target bodies in water tanks,
facilitating related research in electrical exploration. The system can also carry out detailed
three-dimensional detection of tree and crop roots [18,19].

2. Principle and Methods

In the practical measurement process, the initial step entails determining the suitable
number of electrodes based on the characteristics of the targeted rock or ore specimen,
including parameters such as the base diameter and height. Insufficient electrode quantity
impedes the acquisition of ample data, hindering a comprehensive reflection of the elec-
trical properties of the rock or ore. Conversely, an excessive number of electrodes results
in extended measurement time without a commensurate improvement in measurement
precision. Subsequently, a judicious arrangement of electrodes is required. The schematic
diagram depicting the operation of the instrument is illustrated in Figure 1. The positive
terminal of the signal source incorporated in our instrument is linked to the current elec-
trodes, serving the purpose of delivering a consistent voltage or current signal to the rock
or ore specimen. Following this, the negative terminal of the signal source is interconnected
with the central region of the lower surface of the rock or ore specimen, having been
serially connected with a high-precision sampling resistor. The ellipsis in the figure denotes
the prospective arrangement of additional electrodes based on particular circumstances.
During operation, each current electrode activates in sequence, with the corresponding
set of potential electrodes (Every five are grouped together) conducting data collection
and switching. Once the potential electrode switching is completed, the next current elec-
trode initiates its operation, and the potential electrodes repeat their previous cycle. The
measurement concludes upon the completion of the operation of all current electrodes.
The electrode arrangement method employed in this study introduces a streamlined and
convenient procedure for configuring electrodes, concomitantly diminishing measurement
time and enhancing the efficiency of data collection. This approach confers distinct ad-
vantages, especially considering the significant quantity of electrodes within our system.
Given the dual-purpose design of our system for laboratory and field measurements, this
method amplifies its adaptability to intricate topographical conditions. For instance, in
the subsequent experiments detailed in this paper, we opted for 48 current electrodes
and 48 potential electrodes, distributed across four horizontal planes and 24 vertical lines
spaced at 15° intervals.

For rock samples with lower resistance values, a constant current source measurement
method is utilized to avoid generating large currents within the circuit, which could increase
power consumption and damage circuit components. Conversely, for rock samples with
higher resistance values, a constant voltage source measurement method is employed to
mitigate the influence of smaller currents on measurement accuracy.

The system directly acquires voltage and current data. Subsequently, we applied fast
Fourier transform (FFT) to convert the time-domain signal into the frequency-domain signal,
enabling us to compute impedance and phase results from the obtained complex numbers.
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Figure 1. Schematic diagram depicting the operation of the instrument.

After the system measurement is completed, the raw data collected by the Android
software are exported for inversion processing [20].

In the process of forward modeling, we utilized the finite element numerical simulation
method to simulate cylindrical rock sample. The strength of this approach lies in its
adaptability to handle diverse irregular geological models and boundary conditions, along
with its ability to tackle intricate non-linear and heterogeneous media.

Based on the Occam smooth inversion [21,22], we performed inversion on the mea-
sured data. The inversion objective function is constructed as Equation (1).

- LT = T,

® = (Ad — Jm) (Ad — Jm)+ A(Rm) (Rm) (1)

where Az is the difference between observation data and forward modeling data; % is
the parameter vector of the model at individual nodes; | is the Jacobian coefficient matrix;
and A is the Lagrange factor, which can be used to control the smoothness of the model.
A larger value of A can prevent abrupt changes in the model’s parameters. Initially, a
relatively large value is assigned to A during the inversion process, and as the number of
iterations increases, A gradually decreases; R is the roughness matrix and it is expressed as

O |
-1 1 0
R_ |0 -1 1 0 2
0
0 0 -1 1

The model parameters can be modified using Equation (3):

A = (JTT+ ARTR) 'jad 3)



Appl. Sci. 2024, 14, 1671

50f 20

We utilize the root mean square error as a metric to evaluate the similarity between
the inversion model and the measured data. The RMS is expressed as Equation (4):

IR
RMS = le T) x 100 4)

=1

where N is the number of observed data points; ; represents the i-th observed data value;
and RMS denotes the root mean square error. The inversion process stops when the rate of
change of RMS becomes sufficiently small, satisfying the termination condition.

3. Overall Design Scheme

The system consists of two main components: the control system and the measurement
system [23].

The control system comprises an Android application (App) and an embedded sys-
tem [24]. The Android App serves as the user interface for interacting with the entire
instrument. Its primary functions include control, parameter settings, and display of
measurement results. The App can also monitor the instrument’s operational status by
receiving and analyzing log information returned by the instrument during operation.
The data stored in the App can be uploaded to the computer for further processing and
three-dimensional inversion imaging of the specimens using dedicated software.

The embedded system, powered by an STM32 microprocessor, plays a crucial role in
receiving and parsing commands from the App and transmitting them to the measurement
system. It also receives the raw data acquired by the measurement system, saves a backup
copy to the SD memory card, and uploads it to the App. Additionally, the embedded
system controls the relays through the I2C bus.

The measurement system primarily consists of a CPLD acquisition circuit board, a
signal source circuit based on the AD9956 core, and two relay circuit boards. It is responsible
for data acquisition and meets the design requirements of high precision and low power
consumption. Figure 2 depicts the physical layout of the instrument’s main hardware
circuit boards, including the embedded system, the CPLD, the signal source, the current
electrode relays, and the potential electrode relays.

scale
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= of embedded system;:

B _
_ﬁﬁ = : Circuit board

u\jn.u--?_. . g of acquisition
2 3 Signal source |

¢ Circuit board of relay
B for current electrodes

Circuit board of relay
& o potential electrodes

Figure 2. (a) Front view of hardware circuit board. (b) Side view of hardware circuit board.

The physical components of this system consist of an instrument host, high-density
cables, a portable rechargeable battery (5V, 2 A), and an Android smartphone, as shown in
Figure 3a. The instrument host panel features electrode interfaces, a power supply interface,
and a GPS interface, as depicted in Figure 3.
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Figure 3. (a) EIT system for rock samples with high-density microelectrode. (b) Interface of host panel.

4. Measurement System

The measurement system primarily consists of the CPLD acquisition circuit board, the
signal source circuit board based on AD9956, and two relay circuit boards.

The acquisition circuit board, as shown in Figure 4, is responsible for data acquisition,
including modules such as the front-end circuit, ADC circuit, FPGA, and power supply
circuit. The acquisition circuit board comprises six channels, consisting of five voltage
measurement channels and one current measurement channel. When the signal source
supplies an AC signal of a specific frequency to the object under test, the acquisition circuit
board can measure the electrical signals at different positions of the object, converting the
analog signals into stable digital signals and transmitting them to the embedded system
circuit board [25]. It concurrently undertakes the responsibility of receiving commands
from the control system through the SPI bus, subsequently parsing them to configure other
modules of the measurement system. This configuration facilitates calibration and data
acquisition functionalities.
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Figure 4. Design structure diagram for the circuit board of acquisition.
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To meet the high precision and low power consumption design requirements of the
system, the control core of the acquisition board adopts Lattice’s MachX02-2000 ZE CPLD.
This series of CPLDs utilizes a 65 nm low-power process with a core supply voltage of 1.2 V
and standby power consumption of only 22 pW. Simultaneously, the onboard resources of
the CPLD fully meet the requirements of our design. During the acquisition process, the
analog signal is converted into a 32-bit digital signal through the high-precision Analog-
to-Digital Converter ADS1282 on the CPLD. The ADS1282 is a low-power, low-noise, and
high-precision industrial-grade Analog-to-Digital Converter (ADC) manufactured by Texas
Instruments (TI). The ADC incorporates a dual-channel input multiplexer, a low-noise pro-
grammable gain amplifier (PGA), and a programmable digital filter. It exhibits outstanding
noise immunity and linearity, providing a data sampling rate ranging from 250 SPS to
4000 SPS. The on-chip gain and offset calibration registers support system calibration, mak-
ing it widely used in geophysical instruments, especially seismic exploration instrument
acquisition systems [26].

Figure 5 illustrate the short-circuit input noise data curves of the six channels of the
acquisition circuit board at a sampling rate of 1000 SPS and a gain value of 1. It is evident
from the illustrated figures that the overall short-circuit noise of the acquisition channels is
relatively low, with only minor variations among individual channels, thereby meeting the
design specifications.

The signal source circuit board represents a compact, low-power, and broad-amplitude-
range signal generator autonomously developed by our research team [27]. This signal
generator not only enhances the instrument’s portability but also proficiently delivers
undistorted excitation to rock or ore specimens with extremely low or high impedance,
thereby significantly elevating the precision of the system measurements. Based on the
principle of Direct Digital Synthesis (DDS), the signal source converts the digitally generated
continuous-time varying signal with a certain pattern (typically a sinusoidal function) into
the corresponding analog waveform signal through Digital-to-Analog Conversion. During
operation, the configuration of frequency output is accomplished by transmitting frequency
control words through the SPI bus, ensuring highly efficient and straightforward frequency
control. The signal generator features two operational modes: constant voltage and constant
current. In the constant voltage mode, it offers five levels: 10 V, 1V, 100 mV, 10 mV, and
1 mV, while in the constant current mode, it provides five levels: 10 mA, 1 mA, 100 pA,
10 pA, and 1 pA.

Each of the two relay boards contains 192 relays, with each relay having an interface
that connects to an external electrode. The opening and closing of the electrode channels
depend on the switching status of the relays. Due to the large number of relays and the
limited number of pins on the STM32 chip, the MCP23017 chips are used to expand the
IO ports.
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Figure 5. Short-circuit noise curve of six channels.

5. Control System

To meet the requirements of real-time performance and multifunctionality, this design
incorporates a lightweight real-time operating system uCOS-III [28] on the STM32 platform.
Compared with a bare computer system, RTOS provides an efficient solution for meeting
stringent real-time requirements [29,30]. uCOS-III is an operating system specifically
designed for controllers with limited onboard hardware resources. It enables function
trimming to achieve simplicity by retaining only the necessary features required by the
instrument, thereby minimizing resource utilization on the control board.
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The software design of the embedded system primarily consists of three parts: a
hardware driver for low-level operations, the porting of the operating system, and the
application-level task programs running on the operating system.

In the application layer development, the various functions that the embedded system
needs to implement are encapsulated into specific tasks. The designed task modules
mainly include:

1.  Initialization Task: This task primarily performs hardware initialization, operating
system initialization, and the creation of other tasks. It then starts the task scheduling
of the operating system.

2. Command Parsing Task: The embedded system receives commands from the Android
App through the Bluetooth module. Simultaneously, upon receiving a command, it
provides feedback to the Android App to indicate that the command has been received,
ensuring stable information transmission. The command information consists of a
64-bit binary stream.

3. Relay Control Task: The main functionality of this task is to control the relay switches.
As the accurate opening and closing of relays in each measurement directly impact
the measurement accuracy of the instrument, a validation mechanism for relays has
been designed in the software program.

4. Data Storage Task: The embedded system needs to store the measured raw data in an
SD memory card to create data backups. Direct Memory Access (DMA) technology is
used for data storage. DMA enables high-speed data transfer between peripherals
and memory or between memories. Without CPU intervention, data can be moved
quickly using DMA, saving CPU resources for other operations.

5. Data Transmission Task: Data transmission is conducted through a Wi-Fi module,
establishing a stable Transmission Control Protocol (TCP) communication with the
Android App.

6. Design of the Android Application

The application serves as the central control core of the entire instrument. To enhance
user experience and reduce software learning complexity, the software interface adopts a
design style similar to that of WeChat, with navigation tabs for switching between four
different screens [31]. The software interface is shown in Figure 6.

The area within the red outline represents the graphical area, which serves the function
of displaying the acquisition results as curve graphs on the mobile device. The software
incorporates the MPAndroidChart charting library to enable functionalities such as double-
click zooming and swipe-to-zoom on the charts. Furthermore, the coordinate axes are
automatically adjusted based on the data magnitude. This region encompasses two charts:
the first chart presents the raw data acquired, encompassing voltage measurements from
five voltage channels and current measurements from one current channel. It employs a
dual-axis representation, with the left vertical axis denoting voltage coordinates and the
right vertical axis indicating current coordinates. The X-axis corresponds to the number of
points computed using the Fourier transform algorithm. The six data sets are displayed
in different colors for easy differentiation. The second chart shows the processed results
of apparent resistance and phase. In this chart, the left vertical axis represents apparent
resistivity, the right vertical axis represents phase, and the X-axis represents the electrode
configurations set by the user in the parameter settings interface.
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Figure 6. Interface of application. The interface (a) represents the interface of the acquisition and
control module, which serves as the main interface of the software and is divided into three sections.
(Red, blue, and green outlines are added for annotation and are not part of the actual interface.) The
interface (b) illustrates the interface of the parameter settings module, which is divided into three
sections: Project Setting, Parameter Setting, and Calibration. In the Parameter Setting module, users
can select between two different measurement modes: constant voltage or constant current. They can
also specify the magnitude of voltage or current, the sampling frequency, signal frequency, and the
time of repeated measurements, as well as the range of potential electrodes and current electrodes.
Both the potential electrodes and current electrodes span a range from 1 to 192.

The content within the blue border is presented in the form of a table, providing an
accurate display of specific values for apparent resistances and measurement errors.
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Within the green border are the functional buttons of the software, including buttons
such as “CALIBRATION” and “START”. It also includes buttons for clearing the SD
card and viewing the remaining storage space, allowing users to conveniently access the
instrument’s storage information at any time.

The log information section displays and stores real-time log information generated
during the instrument’s operation. This feature enables users to monitor the instrument’s
status and helps identify any issues that may arise.

7. Results

In Table 1, a summary and comparison of performance parameters for typical EIT
systems in various application domains are presented.

Table 1. Parameter summary and comparison.

Parameters FDM-EIT EIT-40 KIT4 Our System
Publication [11] [14] [32]
Application Field Human lung detection Near—.sur‘face Industr‘lal Rock and. ore
monitoring analysis analysis
+10%, £10%, +100,
Current Range +20-200 pA / / +10, £1 uA
+10%, £10%, 100,
Voltage Range / +10V +5, £10 V 410, 1 mV
A/D Converter 16 Bit 24 Bit 14 Bit 32 Bit
Signal Sinusoidal Sinusoidal Arbitrary Sinusoidal
Power Supply +1V 12V / 5V
Total of Electrodes 16 40 96 384
Man—mac'hme PC PC PC Smartphone
Interaction

/: The symbol “/” represents an unknown parameter.

7.1. Model Test

To validate whether the system meets the design requirements, model testing is
conducted as a primary step. In the field of geophysics, the utilization of impedance-
capacitance network models, such as the Cole—Cole model [33,34], has been proposed to
simulate rock and ore specimens. Hence, in this testing phase, the Cole-Cole model’s
relevant theories are employed, and two sets of models (as depicted in Figures 7 and 8) are
utilized to evaluate the measurement accuracy of the system.

The testing results of model I are illustrated in Figure 9. The displayed charts in
the App depict the graphs illustrating amplitude and phase when the potential electrode
labeled as 1 is active. The complete measurement results for the model are presented in
Table 2. From the obtained curves, it is evident that the magnitude curve exhibits a smooth
increase that aligns closely with theoretical expectations, indicating accurate measurement
of the magnitude values at each channel’s corresponding current electrode position. The
phase curve oscillates around 0 mrad, aligning closely with the expected phase near zero
for a purely resistive model.
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Figure 7. Model I. The resistance values are uniformly set to 1000 Q). The black triangles represent
current electrodes, with current electrode 1-30 selected in this test. Specifically, the current electrode
labeled as 1 is located between Ry and R;. On the other hand, the white triangles represent potential
electrodes, with potential electrode 1-6 chosen in this test. Specifically, the potential electrode labeled
as 1 is positioned between R3y and Rs;.

ualialalsalisal

It
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i
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Figure 8. Model II. The resistance values are uniformly set to 1000 () and the capacitance values are
uniformly set to 10 uF. The black triangles represent current electrodes, with current electrode 1-10
selected in this test. Specifically, the current electrode labeled as 1 is located between Ry and R;. On
the other hand, the white triangles represent potential electrodes, with potential electrode 1-6 chosen
in this test. Specifically, the potential electrode labeled as 1 is positioned between Ry and Ry;.
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Table 2. Complete measurements of model I when the potential electrode labeled as 1 is active.

Measured Theoretical

Measured Theoretical

];:\11?1:12:: Resistance  Resistance De‘(/;/i;lon Phase Phase D(errllrz;t;))n
Q) ) (mrad) (mrad)
1-1 1003.09 1000 0.31 —0.0092 0 —0.0092
1-2 2002.32 2000 0.12 —0.0281 0 —0.0281
1-3 3003.91 3000 0.13 —0.0432 0 —0.0432
1-4 4001.92 4000 0.05 —0.0590 0 —0.0590
1-5 5000.36 5000 0.01 —0.0702 0 —0.0702
1-6 6002.24 6000 0.04 —0.0897 0 —0.0897
1-7 6998.85 7000 —0.02 —0.0983 0 —0.0983
1-8 7998.05 8000 —0.02 —0.1009 0 —0.1009
1-9 9001.03 9000 0.01 —0.1019 0 —0.1019
1-10 10,003.80 10,000 0.04 —0.0985 0 —0.0985
1-11 11,002.70 11,000 0.02 —0.1130 0 —0.1130
1-12 11,995.84 12,000 —0.03 —0.1071 0 —0.1071
1-13 13,001.93 13,000 0.01 —0.0973 0 —0.0973
1-14 14,008.65 14,000 0.06 —0.0910 0 —0.0910
1-15 15,012.40 15,000 0.08 —0.0849 0 —0.0849
1-16 16,013.65 16,000 0.09 —0.0993 0 —0.0993
1-17 17,001.09 17,000 0.01 —0.0983 0 —0.0983
1-18 17,999.85 18,000 0 —0.0974 0 —0.0974
1-19 19,012.38 19,000 0.07 —0.0971 0 —0.0971
1-20 20,016.28 20,000 0.08 —0.0941 0 —0.0941
1-21 21,015.74 21,000 0.07 —0.0926 0 —0.0926
1-22 21,999.62 22,000 0 —0.0909 0 —0.0909
1-23 23,003.42 23,000 0.01 —0.0865 0 —0.0865
1-24 24,013.22 24,000 0.06 —0.0803 0 —0.0803
1-25 25,017.16 25,000 0.07 —0.0709 0 —0.0709
1-26 26,014.85 26,000 0.06 —0.0951 0 —0.0951
1-27 26,993.44 27,000 —0.02 —0.0896 0 —0.0896
1-28 27,995.92 28,000 —0.01 —0.0825 0 —0.0825
1-29 29,011.80 29,000 0.04 —0.0751 0 —0.0751
1-30 30,019.25 30,000 0.06 —0.0655 0 —0.0655

The testing results of model II are illustrated in Figure 10. The displayed charts in
the App depict the graphs illustrating amplitude and phase when the potential electrode
labeled as 1 is active. The complete measurement results for the model are presented in
Table 3. The results demonstrate high accuracy in data acquisition, with a measurement
error of less than 0.3% for resistance and within 1 mrad for phase measurements.
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Figure 10. Test result of model II when the potential electrode labeled as 1 is active.

Table 3. Complete measurements of model II when the potential electrode labeled as 1 is active.

Measured Theoretical Measured Theoretical

El?;:fggre Resistance  Resistance De\(fz/:;ﬂon Phase Phase D(elflizg?n
Q) () (mrad) (mrad)

1-1 1000.08 1000 0 —61.95 —62.75 0.8

1-2 1998.87 2000 0.06 —62.50 —62.75 0.25
1-3 2999.94 2999 0.03 —62.57 —62.75 0.18
1-4 3991.17 3999 0.20 —62.65 —62.75 0.10
1-5 4988.49 4999 0.21 —63.08 —62.75 —0.33
1-6 5984.06 5999 0.25 —63.38 —62.75 —0.63
1-7 6984.44 6999 0.21 —63.53 —62.75 —0.78
1-8 7984.52 7999 0.18 —63.47 —62.75 —0.72
19 8975.54 8999 0.26 —63.24 —62.75 —0.49
1-10 9978.60 9999 0.20 —63.31 —62.75 —0.56

7.2. Rock and Ore Specimen Test

The previous section’s model testing verified the system’s high accuracy. To evaluate

the system’s performance in practical measurements of rock samples, a prototype was
used to measure a granite specimen obtained through drilling. The physical specimen
is shown in Figure 11, presenting a cylindrical shape with a length of 17 cm and a base
diameter of 7 cm. Prior to the measurement, the specimen was soaked in water for 24 h
and then removed. The immersion of the rock sample in water before testing served
multiple purposes:

@

@)

®G)

Extended exposure and storage might have led to the formation of an oxide layer on
the sample. This layer could potentially diminish the electrical conductivity of the
rocks, influencing the accuracy of electrical parameters. Immersing the rock sample
effectively eliminated the oxide layer, ensuring more reliable electrical test results.

The electrical conductivity of certain rocks is closely linked to their water content.
Soaking the rock samples increased the water content within the rocks, thereby enhanc-
ing their electrical conductivity. This was particularly crucial for measuring specific
electrical parameters, as wet rocks closely represented actual underground conditions.
Rock samples typically exhibit variations in porosity and water absorption properties.
Without presoaking the rock samples, different levels of moisture content could lead
to variations in measurement results. Uniformly soaking the specimens mitigated this
variability, thereby improving the repeatability and accuracy of the measurements.
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Figure 11. Granite specimen. (a) The red markings indicate the precise positions of the electrodes.
(b) The figure illustrates the specific locations of the cracks within the specimen.

Following the soaking process, the rocks underwent a brief air-drying period. This step
aimed to ensure the specimens’ surfaces were dry, preventing residual water interference
with the measurement results. Due to the cylindrical shape of the specimen, electrode
connections were arranged in a circular pattern. At positions 3 cm, 7 cm, 11 cm, and 15 cm
(marked in red in Figure 11a), a circular array of electrode connections was established [35],
with 24 electrodes in each circle. Among them, the electrodes at positions 3 cm and 11cm
served as potential electrodes, while the other two positions were designated as current
electrodes. The grounding electrode was placed at the center of the base [36]. The schematic
diagram illustrating the arrangement of electrodes is presented in Figure 12. To enhance
electrode-sample coupling, a damp dough was applied at the contact points between each
electrode and the specimen. Figure 11b reveals the presence of a noticeable crack in the
physical specimen [37].

Figure 12. Schematic diagram of the electrode arrangement.
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The system is capable of simultaneous acquisition of multiple electrical parameters,
enabling the inversion processing of various parameters to fully reflect the electrical charac-
teristics of the rock samples.

Firstly, the three-dimensional resistivity inversion imaging was conducted based on
the magnitude and current data. The results are shown in Figure 13. From the inversion
results, it can be observed that there is a significant low resistivity zone along the Z-axis at
30-60 mm, which corresponds to the location of the crack on the surface of the specimen.
This can be attributed to the decrease in resistivity caused by water-filled cracks. In other
positions of the specimen, the resistivity values remain relatively constant and exhibit a
uniform distribution, corresponding well with the specimen.
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Figure 13. Inversion results of resistivity.

After performing Fourier transform on the raw data, phase data were obtained.
Figure 14 shows the inversion results of the phase. In Figure 14a, a three-dimensional
segmentation algorithm was applied to the specimen, revealing the phase distribution of
the specimen’s cross-section. In Figure 14b, a threshold technique was employed to extract
high phase values in the fracture zone, providing a better reflection of the fracture locations.

Figure 15 illustrates the inversion results of the resistivity magnitude. Based on the
impedance data, the chargeability [38] results can be calculated, as shown in Figure 16. It
can be observed that both inversion results reflect the locations of cracks in the specimen.
We also observe the presence of a red anomaly in Figure 16. Considering that the sample
was not subjected to splitting procedures, we speculate that the presence of the red dots
may be indicative of internal variations in density, porosity, moisture content, and other
factors relative to the surrounding area.
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Figure 14. Inversion results of phase. (a) Phase distribution of the specimen’s cross-section. (b) High-
lighted positions of crack.
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Figure 16. Inversion results of chargeability. (a) Chargeability distribution of the specimen’s cross-
section. (b) Highlighted positions of crack.

8. Discussion

In our upcoming research, we will endeavor to explore the potential for further mini-
mizing measurement errors and enhancing inversion outcomes by investigating diverse
factors including electrode material, electrode dimensions, embedding depth, arrangement,
coupling degree, and inversion methodologies.

The measurement of irregularly shaped rock and ore specimens presents a challenge
in the field of rock physics, primarily due to decreased coupling between electrodes and
rock samples, as well as the inherent difficulty in accurately recording electrode positions.
This challenge is particularly pronounced in laboratory-scale experiments, where errors
stemming from these factors can significantly impact measurement outcomes. Addressing
this issue necessitates specific requirements for both instrument hardware and algorithm
design, representing a critical obstacle that our system must overcome.

Our designed system exhibits excellent scalability. Building upon this system, we
intend to conduct further research into near-surface geophysics and hydrogeophysics,
among other areas.

9. Conclusions

After a comprehensive examination of the current state of research on the electrical
properties of rock and ore specimens, this study integrates the latest trends in electronic
technology and geophysical instrumentation to design and develop an electrical impedance
tomography system for rock samples with high-density microelectrodes based on an
Android system and STM32 microcontroller.

The system features a high-density array comprising 384 electrodes, consisting of
192 potential electrodes and 192 current electrodes, allowing for flexible configuration
during measurements as needed. We have endeavored to minimize the power consumption
of the instrument, thus requiring only a compact power bank for operation. Internally, the
instrument incorporates a small-scale signal source designed by us, without compromising
accuracy. The integration of smartphones as the interface for human-machine interaction
markedly diminishes the complexity entailed in instrument operation.

The testing results demonstrate that the developed acquisition system has success-
fully met the anticipated design requirements, providing robust technical support for
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the investigation of electrical properties in rocks and ore samples. Consequently, this
study holds considerable significance in aiding mineral exploration and development by
providing valuable assistance in mineralized zone detection, subsurface structure analysis,
and mineralization type prediction.
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