
1.  Introduction
The direct current electrical resistivity technique is one of the most reliable geophysical prospection methods 
(Dahlin, 1996). With this method, surface voltage differences produced by current flow in earth provide accu-
rate information about the resistivity distribution in the subsurface (Stummer et al., 2004). 2D and 3D imaging 
obtained with this method is commonly used in different study areas: urban environmental prospection (Chávez 
et al., 2014; Eleraki et al., 2010; Tsokas et al., 2011), tunnel detection (Bongiovanni et al., 2018; Orfanos & Apos-
tolopoulos, 2011; Osella et al., 2015; Simyrdanis et al., 2015), as an aid of archeological studies (Casas et al., 2018; 
Tejero-Andrade et al., 2018), civil engineering studies (Gutiérrez-Martín et al., 2021; Himi et al., 2018; Santarato 
et al., 2011), contaminant plumes characterization (Chambers et al., 2006; Vaudelet et al., 2011), surface-down-
hole measurements (Bergmann et al., 2012; Clément et al., 2014; Ochs & Klitzsch, 2020), earthquakes and geo-
logical hazards (Saribudak & Van Nieuwenhuise, 2006; Kamiński et al., 2021), aquifer characterization (Fowler 
& Moysey, 2011; Froese et al., 2005; Sendrós et al., 2020; Yeh et al., 2015), etc.

With the development of faster hardware and more efficient software, the increasingly number of data involved 
can be easily managed. Also, survey strategies can be modified interactively (Wilkinson et al., 2006). With these 
advances, reliable electrical resistivity tomographies are obtained of the studied targets or sites.

Commercial and non-commercial resistivity automated multielectrode systems are basically of two types: cen-
tralized and distributed (Bulgakov & Manshtein, 2006; Kutbay & Hardalaç, 2017; Stummer et al., 2002; Zhe 
et al., 2007). In the centralized systems, a unique controller through multiplexors open the different channels for 
current flow and voltage measurements. In the distributed systems, each electrode has the electronic components 
required for the measurements.

We developed a programmable automated resistivity meter, whose system is centralized. It was designed to study 
near surface geophysical targets in the field and on laboratory scale, which has required to handle two different 
current and voltage scales. The equipment was built in such a way that modules can be added, for example, al-
lowing data transfer to the web or including a GPS module for geolocalization. Another factor that we took into 
account in the design is that it can be extended with modules to handle additional number of electrodes as needed. 
A first version of the device has been reported by de la Vega et al. (2019).
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From the first years of the current century open source platforms are available that have been used for both basic 
and applied research (Mao et al., 2019). This coincides with the development of microcontroller platforms such 
as Arduino products (https://www.arduino.cc/) and single-board computers like the Raspberry Pi (https://www.
raspberrypi.org/). This type of equipment allows to customize the application and to use adaptive monitoring 
or feedback and real-time control. Another advantage of these types of developments is that they enable a wide 
range of possibilities for user interaction. Sensor data can be transmitted from network-based data loggers to 
a web-based data exchange portal (Horsburgh et al., 2019). Equipment developed in this type of platform for 
environmental studies include for example, CO2 monitoring (Blackstock et al., 2019) and water monitoring (Tzi-
ortzioti et al., 2019).

A centralized system is developed using an open-source electronic platform. The design and construction were 
performed taking into account Arduino platform capabilities. This platform, has a complete set of compatible 
modules to perform the different tasks of the device.

Different parts/functions of the device are managed by different processors interconnected via serial connection. 
The cables used are conventional. The electrodes, of galvanic contact, have no special design and multiple voltage 
measurements can be done with a single current shot for any electrode configuration via programming.

One of the advantages of the present device over the commercially available ones is that the high cost of them 
make difficult to acquire in developing countries. In other cases, the low cost and relatively simple construction 
of the present device enable to have it as a second tool, allowing the immobilization of the device for several days, 
for 4D monitoring of waste dumps (Clement et al., 2011), landslides (Wilkinson et al., 2016), saltwater intrusion 
in coastal aquifers (Kuras et al., 2009), monitoring of soil moisture dynamics (Chambers et al., 2014) among the 
most significant applications.

In the following sections we first describe the modular electrical resistivity meter developed. Next, we present the 
laboratory test and the field measurements performed in order to verify its performance. We show the inversion 
results with different electrode configurations. Finally, the conclusions of the work carried out are exposed.

2.  Electrical Resistivity Meter Design and Construction
The electrical resistivity meter was designed in two independent hardware modules, each one with its own main-
frame interconnected via serial protocol. In both units an Arduino Mega 2560 (ATmeg2560 microcontroller) 
is used as the processing unit. It has a cpu clock of 16  Mhz, 54 digital input/output pins with 5  V logic and 
supports I2C and SPI as well as four serial facilities for communication with other devices. As power supply we 
used a commercial inverter of 220  V powered by a 12  V battery, whose signal was rectified by a diode bridge. 
It provides several output voltages: 100, 75, 50, 25 and 12  V.

The first device, the driver, is the main one. It works like a common electrical resistivity meter. It also points out 
to the second device, the automated platform, the electrode to be connected. The automated platform acts as an 
intelligent relay matrix system that connects the different current and voltage channels to the electrodes where 
current is injected and voltage is measured.

The microcontroller of the driver device performs three different types of operations. The main function is to 
perform the current and voltage measurements. The second function is to control the different components that 
allow the user-device interaction. The third one is to send an order to the automated device with the information 
of which electrodes should be connected to the different current and voltage channels. Figure 1 shows the block 
diagram of the electrical resistivity meter.

The current is measured with the Arduino compatible sensor INA 219 (I in Figure 1 -channels A and B-) via the 
I2C bus. This sensor uses a shunt resistance of 0.1 ohm combined with a 12 bits analog digital converter (ADC). 
It can measure current between ±3.2 A with a resolution of 0.8 mA. Also it has a programmable gain amplifier 
(PGA) that can be programmed, for example, to measure currents between ±400 mA with a resolution of 0.1 mA. 
To the current circuit we attach a interchangeable limiting resistance (R) to be used with different current scales 
and a relay (Re) to start the current flow.

The voltage is measured with the analog digital converter ADS 1115 (V in Figure 1 -channels M1, N1, M2 and 
N2-) that connects via the I2C bus. This board has a resolution of 16 bits (15 bits for the magnitude and one bit 
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for the sign) and four channels which can be configured as two differential sensors. Four boards can be connected, 
using different addresses, configuring a system of eight differential channels. The voltage range of ADS1115 is 
±6.144 V. The resolution for this range is 0.1875 mV. With the incorporated PGA set to gain one, the voltage 
range is ±4.096 V with 0.125 mV resolution.

The current source is external to the device (CI in Figure 1). This current is adapted to the characteristic of the 
study to be made. The voltage and current ranges are modified by software while the limiting resistance is mod-
ified by hardware. Their values depend on the type of study we perform. For example, for near surface studies, 
we could use 50  V as input with a limiting resistance of 100 ohm, hence a maximum current of 0.5 A can be 
obtained. For physical model studies we use 12  V and 560 ohm limiting resistance, therefore a maximum current 
of 0.02 A is obtained. In both cases the current input is a square wave of period 200  mS, and V and I are sampled 
with a frequency of 100 samples/second. For each ABMN electrodes position five shots are made. This parame-
ters are controlled by software that can be modified as needed.

In the first device, that commands the user-driver interaction, both the injection (A, B) and the voltage (M1, 
N1 M2, N2, etc.) electrodes positions are programmed. These configurations are programmed in the EEPROM 
memory of the microprocessor (4,096 bytes available on Arduino Mega).

The user-device interfaces we implement to manage the equipment are: a SD card to record the data obtained, a 
LCD display to visually see the status of the equipment and a couple of buttons to select/start processes. Different 
electrode configurations kept in memory are selected via these buttons.

The automated device redirects the channels connected to the driver device to the appropriate electrodes. The in-
formation of the electrodes positions is obtained from the driver by serial transmission. Each channel is connected 

Figure 1.  Block diagram of the electrical resistivity meter. Blue blocks are modules attached to the processors.
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in the automated device to a multiplexor/demultiplexor (74HC4067) Arduino compatible module. Each multi-
plexor in turn is connected to a 16 relay board. This processor, once the electrodes positions received, indicates to 
each multiplexor which relay (electrode) has to be connected. In the constructed automated device each channel 
is connected to two multiplexor/relay board so 32 electrodes are available. This can be upgraded up to 256 elec-
trodes. The electrodes are attached to the automated device using standard cables.

The overall operation of the system is as follows. After a setup protocol of both the Driver device microprocessor 
and the Automated device microprocessor, the user is asked to select one of the electrode configuration kept in the 
Driver's memory. The electrodes positions are send to the Automated device, which in turn connects the channels 
to the selected electrodes. After the Driver performs the apparent electrical resistivity measurements, the result-
ing data is send to memory and the next electrodes positions are send to the Automated. The loop continues until 
the last electrode position is measured and the data is saved in the SD card.

An example of the electrode position and output of the device is shown in Table 1. The first four columns show 
the position of the electrodes corresponding to a dipole-dipole configuration in the EEPROM memory of the 
Driver. Only one voltage measurement per current input (channel M1-N1) is programmed in this example. The 
last three columns show the output of the device kept in the SD card. Five measurements are made for each po-
sition of the electrodes.

Input data Output data

A B M1 N1 Measurement ΔV/I I

0 1 2 3 1 14.42 10.10

1 14.24 10.40

1 14.53 10.30

1 14.22 10.30

1 14.45 10.30

0 1 3 4 2 4.11 10.30

2 4.00 10.30

2 3.95 10.30

2 3.88 10.30

2 4.01 10.30

0 1 4 5 3 1.50 10.50

3 1.38 10.30

3 1.37 10.30

3 1.41 10.50

3 1.49 10.50

0 1 5 6 4 0.75 10.30

4 0.61 10.10

4 0.56 10.30

4 0.67 10.30

4 0.71 10.30

− − − − − − −

− − − − − − −

− − − − − − −

19 23 27 31 212 4.77 9.20

Table 1 
Example of Input - Output Data
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3.  Performance of the Device
In order to evaluate the performance of the constructed device we performed 
a target detection and characterization studies in a physical model and in the 
field.

3.1.  Sphere Target Detection Study

We studied a sphere submerged in salt water. We performed 2D tomographies 
of it using in-line Dipole-Dipole, Wenner-Schlumberger, and Wenner γ112 
(plus mirror) configurations. This last electrode configuration was included 

due to its efficiency to characterize localized targets with few measurements (Szalai et al., 2015). We have pro-
grammed the electrode positions as shown in Table 2. We also performed 3D measurements using Dipole-Dipole 
configuration.

The target studied was submerged in a plastic container filled with saltwater of horizontal dimensions 35 × 25 cm 
and12 cm height, and was placed in a region of dimensions 15 × 215 cm in the central part of the box to eliminate 
boundary contributions. The diameter of the sphere was of 3 cm, it was submerged at 1 cm from the top surface, 
and centered in the horizontal plane. As the resolution obtained with the geoelectric method is about half the 
electrode separation, 16 electrodes 1 cm apart were used. In Figure 2a can be seen a photo of the physical model 
and the device prepared for the sphere study.

To prevent electrolysis effects a low current input was used. This is generated using 12V input and a limiting 
resistance of 560 ohm then a maximum current of 0.02 A is achieved.

For this configuration, the voltage ADC PGA is set to gain one: the voltage range is ±4.096 V with 0.125 mV 
resolution. The current PGA is programmed to measure currents between ±400 mA with a resolution of 0.1 mA. 
The device was programmed to take five measurements in each A, B, M1, N1 position (only one differential 
voltage was measured at a time) and record the time evolution of voltage/current at each A B M1 N1 positions.

An example of the time evolution of an individual measurement made in the physical model is shown in Fig-
ure 2b. A Dipole-Dipole configuration was taken with a = 1 cm and n = 3. From this graph, we obtain a ΔV/I 
mean value of 1.563 ohm and relative standard deviation of 0.6%. The physical model tomographies give similar 
results over all relative standard deviation of the ΔV/I data obtained.

The mean relative standard deviation of the 106 Dipole-Dipole measurements is 3.8%, with a minimum of 0.2% 
and a maximum of 37%. For the 80 Wenner-Schlumberger measurements the values are, mean: 0.7%, minimum: 
0.2% and maximum: 1.4%. The values for the 48 Wγ112 and mirror measurements are, mean: 3.9%, minimum: 
0.4% and maximum: 39.9%. The highest error of measurements values comes from the furthest potential elec-
trodes, that corresponds to the values of the lower voltage differences. These few points were eliminated before 
doing the inversion process. In the Schlumberger-Wenner case, the dispersion was less because the potential 
electrodes are between the current ones.

In Figure 3 we can see the inversion results of the configurations mentioned above. They were performed using 
the RES2DINV code (Loke & D Barker, 1996). The quality of the inversion of ERT data was determined by the 
value of the RRMS (Relative Root Mean Square). In all the cases, for the interpretation we choose the model for 
which the inversion achieved an acceptable absolute error.

Figure 3a shows the results of the D-D configuration. The high electrical resistivity ball can be distinguished, 
and the convergence is very good; that is, the RRMS deviation was 1.31%. Figure 3b shows the results of the 
W-S configuration. The ball can be distinguished and the convergence is very good (RRMS 1.75%). Figure 3c 
shows the results of Wγ112 configuration. The convergence is also good (RRMS 7.2%), the ball can be perfectly 
distinguished and the resolution was very good.

We also performed 3D measurements in the container using the same sphere but with the medium less conductive 
than in the previous case. The sphere was submerged at 1 cm from the saltwater top surface and centered in the 
horizontal plane. We performed sixteen dipole-dipole profiles along X axis every 1 cm, and six profiles along Y 
axis separated 3 cm. In each profile, sixteen electrodes were used with 1 cm separation between them. The data 

Array Measurements Nmax A Electrode distribution

D-D 106 6 1,2,3,4 A-a-B-na-M-a-N

W-S 80 6 1,2,3 A-na-M-a-N-nB

Wγ112 48 1,2,3,4,5 A-a-M-a-B-2a-N

N-2a-B-a-M-a-A

Table 2 
Configurations Programmed in the Device
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was inverted using also the Res3DInv code. In Figure 3d the D-D tomography obtained is displayed. The high 
electrical resistivity ball is perfectly reproduced and the convergence is good (RRMS 4.3%) despite the fact that 
the resistivity contrast between the ball and the water is not as large as in the previous case.

3.2.  Field Study Test

A ERT device testing was performed in a landfill area next to de la Plata River, in Buenos Aires, Argentina. In 
addition to verify the performance with higher voltages, the localization of the water table was an useful aim, in 
order to design an additional construction.

A survey line of 7.5 m was performed using the same three programmed configurations than in the previous 
experiment; D-D, W-S and Wγ112. The minimum electrode spacing a was set to 0.5 m and the increment displace-
ment was set to 0.5 m. In Figure 4a can be seen a photo of the site with the device connected to the electrodes 
line prepared for the study.

An input voltage of 50 V and a limiting resistance of 560 ohm was used then a maximum current of 0.09 A 
is achieved. The time evolution of an individual measurement made on the ground is shown in Figure 4b. A 

Figure 2.  (a) Photo of the physical model and the device prepared for the sphere study. The coordinate system taken in the study area is displayed. (b) Time evolution 
of signals; potential difference (mV) and I (mA) in the laboratory. A Dipole-Dipole configuration was taken with a = 1 cm and n = 3.
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Dipole-Dipole configuration was taken with a = 1m and n = 3. From this graph we obtain a ΔV/I mean value of 
1.053 ohm and a relative standard deviation of 0.8%.

The mean relative standard deviation of the 106 Dipole-Dipole measurements is 5.5%, with a minimum of 
0.001% and a maximum of 63.2%. For the 80 Schlumberger-Wenner measurements the values are, mean: 0.6%, 
minimum: 0.001% and maximum: 1.9%. The values for the 48 Wγ112 and mirror measurements are, mean: 3.1%, 
minimum: 0.4% and maximum: 34.5%. As in the laboratory case, the highest error of measurements values comes 
from the furthest potential electrodes. These few points were eliminated before doing the inversion process.

Figure 3.  Electrical resistivity tomography (ERT) of the (a) D-D measured data, (b) W-S measured data, (c) Wγ112 measured 
data and (d) 3D D-D measured data, surface plot at 3.5 cm depth.
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Figure 4c shows the results of the D-D configuration. A low resistivity anomaly from 2 to 3.5 m below 1 m 
depth can be distinguished. The RRMS error after the inversion process was 2.1%. Figure 4d shows the results 
of the W-S configuration. A wider low resistivity anomaly can be distinguished, from 2 to 4.5 m below 1 m. The 
misfit after the inversion of apparent resistivity data is good (RRMS 1.4%). Figure 4e shows the results of Wγ112 
configuration. The convergence is also good (RRMS 4.1%), but in this case, the localization of the anomaly was 
not so good. In all the cases, the anomaly begins near the origin at lower depth, and ends at higher depth. It can 
be due to the presence of a tree near the origin of the line, that causes a greater amount of moisture in its vicinity.

4.  Conclusions
The individual measurements of voltage and current time evolution performed with the device yielded good 
results as the standard deviations obtained were small. Furthermore, the measurements were well correlated 
between them as the inversion tomographies obtained were in agreement with the model.

Regarding the experiment with the ball, the 2D electrical resistivity tomographies obtained in the D-D and W-S 
and Wγ112 configurations have adequately reproduced the physical model. This shows that the equipment is work-
ing properly, with a fine resolution. Especially the Wγ112 configuration can be an efficient tool in order to perform 
3D surveys for the detection of localized targets, as it showed a very good resolution with a small amount of 
measurements compared to traditional configurations. The 3D reconstruction of the ball also shows an excellent 
agreement with the model. This confirms the good resolution that can be achieved with the device. With respect 
to the field study, the relative small standard deviations obtained and the good convergence of the inversions de-
note that the device works properly also in the higher power version. As this device has the possibility to adapt to 
the needs of the user either by adding modules or by changing the electrode configuration through programming, 

Figure 4.  (a) Photo of the testing site. (b) Time evolution of signals; potential difference (mV) and I (mA) in the field. A Dipole-Dipole configuration was taken with 
a = 1 cm and n = 3. Inverted ERT cross-sections of the (c) D-D array, (d) W-S array and (e) Wγ112 array.
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we plan to use it to continue research on the presence of tunnels in Parque Avellaneda, an area in the city of Bue-
nos Aires. Future development plans also include both the possibility of using this device in IP studies, as well as 
adding a module that allows real-time experiments, transferring the data to the web.

Data Availability Statement
The supplemental files may be accessed from a permanent repository at https://doi.org/10.5281/zenodo.5528209.
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