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ARTICLE INFO ABSTRACT
Keywords: Soil surface roughness, characterized by the unevenness of the soil surface, is a critical parameter
Soil surface roughness influencing radar backscatter coefficients and microwave emissivity, and is essential for appli-

Relevant length
Instrument

Radar remote sensing
Laser rangefinder
Pin meter

cations in agriculture, soil science, climate modeling, and geology. Current roughness measure-
ment methods, such as manual pin meters and photogrammetry, face limitations in field
portability, automation, and cost efficiency. To overcome these challenges, this study introduces
anovel, portable instrument utilizing automated two-dimensional rotary laser scanning to
quantify surface roughness. The device’s innovative design integrates a tripod-mounted laser
scanner that generates 1 cm-resolution horizontal profiles by calculating surface heights from
rotation angles and distances, eliminating manual intervention and enabling rapid field deploy-
ment. Compared to traditional contact methods or LiDAR systems, the instrument achieves
comparable accuracy (R2 = 0.97 vs. pin meters) while offering significant advantages in porta-
bility (<5 kg total weight), automation (full-profile measurement in < 30 s), and affordability
(estimated cost <$2,705). Field experiments validated its ability to compute roughness parame-
ters (RMS height, correlation length) critical for microwave remote sensing and soil erosion
modeling. By bridging the gap between laboratory-grade precision and field practicality, this
instrument provides researchers and agronomists with a cost-effective tool to advance microwave
remote sensing, precision agriculture, climate forecasting, and soil conservation efforts.
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Hardware name A portable soil surface roughness instrument for automatic two-dimensional profile roughness measurement in the field
Subject area e Environmental, planetary and agricultural sciences

e Educational tools and open source alternatives to existing infrastructure
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o Electrical engineering and computer science
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Open source license GPL General Public License v3.0
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1. Hardware in context

Soil surface roughness, defined as the unevenness of the surface caused by soil texture, aggregates, rock fragments, and land
management practices, plays a critical role in influencing the radar backscattering coefficient and microwave emissivity of the surface
(rougher soil has a higher emissivity and reduced sensitivity to soil moisture compared to smooth soil with otherwise identical
characteristics) [1]. Soil surface roughness has important applications in agriculture, soil science, weather and climate prediction,
geology, and other fields. In agriculture and soil science, roughness affects infiltration, flood, and soil erosion and some predictive
models has been developed [2]. In the field of climate and weather prediction, soil storage and evaporation also depend on surface
roughness [3]. In geology, the geological element information of wind-eroded sandstone can be determined based on surface
roughness [4,5]. Surface roughness can be divided into two types: geometric roughness and aerodynamic roughness. Geometric
roughness is often used in remote sensing, particularly in microwave remote sensing. Surface parameterization is essential for
developing practical soil moisture inversion models. However, the acquisition of soil roughness is a limiting factor and developing
simple correction methods is difficult [6]. Research has shown that the influence of soil surface roughness on the backscatter coef-
ficient is generally equal to or greater than that of soil moisture [7]. Therefore, in the development of microwave remote sensing
inversion of surface parameters, surface roughness is a focus of research. To correct the influence of roughness on the backscattering
coefficient with measured data, the most common method is to collect soil roughness synchronously in observation tests [8]. Only by
resolving this challenge can we establish a correct surface microwave scattering model and effectively carry out parameter inversion.

At present, in the field of remote sensing, RMS (root mean square) height and correlation length based on single scale are used to
describe vertical and horizontal surface roughness [9]. These two parameters are not fixed and depend on the length of the mea-
surement section and the resolution of the measurement division [10]. The RMS height h; is a measure of the standard deviation of
surface heights. It is calculated as:

1
home =\ 2>y (7~ 2)° €]

Where:

N is the total number of data points,

z; is the height(mm) at the i —th point,

Z is the mean height(mm), calculated as:

1
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The correlation length 1 describes the distance over which surface heights are correlated. It is derived from the autocorrelation
function C(r):
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The correlation length [ is the lag distance 7 at which the autocorrelation function decays to 1/e (approximately 0.368):
1
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Where:
z; is the height (mm) at the i —th point,
z: is the mean height (mm),

Fig. 1. Roller chain [24].
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7: is lag distance (cm),

I: Correlation length (cm), the distance at which C(z) decays to 1/e.

There are two main categories of measurement methods for surface roughness: contact and non-contact. The Contact method refers
to the use of a panel or pin roughness meter or chains to measure soil surface roughness. The pin meter method is one of the earliest
technologies used for quantitative research of soil surface roughness [1]. As seen in Fig. 1, it consists of a row of pins arranged
vertically over the soil surface coupled to a camera to record the images of the pins and obtain the profile. When measuring, the pins
contact the ground and the surface relief profile is drawn by recording the position of the pin tail [11]. The panel meter method is to
insert a panel with a grid drawn into the soil and draw the profile by recording the position of the soil surface on the grid [12].
Roughness plate measuring technology is cheap and convenient to use, and it is still the observation method used in many studies.
Although the plate is cheaper and more convenient, it needs to be inserted into the soil, which is difficult to use when the ground is
relatively hard, and there is also greater uncertainty in the process of photographing and digitizing the profile, which can limit its
usefulness. As shown in Fig. 2, the chain method is based on the principle that as a chain of a given length, L1, is placed across a surface,
the horizontal distance covered L2, will decrease as the roughness increases [13]. The biggest limitation of contact measurement
technology is that it can interfere with the observation object, particularly the observation error of microtopography caused by the
destruction of loose particles or soft wet ground surface cannot be ignored [14]. Additionally, due to the portability of the equipment,
the sampling length is relatively limited. For the pin meter, due to the size of the pin tail, the sampling interval can only reach 1 ~ 2.5
cm.

Non-contact methods include structured light laser scanning [14], laser ranging [5,11] or ultrasonic [1] scanning, lidar mea-
surement [1,12], close-range photogrammetry [16,17,18], SfM(Structure from Motion) photogrammetry [2,9,19,20], etc. Structured
light three-dimensional (3D) scanning technology is introduced into the field of surface parameter measurement. When measuring, the
grating projection device projects a specific coded structured light onto the surface of the object to be measured, the camera syn-
chronously captures the corresponding image, then decodes and calculates the phase of the image, and uses matching technology and
triangle measurement principle to calculate the 3D coordinates of feature pixel points. Finally, the measurement data is processed to
automatically generate roughness parameters. The biggest disadvantage of the structured light method is that it is difficult to apply it
directly in the field because of the large impact of ambient light. Compared with contact measurement technology, non-contact
measurement technology based on laser scanning was introduced into surface observation relatively late. As show in Fig. 3, a laser
profiler consists of five parts: laser emission source, reflective focusing device, reflective sensing device, processing electronic com-
ponents, and a guide rail. The light source emits a laser vertically to the ground, and the reflected light projects onto the detector
through the focusing device. As the instrument moves on the guide rail, the focusing position of the reflected light varies with the
fluctuation of the ground height. The electronic components process the signal of the detector, record the position of the peak intensity,
and then obtain the ground height profile [11,15].The roughness-related parameters used in current applications are all defined based
on two-dimensional elevation profile. This is because, in the past, acquiring elevation information across the entire surface required
the use of large frame structures to support profile measurements at multiple locations—a process that was not only costly but also
time-consuming and labor-intensive. Photogrammetry is another common non-contact measurement technology. This technology
obtains a digital elevation model (DEM) by taking stereo image pairs with 2 cameras [17,18,22]. The multi-view photogrammetry
method is also employed to analyze soil surface roughness [19]. Photographs are captured centripetally from multiple positions around
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Fig. 2. Pin meter [25].
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Fig. 3. Laser profiler [21].

the analyzed surface. Following image processing using photogrammetric software to generate a point cloud, a digital elevation model
is derived, and roughness parameters are subsequently calculated. A low-cost, portable and robust optical equipment through an
illumination system with a line laser and monocular vision has been proven to be valid [14]. In terms of costs and ease of use in the
field, a depth-sensing technique originating in the gaming industry [23] has recently become promising for soil sciences: the Xtion Pro
method [5]. Compared with the profile data, DEM carries more abundant information and can better describe surface characteristics.
Moreover, based on DEM data, arbitrary surface roughness parameters can be calculated theoretically.

It can be concluded that each measurement technique has its specific field of application, determined by factors such as required
accuracy, resolution, field mobility, and available budget [9]. In general, contact methods, such as the roller chain and pin meter, are
limited in their applicability due to their restricted resolution and precision, as well as their labor-intensive and impractical nature in
field conditions [5]. This study addresses two critical limitations in current measurement systems through three core innovations: 1)
Portable and real-time parameter acquisition: The proposed embedded processing architecture eliminates computational post-
processing stages (15-30 min/dataset in conventional LiDAR systems and photogrammetric devices) by integrating 32 bits MCU,
enabling on-site output of end-user parameters within 30 seconds. 2) Robust operation under suboptimal lighting conditions: Where
existing solutions (photogrammetry) mandate high and stable ambient illumination for reliable operation. The laser ranging sensor
used in this instrument can work stably in complex light environments. This study aims to provide an open-source, low-cost, portable,
and robust instrument to characterize the two-dimensional (2D) profile roughness. A set of core features are presented. Additional
customization will be required, depending on the application.

2. Hardware description

In the prior art scheme in Fig. 3, the frame scanning structure is complex, and the weight is difficult to reduce. This paper proposes a
single-point rotary scanning scheme based on the principle of rotary scanning. The schematic diagram of the scheme is shown in Fig. 4.
The most notable distinction between this instrument and traditional laser measuring devices mounted on one-dimensional or two-
dimensional motion platforms is the use of rotational movement instead of translational movement. This innovation eliminates the
need for complex and costly motion platforms, significantly enhancing portability and reducing overall costs.

The operational procedure is as follows: First, the instrument is positioned on the surface to be measured, and the laser ranging
sensor is adjusted vertically downward. The reference height hy is measured. Based on hy, the rotation angle q; required to offset one
measurement interval x in the horizontal direction is calculated. The laser ranging sensor can rotate left and right under the drive of the
rotating mechanism. After the laser ranging sensor rotates to the specified angle, it projects a laser to measure the distance and obtain
the tilt length [; According to the angle b; between the current laser and the vertical direction, the actual ground height hi of the point
can be obtained by trigonometry. The instrument performs 50 scans to the left to measure height data for a 50 cm section of the ground
on the left side. It then performs 50 scans to the right to measure height data for a 50 cm section on the right side. Finally, the surface
roughness parameters for the total measured length of 1 m are automatically calculated. This approach ensures efficient and accurate
data collection while maintaining simplicity and cost-effectiveness.

As illustrated in Fig. 5, the proposed soil surface roughness instrument comprises 7 key components: 1) a microcontroller unit, 2) a
laser rangefinder, 3) a servomotor, 4) a power unit, 5) a tripod, 6) a communication module, and 7) a smartphone.

The microcontroller unit is an Arduino-compliant module. Arduino is commonly used for various DIY projects because of its low
cost and versatility connecting nearly unlimited sensors through extended general-purpose input/output modules. The core of the
microcontroller unit is an ESP32-WROOM-32 module (Espressif Systems, Shanghai, China) equipped with powerful Wi-Fi + Bluetooth
LE modules that target a wide variety of Internet-of-Things (IoT) applications. The develop software, Arduino IDE 2, features a board
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Fig. 4. Schematic diagram of instrument measurement.
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Fig. 5. Hardware schematic.

manager tool that is used to install specific ESP32 core on your local computer. Arduino’s simple development method enables de-
velopers to pay more attention to creativity and implementation, complete their own project development faster, greatly save on the
cost of learning, and shorten the development cycle.

A compact servomotor (MG4005-110 V2, LK-TECH, Shanghai, China) is used to rotate the laser rangefinder. It adopts the integrated
design of the motor and planetary reducer, integrates high-precision absolute value encoder, and cooperates with a double closed-loop
control algorithm to greatly improve the accuracy of torque, position, and speed feedback. The servomotor works in incremental
position closed-loop mode with a minimum resolution of 0.01 degrees and a rated torque of 1Nm. The servomotor communicates with
the microcontroller through a Universal Asynchronous Receiver/Transmitter (UART) serial port.

A highly accurate laser rangefinder (DEN-10-500, Dimetix AG, Switzerland) was chosen to measure the distance. It can measure
distances of up to 500 m, with an accuracy of + 1 mm. Because of its high measurement rate of up to 50 Hz, it is suitable for high-speed
applications. Various communication interfaces are integrated inside the sensor. RS-232 interface is used to connect the sensor and the
microcontroller. A TTL-RS232 convert module is adopted to realize the level conversion.

The instrument is powered by a rechargeable 3S lithium polymer (LiPo) battery which provides a nominal output voltage of 12 V.
The output voltage varies from 12.6 V when fully charged, down to 9.6 V, when the internal battery regulator disables the battery from
over-discharge. The most significant power source needed for this instrument is for the rotation of the servomotor. This LiPo battery
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has a high charge/discharge rate and can provide power for the most demanding electric servomotor. The power requirement for the
microcontroller is relatively minimal, so a voltage regulator connected to the battery was used to provide 2 A with 5 V DC power. To
optimize power usage, the device incorporates a low-power sleep mode that activates during idle periods between measurements. In
field tests, the device demonstrated consistent performance over multiple days of operation, with daily usage averaging 8-10 h.
Recharging the battery to full capacity takes approximately 1-2 h using the provided 5 V/1A USB charger. For extended field cam-
paigns, users are advised to carry a portable power bank to ensure uninterrupted operation.

This instrument potentially provides real-time data access to the WLAN network or can be set up to provide its hotspot in case of
unavailable WLAN. It can be considered an important feature that no existing WLAN is necessary. If the instrument is used as an access
point, it provides the WLAN for the connection terminal smartphone and any monitoring device with a browser (laptop, tablet, etc.).

The features of the presented soil surface roughness instrument could be summarized as follows:

The instrument can instantly get the roughness and the correlation length results without further data processing.

The maximum profile length can be 1 m and the sample interval is 1 cm.

The instrument can operate in the temperature range of 0-50°C.

The measurement time is less than 30 s.

The compact size of the instrument and its low weight make it easier to carry and set up.

The instrument can be connected by smartphone or computer to the built-in Wi-Fi hotspot. It provides a browser-accessible user
interface for easy data retrieval.

The Measuring accuracy of the rangefinder is up to + 1.0 mm (@ 20)

3. Design files summary

The design files consist of all the files needed to make and run the soil surface roughness instrument. Table 1 shows the list of design
files.

e The Rangefinder adapter is the connection part for the instrument box and rangefinder.

e The 2D_CAD_rangefinder DEN-10-500 and 2D_CAD_servomotor_ MG4005-110-V2 are the CAD files of two part.

e The hardware schematic presents the electronic schematic of the instrument, the main components, and their connections.

e The roughness_firmware_20220829 there is an Arduino source code of the instrument. The code can be changed for customization.
e Video_Instrument_application720p presents the application of the instrument in the field.

4. Bill of materials summary

Table 2 shows the components that are needed to reproduce the board.

Table 1

Design files.
Design file name File type Open source license Location of the file
Rangefinder_adapter stl GPL 3 https://doi.org/10.17632/x8dbztc9fs.1
2D_CAD _rangefinder DEN-10-500 pdf CC BY-SA https://doi.org/10.17632/x8dbztc9fs.1
2D_CAD_servomotor_MG4005-110-V2 ipg CC BY-SA https://doi.org/10.17632/x8dbztc9fs.1
hardware_schematic png GPL 3 https://doi.org/10.17632/x8dbztc9fs.1
roughness_firmware_20220829 ino GPL 3 https://doi.org/10.17632/x8dbztc9fs.1
Video_Instrument_application720p mp4 GPL 3 https://doi.org/10.17632/x8dbztc9fs.1

Table 2

Bill of materials.
Designator Component Number  Cost per unit Total cost Source of materials Material

—USD — type
UsD
ESP- ESP32-WROOM-32 microcontroller 1 $4 $4 AliExpress-ESP32 Development Electronics
WROOM  module Board
DC converter  Voltage regulator (or similar) 1 $3 $3 https://www.amazon.com Electronics
LiPo battery 3S 12 V LiPo battery with DC charger 1 $6 $6 https://www.amazon.com Electronics
Servomotor MG4005-110 V2 motor with planetary 1 $140 $140 https://s.vishu.com/3GR2tx Electronics
reducer

Rangefinder DEN-10-500 distance sensor 1 $2500 $2500 https://dimetix.com/ Electronics
Button 12 mm push button switch 1 $0.5 $0.5 https://www.amazon.com Electronics
Level bubble Mini liquid bubble 1 $0.5 $0.5 https://www.amazon.com Other
Power plug 12 mm DC power male plug 1 $0.5 $0.5 https://www.amazon.com Electronics
Plastic box Waterproof IP65 ABS plastic box 1 $0.5 $0.5 AliExpress-ABS box, 100*68*50 Other
Tripod Tripod with fluid head 1 $50 $50 AliExpress-Tripod Yunteng Other
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a)  Cover the box with the upper lid and glue it securely in place.
b) The final assembled instrument is shown in Fig. 7.
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Fig. 6. Build instructions for steps 2 to 10. A) Prepare the quick-release plate. B) Install push button. C) Install power plug. D) Mount the servo-
motor. E) Mount the servomotor, In the other direction. F) Attach the level bubble. G) Install electronic components and battery. H) Final assembly.

5. Build instructions

The following steps provide a step-by-step guide for building and assembling the soil surface roughness instrument. Please see Fig. 6
for a diagram of the assembly.

5.1. Assembling the physical support

1.

2.

Remove the upper cover of the waterproof and dustproof IP65 ABS plastic box. All subsequent steps are performed on the
main body of the box.

Prepare the quick-release plate (Fig. 6A):

a) Detach the quick-release plate from the tripod.

b) Create two 3 mm circular holes on the plate.

¢) Make two corresponding 3 mm circular holes on the left side of the box, ensuring a 30 mm distance between them.

d) Insert two 2 mm bolts through the holes with the threads facing outward.

e) Secure the box and quick-release plate using nuts on each side.

. Install the push button (Fig. 6B):

a) Create a 12 mm circular hole on the right side of the box.
b) Insert the push button and secure it with a nut.
c) Ensure the center of the hole is 60 mm from the bottom side of the box.

. Install the power plug (Fig. 6C):

a) Create a 12 mm circular hole on the left side of the box.
b) Insert the power plug and secure it with a nut.
¢) Ensure the center of the hole is 60 mm from the left side of the box.

. Mount the servomotor: (Fig. 6D&E)

a) Create four 3 mm circular holes at the vertices of a square on the front side of the box.
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Fig. 8. Connection diagram of the hardware of the instrument.

b) Insert four 2.5 mm bolts through the holes with the threads facing inward.
¢) Fix the servomotor onto the box using these bolts.
6. Attach the level bubble (Fig. 6F):
a) Glue the level bubble onto the rangefinder.
7. Prepare the connection plate (Rangefinder adapter) (Fig. 6G):
a) 3D print the connection plate using Polylactic acid (PLA) or Acrylonitrile butadiene styrene (ABS).
b) Insert four 2.5 mm bolts through the plate with the threads facing the servomotor, and secure the plate to the servomotor.
c) On the opposite side of the plate, insert four 3 mm bolts with the threads facing the rangefinder, and secure the plate to the
rangefinder.
8. Drill a cable entry hole (Fig. 6H):
a) Drill a 3 mm hole on the right side of the box.
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b) Insert the rangefinder cable into the box through this hole.
9. Install electronic components and battery (Fig. 6H):
a) Place the electronic components and battery inside the box.
10. Final assembly:
a) Cover the box with the upper lid and glue it securely in place.
b) The final assembled instrument is shown in Fig. 7.

5.2. Assembling the electronic circuit

Fig. 8 shows the scheme of the proposed device, where the elements and connections are described. All the parts are very common

and can be bought online or from electronics and hardware retailers. Follow the step-by-step procedure to rebuild the system.

1.

Assemble the power system: Solder the cables from the LiPo battery and the power plug to the DC converter. Connect a power
button in series in the positive pole of the circuit. This button works as the main switch of the instrument. Solder the output cable of
the DC converter (OUT +, OUT-) to the ESP-WROOM in the 5 V and GND position according to the corresponding polarity. Pay
attention to the polarity.

. Assemble the servomotor: The power of the servomotor is fed by a 12 V battery. Join the power cable coming out for the servomotor

with appropriate wires and connect it to the DC converter in the IN + and IN- positions. Wire PIN 5 and PIN 18 to the Tx and Rx of
the servomotor by soldering using the appropriate wires.

. Assemble the rangefinder: The rangefinder is powered by 12 V battery, so join the power cable coming out for the rangefinder with

appropriate wires and connect it to DC converter in the IN + and IN- positions. ESP-WROOM delivers 3.3 V power to the RS232-TTL
module with the PIN 3 V3 and pin GND connected with its + and — positions. The serial port pins Tx and Rx from ESP-WROOM are
soldered to RS232-TTL by —> and <- terminals. Then at the output side of the RS232-TTL, the —> and <- terminals are joined by
wires with the R and T terminals of the rangefinder. In this way, the TTL signal is transferred to the RS232 signal and the
communication between the microcontroller and the distance sensor is established.

. Optionally, the RS232-TTL module and DC converter can be attached directly to the ESP-WROOM. To do so, contact pins are used

to solder them with the corresponding pins.

5.3. Installing the firmware

1.
. Select your Board in Tools > Board menu (In this case it’s the ESP32 Dev Module):
. Select the virtual serial port of the board (If the COM Port in your Arduino IDE does not exist, the CP210x USB to UART Bridge VCP

6.

Plug the ESP32 board into your computer through a USB cable. With your Arduino IDE open, follow these steps:

Drivers should be installed).

. Open the firmware of the instrument (roughness_firmware_20220829), and a new sketch will be opened in the Arduino IDE.
. Press the Upload button in the Arduino IDE. Wait a few seconds while the code compiles and uploads to your board (If ESP32 is not

in flashing/uploading mode, hold-down the BOOT button in your ESP32 board).
Press the ESP32 on-board Enable button and the firmware will work.

5.4. Potential safety concerns

The instrument emits a visible laser beam, which emerges from the front of the instrument. The laser is a CLASS 2 laser product

under IEC/EN 60825-1:2014. It may be hazardous to the eyes, so DO NOT look directly at the laser beam or aim it at other people
unnecessarily.

6.

Operation instructions

6.1. Setup and adjust the instrument

Mount the instrument onto the tripod. The instrument is equipped with a quick-release plate, which can be directly installed on the
tripod. First, turn the locking clip of the quick-release plate outward, and the button below the quick-release plate will pop up.
Then, insert the quick-release plate of the instrument host, press down the button on the quick-release plate, and the locking clip
will spring back automatically to lock the instrument.

Tilt the instrument about 10 degrees. First, loosen the “tilt and pitch adjusting screws”, adjust the angle by pushing the “handle” up
and down, tilt the host about 10 degrees, and then tighten the “tilt and pitch adjusting screws”. The purpose of the adjustment is to
make the laser emitted by the instrument tilt outward to prevent the laser emitted by the sensor from hitting the tripod. The
adjusted angle is shown in Fig. 9a below.

Adjust the height of the tripod legs and lift the center axis by turning the “crank” on the tripod. To reduce measurement error, the
instrument should be erected as high as possible. The adjusted instrument should look as shown in Fig. 9b.

Power on the instrument. Press the switch button on left side of the instrument to power it on.

Connect the smartphone to the instrument by Wi-Fi.
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Fig. 10. Connect the instrument. a) WLAN Setting part. b) Entering the address of the instrument.

From your Home screen, go to Settings > Wi-Fi.

e Turn on Wi-Fi. Your smartphone will automatically search for available Wi-Fi networks.

e Tap the Wi-Fi network named TP-LINK —BPE0021001 to join. You may be asked to enter the network’s password or agree to terms
and conditions before you can connect. The initial password is 12345678.

e Open the browser on your smartphone and enter the web address 102.168.4.1. Press Go to access the server on the instrument host.

The operation interface of the browser is as shown in Fig. 10

Adjust the three legs of the tripod to center the bubbles on the host. You can also drag the “Adjust vertical” button, as shown in

Fig. 11a on the smartphone, to adjust the angle of the instrument to center the horizontal bubble, as shown in Fig. 11b.

10
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Fig. 12. The interface of the measurement. a) The lower section of the user interface. b) The upper section of the user interface.
6.2. Measurement
As illustrated in Fig. 12a, click the “Measure” button to initiate the surface roughness measurement. This action will activate the
laser; please avoid direct exposure to the laser beam. Once the measurement is complete, the results will be displayed at the top of

the web page, as shown in Fig. 12b. The roughness values are reported in millimeters (mm), while the correlation length is provided in
centimeters (cm).
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Fig. 13. Comparison of roughness tested by pin meter and the instrument. a) Linear regression comparison of roughness measurements (R? =
0.974). b) Comparison of roughness measurements across sample points.

7. Validation and characterization
7.1. Validation

To validate the performance of the proposed instrument, a field test was conducted in Otog Banner, Inner Mongolia, in September
2022. The experimental site was selected based on terrain relief and vegetation coverage conditions, featuring scattered rocks that
enhance topographic variability. It exhibits significantly lower vegetation coverage due to salinization, desertification, and adverse
moisture conditions, with hard-textured substrates ensuring stability for repeated trials. The combination of degradation factors (salt
accumulation, sand mobility, and drought stress) and natural geomorphic complexity allows controlled simulations of ecological
dynamics while maintaining experimental reproducibility. The test was performed on two distinct soil types: silty loam and sandy
loam. For comparison, roughness measurements were obtained using a pin meter as a reference method. Fifteen measurement points
were selected, and surface roughness parameters were calculated using both the proposed instrument and the pin meter.

The validation procedure involved two steps. First, the proposed instrument was used to measure the roughness parameters at each
point. Subsequently, the pin meter was employed to measure the same soil surface sections at the corresponding locations. The pin
meter method required on-site photography, followed by post-processing using specialized software to extract the surface profile and
calculate roughness and correlation length parameters.

The results of the roughness parameters measured by both instruments are presented in Fig. 12. Linear regression analysis was
performed on two comparative datasets, yielding a first-order equation (y = 1.0449x — 0.1171) with coefficients derived through least
squares estimation. The coefficient of determination (R2 = 0.974) was calculated to evaluate model fit, indicating that 97 % of the
variance in the dependent variable is explained by the linear relationship. A strong correlation was observed between the roughness
values obtained from the proposed instrument and those derived from the pin meter (Fig. 13a), with a maximum error not exceeding
0.8 cm (Fig. 13b). The close agreement between the two methods confirms the accuracy and reliability of the proposed instrument for
measuring surface geometric roughness, meeting the requirements for field applications.

7.2. Summary and future work

In this study, we developed an open-source, portable instrument designed for rapid and accurate measurement of soil surface
roughness in field conditions. The device integrates a high-precision laser rangefinder, a compact servo motor equipped with a
planetary reducer, and wireless communication capabilities to ensure reliable and efficient data collection in outdoor environments.
The proposed instrument demonstrates high accuracy, with roughness measurements showing strong correlation to pin meter results
and a maximum error of less than 0.8 cm, confirming its reliability for field-based surface roughness measurements. At this current
resolution, the instrument is limited to characterizing roughness at the scale of nugget size, medium-sized soil aggregates, and larger
fractional components. It is unable to capture micro-scale roughness, such as fine soil aggregates and the surface texture of individual
structural elements (e.g. Tortuosity index). However, the key advantages of the presented device are its ease of use in field conditions,
ability to operate in daylight, and, most importantly, the provision of immediate roughness parameter data—eliminating the need for
the extensive data processing and photogrammetric computations typically required by other methods Table 3.

Currently, the instrument calculates angles based on positional data, which, while accurate, could be further optimized. The laser
ranging sensor (DEN-10-500) serves as the primary component of this instrument, constituting the predominant portion (>80 %) of
the total device cost. In scenarios where reduced requirements exist for both ranging precision (e.g., £3 mm tolerance) and mea-
surement sampling rate (e.g., <100 Hz), the implementation of an economical-grade sensor variant becomes technically feasible. This
configuration optimization demonstrates potential for achieving 20% cost reduction in instrumentation development while main-
taining baseline functional performance. A potential improvement involves integrating an angle sensor to automatically measure the
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Table 3
Comparative table between the new device and traditional methods.
Item The method Pin meter SfM photogrammetry Stereo-based 3D
proposed by this photogrammetry Laser scanner
paper
Cost Medium Low Medium High High
Accuracy Medium Medium Medium/High High High
Applicability  General, Non-contact, Contact, except Affected by ambient light and Affected by ambient light and Non-contact, Complex
Bare soil sandy soil Texture information Texture information data processing
Speed Obtain results on-site Post processing is Post processing is required Post processing is required Post processing is
required required

current angle, thereby enhancing measurement speed and reducing computational overhead. While the current design demonstrates
robust performance, additional protective measures could be implemented to enhance its durability during field deployment and
transportation. Furthermore, to improve usability and visualization for large-scale experiments, future iterations could incorporate
advanced web-based features, such as automatic GPS data integration and real-time image capture of measurement sites. These en-
hancements would further streamline operation and expand the instrument’s applicability in diverse field settings.
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