RESPONSE TO THE COMMENTS ON Ms. Preprint equsphere-2023-2596

Please note that in this rebuttal, reviewers’ comments are denoted in grey, our detailed response
is in black, and the new text of the revised version is in italics. Two different fonts are used for
the reviewer’s comments and the detailed response.

Response to REVIEWER #1

Thus, the general recommendation is reconsidered after major revisions.

Major Comments The table-top experiment in your manuscript presents some interesting ideas, notably
the investigation of LoRaWAN signal strength propagation through sand. However, the approach to
comparing results with classical equations of motion (EOMs) comes across as unnecessarily grandiose.
Additionally, the pendulum analysis comes utterly short, as a single harmonic oscillator is deemed as
model comparison, while the data clearly shows a beating effect. A significant oversight is the lack of
discussion on scalability, especially pertinent given the context of smart sensors in landslide
applications. In conclusion, substantial revisions are needed, particularly in data analysis for the
pendulum section and a more grounded portrayal of the comparison to classical EOMs.

Major points

1) However, the approach to comparing results with classical equations of motion (EOMs) comes
across as unnecessarily grandiose.

Response

Thank you to the reviewer for this comment on the comparison with EOMs. We gave particular
importance to this aspect because of the lack of experimental work on testing a similar
sensor to track boulders embedded in slow-moving landslides. Besides MEMS sensor
application on rockfalls (e.g. Niklaus et al., 2017; Caviezel et al., 2018, 2019; Noél et
al., 2023), this sensor application on boulders embedded in landslides was discussed
only in Dini et al. (2021) where no experiments were carried out. Dini et al., 2021
managed to determine the timing of movement but not the style or magnitude of
movement as they were limited to just an accelerometer (i.e. not full IMU). In recent
laboratory investigations published on NHESS (Dost et al., 2020), a similar sensor was
installed in five pebbles travelling within a granular flow and no validation was
proposed.

The present study aims to test a sensor to track cobble motion down an inclined plane
as a preparatory investigation to monitor boulders embedded in slow-moving
landslides. Sensors are thus used to find an overall estimate of the magnitude of the
movement. The comparison with EOMs was necessary to have an exploratory
validation of the overall movement reconstructed by combining sensor data and
camera-based position. By developing the camera-sensor fusion approach, the study
aims to fill the gaps in previous experimental work on this topic and make the results
and application of the sensors used more reliable for use in the field.



Although the sensor-based motion reconstruction does not match well motion equation
predictions at each time step, the range of displacements, orientation angles, velocity,
and acceleration in the experiments is similar to that predicted by the standard motion
equation (Table 2).

Table 2. Uncertainty estimation metrics for motion variables as derived from experiments on a 30° inclined. Uncertainty
estimation metrics. p, ¢ the sample mean, and standard deviation of experiments as described by camera and sensors
considering all repeats, respectively. Maximum and minimum values computed for motion equation predictions.

y (m) z(m) | vy (mis) vz (m/s) ay (M/s?) a; (m/s?)
V4 1.933 0.096 1.040 -0.378 0.025 -2.977
Experiments
= o 0.181 0.019 0.410 0.220 2.285 2.586
S | Standard Max 3.7 0.547 2.714 0.0 3.287 0.0
4 X
motion .
equation Min 0.088 | 0.060 0.0 -1.359 -1.281 -1.898
V4 0.786 0.229 0.974 -0.150 3.161 5.246
Experiments
=y o 0.080 0.025 0.379 0.158 5.701 1.567
g Standard Max 0.547 0.547 2.965 0.0 3.927 0.0
motion
equation Min 0.062 | 6.077 0.0 -1.428 -0.428 -2.267

The elements detrimental to this comparison are the irregular object shape that does not
hold in the conceptual model assumptions, the non-fixed position of the sensor within
the sensor enclosure, and the borehole and the cotton-pad buffer. These limitations
increase the degree of approximation in the sensor-based motion reconstruction and
make the assumptions under which rigid motion equations are based not hold. This
notwithstanding, the present sensor-based motion reconstruction represents an
improvement in the understanding of how to use smart sensors for granular flow
experiments.

The approach is different from previous MEMS applications in rockfalls tracking (e.g.
Niklaus et al., 2017; Caviezel et al., 2018, 2019; Noél et al., 2023) and granular flow
experiments (Dost et al., 2020). In rockfall MEMS application, videogrammetric
trajectory is aided by an accelerometer and gyroscope. Position and velocity are inferred
by videogrammetric trajectory, acceleration is used to characterise the impacts with the
ground and the number of block rotations over a given number of video frames. Thus,
acceleration and position are not combined in the fusion algorithm. Conversely, in Dost
et al. (2020), 5 tagged pebbles embedded in granular flow experiments were tracked
only by using the sensor installed in them without any position measurements.
However, the reconstructed pebble trajectories did not all lie within the flume walls
posing some questions on the reliability of sensor data in their own right. In granular
flow experiments, the camera cannot track particles not visible, and thus a different
framework must be developed to use smart sensors to study granular flows. Moreover,
in Dost et al 2020, no orientation angles were computed, and no validation was carried
out.




2)

We added Table 2 to the discussion to have an estimate of the uncertainty in the
experiments and better framed the novel use of the data-fusion approach in the context
of boulders embedded in the body of a landslide.

Additionally, the pendulum analysis comes utterly short, as a single harmonic oscillator is
deemed as model comparison, while the data clearly shows a beating effect.

Response

Thank you to the reviewer for highlighting the beating effect in the pendulum
experiments. The effect is likely to be due to two different factors: nonuniform mass
distribution of the cobble, and the lack of a rigid rod as a pendulum arm (a nylon thread
was used instead). For this reason, the pendulum weight tends to slightly rotate out of
the vertical plane introducing spurious rotations around different axes. Spurious
rotations introduce additional mode frequencies in the pitch orientation angles causing
the beating effect. ~ The orientation angles were computed by feeding the
accelerometers, gyroscopes, and magnetometer data in a filter developed by Mahoney
et al. (2012). The filter described by Mahoney et al. (2012) was conceived to describe
the orientation angles of a drone during flights. Besides the numerical error, the filter
bias is related to a low-cost IMU sensor that is sensitive to vibrations and small
movements. In the cobble, the sensor does not have a perfectly fixed position. The small
movements are likely to increase the filter bias.

Thus, the data-fusion approach based on camera videos and sensor outputs fails to
represent motion at each instant but manages to grasp the range of motion. The
approximation in the motion reconstruction is ascribed to the conceptual model
assumptions and some experimental conditions (cobble irregular shape, cobble
nonuniform density distribution, nonfixed position of the sensor). This notwithstanding,
given the potential to grasp the magnitude/range of motion, smart boulders embedded
in a landslide could be used to get insight into the overall range of motion experienced
in an event (Table 1). Thanks to the comment of the reviewer, we are adding more
clarity to this aspect by adding Table 1 shown below to the updated version of the
manuscript. The data shown in the table explain in more detail the evaluation of the
uncertainty of the data-fusion approach compared to the standard motion equation.

Table 1. Uncertainty estimation metrics for motion variables as derived from pendulum experiments. Uncertainty
estimation metrics. p, ¢ the sample mean, and standard deviation of experiments as described by camera and sensors
considering all repeats, respectively. Maximum and minimum values are computed for motion equation predictions.

Pitch(®)] y(m) | z(m) | vy(m/s) | v.(m/s) | ay(m/s?) | a,(m/s?)
Vi -0.090 -0.064 0.040 0.028 -0.016 0.083 -0.087
Experiments
o 0.053 0.352 0.020 0.564 0.063 0.569 0.167
Standard Max 0.331 0.658 0.112 1.487 1.487 3.076 1.078
motion
equation Min -0.332 -0.667 0.0 0.244 -1.487 -3.076 -1.059




We are planning to add pendulum experiment limitations to the discussion.

3) Asignificant oversight is the lack of discussion on scalability, especially pertinent given the
context of smart sensors in landslide applications.

Response

Laboratory experiments were carried out using a single cobble and thus the effect of
cobble size was beyond the scope of the experimental study. Data scalability surely can
play an important role in using this sensing technology when cobble size increases or
when multiple tagged cobbles/boulders stream data via LoRaWAN to the same
gateway.

The effect of boulder shape on boulders in rockfall motion has been studied in
laboratory experiments (e.g., Torsello et al., 2021) and field investigations (e.g.,
Caviezel et al., 2021). For kinematic and dynamic variables, scaling considerations
were thoroughly discussed in Iverson (2015). However, no study has analysed the data
scalability effect of shape on boulders embedded in the body of a landslide. A source
of uncertainty in data scalability may arise from whether the boulder remains embedded
in the body of a landslide for the entire duration of this motion changing the process
type and hence its scaling. No previous study has shown how magnetometer data can
change when the size of the object in which the sensor is installed increases. Thus, it is
yet to be found how to proceed with scaling on magnetometer data. Moreover, the
sensing network scalability depends on the number of devices streaming data to the
gateway (Hart and Martinez, 2020). In the landslide sites under investigation with this
technology, around 25-30 sensors are installed in boulders and all of them are connected
to a single gateway (Roskilly et al., 2022, 2023). By increasing the number of gateways
or the gateway bandwidth it is possible to cope with a network connecting more sensors
and larger data size.

Thanks to the comments of the reviewer, we plan to add a subsection on data calability
in the updated version of the manuscript.

4) In conclusion, substantial revisions are needed, particularly in data analysis for the pendulum
section and a more grounded portrayal of the comparison to classical EOMs.
Response
We addressed this specific comment in points 1) and 2).
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Specific comments

Figure annotations: While there are strong opinions around for this one, feel free to stick with yours:
mine would be “x (m) “ instead of “x[m]”. The [] brackets are in physics the unit operator used in
dimensional analysis. Hence [x] = m, [mag] = G, and so on.
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We now will use round brackets instead of square brackets in all figure annotations following
the suggestion of the reviewer.

L 94-97: Leave out the obvious. The committed reader will find out about the structure of the paper.

Response

We are planning to rephrase that part at the end of the introduction following the reviewer’s
suggestion. The amended lines read as follows:

“This study shows the results from LoRaWAN data transmission tests and the findings on raw
and processed data for the cobble motion (Section 3). After comparing experimental results to
standard motion equations (Section 4), the study discusses the strengths and weaknesses of the
smart sensor technology in monitoring boulders and the challenges awaiting to be addressed
to improve the technology (Section 5).

L115-116: distinguish between a 9DOF IMU and a 3DOF accelerometer. Yes, the web page states the ST
LIS2DH tracks motion, but it actually only tracks accelerations. Be precise.

Response
In lines 115-116, the word “motion” was replaced with “acceleration” to make the sentence
precise.

“The device has an additional low-power 3-axis accelerometer sensor (ST LIS2DH) that
monitors acceleration continuously.”

L120vs L 115: The introduction of the smart sensor as mini-GPS Tracker, and only stating later, that GPS
is switched off, is confusing. Sensor experts wonder immediately, what use a GPS tracker is for an indoor
experiment.

Response

The specific name of the Miromico-manufactured sensor is “mini-GPS Tracker”. However, we
agree with the reviewer that in this context the sensor name is misleading since the GPS was
deactivated in the indoor experiments. Thus, the sensor name was deleted to avoid confusion.
The lines were rephrased as:

“Specifically, the smart sensor used was a Miromico-manufactured device (Miromico manual,
2020a, b) equipped with a 9-axis sensor comprising accelerometers, gyroscopes, and
magnetometers (ST LSM9DSI).”

Moreover, in lines 119-120, “and a GPS receiver (this was deactivated for indoor
experiments)” was deleted to avoid confusion.

L115: Please add an image of the stripped down, commercially available Miromico to Figure 2.

Response

We added an image of the sensor in Figure 2c and changed accordingly the figure caption.
Please find below Figure 2 after the corrections.
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Figure 2. Laboratory experiments pictures. (a, b) Cobble rendering. (c) Sensor tag. (d, e, and f) Sensor installation in
the cobble. The starting position of the cobble within the release box for (g) rolling experiments and (h) sliding
experiments while embedded in a thin layer of sand.

Figure 4: Please add RSS! and SNR explanations for only image-readers. Increase resolution of images,
they look pixelated.

Response
We increased the figure resolution and added a brief explanation of RSSI and SNR in the
caption. Please find below Figure 4 after the corrections.
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Figure 4. Cumulative probability distribution of (a and b) Received Signal Strength Indicator (RSSI) and (c, d) Signal
Noise Ratio (SNR) when the signal is transmitted through different sand layer depths, namely 0 cm, 5 cm, 8 cm, and
10 cm. RSSI and SNR are measurements of the signal power received in the gateway and the ratio of the signal power
and the noise power, respectively. (a, ¢) Accelerometer and gyroscope packets. (b, d) Magnetometer packets.

Figure 5: Increase dpi.

Response

Thank you for this comment. The figure resolution was increased to 580 dpi. Moreover, | made
the changes suggested by reviewer 2: the range of the x-axis is set equal in all subplots (a-f)
(namely, 0.0 s - 2.8 s), the range of the y-axis is set equal in the corresponding subplots (a and
d; b and e; c and f). Please find below Figure 5 with increased resolution.
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Figure 5. Raw recordings of the three sensor types on a 30° incline for (a, b and c) a rolling experiment and (d, e and f)
asliding experiment. (a, d) gyroscopes data, (b and e) accelerometers data. (c, f) Magnetometers data after upsampling.
The solid line refers to the x axis, the dashed line to the y axis and the dotted line to the z axis. The solid red line shows
the time when the cobble passes over the slope break.

Figure 6: Increase dpi. Legend with capital letters in Test 1, etc.

Response
The resolution will be increased, and amendments will be made to the legend. Please find below
Figure 6 after the corrections suggested.
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Figure 6. Trajectories extracted from camera videos for (a) rolling tests and (b) sliding tests carried out on a 30° incline.
The rolling tests were repeated three times, the sliding tests were repeated four times. Each run is denoted by the
different line styles. The solid red line defines the position of the slope break.

Equation 1: | have seen this before, the equation and the ascribing to a specific publication dated from
this century. With all due respect for your work, as a respectful note to a fellow scientist, it's crucial to
maintain academic integrity and historical accuracy in scientific publications. Attributing well-
established scientific principles, such as the equation representing total mechanical energy, to
contemporary authors overlooks the foundational work of early physicists like Isaac Newton and
Leonhard Euler. Yes, we are talking the big names here. This not only misrepresents the origins of these
fundamental concepts but also undermines the rich history of scientific discovery. It's important for all
scientific literature to accurately reflect the development of these theories over time and give credit

where it's historically due.

Response

I made some changes using only book references to introduce classical physics equations. Total
Kinetic energy equation (eq. (1)) is introduced using the reference “(e.g., Diaz, 2019)”, whereas
standard motion equations (egs. (2) and (5)) are introduced using the reference “(e.g. Kamberaj,
2021)”. Classical mechanics books introduce fundamental concepts acknowledging the work
of the fathers of mechanics and frame their foundational work highlighting their importance

within modern physics.




Diaz, E. O.: 3D Motion of Rigid Bodies - A Foundation for Robot Dynamics Analysis. Springer
Cham, pp. 474, https://doi.org/10.1007/978-3-030-04275-2, 2019.

Kamberaj, H.: Classical mechanics, Berlin, Boston: De
Gruyter, https://doi.org/10.1515/9783110755824, 2021.

Equation 2, 3 and 4: A rigid body travelling down a tilted plane and its associated equations of motion
are a common high-school problem. While it is perfectly valid to restate these equations here - again,
not really invented or proposed the first time by any individual in the 21st century - as they are applied
in a specific context, such as the kinematics of a rigid body traveling down a tilted plane with varying
curvature, a lengthy derivation is unnecessary.

Response

We deleted equations (2)-(3) and (7)-(12) as they can be easily derived from standard motion
equation (egs. (2) and (5)). Thank you.

Pendulum Oscillation: The derivation of the pendulum oscillations equations starting from line 465 in
the document is a detailed and lengthy process. It appears to be a standard approach found in textbooks
on classical mechanics. While thorough, the extended focus on these foundational equations might be
considered excessive for a journal publication, where readers typically expect more concise
presentations of well-established theories.

Response

Equations of classical mechanics are stated to define the nomenclature used in the validation
section. Equations (2)-(3) and (7)-(12) were added in the manuscript only for the sake of
completeness. To cut the description of well-known equations and not indulge in their
presentation, equations (2)-(3) and (7)-(12) were deleted.

Fig. 12 and 13: The significant discrepancies observed in the comparison with the classical equations of
motion are a critical issue. The noted beating in the signal is particularly concerning and suggests a
fundamental problem that needs to be addressed. It's imperative for the authors to rigorously
investigate the origins of these discrepancies. This deeper analysis is crucial for assessing the validity of
using the sensor technology in the context of these standard motion equations and for ensuring the
accuracy and reliability of the study's findings.

Response
We addressed this question in point 2) above.

General remark on “modelling”: To clarify, comparing experimental results with classical equations of
motion should not be termed "modelling" in a strict sense. This comparison is more accurately described
as a validation or verification step, where the experimental data is tested against established theoretical
principles. "Modelling" typically refers to the development of new theoretical frameworks or the
application of existing theories to simulate complex systems, which is distinct from merely comparing
data with standard motion equations. This distinction is important for accurately conveying the nature
of the scientific work being done.

Response
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We agree with the reviewer’s comments. To highlight the distinction between new theoretical
frameworks and standard motion equations, we replaced the label “Modelling” with “Motion
equation” in all figures. Moreover, in the text, we replaced “theoretical predictions/results”
with “motion equation predictions/results” and “modelling predictions” with “motion equation
predictions”.

The data-fusion approach presented in the study enables describing even complex cobble
motion (for example when the cobble bounces on the table). The fused solution gives more
information than camera tracking or IMU alone. On the one hand, by using only inertia sensor
data, acceleration, velocity, and position are not estimated well and by using only camera-based
positions, orientation angles and angular velocity are not estimated and separating between
rolling and sliding becomes less intuitive.

The averaged values of motion variables computed by the data fusion approach are in the same
range as the corresponding variables computed by the standard motion equation (Tables 1 and
2). Thus, despite the cobble irregular shape, non-uniform mass distribution, and nonfixed
position of the sensor embedded, the fused solution captures an overall movement that is
physically based. However, by looking at how each motion variable changes over time, there
are discrepancies. These deviations cannot be fully explained by standard motion equations, or
the data fusion approach developed in the study. On the one hand, the standard motion
equations are not ideal for thorough validation. Cobble motion down the slope is more complex
than what is simply described by the standard motion equations that do not consider
nonuniform mass distribution, the irregular shape, and thus different areas of contact with the
plane. The cobble pendulum is not built using a metal rod and thus, since the mass distribution
and shape are not regular, there are spurious rotations interfering with those on the vertical
plane. Thus, assumptions under standard motion equations do not perfectly hold in the cases
considered.



