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ARTICLE INFO ABSTRACT

Large wood (LW), delivered to the river channel in the course of commercial forest harvesting, or generated
during natural events, can be mobilised during floods. The movement of wood along the river corridor involves
complex cycles of recruitment, mobilisation, transportation and deposition. These processes are affected by the
size, buoyancy, roughness and complexity of the wood components, as well as the relative spatial density and the
character of the channel boundary elements. In order to understand the probabilistic behaviour of woody ele-
ments within the fluvial system, it is important to be able to characterise the timing, mechanisms and duration of
the various phases of wood transport. Due to a lack of suitable sensing technology, a detailed understanding of
LW recruitment, transport and accumulation processes has thus far been elusive. In this study we introduce a
technique using a nine-degrees of freedom (9-DoF) sensor embedded in a ‘SmartWood’ dowel that shows strong
potential for measuring and recording LW movement. The SmartWood assembly comprises an integrated sensor
with an inertial measurement unit (IMU), accelerometer, gyroscope and magnetometer, installed in a wooden
dowel that is scaled to represent a tree stem in the flume. The sensor is able to record the many different motions
of LW transport. The sensor-tagged wood dowel is density-compensated, with a specific weight of 0.5 gcm 3. A
series of verification and experimental tests was carried out to evaluate the applicability of this new technology
for LW research and is presented herewith. Experiments were conducted in a 6.3 m long and 1.5 m wide flume
with sinuous channel course and mobile gravel bed conditions, with a discharge of up to 101's~*. We show that
LW movement during transport, particularly starting, rolling, yawing and stopping processes, but also LW im-
pacts, can be quantified within a flume environment. These findings can be further developed to obtain the
translational movement behaviour of LW, which is needed to refine probabilistic models of downstream tra-
jectories. Understanding complex LW movement is essential for informing freshwater and forestry management
guidelines.
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1. Introduction

Wood is recruited to river channels via a range of natural processes,
such as wind throw, bank failure (Rusyda et al., 2014), landslides and
debris flows (Stubblefield et al., 2009), leading to the entrainment of
large wood (LW) into a fluvial system. Large-scale forest harvesting in
steep terrain may also introduce wood to the channel (Phillips et al.,
2018). Once LW enters a river channel, it can be mobilised, transported
and randomly deposited along channel margins. In some cases, LW may
form complex accumulation structures (Fig. 1), interacting with ri-
parian vegetation, but also river-crossing infrastructure such as bridges
and weirs. Such infrastructure is a critical lifeline for rural commu-
nities, and these can be particularly vulnerable. LW impacts can lead to
bridge failure, causing disruption to transport and leading to the
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isolation of communities (Gschnitzer et al., 2017). Thus, it is important
to understand how LW movement affects channel hydraulics and
morphology, and follow-on effects for infrastructure and the river
ecology.

From an ecological perspective, wood budgets provide an integrated
model of the flux of woody material from catchments, but we still do
not understand the dynamics of entrainment, interaction with channel
flow and boundaries, and final deposition, as the assessment is complex
and challenging (Tonon et al., 2018). Capturing the complex movement
processes of LW is difficult due to a lack of appropriate sensing tech-
nology. Airborne and field-based monitoring of environmental pro-
cesses have become more popular for LW research, in order to quantify
wood budgets and study wood fluxes by means of high-resolution
photography (Smikrud and Prakash, 2006; Milani et al., 2018), video
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Fig. 1. An exceptional example of large wood (LW) accumulation on Tapuae Stream after a storm event at a river on New Zealand's East Cape in 2017.

capture (MacVicar and Piégay, 2012; Ruiz-Villanueva et al., 2018),
laser scans (Geerling et al., 2007; Richardson and Moskal, 2016;
Magnussen et al., 2018), or electromagnetic tags implanted into se-
lected logs (MacVicar et al., 2009; Schenk et al., 2014; Ravazzolo et al.,
2015). These studies allow for quantification of instream wood, and
determination of sites of mobilisation and deposition for individual LW
pieces. However, hardly any studies are available that provide an in-
sight into LW movement processes, downstream trajectories, transport
mechanisms and the dynamic forces involved in wood mobilisation and
transfer.

Understanding LW movement is important (i) for the evaluation of
entrainment processes of wood into a river system, (ii) for under-
standing log remobilisation and transport activity (Braudrick and
Grant, 2000) and (iii) for identifying ‘key’-logs that tend to strike and
accumulate at critical cross-sections, initiating LW accumulations and
damaging river-crossing infrastructure, as well as the environment.

1.1. LW definition and processes

Wood from both natural and anthropogenic sources influences the
ecology and geomorphology of a river (MacVicar et al., 2009;
Ravazzolo et al., 2015). It can influence the riparian processes of ero-
sion and sedimentation (Assani and Petit, 1995; Ravazzolo et al., 2015),
as well as the ecological diversity of rivers, forming aquatic habitat and
acting as a food source for organisms in the riparian environment
(Gurnell et al., 2002). Previous studies have defined LW as pieces of
wood with length and diameter greater than 1 m and 0.1 m, respec-
tively (Nakamura and Swanson, 1994; Abbe and Montgomery, 2003;
Wohl and Jaeger, 2009; Martin et al., 2018). In general, LW undergoes
three main processes in its downstream movement: (i) recruitment and
entrainment, followed by (ii) transportation in the stream channel be-
fore (iii) final deposition, the latter often involving complex accumu-
lation processes. Typical residence times of LW in stream channels have
been found to be in the order of a few years (Piegay et al., 1999) up to
several centuries (Keller and Tally, 1979; Harmon et al., 1986), de-
pending on factors such as the channel slope, floodplain width and the
confinement of the valley.

Studies of wood in stream systems have found that when water
depth reaches a point relative to the log diameter, buoyant LW elements
will float and become primed for entrainment. This instability leads to
mobilisation (Braudrick and Grant, 2001; Bocchiola et al., 2006;
Davidson et al., 2015). Braudrick and Grant (2000) further postulated
that entrainment is a function of four parameters, namely log length,
diameter, density and orientation. Logs with an orientation perpendi-
cular to flow direction have shown a higher probability for transport

initiation (Davidson et al., 2015). A case study showed that in most
native New Zealand streams, wood deposited on floodplains or bars
tends to be aligned perpendicular (90°) to flow direction (Baillie and
Davies, 2002). Determining the actual sequence of mobilisation pro-
cesses is difficult due to a lack of applicable techniques and meth-
odologies. For instance, there are likely to be sliding and rotational
movements (Ruiz-Villanueva et al., 2016a) that contribute significantly
to log entrainment, though these mechanics are poorly understood.
Improving our knowledge of mobilisation processes can help in devel-
oping probabilistic - or even mechanistic - models of log recruitment.

LW is transported downstream during high flow events, normally in
the rising limb of the hydrograph (Ravazzolo et al., 2015), with in-
creasing flow depth. Braudrick and Grant (2001) found that LW is
generally transported along the centreline of a stream and is aligned
parallel with the flow, however, interactions with other floating LW,
embankments and in-stream bars may disturb parallel and centred
movement, adding more complexity to transport processes and down-
stream trajectories. It has been found that as wood volume in transit
increases, transportation generally decreases, owing to congestion of
woody elements (Ruiz-Villanueva et al., 2016b). Movement of LW en
masse becomes a probabilistic problem, and therefore more estimates of
transit times are needed to develop adequate models for the bulk
transport of riverborne wood.

We know that deposition generally occurs on the river bed or on
bars in low flow conditions, often in areas with high roughness (Wyzga
et al., 2017). Individual logs, once deposited, tend to collect even more
LW and consequently one well-lodged wood element can become the
nucleus for a large jam. There is clearly a complex relationship between
river stage, buoyancy of a given wood mass, and the snagging of
branches or rootwads with immobile boundary elements (including
other deposited wood).

1.2. Remote sensing of LW

LW in the riparian environment is a widely researched topic, with
studies having been undertaken both in situ (MacVicar et al., 2009;
Ravazzolo et al., 2015; Ruiz-Villanueva et al., 2016b; Wyzga et al.,
2017) and in the laboratory environment (Rusyda et al., 2014;
Davidson et al., 2015; Gschnitzer et al., 2017). Some of these studies
have looked at the use of sensors, in the form of radio-frequency
identification (RFID) tags to help understand LW movement, but these
are limited in their application as they only provide information about
where LW started and finished its journey (MacVicar et al., 2009;
Ravazzolo et al., 2015; Wyzga et al., 2017). Research in areas other
than LW, such as debris transported through tsunamis (Goseberg et al.,
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2016) or in geotechnics and fluvial geomorphology (Hiller et al., 2014;
Olinde and Johnson, 2015; Gronz et al., 2016; Valyrakis and Farhadi,
2017) has also applied RFID and sensors. There have been tremendous
advances and insights offered from these sensor-tagged tracer studies
that help to better understand the transfer of wood, debris and sediment
through various environments. Fluvial tracer studies have demon-
strated that smart sensors can be effectively used to characterise the
probability functions for entrainment, movement modes, deposition
and rest times between transfer episodes.

Olinde and Johnson (2015) used active smart pebbles equipped
with an accelerometer unit for particle tracking, and reported difficul-
ties in differentiating between real movement process and clast rocking
in place. Sensors that track orientation and position in three dimen-
sional space with great accuracy are not suitable for many applications
due to the extreme cost or inappropriate size (Ahmad et al., 2013).
Motion can be tracked with inertial measurement units (IMUs), which
are low cost, low processing power and compact orientation sensors.
These have been applied in a variety of research areas, including
medical rehabilitation, sports analysis and animal behaviour analysis
(Ahmad et al., 2013; Aldoumani et al., 2015). Due to forces from mo-
tion (accelerometer), changes in angular velocity (gyroscope) and
magnetic field (e-compass, magnetometer) position and orientation in
all three-dimensions can be estimated over time (Ahmad et al., 2013;
Fischer et al., 2013; Goseberg et al., 2016). The ability to measure body-
frame rotations, as well as force energies, makes these types of sensors
useful for hydraulic research and LW tracking.

Despite the successful implantation of the sensors mentioned above,
there are challenges in using the obtained information for accurate
translational and rotational motion tracking. Orientation can be re-
presented through the use of Euler angles or quaternions (Fischer et al.,
2013; Aldoumani et al., 2015). Euler angles of roll, pitch and yaw
(Fig. 2) are commonly used, as they provide an intuitive representation
of orientation, however they are prone to errors, such as the issue of
‘gimbal lock’ (Madgwick et al., 2011). Gimbal lock refers to a problem
of axis parallelism, when at least two of the three gimbal axes align to a
single plane, resulting in the loss of one degree of freedom (Hoag,
1963). These same issues do not apply to quaternions (Madgwick et al.,
2011). Smart sensors allow the visualisation of orientation and move-
ment of LW as they are transported, without the need for constant vi-
sual contact. Position estimates can be found through the integration of
acceleration values through time, similar to the process of dead reck-
oning commonly used in pedestrian tracking, following the rotation of
the sensor body frame to the global frame (Fischer et al., 2013). Each
integration calculation introduces a new component of drift error, ty-
pically resulting in large discrepancies between observed and
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Fig. 2. Roll, pitch and yaw as a frame for orientation.
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calculated results (Ahmad et al., 2013). There are a number of algo-
rithms available to suppress the drift in orientation using mathematical
formulas (Madgwick et al., 2011; Liu et al., 2018), however, these al-
gorithms work as a filter using a specific threshold value with the aim of
gait pattern tracking. This means that after each step, the sensor reg-
isters a period of signals showing very few deviations, which suggests
that the object is at rest. Thereupon, the algorithm detects the touch-
down on the ground and keeps orientation computations static, which
limits the drift, until threshold-exceeding signals are registered.

Apart from using accelerometer data to estimate position and or-
ientation, the sensor readings from the accelerometer can be used for
recording impact forces (Goseberg et al., 2016). There have been major
advances in measuring impact forces using IMU's, most notably in
medicine (Worsey et al., 2019) and in the automotive industry, re-
cording crash tests (Xu et al., 2018). Changes in acceleration con-
tinuously occur for LW through interaction with channel boundaries
and river-crossing infrastructure, but also due to wood-wood interac-
tion processes and changes in flow hydraulics. Measuring the magni-
tude of these accelerations allows researchers to determine the impact
forces of LW in transit.

1.3. Objectives

This study focused on the suitability of using the new smart sensor
technology to monitor the movement behaviour of LW in a scaled
gravel bed river in the laboratory. It was essential to interpret and
verify smart sensors data using video capture, in order to accurately and
independently track the movement of scaled LW in the flume. The
sensors are capable of measuring acceleration, angular velocity and
magnetic field strength for all three dimensions - nine degrees of
freedom (9-DoF). They were implanted into wooden dowels (scaled
LW), to be used in the laboratory flume. To our knowledge this type of
smart sensor has not been applied to this area of LW research pre-
viously.

Our objectives were:

(i) to evaluate state-of-the-art smart sensors for application in LW re-
search in a wet, turbulent and impact-prone environment for a
variety of criteria, including water-proofing, power consumption,
memory, data transfer, sensor control, and shock-resilience, and

(ii) to assess the capability of the sensors for quantification of LW
movement behaviour in the flume, considering mobilisation,
transport and deposition processes, given the constraints of re-
cording frequency (resolution) and data processing for position and
orientation estimates, using independent measurements.

9-DoF sensor data results of LW rotational and translational move-
ment during transport are discussed in relation to our currently limited
understanding of LW transport processes.

2. Experimental setup

A hydraulic flume representing a characteristic New Zealand gravel-
bed river was set up in the Hydraulic Engineering Laboratory at the
University of Auckland to perform LW experiments. The flume is laid
out as a sinuous channel with live-bed conditions and fixed embank-
ments. The entire experimental setup is scaled at a ratio of 1:15, in-
cluding bed materials, wooden elements and discharge rates. The
channel ranges in width from 0.8 to 1 m, over a length of 6.3 m with a
gradient of 0.02 (Fig. 3). Bed material is a mixture of angular gravel (4
to 63 mm), and the immobile lateral channel boundary is covered with
an 8 to 16 mm gravel and cement mixture. The relatively coarse gravel
material is representative of cobbly material, with rough prototype
channel elements, such as boulders up to 1 m in diameter. Wood dowels
with a length of 267 mm, and 22 mm in diameter, were used to simulate
LW elements in the flume, representing wood log dimensions of 4 m in
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Fig. 3. Custom-designed hydraulic flume for LW research at the University of Auckland, New Zealand (a). Three-dimensional Structure from Motion (SfM) model of

the flume channel (b).

length and 0.33 m in diameter. This scaling is consistent with standard
logs cut in timber production and represents the simplest realistic case
of wood introduced to the channel, which reduces the complicated ef-
fects of branches and rootwads. Flow rates in the flume are controlled
via electro-magnetic valve and can range up to 751~ ?, which is re-
presentative of a flood event with a magnitude of 60 to 80 m*s™? for a
prototype catchment roughly 100 km? in area. A bridge with a pier in
the centre of the channel is installed 4 m downstream from the inlet,
simulating a ‘one-lane’ river crossing with prototype dimensions of
22.5m in length and a width of 3.6m. The installation of a video
camera above the inlet of the flume, with a view in the downstream
direction, enables recording of the experiments.

The 9-DoF smart sensors were inserted into the centre of the cy-
lindrical wooden dowels (Fig. 4a), similar to those used by Braudrick
and Grant (2001), Rusyda et al. (2014) and Gschnitzer et al. (2017). It
was assumed that the average density of wood logs encountered in the
riparian environment would be equal to 0.5g-cm ™3, consistent with
Pinus radiata. Pinus radiata is a softwood of medium density that is
widely planted throughout New Zealand. This is the same density as
used by Braudrick and Grant (2000). Three sensors were deployed to
assess experimental variation in the data; however, we show results for
only one of the sensor-tagged dowels, for clarity.

Each dowel was hollowed out, with a 10 mm diameter hole bored
through the full length of the dowel (Fig. 4b). The sensor was then
gently pushed into the hollowed dowel so that it was located exactly in
the centre. The sensor density was estimated to be 1.75gcm™ 3. To
ensure that the sensor-tagged wood dowels maintained an overall
0.5 g.em ™2 density, holes of 12mm in diameter and 80 mm in depth

were bored into either end of the dowel to shed some further weight.

To allow for the wood dowels to be easily identified, they were
painted with different colours. To restrict water entry and to ensure
easy removal and insertion of the sensors, wool was used to partially fill
the holes, and polyurethane (PU) foam was used to close off the ends of
the dowels. Finally, the ends of the sensor-tagged dowels were sealed
using hot-melt adhesive.

Specific features (Table 1) of the 9-DoF smart sensors (Fig. 4c) make
them well-suited to LW research applications. The IMU casing is wa-
tertight and includes a 1.6 V, 600 mAh battery, enabling multiple hours
of usage. The cylindrical form of the dowels is amenable to housing the
sensor. A wake-up function automatically starts measurement once the
sensor-tagged wood dowel experiences motion (vibration). When no
motion is registered the sensor stops measuring by switching to stand-
by mode in order to save memory. Our smart sensor unit is equipped
with Wi-Fi, using the 915 MHz frequency band, allowing live commu-
nication over a range of 100m during experiments, and memory
download, even when still inserted in the wooden dowels. Measure-
ments were obtained from the accelerometer, gyroscope and magnet-
ometer at a sampling frequency of 100 Hz. Internally, the accelerometer
operates at 1600 Hz, the gyroscope at 3200 Hz and the magnetometer
has an upper limit of 300 Hz for data collection. All output data are time
synchronized and saved in raw as well as .csv format on an internal
2MB flash memory. At a measuring frequency of 100 Hz the accel-
erometer data show a maximum noise signal of 1.5mg, for each
channel (axis). The noise range for the gyroscope at the same frequency
is 0.04 deg~s’1 rms (root mean square) and for the magnetometer it is
about 2 uT.
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Table 1

Smart sensor specifications.
Sensor detail Specification
Length 105 mm
Diameter 10mm
Battery 1.5V, 600 mAh
Lifetime 2.5h to 10 years
Frequency 12.5, 25 and 100 Hz
Memory 2MB
Accelerometer 0.5mgtol6g
Gyroscope 0.1 to 2000 degs ™!
Magnetometer 0.3 to 1300 uT
Temperature 0.01°C
Stop recording 1s
Wake-up 1/100s
Communication Wi-Fi/USB

915 MHz for NZ
Windows 7, 64-bit

Wi-Fi frequency
Operation system

3. Methodology
3.1. Verification tests

Verification was required to ensure that all sensors produce similar
outputs and are adequately oriented, as well as balanced, inside the
IMU. This involves independent parameter testing for each of the
measuring units (accelerometer, gyroscope and magnetometer), to en-
sure the output data match the sequence of physical events.
Acceleration, angular velocity and magnetic field were tested along
three axes, using a combination of different apparatus for axes isolation.
A drop test, dropping the sensors three times, was used to verify the
acceleration readings of the sensors. A drill rotation test, where the
sensors underwent three sets of three full rotations at a predefined
constant speed, was used to test the gyroscope and magnetometer
readings of the sensors.

For the drop test, the 75 mm freefall of the sensor was guided by a
hollow vertical steel tube, 5mm wider than the diameter of the sensor
(Fig. 5a & b). The bottom was cushioned with a piece of rubber to
protect the sensor and stop it bouncing when it impacted the base of the
drop test apparatus. As this system can only measure acceleration along
one axis, the x-axis, another drop apparatus was constructed to measure
acceleration in the remaining two axes, y and z. Here, the sensor was
lifted on a platform to a marked height of 150 mm (Fig. 5d), to be re-
leased and fall down, impacting on the bench (Fig. 5e). The different
axes were measured by rotating the sensor so that acceleration in the y
and z-axes of the sensor (rotation of 90°) could be measured. In order to
achieve good verification results and negate additional acceleration, the
platform was lifted over an interval of 10 s to the test elevation.

Both gyroscope and magnetometer data were captured using the
same apparatus (Fig. 5c & f) for verification. The apparatus consisted of
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Fig. 4. Sensor-tagged and scaled SmartWood dowel
(267 mm long, 22 mm diameter), individually coloured
for the hydraulic flume experiments (a). Sketch of the
SmartWood dowel (b), showing the hollow, 10 mm cen-
tral shaft for installation of the smart sensor and the filled
(density-compensated) cavities on both ends. The 9-DoF
smart sensor consisting of IMU (accelerometer, gyro-
scope, magnetometer, on-board memory and battery)
implanted in a cylindrical housing, 105 x 10 mm, with a
NZD $2 coin for scale (c). The ends of the SmartWood
dowel are sealed using PU-foam and silicone.

a hand drill, held in a vice, with an integrated speed dial that controlled
the speed of drill rotation. Verification of the x-axis was performed
using a vertical-facing drill, whereas for y and z-axes a horizontally
positioned drill was required. The sensor was therefore attached in a
specially designed console holder, so that the different axes could be
isolated with respect to Earth's gravity of 9.81 mss™2 or 1g, according
accelerometer reading. Each rotational measurement was kept to three
rotations, with pauses of 5s in between. The rotational velocity was
kept in a range of 75 to 100 deg's ! via the speed dial.

For rotational motion, the axis symmetry of the measuring units
enabled a combination of gyroscope and magnetometer verification
tests. Results of rotational verification tests could be plotted together,
for each individual axis, in the x, y and z directions. Raw sensor data are
displayed in Fig. 6¢ & e; Fig. 7a, c & e on the left hand side, each starting
with measured ‘Sensor Data from Gyroscope’, indicating the angular
velocity in degrees per second (deg:s ') in the top graph, followed by
‘Sensor Data from Accelerometer’ in g-force (g), and ‘Sensor Data from
Magnetometer’ revealing the magnetometer flux in microtesla (uT) over
time in the bottom graph. Euler angles are displayed on the right hand
side of the figure, as a measure of orientation with respect to a fixed
coordinate system in degrees (deg) over time (s) for roll, pitch and yaw
(Fig. 2). A tendency for sensor readings to ‘drift’ was expected
throughout data processing (Madgwick et al., 2011). Drift, for our
purposes, is defined as the time-dependent deviation between measured
signal and real movement, which occurs during integration of raw
sensor data. These deviations become obvious during periods of idle
sensor position, and are difficult to determine for periods when the
sensor is in motion.

3.2. Experimental tests

Experimental data were generated using the SmartWood dowel that
was mobilised and transported downstream by flow. Flow rates were
gradually ramped up from 4 to 101s™?, sufficient for the mobilisation
and transport of the sensor-tagged dowel. At a predefined cross-section,
3 m upstream from the bridge section, the SmartWood dowel (Fig. 4)
was placed in the channel centre, set at a predefined angle relative to
the flow direction, specifically 0°, 45° or 90°. Dowels were placed
carefully with positive z-axis facing up, and the x-axis facing down-
stream. Only a single SmartWood dowel was placed and tracked at a
time. Discharge at the outset was a base discharge of 41's~*. The sensor
was set to measure all nine sensor channels at a frequency of 100 Hz.
Simultaneously, a camera recorded the dowel's movement. The dis-
charge was increased to 101s~ ! (a flood event of roughly 9m>s~! in
our prototype channel) over a period of 10 s, entraining the SmartWood
dowel and transporting it downstream. After passing the bridge, the
SmartWood dowel was collected at a wood retention screen installed
within the outlet structure of the flume. At this point, the measurement
ended, the discharge was decreased to base discharge, the memory was
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read out and the camera was switched off.

3.3. Data analysis

After each test, memory was read for further processing in Matlab.
As the sensors contain an inbuilt digital filter, the only pre-possessing
that was necessary was to smooth the magnetometer readings which
exhibited noise, most likely due to the presence of metal in the flume
and laboratory environment. Quaternions were used to estimate the
orientation of the sensors. An Attitude and Heading Reference System
(AHRS) was used to output these quaternions, and convert them to
Euler angles so they could be intuitively displayed (Madgwick et al.,
2011). The AHRS algorithm designed by Madgwick et al. (2011) was
further used to counteract the potential effects of gimbal lock. This
process combines integrated gyroscope readings with acceleration and
magnetometer readings to estimate orientation, which is then plotted,
to allow novel insights into LW movement behaviour. Without the gy-
roscope and magnetometer information it was very difficult to distin-
guish between movement in the downstream direction and rocking in
place, either from particle impacts or water turbulence (Olinde and
Johnson, 2015).

4. Results and discussion

All measurements were obtained using the same SmartWood dowel
for verification and experimental tests. Each test used about 0.2% of the
available internal memory. Battery lifetime was clearly adequate, as no
change of battery was required for the entire experimental series, with a
remaining capacity of more than 30%. Reading of memory and program
upload for the next tests took one to 3min; most of this time was
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Fig. 5. Setup for Smart Sensor verification
in the laboratory, consisting of a vertical
drop test (a, b), from a height of 75mm
onto a rubber layer (red), in order to mea-

sure acceleration along the longitudinal axis
of the sensor. (c) Rotational test for asses-
sing gyroscope and magnetometer perfor-
mance, aligned to the longitudinal x-axis.
(d, e) For verification of the acceleration
along the vertical z- and lateral y-axes of the
IMU, a platform is used to simulate drop
tests from a height of 150 mm. A rotational
test, shown in (f) allows for verification of
angular velocity and magnetic field strength
around y- and z-axes. (For interpretation of
the references to colour in this figure le-
gend, the reader is referred to the web
version of this article.)

dedicated to establishing the Wi-Fi connection to the SmartWood
dowel, which was located within a range of five meters. A check of the
deployed sensor unit at the conclusion of the experiments revealed the
integrity of the unit was not compromised by water or impacts.

4.1. Sensor verification

Verification tests for isolated axes were conducted to determine
acceleration, angular velocity, as well as magnetic flux for x, y and z-
axes. No concurrent rotations around y and z-axis were recorded in the
raw data for the longitudinal x-axis (Fig. 6a), due to locking the DoF
along this axis. However, for each drop (seconds 2, 13 and 26), a spin
around the x-axis, indicating rotation, was recorded with the gyroscope.
This rotational signal was caused by the impact upon the bottom of the
drop apparatus, when the sensor rebounded upward, slightly, introdu-
cing a spin around the x-axis. The rotation stopped once the sensor
converted the kinetic energy gained during free fall and remained still.
The observed fluctuating signal, which was measured in-between the
drops, was generated while manually resetting the sensor to its original
starting position. The rubber layer at the bottom of the drop-test ap-
paratus reduced bouncing of the sensor, allowing for clearer verifica-
tion results.

The impact forces measured by the accelerometer in a positive
longitudinal direction were captured at 100 Hz frequency. Impacts
reached a value of 9 to 10 times the Earth's gravitational force g. A
slight signal was registered on the y and z-axis channels, generated due
to contact with the guiding tube after impact at the bottom.

Changes in magnetic flux, in Fig. 6a - bottom chart, were discernible
during the drop, as the sensor unit fell through the steel pipe (Fig. 5a &
b). When resetting the sensor to its starting position, moving it back up
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Fig. 6. Sensor data for drop test along the longitudinal x-axis, with raw data (a) and Euler angles transformation output (b), the lateral y-axis (c, d), and the vertical z-

axis (e, f).

the steel tube, the magnetic field strength also changed back to its
original readings. This indicates reliable and accurate raw data mea-
surements. Euler angles were computed (Fig. 6b) and roll readings show
the spin imparted by the impact, in terms of absolute orientation. The
two locked y and z axes did not experience significant acceleration
force; however, a constant drift over time for pitch and yaw was ob-

served when referring to the Euler angles.

Verification tests for the remaining two axes, y and z respectively,
show similar results, with the exception that impact forces are lower.
The effect of lower impact forces, which are in the range of 5 to 8g
(Fig. 6¢ & €), is due to the guided platform which was dropped on the
bench. The guiding piles on the left and right side caused friction,
which resulted in lower impact forces, although the drop height in-
creased to 150 mm. However, for both axes, similar results were
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this article.)

achieved. As observed previously with the drop test along the long-
itudinal axis, a peak signal in angular velocity was measured at the time
of impact. No further significant angular velocity was measured for the
axes which were tested. As the data show, a slight acceleration signal
was introduced, with a maximum of 3 g, in the z-axis at the third drop
test (second 25 in Fig. 6¢). Axis alignment was done very carefully,

however, slight displacements and differences from the ideal axis or-
ientation resulted in a measurable signal on the remaining axes. Our
results indicate the effect of this on slight displacements observed
during the second and third drop test, resulting in an acceleration signal
on the originally locked z-axis, although the smart sensor unit was fixed
to the platform. The verification test for the z-axis (Fig. 6e) performed
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similarly. Measurements obtained with the magnetometer show corre-
sponding results for both drop tests in y and z direction. In comparison
to the drop test along the longitudinal axis (through the steel tube), a
reduced effect on the magnetic flux was observed. The computation of
Euler angles for drop tests along y and z-axis shows similar results with
continuous drift and small signal changes at the time of each drop.
Fig. 8 shows a drop test for longitudinal x-axis (second 2 in Fig. 6a),
demonstrating measurement resolution. As the smart sensor unit was
released, gravity reduced to zero for the free axis (seconds 1.58 to
1.70), followed by the impact at the bottom of the drop test apparatus
(seconds 1.70 to 1.75). At the impact, gravity reached a maximum of
10.01 g in the positive direction and when bouncing back for the first

time a maximum negative acceleration of —1.18 g (second 1.73). The
first rebound resulted in a positive maximum of 2.29 g, and before re-
turning back to 0.17 g. The second rebound reached only positive
maximum of 1.77 g, and a minimum of 0.58 g. Altogether four major
bounce back cycles with subsequent attenuation were registered, before
the sensor reached an almost stable condition. The whole rebound
process only took about 0.23s and was strongly influenced by the
rubber layer at the bottom of the drop test apparatus, controlling ac-
celeration forces. The remaining isolated axes, y and z respectively,
showed hardly any acceleration, as expected. The drop scenario shown
in Fig. 8, in a more highly resolved time series, only takes about 0.44 s.
This dataset provides a good example of the full resolution of the smart
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sensors, similar to datasets produced in experimental studies on free-fall
drop tests of portable products by Tempelman et al. (2012).

Verification tests for rotational movement required only one test per
axis due to axis symmetry. The verification tests, intended to appraise
rotational movement around all three axes, revealed identical results
for each of the isolated axes (Fig. 7). Gyroscope readings consistently
showed (i) an increase in angular velocity once the rotational test
started, (ii) almost constant angular velocity during rotational move-
ment, and (iii) a drop to zero when movement stopped. Turning on the
drill resulted in a peak of angular velocity of 150 deg:s™ " at the be-
ginning of the movement, which then decreased by approximately 50%
to a continuous angular velocity in a range of 70 to 75 deg's ~! over the
remaining period of rotational motion. A detailed analysis of the onset
of rotational movement (second 2 in Fig. 7a) reveals a sharp spike in
acceleration (nearly double subsequent values), as the angular velocity
increased to its peak value (Fig. 9). As angular velocity settled to an
almost constant velocity (while in motion), data from the accelerometer
dropped back to the initial value. This can be observed for every single
rotation event. Each of the three rotational tests took about 15s for
three 360° rotations. A fluctuating acceleration signal in a range of =
15mg was observed during rotational movement, whereas angular
velocity showed + 2.5 deg's ™! fluctuations. Acceleration signal for the
tested axis showed a constant gravitational force of 1 g, indicating that
the verified sensor axis faced straight upwards. Accelerometer values
for the remaining axes were low because the sensor unit was located at
the centre of axis rotation. Measurements of the magnetic flux were
constant for the axis under consideration, however, there was a phase
shift of 90° amongst the remaining axes. A sinusoidal signal, with
varying amplitude of magnetic flux, was displayed as the sensor rotates
within the Earth's magnetic field.

The computed Euler angles showed three full rotations for each of
the axes, corresponding to the real rotational movement. The remaining
locked axes were close to zero. Some drift was apparent, which influ-
ences the starting and ending position for the following verification
cycle of rotational movement. For rotations around the longitudinal
axis, drift of ~15° could be observed after each rotational set
(3 x 360°). Pitch, the rotation around the y-axis (green in Fig. 7d), was
shifted by 90° to roll and yaw, however, still indicating rotation of 360°.
Our results show ~30° drift over the entire verification test for pitch,
resulting in 10° of drift for each set of rotational movement. Euler an-
gles for rotation around the vertical z-axis (Fig. 7f), show almost twice
the drift as that observed along the longitudinal axis. Around the z-axis,
every set of rotational movements is running short by approximately
30°, resulting from a 10° drift during every single rotation (Table 2).
Total drift represents the sum of errors accrued in each of the three
dimensional Euler angles (Yin et al., 2018) when integrating angular
velocities for each time step (Kok et al., 2017). The observed issue of
drift could limit the estimation of accurate three dimensional move-
ment trajectories; e.g. when the sensor tagged dowel comes to rest, and
the software algorithm continues with the computation due to the drift
component.

Verification tests for the lateral y-axis and vertical z-axis showed
similar results, and the trends observed in each test were almost iden-
tical. Accelerometer and gyroscope readings could be reliably used to
detect and measure movement types, and the magnetometer was found
to achieve good accuracy. The sensitivity of the sensor was sufficient to

Table 2
Drift estimates for roll, pitch and yaw according plotted Euler angle computa-
tions.

Orientation Roll () Pitch (°) Yaw (%)
360° (155) 5 3 10
3 X 360° (32.55) 15 10 30
9 x 360° (50s) 45 30 920
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accurately capture the types of movements that were anticipated to
arise in the course of LW transport in the flume. Overall, the results of
the verification tests corresponded very well to the real movement se-
quence and our expectations. No limitations in raw data generation
were found, and the experimental data collection in the flume could be
started.

4.2. Experimental results

A SmartWood dowel (Fig. 4) was placed with an angle of (i) 90°, (ii)
45° or (iii) 0° to flow direction, in the centre of the flume channel. In the
course of ramping the discharge from a base discharge of 41's™* up to
101s~! our SmartWood dowel was mobilised with increasing water
depth (Ravazzolo et al., 2015), and transported downstream, showing
in some sequences parallel alignment with the flow and more complex
movement processes during and after interaction with channel bound-
aries (Braudrick and Grant, 2001). The SmartWood dowel provided
thereby novel data for the quantification and assessment of LW move-
ment behaviour.

4.2.1. 90° alignment

The first experiment was carried out using a SmartWood dowel
placed with an orientation perpendicular (90°) to flow direction. A
camera captured all experimental tests as illustrated in Fig. 10. With
increasing discharge, the SmartWood dowel started movement. The
sensor data from the gyroscope registered an increase in angular

Fig. 10. SmartWood trajectory according video footage, showing starting or-
ientation with recruitment processes (A), rollover and transport processes (B),
and interaction of sensor-tagged wood dowel with channel boundaries (C).
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Fig. 11. SmartWood raw data and Euler angle estimates for orientation, starting with an inclination of 90°, 45° and 0° to flow direction.

velocity about the longitudinal axis. The signal started from zero (rest)
and maintained a constant velocity for a period of 2s (compare A in
Figs. 11a and 12a). As this happened, the acceleration data for the y and
z axes indicated a sinusoidal movement relative to gravity. At the same
time, the magnetometer recorded a sinusoidal magnetic flux for y and z-
axis. Measurements from movement sequence A were interpreted as
rotational movement around the longitudinal axis, or roll in Euler or-
ientation (Fig. 11b). Our sensor data showed that drag forces imparted
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by the increasing flow caused the SmartWood dowel to roll over for
almost 720°. After the first rolling process, the dowel remained static for
a period of 2s before being remobilised. The SmartWood dowel then
continued with another rolling process, B (Figs. 11a and 12a), in the
direction of the right bank. The rolling process ended after 3.5 rotations
with a slight backward rotation when the SmartWood dowel came to
rest. Euler angles at this point in time (second 9) indicated a maximal
yaw of —46° in the chart, which corresponds with the video footage,
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Fig. 12. Experimental SmartWood tracking with an initial start orientation of 90° (a), 45° (b) and 0° (c) to flow direction, showing log trajectory in the scaled stream
channel. Flow direction is from left to the right. Red indicates rolling processes (x-axis) and blue shows rotation around the vertical axis (yaw), indicated by arrows.
Straight LW movement is displayed in black, and moments of rest are indicated with a cross. The trajectory from initial layout to the bridge pier is 3 m. Significant
movement behaviour is indicated with capital letters, from A to I, referring to stages in the raw data and transformed Euler angle records, plotted in Fig. 11, above.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

showing an alignment of 45° with the flow. The sensor-tagged wood
dowel remained at this position for about 4 s, before being remobilised
and transported downstream. Shortly after an interaction with the right
embankment, which was recorded as an impact on the longitudinal axis
(second 14.5), the dowel underwent a rotational movement of exactly
180° around the vertical axis. As observed in the sensor data, rotational
movement started at negative 30° (second 16) and ended with a yaw of
positive 95° (second 20). This resulted in a maximal magnitude for yaw
movement of 230°. In comparison with the video record, the sensors
showed a discrepancy of approximately 50° against the actual yaw ro-
tation.

At the time of the rotational movement around the z-axis, pitch
readings showed a rotation of 70°. Furthermore, a relatively high ac-
celeration force was recorded in the lateral direction: compare sensor
data from accelerometer (y-axis, second 18 in Fig. 11a), during the yaw
movement in Fig. 12a. The 70° pitch movement, which was not cap-
tured in video footage and is physically unlikely, was introduced due to
the high acceleration forces during rotational movement, as well as
rolling processes of the SmartWood dowel. The video revealed a com-
bination of yaw and pitch. Besides the high lateral acceleration forces,

12

we also identify drift as a possible reason for deviations in Euler or-
ientation. According to the results of our previously conducted ver-
ification tests, we observed drift of 1.8 deg's™! (Table 2). The observed
drift of 50° for yaw, suggesting a linear development of drift over time,
with a deviation of 0.2degs™ ', when considering SmartWood in
starting position perpendicular to flow direction and a measuring time
of approximately 25s.

4.2.2. 45° alignment

Data obtained from the 45° alignment to flow direction showed si-
milar movement behaviour as the previous experiment with 90°
alignment. The main differences are in shorter resting times for the
SmartWood dowel in the channel, and almost continuous movement,
involving a 360° rotation after interaction with the right embankment.
With increasing discharge, the SmartWood dowel experienced motion
around the longitudinal axis. As captured on camera, an approximately
160° rolling process was observed. This movement aligns with the
measured and computed sensor data - compare movement sequence D
in Figs. 11c & d and 12b - followed by a static period of 4 s. SmartWood
data captured the remobilisation of the dowel as discharge was further
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increased, showing four full rotations around the longitudinal axis,
compare sequence E, with subsequent transport in downstream direc-
tion along the right shore. Acceleration and magnetic flux clearly re-
vealed rotational movement around the x-axis (second 9 to 13). Over
the first movement stages the sensor-tagged wood dowel was aligned
45° to the flow. Similar to the previously discussed experiment, with a
90° alignment to flow direction as starting condition, the SmartWood
dowel interacted with the embankment and experienced an exactly
360° rotation for yaw, according video footage. The movement se-
quence F in Fig. 12b, could be reconstructed via Euler angles (Fig. 11d)
from second 15 to 21.

Shortly before the interaction with the embankment the dowel
turned from a consistent 45° yaw movement, facing into direction of the
channel centre, to 45°, facing the riverbank. At the time of impact, an
acceleration signal was measured for the x-axis. After the straight im-
pact, raw data of the SmartWood dowel reveal a high acceleration force
in lateral direction of the y-axis (second 15 in Fig. 11c). This lateral
acceleration indicates a relatively quick rotational movement, when
drag forces on the lateral side of the dowel increase as soon as the dowel
becomes aligned perpendicular to the flow. The SmartWood dowel
became parallel aligned with the flow after another 315° rotation (video
footage). Yaw started at negative 15°, with tendency in positive direc-
tion, and finished at negative 110°. The entire movement, according
sensor data, leads to an absolute rotation of 265°, which is inconsistent
with the estimated yaw from video footage of 405° (90° + 315°). At the
same time, however, a significant signal for pitch was computed,
showing a maximal amplitude from negative 75° to positive 75°. Total
pitch resulted in a magnitude of 150°, which shows the approximate
deviation from the estimated rotation of yaw 405°.

As in the first experimental test, the indicated pitch orientation does
not match with reality, according to the video footage, and does not
show the expected physical movement behaviour. However, a strong
signal was measured in acceleration for the y-axis (second 15, second
18), which indicates once more pitch orientation in Euler angles. The
interpretation of pitch, as shown in Fig. 11b and d, may be triggered
due to the relatively high lateral acceleration forces (y-axis) together
with the rolling movement about the longitudinal axis (Fig. 11a and c).
Considering merging of yaw and pitch angles for rotational movement
around y and z-axis, the observed 180° in yaw from the first experi-
mental test (90° alignment), but also the 405° rotation from the second
experimental test (45° alignment) reveal similar outcomes of computed
Euler angles and observed movement from video capture for each of the
experiments.

4.2.3. 0° alignment

For the third experimental test, the SmartWood was placed with its
longitudinal axis aligned in flow direction. As discharge increased, the
dowel yawed by 30°, and was then mobilised via rolling. The rolling
process, displayed as movement sequence G in Fig. 11e, consisted of
four full rotations plus an additional 65°, all measured in negative ro-
tational direction. Raw data from the third experimental test (Fig. 11e)
showed sinusoidal acceleration of y and z-axis and continuously in-
creasing angular velocity around the longitudinal axis for the mobili-
sation phase, G. This can also be observed in the Euler angle chart
(Fig. 11f), with increasing slope of the graph for roll, and decreasing
time between the single rotations. The process was interrupted due to
interactions between SmartWood and the channel bed, H: the graph for
acceleration in z direction shows an impact (second 4), leading to (i) a
change of dowel alignment in the flume (Fig. 12¢), (ii) a reversal of roll
with a magnitude of positive 93°, and (iii) a jump in pitch of positive
15° according Euler orientation computation (Fig. 11f). This indicates
the end of the mobilisation process where dowel roll was fully trans-
ferred to straight movement in the downstream direction, I.

As observed in our prior experimental tests, the lateral impact at
second 4 triggered a change of pitch orientation. Five seconds after
mobilisation the SmartWood dowel was aligned closely to the flow
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direction and was transported downstream. Yaw, for the interval I in
Fig. 11f, is consistent with the movement behaviour captured on video,
with slight fluctuations in orientation to the left and right. We also
observed increasing drift at the beginning of the sensor measurement,
similar to our experiences from verification and experimental test ob-
tained and evaluated above. The dowel did not rest at any point in its
2m trajectory (second 5 to 9), therefore the average speed of the

SmartWood dowel was estimated to be 0.5m-=s .

4.3. Key findings

SmartWood allows for the determination of active moving periods
(transportation), and depending on pre/post survey opportunities
(MacVicar et al., 2009; Ravazzolo et al., 2015), and records from other
SmartWood equipped elements, residence times and the nature of sto-
chastic entrainment and terminal ‘hang ups’ can be assessed within the
system. However, it is possible that the wood may be ‘at rest’ relative to
the local coordinate frame even while drifting down the river, a sce-
nario for which further research into signal conditioning is required.
The design of the SmartWood itself can allow for different dimensions
and roughness elements, and configurations such as branches and
rootwads may be considered, which significantly affect entrainment,
transport and accumulation behaviour, similar to the work of Davidson
et al. (2015), and Gschnitzer et al. (2017). The following key findings
result from our study:

1.) This study provides a proof of concept for the application of 9-DoF
smart sensors in a wet, dynamic and impact-prone environment.
The smart sensors satisfied our criteria for size, battery life, data
storage capacity and processing times for memory download as well
as instruction upload. A Wi-Fi connection enabled quick commu-
nication with the embedded smart sensor unit at any time
throughout our experiments.

2.) Verification tests demonstrated that the data generated from smart
sensors meet the measurement requirements, with respect to data
accuracy and reliability, for LW experiments in a flume environ-
ment. Specifically, the applied smart sensors have shown good
sensitivity to movements and impacts, and we were able to accu-
rately reconstruct real-world movements from the sensor data, as
verified from experimental observations.

3.) A smart sensor unit was implanted into a wooden dowel, a scale
model of LW, for the purpose of movement tracking in a flume
environment. Experimental results show that more complex se-
quences of movement, including simultaneous combinations of
yaw, pitch and roll, can be reconstructed from sensor data, as ver-
ified using a video record of transport events in the flume.

LW movement pathways, as reconstructed from time integration of

sensor data, reveal some deviations from the video record. Rates of

drift in the rotation sensor are on the order of 1.8 ( = 0.2) deg~s_1.

This results in errors of 3 to 10° for a single roll, pitch and yaw

movement (depending on the rate of rotation) throughout our ex-

periments. However, these deviations in rotation measurements, as

a function of time, will have to be controlled for, in order to achieve

reconstruction of the full LW trajectory.

5.) At a data sampling rate of 100 Hz, it is shown that SmartWood can
record impact forces with sufficient resolution to reconstruct LW
movements and interactions with channel boundaries and river-
crossing infrastructure.

4.)

5. Conclusions and outlook

We presented verification and initial experimental tests using smart
sensors in wooden dowels, a method that promises to provide novel
insights into LW movement behaviour. Verification tests concentrated
on quantifying sensor movement under controlled conditions and pro-
vided comprehensive data of translational and rotational movement
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sequences. Experimental tests carried out in a laboratory flume en-
vironment are presented, introducing a novel application of
SmartWood in LW research. Further verification tests are needed to
better understand the limitations of smart sensor measurements, and
issues that arise from time-based integration for reconstructing a se-
quence of movements of LW.

While SmartWood data aligned well with the movements captured
through a camera, differences from measured sensor data and captured
image data were observed. The sequence of pitch data recorded in the
first and second experimental tests does not align with the video
images. We believe that orientation estimates are impaired by sig-
nificant lateral acceleration of the dowels and the drift component. This
requires future improvements in computation of orientation estimates,
which requires more advanced filtering, as well as zero-velocity-cor-
rection for example, in order to subtract gravity and reduce drift. We
recommend that further work is needed to (i) evaluate the influence of
a steel flume on magnetometer measurements, (ii) compensate drift
when integrating raw data for rotation estimates, and (iii) estimate
trajectories and obtain information about absolute position at any point
of time. To obtain information about absolute position at any point of
time, an improved methodology is needed, which can be achieved using
a more refined verification procedure, testing SmartWood movement
sequences along a predetermined trail. Instead of axes-isolation, as in-
troduced in the present study, a well organised mixture of all axes
should be considered for data generation, to be computed with a soft-
ware algorithm and verified according the actual trajectory. This ver-
ification method should be conducted in a non-ferrous environment for
more reliable magnetometer data.

Despite the limitations introduced by sensor drift, SmartWood has
the potential to be used in further studies, modelling interactions be-
tween LW and infrastructure. The SmartWood methodology introduced
here allows for future research on entrainment mechanisms, LW
transport trajectories, as well as measuring impact forces on channel
boundaries, bridge piers and multiple log interactions at existing LW
accumulations, respectively. Ultimately, after further development in
the laboratory, SmartWood could be applied to in-situ studies. The
application of SmartWood will help to better understand LW transport
and accumulation processes, both in the field and in the laboratory.
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