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Abstract 

Wood plays an important ecological role in rivers. Yet challenges arise when large wood (LW) is mobilised and trans-
ported during floods. Due to a lack of quantitative data, movement behaviour of LW during floods is still not well 
understood to date. A proof-of-concept study was conducted at three Swiss rivers to test state-of-the-art sensor-
tagged logs, so-called “SmartWood” and collect quantitative field-scale data about LW movement behaviour. The 
experiments utilised innovative inertial measurement units (IMUs), which have been developed at the Labora-
tory of Hydraulics, Hydrology and Glaciology (VAW) at ETH Zurich and implanted into wood logs (SmartWood) 
at prototype scale. Each IMU comprised three individual sensors (gyroscope, accelerometer, and magnetometer) 
and was equipped with an on-board processor, an AA battery (4.35 V), a memory (8 MB), and a Wi-Fi transmitter (100 
m) for data transfer. After successful initial verification tests of the sensors, the IMUs were installed into debranched 
wood logs, measuring 4.35 m in length and 0.33 m in diameter. At the time of the field experiments, each Smart-
Wood-log weighted between 170 and 220 kg, yielding a density of roughly 500 kg∙m−3. At the Limmat, Thur, 
and Grosse Melchaa Rivers in Switzerland, innovative yet discontinuous data were obtained. Results revealed consist-
ent movement dynamics across all field sites. Specifically, we observed positive yaw movement during transport 
of SmartWood along the left river bank and negative yaw movement along the right river bank. Furthermore, inter-
actions of SmartWood with channel boundaries, riparian vegetation, and objects (e.g., ferry dock) were registered 
and quantified, even when the SmartWood-log was transported out of sight of traditional sensing methods. The 
conducted field experiments enabled the initial testing of SmartWood in the field and exposed critical limitations 
of the IMUs and software algorithms for the reconstruction and analysis of floating LW dynamics. The gained knowl-
edge and introduced sensing method will benefit the quantitative assessment of LW dynamics in rivers to maintain 
safety and functionality for instream structures (e.g., considering LW movement dynamics for the robust design of LW 
retention and guiding structures), but also river restoration projects and numerical models that rely on quantitative 
field-scale data.

Highlights 

• Field experiments grant novel insights into large wood (LW) dynamics during floods.
• Applying inertial measurement units (IMUs) in flood-borne wood logs—SmartWood.
• Obtaining quantitative data of LW movement dynamics.
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Introduction
Large wood (LW) in fluvial environments
Wood is an essential element in rivers, regulating stream 
power and sediment budgets while enhancing habitat 
diversity [2, 77]. However, changing climatic conditions, 
unregulated land-use strategies and reduced dead-wood 
management are noticeably boosting the production of 
large quantities of wood in catchments [92], outbalancing 
the benefits of wood in rivers while increasing the danger 
potential during floods. The recruitment of wood by the 
river after natural disasters such as fires, droughts, wind 
and snow-break, or commercial forestry is often hap-
pening within a short period of time after the respective 
natural disaster [67]. As soon as wood enters the riparian 
zone, it is commonly referred to as large wood (LW), if its 
dimensions exceed 1 m in length and 0.1 m in diameter 
[59, 99]. In the course of heavy precipitation, LW may be 
quickly mobilised and transported by the flow, yet under-
lying movement dynamics are barely documented due to 
a lack of applicable sensing techniques. During floods, 
LW poses a hazard for impacts at instream structures [36, 
85] but also bridge scour and backwater effects in case of 
LW accumulations [33, 57, 76, 89]. Incidents involving 
wood in transit and damage due to LW accumulations at 
critical instream infrastructure are increasingly reported 
all over the world, and thus require more attention and 
an improved understanding of intrinsic movement 
dynamics of LW during floods [20, 29, 44, 91].

Brief history of LW tracking
The desire to investigate and better understand LW 
movement dynamics has a long history and may have 
started with the advent of extensive logging practices 
during the early timber industries in the sixteenth cen-
tury [14, 27], at a time where natural but also artificially 
generated floods represented the main transportation 
mechanism for logs. One of the first scientific observa-
tions of LW transport and their effects on stream chan-
nels was reported by Cormack [25]. Over the following 
decades researchers investigated the importance of LW 
for stream health and biodiversity [18, 56, 97] while the 
study of wood dynamics in rivers also gained popular-
ity [93], fostering the development of methodologies to 
map and track LW in fluvial environments [2, 37, 59]. In 
the meantime, experimenting with LW under controlled 

conditions in the laboratory but also the employment 
of digital sensing techniques (e.g., cameras) has become 
state-of-the-art for the tracking and measuring of wood 
transport in fluvial systems [17, 43, 47]. However, com-
plex wood movement processes still remain unexplored, 
due to a lack of quantitative data [15]. Besides flume and 
field-scale experiments with LW, public camera footage 
of wood movement during floods was shown to pro-
vide valuable documentation for scientific evaluation 
of LW transport behaviour [70]. An alternative method 
proposed by Comiti et al. [23] used metal-tags to inves-
tigate the mobilisation and transport of LW through-
out a stream reach. The tagging-method was later used 
by Warren and Kraft [98] and eventually developed into 
studies using passive and active remote frequency iden-
tification tags (RFID) and GPS [49, 68, 78]. Findings con-
firm that LW dimensions with respect to stream width 
and flow depth strongly correlate to its mobility [9, 37, 
59, 98]. Accordingly, smaller LW pieces were transported 
the furthest within the same period of time and stream 
section [45, 98]. LW is also likely to be transported at 
the rising limb of floods and following the thalweg of the 
channel [16, 48, 68], while the presence of rootwad and 
branches was shown to significantly affect LW mobilisa-
tion and orientation, due to anchoring effects [2, 69].

Inertial measurement units for LW tracking
A recent study introduced inertial measurement units 
(IMUs), installed into scaled wooden dowels (Smart-
Wood) for the quantification of LW dynamics from an 
isolated ‘Lagrangian’ perspective at a high temporal reso-
lution in a laboratory setup [84]. IMUs typically provide 
accelerometer and gyroscope measurements in form 
of six-degree of freedom (6-DoF), or if additional read-
ings from a magnetometer are considered nine-degree 
of freedom (9-DoF) sensor data. IMU-data were shown 
to provide essential information for the quantification of 
LW impact forces [86, 88], but also estimates of the initial 
orientation of LW [84]. The estimation of LW orientation 
requires sensor data integration and the use of sensor-
fusion algorithms [50]. These processing steps were 
found to amplify errors when using 6-DoF sensor data 
(especially from low-budget sensors), severely affecting 
orientation estimates over longer periods of time (min-
utes, hours). Such errors are typically referred to as drift, 

• Reconstruction of LW movement and log orientation during floods.
• Lower flow depths and more turbulent flow conditions magnify stress on LW.

Keywords Large wood (LW), LW movement dynamics, SmartWood, Inertial measurement unit (IMU), Orientation 
estimates
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and require the development of improved software algo-
rithms for compensation [50, 84].

Sensor‑fusion using IMU‑data
Recent advances in sensor technology have led to a fast 
development of sensoementations across various fields 
or research interests, in particular for studies focusing 
on orientation estimation and object tracking. Sensor-
fusion deals with the processing and combination of 
individual sensor data to increase the quality of output 
information. Typically, sensor-fusion is dealing with 
three-dimensional inertial measurements from acceler-
ometer and gyroscope sensors (6-DoF IMU-data), which 
are combined in order to return a single measurement 
of orientation within the attitude and heading reference 
system (AHRS) that describes the orientation of a rigid 
object in three-dimensional space [60]. The sensor fusion 
algorithm is founded on the principle of gyroscopic inte-
gration for initial orientation estimates, while sensor data 
from accelerometer are needed for the reduction of drift 
(error of orientation estimates from sensor data integra-
tion) due to noise and biases [12, 51]. The most power-
ful technique for orientation estimation utilises Kalman 
filters or complementary filters [52]. The Kalman filter 
uses an angular derived approach to estimate orienta-
tion form gyroscope and accelerometer tilting, while 
complementary filters simply apply high- and low-pass 
filtering [34, 53]. Previous studies investigated the per-
formance of both filters, with strongly varying conclu-
sions. While Sabatini [75] and Islam et al. [39] stated an 
outstanding performance of the Kalman filter, Gui et al. 
[34] reported a slightly better performing complemen-
tary filter. Although Kalman filters were proven to yield 
highly accurate orientation estimates, they are complex 
to implement into algorithms and require large hardware 
resources, which result in higher computational expenses 
[39, 52], or even limited real-world applications due to 
the impracticability of the sensor-fusion algorithm [103]. 
Complementary filters may represent a good alternative, 
as they are simpler to implement, requiring lower pro-
cessing power and allowing for the decoupling of yaw 
rotations from roll and pitch, that is not possible when 
using a Kalman filter approach. However, a big disad-
vantage of complementary filters is that they still remain 
widely unproven in freely available sensor-fusion algo-
rithms to date [52].

Challenges and objectives
Although significant advances have been achieved in 
the tracking of LW in rivers, there is a lack of knowledge 
regarding LW movement dynamics at the field-scale for 
the short temporal scale (e.g., milli seconds, seconds, 
minutes) during floods due to limitations in applicable 

sensing techniques and processing algorithms. However, 
this knowledge is of great relevance for well-functioning 
LW retention as well as diversion structures and the miti-
gation of LW-related damage due to impacts and accu-
mulations at critical instream infrastructure. The present 
study introduces and employs IMU-tagged logs (Smart-
Wood) that improve the quantification of LW movement 
dynamics at a short temporal resolution. A sensor-fusion 
algorithm with complementary filters is used to estimate 
log-orientation from the recorded IMU-data, allowing for 
novel insights and the reconstruction of LW movement 
dynamics. The main objective of this study is to provide 
a better understanding of LW movement dynamics to 
inform decision-makers, engineers and researchers to 
maintain safety for critical instream infrastructure (e.g., 
bridges, weirs, hydropower plants) and human settle-
ments. The robust design of LW retention and diversion 
structures requires fundamental knowledge of LW move-
ment dynamics to guarantee functionality and to allow 
for a better control of wood depositional processes. Fur-
thermore, if retention structures cannot be implemented, 
the safe bypassing and guiding of LW past critical cross-
sections may be necessary and requires a profound 
understanding of LW movement dynamics during floods.

Methodology
IMU‑tagged wood logs—SmartWood
At the Laboratory of Hydraulics, Hydrology and Glaciol-
ogy (VAW) at ETH Zurich, IMUs have been developed to 
quantify movement dynamics of IMU-tagged wood logs 
(SmartWood) in rivers. The IMUs were built and assem-
bled by a German company, Smart Solutions Technology 
[83]. Each IMU comprised an accelerometer, gyroscope, 
and magnetometer for measuring acceleration (g), angu-
lar velocity (°∙s−1) and magnetic flux (uT), respectively, 
and yielding a total of 9-DoF sensor data at a measuring 
frequency of 100 Hz. The IMUs were equipped with a 
processor for data-management and time synchronisa-
tion, an AA-battery (4.35 V, Li-ion cell), and an internal 
memory (8 MB). All of the individual components are sit-
uated within a waterproof (IP67) cylindrical PVC hous-
ing, measuring 105 mm in length and 25 mm in diameter 
(Fig.  1A), similar to the housing applied in a prior field 
study by [7]. In order to avoid the recording of station-
ary and “rocking in place” movement periods [64] and 
to safe battery lifetime and memory, the IMUs were pro-
grammed with a wake-up and sleep function based on a 
predefined acceleration threshold. Given the change in 
acceleration measurements was below ± 64 mg for 100 
consecutive data points (1 s at 100 Hz), SmartWood 
entered a sleep-mode and woke up once acceleration 
exceeded ± 64 mg for a single data point (0.01 s at 100 
Hz). Collected IMU-data of the present study are thus 
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considered as discontinuous data, as data-gaps resulted 
from the IMU wake-up and sleep function. Another fea-
ture of the IMUs was the inclusion of a Wi-Fi transmitter 
with an external antenna that allowed for wireless com-
munication and data transfer within a range of 100 m. To 
protect the IMU and antenna from mechanical damage 
during the experiments in rough stream environments, 
an external housing was developed to instal the IMU 
into the prototype wood logs (SmartWood). Each Smart-
Wood-log was 4.35 m long with a mean diameter of 0.33 
m and without rootwad or branches (Fig. 1B). The mass 
of the SmartWood-logs at the time of experiments was 
measured to 170 to 220 kg, yielding a density of roughly 
500 kg∙m−3, which aligns with density estimates of LW 
from previous studies [15, 71, 84]. The rotational inertia 
around the x-axis is 2.7 kg∙m2, and 294 kg∙m2 for rotation 
around the y and z axes.

Orientation estimates from IMU‑data
A freely available Python ‘imufusion’ package, provided 
by x-io Technologies [102], was used for the process-
ing of orientation estimates in form of Euler angles from 
field-scale IMU-data. Although the present study col-
lected data from all three sensor-units (accelerometer, 
gyroscope and magnetometer,9-DoF sensor data), the 
employed sensor-fusion algorithm by x-io Technologies 
[102] requires only 6-DoF sensor data from accelerom-
eter and gyroscope for Euler angle estimates. The appli-
cation of 6-DoF was previously shown to provide highly 
accurate orientation estimates from wearable IMUs [19, 
28, 38]. Despite the consideration of 6-DoF sensor data 
for the computation of orientation estimates, the present 

study still provides all 9-DoF sensor data, including data 
from magnetometer for the sake of completeness and 
discussion.

The ‘imufusion’ package, also known as an AHRS 
("Sensor-fusion using IMU-data" section), such as ini-
tially developed by Madgwick [51], merges accelerometer 
and gyroscope data into a single orientation measure-
ment in form of quaternions, while an improved com-
plementary filter is used. A schematic flowchart of 
sensor-fusion algorithms with complementary filters has 
been presented by Nazarahari and Rouhani [61]. Qua-
ternions represent the orientation of an object within a 
three-dimensional space and are typically expressed as a 
matrix or as more intuitively understandable Euler angles 
[50, 63]. All orientation estimates presented in this study 
refer to Euler angles and are defined as roll (rotation 
around the longitudinal x-axis), pitch (rotation around 
the lateral y-axis), and yaw (rotation around the verti-
cal z-axis, Fig. 1B), allowing to derive movement behav-
iour of SmartWood during the experiments. In order to 
analyse the gained sensor data from field experiments, 
video footage was obtained via two UAVs (DJI Phantom 
4 Pro), hand-held cameras from the banks (GoPro Hero 
8), as well as from boats that were accompanying the 
SmartWood-logs.

Verification of IMU‑data
To test and confirm the actual sensor movement with 
orientation measurements from the IMU, a verification 
procedure of trivial movement processes was required. 
The verification test was carried out with a handheld 
IMU and considered walking along a series of three 

Fig. 1 Overview of the inertial measurement unit (IMU) and SmartWood for the experiments in the field
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squares (side length, a ≈  14  m) and circles (diameter, d 
≈ 10 m) at the ETH Zurich Hönggerberg campus, close 
to the VAW test facility. Movement processes during the 
roughly 10-min-long verification procedure considered a 
combination of LW-like movements such as roll and yaw, 
in order to verify measured and reconstructed move-
ment with observed movement. During all experiments 
the handheld IMU was carried in front of the body, about 
1 m above the ground; only forward walking movement 
was tested. Results of these tests are presented in "Verifi-
cation of IMU-data" section.

Field sites
A total of three rivers in Switzerland were selected for 
SmartWood experiments in the course of the present 
study. All experiments were conducted after heavy pre-
cipitation events in the summer of 2021, which has led to 
severe flooding in central Europe [44].

Limmat River
The first SmartWood experiment was conducted at the 
Limmat River during the falling limb of an annual flood 
at a discharge of roughly 200  m3∙s−1 (peak discharge 280 
 m3∙s−1). Lake Zurich provides the main source of the 
Limmat River, while < 10% of the base flow is supplied 
by the Sihl River, a tributary which was shown to carry 
large amounts of LW during floods in the past [79]. The 
Limmat River is 39 km long with an average gradient of 
0.002, and empties into the Aare River [80]. The IMU-
tagged log was released a short distance downstream of a 
diversion weir (47.409464 N, 8.444086 E), which ensures 
the water supply of the Werdbach River, a short tributary 
of the Limmat River situated about 10 km downstream 
of the city centre of Zurich and lake Zurich. Along the 
experimental test section at the Limmat River (Fig. 2A), 
a ferry dock is situated at the right bank (350 m from the 
point of release), while about 1 km further downstream, 
the Limmat River is impounded by the hydropower plant 
Dietikon, which is operated by the Electric Utilities of the 
Canton of Zurich (EKZ). The recovery of the IMU-tagged 
log was safely conducted via boat at the beginning of the 
impounded stream section. The average flow depth along 
the experimental test section was > 1 m and the average 
stream width was > 50 m.

Thur River
The second SmartWood experiment was conducted 
at the Thur River, also at the falling limb of an annual 
flood. The peak discharge of the flood (HQ1 245  m3∙s−1) 
occurred at night time, while the actual discharge rate at 
the time of the experiment the next morning was roughly 
85  m3∙s−1. The Thur River is 135 km long, with an average 
gradient of 0.013, emptying into the Rhine River [81]. The 

experimental test section (Fig. 2B) extends from the sup-
ply of SmartWood across of the campsite Gütighausen 
(47.587636 N, 8.739716 E), close to the town of Andelf-
ingen in the Canton of Zurich, over a distance of roughly 
4.2 km and through a series of three meanders to an 
accessible site on the right bank, where SmartWood was 
safely recovered via mobile crane. At the Thur River, the 
average flow depth along the experimental test section 
was > 1 m and the average stream width was > 40 m.

Grosse Melchaa River
The last experiment was performed at the Grosse Mel-
chaa River, which is a small and steep channel in the 
Canton of Obwalden with a length of 18.5 km and an 
average gradient of 0.030, before emptying into the Lake 
Sarnersee [82]. After a rainfall event in the upper catch-
ment, the up to 8 m wide channel showed a discharge of 
roughly 15   m3∙s−1, at an average flow depth of about 0.5 
m. The flow was characterised by macro-roughness stem-
ming from very heterogeneous banks with large blocks 
on the bed and Froude Numbers up to 1.3, representing 
supercritical and highly turbulent flow conditions. The 
supply of SmartWood took place immediately upstream 
of a small bridge (46.803077 N, 8.284926 E), from the 
right bank (road) via rolling over a steep embankment 
and a roughly 2.5 m drop over a retention wall into the 
flooded channel. After a transport distance of just 140 m 
(Fig.  2C), the SmartWood log accumulated at big boul-
ders and other LW in the channel centre, from where 
SmartWood was recovered via mobile crane.

Results
Verification of IMU‑data
The IMU-data were successfully verified during pre-tests 
and the results are displayed in Fig. 3. The initial yaw ori-
entation for the first side length of the first square was 
computed to be roughly 170° (a1 in Fig. 3). After walking 
along the first side length (a1) of the first square, a right 
turn (− 90° yaw) was made which reduced the computed 
orientation estimate for yaw to roughly 80° for the sec-
ond side length (a2) of the first square. The same initiated 
movement behaviour was followed for the third (a3) and 
fourth (a4) side length of the first square, resulting in a 
starting yaw orientation of again 170° for the first side 
length (a1) of the second square. During the third circuit 
around the square a − 360° roll was conducted during 
translation along each side (Fig.  3), that has been accu-
rately captured by the IMU and reconstructed via orien-
tation estimates. After the fourth side length of the third 
square, no further right turn was made, yielding a final 
yaw orientation of roughly − 100°, resulting in a drift in 
yaw orientation of approximately − 10° for this short test. 
This drift is relatively small, however it still reflects the 
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limitation of only using 6-axis (i.e. accelerometer and 
gyroscope) data for sensor fusion and absolution orien-
tation. If the absolute orientation (i.e. accurate yaw) of 
LW is needed during longer duration field deployments 
(i.e. for motion interpretation relative to bank absolute 
orientations) then more advanced 9-axis sensor fusion 
approaches are needed.

A further verification scenario considered the walking 
of three circles, starting with a yaw orientation of roughly 
50° (Q1 of the first circle in Fig. 3). Again, the circle was 
walked clockwise (right turn), resulting in a negative 
yaw based on the IMU-orientation. After the first four 

quarters  (Q1 to  Q4) of the first circle, the initial starting 
orientation was reached at a time of 660 s. A 5-s break 
was considered between each circle. The third circle con-
sidered additional clockwise roll (− 360°) per semi-circle 
 Q1 +  Q2 as well as  Q3 +  Q4. At the end of  Q4 of the third 
circle, the initial starting orientation of 50° yaw was com-
puted from the IMU-data.

IMU‑results at the Limmat River
The recording of SmartWood at the Limmat River 
started from a perpendicular orientation with regard 
to the flow direction (0° Euler angles in Fig.  4). Raw 

Fig. 2 Field sites of the conducted SmartWood experiments at the Limmat, Thur and Grosse Melchaa River in Switzerland (Map of Switzerland 
adapted from Tschubby [95]
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Fig. 3 Verification of IMU-data and computed orientations (Euler angles) by means of walked squares and circles with a handheld IMU. 
The side length (a) of the square measured 14 m, while the diameter (d) of the circle measured 10 m. All data belong to the same dataset, 
while between each walk of the square and circle a 5-s stop was considered. The third square and circle included the rolling of the sensor per side 
and semicircle, respectively
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IMU-data do not indicate any significant movement 
dynamics, yet computed orientation estimates from 
the sensor raw data resulted negative yaw of − 270° dur-
ing the first 60 s, with an additional − 360° yaw move-
ment from 60 to 120 s. These results neatly align with 
observations in the field, where mobilisation occurred 
slowly along the right bank, involving multiple interac-
tions with low riparian vegetation, and negative yaw of 
1¾ rotations over the first two minutes of the experi-
ment. Orientation estimates furthermore reveal that 
the IMU-tagged log was transported in parallel with the 
flow (+ 90° yaw) for roughly 80 s, before raw data regis-
tered a significant impact (+ 12.9 g, x-axis) after roughly 
200 s which triggered a notable angular velocity with 
a maximum rate of − 400°∙s−1 around the longitudi-
nal x-axis of the SmartWood-log. Video analyses from 
field observations confirm the reconstructed movement 
dynamics from raw IMU-data and Euler angles compu-
tation with great confidence, revealing an interaction 

with the ferry dock at the right bank of the Limmat 
River (Fig.  4). Computed Euler angles indicate signifi-
cant activity around the longitudinal axis of the Smart-
Wood-log, requiring a separate and more detailed plot 
for analysis (Fig. 5). After the interaction with the ferry 
dock, the SmartWood-log was transported along the 
right bank and eventually interacted with large ripar-
ian vegetation, that jutted into the flooded channel, at 
roughly 410  s (Fig.  4). An impact was observed in the 
field (video footage), yet this impact is not visible at the 
large scale of acceleration data in Fig. 4, for which rea-
son a closer look at the IMU-data is provided in Fig. 6, 
revealing a slight impact with a magnitude of + 0.58 g. 
Both, computed IMU-data as well as visual observa-
tions in the field resulted in − 360° yaw and − 180° roll 
movement during the interaction of the log with the 
riparian vegetation. After seven minutes (420 s), the 
IMU-tagged log was transported further away from the 
right bank towards the channel centre for the first time, 

Fig. 4 Example of SmartWood movement dynamics at the Limmat River, showing interactions with a ferry dock (200 s) and riparian vegetation 
(410 s) during an annual flood
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involving further negative yaw (− 360°) before being 
recovered via boat downstream of the bridge (Fig. 4).

Figure  5 shows IMU raw data and Euler angles esti-
mates that allow for a detailed analysis of LW dynamics 
during the interaction at the ferry dock. As the IMU-
tagged log approached the ferry dock (Fig.  5A), sensor 
data are inconspicuous and orientation estimates show 
steady transport behaviour. The interaction of the log 
with the ferry dock was registered by the accelerometer 
with a peak magnitude of 12.93 g (Fig.  5B). Computed 
Euler angles revealed a subsequent negative yaw move-
ment of − 180° (Fig. 5C). Immediately after the − 180° yaw 
movement, the log was transported beneath the ferry, 
involving a significant increase in angular velocity around 
the longitudinal x-axis (roll), before resurfacing between 
ferry and the right bank (Fig. 5D, E). Transport dynam-
ics of the log beneath the ferry could not be observed via 
video footage, yet detailed Euler angles in Fig. 5D indicate 
seven full (− 360°) roll rotations within 15 s (200 to 215 

s), and a subsequent + 180° roll movement (Fig. 5E). The 
extensive movement dynamics of the IMU-tagged log 
and transport beneath the ferry, is followed by a further 
180° yaw in negative direction (Fig. 5F).

About 350 m downstream of the ferry dock, a branch 
from riparian vegetation jutted into the flooded channel, 
triggering an interaction with the SmartWood-log. As 
the SmartWood-log was approaching, an almost paral-
lel orientation of the log with respect to the flow direc-
tion (− 100° from starting orientation) was reconstructed 
via Euler angles, but also observed in the video footage 
(Fig. 6A). The interaction with some smaller riparian veg-
etation prior to the main event initiated slight seesaw roll 
and a − 180° yaw movement (Fig. 6B, C). At a measuring 
time of 408  s, sensor raw-data revealed a slight impact 
with a magnitude of + 0.58 g in longitudinal direction, at 
a time as the log interacted with the branch that was jut-
ting into the flood waters (Fig. 6D). Although the impact 
magnitude was low, significant movement dynamics 

Fig. 5 Interaction of the IMU-tagged log with the ferry dock at the Limmat River
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were reconstructed from the interaction between the log 
with riparian vegetation, yielding orientation estimates 
of − 180° roll with an additional − 180° of yaw (Fig. 6E, F). 
According to observations during the experiment, the 
SmartWood-log was stopped by the branch, and experi-
enced a ½ rotation around the longitudinal axis (− 180° 
roll) and another ½ rotation in clockwise direction 
around the vertical axis (− 180° yaw).

IMU‑results at the Thur River
At the Thur River, the longest IMU-data set was acquired 
over a time period of almost 50 min from release to recov-
ery. Figure 7 provides an overview of the gained raw data, 
computed Euler angles and a map with the schematic 
illustration of the roughly 4.2-km-long transport route 
according to observations from video footage. Imme-
diately after the start of the IMU data record, results 
from Euler angle estimates indicate some major activ-
ity around the vertical axis (yaw, Fig. 8A). The registered 

movement dynamics by the IMU originate from an artifi-
cially induced rotational motion via crane grapple before 
the actual release into the flooded Thur River, and are 
detailed for better analysis in Fig. 8. After the release of 
the SmartWood-log into the channel from the crane 
grapple, sensor data returned a significant roll move-
ment (Fig. 8B), as well as a series of positive yaw rotations 
(Fig. 8B, C). Field observations revealed that the Smart-
Wood-log was transported along the left bank while 
undergoing multiple rotations in counterclockwise direc-
tion around the vertical axis. About 1 km downstream of 
the release, the Thur River shifts from a stretched right 
bend into a left bend (1st Meander), at which the log 
moved from the left to the right shore (Fig.  7C). After 
the transit across the channel, the computed orienta-
tion estimates for the heading direction changed from 
positive to negative yaw movement, as video footage 
revealed. Eventually the IMU-tagged log impacted onto 
a boulder at the right bank (Fig.  7D), before continuing 

Fig. 6 Interaction of the IMU-tagged log with riparian vegetation at the Limmat River
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transport along the right shore for about 1 km (Fig. 7D, 
E). At the 2nd  Meander, the log moved from the right 
to left shore and was observed to be transported along 
the outer bend (Fig. 7E), while results from Euler angles 
estimates revealed a series of positive yaw movement 
dynamics within the measuring time of 1250 and 2250 s. 
Towards the end of the experiment, the IMU-tagged log 
moved a last time from the left to the right shore at the 
3rd Meander (Fig.  7F), which resulted in negative yaw 
rotation, before the log has been recovered at the right 
shore (Fig. 7G). These yaw orientations and rotations are 

consistent with slower flow near the channel banks and 
faster flow near the centre of the river, resulting in rota-
tion across the span of the SmartWood-log.

After the start of the IMU, the SmartWood-log was 
lifted from the left bank using a crane grapple, showing 
an initial orientation perpendicular to the flow direc-
tion (0° Euler angles, Fig. 8A). Prior to the release of the 
SmartWood-log into the Thur River, a significant yaw 
rotation (− 4050°) has been computed from IMU-data 
due to the induced yaw rotation in clockwise direc-
tion around the crane grapple (Fig.  8B). The computed 

Fig. 7 Overview of IMU-data with a schematic illustration of the SmartWood transport route during an annual flood at the Thur River
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orientation estimates during the phase of induced 
motion furthermore revealed an inclination of roughly 
25° pitch of the SmartWood-log while being held and 
rotated by the crane grapple (Fig. 8B). The release of the 
SmartWood-log parallel to the flow direction revealed a 
negative yaw orientation of − 90°. With the opening of the 
grapple, a negative angular velocity around the longitudi-
nal axis of the log was initiated, resulting a total of − 630° 
roll (Fig. 8C).

Figure  9 details results during the first 20 min of the 
experiment at the Thur River and provides valuable 
insights into angular velocity, acceleration, and orien-
tation estimates of LW movement dynamics during the 
falling limb of a flood. At the point of release, the com-
puted Euler angles for yaw movement yielded − 100°, rep-
resenting the starting orientation of the IMU-tagged log 
at the Thur River (Fig.  9B). Field observations revealed 
that the IMU-tagged log was slowly mobilised and trans-
ported along the left bank, undergoing a series of seven 

full rotations in counterclockwise direction with respect 
to the flow direction at the current location of the log, 
resulting a total of + 2520° yaw (7 × 360°), up to the point 
where the log moved from the left to the right bank. By 
contrast, over the first 700 s into the measurement (up 
to the point of transition of the log from the left to the 
right bank, Fig.  9C), computed Euler angles showed a 
total of five full yaw rotations plus an additional 230° yaw, 
resulting a total of + 2030° yaw (5 × 360° + 230°, Fig.  9B, 
C), and leaving a deficit of 490° yaw with regard to the 
observed yaw movement in the field. With the transit 
from the left to the right bank, orientation estimates for 
yaw changed from positive to negative direction in the 
Euler angles, and from counterclockwise to clockwise 
direction according to the observations in the field. At a 
time of roughly 1050 s, a major impact (+ 9.7 g) was reg-
istered by the accelerometer. From the point of transit 
across the channel (Fig. 9C) up to the major impact onto 
a boulder at the right bank at the exit of the 1st Meander 

Fig. 8 The supply of SmartWood from the left bank at the Thur River started from a perpendicular orientation with respect to the flow direction (0° 
yaw orientation, A), undergoing a series of induced rotations (yaw) by the crane grapple (B), before being released into the flooded channel (C)
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(Fig.  9D), field observations revealed four full rotations 
into clockwise direction with respect to the flow direc-
tion and current location of the SmartWood-log, result-
ing in a total of − 1440° yaw (4x − 360°). At the same time, 
computed Euler angles showed a total of two full yaw 
rotations into negative direction plus an additional -300° 
yaw, resulting in a total of − 1020° yaw (2x − 360° − 300°, 
Fig. 9C, D), and leaving a deficit of 420° yaw. In between 
the interaction with the right shore (+ 2.9 g, Fig. 9C) and 
the impact onto the boulder (+ 9.7 g, Fig. 9D), sensor data 
from magnetometer show an abrupt change in magnetic 
field strength at a time of roughly 900 s into the measure-
ment, indicating an IMU sleep function error. Although 

sensor data from magnetometer drop back to initial val-
ues, the effect on the computed orientation estimates was 
not detectable and remains unknown at this point.

IMU‑results at the Grosse Melchaa River
The SmartWood experiment at the Grosse Melchaa River 
resulted in the capture of the highest movement dynam-
ics of all experiments. IMU-data revealed high angular 
velocities of up to 750°∙s−1 and significant activity from 
the accelerometer. To prevent the IMU from entering the 
sleep-mode prior to release into the channel, the log had 
to be continuously rocked (Fig. 10A). The release of the 
SmartWood-log into the flooded Grosse Melchaa River 

Fig. 9 Sectional analysis of IMU-tagged logs for orientation estimates at the meandering Thur River
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Fig. 10 Overview of IMU-data with a schematic illustration of the SmartWood transport route during a flood at the Grosse Melchaa River
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was captured by an increase in angular velocity, as the log 
was rolling down the embankment for about 2 m, includ-
ing lateral impacts after plunging over a roughly 2.5  m 
high retention wall into the channel. The acceleration 
readings for the feeding process ranged between − 8.2 
to + 9.2 g, while the computation of orientation estimates 
resulted in 1800° roll (five rotations around the longi-
tudinal axis, Fig.  10B). About 30  s after the start of the 
measurement, the IMU-tagged log interacted with a rock 
on the right bank, triggering an acceleration of + 7.1  g 
along the longitudinal axis. Following the impact at the 
bank, raw IMU-data from gyroscope and accelerometer 
revealed a significant increase in angular velocity and 
acceleration peaks for both lateral axes. Results of the 
‘imufusion’ algorithm show a − 180° yaw rotation as well 
as + 2160° of roll movement during the time of 29 to 42 s. 
Soon after the − 180° yaw rotation (Fig. 10C), sensor data 
from accelerometer registered two significant impacts 
(− 13.9 and − 12.5  g), as well as -360° roll (Fig.  10D). 
Towards the end of the experiment, a series of three 
impacts, ranging from − 7.8 to − 12.4 g, were measured as 
the SmartWood-log deposited alongside other logs at a 
big boulder in the centre of the channel (Fig. 10E). Com-
puted orientation estimates revealed a further − 360° roll 
movement at deposition, which has also been observed 
in the field.

Discussion
Movement dynamics of LW during floods
The physical nature of LW dynamics is still not clearly 
understood to date for which reason an innovative sens-
ing technique—SmartWood by Spreitzer et al. [84]—was 
tested for the first time in the field to quantify LW move-
ment dynamics from an on-board perspective, that is not 
easily achievable with traditional techniques such as cam-
eras [1, 47, 48] or RFID-tagged logs [49, 78]. Although 
SmartWood experiments were conducted during annual 
floods at the Limmat and Thur River, the registered 
movement dynamics were mostly monotonous and calm 
during transport along the tested stream sections. Sev-
eral factors with regard to LW dimensions can be associ-
ated to the consistent and calm transport regime, such as 
the small relative log length of < 0.1, defined as the ratio 
of SmartWood length to average channel width Keller 
and Swanson [41], Bilby and Ward [10], Abbe et al. [3] as 
well as the small relative log diameter of < 0.3, defined as 
the ratio of SmartWood diameter to average flow depth 
Bilby [8], Mazzorana et  al. [55]. Besides LW character-
istics (e.g., log length, diameter, density), channel width 
and flow depth, also flow velocity and river sinuosity 
were previously found to represent main drivers for LW 
dynamics [15, 59, 66]. The present study observed calm 
flow conditions along the channel banks (with Froude 

number Fr <  < 1) and the channel centre (Fr < 1) at the 
Limmat and Thur River, which resulted in increased 
heading activity (yaw rotations) and reduced attitude 
(e.g., roll, pitch, impacts) dynamics of LW. By contrast, a 
low heading but increased attitude activity was measured 
at the smaller headwater stream at the Grosse Melchaa 
River. This can be explained due to the large relative log 
length and diameter ranging between 0.5 and 1.0, that 
reportedly promotes interactions of LW with the chan-
nel boundaries [5, 31] and consequently increases the 
complexity of LW movement dynamics. A diverse mix 
of interactions with rough channel elements (boulders, 
rocks) from the channel bed but also banks was observed 
and measured at the Grosse Melchaa river, due to the 
relatively high unit stream power at smaller headwater 
streams [21], which has a great ability to rapidly alter 
LW movement dynamics (Fig. 10). The gained results of 
the present study provide quantitative evidence that LW 
transport at lower flow depth and in more heterogeneous 
flow fields under supercritical conditions leads to higher 
stress on the wood logs due to the higher magnitude of 
impacts, rolling, and rotational dynamics, over just a 
short transport distance (Fig.  10). The actual measure-
ment of increased movement dynamics and stress on 
LW elements within the present study links very well to 
observations of break-down processes of LW to smaller 
pieces in headwater streams [67, 90]. In detail, the IMU 
measurements registered significant roll movement at 
low flow depths (< LW diameter) from interactions with 
the channel bed during oblique or perpendicular orien-
tation with respect to the flow (Fig.  10), matching with 
previous findings of transport dynamics of LW with 
similar density (500  kg∙m3) [22, 37, 71, 73]. It can be 
hypothesised that the interaction with the channel bed 
will be intensified for logs with increasing density [71]. 
In contrast, roll movement was measured after interac-
tions with channel banks, riparian vegetation (Fig. 6), or 
objects (e.g., ferry dock at the Limmat River, Fig.  5) in 
deeper waters which occurred fully independent from the 
orientation of the LW piece. This study also confirms that 
the interaction potential of LW with riparian vegetation 
at piedmont rivers (e.g., Limmat and Thur River) may 
be increased during higher water levels, as previously 
stated by Tanaka and Yagisawa [94] and Gurnell [35]. The 
interaction of LW with riparian vegetation was found to 
induce impacts, roll, and yaw movement of SmartWood 
and altered the transport trajectory (Fig. 4). A transport 
trajectory of LW close to the thalweg [16, 48, 68], was 
observed at the Thur River, especially at the transition 
between the meanders (Fig.  7), but also at the Grosse 
Melchaa River, where the SmartWood-log was mainly 
transported by rapid currents (Fig.  10). On the other 
hand, a high frequency of interactions of SmartWood 
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with channel boundaries, in particular with the channel 
banks at the Limmat and Thur River, indicated that LW 
transport is governed by differences in local flow veloc-
ity such that the LW did not follow the primary flow 
path (thalweg). Turowski [96] elaborated the thalweg and 
gravel bedload path through meanders on the basis of 
studies by Dietrich and Smith [26] as well as Julien and 
Anthony [40]. Specifically, the deflection areas (zones 
along the outer bend of meanders, where bedload mate-
rial interacts with the channel bank) for gravel bedload 
[96] were found to be similar to the areas with frequent 
interactions of LW with outer bend of stream meanders 
in the present study. This can be associated to secondary 
currents formed at the stream meanders guiding the LW 
towards the outer band due to elevated velocity at the 
water surface [11]. This mechanism has been leveraged 
by the design of LW retention racks placed parallel to the 
stream flow at outer bends [79]. Furthermore, LW was 
found to often transit through calm flow sections close 
to the banks at the Limmat and Thur River, in particu-
lar along straight channel sections (Fig. 4 and section E to 
F in Fig. 7), for which the transport trajectory of Smart-
Wood shows consistency with the gravel bedload path 
elaborated by Turowski [96].

Orientation estimates of LW
Gained IMU-data provided the basis for the estimation of 
LW orientation from an on-board point of view [28, 32], 
that was previously identified to significantly affect LW 
mobilisation, transport, and deposition [15, 72, 84]. The 
conducted verification study and employed Python ‘imu-
fusion’ package by x-io Technologies [102] yielded reli-
able and clearly comprehensible outcome to understand 
and reconstruct movement dynamics from IMU meas-
urements (Fig.  3). Resulting Euler angles from the veri-
fication data-set showed insignificant drift in orientation 
estimates over short-medium timescales, such as previ-
ously reported by [84], and thus allowed for the use of the 
Python ‘imufusion’ package and the recorded IMU-data 
from field experiments to analyse LW movement dynam-
ics. Computed Euler angles of the field tests yielded reli-
able and comprehensible orientation estimates for stream 
sections at the Limmat (Fig. 4) as well as Grosse Melchaa 
River (Fig.  10), which neatly aligned with actual move-
ment dynamics from observations in the field. At the 
heavily meandering stream section of the Thur River, new 
insights into transport characteristics could be gained 
at a larger scale, even though challenges with drift and 
sensor-sleep phases arose for the detailed analysis of 
absolute orientation estimates from 6-DoF sensor data. 
An interaction of LW with the ferry dock at the Limmat 
River (Fig. 5) points out the clear advantage of IMU-data 
from an isolated ‘Lagrangian’ perspective compared to 

traditionally applied observative methods for quantifying 
LW movement dynamics (e.g., impact magnitude) and 
orientation (e.g., roll and yaw) at high temporal resolu-
tion during visually obstructed transport phases, that 
could not be captured using solely visual or other remote 
sensing equipment.

A significant finding of the present field study was the 
measurement of consistent positive yaw movement along 
left stream banks, and consistent negative yaw movement 
along right stream banks (Figs. 4, 9 and 10). This can be 
associated to the cross-sectional distribution of surface 
velocity. Close to the banks the velocity gradients become 
more pronounced so that logs floating with transverse 
orientation experience different flow velocities and start 
to rotate. The consistency of the measured movement 
dynamics across all experimental test sections provided 
strong evidence that LW movement dynamics are follow-
ing the principles of theoretical models and force-balance 
approaches from pioneer studies [15, 37]. The field meas-
urements of this study enable to add additional informa-
tion related to the heading orientation (positive/negative 
yaw direction), which has been missing in previous stud-
ies [15, 70]. Experiments at the Thur River demonstrated 
imposing movement dynamics, in particular heading 
orientations from Euler angles as the SmartWood-log 
passed through three meanders (Fig. 7). At the beginning 
of each meander, computed Euler angles revealed an apex 
in yaw orientation. This indicated that the SmartWood-
log moved across the channel to the opposite bank due 
to secondary currents [48, 68, 96]. The positive yaw 
movement started with the interaction of the front end 
of the SmartWood-log with the left bank, while the rear 
end steadily moved towards the channel centre. This 
increased the oblique orientation of the SmartWood-log 
with respect to the flow and can affect the resulting drag 
force, which is governing for the log rotation [15, 73].

While IMU-data revealed new insights about rota-
tional dynamics at the larger scale, a detailed analysis 
of computed orientations revealed large deviations of 
up to 490° from observed yaw movement for a series of 
seven rotations in counter clockwise direction (200 to 
700  s in Fig.  9) and 420° from observed yaw movement 
for a series of four rotations in clockwise direction (700 
to 1030 s in Fig. 9). One reason for the large deviations 
is linked to the manual yaw estimates, which were con-
sistently obtained with regard to the flow direction at the 
current location of the LW piece [72]. Especially at heav-
ily meandering stream sections (e.g., at the Thur River), 
the ‘manual’ yaw observations were found to overesti-
mate each semi-rotation (180°) of yaw by up to 40° due 
to the curvature of the meander (Fig. 11). At the exam-
ple of the heavily meandering Thur River, the succes-
sive overestimations from field observations may have 
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resulted in significant deviations from computed orienta-
tion estimates, which strictly refer to the starting orien-
tation, as no sensor data from magnetometer were used 
for global referencing [42, 52]. In addition, analysis of the 
IMU sleep function revealed an error at the Thur River, 
which became evident as an abrupt change of magnetic 
field strength in sensor data from magnetometer (≈900 s 
in Fig.  9). Figure  12 shows that computed orientation 
estimates neglected “full 360°” rotations at meandering 
river reaches at a similar angular rate (up to 80° per full 

yaw rotation) such as orientation estimates from field 
observations.

To obtain the LW transport trajectories, the estima-
tion of the heading direction (yaw) from IMU-data is of 
particular interest [42]. By contrast, roll and pitch play a 
major role for the attitude of LW movement dynamics at 
the smaller scale such as LW interactions with channel 
boundaries, accumulations, or remobilisation [17, 84]. 
Due to gravitational measurements, the computed LW 
orientation in the horizontal plane (roll and pitch, e.g., 

Fig. 11 Schematic illustration of the origin of the angular deficit due to observed yaw rotations with respect to the flow direction at the current 
location of the SmartWood-log, resulting up to 40° deficit per “180°” yaw rotation

Fig. 12 Assessment of computed Euler angles estimates from 6DoF ‘imufusion’ algorithm with respect to magnetometer data from the Thur River, 
which are not considered in the currently employed 6DoF ‘imufusion’ algorithm. According to the sensor data from magnetometer, corresponding 
rotations, such as observed in the field can be linked to the Euler angle estimates
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Fig. 8) corresponded well to the actual movement of the 
SmartWood-log [52].

The implementation of additional sensor data from 
magnetometer is required to obtain precise estimations 
of the heading orientation (yaw) of LW in rivers. Using 
integration of angular velocities to estimate orientation 
is prone to drift over time, while sensor data from accel-
erometer solely return information about roll and pitch 
[52]. In addition, special emphasis should be put on the 
determination of the manually obtained orientation esti-
mates in the field, which are intuitively determined with 
respect to the flow direction at the current location of 
the LW piece [72], rather than to the starting orientation 
[65].

Limitations and future requirements
Trivial inertial tracking systems for LW in rivers have not 
yet been developed. Currently, a compromise has to be 
made between the employed sensor units, the selected 
degrees of freedom (DoF), the amount of quantitative 
data, the employed sensor fusion algorithm, and the 
quality and accuracy of results from the chosen system. 
For example, magnetometer readings may be distorted 
by ferrous materials (e.g., bridges) and electromagnetic 
fields (e.g., power lines), while accelerometer data pro-
vide a mix of gravitational and non-gravitational accel-
eration that is not well-suited for orientation estimates 
in dynamic environments, and orientation estimates 
derived from gyroscope measurements are prone to drift 
over time  [6, 51, 61]. The computed orientation estimates 
from 6-DoF provided novel insights into LW movement 
dynamics (e.g., positive/negative yaw movement at right/
left stream banks, respectively). In particular, smaller 
SmartWood data-sets, such as the verification of an IMU 
(Fig. 3), and data-sets of almost straight stream sections 
at the Limmat (Fig. 4) and Grosse Melchaa River (Fig. 10) 
were shown to be capable of producing reliable and 
clearly comprehensible results that may be of great rel-
evance for future LW studies that are focusing on details 
along a stream reach such as LW movement dynamics at 
critical instream infrastructures or retention and guiding 
structures [24, 80, 101]. However, the resulting differ-
ences in heading orientation of up to 490° yaw between 
computed 6-DoF and observed orientations at meander-
ing rivers (Thur River, Fig. 9) currently restrict a detailed 
analysis of LW transport dynamics at the reach-scale and 
require two major improvements of the employed (i) 
IMUs and (ii) sensor fusion algorithm.

To further advance quantitative LW research at the 
field scale, the development of a robust IMU for the 
installation into LW pieces is needed. In order to pre-
cisely register movement dynamics in calm as well as 
highly dynamic stream environments, the upgraded IMU 

has to be equipped with sufficient battery lifetime and 
memory capacity, such as previously employed by Biggs 
et al. [7], for the continuous collection of data throughout 
an entire flood. The present study found that a wake-up 
and sleep function of the IMU may be counterproductive 
in terms of a source for errors. It can be recommended to 
remove this function, if not required for the autonomous 
start of measurements during the rising limb of floods 
or for the autonomous stop after deposition. The wake-
up and sleep function was initially designed to prevent 
the recording of rocking in place scenarios [64, 84]. This 
makes it difficult to differentiate between real movement 
and wobbling and may affect the quality and outcome of 
orientation estimates, in particular in combination with 
the development of drift [50, 84]. The predefined thresh-
old parameters for acceleration or angular velocity must 
be selected with care and should only consider the appli-
cation of SmartWood within the specified stream reach, 
as flow conditions and transport dynamics may quickly 
vary [4, 100].

A case-specific sensor fusion algorithm is required for 
LW research, constraining possible movement regimes 
with the exclusion of physically impossible transport pro-
cesses (e.g., upright transport of LW pieces or transport 
trajectories that are far off the water surface plane), and 
including additional data (e.g., GPS locations) that allow 
for a better reconstruction and analysis of LW movement 
dynamics [58, 87]. The majority of available algorithms, 
such as commercial sport tracking apps or inertial navi-
gation systems, are strongly customised to suit a par-
ticular application, which is often following a specific 
movement behaviour [30, 46, 54], with the exclusion of 
unrealistic movement scenarios such as flipping or roll-
ing. The implementation of additional sensor data (e.g., 
sensor data from magnetometer or GPS) into the sensor 
fusion algorithm may significantly improve the correla-
tion between measured and observed heading orienta-
tions [52, 75] of LW with respect to the Earth’s reference 
system (Fig. 12), rather than solely considering the start-
ing orientation of the IMU-tagged log from 6-DoF sensor 
data. However, such sensor fusion codes lack maturity 
and often remain unproven in freely available sensor 
fusion algorithms [52], even though some 9-DoF sensors 
with integrated sensor fusion and absolute orientation 
have been available [13], trade-offs must be made with a 
decreased data sampling rate and increased power con-
sumption compared to 6-DoF sensors as employed in the 
present study.

Conclusions
To maintain the beneficial aspects of wood in rivers and 
better control for LW-fluxes and accumulations during 
floods, an improved understanding of LW movement 
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dynamics is required. Since Braudrick and Grant [15] 
addressed a major gap of quantitative data and models, a 
large number of studies have focused on the development 
of physical and numerical models to simulate LW move-
ment dynamics during floods. However, the calibration 
and verification of these models require quantitative data 
of real-world LW movement dynamics, which are diffi-
cult to obtain and hence, are still missing to date.

The present study focused on the employment of pro-
totype wood logs in combination with state-of-the-art 
IMUs (SmartWood) to quantify LW movement dynam-
ics during floods from a fully isolated ‘Lagrangian’ point 
of view. This approach has shown to have great advan-
tages over traditionally applied observative methods such 
as cameras or RFID tags. The introduced SmartWood 
method yielded the collection of innovative field-scale 
data along three tested stream sections in Switzerland. 
Specifically, we obtained highly resolved individual 
transport details over long transport distances which are 
often not detectable by visual sensing techniques (e.g., 
submerged LW transport after the interaction with a 
ferry dock at the Limmat River). Although the acquired 
data of the present study are discontinuous, collected 
IMU-data and computed orientation estimates showed 
great consistency with actual observations in the field 
(video footage), allowed for the comprehensible analy-
sis of LW transport through short key sections as well 
as at critical-cross sections, and granted novel insights 
into LW movement dynamics during floods. Orienta-
tion estimates from IMU-data revealed consistent posi-
tive yaw movement during LW transport along the left 
stream bank and negative yaw movement while being 
transported along right stream banks. Quantitative data 
furthermore indicated that transport dynamics are more 
complex and of higher magnitude at the smaller head-
water stream than at flooded piedmont rivers. This can 
be related to the ratio between the SmartWood dimen-
sions to the river dimensions (i.e. relative log length 
and diameter). Significant deviations became evident 
between computed orientation estimates and observed 
orientations along a heavily meandering stream section, 
while reliable and comprehensible orientation estimates 
resulted for straight stream sections. The gained results 
are of great relevance to validate and improve numerical 
models [65, 74], and to identify an optimal location for 
LW retention and guiding structures [79] or other engi-
neered instream structures (e.g., engineered log jams) 
in the course of river restoration projects [62]. Going 
forward, the introduced SmartWood-method requires 
further development in order to (i) generate continuous 
data of LW movement dynamics over longer periods of 
time; (ii) employ 9-DoF IMU-data that include sensor 
data from the magnetometer; to (iii) generate orientation 

estimates with regard to a global (earth) reference system, 
that will further improve the quality of quantitative data 
and analysis of LW movement dynamics at the field scale.
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