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Abstract 

Sensor technologies for monitoring danger zones during harvesting operations are not yet 
widely adopted, despite their potential to significantly enhance occupational safety. The objec-
tive of this study was to evaluate the performance of an ultra–wideband (UWB) sensor for 
detecting people in the danger zones of motor–manual harvesting operations. This was done 
to determine whether the system performance in practical use matches the results of a prior 
prototype test. The UWB sensor was deployed during three types of forest operations: thinning, 
clear-cutting, and overstory removal. Danger zones were defined as a circle with a radius of 
1.5 times the top height of the stands: 21.00 m danger zone for thinning, 42.00 m for clear-
cutting, and 46.50 m for overstory removal. Key metrics analyzed included detection dis-
tances, detection rates, interruptions in signal reception and optimal sensor configuration. 
The results indicated mean detection distances of 19.80 m (90% Interval: 15.80–21.00 m) for 
thinning, 36.80 m (90% Interval: 23.70–42.00 m) for clear-cutting, and 39.00 m (90% Inter-
val: 30.60–46.50 m) for overstory removal, with detection rates remaining stable across op-
erations. The sensor system demonstrated its potential as a valuable tool for improving oc-
cupational safety.

Keywords: occupational safety, hazard detection, field testing

1. Introduction
Austrian forests are predominantly owned by small-
scale private forest owners (Bundesforschungszentrum 
für Wald 2016). The challenging terrain, especially in 
mountainous regions, results in steep and difficult-to-
manage forest stands. Climate change exacerbates 
these challenges, causing storm damage and bark bee-
tle infestations. In 2023, approximately 47% of harvest-
ed timber was classified as damaged wood. Small-scale 
ownership and challenging terrain, often combined 
with damaged stands, frequently prevent a high de-
gree of mechanization, with only about 21% of opera-
tions being fully mechanized using harvesters to fell 
and process trees (Holzeinschlagsmeldung über das 
Kalenderjahr 2023, 2024). The majority of felling op-
erations are still conducted manually with chainsaws.

Austrian legislation mandates that during timber 
harvesting, a second person must be within calling 
distance to activate the rescue chain in case of an ac-

cident (§75 Abs 3 Land und forstwirtschaftliche  
Arbeitsmittelverordnung BGBl. II 377/2021), making 
timber harvesting a two-person task. Consequently, at 
least one more person must be near the felling site. 
Moreover, despite all safety measures, random visi-
tors can accidentally enter in the danger zone. Hence, 
the feller must know the danger zone of the harvesting 
operation – defined by the legislator as 1.5 times the 
tree height, from the point in time of initialing the back 
cut until the tree has fallen (§75 Abs 5 z1 Land- und 
forstwirtschaftliche Arbeitsmittelverordnung BGBl. II 
377/2021) and make sure that nobody is stationed 
there during felling. Underestimating and misjudging 
danger zones plays a significant role in the occurrence 
of forest accidents (Stampfer 2018). Furthermore, stud-
ies have shown that motor-manual timber harvesting 
causes the most fatal forest accidents (Allman et al. 
2023). This is exacerbated by the fact that forest work-
ers are often subjected to loud noise and vibrations 
during the felling process, which can impair their  

Open access	 Original scientific paper 
 
https://doi.org/10.5552/crojfe.2025.4039



F. Hönigsberger et al.	Using UWB Sensors to Monitor the Danger Zone of Motor–Manual Timber Harvesting ... (233–245)

234	 Croat. j. for. eng. 46(2025)2

ability to perceive and respond to hazards (Gejdoš et 
al. 2022).

To enhance safety under these circumstances, re-
search has focused on developing advanced sensor 
technologies for monitoring danger zones. These tech-
nologies aim to provide real-time data to felling op-
erators to ensure that they are always aware of danger 
zone intrusion. However, the few attempts and pilot 
applications of such technologies have mostly relied 
on geofencing using Global Navigation Satellite  
System (GNSS) data (Wempe and Keefe 2017, König 
et al. 2024). Although GNSS-based systems can be ef-
fective, they encounter challenges in environments 
where GNSS signals are unreliable, such as dense for-
est canopies. Issues such as multipath errors, where 
signals are reflected off objects, can significantly re-
duce their accuracy (Lee et al. 2023).

Beyond GNSS, other technologies could also be 
suitable for monitoring danger zones in forestry (Keefe 
et al. 2019). One technology that stands out because of 
its suitability for distance measurement in rugged ter-
rains with forest coverage is ultra-wideband (UWB). 
UWB is a low cost technology, has minimal technical 
requirements, and is independent from mobile net-
works (Hönigsberger et al. 2024, König et al. 2024). 
Additionally, UWB is already integrated into most 
modern smartphones, making it a promising technol-
ogy for the future. In forestry, UWB has been utilized 
for various applications such as collecting forest 
growth parameters (Li et al. 2021, Zhao et al. 2022) or 
real time location and obstacle detection for autono-
mous vehicles, particularly in environments with ob-
structed GNSS signals (Zamora-Cadenas et al. 2021), 
such as dense forest settings. These applications dem-
onstrate the possibility of using UWB in forests, where 
other technologies may struggle.

For monitoring danger zones, Hönigsberger et al. 
(2024) demonstrated that their UWB sensor system 
provides precise and accurate distance measurements 
(Bias: 0.44 m; RMSE: 1.52 m) within danger zones up 
to 50 m. The system achieved a mean detection dis-
tance of 28.4 m (90% Interval: 22.33–30.00 m) for a  
30 m danger zone and 43.9 m (90% Interval: 36.81–
49.63 m) for a 50 m danger zone. The longest detection 
distance recorded during the test series was 85.00 m.

The objective of the present study was to evaluate 
the sensor system performance in real-world forestry 
operations, focusing on key performance metrics such 
as detection distance, detection rate as well as signal 
interruptions. To this end, the sensor system was de-
ployed during three timber harvesting operations: 
thinning, clear-cutting, and overstory removal and its 
performance was systematically analyzed. The feller 

carried the basestation of the UWB sensor system, 
while other individuals involved in the harvesting 
process were equiped with tags. Using smartphones 
as tags, which could be particularly interesting for in-
cluding uninvolved recreational visitors, was not con-
sidered in this study. While this is theoretically pos-
sible, the UWB performance of most smartphones is 
still too low for reliable detection (Hönigsberger et al. 
2024). The study hypothesizes that the UWB sensor 
system can reliably detect people in the danger zone 
of different harvesting operations without hindering 
the forest workers.

The results represent a significant step toward de-
termining whether the proposed sensors can perform 
effectively not only in standardized prototype tests 
but also in practical applications. By evaluating its de-
tection performance in different operational settings, 
this research identifies the system strengths and areas 
for improvement. This study aims to lay the founda-
tion for further practical applications of UWB in for-
estry and may encourage its broader adoption in the 
industry, providing a robust solution to one of the 
most pressing challenges in timber harvesting.

2. Materials and Methods

2.1 Study Layout and Data Acquisition
The field study was conducted in Salzburg, Austria. 
Clear-cutting and overstory removal operations were 
carried out in the Flachgau-Tennengau forest manage-
ment unit, managed by the Austrian Federal Forests 
(ÖBf). Thinning operations took place in the agricul-
tural and forestry management unit Sonnleitn. The 
sensor system used in the trials comprised a UWB base 
station and up to five UWB tags, as described by 
Hönigsberger et al. (2024). The feller was equipped 
with the base station making him the center of the 
danger zone. Other individuals involved in the har-
vesting process, such as additional forest workers or 
foresters, carried the tags and were tracked through-
out the entire harvesting operation.

The base station was placed in a running vest worn 
by the feller (Fig. 1). This configuration was selected 
to optimize essential factors such as traceability, re-
chargeability, weather resistance, and social accept-
ability, while ensuring the device did not pose addi-
tional safety risks (Yadav et al. 2022). The tags were 
clipped onto the back waistbands of the workers.

The danger zone for each operation was defined as 
a circle with a radius of 1.5 times the top height of the 
stands. Whenever a connection between the base  
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C cable. Using the Serial USB Terminal app, data were 
saved directly to the phone internal storage. At the end 
of each workday, the collected data were transferred 
to the cloud via Google Drive to ensure secure backup 
and accessibility for further analysis. To verify the de-
tection of each approach, random checks were per-
formed to confirm that logged data accurately dis-
played the detected approaches. In addition to sensor 
data, comprehensive information on harvesting op-
erations and forest stands was collected. This included 
inventory data and operational records, providing a 
complete understanding of the context in which the 
sensor system was deployed.

The field tests were designed to represent different 
types of timber harvesting operations. To reflect the 
most common practices in even-aged forest manage-
ment, tests were conducted at three sites, each focus-
ing on a distinct operation: thinning, clear-cutting, and 
overstory removal. Thinning operations, characterized 
by relatively small danger zones due to lower stand 
heights, pose challenges for continuous danger zone 
monitoring because of dense canopy closures and low-
hanging branches. In contrast, larger danger zones 
were encountered during clear-cutting and overstory 
removal, though differences in stand density and the 
presence of the regeneration layers were expected 
(Table 1).

The thinning operation took place in a 20 year-old 
spruce stand established through artificial reforesta-
tion with a planting distance of 1×1 m, resulting in an 
exceptionally dense stand. Trees were felled and de-
limbed using a chainsaw, manually pre-skidded, and 
extracted with a skidder. Cross-cutting was conducted 
on the forest road. The clear-cut occurred in a 75 year-
old spruce-fir stand. Timber harvesting involved fell-
ing and delimbing with a chainsaw, skidding using a 
specialized forestry tractor in a tree-length system, and 
subsequent cross-cutting at the roadside. The over-
story removal was conducted in a 165 year-old spruce 
stand with a secondary stand layer comprising dense 
10 year-old beech and spruce regeneration. As with 
the clear-cut operation, felling and delimbing were 
performed in the stand using a chainsaw, followed by 
skidding with a specialized forestry tractor and cross-
cutting at the roadside.

2.2 Data Analysis
Data analysis was performed using the statistical com-
puting language and environment R (v4.1.2; R Core 
Team 2021). In the initial step of analysis, measure-
ment pairs were generated from the individual mea-
surements for each tag. Each pair consisted of a start 
timestamp and start distance, as well as an end  

station and a tag was established, the distance and as-
sociated timestamp were recorded. To capture a wide 
range of data from tags both inside and outside the 
danger zone and to assess whether the sensor system 
detects reliably in this environment, data logging was 
conducted throughout all work phases rather thans 
being limited to the felling process. During periods of 
consistent connection, the maximum acquisition fre-
quency was one measurement per second (Fig. 2).

Data were logged and stored on a smartphone 
(Google Pixel 6) connected to the base station via USB-

Fig. 1 Placement of base station (left) and tag (right)

Fig. 2 Exemplary representation of study layout and recorded data
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timestamp and end distance. For the subsequent mea-
surement pair, the end timestamp and end distance of 
the previous pair were used as the start timestamp and 
start distance, respectively. This measurement pair 
thus represents the time span between two individual 
measurements. To determine detection distances, sen-
sor data were analyzed for instances where the re-
corded danger zone was either entered or exited. The 
detection distance was defined as the point where one 
measurement fell outside the danger zone and the 
subsequent measurement fell within it, or vice versa. 
Accuracy was assessed using the root-mean-squared 
error (RMSE) as a measure (Eqn. 1):

	
RMSE
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Where:
ddanger	 is the radius of danger zone
drec �	is the recorded detection distance, both ex-

pressed in meters.
Precision was evaluated using bias as a measure 

(Eqn. 2):
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Detection rates (dr) were also analyzed (Eqn. 3). For 
a given distance, the detection rate was calculated as 
follows:
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Where:
napp	  �is the total number of times the specific dan-

ger zone was either entered or exited
n	� is the number of detections that occurred at a 

specific distance.
The duration of each measurement pair was calcu-

lated using the start and end timestamps. Since the 
base station recorded data at a maximum frequency 

of one measurement per second (s), any duration of 
two s or longer was classified as an interruption. Inter-
ruptions lasting longer than 180 s were assumed to 
result from either the tag being turned off or moving 
out of range for an extended period. These long inter-
ruptions were excluded from the study.

As data were recorded continuously throughout 
the operation, regardless of whether the tags were in-
side or outside the danger zone, it was possible to 
evaluate the optimal configuration of the sensor sys-
tem. The triggering distance, defined as the distance 
at which the sensor activates acoustic and visual 
alarms, was optimized to minimize the bias (Eqn. 2) 
between the detection distance and the danger zone, 
as the RMSE originates from the sensor hardware itself 
and cannot be influenced directly. The optimal trig-
gering distance was determined by calculating the bias 
for triggering distances ranging from the danger zone 
up to 1.15 times the danger zone, at increments of  
0.1 m. This approach was designed to ensure that en-
tries into the danger zone were detected as early as 
possible to maintain safety, while also avoiding false 
detections outside the actual danger zone that could 
disrupt forest operations. Finally, the results were 
compared with the findings of the prototype test con-
ducted by Hönigsberger et al. (2024). For consistency, 
all data collected during these tests were aggregated 
and analyzed using the danger zones defined in the 
prototype test (30, 50, and 70 m). The same approach 
was applied to determine the detection distance.

3. Results
This study aimed to assess the performance of the 
UWB sensor system across various timber harvesting 
operations. The total recording time across all opera-
tions was 16 h and 26 min, with a maximum recorded 
distance of 89.8 m. A total of 9353 measurements were 
recorded throughout the study. The sensor system 
was tested during thinning operations lasting 3 h and 
11 min and achieving a maximum recorded distance 
of 49.5 m. A total of 2057 individual measurements 

Table 1 Description of forest stands within field test

Operation Age, years Tree species Growing stock, m3/ha Stocking level Top height, m Slope, %
A – thinning 20 Spruce 67 1.0 14 43

B – clear cut
75 Spruce

370 0.8 28 46
75 Fir

C – overstory 
removal

165 Spruce
197 0.4 31 910 Beech

10 Spruce
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were recorded. During the clear-cut operation, the sen-
sor system achieved a maximum distance of 89.8 m, 
representing the furthest distance recorded in the 
study. This operation lasted 5 h and 57 min and 2515 
measurements were logged. Overstory removal rep-
resented the longest recording time, lasting 7 h and  
18 min. During this operation, the maximum detection 
distance was 60.9 m, and the sensor system logged 
4781 measurements.

3.1 Detection Distance and Detection Rate
The initial analysis of the recorded data focused on the 
detection distance (Fig. 3). For the thinning operation, 
the danger zone was set at 21.0 m, corresponding to 1.5 
times the top height of the stand of 14.0 m (Table 1). 
 The mean detection distance recorded was 19.8 m, 
with a 90% interval ranging from 15.8 m (5th percentile) 
to 21.0 m (95th percentile). The bias was 1.20 m, and the 
RMSE was 2.1 m. For the clear-cut operation, the dan-
ger zone was set at 42.0 m, corresponding to 1.5 times 
the stand height of 28.0 m (Table 1). The mean detec-
tion distance was 36.8 m, with a 90% interval ranging 
from 23.7 m to 42.0 m. The bias was 5.2 m, and the 
RMSE was 8.2 m. In the overstory removal operation, 
the danger zone was set at 46.5 m, corresponding to 
1.5 times the stand height of 31.0 m (Table 1). The mean 
detection distance recorded using the sensor system 
was 39.0 m. The 90% interval ranged from 30.6 m to 
46.5 m, with a bias of 7.5 m and an RMSE of 10.4 m.

Based on the detection distances, the trend of de-
tection rates within the danger zones can be analyzed. 
Upon entering the danger zones, a sharp increase in 
detection rates was observed across all harvesting op-
erations (Fig. 4). In the thinning operation, 50% of the 
approaches were detected at a deviation of 0.5 m from 
the danger zone (20.5 m from the base station), mean-
ing just 50 cm after fully entering the danger zone. For 
the clear-cut operation, this 50% detection rate was 
reached 1.5 m after entering the danger zone (40.5 m 
from the base station). In contrast, during the over-
story removal operation, a 50% detection rate was 
achieved at a deviation of 2.5 m from the danger zone 
entrance (44.0 m from the base station).

Three-quarters of the approaches (75%) during the 
thinning operation were detected 1.5 m after entering 
the danger zone. In the clear-cut operation, it took  
9.5 m to reach a 75% detection rate, while during over-
story removal, this detection rate was achieved 15.5 m 
into the danger zone. As the distance to the sensor 
decreased further, the detection rate continued to in-
crease. In the thinning operation, a 90% detection rate 
was reached at a deviation of 6.0 m from the danger 
zone entrance (15.0 m from the base station). For the 
clear-cut operation, 90% of approaches were detected 
16.0 m into the danger zone (26.0 m from the base sta-
tion), and during overstory removal, the system 
achieved a 90% detection rate at a deviation of 16.5 m 
from the danger zone entrance (30.0 m from the base 
station).

Fig. 3 Detection distances for various harvesting operations Fig. 4 Detection rates for different harvesting operations
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3.1.1 Interruptions
An important metric is not only where an approach 
was detected but also where interruptions between 
detections occurred within the danger zones and how 
long these interruptions lasted. Interruptions were de-
fined as all pairs of recordings with timestamps at least 
2 s apart. The data shows that the mean interruption 
duration was 5 s. Additionally, 90% of interruptions 
were shorter than or equal to 7 s, and 95% were short-
er than or equal to 14 s. Most interruptions were brief, 
with 70.5% lasting no more than 2 s.

Although this general trend held across all timber 
harvesting operations, notable differences were ob-
served. The shortest interruptions occurred during the 
clear-cut operation, with 90% lasting no more than 4 s 
and 95% no more than 11 s, resulting in an average inter-
ruption length of 4 s. The overstory removal operation 
followed, with an average interruption length of 5 s. 
Here, 90% of interruptions lasted no more than 6 s, and 
95% no more than 13 s. The longest interruptions were 
recorded during thinning operations, where the average 
duration was 5 s. In this case, 90% of interruptions were 
shorter than 10 s, and 95% were shorter than 17 s.

These differences, combined with the varying pro-
portions of interruptions relative to the total recording 
time, created a nuanced picture of the recording time 
composition across different timber harvesting opera-
tions (Fig. 5).

During the thinning operation, 50% of the total re-
corded time was free of interruptions. Short interrup-
tions lasting less than 5 s accounted for 10% of the time, 
suggesting that such interruptions, while present, were 
relatively infrequent. Medium interruptions (5–15 s) 
were more common, representing 17% of the total re-
cording time. Longer interruptions (15–60 s) occurred 
more frequently, accounting for 19%, while interrup-
tions exceeding 60 s were rare, comprising only 4% of 
the time.

The final felling operation exhibited a different pat-
tern, with 65% of the recording time being uninter-
rupted, indicating a higher level of continuous detec-
tion compared to thinning. Short interruptions of less 
than 5 s were less common, representing 4% of the time. 
Medium interruptions (5–15 s) accounted for 6%, while 
longer interruptions (15–60 s) made up 11% of the time. 
Interruptions exceeding 60 s were more frequent in this 
operation, representing 14% of the total recording time.

Overstory removal showed the highest proportion 
of uninterrupted recording time, with 78% of the total 
time free of interruptions. Short interruptions of less 
than 5 s accounted for 6%, similar to the final felling. 
Medium interruptions (5–15 s) were less frequent, at 4%, 
and longer interruptions (15–60 s) comprised 6% of the 
total time. Interruptions exceeding 60 s were relatively 
rare, accounting for 6% of the time.

3.2 Triggering Distance Optimization
Across all danger zones, earlier triggering – before en-
tering the danger zone – resulted in improved sensor 
performance by reducing the bias between the desig-
nated danger zone and the actual detection. The dis-
tance at which this bias was minimized was consid-
ered the ideal detection point. In cases where multiple 
distances exhibited the same bias, the smaller distance 
was deemed the ideal detection point (Fig. 6a).

Using this ideal detection point of 22.8 m for the 
thinning operation, a new mean detection distance 
was calculated (Fig. 6b). For thinning, the new mean 
detection distance was 20.9 m, with the 90% interval 
ranging from 15.9 m (5th percentile) to 22.7 m (95th per-
centile). The bias was reduced to 0.1 m, and the RMSE 
was 2.2 m. This adjustment also resulted in an in-
creased detection rate (Table 2), with 64.6% of the ap-
proaches being detected upon entering the danger 
zone at 21.0 m (Fig. 6c).

Similar improvements were observed in the clear-
cut (Appendix Fig_1A) and overstory removal  
(Appendix Fig_2A) operations. For the clear-cut op-
eration, triggering at the ideal detection point of  
47.3 m resulted in a new mean detection distance of 

Fig. 5 Interruptions of varying lengths relative to total recording 
time for different harvesting operations
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3.3 Comparing Prototype and Field Testing
By combining the datasets from Hönigsberger et al. 
(2024) and the present study, a comparison between 
the prototype and field tests was conducted (Fig. 7). 
To enable this comparison, data from the field tests 
were consolidated and evaluated for danger zones of 
30, 50, and 70 m. A comparison with the 90 m danger 
zone from the prototype test was not possible, as no 
detection at this distance was recorded during the field 

41.2 m. In the overstory removal operation, the opti-
mal triggering point of 52.7 m achieved a mean detec-
tion distance of 41.7 m (Table 2). These shifts in detec-
tion distances allow for higher detection rates at an 
earlier stage, though at the cost of larger danger zones, 
which increases the likelihood of unnecessary inter-
ruptions. However, this trade-off ultimately enhances 
safety by enabling a greater number of approaches to 
be detected sooner.

Fig. 6 Optimizing the configuration of sensor system for thinning operation. Identifying the distance with minimal bias between mean detec-
tion distance and danger zone distance (a), comparing the detection distance (b) and detection rate (c) between triggering point equal to 
danger zone distance and ideal triggering point



F. Hönigsberger et al.	Using UWB Sensors to Monitor the Danger Zone of Motor–Manual Timber Harvesting ... (233–245)

240	 Croat. j. for. eng. 46(2025)2

Table 2 Comparing UWB sensor systems performance before and after optimizing the configuration

Operation
Danger zone, 

m
Triggering

distance, m
Mean, m Median, m

90% Interval, m
Bias, m (%) RMSE, m (%)

5% 95%
A–thinning 21.0 21.0 19.8 20.6 15.8 21.0 1.2 (6.1) 2.1 (10.5)
A–thinning
(ideal detection point)

21.0 22.8 (+1.8) 20.9 21.7 15.9 22.7 0.1 (0.3) 2.2 (10.3)

B–clear cut 42.0 42.0 36.8 40.9 23.7 42.0 5.2 (14.1) 8.2 (22.4)
B–clear cut
(ideal detection point)

42.0 47.3 (+5.3) 41.2 44.3 25.9 47.3 0.87 (2.1) 7.7 (18.6)

C–overstory removal 46.5 46.5 39.0 39.8 30.6 46.5 7.5 (19.3) 10.4 (26.7)
C–overstory removal
(ideal detection point)

46.5 52.7 (+6.2) 41.7 42.3 30.7 52.6 4.8 (10.3) 11.0 (23.6)

tests. For the 30 m danger zone, the prototype test re-
corded a mean detection distance of 28.1 m, with a bias 
of 1.1 m and an RMSE of 4.0 m. The field test showed 
a slightly lower mean detection distance of 27.2 m, 
with a higher bias of 2.8 m and an RMSE of 4.8 m. For 
the 50 m danger zone, the prototype test recorded a 
mean detection distance of 43.9 m, with a bias of 6.2 m 
and an RMSE of 8.1 m. In contrast, the field test 
achieved a mean detection distance of 47.0 m, reduc-
ing the bias to 3.0 m and the RMSE to 3.5 m. For the  
70 m danger zone, the prototype test recorded a mean 
detection distance of 52.8 m, with a high bias of 17.2 m 
and an RMSE of 19.2 m. The field test showed a mean 
detection distance of 56.1 m, with a lower bias of  
13.9 m but a higher RMSE of 20.8 m.

Welch’s two-sample t-tests were conducted to com-
pare the mean detection distances between the field 
and prototype tests for the 30 m, 50 m, and 70 m dan-
ger zones. The p-values for the 30 m, 50 m, and 70 m 
danger zones were 0.4, 0.3, and 0.8, respectively. All 
p-values were above the significance level of 0.05, in-
dicating no statistically significant difference in the 
mean detection distances between the corresponding 
danger zones in the field and prototype tests.

4. Discussion
In this study, the performance of a UWB sensor system 
(Hönigsberger et al. 2024) was evaluated through field 
tests conducted during ongoing forest operations. The 
danger zones for each forest operation were defined 
based on the top height of the trees: 21.0 m for thin-
ning, 42.0 m for clear-cutting, and 46.5 m for overstory 
removal. Sensor data were logged on a smartphone, 
transmitted to a cloud-based platform, and analyzed. 
Key metrics such as detection distances, detection 
rates, signal interruptions, optimal sensor configura-
tion, and a comparison with prototype test results 
from Hönigsberger et al. (2024) were examined. The 
recorded mean detection distances were 19.8 m (90% 
Interval: 15.8–21.0 m) for thinning, 36.8 m (90% Inter-
val: 23.7–42.0 m) for clear-cutting, and 39.0 m (90% 
Interval: 30.6–46.5 m) for overstory removal. Com-
pared to the other operations, due to the smaller dan-
ger zones thinning showed a low scattering of detec-
tion distance.

These results, along with the detection rates, pro-
vided a detailed view of the sensor performance. In 
the thinning operation, which featured the smallest 
danger zone, most detections occurred immediately 
upon entering the danger zone, with 75% of detections 
achieved within 19.5 m (1.5 m after entering). In the 
clear-cut operation, initially dense forest conditions 

Fig. 7 Comparison of detection distance during prototype and field 
test
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and a large danger zone created challenging condi-
tions for the sensor. However, as the operation pro-
gressed and the area became more open, sensor per-
formance improved. Notably, the farthest detection 
distance of 89.8 m w as recorded during clear-cutting. 
Overstory removal, which presented the largest dan-
ger zone among the tested operations, revealed unique 
challenges. Although the stocking level of the main 
stand was relatively low (0.4), the presence of regen-
eration made detection more difficult, as evidenced by 
the highest bias and RMSE. However, an analysis of 
signal reception interruptions revealed a contrasting 
perspective. During overstory removal, the average 
interruption duration was 5 s (95% Interval: <13 s), 
with the longest uninterrupted detection time (78.4%). 
This suggests that while detecting objects near the 
edge of the danger zone close to the sensor operation-
al limit (50 m according to Hönigsberger et al. 2024) is 
challenging, detection within the danger zone itself 
was stable, likely due to the sparse main stand, result-
ing in fewer interruptions. Clear-cutting exhibited the 
shortest average interruption duration of 4 s (95%  
Interval: <11 s), with uninterrupted detection recorded 
64.8% of the time. However, this operation experi-
enced the highest number of long interruptions  
(>60 s), likely reflecting the transition from a densely 
stocked spruce forest to an open area as the operation 
progressed. In contrast, thinning had the fewest inter-
ruptions exceeding 60 s but showed the lowest propor-
tion of continuous detection (49.9%). This may be at-
tributed to the dense stand conditions but at the same 
time relatively small danger zone.

These findings underscore the distinct challenges 
posed by different harvesting operations for sensor 
systems. In scenarios where long interruptions are 
prevalent, increasing the sensor data acquisition fre-
quency could enhance performance.

In practical applications, adjusting a sensor trigger 
distance to a point before entering the actual danger 
zone can improve the mean detection distance. For 
thinning, setting the trigger distance at 22.8 m (1.8 m 
before entering the danger zone) increased the mean 
detection distance from 19.8 m to 20.9 m (90% Interval: 
15.9–22.7 m). During clear-cutting, setting the trigger 
distance at 47.3 m (5.3 m before the danger zone) im-
proved the mean detection distance from 36.8 m to 
41.2 m (90% Interval: 25.9–47.3 m). For overstory re-
moval, setting the trigger distance at 52.7 m (6.2 m before 
the danger zone) increased the mean detection distance 
from 39.0 m to 41.7 m (90% Interval: 30.7–52.6 m). 
These results indicate that, for practical implementa-
tion, detection distances for thinning operations 
should be set approximately 2.0 m beyond the danger 

zone. For final yield operations, which involve larger 
danger zones, trigger distances of 5.0–6.0 m beyond 
the danger zone are recommended. This trade-off, be-
tween earlier detection of entries into the danger zone 
and false detections that could disrupt harvesting op-
erations, ultimately enhances safety by enabling a 
greater number of approaches to be detected sooner.

A comparison of field test results with prototype 
tests carried out by Hönigsberger et al. (2024) revealed 
similar performance outcomes, with no statistically sig-
nificant differences in detection performance across the 
30-, 50, and 70 m danger zones. This suggests that the 
performance observed in the prototype test could also 
be replicated in the field test, demonstrating consistent 
sensor performance under both testing conditions. One 
notable advantage of the data collection method used 
in this study was that it required no modifications to the 
normal working process other than carrying the base 
station and tags, minimizing potential interference. 
However, this methodology introduces limitations, as 
certain detections – particularly tangential approaches 
at the edges of the danger zone – may not have been 
captured, even though all randomly conducted test ap-
proaches were detected. Additionally, detection dis-
tance and signal interruptions may vary depending on 
the direction of entry, as for example stocking level 
continuously change throughout the harvesting pro-
cess. To address these limitations while preserving the 
benefits of the current methodology, future studies 
should integrate GNSS tracking for participants.  
Although not providing perfectly precise location data, 
GNSS tracking could enhance diversification of perfor-
mance metrics within operations and allow a more de-
tailed analysis of (micro-) topography and line-of-sight 
effects, which prior studies have shown to impact detec-
tion performance (Chen et al. 2022, Zhang et al. 2023, 
Hönigsberger et al. 2024).

5. Conclusions
This study tackled the challenge of improving safety 
during forest operations by testing a UWB sensor sys-
tem designed to detect individuals within danger 
zones during motor–manual timber harvesting. The 
system performance was evaluated under real work-
ing conditions across various forest operations, includ-
ing thinning, clear-cutting, and overstory removal. 
Data were collected in the field using a smartphone-
based logging system and analyzed to assess detection 
distances, interruption rates, and the sensor system 
optimal configuration for practical use. The UWB sen-
sor system demonstrated its effectiveness in real-
world forest operations, validating the results of  
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previous prototype tests. Detection distances and rates 
varied across thinning, clear-cutting, and overstory 
removal, reflecting the distinct challenges posed by 
each harvesting operation. In thinning, with its rela-
tively small danger zone, most detections occurred 
shortly after entering the danger zone. In contrast, 
clear-cutting and overstory removal, characterized by 
larger danger zones, exhibited greater variability in 
detection performance. Adjusting the sensor trigger 
distance improved the mean detection distance, high-
lighting a practical optimization for field use. Despite 
its overall strong performance, areas for improvement 
remain, particularly regarding interruptions in signal 
reception. In summary, the sensor system perfor-
mance was successfully validated through prototype 
testing. While the system is well-suited to support for-
est workers, it is essential to emphasize that it is not 
intended to replace human oversight. In fact, it serves 
as a supplemental tool to enhance occupational safety, 
fulfilling its intended purpose.
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Fig. 1A Optimizing the configuration of sensor system for clear-cut operation. Identifying the distance with minimal bias between mean 
detection distance and danger zone distance (a), comparing the detection distance (b) and detection rate (c) between triggering point equal 
to danger zone distance and ideal triggering point

Appendix
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Fig. 2A Optimizing the configuration of the sensor system for the overstory removal operation. Identifying the distance with minimal bias 
between mean detection distance and danger zone distance (a), comparing the detection distance (b) and detection rate (c) between trig-
gering point equal to danger zone distance and ideal triggering point
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