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Abstract

Tree mechanical stability is essential for forest management and urban safety. Although
static pulling tests are currently the standard for non-destructive advanced risk assessments,
these tests have significant methodological limitations. Large trees require high applied
forces to produce measurable signals, which poses safety risks and causes equipment wear.
Conversely, structurally compromised ancient, veteran, or dead trees (snags) may yield
poor signal-to-noise ratios at low loads, leading to unstable model fits and unreliable safety
factor extrapolations. Additionally, standard inclinometers often experience interference
from motion-induced accelerations. This study introduces a high-resolution, low-noise
measurement approach that resolves small basal inclinations and stem bending responses.
This method uses laser-based tracking to monitor stem bending, torsion, and inclination
under mechanical load. Experimental data were collected by combining traditional pulling
tests with this novel system, as well as by conducting a pilot study that monitored tree
movement during low-strength wind gusts. The proposed method enables more precise
characterization of the initial load-response curve. Improving the signal-to-noise ratio
at lower force levels allows for more robust safety extrapolations. When combined with
a 3D LiDAR scan, the method can reveal deviations from the theoretical bending line in
order to locate internal defects and variations in wood properties. These findings bridge
a critical gap in tree risk assessment by improving the applicability of static testing to mas-
sive trees, as well as ecologically valuable yet structurally vulnerable snags and ancient and
veteran trees.

Keywords: tree risk assessment; Static Load Test; non-destructive testing; standing
deadwood; snag assessment; dynamic wind response; laser-based deflectometer

1. Introduction

The mechanical stability of trees is essential for forest management, urban safety,
and ecological resilience. Trees are frequently exposed to mechanical loads, particularly
wind, which can cause stem bending and root plate inclination, potentially leading to stem
fracture or uprooting [1-3]. Such failures, although of ecological importance [4,5], can result
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in significant ecological and economic damage and may lead to personal injury, especially
in urban and managed forest environments [1,6].

Although the risk of tree failure is generally low, a study in the Netherlands reported
arise in the standardized rate of injuries caused by tree failure in urban areas, increasing
from 0.14 to 0.91 per 1,000,000 population between 1998 and 2021—an annual increase of
3% [7]. This trend underscores the need for reliable tree risk assessment methods that can
overcome the limitations of current practice, which often tend to be technically complex
and costly, or have proved to be too simple to allow for reliable assessments of the actual
safety factors involved.

1.1. Pulling Tests for Tree Safety Assessment

The pulling test is an experiment that involves applying a static load to the tree while
measuring stem strain and stem base rotation. It has been widely used to evaluate the
strength of trees in scientific studies for many years [8-11]. The Static Load Test Method
or Pulling Test Method sets out to non-destructively estimate the strength of a tree’s stem
and anchorage and correlate those with wind actions to be expected in a storm in order to
establish safety factors against stem or root failure [12-15]. It remains the only available
method of advanced inspection to assess ad hoc tree stability in strong winds [16].

1.2. Stem Bending and Strain

Stem bending refers to the deflection of the tree stem under lateral loads, influenced
by stem flexibility and structural properties [17-19]. Strain gauges are the most precise
and widely used tools for measuring tree bending, providing direct quantification of
strain [20-25]. These methods are robust in field conditions and suitable for both static and
dynamic measurements. Complementary tools, such as accelerometers, inclinometers, and
optical systems, offer valuable data for dynamic sway and frequency analysis [25-30].

During a pulling test, strain gauges measure small changes in fiber length (often at
an accuracy of 1 pm) at the stem periphery. These measurements, taken on both the tension
and compression sides of the trunk, mirror the tree’s response to simulated wind loads and
may be correlated to the elastic limit of the fiber to derive critical bending moments that
may induce primary failure of the wood fibers. Because the outermost fibers experience
the greatest stress during bending, measuring their strain helps estimate failure loads for
the tree stem. These measurements allow safety calculations to assess the breaking safety
of the stem if combined with wind-load data and material properties of green wood.

1.3. Stem Base Inclination

Stem base inclination, or tilt, describes the rotation of the root—soil plate at the tree
base and is a critical indicator of anchorage strength and uprooting risk [3,31,32]. High-
precision inclinometers or triaxial accelerometers, attached at the stem base, record basal
stem inclination. These devices capture dynamic tilt responses at high sampling rates (e.g.,
10-20 Hz) during wind events, static pulling, or quick-release tests [1,28,32-37].

The bending moment required to reach a specific inclination in a pulling test (e.g.,
0.25°) serves as a proxy for anchorage strength [14,15,31]. Alternatively, tree anchorage is
assessed based on basal inclination in high winds [32,36,37].

1.4. Torsion

Trees experience both bending and torsional vibrations in the wind. Torsional vibra-
tions are most pronounced in the crown and upper branches, particularly under low to
moderate wind loads. As wind intensity increases, bending dominates, though torsion
remains relevant for localized stress and potential failure points in branches or in the stem
at the base of the crown [38]. Common methods for measuring torsion or torque in tree
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stems include strain gauge arrays [22,39], gyroscopes and accelerometers [38,40] and digital
image correlation [28]. Due to their complexity, these techniques are currently not applied
in standard pulling tests for tree assessment.

1.5. Measurement Challenges and Research Needs

The quantitative assessment of tree stability often relies on static pulling tests, which
measure strain and basal inclination as indicators of the mechanical response of the
stem-root system. However, there are situations in which pulling tests reach their limits.
One example is large trees with large-diameter stems and strong anchorage. Their size
and rigidity necessitate high applied forces to produce strain and tilt signals of sufficient
magnitude to allow for reliable extrapolations. Especially for low signals, the noise of
standard sensors overlays the small signal to a degree that may compromise the confidence
level of gathered data. Furthermore, the application of such high loads poses safety risks
to field teams and surrounding infrastructure, accelerates equipment wear and tear, and
restricts testing locations and conditions.

A second example is the assessment of standing dead trees (snags or “ecotorsi”) in
urban and peri-urban settings. While snags are increasingly retained for their ecological
value, their reduced structural integrity results in dead wood fibers at the periphery of
the stem and entirely degraded structural roots, making them unsuitable for conventional
pulling protocols, which, in order to safeguard non-destructive measurements and to allow
extrapolating strength, rely on living marginal fibers [41] and at least some mechanically
functional roots [42]. Identifying weak spots where monitoring strains would be essential
proves to be difficult for dead trees. Furthermore, at low forces that seem safer for testing
these vulnerable stems, many inclinometers and strain gauges exhibit high uncertainty
and drift, resulting in poor signal-to-noise ratios. Noisy low-load measurements lead to
unstable model fits and inflated error propagation, increasing uncertainty in extrapolated
quantities such as critical bending moment or safety factors.

These challenges highlight a methodological gap: field techniques are needed to
resolve very small basal inclinations with high precision and little noise in the signal.
A higher-resolution approach would enable reliable characterization of the initial portion of
the load-response curve and is a prerequisite for robust extrapolations from low responses.
It could thus expand the applicability of static tests to both very large trees and structurally
compromised snags, given that the robustness of extrapolations from minimal responses
on dead and living trees is confirmed by future studies. Early studies gave first hints at the
potential of using lasers to track the movement of trees [43].

In addition to pulling tests, the motion of the stem base has been monitored in natural
winds to assess tree safety. However, motion-induced accelerations and structure-borne
vibration signals can interfere with accelerometer-based angle measurements, often leading
to inaccurate tilt readings. This applies to an even greater degree if tilt is measured at
higher positions along the stem to derive changes in stem curvature or the bending line of
a stem in natural winds. Previously, these interference effects obscured the dynamic
response of trees under wind loads. Data evaluation was limited to frequency analysis,
because overshooting, signal noise and mathematical integration made displacement
calculations highly prone to errors. We addressed these gaps by developing and evaluating
a high-resolution, low-noise pulling test method to monitor tree bending, torsion, and
inclination under mechanical stress.

We collected data from traditional pulling tests in combination with the new method
in two distinct experiments. In the first experiment, we used young, nearly round, and
likely homogeneous plantation trees to test the accuracy of the new method, particularly
the inclination data collected at the stem base, compared to the traditional method. Since
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the curvature of the trunk in this case is directly related to Young’s modulus (E), we also
compared E estimated from both sets of equipment. A second experiment, which used
fragile, dead standing trees, evaluated the usefulness of using multiple lasers along the
stem to identify problematic parts of the trunk based on deviations from the theoretical
bending line. It also served to collect stem base inclination data with both methods.

As a pilot study, we measured the movement of individual trees in low-strength gusts
of wind using the laser method.

2. Materials and Methods
2.1. Trees and Sites

For the first subset, 11 Pinus taeda L. (mean height: 19.1 m, mean diameter at breast
height (dbh): 0.36 m) and 10 Platanus x hispanica Mill. ex Miinchh. (mean height: 20.6 m,
mean dbh: 0.43 m) were pulled to failure at a forest plantation in northern Uruguay in
August 2025.

In Gottingen, Germany, 19 standing dead urban trees (11 Fagus sylvatica L.,
4 Acer pseudoplatanus L., 1 Acer platanoides L., 1 Quercus alba L.) with dbh between 0.36 m
and 1.1 m were non-destructively measured in autumn 2025. They had been dead for at
least 5 years.

To evaluate the feasibility of measurements under natural wind excitation, a red oak
(Quercus rubra) in Rostock, Germany, with a dbh of 120 cm and an approximate height of
18 m, was tested under wind gusts of approximately 35 to 40 km h~!. Wind speed was
derived from regional meteorological data, as on-site measurements were not available.
The tree is located in a cemetery with park-like vegetation: large bushes and mature trees
of similar height in its surroundings. In addition, an Acer spec. with an open cavity in the
trunk was monitored. The tree was part of a north—south avenue, with an unobstructed
windward side facing west.

2.2. Pulling Tests

All trees were pulled non-destructively to an inclination of 0.25° at the stem base. The
forest trees in Uruguay were pulled to failure in a second pull. During the winching tests,
the applied force was measured continuously with a forcemeter (load cell) in the pulling
line, while the resulting rotation of the root plate was measured with a bi-axial inclinometer
at the side of the stem base. Strain of the outermost fibers was measured using four strain
gauges installed at equidistant points between 1 m and 4 m on the side of the stem under
compressive stress. Further inclinometers were installed at heights of 2 m and 5 m.

The instruments used are part of the TreeQinetic system (IML Electronic GmbH,
Rostock, Germany). The inclinometers had a resolution of 0.01° (quasi-static motion,
with an accuracy of 0.02°), the strain gauges had a resolution of 1/10,000 mm (with an
accuracy of 1/1000 mm), and the forcemeter had a resolution of 0.1 kN (with an accuracy of
0.3 kN). The rope angle from the horizontal was measured by an on-board inclinometer
in the forcemeter. The test was configured according to the Static Load Test Method or
Pulling Test Method [44]. The applied force was converted into its lateral component using
the cosine of the rope angle. The bending moment was determined by multiplying the
lateral force component (in kN) by the lever arm length, which was measured as the vertical
distance from the respective sensor’s position to the anchor point of the rope (in meters).

Prior to testing, tree crowns were removed from forest trees to eliminate the influence
of the unknown weight of the crown and to prevent errors caused by wind impact or
branches getting caught in adjacent trees.
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2.3. High-Resolution Pulling Test Method with Laser Deflectometer
2.3.1. Material

For optical measurements of tree responses to applied loads, the LOFOR® Laser
Deflectometer (Engineering Firm for Tree Inspection Technologies, Rostock, Germany) was
used. The system consists of multiple long-range laser units mounted on the tree using
precision mechanical alignment mounts, as well as a camera support system—typically
holding a smartphone—and a semi-transparent projection screen. These components are
arranged on purpose-built stands to ensure stable positioning and optical alignment.

2.3.2. Experimental Set-Up

For measurements using the laser deflectometer introduced here, laser emitters were
mounted at multiple heights along the stem. Unless noted otherwise, the bottom laser was
mounted at the stem base, while four other lasers were installed at 0.5, 1.0, 1.5 and 2 m
height, respectively. The laser beams were precisely aligned to strike a semi-transparent
projection screen positioned between 5 and 12.5 m from the tree, which was recorded
from the rear by a camera (Figure 1). This distance was exactly 5 m for the ecotorsi, but,
due to the difficult terrain, it was variable in Uruguay. The distance was measured with
a laser distance meter (LDO8OP, Makita, Ratingen, Germany). Thus, any movement of the
stem was transmitted instantaneously by the laser beams onto the projection screen and
recorded, allowing contact-free and delay-free detection of stem displacement.

PN

,'KL> 9 \\\ ()
. \ 7’ A\
V

Figure 1. Camera, projection screen, laser emitters. X and Y: Coordinates of laser dot movement
on the screen. y denotes the inclination in the direction to or away from the screen, ¢ is an angle
related to either a rotation around the stem axis or to a stem tilting sideways. 0 denotes the angle
perpendicular to y. This angle is detected by the lowest laser, whose beam is directed onto the screen
by a mirror.

The video was analyzed with custom software to determine the vertical and horizontal
displacement of the laser beams during the experiment in X and Y directions and to calculate
the respective changes in angle of the laser beams from the distance between lasers and
screen. The temporal resolution of this method therefore depends on the frame rate, which
is set to between 24 and 60 Hz depending on the camera model and experimental setting,
while the spatial resolution is affected by the distance between the laser and the screen as
well as the resolution of the video.
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2.4. Theory of Stem Response Measurements with Laser Deflectometer

The method exploits a fundamental geometric principle: the intercept theorem (prin-
ciple of similar triangles). By increasing the distance between the tree and the projection
screen, the resolution of the measurement results can be adjusted almost arbitrarily—at
least to the extent permitted by the topographical and structural surroundings of the tree.
The nature of a laser beam ensures a delay-free and distortion-free amplification of the
tree’s movements. The actual rotation of the laser beams, and thus the deflection of the
section the lasers are attached to, can be derived by applying the intercept theorem to the
displacements of the laser points recorded on the screen. The method can only be used to
measure rotational movements in which the laser beams are directed perpendicular to the
axis of rotation.

In a load test, for example, this corresponds to the pulling direction, as the tree rotates
around an imaginary axis in the root zone that is perpendicular to the applied tensile force.
In Figure 1, this is shown by angle ¥.

Torsional rotation of the stem about its longitudinal axis under natural wind exci-
tation (Figure 1, angle @) also fulfils the geometric conditions of the intercept theorem.
Consequently, torsional angular displacements are geometrically amplified in the projected
laser-point movement. With the current setup, it is impossible to unequivocally partition
the displacement along the x-axis into torsion and oblique bending.

2.4.1. Laser-Point Movement in One-Axis Pull Tests

Stem bending in the direction of the laser beam results in a vertical displacement of the
laser points on the projection screen. According to the intercept theorem, this displacement
corresponds directly to the stem inclination angle at the point of laser attachment. In
analogy to the conventional pixel coordinate system used in digital image analysis, these
angles measured along the y-axis of the screen are denoted as ¥ in this study.

2.4.2. Laser-Point Movement in Natural Sway Motion

If the tree additionally deflects in a direction not parallel to the direction of the laser
beam, i.e., sideways or in torsion, this motion is represented as a horizontal displacement
of the laser points on the projection screen. These horizontal displacements are referred
to as “x” in this work. For bending movements perpendicular to the laser beam direction,
the intercept theorem is not applicable. The measured x-displacements therefore do not
represent geometrically amplified angles; rather, depending on the direction of motion,
they might correspond approximately one-to-one to the actual tree displacement.

In contrast, if the stem undergoes torsion around its longitudinal axis, the intercept
theorem applies. Therefore, the measured x-displacements presumably mainly represent
torsional displacement with some involvement of bending perpendicular to the load
direction (oblique bending). To distinguish between torsional motion and oblique bending
in the x-displacement of the laser beam, a second laser directed orthogonally to the first
must be introduced (Figure 1, lowest laser).

Any inclination of the bottom laser, caused by the load, directly represents the rotation
movement of the stem base. This inclination should be equivalent to that measured by the
inclinometer installed at the same height.

2.4.3. Estimates of the Modulus of Elasticity

Flexural stiffness, the product of Young’s modulus and the cross-section’s moment
of inertia, can be derived directly from the bending line of a cantilever beam by relating
the beam’s curvature to the applied bending moment from fundamental beam theory. As
in previous studies, the bending angle of a respective section of the stem is determined
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by subtracting the inclination below the section from the inclination measured above [41].
This also applies to the root system as its rotational movement is captured by the bottom
laser. The fundamental relationship is expressed by Euler’s Elastica theorem, which states
that the curvature « at a point in the beam is proportional to the bending moment M at

that point:

M
= El (1)

E is the modulus of elasticity, and I is the moment of inertia of the beam cross-section.

K

This applies under the basic assumption that xd < 1, where d is the beam diameter. For
a cantilever beam, a beam that has only one support in the form of a fixed bearing, the angle
o of maximum deflection can be calculated as a function of the beam length / as follows:

M

“TE

@)

This approach is considered a sufficient model and state of the art in beam theory [45].
Figure 2 shows the measured variables during the experiment.
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Figure 2. Illustration of the measured and derived physical quantities in the experiments. Cantilever
beam of length [, F,s applied force at the free end, Fy axial component (small influence on bending),
Fy transverse component (causes bending), support at y = 0, 2 and b are the displacement of the
laser dot on the screen and distance between laser and screen, respectively, used to calculate angle
ap, corresponding to the slope produced by Fy. The dashed line is the bending line. The angle is
the tangent slope. o1 and o, are the bending stresses that reach their maximum at {; = max and at
ty = max. Further explanation in text.

For classic cantilever beams with end force, we can estimate the modulus of elasticity
E from their curvature in bending [46-57]:

1. Bending moment distribution of a cantilever beam

For a cantilever beam with an end force component Fy acting perpendicular to the
beam axis, the bending moment is given by:

M(z) = Fx(I - z) )
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where
e F, = force component perpendicular to the beam axis
e [ =total beam length
e z=distance from the fixed support (ground level)
2.  Beam differential equation
Using the Euler-Bernoulli beam equation:
d>w
where w(z) denotes the lateral deflection of the beam in the x-direction.
Substitute the bending moment:
d>w
Bl = Fe(l —z) ®)
3. First integration (beam slope):
Integrating once yields the slope of the beam, defined as ‘ZI—‘;’:
dw 22
El— =F|lz— =
T x(Z 2>+C1 (6)
Boundary condition at the fixed support:
dw
Therefore
1 — 0
and )
F, z
Ny 7
@ =g (- %) 7)

This is the rotation angle of the beam at position z. This solution is valid under the
assumption of a constant bending stiffness EI along the beam. For trees, where neither
E nor I can be considered constant, this implies that the result of the application of this
solution renders estimates of an apparent E if the cross-sections are of regular shape. In
cases where the shape of the cross-sections is inhomogeneous in the tested part of the
tree stem, the laser deflectometer allows an estimate of an effective EI that illustrates the
bending behavior of the stem.

4. Relation to the optical measurement:

In this method, the angle is determined using a projection method.
From the geometry:
tan(ap) = g (8)
where

e g =displacement on the projection surface
b = distance to the projection surface

Since the rotation angles occurring in the bending experiment are very small, the
small-angle approximation can be applied:

tan(ay) =~ ay
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Hence, the rotation angle of the beam can be obtained from the measured displacement
on the projection surface:

Ny =~

S

For discrete measurement points along the stem, the angle at position y; is given by

i
Ko~ —
2,1 b
where g; is the measured displacement on the projection surface and b is the distance to the
projection plane. Since the rotations are small, the optically measured angle corresponds to
the mechanical slope of the beam:
a1, ~ a,;

For small rotations, the optically measured angle a, can be assumed to be equal to the
mechanical slope a; of the beam at the same position. This allows the measured angles to
be directly related to the beam mechanics.

The mechanical behavior of the beam is described by the Euler—Bernoulli equation:

dej M
i El(y) ®)
y (v)

If the bending stiffness varies along the stem, analytical integration is no longer
valid. Therefore, the equation is evaluated incrementally between two neighboring
measurement points:

M .
1t — K1 = EI((J;Z; (Yi+1 — i)
1

Substituting the measured angles yields:

M .
Qi1 =2 = T Igz-; Yiv1 — i)
1

The bending moment at position y; is given by the horizontal force component:
M(y;) = Fx(I = yi)
Solving for Young’s modulus results in:

N EU-yi) yiyi—yi
Eni) = I(yi) @gip1 — o, 10

Finally, inserting the optical relation leads to an expression based purely on mea-
sured quantities:

E(y) = 2= y0) Wi =vi) 1)
Iyi)  aip1 — oy

In tree stems, E cannot be considered constant between two laser positions. Likewise,
I may significantly vary in irregularly shaped stems as the diameter and form of the cross-
section change. Therefore, for stems with a regular shape, the result of Equation (11) is
an apparent E. If the stem section between two laser points has an irregular shape,
an effective stiffness EI may be calculated based on Equation (11) instead.

E from elastometer data was calculated from the slope of the regression of stress on
strain, assuming an elliptical cross-section of the trees, calculated from two diameters
measured parallel and perpendicular to the load direction at the height of each sensor. Bark
thickness was estimated after the trees were sectioned for further analysis.
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The same assumption of an elliptical cross-section and the bark thickness measure-
ments in the field were used to estimate the second moment of inertia I for the E estimate
from laser data. E at the midpoints between adjacent lasers was then estimated from
Equation (11) using the vertical displacement a with respect to the section below at peak
force F.

2.5. Bending vs. Tilting

The ratio of stem strength to root system anchorage should be reflected in the different
rates at which angles change at various heights along the stem during the experiment. We
tested the hypothesis on 19 ecotorsi: a tree with a strong stem and weak roots should tilt
without bending much, while a well-anchored tree with a stem defect should bend without
tilting much.

2.6. Torsion and Oblique Bending

Torsion and oblique bending are recorded as horizontal displacement of adjacent laser
beams. However, since the Intercept Theorem applies only to torsional displacement and
not to oblique bending, the greater magnitude of the measured horizontal displacement
(x) is most likely caused by torsion. At the stem base, the displacement of the laser beam
could also result from a sideways component of tilt, which is often observed in pulling tests
due to the inhomogeneous structure of the root—soil matrix. With the setup used for the
experiments reported here, however, these two types of displacement cannot be separated.

2.7. Data Analysis
Data were analyzed using R 4.5.2 [58].

3. Results
3.1. Validation: Correlation of Traditional and New Inclination Measurements

Basal inclination measured with both methods generally agreed well, with coeffi-
cients of correlation exceeding 0.98 (mean 0.90, s.e. 0.05) in most cases, although some
trees showed systematic deviations (Figure 3). The slope of the regression of laser in-
clination against inclinometer inclination was 1.0 £ 0.001 (s.e.) for all 41 measurements
pooled together.

3.2. Correlation of Traditional and New MOE Measurements

Apparent E from strain gauges and curvature was in the same range of 1 to 5 GPa but
did not correlate (Figure 4).

3.3. Bending vs. Tilting

Multiple lasers along the stem allow analysis of the bending behavior under load at
a level of detail that was not possible so far in the usual type of pulling tests. The data
of the ecotorsi demonstrate three different types of reaction from these trees during load-
ing (Figure 5). The values displayed here indicate the difference in inclination between
two adjacent lasers along the stem, while the bottom laser indicates the rotation of the
stem base. The trees in panel A just tilted at their base, adding only small amounts of
inclination due to bending in the stem. Trees in panel B tilted and bent at their base, while
trees in panel C bent most in the lower section and turned out to be stiffer at the top of the
monitored section.
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Figure 3. Correlation of stem base inclination measured with an inclinometer (PTQ) and the new
laser system. Data from plantation trees in Uruguay (first 21 panels) and ecotorsi in Germany.

C.

of Modulus

of

$=1732.00,p = 0.92, Bsw,mn =0.02, Clgsy, [-0.41, 0.45], npqs = 22

ity from PTQ and Laser measurements

.
s .
]
-
8-
3
£ .
&
B
s
K . y
w
s
°
2
s
3
2
.
. e
2 .
. .
y .
.
.
.
.
. .

3
Modulus of Elasticity from PTQ, GPa

Figure 4. Correlation (blue line) between apparent MOE derived from traditional strain gauges (PTQ)
and new laser measurements. Marginal bar charts: frequency distributions of laser (red) and PTQ
(green) data.

3.4. Torsion and Oblique Bending

The ecotorsi showed a distinct pattern of lateral movement. While most stems did
move strictly towards the screen, some trees did move noticeably left or right. Without
a second, perpendicular set of lasers, the final interpretation must remain open. However,
we would assume that a tree with torsion or oblique bending would have a constant rate
of moving sideways across all heights. The unequal spacing of the left tree in Figure 6
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indicates that we may interpret the data as indicating torsion or oblique bending. While
the top laser of one tree made no lateral movement (Figure 7, green), the direction of the
top laser of the other tree changed by more than 0.3° (Figure 7, red). This is, however, only
correct in the case that it was pure torsion.

000 005 010 015 020 025 000 005 010 015 020 025
Inclination difference, °

Figure 5. Results of six trees that we interpret as three types of bending and titling in ecotorsi.
(A) Stem is only tilting at the stem base; (B) Lower 0.5 m are tilting and bending; (C) Significant
stem bending. Data points show differences in angles between adjacent lasers at maximum basal
inclination. Height is installation height of lasers above ground level.

height - 005m - 05m - 1.0m - 1.5m 2.0m

0.10-

0.05-

Basal inclination,®

0.00-

0 4 8 0 4 8
Sideways movement, mm

Figure 6. Two ecotorsi with a distinctively different pattern of lateral movement. Data of the same
trees as in Figure 7 below, but interpreting the observed changes as sideways movement (difference
between adjacent lasers) instead of torsion.
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Y-Deflection, °

00 01 02 03
X-Deflection, °

Figure 7. Twisting or oblique bending at 2 m height above ground level in two ecotorsi. Both trees
were pulled in the y-direction. x-deflection is only valid if it was caused by torsion only.

3.5. Variance

The RMSE of a standard model that describes the relationship of force and incli-
nation [59], fitting the laser data to the basal bending moment was less than a third of

a similar model for the inclinometer measurements, indicating significantly lower variation
(Figure 8).

0.25-

0.20-

0.15-

Inclination, °

0.10-

0.05-

0.00 -

0 10 20 30 40
Basal Bending Moment, kNm

Figure 8. Comparison of the inclinations measured with inclinometers (blue) and lasers (red) for
a pine tree. Lines are fitted as described in [59].
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The angle estimation algorithm proved to be quite resistant to errors in the input
data. Deviations from the true distance between lasers and the screen change the estimated
y-angle by an equivalent proportion, i.e., a 10% error in distance translates to an approxi-
mate error in angle of 10% (Figure 9).

Y: estimated angle error vs Dseq (true angle at Dyea: 8y = 0.050°)

0.006
= = Dreat = 5000 mm

m— [\Oy

0.004 1

0.002 -

90

< 0.000 A1

—0.002 1

—0.004

4600 4800 5000 5200 5400
Distance from tree to canvas used, mm

Figure 9. Effect of deviations between the true distance to the screen (here: 5 m) and the measured
distance used for angle calculations on the estimated stem base inclination, shown as deviation from
the true angle.

3.6. Sway Motion of Trees in Wind

For the measurement of the Q. rubra in natural wind, the lasers were aligned with
the prevailing wind direction to capture the dominant inclination component (y-axis)
corresponding to wind-induced loading. Stable inclination measurements with a resolution
better than 1 x 1073 degrees were achieved (Figure 10). Higher-frequency components
observed in the signal do not represent structural vibration modes of the tree but arise from
limitations of the video-based tracking procedure.

0.008 -
0.006 -
0.004 -

0.002 -

0.000 - - - - Wt i, o o g o R
WY ﬁ'm,,..,%ﬁ W Height, m

— 0
— 05
-1
0.008 - 2

Deflection, °
<

0.006 -

0.004 -

0.002-

Time, s

Figure 10. Deflection of a large Quercus rubra (dbh 1.2 m) in a gust of ~40 km/h. Top: x-direction
(left/right), bottom: y-direction (towards/away from screen).
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Basal inclination,®

0.10-

Figure 11 shows the movement of a tree with a substantial open stem cavity above
the second laser. Deflections in x (left-right) and y (towards and away from the camera)
are highly correlated (R? = 0.89), but slopes differ significantly (p < 0.001) between the
two lasers below the cavity and the two upper lasers. While the available data do not allow
us to determine to what degree one or the other representation, or a mixture of both, was
true, they qualitatively help to locate the damaged part of the stem.

height = 0.10m = 0.50m == 1.67m = 2.10m

0.12-

0.08 -

(o7 T

Y-Deflection, °

0.00 -

000 005 010 015 020
' ! ' X-Deflection, °
5 10 15 20
Sideways movement, mm

Figure 11. Two representations of the same data of an Acer spec. tree in natural wind. There was
an open cavity between the two lower and two upper lasers. (A) Horizontal movement (difference
between adjacent lasers) of lasers as sideways motion. (B) Deflection. Data points show differences
between adjacent lasers. Lines: linear regression.

4. Discussion

The evaluation of pulling tests is based on extrapolating the relationships between
inclination, strain, and applied bending moments within the non-destructive range until
failure occurs. If the tree is fragile, the forces must be limited to prevent overloading its
weakest part. Consequently, the resulting strain or stem base rotation may be very small,
and the signal-to-noise ratio may be very low. Furthermore, the standard instrumentation
used in these tests provides measurements at only a limited number of discrete points along
the stem; in the worst case, only one point is measured at a time. Consequently, assessors
face two major challenges. First, trees may be too fragile to withstand the forces required
to produce meaningful inclination data at the stem base. Second, it becomes increasingly
difficult to identify the structurally weakest location in large, old, compromised trees using
point-based measurements. Therefore, there is a need for a method that allows such trees to
be monitored using lower forces with more sensitive instruments that record the inclination
response at the stem base more precisely. At the same time, higher spatial coverage is
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required to fully monitor the tree’s response to applied loads and avoid overloading its
load-bearing structure, in case the weakest spot was not equipped with a sensor.

In contrast to the established methods, the laser deflectometer measures the deflection
of an entire stem section rather than isolated points on the trunk. Stem deflection reflects
the combined effects of trunk geometry, spatially variable wood properties, and—where
present—internal damage. In this sense, stem bending represents the integrated mechanical
response of all structural features of the trunk. At the same time, a laser at the stem base
can provide data to assess the anchorage strength of the tree at a high resolution.

We hypothesized that laser-based monitoring of tree movement would yield high-
resolution data on:

e  Deflection across a continuous portion of the stem;
e  Stem base inclination.

Using lasers as proposed in this study addresses the shortcomings of previous ap-
proaches in several ways:

e In contrast to inclinometers, lasers do not confound the effects of motion-borne accel-
eration and inclination.

e The measurement principle we propose allows the resolution to be increased
almost infinitely.

e The data from all lasers are synchronized precisely in terms of time. This allows for
the accurate examination of dynamic processes of the tree’s stem motion.

e  Sampling rate depends on the frame rate of the camera and typically ranges between
30 and 60 Hz. That data rate is well suited for monitoring tree sway motion in
wind as well as short pull-force impulses generated by hand, which is sufficient for
smaller trees.

e  There is no instrument drift caused by temperature changes.

e  The proposed set-up can monitor bending at several points along the basal 2 m of
the stem.

e  The application of the laser deflectometer may be constrained by site conditions, as the
method requires an optically unobstructed distance of approximately 3-10 m between
the tree and the projection screen.

We used a series of experiments to validate the data of the new method with concurrent
measurements using standard legacy instrumentation.

4.1. Inclination and Bending Line

Inclination data of the new method correlated very well with inclinometer measure-
ments but with significantly reduced scatter (Figure 3). The range of angles and the shape
of the relationship between bending moment and basal angle agreed well with data in the
published literature [31].

Triaxial accelerometer-based inclinometers are susceptible to temperature drift, which
can distort the inclination signal and potentially undermine stability assessments if un-
detected. Therefore, sensor zeroing is essential for accurate data post-processing in the
inclinometer method. In contrast, the laser deflectometer method tracks beam positions
relative to their initial location during analysis, eliminating the need for a separate zeroing
process. Additionally, laser-based signals are insensitive to temperature variation and
exhibit significantly reduced susceptibility to vibration and electronic noise.

Thus, temperature drift is a potential explanation for the deviations between laser
measurements and inclinometer data. Additionally, inhomogeneous root systems might
have affected measurements at specific positions because devices could not be installed
at the same spot of the tree. This is why multiple measurements are always required
in practice.
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The analysis of the bending line of the dead tree stems under load resulted in a set
of possible indicators, which might allow for a more detailed assessment of trees in the
future (Figure 5). An ecotorso that does not bend but only tilts at the base might be more
likely to fail in the root system, while an ecotorso with a distinct kink in the stem bending
line might break there. Indeed, during our experiments, one of the trees we tested broke
at this kink unintentionally. Tilting at the base, combined with bending in the lower
50 cm, might indicate the typical failure of dead trees that often occurs at their stem base
as a combination of uprooting and fracture, sometimes involving along- and across-grain
crack propagation in dry or decayed wood.

4.2. Twist and Turn

The model used to evaluate stem strength in pulling tests [13,14] presumes the pull to
be strictly unidirectional. Therefore, the tree should bend without any torsion. However,
whether these requirements are met could not be measured in standard pulling tests
until now.

Some of the trees we pulled did indeed show signs of oblique bending or torsion.
Currently, these two effects cannot easily be distinguished. To address this better, we added
another set of lasers at right angles to the original set (Figure 12). This will allow us to
monitor the movement of trees comprehensively, so that torsion and oblique bending can
be distinguished. It should be noted, however, that torsion is unlikely to have a significant
impact on tree stem failure [38].

Stem Motion 3D Done

Side Top 3D

f
Re)
0.030°
0.2 A@lf)“
X
Y
Frame 1801

eLI+L2 ®L3+L4

Figure 12. Two screenshots of the current app. The green line represents the camera position.
(Left) 3D model of the trunk based on a LiDAR laser scan. (Right) Angle of inclination and direction
of inclination of the two lowest laser positions, each of which was equipped with two lasers. The
camera icon on the x-axis represents the position of the screen; the y-axis shows the direction in which
the secondary lasers are pointing.

Besides helping to preserve valuable old trees, this new method could also advance
our knowledge about these trees, because it allows us to measure torsion and oblique
bending with simple low-cost instruments.
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4.3. Deviation of Modulus of Elasticity from Both Methods

The apparent modulus of elasticity (E) measured in bending a living tree assumes
that the stem behaves as a linearly elastic, homogeneous, orthotropic beam with small
deflections, negligible shear (for large L/h), ideal supports and loading, fixed bearing, and
minimal time-dependent effects. However, several factors can cause deviations from these
assumptions and thus bias E estimates. The main sources of deviation reported across
studies of wood and trees include unmodelled shear deformation, spatial heterogeneity
(e.g., knots, fiber angle, and ring structure), strong anisotropy, and non-ideal boundary
conditions [60,61]. These deviations can cause the measured E to differ systematically from
ideal theoretical predictions and may have affected the two methods used in this study
differently, potentially explaining some of the observed differences in results.

Notably, the assumed constant diameters for a specific section, the section’s ideal
elliptical shape, and the estimated uniform bark thickness all influence the relevant net
diameters and shape used to calculate the moments of inertia (I). While these factors can
greatly affect E, the same I was used for both methods in this study, so they cannot explain
the differences between the two methods (Figure 4).

4.4. Sway Motion of Trees in the Wind

In previous research [62,63], different sensor technologies were used. The use of
accelerometers—often referred to as inclinometers because they derive tilt angles from
gravity measurements—to monitor tree root stability under wind loading was investigated
in [32,36,37,63]. This method proved effective for identifying trees with weak anchorage,
particularly when wind gusts of at least 50 km h~! occurred during the monitoring period.
Higher wind speeds generally produced clearer signals; however, they also introduced
numerous secondary effects, complicating data interpretation. Furthermore, information
on stem structural weaknesses could not be reliably derived from accelerometer data.
Another limitation was the limited temporal synchronization accuracy among multiple
inclinometers mounted at different heights along the trunk.

In contrast, the high sensitivity of the laser deflectometer method enables detailed mon-
itoring of tree motion during low-wind events. Unlike accelerometer-based approaches,
laser deflectometer data allow simultaneous analysis of both root plate tilt and stem struc-
tural soundness. Measurement accuracy can be readily enhanced by increasing the distance
between the tree and the projection screen, thereby amplifying laser-point displacement
without increasing applied loads.

Our controlled pulling tests demonstrated a tight relationship between applied force
and laser-measured tilt—even at very low loading (Figure 8)—and preliminary mea-
surements on two trees in natural wind showed promising data at low wind speeds
(Figures 10 and 11). Thus, even trees of this size might be reliably assessed under low-wind
conditions using this method.

The minor oscillations are attributed to imperfections in the video-based analysis
rather than to biomechanical tree responses. These artifacts arise from limitations in frame-
to-frame laser-point detection and from minor screen and camera movements caused by
wind. As these effects occur at frequencies and amplitudes inconsistent with known tree
dynamic behavior, they can be clearly distinguished from mechanically meaningful signals
and do not affect the interpretation of stem inclination or structural response.

4.5. Implications of Findings

The new method could significantly improve tree risk assessment in urban environ-
ments. By providing higher-resolution data with greater accuracy and the ability to measure
torsion and oblique bending, this method offers a more comprehensive understanding of
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tree biomechanics. Therefore, it is suitable for improving current methods of assessing tree
stability or the likelihood of stem fracture. For example, it may provide users of the Static
Load Test Method with additional information to check if the test data are plausible and the
results of their evaluations are reliable. This could be particularly useful in urban forestry,
where the stability of trees is crucial for public safety.

4.6. Practical Applications
4.6.1. Anchorage

The correlation between the applied load and the resulting tilt at the stem base is
nonlinear [31]. Therefore, extrapolations of the anchorage strength required by the Static
Load Test Method can suffer from large scatter in the data. This is especially true when
only a few data points are evaluated. At very low inclinations, the resolution of current
inclinometers is insufficient to derive reliable correlations between the applied load and
the resulting inclination. The laser method can significantly improve this issue.

To date, research has only confirmed a strong correlation between rotational stiffness
at 0.25° inclination at the stem base and loads at uprooting failure, as proposed by [14].
The greater resolution and higher precision of the data gathered using the laser method
presented here may allow us to test whether extrapolations can be reliably based on much
lower stem base rotations. This could inform future extrapolation algorithms. In the long
term, this would enable testing of trees at lower loads than the current Static Load Test
Method allows.

4.6.2. Stem Strength

In the Static Load Test Method, laser measurements can be used to verify elastometer
data collected at various points along the stem. This is done by comparing the strain
levels recorded at individual points with the strain levels generally required to produce the
bending line derived from laser measurements at specific stem diameters. Thus, laser data
can validate the findings from elastometer readings and prevent the misinterpretation of
stem strength. Adding information on oblique bending or torsion during the pulling test
could improve our understanding of the underlying biomechanical processes reflected in
the test results.

4.6.3. Dynamic Measurements

Furthermore, this method could be applied to various real-world scenarios. Besides
static pulling tests, it could be especially valuable when applied to monitoring the motion
of trees in natural winds because it allows meaningful data to be collected at lower wind
speeds and on the complex responses of living trees. As a simple, low-cost method, it could
further our understanding of how tree stems respond to natural wind, which often involves
straight or oblique bending, torsion, and tilt. Accurate signals allow for more reliable
calculations of the work involved in stem bending and tilting. This improves descriptions
of the complex energy transfers involved in the interaction between trees and wind. This
will be a significant step forward in understanding wind loads acting on trees.

4.7. Limitations and Future Directions

Directing the lasers at the screen proved challenging on very bright days because
the lasers are low-powered to ensure safe operation in busy urban environments. In
such situations, it is recommended that the screen be shaded. Sometimes, buildings or
vegetation prevented optimal equipment placement. Simple technical solutions are possible
when buttress roots or nearby vegetation block ground-level laser beams. For example,
one solution is to use laser mirrors to divert the beam. Because the distance between the
trees and the screen was rather low in the experiments presented here (around 5 m in most

https://doi.org/10.3390/£17050528


https://doi.org/10.3390/f17050528

Forests 2026, 17, 528

20 of 23

cases, rarely reaching 10 m), future experiments might easily increase the resolution even
further by increasing this distance.

The optical laser method is sensitive to distortion by rain; if testing during rain is
required, dedicated weather protection should be installed.

For the experiments presented here, a forcemeter from the PTQ system was used,
which had an irregular sample rate. A significant portion of the scatter in the data was
likely caused by synchronizing the force and laser data. Therefore, the logged forcemeter
data should be better integrated into the evaluation process.

To achieve full two-dimensional tilt characterization, an additional set of lasers ori-
ented perpendicular to this axis would be necessary. Future research could focus on
experiments with lasers perpendicular to those used in the reported study. This would
enable differentiation between oblique bending and torsion (Figure 12).

Future analyses should consider the actual shape of tree stems. While the plantation
trees in Uruguay were almost perfectly elliptical, most urban trees are not. However,
creating 3D models of trees using photogrammetry or LiDAR has become very accessible
in recent years. These methods allow us to use the true cross-sectional shape of the stem in
the analysis (Figure 12).

5. Conclusions

The new laser-based method of monitoring tree movement addresses several short-
comings of the sensors used in traditional pulling tests. Its higher sensitivity allows the
acquisition of high-resolution, low-scatter data and the ability to measure torsion and
oblique bending. These improvements could enhance our understanding of tree biome-
chanics and improve tree risk assessment in urban environments. Continued research in
this area is essential to further refine and validate the method.
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