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Improving the mechanized logging safety on steep slopes through the
analysis of dynamic behavior of harvester rope anchor systems
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Introduction

Natural forests suitable for logging are
often found in challenging mountainous ar-
eas, with high-quality stands typically lo-
cated on steep slopes (Visser & Stampfer
2015, Duka et al. 2025), making logging
difficult (Aggestam et al. 2020). However,
mechanized logging is currently being car-
ried out in steep slope territories across

Mechanized logging on steep slopes using forestry machines equipped with
winch-rope anchor systems to ensure equipment stability and safe operation is
becoming increasingly popular. The parameters that characterize the dynamic
behavior of both the harvester and the rope anchor system are crucial to the
operational efficiency of the anchor system. The purpose of this study is to
create a comprehensive mathematical 12-mass model for the dynamic system
“harvester - manipulator - anchor system - natural anchor - log - soil”. The de-
veloped model combines all the key components of the system and enables as-
sessment of their mutual influence on the quantitative parameters of the dy-
namic processes occurring in the system. The model includes 34 generalized
coordinates that describe the displacement of the center of mass of each com-
ponent of the harvester during its operations for felling trees and moving logs
to the laying place. To construct a system of equations of motion characteriz-
ing the dynamics of the simulated system, an approach based on Lagrange
equations of the 2™ kind was used. The model allows for analyzing the influ-
ence of the harvester’s design and operating parameters, and of the physical
and mechanical properties of the ground, on the harvester load with a manip-
ulator and on the structural elements of the anchor system. To demonstrate
the model’s functionality, a specific 6-wheeled harvester weighing 20 tons was
chosen as the study object while operating on slopes with a steepness ranging
from 50% to 100%. The variable inertial loads on the manipulator from the dis-
placed log cause oscillations in the tensile force of the anchor rope. The maxi-
mum values of the force in the studied range of slope steepness increased
from 19 kN to 72 kN, while the average values increased from 16 kN to 65 kN,
with an increase of oscillation in the range 6-14 kN. The oscillation frequency
remains constant throughout the log’s motion, as it is determined by the geo-
metric dimensions of the structural elements in the simulated dynamic sys-
tem.

Keywords: Oscillatory Processes, Modeling, Lagrange Equation, Dynamic Pa-
rameters, Dynamic Rope Tensile Force, Anchor Tree

several European countries (Italy, Croatia,
Czech Republic, etc.), as well as in America
(USA, Canada, Chile, etc.), Asia (Turkey,
China, Korea, etc.), Australia, and New Zea-
land (Bont & Heinimann 2012, Naillon &
Rappin 2019, Aggestam et al. 2020). Log-
ging operations are only permitted in areas
where the ground’s slope is within the safe
limits for operating logging machines. This
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maximum slope is defined by safety regula-
tions for mechanized logging in various
countries (Berkett & Visser 2012, Visser &
Stampfer 2015). For example, current regu-
lations in the province of British Columbia
(Canada) restrict the safe use of land-
based logging equipment on slopes not ex-
ceeding 40% (nearly 22 degrees - Mologni
et al. 2018). Thus, the expansion of the pos-
sibilities for mechanized logging on steep
slopes is directly related to improvements
in the technical capabilities of forestry ma-
chines, which can increase the maximum
inclination angles for safe operation.
Several approaches to solving this prob-
lem are known, for example, by optimizing
the kinematic schemes of harvester manip-
ulators (Lagerev et al. 2025) or introducing
digital technologies based on artificial intel-
ligence to optimize logging planning and
execution within a cyber-physical system in
accordance with the Forestry 4.0 concept
(Humphrey et al. 2024). However, a pro-
mising approach is to incorporate addi-
tional technical devices into the harvester
design to expand the capabilities of mod-
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ern forestry machines for safe operation
on steep slopes.

One of the effective measures to prevent
harvesters from rolling down the slope un-
der their own weight is the use of rope an-
chor systems based on a traction winch
mounted on the supporting frame of a
forestry machine (Visser & Stampfer 2015,
Naillon & Rappin 2019). Currently, both
specialized harvesters with an initially in-
stalled winch and winch equipment kits are
used to modify existing harvesters (Grim
2025). Using a rope winch allows forestry
machines to be operated safely on steep
support surfaces with slopes ranging from
60% to 100% (approximately 30 to 45 de-
grees — Berkett & Visser 2012). These
slopes greatly exceed the maximum incline
allowed by safety regulations for the safe
operation of forestry equipment without
an anchor-rope winch. A theoretical assess-
ment of the stability of forestry machines
equipped with a winch anchoring system
on steep slopes was conducted by Sessions
et al. (2017). The developed mathematical
model enables assessment of the impact of
equipment size and technical characteris-
tics, soil properties, and site conditions on
acceptable slopes and ground pressure.

Nowadays, rope anchor systems based
on a traction winch can be dynamic or
static (Leschinsky et al. 2015, Holzfeind et
al. 2020). In dynamic anchor systems, a
winch is attached to heavy mobile equip-
ment, such as a bulldozer, tractor, or exca-
vator, which acts as an artificial anchor and
synchronizes the winch’s operation with
the harvester movement. In contrast, in
static anchor systems, the winch is at-
tached to the harvester frame, and a tree
or stump at the top of the slope serves as a
natural retaining anchor due to its strength
and resistance to uprooting (Green et al.
2020). The results of experimental studies
on the selection of such an anchor tree
have been presented in Marchi et al.
(2019). Lyons et al. (2020) explored the use
of three stumps as an anchoring option to
increase the bearing capacity of a natural
anchor, in case one stump alone is not
sufficient.

The positive impact of rope anchor sys-
tems based on a retaining winch is evident
not only in their ability to facilitate mecha-
nized logging on extremely steep slopes,
but also in various other operations. Kor-
manek et al. (2023), Machuga et al. (2024),
and Belart et al. (2025) reported that rope
anchoring for forest machinery also has a
positive effect on soil and groundwater,
due to a more favorable pressure distribu-
tion and reduced soil compaction. More-
over, the use of a retaining winch increases
logging productivity on moderately steep
slopes. However, on a very steep slope, an
increase in the maximum load weight from
using a winch does not offset the reduction
in machine speed (Visser & Spinelli 2023).
An increase in the reliability of these forest
machines has also been reported (Kovac et
al. 2023).
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According to Di Fulvio et al. (2024), the
further expansion of efficient and safe
mechanized logging requires adapting
forestry equipment to more severe operat-
ing conditions in areas with large permissi-
ble inclination angles of the support sur-
face. This necessitates conducting a range
of theoretical and practical studies to de-
velop new systems, machines, and mecha-
nisms capable of addressing this challenge
(Wassermann 2018, McEwan et al. 2020).

Research on logging machines with rope
anchor systems using retaining winches on
steep slopes is primarily experimental, fo-
cusing on field observations of the static
and dynamic behaviors of parameters re-
lated to harvester operation and their an-
choring systems. For example, Holzleitner
et al. (2018) developed an automated sys-
tem to monitor tensile forces in anchor
ropes enabling measurements at various
stages of harvester and forwarder opera-
tion. Similar studies conducted by Mologni
et al. (2018) on large forwarders moving
along a slope showed higher tensile force
in the anchor rope when moving upwards.
Also, Mologni et al. (20213, 2021b) consid-
ered dynamic anchoring systems in which a
tracked excavator serves as a mobile an-
chor, showing higher tensile force values
for the anchoring machine.

A comparative analysis of the results
from the aforementioned studies reveals
qualitative agreement. However, quantita-
tive comparisons are infeasible due to sig-
nificant differences in experimental condi-
tions and insufficient details. Across all
studies, there is significant variability in the
tensile force of anchor ropes during for-
estry machinery operation, influenced by
factors such as the operating stage and
mode, the direction of machine move-
ment, soil inclination angle, distance to the
anchor, and other variables.

Understanding how the work processes
affect the anchor system of a working har-
vester is essential in theoretical studies of
the harvester’s dynamic behavior, and ulti-
mately to determine the safety of logging
on steep slopes. Modern mathematical
modeling methods, combined with high-
performance computers, enable the cre-
ation of complex dynamic models of work
processes that account for numerous sig-
nificant quantitative parameters contribut-
ing to their formation, and the analysis of
the degree and direction of their individual
and combined influence.

To date, the dynamic behavior of a work-
ing harvester on a steep slope has been
modeled using multi-mass models con-
structed using the Dalembert principle or
Lagrange equations of the second kind.
These models differ in the number of struc-
tural components of the harvester’s design
they account for, and in their approaches
to accounting for the influence of the an-
chor rope. These models offer varying de-
grees of detail of the dynamic processes
being studied. For example, Grigorev et al.
(2022) considered multi-mass models of

wheeled machines and skidding tractors
operating on a slope that simulated ma-
chine vibrations in both longitudinal and
transverse planes. Sessions et al. (2017) de-
veloped a multi-mass model of a tracked
tractor to study the machine’s traction ca-
pacity and the maximum permitted inclina-
tion angles. This is similar to the models de-
veloped by Papadopoulos & Sarkar (1997)
and Naillon & Rappin (2019). The influence
of the anchor rope was modeled using a
stationary force. This approach did not ac-
count for oscillations in the anchor rope’s
tension, which could affect the machine’s
dynamic behavior. However, the need to
consider these oscillations was demon-
strated during experimental studies of har-
vesters in field conditions (Holzleitner et al.
2018). Sun et al. (2020) proposed a mathe-
matical model to study the dynamics of for-
est machines operating on slopes. The de-
sign of these machines includes special ar-
ticulated mechanisms for leveling. Ismoilov
et al. (2014), using the MSC/ADAMS soft-
ware package, analyzed the dynamics of a
wheeled, four-axle, articulated forwarder
moving along a slope. Mergl & KaSpérek
(2022) used the aforementioned software
package to evaluate the effect of a manipu-
lator on a forestry machine operating on
slopes without an anchor rope. However,
at present, no dynamic models are avail-
able to enable the quick assessment of
rope tension for the development of con-
trol systems and the prevention of acci-
dents (Visser et al. 2014).

The aim of this study is to create a com-
prehensive 12-mass mathematical model
for the dynamic system “harvester - manip-
ulator - anchor system - natural anchor - log
- so0il”. The model developed combines all
the key components of the system under
study and enables assessing their mutual
influence on the quantitative parameters
of the dynamic processes occurring in the
system. The basic principle for constructing
a dynamic model was to represent a work-
ing harvester on a steep slope as a single
object supported by a static rope anchor
system, accounting for the individual char-
acteristics of its structural components and
the complex interactions among them.

Materials and methods

Dynamic mathematical model

The dynamic state of a harvester on a
steep slope, anchored by a rope system to
prevent uncontrolled movement, results
from the interaction among several struc-
tural components. These components in-
clude the harvester itself, which is a self-
propelled machine with equipment
mounted on it, a manipulator mounted on
the harvester’s frame, an anchor system
consisting of an anchor winch and an an-
chor rope, a movable log, and the natural
anchor, which can be located on a tree or
stump in the cutting area. The soil of the
supporting surface also plays a role in this
process. Considering the geometric and
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physical-mechanical characteristics of each
component, as well as the varying nature
of the load during moving logs from the
cutting site to the temporary stacking site,
we can perform a detailed analysis of the
dynamic load on the harvester and its an-
chor system during operation.

Fig. 1 shows a dynamic mathematical
model of the “harvester — manipulator - an-
chor system - natural anchor - log - soil”
system, which implements this paradigm
for a three-axle wheeled harvester with an
uncut machine frame, using a suitable an-
chor tree as the natural anchor. The model
allows for simulating the dynamics of a mo-
tionless harvester fixed on a slope using a
single-branch anchor rope and moving logs
from the cutting site to the temporary
stacking site using a manipulator. Fig. S1 (in
Supplementary material) shows a geomet-
ric model of the “harvester — manipulator -
anchor system - natural anchor - log - soil”
system corresponding to the model in Fig.
1.

When constructing a dynamic mathemati-
cal model, the following considerations
were taken into account for its structural
components. The metal structures of the
harvester’s frame have a length L; and a
width Dr. The frame consists of rigid rods
characterized by linear weights gf and the
inertia moments of the sections EF;. The to-
tal mass of the harvester M, is the sum of
the masses of its main structural elements,
i.e., frame, cabin, power plant, auxiliary
equipment, wheel axle suspensions and
wheels. The center of mass of the har-
vester is located at point c.g.

The manipulator provides the necessary
movement of the harvester head and logs
within the harvester’s working area and
has four degrees of freedom. Accordingly,
it has four movable links, including a rotary
column (link 1), a rotary boom (link 2), a ro-
tary handle (link 3), and a translational tele-
scopic link (link 4). These links are consid-
ered elastic rods with length L; and a var-
iable cross-sectional area along their
length. They are characterized by their lin-
ear weights g and moments of inertia for

Analysis of dynamic behavior of harvester rope anchor systems

bending in the vertical and transverse di-
rections, denoted by EJ, and EJ.. The
movements of the links in the manipulator
are driven by hydraulic cylinders, with each
cylinder moving one link. Based on the
practice of dynamic analysis of multi-link
manipulators (Ceccarelli 2008, Lagerev et
al. 2014, Siciliano & Khatib 2016), the drive
hydraulic cylinders can be considered as
viscoelastic elements. Thus, the character-
istics of the i-th hydraulic cylinder are de-
scribed by the stiffness coefficient ¢, and
the viscous resistance coefficient S, (Lag-
erev et al. 2014). The total mass of the ma-
nipulator M,, is the sum of the masses of all
links and hydraulic cylinders. The center of
mass of the manipulator is located at point
C.Em

The metal structure of the anchor winch,
including the drum, is considered as a set
of interconnected elastic rods. It is charac-
terized by the total weight M,, of the winch
itself and the part of the anchor rope F that
is wound around the drum, as well as the
coefficient of stiffness in the longitudinal
direction c,. The center of mass of the an-
chor winch is located at point c.g.

The wheel axles of the harvester are con-
sidered as rigid rods that are connected to
the frame by the same type of suspen-
sions. In the vertical direction, the dynamic
characteristics of suspensions are ex-
pressed by the stiffness coefficient ¢, and
viscous resistance coefficient f,. Harvester
wheels are considered as viscoelastic ele-
ments with a mass M. The center of mass
of the i-th wheel is located at point c.g. In
accordance with the practice of analyzing
the interaction of wheels of self-propelled
multiaxial chassis with the support surface
(Shoop 2001, Pracejka 2006), their dynamic
characteristics are expressed by the stiff-
ness coefficients of the tire material in the
longitudinal (c), radial (), and transverse
(cw) directions of tire deformation, as well
as the viscous resistance coefficients of the
tire material in the specified directions S,
ﬁty; and ﬂtz-

The anchor rope is considered a flexible
thread with constant cross-section, diame-

ter d,, linear weight g,, and stiffness coeffi-
cient ¢.. The rope has a variable length de-
pending on the distance from the anchor
tree L € [L;, mn; L, max] @and, accordingly, a
variable mass M.. In the span between the
anchor tree and the anchor winch, the
rope has a natural static sag, the magni-
tude of which depends on the tensile force
(Lagerev & Lagerev 2020). The center of
mass of the anchor rope is located at point
C.g-

The anchor tree is considered an elastic
cantilever rod of variable cross-section
with height L. The density p.: expresses its
characteristics, the stiffness coefficient c.
and the viscous resistance coefficient S, of
wood (Placet et al. 2007). The mass of the
anchor tree M, is concentrated in the cen-
ter of mass c.g. at a height H,; above the
ground.

The soil of the support surface is consid-
ered as a viscoelastic medium. Its physical
and mechanical properties depend on the
type and condition of the soil. These prop-
erties are expressed by the coefficients of
stiffness (cg) and viscous resistance (f,) in
the vertical direction (Grigorev et al. 2022,
Vereecken et al. 2016), as well as by the
harvester’s wheel slip, u, (Machuga et al.
2024, Breinig et al. 2025). The dynamic
model uses the kinetic coefficient of slid-
ing, as when the harvester is running, there
is constant, oscillating sliding of the braked
wheels along the supporting surface, in ac-
cordance with a constant, oscillating
change in the length of the anchor rope. In
this dynamic model, the effects of soil com-
paction are not considered.

The Kelvin-Voigt model was used for all
structural components as their viscoelastic
representation (Meyers & Chawla 2009).

The system of motion equations

To construct a system of motion equa-
tions that characterize the dynamics of the
six-component simulated system, an ap-
proach based on the Lagrange equations
of the 2" kind (Vinogradov 2000) was
used. The model is characterized by a total
of 34 degrees of freedom and correspond-

Fig. 1- A dynamic
mathematical
model.
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ing 34 generalized coordinates. These gen-
eralized coordinates are shown in Fig. S2
(Supplementary material) and represent
linear and angular displacements of the
center of mass of each component in the
simulated system. These coordinates will
be used in further calculations to deter-
mine the positions of the components.

In relation to the dynamic model under
consideration, the system of Lagrange
equations of the 2™ kind is expressed as
(eqgn.1):

d (0T\ oT
E( )—a—ql_QI,IE[l 34] (1)

aql

where T is the total kinetic energy of the
simulated system, q; is the i-th generalized
coordinate, g is the i-th generalized veloc-
ity, Q:is the i-th generalized force.

The total kinetic energy T is the sum of
the individual contributions of the kinetic
energy of the simulated system’s individual
components: harvester (T,), manipulator
(Tw), harvester head together with the log
(Ts), wheels (T;), anchor winch (T,), anchor
rope (T;), and anchor tree (T.). It is ex-
pressed by eqgn. 2:

T=T,+T, +T;+T+T, +T AT,
M,+M, +M +M
—qu

J J M, +M
w2y g2y T g z M +Mg
5 da¥5 47, ZQk 2)
M. k=2 g k=31
+ ;quz qu
=10

where Juy, Juy, Jn, are the harvester inertia
moments when rotating relative to the co-
ordinate axes X, ¥, z, and M, Je, are the
mass of the harvester head together with
the log and the inertia moment when
swinging relative to the coordinate axis z.

To determine the generalized forces Q
corresponding to the generalized coordi-
nates q;, the algorithm described in Molot-
nikov & Molotnikova (2023) was used. This
algorithm accounts for the effects of vari-
ous forces used in the dynamic model of a
six-component system. These forces in-
clude gravity, elasticity of system ele-
ments, resistance to sliding of wheels on
the ground, and viscous resistance during
deformation of system elements.

For each generalized force Q, the work
sum SA of all forces taken into account in
the geometric model of the system was de-
termined on the generalized possible dis-
placement 8q;, provided that o (zero) of
the remaining generalized possible dis-
placements are equal (eqn. 3):

6A=3 sA(M,)}+ 3 sA(F)
+z[5A *EA(F, )+ BA(F,) (3)
+6A( o) +OA(F, )+6A(F )]

wherei=[h,m, G, w,r,at],j=[x,y,Zr1,w,
d, at], k = [1, 2, ..., 6]; F, is elastic tensile
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force of the anchor rope, F,, is elastic bend-
ing force of the anchor winch metal struc-
ture, F,, Fy, F, are projections on coordinate
axes x, y and z operational forces during
harvester operation, Fq is viscoelastic force
of the harvester head damper to reduce its
rocking, F.. is viscoelastic force when bend-
ing an anchor tree, Fiy, Fiyx Fux are vis-
coelastic forces during deformation of the
k-th harvester wheel along the coordinate
axes x, y and z, and Fy is viscoelastic force
generated by the k-th wheel suspension.

Applying eqn. 3 sequentially for all gener-
alized possible displacements &g, we ob-
tain the following calculation equations in
matrix form to determine the generalized
forces Q (1<i<34-eqn. 4):

(Q]=[Allq}+[Bl{q}+[C][F |+[ D] 4)

where {Q}, {q}, {q} are vectors of general-
ized forces, generalized coordinates, and
generalized velocities, {F} is vector of pro-
jections of operational forces on the coor-
dinate axes, {D} is vector of constant co-
efficients, [A] is diagonal matrix of coeffi-
cients for generalized coordinates, [B] is
the square matrix of coefficients at gener-
alized velocities, [C] is rectangular matrix
for projections of operational forces. The
structure and calculation formulas for the
elements of these vectors and matrices are
given in Appendix 1 (Supplementary mate-
rial).

Substituting eqn. 2 and eqn. 4 into eqgn. 1
yields the final form of the system of mo-
tion equations characterizing the dynamics
of the simulated six-component system

(eqn. 5):
[Ellg]=(Q] or [g]=(G] (5)

under initial conditions (at T = 1, = 0 - eqn.
6, eqn. 7):

[q}(zo)={a} (6)
{g}(zo)=1q0) @

where {q} is a vector of generalized accel-
erations, [E] is a diagonal matrix of coeffi-
cients for generalized accelerations, and
{G}is a vector of the right-hand sides of the
motion equations. The structure and calcu-
lation formulas for the elements of the vec-
tors {G} and {G}, and the matrix [E], are
given in the Supplementary Material.

Force impact on a working harvester
The force impact on the harvester during
operation is not only caused by the action
of weights created by the structural com-
ponents of the six-component simulated
system. Inertial forces that arise when the
log is moved from where it was cut to
where it will be stacked also play a signifi-
cant role. Conditionally, they can be consid-
ered to be applied at the center of mass
c.gm (Fig. 1). These loads form a vector of
projections of operational forces on the co-
ordinate axes {F} in eqn. 4 when calculat-

ing the elements of the vector of general-
ized forces {Q}. Thus, the vector {F} is de-
fined as (eqgn. 8):

Msina  cosq,,
+Fot D F
gMGcosas
+ZFc,iy+ZFr,iy+F4y+]ZFj4)’
igM ;sin & sinq,,,

+D F o+ F, +F ,+ > F,
i i J

+F, +ZF

(8)

with i = j = [1, 2, 3]. The modulus of opera-
tional forces is determined as (egn. 9):

F(z)=[F+F+F2 [ (9)

where g is acceleration of gravity, gm is the
angle of rotation of the manipulator col-
umn (link 1), F, Fey, Feir are projections on
X, y and z the axes of inertial centrifugal
force during rotation of the i-th manipula-
tor rotary link, Fy, Fy, F-;. are projections
on x, y and z the axes of inertial tangential
force during rotation of the i-th manipula-
tor rotary link, F,, F,y, F,, are projections on
X, y and z the axes of inertial force during
linear movement of the manipulator tele-
scopic link, Fi,x is the Coriolis force at the si-
multaneous movement of the j-th rotary
link and telescopic link.

The direction and magnitude of the iner-
tial forces are determined by the time vari-
ation laws of the kinematic parameters of
the manipulator’s links when moving the
log. The mathematical model of the six-
component system under study takes into
account that, when moving the log with a
motionless harvester, both joint and indi-
vidual operation of the movement mecha-
nisms of the manipulator links is possible.
The model assumes that the law of change
in the coordinate of the k-th motion in time
gmk(t) obeys the piecewise linear law of
change in the motion velocity gm(t) with
three characteristic periods: (i) the over-
clocking period from rest to stationary
speed (Gmk = Gstx = const); (i) the period of
steady motion with stationary speed (Gsx);
(iii) the braking period to a complete stop.

Solving a system of motion equations

The Runge-Kutta method of the 4t order
(Schéafer 2006) was used to solve a system
of ordinary differential equations of the
2nd order (eqgn. 5) under initial conditions
(eqgn. 6, egn. 7). The initial system of 34 or-
dinary differential equations of the 2™ or-
der of the form eqn. 5, using the notation r;
= G, is reduced to a system of 68 ordinary
differential equations of the 1%t order (eqn.
10):

(o (o
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nder initial conditions (eqn. 6, egn. 11): >
. it ftions (eqn. 6, eqn. 1) Tab. 1 - The main technical characteristics of the simulated harvester. 5
{r}(fn):{ro}:{%} (11) $
Technical characteristics Designation Value ’5
The solution of the equation system (eqn.  Harvester total mass (kg) M 20,000 _uo.
5) also'serves.as the basis for modeling the Length/width of the harvester frame (m) L¢/ Dy 7.8/2.0 <
dynamic loading of the anchor system and . fie
evaluating the safety of its operation. Harvester track width (m) Dn 2.6 o
These characteristics, at an arbitrary time Installation dimensions of the harvester axes (m) Xer | Xo ! Xo 3.8/1.9/-0.9 '!‘:’
T, quantify parameters such as the dynamic Manipulator mass (kg) Mo 2100 9
tensile force of the anchor rope S/(t), the Length of th . _— L LI LIL 1.0/4.9/3.4/1.4 =
dynamic tensile stress of the anchor rope ength of the manipulator links (m) 12l Ea -0/4.9/3.4/1. o
0,(t), the strength margin factor of the an-  Harvester head mass (kg) Mu, 1500 o
chor rope in terms of breaking force n(t) Distance from the harvester to the anchor tree (m) L 30 2
and the margin factor in terms of overturn- . o0
. ! Anchor rope diameter (mm) d: 15 |
ing (uprooting) force on the anchor tree -
n.«(t). They are calculated as follows (eqgn. Breaking force of the anchor rope (kN) T; 137 '%,';
12, egn. 13, egn. 14, eqn. 15): Preliminary tensile force of the anchor rope (kN) Sro 10 3
S.(7)=S,0+¢,[£,qu(7)—qs(7)] (12) Height/diameter of the anchor tree (m) Hat/ Da 26/0.4 =
Log length (m) lir 6
o(t)=S.(7)If, (13) Density of the log wood (kg m?) [ 400
nr(r)=[T,]/ar(r) (14) Inclination angle of the ground surface (deg) as 30
Wheel slip Her 0.4

nar=Fa[(d",H[r)/Sr(T)COS Y, (15)

Tab. 2 - The parameters of the movement of the manipulator links when moving the
log. The asterisk (*) indicates the unit of measurement for the parameter of the tele-
scopic link (link 4).

where S, is the pre-tensioning force of the
anchor rope (at the initial moment of time
T,), €x IS the relative displacement of the
longitudinal axis of the anchor tree, in the

section where the anchor rope attaches to Parameter Parameter value
it, f,, [T.] are the total cross-sectional area link 1 link 2 link 3 link 4
of the wires and the breaking force of the  Time of the start/end of the movement (s)  1.0/7.0 0/3.8 3.0/7.3 2.0/8.0

anchor rope (Feyrer 2015), F.(dy, Hy) is the
critical overturning (uprooting) force of an
anchor tree depending on its diameter dk,

Coordinate of the link at the initial/final 0/90 10 /40 60 /0 0/1.0
moment (degree) or (m)*

height H, and soil condition, {, is the incli-  Steady motion speed (deg s™) or (m s)* 40 10 20 0.2
nation angle of the anchor rope longitudi- Acceleration during overclocking/braking 10/-10 10/-20 15/-15 0.2/-0.2
nal axis to the coordinate axis x at the (deg s?) or (m s?)*

point L of its attachment to the anchor tree  gverclocking/braking time (s) 3.0/3.0 1.0/0.5 1.3/1.3 1.0/1.0

(Lagerev & Lagerev 2020).

Results
The mathematical model of the six-com-
ponent system was implemented in the

Tab. 3 - Ranges of oscillation of main dynamic parameters of the simulated harvester.

computer program ‘“Dynamics of a har- Parameter Minimum Maximum
vester with an anchor rope for logging on a Movement of the center of mass of harvester along the x axis (mm)  -0.9 0.5
steep slope”. :

. . f th f fh h -15. .

To analyze the influence of the main tech- Movement of the center of mass of harvester along the y axis (mm) 5.3 0.0
nical characteristics of the harvester and Movement of the center of mass of harvester along the z axis (mm) -35.3 -0.4
anchor system on the dynamic parameters Turning of the harvester around the z axis (degree) -14.8 3.7

“ H
of the “harvester — manipulator - anchor  p,vement of the center of mass of manipulator along the x axis -5.5 1.8
system - natural anchor - log - soil”’ system, (mm)

we chose a variant of a 6-wheel harvester

with an uncut frame. The main technical I(v\nc:;e)ment of the center of mass of manipulator along the y axis -10.2 32.5

characteristics of the simulated harvester

are shown in Tab. 1. Movement of the center of mass of harvester head along the x axis -11.7 12.5
The calculated manipulator motion was ~ (MM)

assumed to consist of individual link move- Movement of the center of mass of harvester head along the y axis -13.7 9.5

ments, simulating the process of moving a (mm)

log from the cutting site to the temporary Movement of the winch shell along the x axis (mm) -12.5 2.4

stacking site. The c.uttlng .S|te is located Movement of the center of mass of anchor tree along the x axis -1.9 1.7

along the longitudinal axis of the har- (mm)

vester, which corresponds to the x-axis. ; .

The stacking site is located along the trans- Tensile force in the anchor rope (kN) 13.2 19.5

verse axis, which corresponds to the z-axis. Axial tensile stress in the anchor rope (MPa) 153.2 226.1

The movements are performed in the fol- Strength margin factor of the anchor rope in terms of breaking 7.0 10.4

lowing order: (i) lifting the boom (link 2) force
from the initial lower position; (ii) turning

: LN . Margin factor for the overturning force on the anchor tree 2.1 3.1
the column (link 1) from the initial longitu-
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Force - F (kN)

Time - 1 (s)

Fig. 2 - The time variation of the forces acting on the harvester head.

dinal position; (iii) extending the telescopic
link (link 4) from the initial maximum
pushed position; (iv) lowering the handle
(link 3) from the initial upper position.

The parameters of each link’s movement
during the process of moving the log are
presented in Tab. 2.

Fig. 2 shows the time-dependent graphs
of the module and the projections of the
operational forces onto the coordinate
axes as the log is moved. The greatest val-
ues of these forces are observed approxi-
mately in the time interval between 3.7 and
4.3 seconds, which corresponds to when
three links are in motion - rotary links 1 and
3 and telescopic link 4.

Tab. 3 presents the quantitative results of
dynamic calculations for the harvester’s ba-
sic option and its anchor system during log
movement. These results characterize the
ranges of oscillations in the main dynamic
parameters. Fig. S3 to Fig. S5 (Supplemen-
tary material) illustrate the dynamics of
these key parameters. As the time step
used for integrating the system of differen-
tial equations (eqn. 5) was 0.1 milliseconds,
these figures present the calculated results
for four time intervals of 0.05 seconds
each: (i) the initial period of the manipula-
tor operation is from 0.50 to 0.55 seconds,
when only the boom (link 2) performs the
rotary movement; (ii) the period from 3.20

to 3.25 seconds, when all four links of the
manipulator move together; (jii) the period
from 4.1 to 4.15 seconds, in which the maxi-
mum operational load on the harvester
head is observed and three links are mov-
ing together, i.e., the column (link 1), the
handle (link 3), and the telescopic link (link
4); (iv) the final period of the manipulator
operation is from 7.50 to 7.55 seconds,
when only the telescopic link (link 4) per-
forms the movement.

A quantitative analysis of the graphs in
Fig. S3 to Fig. S5 (Supplementary material)
showed that the oscillation periods of the
studied characteristics are independent on
operating loads and do not change during
log movement. They are determined by
geometric dimensions of structural ele-
ments of a simulated dynamic system. The
approximate oscillation frequencies of the
dynamic characteristics of the anchor rope
(S, o, n, n,) and the displacement of the
center of mass of the anchor winch g5, are
approximately 1.8 kHz. The oscillation fre-
quency of the center of mass of the har-
vester head q,, is approximately 5 kHz. The
dynamics of the center-of-mass movement
of the anchor tree g, have a distinctive fea-
ture. High-frequency vibration at 5.3 kHz
and low-frequency vibration at 440 Hz can
be clearly observed.

A visual analysis of the dynamic processes
in Fig. S3 to Fig. S5 (Supplementary mate-
rial) revealed that the investigated parame-

£ T
% 18 »18 fetoree.
R
g %50 osi 0_5Ti2me B (05;553 0.54 0,55 % 1%.20 3.21 3_%2me ] 1?52)3 324 325
Z 20 220
%18 . »
e =
g 145.10 4.1 4.%2rne B (45.)13 414 4.5 g Y50 751 7.%2me » (73)53 754 755
80 T T T T T Fig. 4 - Influence of the inclination angle of the
i support surface on the tensile force of the

= | anchor rope.
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ters of the harvester and its anchor system
exhibit a variable range during the log
moving. The magnitude of this range is de-
fined as the difference between the two
adjacent extremes of a given k-th parame-
ter, as shown in eqn. 16:

Ale:|[Jk,exlr,2_[Jk,e><tr,l| (16)

where Uy exirs and Uy e, are values of the
previous and subsequent extreme points
of the dynamic process.

To quantify the magnitude of the oscilla-
tions in the parameters of the harvester
basic option, histograms were generated
to show their distributions over the range
between the minimum and maximum val-
ues (AUxmin and AUy max, respectively). These
histograms are presented in Fig. S6 (Sup-
plementary material). A comparison of the
histograms for characteristic time intervals
with the level of operational load in those
same time intervals (Fig. 2) leads to the fol-
lowing conclusion: as the load increases,
the ranges of the parameters S,, o,, n,, and
n, also increase, and their values become
more consistent and have a narrower
spread.

Discussion

In this study, we present, for the first
time, an approach to modeling the dy-
namic behavior of a wheeled harvester
with an anchor rope system, using a winch
and an anchor tree. This approach is based
on a complex mathematical model that in-
cludes six components: harvester, manipu-
lator, anchor system, natural anchor, log,
and soil. This approach enables combining
all the key components of the phenome-
non under study into a single model and
evaluating their mutual influence on the
quantitative parameters of ongoing dy-
namic processes. Using this model requires
specifying a significant amount of source
data. These can be roughly divided into
groups, such as: (i) structural dimensions,
weight, and mechanical properties of the
main structural components of the har-
vester and anchor system; (ii) dimensions
and physical properties of anchor trees; (iii)
geometric parameters of the slope and
physical and mechanical properties of the
support surface; (iv) operating parameters
during harvester operation, which deter-
mine the kinematics of log movement and
the time change in the load level of the
structural components of the harvester
and rope anchor system.

The key characteristic of the dynamic be-
havior of the harvester’s rope anchor sys-
tem is the dynamic tensile force of the an-
chor rope S/(1). It is determined by eqn. 12,
based on the pre-tensioning force of the
anchor rope S, and the elongation of the
anchor rope calculated for the moment of
time t. The tensile force of the anchor rope
exhibits an oscillatory pattern (Fig. 3), with
its amplitude and extreme values increas-
ing as the slope becomes steeper. An anal-
ysis of the graphs in Fig. 2 leads us to con-
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clude that the main cause of the dynamic
behavior of the tensile force in the anchor
rope during operations is the time-varying
inertial force due to the acceleration of
moving logs. For the simulated harvester,
the change in the tensile force with in-
creasing slope steepness is shown in Fig. 4.
The maximum values of the force in the
studied range of slope steepness increased
from 19 to 72 kN, while the average values
increased from 16 to 65 kN, with an in-
crease in the range of oscillation from 6 to
14 kN.

Such a change in the tensile force of the
anchor rope over time during the opera-
tion of forestry machinery is confirmed by
well-known field research of various types
of harvesters and forwarders in different
operating conditions on steep slopes (Hol-
zleitner et al. 2018, Mologni et al. 2018,
20213, 2021b). The dependence of the sup-
port surface inclination angle on the tensile
force of the anchor rope is also qualita-
tively consistent with the findings of the
same studies.

An objective quantitative comparison be-
tween the modeling results for the anchor
rope tensile force and the data derived
from these studies is infeasible due to in-
sufficient information required to apply the
developed mathematical model. However,
given that the simulation was conducted
for a real-world harvester, it is possible to
make a rough comparison between the
real and simulated data. The data pre-
sented by Mologni et al. (2021b) are the
most suitable for such a comparison. Dur-
ing the work of felling and storing trees us-
ing a CAT 552-2 tracked harvester weighing
38 tons on slopes up to 77%, the average
tensile forces in the anchor rope ranged
from 70 to 77 kN, with maximum values
ranging from 130 to 137 kN. Our simulated
data (Fig. 4) with the same slope are 52
and 59 kN, respectively.

As shown in Fig. 4, for a slope steepness
lower than 55% (< 29 degrees), the tensile
force remains constant, although it fluctu-
ates within a range of 4 kN. When the
slope steepness exceeds 55%, the tensile
force increases. Thus, the breaking point of
the S{(as) curve defines the threshold for
the slope steepness o,. Above this bound-
ary, the mandatory use of a rope anchor
system is necessary to ensure the stability
and safety of the harvester during tree
felling operations. The value o = 55%, ob-
tained using the developed mathematical
model, is consistent with data reported in
the literature (Berkett & Visser 2012,
Holzfeind et al. 2020, Visser & Spinelli
2023). The value a; is mainly influenced by
the total weight of the harvester, the slip
coefficient of the wheels on the soil, and
the pre-tensioning force of the anchor
rope. It increases as these characteristics
increase. Therefore, it is a value that can
change for the same harvester when it op-
erates in different cutting areas with differ-
ent pre-tensioning of the anchor rope.

As shown by the simulation results, pre-

tensioning the anchor rope before the be-
ginning of harvester operations improves
the maximum inclination angle of the sup-
porting surface. However, this leads to a
non-linear increase in the average and max-
imum values of the total anchor rope ten-
sion. This finding is qualitatively consistent
with the results of the research by Visser &
Stampfer (2015).

Other characteristics of interest of the dy-
namic behavior, such as o¢(t), n(t) and
na(t), are uniquely determined by the
force S(t). This is because, according to
eqgn. 13 and eqn. 14, these characteristics
are different from S(t) by a constant fac-
tor.

Obviously, the minimum values of the
strength margin factor of the anchor rope
in terms of breaking force n,m» and the
margin factor for the overturning force on
the anchor tree n, mn, which are deter-
mined by the maximum values of the rope
tension S, ..x, determine the conditions for
harvester safe operation on the slope.
These conditions are expressed by inequali-
ties (egn. 17, egn. 18):

nr,min:fr[Tr]/Sr,maxZ[nr] (17)

na[,min:Fa[/Sr,maxCOS y}LZ[na[] (18)

where [n], [n.] are normative margin fac-
tors, which are established by technical
regulations that ensure the safety of har-
vester operation.

When harvesters are operating on steep
slopes, there is a change in the magnitude
of the load acting on the mechanisms of
movement of the manipulator’s links dur-
ing the spatial movement of the log. Exper-
imental studies by Merg| & Kasparek (2022)
showed that with an increase in the inclina-
tion of the manipulator rotary mechanism
caused by the location of the harvester on
an inclined support surface, more lifting
torque is required to manipulate logs of
the same weight. This is most evident in
the longitudinal plane of the machine
when working downbhill. Simulated calcula-
tions also produce similar results: when the
slope increases from 27% to 100% (or from
15 degrees to 45 degrees), the lifting mo-
ment increases by approximately 30%.

Conclusions

The dynamic mathematical 12-mass model
presented in this study integrates all the
key components of the simulated phenom-
enon into a single, interconnected system.
This includes the harvester itself, with a
manipulator and harvester head attached,
a moving log in space, an anchor system
consisting of an anchor rope and winch,
and an anchor tree for fastening the an-
chor rope to the soil of the support sur-
face.

As a result, this dynamic model of the six-
component “harvester - manipulator - an-
chor system - natural anchor - log - soil”
system enables mathematical modeling of
workflows for a three-axle wheeled har-
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vester with an uncut machine frame oper-
ating on a steep slope during log move-
ment. The proposed approach could simi-
larly be extended to harvesters with a dif-
ferent number of wheels, different design
features (for example, the frame struc-
ture), and different types of natural and ar-
tificial anchors (including stumps or re-
cessed metal rods). As a result, a promising
avenue for future research is adapting the
dynamic model for the six-component sys-
tem, as proposed in this work, to other
variants of modern harvester designs, in-
cluding tracked harvesters. A more in-
depth modification of the proposed dy-
namic model would also be desirable, fo-
cusing on the complex modeling of work
processes for forwarders equipped with
rope-anchoring systems based on retaining
winches.

The dynamic model enabled a systematic
analysis of a large number of quantitative
structural and regime parameters, as well
as the physical and mechanical properties
of soils. These parameters characterize the
dynamic behavior and loading of the har-
vester and the manipulator mounted on it,
as well as the structural elements of the
anchor system. Thus, the developed dy-
namic model can serve as a mathematical
tool for both quantitative and qualitative
assessment of the impact of individual pa-
rameters, or several parameters simultane-
ously, on the dynamic behavior of har-
vesters. This information will be of great
practical importance in the design of rope
anchor systems, which provide the neces-
sary stability and safety for harvesters op-
erating on steep slopes. As a result, the ob-
vious direction for further research is to de-
termine qualitative and quantitative rela-
tionships between characteristic sizes,
technical characteristics of harvesters,
their anchor systems, operating modes,
soil properties, and cutting area character-
istics, with key parameters for safe opera-
tion — permissible inclination angles of sup-
port surfaces, ranges of dynamic tensile
force variations in anchor ropes, optimal
pre-tensions of anchor rope, sizes of suit-
able anchor trees, etc. The analysis of
these relationships can serve as a basis for
developing practical recommendations at
both the design stage of specialized equip-
ment and its operational stage. At the de-
sign stage, they will ensure the develop-
ment of anchor equipment that meets the
customer-defined conditions for subse-
quent operations. These recommendations
will allow us to reasonably select anchoring
equipment with parameters that can reli-
ably ensure the operation of forestry ma-
chinery, based on the specific conditions in
the cutting areas.
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Fig. S1- Geometric model.
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dynamic mathematical model.
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