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Introduction

The use of specialized forest machines
has increased the efficiency and improved
the technological processes of logging
(Mederski et al. 2021). As demonstrated
across various climatic conditions in Eu-
rope (Liska et al. 2011), Asia (Raymond
2010), North and Latin America (Diniz et al.
2020), mechanized logging can significantly
increase the productivity of logging opera-
tions, primarily in a favorable type of ter-
rain, i.e., a fairly flat terrain with minimal
presence of floodplain and swampy zones,

To minimize the negative impact of wheeled and tracked forest vehicles on
soil and vegetation, it is crucial to protect natural ecosystems during activities
such as wood harvesting and tree maintenance. This study focuses on one of
these measures, namely, maximizing the area of the harvester’s working zone,
within which it can cut down trees without additional movement, thereby pre-
serving soil integrity. The manipulator kinematic scheme, typical for most
modern harvesters, was considered, and calculated dependencies were ob-
tained to determine the shape and basic geometric characteristics of the
working zone. A mathematical model has been developed to determine the op-
timal values of the lengths of the manipulator links, ensuring the maximum
area of the harvester’s working zone, taking into account the necessary design
and operating restrictions. Model results demonstrate the effectiveness of the
design phase of harvester manipulators. When designing harvesters with a load
moment in the range from 150 kN-m to 300 kN-m, optimizing the combination
of link lengths in the manipulator's kinematic scheme can increase the working
zone area by up to 30%. This increase is associated with the increase in the
maximum radius of the working zone, which can reach from 15% to 17%. This
leads to a similar increase in the width of the strip of felled trees that can be
cleared with a single pass by the harvester. A greater effect of optimizing the
manipulator kinematic scheme was observed when operating harvesters in log-
ging areas with trees of smaller average diameter. Optimizing the manipulator
kinematic scheme resulted more effective in logging areas with smaller diame-
ter trees. By reducing the number of longitudinal passes in the logging area,
the negative impact of mechanized logging on the forest ecosystem can be
minimized.
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ravines, etc. (Mederski et al. 2016). More-
over, a high level of mechanization in log-
ging operations creates excellent opportu-
nities for the implementation of digital
technologies, including artificial intelli-
gence, aimed to optimize logging planning
and execution within a cyber-physical sys-
tem, in line with the Forestry 4.0 concept
(Humphrey et al. 2024).

The modern fleet of specialized forest
machines features a wide range of types,
each differing in functional purposes and
technical characteristics (Kalyashov et al.
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2019). Among these, harvesters play a cru-
cial role in the logging process by felling
trees, pruning branches, sawing logs into
specified lengths, and bundling them for
subsequent export outside the logging
area (Mederski et al. 2016). Modern har-
vesters are equipped with hydraulic manip-
ulators to carry out the necessary logging
operations. Manipulators of the combined
type (articulated boom with a telescopic
handle) and parallel type (boom in the
form of a parallelogram with a telescopic
handle) are currently widely used. They are
available with a reach of up to 12 m and a
load moment of 300 kN-m (Syunev et al.
2011). Harvester manipulators have specific
design features and operating conditions;
however, their kinematic schemes and de-
signs are comparable to those of other
types of technological equipment, such as
automobiles, railway cranes, ship cranes,
and industrial robots (Lagerev & Lagerev
2019). Therefore, many technical problems
related to the optimal choice of kinematic
schemes and the design of harvester ma-
nipulator mechanisms are solved within
the framework of universal mathematical
models and methods of robotics (Siciliano
& Khatib 2016). The task of a few studies
aimed at optimizing harvester manipula-
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tors was to increase their efficiency by min-
imizing the energy costs associated with
operating hydraulic drive mechanisms. To
this end, La Hera et al. (2024) proposed op-
timal energy-saving trajectories for the
working body during tree cutting and sub-
sequent movement to the stack. Nurmi &
Mattila (2017) studied the optimal energy
redundancy in the interaction between a
closed-loop drive and a hydraulic power
system. Mendoza-Trejo et al. (2022) pro-
posed minimizing the energy consumption
using gravity compensation by counter-
weights, which are additionally integrated
into the kinematic scheme and design of
the manipulator. Other studies aimed at
minimizing load rocking, based on optimiz-
ing the operating mode of the hydraulic
drive (Popikov et al. 2020) or the move-
ment parameters of the manipulator links
(Kowsari & Ghabcheloo 2024). In all cases,
the optimization goals were aimed at im-
proving the technical and economic perfor-
mance of manipulators. The possible rela-
tionship between the design parameters of
kinematic manipulator schemes and the
negative impact of harvesters on forest
ecosystems has not been investigated.

Forest machines, including harvesters,
not only impact tree plantations and
shrubs but also significantly affect forest
soils during operations (Cambi et al. 2015),
by exerting high pressure on the soil,
which has low mechanical characteristics
(Naghdi et al. 2016, Pandur et al. 2022). The
modeling results from Grigorev et al.
(2022) indicate that even a single passage
of heavy forest machinery can cause signifi-
cant dynamic compaction of the soil and
lead to the formation of deep tracks in
forested areas. To reduce such a negative
impact, various protective measures are
used (llintsev et al. 2020, Labelle et al.
2022) aimed at reducing the amount of ma-
chine pressure on the ground, such as re-
ducing the tire pressure (Eliasson 2005), in-
creasing the chassis support contour, and
the use of flexible tracks (Lourenco et al.
2022).

The dynamic compaction of the soil in-
creases when the forestry machine is work-
ing in one place for an extended period.
This is typical for harvesters, which can cut
down several trees within the manipulator
working zone (Lindroos et al. 2015). Re-
peated dynamic effects on the soil increase
its compaction until it stabilizes at a sta-
tionary value (Vereecken et al. 2016, Lager-
ev et al. 2021). The dynamic impact of the
harvester on the soil is proportional to the
number of trees cut down during one stop
of the machine. Thus, an increase in the
number of felled trees during one har-
vester stop decreases the number of such
stops in the logging area and reduces the
relative area of soil damaged by the har-
vester. This positively affects the soil
ecosystem and speeds up the restoration
of damaged soil areas.

The implementation of measures aimed
at reducing the impact of harvesters on
forest soil can be achieved by designing
the harvester manipulator to maximize the
working zone at the height of trees. The
design must ensure that the harvester
head can operate effectively in the specific
area, thus maximizing the number of felled
trees per harvester stop. Further, an in-
crease in width of the circular working
zone of the harvester can minimize the
number of stops in the logging area,
thereby minimizing the number of cycles of
dynamic soil compaction.

The main objective of this study is to de-
velop a method for optimizing the kine-
matic scheme of the manipulator, aimed to
fully leverage the functional characteristics
of the harvester (in particular, its load mo-
ment) and maximize its working zone. We
modeled the combination of link lengths in
the manipulator kinematic scheme to maxi-
mize the square and radius of the har-
vester’s working zone, taking into account
the operational restrictions. We also fo-
cused on the relationship between the key
features of a harvester and the optimal
characteristics of its working zone.

Materials and methods

Manipulator kinematic scheme and
harvester’s working zone

A typical kinematic scheme of the work-
ing equipment used in modern harvesters
from leading world manufacturers is
shown in Fig. 1 (Wang 2022). It includes a
manipulator kinematic scheme and a har-
vester head kinematic scheme connected
with each other using a cylindrical hinge E.
The harvester head can freely swing in the
xoy plane of the manipulator under the in-
fluence of the load from its own weight
and the tree weight.

The manipulator kinematic scheme in-
cludes its base, three rotary links, and one
translational link, providing spatial move-
ment of the harvester head. Each i-th link
can make a maximum movement Ag; from
the initial position g, to the final position g;
+ Ag; and back. The links form a flat open
kinematic chain consisting of four consecu-
tive kinematic pairs of class V (three rota-
tional and one translational). The manipula-
tor has four degrees of freedom, which
correspond to angular displacements g, g,
gs, and the linear displacement g,. The kine-
matic pair o-1 is formed by link o (base
mounted on the harvester supporting
frame) and link 1 (manipulator column)
with a length of L,. The rotation axis of the
cylindrical hinge A is perpendicular to the
plane of the supporting frame and coin-
cides with the coordinate axis y. The kine-
matic pair 1-2 is formed by link 1 and link 2
(boom) with a length of L,. The rotation
axis of the cylindrical hinge B is perpendicu-
lar to the plane of the kinematic pair and
parallel to the coordinate plane xo0z. The
kinematic pair 2-3 is formed by link 2 and
link 3 (handle) with a length of L. The rota-
tion axis of the cylindrical hinge C is per-
pendicular to the plane of the kinematic
pair and parallel to the coordinate plane
x0z. The coordinates of the hinge C are
variable and depend on the rotation angles
of the kinematic pairs 0-1 and 1-2. The kine-
matic pair 3-4 is formed by link 3 and a tele-

Fig. 1 - The harvester manipulator. (a) Locations on the harvester; (b) kinematic scheme.
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Fig. 2 - Projections of the
harvester’s working zone
in the plane xoy (a) and in

the plane xoz (b).

scoping link 4 of variable length L,. The co-
ordinates of the interface node (point D)
are variable and depend on the rotation an-
gles of the kinematic pairs 0-1, 1-2, and 2-3.
The coordinates of the end point E are vari-
able and depend on the rotation angles of
the kinematic pairs o-1, 1-2, 2-3, and the lin-
ear displacement of the kinematic pair 3-4.

The end point E of the manipulator kine-
matic scheme coincides with a cylindrical
hinge, with which the kinematic schemes
of the manipulator and the harvester head
are interfaced. The coupling is formed by a
kinematic pair 4-5. Link 5 can swing freely;
its angular displacement depends on the
magnitude and direction of the combined
load from the harvester head’s weight and
the tree.

The kinematic scheme of the harvester
head includes two rotary and one rota-
tional link, which form a flat open kine-
matic chain of two kinematic pairs of class
V. The harvester head has two degrees of
freedom, which correspond to angular
movements gs, g,. The kinematic pair 5-6 is
formed by a link 5 (suspension) of length L
and a link 6 (fork) of length L, connected
by a cylindrical hinge F. Its rotation axis co-
incides with the longitudinal axes of the
links and is parallel to the coordinate plane
x0y. Due to the insignificance of the length
L, it can be assumed that the deviation of
the longitudinal axis of the suspension
from the vertical during its free swing can
be neglected, that is, g; = 0. The coordi-
nates of the hinge F are variable and de-
pend only on the current displacement val-
ues gy, G gs g4 The kinematic pair 6-7 is
formed by link 6 (fork) and link 7 (body of
the harvester head) of length L,.

Kinematic pairs 0-1, 1-2, 2-3, and 3-4, which
make up the manipulator scheme, provide
the spatial movement of the end point E of
the handle, to which the harvester head is
attached. The manipulator provides the re-
quired movement of the harvester head to
the tree to be cut. Kinematic pairs 5-6 and
6-7, which make up the harvester head
kinematic scheme, provide the spatial
movement of the hinge G and the point H,
which determines the position of the cut
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plane. This is the orienting movement of
the harvester head when performing log-
ging operations, i.e., capturing a tree with
the harvester head, sawn it down, transfer-
ring the tree after cutting branches into a
formed bundle of assortments.

The harvester’s working zone is the space
within which the chain saw of the har-
vester head can be in the working position,
that is, the point H with vertical orientation
of kinematic pairs 5-6 and 6-7 (Fig. 2). It is
spherical and is formed by rotating the sec-
tion cfhkmc relative to the coordinate axis
y by an angle q..

The section cfhkmc is formed by bound-
ary lines — arcs cm, hk, fh and a straight line
segment km. Each boundary line ab is
formed when one link of the manipulator is
moved and the rest of the links are non-
moving. As a consequence, the parametric
representation of an arbitrary boundary
line ab in the coordinate system xyz can be
expressed as (eqgn. 1, eqn. 2, eqn. 3):

XabZ[L2~Sin(uz+q20)
_(L3+u4+Q4o)'Sin(u2+u3+Q20+q30) Q)
—L;_,sin wx}’cos(ql"'qlo)

yab:L1_L2'COS(u2+CI2o)
+(Ly+u,+q ) cos (Uy+Us+ ot qs) ()
—Ls_;-cos i,

Zab:Xab.tan(ql-'-qu) (3)

where y, is the inclination angle of the
ground surface in the x-axis direction, u; is
the specified movement of the i-th link, L,
=L+ L+ L,

In Tab. 1, for each boundary line, the
range of movement of the manipulator link
is indicated, which is considered as a mov-
ing link when calculating the spatial coordi-
nates of the line using parametric equa-
tions egn. 1, eqn. 2, and eqn. 3. Fixed values
of non-moving links movements are also in-
dicated. The displacement g, is set arbitrar-
ily and allows to build a section cfhkmc in
an arbitrary vertical plane in the coordinate
system xyz.

The cross section of the harvester’s work-
ing zone with the plane xo0z at the level y =
-Hmanthmin, Which has the shape of an open
ring element abcdefa (Fig. 2a), determines
the area where the tree to be cut should
be located. The dimensions of this area are
determined by the limiting rotation angle
Aq, of the manipulator column, the maxi-
mum radius R, the minimum radius Run,
and the area S,. These characteristics are
determined as (eqn. 4, eqn. 5, eqn. 6):

Rmax:Lz'Sin(qu"'QQo)_(La"'A Q4+Q40)

. sin(qu—Aq3—q20_Q3o) (4)
—L,_,siny,

R, =Ly sin gy
+(Ly+qa0) 08 (qo0*qs0) (5)
—L;_,siny,

Sw=0.5AQ1'(Rr2nax_R51in) (6)

To ensure the safe operation of the ma-
nipulator (to avoid touching the metal
structure or the harvester cabin with links),
the minimum radius R.;, must exceed the
radius of safe approach of the harvester

Tab. 1 - The specified movements of the manipulator links to determine the position

of the boundary lines of the section cfhkmc

Boundary line Moving link

Non-moving links

Arccm from u, = 0 (point c) to u, = Ag, (point m) us = Ags  us = Aq,
Archk from u; = 0 (point h) to u; = Ags (point k) u, =Aq, us=0
Arcfh from u, = 0 (point f) to u, = Ag, (point h) u3=0,us=0
Segmentkm from u, = 0 (point k) to us = Ags (point m) U, = Aqy U3 = Ags
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head R..r. The specified radius can be calcu-
lated as (eqn. 7):

R,,=(B;+0.25D;)"*+L,,+AR,, )

where D, is the transverse dimension of
the harvester, Ly, is the longitudinal dimen-
sion of the harvester head, AR is the addi-
tional width of the safety zone.

Optimal mathematic model

The purpose of optimizing the kinematic
scheme of the harvester manipulator is to
find such a combination of the lengths of
its individual links, in which the area S,,
where the tree to be removed is located
(ring element abcdefa in Fig. 2a), reaches
its maximum value while adhering to sev-
eral geometric, structural and operational
restrictions. Thus, the optimality criterion
Kopt is equivalent to the area S,, and is quan-
tified by eqgn. 6.

The maximum radius Rm. is achieved
when the displacements of the handle and
the manipulator telescoping link take the
largest possible values g; = g;+Aq; and q, =
L, + g4, and the displacement of the boom
is an unknown minimum value g, = g,min-
The value g,mn must fit the following crite-
rion: in the considered configuration of the
manipulator, the characteristic point H,
which determines the vertical coordinate
of the saw location when cutting down a
tree, must lie in the plane of the saw at a
height hni, from the ground surface (eqgn.
8):

.yH(qZ,min):_Hman+hmin (8)

Thus, the desired displacement g, mi, is de-
termined by solving the following nonlin-
ear equation (eqgn. 9):

Hmun_ hmin+ Ll_ LZ cos qZ,min

+(L3+L4+Q40)Sin(qz,min+AQ3+q30) (9)
—L; ,=0

Similarly, the minimum radius R., is
achieved when the displacements of the
handle and the telescoping link of the ma-
nipulator take the smallest possible values
gs; = g5 and q, = g4, and the displacement
of the boom is an unknown maximum
value g, = g, max- The value g, max must match
the following condition: in the considered
configuration of the manipulator, the char-
acteristic point H, which determines the
vertical coordinate of the saw location
when cutting down a tree, must lie in the
plane of the saw at a height h, from the
ground surface (egn. 10):

.yH(qZ,max):_Hman+hmin (10)

Thus, the desired displacement gy max is
determined by solving the following non-
linear equation (egn. 11):
Hmun_hmin+L1_L2COSq2,max

+(L3+QA0)'Sin(Q2,mux+Q30)_L5—7:0 ()
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Among the required parameters to be de-
termined for solving the optimization prob-
lem, the link lengths of the manipulator
kinematic scheme were included and the
vector of the required parameters {x} was
formed (egn. 12):

{X}T:{X1X2X3X4}:{L1L2L3L4} (12)

The remaining parameters used in calcu-
lating the optimality criterion K, and char-
acterizing the harvester design are fixed
parameters.

The task of a four-parameter single-crite-
rion conditional optimization problem of
the manipulator kinematic scheme is for-
mulated as follows: it is required to find
such a combination of required parameters
{x3°rt with values of fixed parameters set as
initial data, at which the maximum optimal-
ity criterion Ky is achieved, taking into ac-
count the necessary design and regime re-
strictions. Mathematically, the optimiza-
tion problem is characterized by a set of
the following computational equations
(eqn. 13 to eqn. 20); (i) objective function:

2

O([{x})=Aq,(Rpu—Rpy,) » max (13)

and (ii) restrictions in the form of inequali-
ties, according to the condition of a non-
negative value of geometric dimensions
and link displacements (eqn. 14):

qZ,min>0’q2,max>O’Xi>0 (14)

[i =1, 2, 3, 4], and according to the condi-
tion that the geometric dimensions and
link displacements do not exceed the spec-
ified limit values (eqn. 15 to egn. 18):

x,—L

1,min

X
>0,L1’max—x1>0,k34—x—4>0 (15)
3

T2,min~ 920> 0,20+ A 2= G5, >0 (16)
_Hman+hmin_x]+xzcosq20

- : L. >0 (17)
(on"'q‘w) COS(Q20+C[3O)+ 577
Hman+X1_L577_X2COSq2,max
+(X3+x4+q40)cos(q2,max+Aq3+q30) (18)

7hmin>0

To ensure the stability of the harvester
against overturning due to tipping mo-
ments created during operation, it is essen-
tial to consider the weight loads from the
metal structure of the links, the harvester
head, and the sawn tree (eqn. 19):

[M[]_M[,max>0 (19)

To ensure the required size of the safe ap-
proach zone for the harvester head rela-
tive to the harvester's metal structures, we
define (eqn. 20):

Rmin_Rsaf>0 (20)

where Limin, Limax are the minimum and

maximum permissible length of the manip-
ulator column, ks, is the coefficient of rela-
tive length of the telescoping link, [M] is
the load moment of the harvester manipu-
lator, Mgmax is the maximum tipping mo-
ment during harvester operation.

The developed optimal mathematical
model was implemented using the soft-
ware “Optimization_of Harvester_Manip-
ulator” (Lagerev et al. 2024). To find the
optimal combination of the link lengths of
the manipulator kinematic scheme, the
method of conditional multidimensional
single-criteria optimization of the Hook-
Jeeves type (Rao 2009) was used. Previous
experience in solving optimization prob-
lems showed that objective functions have
a complex topology, and therefore, they
can have several different extremes (Buh-
toyarov et al. 2015, Lagerev & Lagerev
2019). To eliminate the erroneous finding
of the desired vector {x}°*, an algorithm
was used for iterating through the initial
optimization points. This algorithm pro-
vides the identification of all local extrema
of the objective function within the range
of its acceptable values, and the determi-
nation of the true global extreme, which is
the vector {x}°t. The algorithm allows for
adjusting the lengths of links L; by incre-
ments AL; within specific intervals of per-
missible change Limin< Li< Limax. Test calcula-
tions showed that recommended values
for these steps AL; are approximately 0.2
m. The problem is solved when hen the
possible combination of lengths satisfies
the restrictions of eqn. 14 to egn. 20, and
the local extreme point of the objective
function (eqn. 13) is determined. As a re-
sult, a set of local extremes is achieves, and
the extreme with the maximum value of
the objective function is selected among
them.

The result of the software is the optimal
combination of the lengths of individual
links in a harvester manipulator with four
degrees of freedom. This includes three ro-
tary links and one telescopic link. These
manipulators are currently the most com-
monly used in modern harvester designs
(Syunev et al. 2011, Wang 2022). In addition
to the components of the desired vector
{x3°rt, the algorithm calculates the key geo-
metric characteristics of the optimal har-
vester working zone where the tree to be
cut should be located. These include the
minimum and maximum radii, square, vol-
ume, and maximum height of the chainsaw
above the ground surface. Such informa-
tion is essential at the initial stage of de-
signing a manipulator, as it allows the de-
signer to predict its functionality by consid-
ering the technical specifications of the
harvester.

An important characteristic of the har-
vester, which determines its functionality,
is the manipulator load moment [M,]. It de-
termines the maximum dimensions of the
trees (diameter dima, length lima, and
weight Gy,max Of the assortments) that the
harvester can cut down and stack into a

iForest 18: 227-233
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formed bundle. For modern harvesters
(Grebner et al. 2014), the magnitude of the
load moment is up to 300 kN m or more.
Optimization calculations were performed
in the range from 150 kN m to 300 kN m.
The harvester Amkodor 2561 (Fig. 1a)
served as the basis for initial structure for
test calculations and further analysis. Its
main technical characteristics are: trans-
verse dimension D, = 2.6 m, height of the
manipulator installation H,.n = 1 M, manipu-
lator load moment [M,] = 225 kN-m, weight
and longitudinal dimension of the har-
vester head Gy, =10 kN and Ly, = 1.4 m.

Results and discussion

The results showed that the objective
function O({x}) does not provide a smooth
surface within the four-dimensional do-
main defined by the constraints described
in egn. 14 to egn. 20. Indeed, it has a com-
plex topology with several local maxima
that correspond to various optimal combi-
nations of manipulator link lengths {x}°r.
As a rule, within the scope of determining
possible solutions, the objective function
can have from 10 to 15 local maxima, de-
pending on the combination of initial data.
Obviously, only one of these maxima is the
best solution to the optimization problem
(i.e., it is a global maximum). The variation
in the value of S,, corresponding to the lo-
cal maxima reached a noticeable value of
up to 30% However, some of the local
maxima took values that are quite similar,
differing only by up to 2%, and in some
cases they were nearly equal to the objec-
tive function value at the global maximum.
Therefore, when designing a harvester, it is
advisable to take into account such local
maxima, as additional requirements (e.g.,
constructive, technological, operational,
economic or environmental reasons) may

iForest 18: 227-233
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prevent the use of the global maximum of
the objective function.

Our results indicate that optimizing the
combination of link lengths of the manipu-
lator’s kinematic schemes can increase the
area S,, of the harvester’s working zone by
up to 30%, i.e., the area within which the
harvester can effectively cut down trees
during one stop. The increase in square is
correlated with an increase in the maxi-
mum radius Rn.« of the working zone. The
corresponding increase in the maximum ra-
dius ranged from 15% to 17%. These results
were obtained based on the technical spec-
ifications of the Amkodor 2561 harvester,
which was used as a test case. Obviously,
different technical specifications of the har-
vester will provide different quantitative
values compared to the Amkodor 2561, but
we can assume that the general trend will
likely remain consistent with our findings.

The increase in the area S, of the har-

vester’s working zone entails a similar in-
crease in the width of the strip of felled
trees at eachpass of the harvester, as well
as an increase in the distance between two
adjacent technological stops of the har-
vester through the logging area. Reducing
the number of longitudinal passes and the
number of stops within the the logging
area reduces the negative impact of mech-
anized logging on the forest ecosystems
(Kormanek et al. 2023, Kim et al. 2025).

Fig. 3 shows the vertical sections of the
harvester’s working zone with different
load moment (e.g., assortments of differ-
ent weights). The geometric extension of
the working zone decrease with decreas-
ing the load moment and increasing the as-
sortment weight. This leads to a reduction
in the optimized area S,.. The optimization
was performed for a tree of the maximum
possible weight that the harvester should
handle, i.e., for a tree with the maximum

Mean Base class Heavy class harvester  Fig.5-Isolines for
class harvester Rmax= CONst in the
harvester parameter space
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Fig. 6 - Optimal lengths of manipulator links for harvesters of various classes. (a) Mean class harvester; (b) base class harvester; (c)

heavy class harvester.

average trunk diameter (egn. 21):

By mx=2[G oo 7T 0Ly | @)

tr,max

where py. is the tree density. Wood density
varies widely depending on tree species
and environmental conditions (Siipilehto &
Rajala 2019). Therefore, the diameter of
the thickest trees that a harvester can cut
down (i.e., the maximum load moment) is
not a constant value and varies for differ-
ent logging areas. Thus, the choice of the
most effective harvester size in a particular
logging area should take into account the
type and maximum diameter of trees of
the logging area and the required assort-
ment length.

Fig. 4 shows the combined effect of the
load moment and the tree weight on the
area S,, (Fig. 4a) and the maximum radius
Rmax (Fig. 4b) of the optimal harvester’s
working zone. Function S,([M:], Gu) is
graphically expressed by a linear surface,
and function Ros([M.], G.) is expressed by
a weakly convex (almost linear) surface.
Depending on the magnitude of the load
moment, modern harvesters are arbitrarily
divided into separate size classes. Accord-
ing to the classification by Syunev et al.
(2011), light class harvesters have a load
moment of less than 120 kN-m, medium
class harvesters up to 180 kN-m, base class
harvester up to 220 kN m, and heavy class
harvesters with a load moment > 220 kN m.
Fig. 5 shows the isolines of maximum radii
within the space of the studied parameters
{IM{] - G¢} and indicates the recommended
areas of assignment of these parameters
for optimal design of manipulators for har-
vesters of various classes. As the tree
weight decreases, the maximum radius of
the optimal harvester’s working zone in-
creases. Therefore, optimizing the kine-
matic scheme of the manipulator has a sig-
nificant effect when operating harvesters
in logging areas with trees of a smaller av-
erage diameter.

The optimal lengths of the manipulator
links for harvesters of different classes, de-
pending on the values of parameters [M]
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and Gumax accepted in the design, are
shown in Fig. 6. The lengths of the column
and the telescoping link are independent
on the design parameters. As the load mo-
ment of the harvester increases, the size of
the working zone also expands due to the
simultaneous increase in the lengths of the
boom and the handle, with typically ex-
ceeds about 1.5 to 2.0 m.

Conclusion

Based on our results, optimizing the
working equipment for forest machines
and, in particular, the design of harvester
manipulators for cutting trees, can effec-
tively increase their technical, operational,
and economic characteristics, and signifi-
cantly reduce the negative impact on for-
est soil. An effective approach to minimize
the impact of harvesters in the forest is to
create kinematic schemes for manipulators
aimed to maximize their working zone dur-
ing operations. To this purpose, we devel-
oped a mathematical model and a specific
software that were used for optimizing the
working zone of the manipulator of the
Amkodor 2561 harvester. The model can be
applied to other types of harvesters
equipped with similar manipulators based
on four-link articulated kinematic schemes.

Our results showed that, considering har-
vesters with a load moment ranging from
150 to 300 kN-m, the area of the har-
vester’s working zone (i.e., the area within
which the harvester can cut trees during
one stop) can increase up to 30% using an
optimal combination of link lengths in the
kinematic scheme of the manipulators. This
is due to an increase in the maximum ra-
dius of the working zone, which can range
from 15% to 17%. As a result, the width of
the felled tree strip at one pass and the dis-
tance between adjacent harvester stops in-
crease, thereby reducing the number of
longitudinal passes and harvester stops,
and ultimately the negative impact of
mechanized logging on the forest.

Further increases in the size of the work-
ing zone can be achieved using harvesters
with a large load moment. However, this

can cause an increase in their weight and
can lead to a nonlinear increase in the de-
formation of forest soils, thus increasing
the duration of ecosystem restoration af-
ter logging. Therefore, a promising direc-
tion for further research is the develop-
ment of measures to reduce the own
weight of the manipulator links based on
optimizing their design and the use of
modern materials with increased strength-
to-weight ratio.
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