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Modern forestry machines are complex cyber-physical and human-machine systems (HMS), in which operational
efficiency is determined not only by the machine's technical characteristics but also by the quality of the operator's
interaction with the working equipment. One of the most labor-intensive operations is positioning the cutting-gripping
device (CGD) toward a tree, which requires coordinated control of the hydraulic manipulator's links.

The aim of this study is to develop a model-based kinematic layer for digital-twin-assisted motion coordination of a
forestry hydraulic manipulator during CGD positioning toward a tree.

This paper examines an inverse kinematics problem in which the specified translational motion of the CGD
determines the required displacements, velocities, and accelerations of the manipulator's links and hydraulic cylinder
piston rods.

The simulation results showed that the hydraulic cylinder rod velocities vary nearly linearly, creating the prerequisites
for model-based coordination of their motion. Furthermore, increasing the CGD velocity and reaching a maximum
reach are accompanied by increased acceleration of the arm cylinder, which can be considered an indicator of a
dynamically unfavorable operating mode.

The proposed architecture includes a geometric module, an inverse kinematics unit, a velocity and acceleration
calculation module, a module for determining hydraulic cylinder motion parameters, and a block for detecting
unfavorable operating modes during CGD positioning. The model is positioned as a kinematic layer and
computational core of a digital-twin-assisted operator support system rather than as a complete hydraulic digital twin.
The obtained results support a model-based approach to CGD motion coordination in forestry manipulators and are
consistent with the implementation of Industry 4.0 technologies in forestry machines and human-machine systems.

Keywords: model-based kinematic layer, digital-twin-assisted system, cutting-gripping device, CGD motion
coordination, forestry manipulator, hydraulic cylinder motion, inverse kinematics, operator assistance, human-
machine system, industry 4.0

HIGHLIGHTS

— Developed a model-based kinematic layer linking CGD trajectory to hydraulic cylinder rod motion.

— Inverse kinematics computes displacements, velocities and accelerations of manipulator links and cylinders.
— Hydraulic cylinder rod velocities vary nearly linearly, enabling simple motion coordination.

— Rising arm-cylinder acceleration near maximum reach flags unfavorable, dynamically risky operating modes

1 Introduction

In the context of Industry 4.0, modern forestry machines are increasingly viewed as cyber-physical systems,
incorporating digital twins, intelligent control algorithms, and operator support tools [1, 2].

The diversity of technological operations performed by a forestry machine determines the requirements for precision,
safety, and reliability of the entire machine-technological system [3].

Under these conditions, a typical forestry machine can be considered a human-machine system (HMS) or a human-
in-the-loop system, where efficiency is determined not only by the machine's technical characteristics but also by the
operator's ability to maintain stable control under dynamically changing conditions [4]. The operator not only performs
direct control but also continuously evaluates the current state of the system. Furthermore, depending on the type of
technological operation, the role of the human operator and the degree of their influence on the final result can vary
significantly [5].

One of the most labor-intensive operations from an operator's perspective is the positioning of the cutting-gripping
device (CGD), which corresponds functionally to a felling head, toward a tree [6]. At this stage, the operator controls
several degrees of freedom of the hydraulic manipulator, which has its own inertia, and must ensure coordination of
the various manipulator components and the accuracy of the movement trajectory. Even minor control errors can
lead to increased cycle times, increased dynamic loads on the manipulator components, decreased positioning
accuracy, and additional workload for the operator [7].
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The human factor problem can be partially addressed through preliminary selection and professional training of
operators [8], organizational measures and condition monitoring [9, 10], and improved control ergonomics [11].
However, such approaches do not eliminate the need for the operator to make quick decisions in a dynamically
changing work environment.

Therefore, a promising direction is to transfer some of the functions of analyzing, predicting, and coordinating
movements to intelligent technical means of operator support, including digital twins, model-based control algorithms,
and systems for preventing unfavorable operating conditions. Under these conditions, the development of automated
and intelligent operator assistance systems is becoming an important area for improving the efficiency and safety of
forestry machines. Such support reduces sensory and cognitive load, lowers operator stress, shortens the time
required to complete a process operation, and reduces the number and cost of control errors.

The practical relevance of such operator-support logic is also confirmed by studies of boom-tip control in forestry
cranes. Manner et al. [12] showed that direct control of boom-tip motion can simplify crane operation for beginner-
level operators compared with conventional control of separate boom movements. Recent pilot evidence also
indicates that boom-tip control and related assistance technologies can improve the efficiency of forwarder loading
operations [13].

A promising tool for such support is digital twins of technical systems [14]. In engineering applications, a digital twin
can be used not only for simulation modeling but also as a computational core for predicting object behavior,
analyzing movement patterns, identifying potentially unfavorable conditions, and generating control
recommendations.

For a hydraulic manipulator of a forestry machine, digital-twin approaches can be developed at different modeling
levels, including structural, dynamic, and kinematic representations [15]. In this study, this idea is developed not as
a complete hydraulic digital twin, but at the level of a model-based kinematic layer, which is considered as a
computational core for digital-twin-assisted motion coordination and operator support.

Existing kinematic models of manipulators are typically used to calculate the positions, velocities, and accelerations
of individual points within the mechanism or to design elements of the working equipment. However, their use as a
basis for intelligent motion coordination of hydraulic cylinders and operator support during CGD positioning remains
insufficiently developed. In contrast to studies focused mainly on estimating the time of felling-head or CGD
positioning [6], and in contrast to works considering digital-twin approaches in forestry structural mechanics [15], the
present study focuses on the connection between a specified CGD trajectory, the required motion parameters of
hydraulic cylinder rods, and the operator support function.

The novelty of the proposed approach lies in interpreting the inverse kinematic model not only as a calculation tool
for manipulator geometry, but also as a model-based kinematic layer that can be integrated into a digital-twin-assisted
operator support loop. This layer links the desired CGD trajectory with coordinated hydraulic-cylinder motion
parameters and with indicators of potentially unfavorable motion modes.

The aim of this work is to develop a model-based kinematic layer for digital-twin-assisted motion coordination of a
forestry manipulator and to justify its use for operator support during CGD positioning toward a tree.

To achieve this goal, the work solves the inverse kinematics problem of an articulated manipulator, in which the
specified translational motion of the CGD determines the required displacements, velocities, and accelerations of the
mechanism links and hydraulic cylinder rods. Based on the obtained kinematic dependencies, the motion modes of
the working element at different positioning velocities are analyzed, and the structure of a model-based operator
support loop is formed, in which the kinematic model is used as the computational core of a digital-twin-assisted
support system.

2 Materials and methods
2.1 Statement of the problem and the concept of a model-based kinematic layer

CGD positioning toward a tree is one of the key stages of the feller buncher's operating cycle. During this operation,
the operator must ensure that the tool moves toward the tree trunk along the desired trajectory while maintaining
stability, positioning accuracy, and an acceptable level of dynamic loads on the manipulator components.

Generally, the hydraulic manipulator of a feller buncher is an articulated system whose movement is determined by
the combined action of several links and hydraulic cylinders. During manual operation, the operator controls the
hydraulic drive, and the desired trajectory of the CGD is determined by the coordinated movement of the boom, arm,
and tool. This control scheme requires the operator to constantly assess the position of the CGD, its speed of
approach to the tree, and the movement of the individual manipulator links.

This paper examines the problem of ensuring CGD motion close to translational motion in the direction of a tree. This
formulation allows us to move from a direct analysis of the motion of individual manipulator links to an inverse
kinematics problem, in which the specified motion of the end-effector determines the required displacements,
velocities, and accelerations of the mechanism links and hydraulic cylinder rods. In other words, the initial condition
is not the control action on individual hydraulic cylinders, but the desired trajectory of the CGD.

From an engineering perspective, this formulation has significant practical implications. If the corresponding motion
parameters of the hydraulic cylinders are known for a given trajectory of the CGD, then model-based coordination of
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their operation becomes possible. In this case, the operator does not need to completely manually generate the
motion of each manipulator link: part of the coordination function can be transferred to a computational module.

In the proposed approach, the kinematic model of the manipulator is considered as a model-based kinematic layer
of a digital-twin-assisted operator support system. This layer provides a geometric and kinematic description of the
working equipment and is intended to calculate and predict motion parameters during CGD positioning. Its primary
function is to establish a relationship between the required movement of the CGD and the movement parameters of
the manipulator links and hydraulic cylinder rods.

The problem statement is limited to the kinematic level. The model does not directly describe pressure transients,
valve dynamics, oil compressibility, friction, leakage, structural flexibility, or cutting resistance. Therefore, the
obtained results should be interpreted as kinematic outputs that can support motion coordination and operator
assistance, rather than as a complete description of the hydraulic drive dynamics.

Conceptually, the model-based kinematic layer includes the following components: a geometric model of the
articulated manipulator; an inverse kinematics calculation module; a module for determining the velocities and
accelerations of links; a module for calculating the kinematic characteristics of hydraulic cylinders; a module for
identifying potentially unfavorable motion modes; and an interface for generating recommendations or corrective
actions for the operator support system.

The input data for such a layer are the available geometric parameters of the manipulator, the current position of the
links, and the required direction and velocity of CGD movement. The output data are the required movements,
velocities, and accelerations of the mechanism links, as well as the velocities and accelerations of the hydraulic
cylinder rods. Based on these data, the coordination of the hydraulic drives can be assessed, trajectory sections with
increased accelerations can be identified, and recommendations can be generated for the operator or control system.

Thus, the problem being solved consists of developing a kinematic model that, based on the given translational
movement of the CGD, makes it possible to determine the motion parameters of the manipulator links and hydraulic
cylinders, as well as to justify the use of this model as a kinematic layer for digital-twin-assisted motion coordination
and operator support.

2.2 Kinematic model of the hydraulic manipulator

The modeling object is a hydraulic manipulator of a feller buncher, including a boom, an arm, a CGD, and hydraulic
cylinders driving the main links. The manipulator is represented as a planar articulated mechanism, whose motion is
considered in the vertical plane of CGD positioning toward the tree. This setup corresponds to the most significant
stage of the technological operation, when the CGD must be moved toward the trunk along a trajectory close to
translational motion.

The kinematic diagram of the manipulator is defined by a system of characteristic points corresponding to the link
hinges, hydraulic cylinder attachment points, and the position of the working element (Fig. 1).

Fig. 1. Kinematic diagram of an articulated forestry manipulator

Point A corresponds to the position of the CGD. Unlike the direct problem, where the motion of the working element
is determined by the specified displacements of the links, this study uses an inverse formulation: the required motion
of point A is specified in advance, and the motion parameters of the links and hydraulic cylinders are determined
based on the kinematic relationships of the mechanism.
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The numerical model was developed for the LP-19 forestry feller-buncher. The available technical and design
parameters used in the simulation are summarized in Table 1. The complete manufacturer coordinate model of all
joint centers and hydraulic cylinder attachment points was not available in the source data used in this study.
Therefore, the simulation should be interpreted as an idealized kinematic reconstruction based on the equivalent
kinematic scheme and available LP-19 technical data.

Table 1. Available LP-19 parameters used in the simulation

Parameter Value Comment
Machine type LP-19 Forestry feller-buncher
CGD displacement range 3.8-8.0m Minimum—maximum reach

Boom cylinder parameters

140 x 90 x 1120 mm

Bore x rod x stroke

Arm cylinder parameters

140 x 90 x 1400 mm

Bore x rod x stroke

CGD stand cylinder parameters

140 x 90 x 1400 mm

Bore x rod x stroke

Representative CGD velocity, mode 1 0.39 m/s Without diverter

Representative CGD velocity, mode 2 0.67 m/s With diverter
Operation time, mode 1 13.2s Movement from 3.8 t0 8.0 m
Operation time, mode 2 7.7s Movement from 3.8 t0 8.0 m

Numerical tool Microsoft Excel 2010 Spreadsheet procedure

The calculations were performed using a custom spreadsheet-based numerical procedure. The CGD displacement
interval from 3.8 to 8.0 m was considered as the main positioning range. For each characteristic position of the CGD,
the inverse kinematics problem was solved, after which the positions of the manipulator links, hydraulic cylinder
lengths, rod velocities, and acceleration-related parameters were determined. Since the calculation was position-
based and kinematic rather than a time-marching hydraulic dynamic simulation, no dynamic solver settings such as
pressure solver tolerances or hydraulic time-step parameters were used.

The main condition of the modeling is the translational motion of the CGD toward the tree at a specified velocity Va.
For each position of the manipulator, the velocities and accelerations of the characteristic points of the mechanism,
as well as the angular velocities and angular accelerations of the links, are determined. The vector relationships of
the velocities are written based on the velocity addition theorem for planar motion of the links:

VB = VA + VBA Vo,=0
VB = V01 + VBO1 VBALlBA;Vpo,1lBO;.

(1)

where V is the velocity of the hinge point B; V, is the specified velocity of the CGD; V5, is the relative velocity of
point B with respect to point A; 701 is the velocity of point Os; 7301 is the relative velocity of point B with respect to
point Ox.

Vector 7301 is directed perpendicular to link O1B, and its magnitude is determined by the angular velocity of the

corresponding link and the distance from point O1 to point B. The directions of the relative velocities VBA and 17301
are determined by the condition of their perpendicularity to the corresponding links BA and BO+1, which reflects the
tangential nature of the relative motion of the link points during planar rotation.

Based on the obtained velocities, the angular velocities of the corresponding links are determined:

4 2

?; (2)

where w; is the angular velocity of the i-th link; V; is the linear velocity of the characteristic point or the relative velocity
of the link point; ¢; is the length of the corresponding link or arm of the mechanism.

To analyze dynamically significant modes, the accelerations of characteristic points are additionally determined.
Generally, the acceleration of a link point is represented as the sum of the translational, relative, normal, and
tangential components.

For manipulator links, normal acceleration is defined by the expression:

w; =

al' = wil; (3)

Tangential components of accelerations are used to determine the angular accelerations of links:
T

g == (4)

]
where af is the tangential component of acceleration.

597


http://www.engineeringscience.rs/

Igor Petukhov et al. - A kinematic digital twin of a
hydraulic forestry manipulator for intelligent motion
coordination and operator assistance

3
Vol. 24, No. 3, 2026 |

www.engineeringscience.rs publishing

Journal of Applied Engineering Science m £y

The general kinematic formulation allows two characteristic motion cases to be distinguished: a transient
acceleration/deceleration phase, in which V, # const, and a steady-state positioning phase, in which V4 = const. In
the present study, the numerical simulation focuses on the steady-state positioning phase with constant
representative CGD velocities of 0.39 and 0.67 m/s. The transient acceleration and deceleration phases are
considered only conceptually and are not parameterized by a separate velocity-time law in this paper.

A separate modeling step is devoted to determining the kinematic characteristics of the hydraulic cylinders. For this
purpose, the attachment points of the boom and arm cylinders are included in the kinematic diagram. The motion of
each hydraulic cylinder is considered as a combination of the rotational motion of the cylinder body relative to the
pivot point and the translational motion of the piston rod.

The velocity of the hydraulic cylinder rod is determined by the change in its current length over time:

dL

Veyr = d_ctyl (5)

where V., is the rod velocity, and L., is the current cylinder length, defined as the distance between its hinge
attachment points.

The acceleration of the rod is defined as the derivative of the rod velocity with respect to time:
avVeyr
Acyr = dcty (6)

When determining the acceleration of hydraulic cylinders, it is considered that their motion includes both a
translational component associated with the piston rod's movement and a rotational component caused by changes
in the position of the hydraulic cylinder body relative to the pivot points. Therefore, the acceleration calculation
additionally takes into account the Coriolis component, which arises from the relative movement of the piston rod
within the rotating link.

Although the proposed model is kinematic and does not describe nonlinear hydraulic dynamics, its outputs can be
interpreted in terms of basic hydraulic drive requirements. For a hydraulic cylinder with effective piston area Ai, the
rod velocity obtained from the kinematic model determines the required volumetric flow rate:

Qi = A;  Vieyipy (7)
where Q; is the required flow rate of the i-th hydraulic cylinder, 4; is the effective piston area, and V., ;; is the rod
velocity.
If the pressure in the cylinder chamber is known, the corresponding ideal actuator force can be estimated as:
Fi = p; - 4 (8)
where p; is the hydraulic pressure.

These relationships do not replace a hydraulic dynamic model with valve nonlinearities, friction, leakage, fluid
compressibility, pressure losses, and control delays. However, they provide an engineering interpretation of the
kinematic outputs and show how the proposed kinematic layer can be connected to a hydraulic control system in a
digital-twin-assisted operator support framework.

As a result, the kinematic model allows the following parameters to be determined for a given CGD motion: the
positions of the manipulator links; the velocities and accelerations of characteristic points; the angular velocities and
angular accelerations of the links; and the displacements, velocities, and accelerations of the hydraulic cylinder rods.
These parameters form the computational basis of the model-based kinematic layer.

In terms of subsequent motion coordination, the most important result of the model is establishing a relationship
between the required CGD trajectory and the operating parameters of the hydraulic cylinders. If the specified CGD
motion is close to translational, the model makes it possible to determine the hydraulic cylinder rod motion modes
that ensure coordinated movement of the boom and arm. This creates the prerequisites for using the model as part
of a digital-twin-assisted operator support system, where the kinematic layer performs calculation, prediction, and
detection of potentially unfavorable motion modes.

2.3 Architecture of the model-based kinematic layer and intelligent motion coordination

The developed kinematic model can be used not only to calculate the manipulator motion parameters but also as the
computational core of a model-based kinematic layer within a digital-twin-assisted operator support system.

In this paper, the model-based kinematic layer is defined as a geometric and kinematic representation of the working
equipment that allows the specified CGD motion to be related to the required displacements, velocities, and
accelerations of the manipulator links and hydraulic cylinder rods.

At this level, the proposed layer is aimed at supporting CGD positioning toward a tree by calculating and predicting
motion parameters of the manipulator links and hydraulic cylinder rods. Its function is limited to the geometric and
kinematic level, while hydraulic dynamics, pressure transients, valve characteristics, and control delays are
considered outside the scope of this model. This setup allows the kinematic model to be used as a computational
module for digital-twin-assisted motion coordination and subsequent operator assistance (Fig. 2).
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Fig. 2. Architecture of the model-based kinematic layer for digital-twin-assisted motion coordination and operator
support

The architecture of the model-based kinematic layer includes several functional blocks. The first block contains a
geometric description of the manipulator based on the available model parameters, including link geometry, hydraulic
cylinder attachment points, and the current position of the CGD. The second block implements an inverse kinematic
problem, in which the specified motion of the end-effector determines the required link motion parameters. The third
block calculates the velocities and accelerations of the mechanism's characteristic points, as well as the angular
velocities and angular accelerations of the links. The fourth block determines the displacements, velocities, and
accelerations of the hydraulic cylinder rods. The fifth block evaluates the motion mode and identifies areas where
increased accelerations and dynamic loads are possible.

The input parameters of the kinematic layer are the current position of the manipulator, the desired direction of CGD
movement, the specified velocity of CGD movement, and the available geometric parameters of the mechanism. The
output parameters are the required displacements of the hydraulic cylinder rods, their velocities and accelerations,
and indicators of potentially unfavorable conditions. These indicators include a sharp increase in piston rod
acceleration, inconsistency in hydraulic cylinder movement, reaching the manipulator's maximum reach, and the
need to change the direction or velocity of the working element.

The intelligent coordination of movements in the proposed approach is based on the operator setting or initiating the
desired movement of the CGD, and the kinematic layer determining the hydraulic cylinder movement parameters
that must ensure this trajectory. In this case, control of the working equipment can be organized not as independent
manual action on individual hydraulic cylinders, but as model-based coordination of their operation. This reduces the
need for constant manual correction of the movement of multiple manipulator components.

From an operator support perspective, the kinematic layer within a digital-twin-assisted system can perform three
main functions:

— computational: the system determines the required hydraulic cylinder motion parameters to ensure the
specified trajectory of the working element;

— diagnostic: the system identifies conditions in which acceleration or misalignment of movements can lead to
increased dynamic loads;

— advisory or corrective: the system can generate prompts for the operator, limit the movement velocity in an
unfavorable zone, or transmit control actions to the automated hydraulic cylinder coordination circuit.

Thus, the model-based kinematic layer acts as an intermediary between the operator and the hydraulic manipulator
within a digital-twin-assisted operator support framework. It does not replace the operator, but redistributes some of
the calculation and motion coordination functions from the human to a computational module. This is especially
important for operations in which the operator must simultaneously monitor the position of the CGD, the movement
trajectory, the velocity of approach to the tree, and the state of the hydraulic equipment.

The proposed approach is consistent with the logic of building intelligent operator support systems for human-
machine systems. In such a system, the operator retains a leading role in decision-making, while the model-based
kinematic layer reduces control uncertainty, provides prediction of kinematic parameters, and allows for the early
identification of modes that could lead to increased dynamic loads or positioning errors.

3 Results and discussion

To evaluate the capabilities of the proposed model-based kinematic layer, CGD positioning modes were examined
at two representative forward velocities of the working element. The simulation was performed for CGD movement
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from the near position to the maximum reach of the manipulator. The main machine parameters, displacement range,
cylinder parameters, and representative velocities used in the simulation are summarized in Table 1. Therefore, they
are not repeated in this section.

The characteristic velocity values were 0.39 m/s and 0.67 m/s. The first value corresponds to CGD positioning without
the use of an additional diverter in the hydraulic system, while the second corresponds to CGD positioning with a
diverter installed in the hydraulic system. For the range of CGD movements considered from 3.8 to 8.0 m, the average
operation time was 13.2 and 7.7 seconds, respectively. These two values were selected as representative operating
modes of the LP-19 machine rather than as a complete parametric study over the full range of possible velocities.
Therefore, the results should be interpreted as preliminary kinematic simulation outputs illustrating the capabilities of
the proposed model-based layer.

The results obtained demonstrate that the required movements of the boom and arm cylinders are coordinated at
the kinematic level and can be determined based on the specified translational motion of the CGD.

Moreover, the hydraulic cylinder motion graphs retain their general form for different positioning velocities, while the
differences between modes are primarily manifested in the operation time and the values of the piston rod velocities
and accelerations. This indicates the feasibility of using a single kinematic model to calculate the required cylinder
rod motion parameters for the considered representative operating modes.

An analysis of the hydraulic cylinder piston rod velocities showed that, in the modes examined, they vary nearly
linearly (Fig. 3).
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Fig. 3. Cylinder rod velocities for Va = 0.39 m/s and Va = 0.67 m/s: blue curve — arm cylinder rod; green curve —
boom cylinder rod

This result has practical engineering importance, as it demonstrates the feasibility of model-based hydraulic cylinder
motion coordination using a relatively simple relationship between rod velocities.

In this case, the kinematic layer can be used to pre-calculate the required piston rod velocity ratio. However,
implementation of this ratio in a real hydraulic system requires further consideration of hydraulic dynamics, valve
characteristics, oil compressibility, friction, leakage, and control delays. Similar issues are discussed by Zhou et al.
[16] for long-stroke hydraulic manipulators, where structural deformation is considered, an important factor affecting
manipulator motion during grasping and handling tasks. This supports the interpretation of the proposed model as a
kinematic layer that should later be extended toward deformation-aware and dynamic modeling.

At the same time, acceleration analysis shows that increasing the CGD positioning velocity leads to an increase in
the dynamic loading indicators at the kinematic level (Fig. 4,5).
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Fig. 4. Cylinder rod accelerations for Va = 0.39 m/s: blue curve — arm cylinder rod; green curve — boom cylinder rod
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Fig. 5. Cylinder rod accelerations for Va = 0.67 m/s: blue curve — arm cylinder rod; green curve — boom cylinder rod

The most pronounced increase in acceleration is observed for the arm cylinder as the manipulator approaches its
maximum reach. This means that this section of the trajectory can be considered the most critical for monitoring
potential dynamic loading and supporting the operator. Within the model-based kinematic layer, such sections can
be interpreted as potentially unfavorable conditions requiring velocity limitation, changes to the motion law, or the
generation of a warning signal for the operator.

The obtained simulation results are also consistent with previously reported experimental findings for the LP-19
machine. In those experiments, the use of an additional electrohydraulic control element reduced the vertical
deviation of the CGD trajectory and shortened the CGD positioning operation from 13.2 to 7.7 seconds. In the present
paper, these data are not treated as a full experimental validation of the proposed digital-twin-assisted kinematic
layer. Rather, they are used as supporting evidence that coordinated control of the boom and arm hydraulic cylinders
is relevant for improving CGD positioning.

The results should also be compared with existing approaches to forestry manipulator control and CGD positioning.
While some studies focus mainly on estimating the time required to point a grip-cutting device toward a tree [6], the
proposed approach links the specified CGD trajectory with the required motion parameters of the hydraulic cylinder
rods. Similar kinematic-control problems for forestry knuckle booms were considered by Léfgren and Wikander [17],
who focused on computer-controlled boom-tip motion along a predefined path. More advanced dynamic control of
hydraulic forestry cranes has been studied by Kalmari et al. [18], who applied nonlinear model predictive control to
boom-tip motion and automatic sway damping. Compared with such dynamic control approaches, the present study
is limited to the kinematic layer and uses it as a computational basis for cylinder-motion coordination and operator
support. Compared with broader digital-twin approaches in forestry structural mechanics [15], the present study
focuses on the kinematic layer as a computational core for motion coordination.

The obtained results allow us to identify two levels of practical application for the model. The first level is related to
engineering design and preliminary assessment of the hydraulic system. At this level, the model allows us to
determine the displacements, velocities, and accelerations of the hydraulic cylinder rods required to ensure
approximately translational CGD motion toward a tree. These parameters can be used as input data for selecting
hydraulic drive parameters, matching devices, and control algorithms.

The second level is associated with intelligent operator support. At this level, the model-based kinematic layer is used
not only to calculate motion parameters but also to evaluate the quality of the current motion mode. If the calculated
piston rod accelerations or the degree of misalignment of the hydraulic cylinders exceed permissible values, the
system can generate a recommendation for the operator, limit the velocity of the working element, or transmit a
corrective action to the automated coordination module. Thus, the model becomes not only a calculation tool but also
an element of the operator assistance system.

From the perspective of human-machine systems, the proposed approach allows for the redistribution of some control
functions between the operator and the intelligent technical module. The operator retains the leading role in target
selection and process control, but the model-based kinematic layer supports the calculation of coordinated hydraulic
cylinder motion and the identification of dynamically unfavorable sections of the trajectory. This reduces the need for
constant manual correction of the manipulator's multiple degrees of freedom and can reduce the cognitive load during
CGD positioning toward a tree.

Thus, the simulation results indicate that the proposed model can be used as a kinematic basis for digital-twin-
assisted motion coordination of a forestry manipulator. The nearly linear nature of hydraulic cylinder piston rod
velocity changes creates the preconditions for implementing a simple coordination law, while the identification of
areas with increased acceleration allows the model to be used for detecting potentially unfavorable motion modes
and supporting the operator. At the same time, the analysis is limited to two representative operating velocities and
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should be expanded in future work through a broader parametric study and experimental validation using measured
CGD trajectories, cylinder rod displacements, and operator control actions.

4 Conclusions

This paper proposes an approach to representing the motion of a forestry manipulator using a model-based kinematic
layer. This layer is intended for digital-twin-assisted motion coordination and operator support during CGD positioning
toward a tree.

The contribution of this study lies in the development of a computational kinematic core that relates the specified
CGD motion to the motion parameters of the manipulator links and hydraulic cylinder rods and can be integrated into
an operator support system.

The developed kinematic model makes it possible to determine the motion parameters of the manipulator links and
hydraulic cylinder rods based on the specified translational motion of the CGD.

The model calculates the positions, velocities, and accelerations of the mechanism's characteristic points, the angular
velocities and angular accelerations of the links, as well as the displacements, velocities, and accelerations of the
hydraulic cylinder rods. This establishes a relationship between the desired CGD trajectory and the coordinated
motion of the boom and arm hydraulic cylinders.

The simulation results show that the hydraulic cylinder rod velocities change almost linearly in the considered modes.
This creates the preconditions for implementing a relatively simple motion coordination law at the kinematic level. At
the same time, acceleration analysis revealed that, as the CGD velocity increases and the manipulator approaches
its maximum reach, the acceleration of the arm cylinder increases. Such trajectory sections can be considered
potentially unfavorable motion modes requiring velocity limitation, motion law adjustment, or operator warning.

The two CGD velocities considered in the simulation should be interpreted as representative LP-19 operating modes
rather than as a complete parametric study.

The proposed model-based kinematic layer can be used at two levels. At the engineering level, it provides initial data
for preliminary assessment of hydraulic cylinder rod motion parameters, selection of hydraulic drive components, and
development of motion coordination algorithms. At the human-machine system level, it can be used as an element
of a digital-twin-assisted operator support system, enabling calculation of required motion parameters, identification
of high-acceleration modes, and generation of recommendations or corrective actions.

The obtained results are consistent with the logic of developing intelligent systems for supporting the dynamic stability
of human-machine system operators. In this case, operator support is provided not through full automation of the
technological operation, but through a redistribution of functions: the operator retains the leading role in target
selection and process control, while the kinematic layer performs calculation, prediction, and identification of
potentially unfavorable motion modes.

A limitation of this study is that the proposed model describes only the geometric and kinematic layer of the
manipulator. It does not fully account for nonlinear hydraulic drive dynamics, valve characteristics, friction, leakage,
fluid compressibility, pressure losses, elastic deformations of structural elements, control system delays, external
disturbances, cutting resistance, or individual operator behavior. In addition, the complete manufacturer coordinate
model of all joint centers and hydraulic cylinder attachment points was not available in the source data used in this
study. Therefore, the presented results should be interpreted as an idealized kinematic simulation based on the
equivalent kinematic scheme and available LP-19 technical data.

Further research will focus on extending the proposed kinematic layer to a dynamic model of the hydraulic
manipulator, incorporating position, pressure, and flow sensor data, and developing algorithms for online evaluation
of manipulator motion modes. A separate focus will be the experimental validation of the model using measured CGD
trajectories, hydraulic cylinder rod displacements, operation times, and operator control actions.

Further work should also include a broader parametric analysis of CGD positioning velocities and a formal description
of transient acceleration and deceleration phases. This will enable the transition from a kinematic computational core
to a more comprehensive digital-twin-assisted system for motion coordination and operator support.
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