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Abstract

In the practice of using cut-to-length technology, hydraulic manipulators are widely used. 
Understanding manipulator cycle is important for improving existing logging technologies 
and developing new machine designs. The paper analyzes structure of technological cycle and 
operating time of manipulator in the process of loading forwarder on skid trails. Twenty-one 
loading processes were investigated. In the structure of technological cycle, the following ele-
ments were considered: empty movements, loaded movements, movements of manipulator 
links when performing operations inside load space of forwarder and special techniques such 
as re-grabbing logs and pulling of an incompletely closed log grip through the logs when the 
ends of the grabbed logs tilt and abut against the ground used during loading movement. 
Statistical processing of data showed that median values of samples consisting of time intervals 
of empty movements are in trange from 3.8 to 6 seconds, the median of samples of loaded 
movements is 6–16 seconds and median of samples of a pair of movements 5–9 seconds. With 
a 95% degree of probability, under the studied production conditions, the time of one loaded 
movement falls within the range of 4–14 seconds; one empty movement – in the range of 
3–7 seconds. Total time of empty movements takes a share from 20 to 45% of the total loading 
time (on average 30%), the total time of loading movements is from 51 to 72% (on average 
63%), the time of operations inside the load space is from 0 to 18% (on average 7%). Time of 
loaded movements, including use of special techniques, is from 13% to 64% of total time of 
loaded movements (or 10–53% of total number of loaded movements). The time, consisting of 
a pair of movements: empty and loaded, is somewhat influenced by forwarder size. Duration 
of one loaded movement is significantly affected by use of special techniques by the operator. 
Number and duration of loaded movements with these techniques is significantly influenced 
by: average size of loaded assortments and number of assortments carried in the grapple dur-
ing one loaded movement. No significant influence of average size of assortments, number of 
assortments in grapple and size of the machine on empty movements was found. However, 
some influence on empty movements of number of loaded movements performed from one 
forwarder parking lot was observed. Duration and frequency of operations within the load 
space are weakly correlated with the size of assortments and forwarder size.
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1. Introduction
Recently, hydraulic manipulators have been wide-

ly used as processing equipment in the logging pro-
cess. In many forestry regions, the predominant tech-
nology in the timber harvesting process is cut-to-length 

technology (Spinelli et al. 2011, Malinen et al. 2016, 
Moskalik et al. 2017, Lundback et al. 2018). As a rule, 
when harvesting wood using this technology, chain-
saw or harvesters are used for felling trees and for-
warders equipped with manipulators are used for 
skidding. Loading and unloading works, carried out 
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only with the help of a hydraulic manipulator, account 
for a significant part in the structure of the techno-
logical cycle of the forwarder.

Previous studies displayed that the share of loading 
is 35–45%, unloading 23–32% of the total forwarder 
working cycle time with an average skidding distance 
of 650–729 m (Proto et al. 2018); loading 35% (on aver-
age), unloading 31%, with an average distance of 306 
and 597 m (Proto et al. 2017); loading 42%, unloading 
18%, with an average distance of 428 m (Strandgard et 
al. 2017); loading and unloading 71%, with an average 
distance of 97 m (Ghaffarian et al. 2007). In the studies 
carried out, the loading time includes the time spent by 
the forwarder on the movement along the trail between 
the stops at which the assortments are loaded.

Researchers also report that manipulator work ac-
counts for 74.8% of the total loading time in a process, 
in which forwarder loading time is 45%, unloading 
time is 19% of the total forwarder effective operation 
time, and the average skidding distance is 219 m. 
(Manner et al. 2016). Significant proportion of manip-
ulator run time (about 65%) of the total forwarder 
cycle time is reported by Puttock et al. 2005.

Technological cycle of the hydraulic manipulator 
during the loading of timber-trailed units with assort-
ments in stacks was investigated by Smirnov and 
 Bakulina 2013. Four operations are distinguished in 
the technological cycle of loading: empty movement, 
grapple guidance and grabbing of assortments, mov-
ing assortments, stacking. The share of these opera-
tions in the cycle structure was within 15.1–23.7%, 
18.7–29.9%, 22.7–44.8% and 14.4–36.7%, respectively.

Study of the working cycles of two forwarders op-
erated by two different operators, but with the same 
operating experience, showed approximately the 
same proportion of loading (and unloading) in two 
different cycles (Dvorak et al. 2008): loading 55–57%, 
unloading 28–30%. The study indirectly confirms the 
presence of constant parameters in the operating cycle 
of the manipulator, which do not depend on external 
factors. Data confirming that harvesting wood using 
a harvester reduces the loading time (operating time 
of the manipulator) of the forwarder in comparison 
with the technology of harvesting using chainsaws, 
are presented in the works of Laitila et al. 2007, 
Danilović et al. 2014.

Results of a study of the influence of such factors 
as the number of assortments in a load and total log 
concentration on the operating time of the forwarder 
are presented in the work of Manner et al. 2013. 
Among other elements of the general structure of the 
forwarder’s working cycle, the following elements are 

considered – time consumption for a loading (an un-
loading) manipulator cycle. As a number of assort-
ments in a load increases, the average manipulator 
cycle time increases. When loading (unloading) one 
type of assortment in a batch, the average time was 
0.24 (0.27) min/cycle, two types 0.27 (0.34), three types 
0.29 (0.51), 5 types of assortments 0.35 (0.6).

The influence of the size class of a forwarder on 
time consumption of timber loading (unloading) by 
the hydraulic manipulator is discussed in the work of 
Stankić et al. 2012, who presented linear models of 
loading time for a forwarder using a manipulator 
(min/turn) depending on the number of loaded assort-
ments. For the heavy class of forwarders (carrying 
capacity from 14 tons), the loading time is shorter than 
for the middle class (carrying capacity 12 tons) with 
the same number of loaded assortments. Differences 
increase with the number of loaded assortments. For 
unloading, asymptotic dependences are presented, 
showing a much less pronounced dependence of time 
on the class of the forwarder.

The average share of the manipulator operating 
time in the overall structure of the forwarder’s operat-
ing time (Hildt et al. 2019) was: for heavy forwarders 
62.1% (including 33.7% loading); for medium 59.5% 
(34.4%); for light 62.3% (39.1%), with an average dis-
tance of transportation of assortments of 313 m, 229 m 
and 303 m, respectively. Findings show some tendency 
to reduce the proportion of time spent on manipulator 
operation when loading a forwarder, in the general 
structure of the forwarder’s working cycle, with an in-
crease in the class of the machine, but during unloading, 
the opposite trend is noted, which generally equalizes 
the performance of the manipulator for machines of 
different classes. Loading time increases depending on 
the class of the forwarder (due to the increase in the size 
of the load space). The increase in the average size of 
the loaded log reduces the cycle time of the manipulator 
when loading, and a logarithmic dependence is offered 
to describe this relationship.

On the basis of experimental data, linear regres-
sions of loading time (cmin/m3) were constructed de-
pending on the volume of load and the number of 
loaded assortments (average number of 47 pieces 
(30–82)) and unloading time depending on the volume 
of load (Strandgard et al. 2017). For loading, the coef-
ficient of determination was 64%, for unloading 27%. 
Such values of the coefficients indicate the presence of 
additional factors that were not considered in the 
models, but could affect the parameters under study.

Researchers (Nurminen et al. 2006) distinguish 
 elements in the structure of the forwarder cycle: load-
ing and unloading, within which the manipulator 
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 operates. For the loading cycle, depending on the type 
of felling: final fellings or thinnings, two different 
models are offered that link timber volume at the load-
ing stop (m3) and the time spent on loading one cubic 
meter of timber (min/m3). Models have the form of 
inverse dependencies.

The models offered by the researchers are consid-
ered in the context of studying the overall performance 
of the forwarder, based on some averaged character-
istics. In this connection, the actual influence of the 
investigated factors or their combination is not fully 
manifested in these models, but indicates a fundamen-
tal tendency. The wide spread of data obtained by 
researchers in the course of experiments is an indirect 
confirmation of this thesis. A more detailed study of a 
separate technological cycle of the manipulator will 
reveal the influence of new factors or clarify the degree 
of influence of already known factors or their combi-
nation on the operating cycle of the forwarder as a 
whole, because the work of the manipulator in the 
general technological cycle of the forwarder occupies 
a significant place.

In addition to studying the influence of various fac-
tors on the effective operation time of the forwarder 
and on individual elements of the forwarder’s techno-
logical cycle, there are a number of works in which the 
authors published the results of research on various 
aspects of manipulator automation. For example, 
studies were conducted on the use of the boom tip 
control system (BTC) (another name for the Intelligent 
Boom Control (IBC) – John Deere 2020) to control the 
manipulator (Manner et al. 2017). Some advantages of 
using this system in comparison with the convention-
al manipulator control system of conventional boom 
control (CBC) were outlined.

The difference between IBC and CBC is as follows: 
»In IBC, the left joystick’s back-forth actuation controls 
the horizontal distance between the boom tip and the 
crane pillar (moves the boom tip horizontally towards 
or away from the manipulator pillar), while the right 
joystick’s back-forth actuation controls the boom tip 
vertical position (height)« Manner et al. 2017. »With 
the conventional boom control (CBC), the operator 
manually controls each of the independent boom joint 
movements and combines them to achieve a desired 
boom tip movement« Manner et al. 2017.

Experimental platforms for testing control systems 
and algorithms for planning movements of manipula-
tor links in real time are described in a study by Ortiz 
Morales et al. 2014. It also provides an overview of the 
trajectory planning algorithm and the manipulator 
motion control method.

The importance of automation of manipulator con-
trol is noted in the article by La Hera and Ortiz  Morales 
2019. The authors provide information obtained from 
motion sensors installed on manipulator joints. The 
data from the sensors allowed the researchers to 
 obtain information about the patterns of the operator’s 
 control of the movements of the manipulator links: 
about the trajectories of the links, and about influence 
of operator settings on motion parameters. Authors 
emphasize that these results cannot be used as final 
conclusions, but they are useful for analyzing what the 
link motion parameter detection technology demon-
strates. This information is also useful for analyzing 
both directions of increasing the efficiency of the ma-
nipulator, and ways of improving the automation sys-
tem of the manipulator.

Review of articles confirms that the study of the 
features of the technological cycle of the manipulator 
and the analysis of the factors influencing the cycle is 
an important task for understanding the structure of 
the forwarder’s working time in general. It is advisable 
to consider the manipulator as a separate technologi-
cal machine that functions in the structure of the for-
warder’s technological process. The purpose of the 
article is to analyze the composition of the technolog-
ical cycle of the forwarder manipulator and to analyze 
the factors that affect the duration of the individual 
elements of this cycle.

2. Materials and Methods
Work of different models of forwarders, loading 

assortments into the load space on skid trails, was in-
vestigated. Recording of the forwarders’ work in pro-
duction conditions was carried out using a digital 
camera installed on board the machine. The camera 
was installed in such a way that the moving grapple 
always fell into the camera lens. The video recording 
began from the moment the empty forwarder began 
to move along the skid trail and stopped after the for-
warder’s load space was fully loaded. The preliminary 
adaptation of the working area and the working pa-
rameters of the machine were not carried out, meaning 
that a fragment of the real work was recorded with all 
the features. Data for analysis was extracted from the 
obtained video recordings.

Each forwarder examined carried out loading on a 
skid trail after the final harvesting of the harvester in 
clear felling. Management was carried out by different 
operators who had at least three years of experience 
with this model of forwarder. Logging was carried out 
either in a period without snow cover or in conditions 
of light snow cover that did not affect loading. All areas 
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studied were characterized by flat relief and dry soils. 
All plots were located in areas of boreal coniferous for-
est of northern Europe. The surveyed sections of the 
trails, necessary for the full loading of the forwarder, 
did not have elevations that could affect the time and 
technology of loading. Logs in the forwarder’s load 
space were folded in one row. Operation of the follow-
ing forwarder models was considered: Ponsse Buffalo, 
Ponsse Elk, John Deere 1910E, 1910G, John Deere 
1510E, John Deere 1210E, Ponsse Elephant King, Kom-
atsu 845, Komatsu 895. Conventional control system 
(CBC) was used on the forwarders. A description of the 
operating conditions is presented in Table 1.

The duration of the elements of the manipulator’s 
technological cycle was measured on the obtained vid-
eo fragments, using a stopwatch, when the forwarder 
was loaded on a skid trail. The time of each time seg-
ment of the technological cycle was recorded with an 
accuracy of 0.01 seconds, and then the time was round-
ed up to 0.5 seconds. In the structure of the technologi-
cal cycle of the manipulator, the following elements 
were considered, for which the time was recorded:

⇒  movement of the links of the empty manipulator. 
The time was counted from the moment when 
the links of the manipulator began to move from 
the load space until the moment when the grap-
ple touched the logs lying on the ground. There 

were special episodes during these periods of 
empty movements of the manipulator, such as: 
removal of branches and twigs that interfered 
with the capture of logs; sorting and moving in-
dividual logs without loading them; other tech-
niques. The total number of such episodes and 
their duration were noted

⇒  movement of the manipulator links with the cap-
tured assortments. The time was counted from 
the moment the grapple touched the logs lying 
on the ground until the moment the grapple jaws 
opened when the logs were unloaded inside the 
load space of the forwarder. Special episodes 
were also noted within these time intervals

⇒  two commonly used techniques were re-grab-
bing logs and pulling of an incompletely closed 
log grip through the logs when the ends of the 
grabbed logs tilt and abut against the ground. 
The total number of such episodes and the dura-
tion of each loaded motion of the manipulator, 
which included such episodes, were determined

⇒  other frequently occurring techniques observed 
within the loaded movements were intense mul-
tiple incomplete opening and closing of the 
grappling jaws while holding the logs with the 
grapple. This technique was commonly used to 
free the grab from accidentally picked up debris

Table 1 Working conditions for forwarders

Sample Model Region Average diameter, m Type of logs Tree species Range of lengths, m

S1 JD 1910E Sweden, Evleborg 0.12 pulpwood spruce 4–5, single 6
S2 JD 1910E Sweden, Evleborg 0.11 pulpwood spruce, pine 4.5–5.5
S3 JD 1910E Sweden, Evleborg 0.12 pulpwood spruce 5, single 4.5 and 5.5
S4 JD 1910E Sweden, Evleborg 0.18 sawlogs spruce 4.5–5
S5 JD 1910G Sweden, Evleborg 0.19 sawlogs spruce 4–4.5
S6 JD 1910G Sweden, Evleborg 0.18 sawlogs spruce, 4–5.5
S7 JD 1910G Russia, Karelia 0.17 sawlogs spruce, pine 4
S8 JD 1910G Russia, Karelia 0.14 pulpwood birch 3.5–4.5
S9 Ponsse Buffalo Russia, Karelia 0.26 sawlogs spruce 5.5
S10 Ponsse Buffalo Russia, Karelia 0.25 sawlogs spruce 3.5–5
S11 Ponsse Buffalo Finland, North Karelia 0.25 sawlogs spruce, pine 5.5–4.5
S12 Ponsse Buffalo Russia, Karelia 0.2 sawlogs spruce, pine 3.5–4.5
S13 Ponsse Buffalo Russia, Karelia 0.14 pulpwood spruce average 5
S14 Ponsse Buffalo Finland, South Karelia 0.27 sawlogs spruce 5
S15 JD 1510E Russia, Karelia 0.22 pulpwood, sawlogs spruce 3–6
S16 JD 1510E Finland, North Karelia 0.17 pulpwood birch 3–3.5
S17 Komatsu 845 Finland, North Karelia 0.19 sawlogs spruce 4.3–5.5
S18 JD 1210 Russia, Karelia 0.17 sawlogs spruce 3.5
S19 Ponsse Elk Russia, Karelia 0.40 sawlogs spruce 4.5
S20 Ponnse Elephant King Russia, Karelia 0.22 sawlogs spruce average 5 (4.5–5.5)
S21 Komatsu 895 Sweden, Norrbotten 0.09 pulpwood spruce 4
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⇒  additional manipulator operations inside the 
load space of the forwarder. These operations 
included operations that fell in the interval from 
the opening of the grapple jaws when unloading 
logs in the load space until the next empty. Ad-
ditional operations included moving, compact-
ing and leveling logs inside the load space. The 
total number of such additional operations and 
their duration were determined.

Sequence of time intervals of elements of the tech-
nological cycle of the manipulator were obtained dur-
ing the forwarders loading. One sequence described 
the loading cycle of one load space of one forwarder 
and formed one sample. A total of 21 samples were 
obtained for 9 different forwarder models (Table 2).

Time intervals were recorded, starting from the 
first empty to the last loaded movement of the ma-
nipulator, until the load space of the forwarder was 
completely full. The elements of the working cycle of 
the forwarder, in which there was no movement of the 
manipulator, were not investigated, for example, such 
as the movement of a fully loaded forwarder to the 
unloading area, the movement of the forwarder along 
the skid trail between stops during loading, the ma-
neuvers of the forwarder on the skid trail and others. 
Also, the elements of the manipulator’s work that are 
not related to the loading of assortments were not con-
sidered, for example, the work of the manipulator to 
strengthen the trails with logging residues and others.

The obtained samples of time intervals were pro-
cessed using the methods of mathematical statistics. 
For each sample, a set of descriptive statistics param-
eters were determined: mean, standard deviation, me-
dian, mode and percentiles (25% and 75%). The sam-
ples were checked for compliance with the normal 
distribution. For verification, the Pearson chi-square 
test was used.

Statistical analysis was performed for:
⇒  complete samples, consisting of time segments 

of empty and loaded movements of the manip-
ulator (excluding time intervals attributable to 
additional movements of the manipulator inside 
the load space)

⇒  samples that consisted only of time segments of 
empty movements of the manipulator

⇒  samples that consisted only of time segments of 
the manipulator’s loaded movements.

Further, the samples were checked for belonging 
to the same general population. For samples that cor-
responded to the characteristics of a normal distribu-
tion, the use of parametric tests was assumed, such as 
one-way analysis of variance (ANOVA) for indepen-
dent measurements and Student’s t-test, and the use 

of the Leuven test was assumed to check the homoge-
neity of variances. Otherwise, as well as for small 
samples, the use of nonparametric tests was assumed: 
Kruskal-Wallis H-test and Mann-Whitney U-test 
( Spinelli et al. 2014, Prinz et al. 2018). Stadia 8.0, Excel 
programs were used to perform statistical analysis.

The samples were grouped to check the samples 
for belonging to the same general population. The 
main criterion for the grouping was the machine mod-
el; the auxiliary criterion was the average dimensions 
of the loaded assortments. When grouping the sam-
ples obtained from different forwarder models, the 
grouping was carried out according to the criterion of 
engine power and the rated carrying capacity of the 
machine. In this case, samples should have been ob-
tained from machines of the same size (or close to it).

To perform statistical analysis, the samples were 
preliminarily combined into the following groups:

⇒  group No. 1: samples S1, S2, S3, S4, which were 
obtained from the work of the same operator on 
the same model of the John Deere 1910E machine

⇒  group No. 2: samples S5, S6, S7, S8 were ob-
tained from the same model of the John Deere 
1910G machine, but different operators worked 
on the forwarders

⇒  group No. 3: samples S9, S10, S11, S12, S13, S14 
were obtained from the same model of the ma-
chine (Ponsse Buffalo), but with different opera-
tors

⇒  group No. 4: samples S15, S16 were obtained 
from the same model of the John Deere 1510E 
machine

⇒  group No. 5: samples S17, S18, S19 were obtained 
from different models of machines, but included 
in the same size group in terms of power and 
carrying capacity (Komatsu 845, John Deere 1210 
and Ponsse Elk, respectively, (carrying capacity 
12–13 tons, power 140–156 kW))

⇒  group No. 6: selections S20, S21 different models 
of machines, but included in the same size 
group in terms of power and carrying capacity 
(Ponsse Elephant King and Komatsu 895, re-
spectively, (carrying capacity 18-20 tons, power 
200-210 kW)).

Table 2 Distribution of samples by forwarder models

Model
Number 

of samples
Number 

of operators

John Deere 1910E-1910G-1510E-1210 4–4–2–1 1–3–2–1
Ponsse Buffalo-Elk-Elephant King 6–1–1 6–1–1
Komatsu 845-895 1–1 1–1
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3. Results

Samples consisting of a sequence of time intervals 
falling on all elements of the manipulator cycle: emp-

ty movements, loaded movements and movements 
inside the load space are shown in Fig. 1. Time inter-
vals are shown in the sequence in which they were 
observed during loading of the forwarder.

Fig. 1 Time segments of the manipulator cycle elements
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Information on the total time of the technological 
cycle of the manipulator, the total number of loaded 
assortments and the number of loading cycles for each 
sample are presented in Table 3. Fig. 2 shows for each 
sample the share of the total time spent separately for 
each element of the cycle, from the total time of the 
entire cycle of the manipulator.

In the obtained samples, the total time of loaded 
movements takes a share of 51 to 72% of the total op-
erating time of the manipulator. The total time of 
empty movements of the manipulator ranges from 20 
to 45% of the total time. In 80% of the samples, the time 
for empty movements takes from 26% to 36% of the 
total time.

Total time spent on the movement of the manipula-
tor inside the load space while loading the forwarder 
ranges from 0 to 18% of the total loading time. If we 
exclude the lower and upper outliers from the sam-
ples, then 80% of the values fall in the range of 3–12%.

Time, in which episodes were noted, where special 
methods of work were used, is in the range of 13–64% 
of the total time of loaded movements. The number of 
episodes with the use of special techniques varies, in 
the obtained samples, from 2 to 26 pieces (or from 10 

Table 3 General information about the technological cycle of the manipulator for each sample

Sample
Total time

sec.
Number of loading cycles

(including unloading of single logs)
Number of log

pieces
Average number of loaded

movements per forwarder parking
Average number of logs in a grapple

per one loaded movement
S1 862 43 246 2 5.7
S2 1046 50 303 1.61 6
S3 662 34 242 2.61 7
S4 632 37 132 2.11 3.6
S5 555.5 26 155 1.6 6
S6 604 34 134 –2 4
S7 421 23 149 2.3 6.5
S8 502 32 278 1.9 8.7
S9 371.5 28 54 4 2
S10 238.5 20 60 1.8 3
S11 303 22 61 2.4 2.8
S12 579.5 32 89 2.9 2.8
S13 715.5 27 158 1.8 5.9
S14 376.5 22 49 4.4 2.2
S15 469 22 75 4.41 3.4
S16 602 31 114 2.2 3.7
S17 464.5 30 95 3.8 3.2
S18 591 35 150 1.51 4.3
S19 396 20 24 2.5 1.2
S20 564 38 98 2.7 2.6
S21 1043.5 59 423 –2 7.2

1 We did not take into account the episodes when the forwarder did not remain motionless in the process of picking up logs by the manipulator and delivering them to the load space
2 Simultaneously with the movement of the manipulator links when loading the logs, the forwarder slowly moved forward in all loading cycles

Fig. 2 Ratio of duration of individual elements in the general struc-
ture of the manipulator cycle
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to 53% of the total number of loaded moves). The aver-
age time spent on one loaded movement, in which 
special techniques were applied, was 15 seconds 
(range from 8 to 24 seconds).

The tests demonstrated that the sampling distribu-
tions are not normally distributed. Results of checking 
complete samples for belonging of samples in groups 
of the same general population are presented in Table 
4. During the check, the values of time intervals related 
to the movements of the manipulator during opera-
tions inside the load space were excluded from the 
samples.

Table 4 Statistics tests (full samples)

Group Samples

Tests

Kruskal-
Wallis

H-statistic

Mann-
Whitney

z-score
p-value

1, 2
S1, S2, S3, S4 8.31 – 0.081

S5, S6, S7, S8 1.44 – 0.697

3 S9, S10, S11, S12 5.08 – 0.166

4 S15, S16 – 1.291 0.197

5 S17, S18, S19 0.84 – 0.65

6 S20, S21 – 1.297 0.19

Checking the samples of group 1 showed that they 
belong to the same general population. Checking the 
samples of group 2 also showed that these samples 
belong to the same population. In addition, checking 
the samples of group 1 and 2 with each other showed 
that these samples also belong to the same population.

Testing the samples of group 3 initially showed 
that these samples do not belong to the same popula-
tion. The samples S13 and S14 were excluded from 
consideration according to the second criterion, i.e. the 
average diameter of the logs being loaded. Rechecking 
showed that samples S9, S10, S11 and S12 belong to 
the same population. Checking the samples from the 
remaining groups also showed that the samples with-
in the groups belong to the same general population.

We tested the hypothesis that the samples of group 
1 and 2 belong to the same general population togeth-
er with the samples of group 6, since the forwarder 
models for these groups belong to the same size series. 
The check showed differences between the samples.

Since the complete samples do not belong to the 
normal distribution, the general statistical characteris-

tics for the samples are represented by the median and 
percentiles (25% and 75%). Descriptive statistics for 
full samples are shown in Fig. 3A.

Medians of the full samples are between 4.5 and 
9 seconds (80% of the values fall between 6 and 
8  seconds). The smallest interquartile range is 
1.5   seconds; the largest is 10.8 seconds (80% of the 
range falls within the range of 4.5 to 8.8 seconds).

Checking samples, made of only loaded move-
ments on belonging to one population, showed that in 
the combined group, made of samples of group 1 and 
2, the samples belong to the same population: S1, S2, 
S3, S5 and S7 (Table 5). The rest of the samples (S4, S6, 
S8) do not belong to the same population. In group 3, 
samples S9 and S10 belong to the same population, as 
well as samples S11 and S12; however, there are dif-
ferences between these pairs. Checking the rest of the 

Fig. 3 Descriptive statistics for samples (medians and percentiles)
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samples showed that within groups 4, 5 and 6, the 
samples belong to the same general population.

The medians of »loaded« samples are in the range 
between 6 and 16 seconds (80% of the values fall in 
the range between 8.5 and 13.25 seconds). The 
 smallest interquartile range is 2 seconds; the largest is 
9.5  seconds (80% of the range falls within the 3.5–8 
seconds range). Descriptive statistics for «loaded» 
samples are shown in Fig. 3B.

Verification of samples composed of only empty 
movements of the manipulator for belonging to the 
same population showed that within the combined 
group 1 and 2, samples S2, S4, S5, S8 belong to the 
same population, while samples S3 and S7 belong to 
a different population (Table 6). Sample S6 was ex-
cluded from the analysis, since, unlike other samples, 
the empty movement of the manipulator in most cas-
es began at the moment when the forwarder had not 
completely stopped and continued to slowly move 
forward. In group 3, there are differences between 
pairs of samples S9, S10 and S11, S12. In groups 4, 5 
and 6 there are differences between the samples. 
Checking the loaded and empty samples for normal-
ity showed that some samples are distributed nor-

mally, but due to the fact that the samples size is very 
small, the results of tests using nonparametric meth-
ods were used to make final conclusions about the 
belonging of the samples to the same general popula-
tion.

The medians of »empty« samples are in the range 
between 3.75 and 6 seconds (80% of the values fall in 
the range between 4.5 and 6 seconds). The smallest in-
terquartile range is 0.5 seconds; the largest is 2.5 seconds 
(80% of the range falls within the range of 1–2 seconds). 
Descriptive statistics for »empty« samples are shown 
in Fig. 3C.

4. Discussion
Studies have confirmed that the operation of a ma-

nipulator can be viewed as a separate technological 
process within the forwarder’s technological process. 
This technological process consists of both individual 
operations and special techniques that are used when 
performing operations. The fact is that individual ma-
nipulator operations make different contributions to 
the total operating time of the manipulator, which is 
confirmed, among other things, by the studies of Berg 
et al. 2017 and Kaleja et al. 2017.

When the forwarder is working in clearcutting af-
ter the harvester, the time of one working cycle of the 
manipulator, including one loaded motion and one 
empty motion, falls within the range of 4–14 seconds, 
with a probability of 95%. These data, summarized for 
all samples, are consistent with the data for samples 
collected only from the work of one operator (samples 
S1, S2, S3, S4).

The results show that, other things being equal, the 
elements of the manipulator operation cycle are af-
fected by: standard size (power) characteristics of the 
forwarder. Samples obtained for machines of different 
standard sizes have discrepancies when comparing 
full samples with each other. However, the question 
of the influence of the forwarder model remains open, 
since the samples obtained for machines of the same 
standard size, but produced by different companies, 
have discrepancies and do not belong to the same gen-
eral population. More extensive collection of experi-
mental data is required to confirm this effect.

In obtained samples, the standard size of the ma-
chine does not have a strong influence, but affects the 
average time of one working cycle of the manipulator 
(a pair of loaded and empty). Comparing the average 
medians obtained in each size group of forwarders, 
the time of one pair of empty–loaded movements de-
creased by 1 second, and by 2 seconds when  considering 

Table 5 Statistics tests (samples of loaded movements)

Group Samples
Tests

H-statistic z-score p-value

1, 2 S1, S2, S3, S5 S7 6.87 – 0.143

3
S9, S10 – –0.24 0.81

S11, S12 – 0,537 0.59

4 S15, S16 – 0.090 0.928

5 S17, S18, S19 2.80 – 0.246

6 S20, S21 – 0.868 0.38

Table 6 Statistics tests (samples of empty movements)

Group Samples
Tests

H-statistic z-score p-value

1, 2
S2, S4, S8, S5 5.9 – 0.116

S3, S7 – –0.656 0.509

3
S9, S10 – –1.526 0.126

S11, S12 – 1.751 0.08

In groups 4, 5 and 6 there are differences between the samples
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only the loaded movement of forwarders with higher 
power. However, for a better analysis, additional ex-
perimental data is required, especially for machines 
with a power of less than 164 kW.

The elements of the manipulator technological 
cycle are influenced by the average diameter of the 
assortments. This influence was reflected in the dis-
crepancy between the samples collected in the study 
of the operation of forwarders of the same model 
(sample group No. 3) loaded with assortments with 
different average diameters, as well as in the presence 
of a correlation between the median time intervals of 
loaded movements and the average diameter of the 
assortments (Fig. 4A). Additional factor in favor of this 

influence is the presence of a correlation between the 
average number of assortments in the capture per one 
loaded movement and the median of time intervals of 
loaded movements (Fig. 4B). With an increase in the 
number of assortments, the median increases linearly.

In addition, within the groups (groups No. 1 and 
2), there is a discrepancy between the individual sam-
ples, which were collected in time intervals of loaded 
movements. This is due to the influence of the special 
techniques that the operators used during the loading 
process. If the proportion of time spent on movements 
in which special techniques were used in the sample 
is less than 30% of the total time (S4, S6, S8), then such 
samples differ from the samples (S1, S2, S3, S5, S7), in 

Fig. 4 Influence of assortment sizes on manipulator loaded movements
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which the share of the time of movements with tech-
niques is more than 30% (or more than 50% of the total 
time of loaded movements). The less the proportion of 
time spent on movements with special techniques, the 
closer the distribution law of time intervals to the nor-
mal law.

The primary factor in the collected samples that 
affects the total time of loaded movements with special 
techniques is the average diameter of the assortments. 
As the average diameter increases, the number of spe-
cial techniques decreases. In the present study, a close 
relationship was found between the average diameter 
of the assortments and the total time of loaded move-
ments, where special techniques were used. This rela-
tionship is exponential (Fig. 4C). Also, the value of the 
time of movements with special techniques is influ-
enced by the average number of assortments carried 
in the grapple per one loaded move. Here, the nature 
of the connection is linear (Fig. 4D).

Total time of loaded movements (including the 
capture of logs) in the obtained data takes 51–72% of 
the total operating time of the manipulator, which is 
generally consistent with the results of other studies 
54–71% (Berg et al. 2017, Kaleja et al. 2017). There are 
some differences between the experimental data ob-
tained and the results presented by Cadei et al. (2020). 
These differences can be explained by the fact that the 
authors studied the technological cycle of the forward-
er during emergency logging in hard-to-reach areas. 
The results presented in this article were obtained in 
conditions not characterized by emergency and diffi-
cult to access situations.

Analysis of samples made of intervals of empty 
moves showed the discrepancy of these samples with-
in separate groups. The following pattern was found: 
the discrepancy was observed in the case where there 
was a difference between the samples in the average 
number of loaded cycles of a manipulator performed 
at one working parking of the forwarder. Samples S2, 
S4, S8, S5, the number of loaded cycles from one park-
ing lot throughout the entire loading process was 1–2 
cycles, and for samples S3 and S7 2–3 cycles. For S15 
sampling, 4–5 cycles, and for S16 sampling, 2–3 cycles. 
For S17 sampling 3–4 cycles; samples S18 1–2; S19 2–3. 
Weak correlation shows an increase in the median of 
the sample of time intervals of empty movements with 
an increase in the number of working cycles per one 
forwarder parking. However, this hypothesis requires 
additional testing on the basis of larger experimental 
data. The discrepancy between the samples in some 
cases (samples S21, S6) is explained by the fact that 
most of the empty motions during loading were car-
ried out in the slow motion of the forwarder. At the 

same time, it is obvious that there is no correlation 
between the average diameter and the median of the 
time intervals of empty movements.

Total time of empty is 20 to 45% of the total ma-
nipulator operating time when loading the forwarder. 
In other studies, this time is on average 20–26% (Berg 
et al. 2017, Kaleja et al. 2017).

Duration of the episodes associated with the ma-
nipulator operation inside the load space in the stud-
ied experiments varied from 0 to 18% of the total ma-
nipulator operation time (on average, 7%). In other 
studies, these periods were about 5% and 20% (Berg 
et al. 2017), as well as 14% (Apafaian et al. 2017). Close 
relationship between the average diameter of the as-
sortments and the time spent on movements inside the 
load space was not found, nor was it found between 
the time of these movements and the average number 
of assortments loaded per one loaded movement of 
the manipulator.

The presence of a range of values within the col-
lected samples of time intervals of empty and loaded 
movements of the manipulator can be explained by 
the influence of factors not considered in this study. 
Such hypothetical factors influencing the loading of 
forwarders may be as follows:

⇒  placement of assortments relative to the skid 
trail. The distance between the logs and the for-
warder can be variable, as can the size of the 
stacks of logs at each working parking for the 
forwarder. In the present study, data were col-
lected when the forwarders were working after 
the harvesters, but the location of the logs could 
be different in relation to the skid trails in differ-
ent felling areas. The fact that the arrangement 
of the assortments affects the loading times of 
forwarders is indirectly confirmed by the stud-
ies of Laitila et al. 2007, Danilović et al. 2014

⇒  qualification of harvester operators. Loading 
logs onto the forwarder can be difficult due to 
errors in placing the logs on the ground after 
harvester operations

⇒  individual psychological personality traits of 
forwarder operators and operator fatigue. Al-
though the experiments were conducted with 
experienced operators, the factor related to op-
erator fatigue was not considered. The human 
factor as a factor influencing the time of efficient 
operation of forestry machines has been studied 
in works of Lamminen et al. 2011, Lutsenko et 
al. 2008, Malinen et al. 2018, Mehrentsev et al. 
2007, Purfürst and Erler 2011.
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5. Conclusions
The data collected under different conditions show 

the presence of general patterns in the structure of the 
technological cycle of the manipulator. In the techno-
logical cycle of the manipulator, there are three main 
elements: loaded movements; empty movements and 
movements of the manipulator when performing op-
erations inside the load space. On average, 63% of the 
technological cycle of the manipulator falls on loaded 
movements; 30% for empty and 7% for operations per-
formed inside the load space. With a 95% degree of 
probability in the studied production conditions, the 
time of one loaded movement falls within the range of 
4–14 seconds, and one empty motion in the range of 
3–7 seconds.

Different elements of the manipulator cycle are in-
fluenced by different factors. The use of special tech-
niques by the operator has a significant impact on 
loaded movements. The most influential techniques 
are: re-gripping logs and pulling of an incompletely 
closed log grip through the logs when the ends of the 
grabbed logs tilt and abut against the ground. Propor-
tion of loaded movements in which the operator uses 
special techniques can be over 50% of the total number 
of loaded moves and over 60% of the time of the total 
time of loaded movements. The number and duration 
of loaded moves with these techniques is significantly 
influenced by: the average size of the assortments and 
the number of assortments carried in the grapple dur-
ing one loaded movement. Some reduction in the share 
of these methods can be achieved by rational methods 
of stacking assortments during the work of the har-
vester. There is some influence of the standard size of 
the machine on the time of one loaded movement.

No significant influence of the average size of the 
assortments, the number of assortments in the grapple, 
the standard size of the machine on empty movements 
was found. However, the influence of the average num-
ber of loading cycles from one parking lot of the for-
warder on empty movements was observed. The dura-
tion and frequency of operations inside the load space 
are weakly correlated with the size of the assortments 
and the size of the forwarder. The author admits that, 
with an increase in the amount of experimental data 
and the inclusion of unaccounted factors in the study, 
the conclusions made and the patterns identified in the 
present study can be adjusted and clarified.
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