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Abstract

Forwarders are usually classified based on characteristics such as the number of wheels, net
weight, payload, engine power, vehicle width, and the loader’s lifting torque and boom reach.
Existing forwarder classifications are either too basic or too detailed. Even though payload is the
most significant influencing factor of timber extraction productivity by forwarders, classification
of forwarders should be based not only on the forwarders payload, but also on their other char-
acteristics. A database consisting of 115 market-available forwarders in 2025 was gathered and
analyzed, leading to a new forwarder categorization where forwarders are divided into five
classes and are presented with 16 different and comparable characteristics. The proposed clas-
sification distinguishes five forwarder classes: XS (<4 t), S (4-9t), M (9-15t), L (15-20t), and
XL (>20 t), each characterized by corresponding ranges of machine parameters. Eight-wheeled
forwarders with hydrostatic-mechanical transmission predominate on the current market. The
proposed five-class categorization provides an updated, comprehensive framework for comparing
forwarders and supporting machine selection based on operational requirements.
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1. Introduction

Timber extraction using a forwarder is a specific
form of primary timber transport in which the entire
load is carried off the ground on wheels, so only roll-
ing resistance needs to be overcome during vehicle
movement. Timber processed by a cut-to-length meth-
od is collected and loaded using a hydraulic loader,
requiring a parallel secondary forest road network
spaced at approximately twice the loader's reach.

The need to use fully mechanized technologies in
harvesting operations has increased due to higher pro-
ductivity and to eliminate physically demanding work
(Slama et al. 2025, Szewczyk et al. 2025). The first for-

Table 1 Categorization of forwarders (Uusitalo 2010)

warder, the Brunett 350 Boxer, was manufactured in
Sweden in 1962 (Nordfjell et al. 2019). Proto et al. (2018)
and Papandrea et al. (2025) state that modern forward-
ers are an effective extraction option during harvesting
operations, enabling higher mechanization. The same
authors add that carrying logs from the forest stand to
the roadside landing site or processing areas has a low-
er environmental impact than tree-length skidding.

In addition to running-gear design and wheel
count, forwarders are usually classified by character-
istics such as number of wheels, net weight, payload,
engine power, vehicle width, and the loader's lifting
torque and boom reach (Tables 1 and 2). The most

Number of wheels Vehicle mass, t Maximal payload, t | Engine power, KW | Lifting loader torque, kNm
Thinning forwarder 8 10-12 9 90 75
All-purpose forwarder Gor8 12-16 10-12 130 100
Final felling forwarder 8 15-20 13-17 150 130-150
Heavy forwarder for final felling 8 20-22 18-19 200 140-160
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Table 2 Basic categorization of forwarders (Zemanek et al. 2023)

Units Small forwarder Medium forwarder Large forwarder
Payload t 3-9 9-13 13-20
Engine power kW 20-110 110-150 150-210
Vehicles' width cm 180-230 230-280 280-320
Loader reach m 45-8 7-10 7-10
Net vehicles' mass t 3-10 10-16 16-25

common classification of forwarders (Athanassiadis et
al. 1999) is based on their rated payload: 1) light (<10
t), 2) medium-weight (10-14 t), and 3) heavy (>14 t).
The German Kuratorium fiir Waldarbeit und Forst-
technik (KWF) also uses this classification in its test
reports for forwarders (Hauck 2002).

Analyzing the forwarder market, Nordfjell et al.
(2019) propose a new classification of forwarders into
eight classes depending on their payload: 1) Micro (<2
t), 2) XXS (2-5 ), 3) XS (5-8 t),4) S (8-11t), 5) M (11-14
t), 6) L (14-17 t), 7) XL (17-20 t), and 8) XXL (>20 t).

The dimensional and mass characteristics of for-
warders (Fig. 1) are defined by ISO 13860 (2016) and
include 13 lengths, 15 heights, 4 widths, 6 angles, 2
cross-sectional areas, 1 radius, 1 diameter, and 4 mass-
es. Forwarder manufacturers and certification bodies
often report mobility indicators not covered by ISO
13860 (2016), such as the vehicle's approach, ramp
(break-over) and departure angles (PorSinsky et al.
2022a).

Regardless of the manufacturer, the mass charac-
teristics of forwarders on flat terrain exhibit a consis-
tent pattern:

= the distribution of the vehicle's net mass places
60% of the mass on the front axle and 40% on
the rear axle (Suvinen 2006)

= the entire load of timber (the forwarder payload)
is carried by the vehicle's rear axle (Porsinsky
and Horvat 2005).

Based on the dimensional and mass characteristics
of forwarders, KWF developed a load distribution
plan for forwarders on flat terrain (Weise 2003). This
plan aims to evaluate design quality during procure-
ment and assist in planning timber forwarding of
various log lengths when the bunk cross-section is
fully utilized, considering following constraints:

= the maximum load of timber — regardless of

length or center of gravity position — must not
exceed the manufacturer's declared payload

= the maximum permissible load on the front and
rear axles must not be exceeded

= the tire load capacity per axle must not be ex-
ceeded

= the load on the front axle must not fall below
20% of the total mass of a loaded forwarder.

Nordfjel et al. (2019) refer to the ratio of payload to
the net mass of an empty forwarder as the »load in-
dex«, noting that it is approximately 0.80 for modern
forwarders. In contrast, for forwarders from 1970, it
was approximately 1.0. Cadei et al. (2020) continue
that payload should be positively related to productiv-
ity, while Eriksson and Lindroos (2014) argue that
productivity between forwarders with different pay-
loads decreased with extraction distance, in both final
felling and thinning. Larger forwarders lead to a high-
er initial investment but, conversely, are expected to
have higher productivity and a lower cost per cubic
meter.

The ISO 13860 (2016) does not mention the center
of gravity of the forwarder —a mass indicator essential
when modeling the distribution of axle loads and con-
tact pressures and the mobility of forest vehicles con-
cerning the longitudinal slope of the terrain and the
direction of movement of the vehicle (Porsinsky et al.
2022a). Using the example of the Komatsu 875 for-
warder, Bumber et al. (2023) show a method for deter-
mining the center of gravity of the forwarder, and
Porsinsky et al. (2023) develop a model for the distri-
bution of axle loads and the assessment of the mobil-
ity of the forwarder when transporting timber uphill
and downbhill.

Furthermore, ISO 13860 (2016) does not provide a
formula for estimating the contact pressures of a load-
ed forwarder on forest soil. Given the significant im-
pact of forwarder contact pressures on forest soils with
limited load-bearing capacity, Porsinsky et al. (2022a)
propose using nominal ground pressure as an indica-
tor of a forwarder's environmental suitability; this
choice is based on the calculation simplicity and its
acceptance among forestry experts. Poje et al. (2026)
note that a decrease in nominal ground pressure
would reduce the risk of soil disturbance, rutting, and
soil compaction. Nominal ground pressure is calcu-
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lated separately for the wheels of the front axle and
the rear axle due to:

= unequal distribution of the vehicle net mass
across the axles

=> the fact that the rear axle bears the timber load

= differing number of wheels per axle (six-
wheeled vs. ten-wheeled forwarders)

= unequal wheel dimensions between the front
and rear axles of six-wheeled forwarders.

Diesel engines power the forwarders with pre-
charging, in which the transmission system transmits
power (torque, rotation speed) from the drive engine
to all wheels of the vehicle. The basic task of transmis-
sion is to reduce the revolutions of drive engine and
increase the wheels' torque to achieve circumferential
traction force (Puka 2014). The characteristics of diesel
engines (number of cylinders, engine volume, engine
power, engine torque) are determined by ISO 3046-1
(2002). Depending on the type of power transmission
installed in forest vehicles, they differ: mechanical,
hydrodynamic-mechanical, hydrostatic-mechanical
and hydrostatic transmission (Uusitalo 2010). Until
1989, six-wheel forwarders with hydrodynamic-me-
chanical transmission prevailed, and since 2010, eight-
wheel forwarders with hydrostatic-mechanical trans-
mission have prevailed (Nordfjell et al. 2010).

Compared to mechanical transmissions, the hydro-
dynamic-mechanical transmission replaces the clutch
with a hydrodynamic torque converter; this eliminates
the primary drawback of mechanical transmissions —
the inability to achieve a constant tractive force and
rotational speed curve. In hydrostatic-mechanical
transmissions, the diesel engine drives the forwarder's
hydrostatic system. This hydrostatic system, consist-
ing of a pump and a hydraulic motor, converts me-
chanical power into hydrostatic power — a function
performed by a mechanical gearbox in conventional
transmissions. Although hydrostatic transmissions
entail higher mechanical losses, they allow for gear
changes without interrupting power flow and enable
computer-controlled power transmission alongside
simple lever-based operation (Porsinsky 2005).
Uusitalo (2010) notes that most Scandinavian forestry
vehicles use hydrostatic-mechanical transmission sys-
tems because they are easy to maintain, have a long
service life, and allow easier control of engine power
under demanding operating conditions.

Since 2019, diesel engines in forestry vehicles have
been required to meet exhaust emission limits (nitro-
gen oxides — NOx, carbon monoxide — CO, hydrocar-
bons - HC, and particulate matter — PM) in accordance
with the EU Stage V emission standard for internal
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combustion engines installed in non-road mobile ma-
chinery, pursuant to Directive 97/68/EC (Hagan et al.
2022). To ensure environmental compatibility and
compliance with the EU Stage V emission limits, for-
warder diesel engines are equipped with exhaust af-
ter-treatment systems:

= Diesel Oxidation Catalyst (DOC)

= Exhaust Gas Recirculation (EGR) valve
= Diesel Particulate Filter (DPF)

= Selective Catalytic Reduction (SCR).

A hydraulic loader, mounted behind the dual-axis
angle and in front of the forwarder semi-trailer's load-
space headboard, is used to load and unload timber.
ISO 17591 (2002) defines the classification, terminol-
ogy, and components of hydraulic loaders used in
timber harvesting. The forwarder's hydraulic loader is
powered by its hydraulic system. The characteristics
of the hydraulic loader (e.g., loader mass, lifting
torque, slewing torque, maximum boom reach, gross
lifting capacity at maximum boom reach, etc.) are
specified by EN 12999 (2020).

Driven by the aim to use forwarders on steep ter-
rain, the practice of equipping them with an addition-
al winch began in the early 2000s. Tethered systems
support and stabilize the operation of forwarders,
skidders, harvesters, and feller bunchers on steep
slopes (Holzfeind et al. 2020, Giilci et al. 2025). In this
case, the winch is not intended for collecting timber,
but for anchoring and/or providing additional trac-
tion, thereby extending the forwarder's range of safe,
efficient, and environmentally acceptable operation
from 33% to 55% longitudinal slope (Visser and
Stampfer 2015). Utilizing cable winch systems in for-
estry vehicles and machinery refers to:

= ensuring efficient and safe vehicle operation re-

garding longitudinal stability on steeper slopes
= providing additional traction under adverse soil
moisture conditions

= minimizing damage to the forest soil caused by

wheel slip in such conditions.

The fundamental concept of morphological analy-
sis in forestry machines is to establish relationships
among geometric, mass, and other machine character-
istics, to determine:

= the current state of development

= underlying properties and regularity principles

= potential directions of forestry machine devel-
opment (Horvat 1993, Porsinsky 1997).
Horvat et al. (2004) state that the results of the
morphological analyses conducted assist forestry ex-
perts in:
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= selecting new machines

= choosing the machine best suited for use under
various operating conditions

= defining preliminary parameters for the design
of new machines within established families of
forestry machinery.

This paper proposes a new, updated forwarder
categorization based on prior knowledge and the state
of the art in vehicles.

2. Materials and Methods

To create a database of 115 current forwarder mod-
els, data were sourced from manufacturers' promo-
tional materials available on their websites until the
end of 2025 (Grden 2026). In addition to basic forward-
er specifications (manufacturer and model, number of
wheels, and front blade equipment), the database in-
cludes seventy forwarder characteristics, which can be
grouped into:

= dimensional and mass characteristics of the for-
warder in accordance with ISO 13860 (2016),
shown in Figs. 1A and 1B.

= forwarder dimensional characteristics not cov-
ered by ISO 13860 (2016): 1) Forwarder approach
angle, 2) Forwarder departure angle.

= forwarder engine characteristics: 1) Number of
cylinders, 2) Cylinder displacement, 3) Maxi-
mum engine power, 4) Engine speed at maxi-
mum power, 5) Maximum torque, 6) Engine
speed at maximum torque, 7) Fuel tank capaci-
ty, 8) Euro emission standard level.

= forwarder transmission characteristics: 1) Trans-
mission type, 2) Tractive force.

= forwarder hydraulic system characteristics: 1)
Operating pressure, 2) Maximum oil flow, 3)
Hydpraulic oil tank capacity.

= hydraulicloader characteristics: 1) Loader man-
ufacturer and model, 2) Loader mass, 3) Gross
lifting moment, 4) Slewing torque, 5) Maximum
boom reach, 6) Gross lifting capacity at maxi-
mum boom reach.

= Dimensions of forwarder front and rear tires.

The database includes 115 forwarder models of-
fered by their manufacturers in 2025: Alstor (3), Am-
kodor (8), Belarus (2), Bell (2), EcoLog (3), Entracon (3),
Equus (1), Falcon (1), Farma (1), HSM (8), Jarcrac (1),
John Deere (8), LKT (1), Logbullet (3), Logset (7), Kom-
atsu (7), Kinetic (2), Kranman (5), Malwa (1), Noe (5),
Novotny (3), Pfanzelt Felix (2), Ponsse (10), ProSilva
(1), Ritter (1), Rottne (6), Sampo-Rosenlew (3), Sogedep
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(1), TimberPro (2), Terri (1), Tigercat (4), Vimek (3),
Weiler (2), Welte (2), ZKT (1) and Xuvol (1).

For the forwarders included in the database, man-
ufacturers do not always list every specified feature. It
is particularly important to highlight the variations in
data for specific forwarder models, as some manufac-
turers offer various options, such as:

= a shorter or longer bunk, or the inclusion/exclu-
sion of a front blade, which affects the forward-
er's overall length

=> a choice of engine based on performance as well
as EU exhaust emission standards

= a choice of hydraulic loader based on perfor-
mance and the inclusion of an additional tele-
scopic extension, i.e. boom reach, which affects
lifting and slewing torques, and the vehicle's net
and gross weight

= different bunk widths (narrower for round-
wood, wider for energy wood and forest resi-
dues), which affect the bunk cross-section

= different tire dimensions, which affect the
ground contact pressure of the front and rear
wheels as well as the vehicle's overall width.

Due to the existence of various configurations for
specific forwarder models from the same manufac-
turer, it was necessary to standardize certain morpho-
logical characteristics when entering data into the
database; this process involved the following assump-
tions:

= for forwarder models offering a choice of bunk
lengths, the shorter rear chassis option was se-
lected —designed based on the declared load
capacity for broadleaved timber (which has a
higher density than coniferous wood)

= overall length of the forwarder is influenced by
the presence of a front blade; this component
was included in the total length calculation only
for models supplied with a front blade as stan-
dard equipment

= for models offering a choice of engines or hy-
draulic cranes, the database recorded the speci-
fications for the engines and cranes installed by
the manufacturer as standard equipment

= regarding hydraulic cranes, the option featuring
an additional telescopic extension was always
selected due to its greater reach

= where options existed for different bunk widths
(or cross-sectional areas), the configurations in-
stalled by the manufacturer as standard equip-
ment for transporting roundwood were selected

4
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Labels:

L: - Total frame length

L, - Overall length

Ls— Wheelbase

L, — Articulation joint to maximum blade arc

Ls - Avrticulation joint to front of machine

Ls - Articulation joint to front axle

L; — Articulation joint to the axis of loader rotation
Ls - Distance of load bunk headboard to rear axle
Lo — Distance of load bunk headboard to rearmost bunk
h:— Overall height

h,— Operator cab overall height

hs— Blade height

hs = Maximum blade lift lower edge

hs — Lowest blade position

hs— Ground clearance

h; — Ground clearance at articulation joint

rn— Loaded tire radius

wi — Overall width

w, — Track width

o — Loader tilt
o, — Frame oscillation
o — Axle oscillation

ol — Angle of articulation

/ 05— Loader rotation
. di - Clearance circle
Source: Porsinsky et al. (2022A), according to
di ISO 1386 (2016)

Fig. 1A Forwarders' dimensional and mass characteristics
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@ Labels:
hh: — Maximum loader lift height hhs — Height of main boom pivot
hh, - Loading height of loader at maximum reach A - Area of grapple opening
hhs — Maximum depth of loader LLy — Maximum loader reach
hh.— Grapple height closed LL, - Maximum loader reach at ground level
hhs — Grapple height open w; — Blade width

® | |

hh,

hh

hh:

hh,
hhs

AA - Cross-sectional area of load space
hh; — Stake height

hhs — Height of load center

ww: — Width across stakes

LLs - Bogie axle assembly centerline distance
LL, - Bogie axle assembly wheelbase

as — Bogie axle assembly wheelbase angle

G - Operating mass (unloaded forwarder) Q - Rated payload (manufacturer's declaration)
Gi - Front axle load (unloaded forwarder) Source: Porsinsky et al. (2022A), according to ISO 1386 (2016)
Gz - Rear axle load (unloaded forwarder)

Fig. 1B Forwarders' dimensional and mass characteristics
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= for models offering a choice of tire sizes, wider
tires were selected to enhance the forwarder's
environmental performance.

The following morphological characteristics were
selected from the database for the morphological anal-
ysis of forwarders:

= three mass characteristics: Net mass (kg), De-
clared payload (kg), and Gross mass (kg)

= six dimensional characteristics: Overall length
(mm), Distance of load bunk headboard to rear-
most bunk, i. e., bunk length (mm), Overall
height (mm), Overall width (mm), Angle of ar-
ticulation (°), and Bunk cross-section (m?)

= five engine characteristics: Number of cylinders,
Cylinder displacement (cm®), Maximum engine
power (kW), Maximum torque (Nm), and Euro
emission standard level

= transmission type (mechanical, hydrodynamic-
mechanical, hydrostatic-mechanical)

= five hydraulic loader characteristics: Loader
manufacturer and model, Gross loader lifting
torque (kNm), Loader slewing torque (kNm),
Maximum loader reach (m), and Gross lifting
capacity at maximum loader reach (kg)

= front and rear tire dimensions.

The morphological analysis of the forwarder in-
cludes nine derived characteristics: form index consid-
ering the ratio between maximum vehicle width /
maximum vehicle length and the ratio between maxi-
mum vehicle height / maximum vehicle length, load-
ing space volume (m’), specific power (kW/gross
tonne), specific torque (Nm/gross tonne), net unit
mass (kg/kW), gross unit mass (kg/kW), nominal
ground pressure of front (Eq. 1) wheels (kPa), and
nominal ground pressure of rear (Eq. 2) wheels (kPa).

(0.6XG)x g

NGPj = ——— 278
17y x 1y x by X 1000

1)
(04xG+Q)xg
1y X 1y X by x 1000

NGP, = @)

Where:

NGP, nominal ground pressure of front wheels, kPa
NGP, nominal ground pressure of rear wheels, kPa
G netmass (empty forwarder), kg

Q  declared payload, kg

, number of wheels on front axle

n, number of wheels on rear axle

i unloaded tire radius of the forwarder front axle
wheel, m
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7, unloaded tire radius of the forwarder rear axle
wheel, m

b, unloaded tire width of the forwarder front axle
wheel, m

b, unloaded tire width of the forwarder rear axle
wheel, m

g Earth's gravity (9.81 m s?).

3. Results

This section is divided by subheadings. It should
provide a concise and precise description of the ex-
perimental results, their interpretation as well as the
experimental conclusions that can be drawn.

3.1 Form Index

For the 115 modern forwarders offered by manu-
facturers in 2025, it is notable that they all fall below
the H = W line — meaning that vehicle height exceeds
width, with no distinct grouping of forwarders based
on the number of wheels (Fig. 2). The form index h,/L,
ranges from 0.32 to 0.61, with a median value of 0.39,
while the form index w,/L, ranges from 0.25 to 0.42,
with a median of 0.29. Including cable skidders in the
form index analysis reveals a clear distinction between
the two machine categories (Fig. 2). Cable skidders are
generally positioned above and to the left of the main
forwarder cluster, with higher values for both form
indices. Their height-to-length ratio (h,/L,) ranges from
0.43 to 0.57, with a mean of 0.47 and a median of 0.46,
while the width-to-length ratio (w,/L,) ranges from

0.65
Vs
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© 6-wheeled forwarders (N = 26) 7/
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Fig. 2 Dependence of form index w,/L, to h./L,
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Fig. 3 Dependence of forwarder net (A) and gross (B) mass on payload

0.35 to 0.49, with both the mean and median equal to
0.40. In contrast, most forwarders form a relatively
compact cluster characterized by lower values of both
form indices. Nevertheless, some overlap is evident.
The observed overlap is mainly associated with sev-
eral shorter forwarder models, whose higher form
indices place them morphologically closer to skidders.
The similarity is also reflected in their functional ver-
satility, as some of these machines can be equipped
with upward-facing grapples on the rear chassis for
tree-length timber extraction, effectively allowing
them to operate as clambunk skidders.
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3.2 Mass Characteristics of Forwarders

An analysis of the mass characteristics of modern
forwarders indicates an increasing diversification of
forwarder size classes. On the one hand, lighter, the
so-called thinning forwarders have emerged for op-
erations in younger stands; on the other, high-capaci-
ty forwarders with greater net and gross masses are
available for regeneration and final felling operations
(Fig. 3).

The data on the dependence of net mass on the
forwarder payload were matched by regression analy-

Table 3 Comparative overview of mass characteristics of five forwarder categories

Mass characteristics

Forwarder categories N Payload, 0 Net mass, G Load indeks | Gross mass, GMM
t t Q/G t
XS forwarders — Light (small-scale forestry), thinning 2.2-4.0% 1.45-3.95% 3.65-7.95*
) 12 1.19

forwarders with payload below 4 t <4.0** <45** <9.1%*

S forwarders — Thinning forwarders with payload 4.5-9.0* 45-16.8* 9.5-24 8%
21 0.86

between 4 and 9t 4.0-9.0%* 45-12.8%* 9.1-20.5%*

M forwarders — Multi-purpose forwarders with payload 10.0-15.0" 12.5-21.8" 22.5-36.8"
50 071

between 9and 15t 9.0-15.0** 12.8-20.3** 20.5-34.2**

L forwarders — Forwarders for final fellings with payload 16.0-20.0% 18.5-28.6" 35.0-48.5"
22 0.81

between 15 and 20 t 15.0-20.0** 20.3-24.3** 34.2-455%*

XL forwarders — Heavy forwarders for final fellings with . 22.0-25.0% 20.8-29.8" 0.8 44.8-54.8"

payload above 20 t 20.0-25.0%* 24.3-26.4%* ' 455-56.9%*

* range of forwarder manufacturer data values

** range of trend curve values at the boundary values of each forwarder payload category (Fig. 3)
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sis with a second-order polynomial (Fig. 3A), and the
gross mass on the forwarder's carrying capacity with
a line through the origin (Fig. 3B), with high values of
the coefficients of determination (R*>>0.94). It should
also be emphasized that, concerning the mass charac-
teristics, there was no separation of individual groups
of forwarders by the number of vehicle wheels, and
that an increase in one mass characteristic increases
the remaining two. Based on the mass characteristics
of modern forwarders (Fig. 3), they can be classified
into five purpose categories (Table 3).

The load index (Q/G) was below 1 for all forward-
er categories except XS forwarders (1.19), indicating
that only this category exceeds machine net mass with
payload capacity, highlighting the high load-carrying
efficiency of lightweight forwarders relative to their
Oown mass.

3.3 Dimensional Characteristics of Forwarders

The analysis of forwarder dimensional character-
istics covered the vehicle's overall dimensions (total
length, total width, and total height) as well as the
length and volume of the loading space. The analysis
of the overall dimensions of modern forwarders in
relation to payload is presented in Fig. 4 (length), 5
(height), and 6 (width). The relationships were fitted
using an increasing exponential function (y = a xb)
based on the facts that: 1) in the absence of mass, the
overall dimensions of this forestry vehicle do not exist,
and 2) there is a limiting value for overall dimensions
determined by technological requirements and/or
(sub-)legislative regulations.

When comparing how forwarder length and width
relate to payload, it is evident that length (Fig. 4) in-
creases more rapidly than vehicle width (Fig. 5). The
increase in forwarder length associated with greater
payload is disadvantageous for maneuverability dur-
ing forest operations, as greater length implies a larg-
er turning circle and reduced mobility. However, un-
favorable trend of increasing length is somewhat
mitigated by articulated steering; the use of an asym-
metrically positioned articulation joint - necessitated
by the mounting of a hydraulic loader on the rear chas-
sis and the required length of the loading space which
allows a smaller turning circle despite the forwarder's
relatively long wheelbase or overall length. Of the 115
forwarders included in this research, manufacturers
reported steering angle for 69 vehicles, ranging from
+40° to +50° with an average value of +44°.

Regression analyses of the relationship between
maximum forwarder length and payload show a high
coefficient of determination (Fig. 4) with R*=0.82.
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It should be noted that the maximum width of a
particular forwarder model is also influenced by the
dimensions of its pneumatic tires. Regression analyses
of the relationship between maximum forwarder
width and payload show a high coefficient of determi-
nation (Fig. 5) with R =0.91.

An analysis of the relationship between maximum
forwarder height and mass characteristics (Fig. 6) re-
vealed a faster increase in height than in maximum
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forwarder width (Fig. 5). Regression analyses of max-
imum forwarder height against payload show high
coefficients of determination (Fig. 6) for payload and
height ratio (R*<0.84).

Data on bunk length and volume in relation to for-
warder payload were evaluated using regression
analysis with an increasing exponential function (Fig.
7), yielding coefficients of determination of R*=0.73
and R=0.902. Forwarder bunk volumes increase with
payload according to designated vehicle classes.
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3.4 Characteristics of Forwarder Engines

Forwarders are powered by turbocharged diesel
engines, the key characteristics of which are engine
power (Fig. 8), engine displacement (Fig. 9A), and en-
gine torque (Fig. 9B). While torque depends primarily
on engine displacement, engine power is influenced
not only by displacement but also by the number of
cylinders, engine speed, turbocharger and intercooler,
fuel injection system (common rail), air intake and ex-
haust systems, and fuel quality.

The relationship between the diesel engine rated
power and the forwarder payload (Fig. 8) was ana-
lyzed using second-order polynomial regression,
yielding a high coefficient of determination (R*=0.89).
Furthermore, no distinct groups of forwarders
emerged by number of wheels regarding engine pow-
er, and engine power increased with any increase in
the forwarder payload.

Data on forwarder payload regarding displace-
ment (Fig. 9A) and drive motor torque (Fig. 9B) were
evaluated using second-order polynomial regression
analysis, with a coefficient of determination (R?) of ap-
proximately 0.85.

Further analysis of forwarder engines indicated
that engines with:

= three cylinders are in forwarders with a dis-

placement of <1000 (1600) cm’, power <30 kW,
and engine torque <100 Nm,

= four cylinders are in forwarders with a displace-

ment of 1500 cm® to 5130 em’, power of 30 kW
to 175 kW, and engine torque of 100 to 970 Nm,
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= six cylinders are in forwarders with a displace-
ment of 6000 cm” to 9300 cm®, power of 120 kW
to 260 kW, and engine torque of 780 to 1700 Nm.

3.5 Characteristics of Forwarder Hydraulic
Loaders

Forwarders are equipped with hydraulic loaders
for loading and unloading timber; their key character-
istics include gross lifting torque (the product of the
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maximum load the loader can lift at maximum boom
reach) (Fig. 10A), gross slewing torque (Fig. 10B), max-
imum boom reach (Fig. 10C), and gross lifting capac-
ity at maximum boom reach (Fig. 10D). These hydrau-
lic loader specifications refer to values excluding the
weight of the grapple (PorSinsky 2005). Subtracting
the torque due to Earth's gravity (9.81 m/s’) generated
by the grapple's weight from the loader's gross lifting/
slewing torque yields the net values for these param-
eters. This approach accounts for the fact that hydrau-
licloaders can be fitted with different grapples — vary-
ing in size and gripping capacity, depending on the
forwarder's specific application (thinning and/or re-
generation felling).

The data on the gross lifting torque (Fig. 10A) and
gross torque (Fig. 10B) of the hydraulic loader and the
forwarder payload were investigated by regression
analysis with an increasing exponential function, with
the values of the coefficient of determination (R*=0.84
and R*=0.79).

Regarding the relationship between the maximum
boom reach of the hydraulic loader and the forwarder
payload (Fig. 10C), regression analysis was performed
only on data for forwarders with a payload below 9 t;
this is because the maximum loader reach of forward-
ers with a payload above 9 t is 8§ m or 10 m, depending
on whether the loaders have one or two extension
booms.

Relatively little data is available for 4-wheeled for-
warders, making it impossible to identify a distinct
trend for this group reliably. Nevertheless, the report-
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Fig. 10 Dependence of forwarder hydraulic loader characteristics on payload

ed values for gross lifting capacity at maximum boom
reach (Fig. 10D) generally align with the regression
relationship for forwarder payload. Certain 4-wheeled
models lie above the regression curve, which may in-
dicate relatively higher loader lifting capacity relative
to the vehicle's total payload; however, given the small
sample size, this finding should be interpreted with
caution.

3.6 Nominal Ground Pressure (NGDP)

A vehicle's contact pressure is the ratio of its weight
to the area of contact with the ground (soil surface)

and indicates a specific forestry vehicle's environmen-
tal suitability (Porsinsky and Horvat 2005, Porsinsky
et al. 2011). The same authors state that nominal
ground pressure is the most widely accepted method
for expressing the contact pressures of forestry vehi-
cles, representing the minimum pressure a vehicle can
exert under conditions of reduced soil bearing capac-
ity. A distinctive feature of this metric is how the
wheel-to-ground contact area is calculated, specifi-
cally as the product of the tire width and radius.

Due to the uneven distribution of the forwarder's
gross mass across the vehicle's axles, the nominal

12
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ground pressure is presented separately for the wheels
of the front axle (Fig. 11A) and the rear axle (Fig. 11B).
The dimensions of the tires also influence the nominal
ground pressure values for the front and rear axle
wheels. Forwarders with a net mass of less than 4.5 t
are fitted with 300 mm and 400 mm wide tires; those
with a net mass between 4.5 t and 7 t use 500 mm wide
tires; and forwarders with a net mass exceeding 8 t are
equipped with tires having widths of 600 mm, 615
mm, 710 mm, 750 mm, and 780 mm.

Fig. 11A shows a distinct separation: four- and six-
wheeled forwarders exhibit higher nominal ground
pressure values than eight-wheeled ones; regression
analysis was used to fit curves to these two separate
data clusters. The relationship between the nominal
ground pressure of the rear-axle wheels (Fig. 11B) and
the forwarder payload was modeled using an increas-
ing exponential function, yielding a coefficient of de-
termination of R*=0.65.

4, Discussion

The existing classification of forwarders into three
or four categories solely by forwarder payload and/or
net mass is inappropriate due to the high range of val-
ues (Athanassiadis et al. 1999, Uusitalo 2010), or thea
too wide range of values within the categories
(Zemanek et al. 2023), while the classification of for-
warders into eight categories only by forwarder pay-
load without other characteristics (Nordfjell et al.
2019) is maybe too detailed. Given that, in addition to

the distance of timber forwarding, payload is the most
significant influencing factor of timber extraction by
forwarders (PorSinsky et al. 2022a), classification of
forwarders should be based not only on the forward-
ers payload, but also on their other characteristics.

Legal restrictions on forwarder use often concern
relocating forwarders between work sites without en-
gaging a truck with a lowbed semitrailer to rationalize
costs. In such cases, the forwarder travels partly on
public roads, which requires compliance with the ap-
propriate legislative framework. Concerning maxi-
mum permissible dimensions and weights, EU Direc-
tive 96/53/EC is relevant for vehicles falling within its
scope, as it prescribes maximum length, width and
height of vehicles and, as such, is in accordance with
the basic limiting dimensions specified in the Croatian
Ordinance on Technical Conditions for Vehicles in
Road Traffic (NN 85/16). When a forwarder's dimen-
sion, gross weight, or axle load exceeds the limits per-
mitted for standard traffic, its movement on public
roads in Croatia is governed by national regulations on
special transport. The values specified in the Ordinance
on Special Transport (NN 39/26) define characteristics
such as length <23 m, height <4.2 m, width <3 m, weight
44 t (for vehicles with up to 5 axles and 48 t for vehicles
with 6 or more axles), and prescribed axle loads or
those specified by traffic signs in the context of condi-
tions where no special permit is required. If, because
of its design characteristics, a forwarder exceeds any
specified permissible limit, its independent movement
on a public road requires a special transport operation.
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EU Directive 96/53/EC provides a broader EU frame-
work for permissible dimensions and weights.

Regarding technical roadworthiness, EU Directive
2014/45/EU should be mentioned, as it allows Member
States to exempt vehicles used for agricultural, horti-
cultural, forestry, or similar purposes, provided they
are used primarily on the terrain where such activities
take place, including the forest traffic infrastructure
network. This is particularly relevant for forwarders,
as it demonstrates that EU legislation distinguishes
between machinery used primarily off-road and ve-
hicles whose primary purpose is road transport. Ac-
cording to Croatian legislation, when forwarders take
part in traffic on public roads, several orinaces apply:
Road Traffic Safety Act (NN 67/08) and the Ordinance
on Technical Requirements for Vehicles in Road Traf-
fic (NN 85/16, 24/17, 70/19, 60/20, 79/23, and 6/25),
while the method and procedure for determining ve-
hicle roadworthiness through technical inspection are
governed by the Ordinance on Technical Inspections
of Vehicles (NN 16/18, 63/19, 117/20, 100/22, and 4/25).

Net vehicle mass, declared load capacity, and gross
vehicle mass are three mass characteristics defining
forwarders in accordance with ISO 13860 (2016), and
they are frequently used for forwarder classification.
Although higher values for these mass characteristics
are considered disadvantageous, a forwarder's gross
mass is more significant during timber extraction; it
generates the adhesive load needed to transfer circum-
ferential force from the wheels to the ground (Bumber
et al. 2023). Conversely, higher forwarder mass is
viewed negatively because it increases rolling resis-
tance and wheel contact pressure on forest soil
(Lindroos and Wasterlund 2014, Porsinsky et al. 2023).

In an analysis of 52 forwarders, Horvat (1993) iden-
tified net mass ranges of 5 t to 17 t and declared pay-
loads of 6 t to 18 t, noting that the payload-to-net-mass
ratio is approximately 1. Nordfjel et al. (2019) found
the payload-to-net-mass ratio to be ~0.80, while it was
~1.0 for forwarders in 1970. The same authors explain
the decrease in payload relative to net weight in the
past period by the fact that the forwarder payload
grew more slowly relative to the vehicle's net weight
due to the installation of more powerful engines and
heavier (stronger) hydraulic loaders. In this research,
the load index (Q/G) was lower than 1 in all forwarder
categories except the XS category, where it reached
1.19. Thus, only XS forwarders have a payload capac-
ity greater than their net machine mass, demonstrating
the comparatively high load-carrying efficiency of
lightweight forwarders in relation to their own mass.

An increase in forwarder length is associated with
greater mass and is disadvantageous for maneuver-

From XS to XL: A New Size Classification of Forwarders Based on Payload ... (xxx—xxx)

ability during forest operations, as greater length im-

lies a larger turning radius and reduced mobility, as
Susnjar et al. (2018) already confirmed for forest trac-
tor assemblies. However, this adverse trend is some-
what mitigated by articulated steering; an asymmetri-
cally positioned articulation joint —necessitated by the
mounting of a hydraulic loader on the rear chassis and
the need for sufficient load-space length which allows
a smaller turning radius despite the forwarder's rela-
tively long wheelbase or overall length. Of the 115
forwarders included in this analysis, manufacturers
specified this feature for 69 vehicles, with articulation
angles ranging from +40° to £50° and an average value
of +44°. A front blade also affects the forwarder's over-
all length. Of the 115 forwarder models covered in the
analysis, 19 are supplied by manufacturers with a
front blade as standard equipment.

Technological requirements for timber forwarding
also concern the width of secondary forest infrastruc-
ture: in lowland and hilly forest areas, it consists of
unpaved forwarder trails 3 m wide, whereas in moun-
tainous areas, it comprises constructed skid roads 3.5
m wide (Pentek et al. 2014). This issue becomes par-
ticularly important with the increasing use of large-
capacity forwarders exceeding 15 t of payload, as their
greater overall dimensions and operating mass may
impose additional requirements on both forest infra-
structure network and machine relocation between
worksites. Still, narrower forwarders can reduce dam-
age to unmarked standing trees (PorSinsky and Ozura
2006, Lopes et al. 2018).

In addition to the timber extraction distance, the
most significant factor influencing forwarder produc-
tivity is the quantity (mass, volume) of timber trans-
ported in a single machine cycle (Proto et al. 2018,
Porsinsky et al. 2022b), which depends on the vehicle
manufacturer's declared payload and the dimensional
characteristics of the bunk. When loading roundwood,
it is not possible to fully utilize the bunk volume;
therefore, KWF uses a bunk utilization factor of 0.7 in
its test reports for forwarders (Hauck 2002). Using the
example of the forwarder Valmet 840.2, PorSinsky et
al. (2014) determine the utilization of the bunk cross-
section between 0.65 and 0.75.

When investigating forwarders' engines, Horvat
(1993) and Porsinsky (2005) use the unit mass of for-
warders: the ratio of net mass to engine power (kg net/
kW) or gross mass to engine power (kg gross/kW). In
contrast, Nordfjell et al. (2019) use the specific engine
power of forwarders: the ratio of engine power to
gross mass (kW/gross t) and the specific engine torque
of forwarders: the ratio of engine torque to gross mass
(Nm/gross t).
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Table 4 New proposed categorization of forwarders

T. Porsinsky et al.

Forwarder classes
Forwarder characteristics & S 1 . i
Light thinning Thinning Multi-purpose Forwarders for | Heavy forwarders
forwarders forwarders forwarders final fellings for final fellings

Rated payload (manufacturers’ declaration), t <4 4-9 9-15 15-20 >20

Net mass, t <45 45-12.8 12.8-20.3 20.3-24.3 24.3-26.4
Gross mass, t <91 9.1-20.5 20.5-34.2 34.2-455 455-56.9
Overall length, m <6.7 6.7-8.6 8.6-10.1 10.1-11.0 11.0-11.9
Overall width, m <19 1.9-25 25-29 29-32 3.2-34
Overall height, m <29 2.9-34 3.4-3.8 3.8-4.1 41-43
Bunk length, m <3 3.0-39 3.9-4.6 46-5.0 5.0-5.3
Bunk volume, m? <52 5.2-12.1 12.1-20.6 20.6-27.7 27.7-34.9
Engine power, kW <50 50-120 120-180 180-220 220-250
Engine displacement, cm’ <2500 2500-5000 5000-7000 7000-7800 7800-7900
Engine torque, Nm <344 344-730 730-1100 1100-1400 1400-1600
Gross lifting torque, kNm <33 33-76 76-128 128-172 172-215
Gross slewing torque, kNm <9 9-21 21-34 34-46 46-57
Maximum boom reach, m <b3 5.3-8.0 8.00r10.0 8.00r10.0 8.00r10.0
Gross lifting capacity at maximum boom reach, kg <450 450-690 680-895 895-1040 1040-1170
Nominal ground pressure of rear axle wheels, kPa <75 75-100 100-115 115-125 125-135

Database analysis showed that, regarding the drive
system, eight-wheeled forwarders with hydrostatic-
mechanical transmissions predominate, while me-
chanical or hydrodynamic-mechanical transmissions
are the exception rather than the rule, in accordance
with previous research by Nordfjell et al. (2019).

Under EU emission standards for internal combus-
tion engines in non-road mobile machinery, 90 for-
warders (78%) of the 115 analyzed models meet the
Euro V standard.

A morphological analysis of modern forwarders
revealed that:

= vehicle height exceeds vehicle width

= there are no clearly defined threshold values

where the increase in overall dimensions ceases,
despite the increase in mass characteristics

=> the average forwarder load index is 0.82

= on average, 1 kW of engine power supports 111

kg of net forwarder mass

= on average, 1 kW of engine power supports 198

kg of gross forwarder mass

= on average, 1 tonne of gross forwarder mass re-

quires 5.1 kW of engine power

= on average, 1 tonne of gross forwarder mass re-

quires 29.1 Nm of engine torque

= existing forwarder categorizations are no longer

adequate.

5. Conclusions

In addition to the basic ideas of morphological
analysis of forest vehicles, the present study also
proved to be a useful tool for creating an up-to-date
categorization, as shown in Table 4. Table 4 shows the
proposed forwarder categorization based on sixteen
different characteristics, which divides forwarders
into five classes based on a database of 115 forwarders
offered worldwide by numerous manufacturers.
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