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Abstract

Timber harvesting operations vary greatly around the world, as do the adaptations of technol-
ogy to the complex, locally variable conditions. Similarly, technological innovations occur as
a response to a large number of different situations. This review examines the three main driv-
ers considered to generate substantial technological change in mechanized timber harvesting:
1) availability of new technology, 2) demand for new products and 3) introduction of new
requlations. The main focus is on Nordic cut-to-length harvesting using a harvester and for-
warder, partly due to its advanced level of technology and partly due to the authors’ back-
grounds. Examining new technology, progress towards increased automation is highlighted
with examples of entry-level products that provide computer-assisted motion control and semi-
automation. Examples of unmanned machines and other high-level automation are also pre-
sented. Innovations in the field of bioenerqy harvesting are presented as examples of advances
addressing the demand for new products. Thus, illustrations span from harvesting of tree parts
other than stemwood, to how such harvesting and transportation can be integrated into the
traditional stemwood harvest. The impact of new regulations on technological innovation is
demonstrated with advances aimed at reducing soil damage. Examples range from technical
solutions for reducing soil pressure, to walking, flying and even climbing machines. Some
predictions are given as to when certain advances can be expected to become reality. However,
even though the main drivers are likely to change timber harvesting with new products and
new rules, they will probably do so through a continued adaptation of technology to local needs.
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1. Introduction

Timber harvesting operations vary greatly around
the world. Current practices adapt to complex, locally
variable conditions in, for example, geo-physical con-
ditions (terrain), management regimes, tree proper-
ties, climate, ownership structure, industrial infra-
structures, labor availability and capacity, and societal
rules for acceptable practices. As most harvesting op-
erations are mechanized to some extent, we had three
choices to cover the proposed scope for this invited
paper: 1) attempting to cover all developments for all
kinds of harvesting operations, 2) to focus only on a
limited set of harvesting operations, or 3) to find a way
to cover the scope in a generalized manner. The first
two alternatives would, however, easily end up as a

list of current technological advances and related pre-
dictions, such as those found in, for example, Hell-
strom et al. (2009) and Vanclay (2011), and have a
rather local or limited scope (e.g. Warkotsch 1990,
Gellerstedt and Dahlin 1999, Guimer 1999, Harstela
1999). Lists of technological advances are naturally
interesting, but become rapidly obsolete. Therefore, it
was considered more relevant to address the mecha-
nisms behind the progress of changes in the technol-
ogy used for timber harvesting. However, that is obvi-
ously a great challenge, particularly in the limited
space of an article format. The aim of the following
paper is to highlight the driving forces that result in
development of logging operations. A simplified
framework for technological innovation is used to
highlight the major general driving forces, for which
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examples of various interesting technical advances are
presented. It should, however, be noted that examples
have been selected based on their relation to the in-
novation drivers, and not on the authors’ opinions of
their potential (good or bad) viability.

2. Background

2.1 Definitions and limitations

In this paper, the focus will be on the technological
part of timber harvesting. Technology is a well-used,
but ill-defined, term in the sense that it also encom-
passes the know-how and tools to solve a practical task
(e.g. Berry and Taggart 1994). Technological innovation
spans across various research fields. Therefore, there is
a variety of definitions, approaches and conceptual
models depending on different viewpoints (e.g. Porter
1985, Garcia and Calantone 2002, Crossan and Apay-
din 2009). Within this paper, we merely skim the sur-
face of this wealth of research on technological innova-
tion, and are aware of the simplifications that come
with such an approach. Moreover, we will mainly fo-
cus on the technological part of timber harvesting de-
velopment. Other work has examined labor, environ-
mental and organizational aspects as important areas
for improvement and development of mechanized for-
estry work (Silversides and Sundberg 1988, Heinimann
2007, Vancay 2011, Haggstrom and Lindroos 2016).

For the sake of clarity, we will use a simplified
framework to highlight drivers for technological in-
novation. Nevertheless, there may be several drivers
that independently or interactively result in a given
innovation (Trott 2008). However, we have no inten-
tion to provide a full classification of drivers. More-
over, we will focus on timber harvesting in general,
without addressing drivers for a given innovation.

We are aware that this kind of work will always be
biased by the perceptions, values and expectations of
the authors. Thus, there will be a significant focus on
the Nordic CTL harvesting system with a harvester
and forwarder, partly due to the fact that the authors
are based in Sweden. However, the topic was deliber-
ately chosen, since the Nordic CTL system is the most
technologically advanced in the world, and thereby
provides many good examples for future progress.

It should be noted that we will mainly use the term
»mechanization« for technological innovations in tim-
ber harvesting operations.

2.2 Timber harvesting

At a high level, logging operations are part of a
production system in which raw material is converted
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Fig. 1 Simplistic conceptual model of the production system of
timber harvesting, with a conversion process designed and adapt-
ed to the local physical environment and rules

into products. Machines and labor are used for the
production work, which is carried out whilst being
affected by the local environment and complying with
defined rules (Fig. 1). Appropriate labor standards
have to be met, and the production system has to be
profitable, on a macro scale (forest industry) as well as
on a micro scale (individual firm). In other words, for-
est operations should be carried out in a way that is
bio-physically effective, economically efficient, indi-
vidually compatible, environmentally sound and in-
stitutionally acceptable (Heinimann 2007). This is
common to other production systems, such as agricul-
ture, mining and various kinds of factory-based man-
ufacture. However, forest harvesting is different be-
cause, for instance, the work is done outdoors, in
rough terrains and in remote areas.

Tree harvesting can be divided into five distinct
work elements:

= i- accessing/reaching the tree

= ii - felling the tree

= iii — debranching the tree

= iv — cross-cutting the stem/tree

= v — transporting the stem/log/tree to a roadside

landing.

All five elements have to be carried out to enable
delivery of roundwood logs to industry, but in what
order and where they are carried out differ greatly. In
fact, order and location determines what harvesting
method is used. For instance, in cut-to length (CTL)
harvesting, elements i —iv are carried out in the forest
with the trees being felled, debranched and bucked
into saw-logs and pulpwood lengths according to in-
dustry demands and quality features, before off-road
transportation to the roadside. In full tree harvesting,
tree felling is often followed by transportation to the
roadside. The equipment used for harvesting defines
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the harvesting system. Various harvesting systems can
be used to carry out a given harvesting method. The
harvesting method CTL, for instance, can be achieved
using a manual harvesting system (hand tools and
animals), as well as using a fully mechanized harvest-
ing system consisting of a harvester and forwarder
(»Nordic CTL«).

Although there are many technical and transac-
tional processes required to enable a full harvesting
operation (see e.g. Heinimann 2007), our scope will be
limited to tree conversion and off-road transportation.

2.3 Mechanization and automation

Mechanization here implies the use of machinery
to replace human or animal labor. In order to under-
stand the future of mechanized timber harvesting, it
is necessary to understand the work involved, the
mechanization process, and the drivers for mechaniz-
ing the work.

The mechanization process has a long history in
forestry. From the 20" century, timber harvesting has
progressed from being entirely manual and animal-
powered to being fully mechanized and partly auto-
mated (Silversides 1997). This progress has been de-
scribed as having six phases, from hand tools to
feedback-controlled machines (Silversides 1997).
However, with recent progress in automation technol-
ogy, as observed in the fields of robotics, artificial intel-
ligence and control systems, there are reasons to con-
sider additional phases. In engineering, the degree to
which a given task is automated is known as the Lev-
el of Automation (LOA). LOA serves to explain the
ability of an algorithm to carry out a given automatic
function, and how much human involvement there is
in the process. Although the definition of LOA varies
slightly, it is quite similar in most fields involving au-

Table 1 Definitions and examples of Levels of Automation (LOA)
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tomation technology, such as robotics, artificial intel-
ligence, and automatic control. Currently, there is a
summary of five levels to educate the wider commu-
nity about the step-wise progression of automation. A
comprehensive definition of these levels is presented
in IEEE (2000). For the sake of simplicity, we have pro-
vided an overview of LOA definitions in Table 1, to-
gether with examples related to a field familiar to most
people: the automotive industry.

According to the LOA specifications, a chain-saw
operator in combination with a farm tractor would be
a harvesting system with an automation level of 0. In
contrast, a harvester-forwarder combination would
have an automation level of 2, if relying on automated
functions such as automatic bucking and computer-
assisted crane control.

The LOA enables comparisons of the state-of-the-
art of automation in different industries. From the ex-
amples in Table 1, it can also be seen that automation
level 3 is the highest level of automation currently
available in modern engineering. Industries using
equipment with an automation level of 3 include the
automotive, robotics, and aerospace industries, where
systems equipped with advanced artificial intelligence
and embedded hardware are able to compete against
human skills. While these autonomous systems are
good under certain conditions (conditional automa-
tion), they are not good at everything, especially tasks
such as learning, making maps, easily identifying ob-
jects, or other basic human abilities needed to accom-
plish more advanced operations. Recent develop-
ments in the areas of automation involve efforts to
improve technology to an automation level above 3,
but such developments will take years to reach matu-
rity. Examples of research problems include learning
from demonstrations, understanding spoken lan-

Level Description Human involvement

Example

0 | Operator only A human operator carries out all tasks | —

1 | Operator assistance Basic simplified control functions

A human operator carries out all tasks, but receives computer support simplifying some actions.
Some examples include automatic transmission, cruise control, or anti-sliding control

2 | Partial automation Function-specific automation

Vehicles performing automatic self-parking, or automatic braking to avoid collisions

3 | Conditional automation | Limited self-driving automation

A vehicle trained to drive in a city, but under constant supervision of a person. The ability to
reason outside a given set of conditions is limited

4 | High automation Fully automated for a defined use

A vehicle trained to drive on its own, and not requiring supervision from a person, but will request
help when a situation not covered in its database arises

5 | Driverless Fully automated for all situations

A vehicle driving on its own, not requiring any supervision, as it is able to make its own decisions
and learn from its surroundings
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guage, wireless network communication, and quickly
identifying objects in images. Experts believe that an
automation level of 4 will be achieved no earlier than
the year 2025. Level 5, however, takes us into the more
distant future, where autonomous systems may work
by themselves in all situations, without any human
supervision.

To describe it in words without using LOA nomen-
clature, a forestry machine must be capable of advanced
localization and decision-making to achieve higher
levels of automation. For instance, it should be capable
of understanding where it is located, and the status
and location of its parts. It should also understand the
surrounding environment, and how the work objects
(trees/stems/logs) are placed within it, their qualitative
features, etc. Consequently, it should possess the com-
puting ability to decide how to carry out the work,
whether it is harvesting or transporting logs. In other
words, an intelligent machine has to possess all the
basic human operator abilities through sensing and
computing. Before reaching full automation, semi-
automated solutions and increased decision support
can be expected first (Westerberg 2014, Hellstrom et
al. 2009).

2.4 Technology innovation

Technology innovation in forestry has been de-
scribed as following paradigm shifts (Heinimann
2007) and discontinuous evolution (Samset 1966),
analogous to Schumpeter’s (1942) process of »creative
destruction«. This can be understood in the context of
harvesting operations, locally or over larger areas, pro-
gressing and maturing in alternating leaps of evolu-
tion. It can also be seen as adaptations to various
stimuli that force current operations to become new
types of operations. Irrespective of which perspective
is taken, it can be concluded that there would be no
progress without some kind of driver for change. It is
also understood that technological change is inevitable
(Schumpeter 1942, Porter 1985), so it is just a matter of
when and what drivers cause the change. Even though
mechanization is applied within individual firms, in
this paper the drivers are mainly addressed generally
and at a forest industry level.

Technology innovations in general are also referred
to as technology change, technology shift and technol-
ogy development (e.g. Porter 1985, Tongur and Eng-
wall 2014). In its most simplistic form, the process of
technology innovation can be conceptualized as a lin-
ear process in which either a novel device or method
is offered to the market (technology push) or market
needs trigger innovations (market pull). Drivers for
the innovation process can be either internal (e.g.
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available knowledge) or external (market opportuni-
ties or imposed regulations) (Crossan and Apaydin
2010). Hence, technology push corresponds well to the
internal driver, whereas market pull corresponds to
the two external drivers. Naturally, innovation pro-
cesses are far more complex than described here (Trott
2008, Crossan and Apaydin 2010), but the simple ap-
proach is useful for structuring current technological
advances. Thus, for the categorization purpose of this
selective review, the following main drivers of harvest-
ing mechanization will be used:

= availability of new technology (new technology)

= new needs of forest-based products (new prod-
ucts)

= need for changes in current operations (new
rules).

Below, we briefly describe the aspects (»triggers«) of
the production system that are considered to trigger
innovation processes, as shown in Fig. 1. It is under-
stood that it will not be possible to provide a complete
list of all possible triggers here, or their interactions with
the main drivers. Thus, also the categorization should
be seen as a simplification, for the sake of clarity.

Production costs, labor and technology can be seen
mainly as triggers of the main driver of new technol-
ogy (i.e. to improve current operations), whereas
product value applies to the market’s need for new
products (i.e. to change operations to (also) produce
new products). Last but not least, rules, labor and, to
some extent, environment are triggers of the need for
new operations (i.e. need to make the same products
in a different way).

2.4.1 Production costs and product value

The need to decrease costs and/or increase product
value is an essential driver of mechanization (e.g. Por-
ter 1985). However, this economic aspect is funded in
the economic system of constant growth, with expec-
tations of steadily increasing production costs (e.g.
salaries) but without a corresponding increase in
product prices. Hence, the economic drivers of mech-
anization would be less obvious without the growth-
based economy. Competitiveness might then be
achieved in other ways. However, since there is no
apparent viable alternative to a growth-based econo-
my, economic performance can be expected to con-
tinue to be a highly influential driver of timber har-
vesting mechanization.

The value of the products determines the accept-
able production costs. Thus, with high-value timber,
expensive harvesting systems such as heli-logging are
feasible, whereas stands with low-value trees may not
even be possible to harvest profitably. Cheaper is nat-
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urally better, but high-value products enable larger
profit margins and thereby other options for harvest-
ing. Thus, the harvesting of certain products might be
dependent on product price, and/or enabled through
advances that decrease harvesting costs. Bioenergy
harvesting is an example of that, with a profitability
that is highly dependent on energy prices.

In financial value creation, there are two distinct
results, depending on the factors limiting the produc-
tion (Sundberg and Silversides 1988). With unlimited
forest resources, forest operations are limited by other
shortages, for example a shortage of labor, capital or
markets. Then the focus is to maximize the profit per
production unit (e.g. per machine), and so only harvest
the high-value trees, leaving the low-value ones. There
is room to expand operations, and development of new
machine systems might enable the harvesting of un-
used forest resource. Historically, various production
shortages have vanished, and eventually the forest re-
source has become the limiting factor. Western Europe
is an example of this kind of transition (Sundberg and
Silversides 1988). With limited forest resources, the op-
eration revolves around maximizing the profit per area
of forest. Measures to increase forest production are
implemented, and as much forest as possible is har-
vested, using all profitable types of trees. With a lim-
ited amount to harvest, this implies that harvesting
turns into a more-or-less steady state, with a limited
opportunity to expand harvesting operations.

2.4.2 Labor

Protection of workers from harsh environments is
an important trigger in the mechanization process.
Labor-triggered mechanization involves the improve-
ment of the work environment for health, safety and
comfort reasons, but can also be economically-moti-
vated since it expands the possible conditions that al-
low work (Haggstrom and Lindroos 2016). Thus,
heated cabins and artificial light enable operations to
take place in cold and dark conditions. Moreover,
work from within a machine cab is safer than motor-
manual felling with only a helmet for protection from
falling trees. Indeed, mechanization has been shown
to substantially improve work safety in logging op-
erations (Axelsson 1998).

While operators in general, and expert operators in
particular, are becoming difficult to recruit (Bernasco-
ni and Schroff 2011, Baker and Greene 2008), a short-
age of qualified labor highlights the need for usable,
user-friendly machines in the future (Haggstrom and
Lindroos 2016), both to enable a larger part of the
available workforce to operate machines and to short-
en the lengthy time needed to become proficient in the
operation of, for instance, harvesters (Purfiirst 2010).

O. Lindroos et al.

More productive machines, as well as some automa-
tion initiatives, are also a means to address the labor
shortage, since they can enable a single operator to
harvest larger quantities.

Itis traditionally understood that machines enable
operators to work faster, longer and with more
strength. However, there are areas where the opera-
tor’s abilities limit the operations. To operate a har-
vester or a forwarder efficiently involves considerable
cognitive work (Haggstrom et al. 2015), and often over
very long work shifts. One example is the complex
coordination required to seamlessly issue joystick
commands resulting in motions of the crane and ve-
hicle. Precise control of the many crane links and the
harvester head usually requires a series of expertly
coordinated movements that can prove tiring over
time. Hence, computer-based assistance could im-
prove performance and reduce operator strain.

Legislation of labor health and safety is also an im-
portant trigger for technological innovations, with
vibration and noise reduction laws being typical ex-
amples (Andersson 1988).

2.4.3 Technology

Technological advances in society present an abun-
dance of possible applications for forestry. However,
with limited numbers of machines sold annually
(compared to agricultural and construction machines,
for example), forest machine manufacturing is a tough
business with scarce resources available for product
development. Ironically, for a given size of harvest,
even fewer new machines will be needed the more
productive they are. Nevertheless, there is no shortage
of technological advancements within forestry and
related fields. With an active forestry industry, the
question is not only whether things could be done dif-
ferently but whether a change would be beneficial
regarding costs and other important aspects. In fact,
most technological innovations do not result in a
change in operations (c.f. Porter 1985).

Put simply, there are two ways to cope with the
challenges of low production numbers of forest ma-
chines: To produce highly specialized, advanced and
very expensive machines (e.g. harvester and forward-
er), or general, basic and rather cheap machines (cf.
Gellerstedt and Dahlin 1999). Both are able to do the
job, but might differ in usefulness, labor competence,
safety, product quality and cost-efficiency under vari-
ous conditions. To some extent, the choice might be
the result of differences in the machine capabilities to
handle the specific trees and the industrial require-
ments (e.g. CTL versus full tree). Furthermore, the
choice is also likely to be substantially influenced by
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whether the machine production is a limiting factor or
not.

Some of the challenges in forest operations corre-
spond to military and space research and develop-
ment, in terms of developing robust machines capable
of navigating rough terrain. However, military and
space-oriented research and development receives
substantially higher investments. Thus, forest mecha-
nization is more likely to benefit from military and
space innovations than the other way round.

2.4.4 Environment

Development is largely triggered by the challeng-
ing environment machines have to cope with during
work. If the forest operations are carried out in an in-
tense, agricultural-like fashion, the demands are some-
what similar to agricultural machines, in terms of the
potential to alter the area of operation. On the other
hand, in »close-to-nature« forestry, forestry machines
should ideally manage to operate in rough environ-
ments without changing the environment to needs
and without damaging that environment. Thus, tech-
nical development aims to construct machines capable
of navigating rough, soft and steep terrain, while si-
multaneously being able to handle the trees they are
processing (Billingsley et al. 2008). This requires very
robust and, possibly, very advanced machines (cf.
2.4.3). Climate change might change local environ-
mental conditions, which might trigger technological
innovation. However, given the multitude of existing
machine systems adapted to various local conditions,
it might also only trigger a change to other existing
technology.

2.4.5 Rules

Rules define the framework that dictates how for-
est operations are permitted to be carried out, and
derive from laws, regulations and certification schemes
as well as informal rules resulting from areas such as
landowner objectives and social values. Such rules
vary geographically and over time. Radical changes of
rules could force forestry to either adapt, or to shut
down.

Thus, machines must be able to cope with the giv-
en operating conditions, and also avoid unacceptable
effects on the workforce and the environment. Labor
health and safety rules have been important triggers
for technological innovations in mechanized harvest-
ing (Andersson 1988). With a continuing focus on en-
vironmental concerns (Ollikainen 2014), environmen-
tal rules are gaining in importance as a trigger for
technology innovation, with the aim of better meeting
the rules on avoidance of environmental damage
caused by mechanized harvesting. Minimizing the
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damage to soil is probably the most common require-
ment (Cambi et al. 2015). This is challenging even
when leaving the machines out of the picture, since
the weight of the harvested trees alone is several hun-
dred tonnes per hectare. To transport such loads on
natural soil without causing damage is naturally chal-
lenging, encouraging small (i.e. light) loads and care-
ful driving. Economic considerations, on the other
hand, call for large loads and high speeds. However,
the same considerations also imply the avoidance of
soil damage, since driving on soft ground reduces
speed and increases fuel consumption. Additionally,
a machine that becomes stuck in the mud results in
both severe time losses and possible machine damage.

3. Current technological innovations

As demonstrated by the many »triggers« listed
above, together with those not mentioned, it is natu-
rally difficult to single out one that will be the main
source of future developments. This is especially true
since there is such variability in forest operations
worldwide, with variation in expectation of future de-
velopments. However, based on current trends, it is
considered that the three specified main drivers, either
individually or in combination, are currently respon-
sible for producing significant advances in timber har-
vesting. Below, we present examples of various techni-
cal progress that can be seen as responses to the main
drivers.

3.1 New technology — automation

The use of the term new technology is debatable
when applied to automation, since the interest in au-
tomated forest operations developed soon after the
first mechanization. Examples of this interest are, for
instance, the [UFRO Div. 3 symposium on »Forest Har-
vesting Mechanization and Automation« in 1974 (Sil-
versides 1974), and a Swedish workshop on » Automa-
tion and Remote Controlling of Forest Machinery« in
1983 (Uusijarvi 1985). More than a decade later, ideas
to produce fully automated, but supervised, logging
systems were described (Hallonborg 1997). More re-
cent publications have summarized the state-of-the art
and the possible ways ahead (e.g. Hellstrom et al. 2009,
Parker et al. 2016). Indeed, over time there have been
plenty of innovative projects that have attempted to
automate forest operations. So far, however, few have
successfully reached the market.

3.1.1 From automation level 0 to level 2

Among the forest machines being operated con-
ventionally, Nordic harvesters are the most advanced
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ones. Nevertheless, a harvester still requires almost
complete operator input. For instance, the operator
has to control the many crane links and the harvester
head precisely using a series of expertly coordinated
movements. Computer-assistance is available for
bucking, in the form of an automated decision support
system that suggests value-maximizing log lengths
and assortments. Nonetheless, mechanized harvest-
ing, even with a harvester, can be considered to be at
an automation level of 0. However, there are efforts to
introduce LOA 1, mainly by providing computer-as-
sistance for motion control. Over recent years, several
entry-level products with automation level 1 technol-
ogy have appeared on the market, such as:

= Cranes equipped with motion sensors, provid-
ing entry-level products that use improved mo-
tion control software (Cranab 2015)

= Basic boom-tip control, where the operator re-
ceives computer support to carry out expertly
coordinated end-effector movements with less
effort (John Deere 2013)

= Reduced crane vibrations, making the opera-
tion of the crane more comfortable (John Deere
2013, La Hera and Ortiz Morales 2015)

= Active suspension, improving the ride quality
over uneven terrain (Ponsse 2017)

= Hydraulic valves equipped with digital elec-
tronics, providing entry-level products that use
improved software for dynamic motion control
of the machine (Mathworks 2016, Danfoss 2015).

Among the examples listed above, the concept of
boom-tip control has long-been anticipated. Finally, in
2013, John Deere became the first forestry machine
manufacturer to produce smooth and intelligent boom
control (SBC&IBC) systems for forwarders. By now,
John Deere IBC system has expanded towards har-
vesters as well. At the same time, Cranab released their
»Cranab Intelligent System« (CIS), a system compris-
ing of sensors integrated in the cranes. Simultane-
ously, different producers of hydraulic valves have
released products involving sensors and computers,
resulting in a technology known as »intelligent valve«.
This combination of sensors in cranes and intelligent
hydraulics provides sufficient technology for more
machine manufacturers to develop their own auto-
mated crane functions. All these examples are entry-
level solutions, opening the door to automation. Vari-
ous concepts for automated crane functions have been
tested and/or implemented in test beds (Ortiz Morales
2015, Hansson and Servin 2010). For instance, the
number of different boom tip-control algorithms that
can be implemented on a machine is huge, because
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these algorithms respond to selectable optimization
options such as minimum kinetic energy control, min-
imum potential energy control, failure recovery,
strength optimization and fuel consumption (La Hera
2011, Westerberg 2014, Ortiz Morales 2015).

The five examples listed above show how current
developments are starting to consider the hardware
requirements and initial software needed for automa-
tion. However, transitioning towards this technology
will not be easy, because developing software and re-
designing all hydraulics and embedded electronics for
forestry machines will be challenging, particularly
when trying to make a profit in this process. Therefore,
entering the world of automation level 1 will be a dif-
ficult step, and we expect that it will take the forest
industry at least 15 years to complete it. In those years,
however, improvements can be expected in control
performance, particularly precision boom movements
using motion sensors and operator-assistance soft-
ware. Creating smarter machine movement will rely
on libraries containing specific automated functions,
many of which have been demonstrated by scientists
over the past few years (Ortiz Morales et al. 2014, La
Hera and Ortiz Morales 2015). However, the operator
will still be an essential part in the correct use of these
features, and many difficult movements will still be
carried out manually.

At the later stages, operators are expected to take
advantage of advanced computer vision systems in
this emerging human-machine partnership. This is
likely to enable new ways of controlling the machine,
with the operator choosing from actions suggested by
the computer (Fig. 2). Consequently, expertly coordi-
nated automatic movements will harvest and collect
trees, dramatically increasing productivity and reduc-
ing operator fatigue. At this point, the industry will
have reached automation level 2. The operator will
coordinate the tasks of the machines and, by then,
technology will enable the possibility of operating ma-
chines with many cranes, because cranes will be able to
operate autonomously for short periods (Figs. 3 and 4)

Fig. 2 Augmented reality will be used in future machines, present-
ing the possibility to select trees by, for instance, pointing to their
location (Photo courtesy of Luu et al. 2016)
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Fig. 3 Technology will enable a single operator to control many
cranes simultaneously, because cranes will operate autonomously
for short periods (Photo courtesy of Mellberg 2013)

(Ersson et al. 2013). Nonetheless, most planning tasks
will be carried out by people, who will also carry out
tasks manually in very difficult situations. For both of
these cases, the user interfaces will become simpler,
because many unnecessary buttons and joysticks will
be replaced by software algorithms. On the other
hand, an interface for controlling several cranes will
also add complexity.

3.1.2 Automation level 3 and beyond

From automation level 2, it will be possible to re-
think fundamentally how machines are designed. This
might enable further increases in work and fuel effi-
ciency. Surpassing automation level 3 will produce
machines that do not necessarily need to be manned
(Fig. 4). Thus, designing smaller and lighter machines
will become possible. Having machines without an
on-board operator will remove the need for comfort-
able, ergonomic cabs. Therefore, machines will be
cheaper to manufacture, and most of the costs will
come from the hardware, software, number of cranes,
and power source. Machines of this kind will have

Fig. 4 Having machines without people will remove the need for
comfortable, ergonomic cabs; Automation might also enable sev-
eral cranes to operate on the same machine (Photo courtesy of
Leijon 2016)

Fig. 5 Automated machines might eventually begin to have bio-
inspired designs, to improve the efficiency of off-road navigation and
reduce soil damage (Photo courtesy of Ludwign 2016)

better movement capabilities, better power sources,
and use dynamic motion control, all of which will con-
tribute to the overall energy efficiency. Later still, ma-
chines may begin to have bio-inspired designs (Fig. 5),
because designs of this kind could improve the effi-
ciency of off-road navigation and reduce soil damage
(Winkler et al. 2015).

This technological progress will enable a re-struc-
turing of timber harvesting operations, because it will
present the opportunity to run forest operations with
practically no people in the forests. In essence, these
technological advances will enable the complete auto-
mation of the forest operation. Operators will initially
be located in a command center nearby the machines,
but eventually they will be moved far away, close to
cities. Hence, progress is expected to follow develop-
ments in, for instance, the mining industry, and in har-
bor and airport management.

Past and current forest machine developments
have indeed considered many of the scenarios men-
tioned above. For instance, machines without cabs
have been described (Bergqvist et al. 2006, Konrad
2017), machines with efficient (hybrid electric) power
sources have been designed (Elforest 2017), and initial
ideas for bio-inspired designs were presented two de-
cades ago (Billingsly et al. 2008).

3.1.3 Challenges

The challenges presented in achieving automation
levels O to 2 relate to integration of sensor technology
and development of control systems, to control ma-
chine movements efficiently. The research into tele-
operated forestry vehicles (Milne et al. 2013, Wester-
berg and Shiriaev 2013, Bergkvist et al. 2006) and
unmanned self-navigating vehicles (Ringdahl et al.
2011, Hellstrom et al. 2009, Vestlund and Hellstrom
2006) have highlighted the challenges in making sen-
sors perceive and understand the structure of »natural«
forest land. Moreover, development is needed to en-
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able automatic detection of qualitative features of the
trees and logs. Such capability will be required to en-
able automated decisions on which tree to harvest, as
well as to enable automated value-optimized bucking.

Automated machines must be proven safe to hu-
mans and animals residing near the operating site.
Thus, safety issues might delay implementation. On
the other hand, automation can also be prompted by
operator safety, as exemplified by the use of tele-oper-
ated ground-based machines on steep terrain (Milne
etal. 2013). Increased automation might also influence
an operator’s capacity to interact with automated op-
erations. With increasing automation, operators re-
ceive less on-the-job training in manual procedures,
thus reducing their knowledge and, specifically, their
skilled expertise. Insufficient operator knowledge and
ability to override the automation, when necessary,
could lead to significant effects on both safety and pro-
ductivity (Amalberti and Deblon 1992).

Other problems to be solved before successfully
implementing teleoperation are the problems of infor-
mation presentation and visibility. For instance, the
viewing angle and abstraction level have been shown
to affect operator performance (Westerberg and Shiri-
aev 2013). When introducing two cranes, they will be
positioned in new ways that might restrict the opera-
tor’s line of view. If not carefully designed, this may
result in musculoskeletal injury and accidents if the
operator has to alter their position to see properly
(Eger et al. 2010, Thomas et al. 1994, Hansson 1990).
Moreover, it may have a negative effect on operator
performance (Haggstrom and Lindroos 2016).

3.2 New products — bioenergy harvesting

When an operation is expected to produce new
products, it may be influenced by the adaptations re-
quired to produce the new product. The products
from timber harvesting are traditionally roundwood
of various lengths, with the production system being
able to meet the industrial need for specific dimen-
sions and quality features. However, operations might
have to change to meet the requirements of new in-
dustries that may be interested in chemical content
and not the dimension or structure of the wood (OI-
likainen 2014). It is still too early to predict how such
new products might influence silviculture and har-
vesting. Therefore, the focus will be on another »new«
product — to use forest biomass for energy. Burning
wood is not new but, nevertheless, it has received re-
newed attention recently (Bjorheden 2006, Hakkila
2006). The drive to replace fossil fuels introduced a
desire to use increased amounts of forest resources for
energy. However, the forest industry had no unused
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surplus to redirect apart from residuals from conven-
tional forest products, which were already being sub-
stantially used in energy production. Thus, the focus
turned to the use of hitherto unused parts and types
of trees, to avoid competition between traditional
products (that naturally could be burnt) and bioen-
ergy assortments (Helmisaari et al. 2014). Even though
this new feedstock was introduced in response to the
oil crises during the 1970s and the expected fiber short-
age, it never became part of the product range that
conventional mechanized harvesting was adapted for
(Bjorheden 2006). The recently renewed interest in
forest-based bioenergy has resulted in substantial re-
cent research. In fact, this bioenergy-oriented effort
has most likely formed the majority of forest engineer-
ing research in the new millennium, and has contrib-
uted to maintaining, or even increasing, the number
of people active in forest engineering research.

Some examples of areas investigated are machines
and methods for harvesting of stumps (e.g. Spinnelli
et al. 2005, Lindroos et al. 2010a, Berg et al. 2012),
branches and tops (also known as logging residues or
slash) (Wolf et al. 2014) and small trees (Jundén et al.
2013, Bergstrom and Di Fulvio 2014, Hanzelka et al.
2016). Interest has also increased in biomass produc-
tion from the border between agricultural land and
forestry, in the form of short-rotation woody crops for
energy purposes. How such plantations should be
harvested has sparked interest in both new use of tra-
ditional forest and agricultural machines, as well as
the development of new machines (Spinelli et al.
2012b, Ehlert and Pecenka 2013).

The bulkiness of the material, relative to round-
wood, is a challenge especially for transportation,
since it gives low payloads. Since payment is given per
energy unit in the material, and energy content is re-
lated to (dry) mass, low payloads are related to low
profit per transport round. This has been addressed
by various means that have tried to increase payload,
mainly by various attempts to densify the material
(e.g. Lindroos et al. 2010b, Bergstrom et al. 2010, Wolfs-
mayr and Rauch 2014, Wasterlund and Ohlund 2014,
Nuutinen and Bjorheden 2016, Manzone 2016).

In addition to harvesting technologies, it should be
mentioned that interest has also been shown in how
to process the material into sizes and qualities suitable
for combustion (e.g. Spinelli et al. 2012a, Eriksson et
al. 2013, Anerud et al. 2016, Nuutinen et al. 2016) as
well as in new analytical methods, aiming to find, de-
fine and measure the new products (Routa et al. 2015,
Fridh et al. 2014, 2017).

An important aspect of research is to integrate the
productsi.e. how to combine the harvesting of round-
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wood and bio-energy assortments (e.g. Berg et al. 2014,
Joelsson et al. 2016).

Besides operational aspects, the effects of bioen-
ergy harvesting on site productivity, ecology and cli-
mate change have been subject to a good deal of re-
search (e.g. Magnusson 2016, Bouget et al. 2012, Achat
et al. 2015, Egnell et al. 2015).

The dependency on energy price and availability
of industry residues have resulted in a current down-
turn in the harvesting of forest biomass in the Nordic
countries. Nevertheless, we expect that energy-related
and other new products will result in a substantial
change in current timber harvesting within the next 10
to 20 years.

3.3 New rules — avoidance of soil damage

Although rules differ substantially geographically,
the general trends indicate a continuous increase in
environmental consideration necessary during timber
harvesting, and especially with regards to the avoid-
ance of soil damage.

Over time, there has been plenty of development
aimed at minimizing and, ultimately, avoiding nega-
tive impact on soil. However, financial as well as prac-
tical restrictions have limited the success for most de-
velopment projects with this as their main driver. The
approaches applied can be split into at least three
separate groups: those trying to minimize driving by
improved planning, reinforcing the soil and altering
the machine usage. The first two are covered only
briefly here, whereas the latter is addressed in more
depth.

3.3.1 Improved planning

Soil damage is likely to be reduced if the operator
could be guided into making better choices of where
to drive, and how often. Decision support systems,
such as the development of LOA 1, may play an im-
portant role in this process. Algorithms to extract the
best (driest) route are under development (Mohtasha-
mi et al. 2012, Flisberg et al. 2007), but this is a complex
problem if trying to produce an optimum route for the
full operation of, for example, forwarding a stand
while simultaneously considering both environmental
and economic aspects. However, progress in remote
sensing as well as sensor technology is rapidly advanc-
ing the frontier of inputs to such planning systems
(Lideskog et al. 2015, Agren et al. 2014, Pohjankukka
et al. 2016).

3.3.2 Reinforcing the soil

Soil damage from machine traffic can be reduced by
applying various materials to the soil surface (Cambi et
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al. 2015). Most commonly, the logging residues from
CTL harvesting (branches and tops) are collected onto
the strip-road, and the created »brush-mat« increases
the carrying capacity of the soil. The thicker the layer,
the better the capacity, but with an energy-based de-
mand for logging residues, there is a trade-off between
usage for energy and soil damage avoidance. Other
materials and structures have also been tested as soil
reinforcement. However, they have to be transported
to the site, laid out, and possibly also removed. Thus, if
found successful in preventing soil damage, they have
often been found to be too costly to use, and particu-
larly in comparison to the use of logging residues.

3.3.3 Alternations of machines and mode of
transport

Machines can be modified in several ways to re-
duce soil damage, and the various aspects of such
damage. One approach is to reduce the pressure of the
machine on the soil (Cambi et al. 2015). The bearing
capacity varies between soil types, as well as within
soil types over time (due to variables such as weather
conditions). However, the less pressure applied on
soils, the less damage is caused. Since the pressure is
the result of the mass distribution on the area in con-
tact with the soil, both those aspects can be altered to
achieve pressure reduction. Increased area for wheeled
machines can be achieved by, for instance, the use of
additional wheels (Ala-Ilomaki 2011) or bogie tracks
(Edlund et al. 2013a, 2013b). Tracked machines are an-
other option, and they also tend to be more suitable for
working on steep terrain (Visser and Stampfer 2015).

Lower mass can be achieved by the use of small ma-
chines. However, small machines and the normally
related small loads, result in more journeys for a given
volume of product. Thus, there is a trade-off between
the load carried on a single journey of the vehicle, and
the total load of all journeys required to move all the
products harvested (Cambi et al. 2015, Solgi et al. 2016).

The mass of a machine can also be reduced by the
use of lightweight materials, to achieve a good rela-
tionship between the machine’s laden weight and its
load capacity (i.e. a high load index). However, recent
developments have produced machines with lower
load indexes than before. On the other hand, the heavi-
er, more robust machines are also more durable (Nor-
dfjell et al. 2010). To equip the main machine with a
trailer (Lindroos and Wiasterlund 2014, Manzone 2015)
is an option for increasing the load index and reducing
the soil impact.

Another approach is to address the ground-based
mode of transport. Here we can distinguish between
new ground-based solutions, and those not ground-
based. Among the ground-based solutions, there are
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Fig. 6 The Portalharvester, with its two tripod legs and sliding cab
(Phato courtesy of Christian Knobloch)

some walking machines designed for timber harvest-
ing, such as the PlusTech Ltd. (now John Deere Ltd.)
harvester of the 1990s (Billingsly et al. 2008) and the
recent Portalharvester (Fig. 6) (Anon. 2013, Erler 2013).
The benefits of walking machines, compared to
wheeled and tracked machines, include the improved
negotiation of certain obstacles and terrains, although
such machines have limitations in terms of complex-
ity, fuel consumption, etc. (Billingsly et al. 2008). The
benefit from a soil damage perspective is that only soil
compression points are created and not continuous
tracks. Thus, avoidance of tracks prevents the risk of
blocking off roots and water from certain areas by
walls of compacted soil.

Aerial logging is another option, with several con-
ventional systems available, such as cable yarding
(Lindroos and Cavalli 2016) and heli-logging (Bigsby
and Ling 2013). Balloons were suggested until the
1970s (Peters 1973), whereas the recent advances in
unmanned aerial vehicles (UAVs) suggest usage in
forestry for various monitoring purposes (Torresan
2016). However, given the large loads needed to be
carried when harvesting or extracting trees, current
UAV technology is unlikely to be used for such pur-
poses, at least in the near future.

Tree-based transportation is a solution that lies be-
tween ground and aerial transportation. Indeed, the
tree-to-tree moving robot developed in New Zealand
was inspired by how monkeys move (Parker et al.
2016). As with aerial systems, it would avoid soil dam-
age and would not be influenced by how rough or steep
the terrain is. However, as with UAVs, the work that
can be carried out by climbing machines is probably
limited in relation to harvesting purposes. To develop
a tree-to-tree moving machine capable of tree felling
might be feasible. However, the weight of logs that
could be carried while climbing is probably limited.
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4. Discussion

As can be clearly seen by this limited selection of
ongoing development related to mechanized harvest-
ing, there is no shortage of innovation. There is also a
great variation in innovation focus, which is to be ex-
pected since current timber harvesting practices are a
complex mixture of adaptation to complex, locally
variable conditions. Future development will be influ-
enced by the necessity for local adaptation, and there
is no »perfect solution« in sight (besides some very
futuristic scenarios as described below). Thus, in this
paper, we have not tried to cover the full range of tim-
ber harvesting scenarios. Instead, we have attempted
to provide an understanding of the drivers of develop-
ment. We have chosen a rather simplistic approach,
and focused on what we perceive are the main drivers
that will lead to substantial change in the conversion
process (Fig. 1). Naturally, the innovation process is far
more complex (see, for instance, Crossan and Apaydin
2010) and, depending on the point of view, there are
other ways to categorize the involved drivers. For in-
stance, Guimier (1999) chose to define another set of
drivers, some of which are what we have called trig-
gers. We have also chosen to have a very narrow scope,
with the focus on machine development, even though
we acknowledge the complex network-like structure
required to run modern harvesting operations effi-
ciently (e.g. Heinimann 2007). Simple models facilitate
understanding of complex systems, but require that
the simplifications are duly handled when attempting
to turn the understanding into action. The limitations
of the study allows for clarity at the expense of cover-
age. Nevertheless, the chosen scope can be considered
useful for highlighting how innovation is the result of
various drivers, among which some are responses to
external needs to adapt current operations, whereas
others originate from the internal requirement to im-
prove operations constantly.

Following this line, new technology constantly
emerges, and can be perceived as being pushed into
the timber harvesting operations that already work
(more or less) as desired. Possible advances might be
intriguingly fascinating, but do not necessarily origi-
nate from a well-defined need that requires substantial
change. UAV development is one such current exam-
ple: the technology exists and now it is being investi-
gated for possible forestry usage (Torresan 2016). An-
other example is the recent concern over increasingly
stagnating productivity in Nordic harvesting opera-
tions that has triggered a new development focus.
However, it is easy to desire increased productivity
and profit, but virtually impossible to achieve it with-
out a well-defined idea about a method of doing so.
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With a general, but ill-defined, need for efficiency im-
provements, it is easy to wait impatiently for rapid
advances. However, there is no need for a risky search
for change if the actual need is small. Thus, it is impor-
tant to analyze thoroughly whether or not innovations
will render actual and important improvements (e.g.
Lindroos et al. 2015). What problems are solved, and
what might be created? Otherwise, innovative techni-
cal solutions lacking operational viability might be
supported (c.f. Lindroos 2012, Ringdahl et al. 2012) at
the expense of more relevant development projects,
and might even become burdens for the entrepreneurs
that start using them.

New technology will slowly but surely change cur-
rent timber harvesting operations. Until we see sub-
stantial advances in automation, however, there will
be a limited effect on the conversion process (Fig. 1).
The process will be the same, but with different ma-
chines and slightly differently structured operations.
However, with unmanned machines, there will be a
substantial change, of a magnitude similar to when
powered tools and machines were brought into the
process. However, automation will advance slowly in
forestry due to the challenges specified above and,
also, because it is a response to the general need for
improvement of ongoing, functional operations.

As emphasized above, slowly decreasing profit
margins have not proven to be a reliable driver for
substantial and fast changes to current operations. In
contrast, this and other »small« drivers are likely to
result in slow change. That is not to say that such de-
velopment is bad in any way, but it might fail to meet
expectations.

With a well-defined problem, as with new prod-
ucts and new rules, the needs for change are more
obvious. The old operations should be adapted to ac-
commodate new conditions, to provide the new de-
sired products to make more profit and to meet new
rules or close the business down. The challenge is then
to find the most appropriate changes.

Energy wood has (again) complemented the prod-
uct mix of pulpwood and sawn wood, and has thereby
substantially contributed to recent efforts in technical
development. Other, less conventional, products can
be expected in the form of new usage of trees, and in
alternative/complementary products such as bio-
chemicals (Ollikainen, 2014). In fact, the CTL system
might not prove to be the most efficient one when the
number of products starts to increase, due to the logis-
tic challenges of handling numerous (and possibly
differing sizes of) products (cf. Harstela 1999). Instead,
it might prove more efficient to extract trees to a cen-
tral point (terminal or log yard), where the various
products are created, collected and distributed. If it is
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relevant to collect small and rather unusual materials,
it is likely to be done efficiently at sizeable facilities. It
is reasonable to suppose that CTL might not be effi-
cient in such a supply system, but that will depend on
the price relationship between traditional and new
products, as well as on how well the extraction of new
products will fit the current CTL system. As an ex-
ample of how new products might influence opera-
tions, it is noted that in the Nordics, where logging
residues are used for energy, the tops and branches
have to be collected separately from the logs (i.e. an
adaption). With full tree harvesting on the other hand,
both logs and logging residues end up by road-side
even if just aiming for the logs.

A completely new product may be in the form of
eco-system services, in the sense that future forestry is
likely to have the responsibility of creating, balancing
and maintaining various kinds of such services. The
concept is far from operationalized, but it is likely that
there will be a trade-off between various eco-system
services. Itis also likely that new business models will
be developed, in order to form eco-system services
into a product that is paid for when being produced
(or charged for when being consumed). Thus, this
might require forest operations to produce other eco-
system services rather than supplying forest biomate-
rials. The fact that timber harvesting commonly inte-
grates restoration and creation of social and ecological
forest environments (e.g. Gustafsson et al. 2012) is an
indication of how this might proceed.

Irrespective of the size of jumps in technological
advances, those expected over the next few decades
will most likely be seen as fine tuning of current timber
harvesting operations. However, to stretch this future-
oriented prose a little, two truly drastic advancements
that would alter operations substantially will be men-
tioned. To defy gravity and to be able to teleport would
alter the laws of physics that currently define and
limit timber harvesting operations.

If machines, trees and logs could be handled with-
out the effect of gravity (i.e. to have them fly in new
ways), substantial advances in transportation-related
work could be expected. Most of such advances are
described in the section about avoiding soil damage.
The even more tantalizing step would be the possibil-
ity of teleportation. With that, trees could be disinte-
grated in the forest, teleported to a desired location
and materialized into a desired shape. Thus, trees
would be the raw material, and the teleportation
would be the transportation and possibly also the con-
version process. Teleportation would naturally be a
paradigm shifter for mankind, in so many more as-
pects than enabling new timber harvesting operations.
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Teleportation is not likely to happen for many decades
or even centuries, but there have been some intriguing
advances, although on a scale substantially smaller
than timber (Pirandola et al. 2015).

As with all studies that aim to predict the future,
this study has some strengths and many weaknesses.
We can only present our best educated guesses and
speculations, from our limited viewpoint. However,
although we are aware that there might be a multitude
of other ways of viewing the here-and-now and the
possible future, we have tried to provide a somewhat
general view of the advances in already highly mech-
anized operations. We have great hopes for the ad-
vances over the coming decades. Moreover, we are
curious to see what changes will arrive and what will
be their driving forces — and how far from our predic-
tions they will be.
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