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Abstract

Exposure to whole body vibration (WBV) is a major concern in mechanized forestry work because 
its adverse effects may become exacerbated by repetitive hand and arm movements, and non-
neutral body postures. Moreover, shock-type vibrations have recently been suggested as a pos-
sible agent behind pains in the neck and shoulders of forest machine operators. Shocks have been 
identified in forwarders during loading, but the effects of crane work in forwarders have, to the 
best of our knowledge, not been studied. Thus, the aim of this study was to assess contributions 
of crane work elements, and potential effects of the use of three grapple and brake-link combina-
tions, to vibration exposure levels in a small forwarder. Repeated measurements of cabin WBV 
were acquired, and work elements timed, as a single experienced operator forwarded wood piles 
on a standardized track in northern Sweden, using the same forwarder and work procedures 
with each grapple and brake-link combination. The studied crane equipment was found to have 
little or no effect on the daily WBV exposure. Furthermore, exposure to shock-type vibrations 
while loading appears to be due to driving rather than crane work. However, there were fewer 
collisions with remaining trees while using the tilt grapple with brake link, suggesting its use 
provides a more relaxed and comfortable work environment for forwarder operators and financial 
benefits for the forest owner by reducing damage in the remaining stand.

Keywords: crane work, forestry, forest machine, seated health, whole body vibration, work 
elements, work environment

taken	to	reduce	the	impact	of	WBV	if	the	A(8)	value	
exceeds 0.5 m/s2 or VDV exceeds 9.1 m/s1.75.	A	more	
general	guideline	is	to	always	minimize	occupational	
vibration	exposure	(Burström	et	al.	2014).

WBV	 is	a	major	concern	in	mechanized	forestry	
work	since	its	adverse	effects	are	exacerbated	by	re-
petitive	hand	and	arm	movements,	non-neutral	body	
postures,	and	manual	lifting	(Punnett	and	Wegman	
2004,	Okunribido	et	al.	2006,	Lis	et	al.	2007,	Burström	
et	al.	2014).	Operators	of	forest	machines	have	a	high	
prevalence	of	musculoskeletal	symptoms	in	the	lower	
back,	neck	and	shoulders	(Rehn	et	al.	2002,	Jack	and	
Oliver	2008),	which	may	be	at	least	partly	linked	to	
their WBV	exposure,	although	the	association	between	
WBV	exposure	and	neck	and	arm	pain	has	not	been	
clearly	established	(Rehn	et	al.	2009).	However,	it	is	
suggested	that	the	high	prevalence	of	neck	pain	among	
forest	machine	operators	is	associated	with	exposure	
to	shock-type	vibration	(Rehn	et	al.	2009).	However,	

1. Introduction
Whole	body	vibration	(WBV)	is	related	to	numer-

ous	health	problems,	inter	alia	various	musculoskel-
etal,	digestive	and	reproductive	disorders,	low	back	
pain	(Seidel	and	Heide	1986,	Bovenzi	and	Hulshof	
1999,	Punnett	and	Wegman	2004,	Burström	et	al.	2014),	
and	more	instant	effects	including	motion	sickness,	
sight	impairment	and	fatigue	(ISO	1997).	In	addition	
to	health	effects,	WBV	has	been	shown	to	impair	per-
formance	(Conway	et	al.	2006),	especially	in	accuracy	
based	tasks,	which	are	typical	for	crane	work	during	
forestry	operations.	It	is	important	to	restrict	vibration	
exposure	and	monitor	 its	 effects	on	 those	exposed	
since	a	dose	response	relationship	is	yet	to	be	estab-
lished	(Pope	et	al.	2002).	Thus,	for	instance,	EU	Direc-
tive	2002/44/EC	restricts	daily	exposure	normalised	to	
an	eight-hour	reference	period,	designated	A(8),	 to	
1.15 m/s2	or	a	fourth	power	vibration	dose	value	(VDV)	
of	21	m/s1.75,	and	stipulates	that	measures	should	be	
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shocks	may	also	be	more	important	than	sinusoidal	
vibration	with	regards	to	low	back	pains	(Okunribido	
et	al.	2006).	Hence,	reducing	WBV	should	improve	the	
work	environment	in	forestry.	Furthermore,	reducing	
vibrations	may	also	reduce	machine	wear	and	damage	
to	the	ground	(Rieppo	et	al.	2002).
Due	in	large	part	to	the	ergonomic	problems,	nu-

merous	aspects	of	WBV	in	forestry	work	have	been	
intensively	researched.	These	aspects	include	effects	
of	dampening	systems	for	forestry	vehicles	(Geller-
stedt	1998,	Sherwin	et	al.	2004,	Baes	2008)	and	both	
chairs	and	cushioning	(Boileau	and	Rakheja	1990,	San-
kar	and	Afonso	1993,	Mansfield	et	al.	2002,	Cation	et	
al.	2008,	Ji	et	al.	2015).	Vibrations	associated	with	dif-
ferent	forest	machines	and	machine	systems	have	also	
been	examined	(Rehn	et	al.	2005b,	Gerasimov	and	So-
kolov	2009),	and	attempts	have	been	made	to	establish	
dose	response	relationships	 (Rehn	et	al.	2009),	and	
standardize	 measurement	 techniques	 (Rehn	 et	 al.	
2005a,	Burström	et	al.	2006).
During	work	studies,	forwarding	is	normally	di-

vided	into	the	work	elements	(WEs)	driving	(empty	or	
loaded),	loading	and	unloading.	Vibration	exposure	
during these WEs	 has	been	evaluated,	driving	has	
been	identified	as	the	major	source	of	WBV,	and	the	
operator	is	exposed	to	higher	vibration	levels	when	
driving	empty	than	when	driving	loaded	(Hansson	
1990,	Rehn	et	al.	2005a).	One	of	few	studies	reporting	
both	r.m.s	and	shock	sensitive	VDV	values	found	ex-
posure	to	shock-type	vibrations	to	be	common	while	
loading,	but	the	shocks	are	believed	to	mainly	origi-
nate	from	simultaneous	driving	between	piles	in	un-
even	 terrain	 (Rehn	 et	 al.	 2005a).	 However,	 to	 our	
knowledge,	no	previous	studies	have	examined	WBV 
exposure	levels	in	sufficient	detail	to	evaluate	expo-
sure during crane WEs.
Furthermore,	most	previous	studies	have	focused	

on	vibrations	associated	with	large	forest	machines	(10	
to	20	tonnes),	which	are	almost	exclusively	used	in	in-
dustrial	applications.	Thus,	there	is	a	lack	of	informa-
tion on WBV	in	small	forwarders	(lighter	than	4	tonnes),	
which	 are	used	by	both	professionals	 and	 self-em-
ployed	non-industrial	private	forest	owners	(cf.	Nordfjell	
et	al.	2003,	Lindroos	et	al.	2005).	There	are	serious	con-
cerns	about	both	of	these	groups.	Professionals	con-
tinuously	use	the	machines	when	working	(cf.	Passicot	
and	Murphy	2013),	so	they	are	highly	sensitive	to	vari-
ations	in	the	machine	design,	while	the	latter	are	oc-
casional	users	who	are	heavily	represented	in	accident	
statistics,	but	difficult	to	inform	about	preventive	ac-
tions	 (Lindroos	and	Burström	2010).	Thus,	 for	both	
groups	it	seems	highly	important	to	identify	and	imple-
ment	modifications	that	minimize	vibrations.

Vibration	exposure	in	vehicles	may	be	affected	by	
not	only	driver	seats	and	dampening	systems,	but	also	
working	techniques,	which	are	influenced	by	the	op-
erators’	experience	and	equipment.	For	example,	vi-
bration	exposure	of	professional	taxi	drivers	and	train	
operators	reportedly	declines	as	their	work	experience	
increases	(Chen	et	al.	2003),	and	forwarder	operators’	
working	techniques	reportedly	influence	WBV	levels	
while	driving	loaded	(Rehn	et	al.	2005a).	Brake	links	
and	tilt	grapples	are	equipment	that	may	alter	work	
techniques	during	forwarder	crane	work.	Brake-links,	
placed	between	the	crane	tip	and	grapple	(or	other	
tool)	are	common	equipment	on	large	forest	machines	
and	help	to	increase	precision	by	reducing	swinging	
movements	of	the	grapple.	Standard	brake-links	are	
static,	but	an	active	brake-link	 that	 can	be	used	 to	
brake	when	desired	has	potential	capacity	to	further	
increase	the	precision	of	movements.	A	tilt	grapple	
provides	not	only	the	features	of	an	active	brake-link	
but	also	the	possibility	of	precisely	tilting	the	grapple	
and	the	gripped	logs.	The	use	of	tilt	grapples	has	been	
found	to	increase	productivity	in	forwarding,	as	well	
as	reducing	damage	to	stands	(Fogdestam	2010,	Nils-
son	2013),	but	there	have	been	no	detailed	studies	on	
their	effects	on	vibrations.
Thus,	there	are	gaps	of	information	on	WBV	expo-

sure	in	small	forwarders,	the	variation	between	WEs 
and	the	effect	of	crane	equipment.	Therefore,	the	aim	
of	this	study	was	to	assess	contributions	of	specific	
crane WEs	to	the	overall	vibration	exposure	in	small	
forwarders	and	possible	effects	of	three	grapple	and	
brake-link	combinations	on	the	WBV	exposure.

2. Material and Methods

2.1 Experimental design
Repeated	field	measurements	of	cabin	WBV in a 

forwarder	were	acquired,	while	a	single	operator	was	
forwarding	standardized	wood	piles	on	a	standard-
ized	track,	using	three	types	of	crane	equipment.	Each	
monitored	work	cycle	(observation)	corresponded	to	
one	round	on	the	standardized	track,	beginning	with	
loading	the	empty	bunk	and	ending	when	the	last	log	
was	unloaded.	Through	time	studies,	each	work	cycle	
was	split	into	WEs and WBV were analyzed within and 
over	WEs.	Thus,	the	design	consisted	of	two	fixed	fac-
tors	(Crane	Equipment	and	WE)	within	sets	of	repeti-
tions	(blocks).	In	total	there	were	five	blocks.	The	three	
types	of	crane	equipment	were	randomly	assigned	
within	blocks	to	minimize	possibilities	of	order	and	
carry-over	effects	confounding	the	results.
The	field	 study	was	 conducted	during	October	

7–22,	2013,	with	one	trial	(work	cycle)	per	day	for	the	
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first	block,	and	subsequently	two	trials	per	day.	One	
designated	researcher	filmed	all	the	trials	and	made	
all	the	measurements.	During	the	study	the	tempera-
ture	was	circa	0°C.

2.2 The standardized track
The	study	was	conducted	in	a	forest	stand	in	the	

northern	part	of	Sweden	that	was	selected	to	represent	
a	typical	dense	stand	that	had	just	been	subjected	to	a	
first	thinning	(see	e.g.	Eriksson	and	Lindroos	(2014)	for	
typical	Swedish	conditions).	The	stand	contained	only	

Scots	pine	(Pinus sylvestris	L.)	trees,	with	a	basal	area	
weighted	mean	age	of	 46	years.	The	 stand	density,	
basal	area	at	breast	height	and	mean	tree	volume	were	
1370	stems	per	ha,	21	m2/ha and 0.1 m3	of	solid	wood	
over	bark	(m3sob),	respectively.	The	ground	was	ex-
tremely	flat,	sandy	and	had	good	carrying	capacity	
(class	1–1–1		according	to	»Terrain	classification	for	for-
estry	work«	Berg	1992).	Thus,	it	was	suitable	for	the	
tests	since	risks	of	confounding	the	measures	of	crane	
equipment	induced	vibration	with	vibrations	due	to	
terrain	structure	were	minimal	despite	possibilities	of	

Fig. 1 Scaled map of the 114 m long standardized track. Positions and sizes (numbers of logs) in the even (e) and uneven (ue) piles are marked 
by gray lines, trees in the stand by gray dots and the landing area by rectangle
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simultaneous	crane	work	and	driving.	The	stand	con-
tained	a	144	m	long	roughly	circular	track	(a	2.9	m	wide	
strip	road),	along	which	95	pine	pulpwood	logs	were	
distributed	into	38	piles	in	a	standardized	manner	for	
each	trial,	with	a	spur	leading	to	a	landing	(Fig.	1).	The	
volume	of	the	logs	was	equivalent	to	one	full	load	for	
the	studied	forwarder	(3.3	m3sob).	The	mean	length	
and	top	diameter	of	the	logs	were	4.4	with	a	standard	
deviation	(SD)	of	0.3	and	0.078	(SD=0.014)	m,	respec-
tively.	The	mean	wood	density,	based	on	a	sample	of	
five	logs,	was	997	kg/m3sob.	The	same	logs	were	used,	
and	the	number,	positions	and	sizes	(i.e.	numbers	of	
logs)	of	the	piles	were	kept	constant	during	the	trials.	
However,	given	logs	were	not	always	placed	in	given	
piles,	thus	the	volumes	of	the	piles	may	have	varied	
slightly	between	repetitions.	Each	pile	contained	1–5	
logs,	and	could	be	handled	with	one	grip	of	the	grap-
ple.	The	center	of	each	pile	was	placed	at	a	fixed	distance	
between	1.5	and	5.0	m	from	the	center	of	the	strip	road.	
Twenty-one	piles	were	placed	to	the	outer	side	of	the	
circular	road	and	slightly	fewer	(17)	to	the	inner	side	
(due	to	spatial	limitations).	The	piles	were	always	placed	
at	the	same	angle	with	respect	to	the	strip	road.	In	each	
of	the	38	piles,	all	butt	ends	were	oriented	in	the	same	
direction.	For	20	of	the	piles,	logs	were	placed	so	that	the	

butt	end	surfaces	were	vertically	level	with	each	other	
(even	piles),	while	for	the	other	18	piles	their	vertical	
positions	were	varied	by	up	to	0.7–1	m	(uneven	piles).
During	each	trial,	the	loading	started	at	the	begin-

ning	of	the	track	(so	there	was	no	driving	empty),	and	
the	last	36	m	of	the	track	was	driven	with	a	full	load	
(so	there	was	108	m	of	driving	while loading).	At	the	
landing,	logs	were	unloaded	onto	a	pre-marked	area	
for	roadside-piles.

2.3 Base machine and crane equipment
A	standard	3.5	tonnes	Vimek	608.2	BioCombi	for-

warder	was	used	in	the	study	(Vimek	AB,	Vindeln,	
Sweden).	The	forwarder	was	equipped	with	a	stan-
dard	crane	with	a	reach	of	5.2	m	and	a	lifting	torque	of	
about	20	kNm.	The	three	studied	types	of	crane	equip-
ment	(grapple	and	brake-link	combinations)	were:	a	
Vimek	tilt	grapple	with	a	Vimek	dynamic	brake-link	
(braked	tilt	grapple,	Fig.	2a);	a	Vimek	standard	grapple	
with	Vimek	dynamic	brake-link	(brake-link	grapple,	
Fig.	2b);	and	a	Vimek	standard	grapple	with	no	brake-
link	(standard	grapple,	Fig.	2c).	The	gripping	area	was	
the	same	for	all	grapples	(0.16	m2).	The	tilting	capacity	
of	the	braked	tilt	grapple	was	1.3	kNm.	The	weights	of	
the	braked	tilt	grapple,	brake-link	grapple	and	stan-

Fig. 2 Vimek grapples and brake-links
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dard	grapple	were	127,	101	and	81	kg,	respectively.	
Thus,	the	mass	of	a	single	pile	was	not	a	limiting	factor	
for	the	crane	or	any	of	the	studied	grapples.

2.4 Operator and work instructions
In	order	to	avoid	errors between	subject	variations 

(Lindroos	2010,	Häggström	et	al.	2015),	a	single	opera-,	a	single	opera-
tor	with	previous	experience	of	forestry	time	studies	
operated	the	forwarder	throughout	the	study.	The	op-
erator	was	male,	68	years	old,	familiar	with	the	for-
warder	used	in	the	study	and	had	30	years	of	experi-
ence in	forwarding.	Before	the	study,	he	had	experience	
with	all	the	studied	types	of	grapples	and	brake-links,	
but	little	experience	with	the	braked	tilt	grapple.
The	operator	first	had	a	 training	session	of	one	

work	cycle	with	each	of	the	grapple	and	brake-link	
combinations,	during	which	he	was	instructed	to	find	
a	preferred	working	method	for	all	three	crane	equip-
ment	types.	He	was	then	instructed	to	use	the	selected	
work	patterns	throughout	the	study.	The	end	surfaces	
of	gripped	logs	were	to	be	aligned	before	loading	only	
when	 the	 operator	 considered	 it	 necessary.	When	
aligning	end	surfaces,	the	operator	was	instructed	to	
do	 it	against	 the	headboard	with	the	standard	and	
brake-link	grapples	and	vertically	against	the	ground	
with	the	braked	tilt	grapple.
Between	trials,	the	operator	had	the	chance	to	get 

to know the	equipment	to	be	used	in	the	following	
trial while re-arranging the logs along the track.

2.5 Time study
A	LEGRIA	HF	S200	high	definition	video	camera	

(Canon	 Inc.,	Tokyo,	 Japan)	was	used	 to	 record	 the	
work	in	each	trial.	ProTime	Estimation	software	(Pro-

planner,	Ames,	USA)	was	then	used	to	measure	times	
of	the	seven	defined,	non-overlapping	work	elements	
(WE)	 described	 in	 Table	 1.	 Collisions	 between	 the	
grapple	or	lifted	logs,	and	trees	or	the	base	machine	
were also counted.

2.6 Vibration measurements
Vibrations	were	measured	in	three	orthogonal	axes	

according	to	ISO	2631-1	(ISO	1997)	using	a	MTi-G	tri-
axial	 accelerometer	 (Xsens,	Enschede,	The	Nether-
lands)	placed	on	the	floor	close	to	the	center	of	the	
cabin,	in	front	of	the	chair.	The	placement	ensured	that	
the	operator’s	weight,	height	and	the	chair	dampening	
would	not	affect	the	measures.	Samples	were	taken	at	
a	frequency	of	100	Hz	during	each,	approximately	40	
minute	long,	work	cycle,	using	a	XKF	Scenario	»2.7	
Automotive	 unit«	 (Xsens,	 Enschede,	 The	 Nether-
lands).	The	measuring	equipment	was	checked	using	
a	Brüel	&	Kjær	4294	calibrator	after	the	measurements.

2.7 Data analyses
All	data	processing	was	performed	offline	using	a	

commercial	software	package	(MATLAB	R2014a	8.3,	
The	MathWorks	Inc.,	Natick,	USA)	with	the	»Continu-
ous	Sound	and	Vibration	Analysis«	program	(Zech-
mann	2013).	The	 acceleration	data	were	 converted	
from	the	recorded	time	domain	to	frequency	domain	
with	a	frequency	range	up	to	50	Hz,	i.e.	the	maximum	
frequency	range	that	can	be	calculated	from	100	Hz	
output.	In	the	analyses,	1/3	octave	band	values	were	
calculated	from	0.1	to	50	Hz.	The	resulting	data	were	
then	used	to	calculate	frequency	weighted	r.m.s.	ac-
celeration and VDV	values	with	respect	to	health	ef-
fects	on	a	seated	driver	in	accordance	with	ISO	2631-1	

Table 1 Definitions of time study work elements

Work element Definition Priority

Crane out1 Begins when the crane starts moving towards a pile on the ground and stops when grip begins 1

Grip1 Begins when the grapple is placed against the pile and stops when all logs are gripped and crane in begins 1

Crane in1 Begins when the grapple is loaded and the crane starts moving towards the bunk and stops with release 1

Release & reorganise1 The sum of release (which begins when the grapple is inside the supports above the bunk and ends when no log 
has contact with the grapple) and reorganise (the time the operator spends reorganizing logs on the bunk)

1

Unloading1 Begins when the crane starts moving for unloading on the roadside landing and stops when all logs are unloaded 1

Driving
Begins when the forwarder wheels start to move without the crane being active and stops when the wheels stop or 
crane movements are initiated, whichever comes first

2

Other working time All time that is not covered by any of the definitions above, including disruptions 3

Note: If multiple work elements were performed simultaneously, time consumption was recorded for the work element with the highest order of priority (lowest number)
1 The WE crane work used in the analysis includes all the crane activities pooled
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(ISO	1997).	The	weighted	r.m.s.	values	were	calculated	
with	respect	to	all	three	orthogonal	axes,	awx	(back	and	
forth),	awy	(lateral)	and	awz	(vertical),	and	their	sum	vec-
tor	(av).	Similarly,	VDV	was	calculated	for	all	three	or-
thogonal	axes	(VDVz,	VDVy and VDVz)	and	the	vector	
value	(VDVv)	over	each	measurement	period.	Further-
more,	crest	factors	were	calculated	for	all	orthogonal	
axes	as	well	as	the	8	hour	equivalent,	A(8),	value	over	
each	measurement	period.

2.8 Statistical analysis
Data	were	analyzed	using	Minitab	16	(Minitab	Ltd,	

State	College,	PA,	USA).	Analysis	of	Variance	(ANO-
VA)	was	used	to	analyze	the	fixed	effects	of	WE and 
Crane	Equipment	type,	and	the	fixed	interaction	be-
tween	them,	on	the	vibration	measures.	The	ANOVA	
models	also	included	the	random	block	effect.	A	gen-
eral	linear	model	(GLM)	was	applied	when	analyzing	
the	ANOVA	models,	and	Tukey’s	Honest	Significant	
Difference	(HSD)	test	of	means	was	used	for	pairwise	
comparisons.

For	WE,	two	sets	of	treatment	were	analyzed.	The	
first	 set	 (denoted	Work	Cycle)	 included	 two	 levels	
(crane	work,	i.e.	the	sum	of	all	crane	WEs,	versus	driv-
ing,)	and	the	second	set	(denoted	Crane	Activity)	in-
cluded	five	levels	(release	&	reorganize,	grip,	crane	in,	
crane	out	and	unloading,).	Other	working	time	was	
excluded	 from	analyses.	The	 same	 levels	 of	Crane	
Equipment	were	used	in	both	analyses.
In	a	third	set	of	analyses,	effects	of	Crane	Equip-

ment	were	analyzed	using	a	single	pooled	WE	(crane	
work).	Alignments	of	end	surfaces,	collisions	with	re-
sidual trees and collisions with the machine were in-
cluded	as	covariates	to	investigate	the	relationships	
between	vibration	measures	and	collisions.	In	a	fourth	
set	of	analyses,	effects	of	Crane	Equipment	type	on	the	
number	of	collisions,	and	alignments,	were	analyzed	
with a GLM	including	block	as	a	random	factor.
ANOVA	assumptions	of	independence,	homosce-

dasticity	and	normality	of	residuals	were	not	suffi-
ciently	violated	to	require	transformation	of	the	data,	
according	to	ocular	inspection	of	residual	plots.	In	all	
analyses,	the	significance	level	was	set	to	5%.

3. Results
Each	of	 the	15	observations	 (five	repeated	trials	

with	each	of	the	three	equipment	types)	lasted	about	
40	minutes,	providing	9	hours	and	22	minutes	of	re-
cordings	in	total.	Of	that	time,	5%	was	classified	as	
other	working	time	with	a	mean	duration	per	observa-
tion	of	105	(SD=83)	s,	which	was	excluded	from	further	
analysis.	So,	the	average	duration	of	work	cycles	was	
2122	(SD=152),	2077	(SD=101)	and	2229	(SD=65)	s,	re-
spectively,	for	operations	with	the	braked	tilt	grapple,	
break-link	 grapple	 and	 standard	 grapple.	Missing	

Table 2 Assumptions made during calculation of the time distribu-
tion for each work element (WE) during one full day (8 hours) of 
work with the forwarder

Parameter Value

Daily work hours, h 8

Technical utility1, % 88–100

Conversion constant PMh15 to PMh0
2 0.9

Proportion of crane work during loading3, % 50–90

Work cycle (including driving empty), %

Proportion of loading4 45

Proportion of unloading4 15

Proportion of driving empty4 24

Proportion of driving loaded4 16

Crane Activity (without unloading), %

Proportion of Release & Reorganise5 32

Proportion of grip5 14

Proportion of crane in5 34

Proportion of crane out5 19

1 Based on Nordfjell et al. (2010)
2 Based on unpublished material, Skogforsk
3 Based on Manner et al. (2013)
4 Based on Rehn et al. (2005a)
5 Based on observed time distribution in the present study

Table 3 Ranges of the work elements’ estimated contributions (%) 
to the total daily WBV dose during the studied forwarding opera-
tions, based on the average and maximal measured awz and time 
distributions presented in Table 2

Type of work Work element Contribution, %

Work cycle
Crane work1 33–59

Driving 41–67

Crane activity

Crane in 7–15

Crane out 3–6

Grip 2–5

Release & Reorganise 7–14

Unloading 15–20
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data	for	4,	10	and	4%	of	the	work	cycles	with	the	re-
spective	grapples	were	not	included	in	the	calculation	
of	the	total	time.

Based	on	the	assumptions	in	Table	2,	the	daily	total	
vibration	exposure	dose	was	on	average	0.3	m/s2 and 
the	estimated	maximum	dose	was	0.38	m/s2.	Gener-

Fig. 3 Mean values of vibrations measured at the floor of the for-
warder as a function of frequency (1/3-octave bands) for each in-
dicated work element (WE) during driving and crane work (means 
of 15 observations, i.e. pooled data for trials with all types of crane 
equipment)

Fig. 4 Mean values of vibrations measured at the floor of the for-
warder as a function of frequency (1/3-octave bands) for the pooled 
crane work in all three directions (ax, ay, az) and the sum vector (av) 
(mean of 15 observations, i.e. pooled data for trials with all types 
of crane equipment)

Table 4 Frequency weighted acceleration in the three orthogonal axes (x, y and z), the sum vector (v) and the A(8) value for indicated work 
elements (based on pooled data for trials with all types of crane equipment) according to »health« in ISO 2631-1. Measurements were taken 
at the feet

Type of work WE N

Duration awx awy awz av A(8) VDVv 

s
m/s2 m/s1,75

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Work cycle
Crane work1 15 1537–1887 0.15B 0.01 0.21B 0.01 0.32B 0.08 0.41B 0.06 0.079A 0.019 4.24A 0.37

Driving 15 335–502 0.31A 0.03 0.33A 0.03 0.35A 0.04 0.57A 0.05 0.042B 0.003 4.42A 0.37

Crane activity

Crane in 15 380–638 0.14b 0.01 0.23a 0.02 0.32bc 0.08 0.42bc 0.06 0.042a 0.010 3.06a 0.37

Crane out 15 262–309 0.11c 0.01 0.16c 0.02 0.28d 0.07 0.34d 0.05 0.028c 0.007 2.20b 0.35

Grip 15 157–313 0.11c 0.01 0.22a 0.02 0.30cd 0.07 0.39c 0.06 0.026c 0.005 2.21b 0.29

Release & Reorganize 15 343–628 0.17a 0.02 0.19b 0.01 0.34ab 0.07 0.43ab 0.05 0.043a 0.010 3.01a 0.28

Unloading 15 256–345 0.16a 0.02 0.23a 0.03 0.34a 0.09 0.45a 0.08 0.035b 0.009 3.02a 0.44

Note: Mean values within columns and type of work with different superscript letters (A–B for the full work cycle and a–d for crane activities) are significantly differ-
ent (p<0.05, Turkey’s HSD). WE = Work Element; SD = Standard Deviation
1 Crane Work includes all crane activities pooled
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ally,	driving	contributed	somewhat	more	than	crane	
work	to	the	daily	dose	(Table	3).
Low-frequency	vibrations	were	more	intense	dur-

ing	driving	than	during	crane	work	(Fig.	3).	However,	
there	were	no	visible	differences	in	the	frequency	spec-
tra	of	vibrations	in	the	vertical	(z)	direction	between	
the	 crane	work	 (Fig.	 4)	 and	driving	WEs	 (data	not	
shown).	Accelerations	in	the	horizontal	directions	(x 
and y)	were	highest	in	the	frequency	range	1.25–4	Hz	
during	crane	work	(Fig.	4)	and	0.25–5	Hz	during	driv-
ing.	The	frequency	distributions	 for	 the	given	WEs 
were	similar	when	using	all	Crane	Equipment	types.
There	were	significant	main	effects	of	Work	Cycle	

on	all	vibration	measures	except	VDVv.	Mean	av was 
significantly	higher	during	driving	than	during	crane	
work	according	to	the	variance	analysis.	Furthermore,	
vibration	acceleration	magnitudes	 (mean	weighted	
r.m.s)	in	the	predominant	vertical	z-direction were also 
highest	during	driving	(Table	4).	However,	for	the	time	
weighted	r.m.s.	value,	A(8),	the	relationship	was	re-
versed	(Table	4).	An	additional	set	of	ANOVAs	showed	
that	this	relationship	between	az	and	A(8)	also	held	for	
driving	versus	all	the	Crane	Activity	WEs	(data	not	
shown).	On	average,	more	than	four	times	as	much	
time	was	spent	on	crane	work	than	on	driving.	A	high	
crest	factor	in	the	x-direction	(mean	12,	max	15)	indi-
cated	occurrences	of	shocks	during	crane	work.	Nev-
ertheless,	VDVx,	and	VDVy	were	higher	during	driving	
than	during	crane	work.	In	contrast,	VDVz was higher 
during	crane	work	than	during	driving.	Consequently,	
the	overall	vector	(VDVv)	was	not	affected	by	WE.
Crane	Activities	significantly	affected	all	vibration	

measures,	but	the	interaction	between	Crane	Activities	
and	Crane	Equipment	was	non-significant.	Crane	in	
and	release	&	reorganize	were	both	the	most	time	con-
suming	Crane	Activities	and	the	WEs with the highest 
average	vector	vibrations.	However,	they	differed	in	
that	crane	in	had	high	values	in	the y-direction while 

release	&	reorganize	had	high	values	in	the	x-direction 
(Table	4).
No	effect	of	Crane	Equipment	type	on	any	vibra-

tion	measure	was	found	during	crane	work	(Table	5).	
However,	there	were	significant	differences	between	
Crane	Equipment	types	in	frequencies	of	collisions	
with	residual	trees.	Fewest	trees	were	hit	when	using	
the	braked	tilt	grapple	and	most	trees	were	hit	when	
using	the	standard	grapple	(Fig.	5).	However,	apply-
ing	 collisions	 and	 alignments	 as	 covariates	 in	 the	
ANOVA	did	not	reveal	any	significant	relationship	
between	collisions	or	alignments	and	vibration	levels	
in	any	direction,	nor	for	the	sum	vector	for	any	of	the	
vibration	measures.

Table 5 Frequency weighted acceleration in the three orthogonal axes (x, y and z), the sum vector (v) and the A(8) value for crane work with 
the indicated crane equipment types according to »health« in ISO 2631-1. Measurements were taken at the feet

Crane equipment N

Duration awx awy awz av A(8) VDVx VDVy VDVz VDVv

s
10-2m/s2 10-2m/s1,75

M SD M SD M SD M SD M SD M SD M SD M SD M SD

Standard 5 1784–1887 14 1 20 2 32 8 41 7 8.2 2.2 171 15 241 32 301 56 424 54

Brakelink 5 1565–1781 15 1 21 1 33 9 42 6 7.9 2.1 189 16 242 24 313 50 441 22

Braked tilt grapple 5 1537–1846 15 1 21 1 31 8 41 6 7.6 1.6 178 23 222 8 286 50 406 27

Fig. 5 Average numbers of collisions – with residual trees (Trees), 
the Machine, or both (T&M) – and alignments of end surfaces of 
the logs per work cycle with each type of crane equipment. Means 
within categories with different letters are significantly different 
(Turkey’s HSD p<0.05)
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4. Discussion
Previous	studies	(Hansson	1990,	Rehn	et	al.	2005a)	

have	shown	that	the	terrain	significantly	influences	
vibration	levels	and	that	WBV	exposure	is	highest	dur-
ing	driving	in	forwarder	operations.	Shock-type	vibra-
tions	have	also	been	detected	during	forwarder	load-
ing	 (cf.	 Rehn	 et	 al.	 2005a).	Nevertheless,	 effects	 of	
forwarder	crane	work	have	been	seldom	addressed,	
although	it	accounts	for	a	high	proportion	of	forward-
ing	work:	50–90%	of	loading	and	unloading	work	time	
depending	on	extraction	distance	(Manner	et	al.	2013),	
and	 about	 80%	of	 the	 total	monitored	 time	 in	 our	
study,	reflected	in	higher	A(8)	values	for	crane	work	
than	for	driving	(Table	4).	However,	crane	work	is	of-
ten	done	simultaneously	with	driving,	so	vibrations	
originating	from	driving	confound	those	from	crane	
work.	Therefore,	our	study	was	conducted	on	a	very	
flat,	firm	and	even	standardized	track	to	minimize	the	
influence	of	driving.	Unstructured	observations	by	the	
designated	researcher	revealed	almost	no	occurrences	
of	simultaneous	crane	and	vehicle	movements	during	
the	study.	This	indicates	that	our	attempt	to	reduce	
driving	vibrations	was	successful.	Nevertheless,	de-
spite	operating	on	an	even	track,	the	instantaneous	
vibration	levels	(ax-z and av)	were	still	higher	during	
driving	than	during	any	type	of	crane	work	examined	
in the study.
We	 investigated	 the	effects	of	 six	defined	crane	

WEs on WBV,	and	obtained	acceleration	values	rang-
ing	from	0.34	to	0.45	m/s2.	Previous	analyses	of	crane	
WEs	during	operations	of	a	single-grip	harvester	have	
reported	generally	ca.	0.1	m/s2	lower	vibration	magni-
tudes	(measured	at	the	cabin	floor),	ranging	from	0.20	
to	0.34	m/s2,	during	both	delimbing	and	felling	(Bur-
ström	et	al.	2006).	It	should	be	noted	that	vibration	
magnitudes	are	normally	lower	at	the	chair,	where	
most	vibrations	are	transmitted	to	the	operator.	In-
deed.	Burström	et	al.	(2006)	found	that	the	vibrations	
transmitted	 to	 the	 seat	were	 lower	 than	 0.04	m/s2 
(0–22%	of	the	vibrations	at	the	floor	in	the	x,	y and 
z-directions).	Thus,	the	combined	WBVs	the	operator	
was	exposed	to	through	the	seat	in	the	studied	small	
forwarder	were	probably	considerably	weaker	than	
the	 floor-level	 values	 presented	 here.	 However,	 it	
should	also	be	noted	that	chairs	characteristics	strong-
ly	influence	vibration	transmissions	(Paddan	and	Grif-
fin	2002),	and	evaluation	or	comparison	of	chairs	was	
beyond	the	scope	of	this	study.
The	crane	WEs	associated	with	the	highest	vibra-

tions in our study were associated with handling logs 
(i.e.	crane	in	and	release	&	reorganize).	This	implies	
that	the	weight	and	balance	at	the	crane	tip	influenced	

WBV	magnitudes.	Nevertheless,	despite	noticeable	
shocks	caused	by	impacts	that	were	transmitted	as	
vibrations	through	the	crane	to	the	cabin,	no	correla-
tion	was	found	between	WBV	exposure	during	the	
pooled	crane	work	and	grapple	collisions	with	stand-
ing	trees	or	the	machine.	Thus,	these	findings,	in	com-
bination	with	the	non-significant	effect	of	crane	equip-
ment	type	(Table	5)	and	the	predominance	of	vibrations	
in the z-direction	(Table	4),	imply	that	modifications	
that	increase	the	stability	of	the	base	machine	should	
be	considered	in	attempts	to	reduce	the	operators’	ex-
posure	to	crane	work	induced	WBVs.	This	recommen-
dation	 is	supported	by	findings	 that	vibrations	are	
negatively	correlated	with	machine	weight	(Rehn	et	
al.	2005a).	However,	other	measures,	for	example	im-
proving	hydraulics	and	crane	control	systems,	may	
also	 smooth	operations	and	reduce	crane	work-in-
duced	vibrations	(Hansson	and	Servin	2010).
As	mentioned	above,	shock-type	vibration	expo-

sure	is	common	during	loading	(Rehn	et	al.	2005a),	but	
we	found	no	association	between	either	vibrations	of	
this	type	or	impacts	during	crane	work.	None	of	the	
VDV	values	associated	with	any	Crane	Activity	were	
higher	 than	 the	 unloading	 values	 either	 (Table	 4),	
which	would	also	have	indicated	high	frequencies	of	
shocks	during	those	activities	(cf.	Rehn	et	al.	2005a).	
Thus,	it	is	highly	likely	that	high	WBV	exposure	while	
loading	is	due	to	driving	between	piles.	Nevertheless,	
the	differences	in	collision	frequencies	between	crane	
equipment	types	observed	in	this	study	would	be	of	
interest	when	selecting	thinning	equipment	to	mini-
mize	damage	to	residual	trees	(Sirén	et	al.	2013).
An	experimental	setup	was	used,	which	 is	com-

monly	used	within	 forest	engineering	work	studies	
(Košir	et	al.	2015)	to	enable	comparison	of	factors	of	
interest.	However,	experimental	results	might	be	diffi-
cult	to	generalize	to	other	conditions.	Since	the	smooth-
ness	of	operations	also	affects	vibration	levels	(Hansson	
and	Servin	2010),	these	results	may	not	be	readily	ap-
plied	to	drivers	with	other	experience	levels,	grip	or	
working	technique	preferences.	Indeed,	the	rankings	of	
crane	equipment	types	in	terms	of	associated	vibrations	
may	differ	for	other	operators	under	the	same	condi-
tions	 (cf.	Chen	 et	 al.	 2003,	 Purfürst	 and	Erler	 2006,	
Lindroos	2010).	Nevertheless,	the	obtained	results	re-
garding	crane	equipment	are	consistent	with	indica-
tions	of	vibration	effects	from	a	previous	study	(Nilsson	
2013)	and	there	were	no	indications	of	differences	in	
vibration	exposure	between	forwarder	operators	dur-
ing	crane	work	(Rehn	et	al.	2005a).	Furthermore,	the	
variation	in	crane	equipment	types	and	associated	dif-
ferences	in	working	techniques	did	not	affect	the	WBV 
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exposure	during	either	crane	work	overall	or	the	de-
fined	crane	WEs in this study.
The	upper	limit	of	the	measured	frequency	in	this	

study	was	100	Hz.	Thus	the	results	should	be	inter-
preted	cautiously.	Nevertheless,	most	vibration	was	of	
lower	frequency	than	50	Hz	(Fig.	3	and	Fig.	4).	Thus,	
the	limitations	in	measurements	should	not	have	had	
a	major	impact	on	the	calculated	exposure,	and	the	
relative	levels	are	fully	comparable.	Moreover,	vibra-
tions	during	forwarder	work	depend	on	numerous	
factors	and	measured	values	are	only	valid	under	the	
prevailing	conditions	during	the	study.	More	research	
is	hence	needed	to	fully	generalize	forwarder	opera-
tions	with	other	weight,	size	and	with	other	dampen-
ing	systems.	Nevertheless,	as	no	significant	effect	of	
Crane	Equipment	was	found,	it	is	unlikely	that	the	
action	 value	 for	 the	daily	 exposure	would	 be	 sur-
passed	during	forwarder	work	due	to	differences	in	
crane	equipment	or	(crane)	working	technique.

5. Conclusions
The	studied	crane	working	techniques	and	crane	

equipment	types	were	found	to	have	little	or	no	effect	
on the daily WBV	 exposure	with	 respect	 to	 seated	
health.	We	found	no	indication	that	any	crane	WE or 
impacts	from	making	piles	should	contribute	signifi-
cantly	to	shock-type	vibrations	assumed	to	be	associ-
ated	with	neck	and	arm	pains.	Thus,	the	hypothesis	
that	high	levels	of	shock-type	vibrations	during	load-
ing	originate	from	driving	in	an	uneven	terrain	(cf.	
Rehn	et	al.	2005a)	seems	to	hold.	However,	due	to	bet-
ter	 controllability,	 there	were	 fewer	 collisions	with	
trees	and	the	machine	when	using	the	braked	tilt	grap-
ple.	Thus	its	use	should	make	the	operator’s	work	en-
vironment	more	relaxed	and	comfortable,	and	provide	
financial	benefits	for	the	land	owner	by	reducing	dam-
age to the remaining stand.
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