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The influence of the friction phenomenon on  
a forest crane operator’s level of discomfort 

Wpływ zjawiska tarcia na poziom dyskomfortu pracy 
operatora żurawia leśnego*

A mathematical model of a forest crane that is suitable for dynamics analysis of its operation cycle is presented in this paper. The 
flexibility of the operator’s seat, drives and supports is taken into account. Joint coordinates are applied to describe the motion 
of the links together with the homogeneous transformations technique. Lagrange equations of the second order are used when 
deriving the equations of motions. Joint forces and torques are determined based on recursive Newton-Euler algorithms. These 
joint forces are then used in the LuGre friction model, which allows to calculate the friction coefficients and friction forces. Nu-
merical analyses performed here show the influence of various friction forces on the vibration level as perceived by the operator 
of the crane. The level of discomfort is discussed based on standards commonly used in the vehicle and transportation industry for 
evaluations of vibration comfort.

Keywords:	 crane dynamics, friction, seat vibrations.

W niniejszym artykule przedstawiono model matematyczny żurawia leśnego, który jest stosowany do analizy dynamiki cyklu 
jego pracy. Uwzględniono podatność podparcia fotela operatora, napędów oraz podpór. Do opisu ruchu członów stosuje się 
współrzędne złączowe i macierze przekształceń jednorodnych. Do wyprowadzenia równań ruchu modelu żurawia zastosowano 
podejście bazujące na formalizmie równań Lagrange’a drugiego rodzaju. Siły i momenty węzłowe są określane na podstawie 
rekurencyjnego algorytmu Newtona-Eulera. Siły te są następnie wykorzystywane w modelu tarcia LuGre, który pozwala obliczyć 
współczynniki i siły tarcia. Przeprowadzone analizy numeryczne pokazują wpływ różnych sił tarcia na poziom drgań odczuwany 
przez operatora żurawia. Poziom dyskomfortu operatora wywołany przez drgania maszyny został oszacowany w oparciu o często 
stosowane w przemyśle samochodowym i transportowym odpowiednie standardy.
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Nomenclature

, , , ,b c s d j – flexible supported base, crane, seat, drive  and joint  indexes, respectively

( ) 1, ,7
,

l
c l

= … – link index

g – acceleration of gravity

( ),c ll
– length of link 

( ) ( ) ( ),, ,b c l sm m m – masses of bodies

bn – number of bodies

dofn – number of generalised coordinates describing the motion of system

( ),c l
dofn – number of generalised coordinates describing the motion of link ( ),c l  with respect to link ( ), 1c l −  

( ) ( ) ( ),, ,b c l s
dof dof dofn n n

– number of generalised coordinates describing the motion of link with respect to reference system
( ) ( ) ( ) ( ) ( ), , 1 , ,, 0c l b c l c l c l
dof dof dof dof dofn n n n n−= + + =

s dsup i sup i
b s

x y z
β β α

β

α α, ,
,

, ,

,( ) ( )
∈{ }
∈{ }

– stiffness and damping coefficients of support
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( ) ( ), ,,d i d is d
– stiffness and damping coefficients of drive

( ) ( ), ,,j i j i
f ft f

– friction torque in revolute joint, friction force in prismatic joint, respectively

{ },b ssupα α∈
– support index

( ) ( ), ,,d i d it f
– driving torques and force, respectively

( ) ( ) ( ) ( ) 1
Ta a a a

A A A Ax y z =   
r

– vector of position of point A  defined in the local coordinate system of link a

( ) ( ) ( ),, ,b c l sH H H
– pseudo-inertia matrices 

( ),c lT
– homogeneous transformation matrix from the local coordinate system of link ( ),c l  to the system of 

link ( ), 1c l −  

( ) ( ) ( ),, ,b c l sT T T
– homogeneous transformation matrices from the local coordinate systems to reference system

( ) ( ) ( ) ( ), , 1 ,c l b c l c l−=T T T T , ( ),0c =T I
2

, ,i i j
i i jq q q

∂ ∂
= =
∂ ∂ ∂

T TT T

Friction parameters

σσ0 0
1 7

j
i
j

i

( ) ( )
= …

= ( )σ ,
, , ,

σσ1 1
1 7

j
i
j

i

( ) ( )
= …

= ( )σ ,
, , ,

σσ2 2
1 7

j
i
j

i

( ) ( )
= …

= ( )σ ,
, ,

– vectors of stiffness, damping and viscous friction coefficients of bristles, respectively

z j
i

j

i
z( ) ( )

= …
= ( )

1 7, ,
– vector of deflections of bristles

µµ j
i

j

i

( ) ( )
= …

= ( )µ
1 7, ,

– vector of friction coefficients

µµs
j

s i
j

i

( ) ( )
= …

= ( )µ ,
, ,1 7 , 

µµk
j

k i
j

i

( ) ( )
= …

= ( )µ ,
, ,1 7

– vectors of static and kinetic friction coefficients, respectively

 qS
c

S i
c

i
q( ) ( )

= …
= ( ),

, ,1 7
– vector of transition velocities between friction regimes

Parameters used for comfort assessment (BS 6841, 1987, ISO 2631-1, 1997)

( )y t
 

Time history of a signal (discrete, calculated by the numerical simulation). The signal ( )y t  
should be filtered using the frequency filters.

	

( )2

0

1 d
T

RMS y t t
T

= ∫
Root-Mean-Square describes the energetic content of a vibrational signal, T  is the time pe-
riod of vibration.

	

( )( )max
f

y t
C

RMS
=

Crest factor, to be used in presence of shocks (short high magnitude transient events).

	

( )44
0

1 d
T

RMQ y t t
T

= ∫
Quad-Mean-Square, similar measure to RMS , but better describes the effect of vibration 
discomfort when 9fC > .
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( )44
1

1 n
i

i
K y y

nσ =
= −∑ 

Kurtosis, used for highly impulsive time domain signals, where n   is the number of discrete 
data, σ  is the standard deviation, y  is the average value of the analyzed signal.

	

( )44
0

d
T

VDV y t t= ∫
Vibration dose value, gives a measurement of a cumulative vibration level received over a 
time period (often 8hr  or 16hr ). Location and direction dependent filters to be applied.

	
4

15
15T t

VDV
 =  
 

The duration in seconds, required to reach the value of 1.7515msVDV −=  which is defined as 
a severe discomfort. Parameter  t   is the duration of measured or calculated signal.

1. Introduction

Crane control problems are becoming increasingly important for 
designers and operators. The efficiency of load handling and increased 
safety and level of comfort for all personnel involved and crane opera-
tors are the main driving factors for developments in this field. For 
this purpose,  modern machines are equipped with quite advanced and 
expensive sensors and other control devices. Computer simulations, 
even in the very early design phase, are a very useful approach that 
aims to reduce the overall cost and to eliminate some errors that can 
be predicted without building real physical prototypes of the crane. 
Moreover, one can easily simulate complex machine behaviour with-
out the risk of damage or injuries. In this context, many crane models 
have been developed with varying complexity and level of details.

In this work, a mathematical model of a grab crane is presented 
[12, 13, 18, 22-24, 19, 20, 26-30]. Its main purpose is to investigate 
dynamics during various operation modes and handling scenarios, in-
cluding estimation of loads, load motion, drive system control and 
others. The flexibility of the support system [22-24, 26-30], which is 
modelled as one-dimensional spring-damping elements, is taken into 
account in the mathematical model. In the similar way a flexible system 
is built to represent the operator’s seat connection to the crane column. 
In the crane model developed here, all drive units also have flexible 
features [26-30]. Homogeneous transformation and joint coordinates 
are applied to describe the geometry of the crane units [7, 14, 15]. 
Equations of motion can be derived based on methods and algorithms 
presented in [11, 32]. The Runge-Kutta method of the fourth order 
is applied for integration of the governing equations of motion, with 
constant time step. In order to determine the joint forces and torques, 
which are necessary to calculate the friction forces and torques, each 
integration time step involves recursive loops defined as the Newton-
Euler recursive dynamics task [5]. The friction coefficients for each 
kinematic pair are calculated by applying the LuGre friction model [1, 
2, 17, 21] which takes into account pre-sliding displacement [4], as 
well as the Stribeck effect [25], among other features.

The influence of friction on forest crane dynamics has been dis-
cussed in some previous papers. The Dahl friction model was in-
vestigated in [27], while works [29, 30] concentrated on the LuGre 
friction model.

The analyses performed here concentrated on the dynamic prop-
erties of the crane with particular interest in the operator’s seat prop-
erties during selected modes of operation. The LuGre friction model, 
with two different friction levels characterised by joint conditions, was 
assumed. Prediction of the discomfort level, determined by vibrations 
transmitted from the column to the seat and the body, was examined 
by taking into account the standard approach [6, 10] applied in ve-
hicle N.V.H. (Noise, Vibration and Harshness) analyses). An analysis 
of the comfort level in various systems, including all vehicle types, 
buildings and other structures, is very important and required by certi-
fication authorities [9, 16] Many tests have been reported on how the 
human body perceives the discomfort [8]. It is a common practice to 

simulate and test comfort parameters also in special or construction 
machinery, as, for example, in [3] but especially in many branches of 
the ground vehicle industry.

2. Mathematical model of the forest crane

The model of the forest crane which consists of eight rigid links is 
presented in Fig. 1. These links are driven by flexible drive models 
generating drive torques ( ),

1,2,3,7

d i

i=
t   and drive force ( ),4df  The 

whole crane (its platform) is supported on eight flexible legs. Simi-
larly, mass-less spring damping elements model the connection be-
tween the seat and the crane’s column.

Fig. 1. Model of the forest crane

Joint coordinates and homogeneous transformation matrices are 
used to describe the geometry of the forest crane. The local coordinate 
systems and numeration of certain points are shown in Fig. 2.

Fig. 2. Coordinate systems and notation applied to crane links
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The vector of the model’s generalised coordinates has the follow-
ing form:

	 q q q q= ( ) = ( ) ( ) ( )







= …

( ) ( ) ( )qk k n
b T c T s T T

dof1, ,
	 (1)

where:

	
q b

j
b

j

b b b b b b T
q x y z( ) ( )

= …
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1 6, ,

ψ θ ϕ

The homogeneous transformation matrices have the following 
forms:
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{ }
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ψ θ ψ θ ϕ ψ ϕ ψ θ ϕ ψ ϕ

θ θ ϕ θ ϕ∈



− +

+



−

−

 
 
 
 
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T

( )

( ) ( )

( ) ( )

,1 ,1
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c s 0 0
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0 0 1 0
0 0 0 1

c c

c cc

ψ ψ

ψ ψ

 −
 
 

=  
 
 
 

T , ( )

( ) ( )

( ) ( ) ( )

,2 ,2

,2
,2 ,2 ,1

c s 0 0
0 0 1 0

s c 0
0 0 0 1

c c

c
c c cl

ψ ψ

ψ ψ
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 

− 
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 
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( )
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c s 0
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c c c
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lψ ψ

ψ ψ

 −
 
 
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 
 
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, ( ) ( )s sinβ βα α= , ( ) ( )c cosβ βα α= .

The equations of motion are derived using Lagrange equations of 
the second order. The following general form is commonly used:

	
z LuGre q zj c jt( ) ( ) ( )= ( ), , 	 (2.1)
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Based on the formulation presented above, a computer program 
was developed using the Visual C++  environment. The standard 
Runge-Kutta method of the fourth order was applied, with a constant 
time step 410 s−  .

3.1.	 Crane operation scenarios and load cases

The crane motion sequence is assumed as presented in Fig. 3. At 
time 0 st =  the load is resting on a platform. After two seconds, the 
load is lifted up by increasing angle of the jib. Then crane column 
rotates (reaching 90°  at  5 st = ), and simultaneously the telescopic 
motion begins at time 5 st = . For the final column rotation angle, 
( ),1 180c
drψ = ° , the telescopic motion stops reaching minimum length 

at 9st =  and the cycle finishes with the load positioned down to a 
platform on the opposite side.

Crane loading conditions are:
1) empty grab ( E ) - operation with unloaded crane,
2) crane with load ( F ) - operation with ( ),7cm  load mass. 

The empty load case scenario is considered to have identical driv-
ing functions, with reverse order/values - returning to the pick-up po-
sition same as in 0 st = .

As indicated in Fig. 1, the distance d  represents offset between 
the load’s center of gravity and axis of the joint and drive ( ),7dt . 
Influence of this distance was considered as one of important param-
eters in the analysis. Each working cycle, in practical condition, will 

be characterized by different value of d , caused by not ideal mass 
distribution of trunks and misalignment of length, initial position of 
the load on a storage platform an many other reasons. For the per-
formed study presented in this work, the range of 20cmd = ±  is as-
sumed as typical.

Load cases analyzed in this work are listed in Fig. 4. „Empty” 
crane cases are defined for the same sequence as loaded - just with no 
load attached to the grab. „Loaded” cases are performed with the tree 
trunk mass ( ),7 970kgcm = .

Fig. 4. Analyzed cases and symbol assignation

The cases without damping in seat mounts are analyzed just for 
comparison of the damping effect on operator vibration level. Analy-
sis of all possible cases, leading to a more general evaluation of the 
particular crane design, is a large task and will not be presented in 
details.

3.2.	 Main parameters of the system

All the crane mass components have assigned properties accord-
ing to geometry properties (sections) as indicated in Fig. 1. Operator’s 
seat mass is assumed as a combined mass of the operator (one single 

Fig. 3. Crane operation sequences

b)

a)

c)
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Table 1.	 Parameters of the crane supports

1 2 3 4 5 6 7 8

( )
( ) [ ]mi

b

b

E
x 1.5 1.5 1.5 1.5 1.5− 1.5− 1.5− 1.5−

( )
( ) [ ]mi

b

b

E
y 0 1.0 8.0 9.0 9.0 8.0 1.0 0

( )
( ) [ ]mi

b

b

E
z 0.57−

s sup i

x y
b

α
α

,

,

( )
∈{ }

−



Nm 1 63 10⋅

( ), 1Nmbsup i
Zs − 

 
71 10⋅

d su i

x y
b

α
α

p Nsm,

,

( )
∈{ }

−





1 45 10⋅

( ), 1Nsmbsup i
Zd − 

 
49 10⋅

Table 2.	 Parameters of the seat supporting elements

1 2 3 4

( )
( ) [ ]mi

s

s

E
x 0.25− 0.25 0.25 0.25−

( )
( ) [ ]mi

s

s

E
y 0.25 0.25 0.25− 0.25−

( )
( ) [ ]mi

s

s

E
z

                                    0.05−  

( )
( )[ ],1 mi

s

c

E
x 0.85− 0.35− 0.35− 0.85−

( )
( )[ ],1 mi

s

c

E
y 0.25 0.25 0.25− 0.25−

( )
( )[ ],1 mi

s

c

E
z 1.4

s sup i

x y

s
α

α

,

,

( )
∈{ }

−



Nm 1 310

( ), 1Nmssup i
Zs − 

 
39 10⋅

d sup i

x y
s

α
α

,

,

( )
∈{ }

−



Nsm 1

40

( ), 1Nsmssup i
Zd − 

  120
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	 SV PVVDV
c

O O O
VDV

b s f

( )

∈{ }
( )= ( )∑

α

α

, ,
.

2
	 (3.4)

mass 80kg ) and the seat self-mass equal to 25kg ; hence the total 
mass of the seat-operator is assumed to be ( ) 105kgsm = . 

The geometrical parameters of the base supports are contained in 
Tab.1. The assumed stiffness and damping coefficients are also pre-
sented. The mounting point locations and spring-damping elements 
connecting the crane column and seat body are specified as presented 
in Tab. 2. The friction parameters are defined in Tab. 3. Two sets are 
defined in order to distinguish different conditions of the joints, i.e. 
normal (Set-1) well lubricated, and poorly greased joints (Set-2). 

3.3.	 Vibration assessment

Human perception of discomfort is not unique to every person, i.e. 
perceived comfort depends on many factors. The reference standards 
used in the industry are, e.g. BS 6841 and ISO 2631-1 – Fig. 5. These 
standards were used in this work to assess the level of vibration and 
discomfort as perceived by the operator. A similar approach can be 
applied for vehicle dynamics and an estimation of the ride comfort, 
which was also applied in the optimisation routines yielding the de-
sired minimum discomfort [31]. 

In general, the body is exposed to vibration in combination of all 6 
directions (translations and rotations), but in present work only , ,x y z  
axial signals are considered. Seated crane operator will perceive vi-
bration at the back and at the feet (as well as hands and the head may 
also be of importance). The assigned locations investigated and ap-
propriate filters are indicated in Fig. 6. 

Each considered location for comfort evaluation is characterized 
by the following formulas:

	 PV f RMSRMS
O O O x y zb s f

α

α β
β
α

β
α( )

∈{ } ∈{ }

( ) ( )= ( )∑
, , , ,

,
2

	 (3.1)

	 PV f VDVVDV
O O O x y zb s f

α

α β
β
α

β
α( )

∈{ } ∈{ }

( ) ( )= ( )∑
, , , ,

.
4

4 	 (3.2)

A single values describing comfort level for the whole construc-
tion, are defined as the sum of all location values. Proposed approach 
will enable us to summarize the comfort as one single values, which 
can be compared between different designs or different operations. 
The following definitions apply:

	 SV PVRMS
c

O O O
RMS

b s f

( )

∈{ }
( )= ( )∑

α

α

, ,
,

2
	 (3.3)

Table 3. Friction parameters

1 2 3 4 5 6 7

Set-1
( )
,
j

k iµ 0.15 0.10 0.10 0.10 0.15 0.15 0.15

( )
,
j

s iµ 0.20 0.15 0.20 0.20 0.20 0.20 0.20

Set-2
( )
,
j

k iµ 0.07 0.07 0.05 0.20 0.20 0.20 0.10

( )
,
j

s iµ 0.10 0.10 0.15 0.30 0.35 0.35 0.15

( ) 1 1
, rad s , msc

S iq − − 
  0.005

( ) 1 1
0, Nmrad , Nmj

iσ − − 
 

510 710 510
( ) 1 1
1, Nmsrad , Nsmj

iσ − − 
  5

( ) 1 1
2, Nmsrad , Nsmj

iσ − − 
  0

Fig. 6. Locations of interest and frequency-weighting filters

Fig. 5. Frequency-weighting filters to be applied in comfort assessment
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Fig. 7.	 Accelerations calculated for seat position in z direction; loaded crane with and without damping in seat mount elements. Frequency plots are on the left; 
time histories are on the right.

Fig. 8. Accelerations (filtered) calculated for seat position in , , x y z  direction operation; with empty and loaded crane (load cases 1 2 0D F d E− − −  and 

1 2 20D F d F− − − ). Frequency (filtered) plots on the left; time histories on right.

a)

c)

e)

b)

d)

f)

b)a)
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Fig. 9.	 Accelerations (filtered) calculated for feet rest position in  , ,  x y z direction; operation with empty and loaded crane (load cases 1 2 0D F d E− − −  and 

1 2 20D F d F− − − ). Frequency (filtered) plots on the left; time histories on the right.

Other definitions (such as the „running RMS” (BS 6841) and peak-
to-peak could also have been applied to assess the effect on vibration 
discomfort [3]. The selection of most appropriate parameter will be 
of designer choice and should be done based on type of operation 
performed by the crane. This could yield to the optimization routines 
resulting in minimization of the discomfort, but changing for example 
the mount characteristics or locations of the support points.

4. Simulation results

4.1.	 Example time histories

Some example results are shown in Fig. 7 – all series show the 
time histories and frequencies calculated for the vertical acceleration 

of the seat (unfiltered results are shown). The damping effect on the 
seat mounting points is examined. Typically, accelerations for the sys-
tem without damping would be too conservative, even if a simple seat 
system for some poor designs may not have any damping elements 
(only structural damping).

Accelerations calculated for friction parameters Set-2 and for 
empty hook operation (unloaded crane) are presented in Fig. 8. A sim-
ilar set of results for the feet rest is presented in Fig. 9. The friction 
effect on the transnational motion of the jib (drive activated during 
rotation) is well evident on the feet.

The influence of the load centre of gravity ( 0cm,d =  10cmd = ,
 20cmd = ) is presented in Fig. 10. The results show the strong influ-
ence of the load centre of gravity (and induced moments) on crane 
dynamics. A high friction force is generated in the jib (during the tele-
scopic phase of motion) and the peaks are strongly visible. Most of 

a)

c)

e)

b)

d)

f)



Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 21, No. 2, 2019206

Science and Technology

these peaks are transferred to the feet floor and seat base. Seat sus-
pension, however, provides good isolation and the peaks visible be-
tween 6÷9s s are not reflected in the seat points (such as the seat and 
backrest).

4.2.	 Vibration level - indexes

Various indexes related to perceived discomfort are shown in this 
section for the analysed crane operation scenarios.

Some indexes for load scenarios and design parameters listed in 
section 3.2 and 3.1 are presented in Tab. 6. Calculations have been 
performed with friction set Set-2 (case 1 2 0D F d E− − − ).

Similarly, the results for crane handling with a full load consider-
ing two different friction coefficient sets Set-1 and Set-2 are listed in 
Tab. 7 and Tab. 8.

Some parameters defined in section 3.3, calculated for assumed 
friction parameters in crane joint as defined by Set-1 and Set-2 are 
presented in Fig. 11. Filtered RMS  values, reduced to one single 
value, ( )c

RMSSV , are shown (calculated as indicated in Fig. 6). Results 
are calculated for the whole crane seat comfort when the seat suspen-
sion is included. For comparison, the results indicate also the level of 
RMS  when rigid support would be assumed.

The time (in hours for Set-1 and minutes for Set-2) required to 
accumulate desired level of dose value (i.e. 1.7515ms− ) is indicated 

Fig. 10.	Accelerations (filtered) calculated for seat base position in , ,  x y z direction; operation with loaded crane and different d value. Frequency (filtered) plots 

are on the left; time histories are on the right. Load cases: 1 2 0D F d F− − − , 1 2 10D F d F− − −  and 1 2 20D F d F− − −

a)

c)

e)

b)

d)

f)
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Table 7.	 Vibration discomfort parameters, case D1-F1-d0-F 

Parameter
rigid seat flexible seat back feet

x y z x y z x y z x y z

RMS 0.19 0.04 0.19 0.13 0.24 0.06 0.16 0.25 0.03 0.50 0.09 0.15

RMSPV 0.27 0.28 0.18 0.14

RMSSV 0.36

RMQ 0.38 0.09 0.47 0.23 0.36 0.10 0.30 0.37 0.06 1.21 0.19 0.35

VDV 0.72 0.17 0.89 0.44 0.68 0.20 0.56 0.70 0.11 2.30 0.36 0.66

VDVPV 0.97 0.71 0.48 0.58

K 13.90 20.27 37.11 10.39 4.95 9.98 11.23 4.75 13.14 34.62 22.47 31.63

fC 6.06 7.10 7.72 9.90

Table 6.	 Vibration discomfort parameters, case D2-F2-d0-E

Parameter
rigid seat flexible seat back feet

x y z x y z x y z x y z

RMS 0.01 0.00 0.00 0.06 0.21 0.00 0.07 0.22 0.00 0.01 0.00 0.00

RMSPV 0.01 0.22 0.12 0.00

RMSSV 0.25

RMQ 0.01 0.00 0.01 0.10 0.32 0.01 0.10 0.33 0.01 0.03 0.01 0.01

VDV 0.02 0.00 0.01 0.19 0.61 0.01 0.20 0.63 0.01 0.05 0.01 0.02

VDVPV 0.02 0.61 0.63 0.05

K 20.51 12.68 62.06 5.44 5.21 20.25 5.44 5.03 5.68 54.81 24.95 68.61

fC 6.90 5.32 11.66 3.21 3.28 6.99 3.20 3.18 3.09 10.64 8.37 11.17

Table 8.	 Vibration discomfort parameters, case D1-F2-d20-F 

Parameter
rigid seat flexible seat back feet

x y z x y z x y z x y z

RMS 1.04 0.73 2.01 0.13 0.24 0.07 0.17 0.25 0.04 5.11 3.10 1.38

RMSPV 2.38 0.28 0.18 1.59

RMSSV 1.63

RMQ 1.67 1.07 2.45 0.24 0.37 0.15 0.31 0.37 0.07 6.53 2.28 1.64

VDV 3.18 2.04 4.65 0.45 0.69 0.29 0.59 0.71 0.13 12.39 4.33 3.11

VDVPV 4.92 0.73 0.51 3.13

K 29.38 29.10 53.16 11.69 4.88 9.10 12.21 4.69 8.28 64.23 65.46 44.08

fC 8.91 8.56 11.87 5.10 3.36 4.59 5.47 3.20 4.30 13.02 12.46 11.09
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in Fig. 11. This is the time calculated considering total vibration dose 
value from relation:

	 T
VDV

tc

O O O cb s f

15 2

4

15( )

∈{ }
( )

=

( )

















∑α

α
, ,

	 (4.1)

where  13st = .

For the friction coefficients assumed in Set-1, the general level of 
discomfort can be estimated as “a little uncomfortable” when work-
ing with or without dampened seat. Also the exposure time is large, 
especially for the crane equipped with suspended seat. The values of 
( )

15
cT  show much greater difference between isolated and rigid seats. 

As this measure better suits for the characteristics of signals, it should 

be more important than the ( )c
RMSSV  index. Hence, much worse condi-

tions for operator are expected when the seat is rigidly connected to 
the column. In the worst case, working 8 hr  in such conditions will 
be perceived as severe/huge discomfort and potentially dangerous for 
health. 

Different tendency is obtained for Set-2 friction coefficients: sig-
nificantly worse results (bigger discomfort) were calculated when 
handling the trunk with larger offset between the grab axis and its cen-
ter of gravity ( 20cmd = ). This conditions generated double ( )c

RMSSV  

value and reduced the time ( )
15

cT  to almost minimum (few minutes). 
For a seat with dampening elements, the RMS  at level 0.8÷1.6  can 
be classified as moderate discomfort, while for the case without such 
elements (rigid seat), the same operation will lead to very an uncom-
fortable level.

When considering the duration of such a level of vibration, the op-
erator should not work on the „rigid seat”, when some higher friction 
would occur. Assuming, that the trunks are not always transported 
in condition 20cmd = , but mostly around ( )0÷10 cmd = , operator 
could work on the crane within some limited time 1÷2 hr  until the 
VDV  would become unacceptable. Considering the typical use of 
the forest crane (loading/unloading time is not dominating during the 

whole day, typically), estimated results shows how the current ma-
chine design could influence on health aspects.

Different results are obtained for operation with unloaded crane; 
for this conditions the vibrations generated due to operation of empty 
crane do not cause any significant discomfort for the operator, and the 
level of friction is also not important (for indexes used in the discom-
fort assessment). Dominated effect, in the case of unloaded crane, is 
the motion due to drives, and since there is no load applied (expect for 
the inertia induced forces), the crane operator perceived discomfort is 

practically identical. The combined value for the seat: ( ) 0.25 sO
RMSSV =  

(both friction sets) can be classified as „not uncomfortable”.
Presented results cover only one configuration of the seat suspen-

sion. Several iterations are normally performed in order to find a good 
balance between desired comfort and design constrains.

5. Conclusions

The model and computer software developed here were applied 
to analyse the influence of friction on crane operators. The calculated 
responses can be useful for designers and early phase design can be 
examined. The results confirm that high friction can have a significant 
impact on human discomfort. This parameter, as well as many others, 
should be taken into account in the initial phase at crane design.

The model presented in this paper can be applied to many other 
aspects of typical working scenarios. Only the acceleration results are 
analysed in more detail, but the computer model allows us to inves-
tigate much more parameters, such as loads in specific components, 
the drive function effects on these loads, or optimisation of geometry 
and stiffness parameters. The model’s simplicity and effectiveness are 
also important, especially for examining specific aspects of the sys-
tem when many variant calculations are needed.

More advanced models taking into account, for example, the flex-
ibility of the links can also be the correct direction for more detailed 
vibration/comfort analyses. This can be addressed in a similar way as 
presented in this work, i.e. just by extending the model. The disadvan-
tage will be the time required for the analyses and the fact that some 
more complex input data are required.

Fig. 11. ( )  c
RMSSV  and ( ) c

VDVSV  values (left), ( )
15

cT  time (right). Loaded crane operation, friction coefficients: Set-1 and Set-2.

b)a)
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