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Abstract
The crew of small, high-speed marine craft (HSC) is ex-
posed to high levels of vibrations and shocks that can imply
risks for adverse health effects. The working environment
needs to be improved by appropriately isolating the crew
from the severe, non-linear accelerations that characterise
the motions of small HSCs. This thesis presents a brief
overview of the vibration mitigation techniques flexible hull
design, active vibration control and suspension seats. The
suspension seat is analysed further. A boat-seat interac-
tion model describing the seat motions when excited by
non-linear, vertical accelerations is established. The seat
model is used to investigate how the seat characteristics
influence the seat response motion, that is, the crew vi-
bration exposure. Published experiment data in terms of
accelerations at the seat base measured on a 10 meters HSC
unit of the Swedish Coast Guard is used as exciting motion
of the seat. By systematically varying the spring stiffness
and damping coefficients of the seat, the response motion
for 10 different seats are calculated and evaluated according
to existing standards regarding whole body vibration expo-
sure, ISO 2631-1 and ISO 2631-5. The thesis concludes that
the mitigating effect of the seat can be improved radically
by reducing the spring stiffness coefficients and increasing
the damping coefficients of the seat. The spring stiffness is
however limited downwards by the seat motion stroke, since
bottoming out events have to be avoided and the motion
stroke for practical reasons cannot be too large. Further,
the relation between crew weight and resulting vibration
exposure is investigated by varying the crew weight for two
different seats. Slightly higher vibration levels are found for
the lower crew weigths, although the distinction between
the seat reponse motions is small compared to the varia-
tions found when comparing different seats. However, it is
concluded that the crew weight is an important parameter
when studying the vibration exposure, since it influence the
motion stroke of the seat.
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Chapter 1

Introduction

The motions of high-speed marine craft (HSC) can be uncomfortable and hazardous
for the crew and passengers on board who are exposed to high levels of vibration
and shocks that can cause tiredness and fatigue, but also severe injuries. Small
high-speed craft, typically 10 meters long and capable of speeds up to 50 knots, are
widely used by various maritime organizations. One example is the Swedish Coast
Guard (KBV), operating all year round in a wide range of weather conditions, sea
states and speeds. The coast guards running their small high-speed units experience
health problems such as headache and tiredness, despite the fact that the HSC’s
are equipped with high standard suspension seats (Garme et al. 2011). Further the
motions of high-speed craft can reduce the physical ability of the occupants and
cause muscle damage (Myers et al. 2011). That was concluded when the physiolog-
ical consequences of a three hours high-speed boat transit was investigated. After
the transit, the physical performances of the occupants were reduced, and the crea-
tine kinase (CK) activity was increased, indicating muscle damage. Muscle damage
and muscle fatigue is probably a consequence of muscle contractions following when
the occupants try to compensate for and attenuate the mechanical shocks they are
exposed to (Myers et al. 2011, Cripps et al. 2003). It is obvious that the working
environment on HSC can be harsh and that the high levels of vibration and shocks
can imply risks for severe health effects as well as non-safe operations.

Whole-body vibrations (WBVs) exist in a wide range of working areas but the vi-
bration characteristics differ from one working environment to another. The health
problems experienced by the employees are also widespread, although the most com-
monly reported is lower back pain (Mansfield 2005, Cripps et al. 2003). Since many
of the health effects can be caused by several factors, such as posture and prolonged
sitting, the relationship between cause and effect is uncertain (Mansfield 2005, Mon-
aghan & van Twest 2004). The assessment of working environment with respect to
WBVs can therefore be difficult. For the HSC environment the major concern has
however shown to be spinal injury caused by high acceleration events rather than
prolonged exposures (Cripps et al. 2003). There is yet no specific dose-effect rela-
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CHAPTER 1. INTRODUCTION

tionship relating spinal injury to vibration exposure (Stayner 2001), but damage to
the spine can be explained using a material fatigue approach (Sandover 1998). This
enables numerical investigations of the health risks of vibration exposure.

In European Union (EU) legislation the EU Directive 2002/44/EC (EC 2002) states
maximum requirements for daily exposure to WBV. The requirements are expressed
in terms of action values and limit values of the daily vibration exposure calculated
with reference to the root-mean-square (RMS) value or the vibration dose value
(VDV) of the frequency-weighted accelerations as defined in ISO 2631-1 (ISO 1997).
In the case when the action value is exceeded the employer should establish and im-
plement technical and/or organisational measures in order to reduce the vibration
exposure. Such measures could for instance include provision of auxiliary equip-
ment, e.g. vibration mitigating seats, or choice of appropriate work equipment
and working methods. In the case when the limit value is exceeded, the employer
should take immediate action to reduce the vibration exposure to levels below the
limit value. However, for sea transport the EU Directive has an exception for the
limit values. This indicates that the possibilities to improve the working environ-
ment are limited for that specific case, but also that the RMS and VDV based limit
and action values are perhaps inadequate. This might be the case since the RMS
and VDV underestimates the effects of WBV containing shocks. Since the acceler-
ation peaks are the most dangerous regarding spine damage, these are essential in
the assessment of WBV exposure on HSC. In ISO 2631-5 (ISO 2004) guidance are
given for assessment of the risks of adverse effects on the lumbar spine. Unlike the
VDV, the daily acceleration dose defined in ISO 2631-5 is connected to the ultimate
strength of the lumbar spine. Hence, ISO 2631-5 adds a more long term perspective
to the evaluation methods, which seems to be suitable when assessing vibrations on
HSC (Garme et al. 2011).

In order to protect the crew from extreme vibrations and shocks, various techniques
for vibration mitigation can be used. Experiments show that suspension seats are
neccesary equipment on board small HSCs. According to (Garme et al. 2011), they
can reduce the crew’s vibration exposure by approximately 50% . Nevertheless, the
vibration levels need further reduction. Therefore, possible vibration mitigation
techniques are reviewed and presented as an overview, including suspension seats,
flexible hull design and active vibration control. The high potential of the suspension
seat as mean to reduce the crew’s vibration exposure is apparent, but the seat
can also cause severe amplifications of vibrations and shocks if not appropriately
designed. An investigation of the seat characteristics influence on the seat response
motion is of great interest. To enable such investigation, a seat model describing
the seat motions when the craft is excited by non-linear, vertical accelerations is
defined and implemented numerically. The seat response motions for various seat
configurations are calculated and compared with reference to measured defined in
ISO 2631-1 and ISO 2631-5. The appropriateness of the model is evaluated using
actual seat accelerations measured experimentally by Garme et al. (2011).
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Chapter 2

Vibration mitigation techniques

2.1 Flexible hull design

Suspension seats are widely used in HSC applications as mean to reduce the vi-
bration exposure of the crew. There are however several advantages of mitigation
systems reducing the vibration exposure of the entire craft instead of only the seat
occupant, like the suspension seat does. Such systems can reduce the need of iso-
lation mountings for sensitive equipment on board. It can also allow crew to be
standing on the deck, e.g. behind the seats, which is often impossible during HSC
transits (Garme et al. 2011). The principle of using springs and dampers in seat
applications can be extended to a suspended cockpit or a suspended hull design as
illustrated in Figure 2.1.

Figure 2.1. Principle of suspended hull design (Townsend et al. 2012)

The effects of using various flexible hull systems compared to a regular aluminum
hull is investigated in Townsend et al. (2012). The response motions are simulated
and analysed for three types of flexible hulls, including a suspended hull design,
an elastomer coated hull and a reduced stiffness hull. The analysis indicate that
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CHAPTER 2. VIBRATION MITIGATION TECHNIQUES

only the suspended hull design has potential in shock mitigation. Reducing the
stiffness of an aluminum hull has no significant effect on the response motion, and
the elastomer coated hull increases the vibration exposure compared to a regular
aluminum hull. However, Townsend et al. (2012) conclude that the suspended hull
design need further investigations since all practical considerations are ignored in
the study.

2.2 Active suspension system
Unlike the suspension mechanism of a suspension seat or a suspended hull design,
which are passive systems, there are also active suspension systems that can be used
to control the motions of the crew seat, or even the entire cockpit. The principle
of such active systems is to predict the motions of the craft and, based on these
predictions, actively adjust the suspension mechanism. The suspension mechanism
can for instance be hydraulic actuated. Methods for active vibration controls are
developed for on-land vehicles (Yoshimura et al. 1999, Kawana & Shimogo 1998),
but are more rare on small, marine HSCs. Aspects such as high costs, need of fre-
quent maintenance and heavy weight can explain why the systems are less attractive
to operators of small HSCs.

2.3 Suspension seats
When the vertical accelerations at the floor and the coxswain seat on board a 10
meters, 50-knots coast guard unit were investigated, it was found that the limit
value defined in the EU Directive was exceeded after less than one hour of oper-
ation (Garme et al. 2011). Although the appropriateness of the limits within the
directive and the standards is questioned, the study clearly illustrate the high levels
of vertical accelerations the occupants are exposed to during high-speed transits.
The HSC used for the sea trials was equipped with high-standard suspension seats.
The seats reduced the vibration levels significanlty, but the legislated limit value
was shortly exceeded for the conditions of the test runs. The coast guards who
participated during the sea trials confirm that they experience health problems as
a consequence of the severe working environment.

It is clear that suspension seats can be effective in order to reduce the vibration
levels transmitted to the human body, but also that the working environment on
board small HSC needs further improvement. Several studies regarding improved
seat solutions have been published. Cripps et al. (2003) propose a non-linear spring
stiffness coefficient as illustrated in Figure 2.2. The benefit of having an increased
stiffness for increased displacement is that the crew can be isolated from both vi-
brations and repeated shocks. In practice, a non-linear spring stiffness coefficient
can be achieved by connecting several springs, with increasing spring stiffness coef-
ficients, together in series. Experimental tests, performed by Cripps et al. (2003), of
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2.3. SUSPENSION SEATS

a prototype seat with non-linear spring stiffness coefficient indicate that the method
is successful. The developed prototype seat has an increased capability to absorb
more severe slam events compared to the old seat used as reference.

By considering the ultimate strength of the lumbar spine when analysing the accel-
erations measured on the cockpit floor, Garme et al. (2011) conclude that suspension
seats are necessary in order to avoid immediate injuries on HSC. Nevertheless, the
working environment on board small HSC still needs to be improved. Since the
vibration exposure is strongly dependent on the seat design, it is of great interest
to further investigate how the seat characteristics influence the seat response when
excited by severe, non-linear acceleration as for small HSC.

Figure 2.2. Increased spring stiffness characteristic reproduced from Cripps
et al. (2003).
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Chapter 3

Mechanical seat model

A boat-seat interaction model describing the seat motions when excited by non-
linear, vertical accelerations is defined. The seat is considered as a two degrees-of-
freedom system moving in the vertical direction as illustrated in Figure 3.1. The
seat consists of a suspension mechanism and a seat cushion, supporting the seat
mass and the mass of the seated crew member. The suspension mechanism as well
as the seat cushion are described by spring stiffness coefficients k1,2 and damping
coefficients c1,2. The weight of the seat and the crew is represented by the two masses
m1 andm2. The seat response is calculated using the exciting seat base acceleration
ẍb, which can either be simulated numerically or measured experimentally.

Figure 3.1. Seat model with damping coefficients c1,2, spring stiffness coeffi-
cients k1,2, seat mass m1 and crew mass m2.
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CHAPTER 3. MECHANICAL SEAT MODEL

3.1 Numerical implementation
The defined seat model calculates the seat motion with reference to its initial po-
sition. The initial position of the seat is defined as the current positions of m1
and m2 when the seat is occupied by the crew but not excited by any motions.
To enable acceleration signals of the seat base to be used as model input, the base
relative motion is introduced when implementing the seat model numerically. The
base relative motion also enables calculation of the displacement of the seat relative
to the base. The latter is of specific interest since the maximum displacement for
the two masses m1 and m2 are limited by the suspension mechanism as well as the
thickness of the seat cushion. However, for investigation of the vibration exposure
according to ISO 2631-1 and ISO 2631-5, the absolute seat acceleration ẍ2 is used.

3.1.1 Governing equations

Using Newton’s second law together with Hooke’s law, the equations of motion for
the seat model can be expressed as

[M ]{ẍ}+ [C]{ẋ}+ [K]{x} = {F } (3.1)

where the acceleration, velocity and displacement vectors are

{ẍ} = {ẍ1 ẍ2}T , {ẋ} = {ẋ1 ẋ2}T , {x} = {x1 x2}T (3.2)

and the mass, damping and stiffness matrices are

[M ] =
[
m1 0
0 m2

]
, [C] =

[
c1 + c2 −c2
−c2 c2

]
, [K] =

[
k1 + k2 −k2
−k2 k2

]
(3.3)

The system is excited by the seat base motion, which is described by the base motion
vectors

{ẍb} = {ẍb ẍb}T , {ẋb} = {ẋb ẋb}T , {xb} = {xb xb}T (3.4)

The excitation force is

{F } = [C]{ẋb}+ [K]{xb} (3.5)

Since the base motion is measured experimentally as accelerations, the excitation
force has to be rewritten. Eqs. 3.1-3.5 describe the absolute motions of the system.
Introducing the base relative motion as

{xr} = {x} − {xb} (3.6)

Eq. 3.1 is expressed as
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3.1. NUMERICAL IMPLEMENTATION

[M ]{ẍr}+ [C]{ẋr}+ [K]{xr} = −[M ]{ẍb} (3.7)
where

{ẍr} = {ẍr1 ẍr2}T , {ẋr} = {ẋr1 ẋr2}T , {xr} = {xr1 xr2}T . (3.8)

3.1.2 Solution to governing equations
Given that the base acceleration vector ẍb is known, the equations of motion defined
in Eq. 3.7 can be solved numerically. By introducing the substitute variables

{Zr} =


zr1
zr2
zr3
zr4

 =


xr1
ẋr1
xr2
ẋr2,

 , {Żr} =


żr1
żr2
żr3
żr4

 =


ẋr1
ẍr1
ẋr2
ẍr2

 , (3.9)

the equations of motion in Eq. 3.7 is converted from a system of second order
equations to an equivalent system of first order equations as

[M ]{Żr}+ [C + K]{Zr} = −[M ]{ẍb} (3.10)
The mass, damping and stiffness matrices defined in Eq. 3.3 are expanded to

[M ] =


0 0 0 0
0 m1 0 0
0 0 0 0
0 0 0 m2

 , [C] =


0 0 0 0
0 c1 + c2 0 −c2
0 0 0 0
0 −c2 0 c2

 , (3.11)

[K] =


0 0 0 0

k1 + k2 0 −k2 0
0 0 0 0
−k2 0 k2 0


Assuming zero displacement and velocity at t = 0, the base relative seat motion is
computed by solving the first order initial value problem

{Żr} = [M ]−1(−[C + K]{Zr} − [M ]{ẍb}), (3.12)

{Zr(0)} = {0 0 0 0}T ,
using the ordinary differential equation (ODE) Matlab solver ode45. The ode45
solver is a one-step solver based on an explicit Runge-Kutta method computing
{Zr(tn)} based on {Zr(tn−1)}, where tn is the time corresponding to sample n
and 0 < n < N (N = number of samples). Knowing {Zr(tn)} for all tn the base
relative displacements, velocities and accelerations for the two masses are known,
since {Żr(tn)} is calculated in Eq. 3.12. For analysis of crew exposure to vibration
according to ISO 2631-1, the absolute accelerations are calculated as

ẍ2 = ẍr2 + ẍb (3.13)
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CHAPTER 3. MECHANICAL SEAT MODEL

3.2 Model evaluation

To evaluate the seat model, actual seat accelerations collected by Garme et al.
(2011) is used. The accelerations were measured during sea trials of a small HSC
unit of the Swedish Coast Guard. Gauges were placed upon the seat cushion, as
illustrated in Figure 3.2, and on two transverse bulkheads. By combining the signals
recorded at the two bulkheads, the seat base acceleration is calculated. During the
sea trials, 12 test runs were performed at operational conditions that were described
as "normal" by the crew, with reference to their daily operations. The measured
signals were sampled at 800 Hz and low-pass filtered at 200 Hz.

Figure 3.2. Coxswain seat equipped with accelerometers during sea trials
(Garme et al. 2011).

For evaluation of the seat model, acceleration signals measured during one of the
test runs are used. As seat excitation, the 748 seconds long seat base acceleration
signal shown in Figure 3.3(A) is used. The weight of the seated crew is assumed
to be m2 = 85 kg. Since the actual spring stiffness and damping coefficients of the
experiment seat in Figure 3.2 are unknown, the seat response is calculated for two
different seat configurations, Seat 1 and Seat 2, defined in Table 3.1. Figure 3.3
(B)&(C) illustrate the relation between the calculated seat accelerations and the
experimentally measured acceleration signal.

Seat 1 correspond to a suspension seat typically used on HSCs. Its spring stiffness
and damping coefficients are experimentally determined by Cripps et al. (2003). The
seat response of Seat 1 indicates that the seat model reproduce the seat accelerations
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3.2. MODEL EVALUATION

Table 3.1. Properties of investigated seats

Seat 1 Seat 2
m1 [kg] 45 45
k1 [N/m] 8,000 100,000
k2 [N/m] 45,000 45,000
c1 [Ns/m] 1,700 2,000
c2 [Ns/m] 1,360 2,000

relatively well, although the magnitude of the calculated acceleration of Seat 1 is
slightly higher than the magnitude of the measured acceleration signal, see Figure
3.3. Therefore, Seat 2 is defined as a reasonable representation of the experiment
seat. To judge the correlation between two signals i and j, the correlation coefficient
R is calculated.

R = Cov(i, j)√
Cov(i, i)Cov(j, j)

, −1 < R < 1 (3.14)

The definition of Eq. 3.14 is found in statistics textbooks, for instance Blom et al.
(2005). Here i represents the experiment seat acceleration and j the calculated
seat acceleration of Seat 1 and Seat 2 respectively. If the signals are uncorrelated,
the corellation coefficient equals zero. Further, if the signals have a perfect, linear
relationship, the correlation coefficient |R| = 1. The correlation coefficient based on
the seat response of Seat 1 and the experiment seat is 0.83, whereas the correlation
coefficient of Seat 2 and the experiment seat is 0.93. Hence the seat response of
Seat 2 is more closely correlated to the experiment seat than Seat 1, which is also
illustrated in Figure 3.3 (B)&(C).

The result of evaluating the frequency weighted acceleration signals according to
the measures defined in ISO 2631-1 and ISO 2631-5 is found in Table 3.2. The
comparison of the vibration levels indicates, like the correlation coefficient, that the
seat response of Seat 2 is more similar to the experiment seat than Seat 1, although
there is a distinction between the vibration levels. To perform a complete validation
of the model, the actual parameters of the experiment seat have to be determined.
Since the study aims to investigate how the seat characteristics influence the vibra-
tion exposure rather than defining a fine-tuned seat model for this particular seat,
the evaluation performed in Figure 3.3 and Table 3.2 is considered as sufficient.
Further the parameters of Seat 2 seem to be a fair representation of the experiment
seat and hence an appropriate reference seat for the seat parameter analysis.
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CHAPTER 3. MECHANICAL SEAT MODEL

Table 3.2. Evaluation according to ISO 2631-1 and ISO 2631-5

Experiment Seat 1 Seat 2
Crest factor [1] 9.24/-8.66 7.0/-2.63 7.86/-4.70
RMS value [m/s2] 2.39 1.81 2.85
MTVV-run [m/s2] 5.56 4.04 6.91
VDV-run [m/s1.75] 19.43 13.8 23.24
VDV(8h) [m/s1.75] 48.42 34.46 57.93
Time to VDV>21 [min] 16.88 65.63 8.44
Sed,z 2.42 1.73 2.90
Dz(8h) 75.47 53.90 90.53
Time to Rz > 1.2 [years] 4.7 18.0 1.8
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3.2. MODEL EVALUATION

Figure 3.3. Measured and calculated seat accelerations. (A) Experimental seat
base accelerations used as model input. The signal is sampled at 800 Hz and
low-pass filtered at 200 Hz. (B) Experimental and calculated seat acceleration
signal. The calculated signal is based on the spring stiffness and damping
coefficients of Seat 1. (C) Experimental and calculated seat acceleration signal.
The calculated signal is based on the spring stiffness and damping coefficients
of Seat 2.
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Chapter 4

Seat characteristics analysis

By comparing the seat response for various seat configurations against existing
standards for WBV exposure the seat characteristics’ influence on the seat response
motion is investigated. The seat model defined in Chapter 3 is used to simulate
the seat accelerations for a number of different seat configurations. The measured
seat base acceleration signal in Figure 3.3 (A) is used as model input while the
spring stiffness and damping coefficients for the suspension mechanism and the seat
cushion are varied systematically. Also the mass of the crew is varied in order to
determine the variation in vibration exposure due to different weights. The simu-
lated seat accelerations are evaluated according to ISO 2631-1 and ISO 2631-5.

The evaluation methods defined in the international standards are widely used for
analysis of WBV exposure, but their appropriateness for the HSC environment is
being questioned. Since the skepticism is mainly directed to the legislated limit
values of the daily exposure, the evaluation methods are however considered as use-
ful comparative measures. Finally the maximum displacement of the two modeled
masses, m1 andm2, are studied. These have to be considered, since they correspond
to the motion stroke of the suspension mechanism and the seat cushion.

4.1 Method

4.1.1 Seat parameter range
The seat characteristics influence on the seat response is investigated by varying
the seat parameters of Seat 2 defined in Chapter 3. Based on published studies re-
garding vibration exposure on HSC, involving both foam seats and suspension seats
(Coe, Shenoi & Xing 2008, Cripps et al. 2003, Coe, Xing, Shenoi & Taunton 2009),
upper and lower limits for the seat parameters are defined as shown in Table 4.1.
Spring stiffness coefficients above 100,000 N/m are assumed to be irrelevant, since
they reduce the mitigating effect for most vibrations and only attenuate the great-
est mechanical shocks. Further, spring stiffness coefficients below 20,000 N/m are
considered as inconvenient due to practical reasons. The initial compression that
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CHAPTER 4. SEAT CHARACTERISTICS ANALYSIS

occur when a person enters the seat, as well as the maximum displacement caused
by the exciting accelerations, have to be within reasonable limits. A spring having
a stiffness of 20,000 N/m is displaced 0.05 m if statically loaded by 100 kg, whereas
a spring with stiffness 2,000 N/m is displaced 0.5 m if loaded by 100 kg. Although
higher or lower values of k1,2 might be applicable, the defined spring stiffness in-
terval 20, 000 < k1,2 < 100, 000 N/m is considered as sufficient for the present study.

Table 4.1. Limits for investigated seat coefficients

Lower limit Upper limit
k1 20,000 N/m 100,000 N/m
k2 20,000 N/m 100,000 N/m
c1 500 Ns/m 2,000 Ns/m
c2 500 Ns/m 2,000 Ns/m

4.1.2 System eigenfrequencies
The eigenfrequencies of the system are vital when studying the working environment
with respect to WBV. The eigenfrequency of the system should not coincide with
the most common exciting frequencies. Further, one of the fundamental natural
frequencies of the human body, which is around 4-6 Hz, should be avoided. The
angular eigenfrequency of the system, in units of rad/s, is given by

ω1,2 =

√√√√k1 + k2
2m1

+ k2
2m2

±

√(
k1 + k2

2m1

)2
+
(
k2

2m2

)2
+ k2

2 − k1k2
2m1m2

(4.1)

The eigenfrequency of the system in units of Hz is

f1,2 = ω1,2
2π (4.2)

4.1.3 Motion stroke
For large acceleration peaks the displacement of the seat can exceed the maximum
amount of displacement allowed by the suspension mechanism. This event is called
bottoming out and is critical for the occupant who will be exposed to severe shocks
when the vibration is amplified instead of damped by the seat. The proposed
seat model does not account for bottoming out events, but the maximum seat
displacement for the considered time period can be used as indication of what
motion stroke the seat requires in order to avoid bottoming out. The maximum
seat displacement for the time period 0 < t < T is

xr2,max = max(xr2(t)) (4.3)
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4.1. METHOD

where xr2(t) is the displacement vector of m2 relative to the base, defined in Eq.
3.8 and calculated in Eq. 3.12. Thus xr2,max is the maximum displacement of the
entire seat measured from its initial position, including the displacement of both
the suspension mechanism and the seat cushion.

4.1.4 Vibration exposure analysis

Methods for evaluation of the vibration exposure are defined in ISO 2631-1 and
ISO 2631-5. In EU legislation (EC 2002), limit and action values for the daily ex-
posure to WBV are defined by the VDV and RMS values, see Table 4.2. The VDV
values are recommended by the standard (ISO 2631-1) when assessing vibrations
containing repeated shocks, since its ability to reproduce the shock content is better
than the RMS value. The evaluation methods in ISO 2631-1 are on the basis of
daily exposure. In ISO 2631-5, guidance are given for assessment of the risks for
adverse effects on the lumbar spine based on a long time perspective. In the HSC
community, the VDV limit value is being questioned, and the evaluation methods
in ISO 2631-5 are considered as more suitable (Garme et al. 2011). However, the
VDV is a useful comparative measure when investigating the seat characteristics
influence on the seat response motion. To enable an as complete comparative study
as possible, the calculated accelerations are quantified in accordance with both ISO
2631-1 and ISO 2631-5. In the case when the limit value is exceeded, the time until
V DV>21 m/s1.75 is calculated.

Table 4.2. Legislated values for WBV exposure

RMS8h VDV8h
Limit value 1.15 m/s2 21 m/s1.75

Action value 0.5 m/s2 9.1 m/s1.75

4.1.5 Investigated measures

To account for the susceptibility of the human body to various frequencies the sim-
ulated acceleration signals are frequency weighted in accordance with ISO 2631-1.
The simulated acceleration signal is first transformed to the frequency domain us-
ing FFT, then frequency weighted using a frequency weighting filter defined in ISO
2631-1. The filter amplifies the frequencies that influence the human body the most,
and represses other parts of the spectrum. The frequency weighted signal is retrans-
formed to the time domain using IFFT.
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CHAPTER 4. SEAT CHARACTERISTICS ANALYSIS

ISO2631-1

In ISO 2631-1, the basic evaluation method is defined as the RMS value of the
frequency-weighted acceleration signal aw(t)

RMS =
{

1
T

∫ T

0
[aw(t)]2dt

}1/2

(4.4)

where t is the time and T the measurement time period. Since the RMS value
suppresses the acceleration peaks, more peak sensitive measures are needed when
assessing vibrations containing shocks. To judge the content of shock, the crest
factor is defined as the maximum value of a frequency weighted acceleration signal
divided by its RMS value. For signals where the crest factor exceeds 9, the standard
suggests additional evaluation methods to be used.

The running RMS value at time t0 is a sequence of length τ of the RMS value.

RMSτ [aw(t0)] =
{1
τ

∫ t0

t0−τ
[aw(t)]2dt

}1/2
(4.5)

The standard recommends τ = 1 s. By calculating Eq. 4.5 for the time t =
t0, t0 + τ, t0 + 2τ, ..., t0 + T , the running RMS value for the entire measurement
time period, RMSτ , is given. The maximum value of the running RMS defines the
maximum transient value (MTVV), which is a measure more clearly influenced by
the shock content than the RMS value.

MTVV = max(RMSτ ) (4.6)
Further, another more peak sensitive measure is the vibration dose value (VDV)

VDV =
{∫ T

0
[aw(t)]4dt

}1/4

(4.7)

The VDV is similar to the running RMS, but by taking the acceleration signal to
the power of four, the effect of shock is amplified even more. In addition, VDV
increases with the period time T .

Finally, ISO 2631-1 defines two ratios that, if exceeded, indicate that the additional
evaluation methods in Eq. 4.5-4.7 will be important for the judgment of vibration
effects.

MTVV
aw

= 1.5 (4.8)

VDV
awT 1/4 = 1.75 (4.9)
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4.1. METHOD

ISO2631-5

For WBVs containing repeated shocks, the risks for adverse effects on the lumbar
spine are critical. In ISO 2631-5 the spinal response to accelerations in the direction
k is calculated by the acceleration dose Dk in units of m/s2 as

Dk =
[∑
i=1

A6
ik

]1/6

(4.10)

where Aik is the ith peak of the response acceleration calculated from two models
defined in the standard, one for the x and y direction and one for the z direction.
The models act in practice as weighting filters which are applied on the measured
or simulated seat acceleration signal. For the daily time of exposure td and the
measurement period time T , the average daily acceleration dose is

Dk,d = Dk

[
td
T

]1/6
(4.11)

The daily equivalent static compression dose, Sed, is calculated based on the daily
acceleration dose Dk,d in Eq. 4.11 and the dose coefficient mk.

Sed =
[∑
k

(mkDk,d)6
]1/6

(4.12)

The standard recommends mx = 0.015, my = 0.035 and mz = 0.032 MPa/(m/s2).

The ultimate strength of the lumbar spine decreases with increasing age. Expressing
a person’s age as b+ i, where b is the age at which the exposure starts and i is the
year counter, the strength of the lumbar spine is defined by the standard as

Sui = 6.75− 0.066(b+ i) MPa (4.13)

Based on Eqs. 4.12 and 4.13, the number of exposure days per year, N , and the
number of years of exposure, n, the factor R is defined as

R =
[
n∑
i=1

SedN
1/6

Sui − c

]1/6

(4.14)

The constant c represents the static pressure due to gravitational force, and is by
the standard suggested to be 0.25 MPa. The factor R is used for assessment of
the risks for adverse health effects on the lumbar spine, although the human vari-
ability is significant which complicates the assessment. According to the standard,
R < 0.8 indicates a low probability of adverse health effect, whereas R > 1.2 indi-
cates a high probability. The evaluation methods in ISO 2631-5 take vibrations in
three directions (k = x, y, z) into consideration. The presented seat model assumes
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accelerations only in the vertical direction. That means that Dk=x,d = Dk=y,d = 0,
which implies that Eq. 4.12 and Eq. 4.14 become

Sed,z =
[
(mzDz,d)6

]1/6
(4.15)

and

Rz =
[
n∑
i=1

Sed,zN
1/6

Sui − c

]1/6

(4.16)

By comparing Sed and Sed,z calculated from experimental acceleration data, it is
clear that the vertical accelerations dominate the vibration exposure. When the
daily equivalent static compression dose for the z direction is Sed,z = 2.4168, the
corresponding dose including three directions is Sed = 2.4171. The insignificant
difference indicates that the assumption Dk=x,d = Dk=y,d = 0 is reasonable and
that the difference between R and Rz is negligible. The factor Rz and the high
probability limit Rz > 1.2 are hence found appropriate as measures when analysing
and comparing different seat configurations.

4.2 Analysis

The seat characteristics influence on the seat response motion is investigated by sys-
tematically varying the spring and damping coefficients. Starting from the parame-
ters of Seat 2 defined in Chapter 3, which is considered as a reasonable suspension
seat representation, 9 additional seats are defined as shown in Table 4.3. Using the
measured seat base accelerations in Figure 3.3 (A) the corresponding seat responses
for the 10 seats are calculated. All seats are assumed to be statically loaded by
m2 = 85 kg when t = 0. That is, the initial position of each seat is when it has been
compressed by the seated crew member. The calculated responses of Seat 2-Seat 11
are analysed in accordance with ISO 2631-1 and ISO 2631-5. The lowest vibration
levels are found for the lower values of spring stiffness coefficients and the higher
values of damping coefficients. For investigational purposes an "improved" seat con-
figuration is defined as Seat 11. By "improved" means that the vibration levels in
terms of the measures of ISO 2631-1 and ISO 2631-5 is decreased. However, the
parameters of Seat 11 is not a proposed seat improvement, but rather an interesting
seat setting to be evaluated and compared to the other seats. Finally the influence
of the crew weight on the seat response motion is investigated by calculating the
seat responses of Seat 2 and Seat 11 for the crew weights m2 = 70, 85 and 100 kg.
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Table 4.3. Investigated seats

Seat k1 [N/m] k2 [N/m] c1 [Ns/m] c2 [Ns/m]
2 100,000 45,000 2,000 2,000
3 20,000 45,000 2,000 2,000
4 50,000 45,000 2,000 2,000
5 100,000 20,000 2,000 2,000
6 100,000 100,000 2,000 2,000
7 100,000 45,000 500 2,000
8 100,000 45,000 1,250 2,000
9 100,000 45,000 2,000 500

10 100,000 45,000 2,000 1,250
11 20,000 20,000 2,000 2,000

4.2.1 Spring stiffness influence

Based on Seat 2 the spring stiffness coefficient for the suspension mechanism and
the seat cushion, k1 and k2, is varied between 20,000 and 100,000 N/m defining Seat
3-6 in Table 4.3. The calculated seat responses of the defined seats are analysed
according to ISO 2631-1 and ISO 2631-5. The comparisons found in Table 4.4 and
4.5 show that the vibration levels are reduced when the spring stiffness coefficients
are decreased. Both the RMS value and the VDV is reduced by approximately 30%
when k1 or k2 is decreased from 100,000 to 20,000 N/m. Despite the significant
reduction, the limit value (VDV8h = 21 m/s1.75) is still exceeded. The time until
VDV> 21 m/s1.75 is increased up to 20 minutes, which is a relatively small differ-
ence compared to a full working day. Still, the relative difference is significant. The
time until VDV> 21 m/s1.75 is almost five times longer for the seats with the lower
spring stiffnesses.

The relative difference is of certain interest when comparing different seat solu-
tions due to several reasons. As discussed in previous chapters, the limit value of
21 m/s1.75 is questionable. Further, the method of calculating the daily exposure
VDV8h used here assumes that the crew is continuously exposed to the accelera-
tions recorded at the sea trials during 8 hours per day. It is reasonable that the
crew in reality experience a wide range of sea states and boat speeds that affect
the actual daily exposure. Although the crew participating in the sea trials de-
clare that the running conditions experienced during the experiment are common
during normal, every-day operations, working days of 8 hours at high speed are rare.

Considering that HSC operations are mainly performed during summer months and
not all days a week, it is a reasonable assumption that a Swedish Coast Guard crew
is on duty at high speed 50 days per year in average. Based on this, the Rz factor as
function of years when beginning duty at the age of 20 years, is as shown in Figure
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Table 4.4. Analysis of spring stiffness k1

Seat 3 4 2
k1 = 20, 000 N/m k1 = 50, 000 N/m k1 = 100, 000 N/m

f1 [Hz] 1.80 2.50 2.96
f2 [Hz] 6.84 7.78 9.29
xr2,max [m] 0.12 0.094 0.076
Crest factor [1] 7.18/-2.64 7.61/-3.88 7.86/-4.70
RMS value [m/s2] 2.04 2.45 2.85
MTVV-run [m/s2] 4.75 5.97 6.91
VDV-run [m/s1.75] 15.91 19.73 23.24
VDV(8h) [m/s1.75] 39.67 49.18 57.93
Time to VDV>21 [min] 38.14 15.82 8.44
Sed,z 2.03 2.54 2.90
Dz(8h) [m/s2] 63.45 79.50 90.53
Time to Rz > 1.2 [years] 10.1 3.6 1.8

Table 4.5. Analysis of spring stiffness k2

Seat 5 2 6
k2 = 20, 000 N/m k2 = 45, 000 N/m k2 = 100, 000 N/m

f1 [Hz] 2.21 2.96 3.60
f2 [Hz] 8.28 9.30 11.38
xr2,max [m] 0.088 0.076 0.064
Crest factor [1] 8.19/-3.44 7.86/-4.70 7.77/-5.70
RMS value [m/s2] 2.33 2.85 3.49
MTVV-run [m/s2] 5.63 6.91 8.23
VDV-run [m/s1.75] 19.34 23.24 28.15
VDV(8h) [m/s1.75] 48.2 57.93 70.17
Time to VDV>21 [min] 17.23 8.44 3.83
Sed,z 2.42 2.90 3.58
Dz(8h) [m/s2] 41.14 90.53 60.95
Time to Rz > 1.2 [years] 4.6 1.8 0

4.1 and 4.2. The Rz factor indicates the risks for adverse effects on the lumbar
spine. Since the risk for adverse effects on the lumbar spine is considered as high
when Rz > 1.2, the time until exceeding that level is also calculated and used to
compare the different seats. The previously mentioned assumption of 8 hours severe
vibration exposure per day is applied also when calculating the daily acceleration
dose Dz(8h) that the Rz factor is based on. As concluded, such working days are
in reality rare. The Rz factor is therefore used as a comparative measure.
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Figure 4.1. The R value as function of years for Seat 2-4.The horizontal lines
at Rz = 0.8 and Rz = 1.2 indicate low respectively high risk for adverse effects
on the lumbar spine.

Figure 4.2. The R value as function of years for Seat 2, 5 and 6.The horizontal
lines at Rz = 0.8 and Rz = 1.2 indicate low respectively high risk for adverse
effects on the lumbar spine.
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The Rz factor is highly sensitive to spring stiffness variation. The time until
Rz > 1.2 is increased from 1.8 years to 10.1 years when the spring stiffness k1
is decreased from 100,000 to 20,000 N/m, and from 0 to 1.8 years when k2 is de-
creased the same amount. The lumbar spine model base dose value Dz(8h) is,
similarly to RMS and V DV8h, decreased by approximately 30% when k1 or k2 is
decreased from 100,000 to 20,000 N/m.

It is clear that the spring stiffness of the suspension mechanism and the seat cush-
ion has significant influence on the vibration exposure of the crew. The spring
stiffness also affect the system eigenfrequencies and the seat motion stroke. De-
creasing the spring stiffness coefficients result in decreased eigenfrequencies and
increased maximum displacement. These two aspects can become limiting factors
for the seat designer. The eigenfrequencies should not coincide with the natural
frequencies of the human body around 4-6 Hz and the maximum displacement can
for practical reasons not be too high. The investigated seats, with spring stiffness
coefficients within the range 20, 000 < k1,2 < 100, 000 N/m, have eigenfrequencies
outside the interval of 4-6 Hz. The maximum displacements are within the range
0.064 < xr2,max < 0.12 m which are reasonable motion strokes for a suspension
seat. This indicate that the chosen interval for the spring stiffness coefficients is
reasonable. Although spring stiffnesses below 20,000 N/m would reduce the vibra-
tion levels further, it would also increase the risks for bottoming out.

4.2.2 Damping influence

Seat 7-10 are defined by varying the damping coefficients c1 and c2 of Seat 2 be-
tween 500 and 2000 Ns/m. The analysed seat response motions found in Table
4.6and 4.7 indicate that the vibration levels increase when the damping coefficients
are decreased. When c1 is reduced from 2,000 to 500 Ns/m, the RMS value and
V DV8h are both increased by approximately 20%, and the time until V DV>21
m/s1.75 is reduced by approximately 50%. A slightly more significant difference is
visible when c2 is decreased from 2,000 to 500 Ns/m. The RMS value is increased
by approximately 30% and the V DV8h by around 20%, and the time until VDV>21
m/s1.75 is reduced by around 65%. The Rz factor as function of years presented in
Figure 4.3 and 4.4 show that the time until Rz > 1.2 is approximately two years
longer for the case when the damping coefficient c1 or c2 is 2,000 Ns/m than when it
is 500 Ns/m. It can hence be concluded that the damping coefficients influence on
the vibration exposure is less significant than the spring stiffness. Since any obvious
limitation of the damping coefficient is not yet found, a more thorough review of
damping techniques and seat cushion materials are desirable.
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Table 4.6. Analysis of damping coefficient c1

Seat 7 8 2
c1 = 500 Ns/m c1 = 1, 250 Ns/m c1 = 2, 000 Ns/m

f1 [Hz] 2.96 2.96 2.96
f2 [Hz] 9.29 9.29 9.29
xr2,max [m] 0.083 0.079 0.076
Crest factor [1] 7.59/-5.29 7.65/-4.99 7.86/-4.70
RMS value [m/s2] 3.43 3.07 2.85
MTVV-run [m/s2] 8.18 7.34 6.91
VDV-run [m/s1.75] 27.67 24.91 23.24
VDV(8h) [m/s1.75] 69.00 62.10 57.93
Time to VDV>21 [min] 4.09 6.36 8.44
Sed,z 3.41 3.07 2.90
Dz(8h) 106.43 95.95 90.53
Time to Rz > 1.2 [years] 0 1.3 1.8

Table 4.7. Analysis of damping coefficient c2

Seat 9 10 2
c2 = 500 Ns/m c2 = 1, 250 Ns/m c2 = 2, 000 Ns/m

f1 [Hz] 2.96 2.96 2.96
f2 [Hz] 9.29 9.29 9.29
xr2,max [m] 0.096 0.083 0.076
Crest factor [1] 6.14/-4.86 7.18/-4.91 7.86/-4.70
RMS value [m/s2] 3.99 3.12 2.85
MTVV-run [m/s2] 9.13 7.45 6.91
VDV-run [m/s1.75] 30.25 24.80 23.24
VDV(8h) [m/s1.75] 75.41 61.82 57.93
Time to VDV>21 [min] 2.87 6.36 8.44
Sed,z 3.72 3.10 2.90
Dz(8h) 116.31 96.73 90.53
Time to Rz > 1.2 [years] 0 1.3 1.8

For all the investigated seats in Table 4.6 and 4.7 the time to V DV>21 m/s1.75 is
below 8 minutes. It is understandable that the limit value of 21 m/s1.75 is being
questioned in the HSC community, as discussed in Chapter 1. It is also possible that
a higher limit value could be acceptable, as suggested by Garme et al. (2011). In that
case the time until exceedance of the limit should increase and be more meaningful
as measure when evaluating the vibration exposure. However, the V DV8h levels in
Table 4.6 and 4.7 are also notably high, because the V DV8h probably overestimates
the actual daily dose exposure.
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Figure 4.3. The R value as function of years for Seat 2, 8 and 7. The horizontal
lines at Rz = 0.8 and Rz = 1.2 indicate low respectively high risk for adverse
effects on the lumbar spine.

Figure 4.4. The R value as function of years for Seat 2, 9 and 10. The
horizontal lines at Rz = 0.8 and Rz = 1.2 indicate low respectively high risk
for adverse effects on the lumbar spine.
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4.2.3 Improved seat
For the investigated seats, the lowest vibration levels according to ISO2631-1 and
ISO2631-5 are found for those having the lowest spring stiffness coefficient and the
highest damping coefficient. As a result, Seat 11 is defined as a theoretically im-
proved seat with spring stiffness coefficients k1 = k2 = 20, 000 N/m and damping
coefficients c1 = c2 = 2, 000 Ns/m. The seat response of Seat 11 is calculated and
compared to Seat 2 in Table 4.8. The improvement is significant. The daily dose
exposure V DV8h is reduced from 57.93 to 36.68 m/s1.75, and the time until Rz > 1.2
is increased by 12 years, as seen in Figure 4.5, illustrating Rz as function of time.

The reduced spring stiffness result in an increase of the maximum displacement of
the seat. Compared to Seat 2, the motion stroke required by Seat 11 is the double.
Still the displacement is within reasonable limits, namely 0.143 meters. It should
be noted that the evaluation of Seat 11 is performed only for investigational pur-
pose. The parameters of Seat 11 should not be considered as a proposed improved
solution. Several aspects have to be considered, such as practical implementation,
comfort and the seat response motions in other sea states.

Table 4.8. Comparison of Seat 2 and Seat 11

Seat 2 11
f1 [Hz] 2.96 3.22
f2 [Hz] 9.30 10.18
xr2,max [m] 0.076 0.143
Crest factor [1] 7.86/-4.70 6.57/-2.90
RMS value [m/s2] 2.85 1.94
MTVV-run [m/s2] 6.91 4.32
VDV-run [m/s1.75] 23.24 14.72
VDV(8h) [m/s1.75] 57.93 36.68
Time to VDV>21 [min] 8.44 52.50
Sed,z 2.90 1.86
Dz(8h) 90.53 31.66
Time to Rz > 1.2 [years] 1.8 14.1
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Figure 4.5. The Rz value as function of years for Seat 2 and Seat 11. The
horizontal lines at Rz = 0.8 and Rz = 1.2 indicate low respectively high risk
for adverse effects on the lumbar spine.

4.2.4 Influence of human mass
Choosing an appropriate seat design, the vibration exposure of the crew can be
reduced. However, there is no single solution that is feasible for all situations. A
seat suitable in one situation might be strongly inappropriate in another situation.
The seat response motion depends not only on the seat parameters, but also on
the crew weight and the exciting force, which in turn is affected by the prevailing
weather, sea state and boat speed. The influence of the weight of the crew on the
seat response motion of Seat 2 and Seat 11 is illustrated in Table 4.9 and 4.10,
where the mass m2 is varied between 70, 85 and 100 kg. The difference in response
between the various masses is for Seat 2 notable but very small, see Figure 4.6.
When the vibration levels are reduced, as when Seat 11 is used, the difference is
more clear. As seen in Figure 4.7, a crew member that weights 100 kg can continue
in duty almost 5 years longer than a college that weights 70 kg. It can be concluded
that the crew weight influence the vibration exposure, but also the motion stroke.
When m2 is increased by 15 kg, the maximum displacement of Seat 2 and Seat 11
is increased by around 0.01 m and 0.02 m respectively. To avoid bottoming out,
consideration of the crew weight is hence relevant when designing a suspension seat.
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Table 4.9. Influence of human mass, Seat 2

m2 = 70 kg m2 = 85 kg m2 = 100 kg
f1 [Hz] 3.23 2.96 2.74
f2 [Hz] 9.34 9.30 9.25
xr2,max [m] 0.067 0.076 0.085
Crest factor [1] 8.28/-4.97 7.86/-4.70 7.56/-4.38
RMS value [m/s2] 2.94 2.85 2.75
MTVV-run [m/s2] 7.07 6.91 6.71
VDV-run [m/s1.75] 24.40 23.24 22.2
VDV(8h) [m/s1.75] 60.82 57.93 55.33
Time to VDV>21 [min] 6.81 8.44 9.84
Sed,z 3.00 2.90 2.80
Dz(8h) 93.61 90.53 87.60
Time to Rz > 1.2 [years] 1.5 1.8 2.1

Table 4.10. Influence of human mass, Seat 11

m2 = 70 kg m2 = 85 kg m2 = 100 kg
f1 [Hz] 3.49 3.22 3.00
f2 [Hz] 10.33 10.18 10.07
xr2,max [m] 0.123 0.143 0.160
Crest factor [1] 7.14/-2.67 6.57/-2.90 6.16/-3.08
RMS value [m/s2] 1.97 1.94 1.93
MTVV-run [m/s2] 4.55 4.32 4.21
VDV-run [m/s1.75] 15.32 14.72 14.30
VDV(8h) [m/s1.75] 38.19 36.68 35.65
Time to VDV>21 [min] 43.59 52.50 58.13
Sed,z 1.98 1.86 1.79
Dz(8h) 33.63 31.66 30.52
Time to Rz > 1.2 [years] 11.3 14.1 15.9

29



CHAPTER 4. SEAT CHARACTERISTICS ANALYSIS

Figure 4.6. The Rz value as function of years when Seat 2 is analysed for
m2 = 70, 85, 100 kg.The horizontal lines at Rz = 0.8 and Rz = 1.2 indicate
low respectively high risk for adverse effects on the lumbar spine.

Figure 4.7. The Rz value as function of years, when Seat 11 is analysed for
m2 = 70, 85, 100 kg. The horizontal lines at Rz = 0.8 and Rz = 1.2 indicate
low respectively high risk for adverse effects on the lumbar spine.
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Chapter 5

Discussion and conclusions

The defined seat model is used to investigate the response motion for different
suspension seat configurations, i.e. different sets of spring stiffness and damping
coefficients k1, k2, c1 and c2. From the result it is clear that the spring stiffness
coefficients and the damping coefficients of the suspension seat affect the crew’s vi-
bration exposure significantly. The lowest vibration levels according to ISO 2631-1
and ISO 2631-5 are found for the lowest values of k1,2, and the largest values of c1,2.
With the assumed upper and lower limits of k1,2 and c1,2, it is also found that the
spring stiffness coefficient has more influence than the damping coefficient on the
response motion. The time to V DV > 21 m/s1.75 becomes almost five times longer
when k1 is decreased from 100,000 to 20,000 N/m, whereas the time to V DV > 21
m/s1.75 is only doubled when c1 is increased from 500 to 2,000 Ns/m. Based on
that result, Seat 11 is defined as a theoretical seat improvement of the reference
seat (Seat 2 ). The improved seat is based on the spring stiffness coefficients and
damping coefficients that give the lowest vibration doses, that is k1 = k2 = 20, 000
N/m and c1 = c2 = 2.000 Ns/m. Compared to the reference seat, the daily vibra-
tion dose V DV8h is then reduced by around 40% and the time to Rz > 1.2 increased
by 12 years, which is an enormous improvement. Despite this, the VDV limit value
is exceeded after less than one hour.

To achieve as low vibration levels as possible, the parameters of the improved seat
(Seat 11 ) are the best, provided the assumed seat parameter limits (20, 000 < k1,2 <
100, 000 N/m and 500 < c1,2 < 2, 000 Ns/m). It is possible that some of the values
are not feasible in practice, or oppositely, that a wider range of spring stiffness and
damping coefficients can be applicable. The chosen seat parameter interval is based
on a review of a number of published studies concerning vibrations on HSC (Coe
et al. 2008, Cripps et al. 2003, Coe et al. 2009). The limits give reasonable results
for both required motion strokes and system eigenfrequencies. The motion stroke
is at most 0.16 m (Seat 11 ) and the eigenfrequencies do never coincide with the
human natural frequency of 4-6 Hz that should be avoided.
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It is likely that the spring stiffness coefficient can be lower than 20,000 N/m. How-
ever, as for higher crew weights, that requires a larger motion stroke. An increase
in crew weight result in increased mitigation, but also increased maximum displace-
ment. The motion stroke is hence a key parameter when designing a suspension
seat. Bottoming out events have to be avoided, but the motion stroke cannot be too
long due to practical reasons. Further the seat need to be designed for mitigation of
a range of different excitation spectrums. The motions typical for HSC include both
high-frequency vibrations and more severe high acceleration events. For damping
in less severe sea states a lower stiffness and a higher displacement is advantageous.
When the sea state is more severe, an increased stiffness is needed in order to isolate
the crew from high acceleration events. The possibilities for the seat to mitigate
optimally in various sea states are limited when the spring stiffness coefficient is
constant, as it is in the proposed seat model. Considering this, possible strategies
to further reduce the vibration exposure could for instance be to utilize progressive
spring stiffness characteristics, as proposed in Cripps et al. (2003), or active sus-
pension systems, as discussed in Chapter 2. However, for most active systems one
can expect additional weight, cost and maintenance, which in turn make them less
attractive.

The result of varying m2 shows that the crew weight has greater influence on the
seat response motion and the seat motion stroke for lower acceleration levels. With
a daily dose Sed of 3 MPa (Seat 2 ) the difference in time to Rz > 1.2 is only a few
months when m2 is increased 15 kg. The maximum displacement is increased by
around 0.01 m. For a daily dose Sed just below 2 MPa (Seat 11 ) the difference in
time to Rz > 1.2 is instead up to 3 years, and the maximum displacement is in-
creased by around 0.02 m. That means that for a more effectively damped seat, or
for less severe sea states, the vibration exposure depends more on the crew weight.
Similarly the seat parameter impact is greater when the vibration doses are lower.

The seat model proposed in this study is used to investigate how the seat param-
eters influence the vibration exposure of the crew, and consequently the risks for
adverse health effects. The model considers accelerations in the vertical direction
only. As concluded in section 4.1.5, as well as by Mansfield (2005), vertical acceler-
ations are the dominating on HSC. Further, accelerations in the vertical direction
also contribute the most to adverse effects on the lumbar spine, which is one of
the most severe health problems among HSC operators. However, if consideration
of accelerations in several directions in the future shows to be of interest, the seat
model can be extended to several degrees of freedom. The same governing equations
as those defined for the two dregrees-of-freedom system can be applied to a multi-
dimensional system. An example of such implementation is found in Coe et al.
(2009), where a three-dimensions boat-seat-human interaction model is presented.

The seat model can become a useful tool for naval architects who want to apply
a human factors perspective in the early design phases. Still, there are several
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aspects excluded in this study that are of interest when evaluating the risks for
adverse health effects due to WBV. For instance, the human response to vibration
is affected by aspects such as posture and fatigue. For seats with backrest, the
angle of the backrest has shown to influence both comfort and human performance
during WBV exposure (Paddan et al. 2011, Paddan et al. 2012). It is likely that
also the risks for adverse health effects are affected by the design of the backrest,
but also by factors such as recovery periods and the crew’s physical ability. It would
be highly interesting to relate the influence of these parameters to the influence of
crew weight and seat parameters, that are studied in this thesis.

Further the considered frequency range of 4-6 Hz is only one of several natural
frequencies of the human body. Additional frequency ranges might be relevant
to consider. To fully understand the possibilities and the limitations of suspen-
sion seats, deeper knowledge about the spring stiffness and damping coefficients is
required. In other words, techniques and materials for the seat’s suspension mecha-
nism need further investigation. It might be that additional damping techniqes are
required in order to achieve an acceptable working environment and reduce the risks
for adverse health effects for the crew. However, the seat model will be a useful tool
for naval arcitects, seat designers and researchers who aim to improve the working
environment on small HSC.
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