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6. Computer Modelling

6.1 ADAMS modelling

ADAMS was used for modelling the mechanisms to @atd performance,
stability and to give more insight into the meclsams’ behaviour. The
mechanism models could only translate in the yngl&he ADAMS modelling
resulted in the concept to be used for the firstqiype design to be changed from
the Hex Linkage concept to the Two Part Mechanismcept. See Appendix C
for diagrams of the suspension mechanism ADAMS rsode basic air-spring
model was used in the ADAMS models. The basic @ilng model was derived
from the ideal gas equation. The derivation of #direspring model is given in
Paragraph 6.2.2.

6.2 Matlab Simulink modelling

Numerical and analytical models concerning the enosin seat’s vertical
movement with a human occupant were run in Matlmbunk. The purpose of

the models was to better understand the dynamiavib@ir of the suspension
seat’s vertical movement and the influence of patamchanges. Two numerical
models were completed; an air spring with exterredervoir model and a
suspension seat with human occupant model. Thesm@iing with external

reservoir model was used in the completed vertgts@pension with human
occupant model. A simplified analytical air sprimgth external reservoir model
to be used in ADAMS was also developed. The moda$ wompared to the
numerical air spring with reservoir model in Matl&mulink and gave good
correlation.
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6.2.1 Vertical model of human on a suspension seat

Although there are many different models to simaldtuman response to
vibration, a single method to adapt the model ttohie test subject does not exist.
Human response to vibration is complicated and nigpgreatly on inter-subject
and intra-subject variability. Inter-subject vaildp refers to the difference
between subjects in aspects such as body massamsiz@revious experience.
Intra-subject variability refers to changes in #ame subject like different body
posture and a different reaction to the vibratitiarebeing exposed to it before.

Figure 14 shows the lumped parameter model ussuintolate the suspension seat
with a human occupant. The model was adapted franetval. (1999). A lumped
parameter model is a model in which each massmsilated as a point. Mass

subscript numbers 0 to 3 represents the human napdieimassam, represents the

total seat and mechanism mass. Subscripts 1 to $pfong and damper elements
represent the human model, subscript 4 the polyanet seat and human
interaction and subscrigtthe suspension mechanism. For the human model the
mass, stiffness and damping components do notsepreny actual part of the
human body, as it is a lumped parameter modeffitsaest data.

m, TZ/

Air-spring [:Hj ¢, Q‘j Hd
',

e ISA

Figure 14: Vertical model of human on suspension ag solved with Matlab Simulink
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Because of subject variability the initial humandebused from Wt al. (1999)
was modified to fit the test data from the laborateuspension seat tests. The
testing was performed with three human subjectsrned to as the small, medium
and large subjects. The parameters for each o thean test subjects had to be
determined. The parameters were initially changedittthe test data for the
medium human subject. To determine the parametsrshk small and large
subjects, a linear relation was assumed betweem#ss values and the damping
and spring coefficients for all the human modelsug each component for the
human model was multiplied by a coefficient thati@ted the total mass of the
subject divided by the total mass from the mediuimjexct model. This worked to
some degree, but parameters still had to be mdditigher to fit the test data of
the small and large subject. See Chapter 6.2.3htomethod used to determine
the unknown model parameters. The model paramasad in this research are
compared with those found in literature in Tabl®&&pw.

Table 5: Comparison of model parameters to those iliterature

Parameter This project Gunstonet al. (2002) Wuet al. (1999)
m, (kg) 35 N/A 35
m (kg) 42.6 N/A 42.6
m, (kg) 2 N/A 2

m, (kg) 5.7 N/A 5.7
m, (kg) 53.8 58 53.8
m, (kg) 39.4 16 10

k (N.m%) | 31644 N/A 29087
k, (N.m™) | 29087 N/A 45644
k, (N.m%) | 16617 N/A 26617
¢ (N.s.mit) |70 N/A 1305
¢, (N.s.m?) | 1350 N/A 1305
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Table 5 (continued):

¢, (N.s.ih) | 175 N/A 1305
d. (kg) 120 74 N/A
c. (N.s.mb) |20 N/A 892

k, (N.m%) | 25583 92100 82300
¢, (N.s.m) |80 1371 300

All the parameters from different sources in Tabldo not coincide. Gunstos

al. (2002) modelled the human as a single rigid mass and thaehfrom Wuet

al. (1999) was modified for this project. Figure 15mgmares the modelled data
using the parameters from W al. (1999) and the modified model from this

project to the measured data. The measured dataobtasned from vertical

suspension seat tests with a human occupant, whiche explained in Chapter
7. The parameters of the original human and seateimioom Wuet al. (1999)

were modified until the modelled data fitted theasiered data. The stiffness and
damping coefficients were generally decreased. sHa¢ used for this project was

from a small vehicle and not an ADT and when conmgathe different seats,

small vehicles seats are “softer” than ADT seat$his explains why the

parameters had to be decreased.
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Figure 15: Comparison between original human modefrom Wu et al. (1999) and modified
human model to the measured data

6.2.2 Air-spring model

The air spring with external reservoir model wasivia from the theory of air
flow through an orifice and the ideal gas equatidhe equations were solved
numerically with Matlab Simulink. The air springdaneservoir are two different
sections separated by an orifice. To simplify theded, the temperature inside the
air spring and reservoir are taken as constant egdal to the ambient
temperature. The system was assumed to be adiabaécstrategy for modelling
the air spring and reservoir was to first modelflmw through an orifice with a
high pressure section and a lower pressure sedeynstream. When the air
spring is active the high pressure section wikmate between the air spring and
reservoir. A detailed derivation of the air-sprimgpdel can be found in Appendix
A.l.
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The temperature was simplified to be constant &edair density was calculated
from the high upstream pressure:

R
= 6.1
RT .1
The mass flow between the air-spring and resers@iven by:
2 n
M=CAP, [—| — [(w™ —wD" 6.2
& 1\/ RT (n—lj( ) (62)

With the direction of the mass flow dependent anphessure difference between
the air-spring and reservoir.

The time derivative of the pressure inside thesphing is:
p = mMRT -V,P,
V

a

(6.3)

The volume of the air-spring/() is dependent on the translation between the base

and top of the air-spring.

The time derivative of the pressure inside tha@servoir is:

p =R, (6.4)
Vr
The reservoir volume\( ) is a constant.
The force exerted by the air spring is given by:
F.=(Pim—P)A (6.5)

Equations 6.1 to 6.5 were solved numerically usitaglab Simulink. The Matlab
Simulink integrator ODE45 (Dormand-Prince) was usefind the solution.
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6.2.3 Lateral movement suspension seat rigid mass model

To simulate the lateral movement of the suspenséat a two degree of freedom
lumped parameter model was developed and solveeémeetly using Simulink.
Because of symmetry the suspension mechanism, alithghe rigid mass, could
be simulated with a half section, as shown in FegLg.

F.
ma

Figure 16: Lumped parameters model of suspension rabanism with rigid mass to simulate
lateral movement

The bending of the leaf springs causes moméhtsand M, which are linearly
equivalent to the resulting forég . To simplify the model the length is made a

constant. The vertical and lateral suspensiontsstihg in the laboratory are done
independently, thus for the lateral testing thepsuasion will not translate
vertically. In reality L does change when the seat translates lateraltyndu

enough for it to be relevant to the lateral modéle purpose of the forck, is to

stabilise the model and prevent the lengtlirom changing.
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Determining state equations
From Benhanet al. (1996) the initial gradien§ equals:

Ml
0=—— 6.6
4El (6.6)
Also assuming a linear relationship, the acting rantequals:
M =6k +6c (6.7)
Thus stiffness and damping coefficients equals:
k= ﬂ 6.8)
and
c =constan (6.9)

This was then applied to the top and bottom leainge. The mechanism
moments acting on the lumped mass are:

M, =6k +6c (6.10)
M, =6k, +6c, (6.11)

The force acting on the mass is dependent of botinents:

F =M +M,) (6.12)
L

|:|Fm:4-E3(4|-_I|t-l-lb)9_+_(ct +Cb)9:k19+ce (613)

with,

e atar{ Yo = yt] (6.14)
L+z

The 4 beforel, in Equation 6.41 is a result of the addition c& thoments from

the top four leaf springs. Each of the top foulf Ig@rings experiences the same
angular rotation and thus responds with the sanmaena
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The force acting on lumped mass ) because of gravity is:
F,=mg (6.15)

Although the arm length () does change in reality, it was held constant to
simplify the model. Length change of the arms waeiporated in the model for
future refinement of the model to incorporate \eattitravel. For the model used
in this project it was given a high stiffness vahloeforce the length to remain
constant.

The acting force from the arms is:

Fc=[L—\/((yb—yt)2+(L+zt)2)}x107 (6.16)

The lateral acceleration of mamss:

y, :%[ZFm cos@ }+F. sing ) (6.17)

The vertical acceleration of masss:

, :%[ZFm sin@)+F, cosg )\ F, | (6.18)

Equations 6.45 and 6.46 were solved numerically Wiatalb Simulink. Model
simulation results are discussed in ParagraphT®d.Matlab Simulink integrator
ODE45 (Dormand-Prince) was used to find the safutio

6.2.4 Parameter identification program

The vertical mechanism and seat friction are a coation of viscous and
coulomb damping. These parameters were determiaetienentally with the aid
of a parameter identification program. The progmses the Matlab constrained
non-linear optimization functiofmincon.m to identify two parameters for each
run by finding the constrained minimum for an ohijee function. More
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parameters could have been identified, but it watsnecessary. The objective
function that was minimized is the normalized difiece between test data and
modelled data for a given frequency range. Estimatere used for the initial
values and feasible ranges for the boundary vales program can be applied to
Simulink models.

The first set of vertical laboratory testing wasndowith different number of
weights and then from this, using the parametentifieation program, the
viscous and coulomb damping values of the mechamene determined. The
viscous and coulomb damping values were then detedrior the human subject
on the seat. Different parameters influenced tkedfifrequency ranges. After it
was determined which parameters influenced whiefuency range the program
was used to determine the parameters so thatdhartd model data fitted. Figure
17 shows the results of the program changing tlhwooth and viscous damping
values until the model data fits the test data.
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Figure 17: Results of the parameter identificatiorprogram and the frequency range used for

the objective function of the rigid mass tests
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Curve region A (as indicted in Figure 17) was uded the parameter
identification because it was necessary to determvhat caused the positive
gradient that started after 14 Hz. The program ltesshowed the coulomb
damping value to be relatively large and the viscdamping low, as expected. A
higher coulomb damping value in the numerical morkdulted in a more
distorted PSD plot and a higher viscous dampingesahused a smoother plot.
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7. Vertical Seat Testing and Evaluation

The vertical and lateral laboratory tests could/dred done separately. Equipment
to do the vertical seat testing on was availaktlevds not feasible or safe to
modify the equipment for lateral testing as wells@parate test setup for lateral
seat testing had to be designed and built. Thiptehanly focuses on the vertical
suspension seat test setup and results.

Three sets of vertical tests were done on the ssgpe seat. The first set of
testing was done with different masses on the sisépe mechanism, to

determine the transmissibility of the suspensiorthmaism. A broad band input
signal (see Figure 18) was used as base excitafloe.same broad band signal
was also used for the second set of tests donehwittan occupants sitting on the
polyurethane seat, attached to the suspension misaina
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Figure 18: PSD input of base excitation vibration
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All the vertical suspension seat testing was paréat on the DSTF (Dynamic

Seat Testing Facility) in the Structures Laboratatrtellenbosch University. The
DSTF complies with the safety requirements accgrdm ISO 13090-1 (1990)

and is safe to use with human test subjects. ThEFD&®nsists of a man-rated
single axis platform (z-axis), a servo hydraulicuator, a safety system and a
control system. The suspension mechanism with &@ was attached to the
platform. Numerous emergency stop buttons are docaround the test setup,
easily accessible by the operator and test suljjeetservo-hydraulic actuator has
a usable stroke of 150 mm and can produce a freguarup to 25 Hz.

The data acquisition and displacement control wasedwvith a computer using
Matlab based software called SigLab. Data was segnat 51.2 Hz, a low pass
filter was used to prevent aliasing and 50 averaga® taken of measurements
lasting 20 seconds each. Thus every test lastedidtes and 40 seconds.

The third set of required vertical testing to detere the SEAT values of the

suspension seat with human occupants could nobbe dn the DSTF, because
the actuator could not produce the required strdke numerical model of the

suspension seat with human occupant was used ¢omidee the SEAT values.

The input signal used was generated from the redUfSD signal according to
ISO 7096 (2000) EM1. Figure 19 (overleaf) showsrdgpired PSD and the PSD
of the generated signal. See Appendix A.2 for theth@d used to generate the
PSD.
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Figure 19: PSD of input vibration of spectral clas€EM1 according to ISO 7096 (2000)

7.1 Rigid mass test setup and procedure

The main purpose of the rigid mass testing was eénfy the air spring with

external reservoir model and determine the dampalges of the mechanism.
The test setup consisted of the suspension mechamithout the polyurethane
seat, loaded with 15 kg weights. Figure 20 shows tast setup without the

weights.
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Figure 20: Rigid mass test setup (without weightg)n DSTF

Two accelerometers were used to determine the ssgpetransmissibility, one
attached to the actuator platform (PCB Model Ndd1371FA20G, SN5551) and
the other (PCB Model No. 3701D1FA20G, SN7432) ®tthp moving part of the
suspension mechanism above the air spring (asaidicin Figure 20). The
transmissibility was determined from the two chdsred measured acceleration
data for three different loads: 60 kg, 45 kg anck80The pressure inside the air
spring and reservoir was adjusted to compensateh®rdifferent masses. To
return the air spring to its original height a maeical pressure measuring device
was used. The broad band input signal from Fig@ewas used for the base
excitation. To compare the measured pressure €iféer between the air spring
and reservoir to the modelled pressure differeaqaessure transducer calibrated
with a Betz manometer was used. The base vibratias set to 3 Hz and the
displacement was measured with the displacementermealibrated with
precision machined metal blocks. The displacemestendata was used in the air
spring with external reservoir numerical model amnpared to the measured
data.
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7.2 Human occupant seat test setup and procedure

Three human subjects were used for testing to m@terthe seat transmissibility
ratio plot. All the subjects were informed of theghts and of the adverse effects
of whole-body vibration, and all signed consentifser The subject weights were
71 kg, 84 kg and 94 kg. Figure 7 shows a diagrathefest setup.

Xij |
7 FJ {
N\

1

1 Accelerometer on platform 6 Emergency stop

2 Suspension mechanism with air spring 7 Acceleterseat pad on cushion
3 Pressure transducer 8 Displacement meter

4 Air reservoir 9 Hydraulic platform

5 Safety belt
Figure 21: Side view of suspension seat human ocauy test setup

Two channels of accelerometer data were used trrdete the transmissibility
ratio. A PCB Piezotronics seat pad with a tri-axaacelerometer (Model No.
356B40) was used on the seat surface, approximaBflynm from the seatback.
The seat pad was taped to the seat surface. Tlee exa#tation vibration was
measured using a Piezotronics single axis accekimm (Model No.
3701D1FA20G, SN 7432), secured by screw point.

56



7.3 Vertical test results

7.3.1 Rigid mass tests

Figure 22 shows the test results for the rigid masts. The plot shows the same
trend as would normally be expected from a 1l-defngpdamper-mass system
being exposed to base excitation. The system aewlivibration below
approximately 2 Hz and isolates it above 2 Hz. @donance the transmissibility
ratio does not go above 1.2 which is mainly du¢ht® inherent damping in the

mechanism and the pressure difference betweernrteprang and reservoir.
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Figure 22: Transmissibility ratios vs. frequency ofsuspension mechanisms

The resonance frequency for every weight setuppscximately 1.4 Hz. Unlike a
normal coil spring the air-spring maintains the eamatural frequency
independent of the acting mass. The air-spring rbegtsed in its recommended




operating range. Unlike the frictional coulomb damgpof the mechanism, the
damping caused by the air spring and reservoirbeamodelled and determined
without prior testing. Figure 23 shows the pressdiféerence measured and
modelled and confirms that the air spring with exé reservoir numerical model
does give an accurate representation of the amgsgdamping.
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Figure 23: Pressure difference between air springral external reservoir

The system identification algorithm was used tatdg the viscous and coulomb
damping values. The values were determined with d@m each of the three
rigid mass tests. As can be seen from Table 6v#hiees do not completely
coincide, but an averaged value does give goocbappated results.
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Table 6: Damping values determined by variable idetification algorithm

Weight mass | Coulomb damping value| Viscous damping value
[ka] [N] [N.s/m]
30 113 643
45 125 730
60 110 652
Average 117 675

Between 14 Hz and 20 Hz the transmissibility rattarts to increase slightly
again. When the algorithm was programmed to idertheé damping values for
curve fitting below 14 Hz the modelled data follavéhe trend of the measured
data below but not after 14 Hz. When the algorithetermined the damping
values using values between 14 Hz and 20 Hz theldref the measured and
modelled data fitted satisfactorily for the entiedevant frequency range (0.5 Hz
to 20 Hz).

7.3.2 Human occupant seat testing

The dynamic behaviour of the suspension seat witlurman occupant can be
evaluated from the transmissibility graphs. The adoal model was used to
identify and explain the different behavioural glerof the transmissibility graphs.
With the mechanism and air spring model paramatistified from the rigid
mass tests, the complete human occupant on suspeseat model was modified
to fit the test data.

When evaluating all the transmissibility graphs wgimgy the results from the
human occupant suspension seat testing there iexapyately a 1.4 Hz resonance
peak in all the graphs (see Figure 24, Figure 2bFRagure 26). This is most likely
caused by the air spring with external reservarwas observed with the rigid
mass tests. It was decided that the seat occupahegolyurethane foam cushion
caused the next peak at approximately 2.5 Hz. Tsea peak at such a low
frequency a fairly high mass with low stiffness resquired. The only other
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possibility was the seat’s backrest, but it was tmpd and did not translate
enough. Thus it could only have been caused byéa€s occupant. The seat’s
cushion damping and stiffness values were modtbédd the peak at 2.5 Hz.
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Figure 24: Transmissibility in the vertical direction of small subject
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Figure 25: Transmissibility in the vertical direction of medium subject
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Figure 26: Transmissibility in the vertical direction of large subject

The next two dips on the graph were caused by rdueshation of the seat’s
occupant on the seat. The damping and stiffneasesabf the person were also
modified to fit the measured data curve. The fidgp was caused by the
translation of the person’s upper body and thers@cip by the translation of the
upper legs. To greatly simplify the models, linbahaviour for the seat cushion
and human models was assumed.

The acting weight of the person sitting on the sest determined by measuring
the pressure inside the air spring and reservdie Jame weight ratios of each
mass relative to the total mass of the human meded used for all the subjects.
The original mass, stiffness and damping valuesvedtained from Wit al.
(1999) and modified to fit the medium subject’s swad data. The numerical
model was first made to fit the test data of thelime subject.

The mass ratio values were determined by dividirggacting mass of the small
and large subject by the medium subject’s actingsma
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lIsubject
h = rm(smg su je_c) (7.1)
m, (medium subject
I bject
h = m, (large subject) (7.2)

m, (mediumsubject

The acting mass was obtained with the pressure urerasnts inside the air-
spring. With the air-spring’s effective diameterokm the seat occupant’s acting
mass could be determined. The medium subject’'s matss value is unity.
Assuming that the total mass of the subject inftesnthe stiffness and damping
values of the human model, the parameters of thedl nd large subjects were
multiplied by the mass ratio value, to determine tlew parameters for each of
the human models.

The only other value that was further modified foe small and large subjects
was the cushion damping value to obtain the sarak ya&lue at 2.5 Hz.

The only variables that were changed for each stibjere the acting mass,

pressure inside the air-spring and friction dampiatyed,. The other variables

were the same for each subject.

7.3.3 Suspension seat performance

The purpose of the SEAT value is to compare thdopeance of different

suspension seats in a laboratory. Estimated SEAlesawere obtained from
Gunaselvam (2004). The suspension seat numericalelsiowere used to

determine the SEAT values, rather than the labordéesting as recommended by
ISO EM1 as the DSTF actuator does not have theireswertical stroke to

produce the ISO EML1 signal displacement. The SEAIlies obtained from the
numerical models are given in Table 7.
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Table 7: SEAT values obtained from numerical modelsvith EM1 signal input.

Subject
Small (68 kg) Medium (76 kg) Large (94 kg)
SEAT value 0.94 0.93 0.88

The laboratory testing would have been more aceutsn using the numerical
models, but using the numerical models are stillexazcurate than computing the
SEAT values with seat transmissibility data, as dase by Gunaselvam (2004).
This method would have been fairly accurate ifshepension seat demonstrated
linear behaviour. Gunaselvam (2004) estimated &&TSvalues with only heavy
subjects weighing 94 kg, 91.2 kg and 94.1 kg. Tthes SEAT values from
Gunaselvam (2004) can only be compared to thisptrsjheavy subject (94kg).

Gunaselvam (2004) determined the SEAT values fodifierent suspension seats
with three large subjects (98 kg — 103 kg). Thet ISESAT value obtained was
0.85. The seat with the SEAT value of 0.85 hadnailar transmissibility ratio
plot to this project’'s new suspension seat, with tiew seat having a slightly
lower resonance, approximately the same peak valoeé a similar end
transmissibility.

The numerical suspension seat models were alsowskedhe Bell ADT cabin
vibration data to determine the vibration leveluetibn ratio, the weighted rms
value measured above the seat divided by the wesidbdse rms value. This is the
same as the SEAT value, but named differently bexdioe required EM1 signal
was not used as the base input. The value inditda¢egsercentage of the vibration
experienced by the seat occupant. These valuesiarmarised in Table 8, where
the weighted rms value on the seat surface amgeitentage of the base vibration
are given.

63



Table 8: Modelled vibration exposure of suspensiogeat occupant from ADT cabin vibration

data

- Road condition Small subject | Medium subject| Large subject

] according to rms rms rms

file # Bell log book | [m.s?] SEAT (m.s?] SEAT (m.s?] SEAT
4 Medium gravel | 1.08 0.63 0.97 0.56 0.83 0.48
22 Bad gravel 1.25 0.65 1.16 0.60 1.03 0.58
27 Medium gravel | 0.81 0.73 0.74 0.66 0.63 0.5\
31 Standing still | 0.39 0.88 0.36 0.81 0.31 0.70
53 Graded gravel| 0.91 0.74 0.84 0.69 0.74 0.61
62 Tar road 0.36 1.10 0.34 1.02 0.29 0.88

The suspension seat only amplifies vibration whewvirty on a tar road (data file
62) and exceeds the recommended vibration limiafo8-hour day for the small
and medium subject when the ADT is driving on a bealel road (data file 22).
The results are only for vibration in the z-axiglalo not take into consideration
the weighted rms values of the other axes.

7.4 Vertical testing conclusions

The new ADT suspension seat reduces vibration deeensiderably and its
performance is comparable to the best performanspesision seat that was
commercially available in 2006. The new seat hatightly higher SEAT value

than the other suspension seats tested by Gunas€R@04); this may be as a
result of the heavier test subjects used by Guwasel(2004). The new

suspension seat reduces vibration levels consigyerdlont only reduces the
vibration level to below the allowable daily exposievel for the large subject.

During the vertical testing the seat was stablediddhot at any time threaten the
subject’s safety.
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8. Lateral Suspension Seat Testing

8.1 Experimental setup

A new test setup had to be designed and built Her laiteral suspension seat
testing. A hydraulic actuator was used to proviaeral motion. The test setup
consisted of a roller platform that moves lateradly tracks. The suspension
mechanism and hydraulic actuator were bolted toptadorm. The tracks were

welded onto a square plate that was bolted toltioe. f

The actuator could be controlled with a PID to samhegree, but not accurately
enough to follow a required input signal, becatmgeresponse from the controller
was too slow. Thus the control was done manudlgzotronics single axis
accelerometers were attached to the lateral mowtaiform (Model No.
3701D1FA20G, SN5551). The base accelerometer wed tasdetermine actual
response of the input signal. A signal generatmyiding a sine wave, was used
for actuator motion input. The platform’s lateratcaleration response was
monitored with Labview and the frequency value frtime signal generator was
adjusted until the required frequency was obtained.

For the rigid mass testing and human seat occupatihg the lateral rms values
were measured on the platform and above the suspengchanism. A single
frequency sine signal was used for the actuatoutirgignal. To obtain the
transmissibility ratio plots the un-weighted rmduweaabove the mechanism was
divided by the rms value measured on the platfandifferent frequencies.

8.2 Rigid mass lateral test setup

Like the vertical test setup loaded with rigid massmbinations of 15 kg weights
were used. The suspension mechanism was loadedrigithmasses of 30 kg,
45 kg and 60 kg. For each load a transmissibiétjorplot was determined. The

65



reason for testing with rigid weights was to chéok& safety and stability of the
mechanism before human testing, to evaluate theracy of the numerical model
and to determine the damping coefficients. Therddteest setup is shown in
Figure 27. Piezotronics single axis accelerometen® attached to the top of the
suspension mechanism (Model No. 3701D1FA20G, SNj7432

Figure 27: Rigid mass laboratory test setup

8.3 Human seat occupant lateral test setup

The same three subjects used for the vertical vests used for the lateral tests.
As safety was a major concern for the lateralhgstihe test subjects were briefed
on potential risks and had to sign a consent foftre moving platform was
designed not to pose any risk to the human tegéstubo it was not possible for
the subject to get pinched or hit by the movingfptan. As a further precaution
the hydraulic fluid pressure was set to a valuere/liee actuator movement was
not fast enough to cause a person, standing golatferm, to lose their footing.
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A PCB Piezotronics seat pad with a tri-axial aem@ineter (Model No. 356B40)

was used on the seat surface to measure the latesleration. Data from the seat
pad and the accelerometer attached to the platieas used to determine the
transmissibility plots. Three subjects were usedhmm testing, a small, medium
and large subject. The lateral test setup with mdntest subject is illustrated
diagrammatically in Figure 28.

Seat occupant

Roller platform
Hydraulic actuator

Base accelerometer
Safety belt

Suspension mechanism

Seat pad tri-axial accelerometer

3 Seat
\ ‘ Rollers on track
VI :¥"" o 1 I o

Figure 28: Lateral laboratory test setup for seatechuman
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8.4 Rigid mass lateral testing results

The modelled and measured data for the rigid mests toincide very closely.

The viscous damping values of the numerical modedse modified for each

weight configuration, to fit the test data. Tablst®ws the mechanism damping
values for different acting masses. There are nough data points for curve
fitting to be performed so the only conclusion dnais that the damping value
increases with an increase in the acting mass.
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Table 9: Mechanism damping values of lateral numedal model

Mass (KQ) 30 | 45| 60

Viscous damping valueNl.m.s/rac) 24 | 34 | 46

Using viscous damping in the numerical model indtelacoulomb damping gave

better correlation between the modelled and medsuatues. As expected the

system'’s natural frequency decreases with the &seref acting mass (see Figure
29). Also with more mass pressing the steel slagjésnst the Vesconite bushes,
the damping values are increased, thus decredsertgansmissibility peak.

4 30kg mass
T T T
—<— Modellec
3r —— Measure | 7
T.R.
2 | -
1 |- —
0 | | | | | Nz T i
1 2 3 4 5 6 7 8 9 10
4 45kg mass
T T T
—&— Modelled
3r Measure | |
T.R.
2 | -
1 [ ,
0 | | | | | A2 AN 22
1 2 3 4 5 6 7 8 9 10
4 60kg mas
T T T T
—o— Modelled
3r —— Measure: | 7|
T.R.
2 | -
1 [ ,
0 | | | | [ T — & t
1 2 3 4 5 6 7 8 9 10

Frequency [Hz

Figure 29: Measured and modelled transmissibility atios for lateral test setup with rigid
masses

68



8.5 Human occupant lateral seat testing results

It was found that the human vibration responseldtaral excitation is far more
complicated than vertical excitation. There areiddlree-degrees-of-freedom
lumped parameter models (Mansfigldal., 1999) for humans exposed to lateral
vibration, but these models did not gave good tesuhen fitted against the test
data, unlike the vertical model data. The interjscivariability for the lateral
testing also far exceeds that of the vertical ngsti Thus the lateral numerical
models were not used in this project to evaluate thateral suspension
performance. Rather the measured transmissibdttgs were used.

16 ! !
—6c— Small subjec
—HH— Medium subjec

14 ——— Large subje«

126

i
T.R. /®\
0.8 S

WIS = \\:%
0.6 ﬁ\%ﬂ

0.4

0.2

1 2 3 4 5 6 7 8 9 10
Frequency [Hz]

Figure 30: Lateral suspension seat with human occamt test results

As can be seen from Figure 30 there is a genesaddtamongst all the test
subjects, with a peak at approximately 1.4 Hz amegative gradient after 7 Hz.

69



Between 1.4 Hz and 7 Hz there is very little catieh between the test data, with
no trends that are present for every subject. Thaoan be concluded that with
very soft suspension, 1.4 Hz natural frequencyijritra-subject variability is very
apparent. It was observed that the suspensiomsesamore effective at vibration
isolation when the subjects lifted up their feed &asically acted as a rigid mass.
It was not practical to perform tests with eachjsciblifting up their feet to
determine a transmissibility ratio plot as thatas how a seat is used.

The transmissibility ratios for each subject wewsed with the ADT data to

determine the performance and effectiveness ofatieeal suspension system. To
determine the PSD at the seat surface, the frequsaighted PSDs of the ADT

cabin data were multiplied with the transmissiiliatios from the human lateral
seat tests. The weighted rms values on the selt tten be calculated from the
PSDs to evaluate the lateral suspension performascehown in Table 10.

Table 10: Estimated weighted rms values on seat dace, calculated from lateral T.R. and
ADT cabin data

R " Base Small subject| Medium subject Large subject

oad condition

Data according to rms rms rms rms

file # , ,. | SEAT ,. | SEAT ,. | SEAT

Bell log book [m.s?] | [m.s?] [m.s?] [m.s?]

4 Medium gravel | 0.72 0.49 0.83 0.59 0.83 0.59 0.82
22 Bad gravel 0.88 0.74 0.85 0.74 0.84 0.74 0.84
27 Medium gravel| 0.49 0.43 0.88 0.42 0.87 0.43 0.87
31 Standing still 0.19 0.17 0.93 0.17 0.9( 0.17 0.89
53 Graded gravel| 0.47 0.40 0.84 0.39 0.84 0.39 0.83
62 Tar road 0.098 0.092 0.94 0.088 0.90 0.088 0.89

Note: The multiplying factor K (1.4) was not applied to the data.

The lateral suspension does reduce the whole bimtgton levels. The lateral
suspension transmissibility data could only be ioleth up to 10 Hz, because of
the hydraulic actuator control. The base rms valuese only calculated up to
10 Hz. All the transmissibility curves have steegclihe before 10 Hz and
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because of the low system natural frequency, wol have resonances after
10 Hz. Thus it is likely that if the values in TallO were calculated up to 20 Hz,
the rms values would have been lower. The possidieiction in the values
cannot be estimated with the data available atstiaige.

8.6 Lateral testing conclusions

The lateral suspension has a lower natural frequéman the first peak of the
measured ADT cabin vibration and should show canaidle vibration isolation,
but vibration isolation effectiveness gets consadgr reduced by the vibration
being transmitted through the seat occupant’s deeltt legs. This effect is clear
when comparing the transmissibility ratio plotstioé rigid mass test and human
tests. The lateral suspension cannot be compardt@f other suspension seats
as there are currently no commercial suspensiots seailable that can reduce
lateral vibration or standard test methods (e.@ 2631-1, 1997) for evaluating it.
Work done by Greenberg al. (1998) showed the natural frequencies of normal
foam seats to be about 4 Hz. With the ADT cabininga peak at 3 Hz and
looking at the foam seats’ transmissibility ratidszan be assumed that the foam
seats will amplify the vibration levels. The maximulateral vibration value
measurement found in literature was obtained fromst&n (2005) and had a

value of 1.25m.s*. When considering the vibration reduction valuesrf Table

10 the suspension should be able to reduce thigwal a maximum of n.s?,
which is below the daily exposure limit. Thus watlnrrent cabin vibration data the
suspension seat will be able to reduce lateralatifm to recommended safe
levels.
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9.

9.1

Technical Assessment

Design review

A design review of the suspension seat was helih, thie purpose to discuss the

seat in general, as well as evaluate performanemufacturability, alternative

sub-concepts and improvements for a possible nexttype.

Conclusions from the review which should be consided for a next

prototype:

The £5° rotation around the x-axis must be eliminated,ifovill tilt the
seat’'s occupant when the ADT drives at an anglagaln incline. It is
possible that angular suspension can be incorgbratthe design, which
will improve ride comfort.

The concept to use the sliders as viscous or priguoenpers is flawed,
for the seals will most likely fail before the remd ADT’'s service
period. Also one of the customer requirements watstm use any oil
damper.

The use of Rosta units in the design should bevaéiated. The Rosta
unit only gives torsion after approximates?, but two Rosta units in
pretension acting against each other will initigdhpvide stiffness.

There are sharp edges on the prototype, which dhwatl be present in
upcoming designs.

From the design review it was also concluded thattew suspension seat design

does show promise and development of another ppas justified. The design

Is original, feasible and differs from the commounBed scissor mechanism.

72



9.2 Next prototype design

With the information obtained from evaluating arme$ting the first prototype,
another prototype was designed. For this projeetabse of cost and time
constraints, the new prototype was not manufacturbed basic concept from the
first prototype still remains, the design was oméfined. The redesign was
focused on using cost efficient manufacturing tégies, obtaining required
tolerances, aesthetic appeal, compact design atitefureducing the undesired
roll motion.

Vesconite bushg —
.

End-stop
Vesconite bush Thread
N7
gf Siz=
N
87
Thread

Vesconite bush

Section view of slider

Figure 31: New lateral suspension seat prototype
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The vertical slider mechanisms were modified sd tha horizontal shafts that
use to rotate within the bushes are fixed and noevhbiushes rotate around the
shafts. This allows for the sliders to be removea ainit with all the components
that experiences friction during normal suspensseat operations. The used
slider unit can then be completely replaced andttaunit’s friction components
replaced for re-use on other suspension seat. Angjmstification for the
modification is that it allows the sliders to bemméactured without the use of any
welding to minimize unwanted deformation. The gsiddare fastened together
with machined threads and bolts that will have @opboperly torqued to prevent
loosening during operation. A tubular steel ingenised in the horizontal slider
which acts as a nut for the vertical sliders t@gcinto.

402

330

298

326

Figure 32: Dimensions of new prototype

The dimensions of the new prototype @88x402x330 mr. The mechanism

will fit under the ADT seat in the cabin. Mechanisnass is 19 kg which was
derived from the Inventor solid models.

To reduce the rolling motion that was observed frib@ first prototype, three
design modifications were specifically made:
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1. The problem (Paragraph 5.2) was that the bottonts pafr the vertical
sliders would not remain parallel to each othestead the angle between
them decreased. The tensioning straps will preteist by pulling the
vertical slider apart.

2. The distance which the inner bush slides within shder have been
maximised.

3. To maintain tolerances there are no drilled hotethe hydraulic tubing

(outer section of slider).

9.3 Type A specifications review

At the end of every design phase the achievabgihd feasibility of the
specifications must be re-considered. Not all fecHications can be achieved in
the first design phases. As the environment anijulés better understood, as the
project progresses, it becomes evident that somafgations were unrealistic at
the start of the project. The following are speeifions that have not been met or

still needs to be proven:

Performance
1. A suspension seat alone will not be enough to rediue vibration levels

enough for compliance with the EU Directive 2002E3d. The new
suspension seat did have performance comparablea tbigh-end
commercially available suspension seat. Therepggatical limit to how
much a suspension seat can reduce low-frequencatiab levels.

Safety and health risks:
4 The seat must still be tested to determine if gtrong enough to safely
protect the driver in the event of a frontal cadlis.

Size and weight
1. The weight of the new prototype mechanism is 19tkgs the seating

must weigh less than 41 kg.
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Maintenance
1. The seat can withstand the use of contaminantsluid
2. The maintenance period of the mechanism in operatas not been
determined.
4. No corrosion resistant coatings have yet been peci

Manufacturing and Cost
1. A complete cost estimation still needs to be dooedetermine if
manufacturing, assembly and packaging costs aoevid@B 000.

9.4 Future research and testing

This project is still in the preliminary design geawhere the technology still has
to be evaluated, proven and refined. Studies thktneed to be completed
relative to this project include the study of difat materials to be used for the
end-stops and also the bushes, different appligableng methods and a control
system for the pneumatics. Closed-cell polyuretifaaen was used for the first
prototype’s end-stops, but never during the erdéib®ratory vertical testing were
the end-stops ever active. Even with the suspereamted with a mass of 60 kg
and excited at its resonance frequency during &boy testing. The bushes are
made from Vesconite which according to the suppsea self-lubricating, wear
resistant material with a friction coefficient of.1@ - 0.2 (Vesconite
Specifications, 2008). The Vesconite was chosem fepecifications obtained
from its web-site and information obtained from empnced technicians.
Although the material did not show any wear aftex laboratory tests, the wear
from long term use is unknown and should still ledmined. The first two
prototypes can easily be modified. The whole mecmarcan be disassembled, as
it is fastened together with screw-in threaded aahd fasteners. Future
suspension seats designed for production will Haviee joined with adhesives,
press fits, brazing or welding. After a literatusearch it was concluded that
brazing would be the preferred method to mechayigaih different components
that does not require high strength bonding. Baighdone at approximately
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650°C and welding at 3100C. Although the welding is more localised the
brazing will cause less deformation because ibisedat a lower temperature.

Further research must still be completed concerfong-aft vibration isolation.
Rail guided fore-aft suspension is a safety riskhi event of a frontal collision
and should not be included. An extensive relevigeralture search was completed
in the beginning of this project. No informationutth be obtained explaining the
use of different seating positions and cushion rragein trying to reduce fore-aft
vibration. There is relevant literature focusedsaeat cushions, but with the goal
of reducing vertical vibration and distributing tbaA detailed study evaluating
the use of seat cushions in reducing fore-aft vidmnamay result in a basic, cost-
effective and safe solution for reducing fore-afiration levels. The lateral test
setup designed and manufactured in this projecbeamsed for the research.

A suspension seat alone will not be able to rediioeation levels within a safe
region. Considering a suspension seat also causessdto drive recklessly, a
vehicle monitoring system is required. This migeem out of the scope of the
project, but the project’s ultimate goal is to redwhole-body vibration. With a
vehicle monitoring system drivers will be forced tirive safely and in
conjunction with a suspension seat will reduce whwobddy-vibration within the
acceptable safety limits. This will reduce the rigkdamage to the ADT and also
reduce daily production, but the driver’'s safetynfrvibration will be guaranteed.
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10. Conclusions and Recommendations

A safe working environment for ADT drivers requae effective suspension seat
to reduce the vibration exposure the driver is egpdo.

ADT drivers are exposed to high levels of whole yodbration. This is
hazardous to their health and decreases daily tpgrafficiency. The general
solution to this is the use of a suspension sdarel are a variety of suspension
seats commercially available, all using the samsssc mechanism with steel
springs; the more expensive seats use air-springgiis project a new ADT
suspension seat concept with vertical and lateedrebs of freedom was
designed, built and tested.

Current suspension seats isolate vibration onlythie vertically and fore-aft

directions, but not laterally. Measurements havewshthat the lateral vibration

frequently exceeds the daily exposure limit acaoydio the EU Directive

89/391/EEC. Thus a suspension seat isolating wilsratithin acceptable limits

vertically and fore-aft, but not laterally will Btiexpose the occupant to levels
above the Directive’s limit.

—

The suspension seat designed in this project exbldte vertical vibration inpu
comparable to the best performing suspension sehike at the same time also
isolating the vibration in the lateral direction.

The new ADT suspension seat’s vertical vibratiasiagon is comparable to the
best performing commercial suspension seats. Taedees not make use of the
commonly used scissor mechanism to dictate traaslabut a new mechanism
that can provide vertical and lateral translatiBach mechanism does have its
advantages and disadvantages. Although for cuseatt to compete with the new
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suspension seat, the current seats will have tonddified to be able to isolate

lateral vibration.

Good correlation was achieved between the numernwadelling and

laboratory test data’he purpose of the numerical modelling was toiaid
the generation of the system specifications. Thdetsowere not only used
for analysis, but also as a design tool. Refinememtre made to the
models to obtain better correlation with the meaduwtata. The improved
models showed good correlation with the measuréa aiad can be used
in the development of suspension seats for othaches.

A structured systems engineering design approach wsad.A system

engineering approach was used for the design amdlagfenent of the

suspension seat. The ADT cabin operating environmweas analysed and
compared with the customer requirements, to gemethe system
specifications. Concept generation included theegmion of various
concepts from the system specifications and evialuatlative to the

customer requirements. The initially chosen coneed not feasible and
the final concept chosen for prototype design armshufacture was also
flawed. Through an iterative process the first piyyge was refined to a
functional system. System specifications and B-figatons were

obtained with numerical modelling and the modellings also used to
successfully predict behaviour, evaluate and refhree new suspension
seat. With the models the seat can also easilydbptad to be used in
other vibration environments. This project did fiaish with a detailed

design, but only with the concept phase and a ¥ustking prototype.

Enough information was obtained and the conceptpragen satisfactory
to justify another prototype. Another prototype Iviié necessary to fully
prove the technology so as to enter the detailgdeand development
phase.
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It is recommended that a second, refined protobgomanufactured.

Another prototype was designed with information aiteéd from the first
prototype’s evaluation and testing. At the start ppbject there were many
unknowns, as well as substantial design freedominBuhe course of the project
a better understanding of the problem was obtaivéth this new information an
improved design was developed. All the specificgaiof the next prototype have
not yet been completely verified, but initial pretitbn seems promising.
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Appendix A: Derivations

A.l  Air-spring

The generally used and standard method to calcplessure losses over and
mass flow through an orifice was used. With thestrpam high pressurg and
the downstream low pressui®. During operation the pressure inside the air-

spring and reservoir will change between the loa laigh pressure region. Figure
A.1 shows the air flow through the orifice.

Pipe wall

Figure A.1: Air flow through orifice

From the Bernoulli equation the relationship betwpeessure and velocity:

R+ivp=p+1vzp (A.L1)
2 2
with:
AP=P -P, (A.1.2)
Q=VA=V,A, (A.1.3)

Areas are calculated from the geometry of the pipet orifice (with the same sub-
script):

d’m dm
and A =—2
4 A 4

A= (A.1.4) and (A.1.5)
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thus:
AP = QZ/; 1{&} (A.1.6)
2A, A

With the coefficient of dischardg, , defining the orifice flow coefficient:

(A.1.7)
with:

= i A.1.8
[ wn

Redefining equation 6.4 using equation 6.5:
Q=CA /@ (A.1.9)
P

From Perryet al. (1984) the expansion factor is given by:
.\ (n-1)/n _n4
Y= rz’”( n j Calll Cal (A.1.10)
n-1 1-w 1-B*w "
When S < 0.25 it is approximated hy= 0, thus:
.\ (n-1)/n
Y = rz’”( n j 1-w (A.1.11)
n-1 1-w

Inserting the expansion factor to the volumetrosi] equation 6.7:

Q =CAZY«/2%P (A.1.12)

thus:
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.\ [n=1)/n
ol [ )

The density of air is calculated from the upstrgaessure:

R
=— A.1l.14
P= ot ( )
The mass flow through the orifice is given by:
m=ppQ (A.1.15)
Inserting equation 6.11 and 6.12 into equation @id solving:
m=CAP, i(Lj(w”“ — WD) (A.1.16)
RT\n-1
with:
w=r2 (A.1.17)
R
Ideal gas equation calculations
Volume change of air spring:
V,=(Lo*z-2)A (A.1.18)
V,=(2,-2)A (A.1.19)

To use the mass flow rate through an orifice equaequation 6.14), the time
derivative of the ideal gas equation was usedHerair spring and reservoir:

PV, =mRT, (A.1.20)
d d
a(Pa a) :Et(mRTa) (A.1.21)

According to the chain rule:
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PV, +V,P, = mRT, (A.1.22)

This is then solved for the partial pressure ofdhe

p = MRT: Vo, (A.1.23)
Va

For the reservoir:

PV, =mRT, (A.1.24)

d d

—(PV ) =—(mRT A.1.25

dt( r r) dt( r) ( )
with V, = constanthen:

PV, =mRT (A.1.26)
solving:

p = m\F;T' (A.1.27)

r

The pressure difference between air spring andrveisedetermines the flow
direction. The higher pressure is always used F@ tipstream pressure in
equation 6.14.

ForP, =P :

w=r (A.1.30)
R

ForP, <P

P =P, (A.1.31)

W=i (A.1.33)
R
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The initial pressure in the air spring and researiggiven by:

I:)aO = I:)rO = Mag + I:)a.tm (A134)
A

The force exerted by the air spring is given by:
F,=(Pwm—PR)A (A.1.35)

Equations A.1.16, A.1.23, A.1.27 and A.1.35 werdvestd numerically using
Matlab Simulink.

A.2 1SO 7096 (2000) EM1 signal generation

A time dependant signal had to be generated asibpsefor laboratory testing
and the numerical model. Only after the EM1 sigma$ generated was it realised
that the available laboratory equipment could nahieve the vertical
displacement. Before this was realised thoughpthective was to write a Matlab
code that would generate a time dependant signalaBoratory testing the signal
would have to be given as displacement and actelerdor the numerical
modelling. The actuator input must be given asldgment. Using acceleration
for the numerical model’s input greatly reducesrtienerical errors. A bias error
does occur, but does not influence the resulte@htodel. All the lumped masses
experience the same bias error and what is ofdstes the motion of the lumped
masses relative to each other. Not its displacetoeafixed reference co-ordinate
system. The standard method to generate a requegaency dependant signal is
to use a random signal and filter it. The authdrrebt approve of this method and
decided to try something new a simple. A methodenoerate a displacement and
acceleration signal from a required PSD. The metsetl might already be well
established in literature. Because the signal gioeris not a great focus point of
the project it was not thoroughly searched after.

A function cr8 PSD.m was written in Matlab. The dtion loads a data file
containing the required PSD and generates a dmplect, velocity and
acceleration time dependant signal.
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The run function expression:
[t out y out]=cr8 PSD(f _res,dttend,order,gén) f

f res (Af ) : Period of the PSD input signal.

dt (At) : Required period of the time output signal
tend ¢,,) : End time of output signal
order () : Time derivative of the output signal. The fupoaotcan give

displacement, velocity and acceleration, butaicesmemory for
use in the numerical simulation the order ofdhgput can be
defined as input.

gen_file : The name of the file containing the rieggi PSD.

The time output is given by:
t=0:At:t,, (A.2.1)

Gss(t) is the required PSD input loaded from the inplg. fiThe number of
iterations (N ) required to generate the signals is dependenhemeriod of the

frequency @f ) and the frequency end valué,(; ):

N =% (A.2.2)

The phase ang# was randomly generated for each frequency comgonen

between /7. The Matlab function randn was used which givesmadly
distributed random numbers (Matlab help, 2007)wpud.

The amplitude at each frequency component was lesédch from the PSD
amplitude input:

B =./GssAf (A.2.3)
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The PSD input is of the required acceleration dn the acceleration was used
and integrated to obtain the velocity and displaa@mThe acceleration time
dependant signal:

y=[B sin2ft, +4 (A.2.9)

(
i=1

The velocity time dependant signal:

J';e”d ydt = ZN‘[— B cos(27t, +6 )} (A.2.5)

=y 2fmr

The displacement time dependant signal:

[ yatet = Zi— 8 S'rz(zszgz L )} (A.2.6)

The period at which the signal repeats itsélf)(is dependent on the period of the
frequency response:
1

Iy (A.2.7)
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Appendix B: CAD renders

Figure B.1: 3-D drawings of first prototype suspeni®n seat
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Figure B.2: 3-D drawings of lateral test setup
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Front accelerometer:
Relative to SIP:
990:85;-487

LH accelerometer
-relative to SIP:
-600:850:-625

RH accelerometer
-relative to SIP:
-600;-680;-625

Figure B.3: 3-D drawing of accelerometers positions1 ADT cabin
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Figure B.4 shows a drawing of the Rosta unit. lsists of an outer housing and
an inner square shaft that is supported with iaterfce fitted rubbers. When the
inner square shaft rotates relative to the outersimg it compresses the rubber.
This mechanical behavior then supplies the Rostagular stiffness.

Outer housing

Rubber supports to
provide angular stiffness

Inner square shaft

Figure B.4: 3-D drawing of Rosta unit
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Appendix C: ADAMS models

y
SPR’\T] farce.
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R\Tijv\firn

B 7

Figure C.1: ADAMS models created in the suspensioseat concept phase
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Figure C.1 continued: Legend

o

Base displacement. Translation and rotatipn Angepaing
Locking element between two elements Slider meamani
Pivot point between two elements Basic air-sprirgglet

Linear spring and damper
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