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Ahstrmt — The suspension system in an automotive vehicle 
is the interface Ix'tween the vehicle body to the chas.sis and the 
road through the wheels. The main purpose of suspension is to 
absorb shock and vibration when the veiiicle overcoming road 
irregularities. However, there are still issues where passive 
suspension is still unable to absorb maximum shocks in large 
vehicles for a pleasant ride when riding on an irregular road 
.surface. This condition can cause a major risk to the driver 
which will cause the vehicle to experience rollover as the road 
bumps can cause instability to the vehicle. Therefore, the goal of 
this study is to determine the optimum spring constant, damping, 
toe an0e and camber angle of the vehicle which allows them to 
optimally alisorb the vibration due to road irregularities. The 
Tnicksim software is used in this study to analy/.e the vehicle's 
vertical acceleration mainly at different spring constants, 
damping, tw and camber angle of the truck. Methodology used 
in optimization of suspension system of the 3-axle semi-trailer 
truck subjected to road excitation is by using Taguchi method. 
Using Root Mean Square (RMS) mcasui'ements of vertical 
acceleration, the effect of suspension stiffne.ss and suspension 
damping alongside with the toe and camber factor of the vehicle 
on vertical acceleration is investigated. The data produced from 
this study can be used by researchers to improve the driving 
behaviors and driving chai acteristics of heavy vehicles. 

keywords—semi-trailer truck, damping, spring stiffness 

I . I N T R O D U C T I O N 

Transixirtalion in general ha.s cliangcd human lives in 
many ways. Over the years the automobile industry has gone 
through evolution in which advancement of vehicle is greatly 
prioritized by the industry. The industry involves all kinds of 
vehicles from industrial trucks to conventional car and lo 
sports car. A semi-trailer truck is a aimbination of a truck and 
a semi-trailer. Most of the semitrailer's weight is supported by 
the tractor unit, a removable front axle called a dolly, or the 
tail of another trailer. The oilier part of the semitrailer's 
weight is .semi-supported by its own wheels tltat only support 
the rear of the semi-trailer. Suspension .system is an important 
vehicle subsy.stcm [1]. Suspension sx'.stem consists of sh<x;k 
absorbing eomjxinents such as springs and dampers. By 
llexibly connecting the body lo the wheel, it provides a 
sniootli ride by lilocking shock and vibration caused by 
uneven road surfaces. I bis directly affects the vehicle's ride 
comfort, road support, cargo safety, frame fatigue and wear 
of vehicle components [2]. Apart from that the toe and the 
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camber angle also plays a minor role in producing a good 
suspension system. T he Itxj angle is the angle of tlic wheel 
viewed from the lop while the camber angle is the angle of 
wheel protruded out when viewed from the front. In this 
study, the optimum damping and spring stiffness are 
detennined as the major factor along vviQi toe and camber 
angle as the minor factor for a semitrailer truck in minimizing 
unwanted body motion due to the road irregularities such as 
sjxjcd bumps [.T, 4|. 

The approach u.scd in this .study is to minimize vibrations 
caused by road irregularities and detennine the optiniuni 
damping, the ideal spring stiffness, toe angle and camber 
angle by using f aguchi method, f o find these parameters, the 
•frucksim software was used in this study, fnicksim software 
is interfaced with Simulink for support and analysis of more 
complex veliicle models. T he vehicle can be simulated using 
dilfercnt parameters, of which tliis study tix;uses on the 
damping and spring stiffness on the bumps and lioles. T his 
svrftware allows a wide range of tests to be conducted without 
being limited by lest track accessibility and environmental 
conditions such as rain. Wliile virtual cx)x;rienees don't 
totally mimic real vehicle testing, generally Ixjcause of the 
intricacies of the actuiil system, they do give an ideal guide in 
understanding the physical motion of the vehicle and in our 
case it's a .T-axle semitrailer truck [51. The software is utilized 
to show the actual velricle attributes while Simulink is utilized 
lo develop extra models like the A B S and l iSC fnuueworks. 
An B SC .system functions in two nuxlcs: Roll Stability 
Control ( R S C ) and Yaw Stability Control ( Y S C ) (6 - 8|. 

11. S IMULAT ION PARAMHT I ' R S 

In this study, input the data is obtained from the technical 
specification sheet of Isuz.u Oiga into the 'frucksim solTwarc 
as illustrated in Fig. 1. The veliicle body can be built in 
Trucksim using the parameters given in the specification 
shccL Upon inserting the given parameters, tlie system is run 
on a flat road surface to visualize how the truck rides 
simxithly. 
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I'ig. 1 Simulation of vehicle (xi flat surface 

Next, the ride test of llic research was analyzed by 
inserting the spring ainstant and damping value of the vehicle 
to visuahzc tlie motion of llie veliicle. T he spring constant 
value and the damping value was set similarly for each wheel. 
I he ride test that was used to observe tlic vehicle motion in 
this study is the mediuiu biuiip. Altliougli tlicrc are many 
other ride tests that can Ix; u-sed such as small, medium, and 
large bump, the medium bump was chosen as it is much 
frequently lo be found on road compared to the other bumps. 
T his can assist in the research in optimizing the spring 
constant and the damping. According lo the siK'cifications 
provided by the Malavsian Ministry oT Ra id Works, the 
medium binup, also known as llie round-lop hump, has a 
height of 50mm lo lOOmm |9| . T aking the average of the 
hump heiglit at 75nini. the stud> will be carried out al this 
bump height. T lic sjiced is niainlaiucd as constant at .TOkm/h 
considering that llie lieavy vehicle will be passing a medium 
bump as tabulated in fable 1. 

T.vui.i; 1. .si'i;i;i) H U M P D I M F ; N S I O N i loj 

Matertal Lxed . Hi mention 
I i I llat-lup hump i 
1 hciahi; "5mm-IOOmm j 

lv:niith::.5m-»m 1 

h( riHind-lop hump i 
' A,plulMfta,>.vMc.il,iii!( ou. . , - ^^lilhl Mlram.ilOmm i 
1 .tnplh. 3.7m-lm 

L _ j 
«tmist>Mial hump t 
huiyhl; l^mnuKXhrim 
Icntih: l.Km-ltn 

T rials of simulation were carried out prior to the actual 
simulation to first familiar with the software. Before carrying 
out die actual optimization process, the paranictcrs and the 
trucks chosen were al random in order lo first get comfortable 
with the sollware and explore into what can be done and 
altered to get an optimum value. T he values and parameters 
of tlie semi-trailer truck were inserted as a trial where a few 
outputs were investigated. The parameters were locked in the 
soflw are lo a\ oid error wliile priKcssing the data. There were 
many sections in the software where the data was unknown 
due to the limited infonnation provided by the manufacturer. 
Hence, the default values from Trucksim were used with 
giving uuporlanee to the .spring ainstanl and damping value 
as required by this research. TTie visual output of this 
simulation was then observed. At the beginning of the 
research a constant speed of 20 kni/li was used. After a few 
trials of changing the sjx-eds, speed of 15 km/h was elxisen to 
he the constant sjxied in this research. Suiiulation of Jack-
Knife Accident for Single and Double Lane Change T ests. 
After a few trials to familiarize with the sollware, the test for 
this research was carried out. for this test, the .T-axle dump 
truck (loaded) was u.scd to mimic the chosen vehicle which is 
the l.suz.u (iiga. T he simulation was run on a medium hump 
with constant speed of TO km/li In general, the spring 
eon.stant of a heavy vehicles is in the range of 80000 N/mm 
lo 200(X)0 N/mm whereas damping value, c in the range of 
IStXJO N-.sec/mm lo 75(X)0 N.see/mm, TTie random spnng 
constant was selected for this test for familiarization with the 
software. The chosen spring constant was 450(KX) N/mm with 
a damping value of 506fX) N-sec/mm. Fig. 2 illustrates the 
interface of llie 'frucksim sollware where it shows on pages 

to input data. TTiere are many sections of data lo he inserted 
for the data simulation, fhese figures show the data page on 
suspension system which is important in our research. 

Fig. 2 Spring constant and damping ctxifllcient inputs 

.4. Simulation of varying parameters 

After the familiarization prixess, the simulations on 
varv'ing parameters were carried out. As per objective of this 
study, the effect of varying spring constant, damping 
eiHiftieient, lix; and camber angle were analyzed. Firstly, 
while analyzing the varying spring constant, k, the other 
parameters were kept constant on the default of the Tnicksim. 
For each varying parameters, three parameter values were 
used. This is to observe the graph pattern lo see i f Qiere are 
any major differenees when the A is \ aned. fhe ftuclualion of 
graph will show that the parameter indeed is an important 
factor in this research. The second simulation was carried out 
with varying damping coefficient with otlier parameters kept 
constant. The third simulation was done with varying lix; 
angle and fourth was airried ixit with varying camtxir angle. 
Hence, 4 sets with T simulations for each parameter were 
carried out resulting in total of 12 simulations. Table I I shows 
on the parameter values that was used for eaeti part of the 
simulation: 

T . '\BI,i; n. C O F . m n F . N T O F V . V R V I N G P , \ R , \ M F . I T . R S 

Simulation 1 Simulation 2 Siniulatkin 3 

Spring conitant (N/m) mntni 1 xlfH lOO 2(M)()()0 

Damping CMfficlent 
(Ns/m) 

I S(XM) 7.S()(M"I 

Toe (deg> - S ij 5 

C a m b e r (deg) -5 0 s 

B. Taguchi Method 

The Taguchi process was carried out twice to gel the best 
and most precise data ( I I , 12] A ly pical heavy vehicle has a 
spring constant ranging from 8(XI( H) N/m lo 2(XXXJ(1 N/m and 
a damping value ranging from I5(XX) Ns/m to 75(XX) Ns/m. 
Hence, these range were used in the first 1 aguchi analysis. In 
this study, another two minor parameters were added to 
further enhance the results obtained. T he lix; and the camber 
angle were also considered in Ihis study. Tlie toe is a 
symmetric angle fonned by each wheel with the vehicle's 
longitudinal axis whereas the camber is when viewed from 
the front or rear, the angle hetween the vertical axis of a wheel 
and the vertical axis of the vehicle. With lia\ ing 4 parameters 
lo be manipulated, further faguchi optimization process was 
carried, fhe faguchi melhcxl is an eight-step process/prixluct 
optimization method that entails designing, conducting, and 
analyzing matrix exjieriment data lo find the best solution for 
many control parameters. In lliis study, tiiere are 4 parameler.s, 
and the ranges were divided into 5 levels. Hence liaving 4 
factor and five levels, the Orthogonal array was used for 
the optimization process Table I I I witli initial parameters 
tabulated in Table I V . 



TAHI,H Hi. SIMULA IK )N LAY( m L . , OR IUDGONAI, ARRAY 
Smitilalioti A 13 iJ 
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21.1 4 5 3 I 

21 5 1 s 4 
5 1 5 

23 5 3 -> 1 

2-1 •1 3 

25 s 5 1 3 

T/\HLt: IV. PARAMETERS .AND LEVELS 
Simulation 
ParaincteiYt Leve l I U v e l 2 Leve l 3 Leve l 4 I ^ v e i 5 

Spring constant* k 
(N/m) 81K K in 11 [ moil 14( mi m 17(x"i(>i 

Damping 
coefTkicnt, c 

(Ns/in) 1 51 K H1 3it(K.»n 4.50(1(1 60(K.K) 7.5(X10 

Toe (degree) - 5 -2.5 o 2.5 4 

Cainher (degree) -4 -2 .5 0 2.5 4 

I I I . OPTIMIZ.VnON USING TAGUCHI 

A. First Taguchi method 

T here are 4 parameters that is heing numipulated in this 
research; the spring con.stant and damping which acts as the 
major manipulative variable and the toe and camber which 
acts as the minor manipulative variable. The L25 Orlliogonal 
array was used in this research as lliere are 4 factors and 5 
levels. Hence, 25 simulations with the combination of these 
factors and levels were carried out using Trucksim to study 
on the vertical acceleration of tlie lieavy veliicle when 
overcoming the hump. Based on the data of vertical 
acceleration of the heavy truck, the RMS value was calculated. 

T AHLE V. P.\R.AMETER.S AND IJ;VEL OP FIRST TAGUCHI 
.MEIHOD 

Desij^n ?aTnim4crs L e v e l 1 L e v e l 2 L e v e l 3 L e v e l 4 L e v e l 5 

spnng coiislanL k 80000 ! 1 OKXi I 400( Mt } lOCnuf 2<"MXHT0 

Ottiiipiiig coctliciiiiil. c I 51 *l M1 311000 15UH.) f't(.K.)(.Ml 750(.«) 

(oc - 5 -2.5 0 2.5 5 

Camber - 5 -2.5 0 2 .5 5 

3 o\)v/V/o 45000 0 0 0 I3780ft<>77 

A O A A O O o O w U O 600(K) 7 5 
Z . J 

2 5 U . I . " \ ) 0 1 J l o Z 
c J Q A A A A oUUUlt 7 4 0 0 0 4 

J 
4 
J 

0 1 501(4a(«)3 

0 11UUUU 1 5 0 0 0 7 5 - Z . J 0 

30000 0 2 5 0 1 3 0 7 4 1 0 5 

0 
0 11UUUU 3 4 0 ( 1 0 7 4 

Z . J 
4 
J 

0 17333771 U. [ Z 4 4 , > / / J 

Q 1 1 AfUKl 1 HfUUU fvOOOO 4 
J 

4 

- J 
0 1 7 3 3 3 7 A 7 7 v'. 1 Z 4 4 4 /() f 1 

1 1 A(W)A 7 4 0 0 0 4 - J 7 4 
- Z . J 

0 13H33/4n77 

1 1 I I 13Aonn 1 4 0 0 0 0 U 4 
J 

0 137757335 U . J 4 / Z J / 4 4 J 

15 131)000 30000 2 5 _3 (1 133Q5U539 
VI. 1 4 4 ^ J V U 4 ! ! 7 

11 1 5 1 3 0 0 0 0 3 5 0 0 0 7 5 - Z . J 0 17It)(4ftt)3 VI. 1 Z 1 W J o V . i 

13. 1 4 /^OOOO -5 () 0 131305058 
VI. 1 J 1 4 . ' J V ' J O 

1 4 130(M)0 75000 -2 5 2 5 0 1 5 1 8 7 0 3 3 5 
VI. 1 J 1 0 » V U ' T J 

to I 7 0 0 0 0 1 5000 7 5 

Z . J 
7 5 - Z . J 0 1 3 0 3 0 5 0 4 « 

17 1 7 0 0 0 0 30000 0 0 13573711 4 
VI. 1 H J / t Z I 1 H-

18 170000 45000 .5 2 5 0 1 7 7 7 7 8 8 8 v. I z / /zooo 

It) 
i V 

17OO0O fiOOOO 7 5 - Z . J 4 

J 
0 1 3 7 0 3 7 1 S 4 VI. U Z V 4 / I S J 

20 170000 75000 Q _5 0153300705 

21 2()(HK)0 15000 5 2.5 0.152154.16.1 
22 200(K)0 300(K1 -5 5 0.141517441 
23 200000 "45000" ""-2.5 " ""-5 " 0.127185175 
24 200000 60000 0 -2.5 0,127381926 
25 200(M)0 750(M) 2.5 0 0.15.1462(K)5 

Since for this research, the goal is to get a vertical 
acceleration with a lower R M S value. Hence, the Signal-
loNoise ratio of the smaller the better charaeleristics was used 
to meet the requirements. The equation of Signal-to-Noise 
ratio is as below: 

^ = - i o i o g ( i z / s c ) 
(1) 

T'te « in the fonnula represents the number of repetitions. 
In this study, it was set to 1. ' f he 1SH in the fonnula represents 
the R M S value that was calculated earlier. The SNR values 
were adculated for each level and factor. 

TABLE VII. SNR VALUES FDR FIRST TAG!K'HI 
A- c toe camber 

1 I6..17 16.1 16.72 16.7.1 
2 17.09 16.81 16.78 17.31 
3 17.1.1 17.94 17.09 16.75 
4 17.15 17.69 17.15 17 
5 

Tolal 
17.09 16.29 17.09 17.04 5 

Tolal 84.8.1 84.8,1 84.8.1 84.83 

These values are then plotted against all the 5 levels from 
the procedure of Taguchi method. A maximum signal to 
noise ratio shows tlial the data produce has a better signal with 
lesser ratio in which the data produced are mostly signal and 
not noise dominated. Based on the plotted data, the maximum 
values for each parameter are k = 17.15 (level 4), c =17.94 
(level 3), toe =17.15 (level 4), camber =17.31 (level 2), 

TABLE VI. SIN'ft.T,ATION LAYOUT FOR HRST TAGUCHI PROCESS 
Simublion 

number A- c toe camber RMS 
1 80000 15000 -5 -5 0.186865859 
2 80000 30000 -2.5 -2.5 0.149954289 

Fig. 3 Graph of SNR for first T aguchi 

After delemiining the optimum values for each 
parameter, the ANOM was calculated, T he analysis of means 
is a statistical approach for visually representing significant 
differences hetween sets of data. It is mostly involved in 



qiuility control. To find statistical dilfercnccs of significance, 
the ANOM methodology compares the average of each group 
to the mean of the total process. T he ANOM for SNR can he 
calculated using the fonnula helovv: 

.t 

ANOM = 

T A B L E Vni. A N O M F O R F I R S T T A G L ' C I I I 

U-vd A c loo cam bcr 
1 3.274 3.22 3.344 3.346 
2 3.418 3.362 3.356 .3.462 
3 3.428 3.588 3.418 3.35 
4 3.428 3.5.38 3.4.3 3.4 
5 3.418 3.258 3.418 3.408 

Total 16.966 16.966 16.966 16.966 

Lastly the analysis of A N O V A was perfonued. The 
A N O M value Irom the previous calculations were used lo 
investigate the effect of the 4 parameters on the vertical 
acceleration of the 3-axle semi-trailer truck due to road 
irregularities. The analysis of variance ( A N O V A ) is used to 
sec i f there arc iuiy statistically significant differences 
hetween tlie parameters. A N O V A is calculated using the 
equation helow; 

SS^xY ( n L - m „ ^ . , ) ' 
Z - , = . i (3) 

Tahle helow shows the influence percentage of the 
parameters in improving Ihe ride exiierience in heavy vehicle. 

TABLT; IX. PKRCT'N T A G F INPLUKNCli O F P/\RAMt;THRS 
Parametxni Inlluencc parameters (%) 

A 

c 

i:.6.vi.u 
76,18912 

loc •l-I.SO.S-IC 

camber rt.l.lOOflfi 

It is observed that the spring constant has a influence 
of 12.63%, damping value with 76A9>/n, toe with 4.45% and 
finally camber at 6.43%. T he damping coefficient has the 
major contribution of 76.49'M) in optimizing the suspension 
system of a vehicle, llenee, it is miderstood that the damping 
coefficient has the most impact in improving the vertical 
acceleration of the 3-axle semitrailer truck. As a result of the 
Taguchi optimization method, it is concluded tliat the 
optimized value for spring constant is 171)000 N/m, damping 
coefficient at 45000 Ns/m, loc at 2.5 degree and camber al -
2.5 degree. It is also concluded that the damping coefficient 
is the most important parameter in this research. These 
optimizalion values arc used lo carry out second Taguchi 
method to furtlier narrow lo down to smaller range for a better 
outcome. 
B. Second Taguchi method 

The second Taguchi was jxirfonned to provide a belter 
outcome. TTiis is because the diircrcnces by levels were large. 
Hence a second T aguchi was perfonued. T he optimized value 
from the first faguchi was used in the second T aguchi. T he 
lowest R M S value from the first set of simulations has a 
combination of A- = i4(K)00 N/m, c = 45000 Ns/m, loe=5 and 
camber = -2.5. When comparing lliis dula and the optimized 
value, a new range of levels were constructed to further 
narrow down to better optimization. Orthogonal array of L25 

was again used. The same Taguchi process was repeated 
twice. 

l ABUi X. PARAMETERS AND LEVELS FOR SECOND TAGUCHI 
Simulation 
Parameters L e v e l l L e v e l 2 L e v e l s Level 4 laivel S 

Spring constant, 
k 1RK««.) 125<.>00 140061 15.5000 176XX.1 

l>amping 
coefficient, c 3(.K)(.M.t .17.51X1 456X1 52.51X1 606.10 

Toe 2.5 .1.75 5 6.25 7.5 

C a m her -5 -,175 -2 5 -1.25 0 

TABLE XI L25 SlXnJLATlON RESUL T FOR SIX'OND TAGUCHI 
Simulation 
number * toe camber RJVIS 

1 111.1000 l o u . i o 2 .5 0.1.39751 

2 1 lOOIK) 17.500 3.75 -3,75 0 13.315.1 

3 1 1 (TU 10 456X1 5 -2.5 0 1211,38 

4 1 K Y i n n 52.500 6.25 -1.25 0,122111 

s 11 m o n rxxioo 7.5 0 0,121118 

6 1 2.7000 KKKXl 3 75 -2.5 0.1 1176.1 

7 1 2.7IH)0 37.500 5 -1.25 0.133167 

8 T2.7IXH) 4.56X1 6.25 0 0.122675 

9 125000 52500 7.5 -5 0,1225.31 

1ft 125000 Mm 2.5 -3.75 0,131117 

11 )4(X)oo K X t X l 0 0.144951 

12 1 -mm 37500 6.25 -5 0.132336 

13 1 -10000 4.56X1 7.5 -3.75 0,121958 

14 140000 52.500 2.5 -2.5 0.12.3t«)7 

15 rttKHKr OlMtMl .3.75 -1.25 0.131195 

16 l.S.KKKI llXKlll 6.25 -3.75 0.11.3.125 

17 i SSlHXi 37.5(X1 7.5 -2.5 0.1,3.3.385 

18 155(XX1 456XJ 2.5 -1.25 0.123878 

19 153000 52500 3.75 0 0.123713 

2ft 155lX».) (X.X.XK.1 .5 -5 0.131016 

21 1 701XHI ll.X.KX.l 7.5 -1.25 0.14.5742 

22 n iKKKi 3"5rx i 2.5 0 0.1.38134 

23 17(«»») 1.56X1 3 7 5 -5 0,12772"1 

24 170000 52.500 5 -3.75 0.122.589 

25 17611X1 61XXX1 6.25 -2.5 0.1.32947 

T he signal to noise ratio was then calculated to extract 
the data of the most optimized combination of data. The type 
of signal to noise used was the similar as the previous 
simulation set which is the "smuller the heller"'. The 
calculations were perfonued and tabulated as helow: 

TABLE XII. SNR VALUE FOR SE(T3ND TAGUCHI 
Level A e 1 toe earn ber 

1 17.81 16.85 1 17.65 17.68 
2 17.68 17.45 1 17.59 17.71 
3 17.69 18.12 17.65 17.62 
4 17.66 18.22 17.69 17.65 
5 17.51 17.71 17.77 17.69 

Total 88. .3 5 88..35 88.35 88.35 

Based on Ihe calculation, the graph of Signal to Noise 
ratio was calculated to further present Ihe data clearly as to 
which set of data produce tlie optimized result. 

^ - - • • •'• ' " 

Fig. 4 SNR graph for second faguchi 



Based on the graph we can conclude thai the 
combination of data oik = 1 lOtXX) N/m (level \\c = 525(X) 
Ns/m (level 4), toe = 7.5 (level 5) and camber = -.4.75 (level 
2). Next the ANOM was calculated to compare the average 
oi" each parameter. A N O M was adculated and tabulated as 
portrayed helow: 

r.XBLE Xlll. ANOM FOR SECOND TAGUCHI 
Level k c toe camber 

I 3.562 3.37 3.53 3.537 
2 3.536 3.49 3.518 3.54 
3 3.538 3.624 3.53 3.524 
4 3.532 .3.644 3.5.38 .3.53 
5 3.502 3.542 3.554 3.539 

Tolal 17.67 17.67 17.67 17.67 

I he A N O V A was calculated to justify again the 
dominant parameter in this set of simulation. T he A N O V A 
was ailculated and tabulated as below: 

TABLE XIV. PERCKN TAGK OF PARAMK lER EFFECT ON SECOND 
lAGUCHl 

Parameters Effect of parameters (%) 
A .3.535451002 
c 94.746W911 

toe 1.358601258 
camber 0.358948628 

Again, it is justified that the damping coefficient plays an 
important role in prtxlucing a good suspension system when 
overatming road irregularities. 

C. Comparison Of Optimized And Iinoptimized 

Graphs of vertical aecclcralion , pitch rale, and vertical 
forces at each wheel were plotted with comparing the 
optimized and iinoptimized set of data. T his is to conclude if 
the optimized set of data is really an optimum value and 
manage to overcome and jxirfonn better that the existing set 
of tlata. 

Fig. 5 Pitch rate of optimized and iinoptimized 

Apart from analyzing in vertioil acceleration alone, 
the pitch rate was also analyzed. From the graph above we 
can see tkit at tlie unoptimized suspension system, the vehicle 
continuously pitching at certain rale until the end. 1 lowever, 
when compared to the optimized suspemsion system, it is 
observed that the vehicle is only pitching when overcoming 
the bump. In which when going up the bump seen on the first 
half of the graph and when coming down the bmnp as seen in 
the second half of the graph. Comparing these two sets of data, 
il is also concluded that the optimized suspension gives s 
smaller pitching rale as .seen at time of 50 seconds. At that 
time, the oplimizcd suspension gives a pitch rate of-20 deg/s 
however the unoptimized susjxmsion gives a -30 deg/s of 
pitch rate. 

Fig. 6 Vertical Ibrce (frrait wheels) of optimized and unoptimized 

The graph above shows the vciTiad forces exerted on the 
front wheel when overcoming tlie road irregularities 113, 14]. 
From the graph, it is depicted that the unoptimized suspension 
ha.s the highest vertical force at 42fXX) N. The maximum 
vertical force for oplimized susjiension is 32000 N . This 
shows that the oplimized suspension has significantly 
reduced the vertical force exerted on the wheel by 1 (XX)ON. It 
is also observed that for the unoptimized suspension the 
vertical force is constantly being exerted rapidly on the 
vehicle. However, for Ihe optimized suspension the vertical 
force exerted is more stable as it only increases at the 
beginning of going on the bump and when coming down the 
hump. 

Fig. 4 Vertical acceleration of optimb.ed and unoptimized 

The graph above shows tlie differcnec in vertical 
acceleration of optimized and unoptimized set of paramelers. 
T he optimized value was plotted ha.sed on the outcome of the 
Taguchi. It is obvious that there is a huge difference on the 
vertical acceleration of the two sets of data. The vertical 
acceleration of the optimized parameters gives a much lower 
vertical acceleration in which it is reduced by 5 time from the 
unoptimized spring constant, damping coefficient, Xoc angle 
and camber angle. From the result, i l can he observed that the 
veliicle is stable in tenns where i l docs not accelerate 
vertically al a massive rale, and it only accelerates slightly 
when going up and coming down the bump. 

Fig. 7 Vortical force (middle wheel) of oplimized and unoptimized 

The graph above shows the vertical force exerted on tte 
middle wheel. As for the middle wheel, it is observed that llie 
optimized suspension has reduced the vertiad force greatly. 
This is because tlie highest vertical force e.xerled is 8(XXXJ N 
and when comparing the maximum force of the optimized 
suspension which is at StXXX) N, it is concluded that the 
vertical force has been reduced hv 30000 N . The vertical 



force exerted by the optimized parameters gives a more 
consistent value than the unoptimized value which increases 
and decreases frequently over the lime [15,16]. 
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Fig. 8 Vertical force (rear wheel) for optimized and 

unoptimized 

The graph above shows the vertical forces exerted 
on the rear wheels when overcoming the medimu hump. The 
line in red represents the graph of oplimized set of data and 
the line in blue shows the unoptimized set of data. From the 
graph when comparing the maximum values of both 
oplimizcd and unoptimized susixtnsion system, it is 
concluded ;it a dillerence of 6()(X)0 N to 38(XX) N the 
optimized suspension has greally reduced the vertical force 
on the rear wheels as well, flic optimized susixsnsion 
minimizes the vertical force wlwreby from the graph the rise 
was only observed at certain part which is when inclining imd 
declining the hump 

TV. C O N C L U S I O N 
Based on this Taguchi methixl analysis, the set of data that 

produces the most optiiuizetl value is spring constant of 
1 KXXX) N/m, damping eoclTicicnl of 52500 Ns/m, toe angle 
of 7.5 dog and caiiihcr angle ol'-3.75 deg. T his can further be 
proved that the second Taguchi gives a more optimized data 
set than the first T aguchi. I l can he proved when comparing 
the smallest R M S value produced by both set of simulation. 
In the firsl faguchi, Ihc smallest RMS is 0.12196893. In Ihc 
socond T aguchi, the smallest RMS is 0.12195893. It shows 
that the second optimization perfonns better giving a lower 
vertical acceleration lo the \ehicle when overcoming the 
medium hump When comparing Ihe data from the T aguchi 
to die current default system of the vehicle, in tenns of 
vertical acceleratiou, pilch angle, pilch rate and vertical forces 
it is concluded that the optimized system indeed gives a better 
and much upgraded perfonnances in all four tenns when 
compared to each other. 
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