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Abstract

In this study a narrow suspension seat with negative stiffness structure (NSS) was investigated. First,
this suspension seat's fundamental equations were detected, and then a simulation model was created
using Altair Inspire software and validated by a literature study. Inspire software was used for the first
time for suspension seat with NSS in the literature vis-a-vis the authors' literature search. Afterward, the
case design was created via the Taguchi method to determine parameter effects of NSS of suspension
seat. Signal-to-noise ratio (S/N) and ANOVA were used to examine simulation results, thus, parameter
effects of NSS of suspension seat were examined comprehensive statistically for the first time in the
literature vis-a-vis the authors' literature search. Therefore, it was seen that the spring ratio is a much
more effective parameter than the spring preload value for vibration isolation. In addition, optimal
parameters of NSS were detected. Finally, with frequency response and road input results, it was
observed that the suspension seat with NSS, which crated via optimal values, showed much better
isolation performance than the other passive suspension seat.
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1. INTRODUCTION

Vibration in vehicles is an undesirable phenomenon in terms of driving comfort and driving
safety. For this reason, it is seen that the studies on the development of vibration isolation and
control systems continue today [1-3]. Some of these vibrations are undesirable and need to be
isolated [4]. One of the most important reasons for this is that vibration has high probability of
causing damage to structures, driver, and passengers. Also, exposure to whole-body vibration
for human beings is a very hazardous situation [5-10]. Vibration isolation for the drivers is
critical in large vehicles such as buses and trucks. Since they drive for long periods, they are
exposed long-term vibration. In addition, some vehicles are exposed to high vibration because
of working conditions for instance construction equipment. Long-term exposure to whole-body
vibration may cause various physical disorders for these vehicle drivers [5-10]. Because of this
situation, additional isolation equipment’s are needed. Therefore suspension seats are used for
driver seats in such vehicles. Suspension seats can be classified as passive, semi-active and
active, similar to vehicle suspensions, according to their suspension. Although semi-active and
active suspension seats have high isolation performances, passive suspension seats are still
more widely used due to the cost advantage. The most significant disadvantage of passive
suspension seats is their limited isolation performance. The primary performance constraint of
passive suspension seats is that specifications of elements are constrained, and they cannot react
according to the excitation vibration. Although optimization solutions have been used [11],
more effective solutions have been sought for the passive suspension seats.

Basically, if a seat suspension is considered as single degree of freedom system containing
a mass, spring and damper elements, and the damping coefficient (c) is low, the stiffness of the
spring (k) and the mass of the seat element (m) are the most influential parameters of the
isolation performance. Because there is a relationship between the natural frequency and the
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isolation starting point. In a single degree of freedom structure, the natural frequency is a

function of stiffness of the spring and mass (w, = /k/m). The isolation starting point is V2
times the natural frequency. To move the isolation starting point back, it is necessary to decrease
the natural frequency. The ideal solution for reducing the natural frequency is to reduce the
stiffness of the spring element. Nowadays, NSS are the most critical solution for this purpose.
NSS are usually developed with springs or pre-buckled beams [12], some metamaterials have
negative stiffness [13] also. NSS to the suspension system reduces the dynamic stiffness of the
suspension. Thus, the natural frequency value decreases, and the isolation starting point is
moved back. There are many interesting studies about developing NSS and adding to seat
suspension. Li et al. [12] conducted a comprehensive review of NSS. Liao et al. [14]
theoretically discussed the suspension seat with an NSS. Papaioannou et al. [15] investigated
the performance of one passive isolator and four different negative stiffness isolators in their
study. Lee et al. [16] developed a seat vibration isolator by producing negative stiffness springs
from thin sheets and successfully tested it in many different vehicles. Oyelade [17] used Euler
Beams for the NSS. Le and Ahn [18] discussed the NSS in the vehicle seat. Firstly, the NSS
was discussed theoretically, and then numerical and experimental work was carried out. As a
result of the study, it was seen that the NSS has a positive effect on the isolation performance.
Le and Ahn in their study [19], which is a continuation of their work in 2011, also included the
size of the horizontal spring compression element in their calculations. In another study, Le and
Ahn [20] focused on an active isolator. Similar to the passive vibration isolator, it has been
observed that the NSS increases performance in the active vibration isolator. Rahman and
Rahman [21] discussed the single or dual use of NSS. As a result of study, it was observed that
dual using of NSS provided better isolation performance. Ma et al. [22] conducted a
comprehensive review study on the quasi-zero stiffness mechanism. Some studies were focused
on the parameter’s optimization of the NSS [23, 24].

In this study, a new NSS was developed for the existing suspension driver seat system and
adapted to this suspension seat. Thus, an original and low-cost suspension seat with NSS was
created. Firstly, the basic static and dynamic motion equations of the NSS was investigated and
validated with a literature study. Based on the validated numerical model, the isolation
performance of the new suspension seat with NSS was investigated numerically. First of all, a
simulation model of this driver seat suspension system with NSS was established using Altair®
Inspire software. With this program, the compatibility of the negative stiffness system using
with the seat suspension system and dynamic behaviour of this system was evaluated. The study
is precious in showing the availability of Inspire software for vibration simulation. Afterwards,
a case set was created with the help of Taguchi method to determine the effects of the
parameters selected for this study. The obtained results were also analysed by signal-to-noise
ratio and ANOVA. Thus, the isolation results of the suspension seat with NSS were investigated
comprehensively statistically for the first time in the literature vis-a-vis the authors' literature
search.

2. MATERIAL AND METHOD

As you can see in Fig. 1, the suspension seat with NSS system contains nine essential parts.
These are two horizontal springs, two bars, two compression parts, a vertical spring, a mass,
and scissors. These elements are standard machine elements or simple structured parts; thus,
production costs are low.

The task of the scissors is to ensure that the mass moves only in the vertical direction and
to restrict its freedom in other directions. Bars and horizontal springs create the NSS, while
compression parts compress the horizontal springs and act as joints for the bars.
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Figure 1: Seat suspension with NSS, a) elements of suspension, b) parameters of suspension.

The design developed in the study (Fig. 1) is narrower than the designs of many studies in
the literature. Since corner zones are preferred for mass joint connection points in literature
designs generally, thus the width of the suspension seat is increased by the total size of the bar,
compression part, and compressed length of the horizontal spring. The critical point in the
design of NSS is to move the joint connection points. Thus, the structure was narrowed without
any deviation from the values targeted by the calculations. However, there are two limitations:
Firstly, joint connection points could not contact with damper or vertical spring. Secondly, the
mass could not contact with the other parts such as bar, compression part, raceway of
compression part. In the design carried out for the study, a width reduction of 110 mm was
achieved with this design method and limitations. Fig. 1 b shows Seat suspension parameters.

In Fig. 1 b, when the mass moves vertically, the total force occurring in the springs is
expressed as in Eq. (1) [19].

F=F,+2F,tan@ (1)

Here, Fy denotes the force in the vertical spring, while Fr denotes the force in the horizontal
springs. tan @ means the slope of the bar [19].

X
tan 0 = ————
Here, B is bar length and x is the displacement of the mass relative to the suspension body.
If the forces in Eq. (1) are written in terms of spring stiffness and compression length [19];

X

1)x

Here, L is the horizontal distance of mass connection point, L is the length of the spring in
the free-state, P length of compression part, K,, stiffness of vertical spring, and K, stiffness of
horizontal spring. The non-dimensionalization of the force equation provides a better
understanding of the parameter effects. Various parameters were created to obtain the
dimensionless force [19].

F = K,x+2K, (L-P - BZ—xZ—Lf)

3)
L-P Ly

\/Bz—xz_\/Bz—xz_

F= Kvx+2Kh(

F =

Tk Q)
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Here, F is the dimensionless force, x the dimensionless displacement, « the stiffness ratio.
y1 and y, are the necessary regulation parameters for the equations [19]. @ must be carefully
chosen so that the horizontal spring can exert the necessary negative stiffness effect. If this ratio
is lower or higher than necessary, it will cause the system to work inefficiently. y, and y, are
related to preload of the horizontal springs. In the dynamic state, the suspension system will
work inefficiently if the horizontal springs do not have the necessary preload.

Y2 —1 _
o= ®

The dimensionless stiffness K was obtained by taking the derivative of the dimensionless
force with respect to the dimensionless displacement [19].

= P—D A=y +Vn’- fZ)

K =1+2a( -

P 0

In the static state, the displacement value is x = 0, so the dimensionless stiffness equation
can be expressed as in Eq. (7).

F =%+ 2a(

V2—v1i— 1D
(1) ) @

As can be seen in Eq. (7), three basic parameters y4, v,, and a influence the dimensionless
stiffness. The arrangement between these parameters will give the ideal dimensionless stiffness
value. Applying a vertical excitation from the body of NSS, z,(t) is transmitted to the mass, M
via the isolation system as shown in Fig. 1 b. The motion equation of this system can be obtained
using Newton’ s Second Law of motion as below.

K=1+2a(

., 0. K Ky 1-v, .
x+Mx+ﬁx—2ﬁ 1+—2 X = —Z, (8)
y2 =X
1 2

Ly

Here z,, is the absolute displacement of the mass, x is the displacement of the mass relative
to the to the body and can be explained x = z, —z, as. C is the viscous damping coefficient.
The absolute vibration transmissibility (T,) can be defined as the ration of the magnitude of the
absolute displacement of the mass to the body of NS system as:

2l

Ta =10 )

This ratio is calculated using the Altair® Inspire analysis results, measuring the amplitude
of the mass according to the sinusoidal input: z,(t) = |z.|sin (wt).

2.1 Validation study

As stated above, the effects of y,, y,, and « on stiffness need to be determined. At this point, a
static state validation was carried out through the study of Le and Ahn [19]. Five y, and four «
values were selected for validation processes. The values of Le and Ahn’s study were given in
Fig. 2a and Fig. 3a and validation results of this study were given in Fig. 2b and Fig. 3 b.
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Figure 2: Validation of static characteristics for variation of y, parameter (y; = 0.75, @ = 1); a) Le and
Ahn 2013 [19], b) validation results.

As can be seen in Fig. 2, when y; = 0.75 and a = 1, if y, increases, the dimensionless
nonlinear stiffness increases and moves away from zero. When this value decreases, it is seen
that the dimensionless nonlinear stiffness approaches zero or even falls below zero. Another
remarkable point in Fig. 2 is that the direction of the curve turns 180 degrees when the y, value
is lower than one. In other words, the curve peaks when the dimensionless displacement value
is 0. One of the critical points in these curves is the effective dimensionless displacement value,
that is, the range where the dimensionless stiffness is less than one. The larger this value,
indicated by d in Fig. 2 a, the wider the operating range of the negative stiffness system.
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Figure 3: Validation of static characteristics for variation of « (y; = 0.75,y, = 1.08); a) Le and Ahn,
2013 [19], b) validation results.

As can be seen in Fig. 3, when y; = 0.75 and y, = 1.08, if a increases, the dimensionless
nonlinear stiffness decreases and approaches zero. However, if a value is too high, the
dimensionless nonlinear stiffness decreases and falls below zero.

Although various validations have been carried out in the static state, the dynamic state of
the suspension also needs to be validated. For this reason, Le and Ahn’s MATLAB model [19]
was simulated using the Altair® Inspire program. Therefore, we validated the Altair® Inspire
model using the results of Le and Ahn's MATLAB model [19] to prove its suitability. Inspire
software is a very useful software for motion analysis and simulation. Thus, working problems
that cannot be seen in mathematical calculations can also be observed. In the Inspire model,
firstly the ground of the model was determined. This ground is a balancing factor for the
suspension seat; other support elements are positioned on this ground. At the next step, the
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joints on the model were defined. Inspire software can automatically detect joints in the model.
The type of joints detected then whether they were active or locked were determined. Then, the
process of defining the spring and damper used in the model was started. At this point, the
stiffness of the horizontal and vertical springs, the springs' free length, and the damper's
damping coefficient were defined. The materials of the elements used in the model were
defined. Here, the material definition also gave the mass in the system. Subsequently the
suspension part of the model was defined, the actuator was added to the suspension seat, which
would give the vibration input. The actuator stimulates the suspension by oscillating at the
desired frequency and amplitude. With the addition of the actuator, the simulation model was
completed (Fig. 4).

d & e @& @

Ground Joints Springs Materials Actuators
. Element . . .
Ground Joints Materials Stimulation
parameters

Figure 4: The Altair® Inspire model flowchart.

The system was stimulated in the 0-3 Hz frequency band for the validation study. The
displacement values of the mass and the body were measured, and the transmissibility of the
suspension was calculated with these values. These results composed a frequency response
curve for the 0-3 Hz frequency band, which was compared with the curve in Le and Ahn's
MATLAB model simulation results [19].
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Figure 5: Comparison of the Le and Ahn study [19] and the present study.

As shown in Fig. 5, the simulation results of this study and the results of Le and Ahn’s
article [19] are in excellent agreement. It is almost entirely compatible with the simulation
results of the relevant article. These results show that the created model works correctly. In the
interviews with some companies that produce suspension seats, it was stated that the width of
the seat suspension should be as small as possible; the ideal size is between 250 mm to 350 mm.
For this reason, the inside width of the seat suspension was determined as 400 mm in this study.
Although 400 mm is outside the specified value range, it is still an acceptable seat width. The
redesigned seat suspension system model with NSS according to the size limit is presented in
Fig. 6.
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Figure 6: The Altair® Inspire model of the redesigned seat suspension system with NSS.

Parameter selection is critical for the NSS to show the expected effect. Table I shows the
parameters used for the redesigned model. 75 kg dummy mass used in the study because of
suspension seat manufacturers generally use this value for performance tests.

Table I: Level of parameter.

Parameter Values
M 75 kg
K, 5 N/mm
Ky 1 N/mm, 1.5 N/mm, 2 N/mm, 2.5 N/mm, 3N/mm
Ls 80 mm, 85 mm, 90 mm, 95 mm, 100 mm
B 100 mm
P 27.5 mm
Levels
a 0.2,0.3,04,05, 0.6
V1 1.25,1.18,1.11,1.05, 1

As can be seen from Table I, the effects of changes in spring stiffness and spring preload
on transmissibility (TR) were investigated in this study. The Taguchi method was used to
understand the effect of parameter changes better. The Taguchi method is essential to reduce
the number of experiments or cases [25-27]. Thus, it provides significant time and cost savings
[25]. After the Taguchi process, a statistical analysis of variance (ANOVA) process was
performed. After these results, the frequency response curve of the suspension seat with ideal
parameter NSS and the passive suspension without NSS was compared.

3. RESULTS AND DISCUSSION

This study’s Taguchi L25 series was preferred because it has 2 factors («,y;) and 5 levels.
Table 11 shows the number of cases, parameters, and TR results of these parameters. Absolute
displacement ratios were used for transmissibility calculations. Subsequently the decibel (dB)
transformation was used. Before the Taguchi analysis, the simulation results were normalized
by multiplying by -1. The signal-to-noise ratio (S/N) is used in Taguchi analysis. There are three
types of S/N ratio: smaller is better, larger is better, and finally nominal is best [25]. Because of
the normalization process was used, larger is better was preferred.
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Table 11: Taguchi table and transmissibility results.

Case a Y1 TR (dB) Case a Y1 TR (dB)
1 0.2 1.25 6.06 14 0.4 1.05 12.34
2 0.2 1.18 6.41 15 0.4 1.00 13.31
3 0.2 1.11 6.74 16 0.5 1.25 11.99
4 0.2 1.05 7.08 17 0.5 1.18 13.15
5 0.2 1.00 7.43 18 0.5 1.11 14.45
6 0.3 1.25 7.85 19 0.5 1.05 15.89
7 0.3 1.18 8.4 20 0.5 1.00 17.52
8 0.3 1.11 8.96 21 0.6 1.25 14.54
9 0.3 1.05 9.53 22 0.6 1.18 16.31
10 0.3 1.00 10.12 23 0.6 1.11 18.38
11 0.4 1.25 9.79 24 0.6 1.05 20.92
12 0.4 1.18 10.6 25 0.6 1.00 24.08
13 0.4 1.11 11.45
27 27
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= 23 § 23
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?3 19 g 19
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Figure 7: S/N ratio results for @ and y;.

As shown in Fig. 7, as a increases, the S/N ratio increases. As can be seen here, the increase
in the stiffness of the horizontal spring positively affects the transmissibility. Also, as y,
decreases, the S/N ratio increases. This means that an increase in the amount of preload on the
horizontal springs decreases the transmissibility. When Table 111 is examined, it is seen that the
a parameter is more effective than y;. ANOVA method was applied to the results to investigate
the parameter effects in detail.

Table 111 : Response table for the S/N ratios for the objective.

Level a Y1
1 16.56 22.5
2 19.02 21.77
3 21.16 21.06
4 23.21 20.35
5 25.37 19.64
Delta 8.81 2.86
Rank 1 2

Table 1V: Analyses of variance table for means.

Source | DF Adj SS Adj MS F Contribution (%)
a 4 452.93 113.234 | 68.35 83.71
Y1 4 61.60 15.401 9.30 11.39
Error 16 26.51 1.657 4.90
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As can be seen in Table 1V, the a is more influential parameter than y,. It has a very high
contribution rate of 83.71 %, y, contributed 11.39 %. There is an almost eight fold contribution
difference between the two parameters. The error rate obtained as a result of ANOVA was
4.90 %. This result shows that the ANOVA results are pretty reliable. When all the results are
examined, it is seen that the ideal parameter values are « = 0.6, and y; = 1.

In order to better understand the effect of the NSS on isolation performance of passive
suspension seat, a performance comparison of a passive suspension seat without NSS and a
passive suspension seat with NSS is required. For this reason, the frequency response curve for
the 0-2 Hz frequency range of these two seats was examined. This frequency range was selected
because of natural frequency of some human part is in this range [28]. In addition, the isolation
performance of the suspension system continues to increase at each frequency after it passes
the resonance frequency. For this reason, investigations in this frequency range were deemed
sufficient. The frequency response curve comparison of passive suspension seat without NSS
and suspension seat with NSS created with these values is shown in Fig. 8.
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Figure 8: Transmissibility comparison of passive suspension seat without NSS vs. passive suspension
seat with NSS.

When Fig. 8 is examined, it is observed that the suspension seat with NSS starts to isolate
at about 0.7 Hz. On the other hand, passive suspension seat without NSS starts isolation only
at about 1.9 Hz. The main reason for the natural frequency difference is the NSS. The Other
parameters, stiffness of vertical spring and damping coefficient, are identical. Thus stiffness of
the suspension was changed, and the starting point of isolation was taken back. There is a
transmissibility difference of about nine times at 2 Hz. Between 0-0.6 Hz, the transmissibility
value of passive suspension seat without NSS is lower. The reason for this is that the natural
frequency of the suspension with NSS is between these values. Suspension seats are often
subject to variable frequency input instead of a specific frequency input while driving. For this
reason, multiple frequency inputs are essential to control the isolation performance of the seat
suspension on the road. The following equation was used for the road input:

ze = 8sin((2m)t) + 6sin((2n1.4)t) + 3sin((271.6)t) (mm) (10)
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Figure 9: Response of seat suspension to road excitation; a) suspension seat with NSS, b) suspension
seat without NSS.

In Fig. 9 a, the results of the suspension seat with NSS were given according to the road
excitation. According to these results, suspension seat with NSS achieved good isolation all the
way through. In Fig. 9b, the results of passive suspension seat without NSS were given
according to the road excitation. According to these results, passive suspension seat without
NSS performed very poorly and did not provide any isolation. Last, the isolation performance
of passive suspension seat with negative stiffness structure was also investigated depending on
various vehicle speeds.
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Figure 10: Isolation performance analysis; a) 40 km/h vehicle speed,10 m road period and 0.01 m road
excitation amplitude, b) 60 km/h vehicle speed,10 m road period and 0.01 m road excitation
amplitude.

It is clear from Fig. 10 a, b that the passive suspension seat with NSS showed a remarkable
isolation performance at both speed values. In addition, it was clearly seen that the isolation
performance increases as the speed increases.

4. CONCLUSIONS

In this study, the performance of an original seat suspension with NSS was considered
numerically and simulated. The seat suspension model, created for the study, a significant
narrowing of the width was achieved compared to the studies in the literature by moving the
seat connection points. Also, the cost is low compared to active and semi-active suspension
seats. Thus, this design is suitable for use on existing vehicles in view of constructive and cost.
With Taguchi and ANOVA's results, it was seen that the spring stiffness ratio was more
effective on transmissibility than the spring preload amount. According to ANOVA, the effect
ratio of spring stiffness ratio is 83.71 %. It means that the ratio of spring stiffness is the key
factor of the NSS. The study contributes to the literature by revealing this clearly. Also it was
observed that the seat suspension created with the ideal negative stiffness parameters is much
more effective than the passive seat suspension without NSS in term of vibration isolation.
There is almost a nine times difference between isolation performance of the two suspension
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types at 2 Hz frequency response. Thus, the isolation performance of suspension seat with NSS
has been comparable with active and semi-active suspension seats. New suspension seat
designs, which have high isolation performance, can be developed using the presented method
in the study. This study will be extended via addition of different actuator types. Experimental
research will be carried out to investigate the conformity of NSS to an existing driver
suspension seat in future work.
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