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Abstract. To further improve the isolation performance of the seat’s suspension system of
vehicles, this study proposes a new design of the negative stiffness using two cam-springs
(NS-CS). To clarify the isolation performance of NS-CS, two different structures of the seat’s
traditional suspension (TS) and negative stiffness using the horizontal springs (NS-HS) are also
used to compare the isolation performance between TS, NS-HS, and NS-CS. The performance
indicators are evaluated through the seat’s acceleration in the time region and the seat’s power
spectral density acceleration in the frequency region. The study shows that both these indices with
NS-CS are lower than those of TS and NS-HS. Thus, the proposed NS-CS model improves
driver’s comfort more than NS-HS.
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1. Introduction

To improve the vehicle’s ride comfort, suspension systems have been widely optimized and
controlled [1-4]. The comfort performance of vehicles has been significantly improved. However,
the acceleration of the driver’s seat remains high when vehicles travel on poor road surfaces,
especially in heavy trucks and construction vehicles. To solve this issue, the seat’s suspension in
these vehicles has been extensively studied and controlled using advanced control methods [5-9].
These methods have improved driver comfort by up to 35 % compared to passive seat suspensions.
However, the disadvantage of the seat’s control suspension system is its high cost. Therefore,
researchers are actively developing a passive seat suspension system that incorporates negative
stiffness (NS) to improve seat comfort [10-12]. Existing studies show that the structure of NS is
simple, but its vibration isolation efficiency is very high.

Based on this isolation efficiency of NS, different structures of NS using air pistons,
curved-roller springs, and negative dampers were developed to optimize the seat’s suspension
system [13-15]. The study results indicate that the geometric parameters of the NS greatly
influence its isolation effectiveness. However, the studies have revealed that the structure of NS,
with its highly nonlinear characteristics, is capable of better vibration isolation than other simpler
NS structures. Therefore, based on the initial design of NS-HS (NS using two horizontal springs)
added to the seat’s suspension system, this study proposes a new design of the NS using cam-
springs (NS-CS) to enhance the isolation performance of the seat suspension system as well as
further improve the driver’s comfort.

2. Mathematical models of NS-HS and NS-CS

NS-HS model: The model of NS-HS has been designed and applied in existing studies
[10, 11]. Its structure includes two horizontal springs of the negative stiffness structures added to
the seat’s traditional suspension (TS), as shown in Fig. 1(a). Here, [, [,, and l; are the initial
distances between the seat and the base wall, bar length, and initial length of the horizontal spring;
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mg, K, and ¢, are the mass, stiffness, and damping values of the seat and the TS; F;,, and F; are
the restoring forces of the NS-HS and the seat’s TS added by NS-HS; z, and z are the seat’s initial
position and dynamic displacement of the system.

In the case of the standard seat’s TS without NS-HS, the force response of the seat’s TS is:

FTS = kSSZ + CSZ. (1)
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Fig. 1. Models of the seat suspension system

When the seat’s TS is added by NS-HS, the force response of NS-HS is written as [11]:

l3 — Xsn

sn
ll — Xsn

Fys-ns = Fss = kssz + ¢52 + 2k (20 — 2), 2

where x,, = l; — sqrt[l? — (zo — 2z)?] and z, = sqrt[l3 — (I; — 15)?].

To evaluate the characteristics of the seat’s NS-HS, the non-dimensional equation between the
restoring force and displacement needs to be derived. Based on constant values of kg and [;, and
neglecting the effect of the damper (c; = 0), dividing Eq. (2) by (ks X I;), we have:

FNS—HS_£+2&13_xsn(@_£> 3)
kssll ll kss ll — Xsn ll ll
= _FNs-Hs - _ 2z -_272 - _ % _Lb —b p_km i i
Let Fys_ps = L ZI=—Z==7y=— 0; ==, &, =—, f =—=, the non-dimensional
kessly I Iy Iy Iy Iy kss

equation used to describe the restoring force-displacement characteristics is written as:

F z+26(1+ @1 (Zo - 2) @)
_Hs = Z —— Zy — ),

NS sqrtfa? — (Z, — 2)?1) °

where a; and @, are defined as the geometric dimension ratios of NS-HS, while £ is defined as
the stiffness ratio of NS-HS. These ratios greatly affect the isolation performance of NS-HS. Thus,
they need to be optimized to enhance this effectiveness.

NS-CS model: Based on the model of NS-HS, two horizontal springs of the negative stiffness
structures are replaced by the cam-spring (NS-CS), as shown in Fig. 1(b). Here, the symbols in
Fig. 1(b) are the same as in Fig. 1(a).

Under the effect of the mass of the driver’s seat, the seat’s displacement is z; thus, the force
response of the seat’s NS-CS is calculated as follows:

13 — Xrn

Fys—cs = Frs = Kysz + 52 + 2Ky sqrt[(15 — z§) + (2o — 2)?

] (zo — 2). (5)
From the NS-CS’s geometrical dimension described in Fig. 1(b), Eq. (5) is rewritten by:
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where Z; = sqrt[(13 — z8) + (zo — 2)?], Z, = sqrt[(R + r)?Z% — (I3 — r)2%(zo — 2)?], R is the
curved wall’s radius, and r is the roller radius, and | = r + [, + [5.

Similarly, to evaluate the characteristics of the seat’s NS-CS, the non-dimensional equation
between the restoring force and displacement also needs to be derived. Thus, based on constant
values of k,; and l;, and ignoring the effect of ¢, dividing Eq. (6) by (k. X l,), we have:

FNS—CS = kTSZ + CSZ + Zkrn (l

— _ ()/5 + 1)Z_1 Z_z Z_O - Z_

Fys—cs =2+ 2P (a - — =) 7 (7
\/Vl —Z \/a1 ) 1
= _FNs—¢cs =-_2 -_z - _Zo _ b _ I3 _r _ R _l
where FNS—CS - s L= Z =7, Zp =7, =7, O =7,03 =7, Ay =, U5 =7,
kssly . L L 151 L L ly L 121
— — *rn 7 — 2 52 = )2 7 272
a=ataytaz B=" 2= sqrt[(yi — Z5) + (Zo — 2)?], and Z, = [(a3 + au)?Z{ —
SS

(ay — a3)%(Z, — Z)?], respectively.

The ratios of a;_5 and f in the seat’s NS-CS can also greatly affect the isolation performance
of NS-CS. Thus, they also need to be optimized to enhance the isolation performance of NS-CS.

Excitation source of two models: The seat suspension system is used to isolate vibrations from
the vehicle or cab’s floor transmitting to the driver when the vehicle is moving on the road surface.
Under actual condition of vehicles, the road surface is typically a random road excitation. Thus,
this random road surface was mainly used as the input excitation of the vehicle models. To build
the random excitation of the road surface, ISO-8608 [16] was applied in the existing research
[10, 13-15]. Based on these study results, a type of random road surface in ISO level B built when
the vehicle was traveling at a speed of 72 km/h was applied in this study to simulate the seat
suspension system, as shown in Fig. 2(a).

3. Results and discussions

Evaluation index: The primary function of the seat suspension system is to isolate the driver’s
vibrations from road surface disturbances, thereby enhancing driver comfort. Based on ISO
2631-1 [17], the human comfort is evaluated by the root mean square value of the acceleration

response of the human in the time domain, and this value is calculated by a,.,,s = ’%fOT adt.

Here a is the acceleration response of the human (m/s?), and T is the duration of the measurement
or simulation. This value is commonly used to evaluate the driver comfort in the existing studies.
In addition, human health is strongly affected by the vibration excitation in the low frequency
region below 10 Hz. Existing research used the seat’s power spectral density acceleration (PSD ;)
in the frequency domain to evaluate human health [2-4, 9]. Therefore, the two indexes of @, s
and PSD,; are used to evaluate the isolation performance between the seat’s TS, NS-HS, and
NS-CS.

Based on the optimal ratios of {l;, a4, @5, and f} as well as the design parameters of the seat
suspension in the existing studies [11], these parameters are then referenced and applied to both
the NS-HS and NS-CS to study their performance. These parameters are listed in Table 1.

Table 1. The ratios and design parameters of the seat, NS-HS, and NS-CS

Parameters | Values | Parameters | Values | Parameters | Values
ms (kg) 85 l; (mm) 261 as 0.14
¢; (Ns/m) 250 a, 0.85 ay 0.23
kg (N/m) 47890 a, 0.42 B 0.45
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Characteristics of NS-HS and NS-CS: Under the same optimal parameters and ratios of the
seat’s suspension system using NS-HS and NS-CS in Table 1, the non-dimensional equations
which describe the relationship between the restoring force and displacement of NS-HS in Eq. (4)
and NS-CS in Eq. (7) are simulated and presented in Fig. 2(b).
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a) Excitation of models b) Characteristic of displacement and force

Fig. 2. Excitation source and force-displacement of models

For the seat’s TS without the negative stiffness, the non-dimensional characteristic between
the displacement and restoring force is linear. For the seat’s NS-HS and NS-CS, under the effect
of the negative stiffness added in these structures, their non-dimensional characteristics represent
the relationship between the displacements and restoring forces, which are the non-linear curves.
With NS-HS, when the displacement of z increases from 0.2 to 1.4, the restoring force changes
insignificantly, indicating this is the stable region of NS-HS. Similarly for NS-CS, when the
displacement of z increases from 0.3 to 0.7, the restoring force is insignificantly changed. Thus,
this is the stable region of NS-CS. Within these stable regions, the restoring force value of the NS-
CS is 0.486, while that of the NS-HS is 0.794. Thus, the restoring force value of NS-CS is smaller
than that of NS-HS under the same deformation of the suspension system of the seat. Based on
the relation F = my X ag, if the restoring force value of NS-CS (Fys_cs in Eq. (5)) is smaller than
the restoring force value of NS-HS (Fys_ys in Eq. (2)), the acceleration ag generated by Fys_cs
is also smaller than ag generated by Fys_ys. Thus, the isolation performance of NS-CS is better
than that of NS-HS.

Comparing the isolation performance between NS-HS and NS-CS: Based on the analysis
results of the non-dimensional characteristics of the NS-HS and NS-CS, the restoring force
response generated by the NS-CS is smaller than that of the NS-HS. Under the same excitation
from the vehicle or cab’s floor defined by z, as described in Fig. 1(b), the displacement of the seat
suspension is Z = z;, — z,, while the displacement and acceleration of the driver’s seat are defined
by z, and a,. The simulation results of the seat’s acceleration response and PSD, for TS, NS-HS,
and NS-CS are shown in Figs. 3(a) and 3(b). In addition, the a,;s and PSD g 0, are computed

and listed in Table 2.
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Fig. 3. Seat’s acceleration using NS-HS and NS-CS

Fig. 3 shows that both the acceleration and PSD acceleration of the driver’s seat with TS are
very high. With the NS-SH and NS-CS applied to the seat suspension system, both these values
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are strongly decreased compared to the seat’s TS. Thus, the driver’s comfort is greatly improved
with NS-SH and NS-CS. In addition, since the restoring force of NS-CS is smaller than that of
NS-HS, the results of the acceleration and PSD acceleration of the driver’s seat with NS-CS are
smaller than those of NS-HS. The computed results in Table 2 show that the a,,,,s and PSDgg pqx
values with NS-CS are reduced by 84.1 % and 83.4 % compared to TS; and reduced by 30.0 %
and 27.4 % compared to NS-HS, respectively. This means that the NS-CS isolates the vibration
of the seat’s suspension system better than the NS-HS in both the working regions of time and
frequency.

Table 2. The comparison results of @, and PSD g max

Parameters TS NS-HS | NS-CS | NS-CS versus TS | NS-CS versus NS-HS
Apms (M/8?) 0.44 0.10 0.07 84.1 % 30.0 %
PSDgs max (m?/s*) | 0.193 | 0.044 0.032 83.4% 274 %
0.4r
o 030 e
Eoa
< 0.1+
)| e
0 5 10 15 20 25 30
Speed (m/s)

Fig. 4. The seat’s acceleration under various speeds

The vehicle’s moving speed could be changed when the vehicle is moving on the road surface,
which could affect the isolation performance of NS-CS. Thus, the effect of the vehicle’s speed on
the NS-CS’s stability is also simulated and presented in Fig. 4. Fig. 4 shows that the a,.,,,¢ with TS
is strongly increased with the increasing speed of the vehicle, while this value with NS-HS and
NS-CS is insignificantly increased when the vehicle’s speed is increased. Especially, the @,
with NS-CS is insignificantly changed and remain smaller than both TS and NS-HS.

4. Conclusions

From the above study results, the isolation performance of the seat’s TS is limited; thus, the
driver’s comfort is also poor.

With the NS-HS and NS-CS added to the seat suspension system, both the a;,s and PSD ;5 10
values are substantially reduced compared to the TS. Besides, both these values with the NS-CS
are smaller than those of the NS-HS under various simulations. Thus, under the same operating
conditions of the vehicle, the NS-CS improves the driver’s comfort more effectively than the
NS-HS and TS.

The current study is limited to numerical simulation and the optimization of geometric ratios
(alphal through alpha5) via sensitivity analysis. To fully evaluate the isolation performance of the
NS-CS and apply it to different vehicles, as well as to physical test-rig validation, these studies
are planned for future research.
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