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Abstract: Passive fluidically-coupled suspensions have been considered to offer a 

promising alternative solution to the challenging design of vehicle suspension system. A 

theoretical foundation, however, has not been established for fluidically-coupled 

suspension to facilitate its broad applications to various vehicles. This first part of this 

study investigates the fundamental issues related to feasibility and properties of the 

passive full-vehicle interconnected hydro-pneumatic suspension configurations using both 

analytical and simulation techniques. Layouts of various interconnected suspension 

configurations are illustrated based on two novel hydro-pneumatic suspension strut 

designs, both of which provide a compact design with considerably large effective 

working area. A simplified measure, vehicle property index (VPI), is proposed to permit a 

preliminary evaluation of different interconnected suspension configurations using 

qualitative scaling of the bounce-, roll-, pitch- and warp-mode stiffness properties. 

Analytical formulations for the properties of unconnected and three selected X-coupled 

suspension configurations are derived, and simulation results are obtained to illustrate 

their relative stiffness and damping properties in the bounce-, roll-, pitch- and warp-mode. 

The superior design flexibility feature of the interconnected hydro-pneumatic suspension 

is also discussed through sensitivity analysis to a design parameter, namely the annular 

piston area of the strut. The results demonstrate that full-vehicle interconnected 

hydro-pneumatic suspension could provide enhanced roll- and pitch-mode stiffness and 

damping, while retaining the soft bounce- and warp-mode properties. Such interconnected 

suspension thus offers considerable potential in realizing enhanced decoupling among the 

different suspension modes. 
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1. Introduction 

 

Suspension design is known to strongly affect the forces and moments transmitted to the 

vehicle body and wheels, and thus the vehicle performance characteristics. The design of a 

road vehicle suspension, however, involves complex compromises among various 

measures related to ride vibration, handling and roll dynamics [1-4]. Analysis of a 

full-vehicle suspension system generally concerns four fundamental vibration modes, 

namely bounce, roll, pitch and warp [5-8]. The vertical ride comfort generally requires a 

soft bounce mode, while relatively stiff roll and pitch modes are beneficial for inhibiting 

vehicle attitude during steering and braking/traction maneuvers [9-11]. Moreover, it has 

also been well accepted that the suspension warp mode should be as soft as possible for 

improved roadholding performance [5-8]. These four fundamental modes of a vehicle with 

conventional passive suspension system, however, are strongly coupled.  

 

Passive anti-roll bars help realize relatively higher roll stiffness and thus higher roll 

stability limits of road vehicles, particularly the commercial vehicles, without affecting the 

suspension bounce and pitch properties. The anti-roll bars, however, tend to add weight 

and increase the warp mode stiffness, which is undesirable in view of the vehicle 

roadholding performance [5-8, 37]. Although active anti-roll bars could help realize a 

better compromise among different measures, their implementations have been limited due 
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to the added cost and weight. A number of active suspension concepts and designs have 

also been proposed to achieve superior ride, handling and control performance, while their 

implantations are limited to applications justifying the associated additional power 

demand, complex packaging, weight and cost [e.g., 4, 12, 13].  

 

Alternatively, a wide range of semi-active suspension designs have evolved over the past 

few decades, which have been shown to yield improved ride performance and stable 

behavior due to their energy dissipation properties, while requiring only minimal power 

[e.g., 2, 12, 13]. Such suspension concepts, however, are generally based on damping 

control alone and tend to deteriorate the ride vibration performance at higher frequencies, 

compared to the conventional passive suspensions [12, 13]. Concepts in alternative passive 

suspension mechanisms that permit an improved compromise among the conflicting 

performance measures would be considered desirable. More specifically, a suspension 

design that permits independent tuning for the four fundamental modes (bounce, roll, pitch 

and warp) or partial decoupling of the modes in a positive manner could yield an enhanced 

design compromise. 

 

A few studies on fluidically-coupled vehicle suspensions have shown that either within- or 

across-axle coupled wheel suspensions offer considerable potential to realize a full or 

partial decoupling among the fundamental suspension modes [14-18, 23-25]. The fluidic 

couplings could be conveniently realized in a suspension system involving 

hydro-pneumatic struts. Hydro-pneumatic struts, unlike the other suspension units, could 

offer compact design with integrated damping control, improved ride comfort, ride height 
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leveling control, as well as semi-active/active control. The majority of the studies have 

analyzed the properties of such struts coupled in the roll plane [16-18, 23-25], while a few 

have also investigated the properties of struts coupled in the pitch plane [14, 15]. These 

studies have invariably shown that the roll- and pitch-plane coupled hydro-pneumatic 

wheel suspension struts could help realize considerably higher roll and pitch stiffness, 

respectively, with only a minimal change in the bounce stiffness. Furthermore, the 

hydraulic couplings yield far greater damping properties than the unconnected or 

pneumatically-coupled suspension struts. In addition, such couplings provide greater 

design flexibility in realizing desired properties through sizing of the strut chambers and 

the coupling [16]. The hydro-pneumatic suspension systems have been employed in heavy 

military vehicles for about half a century, and have been regarded to hold the most 

significant potential for commercial vehicle applications [4, 20-22]. Gunter et al. [21] and 

Gilmore [22] stated that the hydro-pneumatic suspension system has been selected as one 

of the key technologies in the development of future military vehicles.  

 

A few studies have also demonstrated the potential performance benefits of some 

particular roll- and pitch-plane hydraulically-coupled suspension configurations, which 

however either employed semi-active control [19] or used additional passive mechanical 

springs in parallel with the coupled suspension [5, 26]. The use of additional mechanical 

springs for load sharing would tend to reduce the benefit of interconnected suspension [25]. 

Multi-chamber hydro-pneumatic struts offer numerous possibilities for hydraulic or 

pneumatic interconnections between different chambers of the wheel struts in the roll as 

well as pitch planes. The resulting coupled suspension properties would be expected to 
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depend on the interconnection configurations and paths, and type of fluid coupling 

(hydraulic or pneumatic). Some of these coupling configurations may be infeasible to 

ensure stability, and undesirable in view of the four fundamental modes.  

 

In this study, two novel hydro-pneumatic strut design concepts are considered, which 

could yield various fluidic interconnections between different chambers of different wheel 

suspension struts in the roll as well as pitch planes. A number of full-vehicle coupled 

hydro-pneumatic suspension configurations involving four suspension-strut units are 

conceived. A simplified performance measure is proposed to evaluate feasibility of the 

proposed configurations. A generalized analytical model is formulated to analyze 

fundamental properties of a few selected feasible configurations, which are compared with 

an unconnected suspension configuration with and without anti-roll bars.  

        

2. Suspension Struts and Full-Vehicle Interconnections 

 

The schematic of a hydro-pneumatic strut design comprising only one gas chamber, 

referred to as ‘single-gas-chamber strut B’, is illustrated in Figure 1(a).  The strut 

integrates a gas chamber and damping valves within the same unit to realize a compact 

design. The strut consists of a number of damping orifices in the main piston separating 

hydraulic fluid chamber 1 from chambers 2 and 3, while a floating piston isolates the 

hydraulic fluid in chamber 2 from the nitrogen gas in chamber 4. The shim disc valves, 

consisting of shim packs, are employed in conjunction with constant area bleed orifices to 

achieve variable flow resistance and thus the damping force. Such compact strut design 

not only eliminates the external gas chamber and external damping valves, but offers a 
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relatively larger effective working area and thus significantly lower operating pressure 

corresponding to a given load, compared to those reported in [5, 17-19, 23-26].  

 

Figure 1(b) presents the schematic of a novel hydro-pneumatic strut design, referred to as 

‘strut A’, which comprises two gas chambers. The chambers 3 and 4 of the strut contain 

nitrogen gas, while the damping orifices and valves within the main piston provide 

hydraulic flow resistance between chambers 1 and 2. Similar to the strut B, the 

twin-gas-chamber strut also offers a compact design with a relatively large effective 

operating area [27, 28]. Under a compression stroke, the gas in chamber 4 undergoes 

compression and tends to dominate the vertical suspension stiffness property. The spring 

rate in rebound is mostly determined by the gas pressure in chamber 3, which undergoes 

compression during rebound. The proposed twin-gas-chamber strut design thus offers 

considerable potential for realizing nearly symmetric spring rates in compression and 

rebound [27, 28].  

 

Compared to the strut designs reported in [5, 17-19, 23-26], these two strut designs 

provide considerable flexibilities to conveniently realize various interconnections among 

different hydraulic/pneumatic chambers of the different struts [14]. 

 

FIGURE 1 

  

3. Feasibility Analysis of Full-Vehicle Interconnected Suspensions 

 

The proposed hydro-pneumatic struts could yield numerous full-vehicle coupled 

suspension configurations through interconnections among different chambers of the four 

struts. It has been shown that different interconnection configurations could yield 
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considerably different stiffness and damping properties of the suspension in the bounce, 

roll and pitch modes [14-16]. Moreover, some of the configurations may not be feasible. 

As an example, Fig. 2 illustrates a possible full-vehicle interconnected suspension 

configuration involving eight interconnecting pipes among the four strut units in the roll- 

and pitch-plane arrangement. It can be seen that this configuration yields only two 

independent pressures, and would not be feasible when load variations are involved. A 

methodology for assessing the feasibility of possible full-vehicle interconnected 

suspension configurations is thus explored on the basis of different measures that are 

described below.  

 

FIGURE 2 

 

Equivalent Static Interconnected Suspension (ESIS): 

 

For a given or conceived interconnected struts configuration, an alternative interconnected 

suspension could be obtained by adding/removing one or several interconnecting pipes. If 

the resulting configuration yields the same static equilibrium under varying load 

conditions, the configuration is called an Equivalent Static Interconnected Suspension 

(ESIS) of the original configuration. A particular interconnected suspension configuration 

may have many possible ESIS configurations. Considerable differences, however, might 

be expected between the properties and dynamic responses of an ESIS and the original 

configuration. 

 

Least Equivalent Static Interconnected Suspension (LESIS): 

 

Of all the equivalent static interconnected configurations of an interconnected suspension, 
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those with least number of interconnections are referred to as Least Equivalent Static 

Interconnected Suspension (LESIS) of the original suspension configuration. A given 

interconnected suspension configuration may have multiple LESIS configurations. 

 

Order of Least Equivalent Static Interconnected Suspension (OLESIS): 

 

The order of a LESIS is defined by the number of its interconnecting paths or pipes. For 

example, the configuration illustrated in Fig.2 possesses an order of 8, although it cannot 

be considered as a LESIS configuration.  

 

Degrees-of-Freedom (DOF) of an Interconnected Suspension: 

 

The minimum number of independent fluid pressures required to define the static 

equilibrium of an interconnected suspension is referred to its degrees of freedom (DOF). It 

can be seen that the configuration, illustrated in Fig. 2, possesses two-DOF. For a 

full-vehicle suspension configuration involving the proposed suspension struts (Fig. 1), the 

maximum DOF of an interconnected suspension could be eight. The sum of the order of 

its LESIS and the degrees of freedom would also be eight. 

 

The load supported by the four suspension struts of an interconnected suspension in the 

roll- and pitch-plane arrangement could vary considerably, particularly in highway freight 

vehicles and many off-road vehicles. It has been shown that an interconnected suspension 

is most beneficial in enhancing its roll properties when the entire sprung load is fully 

supported by the interconnected struts [25]. It can thus be deduced that a minimum of four 

independent fluid-pressures would be essential to obtain a static equilibrium of a 

full-vehicle interconnected suspension configuration, particularly when the load variations 
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are expected to be large. This also defines the necessary condition of a feasible full-vehicle 

interconnected suspension configuration. A few examples of the feasible full-vehicle 

interconnected suspension configurations are described below. 

 

Figure 3 presents two different feasible 4-DOF interconnected suspensions with four 

single-gas-chamber struts, shown in Fig. 1(a), involving hydraulic couplings. Figure 4 

further illustrates two examples of feasible 4-DOF interconnected suspensions using four 

twin-gas-chamber struts, shown in Fig. 1(b), involving only pneumatic couplings. The 

examples of feasible 4-DOF interconnected suspensions using both types of struts are 

shown in Fig. 5, which involve hybrid fluidic couplings. A simple feasible configuration 

involving twin-gas struts and four pneumatic interconnecting paths is shown in Fig. 6. 

This configuration possesses 6-DOF. It can be seen that a number of feasible full-vehicle 

interconnected suspensions can be realized on the basis of the two hydro-pneumatic struts.  

 

FIGURE 3 

 

FIGURE 4 

 

FIGURE 5 

 

FIGURE 6 

 

It would be impractical to investigate the properties and dynamic responses of all the 

possible configurations of full-vehicle interconnected suspensions in order to identify a 

more promising configuration. However, it was established that some of the full-vehicle 

interconnected configurations are simply a combination of the in-plane interconnected 
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suspensions, whose properties have been reported in the earlier studies [14-16]. The 

reported properties of the roll- or pitch-plane interconnections could facilitate the 

preliminary selection and analysis of some of the full-vehicle interconnected 

configurations.  

 

3.1 Identification of Feasible Interconnected Suspension Configurations 

 

A total of 22 different full-vehicle suspension configurations, including four unconnected 

(U1~U4) and 18 interconnected (C1~C18), are selected in this study for the preliminary 

analyses in view of their properties. Figure 7 illustrates the four unconnected suspension 

configurations, where configurations U1 and U2 comprise four single- and 

twin-gas-chamber struts, respectively. The configurations U3 and U4 comprise two single- 

and two twin-gas-chamber struts, as shown in Fig. 7.   

 

FIGURE 7 

 

Figure 8 presents the four 4-DOF full-vehicle interconnected suspension configurations 

that involve diagonal fluidic couplings (or X-couplings) among the different strut units. 

Configurations C1 and C2 employ single- and twin-gas chamber struts, respectively, with 

diagonal hydraulic and pneumatic interconnections. Configurations C3 and C4 employ 

combinations of the two types of struts with hybrid fluidic interconnections. Figure 9 

presents four 4-DOF full-vehicle interconnected configurations (C5 to C8) that involve 

roll-plane fluidic couplings, where configurations C5 and C6 employ four single-and 

twin-gas-chamber struts, respectively, with hydraulic and pneumatic interconnections in 

the roll-plane alone. Configurations C7 and C8 are conceived through either hydraulic or 

pneumatic couplings of the single- or dual-gas-chamber struts in the roll plane. 
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FIGURE 8 

 

FIGURE 9 

 

Four different configurations involving pneumatic couplings in the pitch-plane alone are 

shown in Fig. 10. Configurations C9 and C10 are realized by two pitch-plane pneumatic 

interconnections between the chambers 4 and 3 of front- and rear-struts, respectively. The 

configuration C11 employs two twin- and single-gas-chamber struts in the front and rear, 

respectively, with pitch-plane pneumatic interconnections between the chambers 4 of the 

front- and rear-struts. Configuration C12 includes two single- and two twin-gas-chamber 

struts in the front and rear with pitch-plane pneumatic interconnections between chambers 

4 of the front- and rear-struts. Two alternate configurations (C13 and C14) involving 

pneumatic X-couplings of the twin-gas chamber struts are shown in Fig. 11, which possess 

6-DOF. Figure 12 illustrates another two 4-DOF configurations, C15 and C16, employing 

single- and twin-gas chamber struts, respectively, with relatively more complex couplings 

in the roll as well as pitch planes. Figure 13 further illustrates two 4-DOF interconnected 

suspension configurations, C17 and C18, which involve pitch-plane hydraulic and 

pneumatic couplings, respectively. Configuration C17 involves hydraulic interconnections 

between the front and rear single-gas-chamber struts, while C18 employs couplings 

between the front and rear twin-gas-chamber struts.   

 

FIGURE 10 

 

FIGURE 11 
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FIGURE 12 

 

FIGURE 13 

 

The design and tuning of a full-vehicle suspension system generally concerns four 

fundamental modes: bounce, roll, pitch and warp [5-8]. A simplified composite measure of 

the four mode stiffness properties , referred to as vehicle property index (VPI), is proposed 

to facilitate the relative analyses of the above selected full-vehicle suspension 

configurations, such that: 

 

v v vo R R Ro P P Po oVPI K K K K K K K K                             (1) 

 

where Kvo, KRo, KPo and Kψo represent the desirable suspension bounce-, roll-, pitch- and 

warp-mode stiffness properties for a road vehicle, respectively. Kv, KR, KP and Kψ 

represent actual suspension bounce-, roll-, pitch- and warp-mode stiffness properties of a 

given interconnected configuration, respectively. αv, αR, αP and αψ are corresponding 

weighting coefficients for the four modes stiffness constants, respectively. Considering the 

complexity of defining the desired values, a qualitative scale ranging from1 to 5 is 

assigned to each stiffness constant in an attempt to obtain a preliminary analysis of relative 

properties of the configurations. The scale 5 refers to the highest stiffness, while the scale 

1 refers to the lowest stiffness of a mode. For a typical heavy road vehicle, greater 

emphasis is placed on the roll stiffness compared to the bounce stiffness, while relatively 

lower emphasis is given to the pitch and warp stiffness by selecting weighting constants as: 

αr = 0.5, αb =0.3, and αp = αw =0.1. For heavy vehicles, relatively higher values of roll and 

pitch stiffness are considered desirable [1, 9-11], while a medium bounce stiffness would 

be appropriate. Moreover, a lower value of warp stiffness would also be adequate [5-8]. 
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The stiffness constants Kvo, KRo, KPo and Kψo are thus assigned 3, 5, 5 and 1, respectively, 

on the qualitative scale for preliminary selection of the desirable suspension configurations. 

On the basis of the chosen rule, a configuration with a lower VPI would be considered 

favorable, which could yield relatively soft vertical ride, enhanced roadholding quality, as 

well as improved anti-roll and anti-pitch properties.  

 

Table 1 summarizes the vehicle property indices (VPIs) of the selected full-vehicle 

suspension configurations, either interconnected or unconnected, on the basis of the 

above-stated rule. The table also lists the VPIs of unconnected configurations coupled with 

anti-roll bars, referred to as U1bar to U4bar. The results clearly show that different 

full-vehicle interconnected suspension systems could yield considerably different 

suspension stiffness properties. Moreover, the configurations C1 to C4 (Fig. 8) employing 

fluidic X-couplings yield the lowest VPIs among the considered configurations, 

suggesting that the X-couplings would most likely to offer considerable potential benefits 

for a typical heavy vehicle. The properties of these configurations are thus evaluated 

through formulations of strut forces in term of suspension stiffness and damping properties. 

The properties are also compared with those of the unconnected configuration U1 and 

U1bar. In the following sections, the interconnected suspension configurations C1~C3, 

while hybrid interconnected suspension configuration C4 would be expected to yield 

similar performance to configuration C3. The analyses presented in the following sections 

are also used to demonstrate the effectiveness of the proposed simplified VPI measure for 

preliminary evaluations of the full-vehicle interconnected suspension design.   

 

TABLE 1 
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4. Formulations of Strut Forces  

 

Although the three coupled suspension configurations C1~C3 involve complex cross-axle 

fluid flows across different suspension struts, the forces developed by each strut can be 

conveniently derived using a generalized model presented in [14]. The generalized model 

permits the evaluation of restoring and dissipative suspension forces due to 

hydro-pneumatic struts, uncoupled or coupled in the roll and/or pitch planes. The primary 

assumptions in the modeling include: (i) turbulent flows through damping orifices 

between the hydraulic chambers (1 and 2) within the same strut; (ii) laminar flows through 

hydraulic interconnections between the connected struts; (iii) polytropic gas process; (iv) 

incompressible hydraulic fluid; (v) negligible leakage flows; (vi) negligible thermal 

expansion of the struts and hydraulic fluid; (vii) negligible friction between the pistons 

seals and the cylinder; and (viii) negligible floating piston dynamics. It has been shown 

that the bulk modulus of the hydraulic fluid is quite large, and the consideration of fluid 

compressibility yields only negligible influence on the stiffness properties [16, 29].  

 

The mathematical formulations for the strut forces of configurations C1 and U1 alone are 

presented as examples, while those of the other configurations could be developed in a 

similar manner using the generalized model described in [29]. The configuration C1 

involves couplings between the hydraulic fluid chambers 1 and 3 of the four suspension 

struts, as shown in Figure 8. Chambers 1 and 3 of the rear-left strut are coupled to 3 and 1 

of the front-right strut, respectively, and these couplings are referred to as 1rl3fr and 3rl1fr, 
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respectively.  In a similar manner, the chambers 1 and 3 of the rear-right strut are coupled 

to 3 and 1 of the front-left strut, respectively, and referred to as 1rr3fl and 3rr1fl, 

respectively. The forces developed by the front-left (fl) and -right (fr) struts in the 

interconnected suspension C1 are derived using the methodology described in [29], and 

expressed as: 
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In a similar manner, the forces developed by the rear struts are also derived, such that: 
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In the above formulations, Fi is the dynamic force developed by strut i (i=fl,fr,rl,rr), Aji is 
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the effective piston area reflected on the chamber j (j=1,2,3) side of the strut i, P0 is the 

static charge pressure, n is the polytropic constant, 
ix  and 

ix  are the relative 

displacement and velocity across strut i, respectively, assuming small motions with 

positive direction being upward. V40i is the initial volume of gas in chamber 4 of strut i, Cd 

is the discharge coefficient, ρ is mass density of the hydraulic fluid, µ represents the 

dynamic viscosity of the hydraulic fluid, and L and D represent the length and diameter of 

the interconnecting pipes, respectively. a12i is the effective orifice area due to bleed 

orifices and damping valves of strut i. Equation (2) clearly shows that hydraulic 

interconnections in the C1 configuration exhibit strong couplings in the stiffness as well as 

damping terms.  

  

Variations in damping forces could be realized by varying the effective flow areas of 

damping valves. Modeling of damping variations in a piecewise-linear manner [30] would 

yield non-differentiable variations in the fluid pressures in the vicinity of the transition 

pressures, a refined model has thus been used to smoothen the flow variations around the 

transition regions [16]. Asymmetric damping force in compression/rebound motions could 

be achieved by selecting different flow areas, threshold values of pressures in compression 

and extension (Pcsl, Pesl), and the peak pressure differentials in compression and extension 

(Pcsh, Pesh), such that: 
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where a12c is the bleed orifice area, a12vc and a12ve are the maximum effective flow areas of 

valves in compression and rebound, respectively. Pcsl and Pesl are the lower limits of 

pressure differentials or threshold values in compression and rebound, which cause 

deflections of shim discs to initiate valve opening, and Pcsh and Pesh are the pressures that 

cause maximum valve openings, namely a12vc and a12ve. The symmetric damping property 

can also be easily achieved by letting: Pcsl=Pesl, Pcsh=Pesh and a12vc=a12ve. 

 

The dynamic strut forces due to the unconnected strut suspension configuration U1 are 

developed in a similar manner, such that [29]: 
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5. Formulations of Suspension Properties 

 

The fundamental property of a vehicle suspension system can be effectively evaluated 

using two approaches [14-16, 18, 31, 32]. An analytical approach based upon coupled 

vibration-modes of a vehicle, e.g. coupled roll and bounce modes, in an ideal manner that 

neglects the influence of chassis structural-deflection modes and suspension kinematics, 

has been used to determine the stiffness and damping characteristics of the suspension 

systems [14-16, 18]. Considering the strong coupling effects of the vibration-modes of a 

vehicle with a suspension, the approach may be considered theoretically accurate [33]. 

This approach, however, is quite sensitive to variations in the vehicle inertial and 

geometry parameters, and may not be efficient for evaluating the full-vehicle suspension 

system involving complex couplings among the bounce-, roll-, pitch- and warp-modes. An 
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alternative approach assumes a fixed vehicle body (or sprung mass) to appropriately 

reduce the contributions of couplings among various vibrations-modes of the vehicle body 

and therefore facilitate the characterization of stiffness properties of suspension system in 

individual modes [31, 32]. This method can be considered to be more suspension-oriented, 

and less sensitive to variations in the vehicle inertial parameters. Moreover, this approach 

is far simpler than the former method due to the absence or reduction in coupling between 

the various vehicle vibration-modes. The properties of the interconnected and unconnected 

configurations are thus evaluated using the latter approach using the simplified model of 

the struts with fixed sprung mass, as shown in Fig. 14. In this model, the four struts are 

subject to four independent excitations (Xfl, Xfr, Xrl, Xrr) representing the 

compression/extension of the struts.  

 

FIGURE 14 

 

5.1 Stiffness Properties 

 

BOUNCE MODE: 

 

The bounce-mode stiffness properties (or suspension rate) of the unconnected and 

interconnected suspensions are evaluated by letting 
fl fr rl rrX X X X x    . The suspension 

rates, kvf and kvr, of the front and rear suspensions, respectively, are derived from:   

 

 fl fr

vf

F F
k

dx

 
  ; 

 rl rr

vr

F F
k

dx

 
                                      (5) 

 

The bounce-mode stiffness of the total suspension system is simply the sum of the 

suspension rates of its front and rear suspensions.  
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ROLL MODE: 

 

The roll-mode stiffness property of a full-vehicle suspension, whether unconnected or 

interconnected, is evaluated by letting 
fl fr rl rrX X X X x      . The roll-mode stiffness 

properties, kRf and kRr, of the front and rear suspensions, respectively, are evaluated from:  
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F FM
k l
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where Mf and Mr are the roll moments due to forces developed in the front- and rear 

suspension struts, respectively, θf
 
and θr are respective roll motions, and lsf and lsr are the 

half suspension spacing. The roll stiffness of a full-vehicle suspension system is the sum 

of the roll stiffnesses due to the front and rear suspensions.  

 

PITCH MODE: 

 

The pitch-mode stiffness property (kP) of a full-vehicle suspension, either unconnected or 

interconnected, is evaluated by letting 
fl fr rl rrX X X X x      , such that:  
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k
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where Mp is the pitch moments due to forces developed in the front- and rear suspension 

struts, φ is the vehicle pitch motion, and lf and lr are longitudinal distances of the front and 

rear suspensions, respectively, with respect to the sprung mass center of gravity (c.g.). 
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WARP MODE: 

 

The warp-mode stiffness property (kw) of a full-vehicle suspension is assessed by letting 

fl fr rl rrX X X X x      . The warp-mode stiffness can be simply expressed as the front and 

rear suspension roll stiffness in series, such that [37]: 

  

 
2fl frf

f sf

f

F FM
k l

d dx




 
    ;   2rl rrr

r sr

r

F FM
k l

d dx




 
    ; 

rf

rf

w
kk

kk
k






         (8)                     

 

where kψf and kψr are warp-mode stiffness constants of the front and real suspension struts, 

respectively, and ψf
 
and ψr are respective warp motions. 

 

5.2 Interconnected Suspension (C1) 

 

The bounce-mode stiffness properties of the X-coupled suspension configuration C1 are 

derived using Eqs. (2) and (5), such that:   

 

2 2

1 1 3 3 1 3

0 40 0 401 1

40 1 3 40 1 3

2 2
f f r f r fn n

vf f rn n

f f r r r f

A A A A A A
k nPV nPV

V A x A x V A x A x
 

 
 

         

 

2 2

1 1 3 3 1 3

0 40 0 401 1

40 1 3 40 1 3

2 2
r r f r f rn n

vr r fn n

r r f f f r

A A A A A A
k nPV nPV

V A x A x V A x A x
 

 
 

         

             (9) 

 

The roll-mode stiffness properties of the suspension configuration C1 are derived from 

Eqs. (2) and (6), such that:  
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The pitch-mode stiffness property of configuration C1 is derived from Eqs (2) and (7), 

such that:   
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The formulations of the warp-mode stiffness properties of the suspension C1 are derived 

in a similar manner from Equations (2) and (8), such that:   
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and 
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5.3 Unconnected Suspension (U1) 

 

The vertical- (kvi), roll- (kRi), pitch- (kP), and warp- (kw) mode stiffness properties of the 

unconnected configuration U1 are derived in a similar manner and expressed as: 
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The analytical formulations for the stiffness properties of other suspension configurations 

can also be conveniently developed in a similar manner [29].  

 

5.4 Damping Properties 
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The damping properties of the full-vehicle suspension configurations are also evaluated 

similar to the stiffness properties, where the displacement inputs are replaced by the 

velocity inputs. The four vibration-mode damping properties of the selected full-vehicle 

suspension configurations, however, are expressed by the dissipative components of the 

strut forces in each mode, using Eqs. (2) and (4). The benefit of employing damping 

valves in realizing variable damping properties could be emphasized by selecting 

relatively large-diameter connecting pipes. The damping due to interconnecting pipes 

would therefore be much smaller compared to that due to flows through chambers 1 and 2, 

as observed from Eq. (2).  

 

The vertical damping forces developed by the front struts in the X-coupled configuration 

C1 are directly deduced from Eq. (2), by considering identical velocities of all the struts, 

such that:  
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In a similar manner, the vertical damping forces due to rear suspension struts can be 

expressed as:  
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The damping forces in the roll mode are derived by letting xXXXX rrrlfrfl
  . 

The pitch-mode damping forces of the front and rear struts of the X-coupled configuration 

C1 are also identical to those in the roll-mode. The resulting damping forces in the roll 

mode are given below: 
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and 
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It should also be noted that formulations for the warp-mode damping property of the 

X-coupled configuration C1 are identical to those for the bounce-mode damping, 

described in Eq. (17). 

 

The bounce-mode damping property of the unconnected suspension U1 is derived from 

the dissipative component of the strut forces, such that: 
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The roll-, pitch- and warp-mode damping properties of the unconnected suspension U1 

can be derived from the above considering the absence of coupling among different 

suspension struts. The analytical formulations of damping properties of the other 

suspension configurations can also be derived in a similar manner using the generalized 

methodology described in [29].  

 

6. Results and Discussions 

 

The design parameters of the three fluidically-interconnected suspension configurations 

(C1~C3) and the unconnected suspension with and without anti-roll bars (U1bar and U1), 

are selected upon consideration of identical load carrying capacity for a freight vehicle, 

corresponding to a load distribution, 653.0)(  rff lll . The selected design parameters 

for all the five suspension configurations resulted in identical bounce-mode natural 

frequencies of the front and rear suspensions at the static design ride height, in the order of 

1.5 Hz. The bleed and damping valves flow areas, and interconnecting pipe sizes were 

further chosen to achieve identical bounce-mode damping properties of the front and rear 

struts of all the selected configurations. The simulation results of the properties of the 

selected suspension configurations are presented and discussed below. 

 

6.1 Bounce Mode Properties 

 

Figures 15(a) and (b) present the bounce mode stiffness and damping properties of all the 

selected suspension configurations (C1~C3, U1 and U1bar), respectively. Under the 

in-phase bounce-mode excitations, all the suspensions yield identical front and rear 

suspension rates throughout the deflection range considered. The front suspension rates of 
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all the configurations are lower than those of the rear suspension, which is attributed to the 

chosen load distribution. Both the front and rear suspensions exhibit progressively 

hardening property in compression, but softening effect in rebound, as evident in Fig. 

15(a), which is attributed to the force-deflection property of the gas. The damping 

parameters were chosen to yield identical bounce-mode damping property of the front- 

and rear-axle suspensions, which is evident from the force-velocity relationships presented 

in Fig. 15(b). It should be noted that all the configurations are evaluated assuming 

symmetric damping in compression and rebound, while asymmetric damping properties 

can also be easily realized as described in Eq. (3). The flows through the valves are 

initiated when the strut velocity approaches or exceeds 0.08 m/s, and the valves become 

fully open at 1.5 m/s.  

  

FIGURE 15 

 

6.2 Roll Mode Properties 

 

The variations in the roll stiffness of the front and rear suspensions of the selected 

configurations are presented in Figs. 16(a) and 16(b), respectively. The roll mode damping 

properties are presented in terms of force-velocity characteristics of the front and rear 

suspensions in Figs. 16(c) and 16(d), respectively. Unlike the bounce-mode properties, the 

three fluidically-coupled suspensions C1~C3 exhibit significantly higher roll-mode 

properties, when compared to that of the uncoupled configuration U1. The additions of 

passive front and rear anti-roll bars can also yield an upward parallel shift of the effective 

roll stiffness of the unconnected suspension (U1bar), as it is shown in Figs. 16(a) and (b). 

Although the anti-roll bar yields static roll stiffness identical to those of the 

fluidically-coupled suspension configurations C1~C3, the X-coupled suspensions provide 
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greater roll stiffness corresponding to higher deflections. Furthermore, the use of an 

anti-roll bar cannot augment the roll mode damping of the hydraulic X-coupled 

configurations, as shown in Figs. 16(c) and (d). The pneumatic interconnections (C2) also 

cannot help improve the roll-mode damping, while the hybrid interconnections (C3) yield 

considerable roll-mode damping gain compared to the U1bar and C2 configurations. The 

enhanced roll-mode damping properties of the X-coupled C1 and C3 configurations would 

be beneficial for controlling the transient roll motions and roll stability limits during 

steering maneuvers [34]. 

 

FIGURE 16 

 

Roll stiffness property of a suspension system strongly affects not only the roll stability of 

vehicles, but also the vehicle handling quality and directional stability limits [1, 3]. Roll 

stiffness distribution is known to influence the handling balance (understeer/oversteer 

behavior). A vehicle with greater roll stiffness distributed over the front axle would exhibit 

greater understeer tendency. The static roll stiffness values of the front and rear 

suspensions can thus be tuned to help achieve a desirable understeer characteristic. A 

conventional nonlinear suspension system may induce considerable variations in the roll 

stiffness distribution over the range of vehicle roll deflections during steering, which may 

contribute to variations in the understeer coefficient. It is therefore highly desirable to 

investigate the dynamic roll stiffness distribution characteristics of a suspension with 

varying roll deflections.  

 

The relative roll stiffness distribution ratio (RSDR), defined as the ratio of front 

suspension roll stiffness per unit sprung mass supported by the front suspension to that of 

the rear suspenion    Rf sf Rr srk m k m , is used as a measure of the dynamic roll stiffness 
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distribution, which may be applied to study the variations in understeer behavior under a 

directional maneuver. Figure 17 illustrates variations in the RSDR characteristics of all the 

five configurations as a function of the roll deflection. The results show constant roll 

stiffness distribution for the unconnected configuration U1 over the entire range of roll 

deflection considered, while the RSDR of the X-coupled configurations increases 

progressively with an increase in the roll deflection. Such progressive increase in RSDR 

with increasing roll deflection would indicate a greater understeer tendency during 

relatively high lateral-acceleration steering maneuvers. Configuration U1bar, using 

anti-roll bars, also yields higher RSDR, compared to the unconnected suspension U1 but 

considerably lower than the X-coupled suspensions at higher roll deflections.  

 

A few studies have suggested that an increase in the understeer coefficient with an 

increase in lateral acceleration (or during the nonlinear operating range of the tires) would 

be desirable for improved yaw or directional stability during tight or emergency type of 

steering maneuvers [1, 3, 35, 36]. The results shown in Fig. 17 indicate that the X-coupled 

configurations (C1 to C3) offer considerable potential in enhancing both the roll as well as 

directional stability limits of the road vehicles.  

   

FIGURE 17 

 

6.3 Pitch Mode Properties 

 

The pitch stiffness properties of the five suspension configurations (C1~C3, U1 and 

U1bar) are compared in Fig. 18. The results suggest that the X-coupled suspension 

configurations C1~C3, yield considerably higher pitch stiffness than the uncoupled 

suspension U1, similar to the roll stiffness property. The suspension damping in the pitch 
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mode varies identical to that in the roll mode, as seen in Figs. 16(c) and (d), for each of the 

fluidically-interconnected configurations. Particularly, the hydraulically-coupled 

suspension C1 yields considerably enhanced pitch-mode damping property due to 

additional flows through the couplings. The significantly higher pitch stiffness and 

pitch-mode damping of the hydraulically-coupled suspension could be beneficial in 

reducing the vehicle pitch motion during braking or acceleration maneuvers.  

     

FIGURE 18 

 

6.4 Warp Mode Properties 

 

The roadholding and braking/traction performances of a vehicle are greatly influenced by 

the warp stiffness of the suspension. Figure 19 illustrates a comparison of the warp 

stiffness properties of the five suspension configurations, while the warp-mode damping 

was found to be identical to that in the bounce-mode for each configuration (Fig. 15(b)). 

The fluidically-interconnected suspension configurations yield warp stiffness identical to 

that of the unconnected suspension U1 over the entire range of the warp deflection 

considered, as in the case of bounce-mode stiffness. The use of anti-roll bars, however, 

tends to increase the effective suspension warp stiffness, due to the greater coupling in the 

roll and warp modes. This suggests that the fluidic-couplings do not alter the warp 

property of the suspension, while they yield significant gains in the roll as well as pitch 

mode properties. This finding is also consistent with the proposed VPI measure, described 

in Table 1.  

  

FIGURE 19 

 

6.5 Discussion on the Design Flexibility of Interconnected Suspensions 
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The fundamental suspension properties, illustrated in Figs. 15 to 19, clearly show that 

fluidic-coupling of the individual suspension struts could considerably increase the roll- 

and pitch-mode stiffness and damping, while maintaining relatively low bounce- and 

warp-mode properties. This suggests that the selected fluidically-coupled suspension 

configurations could help realize greater decoupling between the roll/pitch and 

bounce/warp modes, so as to achieve an enhanced design compromise among the four 

vehicle vibration-modes. The higher roll- and pitch-mode stiffness values were also 

reflected in the VPI values presented in Table 1, which further anticipated minimal 

changes in the bounce- and warp-stiffness properties compared to those of the 

unconnected configuration. This supports the proposed simplified VPI measure for 

preliminary assessments and feasibility analyses of alternative full-vehicle interconnected 

suspension configurations.     

 

The fluidically-coupled hydro-pneumatic suspensions also offer greater design flexibility, 

apart from the enhanced stiffness and damping properties. The suspension properties could 

be conveniently varied through variations in the strut geometry. It has been established 

that variations in the annular piston areas (A3) of the struts yields the greatest variations in 

stiffness properties of suspensions connected either in the roll- or the pitch-plane, without 

affecting the load carrying capacity and the operating pressure requirement [14-16]. In this 

study, the influence of variations in the annular piston area (A3f) of the front struts on the 

resulting stiffness properties of the hydraulically-coupled suspension configuration C1 is 

investigated, as an example. The area is varied by  20% about the nominal value, while 

maintaining identical load carrying capacity and static gas pressure. The resulting 

variations in the front and rear suspension rates are presented in Figs. 20(a) and 20(b), 

respectively. The variations in A3f cause only minimal changes in the front and rear 
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suspension rates in the rebound mode, while the effect is relatively large on both the 

suspension rates in the compression mode. It is further observed that an increase in A3f 

yields a higher front suspension rate, but a lower rear suspension rate, which is attributed 

to the coupling effect between the front and rear suspension struts.  

 

The influence of variations in A3f on the front and rear suspension roll stiffness properties, 

and the roll stiffness distribution ratio (RSDR) are presented in Figs. 21 and 22, 

respectively. An increase in A3f not only yields higher roll mode stiffness of the front and 

rear suspensions, but also a higher RSDR of the full-vehicle hydraulically-coupled 

suspension system. An increase in A3f would thus yield a more understeer tendency with 

increasing roll deflection of the suspension.   

     

FIGURE 20 

 

FIGURE 21 

 

FIGURE 22 

 

Figures 23(a) and 23(b) present the influence of variations in A3f on the pitch and warp 

stiffness of the hydraulically-coupled suspension C1, respectively. The results show that 

an increase in A3f yields higher suspension pitch stiffness, suggesting a stronger coupling 

between the front and rear suspensions. A decrease in A3f, however, would reduce the warp 

stiffness of the hydraulically-coupled suspension C1.  

          

FIGURE 23 
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7. Conclusions  

 

A number of full-vehicle interconnected hydro-pneumatic suspension configurations were 

conceived and analyzed in terms of their feasibility and anticipated properties in the 

bounce-, roll-, pitch- and warp-modes. A simplified measure, referred to as vehicle 

property index (VPI), was proposed for preliminary assessments of possible 

fluidically-coupled suspension configurations. It is shown that different fluidic couplings 

among the four suspension struts could yield significantly different stiffness and damping 

properties. The static and dynamic forces developed by the struts of the selected 

fluidically-coupled suspensions were analyzed to derive suspension stiffness and damping 

properties in the four fundamental vibration-modes, namely bounce, roll, pitch and warp. 

The simulation results showed that the fluidically X-coupled suspension configurations 

could increase the roll- and pitch-mode stiffness and damping substantially, without 

affecting the bounce- and warp-mode properties. Such enhanced decoupling of the 

roll/pitch from the bounce/warp modes would be beneficial in realizing an improved 

design compromise among various vehicle performance measures under complex driving 

conditions. It is further concluded that X-coupled suspension configurations employing 

hydro-pneumatic struts offer greater design flexibility. Particularly high sensitivity of the 

stiffness properties to variations in the piston annual area was demonstrated, which could 

be beneficial in realizing greater roll and pitch-mode stiffness with negligible effect on the 

load carrying capacity and the operating pressure requirement.  
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Table 1: Comparisons of vehicle property indeces (VPIs) of selected suspension 

configurations for applications in heavy vehicles. 

Suspension 

configuration 

Static stiffness scaling 
VPI 

Bounce Roll Pitch Warp 

U1-U4 3 3 3 3 1.4 

U1bar-U4bar 3 5 3 4 0.5 

C1 3 5 5 3 0.2 

C2 3 5 5 3 0.2 

C3 3 5 5 3 0.2 

C4 3 5 5 3 0.2 

C5 3 5 3 4 0.5 

C6 3 5 3 4 0.5 

C7 3 5 3 4 0.5 

C8 3 5 3 4 0.5 

C9 3 3 1 2 1.5 

C10 3 3 1 2 1.5 

C11 3 3 1 2 1.5 

C12 3 3 1 2 1.5 

C13 3 1 1 1 2.4 

C14 3 1 1 1 2.4 

C15 3 5 4 4.5 0.45 

C16 3 5 4 4.5 0.45 

C17 3 3 5 4 1.3 

C18 3 3 5 4 1.3 
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Fig. 1: Schematics of two novel hydro-pneumatic strut designs: (a) single-gas-chamber 

strut B; and (b) twin-gas-chamber strut A.  

 

Fig. 2: Representation of an interconnection configuration in the vehicle roll- and 

pitch-plane arrangement. 

 

Fig. 3: Two feasible 4-DOF full-vehicle interconnected suspensions involving 

single-gas-chamber struts with hydraulic couplings. 

 

Fig. 4: Two feasible 4-DOF interconnected suspensions involving twin-gas-chamber struts 

with pneumatic couplings. 

 

Fig. 5: Two feasible 4-DOF interconnected suspensions involving single- and twin-gas 

chamber struts with hydraulic and pneumatic interconnections. 
 

Fig. 6: A 6-DOF interconnected suspension system using only twin-gas-chamber struts 

with pneumatic interconnections. 

 

Fig. 7: Full-vehicle unconnected hydro-pneumatic suspension configurations (U1, U2, U3 

and U4) using single- and twin-gas chamber struts. 

 

Fig. 8: Four-DOF full-vehicle interconnected hydro-pneumatic suspension configurations 

involving X-couplings (C1, C2, C3 and C4). 

 

Fig. 9: Four-DOF full-vehicle interconnected suspension configurations involving fluidic 

couplings in the roll-plane (C5, C6, C7 and C8). 

 

Fig. 10: Full-vehicle interconnected suspension configurations involving pneumatic 

couplings in the pitch-plane (C9, C10, C11 and C12). 

 

Fig. 11: Six-DOF interconnected full-vehicle suspension configurations based on twin-gas 

chamber struts with pneumatic X-couplings (C13 and C14). 

 

Fig. 12: Four-DOF interconnected suspension configurations employing single- and 

twin-gas-chamber struts with roll- and pitch-plane couplings (C15 and C16). 

 

Fig. 13: Four-DOF interconnected configurations based on single- and twin-gas-chamber 

struts with pitch-plane couplings. 
 
Fig. 14: Simplified model representation of the struts with fixed sprung mass for 

evaluating properties of the interconnected and unconnected suspension configurations. 
 
Fig. 15: Bounce-mode properties of the front and rear suspensions of the selected 

configurations (C1, C2, C3, U1 and U1bar): (a) suspension rate; and (b) damping. 
 
Fig. 16: Roll-mode properties of the unconnected and X-coupled suspension 

configurations: (a) front suspension roll stiffness; (b) rear suspension roll stiffness; (c) 

front suspension roll-mode damping; and (d) rear suspension roll-mode damping. 
 
Fig. 17: Comparisons of the roll stiffness distribution ratio (RSDR) characteristics of the 

unconnected and X-coupled full-vehicle suspension configurations. 

 

Fig. 18: Variations in pitch stiffness of the full-vehicle unconnected (U1 and U1bar) and 
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X-coupled (C1, C2 and C3) suspension configurations. 

 

Fig. 19: Variations in the warp stiffness properties of the full-vehicle unconnected (U1 and 

U1bar) and X-coupled (C1, C2 and C3) suspension configurations. 

 

Fig. 20: Influence of variations in the front-strut annular area A3f on the bounce-mode 

stiffness of the hydraulically-coupled suspension C1: (a) front suspension rate; and (b) rear 

suspension rate. 

 

Fig. 21: Influence of variations in the front-strut annular area A3f on the roll-mode stiffness 

of the hydraulically-coupled suspension C1: (a) front suspension roll stiffness; and (b) rear 

suspension roll stiffness. 

 

Fig. 22: Influence of variations in A3f on the roll stiffness distribution ratio (RSDR) of the 

hydraulically-coupled suspension C1. 

 

Fig. 23: Influence of variations in A3f on: (a) pitch stiffness; and (b) warp stiffness of the 

hydraulically-coupled suspension C1. 
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Fig. 1: Schematics of two novel hydro-pneumatic strut designs: (a) single-gas-chamber 

strut B; and (b) twin-gas-chamber strut A.  
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Fig. 2: Representation of an interconnection configuration in the vehicle roll- and 

pitch-plane arrangement. 
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Fig. 3: Two feasible 4-DOF full-vehicle interconnected suspensions involving 

single-gas-chamber struts with hydraulic couplings. 
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Fig. 4: Two feasible 4-DOF interconnected suspensions involving twin-gas-chamber struts 

with pneumatic couplings. 
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Fig. 5: Two feasible 4-DOF interconnected suspensions involving single- and twin-gas 

chamber struts with hydraulic and pneumatic interconnections. 
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Fig. 6: A 6-DOF interconnected suspension system using only twin-gas-chamber struts 
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Fig. 7: Full-vehicle unconnected hydro-pneumatic suspension configurations (U1, U2, U3 

and U4) using single- and twin-gas chamber struts. 
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Fig. 8: Four-DOF full-vehicle interconnected hydro-pneumatic suspension configurations 

involving X-couplings (C1, C2, C3 and C4). 
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Fig. 9: Four-DOF full-vehicle interconnected suspension configurations involving fluidic 

couplings in the roll-plane (C5, C6, C7 and C8). 
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Fig. 10: Full-vehicle interconnected suspension configurations involving pneumatic 

couplings in the pitch-plane (C9, C10, C11 and C12). 
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Fig. 11: Six-DOF interconnected full-vehicle suspension configurations based on twin-gas 

chamber struts with pneumatic X-couplings (C13 and C14). 
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Fig. 12: Four-DOF interconnected suspension configurations employing single- and 

twin-gas-chamber struts with roll- and pitch-plane couplings (C15 and C16). 
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Fig. 13: Four-DOF interconnected configurations based on single- and twin-gas-chamber 

struts with pitch-plane couplings. 
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Fig. 14: Simplified model representation of the struts with fixed sprung mass for 

evaluating properties of the interconnected and unconnected suspension configurations. 
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Fig. 15: Bounce-mode properties of the front and rear suspensions of the selected 

configurations (C1, C2, C3, U1 and U1bar): (a) suspension rate; and (b) damping. 
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Fig. 16: Roll-mode properties of the unconnected and X-coupled suspension 

configurations: (a) front suspension roll stiffness; (b) rear suspension roll stiffness; (c) 

front suspension roll-mode damping; and (d) rear suspension roll-mode damping. 
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Fig. 17: Comparisons of the roll stiffness distribution ratio (RSDR) characteristics of the 

unconnected and X-coupled full-vehicle suspension configurations. 
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Fig. 18: Variations in pitch stiffness of the full-vehicle unconnected (U1 and U1bar) and 

X-coupled (C1, C2 and C3) suspension configurations. 
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Fig. 19: Variations in the warp stiffness properties of the full-vehicle unconnected (U1 and 

U1bar) and X-coupled (C1, C2 and C3) suspension configurations. 
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Fig. 20: Influence of variations in the front-strut annular area A3f on the bounce-mode 

stiffness of the hydraulically-coupled suspension C1: (a) front suspension rate; and (b) rear 

suspension rate. 
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Fig. 21: Influence of variations in the front-strut annular area A3f on the roll-mode stiffness 

of the hydraulically-coupled suspension C1: (a) front suspension roll stiffness; and (b) rear 

suspension roll stiffness. 
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Fig. 22: Influence of variations in A3f on the roll stiffness distribution ratio (RSDR) of the 

hydraulically-coupled suspension C1. 
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Fig. 23: Influence of variations in A3f on: (a) pitch stiffness; and (b) warp stiffness of the 

hydraulically-coupled suspension C1. 
 


