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Abstract. This paper presents a novel study of the handling characteristics in space rovers 
operating on rough terrains. The proposed approach implements a detailed mathematical model 
comprising individual rigid bodies, force elements, and suspension mechanisms of the rover. 
The proposed work is focused on correlated dynamics of the suspension mechanism considering 
adjustable and tuneable design parameters. To this aim, a set of arbitrary operating conditions, 
namely, static loading, step-input, and irregular road profiles, are defined to investigate the 
influence of each parameter on ride comfort, rover agility, and stability of the suspension 
mechanism. The main contribution of this study can be pointed out as highlighting the mist 
significantly-influencing design parameters and defining correlated break-points for the rover 
design, to adjust and tune the dynamic response of the suspension system according to the 
characteristics of irregular terrains. Moreover, the proposed work provides scholars and 
researchers with a user-friendly benchmark for further analysis and optimal design attempts of 
space rovers.  

1. Background  

A significant potential has been put to explore the possibility of life on near planets using space 
rovers, for instance the Apollo LRV missions in the 1970s  and many more modern studies [1, 2]. In 
this context, agile unmanned ground vehicles are indispensable to conduct sample collection and terrain 
exploration mission after space-crafts’ landing [3, 4]. Wheeled rovers  capable of moving on off-road 
terrains  claimed a lot of success in recent years during interplanetary expeditions that used to carry 
astronauts to space whether on the surface of the Moon or Mars [5, 6]. 

At the present stage of technology, wheeled space rovers still offer many advantages, in particular, 
are concerned with reliability, energy consumption, and ease of control [7, 8]. In planetary rovers, 
operations on unsuitable and irregular terrains is a design perquisite to ensure durability and avoid 
unnecessary falling of assigned mission [9, 10]. Hence, rovers must be equipped with state-of-the-art 
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technology that allows them to traverse over highly rugged and uneven terrain [11, 12]. In this regard, 
optimal design of vehicle undercarriage is a milestone to yield desired mobility and robustness of the 
rover [13].  

 

Figure 1. A wheeled space rover for terrain exploration missions [14]. 

Significant advances in space rover suspension systems has been introduce in literature by 
considering ride comfort as a main objective in addition to reduce wheel load variations below body 
structure resonances [6, 15]. Furthermore, lightweight and flexible of the suspension system gained a 
lot of attention as design goal to ensures that all rover-wheels are in permanent contact with the ground 
during terrain traversing [16, 17]. This latter aspect is key-factor for vehicular stability and 
maneuverability and to provide smooth running on unpaved environments [18].  

In light thereof, many suspension mechanisms have been studied to increase the agility, robustness, 
and stability of space rovers, such as swing axle, double wishbone, Macpherson strut, trailing arm, and 
others [19-21]. Independent suspension systems have been increasingly considered for space rovers due 
to the ability of such suspension system to support wheel load robustly and enable vertical movement 
of the un-sprung mass without affecting other undercarriage systems. To this aim, this paper is focused 
on investigating the multiple privileges of such rover suspension systems based on proper modelling of 
a trailing arm quarter space rover model (QSRM) and conducting an investigative approach to explore 
most influencing design parameters pseudo-condition approach [22-24]. 

2. A multiple-degree-of-freedom model of QSRM 

2.1. Modelling concept and detailed parameters of QSRM 

The presented QSRM in figure 2, includes rover body and a trailing-arm connection jointing the 
knuckle and rover wheels [23, 25]. A trailing arm is connected to a revolute center (B) considering 
arm's rotation. The knuckle described by the angle (𝛽), which is affected by a torsional spring damper 
connection [26, 27]. The wheel rotation is denoted by (𝜑) [25]. For further detailed about adopted 
model in this work, the reader is referred to [28]. 
 

 
(a) 

 
(b) 

Figure 2. Illustration of QSRM using trailing arm suspension (a) and detailed individual rigid 
bodies, applied forces, and torques (b) – re-drawn based on published works of [23]. 
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2.2. Kinematical relations of the QSRM 

The kinematic relation of presented QSRM can be formulated considering 𝑦 = [𝑧			𝛽		𝜑], whereby 

𝑟!"#! = %
0
0

ℎ + 𝑧
*, 𝑣!"#! = %

0
0
𝑧̇
*,  and 𝑎!"#! = %

0
0
𝑧̈
*. (1) 

The coordinates transformation of the trailing arm and the knuckle can be conducted through 

𝐴$"% = %
cos 𝛽 0 sin 𝛽
0 1 0

− sin 𝛽 0 cos 𝛽
*,    (2) 

whereby 

𝜔!"%,! = %
0
1
0
* 𝛽̇        and       𝛼!"%! = %

0
1
0
* 𝛽̈.  (3) 

 

The position vector of knuckle trailing arm center is defined as 

𝑟0−𝐾0 = %
0
0

ℎ + 𝑧
* + %

0
0
−𝑏
* + %

−𝑠	 cos 𝛽
0

𝑠	 sin 𝛽
*,   (4) 

whereto the time derivatives can be obtained as 

𝑣0−𝐾0 = %
0
0
1
* 𝑧̇ + %

𝑠	 sin 𝛽
0

𝑠	 cos 𝛽
* 𝛽̇,    (5) 

for which, the acceleration will be: 

𝑎0−𝐾0 = %
0
0
1
* 𝑧̈ + %

𝑠	 sin 𝛽
0

𝑠	 cos 𝛽
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𝑠	 cos 𝛽
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* 𝛽̇'   (6) 

The transformation matrix for 𝑊 can be given by [29] 

𝐴!"( = %
cos𝜑 0 sin𝜑
0 1 0

− sin𝜑 0 cos𝜑
*,    (7) 

resulting in the formulation 

𝜔!"(! = %
0
1
0
* 𝜑̇,	 	 		𝛼!"(! = %

0
1
0
* 𝜑̈,          (8) 
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0
0
1
* 𝑧̈ + %

𝑎	 𝑠𝑖𝑛 𝛽
0

𝑎	 𝑐𝑜𝑠 𝛽
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2.3. Kinetic aspects and the equation of motion of the proposed QSRM 

The total affecting torque about the joint in B can be formulated as 

𝑇) = −(𝑇*! + 𝑐*𝛽 + 𝑑*𝛽̇),     (11) 

where 𝑇!" is the spring preload, 𝑐! the spring rate, and 𝑑! is the damper constant. The forces excreting 
on rover wheels are hence modelled as 

𝐹+ = 𝑐+(𝑟! − 𝑟*)   (12) 

whereby the tractive effort will be 

𝐹$ = −𝑐$(𝑎(1 − cos𝛽) − (ℎ + 𝑧 − 𝑏 + 𝑎 sin𝛽 − 𝑢)𝜑) − 𝑑$7𝑎 sin 𝛽 𝛽̇ − (ℎ + 𝑧 − 𝑏 + 𝑎 sin𝛽 − 𝑢)𝜑̇9. (13) 

The differential equations describing the motion of presented QSRM under the aforementioned forces  
and kinematical relations can be formulated for 𝑦̇ = 𝑧 and 𝑀	𝑧̇ = 𝑞  [30]  

where 𝑦 denotes the vector of generalized coordinates, the vector 𝑧 defines trivial generalized velocities, 
and the mass matrix 𝑀 is defined by these relations 

𝑀 = J
𝑚$ +𝑚% +𝑚( (𝑠	𝑚% + 𝑎	𝑚() cos 𝛽 0

(𝑠	𝑚% + 𝑎	𝑚() cos 𝛽 Θ% + 𝑠'	𝑚% + 𝑎'	𝑚( 0
0 0 Θ(

M and (14) 

 

𝑞 = J
𝐹+ − (𝑚$ +𝑚% +𝑚()	g + (𝑠	𝑚% + 𝑎	𝑚() sin 𝛽 𝛽̇'
𝑇* − (𝑠	𝑚% + 𝑎	𝑚() cos 𝛽 𝑔 + 𝑎(𝐹, sin 𝛽 + 𝐹+ cos 𝛽)

−𝑟*	𝐹,
M.  (15) 

 Steady-state conditions under rover’s weight 

The influencing forces under steady-state conditions are simplified to 

𝑇) → 𝑇*)- = −(𝑇*! + 𝑐*𝛽)-),     (16) 

leading to the reduced formulas 

𝐹+ − (𝑚$ +𝑚% +𝑚()	g = 0,      (17) 

−Q𝑇*! + 𝑐*𝛽)-R − 𝑠*𝑚* cos 𝛽)- 𝑔 + 𝑎Q𝐹,)- sin 𝛽)- + 𝐹+)- cos 𝛽)-R = 0, and  (18) 

−𝑟*𝐹,)- = 0,        (19) 

where the steady-state tire forces become 

𝐹+)- = (𝑚$ +𝑚% +𝑚()	g  and  𝐹,)- = 0,  (20) 

Entailing an initial static angle (𝛽)-) 	

                        −Q𝑇*! + 𝑐*𝛽)-R − 𝑠*𝑚* cos 𝛽)- 𝑔 + 𝑎(𝐹,)- sin 𝛽)- + 𝐹+)- cos 𝛽)-) = 0                   (21) 
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 Dynamic input to the QSRM considering random road profile 

Road profiles for QSRM terrain can be characterized by the measurement of elevation profiles via 
high-speed profilometers or point-by-point measurements [27, 31, 32]. As depicted in figure 3 [33], the 
power-spectral-density (psd) can be used to approximate random road profiles as 

Φ(Ω) = Φ(Ω!) U
.
.!
V
"/

     (22) 

where the wavenumber and PSD are denoted by Ω = 2𝜋 𝐿⁄ 	and Φ! = Φ(Ω!) respectively. For an 
arbitrary value of waviness to 𝜔	 = 	2, different classes of road profile can be assigned. 

  
Figure 3. Measured and categorized rated PSD for different roads [23]. 

A single track's profile can be hence modelled as  

𝑧0(𝑠) = ∑ 𝐴1 sin(Ω1 	𝑠 + Ψ1)2
134 ,    (23) 

whereby, the amplitude is given as 

𝐴1 = ]2	Φ(Ω1)∆Ω , 𝑖 = 1(1)𝑁,   (24) 

as depicted for a finite horizon with N-equal intervals ∆Ω = #%$#&
%

. 

3. Theoretical simulation and correlation 

3.1. Steady-state behavior 

The steady state behaviour can be observed in figure 5 for the static angle (𝛽)-), which behaves 
inversely w.r.t. preload torsion, in contrast to a proportional relation with the torsional spring rate (𝑐*). 
On the other side, the increasing rate in 𝛽)- has been found proportional to the trailing arm’s length at 
low torsional spring rate (𝑐*), which can be illustrated by the two slopes in figure 5(b). 
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(a) 
 

 
(b) 

Figure 4. Correlation between the static angle (𝛽)-) with the preload in torsion (𝑇*!) (a) and 
with both torsional spring rate (𝑐*) and the length of the trailing arm (knuckle) (b) 

3.2. The influence of a step input and pseudo road profile on the rover 

The dynamic step response of QSRM is illustrated in Figure 6. For a step input with the 
characteristics 𝑡)-56 = 0.75 [𝑠] and 𝑢)-56 = 0.05 [𝑚], it can be observed that the vertical displacement 
is inversely proportional to the torsional damper constant (𝑑*) until a break-point value at (𝑑* =
870	[𝑁.𝑚. 𝑠], 𝑧 = 0.0917	[𝑚]) then this effect inverses. Hence, the inverse proportionality of the angle 
(𝛽) with the damper constant (𝑑*) can be perceived. On the other side, the displacement (𝑧) and the 
spring rate (𝑐*) are related with a characteristic break-point at (𝑐* = 10800	[𝑁.𝑚/𝑟𝑎𝑑], 𝑧 =
0.0917	[𝑚]), at which the influence becomes adverse.  

 For further analysis of the correlation between design parameters, the vertical displacement (𝑧) is 
characterized with a proportional response related to the spring rate (𝑐*) at high torsional damper 
constant (𝑑*), which is greater than that at low torsional damper constant (𝑑*) that is illustrated by the 
two slopes in figure 7. The similar observation is noted for the knuckle static angle (𝛽), which increases 
by the increment of the spring rate (𝑐*) and the damper constant (𝑑*).The static angle (𝛽) increases 
proportionally to the knuckle length starting from (𝑎 ≅ 0.2	[𝑚] approximately) but concerning the 
torsional damper constant (𝑑*) is approximately constant (no observable change).  

There are some essential parameters that should be considered in order to describe a pseudo random 
road profile, they are provided in the subsequent table: 

Table 1. Model parameter of arbitrary road profile for QRM with trailing arm [23, 34]. 

Physical quantities Symbols Values Units 

Wave number Ω - [𝑟𝑎𝑑/𝑚] 

Power-spectral-density Φ! 1 × 10"7 [𝑚'/(𝑟𝑎𝑑/𝑚)] 

Waviness 𝜔 2 𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠 

Phase lag between the left and right tracks Ψ - [𝑟𝑎𝑑. ] 

Local friction coefficient 
(Tire/road friction coefficient) 𝜇 1 𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠 

Rover velocity 𝑣 22.222 [𝑚/𝑠] 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 5. Dynamic characteristics of the step response for proposed QSRM 

  

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. Correlated step response characteristics of the proposed QSRM 
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The pseudo random road profile can be simulated according to the above-mentioned relations and 
the results are shown in figures 8 and 9. A significant proportionality between (𝛽) and (𝑧$) with the road 
waviness and PSD can be observed. However, the same relation with road waviness is characterized 
with a particular break-point at (ω = 2.5, 𝛽 = −0.48712	[𝑑𝑒𝑔. ]) then this effect is strongly reversed. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7. Dynamic behavior of QSRM considering different PSD of the road 

On the other side, the static angle (𝛽) is merely proportional to the road PSD, yet concerning the 
waviness of road (ω) is approximately constant (no observable change) as illustrated in Figure 9. The 
displacement (𝑧$) is approximately constant (no observable change) at low waviness of road (ω). 
Furthermore, the force (𝐹+) rises a little at low waviness of road (ω) but is approximately constant (no 
observable change) at high waviness of road (ω).  

 
(a) 

 
(b) 

Figure 8. Correlated of the dynamic behavior of QSRM considering different PSD of the 
road 

4. Analysis of results and discussion 
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4.1. Insights into the behavior of individual design parameters 

In light of given analysis and illustrations of QSRM response under different operating conditions, 
it can be out forth that the dynamic behavior of such suspension mechanism can be improved by 
tuning various significant parameters, such as the knuckle’s length and the damping ratio (𝑑)) to 
obtain appropriate tunable values for (𝛽) and (𝑧), as follows: First, the influence of the knuckle static 
angle at steady state (𝛽)-), with a step and the displacement (𝑧). Second, the spring rate (𝑐)) influences 
the knuckle static angle at (𝛽)-), with a step input for (𝑧). Finally, the damping constant (𝑑)) influences 
the knuckle static angle with step input (𝛽), considering optimal behavior of the displacement (𝑧). 

4.2. Generalized break-points for optimal suspension design 

It can be systematically perceived from the behavioral analysis in figures 10 and 11 that the angle 
(𝛽)-) has a typical proportional response with the depicted parameters, but it only reflects at (𝑎 =
0.56	[𝑚]	and	𝛽)- = 0.0295551	[𝑑𝑒𝑔. ]);considering arbitrary values of (𝑐)). However, the 
displacement (𝑧) decreases by the increment of (𝑎) while the torsional damper constant (𝑑)) is 
approximately irrelevant in this case (no observable change).  

 
(a) 

 
(b) 

Figure 9. Generalized break-points for optimal design and ride characteristics of QSRM 

While the static angle (𝛽) increases related to the knuckle length (𝑎) starting from (𝑎 ≅ 0.2	[𝑚] 
approximately) whereas the torsional damper constant (𝑑)) is approximately constant (no observable 
change). Therefore, it can be concluded from the previous demonstrated simulation that, regardless the 
values of (𝑐)) and (𝑑)) are, the knuckle length (𝑎) is always equal to 0.56	[𝑚] and the initial angle (𝛽)-) 
invariably equals to 0.0295551	[𝑑𝑒𝑔. ]. 
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Figure 10. Generalized break-points for the angle (𝛽) by the increment of knuckle center 
distance 

5. Conclusion and future work  

This study proposed a systematic approach to develop a validated rover suspension model, 
considering the dynamic response to step input and road irregularities. The developed rover suspension 
mechanism enables detailed insights into the interrelated behaviors and dynamics of each component to 
ensure operational robustness, dynamic stability, and agility over different terrains. In this regard, it has 
been demonstrated that the knuckle length of the suspension system, the spring rate, and the damping 
constant have more impact than other parameters on the rover’s characteristics such as the arm’s angle 
and the vertical setting of the rover. Consequently, the main contribution of this research is to point out 
major bear-points of the rover design, including trailing arm angle and the vertical setting of the rover 
via tuning of the knuckle length and the spring rate, whereto the damping constant is also adjusted to 
obtain an appropriate suspension system for the rover. 
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