
1 

The authors are solely responsible for the content of this technical presentation. The technical presentation does not necessarily reflect 
the official position of the International Society for Terrain Vehicle Systems (ISTVS), and its printing and distribution does not constitute 
an endorsement of views which may be expressed. Technical presentations are not subject to the formal peer review process by ISTVS 
editorial committees; therefore, they are not to be presented as refereed publications. Citation of this work should state that it is from an 
ISTVS meeting paper. EXAMPLE: Author's Last Name, Initials. 2014. Title of Presentation. The 13th ISTVS European Conference, 
Rome, Italy. For information about securing permission to reprint or reproduce a technical presentation, please contact ISTVS at 603-
646-4405 (72 Lyme Road, Hanover, NH 03755-1290 USA) 

Proceedings of the 13th ISTVS European Conference, Rome, October 21–23, 2015 

THREE-DIMENSIONAL STRESS DISTRIBUTION ON A RIGID WHEEL SURFACE  
FOR A LIGHTWEIGHT VEHICLE 

Shoya Higaa, Kazumasa Sawadaa, Kenji Nagaokaa, Keiji Nagatanib, and Kazuya Yoshidaa 

a Department of Aerospace Engineering, Graduate School of Engineering, Tohoku University, 6-6-01, Aramaki Aoba, Sendai, 980-8570, Japan 
shoya@astro.mech.tohoku.ac.jp, sawada@astro.mech.tohoku.ac.jp, nagaoka@astro.mech.tohoku.ac.jp, yoshida@astro.mech.tohoku.ac.jp 

b New Industry Creation Hatchery Center, Tohoku University, 6-6-10, Aramaki Aoba, Sendai 980-8579, Japan, keiji@niche.tohoku.ac.jp 

Abstract 

To understand mobility performance of a lightweight vehicle, such as a lunar/planetary exploration rover, 
measurement of the three-dimensional stress distribution on a rigid wheel surface is essential. We improved a stress 
measurement device so as to detect the shear stress distribution of a rigid wheel. Normal stress distribution and 
circumferential and lateral shear stress distribution were measured using this device. The directions of shear stress can 
be estimated by combining the two-directional shear stress distribution. With this, soil flow directions were also 
estimated. We evaluated the measurement validity by calculating vertical components of the normal and shear stress 
distributions. Also, the classical shear stress model and measured data were compared. As a result there was no 
significant difference under the low slippage conditions. 

Keywords: rigid wheel, stress measurement, wheel-soil interaction, planetary exploration 

1. Introduction 

Several researchers have adopted rigid wheels to lunar/planetary exploration rovers for the several reasons, 
including the mechanical simplicity until now. However, wheel slippage is easily induced because the moon and Mars 
surfaces are covered with fine sand. The wheel slippage adversely affects the path following performance to the desired 
path of the rover. In the worst case, a wheel is buried in the loose soil and gets stuck. Getting suck denotes a condition 
that a rover cannot move anymore due to wheel spin. In fact, NASA/JPL’s Mars Exploration Rover (Spirit), which was 
launched to Mars in 2004, has not currently been able to traverse. Its wheel was buried in the Martin loose soil when it 
attempted to traverse martin hilly area (Kerr 2009). From the above, a rover must prevent from getting stuck. 

To prevent from wheel stuck state, understanding the wheel slippage phenomena is essential. Hence, analysis 
relating to interaction between the wheel and the soil has been conducted (Bekker 1956, Wong 2008). When a wheel 
rotates on loose soil, the normal stress distribution and the shear stress distribution are generated at contact path between 
the wheel and the loose soil. Janosi and Hanamoto (1960) modeled shear stress using the normal stress distribution 
generated in the same area. Thus, the shear stress can be estimated if the normal stress distribution is clear. Forces 
acting on the wheel, such as normal force and drawbar pull, is calculated based on the normal stress distribution and the 
shear stress distribution of a wheel. Therefore, the normal stress distribution is of great importance. The stress 
distributions on the wheel surface were measured and modeled until now (Onafeko and Reece et al. 1967; Wong and 
Reece 1967; Krick 1969; Oida et al. 1991; Wanjii et al. 1997). Most of the classical models assume the uniform stress 
distribution by averaging the stress distribution in the wheel width direction. However, the stress distribution in the 

mailto:shoya@astro.mech.tohoku.ac.jp
mailto:sawada@astro.mech.tohoku.ac.jp
mailto:nagaoka@astro.mech.tohoku.ac.jp
mailto:yoshida@astro.mech.tohoku.ac.jp
mailto:keiji@niche.tohoku.ac.jp


2 

Proceedings of the 13th ISTVS European Conference, Rome, October 21–23, 2015 

wheel width direction is not uniform practically. Therefore, these models are available only in case of that, the entire 
stress distribution is clear. On the other hand, some have pointed out that the classical models mentioned above have a 
major limitation to adopt for small and lightweight mobile robots. That is because these models target a construction 
machine or agricultural vehicle, which have a heavy weight and large wheel diameter. Hence, remodeling of the stress 
distribution that can adapt to a mobile robot is necessary. 

Several researchers have studied the stress distribution of a lightweight vehicle until now (Nagatani et al. 2009; 
Meirion-Griffith and Spenko 2011; Senatore and Iagnemma 2014). Also, we developed the measurement device, which 
is able to measure the two-dimensional normal stress distribution. Moreover, we also measured the normal stress 
distribution of a wheel not only in the wheel circumferential direction, but also in the wheel width direction using this 
device. Consequently, we superimposed the ten points' normal stress distribution in the wheel circumferential direction 
and obtained entire normal stress distribution of a wheel. The result confirmed that the distributions have a mountain 
shape as the peak of the normal stress distributions of the wheel is generated at the wheel center and on the forward side 
of the lowest point of the wheel (Higa, et al. 2015). Furthermore, we also quantified the difference of the normal stress 
distribution between traveling on a flat loose soil and traversing a loose soil slope laterally (Higa, et al. 2014). 

The device used was not capable of the measurement of shear stress distribution. To understand the physical 
phenomena beneath a wheel, a capability of the shear stress measurement is necessary. Thus, in this research, we 
improved the measurement device, and measured simultaneously the normal stress distribution, and circumferential and 
lateral shear stress distributions on a wheel surface. 

In this paper, we first describe the measurement method of three-dimensional stress distribution on a rigid wheel 
surface and report the measurement result. Moreover, we compared with the vehicle weight calculated from a classical 
shear stress distribution model and measured normal stress distribution to all measured stress distribution. 

2. Measurement experiment of three-dimensional stress distribution on a rigid wheel 

In this section, we describe experiments for the measurement of the normal stress distribution, and circumferential 
and lateral shear stress distribution. 

2.1 Measurement environment and measurement equipment 

As the measurement environment, we used sandbox shown in Fig. 1. The sizes are 1.6 m in length, 0.3 m in width, 
and 0.2 m in depth, respectively. The sandbox is filled with Toyoura standard sand, which grain diameter is nearly 
homogeneous, and its cohesion is almost exactly zero in a dry environment. The guide plates are placed to avoid a 
rollover of a two-wheeled rover testbed at the upper portion of the sandbox. Moreover, this experimental setup can 
apply several traction loads by using the pulleys installed in the sandbox. The traction loads are applied by connecting 
the testbed and some balance weights via rope. Furthermore, motion capture cameras, Osprey (Motion Analysis 
Corporation), are mounted on the sandbox. Several tracking markers are attached on the testbed. This motion tracking 
system accurately calculates a traveling speed, wheel rotation speed, and wheel sinkage. 

Fig. 2 shows a two-wheeled rover testbed. As illustrated in Table 1, wheel size of the testbed is φ250×W100. The 
weight is 8.5 kg, and the wheelbase is 500 mm. The weight of the front wheel is adjusted as same as the rear wheel by 
using counter weights. A DC motor drives two wheels using timing belts. Wheel circumferential speed is controlled as  
2 cm/s using a microcontroller, and the front and the rear wheels rotate the same speed. This testbed can change its 
weight by adding the some balance weights. Moreover, 1 m length mast is mounted in the center of the testbed to 
prevent a rollover. Two ball casters are fixed at the top of the mast and reduce the friction with the guide plate on the 
sandbox. 

Table 1.  Specifications of the two-wheeled rover testbed. 
Size [mm] Mass [kg] Wheel size [mm] 
L850×W520×H1190 8.5 100×250 Wφ  
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Fig. 1.   An experimental environment. 

 
Fig. 2.   A two-wheeled rover testbed. 

 
Fig. 3.   Measurement device. 

As shown in Fig. 3, the three-dimensional stress distribution measurement device, which consists of a six-axis 
force/torque sensor and five types of "contact-parts,” are embedded in the rear wheel of the testbed. A contact-part is 
exposed in a particular area, to measure the stress distribution generated in a specific area of the wheel surface. The 
contact-part area is 10 mm × 10 mm. The exposing areas are respectively ±0–10 mm, ±10–20 mm, ±20–30 mm, ±30–40 
mm, and ±40–50mm, from the wheel center. Three-dimensional stress measurement at the specific point on a wheel 
surface enables to cover on the wheel surface except for the measuring area. Moreover, wheel surface, a cover, exposing 
to the wheel surface, and contact-part exposing to the wheel surface, attach a sand cloth. The roughness of the sand 
cloth is nearly same as the grain diameter of the target soil. From this, the effect of the friction on a wheel surface 
enables to neglect. Also, we calibrated the sensor output by using balance weight and pulley before the stress 
measurement. 

2.2 Measurement method 

As shown in Fig. 4, the normal stress distribution and two-directional shear stress distributions are measured by 
following procedures: 

1. Install a contact-part on the F/T sensor, and these are embedded the rear wheel of the two-wheeled rover. 
2. Cultivate and rake flatly the soil in the sandbox. 
3. Measure the normal stress distribution, circumferential shear stress distribution and shear stress distribution 

of the wheel width direction at each wheel rotational angle while the two-wheeled rover is run. 
4. Repeat procedure 2 and 3 three times and use the average values under the same measurement condition. 
5. Replace a contact-part at each measurement point, and procedure 2–4 are repeated up to #10. 
6. Obtain the entire three-dimensional stress distribution of the wheel by superimposing the three-dimensional 

stress distributions at 10 points of the wheel surfaces. 

 
Fig. 4.   Measurement process for entire three-dimensional stress distribution. 
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(a)   Normal stress distribution (s = 3 [%]). 

 
(b)   Normal stress distribution (s = 91 [%]). 

 
(c)  Circumferential shear stress distribution (s = 3 [%)). 

 
(d)  Circumferential shear stress distribution (s = 91 [%]). 

 
(e)  Lateral shear stress distribution (s = 3 [%]). 

 
(f)  Lateral shear stress distribution (s = 91 [%]). 

Fig. 5.   Measurement result of three-dimensional stress distributions. 

2.3 Measurement results and discussions 

In this study, we measured the normal stress distribution, the circumferential shear stress distribution, and the 
lateral shear stress distribution, at the all of contact domain. Three-dimensional stress distributions were measured at 
each wheel rotation angle while the wheel rotates. The sensing area of a contact-part was exposed on ten specific points 
on the wheel surface. The three-dimensional stress distributions were measured under two slippage conditions. The 
wheel slippage was induced by pulling balance weight. 

Figure 5 shows the normal stress distribution, the circumferential shear stress distribution, and the lateral shear 
stress distribution in the different traction load, respectively. The horizontal axis of each graph corresponds to the wheel 
rotation angle, and the vertical axis corresponds to the each stress value. Moreover, a legend in each graph shows 
measuring points from the wheel center in the lateral direction. Figure 5 (a), (c), (e) show the results of low slippage 
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condition. Figure 5 (b), (d), (f) show the results under large slippage condition. From the Fig. 5, it is understood that 
each stress distribution was mainly generated at front part of the wheel, except for Figure 5 (f). Moreover, the peak 
positions of the normal stress distribution and circumferential shear stress distribution were shifted to the front side of 
the wheel under large slippage conditions. Furthermore, the peak value of normal stress distribution decreased under 
large slippage condition. In contrast, the peak of the circumferential shear stress increased. These trends are the same as 
our previous works. 

Here, we determined that the initial rise and the falling of the normal stress distribution are the entry angle and the 
departure angle respectively, and compare each stress distribution. As shown in Figure 5 (a), (c) and Figure 5 (b), (d), 
initial rising positions are the almost same. However, those falling positions are different to the normal stress and 
circumferential shear stress. The circumferential shear stress falls at the smaller angle than normal stress distribution. 
From this, we found that the soil at the rear side of the falling position of the circumferential shear stress would not 
contribute to a traveling performance. 

On the other hand, the lateral shear stress distribution was generated smaller than the other stress distributions. 
Moreover, it was clear that the lateral shear stress distribution decreased under the large slippage condition. From this, 
we found that the soil beneath a wheel was pushed to the lateral sides of the wheel under the low slippage condition. 

Figure 6 shows the generating directions of the shear stress, which are combined with the two-directional, the 
circumferential and the lateral, shear stress distributions. Assuming that the generating directions of the shear stress and 
the flow direction of the soil have a correlation, Fig. 6 (a) illustrates that the soil, beneath the center part of the wheel, 
flows against the opposite direction of the wheel rotation. That is, this means that the wheel bulldozes the soil. 
Moreover, it was found that the soil, located near the both of wheel side, has also pushed away to wheel width direction. 

 
(a)  s = 3 [%]. 

 
(b)   s = 91 [%]. 

Fig. 6.   Generating directions of shear stress. 
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As an evaluation method of the measured stress distribution, we compared the integration of the vertical 
components of the stress distributions with the vehicle weight. Also, we evaluated the classical shear stress model by 
comparing the measured shear stress distribution with the shear stress distribution calculated from the classical shear 
stress model. 

3.1 Calculation of the normal force of a wheel 

Derivation of the normal force acting on a wheel is possible by integrating vertical components of the normal stress 
σ(θ) and the circumferential shear stress τx(θ) at all contact path between the ground. A normal force Fz is calculated as 
follows:  

𝐹𝐹𝑧𝑧 = 𝑟𝑟 � � {𝜏𝜏𝑥𝑥(𝜃𝜃) sin 𝜃𝜃 + 𝜎𝜎(𝜃𝜃) cos 𝜃𝜃}𝑑𝑑𝜃𝜃
𝜃𝜃𝑓𝑓

𝜃𝜃𝑟𝑟

𝑑𝑑𝑑𝑑
𝑏𝑏/2

−𝑏𝑏/2
,  1 

-40 -30 -20 -10 0 10 20 30 40-50
-40
-30
-20
-10

0
10
20
30
40
50

Wheel Angle 3 [/]

W
h
ee

l
W

id
th

y
[m

m
]

-40 -30 -20 -10 0 10 20 30 40-50
-40
-30
-20
-10

0
10
20
30
40
50

Wheel Angle 3 [/]

W
h
ee

l
W

id
th

y
[m

m
]



6 

Proceedings of the 13th ISTVS European Conference, Rome, October 21–23, 2015 

where r is the wheel radius, b is the wheel width. θf  and θr are the entry angle into the soil and the departure angle of the 
soil, respectively. θ is the wheel rotation angle, its counterclockwise is positive from the wheel just below. In this study, 
we measured the ten points’ circumferential stress distribution. Thus, the vertical components of these were also 
integrated to wheel width direction. This calculation neglected the lateral shear stress distribution τy(θ). 

3.2 Shear stress model 

Janosi and Hanamoto (1961) proposed shear stress model based on a normal stress distribution value as follows: 

 𝜏𝜏(𝜃𝜃) = (𝑐𝑐 + 𝜎𝜎(𝜃𝜃) tan 𝜙𝜙)�1 − 𝑒𝑒−𝑗𝑗(𝜃𝜃)/𝑘𝑘𝑥𝑥�,  2 

where c is a soil cohesion and φis an internal friction angle of the soil. kx is a soil deformation modulus. j(θ) is the 
shear displacement at the position of the wheel rotation angle θ and is calculated as follows: 

 𝑗𝑗(𝜃𝜃) = 𝑟𝑟��𝜃𝜃𝑓𝑓 − 𝜃𝜃� − (1 − 𝑠𝑠)�sin 𝜃𝜃𝑓𝑓 − sin𝜃𝜃��,  3 

where s is the wheel slippage ratio, and is defined by a ratio of target speed, 𝑟𝑟𝑟𝑟, to actual traveling speed, 𝑣𝑣𝑥𝑥. 

𝑠𝑠 = 1 −
𝑣𝑣𝑥𝑥
𝑟𝑟𝑟𝑟

, (0 ≤ 𝑠𝑠 ≤ 1).  4 

3.3 Calculation of the vehicle weight and estimation error 

We assumed that the normal forces acting on the front wheel and the rear wheel are the same, when the two-
wheeled rover testbed runs on flat and loose terrain. In this case, the vehicle weight of the two-wheeled rover, West, is 
defined as follows: 

𝑊𝑊𝑒𝑒𝑠𝑠𝑒𝑒 = 2
𝐹𝐹𝑧𝑧𝑟𝑟
𝑔𝑔

  5 

where Fzr is the normal force of the front wheel of the two-wheeled rover and g is the acceleration of gravity. Also, the 
estimation error, Eest, between the estimated vehicle weight, West, and actual vehicle weight, Wact, is calculated as 
follows: 

𝐸𝐸𝑒𝑒𝑠𝑠𝑒𝑒 = �1 −
𝑊𝑊𝑒𝑒𝑠𝑠𝑒𝑒
𝑊𝑊𝑎𝑎𝑐𝑐𝑒𝑒�

× 100  6 

These equations are calculated by using parameters listed in Table 2. 

Table 2.  Calculation parameters of Toyoura standard sand. 
Parameter Value Unit Source 
c 0 [kPa] (Sutoh 2012) 
φ 38 [°] (Sutoh 2012) 
kx 0.03 [m] (Sutoh 2012) 
s 3 [%] Experiment data (DP = 0 N) 
s 91 [%] Experiment data (DP = 20 N) 
θf  17 [°] Experiment data (DP = 0 N) 
θf  30 [°] Experiment data (DP = 20 N) 
θr -5 [°] Experiment data (DP = 0 N) 
θr -20 [°] Experiment data (DP = 20 N) 
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3.4 Evaluation results 

Table 3.  Actual weight vs. estimated weight on flat loose soila. 

Traction load [N] Slippage ratio [%] Actual weight [kg] Estimated weight [kg] Error [%] 
(a) (b) (a) (b) 

0 3 8.5 10.2 9.9 -19 -16.4 
20 91 8.5 9.8 9.3 -14.7 -9.0 
a The values of (a) are calculated from all of measured data. The values of (b) are calculated from measured normal stress 

distribution and shear stress distribution calculated from Janosi and Hanamoto’s equation (Eq. 2). 

Table 3 shows the errors between the estimated weights under the each condition. As shown in Table 3, both of the 
estimated weight were larger than the actual weight. Besides, these errors are less than 20%. Furthermore, the weight 
estimated from the classical model was more precise than the weight estimated from measured data. However, the both 
estimated weight did not have a significant difference. From this, we consider that the shear stress distribution can be 
estimated regardless of the slippage condition if the entire normal stress can be measured and the terrain parameter is 
identified. However, on the other hand, accurate terrain parameter identification is difficult on the practical terrain. 
Therefore, the detailed measurement of the normal stress distribution on the rigid wheel is crucially important. 

4. Conclusions 

In this paper, we reported the measurement device which capable to measure the three-dimensional stress 
distribution on a rigid wheel surface, and showed the measurement results under two slippage conditions. Moreover, the 
shear stress directions were shown from two-directional, circumferential and lateral, shear stress distributions. As the 
results of the evaluation of the three-dimensional stress distribution, we clarified that the classical shear stress model 
and measured shear stress have no significant difference. Finally, we conclude that additional experiments under many 
more slippage conditions and remodeling of shear stress are needed, as future works. 

Nomenclature 

b Wheel width [m] 
c Cohesion [kPa] 
Eest Estimation error [%] 
Fx Traction force, i.e. drawbar pull [N] 
Fz Normal force [N] 
Fzr Normal force of rear wheel [N] 
g Acceleration of gravity [m/s2] 
j Shear displacement [m] 
kx Shear deformation parameter [m] 
r Wheel radius [m] 
s Slip ratio [%] 
vx Traveling speed of the testbed [m/s] 
Wact Actual weight of the testbed [kg] 
West Estimated weight of the testbed [kg] 
φ Internal friction angle of the soil [°] 
θ Wheel rotation angle [°] 
θf Entry angle [°] 
θr Departure angle [°] 
σ Normal stress [Pa] 
τx Circumferential shear stress [Pa] 
τy Lateral shear stress [Pa] 
ω Wheel angular speed [rad/s] 
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