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INTRODUCTION

Tractor rollover has been seriously threatening the 
lives of operators for decades, without restriction to any 
certain countries or regions.  Worldwide, rollover acci-
dents averagely account for over half of the tractor–
related deaths (Abubakar et al., 2010).  From a passive 
perspective, rollover protective structure (ROPS) has 
been developed and equipped by most tractors, it 
greatly helps protect drivers inside the operation space 
together with the use of safety belt.  On the other hand, 
efforts have been made to find out the mechanism of a 
tractor rollover process.  Some studies tried to predict 
tractor behaviors through static, quasi–static, or dynamic 
mathematical models (Homori et al., 2003; Takeda et 
al., 2010; Guzzomi, 2012; Smith et al., 1974; Li et al., 
2014a, 2014b, 2015; Li et al., 2015a, 2015b).  With cer-
tain unlockable restrictions of these models, however, it 
is difficult to verify considerable tractor conditions in 
practical agricultural fields.

Experimental approach provides a more realistic 
way for direct and accurate response observation of 
tractors.  Considering that the experiments involving trac-
tors in real scale are significantly dangerous and costly, 
it is therefore necessary and more efficient to develop 
the scaled experimental platform for investigations on 
tractor rollovers (Davis and Rehkugler, 1974; Yang et al., 

1991).  A recent study reveals that several tractor physi-
cal parameters, such as tractor tire, track width, imple-
ment height, and ballast weight, play key roles in chang-
ing tractor stability (Abu–Hamdeh and Al–Jalil, 2004; 
Crolla and Horton, 1984; Previati et al., 2014; Li et al., 
2016).  It still remains uncertain that to what extent the 
most influential parameters are statistical significant, or 
if they remain the significance in all conditions.

This study aimed to investigate the effects of three 
most influential factors and their interactions on tractor 
stability on a scaled experimental platform.  The experi-
mental system was expected to be composed of a scale 
model tractor, road tracks in random profiles, and force 
sensing subsystem.  The expected results should clearly 
explain the relative significance of the selected factors 
for tractors on uneven roads in different roughness levels.

MATERIALS AND METHODS

This study employed a scale–model–based approach 
to assess tractor lateral stability on slopes.  The scale 
model system was mainly developed for measurement of 
the dynamic reaction forces applied to tractor tires, which 
consists of a scale model tractor, the uneven road sur-
face segments, the force sensors, and the data logger, as 
Fig. 1 illustrates.  In accordance with the active sensing 
area of the Force Sensing Resistor (FSR) 408, the surface 
baseboards were attached with 5–mm wooden cubes on 
the bottom surfaces.  The eight cubic blocks on each 
base board were arranged in two lines and isometrically 
spaced.  Sticking the bottom surfaces of the wooden 
cubes to the FSR devices eventually gave supportive 
track segments (the four surface–board–FSR sets) and 
stable outputs.  The random surfaces painted in gray 
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color represent the effective measuring area while the 
scale model tractor travels forward.  To give the model 
tractor a practical state of vibration before the measure-
ment starts, four pieces of random surfaces in blue color 
having the same degree of road roughness were set as 
the pre–run roads to oscillate pre–vibration for the trac-
tor.

As shown in Fig. 2, the FSR 408 sensors, two as a set, 
were parallelly placed on the surface of the main base-
board.  Two sensor sets were used for the force variation 
measurement on one side of the tractor.  For instance, 
sensor set 1 measures the dynamic ground reaction force 
applied to the downhill front tire of the tractor, while 
sensor set 4 records data for the downhill rear tire.  
Therefore, sensor sets 1–4 reflect the dynamic reaction 
force variation of all tires in real time. 

The circuit design of the force measuring system is 
shown in Fig. 3.  There are eight accesses in total with 
independent signal output for each channel.  The elec-
tronic units mainly used in this study are FSR variable 
resistor, fixed resistor, and operational amplifier.  The 
summed output voltage of two neighbor channels even-
tually gives the converted force value for one tractor tire.

Regarding the fact that the practical fields and roads 
where tractors are operated are commonly uneven with-
out designated profiles, it is therefore necessary to con-
sider tractor travelling tracks with random surfaces in 
the scaled experimental system.  According to ISO 8608 
(2016), practical random terrains can be classified into 8 
categories A–H by their power spectral density ranges.  
The category of terrain correspondingly reflects the 
degree of road roughness, with class A representing the 
flattest roads and class H representing the most uneven 
terrains.  As has been identified by previous studies 
(Torisu et al., 1979; Matthews, 1966), road classes E and 
F have been found the most typical road roughness lev-
els regarding the agricultural fields that tractors are 
operated.  Following the instruction of ISO 8608 (2016), 
we programed with MATLAB to create the virtual scale 
road surface profiles for road classes E and F.  
Transferring the coordinate information of the random 
roads into the software Rhinoceros enabled the road 
reconstruction in a three–dimensionally printable form.  
By exporting the file in suitable data format to the 3D 
printer Cubex Duo, the generated virtual road segments 
can be manufactured piece by piece, as shown in Fig. 4.

Fig. 1.   Experimental setup of the scaled force measuring system: 
1. travelling track; 2. random road surface; 3. scale model 
tractor; 4. main baseboard; 5. circuit board; 6. data recorder.

Fig. 2.  Configuration of the tire–ground force sensing system.

Fig. 3.  Scheme of the circuit design.

Fig. 4.   Random road surfaces in roughness classes E and F pro-
duced by 3D printer.
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To evaluate tractor stability, the indexes basing on 
the lateral load transfer ratio (LTR) were adopted.  In 
this study, we defined two types of LTR indexes for the 
front and rear axles to separately track the factorial 
effects on varying tractor front/rear–tire–based ground 
contact condition, which were defined as follows:

LTRf =     (1)

LTRr =     (2)

where LTRf is the front–axle–based tractor stability index; 
LTRr is the rear–axle–based tractor stability index; Ff_down 
is the ground reaction force applied to the downhill front 
tire of the tractor, N; Ff_up is the ground reaction force 
applied to the uphill front tire of the tractor, N; Fr_down is 
the ground reaction force applied to the downhill rear 
tire of the tractor, N; Fr_up is the ground reaction force 
applied to the uphill rear tire of the tractor, N.

Employing the Taguchi method to find out the 
effects of the most influential factors on improving tractor 
stability among the factors studied by Li et al. (2016), 
tractor front tire (factor 1), ballast weight (factor 2), rear 
track width (wr, factor 3), and their interactions were 
selected as the control factors, while road roughness 
was considered the only noise factor.  Table 1 gives the 
L27–orthogonal–array–based experimental arrangement 
including the factors and their levels.

RESULTS AND DISCUSSION

At a forward speed of 0.2 m/s, the scale model trac-
tor was operated on a fixed lateral incline of 10 degrees.  
Following the pattern showed in Table 1, 27 experimen-
tal runs under each road roughness condition of classes 
E and F were performed.  Fig. 5 shows the main effects 
of the three factors and their interactions on the front–
axle–based tractor stability index LTRf.  In Fig. 5(a), it is 
clear that factor 2 (frontal ballast weight) owns the pre-
dominant significance among the three main factors on 
LTRf, followed by Factor 1 (front tire).  On the other 
hand, factor 3 (rear track width, wr) presents negligible 

effect on varying LTRf.  Specifically, it followed a the–
heavier–the–better principle regarding the factor of 
frontal ballast weight.  For the front tire B of factor 1, 
representing a kind of tractor tires with low stiffness, 
was found to have positive result in promoting tractor lat-
eral stability, while the diameter of tractor front tires did 
not show such effect that much.  Furthermore, as can 
be seen in Fig. 5(b), the results of the interactions among 
the three factors showed nearly parallel line segments, 

Ff_down – Ff_up

Ff_down + Ff_up

Fr_down – Fr_up

Fr_down + Fr_up

Table 1.   The Taguchi design of experiment using the L27–
orthogonal–array

No. Factor 1 Factor 2 (g) Factor 3 (cm)

1 A 0 10

2 A 0 13

3 A 0 16

4 A 80 10

5 A 80 13

6 A 80 16

7 A 160 10

8 A 160 13

9 A 160 16

10 B 0 10

11 B 0 13

12 B 0 16

13 B 80 10

14 B 80 13

15 B 80 16

16 B 160 10

17 B 160 13

18 B 160 16

19 C 0 10

20 C 0 13

21 C 0 16

22 C 80 10

23 C 80 13

24 C 80 16

25 C 160 10

26 C 160 13

27 C 160 16

Fig. 5.  Main effects of the factors on LTRf: (a) plot for the control factors; (b) plot for the factorial interactions.
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indicating the inexistence of factorial interacting phe-
nomena.

The effects of the main factors and interactions on 
LTRr is illustrated in Fig. 6.  Unlike the results for LTRf, 
factors 1 and 2 showed negligible effects when consider-
ing the ground forces applied to the rear tires.  On con-
trast, the rear track width appeared to significantly 
improve tractor stability with higher values.  As for the 
factorial interactions, there were no obvious interactive 
results presented since no absolute crossing lines were 
found.  Therefore factor 3 is the only element that influ-
ences LTRr to a great extent. 

 Fig. 7 gives the results of the statistical analysis for 
LTRf.  Apparently, the significance of factor 1 on tractor 
stability increased a lot on the rougher road surface.  The 
same tendency was followed by the main effects for SN 
ratios of factor 2, while the main effects for means of 

factor 2 remained consistently important under both 
road conditions in roughness classes E and F.  Factor 3 
and all the mutual interactions among three factors were 
found not to affect LTRf with their statistical significance 
levels over 0.01.

Further results of LTRr were analyzed and given in 
Fig. 8.  Under both road conditions considered in this 
study, factor 3 showed its statistical significance on vehi-
cle stability for main effects of means and SN ratios.  
The other factors and interactions did not show appar-
ent influence in changing LTRr.  It should be noted that 
for the interaction between factors 1 and 3 on road class 
F, the significance increased dramatically compared 
with road class E.  However, it still did not reach the 
level to be judged as statistically significant with values 
over 0.01.

Fig. 6.  Main effects of the factors on LTRr: (a) plot for the control factors; (b) plot for the factorial interactions.

Fig. 7.   Statistical significance of the factors and interactions on LTRf: (a) results referring to means; (b) results 
referring to SN ratios.

Fig. 8.   Statistical significance of the factors and interactions on LTRr: (a) results referring to means; (b) results 
referring to SN ratios.
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CONCLUSIONS

To investigate the significance of three key physical 
parameters of a tractor: front tire, ballast weight, and rear 
track width on tractor stability, a scaled experimental 
system was developed in this study.  The system consists 
of a 2 WD scale model tractor mounted with implement, 
travelling tracks, force sensing sets, and data recorder.  
As practical agricultural fields have features of unpre-
dictable profiles, we introduced random road surfaces 
following ISO 8608 (2016), for the model tractor to travel 
over.  The surface profiles of road roughness classes E 
and F were programed to generate the three–dimensional 
coordinates.  After the reconstruction of the point cloud, 
the solid road segments were created by a 3D printer.  
Employing the Taguchi method, the model tractor was 
operated to travel forward to pass through two types of 
rough roads on a 10–degree lateral incline.  The sensors 
set under the random road surfaces output voltage signals 
recording the contact condition between the ground and 
tractor tires.  Tractor dynamic stability was then evalu-
ated by the force–based indexes, including the front–
axle–based stability index LTRf and the rear–axle–based 
index LTRr.

By analyzing the result data of the L27 orthogonal 
array, the main effects of the three factors and their 
interactions on tractor stability were given.  It showed 
that tractor front tire and ballast weight played key roles 
in changing tractor stability.  In specific, the trend indi-
cated that a pair of front tires with relatively low stiffness 
could help improve tractor lateral stability to some 
extent, compared with high–stiffness–tires.  The factor 
of tractor frontal ballast was found to follow the heavier–
the–better principle.  Furthermore, tractor rear track 
width was found to greatly improve vehicle stability in 
wider widths.  This study provided a potential approach 
for qualitative examination of factorial significance of 
the targeted configurational parameters on tractor lat-
eral stability.  However, insight investigations into precise 
prediction and control of parameter values for the 
improvement of tractor stability are of significant neces-
sity to be conducted in the future. 
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