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Abstract 

 
Earthmoving mechanisms in motor graders are critical components for earthwork, compaction and re handling, and yet they have not 

received much attention by mechanical engineering research in recent times. In this paper, a comprehensive analysis, from mechanism 
identification and innovative design to kinematic analysis, is presented. First, the mechanism analysis and synthesis method based on 
multibody system dynamics is carried out through the analysis of the system topology and connectivity. We conclude that the earthmov 
ing multibody system is a spatial  hybrid mechanism, which consists of a spatial  parallel  mechanism and a spatial  serial mechanism. 
Second, a number of new spatial  parallel mechanisms, which are advantageous with respect to the original one under certain conditions, 
are generated. The kinematic characteristics of the parallel mechanism family are investigated in terms of constraint equations formu 
Jated in natural coordinates. Third and last, kinematic simulations and optimization processes are carried out to evaluate the advantages 
of the presented spatial parallel mechanisms. Simulation results show that these mechanisms can provide better kinematic performance. 
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1. Introduction 
 

Motor  graders are   pieces  of   construction  machinery 
usually eq uipped  with  a blade  operation device. They can 
be used to prepare a wide flat surface, set native soil foun- 
dation pads,   prod uce inclin ed surfaces, and  provide drai- 
nage  ditches with shallow V-shaped cross sections in 
construction, mining,  agriculture and  military engineering. 
An  overview  of  an  example motor  grader is  shown  in 
Fig. l. 

The earthmoving mechanism is a key  component of 
motor  graders.  A  typical  structure  of   an  earthmoving 
mechanism is  shown in  Fig. 2. lt operates directly with 
earth and plays a  crucial  role  d uring  earthwork,  com- 

 
 

 

 paction and  re-handling. The mechanism can be considered 
as a complex multibody system (MBS). In order to ensure 
rigid  construction, simple operation  and  efficient   perfor- 
mance,  innovative design  and  kinematic and  dynarnic anal- 
yses can  be used. 

The  earthmoving mechanism consists of  an overhead 
frame, a swing frame, a traction frame, a turntable, severa! 
rod  forks and   severa! blade   positioning  cylinders.  The 
blade  yaw  angle is commanded by a su bsystem containing 
components with  relative translations and  rotations. The 
overhead  frame   is  a large-scale, box-type welding part, 
which bears heavy  loads resulting from  the  imposed joint 
constraints. As can  be seen in Fig. 2, the swing frame con- 
nects the overhead frame arms through axis   pins, which 













Table 5
Constraint equations of the 3RRPS S mechanism.

Left lifting subchain Rotation subchain Right lifting subchain

Rigid body

rD rAð ÞT rD rAð Þ l2AD 0 rF rBð ÞT rF rBð Þ l2BF 0 rH rCð ÞT rH rCð Þ l2CH 0
uTD rD rAð Þ 0 uTF rF rBð Þ 0 uTH rH rCð Þ 0
uTDuA 0 uTF uB 0 uTHuC 0
uTDuD 1 0 uTF uF 1 0 uTHuH 1 0
rE rDð ÞT rE rDð Þ l2DE 0 rG rFð ÞT rG rFð Þ l2FG 0 rI rHð ÞT rI rHð Þ l2HI 0
uTE rE rDð Þ 0 uTG rG rFð Þ 0 uTI rI rHð Þ 0
uTEuD 0 uTGuF 0 uTI uH 0
uTEuE 1 0 uTGuG 1 0 uTI uI 1 0
rJ rEð ÞT rJ rEð Þ l2EJ 0 rK rGð ÞT rK rGð Þ l2GK 0 rL rIð ÞT rL rIð Þ l2IL 0
uTE rJ rEð Þ 0 uTG rK rGð Þ 0 uTI rL rIð Þ 0

Joint

yJ yEð ÞuEz zJ zEð ÞuEy 0 yK yGð ÞuGz zK zGð ÞuGy 0 yL yIð ÞuIz zL zIð ÞuIy 0
zJ zEð ÞuEx xJ xEð ÞuEz 0 zK zGð ÞuGx xK xGð ÞuGz 0 zL zIð ÞuIx xL xIð ÞuIz 0
rE r1ð ÞT rE r2ð Þ s1 0 rG r3ð ÞT rG r4ð Þ s2 0 rI r5ð ÞT rI r6ð Þ s3 0
cannot rotate with respect to each other. Points
r1; r2; r3; r4; r5 and r6 are in bodies DE, EJ, GF, KG, IH
and LI, and s1; s2, and s3 are scalars depending on the cho-
sen Cartesian points in each subchain. In order to enforce
the last prismatic joint equation, the Cartesian points have
to be carefully selected so that they are non-collinear with
the joint’s axis and they do not form an angle close to zero.

The moving platform has to meet a number of constant
distance constraints:

rK � rJð ÞT rK � rJð Þ � l2JK ¼ 0 ð5Þ
rL � rKð ÞT rL � rKð Þ � l2KL ¼ 0 ð6Þ
rM � rLð ÞT rM � rLð Þ � l2LM ¼ 0 ð7Þ
rJ � rMð ÞT rJ � rMð Þ � l2MJ ¼ 0 ð8Þ
rL � rJð ÞT rL � rJð Þ � l2JL ¼ 0 ð9Þ
rM � rKð ÞT rM � rKð Þ � l2KM ¼ 0 ð10Þ
Combining all rigid body and joint constraint equations

(Table 5 and Eqs. (5) (10)), 45 algebraic equations are
obtained for the determination of the 45 dependent
coordinates:

U q; tð Þ ¼ 0 ð11Þ
Note that, in this example, the constraints are indepen-

dent, holonomic and scleronomic, but are considered rheo-
nomous for the sake of generality. In order to solve the
system of nonlinear equations, the Newton Raphson
method is implemented, starting from initial values. If qi
is an approximate position vector, we can linearize Eq.
(11) as:

U q; tð Þ ffi U qið Þ þUq qið Þ q� qið Þ ¼ 0 ð12Þ
where Uq denotes the Jocobian matrix of constraint equa-
tions. The iterative procedure to find q can be expressed as:

U qið Þ þUq qið Þ qiþ1 � qi
� � ¼ 0 ð13Þ

The equations that allow one to solve the velocity and
acceleration problems can be obtained, respectively, by dif-
ferentiating Eq. (11) once and twice with respect to time:
Uq q; tð Þ _q ¼ �Ut ð14Þ
Uq q; tð Þ€q ¼ � _Ut � _Uq _q ð15Þ
where Ut denotes the partial derivative of the constraint
equations with respect to time. These two equations enable
the computation of Cartesian velocities and accelerations
starting from the initial positions and velocities. Similarly,
the kinematic equations of the 3RRPS-UR and 3RRPS-
RRR mechanisms can be constructed by taking into
account the constraint equations of the UR and RRR sub-
chains.

5. Optimization results

The earthmoving mechanism is based on a number of
fixed and moving pivots. The main purpose of the earth-
moving mechanism design is to find appropriate moving
pivots for efficient earthwork. Normally, the lifting height,
parallel lifting capability and roll angle are key perfor-
mance indicators (KPIs) of earthmoving equipment. These
are often used to represent the trafficability, screeding and
scraping capabilities (Xu and Huang, 1985). Even though
other KPIs such as blade length, lateral movement length,
cutting angle and yaw angle could be considered, they
would not be affected by the earthmoving parallel mecha-
nism pivots and they would not be modified during the
mechanism optimization process.

In order to assess the advantages of the 3RRPS-UR and
3RRPS-RRR designs, the scraping, lifting and parallel lift-
ing capabilities of these two mechanisms are analyzed and
compared with the original 3RRPS-S mechanism. The ini-
tial location and orientation of joints in the original mech-
anism are shown in Table 6. By driving the three hydraulic
cylinders to accomplish blade rotation and lifting, the kine-
matic analysis of the 3-DOF spatial parallel mechanism
family can be carried out. To that end, Eqs. (11), (14),
and (15) are solved once per driving position, velocity
and acceleration. This results in the Cartesian positions,
velocities and accelerations of the spherical joints of the
moving platform over time. On the basis of these basic











Through mechanism analysis and synthesis, the earthmov-
ing system has been decomposed into a spatial parallel
mechanism (3RRPS-S) and a spatial serial mechanism.
We consider this a complex spatial hybrid mechanism.
The 3RRPS-S mechanism, which carries out the blade
rotation and lifting, is the key part of the grader’s hybrid
earthmoving mechanism. The spatial serial mechanism, in
turn, is a combination of planar serial mechanisms, which
control the blade lateral translation and cutting angle.

Afterwards, the 3RRPS-UR and 3RRPS-RRR spatial
mechanisms have been presented, which are based on the
original 3RRPS-S mechanism and include small-scale rods.
These three mechanisms constitute a family of 3-DOF, 4
subchains, spatial parallel mechanisms. The kinematic per-
formance of the mechanism family has been analyzed and
compared. Some conclusions can be drawn:

The earthmoving device equipped with the 3RRPS-UR
or 3RRPS-RRR mechanisms developed in the present
work can provide better kinematic performance than
the original 3RRPS-S mechanism.
The rods introduced in the 3RRPS-UR and 3RRPS-
RRR mechanisms can prevent fracture from happening
in the traction and overhead frames.
The dynamic performance of the presented earthmoving
mechanisms remains an open topic.
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