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Abstract—This paper presents a composite 6UPS-6SPS parallel 
mechanism (PM) based on the Stewart platform for the 
multidimensional loading test toward the thrust bearing (TB). 
Analysis such as on the degree of freedom (DoF), kinematic, 
statics and Jacobian matrix is carried out. Meanwhile, a 
composite continuous stiffness testing method for the TB without 
changing the boundary conditions is proposed. 
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I. INTRODUCTION 

TB is a core component in the rotor system of a helicopter 
and connects the hub to the flexible blade, providing the 
wielding, shimmy, and pitch DoF [1, 2]. The stiffness is the 
main mechanical properties of the TB which is composed of the 
large joint, small joint and the rubber-metal laminated structure 
[3]. Although compression, torsion and bending tests were 
carried out respectively by Huang [4], the results might not be 
accurate enough for these were obtained by the uniaxial and 
biaxial stiffness testing rather than by the complex loads in the 
actual working conditions. The properties of material vary 
according to the loading order and loading value, that’s to say 
the different loading orders and values can result in the 
coupling effect [5, 6, 7]. A novel Stewart platform-based 
manipulator was analyzed for applications where ultrahigh 
accurate positioning is required under large external loads by 
Ding [8]. A multidimensional loading material testing machine 
was proposed and multidimensional loading and standard 
tension material tests were established by Guo [9-11]. These 
researches showed that a loading equipment in the parallel 
mechanism format could be adopted to apply multidimensional 
load simultaneously. 

In this paper, a Stewart platform-based multidimensional 
loading device, 6UPS-6SPS PM, is proposed for the stiffness 
testing of the TB. Since the testing device possesses six DoF, 
the stiffness of the TB can be obtained in the multidimensional 
loading situation where the properties of the TB is different 
from the state of the uniaxial and biaxial stress. 

II. KINEMATIC DESCRIPTION 

The CAD model of the composite 6UPS-6SPS PM is shown 
in Figure 1 and the schematic diagram is described by Figure 2. 

The testing device consists of a 6UPS PM, a 6SPS PM and a 
fixed frame. The 6UPS PM is the multidimensional loading 

device, and is composed of six motor-driven kinematic limbs, a 
moving platform assembly at the top, and a supporting frame at 
the bottom. Each limb which is driven by a ball screw actuator 
connects the fixed frame to the moving platform with a 
spherical (S) joint followed by a prismatic joint (P) and a 
universal (U) joints. The TB is mounted between the lower and 
upper fixture. The lower grip is connected to the fixed frame via 
a height adjustable pillar and a 6DOF dynamometer which is 
used to measure the forces and moments applied to the thrust 
bearing while the upper grip is directly mounted to the moving 
platform by another height adjustable pillar. Based on the 
Stewart platform design, the top 6SPS PM mainly consists of 
six telescopic rods with grating, which share the moving 
platform with the 6UPS PM and use a separated supporting 
frame connected to the top of the fixed frame 

 
FIGURE I. THE CAD MODEL OF THE 6UPS-6SPS PM 

 
FIGURE II. THE SCHEMATIC DIAGRAM 6UPS-6SPS PM 

The DoF solution which is used to determine the capability 
of the mechanism is given in Eq. 1. The details of the DoF 
solution is introduced in [12]. 
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where n and g are, respectively, the number of bodies and the 
number of joints of the PM, and if  is the number of freedoms 

of the joint i. Given the particular topological structure of the 

mechanism, we have b = 26, g = 36 and 
i

if
1

 = 72, the 

mobility M of the mechanism is six. 

III. STATICS ANALYSIS AND JACOBIAN MATRIX 

Since statics analysis of the 6UPS mechanism is similar 
with the 6SPS mechanism, only the statics analysis of the 6SPS 
mechanism is researched here via the screw theory. 

 
FIGURE III. EQUIVALENT MODEL OF THE ITH LIMB 

 
FIGURE IV. FORCE DIAGRAM OF THE MOVING PLATFORM 

The spherical joint works in the same way as three revolute 
joints with orthogonal axes so that each limb of the 6SPS 
structure can be kinematically equivalent to a PRRRRRR leg as 
shown in Figure 3. Figure 4 is the forces and moments acting on 
the moving platform. 

As shown in Figure 3, the spherical joint iP is substituted by 

three revolute joints with three orthogonal unit axis vectors ,iS


2 , 

,iS


3 , ,iS


7 . Vector ,iS


7 lies along the axis of the leg i iPB . 

Vector ,iS


2  is perpendicular to vector ,iS


7 while vector ,iS


3 can 

be derived by the right-hand rule. The spherical joint Bi can be 

similarly decomposed to three revolution joints, respectively, 

with three unit axis vectors ,iS


4 , ,iS


5 and ,iS


6 . 

Vector ,iS


6 coincides with ,iS


7 while vector ,iS


4 and ,iS


5 are 

parallel to vector ,iS


2    and ,iS


3 respectively. As the rotations 

about the vector ,iS


6 and ,iS


7 exert the same influence on the ith 

limb, they are both indicated by the unit vector ik


, which is 

along each limb in the following analysis. ib


indicates the 

vector P iO B


. It should be noted here that all of the vectors 

mentioned in this paper is in the fixed Cartesian reference 

frame pO [X, Y, Z].Assume that an external 

wrench
TT T

p
    

MF f
  

expressed in the Plücker coordinate 

is acted on the mobile platform. As shown in Figure 4, 

if


represents the force vectors along each limb respectively for 

i =1 to 6, pf


denotes the external force vector 

while M


indicates the torque vector acting on the moving 
platform. The instantaneous wrench of the mobile platform can 
be expressed as Eq. 2. 

 TT T
P1 2 3 4 5 6f f f f f f      Mf ,
 

1 2 3 4 5 6$ $ $ $ $ $
           (2) 

For i =1 to 6, if denotes the value of the if
, i$

 indicates the 
unit screw associated with the ith limbs. Eq. 2 may be expressed 
in a matrix form as 

fF = J f
 

                                                 (3) 

where f 1 2 3 4 5 6( )J = $ $ $ $ $ $ is the Jacobian 

matrix, T
1 2 3 4 5 6( )f f f f f ff =


and 

;( )i o,ii = S S
 

$ . iS


 which is equal to ik


indicates the unit 

vector along each limb, while o,iS


represents the moment of 

line about iS


with respect to the fixed reference frame pO . 

According to the vector operation, iS


and o,iS


can be described 
as 
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o,i i i S b S
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                                              (5) 

Substituting Eq. 4 and Eq. 5 in Eq. 3 yields 

f



 
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k k k
J

b k b k b k
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
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

1 2 6

1 2 21 2 6
6 6        (6) 

Since the gravity of the limbs contributes to the Jacobian 
matrix, it needs to be taken into account. Assume that the 

gravity of each limb is


iG . For i = 1 to 6, the gravity projection 

of each limb along ik


 can be expressed as 

gif 
 

i i= G l
                                     (7) 

Substituting Eq. 7 in Eq. 2 yields 

 TT T
P1 2 3 4 5 6( ) ( ) ( ) ( ) ( ) ( ) ,g1 g2 g3 g4 g5 g6f f f f f f f f f f f f            Mf
 

1 2 3 4 5 6$ $ $ $ $ $
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Eq. 8 may be expressed in a matrix form as 

 TT T

f ' , P MJ F f
  

                                             (9) 

where  T' , , , , ,g1 g2 g3 g4 g5 g6f f f f f f f f f f f f      F


1 2 3 4 5 6  

IV. STIFFNESS TESTING METHOD 

Since the composite 6UPS-6SPS PM possesses six DoF, the 
TB can be loaded with three dimensional forces and three 
moments at the same time. Meanwhile, the multidimensional 
deformation testing device can measure the deformation of the 
TB through the forward kinematics of 6SPS mechanism using 
the displacements gauged by the gratings on each telescopic rod. 
Here, we propose a composite stiffness testing method through 
which more realistic properties of the TB can be obtained 
compared with the conventional method.  

Previous work of us have shown that the method of using 
the PM to apply multidimensional loading to an elastic 
specimen is feasible [9]. Therefore, according to the material 
multidimensional loading experiment we propose a TB 
multidimensional loading method through which the TB 
properties can be measured and researched in the complex 

stress state that is much more consistent with the actual runtime 
situation.  

The uniaxial compression stiffness testing method is 
described in Figure 5 as an example of the conventional method 
and a composite stiffness testing method is mentioned in Figure 
6 as well. In order to obtain more realistic stiffness of the TB in 
the actual working conditions, a composite stiffness testing 
method is proposed to meet the various stiffness testing toward 
the TB. The certain loading forces which are used in the 
conventional stiffness testing method are substituted by the 
general values and different kinds of loading forces in the 
composite stiffness testing method. 

 
FIGURE V. UNIAXIAL COMPRESSION STIFFNESS TESTING OF THE 

CONVENTIONAL METHOD 

 
FIGURE VI. COMPOSITE STIFFNESS TESTING METHOD 

As can be seen from the two figures above, for the 
conventional stiffness testing method of the TB only the 
uniaxial compression is considered while the compression, 
torsion and bending as well as their values are all taken into 
account in the composite stiffness testing method. During the 
composite stiffness testing, the three kinds of loads can be 
arranged with different values which are closer with the actual 
situation. The loads acted on the TB can be directly measured 
through the 6DoF dynamometer mounted on the supporting 
frame. The forces along each limb can be solved from the Eq. 9 
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p
g
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ff J f
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                              (10) 

where 
 1 2 3 4 5 6, , , , ,

T
g g g g g g gf f f f f ff


is the vector 

form of the gif
. 

For i =1 to 6, gif
can also be measured via the six uniaxial 

force sensors on each limb. gif
obtained from the two different 

methods can be used to guarantee the correctness of loading 
experiment. 

V. SUMMARY 

Based on our previous PM loading test device for metallic 
material, a precision 6UPS-6SPS PM device which is used for 
the stiffness testing of the helicopter TB under the 
multidimensional loading is proposed. The architecture of the 
6UPS-6SPS PM is presented in detail. Meanwhile, the DoF 
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analysis, statics analysis and Jacobian matrix are carried out 
based on the screw theory. Finally, according to the 
6UPS-6SPS PM, a composite stiffness testing method for the 
TB is proposed in the complex stress state. 
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