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Abstract. This paper studies the static stiffness of a kind of Modular Reconfig-
urable Parallel robot (MRP robot for short). The MRP robot can be reconstituted
to four different configurations. The 3D entity models of the MRP robot of all
configurations are established by UG software, according to the modular modeling
method and certain simplified rules. The stiffness model of the MRP robot is
established. The factors affecting stiffness of the MRP robot are obtained. The
static stiffness and stress distribution of the MRP robot are obtained with different
forces in the initial position of various configurations by using ANSYS. The static
stiffness in z direction (perpendicular to the static base) of each configuration is
larger than the static stiffness in x and y directions (in the static base). This shows
that the main stiffness is located in z direction. While the stiffness in x, y direc-
tions are close to each other. The main stiffness of four kinds of configurations is
different. The main stiffness of 6-SPS configuration is significantly greater than
that of other three kinds of configurations. The weaker links of the MRP robot are
related to the position of the hinges and the connecting position of the moving
platform and the screw. The overall stiffness of the MRP robot can be obviously
improved by increasing the stiffness of the module which has great influence on
the stiffness. The results provide a theoretical basis for the design of the MRP robot.

Keywords: Modular reconfigurable robot (MRP) - Parallel robot - Configuration -
Stiffness

1 Introduction

Modular Reconfigurable Parallel robot (MRP robot for short) consists of a series of
modules such as joint, connecting rod, the end-effector with different size and functional
characteristics. The MRP robot can be changed to different configurations through
simple and quick assembly and disassembly among modules in the way of building
blocks [1]. The MRP robot has the flexibility characteristic. It can better meet the
demands of configuration variation. However, stiffness, precision and ratio of load to
self-weight of the MRP robot are not satisfactory which are limited by its own structure.
Therefore, it is an important research topic to make the MRP robot have better recon-
figurable ability, strong processing capacity and good operating performance.

The static stiffness is one of the important performance indices of parallel robot. It
is beneficial to improve the efficiency of the robot, machining accuracy and surface
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quality by improving the static stiffness of robot. Many studies on the stiffness of the
parallel robot have been done. Many methods are adopted including finite element anal-
ysis method, analytical model of static stiffness and static stiffness performance analysis,
etc. [2]. The stress and deformation at the end of parallel robot is not simple linear
superposition of the deformation produced by limbs and frame, but a coupling nonlinear
function with many limbs. Therefore, it is much more complex to analyze the static
stiffness of parallel robot. Some simplification and optimization of the model have been
done before modeling when analytic method and performance analysis used to analyze
static stiffness. However, these simplification methods can’t accurately solve the stiff-
ness of the robot and the error is large. In view of the complexity of geometric shape
and boundary conditions of mechanical structure, finite element analysis method is
usually used to modeling and calculating the stiffness of the robot [3].

In recent years, many scholars have studied the stiffness of parallel manipulators
with various configurations by using finite element method. Wang Nan et al. [4] have
made static and dynamic characteristics analysis of a 3-DOF 3-SPS/S type parallel
machine tool, and gained the static stiffness performance by using finite element analysis
software. Yan Binkuan et al. [5] have made static analysis of a 3-SPS/S type parallel
machine tool, got the stiffness characteristics in each direction and characteristics of the
first 6 order natural frequency. Li Xingshan et al. [6] have set up 3D model of 2TPT-
PTT hybrid parallel machine tool, and built finite element model of this type parallel
machine tool in workbench, studied the static stiffness with different forces. The results
indicate that the static stiffness in z direction is larger than it in x and y directions and
the hooke joint and parallel mechanism are the important factors affecting the stiffness
of the whole mechanism. Chen Guangwei et al. [7] have established finite element model
of whole static stiffness for a new type gantry plane parallel mechanism of parallel
machine tool, and got distribution of stiffness of moving platform under the generalized
workspace. Li et al. [8] established an improved 3-PRC model of flexible parallel
manipulator mechanism, and analyzed stiffness and static mechanics of the model by
using ANSYS software, gained the stiffness change trend of related to structural param-
eters. All above researches on the parallel mechanism are based on the finite element
software, while all elastic of elastic parts is ignored such as frame, hinge, ball screw etc.

In view of the fact that ignoring elastic of transmission system in the process of finite
element analysis such as hinge, screw and bearings etc. lead to larger errors, this paper
will establish the stiffness model for an existing MRP robot experiment platform. The
strategy to simplify 3D model of MRP robot is proposed. In Ansys Workbench platform,
the overall static stiffness of the MRP robot with four configurations at initial position
will be analyzed.

2 Structure and Parameters of the MRP Robot

2.1 Structure Characteristics of the MRP Robot

The MRP robot can change into four different configurations, through changing connec-
tion modes of moving platform, linkage, ball screw pairs, hooke hinge into different
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1-Body support; 2-Moving platform; 3-Hooke hinge; 4-Linkage; 5-Moving module;
6-Vertical pillar

Fig. 1. Four kinds of different configurations of the MRP robot

ones, as shown in Fig. 1(a) ~ (d), which are called 6-PSS slider type, 6-PSS scissors
type, 3-Delta slider type, 6-SPS telescopic type, respectively.

As shown in Fig. 1(a), 6-PSS slider type parallel robot consists of body support, six
kinematic chains and driver module. Six pairs of driver module are fixed into three group
vertical pillars. Each pillar contains 2 sets of driver modules. Each driver module
connects to a set of linkage, and at linage end connects to the moving platform.

As shown in Fig. 1(b), 6-PSS scissors type parallel robot configuration consists of
six sets of driver modules which are fixed on the top base plate. Each driver module
connects to a set of linkage, and working platform connects to the end of linkage.

As shown in Fig. 1(c), 3-Delta slider type parallel robot consists of body support and
three kinematic chains and driver module. Under this kind of configuration, three sets
of driver modules are fixed in vertical pillar, each driver module connects two sets of
linkage, which forms parallelogram mechanism, and the end of linkage connects to
moving platform.

As shown in Fig. 1(d), when change into 6-SPS telescopic type parallel robot config-
uration, one end of six set of driver modules are fixed on the top base plate, the other
side connect to linkage with parts of ball screw socket within the linkage, and keep the
ball screw and linkage in same axis, which make the length of the linkage variable. The
end of linkage connected to the moving platform. Driver modules are driven by servo
motors, and it makes lead screw nut pair move, make the wire mother slide along the
axis of the ball screw through cooperative movement of the linkage, drive moving plat-
form working and achieve the desired trajectory.

2.2 Structural Parameters of the MRP Robot

The outside framework of the MRP robot is 1316 mm, the static platform constitutes of
hexagon with 1156 mm circumscribed circle diameter. The diameter of the moving
platform is 316 mm. The body weight is 240 kg. The work scope of prismatic pairs is
limited to {-100 mm, 100 mm}. The length of the linkage is 321 mm.
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3 Theoretical Basis of Stiffness Analysis

The main factor affecting the stiffness of the MRP robot is the stiffness of transmission
system, when the influence of gravity of linkage and stiffness of hinge are ignored.
Supposing the force applying on the center of the moving platform is
F,=1[F, F, F. m],mis torque, driving force is F, = [ F, F, F5 ], the following equa-
tion can be gotten.

F,=KAl e}
Where, K, is the transmission stiffness of the parallel robot. It can be expressed as
K, =diag(K,), i=1,2,3

Where, K, is the transmission stiffness of ith limb. A/ is displacement deformation
along driving direction caused by transmission stiffness, corresponding with which

terminal deformation is AO,, = [Ax Ay AZ]T.
Under the condition of static equilibrium, in order to make virtual displacement of

drive as 6l = [611 ol, 613]T, corresponding with 6/ make terminal deformation as
60, = [(Sx oy 6z]T, and get:

Al=JAO, 2)
6l =J60, 3)
By using the principle of virtual work, yield:
F'60,=F!6l )
Substituting Egs. (1), (2) and (3) into Eq. (4), then
F=J'KJ-AO, 5)

LetK =J TKrJ , it is called the static stiffness matrix of the MRP robot. Equation (5)
is the static stiffness model of the parallel robot. From Eq. (5), the stiffness matrix of the
end-effector of the MRP robot consists of the stiffness of each link and the Jacobian
matrix J. The Jacobian matrix changes over the position and orientation of the robot.
Thus the stiffness matrix also depends on the position and orientation of the robot.

For a given position and orientation, the deformation size of the moving platform is
related to the direction of the force. Static stiffness of the parallel robot can be calculated
by the force F which is applied at the center of moving platform, and the displacement
of the point is applied by force.

K =F/AO, (6)
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The static stiffness of the parallel robot in all directions can be calculated by using
this method.

4 Stiffness Analysis of the MRP Robot

4.1 Modeling and Simplification Strategy of the MRP Robot

The MRP robot can change into four different configurations. Each configuration is made
up of many parts. Considering the relationships among various configurations, all
configurations are constituted of the same parts, components and modules, which can
be gained by different combination. The method of modular modeling is used to build
the model of the robot in order to make full use of the parametric modeling advantages
of UG software and the modular characteristics of the mechanism. All of the components
are treated as individual modules, which can be independent as a unit such as the moving
platform, linkage, kinematic pair, robot body, etc.

Various configurations are built through connecting these modules to the moving
platform and static platform with the aid of hooke hinges. Equivalent replacing, simpli-
fying and modifying the model in UG software follow the following principles in order
to facilitate subsequent finite element analysis.

(1) Merging all of the parts which contact to each other without relative movement.
Deleting the parts which do not force or a little force, such as servo motor, screw,
nut, bearing cover, etc. The influence of these parts for the whole structure can be
ignored in the process of stress analysis.

(2) Deleting all the features of holes and chamfers in the parts. These features are not
affect the results of stiffness analysis. However, it is very significant to occupy
computer resources when dividing grid.

(3) Simplifying rules for elastic components and Hooke hinges. Under a certain posi-
tion and orientation, Hooke hinge is simplified to a 2-DOF joint. The contact surface
of screw and screw nut of prismatic pair are coupled which can’t be ignored due to
the existence of gap.

4.2 Pre-process for Finite Element Analysis

4.2.1 Defining Material Properties of the Robot Parts

The materials of driving parts and Hooke hinges are structural steel, modulus of elasticity
E =2.09 x 10''Pa, Poisson’s ratio y = 0.269 and density p = 7890kg/m". The rest parts
of the parallel robot are 45 steel, modulus of elasticity £ = 2.06 x 10!'!Pa, Poisson’s
ratio y = 0.3 and density p = 7890kg/m’.

4.2.2 Meshing
The meshing quality of model directly affects the precision of the calculation results and
computing time. Therefore it is a key factor in finite element analysis.
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The sizes of robot body and static platform are bigger compared to other parts, which
has less influence on overall stiffness. Selecting 50 mm as element size. The main forced
parts select 2 mm as element size such as screw and hinge. The contact areas of the parts
need further refined. In general, with the increase of the number of grid, the precision
of the calculation results will be improved, but the computing time will be increased.

4.2.3 Loading and Solving
According to the actual working situation of the MRP robot, robot body of each config-
uration is fixed to the ground. The stiffness of the MRP robot system under different
configurations, different positions and orientations is different from Eq. (5). The paper
studies the stiffness of the four configurations in the initial position and orientation.
Down milling type of milling cutter is usually adopted when the MRP robot of each
configuration is located in the initial position and orientation. This is equivalent to a
planar milling machine movement. The excitation force applied on the robot comes from
milling cutter. The numerical of the milling force can be seen as amplitude of sine
excitation. The calculating equation can be obtained from reference [9]. The main
milling force for end milling plane can be expressed as follows.

P
F, =6el0*x 2
" ‘ Vm (7)

Where, F,, is the main milling force, i.e., the component of milling force along the
main movement direction of milling cutter, N.

P, is the milling power, KW.
V., is the milling velocity, m/min.

In the process of milling of the four configurations, the milling power of 3-Delta type
parallel robot is P, = 0.3KW and the milling velocity is V, = 6 m/min. Thus
F,, = 3000N can be obtained by using Eq. (7). The milling power of other configurations
is P,, = 0.6KW and the milling velocity is V,, = 6m/min. Thus F,, = 6000N can be
obtained by using Eq. (7).

F,=0.35F,
F, =0.525F, (8)
F,=009F,

The component forces F,, F, and F, of the milling force F, along x, y and z direction
of each configuration can be obtained, respectively by substituting F,, from Eq. (7) into
Eq. (8). The milling force F,, along x, y, z direction are applied to the center of the moving
platform. The component forces of 3-Delta configuration are F, = 1050N, F,, = 1575N
and F, = 2700N. The component forces of other configurations are F, = 2100N,
F, = 3150N, F, = 5400N.
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4.3 Results Analysis

Four kinds of different configurations are imported into ANSYS Workbench platform,
respectively. The total contour of displacement and stress are gained of each configu-
rations of the MRP robot at the initial position and orientation, which is gotten by
applying the forces along x, y, z axis direction, as shown in Figs. 2, 3, 4 and 5.

4.3.1 Results of Four Kinds of Configurations

Figure 2 shows contours of displacement and stress at center of the moving platform
when the force F, = 2100 N, F\, = 3150 N, F, = 5400 N is applied at the center of the
moving platform, respectively for 6-PSS slider type configuration. Figure 2(a) and (b)
shows the stress and displacement contours, respectively when the force F, = 2100 N
is applied at the center of the moving platform along x axis direction. Figure 2(c) and
(d) shows the stress and displacement contours, respectively when the force F, = 3150 N
is applied at the center of the moving platform along y axis direction. Figure 2(e) and
(f) shows the stress and displacement contours, respectively when the force F, = 5400 N
is applied at the center of the moving platform along z axis direction.

Fig. 2. Displacement and stress of 6-PSS slider configuration

Figure 3 shows contours of displacement and stress at mid-point of moving platform
on the condition that the force F, = 2100 N, F,, = 3150 N, F, = 5400 N is applied at
center of moving platform respectively under 6-PSS scissors type configuration.
Figure 3(a) and (b) shows the stress and displacement contours, respectively on the
condition that the force F, = 2100 N is applied in the midpoint of working platform
along x axis direction. Figure 3(c) and (d) shows the stress and displacement contours,
respectively on the condition that the force F,, = 3150 N is applied in the midpoint of
working platform along y axis direction. Figure 3(e) and (f) shows the stress and
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displacement contours respectively on the condition that the force F, = 5400 N is applied
in the midpoint of working platform along z axis direction.

Fig. 3. Displacement and stress of 6-PSS scissors configuration.

Figure 4 shows contours of displacement and stress at mid-point of moving platform
on the condition that the force F, = 1050 N, F\, = 1575 N, F, = 2700 N is applied at
center of moving platform, respectively under 3-Delta type parallel robot configuration.

Fig. 4. Displacement and stress of 3-Delta configuration
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Figure 5 shows contours of displacement and stress at mid-point of moving platform
on the condition that the force F, = 2100 N, F}, = 3150 N, F, = 5400 N is applied at
center of moving platform, respectively under 6-SPS telescopic type parallel robot
configuration.

Fig. 5. Displacement and stress of 6-SPS telescopic configuration

4.3.2 Stiffness of Four Kinds of Configurations

Under four different configurations in Fig. 1, the whole deformation (denoted as A) and
stress values, the deformation values of midpoint of moving platform (denoted as U,/U,/U,
in x, y, z direction, respectively), the maximum stress (o,,,x) and the displacement values
of the maximum deformation are obtained along x, y, z directions at the center of the
moving platform (denoted as ymax> Symax> Ozmax» respectively). Then the parts and location
with weak stiffness can be determined. Thus the value of static stiffness can be obtained
by substituting the gained values into Eq. (6), as shown in Table 1.

4.3.3 Summary of Analysis
From calculating and analyzing, the following results can be obtained.

(1) For the same configuration at initial position and orientation, the stiffness along
three axes of the static coordinate system is different. The stiffness in x and y direction
are similar to each other. However, the stiffness in z direction is an order of magnitude
larger than that in x, y directions. The stiffness in z direction is called main stiffness,
which are the characteristics of the parallel mechanism.

(2) For four kinds of different configurations, the orders of magnitude in each direc-
tion are the same, but the values of the stiffness are different. Among all the main stiffness
of all the four configurations, 6-SPS telescopic type has the largest stiffness, while 3-
Delta type has the smallest stiffness. The difference between 6-PSS scissors type and
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Table 1. Deformation and stiffness of the MRP robot under the different forces

Configuration Force AL Opmax O ymax Symax O max uJUJU, Stiffness
/N /e=5m |/e7pa /e=5Sm |/e—=5m |/e=5m |/e—6m /e5 N/m
6-PSS F,=2100 |178 997 | 178 130 150  |1780/-2.5/123 | 108
Slider F,=3150 |268 171|180 | 268 234 | -437/2680/17.8 | 118
F,=5400 (435 |133 |251  |268 435 | 1.99/1.16/435 124
6-PSS F,=2100 |191 157|191 301 362 | 1890/-1.95/-8.54 | 11.1
Scissors F,=3150 |286 215|399 | 286 507 | 1.78/2830/439 | 11.1
F.=5400 [520 |140 |764 |127 514 | -23.1/715/511 | 106
3-Delta F,=1050 | 107 826 | 107 975 | 122 |1070/-157/584 | 9.81
Stider F,=1575 | 160 134 | 160 202|610 | -2.36/1600/8.65 | 9.84
F,=2700 [316 |11.0 |186 |215 316 | 0.7250.587/316 | 854
6-SPS F,=2100 |137 426|137 395|827 | 1290/-4.04/2.11 | 163
Telescopic F,=3150 |206 586 294 | 206 138 | —1.03/1950/3.06 | 1.62
F,=5400 [9.28 |309 402 |506 927 | 1.94/1.7/92.8 582

6-PSS slider type has little difference. 6-SPS telescopic type parallel robot has a wider
application range. For 3-Delta type configuration, each kinematic pair need to drive two
links, which is made up of ball screw and have a relative smaller stiffness. It is consistent
with the actual situation. For 6-SPS telescopic type configuration, a steel plate is added
at the bottom of the mobile pairs, which caused increasing of the overall stiffness. While
under others configurations, ball screw with larger deformation is just fixed at the bottom
of the mobile pairs. Therefore, it is helpful to enhance the overall stiffness of the robot
system by improving the stiffness of modules which have large influence on stiffness.

(3) The location with the maximum deformation under four configurations is
obtained. For 6-SPS telescopic type configuration, the largest deformation locate at the
areas, where is hooke joint that installed on fixed platform connecting to telescopic rod
mobile pairs. And the stiffness there is relatively smaller, it is weaker links of this kind
of configuration. Thus the hinge stiffness will affect the stiffness of the configuration.
By analyzing the location with the maximum deformation of other configurations, the
maximal displacement occurs at the position that screw of motion pair and sliding plat-
form connecting areas, where is also weak link of the robot. The deformation of linkage
and frame is small can be neglected under all four configurations. Under each configu-
ration, the smallest deformation is at upper parts, while it is large at the lower parts. It
is increasing gradually from top to down. The deformation trend is in accordance with
the actual working situation. The analysis results are reasonable.

(4) The maximum stress is 215 MPa but still far less than the allowable stress of the
material. The machine will not damage in actual processing conditions under each
configuration. Therefore, the design is reasonable. The maximum stress occurs in the
position with smaller stiffness. Thus, it is necessary to strengthen some weak parts.
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5 Conclusions

The 3D entity models of the MRP robot under four different configurations are built by
using UG software according to certain rules. The finite element analysis is carried out
in ANSYS Workbench software. The deformation data, distribution, change regular of
stress and strain of the MRP robot under four different configurations are gained when
the robot is applied by external forces in x, y and z direction. The conclusions can be
drawn as follows.

(1) The stiffness along the main stiffness direction is one order of magnitude larger than
the other directions under various configurations. There is only very small differ-
ence between the other two directions.

(2) For the MRP robot, the stiffness in all directions is varied from each other under
different configurations. The stiffness of the MRP robot can be improved by
improving the stiffness of modules.

(3) The weaker link of the MRP robot is different from each other for varied configu-
rations. All of which is relevant to the hinge, screw and the position connecting to
sliding platform. Therefore, the stiffness of hinge and the screw prismatic pairs will
affect the overall stiffness of the MRP robot. The weakness of each configuration
at initial position is found out, which is in accordance with the actual situation.

(4) Under 6-SPS telescopic configuration, a steel plate is added to the bottom of pris-
matic pairs which consist of telescopic rods, and the main stiffness of this config-
uration is greatly improved. Therefore, the overall stiffness of the MRP robot can
be significantly enhanced by improving the stiffness of modules which has large
influence on stiffness.

The results provide a theoretical basis to design, improve and optimize the robot
structure in the future.
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