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The efficiency and accuracy of the modern positioning systems are crucial points in their design. The designers and engineers are
highly motivated to find new methods and solutions to the accuracy problem with the biggest mobility and safety. Considerable
numbers of solutions are on the market but only some of them can be used in medical industry. The authors will propose some
kinematical simulation methods using MATLAB® software. The purpose of these methods is to use Stewart Platform with a better
accuracy. The results show that it is possible to simulate Stewart Platform in MATLAB® and it can be used in medical industry.
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1. Introduction

Nowadays we can find different types of positioning
systems and holders in the industrial life. We have to
accept the fact of accuracy is very important. The ma-
chines and equipments work with different accuracy,
it means that we can find disparate solutions in the dif-
ferent industrial areas. These kinds of facts get a high-
er priority in medical industry especially in cancer op-
eration systems like gamma knives. The engineers
would like to simulate the patient holding equipments
with a higher efficiency. In the modern research and
development centres the engineers use large amount of
mathematical software packages to find or specify the
ideal parameters for the patient holding equipments.
Thanks to these programs the calculations and simula-
tions are much easier than ever before.

The engineers try to use different types of patient
position equipments during their research. The aim
of this article is a patient positioning system which is
based on a Stewart Platform system.

The authors had leaned on a simulation executed
over a Stewart Platform of a patient positioning sys-
tem at University of Debrecen. The article is based on
studies and experiences, from previous works from
material handling science and MATLAB® simulations

[1-4]. The motivation of the authors is to find an ideal
method for Stewart Platform simulation design which
can give a better accuracy for the patient holding sys-
tem and it can give a better design solution for a high
accuracy Stewart Platforms.

During the simulation process, the authors work
with MATLAB® on inverse and direct kinematic cal-
culations. The study presents a method of Stewart
Platform simulation in MATLAB® environment.

2. Positioning solutions — Stewart Platform

The first Stewart Platform was developed and de-
signed by the Performance and Stressing Department
of'the New Tyre Design and Development Division, at
Dunlop Rubber Corporation in Birmingham, England.
This Stewart Platform was installed in 1954 [7-10].
This platform was used for flight simulators, machine
tools and universal milling machines in 1965.

The Stewart Platform is sometimes also referred
as Gough — Stewart Platform or Hexapod. It always
depends on the used references [7—10]. Basically the
Stewart Platform is a type of parallel robot which has
Six prismatic actuators.

The platform commonly works with hydraulic
jacks or electric actuators. These are attached in pairs
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to three positions on the base of the platform. The
whole machine can move in six degrees of freedom
in which it is possible for a freely suspended body to
move. These are the three linear movements, the axes
are: x, y, z. It means lateral, longitudinal and vertical
and three rotations pitch, roll and yaw.

Until the near past this kind of equipments need-
ed a high power and expensive computers. Nowadays
the engineer can use relatively low cost computers. It
means that the machine tool application can now be
controlled on a low cost.

The Stewart Platform can be used in a wide area
of industrial fields, e.g. flight simulations, material
handling and logistic equipments, low impact docking
systems, etc. [7-10]. Nowadays the hexapod systems
are getting a higher priority in medical industry, es-
pecially in medical machines, like operating systems.
A RSPR3 manipulator is shown with an arthoscopic
camera [11].

The previous example shows an equipment which
is useful in health diagnostics. But in a modern robot-
ic field the hexapods are working in different surgery
equipments [12, 13]. The examples below show ma-
chines where the patient is in a fix position. The scope
of the study is to simulate and analyse hexapods when
the platform tries to move the patient into the right po-
sition during the surgery. This platform has an impor-
tant task. It has to compensate the small patient dis-
placements, like breath and sneezing. The accuracy of
these kinds of machines is crucial.

The next section presents kinematic calculations
and MATLAB® simulations of Stewart platforms.

3. Inverse kinematic calculations for two
types of Stewart Platforms

3.1. Inverse kinematic of the 6-6 Stewart Platform

Figure 1 shows a general Stewart platform construct-
ed from a hexagon base and a hexagon platform. The
two platforms are connected with six linear actuators,
also called legs. The base has its own coordinate sys-
tem XYZ, with a centre point O. The platform also has

Fig. 1. General 6-6 Stewart Platform

its own coordinate system with X'—Y'—Z" axes, and a
centre point O".

We wanted to develop a flexible solution, that can
calculate the base and the platform anchor point po-
sitions based on minimal input data. We decided that
if we divide the platform into three segments by 120°
we can then define a ¢ value for calculating the vectors
b, and p,. All the anchor points can be defined by the
radius, and that value.

The position that we want our platform to be can
be expressed by the XYZ coordinates and a set of Euler
angles in the following sequence:

1. rotate an angle y (yaw) around the z axis,
2. rotate an angle € (pitch) around the y axis,
3. rotate an angle ¢ (roll) around the x axis.

The next element we need is a rotation matrix to
convert the values from the platform coordinate sys-
tem into the default base coordinate system. That we
can write in the following form:

cosycosd —siny cos@+cosysinfsing  siny sing + cosy sin @ cos @
R=|sincosf cosycos@+sinysindsing —cosysing +sinysindcose |. (1)
—siné cosfdcosp
The length of the legs needs to be calculated by
the following method. First, we calculate the position g =t+Rx*p,, (2)

of the leg connection points B, in the base, with respect
to the base coordinate system, and we also calculate
the leg connection points P; for the platform, in XY’ Z"
coordinates. After that we can calculate the coordi-
nates of the ¢; anchor point by the following formula:

136

where ¢ expresses the relation between the base origin
and the platform origin, p, defines the coordinates of
the P; point, and needs to be multiplied with the rota-
tion matrix to convert it to the base coordinate system.

Int. Rev. Appl. Sci. Eng. 8, 2017



KINEMATICAL SIMULATION METHODS FOR STEWART PLATFORM IN MEDICAL EQUIPMENTS

A
Y,Y
rb. 1

. rp a

‘ 0,0 X, X
Fig. 2. Construction of the base and the platform

The length of the ith leg is given by:

[L1=1T+R*p,=b], 3)

where b, is the vector that defines the coordinates of
the B, point. That equation expressed for legs 1-6 give
the required leg lengths to achieve the desired position
and attitude of the platform.

3.2. Inverse kinematic of the rotation type Stewart
Platform

The rotation type Stewart Platform has fixed leg
lengths. To achieve the desired positions it rotates the

F(x,7)= {

Fig. 3. Rotation type hexapod
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lower leg anchor points around a circular path, similar
to Mikrolar’s Rotopod.

We can solve the inverse kinematics of the rota-
tion type Stewart Platform based on the calculations
required for the generic type Stewart Platform. The
upper leg anchor point coordinates g, can be calcu-
lated with Eq. (2), but the problem is that we need to
calculate the exact position of the lower anchor point
defined by the fixed leg length. For that we came up
with the following solution.

The circular path where the lower anchor points
can be positioned is a circle located in the XY plane of
the base coordinate system. It can be expressed by the
equation:

X 4yi=n 4

We also know the coordinates for all six anchor
points. If we place a sphere originated from the point
and with the radius of the fixed leg length we get the
following equation of a sphere:

=g+ =g +(z-g(2) =l [ (5)

If we make these two equations equal to zero we
get a nonlinear equation system for each leg. The solu-
tions for these equation systems is only true where our
circle and our sphere intersect each other. And these
intersection points are where the lower leg anchor
points need to achieve the desired platform attitude
and rotation. We can also eliminate the z value, since it
will always be 0 in the XY plane of the base. The final
nonlinear equation system:

2 2 2
X yi=g

_ =0.
=GO+ —T O +(—g ) =T, |2} ©

The last problem that we need to solve is that
there are always two intersection points, except for
the boundary position. For that we use the MATLAB®
function fsolve x0. We choose x0 to be the initial
b; position of the leg, that way we arrive to only one
solution, the one that is closer to the initial starting
point.

3.3. Forward kinematics of the Stewart Platform

The forward kinematics solution for the Stewart Plat-
form is very complex, because of the 6 unknowns rep-
resenting the position and attitude of the platform. For
that reason, it is very resource heavy to calculate it
in real time. We plan to solve this problem using an
FPGA controller, but until then we can implement an

137



S. HAJDU et al.

iterative method also used in the ACS SPiiPlus Con-
troller. It works like this:

1. Estimate that the actual measured (x, y, z,,0,¢) po-
sition is the commanded position. We can call it E.

2. Use the inverse kinematics equations to find the
corresponding leg lenghts (/,, ..., /o).

3. Compare these values to the actual leg lenghts
(measured by the encoders attached to the motors)
to get a vector of errors /,. If [, is less than the
error threshold, then we are done. If not, continue.

4. Calculate the Jacobian matrix J and then invert
to get J\.

5. The new estimation (£;) is obtained by tak-
ing the original estimation and adding a factor
(B, =E-J"*).

6. Go back to part 2 using the new estimation.

3.4. Examples

Example 1. Calculating the home position of the gen-
eral type Stewart Platform

We want to construct our platform with the fol-
lowing properties:

r, =100 [mm], o =15°,

r, =70 [mm],

h =65 [mm]

the vectors b; and p, (Table 1).

Next we enter the position we want to achieve,
for this example it is: Pos(x,y,z,w,0,¢) = (0,0,0,0,0,0).
The script returns the required leg lengths (Table 2).

Table 2. The required leg lengths
],
83,6699
83,6699
83,6699
83,6699
83,6699
83,6699

A L AW N =

Example 2. General type Stewart platform

We will leave the platform properties the same,
but our new demanded position is: Pos(x,y,z,w,0,p)
= (10,20,-10,5°,-15°,-2°). The script returns the re-
quired leg lengths (Table 3).

Table 3. Required leg lengths
|2

1 77,8446

2 92,0611

o =15°, 3 75,2491

4 55,0838

From that our MATLAB® script first calculates > 78,9186
6 99,2421

Table 1. The vectors b, and p,
b, 2

[96,5926 ; 25,8819 ; 0]
[96,5926 ; 25,8819 ; 0]
[-25.,8819 ; 96,5926 ; 0]
[-70,7107 ; 70,7107; 0]
[-70,7107 ; ~70,7107; 0]
[-25,8819 ; —96,5926; 0]

AN L AW N =

[49,4975 ; —49,4975 ; 0]
[49,4975 ; 49,4975 ; 0]
[18,1173; 67,6148 ; 0]
[-67,6148 ; 18,1173 ; 0]

[-67,6148 ; ~18,1173 ; 0]
[18,1173; -67,6148 ; 0]

Fig. 4. Plot of Example 1
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Fig. 5. Plot of Example 2
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Example 3. Rotation type Stewart Platform in home
position

We will leave the platform properties the same,
the only difference is that we use the B, points as the
initial positions for legs along the circular path. We
calculate the virtual leg lengths using Eq. (3). We use
that data to calculate the new B, coordinates (Table 4).

Table 4. New coordinates B;

B,

[96,6818 ; —25,5467; 0]
[96,6818 ; 25,5467; 0]
[-26,2168 ; 96,5022 ; 0]
[-70,4650 ; 70,9555 ; 0]
[-70,4650 ; ~70,9555 ; 0]
[-26,2168 ; 96,5022 ; 0]

AN L A W N =

Fig. 6. Plot of Example 3

Example 4. Rotation type

We will leave the platform properties the same,
but our new demanded position is: Pos(x,y,z y,0,p) =
(10,20,-5,0°,—-15°,10°). We calculate the virtual leg
lengths with Eq. (3). We use that data to calculate the
new B, coordinates (Table 5).

Table 5. New B, coordinates

B,
[99,9445 ; —3,3308; 0]
[62,7641 ; 77,6225; 0]
[3,4585 ; 99,9402 ; 0]

[-26,3184 ; 96,4746 ; 0]

[-77,1279 ; —63,6497 ; 0]

[-3,9070 ; ~99,9236 ; 0]

AN L A W N =

Int. Rev. Appl. Sci. Eng. 8, 2017

A0 .00

Fig. 7. Plot of Example 4

4. Conclusion

The authors discussed the results of the simulation.
The conventional method and simulation based on in-
verse kinematic methods and formulas. The authors
checked the main general properties and parameters of
a Stewart Platform system and analyzed the kinemat-
ic properties with MATLAB® software. It can be con-
cluded that using the Stewart platform is very promis-
ing, and plan to further develop the simulation using
MATLAB®.
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