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ABSTRACT 
The focus of this study is to develop a sensor fused 

process modeling and control methodology to model, 
assess, and then enhance the performance of a hexapod 
machine for precision product realization. Deterministic 
modeling technique was used to derive models for machine 
performance assessment and enhancement. Sensor fusion 
methodology was adopted to identify the parameters of the 
derived models. Empirical models and computational 
algorithms were also derived and implemented to model, 
assess, and then enhance the machine performance. The 
developed sensor fusion algorithms can be implemented on 
a PC-based open-architecture controller to receive 
information from various sensors, assess the status of the 
process, determine the proper action, and deliver the 
command to actuators for task execution. This will 
enhance a hexapod machine's capability to produce 
workpieces within the imposed dimensional tolerances. 

INTRO D U CTlO N 
Traditional industrial robots are open-chain mechanisms 

constructed of consecutive links connected by rotational or 
prismatic joints with one degree of ii-eedom. They exhibit 
low stiffness and poor positioning accuracy, therefore, are 
not suitable for large loads and high accuracy applications 
[2,10]. On the other hand, compared with serial 
manipulator, parallel structured robots and machines have 
the advantages of (1) high forcekorque capacity since the 
load is distributed to several in-parallel actuators, (2) high 
structural rigidity, and (3) better accuracy due to non 
cumulative joint error. Hence, in recent years an increasing 
number of researches have been focused on the parallel 
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mechanism, mainly for the attractive performances they can 
offer in the robotic and manufacturing application [3,6]. 

Since proposed by Stewart in 1965 [l], parallel structured 
platform and manipulator have been used in many 
applications such as aircraft simulators and robot wrist. 
The hexapod machine is one of the recent developments 
based on the Stewart platform concept. Despite the 
aforementioned advantages over serial structured machines 
and the recent technology advancement in designing and 
controlling of parallel structured machines [4,5,7,8,9,12], 
the performance of parallel structured machine tools will be 
degraded due to the imperfections at manufacturing and 
assembly stages. Hence, there is a need to develop robust 
and effective method for hexapod machine performance 
assessment and enhancement. 

In anticipation of the future of manufacturing technology, 
when machine tools are equipped with open-architecture 
controls and advanced sensing technology, the information 
from these sensors must be processed and used to make 
adjustments at the machine level to produce high qua& 
parts. In order for this vision to be realized, it is necessary 
to develop analytical models between dimensional 
measurement sensor data and the factors that result in 
increased process variations. 

The focus of this study was to develop a sensor fusion 
methodology to model, assess, and then enhance the 
machine performance in producing parts. The ultimate goal 
is to make high quality parts with the least amount of 
scrap. The method for achieving the goal is to develop 
sensor fused intelligent machines and processes for 
precision product realization. The approach is (1) using 
deterministic modeling technique to derive models for 
machine performance assessment and enhancement, (2) 
adopting sensor fusion methodology to identify the 
parameters of the derived models, and (3) developing open- 
architecture control environment to adaptively enhance the 
machine performance. 
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The developed sensor fusion algorithms can be 
implemented on a PC-based open-architecture controller to 
receive information from various sensors, assess the status 
of the process, determine the proper action, and deliver the 
command to actuators for task execution. Since more 
accurate and on-time product monitoring and control are 
achieved, the methodology is capable of enhancing machine 

. performance, improving part-to-part repeatability, 
increasing flexibility, reducing cycle time, and increasing 
the accuracy of the machined features. This will enhance a 
hexapod machine’s capability to produce workpieces within 
the imposed dimensional tolerances. 

In this paper, an error compensation algorithm is 
proposed to use inverse kinematic model and regression 
analysis method to model and enhance the accuracy 
performance of a hexapod machine located within the Sandia 
National Labs in Livermore, California. Both 1-D and 5-D 
laser interferometer systems were used to calibrate the 
hexapod machine. Regression analysis technique was used 
to analyze the collected data and construct the polynomial 
functions for machine error modeling. Performance 
assessment algorithm was developed to predict the linear 
displacement errors of any point within designated machine 
workspace. The predicted error information was then 
translated into six struts’ length error by using an inverse 
kinematic model. With the support of open-architecture 
control environment, strut length errors can be fed back to 
the controller to compensate for the displacement errors and 
thus improve the machine’s accuracy in real-time. 

INVERSE KINEMATIC MODEL 
The configuration of a parallel structured hexapod 

machine that has six identical struts is shown in Fig 1. 
The lower platform, called the “BASE’, is a semi-regular 
hexagon. The upper platform, which is referred to as the 
“TOP”, is an equilateral triangle. One end of each strut is 
connected to the vertices of the base platform through a 
three-degree of freedom universal joints. The other end of a 
strut is connected to another strut through a bifurcated joint 
first to form a pair-linked structure. Each pair-linked 
structure is then connected to the vertices of the top 
platform through a three-degree of freedom universal joints. 
The whole system has six degrees of freedom. The BASE 
frame is established by fixing the reference coordinate 
system (X, Y, Z) at the center of the base platform with the 
Z-axis pointing vertically upward. The TOP frame is 
established by fixing the tool coordinate system (x, y, z) at 
the center of gravity of the top platform with the z-axis 
normal to the platform and pointing outward. 

Let’s define the lengths of the six struts as L1, L,, L,, L,, 
L,, and L,. Denote the location of the origin of the TOP 
frame with respect to the BASE frame by [P,, P,,, P,]. Let 
(a, p, y) represent the rotation angles defined by rotating 
the TOP frame first about the X-axis with a degrees, then 

about the Y-axis with p degrees, and finally about the z-axis 
with y degree. The rotation angles a and p are used to 
define an “approach vector” of the upper platform while y is 
used to define the roll angle about the approach vector. 

FIGURE 1 HEXAPOD MACHINE CONFIGURATION. 

According to the Euler angle, the transformation matrix 
between the mobile TOP frame and the fixed BASE flame 
can be derived as follows. 

I I 0 0 

cpcy + scspsy -cpsy + scspcy ccsp p, 
CclCy -Sa Py 
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0 1  
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Where C denotes cos. and S denotes sin. 

The coordinates of the TOP frame’s vertices can be 
transformed to the BASE coordinate system through the 
transformation matrix as follows. 

Thus the six struts length can then be determined as 

ERROR ASSESSMENT AND REDUCTION 
The error assessment and compensation is based on the 

data collected with both 1-D and 5-D laser interferometer 
systems. The 1-D laser system was used to measure the 
linear displacement accuracy of the machine. The 5-D laser 
system was used to measure the linear displacement 
accuracy, angular accuracy (pitch and yaw), and two 
straightness accuracy per each calibration measurement. 
The range of the calibration is 16 inches in x-axis, 16 
inches in y-axis, and 8 inches above a Kurt vise in z-axis, 



respectively. The selected workspace was divided into a set 
of 4 x 4 ~ 4  cubic spaces. The grid points where the boundary 
comers of those cubic spaces overlap are the designed 
measurement points. The calibration data was collected 
along those boundary lines at every inch of displacement. 

Linear regression analysis was used to obtain the best- 
fitted polynomial function for each calibration data set. A 
general form for best-fitted polynomial of x-axis 
measurement can be expressed as follows. 

h 

c " 
.- K 

2 

5 

Y 

L 

0) 

f 
A 

L 

tj 

c 

f = a,,+Zqx'; i = 1, ..., n 
0 0002 

0 00015 

0 0001 

0 00005 

-0 0000: 

-0 0001 
-0 00015 DL5 

-0 0002  

-0 00025 
-0  0003 

-0 00035 

While fitting those polynomial functions, the R square 
values were used to determine the quality of the fit. In all 
cases, the R square values were within the range of 0.95 and 
0.99, which can be interpreted as a high quality fit. 

A computational algorithm was developed for machine 
inaccuracy estimation. By specifying the tool position in 
the machine coordinate system, the algorithm will first 
identify the grid space within which the tool is positioned. 
As the grid space was identified, the four comer points and 
their corresponding polynomial functions were determined. 
Weighting factors were determined based on the relative 
distance of the tool position and the four adjacent comer 
points as shown in Figure 2. 
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FIGURE 2 WEIGHTING FACTOR DETERMINATTON SCHEME. 

The estimated displacement inaccuracy at the particular tool 
position was then determined as follows. 

Ax = Zwxifxi(Px); 
By = Zwyifyi(Py); i = 1,2,3,4. 
AZ = Zw,f,(Pz); 

The same method can be extended to the backward 
displacement error estimation. 

Using the inverse kinematic model, the ideal strut length 
and actual strut length can be calculated. The diffemce 
between the ideal and actual strut length is defined as strut 
length error and expressed as AL = Lactual - Lideal. The 
results show that the strut length error, as shown in Figure 
3, can be determined for both forward and backward 
displacements based on the linear displacement error data 
collected from using 1-D laser interferometer system. 
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1-D Laser lnterferferometer Data Analysis 

(b) Backward (X: -8 t +8) 

F I G W  3 CALCLJLATED STRUT LENGTH ERROR WITH I-D 
LASm -0- MEASUREMENT. 

A 5-D laser interferometer was also used to calibrate and 
evaluate the machine performance in linear displacement, 
angular accuracy (pitch and yaw), and straightness. Same 
inverse kinematic model was used for machine performance 
assessment, prediction, and enhancement. The results show 
that the strut length error can be determined for both forward 
and backward displacements based on the data of linear 
displacement error, angular errors (pitch and yaw), and 
straightness errors collected from using 5-D laser 
interferometer system, as shown in Figure 4. 
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Find the proper backward 
regression polynomials 

5-D Laser lnterferferorneter Data Analysis 

(b) Backward (X: -8 +S) 

Find the proper forward 
regression polynomials 

FIGURE 4 CALCULA'IED STRUT JXNGTH ERROR WITH 5-D 
LASER INTERFERO- MEASUREMENT. 

To verify the effectiveness of the calibration and the 
interpolation accuracy of the derived computational model, 
the predicted values were compared with the laser 
interferometer readings at various points within the selected 
workspace. The results show that the linear displacement 
inaccuracy of the vertical machining center could be 
predicted and compensated for with an average of 70% 
accuracy. 

For error correction, an open-architecture control 
environment is essential [l 11. Currently, several 
commercial controllers designed with an open-architecture 
platform are readily available. Therefore, the derived error 
assessment and reduction algorithm, as shown in Figure 5 ,  
can be easily installed onto those open-architecture 
controllers to enhance the machine performance in 
manufacturing high quality parts. 

c 
Search for the appropriate block 
where the tool is locatedwithin 

compute displacement error of 

Feed the six strut's displacement error to the open 
architecture controller to implement the on line 

compensation, thus improve machine's performance 

FIGURE 5 ERROR PREDICTION AND COMPENSATION 
FLOWCHART. 

CONCLUSIONS 
Inverse kinematic model and error compensation 

algorithm for hexapod machine performance assessment and 
enhancement are presented. Linear regression technique was 
used to analysis data collected from both 1-D and 5-D laser 
interferometer systems and to construct the polynomial 
functions for machine error assessment. Since the error 
compensation model is based on the collected data, the 
reliability and repeatability of the data collection should be 
guaranteed. The same point can be measured several times, 
and the average value can be utilized to derive the model. 
At the same time, the measuring surrounding's temperature 
and humidity should also be taken into consideration since 
these factors have affluence on the performance of the 
hexapod machine. 

The aim of this research is to find the six struts' 
displacement errors for machine performance enhancement. 
The developed error compensation algorithm could be 
embedded on an open-architecture controller to perform the 
real- time machine performance enhancement. According to 
the actual testing, the performance of hexapod machine can 
be improved by 70% without any significant cost on 
hardware enhancement. By incorporating the temperature 
and humidity factors into the error compensation model, the 
developed error correction module can be further improved. 



The development of sensor fusion methodology provides - 12. Zhuang, H. and Z. S .  Roth, (1993), “Method for 
a means for integrating more sensing and analysis , Kinematic Calibration of Stewart Platforms” Journal of 
capabilities at the machine level. Therefore, the machine 
performance enhancement system could advance the 
accuracy and capability of a hexapod machine in making 
quality parts. 

Robotic System, Vol. 10, No. 3, pp. 391-405. 
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