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ABSTRACT
The paper deals with the analysis of the accuracy of the short and long term measure-
ments in the six degrees-of-freedom (DoF) measurement system used for the sampling
of axial shiftings and angular displacements, structural dynamic properties of robotic
systems, engineering constructions and for the control operation in space. The analy-
sis of the accuracy is based on algorithms for direct and inverse transformation for the
computation of three axial shiftings and three angular displacements values in order
to determine the relative location and orientation of a floating 2-D coordinate system
against fixed 3-D coordinate system of laser rays.
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INTRODUCTION
The paper is focused on the analysis of short and long term measurements and the ac-
curacy in the six degrees-of-freedom (DoF) measurement system used for the sampling
of axial shiftings and angular displacements, structural dynamic properties of robotic
systems, engineering constructions and for the control operation in space. Described
sampling system is derived from a pyramid modular sensory system for the scanning of
six-component information about three axial shiftings and three angular displacements.
The subject of this device is the sampling and information processing used in the con-
version of four 2-D CCD arrays images into three axial and three angular displacement
values. An algorithm for direct determination of normal vector components simplifies
the computation of angular displacements. The dilatation and constriction matrix is
used in the direct and inverse transformation of mutual position between two bodies.
The function of modular portable device is derived from the pyramid modular sensory
system for robotics and human-machine interface, which enables to compose for exam-
ple force-torque transducers of various properties and multi DoF hand controllers, see
in [2]. This is done by means of a 2-D CCD array (CCD - Charge Coupled Device) and
with appropriate changes by means of the PSD element (PSD - Position Sensitive De-
vice), and four light rays creating the shape of pyramid. Simple modular construction
enables low cost customization, according to the demanded properties. The problem
of the customization of six-DoF sensory systems according to the enhanced accuracy
and operating frequency of scanning of the six-DoF information is possible to improve
by means of the module of insertion flange with the configuration of light sources with
strip diaphragms, creating the light planes with strip light spots and by means of the
module of the single or segmented linear or annular CCD or PSD elements with higher
operating frequency, respectively using the module of two, parallel working, concentric
CCD annulars with higher reliability.
The explanation of the sampling is introduced on the force-torque transducer, see Fig. 1
composed from the modules A, C, D, F, H, of a modular sensory system. Laser diodes
1 emit the light rays 2 creating the edges of a pyramid intersecting the plane of the 2-D

DOI: 10.2478/v10147-010-0046-  9
Acta Mechanica Slovaca 13 (3): 48-53, 2009

48 VOLUME 13, No.  3,  2009



Acta Mechanica Slovaca
Journal by Fakulty of Mechanical Engineering – Technical University of Košice

49

Fig. 1: Six-component force-torque transducer.

CCD array, here alternatively the focusing screen 8
with light spots 3. The unique light spots configu-
ration changes under axial shifting and angular dis-
placements between the inner flange 5 and the outer
flange 6 connected by means of elastic deformable
medium 7. An alternatively inserted optical mem-
ber 9 (for the magnification of micro-movement,
or the reduction of macro-movement) projects the
light spots configuration from the focusing screen
onto the 2-D CCD array 4. Four light rays simplify
and enhance the accuracy of the algorithms for the
evaluation of the six-DoF information. The algo-
rithms for the computation of three axial shiftings
and three radial displacements values is based on
the inverse transformation of the final trapezoidal
position of four light spots related to the original
square light spots position in the plane coordinate
system xCCD, yCCD on the 2-D CCD array. This al-
gorithm determines the relative location and orien-
tation of a floating 2-D coordinate system against
a fixed 3-D coordinate system corresponding to the
apex of the pyramid shape, or contrary.

The information about three axial shiftings and
three angular displacements is sampled and con-
verted according to the calibration matrix to acting
forces Fx, Fy, Fz and torques Mx, My, Mz.

THE POSITIONING ACCURACY IN

SHORT AND LONG TERM SAM-

PLING OF MICRO AND MACRO DIS-

PLACEMENTS
The accuracy of the six-DoF pyramid sensor is in-
vestigated like the influence of the deflection of the
independent variable, here the coordinates of four

light spots positions Δxi, Δyi, where i = A,B,C,D
on the dependent variable consisting of three ax-
ial shiftings x, y, z and three angular displacements
ϕ, θ, ω in the working range of the CCD or the
PSDs. There is the m = 8 the number of the inde-
pendent variable qm = (xA,yA,xB,yB,xC,yC,xD,yD)
and the n = 6 is the number of the dependent vari-
able zn = (x,y,z,φ,θ,ω), where the inverse transfor-
mation is zn = F−1(qm), and the direct transforma-
tion is qm = F(zn), see in [4].

The generalization of described method from
micro to macro environment led to the customiza-
tion of measurement of six-component information
according to the size and position of measured ob-
ject by means of universal portable modules and
their combination:

The portable module Ap of four lasers 3 with the
presetting control 1 of the angle 2s, which contains
mutual opposite light rays 2, see Fig. 2.

Fig. 2: The portable module Ap of four lasers.

Fig. 3: The portable module Cp for the direct sam-
pling.

The portable module Cp for the direct sampling
of small or medial fluctuation of measured values
of the light spot 3 position from the laser light ray 2
which is imagined on the translucent screen 4. This
module consists of the 2-D CCD array 6 with fo-
cusing optics 5 and of the flange 1, see Fig. 3. The
module Cp is placed and centered in the axis of the



module Ap. This configuration enables the sam-
pling of small and medium fluctuation of the light
spot position.

The enhancement of the dynamic range of sen-
sory system is possible using the substitution in-
stead of one 2-D CCD array for all four laser light
beams using for every light beam one separate 2-
D CCD array. Six DoF modular pyramid sensory
systems for the sampling of six-component infor-
mation introduces new state of the art not only in
robotics and human machine interface but also in
measurements of the macro elastic and micro elas-
tic deformations. Modular design enables to com-
pose measurement devices for the sampling of six
DoF information for different tasks in the working
range for axial shiftings x, y, z from |10−7| m up
to |102| m and angular displacements ϕ, θ, ω cor-
responding to the arc longitude (or displacement)
from |10−7| m up to |102| m using mostly common
modular components.

Current working accuracy of CCD devices is
limited by the lowest size of the pixel 3,5×5 μm
and for the PSDs by the inaccuracy of 1 μm. There
is possibility to improve the accuracy at least 10-
times by means of the design and development of
structured photonic components using a new pho-
tonic nanotechnology. The design and construc-
tion of pyramid sensory system guaranties an output
working accuracy in the same order of magnitude
like the input inaccuracy (for example the inaccu-
racy caused by the construction or the production of
the sensor). Using a redundant light spots configu-
ration enables the enhancement of the measurement
accuracy approximately 10-times.

The sampling frequency (the measurement
speed) is proposed and based on modular brick box
design in two variants:

• For the real-time measurements (high frequency
sampling - based on the PSDs): Supposed sam-
pling frequency is between 100 Hz and 30 kHz,
sufficient for the sampling of mechanical vibra-
tion. Maximal sampling frequency is limited
for the 2-D PSD arrays by the frequency of 1
MHz, at linear-1-D PSD by the frequency of 10
MHz. Six DoF sensory systems for high fre-
quency sampling based on the PSDs have like all
analog devices sufficient stability only during the
short term measurements, due to the drift effect.

• For the long term measurements (low fre-

quency sampling based on the CCDs): Supposed
sampling frequency is between 2,77×10−5 Hz
(10hours interval, or more) and 200 Hz, sufficient
for the sampling of long term static and dynamic
tests, for example the measurement of tempera-
ture and humidity stability for various construc-
tions at dynamic loading, or for the size stabil-
ity of nuclear reactors. Six DoF modular sen-
sory systems for low frequency sampling based
on the CCDs have sufficient stability during the
short term and long term measurements. Special
high speed camera systems are working up to 50
KHz.

Six DoF modular pyramid sensory system for
the sampling of six-component information is ac-
cording to results of the proof of the linearity for 3
DoF (x, y, z components) linear and for 3DoF (ϕ, θ,
ω) moderately nonlinear with the possibility of ap-
propriate compensation. Six DoF modular pyramid
sensory systems for the sampling of six-component
information enable the self calibration and the en-
hancement of the accuracy by the use of redundant
laser beams.

THE ENHANCEMENT OF THE SAM-

PLING FREQUENCY AND RELIA-

BILITY
The problem of the customization of six-DoF sen-
sory systems according to the enhanced accuracy
and operating frequency of scanning of the 6-DoF
information is possible to improve by means of
the modules: K- module of insertion flange with
the configuration of light sources with strip di-
aphragms, creating the light planes with strip light
spots, see in Fig. 4, 5, 6 and 7 in three positions over
the configurations of CCD or PSD arrays, M - mod-
ule of four single linear CCD elements, see Fig. 4,
N - module of eight segmented linear PSD elements
for every light spot separately with higher operat-
ing frequency, see Fig. 5, O - module of segmented
annular CCD arrays intersected by structured light
planes for enhanced scanning frequency, see Fig.
6 and P-module of two, parallel working, concen-
tric CCD annulars with enhanced reliability using
redundant annular with parallel effect of enhanced
accuracy, see Fig. 7. By the use of PSD elements is
for every light spot needed separate PSD, in order to
avoid dynamic distortion at switching of light spots,

50 VOLUME 13, No. 3,  2009



51

Acta Mechanica Slovaca
Journal by Fakulty of Mechanical Engineering – Technical University of Košice

because every light spot is evaluated separately.

Fig. 4: The module M of four segmented linear
CCD arrays intersected by structured light planes
for enhanced scanning frequency.

Fig. 5: The module N of eight segmented linear PSD
arrays intersected by structured light planes for en-
hanced scanning frequency.

Fig. 6: The module O of segmented annular CCD
arrays intersected by structured light planes for en-
hanced scanning frequency.

Fig. 7: The module P of two parallel working con-
centric annular CCD arrays intersected by struc-
tured light planes for enhanced scanning frequency
and enhanced reliability.

CONCLUSION
The modular design for six-component sensory sys-
tem presented here enables according to vide dy-
namic range of sampling frequency and the micro
and macro scanning easy customizing for wide va-
riety applications.
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