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Abstract

The small parallel coordinate measuring machine had been developed to measure a small workpiece with high
accuracy. The small parallel CMM in this paper has the structure that the platform has three rotational joints
supported by PZT actuators respectively. Until now, the platform of CMM was assumed rigid and the kinematic
parameters were calibrated. As the calibration result was insufficient in the rigid model, the deformation of the
rotational joints was introduced. However, this model did not accomplish sufficient calibration. In this paper, the
deep learning was introduced to express the relationship between the extensions of PZTs and the coordinates of
CMM. At first, the structure and the model of small parallel CMM were shown. The calibration results based on the
rigid model and the deep learning were shown and compared.
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INTRODUCTION

The mechanism with two or more degree of freedemeferred to as a mechanism with multi-degree-@gdom. They are
categorized into two types. One is the parallel m@&ésm of which the actuators are disposed of malfgh and the other is the
serial mechanism of which the actuators are digspo$én series. The serial mechanism has beeninsedny industrial robots
because it can take the wider attitude angle ant ew@a (Takeda 2005). However, it is known thatghrial mechanism has the
problem that the errors are accumulated. On ther dthnd, as the actuators in the parallel mechaaismarranged in parallel, it is
considered to be more accurate than a serial mirhaiherefore, it is expected to be used in aipi@t positioning device
(Schwenke, 2008; Agaplou, 2007).

However, the kinematic parameters of the paratiethanism have a large correlation with the otleameters (Takamasu
2003; Torii 2010; Chiu 2003). So, in the self-cadition method based on the kinematic equationskitteematic parameters were
not estimated well enough (Ohnishi, 2007; Yokow®ii4; Takamasu, 2004; Sato, 2004).

Women.

KINEMATIC CALIBRATION BASE ON LEAST SQUARED METHOD MATERIAL AND METHODS

The calibration process of the coordinate meagunrachines is shown in Figure 1 (a). The actual Chhigasures the
coordinates of the feature of the artifact, and ¢kasor information is detected by the actual CMMe coordinates are
temporally calculated using the model of the camaté measuring machine and the estimated kinerpatiameters. In the
estimator, the temporally calculated coordinatesampared with the calibrated coordinates andkiiematic parameters are
estimated. These estimated kinematic parametersisa@ with the model of the coordinate measuringhim@, as shown in
Figure 1 (b).

The measurement process is shown in Figure IT{i®.coordinate measuring machines are used to meet®icoordinates
of the workpiece. In the measurement process, theabCMM measures the coordinates of the feattitbeoworkpiece and the
sensor information is detected by the actual CMMe Toordinates are calculated using the modelettordinate measuring
machine and the estimated kinematic parameters.
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It is necessary that the model and the kinematiarpeters are separated and defined in the measuirsgstem based on the
usual calibration using the artifact, as showniguFe 1.

A B
Artifact » Actual CMM »  Model | Kinematic Parameters )
A: feature of the artifact,
B: sensor information
C: calculated coordinates
.[ c D: calibrated coordinates
D _ < E E: estimated kinematic parameters
> Estimator
(a) Diagram of estimation of kinematic parameters usirgartefact
A B
Workplece » Actual CMM »  Model E.stJmated
Kinematic Parameters i
A: feature of the workpiece

B B: sensor information
C: calculated coordinates

(b) Diagram of measurement using estimated kinemat&mpeters
Figure 1: Usual calibration and measurement

ADAPTIVE CALIBRATION BASE ON DEEP LEARNING

In the calibration, the model equations, the kiaBmparameters and the estimators, as shown uré-itya) are replaced
with the neural network, as shown in Figure 2(B)e calibration method using the neural networfleésible and flexible. So it is
called the adaptive calibration.

The neural network learns the relationship betwibensensor information and the calibrated cootdmaf the artifact. The
neural network could express the equation, inclydime deformation of the stage and the arms inctiee of the parallel
coordinate measuring machine.

In measurement, the model equation and the kinerpatameters, as shown in Figure 1(b) are alslacepwith the neural

network, as shown in Figure 2(b). In Figure 2, leeiral network studies in the adaptive calibratand it does not study in the
measurement.

Artifact A » Actual CMM
A: feature of artifact
B B: sensor information
v C: calculated coordinates
5 C D: calibrated coordinates
! Neural Network
& (model, estimator)

(a) Kinematic parameters are estimated adaptively usia@rtifact

A
Workpiece > Actual CMM
. A: feature of the workpiece
B: sensor information
L4 5 C: calculated coordinates
D o Neural Network E—

(model, estimator)

(b) Coordinates are calculated using adaptively estichkinematic parameters.
Figure 2: Adaptive calibration and measurement

MODEL OF PARALLEL MECHANISM AND KINEMATIC PARAMETERS

The model of the parallel mechanism of this rede#& shown in Figure 3. This parallel mechanisrs theee actuators and
the end effector is supported at the rotationaitfodf the elastic hinges by three actuators.
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The definition of the kinematic parametéshown here. (wx1, wyl), (wx2, wy2) and (wx3, wyis one end of the actuator to
the base plate and are represented by the worldlicabe system. (px, py) is the stylus coordinatethe triangle stagend is
represented by the world coordinate syst(Apx, Apy) is the displacement of the stylus. (sx1, syd32, sy2) and (sx3, sy3) &
the coordinates of the vertex of threangle stage and are represented by a local swiedsystem with the origin of the styl
location. L1, L2 and L3 are actuattangth. AL1, AL2 and AL3 are actuator amount of expansion and contractios the
rotation angle and is positive when the stage estat clockwise

{wx3,wy3)

{wxl,wyl) (wx2,wy2)

Figure 3: Model of th@D planar coordinate measuring macl
2D PARALLEL MECHANISM WITH THREE DEGREE OF FREEDOM

The 2D parallel mechanism is shown in Figure 4(a). €hvases are fixed on the world coordinate systdmeeTactuator
are disposed between the base and the stage. tageis supported by three actuators and can move in xyadidection and
rotation according to the variations of three attiuéengths.The 2D parallel mechanism is fixed on the base platshasvn in
Figure 4(b) and the coordinate system of this deigcrelated with the world coordinate system, Wh sometimesalled the
coordinate machine system.

The used actuators arelaminated piezoelectric element (NEC Tokin, AE05Q6B) of which the maximum amount
displacement is 17.4 + 2.Qufn] and generating force is 850[N] at the time oplgmg DC150V. Also, the amount of
displacement of the stacked piezoelectric elemenpito 1am. The rotation angle of stage and the amount gfldcement f
the stage are measured at the stylus point by the ityeadisplacement gauge (lwatsu Electric Co., L8I-3511, ST-0532A) as
shown in Figure 4(b).

The stage rotation angle is calculated from thdéedihce between the stage displacement of the aoditection of
displacement and rotation angle observation auyildate as shown in Figure 4(b), and the distameween the axes of two
capacitive displacement gauges.

Figure 5 shows the situation that the parallel rmadm is set up and the measuring gauges are $et epperiment:

Probe
(Rotation—angle)

Rotation angle
observat - on

auxiliary pla- o —'
hll‘ \L'tl.ldtUI
lastic hinge
Stylus Stage

—

(a) The2D parallel mechanism consists of the bases, ack (b) The2D parallel mechanism is set on the basepSix
and stage. The stage is suppotigdhree actuators. measuring instruments are set
Figure 4: 2D parallel mechanism and measuringunsgnts for calibratic

Base (Stylus)
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Figure 5: Picture of the parallel mechanism measuring gauges.
EXPERIMENT

In this paper, the fullgonnected neural network with 5 layers is adapiée node otthe input layer is 3 for the actuator
lengths and the node of tbatput layer is 2 for the x and y locatic

In an experiment, theigzo actuators are applied with every 15V from OL&)V. So, the stylus locations, , x and y
coordinates, and the lengths of three piezo aatsiaiee measured at 1331(=11x11x11) points. Botbredion methods applto
these data. The kinematic parametassshown in Figure, are estimated by Least Squares Method and the Insetsgork is
trained using a part of these data.

Figure 6(a) shows the deviation i coordinate after kinematic calibration and Fig@@) shows the deviation in
coordinatewhich is estimated by the trained neural netw
It is proved that the neural network could replecalibration of the kinematic parameters of maag instrument:

CONCLUSION

It was proposed that the calibration process ofkihematicparameters of the parallel CMM could be replaceth lie
training of the neural network. The trained nemetivork was applied to the parallel CN, and the calibration result was sma
than the least squared method. At this momentrtska parametel e.g.,the number of hidden layers and the number of nod
hidden layers, araot discussed. As these meta parameters are iedto estimate the behavior of measuring instrumese
parameters are necessary to be optimized.
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(b) The deviation in x coordinate which is estimatedHwytrained neural network
Figure 6: The deviation in x coordinates
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