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ABSTRACT

ACTIVE COMPLIANCE CONTROL STRUCTURE DESIGN FOR A
ROBOTIC -GRINDING MACHINE

Abd¢l hamit D¥NDER
M.Sc., Department of Mechanical Engineering
SupervisorAssoc. Prof. DrE. K | KK@MUKSEVEN

SeptembeR017, 115 Pages

Grinding operation ha@nadvantage of precise form shaping in machining praeess
However, if the surface profile is not known before the machining process, it is hard
to obtain an accurate surface profile using a grinding operation. lwadhks anovel
method to compensate tharin shaping errors in grinding operations due to the lack
of a priori knowledgef the surface profile will be presentésrinding operatiorona
workpiece with an unknowsurface profileis aimed.Compliance force control is
implemented by means of adraitice control inwo degres of freedomusing a piezo
actuator an@hexapodparallel manipulatorThe desired force interaction between the
tool and the workpiece was achieved by imposing an offset from the preset depth of
cut. Additionally, tool deflection due tothe grinding force®f the robotic grinding
setup is taken into consideration. The deflections are computed frogritioéng
forcesin real timeand the compensatiae performed by the hexapaobot in six
degrees of freedonBased on the litetare review this is the first study in which
grinding on a workpiece with an unknowsurface profilevasperformed whiletool
deflection due to the grinding forceswas compensatedTwo different control
algorithms namely PID control and Active DisturbaRmgection Control wertested

on a robotic grinding setup and the expenbresults are discussed.
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CHAPTER 1

INTRODUCTION

Together with theoccurrence of Industry 4.0 concept, the necessity fauémet
changes in the produced parts has started to change the structure of the manufacturing
systems. Due to the increased demand on customized products, the studies related to
adaptive machining centers have gained recognition for the last two decades. In
particular machining of a worlpiecewith an unknown shape is one of the main
concern of moderaay researchers since significant part of the overalisalbcated

for extracting computer aided design (CAD) maded the workpieces and path
planningstudies.

Even if the CAD model of the worgiece is available, most of the timeis hard to
performgood calibration of the workiece and the rob¢t]. Additionally, due to the
finite stiffness of the robotic grinding systentle angle of the tool is affected
according to the grinding forces. This is one of the major reasons for unqualified

surface finishes.

In this study grinding of a workpiecewith an unknownshape was investigated
admittance control based active compliance controller was developed and
implementedon the robotici grinding setup. For implementation purposes a piezo
actuator was added to the robotic grinding sysfeool angle compensation is also

implementedn reaktime.

For control structure, two different methods namely proportiongtgrali derivative
(PID) and active disturbance rejection control (ADRC) were utilized and compared.
The optimization of contiller parameters was done by genetic algoritBgstem



identification techniques were utilizesh order to estimate the system model

parameters.
1.1 Automated Grinding Systems

Grinding operation is one of the most important processes in ordétamsmath
surfaces. lts anabrasive machiningrocess. However, in manual grinding, the quality
of the operation mostly depends on the skills of the operatarefore automated

grinding systems have gained recognition in the last decades.

The developmentsipath planning algorithms and control systems paved the way for

robotic grinding systems.

CNC machining centersith high stiffness are commonly used in industry for
grinding purposes. Their disadvantage is relatively small working raagdshigh
investrent costs compared to industrial serial manipulators. However, the
disadvantage ahdustrialserial manipulators is that they have relatiiely machine
stiffness correspondingly lowaccuracf?2]. Another kind of manipulator used in
robotic machinings parallel manipulator&ven though theiprecisioncharacteristics
are bettecompared tserial manipulatorghe limited working area they have is one

of the most important drawbacks of them

The conbination of parallel and serial manipulators in robotic grindives first
proposed irf3]. This structure offers both higieachability and high precision.

In the last decade, with the advance of pielsetric technology, piezactuators
started to be seen some robotic grindingpplicationswhere high frequency and

precise movements are needed.
1.2 Motivation

Due to thedifficuty of manual grinding operatiomutomated or robotized grinding

cells havestarted to be sean the industryAlthough even an unexperienced person



can learn how to perform grinding at a certain level very fast, the robotization of this

process is challenging.

In robotic- grinding, most of the robot control systems in industiquire the work
piece shape or ergffector path which can be obtained by means of -bffe
programmingCAD modelsetc.

One of the ways of reducing the task programming phase which covers the important
part of the overall cost is the bringing the robgrinding system in capability to cope
with a workpiece with an unknownshape The realization ofthis is significant

especially when frequent changes occur in production.

One of theplaces where frequent changes occur in production is water jetgcuttin
companies. Due to the nature of water jet, the cut surface is left as uneven. Therefore,
these porducts are machined in milling machines after cutting operation. Once the
materal is removed from water jet table, in order to poniamilling table agan,
calibration between the made and the workpiece should be performed. However,
most of the time, perfect calibration cannot be reached in exchange for limited time.
With the proposed approach in this work, this calibration procedure is eliminated and,

most importantly, time which was spent unnecessarily will be saved.

Additionally, the burr locations are generally unknown after machining. For instance,
after moulding and milling, in order to remove the burrs, proposed approach in this

study, can be uiied as well.

1.3 Grinding process forces

As in the other machining applications, the generated force components in grinding
has one of the most important effects in terms of surface quality. These forces are

generally dependent on the quality of theiogttool, the material of the worhiece,



spindle speed, depth of cut and feedrate. Additionally, the wear of the tool gradually

affects the process forces.

As it is seen iffrigurel, the direction which is tangeto the surface is called tangential
direction, and the direction perpendicular to tangential direction is called the normal
direction. Therefore, grinding force in normal direction is called normal force,

similarly the force in tangential direction isllea tangential force.

t . . .
Tangential Direction Normal
Direction
n

‘ Surface to be ground Work-piece

Figurel - lllustration of the grinding operation on a flat surface

InFigure2r ed circle represents the cutting tool,

the tool. Tangential force is shown 1y and the normal force is shown T6y.

Figure2 - lllustration of the grinding operation on a curvy surface



1.4 Force Control in Robotic Grinding

When a comliant relative motion of the worgiece and the tool is desired, force

control is a kind of control strategy that can be encountered frequently.

The system is calledcompliant system when the end effector trajectory is modified
based on online sensorfenmation during the procedd]. In order to apply, for

instance, a constant normal force, an active compliant system is needed.

Figure3 - Linear motion with applied force cont{b]

Grinding interaction forces can affect the temperature distribution, tool wear,
efficiency, material removal, therefore controlling the grinding forces is one of the

ways of detanining the machining quality.

One of the advantages of force control is that the force controlled robotic grinding
system can track the unknown surface by trying to keep the interaction force tonstan
(Figure3). By doing so, grindingpperationof a workpiecewith an unknowrshape

can be performed which can reduce the task programming phase that is the main

motivation of this thesis.



Another advantage of force controlled grinding is that it prevents the pweckto be
ground with reduced material removal rate as wheel wear ofjurk [7] it was
shown thatthe force control techniqueanreduce the average grinding force and
grinding force variation Additionally, as stated i8] force controlled grinding

requires less stringent calibration.

1.5 Machine tool stiffness: Tool deflectioncompensation

Grinding with constant normal force and constant tangential velocity is &mahn
approach for increasing the operation accuracy and getting constant depth of cut and
surface quality along worgiece However, the mationed approach is effective when
using universal grinding machines that atidfer than CNC type machinesd the
deflection of the tool and setup is negligible. In the case of robotic grinttiag
stiffness of the robot and setup approximately 30imes lower than CNC type
grinding machinegthis was concluded by comparif@] and[10]). Consequently

there are considerable tool and setup deflections which have significant effect on the
grinding forces. Duringgnding with CNC type machines when there is a flat work
piece profile and if the grinding parameters (depth of cut, spindle speed and feedrate)
are constant, the grinding normal and tangential forces are expected to be constant
either. But in the robotigrinding due to lower stiffness and tes#tup deflection, the
grinding forces can show three different characteristics through thepiear& profile

even when the grinding parameters are constant and thepremdx has flat surface
profile. The mentionethree characteristics are classified in three regimgkslin In

the first regime the grinding forces remain almost constant because the tool is able to
cut the workpiece with sefeedrate In the second regime there is an alniostar
increase in grinding forces because the tool cannot cut thepien& with set feedrate

and consequelyt tool deflection happendn the third regime a transition between
regime 1 and regime 2 happens where small tool deflection occurs folloyed

immediate compensation



The mentioned difference between characteristics of the robotic grinding and CNC
type grinding shows the effect of tool deflection and setup stiffness on normal and
tangential forces behaviors. In grinding operation with forcetfaelkd commonly the
force sensor is mounted behind the spindlauderneatithe workpiece. If tool
deflection happens, anisalignmenbccurs between tool tip reference frame and the

force sensor reference frame as showkigure4.

In this case the measured normal and tangential grinding forces by the sensor are not
grinding forces of the tool reference frame because of the mentioisatignments

That 6 s why campendation of thesdisalignynenis considered as We

Work-piece D

Figure4 - lllustration of the deformation of a grinding tool



1.6 CBN Tools

CBN abrasive mounted bi{§igure5) are frequently preferred in precision robotic

grinding due tdhe following properties they have:

Excellent wear resistance
Heat dissipation
CBN tools do not require frequent dressing operation as tool wear occurs,

They do not require the usage of cooldra].

= =4 4 -4 -2

CBN grains are much harder than aluminium oxidd silicon carbidgrains
[12]

These aravhy CBN toolswere used as the machining tool in the scope of this

thesis.

Figure5 - Cylindrical CBN toolq13]



1.7 Organization of the Thesis
The contents of thehapters are as follows:

Chapter 2 provides a literature survey of force control in robotic grindesgarches
considering tool deflectiompiezo actuators in machining and hybrid force/velocity

control.

Chapter 3explainsthe used experimdal setup andneasurement setughich was

build in the scope of this thesis.

In chapter4, two DoF hybrid velocity force control structure déscussedlIn this
control structure normal force and tangential veloeigtried to be kept constant and
in this study this rathodwasimplementecdbn the robotic grinding setup.

In chapter5, the method for modelling and optimaition of controller parameters is
explainedand the SIMULINK model for simulation is discussekhe unknown
surface profile was modeled as sinusoidapsh#&enetic algorithm was utilized for

the optimization of controller parameters.

In chapter6, thetool deflectioncompensation methoahich was developetbr the
hexapod robogrinding tool wa given.In order to measure the amount of deflection

cantile\er beam theory was utilize@he toolcompensation is performed in two axes.

In chapter7, conducted experimenareexplained and the used SIMULINKodels

together with the optimized parameters are given.

In chapteB, the results of the conducted experithare showrAdditionally, surface

form measurements of the grelisamplearegiven.

Finally, chapte presents the discussion and the conclusion
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CHAPTER 2

LITERATURE SURVEY

2.1Force Control in Grinding Operations

It is well known that one of theffects of the force variation is surface roughness in
grinding operatioffi7]. Force data coming from the interaction of the tool and the
workpieceis the main source of informatidt4]. Ref. [15] is the first study which
proposes force controlled grinding.

Explicit force controwhich is the strategy used in thigesis keepshe inner position
control loop andmplementsadmittance controccording to the difference between
reference grinding force and the measured grinding interaction force, suitable motion
of the manipulator is performed in order to obtain the desired forer position

loop improves the stabilif¥6]. In contrast to thisthe position is extracted from the
measured force in implicit force control. Since the desired position is known,
consequently the distamthe robot should cover is known. Therefore, the manipulator
gives the appropriate movement which corrects the current robot pgkition

In[7], a force control systeor a CNC machining centevas designed to reduce the
grinding force variation and surface roughn@ds system includes an electric hand
grinder mounted on a CNC mawimg center, a force sensor to measure the normal
grinding force, and a force control safgstem to adjust the grinding depiline system

is shown inFigure6. Constant normal force control technique was developed by the

authors

In[17], the authors investigated simple position based force control algorithms for an
industrial robot and proposed a proportionaintcoller with positive position
feedbackThe grinding system they utilized is showrFigure?.

11



Holder

Hand grinder

Work-piece

Force sensor

Force/torque sensor

Robot load limiter

Gripper

Contact surface

“Z-axis compliance wrist” element

Figure? - Grinding systenj17]

In [18], force dependent feedte control and orthogonal force (pressure) control was
studied.In [19], a control strategy was studied in which the goal is to simultaneously

track the desired motion in tangential direction and regulate the desired force normal

12



to the surfaceln [20], an adaptive force control based deburring algorithm was
developed. This algorithm is used to maintain the interaction between theieoek

and the deburring tool. The algorithm aims to make the normal force anthlnor
velocity equal to zero. Throughout this adaptive algorithm, big burrs can be efficiently
removed and damage to the wquikece under unexpected conditions can be avoided.
In [21], the proposed controller allows the achievement of the decoupling of the
normal force and tangential veltpccontrol loops of robot manipulators employed in

the contour tracking task of objects of unknown shape.

In [4], general properties of active force control methods have been disdng44é€di.

the robot control system is based upon the external force control. They keep the
original position control loop and added external force control loop as a new major
loop. In [22], a model for grinding process of an automatic grinding systém
grinding force control was developed and the corresponding PID controller was
designedIn [23], the paper deals with the use of a hybrid fordebrty control law

for the robotic deburring of planar work pieces with an unknown shape. They

controlled the normal force, tang&l velocity and normal velocity.

In [24], an algorithm was developed in order to control the interaction force between
tool and the worlpiece. A plate and a roller are used to guide the tdwsé& guides
prevent the tool to exceed a certain depth of cut. The interaction force between the tool
and the work piece is kept constant. However due to the guiders used in this work,

this is not a proper example for precise force control.

In [25] t wo di fferent al gorithms namel vy nGr
AProgressive Stiffness Methodod were desi ¢
was i mproved. I n AGradient Prediction Met
andforceerrr are corrected. AProgressive Stiff

force force constant.
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Additionally, in [26], which isalsoa publication of thewuthor, justification of force
control is given.

2.2Piezo actuators inmachining

In [27], an active tailstock was developed in order to correct the tilt errors of the
rotating crankshaft during grinding. This tailstock produces a cotilitemd it
compensates the possible grinding errors caused by the rotation of the asymmetric
crankshaft The needed compensation is performed by pigaivaulic hybrid
positioning actuatorThe schematic construction of the precise alignment system is

shown inFigure8.

In [28], an active controlled palletized wepkece holding systa was presented for
milling operations. The active control system developed here employsautmtors

to control the force dynamicalligure9.

Linear
axes

Protective
ver

Figure8 - Schematic construction dfiie precise alignment systd@v]
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Force sensor

/ Dynafix Chuck

< Piezo Actuator

I omlsumr
i N

Steel-Bar element

Piezo Actuator

Figure9 - Schematic design of the chuphlletsystem with active vibration control
elementg28]

2.3Passive Compliant Tools

In industry, as opposed to the method in this stagglications of passive compliance
are also common.here are special deburring tools such asdeurr from[29] that
are able to compensate the form errors passively by tracking the fbraaking is
not performedy an active system. The tool tip can track the surfacdguhfe to the
suitable stiffness value of the used materiBthe mechanical design of active
compensation on these tools is a-tagic in literaturg30][31].
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Figurel0-ATI 6s debur f32]ng t ool

Robot moving
platform
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Fixed mount

Moving mount

Tool spindle
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—

Figurell - Axial Compliant tool heag30]
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2.4 Hybrid Force / Velocity Control

With the advance of control techniques, the researchers attached importance to
machining of a worlpiece with an unknown shape. In order to obtain constant depth
of cut from a homogermais material, the grinding parameters such as feedrate, spindle
speed, should be invariant throughout the surface profile. These requirements can be

achieved via hybrid force/velocity conti@3].

In [34], the implementation of grinding of a wepkecewith an unknowrshape was
performed. As the control algorithm hybrid force/velocity control structure was
utilized. The authors dealt with the problems related to configurationndepe
dynamics of the manipulator.

Figurel2- Robot in contact with a wooden obj¢84]
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In [35], the effects of elastic transmission of the robots during contour tracking of a
work-piecewith an unknowrshape are investigated. The large force oscillations due
to the elasticities in joints are compensated by an addithormal velocity feedback

loop.

In [21], decoupling of normal force and tangential velocity control loops was studied.
The controller was expressed as multi inputnulti output, time varying, PID

controller.

In [36], joint friction effectsto normal force and tangential velocity variations in

hybrid force / velocity contréér were investigated.
Additionally, [23] and[37] are the examples of contour tracking.
2.5 Tool Deflection Compensation

There are several researches in literature related to the catiperd tool deflection
effect on workpiece. In this section a review of different strategiethese studies

are expressed. Most of the mentioseutlies are fated to the end milling operation.

Kline et al[38] proposed a method for predictiontobl and workpiece deflection
amount in end milling operation based on cantilever beam theory.udeel a force
model and cantilever beam theory for obtaining deflection amount. Similarly, Ryu et
al. [39] investigated side wlamachining operation and tried to predict the errors
caused by tool deflection. But, they did not express a solution for compensation of
these errors. The effect of wepkece curvature on tool deflection and résg

surface errors are investigated40)].

A method based on path correctiis proposed by Lawt al [41]. Their aim was to

decrease tool deflection and its effect on wpiédce using optimum tool path.

Approaches for path correction in the end milling operation were presenié2]iin

[45] by adding an offset to the tool paifhey used cantilever beaimebry in order to

18



calculate the amount of tool deflection. Rao ef4#l] proposed an iterative approach
instead of single offset for compensatiohoffset error caused by tool deflection.

However, they did not investigate tool angle compensation.

A method forcompensation of tool angle and tool displacement duringnahithg
operation is proposed by Yang et [@7] where a sensor is used for detecting tool
deflection amount. The strong sidetheir research is that they considered both tool

angle andool tip displacement by compensation of errors.
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CHAPTER 3

EXPERIMENTAL SETUP

3.10verview of the setup

In the scope of this thesis, previously designed and partially built experimental setup

was modified and used. The overall appearance of theiegrgal setup is shown in
Figurel3.

Figurel3- Overall appearance of the experimental setup
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In addition to 6DoF parallel manipulator, the experimental setup has an additional 1
degre of freedomwhich is actuated by a piezo actuator. The actuator is fixed to the
properly constrained table, presents a sinlgigree of freedorm the x direction as
shown inFigure 14. While performing grindingn y direction as shown in the same
figure, the machining errors can be reduced by admittance control based negative

compensation by the actuation of the piezo actuator.

Figurel4 - Coordinate System

The robotic grinding setupomponents shown in Fig. 1 are:
1) Hexapod (6 DoF): PI #24 6 DoF hexapod precision parallel positioning system

2) ATl Gamma IP60 Force / Torque Sensor
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3) Spindle: BMR Typ. 2222-MHM

4) Workpiece

5) Piezo Actuator: P14802 PiezoMove Flexure Actuator
6) Table (which has 1 DoF in x direction)

3.1.1 Piezo Actuator

In this work a P602 PiezeMove flexureguided piezo actuator igilized to control

the movements of the taljdeecisely(Figurel5). A piezoelectric actuator coris an
electrical signal into a precisely controlled physical displacement. If displacement is
prevented, a useable force will develop. The preuisgoncontrol, afforded by piezo
actuators, is used fmely adjust machining tools et¢hey are used iapplications

requiring movement or force.

In this thesisa piezo actuatois usedin order to move the machining table in one
degree of freedomResponse characteristics of piezo actuator is better than the
hexapod robot. That is the reason why piezoaotuvas utilized.

Figurel5- P-602 PiezeMove flexureguided piezo actuator
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The piezo actuator is controlled by its R6EQ.SO LVPZT motion amplifier/controller
which includes PI (Proportional and Integral) controlleme waking range of the
piezo actuator is 1 mm and its closed loop resolution is 7nm. In this system it is used
in closed loop mode thanks to the Strain Gauge sensors installed on it. Electronic

connections between thgiezo actuator and the driver was perfodmand the
connection scheme is shownhigurel16.

In order to facilitate the connection between the computer and the controller of the
piezo actuator a printed circuit board was designed and produced.

The control input for the pzo actuator in our setup is voltage (0 to 10 V) and the
output is position (0 to 1 mm). While giving input, it is possible to take the actual
position data of the piezo actuator by strain gauge sensors installed on it. A simple

SIMULINK Model which was pepared for this purpose can be seeRigurel18.

PZT-Output =
PZT-GND =

|

I
Amlifier Input
|
& - & ‘I
15 VDC \
— SULEH DR
-
-ty GND T L 2 - & ‘
|
1
v 1
Sensor Monitor GIND

Sensor Exitation £ —_— L} e | Monitor PZT out
Sensor Readout Signal |+e==}—— | . 1 = | Sensor Monitor
Sensor Readout Signal — S ——=+| Display Sensor
Sensor Exitation GIND ‘

AR,

Owerflow

Figure16 - Connection scheme of the piezo actuator
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Figurel7 - Designed printed circuit board

Step Inputt
Step Input2
:‘ = Analog
| ot &+, / "| Output
Step Input3 Analog Output
Humusoft Alnaletg > D
| MF&24 [auto] e
L Sensor Monitor
Step Inputéd A:slog lf!:-‘
Humuso
| D MFE24 [auto]
— Analog IN
Step Inputs —
Step Inputt

Figurel8- SIMULINK Schema for step inputs to Piezo Actuator

In this figure, the step inputs up to 10 V are given to Piezo Actuator by using
AAnal og Outputo block of the dat a
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responses are read beth i Anal og I nput o bl ock of t
ASensor Moni t oFigorel8is usedko skotthe vesponses of the
piezo actuator against 3V, 6V and 9V (which correspond to 0.3, 0.6 and 0.9 mm

inputs) are shown ikigure19in blue.The specifications of the piezo actuator are
given in Appendix A.

Position [mm]

Figurel19-0.3, 0.6 and 0.9 mm step input responses of Piezo Actuator

3.1.2 Hexapod (Parallel Manipulator)

Hexapod is the maidevice which carries all the other parts of the robotic grinding
experimental setup. las 6 linear actuators connagtthe platforms of the parallel
manipulatorThe parallel manipulator is shownhkigure20 andthe specifications are
shown inAppendix A A MATLAB SIMULINK model and a GUIwasdeveloped for
controlling the hexapod rohcthe used guide of the GUI ggvenin Appendix C.
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Figure20 - Hexapod H824 from Pl CompanijA48]

3.1.3 Spindle

BMR Co mpign222ZMHM Spindlei Frequency Converteouple[49] was
used(Figure2l). The datasheet of the spindle is providedppendix A

The frequency converter is connected to the workstation over its 15 -8B
connector 6s BBYIAEANK mpdelnfar coatmlling the spidie was
developedas shown irFigure22. The MATLAB Code in the MATLAB function is
given in Appendix8.

Figure21 - Frequency converter (left) and the spindle (right) from BMR Company
[49]

27



30000 | P spindleSpeed Percent I
k Current >
Spindle Speed [rpm] biasData fen Rpmspindle |—
Spindle Controller Scope
1 ———Pp-o
Switch1
up: Tum on
0 down: Turn off
Switch2

Figure22 - Develged SIMULINK Model for controlling the Spindle

3.1.4Multi Axis Force/Torque Sensor

In grinding operations force/torque sensors are extensively used. These sensors are
used to measure the amount of force applied on parts of the machine. Additionally, by
measuring the force which is applied on the tool, they can be used to checkrwheth
the contact is performed between the tool and thepiate or not. Also if the contact

is performedthe force/torque sensors can be used to measue/#ief the contact.

On our robotiegrinding experimental setup, thers oneforce/torque sensoiThis
sensolis able to provide the data of the forces on 3 Cartesian basis axes and of the
torguesaroundthe same axes. The transducer electronics have bandwidth of 5 kHz to
10 kHz (depending on gain setting$he force torque sensor used in this wizrk
shown inFigure23. The specifications are shownTable6.

National Instruments PEd052Edata acquisition cang used fol-/T sensaor

28



Figure23- ATI Gamma F/T sensqg9]

3.1.5The Control Software

In order to control and drive hexapod, force/torque sensor, piezo actodtspiadle;
MATLAB SIMULINK software was utilized. Used SUMULINK models are
explained in the related sectiofifiesefour devices are connected to the workstation

over the protocols summarizedfigure24.

In order to control thénexapod robot, a graphical user interface was prepared by
MATLAB as shown inFigure68. Step by step user manual of this GUI is given in
Appendix C.

3.2Measurement Setup

In order to understand tlzenount ofmaterial removedrom the surface of the work

piece and théorm changethe groundamountshould be measured before and after

the experiment. That is why a measurement setup was built in the scope of this thesis
as shown inFigure 25. The measurement system consists of a precise positioning

system and a laser measurement deWicthis systemlaser measurement device is
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Pl Control Ethernet

Hexapod — | Computer
Robot
DAQ PCI Express
Force/Torate—*1 N| 6052E v v
Sensor
WORKSTATION
Spindle T
> . —” Frequency
, Spindle
@‘; P Converter RS 232
| Pl Motion DAQ PCI
Piezo "| controller Humusoft
Actuator MF624

Figure24 - Devices and Connection Protocols

located at the fixed part ofdlpositioning systerand the workpiece is passed by in
front of it. In every 500 dintervals a measurement is taken. Therefore, surface form

is obtained.

A KEYENCE LK-H027 measurement device was utilized for the measurement system
(Figure 26). These sensors are extensively used in the industry \whesise
measurement is needdts measurementangeis 17-23 mmand the repeatability is
0.02 &em
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Figure25- Appearance of the measurement setup

Figure26 - KEYENCE LK-HO027 Laser Measurement DeVi&o]
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