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Abstract

In this thesis, a design of a portable measuring test rig is developed with the aim of measure
the tangential force, the most characteristic component of the cutting force. This test rig can

be used in different lathes without any large modification.

The design is based on the lever law to transmit the tangential force to a piezoel ectric sensor
connected to an amplifier, to a data acquisition system and to a computer to obtain the graph
of the speed against the tangential cutting force. The sensor is preload using an original

fixing screw of the lathe.

The results show that the tangential force is measurable using the device. Due to the
geometry, when the tangential force rises 100 N, the reaction in the sensor rises
approximately 120 N. Using a preload in the sensor of 10 kN, with a tangential force of 500

N, the piezoelectric sensor receive about 13 kN.



DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES UNIVERSITY

OF SKOVDE

Table of contents

L INTRODUGCTION. ...ttt sttt sse e sseesaeeeseesaeeeabeesseeanseesneesaseesseesnneennnas 1
L1 BACKGIOUNG ...ttt sttt et st sa e et e e st e be et e sreennennneas 1
L2 PrODIEM .o 3
Gl o U001 TP STRRPPRI 3
1.4 Goalsand HMITAIONS............coeiririiiiiiee e 4
L5 LIEIEIUINE FEVIEW ... 5

1.5.1 History Of the [athe... ..t e e e e e e ennre e e e e e s 5
1.5.2 Technological aspect of the 1athe..........ooeiiiiiiicc e 7
1.5.3 Metal cutting theory in Iathes .........coooiiiii i et 8
1.5.4 Different parts of the [athe ... e 9
1.5.5 Studies of the CULtiNg ProCESS ......uuviiiiiii e e e 11
1.5.6 Previous works related with measuring cutting forces.......ccovvvviiiieeicciee e, 12
1.5.7 Devices t0 MEASUIe fOrCES .......cccviiiiiiiiciiiicen e e e 13
LB MENOUS. ..o s 17
1.6.1 RatioNal MEthods .....cc.oooiiiie e 17
1.6.2 Finite element Method (FEM) ....c...uii ittt et et e e e e anaea s 23
1.6.3 BraiNStOrMING .. s 24

2. IMPLEMENTATION ...ttt et n e s se e s e e sae e e neesneesnneens 25
2.1 Develop glODal PrOCESS .......ccoiieiicieiiee et ae e 25
2.2 Clarifying ODJECHIVES .......ccueieecece ettt e s reeaennne s 27
2.3 Establishing functions and determining characteristics..........cccovevvrvevcierecceese e 28
= Lo = o (BT =0T o 29
PR 0o = = Y S 30

2.5.1 ANAlytical @NalYSiS...cccooeeeiiieiiee e e e s e a e e e e e e nrraaees 31




DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES UNIVERSITY
OF SKOVDE

DT A o 2L\, - T F= YAV PR ST 33

2.6 DESIGN FIOW CRAIT ...ttt reeee e 35
2.7 Study measuring methods and deViCES.........c.ccecveeeriice e 36
2.8 DESIgN Of COMPONENTS.....c.eiiiieiieeieceesieee e ste e te e e e sae e e s e e teeseesreeseeseesseesenneenns 38
D @ o Yo Yo T [ T=d s ¥ [ (=T - | USSR 39
2.8.2 Maximum allowable stress by fiXing SCrEWS ........ccccuveeiiiiieiciiee e 39
2.8.3 Add new elements to create NEW reaCtioNS ......oociiiiieeirieeniee et 40
2.8.4 Perform large modifications to the GeomMEetry ..., 43
2.8.5 Developing NEW COMPONENTS......c..uuiiiiieee e ceciiiee e e e eeecrrre e e e e e e e eentreeeeeeeeseeanraaeeeeeeessannsrsnees 45

2.9 ChOOSING MEASUIE UEVICE.......oiuieiieeieeieeie sttt s b et 51
2.10 ChooSING AMPIITIEN ..ot 54
2.11 ChoOoSING Aat@ COHECLON .......coveeiiieieesiee ettt st st 54
2.12 Simulation of the final deSIgN ..o e 55
2.02.0 SIMPEFICALIONS ceuvveeiiieiiie ettt s st e st e e s sate e sbe e e sateesabeesateesabeeenees 55
P2 2 Te YU o Yo - VA ole Yo o [ o o L3 PRSP 56
2.12.3 Connexions and contacts between COMPONENTS .....ccovcvieeiriiieeiiriiee e 57

P 7 N o Y- Yo S PR P PRI 57
2.02.5 IMIALEIIAL ettt st st st e st e e s be e e nat e e s abaesaaeesabaeenees 58

B S 1Y/ =T o PRSP 58

D2 A A 4 1] = o T PRSP 59

G T {1 I TSRO SRR 63
AN A 0 1 SRRSO SRR 67
4.1 DESIGN BNAIYSIS. .. eiieiiiieiieeieeie st eeesiee sttt e s e teeeesseesbe et e s st e beeaeesreenbeentesaeenbeeneesreenreannens 67
4.2 SIMUIALTON BNAIYSIS ..ot sttt et sre e b st e saeesbesneesreenaeennens 69

5. CONGCLUSION ...ttt e e e e e e e e e e te e e e e e abee e e e snaeeeesasneeeesasseeeeeanssneaesnnnens 73

——
 —



DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES UNIVERSITY
OF SKOVDE

5.1 FUNCHONGIITY ...ttt ettt sb et ne e b e e eenne e 73
5.2 ECONOMIC INFIUBNCE. ...ttt 73
5.3 ENVIroNMENtal @SPECES........ccveiieeieeiesieeieseesieeeesees e sae e esaeeaesseessesseesseeseeseesseensesneesns 74
6. FUTURE WORK ...ttt ettt bbb 75
T.REFERENGCES.........coooiitiiiteierteist ettt bbbt e bbb e nas 77
APPENDIX ..ottt n et 81
AppendiX 1 INStruCtioN MANUEL ...........c.eeieeieeeie et sreeneas 81

[ [Tot o] g ol oloTa T g T=To o] o -3 TSP UPTOURROPR 87
Calibration Of the EVICE ....coiueiiiieieeee e e s 87
Occupational health and Safety.......cccuiiiiiie e e 88

N Lo =PRI 88
APPENCIX 2 = DIBWINGS. ..c.veeteeeeeieesieeteeeesteeteseesseeaesseesseesesseesseesesseesseessessessseessessesssensees 56
APPENTIX 3 — DAtA SNEELS. ... .ot re s 59




DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES L NI\TIQIHWI'Y
OF SKOVDE

List of figures

Figure 1. Flowchart illustrating the relationships of factorsin the cutting process. (Tugrul

Ozel, Tsu-Kong Hsu & Erol Zeren, 2005) ........c.c.ovevcueuerereeerceeeeeeeesessesesesesesssesesssssessssesesesesenes 1
Figure 2: Future process flow chart of the cCompany ..........cccceceveevenceniee s 4

Figure 3: One of thefirst configuration of |athes using a wooden bow and a rope (University

(o] 1Y/ = =T = T 01 1 PSPPSR 6
Figure 4: Cutting force components, (Geoffrey Boothroyd & Winston A. Knight, 2006)........ 8
Figure 5: Main parts of the lathe (John W. Sutherland, 2004) ..........ccccoeeeiieciecceveeee e, 10
Figure 6: Detail of the tool post and itS COMPONENLS...........cceerereereereeeese e 10
Figure 7: Tool post areafrom the workshop at University of SKovde..........cccoceveevencenniennee. 11
Figure 8: Wheatstone Bridge configuration with power supply and amplifier (Baxter, Larry

S R 1 TS 15
Figure 9: Full bridge placement for bending measurement (Tron, B, 2004) ........ccccccveevereenee. 15
Figure 10: Relationship between the seven stages of the design (Nigel Cross, 2008)............. 19
Figure 11: On the left: CAD model. On the right: Mesh application in the moddl................... 23
Figure 12: Objective tree for the design of the test rig for measure cutting forces.................. 27
Figure 13: Function flowchart of each component of the cutting testing .........cccccceevevevienee. 29
Figure 14: Tool post from the workshop at University of SKOVde............ccceeveeieierencnenenene 30
Figure 15: Original tool POSt dIMENSIONS.........coiiiieiieieeie et 31
Figure 16: Clamped-free beam diagram (Sundstrom, Bengt, 2010) .........cccceeevveereereeceeseenn. 32
Figure 17: Calculated strainsin the original tool holder ...........ccoevveieecenecce e, 33
Figure 18: Displacement analysisin the original tool holder ..o, 34
Figure 19: Design flowchart of the cutting forces measure device...........c.ccoceveienencnenennne 35
Figure 20: Free body diagram of the tool holder ..., 41
Figure 21: Stressesin the rotational deSIgN..........cocveveeierieeii e s 42
Figure 22: Displacements in the tool post and load Cell ..........ccooeevveiiecenieeeceeee, 43
Figure 23: Concept about how to generate an extra deformation modifying the tool holder .. 44
Figure 24: Placement of the strain gauges in the tool holder modification design.................. 44
Figure 25: Strain concentration in the modified tool holder ..........cccovveceveecie e, 45
Figure 26: Displacement of the blade in the modified tool holder..........ccccoevvvveveececceseenee, 45
Figure 27: Free body diagram of the second class lever law design.........ccceovveeveeieniencenee. 46
Figure 28: Assembly Of the dEVICE........cooi s a7
Figure 29: Drawing of the UPPEr Part..........ccooveiiieiiese et 48

——
<
 —



DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES

Far
LINIVERSITY
OF SKOVDE

Figure 30: Drawing Of the [OWEr Part..........cooeiiiiiieeee s 49
Figure 31: Drawing of the modification of the tool holder ..o, 49
Figure 32: M10 x 40 I1SO 7379 perspective (SolidWorks Corp., 2012) .......ccceeevveveeceesieenen. 50
Figure 33: Modification of thetool POSL .........ccoivvieiieiecerece e 51
Figure 34: COB force transducer (HBM, 2013) .......cccooiiiiiiieieree e 52
Figure 35: CLC piezoelectric force washer (HBM, 2013).......cccooeveiieniininieeee e 52
Figure 36: PACElIine CMA charge amplifier.........cccoeeieierieie e 54
Figure 37: National Instruments USB-6009 (Nationa Instrument web page)..........cccccveeueeee. 55
Figure 38: Simulation conditions of the final deSigN ..o, 56
Figure 39: Boundary conditions of the SIMUIELIoNS.............coceeiiirienieneeeee e 56
Figure 40: Detail of the axis area of the SIMUIaLioNs...........cccccoeveviere e, 57
Figure 41: Loads directionsin the final Simulation.............cccevevieviere e 57
Figure 42: Mesh applied in the 3D MO ... 58
Figure 43: Detail of the mesh in the piezoeleCtriC SENSON ........cccoceeveriiniineee e 59
Figure 44: Piezoel eCtriC SENSOr rEaCION @rEA.........c.cvverueeeerieerieeeeseeseeeeesreesaeeeesreenseeneesseenes 61
Figure 45: Graph of the results from simulations group NO. 1 ......ccccevveeeveecncee e 63
Figure 46: Grpah of the results from simulations group NO. 2 .......cccoceeieninieneeneeesee e 64
Figure 47: Results from the simulation group number 3, using tangential and axial force..... 65
Figure 48: Stressesin the most critical SIMUIAiON..........ccceveeveeeereere e 66
Figure 49: Displacements in the most critical SIMUlation ............cccccvevveceeveece e, 66
Figure 50: Strain in the most critical SIMUIALTON .........cocviiiiiiie s 66
Figure 51: Objectives and solutions about the device SIMPlICIty........ccoceveeiierevennenenee, 67
Figure 52: Objectives and solutions about the aCCUraCy ..........ccceeeveereeeeseese e 68
Figure 53: Use and calibration objectives and SOIULIONS...........ccccevveveeeeneere e 68
Figure 54: Objectives and solutions about the cost of the device.........ccccevvevvveveececcieceenen, 69
Figure 55: Comparison between simulations groups number 1 and 2.........cccceeeeeveeienceeneenne. 70
Figure 56: Areas with highest stresses than 350 MPa ... 71
Figure 57: with highest stresses than 150 MPa........cocvevveeereeiesee e 72
Figure 58: Displacement of the tool holder ............covveiveceiiee e 72
Figure 59: Electronic CONNECHIONS SCHBMAL........c.oiiiiiriiieree e 87

VI

——
 —



DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES L -‘\EI\TI;RWI'Y
OF SKOVDE

Table 1. Recommended cutting speed for different materials. (Christopher J. McCauley,

72400 ) TSSOSO 2
Table 2: Upgrades in the lathe during the industrial revolution (Fryer, D. M. and Marshal, J.

O L I ) SRS 7
Table 3: Cutting force in orthogonal cutting with different cutting speeds (Saeed Azimi, 2012)
.................................................................................................................................................... 9
Table 4: Previous work about fOrce MeasuremMent ...........ccevererereneseseseeee e 13
Table 5: Previous work about cutting force measurement............ccocvecvveeveeceseesesieeseeseenens 13
Table 6: The seven stages of the rational methods design (Nigel Cross, 2008) ..........cccceeeuee 18
Table 7: Clarifying objectives steps (Nigel Cross, 2008) .........ooeeviereereenieniineesiesee e 19
Table 8: Function analysis steps (Nigel Cross, 2008) ........cccveveeeereeieeseeseeeeseeseeseeseesseseens 20
Table 9: Parameters and values for the analytical calculation ...........cccccevvvcenieevecceveecieene 32
Table 10: Validation measure devicestable...........oooiiiiiiiiniicee e 36
Table 11: Normalised steel AISI 4340 PropPertieS........ccoveerereereereeieesee e sree e 39
Table 12: Detail of tightening torques for iso metric thread table (Dutch Industrial Fasteners,

1240 S 40
Table 13: Required characteristics and properties of the measure device...........ccccceveeienne 51
Table 14: Comparison between requirements, C9B and CLP characteristics........cccocvvenenneen. 53
Table 15: Tangential forces only SIMUIGLIONS .........cccueceieerieeieseese e 60
Table 16: Tangential and constant axial forces SIMUIatioNnS .........cccceceveereeceseesie e 60
Table 17: Tangential and axial variable forces SImulations............ccccceveenerieneenenie e 61
Table 18 Results from the simulation group number 1, using only tangential force............... 63

Table 19: Results from the simulation group number 2, using tangential and constant axial

Table 20: Results from the simulation group number 3, using tangential and axial force....... 64

VIl

——
 —



DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES UNIVERSITY
OF SKOVDE

Preface

This thesis work is submitted by Gerardo Martinez Cabrera and Rafael Cuevas Meléndez to
the University of Skdvde as a Bachelor Degree Project within Mechanical Engineering at the
School of Technology and Society. We certified that all the material in this Bachelor Degree

Project is our own work and the parts which are not, have been identified.

Gerardo Martinez Cabrera Rafael Cuevas Meléndez

During this thesis, we have collaborated with Goran Ljustina and Saeed Azimi who went to
SoOvde to present us their previous thesis and researches. They provided us the information
needed to start the thesis. Also, we have been collaborated with Johan Ottoson who gives us
feedback about the direction and the objectives of the thesis.

This thesis has provided us the opportunity to improve our skillsin many different fields. We
have become familiar with the use of 3D modelling software such as SolidWorks or Creo
Element/Pro. We learn about how to design, develop and check a device intended to the
testing. Besides, during the writing of this thesis we have improved our technical English.

VIl

——
 —



DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES UNIVERSITY
OF SKOVDE

Acknowledgments

We would like express our special gratitude to Johan Ottosson for let us to work with him and
participate in this experience and to Anders Biel for supervising this thesis and help us with
his advices and corrections. Thanks to Goran Ljustina and Saeed Azimi to come to Skévde to

show their work to us. Also we want to thanks to the University of Skévde for its helps.

Our thanks and appreciations also go to our Xenia Erasmus colleagues, who have willingly
helped me out with their abilities and who have been essential support during this time.
Soecially, we want to acknowledge to Ricardo Gonzalez-Carrascosa (Richi) and Imanol
Mugarza (Manué) for helping us during many evenings. Besides, we want to thank the people
from the third floor whose good humour and encouragement helped us to finish this thesis.

Thank you so much.

Gerardo Martinez Cabrera: A mispadresy mi hermana, gracias por todo. A Paula.

Rafael Cuevas Méeléndez: A mis padresy mis hermanos.







DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES UNIVERSITY

OF SKOVDE

1. INTRODUCTION

1.1 Background

Cutting processing is required for most machining processes. The lathe machine, one of the
most important cutting machines, is used to manufacturing revolution pieces like shafts,

pistons heads, axis, gun barrels, cue sticks, table legs, components of other machines, etc.

Machining processes have evolved to enable to manufacture items faster. Nowadays, there are
machines are able to manufacture items faster than it is actually done. This occurs because the
materials cannot be machined at any speed. With high machining speed, the surface integrity

of the work piece and the tool can be damaged.

As it can be seen in figure 1, there are a lot of factors that affect to the final result of the

cutting process and the integrity of the tools and the relationship between these factors.

¥ T ] 1 i
Workpiece Material ii CBN Content Cutting Level [ Machine Tool Rigidity |
Low ; High Roughress | SemiFrnak | Finak
A .E Comric 5 Mhstallic
Workplece Hardness @ = cmeenreresnadiansnneianaas Tool Vibration |
i :E ¥ - Binder Material
e b Depth of Cut
& X
- 4= T
=1
Bg U Tool Geometry
= E Sharp | Honed | Chamsiersd | Hal ——I Cutting Speed l—
=
1
| Rake Angle [ l Feed Rate I
SURFACE ROUGHNESS
y _TOOL WEAR
= =S . - i .
v SURFACE INTEGAITY
! b - CUTTING TEMPERATURE
Y \
Cutting Forces [ ———
.......... :ng Cutting Temp e Tool Chipping
Cutting | Thast | Radial —_
Y !
Surface Integrity e

Figure 1: Flowchart illustrating the rel ationships of factors in the cutting process. (Tugrul Ozel, Tsu-Kong Hsu & Erol Zeren,
2005)
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Although there are alot of different factors that affect the cutting process, the industry cannot
modify al of them to improve the cutting process. Some factors like work piece material
cannot be change because the item to manufacture has to be made of a specific material
according to its future use. According to figure number 1, the critical parametersin the cutting
processing are the cutting force and the cutting speed. The cutting speed affects tool
vibrations and cutting temperature, and these parameters along with the force are the main

factors that cause wear on the tool.

Ideally, material should be cut as quickly as possible avoiding the material or the tool being
damaged. The speed is critical because higher speed means more production per hour, but
also means higher cutting forces which may cause the breakage of the tool.

In the industry, sometimes the productivity is increased despite increase the amount of money
spent on replacing broken tools. It is necessary to achieve equilibrium between these two
factors and achieve the maximum production with the minimum cost. Therefore, the objective
of the companies consists in improving the relationship between force and speed to obtain

more desirable results in the surface integrity and increase the lifetime of the tool.

Nowadays there are tables with recommended cutting speeds for each type of materia. In
theory, any material hasits own ideal cutting speed, which produces acceptable cutting forces
in the tool blade and an acceptable surface finish. Table 1 shows the recommended speeds for

different types of mechanized.

Table 1: Recommended cutting speed for different materials. (Christopher J. McCauley, 2000)

Hard- Cutting Speed, fpm HSS
ness Matenal
Material HB* | Condition | Tuming | Milling | Drilling | Reaming

Gray Cast Iron
ASTM Class 20 120-150 A 120 100 100 65
ASTM Class 25 160-200 AC 90 0 90 60
ASTM Class 30, 35, and 40 190-220 AC 80 70 80 55
ASTM Class 45 and 50 220-260 AC 60 50 60 40
ASTM Class 55 and 60 250-320 | AC,HT 35 30 30 20
ASTM Type 1, 1b, 5 (N1 Resist) 100-215 AC 70 50 50 30
ASTM Type 2, 3, 6 (Ni Resist) 120-175 AC 65 40 40 25
ASTM Type 2b, 4 (Ni Resist) 150.250 AC 50 30 30 20

Malleable Iron
(Fermtic), 32510, 35018 110-160 MHT 130 110 110 75
(Pearlitic), 40010, 43010, 45006, 160-200 | MHT 95 80 80 55
45008, 48005, 50005 200-240 | MHT 75 65 70 45
(Martensitic), 53004, 60003, 60004 | 200-255 [ MHT 70 55 55 35
{Manensitic), 70002, 70003 220-260 MHT 60 50 50 30
(Martensitic), 30002 240-280 MHT 50 45 45 30
(Manensitic), 90001 250-320 MHT 30 25 25 15
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The redity is that the same material could have different grain distributions. The
microstructure of materials has a strong influence in physical properties such as strength,
ductility, wear resistance, hardness, etc. (Vander V., George F, 2004)

Therefore, in the cutting process may appear different relationship between cutting speed and
forcein the blade if the items have different microstructure, even if the material of these items
is the same. Due to this, each mechanized item have its own optimal cutting speed according
to itsgrain structure. To calculate this speed for a specific item is not enough to know the type

of material, it is necessary to know its grains structure.

Knowing the specific cutting speed, the production can be as faster as possible with the

optimal results and the less cost of breakages of tools.

1.2 Problem

Due to the use of generic cutting speeds for al the items, throughout the year the company
spends millions of SEK in buying new tool blades, since with a cutting speed higher than
recommended, the blade tool wears and breaks often. Such circumstance occurs because
companies want to mechanize all the items as faster as possible, but every specific item has its
own optimal parameters. This amount of money can be decreased if a different optimal
cutting speed for each item is used.

One of the steps to develop this procedure is to understand and to know the relationship
between speed and force. To solve this question it is necessary to develop a procedure to
analyse every item and choose the optimal cutting speed according to a previous
microstructure database.

1.3 Purpose

The company pretends to obtain real-time optimal speed for each piece. Therefore, the
companies aim consists of developing an identification system to analyse the microstructure
of each item and creating a process where the pieces are cut as fast as possible avoiding the

tool to suffer any damage.

——
w
 —
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In order to decrease the number of broken tools and improve the production, the company
plansto carry out the flowchart shown in figure 2.

Analyzein real time Mechanize theitem
the microstructure of Determine the asfast as possible
the item before | optimal cutting speed with the optimal

being mechanized result

Figure 2: Future process flow chart of the company

Chalmers University of Technology has developed atheoretical finite element method (FEM)
model of how the microstructure in the material affects the cutting process (Ljustina G.,
Fagerstrom M. and Larsson R., 2013). From this theoretical model is possible to obtain the
theoretical value of the cutting force according to the cutting speed in cases with different
microstructure. The next step in the company plan is to determine these values experimentally
and verify if the theoretical model is close to the reality. To obtain this relationship between
theory and the reality, the first step is to design and to build a test rig which can obtain real
data from a normal cutting process. The set-up has to be able to measure the desired cutting
force with a known constant cutting speed and depth. Once the experimental relation force-
speed is obtained, it will be compared with the theoretical one and the relation between the
FEM model and the reality will be established.

This paper is about the second step in the company flow chart, “Determine the optimal cutting
speed”. Namely, this thesis is about how to measure the forces in the cutting processing to
determine said optimal cutting speed. With the information about the relation between the
cutting speed and forces, a complete database can be elaborated in the future in order to allow
real-time analysis of the items. The real-time comparison with the database allows to the
industry apply exactly the needed speed for every single item, improving the finish results and
reducing the cost of the tool replacements.

1.4 Goals and limitations

The aim of this project is to develop atest rig for measuring the cutting forces on alathe. For

this purpose, the following main goals will achieve:
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- Design and build the testing device or set-up, and how it is going to be attached to an
already existing lathe.

Study which method to measure the force how is the most suitable.

Only tangential cutting force will be measured although the influence of the
other forces will be analysed.

Develop a set up as simple as possible.

Theinstallation and calibration of the device has to be quickly and easy.
Thetest rig should have only minor influence in the cutting process.

The set-up has to be able to be used in different |athes.

The set-up has to be able to collect the data of the different test to show the
relation between tool speed and cutting force.

- Create and explain the instructions of the entire procedure of testing in order to alow

future research and to complete the database and a rough calibration process.

Cdlibration, installation and instruction manual have to be included

During the design and build of the testing device, it is possible to manufacturing new
components or modify the already exists ones for the final assembly. There are others set-up
and devices enables to measure al the forces in the cutting processing, but this one has to be
as simple as possible and easy to use due it is necessary to measure only one of the cutting
forces. With thistest rig, it is possible to start to do an entire database and to obtain a specific

optimal cutting speed for each item, instead of for each material.

1.5 Literature review

1.5.1 History of the lathe

Lathe is an extremely old machine, dating at least to ancient Egypt. The first appearance of
the lathe machine that is conserved is in the tomb of the Egyptian high priest Petosiris, which
dates from the fourth century BC (Elgdibar museum, 2011). This machine was a two-person
lathe. While one of them turning the work piece, generally made by wood, the other cut

different shapesin the wood with a sharp tool.

——
(6]
 —
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The origin of lathes is the primitive pottery wheels, the first device which made items by
removing material. The first configuration of lathes was similar to the Figure 3 where with a

turning bow and a rope the material was removed.

Figure 3: One of the first configuration of lathes using a wooden bow and arope (University of Malaga, 2011).

The main inconvenience of this kind of machine is the alternation of the cutting, so, this type
of machine was used an abrasive tool. Its use was more similar to a rectification machine than
alathe.

In Middle Ages appears for the first time the pedal and it replaced the hand-operated turning
(University of Malaga, 2011). The main advantage of the use of the pedal is that operators
hands are free because the pedal is activate by the foot. Usually, the pedal was connected to a
pole. This was the first step to make the lathe automatic. Nowadays this kind of lathes is still
used as a cheap tool machine, called spring-pole.

The next notable upgrade in the lathe history was the appearance of the belt drive and rod-
crank mechanism, in the fifteenth century (Aldabaletrucu P., 2002). The movement of these
kinds of lathe machines is transmitted and convert by poles until the work pieces holder of the
lathe. The tool is held directly by the hands of the second operator, using as aguideline arule
or template firmly attached to the frame of the lathe.

The first lathe able to mechanize meta pieces was created during the industrial revolution in
England. During the next century, the heavy lathe was developed. The heavy lathe allows to
the industry serial manufacture with a high precision. The upgrade process during these years
isshown in table 2.

——
(o)}
 —
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Table 2: Upgrades in the lathe during the industria revolution (Fryer, D. M. and Marshall, J. C., 1979)

Year Author Upgrade

1780 JaguesdeVucanson Build the first lathe with a slide tool holder
1797 Henry Mauslay Thetool holder can move with constant speed
1820 Thomas Blanchard Design and build the copy lathe

1840s Therevolver latheisinvented

The configuration of the horizontal lathes appears in the nineteenth century, design by Joseph
Whitworth. The Whitworth’s horizontal lathe had an automatic cross slide tool holder and flat
bench guides allowing it to perform operations such as turning or threading. In 1839 J.G,
Bodmer designs the first vertical lathe (Martin Fernandez, F and Lozano Guardefio M., 2011).

During these ages, the lathe machine start to use water power or steam engines to obtain the
energy transmitted to the lathe by poles, wheels or shafting to move the components. With the

engines, the lathe work was faster, easier and more accurate.

During the nineteenth and mid-twentieth century the first electronic components were
integrated in the lathe together with heavy parts. The electric motors and the gears

transmission systems replaced the steam and water engines and the poles.

In the year 1950, the servomechanism was applied to the lathes. The application of this kind
of components was made by numerical control, which allows using computers to manufacture
items. The Computer Numerical Control machines (CNC) can manufacture items using the
design from a computer in a faster and accurate way. Today, in manufacturing industries,

manually lathes and CNC machines works together (University of Maaga, 2011).

1.5.2 Technological aspect of the lathe

Lathe is a machine tool which mechanized work pieces producing the rotation of the piece on
its axis and removing materia of its surface. The final piece has symmetry about an axis of
rotation. The lathes are used for many different operations such cutting, sanding, drilling,

knurling, etc. and with different material such as wood or metal.
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The function of the lathe is to remove materia from the surface of the piece until the required

geometry is achieved. To accomplish this task, there are two essential movements:

The movement of the work piece, a rotational movement on its main axis produced by
the work piece holder.

The movement of the tool. This movement can be perpendicular to the rotation axis of
the piece to get more depth and parallel to the rotation axis to mechanize along the

work piece.

1.5.3 Metal cutting theory in lathes

During machining on lathes a force in the tool blade appears, named cutting force. This force

Is produced by the different movement of the tool and the work piece. The cutting force

involves many different forces in the tool, all related with the surface finish and the chip

formation. In order to simplify all the reactions, cutting force is divided into three main

componentsin X, Y and Z axis, asit showsin the Figure 4.

Workpiece

\%/
'ﬁ:.__f

Feed Direction

X ¥
Turning tool

Figure 4: Cutting force components, (Geoffrey Boothroyd & Winston A. Knight, 2006)

In the Y axis, the force produced by the advancement of the tool along the main axis
of the work piece, named feed force or axial force.

In the X axis, the force produced by the contact of the blade of the tool against the
piece and perpendicular to it, named radial force.

In the Z axis, the force produced by the cutting blade in the tangential direction of the

piece, named tangential force.
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In this thesis, and according with the specification of the company, only the tangentia force
has to be measured because this is the most characteristic force to compare the empirical
result with their analytical computer model. About the two other components, the smallest
component of the cutting force is the radia force which is amost zero in orthogonal cutting
processes and the feed force are directly related with the feed speed (Saeed Azimi, 2012), so it

is perfectly controllable.

Previous studies performed by Chalmers University of Technology estimated the tangential

force vaue.

Table 3: Cutting force in orthogonal cutting with different cutting speeds (Saeed Azimi, 2012)

Sample No. Cutting Speed (m/min) Cutting force (N) for 2
mm depth of cut

1 150 382.4
2 150 428.7
3 150 468

1 250 367

2 250 3777
3 250 396.6
1 350 364.3
2 350 367.5
3 350 406.6

As is seen in Table 4, the tangential force for 2 mm depth and with different cutting feed
speeds is between 360 N and 470 N. This range will be used to estimate the vaue of the

tangential force during the simulation.

1.5.4 Different parts of the lathe
During this thesis, different parts of the lathe machine are frequently named. This section isto
clarify what are the function of each component and their names. Figure 5 shows the main

parts of anormal lathe.




DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES I'NI\‘FSI'I'Y

OF SKOVDL
Spindle speed
selector =\ (&‘::::dfi S /~ Tool post /~ Carriage
Heodstock  \ ,? K [~ Compound /  Ways
csseb!y o / / / rast / i Tailstock quill
/ '_f /rglfb:s // / r Tailstock assembly

Feed
selector

|
Split - nut \ I Clutch ——
ol 78 |

control Leod screw

L
ILLor\qHucmal s Feed rod
tronsverse feed control

Figure 5: Main parts of the lathe (John W. Sutherland, 2004)

Figure 6 shows a schematic sketch of the parts involves with this thesis. Finally, Figure 7
shows a detail of the tool post zone from alathe placed at University of Skévde workshop.

Figure 6: Detail of the tool post and its components
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- 1-Tool post: Its function is to fix the tool holder to the compound rest of the lathe
which is shown in Figure 5.

- 2 - Tool holder: Provides a base where attach the blade, which can be changed when

an excessive wear appears on said blade to keep using the same tool holder.

- 3 - Fixing screws: Fix the tool holder to the tool post, avoiding possible displacements

caused by the cutting forces over the blade

- 4 -Blade: It isthe most important part of the machine. It can be made with dozens of
different shapes, depending on the type of operation they are destined such as facing,
step turning, boring, grooving, etc. Besides it can be made with different materials
steel, carbide, cermet, ect. according to the standard 1SO 3685 (British standards
institute, 1993) which will affect the duration of the blade, the operation speed or
material to manufacture.

Figure 7: Tool post area from the workshop at University of Skévde

1.5.5 Studies of the cutting process

The historical research related to metal cutting started approximately 70 years after the
appearance of the first machine tool (Finnie, 1956). The first studies in this area were related
with measuring the work required to remove a specific material volume by drilling
(Cocquilhat, 1851). The first researches about the machining in the cutting process and the

main base for future works was a scientific article written by Mallock in 1881 named “The
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action of cutting tools™. This article studies the importance of friction in the relation between
the piece and the tool and identifies the shearing mechanicsin chip formation.

In year 1900 appears the first studies about the behaviour of the cutting forces in the
machining process (Pereira, Juan C. and Romanello, D., 2007). These studies were afirst step
in the process to understand and improve the production. The industry is seriously interested
in obtaining a higher production speed, but they need to guarantee the quality, the cost and the
environmental aspect of the final product. In order to improve it, is necessary to know and

predict al the forces and factors that appear in the entire process.

All the machining process involves large stresses and strains. The formation of the chip and
the consequences of the different forces in pieces and tool are extremely complex (M. C.
Shaw, 1984). Due to the complexity of model inputs and system interaction in the industries
process, the metal cutting process performance is hard to predict. It is necessary to develop
and use model techniques to understand how these facts work and how to improve the process
(Stephenson DA and Agapiou JS, 2006).

The trid-error is a slow and hard process to work with it, so computer and anaytical models
are made. Nowadays the most of the industrial companies use computers models about
machining operations. Important parameters such cutting forces, temperatures, strains and
stresses can be calculated before any cutting is performed in the machine. To demonstrate the
validity of these models, it is necessary to compare it with empirical results. Therefore, the
experimental work is not obsolete since in most cases, a validation of the model is needed and
the only way to provide it is to perform different tests in real conditions to obtain results and

make comparisons (Markopoul os and Angelos P, 2013).

1.5.6 Previous works related with measuring cutting forces

During the development of this thesis, a research is done to find previous theses,
investigations, articles and works about the force measurement. The aim of this research is to
understand how these measurements are done and try to improve it. The results from the
research are classified into two groups: those related with general force measurement and
those related with force measurement in the cutting process. The aim of the first group of
results is to learn about measurement devices. Table 4 shows the title and the authors of the

previous works and which measurement devices were used.
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Table 4: Previous work about force measurement

Title Author (year) M easur ement
device
Force treadmill for measuring vertical and horizontal Rodger Kram .
. Strain gauges
ground reaction forces. et a. (1998)
Medicion de las fuerzas de corte con un dinamémetro _ _
_ o o Godoy J. et al. Piezoelectric
piezo eléctrico durante el taladrado térmico por
(2003) dynamometer

fluencia

Table 5 shows the previous works related with cutting force measurement. The aim of this

second group is to understand how the cutting force has been measured previously.

Table 5: Previous work about cutting force measurement

Title Author (year) M easur ement
device
Experimental study of orthogonal metal cutting o Force
. . . . Saeed Azimi (2012)
on CGI having different micro-constituents. dynamometer
Determinacion experimental de lafuerzade Pereira, Juan C. and
Load cell

corte en operaciones de torneado

Romanello, D. (2007)

The content of the thesis wrote by Godoy J. et a. is about measuring cutting forces with a

piezoelectric dynamometer during the electric thermal drilling and Pereira, Juan C. and

Romanello, D. one is about experimental determination of the cutting force in turning

operations.

1.5.7 Devices to measure forces

In order to determine what measure device will be more appropriate, considering limitations,

characteristics and geometry of the tool, a preliminary study of the most common measuring

methods is done. In this paragraph, the advantages and disadvantages of each device are

13
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evaluated and compared to the others. All of these devices have electric outputs in order to
computerising the results to create a database with the forces appeared during the

experiments.
Strain gauges

The strain gauge is a device used to measure the strain of a piece. Usually, more complex
devices use strain gauges to measure loads. The strain gauges use the physical property of
electrical conductance which depends of conductor geometry. The strain gauge consists in a

metallic thread with a specific shape along afoil.

When the strain gauge is placed in a specific surface by a suitable adhesive and this surface is
deformed, the foil is deformed too and, due to the variation of its elongation, the strain gauges
electrical resistance change. With an electronic data collect it is possible to determine the
difference between the applied current and the output voltage one and know the strain value
and the deformation in the piece (Window, A. L., 1992).

The main advantage of this method is that the dispositive is directly attached to the tool holder
without any modification of the geometry and without adding additional weight. Therefore,
this method does not disturb any value or result of the cutting process since it is just a little
strap attached near the blade that does not interfere with the reactions on it. The principal
disadvantage of the strain gauge is that it is highly dependent of the temperature and other
forces. The strain gauge installation is complex and requires some chemical products such as
adhesives. The attachment requires a meticulous cleaning of piece surface and an extremely

careful placement.

To solve some problems of using one single strain gauge, there is the possibility of use a
combination of them. The best configuration for the measure of force in only one direction is
the Whinstone Bridge, an electrical circuit formed by four strain gauges. These strain gauges
works like electric resistances where the variation of any of the components creates an
electrical disequilibrium which can be measured. The Whinstone Bridge transforms the

change in resistance into a voltage that can be measured.

The colocation of the four strain gauges avoids externa influences which affected to the four

strain gauges at the same time.
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Figure 8: Wheatstone Bridge configuration with power supply and amplifier (Baxter, Larry K., 1997)

Since the four gauges suffer the same variation, the output value will not change. This fact
solves the main disadvantage of the single strain gauge, the temperature influence in the
result. If the four strain gauges are placed with the same direction, the force in this direction
will not influence the data collection, so thisis useful to avoid, for example, the axial forcein

this thesis case.

Figure 9: Full bridge placement for bending measurement (Tron, B, 2004)

The installation is more complicated than only one strain gauge and required precision to

attach them in the right place. A study about the optimal position to placeit is required.
Piezoelectric sensor

The piezoelectricity is the electrical charge accumulated in certain materials which isliberated
when a mechanical stressis applied. These materials are placed inside metallic covers in the
piezoelectric sensors, which recelve a punctua load which deforms the piezoel ectric material.
Thanks to this deformation, the input voltage of the sensor is modified by the piezoelectric
material and the difference between the input and output voltage can be measured. The most
common piezoelectric materials are crystals and certain ceramics (Skoog, Douglas A., Holler,
F. James and Crouch, Stanley R., 2007).
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The sensor based in the piezoelectric phenomenon usually needs an amplifier to increase the
signal and make it readable. The piezoelectric sensors are areally good alternative to measure
quick and small loads (HBM, 2013).

L oad cdll

Theload cell is atransducer used to transform aforce into an electrical signal. Theload cells
are based into strain gauges. This conversion is made during two different stages. In the first
stage, the force create a deformation into a gauges system (usually, a Whinstone bridge),
which transform the deformation into an electric signal in the second stage. Usually, the value
of the signal around few millivolts, therefore, it is necessary to use an amplifier to allow to the
data acquisition to read.

The load cell is aclose system. All the strain gauges and components are correctly placed into
the load cells. This is an important advantage against the use of others components: the
installations are not a precision stage of the assembly. On the other hand, the dimension and
weight of the load cells are an important factor to take into account. It can be disturb the

results of the cutting process or make the assembly impossible.
Displacement laser measurer

The displacement laser sensor is a dispositive design for the measurement where the sensor
and the measured object form the electrodes of an electrica capacitor. When a constant
alternating current flows through them, the amplitude of the AC voltage is proportional to the

distance between the sensor and the measured object (Johann Salzberger, 2012).

Measuring the displacement and knowing the geometry and the properties of the tool holder,
it is possible to calculate the force needed to cause this deformation in the tool.

This kind of dispositive does not have any contact with the element to measure, but it is
hardly influenced by vibrations or movements. The displacement laser sensors are usually
used to measure static distances and in the test rig there is a feeding movement, vibrations and

chips. Besides, the accuracy range of the dispositive maybe is not enough to the test rig.
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1.6 Methods

To design and develop the dispositive required to measure the tangential force during the
cutting process, different engineering design process are follow. The reason is to considerer
al the possible aternatives to design a functional, cheap and easy to use device. The last
design methods are about how to improve the results and how to implement new ideas in the

early design.

After the design stage, the smulation of the different designs has to be done to verify the
stresses and displacements that appear on the device. For these simulations, the computer
software SolidWorkd is used to apply the finite element method, a numerical technique to
calculate the mechanical behaviour of different geometries.

The engineering design processes and the finite element method used during the
implementation in Chapter 2 are one by one described in general form in this section.

1.6.1 Rational methods

Due to the characteristic of the product and its functionality, none creative method is used.
Instead of this, a rational method is used which have similar aims to the creative ones. In the
design of thetest rig, it is used seven methods which constitute a standard step-by-step design
method used during the development of testing devices and numerous others kind of

engineering products. The seven design steps are presented in Table 6.

17

——
 —



DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES UNIVERSETY
OF SKOVDE

Table 6: The seven stages of the rational methods design (Nigel Cross, 2008)

Method Aim
1. TheObjectivetree method Clarifying objectives. Clarify design
objectives and sub-objectives and their
relationships.
2. TheFunction analysis method Establish the function required and its
limitations.
3. The Performance Specification Setting requirement. Make an accurate
method specification of the performance required of

adesign solution.

4. TheQuality Function Deployment  Determine characteristics. Set the targetsto
method be achieved for the product.

5. Themorphological Chart method Generate the complete range of aternative

design solutions.

6. Theweighted objective method Evaluating alternatives. Compare the utility

of alternatives design proposals

7. TheValue Engineering method Improving details. Increase or maintain the
value of aproduct to its purchaser while

reducing its cost to its producer.

Figure 10 shows a close idea about how the seven stages are related between them. All of the
stages are not included in the design of every product, so is possible that some of the steps are
omitted in the design of the devicein thisthesis.
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Figure 10: Relationship between the seven stages of the design (Nigel Cross, 2008)

In the next paragraphs, all the methods steps will be described.
The Objective tree method

Sometimes, when a client or company purpose the development of a product or device there
are not clear design objectives. The flowchart followed to complete the clarifying objective
method is shown in Table 7.

Table 7: Clarifying objectives steps (Nigel Cross, 2008)

Step Procedure

1 Prepare alist of design objectives
2 Order thelist into sets of importance level
3 Show the relationships and connections

between the objectives and sub-objectives

The first step tries to clarify these objectives and classify it according to their importance. To
study these objectives is necessary to write an initial objective list. The list has to contain the

main genera objectives.

Using the objectives list it is possible to elaborate a sub objective list with objectives derived
from the main ones. The new sub objective has to answer simple questions such as “why?’,
"how?” and "what?" (Nigel Cross, 2008). While the sub objective list isdone, it isimportant to
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be clear about the levels of importance. Ordering the list into sets of higher-level and lower-
level objectives in an objective tree, it is possible to see what objectives are necessary to
achieve to complete the main one. The objectives tree shows the relationships and connection
between them, represented by the branches. Perhaps it is not necessary to fulfil al of lower-

level objectivesto achieve all of main ones.
The Function analysis method

The Function analysis method is destined to understand the real functionality of the product
and what the device is supposed to do. The steps to follow during this process are shown in
Table 8.

Table 8: Function analysis steps (Nigel Cross, 2008)

Step Procedure

1 Express the overall function for the design

2 Breakdown the overall function into a set of essential sub functions

3 Draw the interaction between sub functions and clarify them.

4 List the limitations of each function

5 Search for appropriate components to perform the sub functions and their
interactions.

The first step is to decide the overall function of the design in terms of inputs and outputs and
draw a diagram. This diagram will be divided into essential sub functions which are closely
related to the general functionality of the device, so when al of these sub functions are
decided, dl of them have to be connected and related, there should not be no connected sub

functions. Besides, an appropriate component to develop each function has to be search.

During the establishing functions stage, the first components to devel op the product are found
and decided. Besides, it is possible to reconsidered some objectives or sub objectives of the

first stage of the design.
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The Perfor mance Specification method

During the design processes always exists certain limits. Objectives and function defines what
the product need to achieve, but not the limitations to obtain these results. The Performance
Soecification method tries to implement the limitations in the early stage of the design. During
the application of this method, the problem is redefined to apply some limitations such as
dimensions or weight. The limitations in this method should have an appropriate level of
generality in order to allow the designers enough freedom to develop the design (Ulrich, Karl
T. and Eppinger, Steven D., 2000). The level of limitation is chosen by the costumer. These

levels, from the most general down to the least usualy are:

1. Product aternatives. Some new ideas to replace other products or to realise certain

function. Thislevel offersthe highest level of freedom to the designers.
2. Product types. When it is required develop a specific kind of product.

3. Product features. Some specific characteristics are required. The designers have not

completely freedom to redesign an existing product.

Once the level of generaity of the limitations is chosen, the next step is to identify the
requirement according to these limitations. The limitations have to be written as clearly as
possible, e.g. geometries limitations have to be written with values, not with adjectives like

small, not big, etc.
The Quality Function Deployment method

The Quality Function deployment method is greatly related with commercia products. This
stage of the rational methods tries to connect the attributes of the product with the engineering
characteristics. Besides, this method avoid possible conflicts between the marketing, the
design and the engineering members of the develop team (Nigel Cross, 2008). Product
attributes, named during the method, are the characteristics which are not about engineering
aspects. This method is not described, since is not used, because this thesis is about atest rig,

not acommercia product.
The Morphological Chart method and The Weighted Objective method

The objective of these two methods is to generate a more optimal design to obtain more

suitable results and redefine early ideas and concepts. At the same time, the new possible
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designs and aternatives are compared to the actual prototype for the purpose of investigating

how to improveit.

The Morphological Chart method is done when the first design is almost finish. The functions
achieved by the components are listed and the brainstorming method is performed to try to

find aternatives for the components which achieve these objectives.

The Weighted Objective method uses the objectives tree to give to each function,
characteristic or target a numerical value according to its importance in the final product.
Using the results from the Morphological Chart method and whether the aternatives fulfil
determined objectives or not, they receive punctuation. The addition of these values

determines what alternative is considered to be implemented in the design.
The Value Engineering method

The Vaue Engineering method tries to improve the details of the components of the device
one by one. After achieve the Morphological Chart and the Weighted Objective methods
which contribute to generate aternative designs, the Vaue Engineering method focus on the
details of the individua components. This last step completes the product design and
development which will be ready for the manufacture process. The steps of this method are
the followings (Nigel Cross, 2008):

1. List the components of the final design and identify the function served by each
component. The purpose is to be familiar with all the components, how it works and
how the device is assembl ed.

2. Determine the value of the identified function as they are perceived by the costumer.
This step is orientated to the commercial market, so it is not taken into account in this
thesis.

3. Determine the cost of the components.

4. Search how to reduce these costs (try to find any component which can be eliminated,
reduced, simplified, modified or standardized and try to improve their utility,
reliability, safety, maintenance or lifetime).

5. Evaluate adternatives and select the final improvement of the product. Apply the fina
modifications to the product and create the drawings for the manufacture product.
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1.6.2 Finite element method (FEM)

The Finite element method is a numerical technique to find approximate solutions to
problems with certain boundary conditions. FEM is a standard analysing method due to its
suitability for computer implementation which provides the solution of different equations
related with a physical problem on complicated geometries. FEM is based on the division of
the piece into a finite number of small simple regions called elements and the calculation of

the solution of them instead of the solution of the entire work piece.

Figure 11: On the left: CAD model. On the right: Mesh application in the model

The common points shared by two or more elements are named nodes. These nodes are the
location where unknown values (displacement, temperature, etc.) are approximated. The grid
composed of al the finite element of the body is called mesh (Kriz R., 2004). The elements
shape is not predefined, so it can be changed according with the distribution of the nodes and
the geometry of the piece. An example of how the mesh is applied to CAD modelling is
shown in Figure 11. The finite element method calculates the required parameters in the
nodes and the interaction between them. If the number of element is higher, there will be
more nodes and the calculation will be more accurate and closer to the reality. FEM is used to
accomplish numerous different analyses such as static, vibrational, fatigue, heat transfer, etc.

By using the FEM methods and dividing the main piece in subdivisions are obtained some

advantages:
- Accurate representation and anaysis of the each part of bodies with complex

geometry.
- Itiseasy to implement non-linear properties of the materialsin the simulations.
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- Easy representation of the solution and a quick read and comprehension of it.

- A good representation of the local effects and solution.

The finite element method is used in this thesis to observe the possible effects of the loads in

order to select the best geometry of the devices.

1.6.3 Brainstorming

Brainstorming is a method realized in small groups in the very early stages of a project. The
purpose of this method is to obtain a large number of ideas in a limited time with the aim of

sel ecting the more suitable ones among them (Scott Isaksen, 1998).
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2. MPLEMENTATION

In this Chapter, the above mentioned methods and steps are followed to obtain the fina
solution. In order to check the results and to validate the hypotheses and assumptions used,
the solutions will be examined and compared to known data.

2.1 Develop global process

In this section, an overall view about the entire develop process in this thesis is done in order
to clarify al the stages and steps and to justify why it is necessary to accomplish al of them.

As an experimental device, it has to achieve several functions and requirements with specific
characteristics as it is shown in Chapter 1.4. Besides, if it is possible, the device has to
provide the possibility to be used in different lathe machines and the design has to be as
simple and functiona as possible providing that the results are accurate enough. In order to
decide how to design it, a short evaluation of the most common measure elements is
accomplished, taking into account their advantages and disadvantages. To measure the cutting
force, not only measure force transducer will be evaluated. Other magnitudes will be

considered such as displacement, strain, stress or load.

The first step is to distinguish the different components of the cutting force and to
comprehend which one is necessary to measure. It is necessary to understand the relation
between these forces, their magnitudes and their directions, which is described in Chapter
153

Once the force to be measured is determined (the tangential force), the next step is about how
to measure it. To accomplish the first steps of the design, this thesis apply the seven stages of
the rational methods design, described in the Chapter 1.6.

To decide how to measure the force, it is important to take into account the magnitude of the
force and reactions in the tool. Therefore, a FEM analysis will be performed to obtain these
reactions before deciding how to measure the force. This is done to ensure the usage of

measurement components with enough range to measure the data.

After the first results of the FEM analysis, if the direct measure is not possible it will be
necessary to change the geometry of the original tool holder or add new components. It is

important to reanalyse the entire tool when geometry or stiffness of one component is
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changed because these updates must not modify the final cut on the work piece excessively.
These steps and how to follow them are written in the section 2.6 Design flowchart.

To decide the final design of the device, a design method will be used, in which will be taken

into account the requirements and characteristics desired.

If the dispositive designed is able to measure the force accurately enough without excessive
cutting results modifications according to anaysis, the drawings can be done. The design
should have as few pieces as possible to make it easier to assembly and avoid imprecision of

the measurement due to friction between components.

The objective of the device is to save the datain a computer and obtain the graph of the force
in the cutting process, so the electronic components to achieve this objective have to be
analysed. According to the measuring method selected, the electronic components to collect
the data will be installed. Once the design is finished, the company will manufacture the

different parts of the device and will assembly them.

When the different components of the test rig will be assembled, it will be necessary to start
the rough calibration stage. Using known loads the relation between the data collected by the
device is related with the real value of the loads. The dispositive will be ready to be used and
collect all the data.

At this point, the device will be attached to a lathe machine to mechanize a work piece with a
cut with a specific depth and speed in order to collect the data by computer. The obtained
results will be compared with those obtained in previous similar works. If the results acquired
are close to the estimated the design could be considered satisfactory.

Finally, an instruction manual will be written with al the specifications and steps about how

to assembly, how to connect all the components and how to calibrate the system.
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2.2 Clarifying objectives

According to the rational method described in the Chapter 1.6.1, the first step for the design

process is to elaborate an objective tree using the Objective tree method. The objective treeis

subdivided in two importance levels. The objective of the thesisis to fulfil the level one. If all

the objectives of level two are achieved, the objective of the level one is completed, but it is

possible to accomplish the objective of the level one without fulfilling the objectives of the

previous level.
Small number of elements
> Simple -
Do not use complex geometries
Few elements between force and sensor
> Accurate ~E
Find easily measurable properties
> Redesign parts of an existing machine
Testrigfor | N Design the device to can be used in different lathes
cutting N Cheap |
measurement S Use already existing component whenever possible
> Use cheap measure methods
> No complex assembly
>| Easytouse Use measurement methods with easy installation
51 Design a portable device that only required assembly
once

Figure 12: Objective tree for the design of the test rig for measure cutting forces

Figure 12 shows the objective tree with the main four objectives. These main objectives are

explained below:

Simple: The device has to be simple in order to make easier the manufacturing

and the assembly. Besides, if the device has a small number of components,

the results will be more accurate because there will be less possible

displacements and the value of the force to be measured will be not distorted

due to the contact between mechanical components.

——
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Accurate: The objective of the thesis is to develop a test rig. Therefore, the
most important part is how accurate is the device. The results have to be as
closer to the reality as possible in other to obtain real values which allow the
following studies of the company. Also, the obtaining of the data must not

interfere with the normal cutting process.

Cheap: If it is possible, a complete machine will not be design. It is cheaper
and more favourable to fulfil the other objectives if only a part of the main
machine is designed. The device has to be used in different lathes in an easy

way, so the attachment method will be a standard one.

Easy to use/calibrate: Besides being simple and inexpensive, the device has to

be quick and easy to use. The operators do not have to spend much time in
calibrating, configure, install or learn how to use the test rig. The calibration
hasto be reliable and simple.

All of these main objectives are much related between them. Therefore, al of them have to be

achieved to complete de design process satisfactorily.

2.3 Establishing functions and determining characteristics

Following the rational method process described in the Chapter 1.6.1, the next step is to
establish functions and apply the Function anaysis method. In Figure 13 is possible to
observe the inputs and outputs of the device which represents the overall function of it. It is
possible to perform a division of the main function into sub-functions which have to be
accomplished by different components. The sub-divisions and the components destined to
execute each function are represented as a flowchart to improve its reading and

understanding.
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Cutting Process

Inputs
|

Measure the force Collect the data

(Measure methods) [ (Data collector)

Transfer the datato Obtain graphical

the computer representation of the data
(Data collector) (Computer software) _‘

Forcesin the eutting process Outputs

Figure 13: Function flowchart of each component of the cutting testing

According to the diagram, the main components that it is necessary to use are the force
measurement component and the data collector. The data collector depends of the choice of
how to measure the force, so the election of the measurement device will be the first
assignment. Besides, if it is required by the measurement device, it will be necessary to add

an amplifier in order to increase the output signal and allow the data collector to measure it.

About the Quality Function Deployment method, intended for determined characteristics, due
to the test rig is not a commercial device; some aspects are not taken into account such as
aesthetical aspect or the competition companies’ products. The possible customers are not
interested in attributes or characteristics which are not related to the functionality or
engineering aspects of the dispositive. There are no commercia products that achieve the
entire requirement needed. Therefore, a market research is not useful further than the measure

device selection.

2.4 Setting requirement

The requirements during the design process are not well defined, so the Performance
Soecification method is not fully applied. Previoudy to realise the first FEM analysis and
according to the objective list, the limitations will be the dimensions of the standard tool post.

If the original tool does not achieve the requirement, the tool post will be design. Due to the

29

——
 —



DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES I NI\’i:I‘iI'I'Y
OF SKOVDE

product is atest rig, it is possible to develop any design if the device performs the required
functions and fulfils the objectives. Therefore, the level of the project is product alternatives:
it is possible to develop any design with complete freedom. To understand how the

reguirement changes during the design, it is possible to see the design flowchart in Figure 19.

2.5 Tool analysis

To choose a device to measure the forces in the tool it is necessary to calculate the magnitude
of these forces and where they appears. A preliminary FEM analysis of the standard tool is
done. The objective of this analysis is help to determine how the force is measured. The
dimension and geometry of a standard tool holder and blade of a lathe are taken from the
equipment placed at University of Skdvde asit is shown in Figure 14.

Figure 14: Tool post from the workshop at University of Skdvde.
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The dimensions from the standard tool post are used to elaborate sketches. Using the

computer software SolidWorks, the sketches are modelled and a 3D model of the standard tool

post is created. The complete drawings of the standard tool post can be seen in the Appendix

2. A detail of the drawing of the original tool post can be seen in Figure 15. With thismodel is

possible to do the first simulations in order to decide which measure element will be used.

2

-

10 50

Figure 15: Original tool post dimensions

P

Using the obtained dimensions, the 3D model is realised using the computer software

SolidWorks. To execute the FEM analysis, it is necessary to estimate a tangential force to

allow the representation of the stresses and displacement.

The value of selected force for the analysis is 500 N. This value is higher than the

experimental values obtained in previous works which is shown in Chapter 1.5.3 with the aim

of avoid possible unexpected results during the real test and design a safer model.

2.5.1 Analytical analysis

To check the results of the simulations, asimple analytical analysisis done. The problemis

defined as a clamped-free beam. The geometry is shown in Figure 16.

——
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Figure 16: Clamped-free beam diagram (Sundstrém, Bengt, 2010)

Where L is the length of the beam, P is the estimated load, p is the deformation. The value of
each parameter is shown in Table 9.

Table 9: Parameters and values for the analytical calculation

Parameter Value

20 mm

25 mm

25 mm

625 .
500 N

205 GPa
32552 ... .
= 0.32

G 78 GPa

"W m o >» S o

The value of L correspond to the distance between the end of the tool post and the blade,
namely, only the floating section of the tool holder, b and h are the width and height
respectively, E isthe Young Modulus, | the inertia of the cross section, v is the Poisson’s ratio
and G is the shear modulus.

The deformation is calculated taken into account the deformation energy due to shear stress
(first term) and bending stresses (second term). (Hibbeler, R. C & Fan, S. C, 2005)

)d 6.1_’. \l lJI,IJClCl, Iw. W
=cCPL PI? (D)
=

GA 3E1

By the use of values presented in Table 9, equation (1) providesaresult of p = 0.45 pm.
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2.5.2 FEM analysis

To perform the FEM analysis, the software SolidWorks is used. SolidWorks is a Computer
Aided Design program for mechanical modelling developed by SolidWorks Corp, a subsidiary
of Dassault Systémes (Suresnes, France). This is a quite intuitive software that allow the
designer to transfer to the computer briefly sketches or ideas in order to model a piece or
assembly and essay different dimensions or operations and then extract detailed drawings or

some other possible necessary information such as mass or inertia.

SolidWorks Smulation is a tool totally integrated in SolidWork which permits to execute a
Finite Element Method (FEM) analysis of the piece or assembly.

In this first analysis, there are no radia or feed forces because the objective is to determine
the influence of the tangential force in the tool holder. The solver mode selected is FFEPIus, a
faster solver mode for problems with degrees of freedom over 100.000 (SolidwWorks Corp.,
2012). The the stopping threshold value usedis 1 - 1078,

About the boundary conditions, the contact part of the tool post with the lathe is fixed and the
friction between the components is not taken into consideration during the ssmulation. The
size of the mesh used in these simulations is 3 mm. Figure 17 shows strain in the tool holder

produced by the estimate tangential cutting force.

ESTRN
3.000e-005
IJ?M
L 25000005
. 2.2500-005
. 20008-005
. 1.7508-005
L 1.5008-005
| 1.2508-005
| 1.0008-005

L 7 .500e-005

£ 000005
2.500e-006
1.119e-010

Figure 17: Calculated strainsin the original tool holder

The maximum strain in the model appears in the blade zone, and the value is about 0.03 1.
Besides, in the zone where is supposed that the strain gauges has to be placed, the strainis
0.02 p. Thisisjust an approximation due to the simplifications and considerations explained

at the end of this section.
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URES {micron)

Figure 18: Displacement analysis in the original tool holder

The maximum value of the displacement obtained in the smulation is about 3.7 pm located in
the extreme of the tool asit is shown in Figure 18. The difference between the anal ytical
solution and the simulation is around 3.25 pum. As expected, the value of the displacement in
the FEM analysisis higher than the analytical one. Thisis because the lower part of the tool
post is not arigid body and FEM analysis takes into account this displacement too. One
interesting point to measure the displacement is under the first fixing screw to determine if it

is possible to use a piezoelectric force washer. The displacement is this point is 0.67 pm.

The displacement and the strain values are too small to be measured with normal
measurement devices. Therefore, redesign the geometry of some parts will be necessary to

enabl e the measurement of some parameter of the cutting process.

The FE-model used has some restriction. In the simulation, the screws are just holding the
tool holder. In the real montage, these screws are exerting an additional unknown load which
issimplified. Also, the blade isjust a rough model with a simplified shape and using the same
material than the tool post. Besides, comparing Figure 14 and Figure 17 it is possible to
observe that the geometry of the tool holder is ssimplified too.

These ssimplifications could affect to the values of the simulation, therefore these results are
only approximations. Comparing the results of the analytical calculations and the FE-analysis
and taking into account the limitation and simplifications of each method, the results are
enough similar to be used in the measurement device studies.
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2.6 Design flow chart

Once the preliminary FEM analysis is done, the diagram of the Figure 19 is followed. This
diagram is designed to find the best option to measure the cutting force with the lowest impact

in the cutting process.

Study of the different measurement methods
1 Simulation
\ 4
Isit possible to measure the force directly?
A 4 I v
Yes No
v [
»] Itisnecessary tore-design the geometry
i 1 Simulation

Does the design satisfy the objectives

|
A 4 v

—1 No Yes
|

v
Does the new geometry affects excessively to cutting

I
v v

—1 Yes No
|

v
Are the stresses between the componentsto high?

|
2 \ 4

—1 Yes No
|

v
I sthere any possible improvement?

I sthere any possible new design?

Reduce the stresses

Do the results more accurate
Reduce the cost of the device

Make easier the calibration process

\ 4
The design stageisfinished

Figure 19: Design flowchart of the cutting forces measure device
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If any measurement device is able to collect the data from the original tool, the design will be
finished. Generally, the components of this kind of tools are designed to avoid deformation or
bending as much as possible. The geometries and the materials of the components are
specially selected for this purpose. So, it is probable that no measure method could collect the
data directly from the tool. Therefore, a redesign of the geometry is needed.

Theideaisto add or to change the least number of components as possible. If the design does
not achieve the results required, new modifications will be done. Later, the relationship
between the new and old components has to be studied with the purpose of detect the possible

breakage of the components.

At the end of the design process, are-evaluation of the results is done to obtain new solutions

or implement any new ideain thefina design.

2.7 Study measuring methods and devices

With the advantages and disadvantages of the measure devices study done in Chapter 1.5.7
and the FEM analysis done in the previous paragraph, it is possible to start the selection of the
measuring device. With the FEM data is possible to determine if the measuring devices have

enough resolution to obtain reliable and close to the reality data.

According to the FEM analysisin Figure 17 and Figure 18, using the original tool holder, the
value of the strain in the most critical part is 0.03 p and the value of the displacement is 3.7

pum. A validation of the measurement devices table is shown below.

Table 10: Validation measure devices table

Measure device Value to measure | Min. resolution Is it suitable?

Strain Gauges 0.0005 No

Strain measurement 0.03
Multiple S. Gauges 0.0005 No
Displacement measurement Laser measurer 3.7 um 0.1 um No
Load cells - - No

Load measurement

Piezoelectric sensor = - No

For the use of strain gauges and multiple strain gauges, and in accordance with the
measurement device distribution company HBM, the most accurate amplifier in its class has

an accuracy class of 0.0005. For this test, it is necessary to use an amplifier at least ten times
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more accurate. It isimpossible to obtain any data from the test rig with this resolution. To use
strain gauges, it is necessary to create a higher stress at the point where the strain gauges will
be placed.

In case of load cells, it is necessary to take into account its dimensions and its resolution at the
same time. The problem with the load cells in that there is not enough displacement to causes
a deformation of the internal components of it. Therefore, the load cell cannot measure the
force. The miniature high resolution load cells have a nominal rated displacement around 0.1
mm. The load cell requires a minimum displacement in the measure zone to cause
deformation in its strain gauges and measure the load. The enormous difference between the
maximum displacement of the tool and the minimum displacement required by the load cell to
be able of measuring the force makes impossible to useiit.

The high resolution displacement laser measurer HL-C201F(-MK) by the company Panasonic
has enough accuracy to measure the displacement required, but this equipment is used to
static measures. The movement in the tool plus the vibrations during the cutting process
would disturb the results excessively. The cutting processes are not the optimal conditions to
measure with this kind of dispositive. The high resolution displacement laser measurer are
design to operate in static and clean environments and the cutting process produces a large
amount of chips and liquid residues from the lubrication of the work piece. Besides the cost of
high precision laser measures are much higher than the cost of other devices (Digi-Key
corporation, 2013).

The piezoel ectric sensors have similar problems that the load cells. To useit, a support or
special geometry to place it is needed and the amost inexistent displacement causes that the
measurement will be not accuracy. According with the section 2.5.2, the place where the

piezoel ectric should be placed has a displacement of 0.67 pm.

Due to the results obtained in this section, the original geometry has to be modified to
increase the value of the displacement or strain to alow the measurement to any device. To
the design of this new geometry, it is necessary to select one measuring device and modify the
geometry according to its characteristics. Considering the advantages and disadvantages
described in the Measuring devices Chapter (on Literature review Chapter) the measurement
devices selected are the load cell and the piezoelectric sensor because of the following

reasons.
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The load cell is a device with strain gauges inside and piezoelectric sensor are based
on the piezoe ectric phenomenon, so both have high resolution and precision.

The assembly of the load cell with the device is done only by three screws. The
piezoelectric do not need any screws.

The calibration is faster and ssmple than in the other devices.

It is not affected by temperature.

Generally have ahigh IP protection degree

These measure devices have along lifetime.

Load cells do not have an excessive cost.

Piezod ectric has reduced dimensions.

The IP Code (Ingress Protection Rating) is a standard code use to classify the components
according to their protection against the intrusion of solid object (first number) and water
(second number).The higher will be these numbers, more protection against residues will have
the component (Maxim integrated, 2007). During the cutting process, the chip formation
could affect to the sensor, so it isa point to take into account.

The design of the new geometry is done to stimulate the measurement of the loads with aload
cell or with a piezoelectric sensor. So it will be necessary to select one according with the
requirements (see Chapter 2.9)

2.8 Design of components

Once the measuring device is selected, the design of the new geometry has to facilitate the
data collection and the normal working of the lathe during the cutting process. The load cells
measure compressive and tensile loads perpendicular to it. To transfer the load a
brainstorming is done to evaluate the aternatives and possibilities. The ideas and concepts
generate by the brainstorming can be divided into three groups:

Add new elements to create new reactions which are measurable with aload cell.
Perform large modifications to the geometry of any component to cause high strain.

Developing new components trying to combine the two previous ideas.
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In this section, first of al, the materia of the new components and the maximum stress and
momentum allowable by the fixing screws are calculated. Later, the three groups and their

ideas will be studied and simulated one by one to find the optimal one.

2.8.1 Choosing material

In order to ssimplify and facilitate the machining process, every element designed specifically
for this project will be made with the same material (Normalized steel AISI 4340) extracted
from SolidWorks library (SolidWorks Corp., 2012). Although any other commercial steel with
a maximum allowable yield stress over 470 MPa could be suitable. The Normalized steel
AIlSI 4340 is used for every element in FEM simulations and its properties are detailed on
Table 11. Even commercial elements such as screw have been supposed to be made of this
material, since its properties are not too different from 10.9 quality steel and these elements
are over dimensioned for the existing forces in the simulation.

Table 11: Normalised steel AISI 4340 properties

Property Value Units
Elastic Modulus 205000 MPa
Poisson'sratio 0.32 N/D
Shear modulus 80000 MPa
Density 7850 Kgls.,
Ultimate tensile stress 1110 MPa
Ultimate compressive stress 1110 MPa
Max. Allowable Yield stress 710 MPa
Thermal expansion coefficient 1.23-10 /K
Thermal conductivity 44.5 W/(mK)
Heat capacity 475 J/(kg K)

The simulation of the final design using this material results in a safety factor of 1.5 in order
to guarantee the safety of the device.

2.8.2 Maximum allowable stress by fixing screws

To perform the computer simulation with al the existent forces, the maximum allowable
montage force and the tightening torques by the fixing screws are calculated. The selected
fixing screws have a standardised nominal diameter of M10 and a quality 10.9. Although not
all commercia tools fix use the same screws, the maximum value of these parameters are
acceptable by most of them.
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The objective of this section is to calculate approximate values in order to known real values
to perform the simulation more accurate and closer to the reality.

Table 12: Detail of tightening torques for iso metric thread table (Dutch Industrial Fasteners, 2007)

Standardized | Maximum tightening torques corresgonding to B5% of the bolt yield strength, for a friction coefficient
bolts Mu = 0,15 (coeff. K = efficiency coefficient: 0,20). Computations based on FDE 25030 standard.
.MBi;T;;:féﬂ Lr

Nomi 4.6 4.8 56 5.8 9.8 10.9 129

nal Pitch Rm: 400N/ mm? Rm: 400N/ mm® Rm: 500M{ mm?® Rm: 500N mm? Rm: 900N/ mm? Rm: 1 000N mm® Rm:1200M/mm?

@ Ra: 240N/ mm? Ra: 340N/ mm? : Re: 300N mm? Ra: 420N/ mm? Re: 720N/ mm“ Re: 940N/ mm? Re: 11400N/mm?

N | o | e | R e | TR | N | R | e | RS | e | Fomaxn | S| Fomaxin

Mé 1 37 3113 52 4410 4.6 3891 6.4 5448 11 9028 14.3 12194 16.7 14269

M8 1.25 92 5716 13 8097 115 7145 16.1 10003 275 17142 359 22388 42 26198
M10 1.5 18.2 9103 25.7 12896 27 11379 31.8 15830 55 27307 71 35655 83 41724
Mi2 1.75 314 13725 44 .4 15806 392 16584 549 2323 94 39827 123 51885 144 B0845
M14 2 50 18231 71 25828 63 22789 88 31805 150 54559 196 71408 229 B3563
M16 2 78 25108 110.8 35569 98 31385 137 43939 235 75408 307 98340 358 115079
M18 25 107 30499 152 43207 134 38123 188 53373 323 91342 420 118454 492 130787

Table 12 shows the estimated maximum tightening torques corresponding to 85% of the bolt
yield strength, using a friction coefficient of 0.15 and an efficiency coefficient of 0.20. The
maximum values for the selected screw are 71 Nm and 35 kN.

With these two values, it is possible to know the limits for the fixing screws during the

simulation and the real assembly of the device.

2.8.3 Add new elements to create new reactions

Since one of the most important objectives is to develop a simple device, the concepts with
complex geometries are discarded. The need to transmit the load from the blade to the
measurement point is resolved taken advantage of the lever law, a simple physical principle
that relates loads with distance and displacement. Using a hinge or pivot (called fulcrum) it is
possible to transfer the load and displacement in one specific point to other.

Therefore, the first idea is about to add a support point to the tool holder, manufacturing a
little notch on it to avoid the slide between them and generate enough displacement to be
measured by using load cells. On the other hand, to create this displacement, it will be
necessary to cause a displacement of the blade, although is lower than in the sensor. This
displacement will modify the cutting process result. So, when the final design will be
finished, the displacement of the blade will be studied in order to decide if it is acceptable or
not. This support point would be added near to the blade zone.

The main problem with this idea is about how to fix the tool holder to the tool post in the
pivot point. To solveit, the pivot is built just under one of the original fixing screws. The tool
holder is practically clamped at the ending by the load cell which is preloaded by the original
screw that held the tool holder on the tool post. It is supposed that the load cell is fixed to this

( 1
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screw, but how to fix them is not decided. Due to this “clamped” the tool holder will pivot
just the distance alowed by the displacement of the sensor. The operation of the design

concept is shown in Figure 20.

Force by the cutting process Reaction on the load cell

=== //J ‘ d;
T | B S
N 1 _._____——ﬂ_‘_
—
s
[=
Ll Lz

Figure 20: Free body diagram of the tool holder

An anaytical calculation is done to estimate the possible results applying the lever law. The
value of L, is 25 mm and the value of L, is 125 mm. Since the diameter of the sensor is 20
mm, the vaiue of L, is reduced to 115 mm. The value force F; is the same as previous
chapters, 500 N.

Balancing momentums and forces, the result of the force in the load cell is approximately
87N. This is a measurable value for the piezoelectric sensor and the load cell. Besides, this
value will be increased with the preload exerted by the fixing screws between 5000 and 15000
N. It will be necessary a FEM analysis to determine if the load transmitted to the sensor will
be enough since this analytical result do not take into account the deformation of the tool
holder.

The values d; and d, are the displacement of the lever. Using trigonometric functions and
estimating a value for the displacement of the blade, it is possible to calculate the relation
between the displacement in the right and in the left zone. The displacement needed by the
sensor to measure aload is 3.5 pum according with the CLP datasheet (see Appendix Chapter).
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The equation 2 is applied to check if the displacement produced will be high enough. The
sensor CLP is selected in Chapter 2.9.

at = a )
L1 L2
35u,,
= . +10s 3
at =115+ 103,20 = Mm 3)
o060

According with these calculations, the blade will be displaced 0.60 um to cause a measurable
displacement in the sensor, plus the original displacement calculated in Chapter 2.5. The total
displacement of the blade in the standard tool calculated analytically is 0.90 um. According to
the tolerance table 22 of the British standard SO 286-2 (British standards institute, 2008) the
minimum tolerance manufactured for the pieces with higher accuracy is 0.80 um, so thisvalue

is acceptable for perform test analysis with the device.

The simulation of this concept is done with the previous conditions. The FFEPIus solver is
used. To estimate the forces applied by the screw, the maximum force supported by the screw
is calculated in Chapter 2.8.2. The first fixing screw has an estimated load of 5000 N and the
sensor fixing screw has a load of 7500. About the boundary conditions applied to the
simulation, the tool post is completely fixed in the back zone and the tool holder is fixed by
two of the three fixing screws in order to do not disturb the rotation of the tool holder. The
size of the mesh is 3 mm. The number of elements is 263587 and the number of nodes is
388707.

von Mizes (Ninm"2 (MPa))
5.000
l 4533
L 4167
. 3750
. 3333
L 28T
m 2800
L 2083
L 1687

L 1250

0833
o7
0.000

Figure 21: Stressesin the rotational design
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Asitisshown in Figure 21, there is a stress concentration in the clamped zone. The grip
exerted by the screw and the support difficult the transmission of the load and displacement to

the load cell. The area of the screw istoo large to allow the movement around the pivot.
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Figure 22: Displacementsin the tool post and load cell

Figure 22 shows the displacements in the tool post and in the load cell. The tool holder is

missed in the results representation of the figure in order to clarify the results.

If the tool holder is completely fixed, the rotation along the pivot is restricted. Because of this
restriction, and in obedience with the simulations shows in Figure 22, the generate

displacement in the load cell is not enough to be measured.

2.8.4 Perform large modifications to the geometry

The second derivate concept group from brainstorming is to modify the geometry and the
stiffness of the tool holder. This concept uses multiple strain gauges instead of load cells, but
it is taken into account due to its possibility to be suitable. If the section of the tool holder is

reduced in one point, the strain generated by the same tangential force will be higher.

A cylindrical hole is done in the tool holder. Removing material from the tool holder, the
deformation in the upper part is higher, where the strain gauges are placed. The design

schemeis shown in Figure 23.
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Force by the cutting process

v Deformed area

Figure 23: Concept about how to generate an extra deformation modifying the tool holder

The location of the hole has to be near to the blade in order to allow bending moment. The
diameter of the hole for the simulation is calculated to causes enough strain to be measured by
the strain gauges. The tool holder is fixed with the three original screws. The strain is seenin
the critical point in order to obtain enough deformation to be measure for the strain gauges. In
Figure 24 can be seen the placement of the hole and the two strain gauges in the upper part of
the tool holder. Due to the circular geometry of the lower part, this method only uses two
strain gauges to measure the strain.

Figure 24: Placement of the strain gauges in the tool holder modification design

A simulation of the concept is done to calculate the strain and displacement. In Figure 25 can
be seen the strain in the tool holder. For the ssmulation only the tool holder is taken into
account. The lower side in contact with the tool post is considered fixed. This simulation is
performed using a mesh size of 2 mm, 97121 nodes and 66606 el ements. The blue colour
represents the minimum strain value measurable for the most accurate (and expensive)
amplifier (HBM, 2013) and the red colour is three times this value, a normal magnitude to be
measured for most of the data collectors in the market.
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Figure 25: Strain concentration in the modified tool holder

The strain generated in the critical zone is enough to be collected, but, it is produced a large
displacement of the blade. This displacement is shown in Figure 26.
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Figure 26: Displacement of the blade in the modified tool holder

The displacement of the blade is ailmost 0.5 mm, a value which can disturb the cutting process
excessively. Moreover, the lifetime of the modified tool holder is considerably lower than the

original because of the repetition of this big displacement during the tests.

2.8.5 Developing new components

This group of ideas is a combination between the ideas from the group one and two and
pretend to obtain a definitive design avoiding the main disadvantages of the others groups. As
in Figure 20, this new design is based in the lever law, but this time a second class lever is
used. Thisis because during the simulations of the previous ideas the variation of the loads in
the sensor was not detected by the computer with sufficient accuracy. To validate the design,
a new anaytical design is done to check if the displace of the blade is acceptable. The free
body diagram is shown in Figure 27.

45

——
 —



DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES UNIVERSITY
OF SKOVDE

d, l d, T !

TR;n
I
I

Figure 27: Free body diagram of the second class lever law design
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The value of L, is the distance between the blade and the centre of the sensor (30 mm) and L,
is the distance from this point to the centre of the axis (95 mm). The value force F; is the same
as previous chapters, 500 N. F; is the force in the piezoelectric sensor and R,, the reaction in

the pivot.

About displacement, d, is the vertical displacement at the end of the tool holder and d, is the
vertica displacement of the tool holder in the sensor zone. The maximum normal
displacement of the sensor is 3.5 um, so the displacement of the blade is easily calculated with

the equation number 2 in Chapter 2.8.3 and the new data of Figure 27 (see equation 4).

t b 3 5 I"lm] e data gure

o, 25 4.6p (4)

The result of the equation number 4 is the displacement caused only by the lever. Therefore,
the results it is necessary to add the result of the equation 1 (see 2.5.1) to determine the total

displacement of the blade (produced by the level and by the deformation). Thisvalueis 5 um.

The displacement of the blade is acceptable since is only dlightly higher than the second
minimum available tolerance according to Standard 1SO 286, the IT4-IT11, for pieces which
has to be adjusted perfectly with reduced dimensions (British standards institute, 2008).

Besides, the sensors have and additiona requirement, there is a maximum bending moment
allowable for the sensors. Hence, it is necessary to calculate analyticaly the value of the
bending moment cause by the tangential force. The value of the momentum is calculated in
equation 5.
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C_'LI_ Ll = RECES (5)
Ar = Ftpl

=500-0.03 =15

T N

The maximum bending moment allowable by the piezoel ectric sensor CLP is 35 Nm.

Besides, the load on the tool holder produced by the tangentia force is not completely
aligned, so an additional moment is generated. Using equation number 5, the extra momentum
is calculated (6.25 Nm). Therefore the value calculated in the equation 5 verifies that the
designisvalid.

It is important to take into account this limitation of the piezoelectric sensor when the preload
is applied. If the screw is not perfectly straighten with the sensor, it will be necessary to
calculate the momentum produced by the preload and compare with the maximum bending

moment.

In this design, the geometry and the stiffness of the original tool holder are modified to add a
shaft which performs the function of arotation point. Adding new components, the screws are
not in direct contact with the tool holder which prevents excessive rotation restriction of this
part. The assembly of the new componentsis quick and easy as it is shown in Figure 28. The
complete instruction manual isin the Appendix Chapter. The upper part and the lower part are

directly assembled one inside the other, joined by a screw.

Figure 28: Assembly of the device
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The new components are discussed below:

1. Upper part: The upper part has a U shape. The design of this component has two
important objectives. In the first place, this part has to receive the loads from the
fixing screws uniformly with the aim of fix the device. Secondly, it has to be the place
where the support for the tool holder is. The aim of this small support is also to alow
apreload to calibrate the load cell. Besides, it has ahole in the side for the axis asit is

shown in Figure 29.

Figure 29: Drawing of the upper part

2. Lower part: The objective of this component is to transmit the loads from the screws
and the upper part to the bottom part of the tool post. The lower part has a U shape and
covers the rest of components, so it is the external part of the device. Therefore, this
helps to support the possible deformation of the upper part caused by the fixing
screws. Besides, the lower part holds the tool holder. Like the above component, the
lower part has a hole to hold the axis. Also, it will have three holes in its inner surface
or aspecia cavity for the installation of the load cell or piezoelectric sensor depending
on the selected measuring device. Fixing the load cell to a device component instead
of a lathe component, the test rig become a portable product and easy to place in
different lathes without additional installation or machining operations. Figure 30
shows the final design adapted for the selected measurement device in Chapter 2.9.
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Figure 30: Drawing of the lower part

3. Mechanization of the tool holder: The only modification applied to the tool holder is
the hole for the axis. Once the tool holder is drilled, the distance between the blade

and the sensor has to be amost the same that the distance of the cantilever in the
original montage in a normal lathe. Figure 31 shows a drawing about the appearance
of the tool holder. In Appendix Chapter, there is a drawings with the dimensions used

in the ssimulation.

Figure 31: Drawing of the modification of the tool holder

4. Axis. The axis function is done by a commercial screw, a washer and a nut which
keep al the elements together. The dimensions of the screw have to be enough to be
suitable with the other elements of the device. Due to the function of axisis done by a
screw, the contact between it and the rest of the elements could be problematic

because of the small contact surface. To solve it, the type of screw is changed. The
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screw used in the final design is M10 x 40 1SO 7379 (British standards institute, 1983)
which have aflat surface where the components can rest. Asit is shown in Figure 32.

Figure 32: M10 x 40 1SO 7379 perspective (SolidWorks Corp., 2012)

Furthermore, this screw is a commercia one, so it is no necessary to manufacture or
modify it which decreased its cost and the cost of the final device. To decide the
tolerance used in the holes and the shaft are used the standards 1SO 286-1 and SO
286-2. The clearance required must fulfil a compromise between as tight as possible,
to avoid unexpected displacement that could ruin the cutting or measuring process,
and not too tight, in order to alow the spin between the shaft and the tool holder,
which is necessary for a good operation of the lever, hence, good transmission of the
force. Since the shaft used is a commercia screw (IS0 7379, see Chapter 2.12.1), its
tolerance is aready predefined (h8). Thus, the tables provided by Standards SO 286-1
and 1S0O 286-2 are used to check which is the tolerance that provides a hole diameter
dlightly superior to the shaft diameter. The standard SO 286-1, 2 has a table where the
interference between tolerances of shaft and hole can be visualized. With it is possible
to quickly check which tables are those where the desired tolerance values are. It is
shown that tolerance H for the hole corresponds with the required one, tight but
ensuring a shaft diameter lower than the diameter of the hole (British standards
institute, 2008), in order to guarantee the spin. It is decided to use a tolerance of the
same quality H8, which according to the tables that appear on said of standard 1SO
will result on a diameter of 10%9°?2mm. These tolerances are joined to the drawing
which can be seen in Appendix 2

- Tool post modification: The device can be hold by the standard tool post analysed in

Chapter 2.5 but it is necessary that the first fixing screw will be aligned with the
sensor. It is possible that the device will not fix in the entire commercial tool posts. If

the tool post is not high enough it is necessary to use a new one or build it. If the tool
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post is not wide enough, it is possible to perform a simple mechanization of a hole to
contain the head of the axis screw and align the sensor with the first fixing screw asit
can be seen in Figure 33. The importance of this modification is to align the

piezoelectric sensor and the first fixing screw.

Figure 33: Modification of the tool post

The drawings and dimensions of this modification are in Appendix 2.

2.9 Choosing measure device

According with the simulations and the design of components, the load cell should have
certain characteristics and properties in order to work optimaly in the device. The

requirements are shown in Table 13.

Table 13: Required characteristics and properties of the measure device

Characteristic Required value
Measure range 5-15kN

Maximum height dimension Aslow as possible
Maximum width dimension 27 mm

Direction of the force Compressive
Already calibrated Yes

Protection against solid/liquid residues As high as possible

Following these table, a market research is done with the aim of find a suitable load cell. The
first selected model, compatible with most of requirements, is the C9B force transducer
manufactured by the company HBM. The C9B force transducer is a hermetically encapsul ate
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miniature load cell able to measure static and dynamic loads with higher protection against
liquid and solid residues which is shown in Figure 34.

Figure 34: C9B force transducer (HBM, 2013)

The second device found is a piezoel ectric measurer. Concretely the model PACEline CLP, a
piezoel ectric force washer specially designed for measure where space is a constraint. Thanks
to its compact design, it is possible to integrate into systems and machines easily. This

piezoel ectric sensor does not use screws to be assembled sinceit is only necessary to apply
pressure to hold it.

~CLpjzekM

Figure 35: CLC piezoelectric force washer (HBM, 2013)

Using the Weighted Objective method, the requirements are listed according with their
relevance in the project. The upper part of the list will be preferable against the lower part.
Table 14 shows the comparison between the requirements, the C9B and the CLP properties.
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Table 14: Comparison between requirements, C9B and CLP characteristics

Characteristic Required value CoB CLP

1 Direction of the force Compressive Compressive  Compressive
2 Measurement resolution 5-15kN 0.5-20kN 13kN

3 Maximum height dimension  Aslow aspossible 13 mm 3.5mm

4 Maximum width dimension 27 mm 26 mm 20 mm

5 Protection against residues As high as possible | IP P65

6 Already calibrated Yes Yes No

As it can be seen, the piezoelectric load cell is more suitable in geometry characteristics due
to its small size. The both components have the same solid residues IP protection degree, but
different against liquid ones. While the C9B protection permits the immersion on water of the
dispositive, the CLC has protection against water jets. The difference between IP protection
degree IP67 and 1P65 is not determinate to choose device. The C9B is already calibrated but,
the use of the lever law in the design of components produces that the tangential force
appeared in the tool blade will not have the same magnitude than the force measure for the
sensor. Therefore, a calibration process will be necessary anyway.

Other important fact is that to measure loads, the load cell has a nomina rated displacement
between 0.06 and 0.13 mm instead of the nomina rated displacement of the piezoelectric
sensor which value is only 3.5 um. So, the piezoelectric force washer will cause lower
disturbs in the cutting process. The limit force and the breaking force percentages of the
sensor (150 and 200 % of the nomina rated force) warrantee that the sensor will not be
overloaded during the cutting process.

Due to the requirements accomplished by the piezoelectric force washer, it is the selected
device. It is important to take into account the geometry modifications needed in the first
design to adapt them to the CLC use. The piezoelectric washer will be fixed to the device
using pressure instead of screws, so a surface to hold it is necessary. Besides, it will be
necessary to use an amplifier to allow the data collector to measureit.

The data sheets of both devices written by the manufacturer are attached in the Appendix
Chapter (The selected model is the second one, with a nominal rated force of 26 kN).
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2.10 Choosing amplifier

The recommended amplifier by the supplying company of the CLC sensor is PACEline CMA.
This charger amplifier is design to conditioning +/- 10 V standard signals. Moreover, the
PACEline CMA uses TEDS technology (Transducer Electronic Data Sheet) which
enables automatic sensor identification providing many benefits for more efficiency and
reliability of measurement processes. TEDS avoid complex parameterization of al individual
components of the measurement chain prior to measurement (HBM, 2013). The amplifier

selected is shown in Figure 36.

Figure 36: PACEline CMA charge amplifier

The IP degree protection of this component is 65, so the protection is higher than the
requirements. This portable amplifier has two inputs. If the test rig is modified in the future to
perform a vibration analysis or to measure an additional force, it is possible to continue with
the usage of this device (see Future work, Chapter number 6). The CMA data sheet is attached
in the Appendix Chapter.

2.11 Choosing data collector

Once the measure device is chosen, it is possible to choose the data collector device. The data
collector has to be compatible with the measuring device in addition to be smple, cheap and

safe. The collector data selected is USB-6009 by the company National Instrument.
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Figure 37: National Instruments USB-6009 (National Instrument web page)

The maximum sampling rate of the USB-6009 is 48 kilo samples per second which is enough

sampling rate for this kind of testing devices (Pereira, Juan C. and Romanello, D., 2007).

This device is compatible with most common operating systems and with a large number of
data acquisition software. This provides great flexibility to perform data acquisition using
different computers. The number of inputs is enough to connect the data collector with the
required measuring device in addition to more sensors if the dispositive is expanded in the

future in order to measure the rest of the cutting forces or other parameters.

The selected amplifier signal output is +10V and the working voltage of the USB-6009 is

+10V, so both components are completely compatible.

2.12 Simulation of the final design

Once the design is finished an exhaustive simulation is done to obtain results that reflect as
closer to the reality as possible how the dispositive will behave once it is built and assembled.
In this section, al the assumptions, simplifications, boundary conditions and estimates will be
written to understand the results and limitations of the simulation. These simulations are
performed using the computer software SolidWorks.

2.12.1 Simplifications

One of the applied simplifications for al of these smulations is to not take into account the
tool post. Due to the tool post is a commercial component specially design to resist the
normal requirements during the cutting process, there are not breakage risk of this component.
Therefore, the components involved in this simulation are the upper part, the lower part, the
sensor and the tool holder asit is shown in Figure 38.
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Figure 38: Simulation conditions of the final design
Besides, the axis is not taken into account during the simulation. Instead a pin connector is
used. Because of the huge variety of tool holder geometries in the market, its geometry in the

simulation is simplified.
2.12.2 Boundary conditions

To establish some limitation for the simulations, the boundary conditions bellows are defined.
The lower part in contact with the tool post is considered as fixed. Besides, the displacement
of the side in contact with the tool post is fixed in X direction but free in Y and Z direction.
According with these definitions, the lower part has al the boundary conditions of the

simulation, asit is showsin Figure 39.

Figure 39: Boundary conditions of the simulations
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2.12.3 Connexions and contacts between components

The contact between all the components is a no penetration contact. Therefore, is applied a
friction coefficient of 0.15 for al the parts.

The contact between all of the components and the axis is a pin connection as it is shown in
Figure 40. The pin connector do not allows the displacement of the components along the
axis, but allows the rotation between the tool holder and the rest of the components.

Figure 40: Detail of the axis area of the simulations

2.12.4 Loads

The load which represents the tangential force is applied in the blade as a punctual load in the
corner and in tangential direction. Besides, in the case of the simulations with axial force, it is

applied in the same point. The direction of the forcesis shown in Figure 41.

Figure 41: Loads directions in the final smulation
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According to the Chapter 2.8.2, the maximum allowable stress by the fixing screws is 35 kN.
The selected piezoelectric sensor is able to measure until 26 kN, so an optimal preload of the
sensor will be allow it to work in the middle of its measurement range. Therefore, the load of
the fixing screw above the piezoelectric sensor is 10 kN. The two others fixing screws
produce aload of 5 kN each one. The previous simulation shows that this is enough to fix the
device and prevent displacement between it and the tool post. The direction of the loads in the
fixing screws is shown in Figure 39. To apply these fixing loads, a smaller surface is created

to represent the area where the screws are placed.

2.12.5 Material

The material used for all the components is Normalized steel AIS 4340 and its justification is
explicated in the Chapter 2.8.1. For the sensor, a specia material is created in order to
represent the nomina rated displacement of it. To calculate the Young's modulus of this
material, the Hooke law is used as it is shown in the equation number 6 (Sundstrom, Bengt,
2010)

F s (6)

- =

Where F is the load required by the sensor to produce the nominal displacement on it, Sisthe
surface of the piezoelectric sensor, AL is this normal displacement of the sensor and L is its

height. The result isa Y oung’s modulus of 150 GPa.

2.12.6 Mesh

The mesh used in the simulations has to be small enough to obtain accurate results. The

dimension of the mesh used in the simulationsis 2 mmasit is shown in Figure 42.

Figure 42: Mesh applied in the 3D model
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This mesh is modified in the sensor because it is considered that it is the critical area, so using
asmaller mesh it will be possible to obtain better results. The value of the mesh in the sensor
is 0.5 mm. Figure 43 shows the 3D model with the mesh.

Figure 43: Detail of the mesh in the piezoel ectric sensor

Both meshes are High quality meshing. The program generates solid tetrahedra parabolic
elements which produce better results that the linear elements because it represents the curves
edges more precisely and produce better mathematical approximations (SolidWorks Corp.,
2012). A smaller mesh is not chosen due to the computer limitations and the big amount of

different ssimulations.

2.12.7 Simulations

The performed studies are divided into 3 groups. All the simulations have the same boundary
conditions, mesh, number of elements and contact between components. The differences are
the forces used and their magnitude. All the smulations are performed with the FFEPIus
solver, an iterative method using a stopping threshold value of 1-1078,

- Thefirst group studies the influence of the tangential force in the piezoelectric sensor.
This group of simulations has only one force applied in the blade.

- The second group studies the influence of the axial force in previous results. To
analyseit, the previous simulations are added a constant high value of the axial force.

- The third group is the closer to the reality ssimulation. In this group, the different

values of the tangential forces are simulated with the expected axia force.

The aim of the first group isto known if the device is capable to measure the tangential force
in a correct way. Thisfirst six simulations take into account higher and lower values than the
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expected value of the tangential force (500 N). The number and the values of the loads are
shown in Table 15. These six simulations are a way to check if the analysis is ok and the

relation and contact between components are functional.

Table 15: Tangential forces only simulations

Fixing screws load: 5000 N
Fixing screw above the sensor load: 10000N

Simulation No. Tangential Force[N] Axial Force[N]
0
100
200
300
400
500
600

Ol WNPE O
OO OO OO0oOo

According to the Chapter 1.5.3, the typical tangential force in the cutting process is around
450 N. Therefore, the more relevant simulation will be the number 5 and number 6 will be the

overloaded case. Simulation O shows the preload of the sensor.

The objective of the second group is to determine the influence of the axial forces in the
device in order to discover if these forces will disturb the data collected. For this group, a
constant axial force of 500 N is applied on the first six simulations, a higher value than the
maximum expected axial force according to previous studies about the cutting forces (Saeed
Azimi, 2012). Table 16 shows the seven simulations of the second group.

Table 16: Tangential and constant axial forces simulations

Fixing screwsload: 5000 N
Fixing screw above the sensor load: 10000N

Simulation No. Tangential Force[N] Axial Force[N]

7 0 500
8 100 500
9 200 500
10 300 500
11 400 500
12 500 500
13 600 500

This group will shows if a constant high axial force means a constant reaction in the load cell
with different tangential forces. Simulation number 7 will shows the reaction in the
component produced only by axial force. The simulation number 13 will show the most

critical case with the two forces overloaded.
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Finally, the third group is the closer to the reality. In these simulations, each tangential force
is applied with its estimated axia force, asit isshownin Table 17.

Table 17: Tangential and axia variable forces simulations

Fixing screwsload: 5000 N
Fixing screw above the sensor load: 10000N

Simulation No. Tangential Force[N] Axial Force[N]

14 100 50
15 200 100
16 300 200
17 400 300
18 500 400
19 (13) 600 500

The values of the axial force for each value of the tangential force is obtained from previous
studies (see 1.5.6). So, the simulation number 18 uses the usual values of the tangentia and
axial forces during the cutting process. Simulation number 19 is the same that simulation that

number 13.
The comparison between group 2 and 3 shows the influence of the axial force in the sensor.

The value of the loads in the sensor will be measure in the upper surface of the piezoelectric

3D model asitisshownin

Figure 44: Piezoelectric sensor reaction area
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An additional simulation is done in order to study the stresses, deformations and strains in the
most critical case. For thisfinal simulation, some aspects of the simulations are changes:

- The simulation is performed with the tool post to obtain more realistic stresses and
deformations.

- The device do not have any boundary condition, due to it is in contact with the tool
post.

- Thesize of themesh is1 mmin the critical areas (sensor, axis and screws).

These characteristics are only applied in the most critical case due to the computer and time
limitations. To determine which the most critical case is, it will be necessary to perform the

three groups of simulationsfirst.
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3. RESULTS

The data obtained from the simulations of the Chapter 2.12 are shown is this section.

To each ssimulation, the force is measured in the upper surface of the sensor to determine the

reaction of each case. The results of the first group of simulations are shown in Table 18.

Table 18 Results from the simulation group number 1, using only tangential force

Simulation No. Tangential force[N] Load in the sensor [N]

0 0 12124
1 100 12246
2 200 12368
3 300 12490
4 400 12612
5 500 12734
6 600 12856

With the results of the first six ssmulationsit is possible to make a graph to seeif the reactions
in the piezoelectric sensor are linear and therefore to check the validity of the simulations and
of the assembly. This graph is shown in Figure 45.

Simulations group No.1
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Reaction in the sensor [N]
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Tangential force [N]

Figure 45: Graph of the results from simulations group No. 1

It is possible to elaborate another table a graph with the results from the second group. Table
19 shows the loads in the sensor.
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Table 19: Results from the simulation group number 2, using tangential and constant axial force

Simulation No. Tangential Force[N] Axial Force[N] Load in the sensor [N]

7 0 500 12123
8 100 500 12244
9 200 500 12366
10 300 500 12488
11 400 500 12610
12 500 500 12732
13 600 500 12854

With the results of the Table 19 it is possible to elaborate a graph to show the relation
between the tangential force and the reaction in the load cell with the influence of a constant
axial force. This graph is shown in Figure 46.
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Figure 46: Grpah of the results from simulations group No. 2

Finally, the table with the results of the last group of simulationsis shown in Table 20.

Table 20: Results from the simulation group number 3, using tangential and axia force

Simulation No. Tangential Force[N] Axial Force[N] Load in the sensor [N]

14 0 50 12244
15 200 100 12366
16 300 200 12488
17 400 300 12609
18 500 400 12731

19 (13) 600 500 12854




DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES UNIVERSITY
OF SKOVDL

Figure 47 shows the progression of the axial force when the tangentia force increases and the
reaction that they cause in the sensor. Thisisthe most redlistic group of analysisand it is done
when it is cheeked that the other analysis works.

Simulations group No.3
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Figure 47: Results from the simulation group number 3, using tangential and axial force

The values inside the parenthesis in Figure 47 show the value of the axial forces.

Figures 47, 4 and 49 show the stresses, the displacements and the strain in the most critical
case according to the previous simulations. The most critical case is the ssmulation number 6

(with atangential force of 600 N and without axia force).
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Figure 48: Stressesin the most critical smulation
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Figure 49: Displacements in the most critical simulation
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Figure 50: Strain in the most critical simulation
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4. ANALYSIS

With the final design done and the results of the simulations it is possible to analyse them for
search errors and improvements to perform in the future. These analyses are divided into two
sections to facilitate its comprehension. The first sections is about the results of the design,
and itsaim isto verify if the design objectives are or not fulfil and why. The second section is
about the analysis of the simulations results and its aim is to ascertain if these results are valid

or not.

4.1 Design analysis

The final design is compared to the initial objectives and an assessment is made to determine

if these objectives and their sub objectives and fulfil or not.

The first objective group to analyse is related with the design simplicity. Theinitial objectives
and how the final design solves them are shown in Figure 51.

Objectives Results

Smple

{ Small number of elements ——> Two components and one axis

Do not use difficult geometries |——> Simple geometries

Figure 51: Objectives and solutions about the device simplicity

The fina design has only four mechanical elements: the upper part, the lower part, and the
axis in addition to the original components such as tool holder and tool post. The electronic
part is composed of the piezoelectric sensor, the amplifier and the data collector. Therefore,
the objective requirement about the small number of element is achieved. The geometries of
the mechanical parts are not complex one. The axisis a commercia screw with a washer and
the upper and lower parts have a U shape which facilitates the manufacturing process.
Therefore, the objectives about the ssimplicity of the device are completed.

The objectives and results about the accuracy are shown below, in Figure 52.
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Few elements between force and sensor b—— Only one
Accurate *E
Tofind easily measurable properties p—— Uses of lever law

Figure 52: Objectives and solutions about the accuracy

The device takes advantage of the lever law to transmit the force from the blade tool to the
sensor. The transmission element used is the origina tool holder with a hole where the axisis
placed. Therefore, there is only one element between the cutting forces and the piezoelectric
device. It is an important characteristic because it avoids that the measured load will be
modified due to contact of the elements. Due to the use of the second class lever, the sensor
receives larger increase of the load than the received in the blade by the cutting process. If the
tangential force changes 1 N and the sensor receive 1.22 N the measure will be more accurate.
Besides, the lever law allows to generate a load in the sensor without large disturbs or
displacement in the tool. This fact in addition to the limited deformation of the piezoelectric
sensor improves the accuracy of the measure. The objectives about the accuracy of the device
are considered achieved.

Ob| ectives Results
> No complex assembly ——>  Intuitive assembly
Easy to use/ Use measure methods with easy Quick and easy installation
calibrate installation > of themeasure device
Design a portable device that only required Standard attachment

assembly once

Figure 53: Use and calibration objectives and solutions

The mechanical parts of the test rig are designed to be easy, quick and intuitive to assemble.
The lower part fit inside the upper part and there is only one possible location for the axis and
for the piezoelectric sensor. Once the manufactured is done, the assembly process will be
done in a few minutes. Moreover, in the thesis is included a schematic instruction manual to

facilitate the montage.
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The piezodlectric is fitted in a cavity drilled in the lower part with the same dimensions and
the installations do not required any screw or chemical product such as adhesives. Thanks to
its design, the dispositive only needs to be assembled one time. The blade can be replaced

without dismantle the device completely.

Objectives Results

Redesign a part of an existing machine, not a 5 There are modifications only
) new complete machine in the tool holder zone

N To design the device so it can be used in S It can be used in different

different lathes lathes
Cheap |
To use already existing component 5 Onlytomanufacture two
) whenever possible new elementsis needed
—> To use cheap measure methods

Figure 54: Objectives and solutions about the cost of the device

To achieve the cost objectives shown in Figure 54, the device was designed with compact
dimensions to allow its fitment to most of commercial tool posts. Even so, if the dispositiveis
too high or wide, it is possible to manufacture a tool post with the standard attachment which
will keep the possibility of uses it in multiples lathes. Only two components have to be
completely manufactured, one origina part has to be modified and the axis is a commercial

screw, what is not an important cost.

Although the most of the objectives are fulfilled, it is some aspects that could be improved.
The device will be easier and quicker to use if any modification of the origina tool parts are
needed. Besides, maybe using other measurement device with a new design it is possible the

total cost of the device.

4.2 Simulation analysis

The results obtained by the simulations are close to expected. The loads in the sensor are
higher if the force in the blade grows. As it is shown in Figure 45, when only tangential force
appears in the ssimulations, the relation between this force and the reaction in the sensor is
completely lineal. When the tangential force grows in a magnitude of 100 N, the load in the
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sensor grows 122 N approximately. This means that the device increase the value of the loads

to have amayor range in the sensor to measure the tangential force thanks to the lever law.

The second group of simulations applies in the blade an overloaded axial force. The objective
was to see how it affects to the results and as it is shown in the Figure 46, the relation between

tangential force and reaction in the piezoelectric sensor is linear too.

The third group is the closer one to the redlity. If the graphs of the group one and group two
are shown together it is possible to see that the axial force almost not causes any modification

in the sensor.

Comparison between simulations groups number 1 and 2

13000

12800

/

12600

12400

12200

Reaction in the sensor [N]

12000

11800

11600

0 100 200 300 400 500 600
Tangential force

= Only tangential force Tangential and axial forces

Figure 55: Comparison between simulations groups number 1 and 2

According to Table 18 and Table 20, the difference between apply to the device only
tangential force and tangential plus axial forces is between 1 and 3 N in the sensor. Asiit is
shown in Figure 55, which shows both graphs together, the results with and without axia
force are dmost the same. Therefore, it is possible to ignore the axia force during the

measurement and even so obtain accurate results about the tangential force measurement.
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All the simulations are done with higher forces than the requirements and during the
calculations and design a safety factor of 1.5 is used. Asit is shown in Figure 48, Figure 50
and Figure 49 the deformation and stresses caused by the most critical loads are values

acceptable to the device and its components.

Figure 56 shows the areas with highest stresses (higher than 300 MPa). These stresses appear
in the areas where the fixing tools are placed, and its maximum value is 464 MPa. In the real
device, these concentration of stresses will be lower, due to this area was modified to add a

surface where apply the loads of the screws (see 2.12.4).
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Figure 56: Areas with highest stresses than 350 MPa

On the other hand, Figure 57 shows the zones with higher stresses than 150 MPa.
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Nornbre de modelo: ullimatesoiution
Mornbre de e 1

Figure 57: with highest stresses than 150 Mpa

Asitis shown in the previous two Figures, there are not breaking risk in the critical areas.

The blade has a maximum displacement of 0.04 mm, an acceptable value which does not
disturb the cutting process excessively. The value is shown in Figure 58 where the upper part

Is removed to see the displacement of the tool holder.

Figure 58: Displacement of the tool holder
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5. CONCLUSION

5.1 Functionality

Although the simulation of the device is done with the maximum level of accuracy possible, it
is necessary to manufacture the components and assembly the device to obtain real data from
the device and to find new possible problems. It is considered that all the initial objectives are

fulfilled with good results and the devices is completely functional.

The final device can be used in many different commercia lathes without any large
modification. Also, it is a portable test rig which alows installing and using it quickly. The
selected measuring device is perfectly suitable with the requirements and it can detect and
read any variation of the tangential force with a good accuracy. The device is specialy
designed to work with a specific piezoelectric sensor, but it is possible to redesign the lower
part to hold other dispositive.

The results show how the tangential force during the cutting processes is perfectly measurable
using the developed device. The axial force does not significantly affect to the sensor. This
fact allows the device to be able to measure only the required force with a high precision
without interferences caused by others forces. Besides, the relation between the load in the
blade and the reaction in the sensor make the device more accurate. The additional
displacement of the blade caused by the use of the dispositive is not a large enough variation
to modify the results of the cutting process. Moreover, the electrical components allow

obtaining the data instantly from the cutting process.

On the other hand, the sensor cannot measure the axial force. To obtain all the data from the
cutting process it will be necessary to use a new design with an additional piezoelectric sensor
and using new geometries (see Chapter 6). For this case, the amplifier and the data collector
can use an additional sensor.

5.2 Economic influence

Due to the device is a test rig, the economic influence is not direct for the company. Thisis
because the test rig is not intended to modify the production directly but is intended to

research and develop production alternatives in the future.
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The main aim of the dispositive isto obtain real data from empirical testing. In the future, the
studies derived from the comparison between these data and the analytica models will alow
reduce tool wear and prolong its useful life, so it will be possible to save a significant amount

of money.

Although the company does not save money directly with the study of the cutting forces and it
IS necessary to continue studying the relation between the composition of the pieces, the
cutting speed and the cutting forces to apply it to production, to manufacture the test rig and

its implementation is not a big cost.

5.3 Environmental aspects

In order to design the test rig simple, cheap, light and environmental friendly, the design only
use the required material to work perfectly. Some aspects like aesthetic appearance are not
taken into account during the design process, so, every shaper or component is manufactured
to achieve a specific function. This fact saves material during the manufacture of the device.
Even so, the manufacturing process of the test rig not supposed a big environmental impact
dueto it isonly required to manufacture onetime.

In the future, if the research is completed and applied to the production, avoided wear of the

blades and decrease the amount of broken tools will be a positive environmental impact.
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6. FUTURE WORK

After completing the design, perform the ssimulations and obtain the computer results, it is
concluded the necessity of fulfil the following objectives in the future and in case of continue
with the project and device devel opment:

The first and the most important objective is to manufacture and assembly the device.
To the manufacturing process, the drawings appended in this thesis in Appendix 2
have to be followed. In the instruction manual written in Appendix 1 are the complete
instructions about how to assembly all the components. Also, there are calibration
instructions in the instruction manual in order to do arough calibration and configure
the device the measure the tangential cutting force. When the device will be
manufactured, assembled and calibrated, the collect of the real data could be possible
instead of deducing the results from the simulation. The results from the ssimulations
and the real ones should be nearly similar.

A precise calibration is needed. The calibration described in the instruction manual is
a preliminary calibration process. It is based in applying known loads and study the
reaction of the sensor in the computer. To perform a perfect calibration of the device,
it will be necessary to follow a standard process. The suggested is the standard 1SO
376 about the force transducer calibrations.

Secondly it would be desirable to control the feed speed electronically, in example,
using an electric motor controlled by a variable frequency drive. This would be done
to ensure a constant feed speed so the variation in axial cutting force would not be
produced by the variation of the feed speed. Making the feed speed constant, the
results of the device will be more accurate and the disturbing in the graphs will be
reduced.

An exhaustive analysis of the vibrations produced on the tool during the cutting
process should be executed due to, as it has being seen in previous works (Saeed
Azimi, 2012 and Pereira, Juan C. and Romanello, D., 2007), the variation of the
obtained results caused by these vibrations are on the same range than the force to be
measured. To solveit, it is possible to use the computer software MATLAB and apply
afilter such as Savitzky-Golay filter to reduce the repercussion of the vibrationsin the
graphs or to install a secondary measuring device in other part of the lathe in order to

measure only the vibrations. With the graphics of both sensors, it is possible to
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superimpose them and remove part of the vibrations in the results. Thanks to the
amplifier used, it is possible to use a secondary sensor without additional amplifier or
data collector.

Compare the obtained results with those extracted from previous theoretical works,
since one of the main purposes of the development of this device is to validate those
works and study the rel ationships between theoretical and real results.

In case of continue with the development of the device and after adapt the lathe to
constant speed by a control-unit as is explained in previous points, it is possible to
modify it and provide the possibility of measure other cutting parameters. Using
additiona measure sensors and adding new parts with a new design, the other
components of the cutting force could be measure. The new design could need to use a
new tool post or, if the new device is higher, to manufacture one in order to allow to
the operators use it in the most of the lathes.
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APPENDIX

Appendix 1 instruction manual
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ta Wir

1. Lower Part
2. Piezoelectric Force Washer

The Piezoelectric force washer (element 2) must be placed centered in the
cavity mechanized with such a purpose on the Upper Part (element 1). The
sensor (element 2) can be installed with any of its two main faces in
conctact with Upper Part, provided that the data wire go through the gap
realised in the cavity for the sensor without fracing a curve with a radius
lower than 9mm.

Both the sensor surface and cavity must be clean and dry, with no type of
adhesive, chip or any other kind of residue.
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1. Lower part
2. Piezoelectric sensor
3. Tool holder

Insert “Tool holder” centered in
“Lower Part” in such a way that
their respectives holes remain
aligned and the "contact areq”
indicated by striping on the
drawing of the tool holder keep
in contact with the "sensor”, so
the "Tool holder” will be placed
completely horizontal.
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Lower part
Piezoelectric sensor
Tool holder
Upper Part

L

)
L)
Aee.
"

¢..--...\¢

Insert “Upper Part” in the gap
between "Tool Holder" and “"Lower
Part” in such a way that their
respectives holes remain aligned
and the "contact areas” indicated
by striping on the drawing keep in
contact each other, so the "Upper
Part” will be placed completely
horizontal.
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Fixing screws 7~

©
—

20

Cavity for

@ screw head

Note: It isvery important to align the piezoelectric sensor with the fixing screw. If itis

not possible, it is necessary to cal culate the bending moment and compare with the

maxi mum allowabl e by the sensor
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Upper Part

Tool Holder

Lower Part

Piezoelectric Force Washer
Screw M10x40 (ISO 7379)
Nut M10(ISO 4161)

Washer M10 (ISO 7089)
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Electronic connections

To connect the electronic devices the schema of Figure 59 isfollowed.

Tl ——
m= 9 .
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m— AlLOAL O+ 2 |18 PO
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Figure 59: Electronic connections schema

As it is shows in previous figure, the connection between the piezoelectric sensor and the
amplifier is direct, due to the connector is the same and they are design to work together (plug
10-32 UNF). The connection between the amplifier and the data acquisition USB- 6009 is
performed using the output voltage of the amplifier and connecting it to the Analogic Inputs O
(pin number 2) and the 0 V- output from the amplifier and connecting it to the ground pin of
the USB - 6009 (pin number 1). Besides, a supply voltage is required for the amplifier and for
the data collector.

Calibration of the device

In absence of an appropriate calibration method, a rough calibration must be achieved, in
order to be able to obtain the first results. This calibration will be executed by applying

different known loads as close of the tip of the blade as possible.

To be able to apply a precise load on an exact place it used a compression test machine the

deviceisinstaled on atool post to take into account the preload, and the tool post is attached
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to the compression test machine by the claws of it. Since this machine allow the operator to
apply exacts load, some experiments applying 300, 350, 400, 450, 500, 550 and 600 N just
over the blade are executed in order to transcribe the reactions on the sensor by using the
selected software to accomplish a study to check de linearity of the values measured by the

sensor in the operating range.

Once the relation between the applied known loads in the tool post and the reaction in the
computer software is known, it is possible to use the device in a testing cutting process and
obtain the real data and graphs from the test.

The recommended load for the fixing screws is around 5000 N each and 7500 N for the screw

adobe the piezoel ectric sensor. To use a dynamometric tool is recommended.

Occupational health and safety

The montage of the device is manual. During its assembly is necessary for the operator to take
certain security measures. When the axis and the fixing screws will be placed, it is necessary
to sure that the surfaces where the screws are placed are clean. During the calibration of the
device, the security measures are the same as needed for the use of the compression test
machine. Besides it will be necessary to use security gloves and shoes to protect the operator

against possible incidents.

Before to start with the testing, all the screws are to revise using a dynamometric tool and

verify if the montage momentum is the indicated by the instruction manual.

During the testing work of the device, the recommended protection for the normal using of
the lathe has to be used. To prevent any damage caused by the chip formation, it isimportant
to use a homologate protection glasses during the cutting process. If it necessary to change
any component of the device, the lathe has to be completely turn off and, once the

components has been changed, a new verification of the components will be necessary.

The security manuals and indications of the manuals of the lathe and the compressive

machine have to be read before start the testing stage.

Notes

The montage manual for each component can be downloaded from www.hbm.com and
www.ni.com and it is recommended to read it before start with the montage.
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Appendix 2 — Drawingsl
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Appendix 3 — Data sheets

PACEline CL P Piezodlectric force washer data sheet

(www.hbm.com)

.

~CUpzzekM

FPACE!ine
CLP

Piezoelectric force

washer

Special features

Symmetrical structure for
improved linearity
Nominal (rated) forces: 7 kN,

26 kN and 62 kN

Rustless materials
Integrated charge cable

Data sheet

Y D
Dimensions (in mm; 1 mm = 0.03937 inches) c
=]
= !
=
|
w
Type A B [ D E|F |G H I J Y
CLP/TKN 55 [ 41H7 | 99 12008 1 p2 Jo2 |2 | 306 | 27|18 |83
CLP/Z6KN | 9.8 | B | 17.9 | 20005 | 032 |032| 2 | 35005 | 27 | 19 | 6.3
CLP/G2KN | 13.8 | 12177 | 279 | 307® |o45|oas]| 2 | 47% | 27 [ 19 | =3
B3634-2.0 en HBM .




Specifications (data per VDI/VDE/DKD 2638 standards)

Type CLPI...
Nominal (rated) force | Fram kN T 26 62
Accuracy
Relative reversibility error " % 1
Relative linearity error dhin % i
Electrical characteristics
Sensitivity (typical)!) s pCiN 43
Insulation resistance Ry Q = 1013
Connection Integrated cable, 1 m long, plug 10-32UNF
Temperature
Neminal (rated) temperature range By sioin 20 ...+120
Operating temperature range Bre c =20 ... +120
Storage temperature range Brs =20 ... +120
Mechanical parameters
Max. operating force Fe 115
Limit force F % 150
Breaking force Fg 200
Maximum bending moment with 2)
with sz 0% Mo sarm i [_) 1] o
with F = 50% L 5 as 134
with Fz = 100% (V] /] o
Static lateral limit force 3 Fo % of Fram 10
Nominal (rated) displacement Snom m 3 35 4.5
Fundamental resonance frequency fa kHz 105 120 140
Relative permissible oscillatory stress Frn % of From 100
General information
Degree of protection per DIN 60529 IPE5
Sensor material Stainless steel, quartz
Cable sheath material FPM {fluorinated rubber)
Potting material Silicone
Cable length m 1
Connector 10-32UNF
Ground m q 6.5 22 30
1) Must be calibrated under mounting conditions
2) F, Is the force in the measurement direction
N related to a point of contact on the force application surface
2 B3634-2.0en
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Scope of delivery

Order number
1-CLP/TKN Piezoelectric force washer CLP/TkN with test ceriificate
1-CLP/26kN Piezoelectric force washer CLP/26kN with test ceriificate
1-CLP/G2kN Piezoelectric force washer CLP/G2kN with test ceriificate
Accessories:
Order number
1-KAB143-3 Transducer connection cable (material: PFA), 3m long, connector plug 10-32 UNF at both ends; for
extension in combination with 1-CCO
1-KAB1TE-2 Transducer connection cable (material: PFA), 2 m long; connector plug on fransducer side 10-32 UNF,
BNC on amplifier side (e.g. suitable for digital charge amplifier CMDE00); for extension in combination
with 1-CCO
1-CCO Coupling for piezoelectric cable, both ends for plug 10-32UNF
1-CSB4N1 Summing box for parallel switching of piezoelectric sensors

Modifications feserved.
All product descriptions are fiar general infianm

Hottinger Baldwin Messtechnik GmbH

nation oriy. They

are nct 1o be understood as a guaraniee of quality ar durabiity Im Tiefen See 45 - 64293 Darmstadt - Germany

and do not constitute any liabiity whatsoever.

Tel. +49 6151 803-0 {Fax: +49 6151 B03-9100
Email: info@hbm.com - www.hbm.com

measure and predict with confidence HBM

B3634-2.0 en
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Appendix X - PACElineCMA Charger amplifier data sheet

(www.hbm.com)

FPACE!ine
CMA

Charge amplifier

Special features

- Compact, robust design

- Two measuring ranges 5:1

) 049 mV /ot - - TEDS sensor detection

= {d - Measuring range externally
switchable

Signal output L 10V

All signal inputs/outputs
electrically isclated

Data Sheet

CMA block diagram

Supply voltage
18...30Vpe

+—0

0

0 RANGE 1 / RANGE 2
—0 MEASURE / RESET

Cutput voltage
10, 110V e

CFT piezcelsctric CMA chargz amplifier
force transducer

I
<

B2561-2.1 en
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Specifications (data per VDI/VDE 2638 standards)

Charge ampiifier CMA
Transducers that can be connected Ficzoclectric sensors (passive)
Max. charge input pc | 1000 [ 2000 [ 5000 [ 20000 [ 30500 | 158300 [ 210500 [237000 | 482000 | 2000000
Calibrated measuring ranges ) % From 100; 20
Output voltage V'] +10
Quiput span 1olerance % +05
Relative reversibility ervor, 0.5 x T = 0.05
Fnom
Relative linearity error % <+ 0.05
Effect of temperature on cutput % <05
span /10K
Hominal (rated) temperature range °c 0..7C
Drift, at 20 °C pCls <D <1
Cut-off fraquency kHz 10 (-3 dB) 7 (-3dB)
5(-1aB) 35 (-1dB)
Supply vollage W 24 (15 ... 30)
Power consumption W <12
Output resistance 0 =10
P issible load resist: 48] =5
Control inputs
Reset/Measure step pC <.+
Measurement mode W 0 +5oropan
MEASURE
RESET A 12 .. 30
Measurement range \" 0 ... +50r open
RANGEA
RANGF2 A" 12 30
Vibration resistance
2C ... 2000 Hz, duration 16 min n'|..".’~.2 100
cycle 2 min.
Shock [duration 1 ms) mys2 2000
Housing material Alurrinum
Dimensicns (W xH x D) mm 57 x 46 w 38
Weight g 130
Electrical connection Sensor 10 - 32UNF
Signal oulpul, supply, digilal ipul M12 x 1, 8Zpin
(shielced cable reccmmended)
Degrae of protection P65
{with cnnnectad cables)
EMC conformity
as per EN 61326-1:2007, in an indusirial environment
EN 61326-2-3.:2007
1 -
1 customized measuring ranges are available on request.
HOM D2561-2.1 en
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Pin and cable assignment

Supply voltage 0 V (GND) 13 — - while |
NANGEL 1 / RANGE 2 23 : l Brown
MEASURE / RESET 5 [ -
3 [ green | yapqsg
TEDS 43 b— vellow | connection cablz
) | i wire assgnment
Output signal -10 ... +10V 57 i aray
Signal grounc 6) : I - pink
Do not assign! F : : blue
Supply voltage 18 ... 30 Vpc!) an t—J - red |/
1 Cperating or a SELV circuit (separated extra-low voltage)
M12 x 1, B-pin
7=, 3
Dimensions (in mm; 1 mm = 0.03937 inches)
39
9 N
F1‘mi=
— 8
&
8 H
1=
57

Connecticn cable bending radius: Rpyp = 9.75 mm

35
30

B2E61-2.1en 3 HEM




Scope of delivery

Order number
1-CMAA1 Single-channel charge amnlifier for piezoelectric sensors, measuring range 1 000 pC
1-CMAZ Single-channal charge amplifier for piezoelectric sensars, measuring range 2 000 pC
1-CMAS Single-channal charge amplifier for piezoelectric sensaors, measuring range 5 000 pC
1-CMAZ0 Single-channel chargs amplifier for piezoelectric sensors, measuring range 20 000 pC
1-CMA3G Single-channel charga amplifier for piezoelectric sensors, measuring range 39 500 pC
1-CMA158 Single-channel charge amplifier for piezoelectric sensors, measuring range 158 000 pC
1-CMAZ210 Single-channel charge amplifier for piezoelectric sensors, measuring range 210 000 pC
1 CMAZBT Single channcl charge amplifier for piczoclectric sensers, measuring range 287 000 pC
1 CMA4B2 8inglc channel charge amplificr for piczocloctric sensors, measuring ranga 482 000 pC
1 CMA2000 Single charncl charge amplificr for piezoelectric sensors. measuring range 2 D00 000 pC

Accessories (not included in scope of delivery)

G-wire caole o the processing electronics, M12 x 1 cable plug. 5 m long, free ends

1-KAB168-5

1-<AB168-20 B-wire caole o the processing electronics, M12 x 1 cable plug. 5 m long, free ends
1-KAB143-3 Connection cable coaxial. 3m long

1-KAR145-3 Cennection cabie, coaxial, 3m long, with plug 10 - 32UNF, robust design

Modifications reserved.

Hottinger Baldwin Messtechnlk GmbH

Al delails Uescribe ow products in genstal Don only, They
are not [ be UNdersinod as exprass waranty and do not Im Tiefen Ses 45 - 64293 Darmstadt - GEYI"'IE‘I'I?

CONSHILE any liabiity whatsoever.

Tel. +49 6151 803-0 - Fax: +49 6151 303-9100
FEmail: info@hbm com - www hbm com

measure and predict with confidence HBEBM

B2561-2.1 en
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Appendix X — National instrument USB-6009 data sheet

(Www.ni.com)

Technical Sales
ﬂWms il s
(868) 531-6285
infoi@ni.com
& piint | Ed e mai this Page | IHC'p':n Document as POF
Requirements and Compatibility | Ordesing Information | Dedafied Specifications
Low-Cost, Bus-Powered Multifunction DAQ for USB
12- or 14-Bit, Up to 48 kS/s, 8 Analog Inputs
L -
o
. 2
.
& NATIOHAL I
. R
- naue
- .___.,_apﬂ"""
o -
.
r -———__—____.—-/
= 8 analog nputs at 12 or 14 bits, up io 46 kS = Digital triggering
= 2 analog outputs &t 12 bils, software-fmed » Bus-powered
» 12 TTLCMOS digital 1D lines » T-year warranty
= One 32-hit. 5 MHz counter
Requirements and Compatibility
05 Information Driver Information Software Compatibility
Mac 05 X MI- DG AMS| CIC++
Windows 20007FP NI-DAQT:: Base LabVIEW
Windows 7 LabVIEW SignaiExpress
Windows CE LabWindows/Cvl
Windows Mobde Measurement Studio
Windows Vista 32-hit Visual Basic NET
Windows Vista 84-bit Visual C#
Back 1o Top
Comparison Tables
Product I t Input Max Sampling Rate Analog Dutput Dutput Rate Digital 'O 32-Bit i "
o ! Resolution (kSis) Dutputs Resolution (Hz) Lines Counter i
8 single-snded/4 22
USB-6008 differantial 12 0 2 12 150 12 1 Digital
8 single-ended/4 :
USB-6009 differaniial 4 48 2 12 150 12 1 Digital

Back to Top
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Application and Technology
The USE-6008 and LISB-6009 are ideal for applications where a low-cost, small form factor and simplicity are essential. Examples nclude the following:
Data logging — quick and easy envimnmental or voftage data logging

Academic lab use — student ip of dala scquistic fior completely interactive [ab-based courses (Academic pricing available. Visit the scademic product page for deais.)

OEM epplications as 10 for embedded systems

Recommended Software

Mational Instruments measurement services softwers, built around NI-DA&Cmx driver software, includes intultive spplication programming i guration foois, 1D assi and other tools
designed to reduce system setup. configuration, and development time. Mational Instruments recommends using the atest version of NI-DACm diver software for application development in NI
Leb\IEW, LabVIEW SignalExpress, Lab VCNT, and it Studio software. To obisin the |atest version of NHDAQM, visit ni com/support/dag/versions.

Ml measurement serices software spesds up your devalopment with features ncluding the folowing:

A guede io creste fast and accurate measurements with no programming usang the DACQ Assistant.

Automatic codie generation to create your applcation in LabWVIEW.

LebWindows/CVI; LabVIEW SignalExpress; and C2, Visual Studio NET, ANSI C/C++, or Visual Basic using Measurement Studso.

Muttithreaded streaming technology for 1,000 times parformancs improvemants.

Automatic fiming. friggering, and synchronzaion nuting to make advanced applications easy.

Maore than 3,000 free software downioads available at ni.com/zone to jump-start your project.

Software configuration of all dgilal VD features without hardwars swil

Single programming interface for analog input, analog output. digital 10, and counters on hundreds of multifunction DAG hardware devices. M Series devices are compatible with the following
wersions (or lster) of M| applcaton sofiware — LabVIEW, LabWindows/CV1, or Meeswement Studio versions 7.x; and LabWIEW SignalExpress 2.x.

Every National Instruments DAQ device indudes a copy of LabVIEW SignalExpress LE dats-logging software, so you can quickly scquire, analyze, and present dets without programming. The
Mi-DAQmx Base driver software is provided for use with Linux, Mac 05 X Windows Mobde_ and Windows CE operating systems.

Recommended Accessories

The USB-6008 and USB-6009 have removable screw terminals for easy signal connectivity. For exdra flexibility when handling multiple wiring configurations, Mi offers the USB-600x Connectivity Kii,
which includes two extra sels of screw terminals, extra labels, and a screwdnver. In addition, the USB-500x Prototyping Kit provides space for sdding more circuitry to the inputs of the USB-6008 or
USB-6000.

NI USE DAQ for OEMs:

Shorten your fime to market by integraing world-class NaBonal Instruments DEM measurement products into your embedded system design. Board-only versions of NI USB DAQ devices are
available for OEM appications, with compettive quantity pricing and available software customization. The M1 GEM Elite Program offers free 30-day triaf kits for quesfied customars. Vist ni.comioem
fiar more information.

Information for Student Ownership

To supplement simulation, measuremant, and automation theory courses with practical expenments, NI has developed the USB-6008 and USB-6009 student kits, which include the LabVIEW Student
Edifion and a ready-io-nun dats logger applicaion. These kits ane exclusively for students, giving them a powerful, low-cost, hands-on leaming tool. Visit ni.com/academic for more details.

Information for OEM Customers

Forinft ion on special configurations and pricng, call (B00) 813 3693 (LS. only) or visit ni. comdoem. Go fo the Ordering Information secion for part numbers.
Back i Top
Ordering Information
For a complate §st of accessories, visit the product page on nicom.
NI USB-6008
NI USB-6008 with NI-DAQmx software, LabVIEW SignalExpress LE, and a USE cable. T7O051-01 No accessonies requined.
NI USB-6008 OEM [no enclosure) 19313202 Mo accessones requined.
NI USB-6008 Student Kit with NI-DAQmx software, LabVIEW SignalExpress LE, and a USB cable. Includes LabVIEW T79320-22 Mo accessonies required.
Student Edition.
Prototyping Kit
NI U5 B-600x Prototyping Kit 77951101 No accessonies requined.
Connectivity Kit
NI USB-600x Connectivity Kit TraaT-m Mo accessones requined.
NI USB-6000
NI USB-6003 OEM (no enclosure) 183132-01 No accessonies requined.
NI USB-6000 Student Kit with NI-DAQmx software, LabVIEW SignalExpress LE, and a USB cable. Includes LabVIEW 77932122  MNo accessonies requined.
Student Edition.
NI USBE-6000 with NI-DAQmx software, LabVIEW SignalExpress LE, and a USE cable. TTom2e-01 Mo accessonies requined.
Back fo Top
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Detailed Specifications
FTha following specifications are typical st 25 "C, unleas ofherwise noted.

Analog Input
Converter type Successie approximation
Analog inputs 8 single-ended. 4 differential, software seleciahle
Input resolution
NI USB-6008 12 hits diferential, 11 bis single-ended
NI USB-6009 14 bits diferental, 13 bits single-ended

Mex sampling rate (aggregate] '

NI USB-6008 10 kSis
NI USB-6009 4B kS/s
AlFIFD 512 hytes
Timing resolution 41.67 ns (24 MHz timebase)
Timing sccuracy 100 ppm of actual sample rate
Input range
Single-ended 10V
Differantial 20V T H10V, 25V, 4V, £25V, 22V, £1.25V 21V
‘Working voltage 10V
Input impedance 144 kD
Orvervoltage protection 135
Trigger source Software or external digital trigger
Systemn noise *
Single-ended
+10 ¥ ranga Smiyrms
Differential
+ 20V range 5 myrms
11 range 0.5 m\Vrms
Absolute accuracy at full scale, single-ended
Range Typical at 25°C (mV) Maximum ower Temperature (mV)
£10 4.7 13
Absolute accuracy at full scale, differential *
Range Typical at 25 "C {m\) Maximum over Temperature
[mV)
i) 147 138
210 .73 M
15 428 584
4 359 534
225 258 45.1
12 221 425
1.25 1.70 3849
11 153 s
Analog Output
Analog outputs 2

68

——
| —



