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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 piezoelectric 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.
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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.

Figure 1: Flowchart illustrating the relationships of factors in the cutting process. (Tugrul Özel, Tsu-Kong Hsu & Erol Zeren,

2005)
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Although there are a lot of different factors that affect the cutting process, the industry cannot

modify all 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 parameters in 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 material. In

theory, any material has its 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)
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The reality 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

force in 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 its grain 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 all 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.
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In order to decrease the number of broken tools and improve the production, the company

plans to carry out the flowchart shown in figure 2.

Figure 2: Future process flow chart of the company

Chalmers University of Technology has developed a theoretical finite element method (FEM)

model of how the microstructure in the material affects the cutting process (Ljustina G.,

Fagerström 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 a test rig for measuring the cutting forces on a lathe. 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.

 The installation and calibration of the device has to be quickly and easy.

 The test rig should have only minor influence in the cutting process.

 The set-up has to be able to be used in different lathes.

 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 allow

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

 Calibration, 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 all 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 this test 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 (Elgóibar 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 shapes in the wood with a sharp tool.
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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 a rope (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

a lathe.

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 a guideline a rule

or template firmly attached to the frame of the lathe.

The first lathe able to mechanize metal 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

is shown in table 2.
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Table 2: Upgrades in the lathe during the industrial revolution (Fryer, D. M. and Marshall, J. C., 1979)

Year Author Upgrade

1780 Jaques de Vucanson Build the first lathe with a slide tool holder

1797 Henry Mauslay The tool holder can move with constant speed

1820 Thomas Blanchard Design and build the copy lathe

1840s The revolver lathe is invented

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 (Martín Fernandez, F and Lozano Guardeño 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 Málaga, 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 material 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 material 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

components in X, Y and Z axis, as it shows in the Figure 4.

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 tangential 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 radial force which is almost 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 value.

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
2 250 377.7
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 value 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 is to

clarify what are the function of each component and their names. Figure 5 shows the main

parts of a normal lathe.



DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES

10

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 a lathe placed at University of Skövde 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 is the 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 ISO 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 Skövde

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 mechanics in 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 a first 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 all 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 trial-error is a slow and hard process to work with it, so computer and analytical 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 (Markopoulos 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) Measurement

device

Force treadmill for measuring vertical and horizontal

ground reaction forces.

Rodger Kram

et al. (1998)
Strain gauges

Medición de las fuerzas de corte con un dinamómetro

piezo eléctrico durante el taladrado térmico por

fluencia

Godoy J. et al.

(2003)

Piezoelectric

dynamometer

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) Measurement

device

Experimental study of orthogonal metal cutting

on CGI having different micro-constituents.
Saeed Azimi (2012)

Force

dynamometer

Determinación experimental de la fuerza de

corte en operaciones de torneado

Pereira, Juan C. and

Romanello, D. (2007)
Load cell

The content of the thesis wrote by Godoy J. et al. 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
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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 a foil.

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 external 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 this is useful to avoid, for example, the axial force in

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 place it is required.

Piezoelectric sensor

The piezoelectricity is the electrical charge accumulated in certain materials which is liberated

when a mechanical stress is applied. These materials are placed inside metallic covers in the

piezoelectric sensors, which receive a punctual load which deforms the piezoelectric 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 a really good alternative to measure

quick and small loads (HBM, 2013).

Load cell

The load cell is a transducer used to transform a force into an electrical signal.  The load 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 a close 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 electrical 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

all the possible alternatives 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 simulation 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 the test 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.
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Table 6: The seven stages of the rational methods design (Nigel Cross, 2008)

Method Aim

1. The Objective tree method Clarifying objectives. Clarify design

objectives and sub-objectives and their

relationships.

2. The Function analysis method Establish the function required and its

limitations.

3. The Performance Specification

method

Setting requirement. Make an accurate

specification of the performance required of

a design solution.

4. The Quality Function Deployment

method

Determine characteristics. Set the targets to

be achieved for the product.

5. The morphological Chart method Generate the complete range of alternative

design solutions.

6. The weighted objective method Evaluating alternatives. Compare the utility

of alternatives design proposals

7. The Value Engineering method Improving details. Increase or maintain the

value of a product 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 device in this thesis.
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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 a list of design objectives

2 Order the list 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 general 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 is done, it is important 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 all of lower-

level objectives to 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 all of these sub functions are

decided, all 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 develop 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 Performance 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

Specification 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 usually are:

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

function. This level offers the 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 generality 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 commercial 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 a test rig,

not a commercial 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 alternatives are compared to the actual prototype for the purpose of investigating

how to improve it.

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 alternatives 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 alternatives 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 Value 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 alternative designs, the Value Engineering method focus on the

details of the individual 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 assembled.

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 alternatives and select the final improvement of the product. Apply the final

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 all 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 analysis of the each part of bodies with complex

geometry.

- It is easy to implement non-linear properties of the materials in 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

selecting the more suitable ones among them (Scott Isaksen, 1998).
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2. IMPLEMENTATION
In this Chapter, the above mentioned methods and steps are followed to obtain the final

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 all the stages and steps and to justify why it is necessary to accomplish all 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 functional 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

1.5.3.

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 analysis, 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 data in 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 all 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 tree is

subdivided in two importance levels. The objective of the thesis is 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.

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.

Accurate

Test rig for
cutting

measurement
Cheap

Easy to use
calibrate

Simple
Small number of elements

Do not use complex geometries

Few elements between force and sensor

Find easily measurable properties

Redesign parts of an existing machine

Design the device to can be used in different lathes

Use already existing component whenever possible

Use cheap measure methods

No complex assembly

Use measurement methods with easy installation

Design a portable device that only required assembly
once

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

has to be reliable and simple.

All of these main objectives are much related between them. Therefore, all 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 analysis 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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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 commercial 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

Specification method is not fully applied. Previously 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

Cutting Process
Inputs

Measure the force
(Measure methods)

Collect the data
(Data collector)

Transfer the data to
the computer
(Data collector)

Obtain graphical
representation of the data
(Computer software)

OutputsForces in the cutting process

Figure 13: Function flowchart of  each component of the cutting testing
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product is a test 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

requirement 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 Skövde as it is shown in Figure 14.

Figure 14: Tool post from the workshop at University of Skövde.
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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 this model is

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

Figure 15: Original tool post dimensions

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, a simple analytical analysis is done. The problem is

defined as a clamped-free beam. The geometry is shown in Figure 16.
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Figure 16: Clamped-free beam diagram (Sundström, 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
L 20 mm
b 25 mm
h 25 mm
A 625 2
P 500 N
E 205 GPa
I 32552

0.32
G 78 GPa

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 is the Young Modulus, I the inertia of the cross section, υ 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)

= 65 + 3 (1)

By the use of values presented in Table 9, equation (1) provides a result of = 0.45 µm.
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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 Systèmes (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 Simulation 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 radial or feed forces because the objective is to determine

the influence of the tangential force in the tool holder. The solver mode selected is FFEPlus, a

faster solver mode for problems with degrees of freedom over 100.000 (SolidWorks Corp.,

2012). The the stopping threshold value used is 1 ∙ 10 .

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 simulation. 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.

Figure 17: Calculated strains in the original tool holder

The maximum strain in the model appears in the blade zone, and the value is about 0.03 µ .

Besides, in the zone where is supposed that the strain gauges has to be placed, the strain is

0.02 µ. This is just an approximation due to the simplifications and considerations explained

at the end of this section.
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Figure 18: Displacement analysis in the original tool holder

The maximum value of the displacement obtained in the simulation is about 3.7 µm located in

the extreme of the tool as it is shown in Figure 18. The difference between the analytical

solution and the simulation is around 3.25 µm. As expected, the value of the displacement in

the FEM analysis is higher than the analytical one. This is because the lower part of the tool

post is not a rigid 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 µm.

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

enable 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

is simplified. Also, the blade is just 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 simplified too.

These simplifications 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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Study of the different measurement methods

Simulation

Is it possible to measure the force directly?

Yes No

It is necessary to re-design the geometry

Simulation

Does the design satisfy the objectives

No Yes

Does the new geometry affects excessively to cutting

Yes No

Are the stresses between the components to high?

Yes No

Is there any possible improvement?

Is there any possible new design?

 Reduce the stresses
 Do the results more accurate
 Reduce the cost of the device
 Make easier the calibration process

The design stage is finished

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.

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.

The idea is to 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, a re-evaluation of the results is done to obtain new solutions

or implement any new idea in the final 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 analysis in Figure 17 and Figure 18, using the original tool holder, the

value of the strain in the most critical part is 0.03 µ and the value of the displacement is 3.7

µm. 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 measurement
Strain Gauges

0.03 µ
0.0005 No

Multiple S. Gauges 0.0005 No

Displacement measurement Laser measurer 3.7 µm 0.1 µm No

Load measurement
Load cells - - No

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 is impossible 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 use it.

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 piezoelectric sensors have similar problems that the load cells. To use it, a support or

special geometry to place it is needed and the almost inexistent displacement causes that the

measurement will be not accuracy. According with the section 2.5.2, the place where the

piezoelectric should be placed has a displacement of 0.67 µm.

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 allow 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:



DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES

38

 The load cell is a device with strain gauges inside and piezoelectric sensor are based

on the piezoelectric 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 simple than in the other devices.

 It is not affected by temperature.

 Generally have a high IP protection degree

 These measure devices have a long lifetime.

 Load cells do not have an excessive cost.

 Piezoelectric 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 is a point to take into account.

The design of the new geometry is done to stimulate the measurement of the loads with a load

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 alternatives 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 a load 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 all, the material 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 simplify 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

AISI 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`s ratio 0.32 N/D
Shear modulus 80000 MPa
Density 7850 Kg/
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/(m K)
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 all 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 commercial 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)

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 solve it, 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
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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 allowed by the displacement of the sensor. The operation of the design

concept is shown in Figure 20.

Figure 20: Free body diagram of the tool holder

An analytical calculation is done to estimate the possible results applying the lever law. The

value of is 25 mm and the value of is 125 mm. Since the diameter of the sensor is 20

mm, the value of is reduced to 115 mm. The value force 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 and 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 a load is 3.5 µm 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.

= (2)

= 3.5 µ115 ∙ 10 µ 20 ∙ 10 µ (3)

= 0.60 µ
According with these calculations, the blade will be displaced 0.60 µm 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 µm. According to

the tolerance table 22 of the British standard ISO 286-2 (British standards institute, 2008) the

minimum tolerance manufactured for the pieces with higher accuracy is 0.80 µm, so this value

is acceptable for perform test analysis with the device.

The simulation of this concept is done with the previous conditions. The FFEPlus 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.

Figure 21: Stresses in the rotational design
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As it is shown 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 is too large to allow the movement around the pivot.

Figure 22: Displacements in 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

scheme is shown in Figure 23.
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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 seen in

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 simulation 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 elements. 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.

Figure 26: Displacement of the blade in the modified tool holder

The displacement of the blade is almost 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. This is 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 analytical design is done to check if the displace of the blade is acceptable. The free

body diagram is shown in Figure 27.
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Figure 27: Free body diagram of the second class lever law design

The value of is the distance between the blade and the centre of the sensor (30 mm) and

is the distance from this point to the centre of the axis (95 mm). The value force is the same

as previous chapters, 500 N. is the force in the piezoelectric sensor and the reaction in

the pivot.

About displacement, is the vertical displacement at the end of the tool holder and is the

vertical displacement of the tool holder in the sensor zone. The maximum normal

displacement of the sensor is 3.5 µm, 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).

= 3.5 μ0.095 0.125 = 4.6μ (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). This value is 5 μ .

The displacement of the blade is acceptable since is only slightly higher than the second

minimum available tolerance according to Standard ISO 286, the IT4-IT11, for pieces which

has to be adjusted perfectly with reduced dimensions (British standards institute, 2008).

Besides, the sensors have and additional requirement, there is a maximum bending moment

allowable for the sensors. Hence, it is necessary to calculate analytically 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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= (5)= 500 ∙ 0.03 = 15
The maximum bending moment allowable by the piezoelectric sensor CLP is 35 Nm.

Besides, the load on the tool holder produced by the tangential 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

design is valid.

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 a rotation 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 components is quick and easy as it is shown in Figure 28. The

complete instruction manual is in 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 allow

a pre load to calibrate the load cell. Besides, it has a hole in the side for the axis as it 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 a special 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 almost 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 simulation.

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 all 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 axis is 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 ISO 7379 (British standards institute, 1983)

which have a flat surface where the components can rest. As it is shown in Figure 32.

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

Furthermore, this screw is a commercial 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 ISO 286-1 and ISO

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 allow 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 commercial screw (ISO 7379, see Chapter 2.12.1), its

tolerance is already predefined (h8). Thus, the tables provided by Standards ISO 286-1

and ISO 286-2 are used to check which is the tolerance that provides a hole diameter

slightly superior to the shaft diameter. The standard ISO 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 ISO

will result on a diameter of 10 . mm. 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 as it

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 optimally 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 As low 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 encapsulate
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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 piezoelectric measurer. Concretely the model PACEline CLP, a

piezoelectric 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

piezoelectric sensor does not use screws to be assembled since it is only necessary to apply

pressure to hold it.

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 C9B CLP

1 Direction of the force Compressive Compressive Compressive

2 Measurement resolution 5-15kN 0.5-20kN 13kN

3 Maximum height dimension As low as possible 13 mm 3.5 mm

4 Maximum width dimension 27 mm 26 mm 20 mm

5 Protection against residues As high as possible IP IP65

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 IP65 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 nominal rated displacement

between 0.06 and 0.13 mm instead of the nominal rated displacement of the piezoelectric

sensor which value is only 3.5 µm. 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 nominal 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 measure it.

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 all 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 simple, 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, all 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 all of these simulations 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 as it 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 all the boundary conditions of the

simulation, as it is shows in 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 all 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 forces is shown in Figure 41.

Figure 41: Loads directions in the final simulation
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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 a load 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 AISI 4340 and its justification is

explicated in the Chapter 2.8.1. For the sensor, a special material is created in order to

represent the nominal 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 (Sundström, Bengt,

2010)

= = /∆ / (6)

Where F is the load required by the sensor to produce the nominal displacement on it, S is the

surface of the piezoelectric sensor, ∆ is this normal displacement of the sensor and L is its

height. The result is a Young´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 simulations is 2 mm as it 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

a smaller 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 piezoelectric sensor

Both meshes are High quality meshing. The program generates solid tetrahedral 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 simulations.

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 simulations are performed with the FFEPlus

solver, an iterative method using a stopping threshold value of 1 ∙ 10 .

- The first 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

analyse it, the previous simulations are added a constant high value of the axial force.

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

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

The aim of the first group is to known if the device is capable to measure the tangential force

in a correct way. This first 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 0 0
1 100 0
2 200 0
3 300 0
4 400 0
5 500 0
6 600 0

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 0 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 screws load: 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 axial force, as it is shown in Table 17.

Table 17: Tangential and axial variable forces simulations

Fixing screws load: 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 tangential 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 as it is shown in

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 this final 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.

- The size of the mesh is 1 mm in 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 simulations first.
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3. RESULTS
The data obtained from the simulations of the Chapter 2.12 are shown is this section.

To each simulation, 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 simulations it is possible to make a graph to see if 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.

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.

Figure 46: Grpah of the results from simulations group No. 2

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

Table 20: Results from the simulation group number 3, using tangential and axial 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
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Figure 47 shows the progression of the axial force when the tangential force increases and the

reaction that they cause in the sensor. This is the most realistic group of analysis and it is done

when it is cheeked that the other analysis works.

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 simulation number 6

(with a tangential force of 600 N and without axial force).
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Figure 48: Stresses in the most critical simulation

Figure 49: Displacements in the most critical simulation

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 its aim is to 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. The initial objectives

and how the final design solves them are shown in Figure 51.

Figure 51:  Objectives and solutions about the device simplicity

The final 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 axis is a commercial screw with a washer and

the upper and lower parts have a U shape which facilitates the manufacturing process.

Therefore, the objectives about the simplicity of the device are completed.

The objectives and results about the accuracy are shown below, in Figure 52.

Simple
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Do not use difficult geometries
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Simple geometries
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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 original tool holder with a hole where the axis is

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.

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 piezoelectric 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.

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 dispositive is

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 original 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 original 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 simulations, 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 a mayor 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 reality. 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.

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. As it is

shown in Figure 55, which shows both graphs together, the results with and without axial

force are almost the same. Therefore, it is possible to ignore the axial 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. As it 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).

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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Figure 57: with highest stresses than 150 Mpa

As it is 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 commercial lathes without any large

modification. Also, it is a portable test rig which allows 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 specially

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. This is

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 is to obtain real data from empirical testing. In the future, the

studies derived from the comparison between these data and the analytical models will allow

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

due to it is only required to manufacture one time.

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 simulations 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 development:

 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 a rough 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 simulations

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 ISO

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 solve it, it is possible to use the computer software MATLAB and apply

a filter such as Savitzky-Golay filter to reduce the repercussion of the vibrations in 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 relationships 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

additional 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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Note: It is very important to align the piezoelectric sensor with the fixing screw. If it is

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

maximum allowable by the sensor



DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES

86



DESIGN OF TEST RIG FOR MEASURING OF CUTTING FORCES

87

Electronic connections

To connect the electronic devices the schema of Figure 59 is followed.

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 0

(pin number 2) and the 0 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

device is installed on a tool 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 piezoelectric 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 is important

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 – Drawings
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Appendix 3 – Data sheets
PACEline CLP Piezoelectric force washer data sheet

(www.hbm.com)
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Appendix X - PACEline CMA Charger amplifier data sheet

(www.hbm.com)
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Appendix X – National instrument USB-6009 data sheet

(www.ni.com)
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