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Abstract 

In this work, measurements and simulations were used to investigate the effects of 

grinding wheel topography on the geometric aspects of the grinding process. Since 

existing methods for measuring the grinding wheels were either not accurate enough or 

could only measure a small portion of a grinding wheel, a novel grinding wheel 

measurement system was developed.  This system consists of a white light chromatic 

sensor, a custom designed positioning system and software.  The resulting wheel 

scanning system was capable of measuring an entire grinding wheel with micron level 

accuracy.  The system was used to investigate the effects of fine, medium and course 

dressing on grinding wheel surface topology and the resulting workpiece surface.  New 

techniques were also developed to simulate metal removal in grinding.  The simulation 

software consisted of a stochastic wheel model, dressing model and metal removal 

model.  The resulting software could determine the uncut chip thickness, contact length 

for every cutting edge on a grinding wheel as well as the resulting surface roughness of 

the grinding wheel.  The simulation was validated by comparing the wheel model used in 

the simulation to grinding wheel measurements and by comparing the simulated surface 

finish to the measured surface finish.  There was excellent agreement between the 

predicted and experimentally measured surface topology of the workpiece. The results 

suggested that only 22 to 30% of the cutting edges exposed on the grinding wheel are 

active and that the average grinding chip is as much as 10 times thicker and 5 times 

shorter than would be produced by a grinding wheel with a regular arrangement of 

cutting edges as assumed by existing analytical approaches. 
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CHAPTER 1. INTRODUCTION  

1.1 Introduction  

The grinding operation is a key manufacturing step for the production of components 

requiring smooth surfaces and for tight tolerances on flat and cylindrical surfaces [1, 2]. 

The grinding operation at the macro-scale has been extensively studied in areas such as 

normal and tangential forces, power consumption, workpiece surface finish, and heat 

transfer. There is, however, still a lack of clear understanding at the micro-scale. The 

fundamentals of chip formation, grinding wheel topography and un-deformed chip 

geometry need more investigation. Thus, the topic of this thesis is the measurement and 

the modeling of grinding wheel surface topography as well as the modeling of the 

removal process in grinding. Better understanding of the aspects of the grinding wheel 

topography and the wheel/workpiece interaction at the micro-scale leads to better designs 

of grinding wheels and grinding processes.  

1.2 Objectives 

The objectives of this work were to: 

¶ Develop a method to accurately measure the entire surface of a grinding wheel in 

3D. 
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¶ Develop a method to model the surface topology of grinding wheel in 3D with 

and without dressing. 

¶ Develop a metal removal model to determine the uncut chip geometry for each 

cutting edges on the grinding wheel surface and to predict the surface finish of the 

workpiece. 

¶ Study the effects of dressing on the surface topography of grinding wheels, uncut 

chip geometry and workpiece surface finish. 

1.3 Organization of thesis 

This work is organized into eight chapters. In the following chapter the grinding process 

is introduced. The grinding wheel composition, grinding mechanics, grinding kinematics 

and the dressing operation will be briefly reviewed. In chapter 3, grinding wheel 

topography models and grinding wheel topography measurement will be reviewed. 

Chapter 4 will present the 2D metal removal simulation for grinding which was used to 

calculate the uncut chip thickness and contact length, and to study the effect of the 

distribution of grain size, spacing and protrusion height on the chip geometry. Chapter 5 

will discuss the 3D model of the metal removal for grinding. The roughness of the ground 

surface will then be predicted and compared with experimental results. Chapter 6 will 

present the development of the grinding wheel topography measurement system. The 

effect of the dressing conditions on the grinding wheel topography will be investigated. 

In Chapter 7, a new dressing model will be presented. The model will be assessed by 

comparing the characteristic of the simulated dressed wheel and workpiece surfaces with 

the measured wheel surfaces. Subsequently, the dressed wheel model will be used to 

determine the uncut chip thickness and contact length. Finally Chapter 8 will present the 

conclusions drawn from the work carried out in this thesis, followed by the contributions 

and recommendations. 
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CHAPTER 2. GRINDING PROCESS 

2.1 Introduction  

A grinding operation is a process in which unwanted material is removed from a 

workpiece by hard abrasive particles. In fact, the grinding process is an ancient practice; 

it is probably the oldest machining process in existence. Prehistoric man found that he 

could sharpen his cutting tools by rubbing them against hard gritty rocks. In the present, 

using a suitable bond material, the small abrasive particles are formed into the shape of a 

wheel. The abrasive grains on the grinding wheel act as cutting tools. In the grinding 

process the rotating grinding wheel is brought into contact with the workpiece surface. 

The exposed abrasive grains remove tiny chips of metal from the workpiece, as shown in 

Figure  2.1. This chapter briefly introduces the grinding wheel fabrication, dressing 

operation and the mechanics of grinding. 
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Figure  2.1 Illustration of grinding wheel components and the chip formation. 

 

2.2 Grinding wheel composition 

The grinding wheel consists of the abrasive grains, bond material and porosity. Figure  2.2 

shows a Scanning Electron Microscope (SEM) micrograph of a typical grinding wheel, 

where the grains, bonding material and porosity (voids) are clearly visible. The abrasives 

commonly used are aluminum oxide, silicon carbide, cubic boron nitride (CBN) and 

diamond. CBN and diamond are the hardest materials known, hence, they are known as 

super-abrasives. The abrasive grains have irregular shape and size; a grain may have 

more than one cutting edge [3].  

Workpiece

Abrasive 

grain
Bond

Porosity
Chip
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Figure  2.2 SEM micrograph of a grinding wheel. 

 

2.3 Grinding wheel standard marking system 

The grinding wheel standard marking system provides the user with key information 

regarding the construction of the grinding wheel including the following information: 

1. The type of abrasive grains 

2. The size of abrasive grains 

3. The hardness of the grinding wheel 

4. The wheel structure number 

5. The bond type 

Figure  2.3 illustrates the marking system for conventional grinding wheels containing 

aluminum oxide and silicon carbide abrasive, which is defined by the American National 

Standards Institute (ANSI) by Standard B74.13-1977 [4]. It starts with a prefix for the 

manufactureôs symbol, which indicates the exact kind of abrasive, followed by the 

possible parameters for the wheel specification as mentioned above, and ends with a 

manufacturerôs record, which is to identify the wheel. 

Grain

Porosity Bonding 

material
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Figure  2.3 Standard marking system for aluminum-oxide and silicon-carbide bonded 

abrasives. 

 

The conventional grinding wheel consists of either aluminum oxide or silicon carbide 

abrasives, which are indicated in the wheel marking system by the letter A or C 

respectively. The size of an abrasive grain is identified by a grit number, which is related 

to the screen used to sort the grains. A larger grit number indicates a smaller grain size. 

The sieving process consists of passing the abrasive grains through a stack of standard 

sieves from the coarser meshes in the top to the finer meshes in the bottom. Coarse grains 

are collected from sieves with grit number from ψ to ςτ, medium grains are collected 

from sieves with grit number from σπ to φπ, fine grains are collected from sieves with 

51    -    A    -    36    -    L    -    5     -    V    -     23 
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grit number from χπ to ρψπ and very fine grains are collected from sieves with grit 

number from ςςπ to φππ.  

Given the standard grit number ὓ the abrasive grain size Ὠ can be estimated from the 

following relationship [2]: 

 Ὠ ρυȢς ὓ  άά ( 2.1) 

The wheel grade or hardness in the wheel marking system is identified by a letter from A 

(soft) to Z (hard). Regardless of the abrasive and bond material type, harder wheels 

contain less porosity and more bond material. For example wheel with grade Z contains 

ςϷ porosity and wheel with grade A contains υςϷ porosity [5]. The next number in the 

wheel marking system is the structure number, which indicates the volume fraction of the 

abrasives in the grinding wheel. A small structure number indicates more abrasive grains 

or more packing density. The relationship between the grain volume fraction ὠ and the 

structure number Ὓ is shown in the following equation [2]: 

 ὠ πȢπςσς Ὓ ( 2.2) 

The abrasive grains are held together using a bond. In the wheel marking system the bond 

material is specified by the first letter of the material type, for example V for vitrified. In 

general, the bond must be strong enough to withstand against grinding forces, high 

temperature, and centrifugal forces without disintegrating. Some porosity is essentially 

integrated into grinding wheels to provide clearance for the tiny chips being formed and 

to carry the coolant to the cutting zone. 

2.4 Grinding mechanics 

Like all other machining methods, the material removal by grinding is accomplished by a 

chip formation process, however, in much finer scale. The cutting-tool geometry and its 

interaction with the workpiece in the grinding are not as well defined as in other 



8 

 

machining process such as turning and milling. There are major factors that differentiate 

the action of the abrasive grains from the other single-point tools: 

1. There is a significant variation in the abrasive geometry along the 

circumference of the grinding wheel.  

2. The abrasive grains are stochastically distributed and oriented. 

3. The radial position of the abrasive grains in the grinding wheel varies, which 

means the cutting edgesô protrusion height from the grinding wheel working 

surface varies and each abrasive grain has different depth of cut. 

4. The majority of the abrasive grains have a highly negative rake angle; the 

average is φπ, which results in a very low shear angle (see Figure  2.4). 

5. The cutting speed in grinding is very high, the typical cutting speed is 

 ςπ-σπ άȾί, and in extreme cases the cutting speed can rise up to ρςπ άȾί. 

There are three phases of grain/workpiece interaction. These include rubbing, plowing 

and cutting [2, 6] as shown in Figure  2.4. In the beginning of the grain/workpiece 

interaction the cutting depth is very small which results in sliding the grain over the 

workpiece with high friction resulting in elastic deformation in the workpiece. This phase 

is named rubbing. The second phase, called plowing, occurs when the depth of cut 

increases to the point where plastic deformation occurs on the workpiece surface and the 

material flows around the cutting edges. The last phase is cutting when the depth of cut 

increases to the point where the chip is formed. These mechanisms make the cutting 

action of individual grains inefficient in comparison to a conventional cutting tool. It is 

one reason why the energy generated per volume of material removed in grinding is far 

greater than in other machining processes. 
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Figure  2.4 Rake angle and shear angle in abrasive grain and single-point cutting tool. 

 

2.5 Grinding kinematics and the un-deformed chip geometry 

Figure  2.5 illustrates the kinematics of the surface grinding operation. A grinding wheel 

with diameter of Ὠ removes material from the workpiece with grinding depth of cut of ὥ. 

An individual abrasive grain on the wheel peripheral is moving at a tangential velocity 

of ὺ, while the workpiece is translating at a velocity of ὺ . Penetration of the grinding 

wheel into the workpiece results in an apparent area of contact where the material 

removal action occurs. The active grains, which participate in the material removal 

process, are assumed to be in contact with the workpiece along this area. The produced 

chips will have an un-deformed length, named the contact length ὰ. The un-deformed 

chip also has a thickness, named the uncut chip thickness Ὤ ȟ which gradually increases 

as the chip is being cut. The maximum uncut chip thickness Ὤ  and contact length ὰ are 

the two most important geometric parameters in grinding mechanics. 
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Figure  2.5 Surface grinding. 

 

Neglecting the motions and the deformations of the grinding wheel and workpiece, the 

arc length of contact can be generally expressed as [2]: 

 ὰ ὄὃ
Ὠ•

ς
 

( 2.3) 

From Figure  2.5, it can be readily shown that [2]: 

 ὧέί•
ὕὉ

ὕὃ

Ὠ
ς ὥ

Ὠ
ς

 ρ
ςὥ

Ὠ
 ( 2.4) 

Since ςÁḺÄ the small angle approximation would apply [2].  

 ὧέί• ρ
•

ς
 

( 2.5) 

Combining Equation ( 2.5) with Equation ( 2.3) and ( 2.4) leads to the result [2]: 
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 ὰ ὥὨ ( 2.6) 

This expression for the contact length ὰ can be shown to be identical to the chord length 

AB. Therefore, the contact length ὰ is considered to be a static approximation of the 

cutting-path length or the un-deformed chip length [2]. The cutting path length ὰ as 

given by Equation ( 2.7)  can be considered as a kinematic correction to the static contact 

length ὰ, and is known as a kinematic contact length [2].  

 ὰ ρ
ὺ

ὺ
ὰ
ί

ς
 ( 2.7) 

In order to derive Equation ( 2.7) the abrasive grains are assumed to be points that are 

evenly distributed around the circumference of the grinding wheel and evenly protruded 

from the grinding wheel working surface; moreover, the abrasive begins its contact with 

the workpiece at point B and follows the curved path to point A in a circular trajectory 

(see Figure  2.5). This assumption implies an intermittent motion in which the workpiece 

remains stationary during an individual cut, and then moves suddenly from point ὕ to 

point ὕ by the distance Ὓ before the next cutting point engages. The distance Ὓ is defined 

as the feed per cutting edge, which is influenced by the wheel tangential speed ὺ, the 

workpiece translation speed ὺ  and the distance between adjacent abrasives ὒ known as 

grain space, and can be calculated using the following equation [2]: 

 ί
ὒ ὺ

ὺ
 ( 2.8) 

In Figure  2.5 the maximum uncut chip thickness Ὤ  is the distance from A to D. Based 

on Figure  2.5 and using mathematical derivation the maximum uncut chip thickness 

Ὤ can be calculated using the following equation [2]: 

 Ὤ ςὒ
ὺ

ὺ

ὥ

Ὠ
 

( 2.9) 
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The mathematical derivation of Equation ( 2.9) can be found in [2]. The grain spacing can 

be approximated as follows: if the grains in the grinding wheel are assumed to have a 

simple cubic packing structure, then the grain volume fraction ὠ of the unit cell must be 

[6]: 

 ὠ
“Ὠ

φὒ
 ( 2.10) 

where ὒ  is the length of the unit cell and each unit cell contains one grain. Combining 

Equations ( 2.8) and ( 2.9) results in the following equation [6]: 

 ὒ
“Ὠ

πȢρςσς ί
 

( 2.11) 

The cutting edge density is the number of cutting edges per unit area. Since there is a 

total of one complete cutting edge on the face of each unit cell the cutting edge density 

for simple cubic packing, therefore, is [6]: 

 ὅ
ρ

ὒ
 ( 2.12) 

If the average cutting edge is assumed to be Ὧ Ὠ wide, then the spacing between the 

cutting edges is [6]: 

 ὒ
ρ

Ὧ ὅὨ
 ( 2.13) 

where π Ὧ ρ is the ratio of cutting edge width to grain diameter. 

2.6 The dressing operation 

The dressing operation is the process of conditioning the grinding wheel working surface 

to achieve a desired grinding behavior. Even a newly mounted grinding wheel should be 
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dressed prior to the first operation in order to generate a satisfactory grinding wheel 

topography, which has significant impact on the workpiece surface roughness, grinding 

force, power and temperature. 

Many procedures have been developed to dress grinding wheels. These procedures are 

generally based on one of two general methods. These methods are single-point dressing 

and rotary dressing. Figure  2.6 illustrates the dressing operation by a single-point 

dressing tool, which is accomplished by feeding the dressing tool with a cross-feed 

velocity of ὺ across the rotating wheel surface with a tangential velocity of ὺ and with a 

dressing depth of ὥ. This kind of dressing motion is analogous to the turning operation 

on a lathe.  

The axial feed of the dressing tool per wheel revolution is called the dressing lead ί, 

which can be calculated by the following equation [2]: 

 ί
“ Ὠ ὺ

ὺ
 ( 2.14) 

The overlap ratio Ὗ  is the ratio of the active width ὦ of the single-point diamond tip to 

the dressing lead ί [6].  

 Ὗ
ὦ

ί
 ( 2.15) 
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Figure  2.6 Single-point dressing of grinding wheel. 

  

Another dressing method uses a roll covered in diamonds. One of the advantages of this 

kind of dressing is the relatively quick dressing for complex wheel profiles [7]. In this 

method the grinding wheel with peripheral velocity of ὺ is fed radially into the rotating 

roll with a peripheral velocity of ὺ at a feed velocity of ὺ, which is corresponding to a 

depth per wheel revolution ὥ, see Figure  2.7. Dressing in-feed velocity is a dressing 

condition used to represent the amount of removed wheel per revolution [8]. The dressing 

ratio, which is the ratio of the dresser peripheral velocity to the wheel peripheral velocity, 

is also used to identify the dressing condition. When the dressing ratio approaches ρȢπ, 

which is called crush dressing, the abrasive grains and the bonding material in the area of 

the contact may be destroyed by the high compressive stress [8, 9].  
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Figure  2.7 Rotary dressing of grinding wheel. 

 

2.7 Summary  

In this chapter the grinding process was briefly introduced. It was shown that, despite the 

fact that grinding wheels are carefully classified using the marking wheel standard, each 

grinding wheel has a different topography. The stochastic grain size, grain shape, grain 

orientation and grain spatial distribution on the grinding wheel working surface play a 

pivotal role in the topography of the grinding wheel. This fact makes it extremely 

difficult to accurately model the un-deformed chip geometry (uncut chip thickness and 

contact length) and workpiece surface quality. The standard analytical approach for 

calculating the uncut chip thickness and contact length, which is based on some 

problematic assumptions, was also reviewed in this chapter. The analytical approach will 

be compared with an experimental validated simulation technique in Chapter 5 and 

Chapter 7.  

 

  

Rotary 

dresser
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CHAPTER 3. GRINDING WHEEL TOPOG RAPHY MODELS  

3.1 Introduction  

The grinding process has been known for thousands of years; however, it was not 

scientifically examined until the middle of the 1940ôs [1]. In the years that followed, 

much research has been focused on this field. These days, grinding operations are a vital 

economic constituent in many industrialized countries [10]. Modeling of grinding 

operations requires the consideration of the grinding wheel topography. Understanding 

the geometry of the cutting edges, which are stochastically distributed and oriented on the 

grinding wheel circumference, and understanding the mechanism of chip formation leads 

to a better understanding of the grinding process.  

There are two principle strategies to obtain a topography model for a grinding wheel: 

using scanned information from a real grinding wheel surface topography, or modeling 

the surface topography. In this chapter grinding wheel models will be reviewed followed 

by grinding wheel measurement techniques. 
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3.2 Grinding wheel models 

Doman et al. [10] has classified the grinding wheel topography models into three types: 

one dimension (1D), two dimensions (2D) and three dimensions (3D). The definition of 

1D is that the model is unable to provide topographical details of the wheel surface. In 

other word, the wheel surface is characterized by parameters such as surface roughness 

and the number of cutting edges that are exposed on the wheel surface. In 2D model, the 

grains are described geometrically rather than empirically. Subsequently, the grain size 

distribution, location, protrusion height and the dressing effect are investigated [11-13]. 

In 3D models, not only the grain position and shape are described as three-dimensional 

object, but the 3D surface is simulated [14] or measured [15] to describe the wheel 

surface topography in three dimensions.  

3.3 One dimensional topography models 

One dimensional grinding wheel topography models were constructed to define grinding 

wheel characteristics, such as wheel surface roughness and number of cutting edges [10]. 

Peklenik [3] has concluded that any given abrasive grain might have multiple cutting 

edges. Later Verkerk et. al [16] reported that the cutting edges that belong to the same 

grain or to adjacent grains might be considered as a single cutting edge, because they do 

not have the chip clearance needed for chip formation. These conclusions were used as 

guides to classify the abrasive grains into two types: static and kinematic cutting edges. 

The number of static cutting edges is the summation of all the cutting edges. Whereas, 

the number of kinematic cutting edges refers to the sum of only the cutting edges that 

contribute in the chip formation process. The kinematic cutting edges are also known as 

the active cutting edges. 

In 1952 Backer et al. [17] rolled a grinding wheel under its own weight on a glass plate 

covered by carbon powder. The resulting image was enlarged and projected on a screen 

in order to count the spots on the projected picture that indicate the number of cutting 

points. It can be noted that the obtained result was actually an estimation of the number 

of peaks on the abrasive grain that protrude from the grinding wheel surface and have 
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penetrated in the carbon film, not necessarily the number of actual active cutting edges. 

This technique and its similarities are classified as static methods of determining the 

number of cutting edges.  

3.3.1 Basic topography model by Tonshoff 

In 1992 Tonshoff [18] made a survey of topography models prevalent in European 

grinding research. Most of these models [19-24] focused on the development of empirical 

formulas, which define the static and kinematic number of the cutting edges for a given 

grinding wheel. The estimated kinematic cutting edge density was defined as a function 

of four factors, including the cutting edge shape (SF), the speed ratio (SR), which is the 

peripheral velocity of the grinding wheel to the workpiece speed, the depth of cut (DC) 

and the grain size (GS). The basic formula of the kinematic cutting edge density was 

[18]: 

 ὔ ὛὊὛὙὈὅὋὛ ( 3.1) 

The static grain density was quantified experimentally, using various techniques such as 

profilometry or the stylus method. Tonshoff [18] proposed basic models in Equation ( 3.2) 

and ( 3.3) that define the static and kinematic cutting edges, respectively, in order to 

compare different models in the grinding wheel topography, which had been developed 

prior to 1992.  

 ὔ ὅ ᾀ  ( 3.2) 

 ὔ ὃ
ὥ

ήὨ
 

( 3.3) 

In Equation ( 3.2) and Equation ( 3.3) ὔ  and ὔ  are the number of static and kinematic 

cutting edges, respectively, ὅ  is the volumetric static cutting edge density (grain per unit 
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volume), a is the depth of cut, Ὠ  is the equivalent grain diameter, q is the speed ratio, 

ὃ  is the cutting edge shape constant, and !  and !  are empirical constants.  

3.3.2 Fractal theory and Warren Liao model 

The fractal theory was originated in 1975 by Mandelbrot [25]. Fractals are typically self-

similar patterns that make an object. The self-similarity means that objects are the same 

from near as from far. The object that is generated by the fractal theory can be split into 

parts; each part is a copy of the object. Figure  3.1 illustrates an example of fractal objects 

called ñSierpinski triangleò. In the figure self-similar triangles are arranged to make 

triangular object.  

 

 

Figure  3.1 Sierpinski triangle. 

 

The fractal dimension indicates details in a pattern. Given self-similarity objects of ὔ 

parts scaled by size ὶ from the whole, the fractal dimension Ὀ is defined by [10]: 

 
Ὀ

ÌÏÇὔ

ÌÏÇ
ρ
ὶ

 ( 3.4) 
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2 3
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For example in the fractal shown in Figure  3.1, there are three self-similar triangles 

making an object in which a single triangle is scaled by half of the entire fractal object. 

Thus fractal dimension is: 

 Ὀ
ÌÏÇσ

ÌÏÇ
ρ
πȢυ

ρȢυψυ ( 3.5) 

The fractal theory has been used to characterize a ground workpiece, paper-ground and 

grinding wheel topographies [26-28], because the abrasive grains have quite similar 

geometry. Warren [29] used the fractal dimension to characterize a diamond grinding 

wheel. The fractal dimension of the grinding wheel profile was determined for different 

scale lengths, as illustrated in Figure  3.2. From the figure, it can be noticed that the scale 

length controls the profile shape. When the scale length decreases, more of the profile 

detail is gained and the profile length becomes longer. Warren [29] used the following 

equation to calculate the fractal dimension. 

 Ὀ ρ
ÌÏÇὒ

ÌÏÇὶ
 ( 3.6) 

where ὒ is the total profile length and ὶ is the scale length. Warren [29] concluded that 

a finer wheel requires a shorter scale length (or sampling interval) to estimate the surface 

roughness of the grinding wheel.  
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Figure  3.2 Schematic of grinding wheel profile with (a) fine, (b) medium, and (c) coarse 

scale length [29]. 

 

3.3.3 Hou and Komanduri model 

In 2003 Hou and Komanduri [30] provided a grinding wheel topography model based on 

stochastic approaches. The model determined the number and the probability of a certain 

grain size within the grinding wheel volume. Figure  3.3 plots of the mean grain diameter 

Ὠͺ  versus the grain size Ὠ, which can be obtained from the grinding wheel marking 

system, from which the following best-fit relation was obtained [30]: 
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 Ὠ ςψȢω Ὠ Ȣ
 ( 3.7) 

 

 

Figure  3.3 Plot of the mean grain diameter versus the abrasive grain size [30]. 

 

Hou and Komanduri [30] determined the average number of the grains per unit length on 

the surface of the grinding wheel ὔ by using the following equation: 

 ὔ
ρπ

Ὠ
 ὠ  ( 3.8) 

In the above equation ὠ represents the abrasive grains volume fraction. Therefore, the 

average number of the grain per unit area ὔ  is given by [30]: 

 ὔ ὔ
ρπ

Ὠ
 ὠ  ( 3.9) 

Hou and Komanduri [30] assumed that the abrasive grain size on the grinding wheel 

surface conforms to a normal distribution. The normal distribution function is 

mathematically expressed by the following equation [30]: 
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 ὖὼ
ρ

Ѝς“
Ὡ Ȣ  ( 3.10) 

where ὖὼ is the probability of value ὼ. Figure  3.4 plots the probability versus the grain 

size. The probability of a range of grain size (from Ὠ ὥ to ὦ) could be defined by 

integrating the probability carve from the lower integration limit of ὥ to the upper 

integration limit of ὦ, see Equation ( 3.11), which determines the area between the limits 

and the curve.  

 

Figure  3.4 Normal distribution plot of the frequency versus the grain diameter [30]. 

 

 ὖὨ
ρ

Ѝς“
Ὡ Ȣ   ὨὨ  ( 3.11) 

 

Figure  3.5 illustrates a schematic of grains with various sizes which are aligned to the 

top. Hou and Komanduri [30] assumed that the grains with size from Ὠ ὴ to Ὠ

Ὠ  are active grains. Thus, Equation ( 3.11) was used with upper lower limit of ὴ and 
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upper limit of Њ to calculate the probability of the active grains, area ὖὴ in 

Figure  3.4. The lower limit of active grain was defined by the following equation [30]:  

 ὴ
Ў

ς
Ў  

τȢτ

Ў
ς

 ( 3.12) 

where ‏ is the range of grain size and Ў  is the depth of cut.  

 

 

Figure  3.5 Grain size distribution and the probability of active grains [30]. 

3.3.4 Koshy et al. model (1) 

Koshy et al. [12] developed a topography model of a freshly dressed resin/metal bonded 

diamond grinding wheel. The formulated mathematical model estimates the planer grain 

density, the percentage area due to the abrasives on the wheel surface and the abrasive 

protrusion height distribution.  
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The grains were assumed to be spherical in shape with a radius distribution that conforms 

to a symmetric truncated normal distribution as shown in Figure  3.6. The probability 

density function of grain radius ὶ is given by the following equation [12]: 

 Ὢ ὶ
ὃ

„Ѝς“
 Ὡ

Ȣ
Ӷ

  ȟ      ὶ ὶ ὶ  
( 3.13) 

where ὶӶ is the average of the grain radius and „ is the standard deviation of the grain 

radius, which was given by the following equation [12]: 

 „
ὶ ὶ

φ
 ( 3.14) 

 

Figure  3.6 Distribution the grain radius [12]. 

 

The term ὃ in Equation ( 3.13) is an empirical constant. Koshy et al. [12] considered a 

cube of volume ὰ units of the wheel material for modeling as shown in Figure  3.7. 

Equation ( 3.13) was used to define the probability of the protrusion height of the grains 

that exists between two arbitrary heights ὥ and ὦ (see Figure  3.7) as follows [12]: 

 ὖὥ ὶ ώ ὦ
ρ

ὰ πȢτὶӶ
 Ὢ ὶ Ὠὶ  Ὠώ

ȢӶ

ȢӶ

 ( 3.15) 
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where ὰ is the length of the cubic of the wheel material and ώ is the coordinate of the 

grain center as shown in Figure  3.7. 

 

 

Figure  3.7 Parameters of the mathematical model. 

 

Koshy et al. [12] estimated the average number of the grains that protruded above the 

bond level using the following equation: 

 ὔ
ὠ

πȢχυ “ ὶӶ
 ὖὥ ὶ ώ ὦ ( 3.16) 

where ὠ is the volume of the abrasives. Figure  3.8 shows the distribution of protrusion 

heights for various grinding wheels with different mesh numbers for cube size ὰ

ρπ άά. Koshy et al. [12] compared the result using Equation ( 3.15) with experimental 

data reported by Yuhta et al. [31] and Syoji et al. [32]. It was found that Equation ( 3.15) 

predicted a maximum protrusion height of 34 ‘ά for mesh number 270/325, and 65 ‘ά 

for mesh number 140/170. While the experimental data reported by Yuhta et al. [31] and 

Syoji et al. [32] predicted the maximum protrusion height of 30 ‘ά and 67 ‘ά for these 

grain sizes, respectively.  
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Figure  3.8 Protrusion height distribution for various grit size [12]. 

 

3.4 Two dimensional topography models 

3.4.1 Koshy et al. model (2) 

In 1997 Koshy et al. [13] expanded their 1D model [12] to 2D model, which presented a 

stochastic simulation of metal/resin-bonded diamond grinding wheels. Diamond abrasive 

grains were stochastically distributed in a volume of a cube of side Ì. The grain size was 

assumed to conform to normal and symmetrically distributed about the mean grain 

diameter. The standard deviation of the grain diameter „ was given in Equation ( 3.17) 

[13]. 

 „
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Since the model was related to the topography of a resin/metal bonded diamond grinding 

wheel, it was assumed that the dressing operation does not act on the abrasive grains but 

the bond material. Under appropriate conditions some dressing techniques may dress the 

diamond wheel with little or no damage to the diamond abrasives including 

electrochemical [33], electrical discharge [34], and rotary wire brush [35].  

The dressing operation gradually removes the bond material around the diamond 

abrasives. As a result, the protrusion heights of the abrasives are increased. Eventually, 

the abrasives that are not rooted deep enough in the bond material cannot withstand the 

dressing load; hence, these grains are dislodged from the bond material. In Figure  3.9 the 

dislodgement of a grain with a diameter of Ὠ occurs when the relation ( 3.18) is satisfied 

[31, 36, 37]. 

 
ὼ

Ὠ
πȢρ ( 3.18) 

The abrasive grains were stochastically sized and distributed in the bond material. The 

bond material was represented as a cubic with a side of ὰ. The ὼ, ώ, and ᾀ coordinates of 

the center of each grain was uniformly distributed between (πȢρÄ ) and (Ì πȢρÄ). 

The distribution of grain location had to pass the condition shown in Equation ( 3.19) 

[13]. This condition ensures no overlapping between the grains. 

 ὼ ὼ ώ ώ ᾀ ᾀ
Ὠ Ὠ

ς
 

( 3.19) 

where Ὦ from ρ to Ὥ ρ. 

In Figure  3.9 the exposed grains can be identified by satisfying the following condition 

[13]: 

 ὃὦίὌ ᾀ
Ὠ

ς
 

( 3.20) 
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The protrusion height ὖ of a given exposed grain, as shown in Figure  3.9, was defined 

by the following equation [13]: 

 ὖ ᾀ
Ὠ

ς
Ὄ  

( 3.21) 

where Ὄ  is the bond surface height. 

 

Figure  3.9 Scheme for identifying protruding abrasive grain [13]. 

 

Koshy et al. [13] concluded that the distribution of the grainsô protrusion height in freshly 

dressed diamond wheel was uniform, whereas, inter-grain spacing between exposed 

grains conformed to a gamma distribution. The percentage of the projected area due to 

the protruding grains was found to be independent of the abrasive grit size. 

3.4.2 Chen and Rowe model 

Chen and Rowe [11] developed a model that took the dressing process into account. The 

topography model is influenced by the characteristics of the grinding wheel, the dressing 

diamond shape and the dressing conditions. Figure  3.10 shows the relationship between 

the input and the output of the dressing process.  
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Figure  3.10 Relationships in a dressing process [11]. 

 

The grain size, the packing density of the grains in the grinding wheel and other 

parameters represent the grinding wheel characteristics. Chen and Rowe [11] assumed 

that the grinding wheel is composed of spherical grains with diameter of Ὠ, which are 

evenly sized and randomly distributed throughout the wheel volume. The grains are 

initially arranged using a simple cubic unit cell (SC). Subsequently, they are randomly 

rearranged. Each individual grain is located in the grinding wheel by the following matrix 

[11]: 

 Ὃȟȟ

Ὃȟȟ

Ὃȟȟ
Ὃȟȟ

Ὃȟȟ Ὥ Ўὼ Ὑ

Ὃȟȟ Ὦ Ўώ Ὑ

Ὃȟȟ Ὧ Ўᾀ Ὑ

 ( 3.22) 

where the average spacing in ὼ, ώ, and ᾀ directions are equals, i.e. Ўὼ Ўώ Ўᾀ ὒ, 

since the spatial probability is assumed to be uniform. The total volume of the grains in 

one cell of SC is calculated by [11]: 

 ὠȟ
ρ

φ
“Ὠ  ( 3.23) 
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where ὓ is the mesh size. The grain packing density ὠ, determined by Equation ( 3.26) 

[2], is the ratio of the total volume of the grains in one cell to the whole volume of the 

cell, therefore [11]: 

 ὠ
ὠȟ

ὠ

“ Ὠ

φ ὒ
 ( 3.24) 

 ὒ
“Ὠ

φὠ
 

( 3.25) 

 ὠ ςσςὛ ( 3.26) 

where Ὓ is the structure number of the grinding wheel and , is the inter-grain spacing (the 

space between the centers of adjacent grains). In Equation ( 3.22) Ὑ , Ὑ  and Ὑ are 

random numbers which are generated between π and ὒ by a computer program. The inter-

grain spacing must be always greater than the grain diameter Ὠ, otherwise the grains will 

interfere with each other. Therefore, Chen and Rowe [11] made a rule for the 

rearrangement of the grains location process, which is the satisfaction of the following 

relation: 

 ὨὋȟȟȟὋǋȟǋȟǋ Ὠ ( 3.27) 

where ὨὋȟȟȟὋǋȟǋȟǋ is the distance between the centers of adjacent grains.  

Since grinding wheels are modified by the dressing process, Chen and Rowe [11] 

performed the dressing process on the grains after the randomization process to get a 

more realistic wheel topography model. A single point diamond dresser was used to cut 

the grinding wheel working surface. The dressing tool tip shape was assumed to be 

parabolic. The dressing tool passes helically over the surface of the grinding wheel. Chen 

and Rowe [11] considered two main mechanisms in the dressing operation, the ductile 

cutting and the grain fracture. Figure  3.11 shows that one grain may have several dressing 
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trace lines. In practice, these trace lines does not conform precisely the grain cutting 

surface after the dressing operation due to the fracture of the grains on grinding wheel, 

thus, Equation ( 3.28) represents the modified cutting surface of the grain  [11]. 

 ᾀ ὼ Ὢὼ ὬÓÉÎ‫ὼ ‌ ρ ( 3.28) 

where Ὢὼ is the grain surface resulting from the diamond dressing path, is a random ‫ 

frequency, ‌ is a random initial angle, and Ὤ is the amplitude value of the sine wave. 

As shown in Figure  3.11, the amplitude value Ὤ controls the fracture size and it 

proportional to the intersection area between the diamond dressing path and the grain 

ὃ , as well as the overlap ratio Ὗ . Therefore, the amplitude value of sine wave was 

defined as [11]: 

 Ὤ Ὧ
ὃ Ὗ

Ὢ
 ( 3.29) 

where Ὧ is proportionality factor, which was set to 0.25 to give reasonable simulation 

results, and Ὢ is dressing lead as shown in Figure  3.11. In this model the intersection 

area ὃ  was calculated numerically. 

 

Figure  3.11 Cutting edges generated by dressing fracture [11]. 
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3.5 Three dimensional topography models 

In the 3D grinding wheel topography models the grinding wheel working surface is either 

experimentally or statistically characterized in detail to be employed in simulation of the 

effect of the dressing process of the grinding wheel topography, or to generate a 

simulated ground surface of the workpiece. 

3.5.1 Hegeman model 

Hegeman [14] has proposed a three-dimensional topography model that assumes the 

grains have an ellipsoidal shape. The ellipsoidal grain size and orientation are randomly 

changed. The grain shape function in the wheel global coordinate system is [14]: 

 ᾀ ὼȟώ ὶ ρ
ὼ ὼ

ὶ

ώ ώ

ὶ
 

( 3.30) 

where ὼȟώȟᾀ π is the location of the grain center, and ὶ, ὶ and ὶ are the grain 

axis radii in ὼ, ώ and ᾀ directions, respectively.  

Hegeman [14] applied a dressing function to his model by generating a non-smooth 

surface on the grains. Since Equation ( 3.30) generates smooth ellipsoidal surfaces, 

Hegeman [14] defined a stochastic periodic function, Equation ( 3.31), to simulate the 

effect of dressing. 

 ᾀ ὼȟώ ÃÏÓ‫ὼ ‌ ÃÏÓ‫ώ ‌  ( 3.31) 

where ‫ , ‌, ‫  and ‌  are random numbers. Figure  3.12 shows the results of the 

simulation of Hegemanôs topography model without dressing. The wheel surface is 

located at ᾀ π. This model requires some parameters, which are listed in Table  3.1, that 

are experimentally determined. 
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Table  3.1 Required wheel parameters in Hegeman model. 

Wheel parameter Symbol Experimental technique 

Grain density per unit area ὅ Scanning electron microscopy 

Grain base radius ὶ ὶ Confocal scanning optical 

microscopy 

Grain protrusion height ὶ Confocal scanning optical 

microscopy 

 

 

Figure  3.12 Schematic of Hegeman model approximation of the grinding wheel 

topography [10]. 

 

3.5.2 A framework for general 3D model by Doman 

Doman et al. [10] constructed a framework for a general 3D topography model from a 

survey of the grinding wheel topography models prior 2005. Doman et al. [10] 

summarized the grinding topography model in a general modeling approach, as shown in 

Figure  3.13. The framework has two principle parts. The first part is the modeling of 

undressed grinding wheel topography, while the second part applies the dressing process 

to produce the final grinding wheel topography model. 

WheelsurfaceEllipsoidalgrainunit cell
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Figure  3.13 General 3D physical topography model approach [10]. 

In the first part of the framework the grains are randomly shaped, sized, and located. The 

abrasive grain shape, which is usually simplified by spherical, size, and location are set 

uniformly. Consequently, the stochastic randomizing function is applied to randomize the 

grains size and location. The resulting model is then ready for the dressing process. 

The second part on the framework model consists of the dressing technique, which is a 

product of three major mechanisms. These mechanisms are grain fracture, ductile bond 

cutting, and grain deformation. All these mechanisms are affected by the dressing 

parameter, such as dressing tool shape, dressing depth, and dressing lead. 
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3.6 Grinding wheel surface measurement  

Grinding wheel surface measurement methods were reviewed by Verkerk [16] including 

grain counting, profilometry, and a taper print method. In 1996 Lonardo et. al [38] also 

reviewed grinding wheel measurement techniques and classified the 3D surface 

measurement instrument to distinguish between contact and non-contact measuring 

methods. 

3.6.1 Contact measuring methods 

Surface measurement using a stylus, which has been used since 1927 [38] and is still the 

most widely used for the measurement of surface roughness, is a contact method. In this 

technique, a small force is applied by the stylus tip to ensure continuous contact between 

the stylus tip and the measured surface during the measurement procedure. In the surface 

measurement process using the stylus, the stylus tip travels across the surface and records 

the changes in the profile height of the surface. This process can be repeated in 

orthogonal directions to measure a surface in 3D (rastor scan procedure). Blunt and 

Ebdon [39] used a Somicronic Surfascan 3D stylus-based measuring instrument and 

Nguyen and Butler [40] used a Talyscan 150 stylus system to characterize the grinding 

wheel surface. The surface measurement process using a probe is also classified as a 

contact measuring method. 

3.6.1.1 Xie et al. model 

Xie et al. [15] introduced a measuring system that provides 3D wheel topography data. 

The system employed LH-65 coordinates measuring machine (CMM) to conduct the 

measurement of grain protrusion topography on the wheel surface. Figure  3.14 illustrates 

the scheme for the 3D measurement of the grains. The τ άά diameter spherical 

carbuncle probe touches the wheel surface circumference and records the coordinate 

system of each point. This procedure is repeated at each level of depth ɿ of wheel width 

(y-axis). Each measured point ὖὼȟᾀ  is transformed to the polar coordinate ὖ ὶȟ—  

by the following equations [15]: 
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 ὶὴ ὼ ᾀ  ( 3.32) 

 — ÔÁÎ
ὼ

ᾀ
 ( 3.33) 

  

Figure  3.14 Scheme of 3D measuring of grain protrusion surface [15]. 

Figure  3.15 shows the measured profile. The mean radius of ὶ  used as a datum surface 

radius was given by [15]: 

 ὶ  
ρ

ὲ
   ὶὭ

ὲ

Ὥρ

 ( 3.34) 

The measurements were converted to an arc length ὒ  and a protrusion height ὖ  using 

the following equations [15]: 

 ὒ ὶὴ — ( 3.35) 

 ὖ ὶὴ ὶὴ  ( 3.36) 
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Figure  3.15 The geometrical mode of the grain protrusion profile. 

Figure  3.16 shows the 3D grain protrusion topography on the wheels working surface. By 

enlarging the measured area of the grinding wheels work surface, more information about 

the grain protrusion distribution can be obtained. 

  

Figure  3.16 Grain protrusion topography on wheel working surface [15]. 
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Due to the stylus and probe geometry, however, it is difficult to measure the small 

features that make up a grinding wheel surface; also the information of the measured 

surface at the deep peaks is not reachable. Therefore, the measurements were made 

directly on the outmost layers of the grinding wheel surface. Moreover, when increasing 

the measuring speed (scan speed) the stylus tends to lose the contact with the measured 

surface resulting in low pass filtering [38]. In addition, using the stylus or probe on a very 

rough hard surfaces such as grinding wheel surfaces can cause accelerated wear to the 

stylus [36].  

3.6.2 Non-contact measuring methods 

Non-contact methods seem to be more suitable for the measurement of the grinding 

wheel topography [41], because in contact methods the measurement result is greatly 

influenced by the measuring tool geometry as well as the measurement mechanism [38]. 

Several attempts of non-contact methods of grinding wheel topography have been 

conducted; these methods can be classified as non-optical or optical techniques. The non-

optical non-contact techniques include Scanning Electron Microscopes (SEM) and 

Acoustic Emission (AE) sensors.  

Matsuno et al. [42] used a scanning electronic microscope to generate a stereographic 

image of the grinding wheel surface; however, this technique requires a very small 

sample size (ς ς άά), which may not be sufficient to characterize an entire grinding 

wheel. The stereographic image of the grinding wheel surface was converted into contour 

plots allowing cutting edge density at different level of wheel surface depth to be 

observed. 

Syoji et al. [36] used a pair of scanning electronic microscope stereo photographs to 

generate the grinding wheel topography in three dimensions, by comparing photographs 

taken simultaneously from different angles. Information about the third dimension (image 

depth) can then be obtained through a triangulation process. 
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Weingaertner and Boaron [43] used an acoustic emission sensor mounted on a dressing 

tool to count the number of cutting edges on a grinding wheel. This system could map the 

location of cutting edges but could not directly determine the cutting edge size or 

protrusion height. Acoustic emission was also used by Oliveira [44] to define the wear 

and surface location of the grinding wheel. 

Optical non-contact approaches include conventional optical microscopes, auto-focusing 

systems, white light interferometer and binocular stereovision. Lachance et al. [45] used 

a conventional optical microscope with inline lighting mounted on a grinding machine to 

identify cutting edges with wear flats between grinding cycles but could not identify 

sharp cutting edges or the protrusion height of cutting edges. Inasaki [46] and Xie et al. 

[47] used an auto-focusing system that relied on the fact that the intensity of light 

reflected from an object that is in focus is higher than when it is out of focus. Thus the in-

focus distance can be used to determine the height of a cutting edge. Yan et al. [48] used 

a white light interferometer to measure a sample of a grinding wheel. In this technique 

the depth of an object is determined by examining the interference pattern produced when 

white light from a single source is reflected off the desired object and a mobile reference 

object.  

Zhang et al. [49] used binocular stereovision to measure the grinding wheel topography. 

In this system two images of the grinding wheel are taken from different locations and 

the principles of triangulation are used to determine the height of a cutting edge. It is 

worth mentioning that all of the non-contact techniques reviewed, with the exceptions of 

the work by Weingaertner and Boaron [43] and Lachance et. al [45], have small 

measurement volumes and could only measure very small grinding wheels or required the 

destructive preparation of larger grinding wheels limiting their practical application. 

3.7 Uncut chip thickness and contact length models 

In grinding, as in all machining methods, the material is removed in a chip formation 

process, but at a much finer scale. Due to the stochastic nature of grinding wheels, it is 

difficult to calculate fundamental geometric properties of grinding such as the uncut chip 
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thickness and contact length for individual grains. These quantities are essential in order 

to accurately predict forces, power, temperature, and workpiece surface roughness in 

grinding. 

There has been extensive research conducted into the modeling and simulation of 

grinding wheel surfaces. Gong et al. and Nguyeb et al. [50, 51] conducted work into the 

simulation of the interaction between the grinding wheel and the workpiece to study the 

result on the workpiece surface roughness or on the determination of the active grains. 

The results of this research, however, has not translated into estimates of the uncut chip 

thicknesses and contact length partly due to the lack of grinding metal removal models. 

However, work has been conducted to estimate the uncut chip thickness and contact 

length either analytically or experimentally.  

In 1992, Zhang et al. [52] proposed a formula to predict the contact length based on the 

cutting force, elastic deformation and one empirical constant. Qi et al. [53] modified an 

orthogonal contact length model based on Qi et al. [54] and concluded that the magnitude 

of the real contact length is up to three times that of the geometric contact length. The 

work was conducted by replacing the force variable in the orthogonal contact length 

model by an empirical formula and specific grinding power that can be easily obtained. 

In 2011 a new methodology for the estimation of the actual contact length in grinding 

was proposed by Inigo et al. [55]. In their proposal, they have attached thermo-couples to 

the workpiece (100 µm below the work surface) and measured the changes in the 

temperature during grinding. The temperature was measured versus time and 

subsequently converted to the contact length.  

For the uncut chip thickness, few works were found in the literature review to determine 

the uncut chip thickness. Work has been done by Brough et al. [56] to analytically re-

examine and develop the uncut chip model, which was developed by Reichenbach et al. 

[57], by taking into account the active cutting-edge distribution. Zhang et al. [58] used a 

Carbon Nanotube grinding wheel (CNT) to experimentally measure the chip thickness of 

the produced chip. They concluded that the chips were difficult to measure due to the 

chip sizes and agglomeration despite the use of high magnification up to χȢς ρπ ὼ.  
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In 1974 Brecker et al. [59] developed a dynamic method to determine the number of 

grains per unit area that not only appear in the grinding wheel surface, but also participate 

in the cutting operation. A thin workpiece, that ensured only one grain was in contact at a 

given time, was mounted on a very high natural frequency dynamometer to measure the 

normal force. The number of chips produced in a given time was determined by counting 

the number of force peaks from the plot.  

Throughout the previous research, however, the grains were assumed to have even 

distribution, size and protrusion height. As a result of these assumptions, the grain would 

be in contact with the workpiece from point B to point A in Figure  3.17.  

 

 

Figure  3.17 Surface grinding. 

3.8  Summary  

This chapter reviewed some of the research conducted into the modeling of grinding 

wheel topography and the interaction between the abrasive grains based on simulation 

techniques. Although some works have succeeded in describing the wheel surface and 
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predicting the machined surface roughness, the results have not been extended to describe 

the chip geometry produced by each individual abrasive grain that is exposed on the 

wheel surface.  

Although the reviewed non-contact methods seem to be more suitable for the 

measurement of the grinding wheel topography, all the non-contact techniques (with the 

exceptions of the work by Weingaertner and Boaron [43] and Lachance et al. [45]) have 

small measurement volumes. Methods such as scanning electronic microscope may not 

be sufficient to characterize an entire grinding wheel. These methods measure only very 

small grinding wheels or require the destructive preparation of larger grinding wheels, 

limiting their practical application.   
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CHAPTER 4. 2D METAL REMOVAL SIM ULATION FOR 

GRINDING  

4.1 Introduction  

Due to the complexity of the grinding wheel topography and the interaction between the 

abrasive grains and the workpiece during grinding, the analytical models tend to produce 

inaccurate estimates of the uncut chip thickness and contact length. The purpose of this 

chapter is to develop a 2D simulation-based stochastic method to more accurately 

calculate the instantaneous uncut chip thickness and contact length, and investigate the 

effect of the grain size, grain spacing and grain protrusion height distribution on the 

calculation of the uncut chip thickness and contact length. A subsequent 3D model was 

built on this 2D model. 

4.2 The simulation theory  

The modified 2D z-map technique is based on the work of Kim [60]. Kimôs method was 

selected because it is a relatively straightforward method to implement, computationally 

efficient and easily scalable to 3D. 
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4.2.1 z-map technique 

The z-map technique is used for performing simulation and verification in cutting milling 

operations to evaluate the workpiece surface roughness [61]. In this technique the 

workpiece is modeled as a set of discrete columns in a Cartesian space as shown in 

Figure  4.1. The height of each z-column is stored as a number in an array called the z-

map. The simulation is performed by intersecting the lines, which are defined by the z-

columns, with the geometry tool motions. After each intersection the value in the z-map 

is compared with the intersection result. If the intersection result is smaller than the z-

map value, the value in the z-map is replaced by the intersection value. The z-map can be 

displayed to visually inspect the results. 

 

 

Figure  4.1 The z-map technique. 

 

4.2.2 Modified 2D z-map technique 

A 2D version of the z-map technique can be used for the simulation of metal removal in 

grinding. In the modified 2D z-map technique, the workpiece material is represented by a 
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set of evenly spaced vertical line segments as shown in Figure  4.2. The length of the line 

segments represents the workpiece height while the number of line segments times the 

space between adjacent line segments represents the workpiece length. The accuracy of 

the workpiece representation is determined by the spacing of the line segments or by the 

line segment density „ , which is the number of line segments per unit length. Smaller 

spacing will result in a more accurate model, whereas larger spacing will result in a less 

accurate model; in other words, the higher the line segment density the more accurate the 

model. The line segment density can be calculated as follows: 

 „
ὔ

ὰ
 ( 4.1) 

where ὔ  is the number of line segments and ὰ  is the workpiece length. 

 

 

Figure  4.2 The modified 2D z-map technique for grinding. 
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Each line segment is represented by a one-dimensional parametric equation. The 

parametric equation uses a length parameter called Ὢ. 

 ὼ ὼ ὼ ( 4.2) 

 ώ ώ Ὢώ ώ  ( 4.3) 

where π Ὢ ρ  

4.2.3 Simulation of grain motion 

The grain geometry has often been approximated by spheres [11, 62], cones [63], 

ellipsoids [14, 24], or has been generated from modified basic geometries, such as 

octahedrons, cuboids, and tetrahedrons [64]. In this simulation the abrasive grains are 

assumed to have a spherical shape; therefore, circles will represent the abrasive grains in 

a 2D model as shown in Figure  4.2. Note, however, that in this technique the grains can 

easily have different shapes.  

The grains travel along a trochoidal path, which is a combination of a circular rotation 

and a linear translation as expressed in Equation ( 4.4) and ( 4.5). These equation are used 

to define the grain center ὼȟώ  at time ὸ: 

 ὼ ὸ ὺὸ
Ὠ Ὠ

ς
ὧέί

ὸ ὺ

Ὠ Ὠ
ς

‍ ὼ  ( 4.4) 

 ώ ὸ
Ὠ Ὠ

ς
ίὭὲ

ὸ ὺ

Ὠ ᾨὫ 
ς

‍ ώ  ( 4.5) 

where Ὦ is the grain index, ὺ  is the workpiece speed, ὺ is the cutting speed, Ὠ is the 

grain diameter, Ὠ is the grinding wheel diameter, ὼ  and ώ  represent the location of the 
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grinding wheel center at initial time (ὸ π ίὩὧ) and ‍  represents the grain angle which 

is measured at initial time (ὸ π ÓÅÃ ) as shown in Figure  4.3. The grain angle ‍  for 

each grain is calculated by the following equation: 

 
‍  

ὒ

Ὠ Ὠ
ς

 ( 4.6) 

where ὒ is the grain inter-spacing, which is the space between the centers of adjacent 

grains. The term (ὺὸ ) in Equation ( 4.4) represents the feed motion, while the term 

ὧέί  represents the ὼ-component of the rotation of the grain around the 

wheel center. The ώ-component of the rotation of the grain around the wheel center is 

determined by the term ίὭὲ  in Equation ( 4.5). In this simulation 

technique, the relative feed motion is accomplished by a wheel translation while the 

workpiece stays stationary. The initial location of the grinding wheel center ὼȟώ  

shown in Figure  4.3 is defined by the following equations: 

 ὼ ὥὨ ὥ  ( 4.7) 

 ώ ὰ
Ὠί

ς
ὥ ( 4.8) 

where ὰ  is the workpiece height.  
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Figure  4.3 The initial location of the grinding wheel. 

 

In order to apply the simulation of the grain motion, time was divided into discrete, equal 

time steps ‏ὸ. Thus, the grain motion starts at time ὸ π ίὩὧ and the material removal 

simulation is applied for this moment. Then each grain will be moved intermittently using 

Equation ( 4.4) and Equation ( 4.5) to the new location with respect to time (π  ὸ) and‏

(π  :ὸ) and so on. The discrete-time interval is set as following‏ὸ‏

 ὸ  π ȟ‏ὸ ȟς‏ὸ ȟσ‏ὸ ȟτ‏ὸ ȟȣ  ( 4.9) 

The time step ‏ὸ is determined by the following equation: 

ὸ‏ 
Ὠὸ

„  ὺ
 ( 4.10) 

where Ὠὸ is the time step factor. When the time step factor is ρ (Ὠὸ ρ), the time step 

will be enough for each grain to travel a distance equal to the space between each two 

adjacent line segments. Full engagement between the grinding wheel and the workpiece 

Workpiece
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is achieved when the center of the grinding wheel ὼȟώ  aligns with the first point on 

the workpiece in ὼ-direction. The time required for full engagement can be calculated by 

the following equation: 

 ὸ
ὥ Ὠ ὥ

ὺ
 

( 4.11) 

4.3 Metal removal 

Intersecting the circle with the line segments at discrete time intervals simulates metal 

removal. The portions of the line segments that are inside the circle (dashed lines in 

Figure  4.2) are removed by adjusting the length of the line segments. Equation ( 4.12) 

describes the circle which intersects the line segments: 

 ώ ώ ὼ ὼ Ὑ  ( 4.12) 

where Ὑ is the circle radius. To define the intersection point between the circle and each 

line segment, Equations ( 4.2) and ( 4.3) are substituted into Equation ( 4.12) to obtain 

Equation ( 4.13): 

 ώ ςώ ώ Ὧ π 
( 4.13) 

where: 

 Ὧ ώ ὼ ὼ Ὑ  
( 4.14) 

To determine ώ , Equation ( 4.13) is rewritten in the quadratic equation form as 

following: 

 ώ
ςώ ςώ τὯ

ς
 

( 4.15) 
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The length parameter Ὢ is then found by rearranging Equation ( 4.3) in the following 

manner:  

 Ὢ
ώ ώ

ώ ώ
 ( 4.16) 

Since the line segment will be cut by the lower half of the circle, only the minus sign ( ) 

in the Equation ( 4.15) is considered. Note that the length parameter Ὢ can be one of the 

following cases: 

1. Ὢ ὥ ὦЍ ρ when there is no intersection point between the line segment and 

the circle. 

2. Ὢ π ȟέὶ Ὢ ρ when the intersection point is outside the range of intersect. 

3. π Ὢ ρ when the intersection point exists on the line segment. 

Once the length parameter Ὢ is obtained with a value of π Ὢ ρ the cut portion is 

removed by substituting the value of ώ with the value of ώ  that is obtained from 

Equation ( 4.15). 

In order to reduce the time required for the simulation, only the line segments that are in 

the interval ὼ Ὑ ȟὼ Ὑ  are checked for the cutting process at each discrete time 

step for each grain. Using this formulation it is easy to control the accuracy of the 

simulation by specifying the line segment density and the time step. 

4.4 Uncut chip thickness and contact length calculation 

Figure  4.4 illustrates the simulated uncut chip geometry. The dimensions in the vertical 

direction are exaggerated in order to emphasize the chip geometry and the grain is shrunk 

to illustrate the position of the grain on the chip. The dashed lines are the segments that 

are removed by the grain. The coordinate system for the top point of the cut line segment 

is ὼȟώ  and for the bottom line is ὼȟώ . The uncut chip thickness can be defined as 

the shortest distance between the chip vertex (point l in Figure  4.4) and the chip bottom 
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line (from point ά  to point ὲ in Figure  4.4). The following equation is used to calculate 

the uncut chip thickness: 

 Ὤ άὭὲ
ᴼ

ὼ ὼ ώ ώ  ( 4.17) 

In Figure  4.4 the distance between point ὰ and point ά  is referred to as the actual uncut 

chip thickness, which can be approximated by the distance between point ὰ and point ά . 

The distance between point ὰ and point ά  is referred to as the vertical uncut chip 

thickness and is calculated by Equation ( 4.18):  

 Ὤ ώ ώ  ( 4.18) 

 

Figure  4.4 The uncut chip thickness and contact length on the simulated chip. 

 

The comparison between the actual and vertical uncut chip thickness will be presented in 

the simulation accuracy section. 
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For the contact length calculation, Equation ( 4.19) is used to define the summation of the 

distances between the bottom points ὼȟώ  of adjacent cut line segment. 

 ὰ ὼ ὼ ώ ώ  ( 4.19) 

During the progress of the cutting process the instantaneous uncut chip thickness and the 

instantaneous contact length, (see Figure  4.4), can be calculated by Equation ( 3.14) and 

Equation ( 4.19), respectively, where ά ά  and ὰ ὰ. 

The chip can also have more complex shapes as shown Figure  4.5. This shape can be 

generated when two traces or paths of successive active grains overlap causing the chip to 

have multiple cusps. To avoid incorrectly calculating the maximum uncut chip thickness, 

the maximum uncut chip thickness is calculated as the maximum value of the 

instantaneous uncut chip thickness at each time step, as shown in the following equation: 

 Ὤ ÍÁØὬ  ȟ   Ὧ πO ὲ ( 4.20) 

 

Figure  4.5 Different shape of the simulated cut chip. 
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4.5 The grinding wheel models 

The proposed simulator was used to calculate the uncut chip thickness and contact 

lengths for two types of models of a standard grinding wheel. The first model type, 

referred to as the constant value model, assumes a constant grain size, grain spacing and 

grain protrusion height. This model was the benchmark and contains the same 

assumptions inherent in the analytical approach described in Section  2.5. The second 

model type, referred to as the stochastic model, assumes that the grain size, grain spacing 

and grain protrusion height have a stochastic distribution. Four models, which are 

different versions of the stochastic model, were implemented in order to identify the 

individual effects of stochastic grain size, grain spacing, and grain protrusion height on 

both the uncut chip thickness and contact length. These four models are referred to as the 

stochastic grain size model (ñStochastic dgò) when only grain spacing and grain 

protrusion height are constant, stochastic spacing model (ñStochastic Lò) when only grain 

size and grain protrusion height are constant, stochastic protrusion height model 

(ñStochastic Hgò) when only grain size and grain spacing are constant and the full 

stochastic model (ñAll stochasticò) when grain size, grain spacing and grain protrusion 

height are stochastically distributed.  

4.5.1 Constant value model 

In the constant value model the information from the wheel marking system is used to 

determine the average grain diameter and the average spacing. All cutting edges in this 

model are assumed to protrude from the grinding wheel peripheral the same distance. A 

wheel with a nominal mesh size or (grit number) of 60 and structure number of 8 was 

used in this model and the stochastic model. The marking system of the grinding wheel 

was WR-A-60-J5-V1. This type of wheel is typically used for surface grinding steels to a 

medium surface finish.  

Equation ( 4.21) is used to define the abrasive grain size for a given mesh [2]: 
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 Ὠ ρυȢς ὓ  ( 4.21) 

where ὓ is the mesh number. Equation ( 4.22) provides an empirical relationship between 

the grain volume fraction (packing density) and the structure number [2]: 

 ὠ πȢπςσς Ὓ ( 4.22) 

where Ὓ is the structure number. Figure  4.6 illustrates the constant value model. 

Assuming the packing density in 3D is the same in 2D, the grain spacing and the number 

of grains can be defined in the following manner. The packing density ” is the area of the 

all grains to the area of the grinding wheel, as expressed in the following relation: 

 ”  
ὲ ὃ

ὃ

ὲ 
“
τ Ὠ

“
τὨ

“
τὨ ςὨ

 ( 4.23) 

The number of grains is then: 

 ὲ
” Ὠί Ὠ ςὨ

Ὠ
 

( 4.24) 
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Figure  4.6 2D Constant value model. 

Given the number of grains in the wheel model, the grain spacing can be calculated using 

the following equation: 

 ὒ
“ Ὠ Ὠ

ὲ
 

( 4.25) 

According to the aforementioned equations (from Equation ( 4.21) to Equation ( 4.25)), the 

constant model for the grinding wheel, which has a grit number of φπ and structure 

number of ψ, has the parameters that are listed in Table  4.1 

Table  4.1 Grinding wheel constant model parameters. 

Parameter  value 

Wheel diameter ςππ άά 

Number of grains ρυρυ ὫὶὥὭὲί 

Grain diameter πȢςυσ άά 

Grain spacing πȢτρυ άά 

Grain protrusion height ρππ άά 
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4.5.2 Stochastic models 

Stochastic models of grinding wheel generally consider the grain size, spacing and 

protrusion height. The stochastic model, which is used in this simulation, is a modified 

version of that proposed by Koshy et al. [13]. 

In the manufacture of grinding wheels, the distribution of grain sizes for a given nominal 

grain size usually takes the form of a normal distribution [12, 30]. A standard grit number 

is defined in terms of grain sizes corresponding to five sieves [2]. For example, grit 

number 60 involves abrasive grains caught on sieves number 46, 54, 60, 70, and 80. 

Using Equation ( 4.21) and grit number 80, 60 and 46 the minimum (Ὠͺ ), average 

(Ὠ) and maximum (Ὠͺ ) grain sizes were calculated, respectively. The standard 

deviation of the grain diameter was defined as follows: 

 „
Ὠͺ Ὠͺ

φ
 ( 4.26) 

The protrusion height Ὄ  is the distance that a cutting edge protrudes from the center of 

the grinding wheel as shown in Figure  4.7. Researchers are somewhat divided on whether 

the protrusion height is a normal distribution or a uniform distribution [13]. In this work a 

uniform distribution with the following characteristics was used: 

 
Ὠ

ς
Ὄ

Ὠ

ς
πȢρὨ 

( 4.27) 
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Figure  4.7 Grain height arrangement. 

 

Based on experimental results, Koshy et al. [13] concluded that the grain spacing 

conforms to a gamma distribution. Thus, a gamma distribution with minimum and 

maximum values of grain spacing that results in a mean grain spacing of πȢτρυ άά was 

used in the stochastic model.  

For simplification purpose, the stochastic models were made in a separate program from 

the simulation program. The grinding wheel stochastic models were then provided as a 

pre-constructed array in the grinding simulation program. In the wheel model array, each 

grain is specified by its size, spacing and protrusion height. A function was used to 

generate random numbers between π and ρ for each stochastic model, taking into account 

whether the histogram of the generated numbers conform to a normal distribution, 

gamma distribution or uniform distribution. The parameters of the stochastic models are 

listed in Table  4.2. 

Figure  4.8, Figure  4.9 and Figure  4.10 plot the histogram distributions of the grain size, 

grain spacing and grain protrusion height, respectively, for each stochastic model. 
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Figure  4.8 Grain size histogram (Stochastic dg model). 

 

 

Figure  4.9 Grain spacing histogram (Stochastic L model). 
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Figure  4.10 Grain protrusion histogram (Stochastic Hg model). 

  

 

Table  4.2 Grinding wheel stochastic models parameters. 

Model Parameter value 

Stochastic dg 

Number of grains 1515 grains 

Grain diameter Stochastic  

Grain spacing 0.415 mm 

Grain protrusion height 100 mm 

Stochastic L 

Number of grains 1515 grains 

Grain diameter 0.253 mm 

Grain spacing Stochastic 

Grain protrusion height 100 mm 

Stochastic Hg 

Number of grains 1515 grains 

Grain diameter 0.253 mm 

Grain spacing 0.415 mm 

Grain protrusion height Stochastic 
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4.6 Visualization and resolution assessment  

4.6.1 Visualization of metal removal 

To avoid errors, the simulation required visual monitoring to verify simulation of the 

grainsô movement and the simulation of material removal. Figure  4.11 shows a sample 

visualization of the grinding simulation. This figure shows that the simulation is working 

as expected. The grain size and spacing in the wheel model used in this test were 

exaggerated. This model was specially constructed for this test in order to emphasize the 

grain movement and cutting simulation. In this test the grain color changes to green as 

soon as it enters the cutting zone area and changes back to blue as soon as it leaves the 

cutting zone. Line segments are colored orange, they are re-plotted when their length are 

adjusted by the cutting simulation.  

 

 

Figure  4.11 The simulation program test picture. 
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4.6.2 Effect of line segment density and time step factor on accuracy 

and solution time 

The accuracy of the result is controlled by the line segment density „  and the time step 

factor Ὠὸ. As „  increases and/or Ὠὸ decreases the simulation is more realistic and the 

result is more accurate; however, the simulation takes much more time. Figure  4.12 plots 

the line segment density versus time required for a single grain to finish one complete 

pass through the workpiece (cutting zone area) with a time step factor Ὠὸ ρ. The result 

shows that the running time increases very rapidly as the line segment density increases.  

In order to select the optimum values of line segment density „  and the time step factor 

Ὠὸ , the simulation program was run for the constant value model of the grinding wheel 

at different values of line segment density and time step. 

 

 

Figure  4.12 Number of line segments per mm vs. running time. 
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4.6.2.1 Line segment density 

In this test the time step factor was ρ (Ὠὸ ρ) and the line segment density was varied 

from ρππ ὰὭὲὩȾάά to ρππππ ὰὭὲὩȾάά. The increment of the line segment density in 

this test was ρππ ὰὭὲὩȾάά. All grinding parameters and simulation parameters for this 

test are listed in Table  4.3. Figure  4.13 shows the line segment density versus contact 

length. The contact length quickly converges as the line segment density increases; 

therefore, the line segment density can be as small as ψππ ὰὭὲὩȾάά. 

Table  4.3 The grinding and simulation parameters used in the line segment density test. 

Parameter Simple Value Unit 

Depth of cut ὥ πȢρ άά 

Cutting speed ὺ σπ άȾί 

Workpiece speed ὺ  πȢσ άȾί 

Wheel diameter Ὠ ςππ άά 

Grain diameter Ὠ πȢςυσ άά 

Grain spacing ὒ πȢτρυ άά 

Time step factor Ὠὸ ρ -- 

Line segment density ‏  ρππȟςππȟȣȟρππππ ὰὭὲὩȾάά 

 

 

Figure  4.13 Contact length vs. line segment density. 
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Figure  4.14 plots the uncut chip thickness versus the line segment density. Unlike the 

contact length, the uncut chip thickness tends to converge slower as the line segment 

density increases. Moreover, the convergence in the uncut chip thickness is not smooth; 

the curve has a zigzag shape. This shape occurs because in some cases the uncut chip 

vertex exists between two adjacent line segments (point ὰͼ in Figure  4.15). Thus, the 

uncut chip thickness that is determined by Equation ( 4.17) or Equation ( 4.18) is less 

accurate in this case. Therefore, the uncut chip thickness equation was modified by 

Equation ( 4.28). 

 

 

Figure  4.14 Uncut chip thickness vs. line segment density. 
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Figure  4.15 The case when the uncut chip vertex does not exist on any line segment. 

 Ὤᴂ άὭὲ
ͼO

ὼͼ ὼ ώͼ ώ  ( 4.28) 

Equation ( 4.28) calculates the shortest distance between point ὰͼ and points from point άͼ 

to point ὲ in Figure  4.15. 

For the vertical uncut chip thickness Ὤᴂ the following equation was used: 

 Ὤ ώ ώͼ ( 4.29) 

while the following two equations were used to define the point ὰͼ and point άͼ 

components: 

 ὼͼ ὼ
ὼ ὼ ώ ώ

ώ ώ
 ( 4.30) 

 ώͼ ώ
ώ ώ ὼͼ ὼ

ὼ ὼ
 ( 4.31) 
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In Figure  4.16 it can be seen that the uncut chip thickness calculated by Equation ( 4.28) 

converged quickly. It can be also seen in Figure  4.16 that, at high line segment density, 

the uncut chip thickness calculated by Equation ( 4.17) and Equation ( 4.28) are very close. 

Based on these results an optimum value of line segment density of ρπππ ὰὭὲὩȾάά 

(ρ ‘ά between each two line segments) was selected for future simulations. 

 

Figure  4.16 The uncut chip thickness before and after the correction by equation ( 4.28) 

vs. the line segment density. 
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In Figure  4.18 it is clear that the uncut chip thickness is more sensitive to the change in 

the time step factor. In this test, the difference between the maximum and minimum 

uncut chip thickness exceeds 35.55%; therefore, the optimum value for the time step 

factor was set to 1. 

Table  4.4 The grinding and simulation parameters used in the time step factor test. 

Parameter Simple Value Unit 

Depth of cut ὥ πȢρ  άά 

Cutting speed ὺ σπ  άȾί 

Workpiece speed ὺ  πȢσ  άȾί 

Wheel diameter Ὠ ςππ  άά 

Grain diameter Ὠ πȢςυσ  άά 

Grain spacing ὒ πȢτρυ  άά 

Time step factor Ὠὸ πȢρ ȟπȢς ȟȣ ȟρπ -- 

Line segment density ‏  ρπππ  ὰὭὲὩȾάά 

 

Figure  4.17 The contact length vs. time step factor. 
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Figure  4.18 The uncut chip thickness vs. time step. 
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parameters that are listed in Table  4.3 were used for this test except for the line segment 

density, ranged from υπππ to ρππȟπππ ὰὭὲὩȾάά.  

Figure  4.19 plots the differences between the uncut chip thicknesses calculated by 

Equation ( 4.28) and Equation ( 4.29) versus the lines segment density. The differences 

were calculated using Equation ( 4.32). It can be clearly seen that, in surface grinding, the 

difference between the uncut chip thickness that is calculated by Equation ( 4.28) and 

Equation ( 4.29) does not exceed 0.1% even when using very high density of line 

segment ρππȟπππ ὰὭὲὩȾάά. From these results, it can be concluded that the uncut chip 

thickness can be calculated using Equation ( 4.29). 

 
$ÉÆÆÅÒÅÎÃÅ

Ὤ Ὤ

Ὤᴂ
ρππ Ϸ 

( 4.32) 

 

 

Figure  4.19 The difference between the uncut chip thickness by Equation ( 4.28) and 

Equation ( 4.29). 
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4.7 Result and discussion 

4.7.1 Result for the constant value model 

Figure  4.20 graphs the results of the simulation as the cutting edges pass through the 

cutting zone for the constant value model. Note that the image has been stretched 

significantly in the vertical direction as can be noted by the elliptic rather than circular 

grains. This stretching operation was conducted in order to emphasize the submicron 

uncut chip thickness typical of grinding. As can be seen from this figure every grain is 

cutting material from the workpiece. 

 

Figure  4.20 Graphical output of the simulation using the constant value model. 
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 Table  4.5 Grinding parameters. 

Parameter  Symbol Case1 Case2 Unit 

Depth of cut  ὥ  πȢπρ ɀ πȢρ  πȢπρ ɀ πȢρ άά 

Wheel Diameter  Ὠ  ςππ ςππ άά 

Wheel Speed  ὺ  σπ σπ άȾί 

WP Speed (feed)  ὺ   πȢσ πȢσ άȾί 

Grain Spacing ,   πȢτρυ Stochastic άά 

Grain Diameter Äͺ   πȢςυσ Stochastic άά 

Grain Protrusion Height (ͺ   πȢρςχ Stochastic άά 

 

 

Figure  4.21 The Simulated and Analytical uncut chip thickness vs. the depth of cut 

(constant value model). 
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Figure  4.22 The simulated and Analytical contact length vs. the depth of cut (constant 

value model). 
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protrusion height model (ñStochastic Hgò) and the full stochastic model (ñAll 

stochasticò). Figure  4.24 and Figure  4.25 plot the resulting average uncut chip thickness 

and the average contact length as a function of the depth of cut using the simulated results 

from all four stochastic models as well as the analytical results using Equation ( 2.6) and 

Equation ( 2.9). Note that the difference curves ñDiff_hmò in Figure  4.24 and ñDiff_lcò in 

Figure  4.25 refer to the difference between the analytical results and the simulated results 

with the ñAll Stochasticò model. Several observations can be made from these figures. 

 

 

Figure  4.23 The graphical result of the cutting zone for the stochastic model. 

 

The ñAnalyticalò, ñStochastic Lò and ñStochastic dgò models behaved in roughly the 

same manner. As the depth of cut increased the average contact length and the average 

uncut chip thickness increased. It can also be seen in Figure  4.24 that the average uncut 

chip thicknesses for the ñAnalyticalò, ñStochastic Hgò and ñAll Stochasticò models 

behave in roughly the same manner. However, as can be seen in Figure  4.25, the average 

contact length calculated by the ñStochastic Hgò and ñAll Stochasticò models is an order 

of magnitude smaller than the average contact length calculated by the ñAnalyticalò 

model.  
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Figure  4.24 The Simulated and Analytical uncut chip thickness (stochastic model). 

 

 

Figure  4.25 The Simulated and Analytical contact length (stochastic model). 
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The reason that the contact length results and uncut chip thickness results behave in 

substantially different manners can be explained using Figure  4.26. If grain 1 and grain 2 

are active then the average uncut chip thickness and contact length are: 

 Ὤ
Ὤ Ὤ

ς
  ( 4.33) 

 ὰӶ
ὰ ὰ

ς
 

( 4.34) 

If grain 1 is inactive because it does not protrude far enough, then the uncut chip 

thickness and the contact length become: 

 Ὤ
Ὤ Ὤᴂ

ς
 

( 4.35) 

 ὰӶ
ὰ

ς
 

( 4.36) 

Since Ὤᴂ and Ὤ  are approximately the same and ὰ  and ὰ  are approximately the 

same, it can be deduced from these equations that the average uncut chip thickness for 

one verses two active grains are nearly the same but the average contact length for one 

active grain is about half the average contact length for two active grains.  

 

Figure  4.26 Illustration of two successive grains when both are active and when just one 

is active. 

Grain1

Grain2
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This point is further illustrated by Figure  4.27, which shows the uncut chip thickness and 

the contact length values of seven successive grains from all four stochastic models. For 

the ñStochastic Lò and the ñStochastic dgò models all seven grains are active, while only 

grain number ρ and χ are active for the ñAll stochasticò and the ñStochastic Hgò models. 

For the ñStochastic Lò and the ñStochastic dgò models the uncut chip thickness and the 

contact length for each grain are approximately equal to the analytical results. However, 

in the ñAll stochasticò and the ñStochastic Hgò models, the contact length of the active 

grains (ρ and χ) are approximately equal to the analytical contact length obtained from 

Equation ( 2.6), while the uncut chip thickness of the active grains are much greater than 

the analytical uncut chip thickness. The inactive grains (from ς to φ) have zero values of 

the uncut chip thickness and contact length. The result is that the average of simulated 

uncut chip thickness is approximately equal to the analytical uncut chip thickness 

obtained from Equation ( 2.9), while the average of simulated contact length is much 

smaller than the analytical contact length obtained from Equation ( 2.6). 

Figure  4.28 shows the uncut chip thickness for every single active grain on the 

circumference of the wheel for a depth of cut of πȢρ άά for the full stochastic model. 

Note that the inactive grains have been eliminated from Figure  4.28 since they have zero 

values for the uncut chip thickness. For this depth of cut, the analytical and simulation 

models estimated that the average of the uncut chip thickness was πȢρω ‘ά and πȢρψ ‘ά 

respectively, which is only a ςȢωϷ difference. However, even though the difference in 

the average value is small, the range of uncut chip thicknesses produced by the stochastic 

full model is huge ï the minimum value was πȢππ ‘ά, the maximum value was ψȢτυ ‘ά 

and the standard deviation was πȢψ ‘ά. Furthermore, only ψȢυϷ of the grains are actually 

cutting! The reason that so few grains are involved in cutting is because, in many cases, 

grains do not protrude far enough out of the wheel or follow too closely behind an active 

grain.  
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Figure  4.27 The uncut chip thickness and contact length values of seven successive grains 

for the four stochastic models. 

 

 

Figure  4.28 The simulated uncut chip thickness for every active grain at the depth of cut 

of 0.1 mm vs. wheel circumference. 
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Table  4.6 shows the average, the minimum, the maximum, and the standard deviation of 

the uncut chip thicknesses and the contact lengths at a depth of cut of πȢρ άά for all 

stochastic models. It is clear that the ñStochastic Hgò model has much more effect on the 

result than the ñStochastic dgò model and ñStochastic Lò model. In the ñStochastic Hgò 

model only ρπȢωϷ of the grains were contributing to the cutting operation while ρππϷ 

of the grains were active in the ñStochastic dgò model and the ñStochastic Lò model. 

Moreover, the standard deviation of the uncut chip thickness and contact length for the 

ñStochastic Hgò model was πȢχ‘ά and ρȢρρ άά, respectively, while the standard 

deviation of the uncut chip thickness and contact length for the ñStochastic dgò model 

was πȢππ ‘ά and πȢπρ άά, respectively, and the standard deviation of the uncut chip 

thickness and contact length for the ñStochastic Lò model was πȢπυ ‘ά and πȢςχ άά, 

respectively. 

 

Table  4.6 Summary of results for all four stochastic models at the depth of cut of 0.1 mm. 
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4.8 Summary 

This chapter presented a 2D metal removal simulation for grinding based on the z-map 

technique, due to its straightforwardness and the ability to upgrade to 3D. The model was 

used to estimate the uncut chip thickness and contact length when the grain spacing, grain 

size and protrusion height were assume to follow stochastic distributions. The model was 

also used to investigate the effect of the distribution of grain size, grain inter-spacing and 

grain protrusion height on the calculation of the uncut chip thickness and contact length.  
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CHAPTER 5. 3D METAL REMOVAL SIM ULATION FOR 

GRINDING  

5.1 Introduction  

In this chapter the 2D metal removal model for grinding will be upgraded to a 3D model. 

A 3D wheel model will be generated based on the information obtained from the wheel 

marking system in order to be used for the 3D metal removal model. Spherical grains 

were evenly sized and distributed within the wheel volume, and the grains were then 

randomly resized and replaced. The interaction between the grains and the workpiece 

material was simulated and the uncut chip thickness and contact length was calculated for 

each active grain. In addition, the machined surface of the workpiece was generated and 

the surface topography was compared with experimental results. 

5.2 Method 

Similar to the 2D metal removal simulator, the proposed 3D version is based on the work 

of Kim [60], which was used to simulate metal removal in surface milling. In the 

following sections the grain, workpiece and their interaction will be introduced, followed 

by the determination of the uncut chip geometry in 3D. 
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5.2.1 The workpiece 

In the proposed simulator the workpiece is represented by a set of evenly spaced vertical 

line segments distributed in the ὼ ᾀ plane and the abrasive grain is represented by a 

sphere as shown in Figure  5.1. The position of each line segment in the array is identified 

by its Ὥ and Ὦ index. The length of each line segment, in the ώ-direction, represents the 

workpiece height. The number of line segments in the ὼ and ᾀ directions times the space 

between the line segments represent the workpiece length and width, respectively. The 

accuracy of the workpiece representation is determined by the spacing of the line 

segments. Smaller spacing will result in a more accurate but computationally slower 

model. Conversely larger spacing will result in a less accurate but computationally fast 

model. Each line segment is represented by a one-dimensional parametric equation, 

which uses a length parameter called Ὢ. 

 ὼ ὼ Ὢὼ ὼ  ( 5.1) 

 ώ ώ Ὢώ ώ  ( 5.2) 

 ᾀ ᾀ Ὢᾀ ᾀ  ( 5.3) 

 π Ὢ ρ  

Note that for the special case where the line segment is parallel with the ώ-axis,  

ὼ ὼ ὼ  and ᾀ ᾀ ᾀ . 

5.2.2 The grains 

For simplification, in this work the grains are assumed to have a spherical shape. Note, 

however, that with this technique any grain shape can be modeled. The sphere center 

ὼ ȟώ ȟᾀ  travels along a trochoidal path, which is a combination of a rotation and a 

translation as expressed in Equations ( 5.4), ( 5.5) and ( 5.6): 
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 ὼ ὸ ὺὸ
Ὠ

ς
ὧέί

ὸ ὺ

Ὠ
ς

‍ ὼ  ( 5.4) 

 ώ ὸ
Ὠ

ς
ίὭὲ

ὸ ὺ

Ὠ
ς

‍ ώ  ( 5.5) 

 ᾀὸ ὅέὲίὸὥὲὸ ( 5.6) 

where ὸ is the time, ὼ ȟώ ȟᾀ  is the grinding wheel center coordinates and ‍ is the 

grain angular component in the polar coordinate system in the ὼ ώ plane (grain angle) 

and is calculated by the following equation: 

 ‍ ÔÁÎ
ώ ώ

ὼ ὼ
 ( 5.7) 

The grain radial component in the polar coordinate system in the ὼ ώ plane is 

calculated by the following equation: 

 Ὑ ὼ ὼ ώ ώ  ( 5.8) 

5.2.3 The grain/wheel interaction 

Intersecting the sphere with the line segments at discrete time intervals simulates the 

metal removal. The portions of the line segments that are inside the circle (dashed lines in 

Figure  5.1) are removed by adjusting the length of the line segments. Equation ( 5.9) 

describes the sphere, which intersects the line segments. 
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Figure  5.1 Metal removal simulation for a single grain. 

 ὼ ὼ ώ ώ ᾀ ᾀ Ὑ  ( 5.9) 

To define the intersection point between the sphere and each line segment, Equations 

( 5.1), ( 5.2) and ( 5.3) are substituted into Equation ( 5.9) to obtain Equation ( 5.10): 

  ώ ςώ  ώ Ὧ π ( 5.10) 

where Ὧ ώ  ὼ ὼ  ᾀ ᾀ Ὑ  

Using the quadratic equation, ώ  can be determined. The length parameter Ὢ is then 

found by rearranging Equation ( 5.3) in the following manner: 

 Ὢ
ώ  ώ

ώ ώ
 ( 5.11) 

Note that the length parameter Ὢ can be one of the following three cases:  

1. Ὢ ὧέάὰὩὼ ὲόάὦὩὶ, No intersection point between the line segment and the 

sphere exists. 

Path of GrainGrain

Workpiece
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2. Ὢ  π  or  Ὢ  ρ, The intersection point is outside the range of interest. 

3. π  Ὢ  ρ, The intersection point is inside the range of interest. 

Once the length parameter Ὢ is obtained with a value of π  Ὢ  ρ, the cut portion is 

removed by substitution of ώ   with the ώ  value that is obtained from Equation ( 5.10). 

5.2.4 Uncut chip thickness and contact length calculations 

The uncut chip thickness and contact length can be determined by examining the 

simulated chip as shown in Figure  5.2. The chip consists of a rectangular grid of vertical 

line segments. The chip is then sectioned into a series of planes that are parallel to the 

ὼ ώ  plane. Each of these cross-sectional planes is numbered from Ὦ  to Ὦ  using its 

Ὦ index. One of these planes is highlighted in Figure  5.2. Each line segment in this plane 

is numbered from Ὥ  to Ὥ  using its Ὥ index. The maximum uncut chip thickness Ὤ  

can be defined for each cross-section plane as the shortest distance between the point 

ὼᴂ  ȟ ώᴂ  ȟ ᾀᴂ  in Figure  5.2 and the bottom vertices of the line segments 

representing the chip as described by the following equation:  

 Ὤ άὭὲ
ᴼ

ὼ ὼ ώ ώ ᾀ ᾀ     ( 5.12) 

The maximum uncut chip thickness can then be found by determining the maximum 

values of the chip thickness for all the slices making up a chip. However, since the chip 

cross section is very irregular, this measure of chip thickness was deemed to be a poor 

measure of the actual chip thickness. An average maximum chip thickness was used 

instead, by finding the average of the maximum uncut chip thicknesses for all cross-

section planes as shown in the following equation: 

 Ὤ
ρ

Ὦ Ὦ
  Ὤ  ( 5.13) 
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The contact length for each cross-section is the summation of the distances between the 

bottom vertices of successive cut line segments as shown in Equation ( 4.14). 

 ὰ ὼ ὼ ώ ώ ᾀ ᾀ  ( 5.14) 

Therefore, the average contact length for the chip is: 

 ὰ
ρ

Ὦ Ὦ
  ὰ ( 5.15) 

 

Figure  5.2 The uncut chip thickness and contact length on the 3D chip. 

5.2.5 Grinding wheel model 

The proposed simulator was used in conjunction with a non-stochastic and a stochastic 

grinding wheel model. 

5.2.5.1 Non-stochastic wheel model 

The non-stochastic model consisted of a single row of uniformly sized grains evenly 

spaced about the circumference of the grinding wheel as shown in Figure  5.3. In the 

Max contact length

Max uncut chip thickness
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stochastic model the grain size, protrusion height and spacing were randomly distributed. 

According to Malkin [2], Equation ( 5.16) and ( 5.17) can be used to calculate the average 

grain diameter Ὠ and the grain volume fraction ὠ. For this work, the nominal grain 

diameter, protrusion height and spacing were determined based on a wheel with a grit 

number ὓ of φπ and a structure number Ὓ of ψ.  

 Ὠ ρυȢς ὓ  ( 5.16) 

 ὠ πȢπςσς Ὓ ( 5.17) 

 

Figure  5.3 Illustration of the single row constant value model. 

 

For the non-stochastic model, the grinding wheel takes the shape of a torus; therefore, the 

packing density in this model is the number of grains n times the grain volume ὠ  

divided by the volume of the torus ὠ: 
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 ὠ
ὲ ὠ

ὠ

ὲ 
“
φὨ

“
τ Ὠ Ὠ Ὠ

 ( 5.18) 

Therefore, the number of grains in the non-stochastic model can be calculated by 

rewriting Equation ( 5.18) as follows: 

 ὲ
σ

ς
 “ ὠ

Ὠ

Ὠ
ρ  ( 5.19) 

The grain spacing L, which is the distance between the centers of two successive grains, 

can be calculated using Equation ( 5.20). 

 ὒ  
“Ὠ Ὠ

ὲ
 

( 5.20) 

5.2.5.2 Stochastic wheel model 

The stochastic model considered the distribution of grain size, spacing and protrusion 

height. This model is a modified version of that proposed by Koshy et al. [13]. The 

stochastic wheel model was generated for a Radiac Abrasives (WR-A-60-J5-V1) 

aluminum oxide grinding wheel. Using the equations from Equation ( 5.16) to Equation 

( 5.19) the grain diameter was πȢςυσ άά, the packing density πȢτψ, the wheel diameter 

συυ άά, and the wheel width υȢπφ άά. The number of grains in this model was 

υυςȟτςυ grains.  
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Figure  5.4 The stochastic grinding wheel model before and after shaking process. 

 

To generate the stochastic grinding wheel model, grains with the average diameter were 

distributed evenly within the wheel volume to achieve a grain packing density as shown 

in the initial wheel segment in Figure  5.4. Subsequently, each grain was randomly moved 

in the ὼȟώ and ᾀ directions. If a grain interfered with another grain or was outside the 

wheelôs boundary, it was moved back until it touched the other grain or the wheel border. 

This shaking process continued until the grain distribution was as homogenous as 

possible. A portion of the final wheel is shown in Figure  5.4. Since the wheel surface is 

irregular, a decision had to be made as to whether a grain was on the surface of the wheel 

or not. It was decided that, if a grain was within 0.1 grain diameter of the maximum 

protrusion height, then the grain was considered to be on the surface and potentially 

actively involved in cutting. In Figure  5.4, the grains that meet this requirement are 

colored white, and are considered to be on the wheel surface. 

The distribution of grains was assessed in the following manner. A number of parallel 

cutting planes were intersected with the wheel model, as illustrated in Figure  5.5. For 

each plane the 2D packing density was calculated by dividing the area of all sectioned 

grains by the area of sectioned wheel. 

Initial Configuration Final Configuration 
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Figure  5.5 2D packing density. 

 

Figure  5.6 shows the resulting 2D packing density versus the distance along the y-axis for 

the stochastic model before and after the shaking process. Before shaking, the packing 

density varies periodically along y-axis from πȢπ to approximately πȢχς because of the 

regular spacing of the grains, but had the anticipated average packing density of πȢτψ. 

After shaking, the variation in the packing density is significantly reduced, especially 

towards the center of the wheel, and the average packing density is still 0.48. Closer to 

the boundaries there is still considerable variation in the packing density due to the 

constraint on grain movement cause by the boundary condition. To mitigate the boundary 

effect, only ς άά of the central portion of the stochastic wheel was used in the metal 

removal simulations. 

  

3D 2D

Cutting plane
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Figure  5.6 Packing density in 2D models along the grinding wheel axis. 

 

After the grains have been shaken, the grain size is adjusted to account for the 

distribution of grains typically found in grinding wheels. According to Koshy et al. [12] 

and Hou et al. [30] the distribution of grain sizes for a given nominal grain size usually 

has a normal distribution. A standard grit number is defined in terms of grain sizes 

corresponding to five sieves (Malkin [2]). A φπ grit wheel has grains caught on sieves 

number 46, 54, 60, 70, and ψπ. Using Equation ( 5.16) and grit numbers τφ and ψπ, the 

minimum Ὠͺ  and maximum Ὠͺ  grains size were calculated. The standard 

deviation of the grain diameter was then defined as follows: 

 „
Ὠͺ Ὠͺ

φ
 ( 5.21) 

Figure  5.7 shows that the grain diameters used in this simulation were specified to have a 

normal distribution. The protrusion height Ὄ  is the distance that a cutting edge protrudes 

from the grinding wheel center. Researchers are somewhat divided on whether the 
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protrusion height is a normal distribution or a uniform distribution [13]. In this work the 

protrusion height for the stochastic model was a result of the shaking process; however, it 

is found that the protrusion height has an approximately uniform distribution as shown in 

Figure  5.8. Based on experimental results, Koshy et al. [13], concluded that the grain 

spacing conforms to a gamma distribution. The grain spacing distribution for the 3D 

wheel model was accomplished by applying a cutting plane parallel to x-y plane (see 

Figure  5.5) and generating a 2D model for the sectioned grains in this plane. 

Subsequently, in the 2D model the grain spacing was calculated for the grains that were 

exposed in the wheel working surface. Several 2D models were generated and the 

average grain spacing histogram was calculated. It was found that the grain spacing 

exhibited an approximately gamma distribution as shown in Figure  5.9. 

 

 

Figure  5.7 Grain size histogram for stochastic grinding wheel model. 
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Figure  5.8 Grain protrusion height histogram for stochastic grinding wheel model. 

 

Figure  5.9 Grain center spacing histogram for stochastic grinding wheel model. 
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material removal simulation for the 3D and 2D wheel models will be presented. The 3D 
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ñAll stochastic wheel modelò, see chapter 3). Table  5.1 lists the grinding and simulation 

parameters that were used in the simulation. 

Table  5.1 The grinding and simulation parameters. 

Parameter Simple Value Unit 

Depth of cut ὥ πȢπρ ȟπȢπς ȟȣ ȟπȢρ  άά 

Cutting speed ὺ σππππ  άάȾίὩὧ 

Workpiece speed ὺ  ρππ  άάȾίὩὧ 

Wheel diameter Ὠ ςππ  άά 

Grain diameter Ὠ πȢςυσ (for constant model) άά 

Grain spacing ὒ πȢσυ (for constant model) άά 

Time step factor Ὠὸ ρ -- 

Line segment density ‏  ρπππ  ὰὭὲὩȾάά 

5.3.1 3D constant model vs. 2D constant model 

After the simulation in 2D and 3D had finished, the result for the uncut chip thickness 

and contact length for the 3D model was taken for only the middle slice of the 3D chip 

(refer to Figure  5.2) using Equation ( 5.12) and Equation ( 5.14), respectively. This step 

was taken to ensure that the 3D simulator provides the same result as the 2D model for 

the constant model. Figure  5.10 and Figure  5.11 plot the simulated uncut chip thickness 

and contact length versus the depth of cut for both 3D and 2D constant models. From the 

figures the differences were as small as πȢςυϷ and πȢπσϷ for the uncut chip thickness 

and contact length, respectively. 
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Figure  5.10 The uncut chip thickness for the ñConstantò 3D and 2D models vs. the 

grinding depth of cut. 

 

Figure  5.11 The contact length for the ñConstantò 3D and 2D model vs. the grinding 

depth of cut. 
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5.3.2 3D All stochastic model vs. 2D All stochastic model 

The simulated uncut chip thickness and contact length for the 3D model of ñAll 

stochasticò were calculated using Equation ( 5.13) and Equation ( 5.15), respectively. 

These equations calculated the average of the uncut chip thickness and contact length 

across the y-axis in the 3D chip as shown in Figure  5.2. The simulated uncut chip 

thickness and contact length versus the depth of cut for the 3D and 2D stochastic models 

are plotted in Figure  5.12 and Figure  5.13, respectively. The uncut chip thickness and 

contact length for both the 3D and 2D stochastic models behave in the same manner. As 

the cutting depth increases the uncut chip thickness and contact length increases; 

however, the differences rapidly increase with the depth of cut. At depth of cut of 

πȢρ άά the differences for the uncut chip thickness and contact length were φπȢσ Ϸ and 

ρωȢχ Ϸ, respectively.  

 

 

Figure  5.12 The uncut chip thickness for the ñAll stochasticò 3D and 2D models vs. the 

grinding depth of cut. 
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Figure  5.13 The contact length for the ñAll stochasticò 3D and 2D model vs. the grinding 

depth of cut. 
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the results for the 3D model because the grain may be cutting the workpiece in an off 

centered manner. 

 

Figure  5.14 Uncut chip thickness and contact length for a single grain in the ñ3D All 

stochasticò model vs. the grain width. 
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connected by several Optical Regional Advanced Networks (ORANôs) with links of 

various speeds up to ρπ ὫὭὫὥὦὭὸίȾίὩὧέὲὨ. 

The simulation was converted to parallel code by slicing the 3D model into a number of 

thin 2D models as shown in Figure  5.15, and then running each model on a single CPU 

on a supercomputer cluster. The converted 2D model is referred to as 2D-slice model to 

distinguish between the converted 2D model and the 2D model that was developed 

in  Chapter 4. When all 2D-slice simulations finished, the 2D-slice results were collected 

for the 3D result as illustrated in Figure  5.15. The accuracy of the 3D result depends on 

the distance between each two 2D-slices. In order to achieve the targeted accuracy of the 

simulation, the number of 2D-slices must be equal to the number of line segment in the y-

axis. Equation ( 5.23) was used to define the number of 2D-slices based on the line 

segment density ‏ .  

 

  

Figure  5.15 Illustration of the converting the 3D simulation into 2D and converting back 

to 3D. 

ACEnet

Result
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 ὲόάὦὩὶ έὪ ίὰὭὧὩί‏ ύέὶὯὴὭὩὧὩ ύὭὨὸὬ ( 5.22) 

Performing the 3D simulation by converting the 3D model into several 2D models on the 

ACEnet clusters required from two hours to one day depend on the number of computers 

in the clusters that were available. 

5.5 Result and discussion 

Simulations of grinding metal removal were carried out using the following parameters 

for both the non-stochastic and stochastic wheel models: depth of cut from πȢπς άά to 

πȢρ άά, wheel diameter of συτȢπτ άά, wheel speed of σπȢπ άȾί and workpiece speed 

of ρππ άάȾί. 

Figure  5.16 and Figure  5.17 plot the uncut chip thickness and contact length as a function 

of depth of cut for both the ñSimulatedò results for the non-stochastic model and the 

ñAnalyticalò results obtained from the following equations [2]:  

 ὰ ὥὨ ( 5.23) 

 Ὤ ςὒ
ὺ

ὺ

ὥ

Ὠ
 

( 5.24) 
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Figure  5.16 Simulated and Analytical uncut chip thickness vs. the depth of cut for the 

non-stochastic model. 

 

Figure  5.17 Simulated and Analytical contact length vs. the depth of cut for the non-

stochastic model. 
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The purpose of these figures was to demonstrate that the simulation with the non-

stochastic grinding wheel model could replicate the result produced by the analytical 

approach given the same underlying assumptions that all grains were the same size, had 

the same protrusion height and were equally spaced around the grinding wheel. These 

two figures show an excellent agreement between the simulation and analytical results. 

The differences in the uncut chip thickness and contact length were πȢυϷ and ρȢςϷ, 

respectively, for a depth of cut πȢρ άά, and ρȢςϷ and ςȢςϷ, respectively, for a depth of 

cut of πȢπς άά. From this comparison one can conclude that the proposed simulation is 

as least as accurate as the analytical approach.  

Next, the simulation using a stochastic wheel model was compared to experimental 

results. The grinding parameters in the experiment were the same as the grinding 

parameters used in the simulation. Since the grinding wheel model has not been dressed, 

the grinding wheel used in the experiment was crushed by a rotary diamond roll. The 

purpose of using this dressing method is to produce or expose new abrasive grains that 

have not fractured. This dressing condition can be achieved by using large dressing ratio 

(ρȢπ or more) [8, 9]. The dressing amount was also selected to ensure that worn abrasive 

grains (caused by previous grinding) are removed. The dressing parameters were as 

follows: dressing ratio was ρȢρ, dressing in-feed velocity was σȢπυρπάάȾὶὩὺ and 

dressing amount was πȢρφυ άά. This process was repeated twice. The workpiece 

material type used in the experiment was AISI 1018 Steel. 

Figure  5.18 shows the simulated workpiece surface roughness and the resulting surface 

finish for a depth of cut of πȢπω άά. A Nanovea PS-50 non-contact optical profilometer 

was used to measure the surface topology of the experimental workpieces. The 

simulation was terminated when the wheel was fully engaged with the workpiece and had 

continued to rotate an additional two rotation to make sure that the simulation had 

reached steady state. The simulated surface was then imported into the same software 

used to analyze the surface of experimental workpieces to ensure that there were no 

discrepancies in the analysis. Figure  5.19 shows an experimental and simulated profile of 

the ground surface and Figure  5.20 shows the height distribution of the profiles. While 
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the profiles are clearly not identical there are some remarkable similarities. The 

roughness Ὑὥ of the experimental and simulated profiles are ρȢω ‘ά and ςȢρ ‘ά, 

respectively, and the height distribution appears normally distributed with a range from 

 ω ‘ά to almost χ ‘ά. The main difference between the two profiles is that the״

experimental data appears to have slightly higher frequency content than the simulated 

data. This discrepancy is likely the result of the fact that real grains may have multiple 

cutting edges and the simulation does not account for plowing of workpiece material to 

the sides of the grains. Nevertheless it should be emphasized that no tuning of the model 

was required to obtain excellent agreement between the simulated and measured surface 

roughness values. 

 

 

Figure  5.18 Sample of simulated workpiece data. 
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Figure  5.19 Experimental (above) and the simulated (below) profiles of the workpiece. 

 

 

Figure  5.20 The histogram of the profile height for the experimental and simulated 

profiles. 
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The author believes that the ability to calculate instantaneous metal removal is one of the 

chief advantages of this approach as it opens the door to better force and power models 

for grinding. For example, Figure  5.21 shows the simulated instantaneous material 

removal rate for one complete revolution of the ς άά wide wheel at a depth of cut of 

πȢπω άά. The simulated material removal rate is the summation of material removed by 

the cutting operation divided by the elapsed time. The average simulated MRR is 

ρψ άά ȾίὩὧ while the material removal rate calculated by multiplying the workpiece 

width by the depth of cut by the workpiece velocity is also ρψ άά ȾίὩὧ confirming that 

the bulk metal removal is being simulated correctly. 

 

Figure  5.21 Simulated material removed vs. time. 

 

The simulation also makes it possible to map the uncut chip thickness onto individual 

cutting edges. Figure  5.22 shows the uncut chip thickness for every single active grain on 

a ςππ άά section of the wheel surface for a depth of cut of πȢπω άά. From this figure it 
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relatively few grains. The range of uncut chip thicknesses produced by the stochastic 
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Figure  5.22 The simulated uncut chip thickness for every active grain for a 200 mm long 

section of the grinding wheel. 

 

Figure  5.23 and Figure  5.24 plot the resulting average uncut chip thickness and the 

average contact length as a function of the depth of cut using simulated results from the 
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Figure  5.23 The Simulated and Analytical uncut chip thickness vs. the depth of cut. 

 

   

Figure  5.24 The simulated and Analytical contact length vs. the depth of cut for the 

stochastic model. 
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between the number of active grains actually participating in cutting. This difference is 

quantified by Figure  5.25, which shows the percentage of active grains versus the depth 

of cut for the stochastic model. The percentage of the active grains increases as the depth 

of cut increases, because more grains that have a small protrusion height participate in the 

cutting operation. This figure shows that the number of active grains is quite small and 

ranges from about ρρϷ to ςςϷ. Given that the number of active grains has a significant 

effect on the uncut chip thickness and contact length, it make sense to calculate the uncut 

chip thickness and contact length for the number of active grains for both the simulation 

and analytical approach as can be seen in Figure  5.26 and Figure  5.27. When this 

correction is made, the discrepancy between the simulated and analytical values drop; 

however, the simulated results still suggest that the chips are still about twice as thick and 

half as long as the standard analytical calculation would predict. These differences are 

likely due to the assumption of constant grain spacing and protrusion height made in the 

analytical solution. 

 

  

Figure  5.25 Grain active vs. depth of cut. 
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Figure  5.26 The effect of the number of active grain on the simulated uncut chip 

thickness. 

 

Figure  5.27 The effect of the number of active grain on the simulated contact length. 
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a dressing operation. Grinding experiments were carried out to demonstrate that this 

novel approach was able to accurately predict the workpiece surface roughness. The 

grinding wheel was crushed by a diamond rotary roll to produce abrasives grains that 

have not fractured. The simulation was also shown to be able to calculate instantaneous 

material removal rates, and map chip geometry information to individual grains on the 

grinding wheel. It was decided to develop a dressing model to dress the grinding wheel 

model; therefore, information about grinding wheel topography was required. In the 

following chapter, an automated non-contact 3D wheel scanning system that is capable of 

measuring grinding wheels in a non-destructive and rapid manner is presented. 
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CHAPTER 6. CHARACTERIZATION OF GRINDING WHEEL 

SURFACE TOPOLOGY USING A WHITE 

CHROMATIC SENSOR 

6.1 Introduction  

In  Chapter 5 the grinding wheel model was not dressed due to the lack of a suitable 

dressing model and inadequate information about grinding wheel topography such as 

cutting edge density, size and spatial distribution. In the present chapter, an automated, 

non-contact, 3D wheel scanning system that is capable of measuring grinding wheels in a 

non-destructive and rapid manner is presented. This system incorporates a white light 

chromatic sensor with a custom-designed wheel positioning system and it was used to 

determine the effect of dressing feed on the grinding wheel topography of an aluminum 

oxide grinding wheel. For each dressing feed the cutting edge size, spacing and 

protrusion height distributions were determined. 

6.2 Measurement principle: 

The principle of the white-light axial chromatic depth scanning technique was first 

introduced by Molesini et al. [65]. With this measurement technique, white light passes 
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through a lens with a high degree of chromatic aberration separating the light into its 

constituent colors (wavelengths) as illustrated in Figure  6.1. Each wavelength of the 

white light is focused at a different distance from the lens. The wavelength of light that is 

focused on the object of interest will be reflected back through the lens while the out-of-

focus wavelengths will tend to be scattered. By identifying the wavelength of light that 

returns to the sensor it is possible to infer the distance the object is from the lens via the 

focal distance of the reflected wavelength of light.  

6.2.1 Advantages associated with the chromatic aberration technique 

The advantages that are associated with the chromatic aberration technique are: 

¶ Excellent spatial resolution, regardless of ambient illumination. 

¶ Zero influence of sample reflectivity variations. 

¶ Appropriate for: transparent/opaque, specular/diffused and polished/rough 

materials. 

¶ No sample preparation required. 

¶ Relatively high measuring range with nanometer resolution. 

¶ No physical contact with the measured object required. 

¶ The data acquisition rate varies from σπ Ὄᾀ up to σπ ὑὌᾀ, which leads to fast 

scan process. 

There is, however, a limitation when using the axial chromatic technique, which is the 

difficulty to measure surfaces with steep angles.  
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Figure  6.1 The white light axial chromatic technique. 
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τπππ stage with a ZaberTLA28A linear actuator having a range of ςψ άά and a step 

size of πȢρ ‘ά. The rotary stage was custom built for this application. It consists of a 

vertical spindle with a number τπ taper at the top to receive a grinding wheel mounted in 

a flange. The angular position of the grinding wheel is determined using a τψȟπππ (in 

quadrature mode) line count Teledyne-Gurley Series ψςυ rotary encoder attached to the 

bottom of the grinding wheel spindle. The grinding wheel is automatically rotated at 

constant velocity by a friction wheel pressed against the circumference of the grinding 

wheel. The friction wheel is driven by a SILVERPAK 17C stepper motor with a υρȡρ 

planetary gear box and can drive a ρφȱ (τππ άά) grinding wheel from ρ ‘άȾίὩὧ to 

ρπ άάȾίὩὧ. By adjusting the white light chromatic sensorôs sampling rate and the 

rotational speed of the grinding wheel it was possible to measure the surface of a ρφȱ 

(τππ άά) grinding wheel at ρ ‘ά intervals. The entire system was computer controlled 

using a custom LabView software program. 

 

 

Figure  6.2 3D grinding wheel topography apparatus. 
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6.3.1 The rotary  encoder 

The rotary encoder is an electromechanical device that converts the angular position of 

the grinding wheel to a digital code. The rotary encoder used in the apparatus was an 

optical incremental type, which provides cyclical outputs when the grinding wheel is 

rotated. The optical encoder's disc is made of glass or plastic with very small transparent 

windows as shown in Figure  6.3. Two sensors, A and B, are attached to the encoder to 

generate pulses as the light passes through the transparent windows in the rotary disc. 

Sensor A and B are place so that their pulses are 90 degrees out of phase as shown 

Figure  6.4.  

Since the pulses are generated when the light passes through the transparent windows on 

the rotary disc, the pulseôs width will represent the width of the transparent widows. 

During the encoder test, it was found that the width of the encoder pulses is not constant. 

While the wheel was rotated at a constant speed, the encoder outputs (sensor A and B) 

were measured by an oscilloscope. Then the output of the channel A and channel B 

(volts) were plotted versus time as shown in Figure  6.4. From the figure, it can be clearly 

seen that the pulse widths are not constant. Channel A and B are connected together by 

the logical operator ñANDò to provide higher encoder resolution. The logical operator 

ñANDò results in a zero value only when both channels A and B have zero values, 

otherwise the result is 1, as shown in Figure  6.4. From the figure the pulse width at time 

πȢπππρςυ second is about twice of the pulse width at time πȢπππς second.  
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Figure  6.3 Rotary encoder. 

 

Figure  6.4 The pulses at the encoder output. 
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ρππ Ὄᾀ. In this case the sampling interval, which is the distance between successive 

measured points, is constant and is equal to πȢρ άά. The result of this measurement is 

plotted in Figure  6.5 (a). Assume the measuring tool begins with a speed of υπ άάȾίὩὧ 

and then the speed increased to ςππ άάȾίὩὧ while the sampling frequency remained 

constant at ρππ Ὄᾀ. Thus the average of the speed of the measuring tool is ρππ άάȾίὩὧ 

and the overall sample interval is πȢρ άά. The measured profile obtained by this 

sampling interval, however, is misshaped (stretched in the beginning and compressed at 

the end) as shown in Figure  6.5 (b). 

 

 

Figure  6.5 Sinusoidal profile (a) constant measuring speed and constant sampling 

interval, (b) different measuring speed and constant sampling intervals and (c) different 

measuring speed and different sampling interval. 
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and πȢς άά for the second speed. Figure  6.5 (c) plots the sinusoidal profile in good shape 

with different sampling intervals. As shown in this example, the sampling interval was 

calculated for each pulse of the rotary encoder, as will be explain in the following 

section. 

6.4 Data conditioning  

Grinding wheel topography measurements consisted of a set of profiles around the 

circumference of the grinding wheel with ὼ being the circumferential direction, ώ being 

the axial direction and ᾀ being the radial height measurement. Data conditioning was 

needed to correct for any kinematic inaccuracies in the apparatus, small misalignments of 

the grinding wheel when mounted in the fixture, reassembling the measured profile when 

the sampling interval is not constant, and to fill in missing data points or to correct 

erroneous data points captured by the white light chromatic sensor. 

Because the rotary encoder has an uneven pulse width, the sampling interval was 

calculated for each pulse. A test part was attached to a grinding wheel for evaluation 

purposes. Figure  6.6 (a) plots a profile height from the test part versus the grinding wheel 

circumference as measured by the rotary encoder pulses. The average of pulse width ὦ 

was ςσȢυ ‘ά. The following equation was used to calculate the average of pulse width. 

 ὦ
“ Ὠ

ὔ
 ( 6.1) 

where ὔ  is the number of pulses per wheel revolution. In Figure  6.6 (a) the details of the 

measured profile is lost because a number of measured heights were sampled and plotted 

at the same value of wheel circumference (or encoder pulse). To avoid the misshaping of 

the measured profile, the sampling interval was calculated for each pulse and then the 

profile was resampled based on the new sampling intervals. The sampling interval for 

each pulse ‏ was calculated using the following equation: 
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‏ 
ὦ

ὲ
 ( 6.2) 

where ὲ is the number of samples per pulse. Figure  6.6 (b) plots the resampled 

measured profile. 

 

Figure  6.6 (a) Raw measured profile (b) resampled measured profile. 
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where ὃ is the amplitude, ɲ is the phase angle, and Ὠ is the grinding wheel diameter. 

The lower plot of Figure  6.7 shows the results of the correction of this run out effect. 

Next, the grinding wheel topography profiles were assembled into a surface. At this stage 

any additional kinematic errors in the system due to axis misalignment or mounting of the 

grinding wheel are minimized using the leveling function in the Mountains 3D analysis 

software. With this software, a plane is fit through the data using the least-squares 

method and the data is then rotated until the normal to the fitted surface is collinear with 

the z-axis. 

 

Figure  6.7 2D profile of the grinding wheel, Top: before the correction of run out effect, 

Bottom: after the correction. 

 

Next, a hole-filling operation was used to fill in any missing data points. A point on the 

wheel surface may not be measured if, for example, insufficient light is reflected back 

from the surface or a pore in the grinding wheel surface was deeper than the white light 

chromatic sensorôs measurement range. Thus, the hole filling function available in 

Nanoveaôs Mountains 3D Analysis Software was used to fill in holes by blending the 

points surrounding a hole as shown in Figure  6.8.  
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Figure  6.8 Hole filling process (a) before the process, (b) after the process. 

 

Finally, measurement noise that took the form of spikes in the measurements in the data, 

as shown in Figure  6.9 (a), was modified. Figure  6.10 plots the Abbott-Firestone curve, 

which presents the bearing ratio curve of the measured surface. This curve shows, for a 

given surface depth, the percentage of material traversed in relation to the area covered. 

This function is a cumulating function of the amplitude distribution function. As can be 

seen in Figure  6.10, up to a depth of σψςȢς ʈÍ, only πȢρϷ of the measured surface is 

accounted. This percent of measured surface manifested itself as spikes and were 

truncated as shown in Figure  6.9 (b) using the threshold function that available in 

Nanoveaôs Mountains 3D Analysis Software.  

 

Figure  6.9 Threshold command (a) before and (b) after. 

(a) Raw data (b) After filling process

(a) (b)
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Figure  6.10 The Abbott-Firestone curve of the measured surface. 

 

6.5 Validation experiments 

Validation experiments were carried out on a test surfaces to confirm that the grinding 

wheel scanner developed in this research has the required positional accuracy and 

resolution to measure a grinding wheel (not to confirm that the optical sensor and pen 

were performing as specified by the vender). The code ñSSM-80ò, stamped on a thin 

sheet of metal, was measured using the new grinding wheel scanner as well as with a 

HITACHI S-4700 Scanning Electronic Microscope and a Nanovea PS50 profiler as 

shown in Figure  6.11. This test surface was selected because it is of similar size to the 

grinding wheel patches that the wheel scanner was intended to measure. Note that three 

SEM images were required to measure the entire test surface due to the SEMôs limited 

measurement range. Eight vertical (y-direction) and twenty-four horizontal (x-direction) 

measurements were taken at identifiable features on the test surface. The location of some 

of these in-plane measurements along the x-axis (ὼ) and y-axis (ώ) are superimposed on 

the composite SEM image shown in Figure  6.11 (a), while Figure  6.11 (b) shows the 3D 

measurement results from the new grinding wheel scanning system. In the case of the 3D 

measurements, the same depth was used to take the in-plane measurements for the 

grinding wheel scanner and the Nanovea PS50 profiler.  
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Figure  6.11 ñSSM-80ò image by SEM, (b) 3D scan of ñSSM-80ò stamp by the grinding 

wheel scanner. 

Figure  6.12 shows the horizontal measurements. It should be noted that, in the case of the 

3D measurements, the edges of the measured features were slightly rounded making it 

difficult to accurately establish the position of the features. The intersection between 

these edges and a constant reference plane placed below the surface being measured was, 

therefore, used to help remove any ambiguity in the positions of the features.  
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Figure  6.12 The 2D profile in x direction by (a) the grinding wheel scanner and (b) 

Nanovea PS50 profiler. 

Table  6.1 and Table  6.2 show the resulting measurements and analyses for the horizontal 

and vertical directions. To analyze the results, the mean measurement values were 

calculated as well as the difference between the mean measurements and the actual 

measurements. The Root Mean Square (RMS) values of the measurement differences 

were then used to compare the proposed grinding wheel scanning system with the SEM 

and the Nanovea PS50 profiler. The RMS values for ὲ positions of ὼ is calculated using 

Equation ( 6.4). The RMS values for the vertical direction were 6.7, 8.9 and 8.5 mm and 

the RMS values for the horizontal direction were τȢω, υȢψ and υȢτ mm for the grinding 

wheel scanner, Nanovea PS50 profiler and SEM, respectively. These test results 

demonstrate that the performance of the proposed grinding wheel scanner is comparable 

to both the Nanovea PS50 profiler and the SEM for measuring features of this size. 
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Table  6.1 2D profile measurement for number 24 in x-direction using three different 

methods. 

Points in 

horizontal 

direction 

Resulting measurements 

M
e

a
n 
‘
ά

 

Differences from the mean 

Grinding 

wheel 

scanner 

‘ά 

Nanovea 

PS50 

profiler 

‘ά 

Scanning 

electronic 

microscope 

‘ά 

Diff. 

Grinding 

wheel 

scanner 

‘ά 

Diff. 

Nanovea 

PS50 

profiler 

‘ά 

Diff. 

Scanning 

electronic 

microscope 

‘ά 

ὼ ςςρ ςπυ ςςρ ςρυȢχ ω ρτ τ 

ὼ ρςπσ ρρψυ ρςτυ ρςρπȢω τ ρσ ρψ 

ὼ ρσωψ ρσψρ ρσψψ ρσψψȢω ψ υ ρσ 

ὼ ςσωπ ςσφφ ςσψυ ςσψπȢσ ω ρπ ρω 

ὼ ςυφχ ςυυτ ςυσρ ςυυπȢφ φ υ ρς 

ὼ ςψρσ ςψςσ ςχωσ ςψπωȢχ σ σ π 

ὼ ςωφρ ςωφφ ςωρψ ςωτψȢτ φ ρ υ 

ὼ σρωχ σρωρ σρυτ σρψπȢψ ς π ρ 

ὼ σσυυ σσσπ σςχω σσςρȢτ υ υ ρπ 

ὼ  συπψ συςχ στχρ συπς φ ς τ 

ὼ  σφςχ σφυτ συχς σφρχȢψ υ τ ρ 

ὼ  σψφσ σψφς σψπφ σψτσȢφ φ τ ρ 

ὼ  τπσσ τπρχ σωσψ σωωυȢω π ρ π 

ὼ  τςςτ τςςχ τρυχ τςπςȢχ π ς ς 

ὼ  τφχς τφψρ τυχπ τφτπȢω σ σ ρ 

ὼ  τψρς τψτσ τχτχ τψππȢψ ρ σ υ 

ὼ  τωψπ τωωψ τψχω τωυςȢτ ρ τ ς 

ὼ  υτχρ υτυυ υσφσ υτςωȢφ ψ ρς τ 

ὼ  υφτπ υφςφ υτωχ υυψχȢψ ρ σ ς 

ὼ  υψπτ υχωυ υφωυ υχφτȢυ σ ς τ 

ὼ  υωχψ υωχτ υψσρ υωςχȢφ π ρ ρ 

ὼ  φττυ φτσω φσςυ φτπσȢρ σ ρ σ 

ὼ  φφρω φφςτ φττυ φυφςȢυ φ σ ω 

ὼ  χφφχ χφσχ χυρω χφπφȢω ς σ ς 

RMS τȢω υȢψ χȢτ 
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Table  6.2 2D profile measurement for number 8 in y-direction using three different 

methods. 

Points in 

vertical 

direction 

Resulting measurements 

Mean 

‘ά 

Differences from the mean 

Grinding 

wheel 

scanner 

‘ά 

Nanovea 

PS50 

profiler 

‘ά 

Scanning 

electronic 

microscope 

‘ά 

Diff. 

Grinding 

wheel 

scanner 

‘ά 

Diff. 

Nanovea 

PS50 

profiler 

‘ά 

Diff. 

Scanning 

electronic 

microscope 

‘ά 

ὼ υτ φσ χς φσ ω π ω 

ὼ τφχ τφς τχρ τφχ π υ τ 

ὼ υχψ υχυ υχυ υχφ ς ρ ρ 

ὼ ωχσ ωφφ ωχρ ωχπ σ τ ρ 

ὼ ρπψσ ρπψσ ρπψσ ρπψσ π π π 

ὼ ρφπψ ρφστ ρυωχ ρφρσ υ ςρ ρφ 

ὼ ρφωχ ρχρω ρχπυ ρχπχ ρπ ρς ς 

ὼ ςρρς ςρπς ςπψυ ςρππ ρς ς ρυ 

RMS φȢχ ψȢω ψȢυ 

 

A repeatability test was also conducted to ensure that the wheel measuring system 

provides the same results for the same profile using different scanning parameters such as 

scan speed, scan sampling rate, scan averaging operation, and scan working distance. A 

new test surface was prepared by scribing ρψ fine scratches on a cylindrical surface as 

shown in Figure  6.13 (a). The scratches had a depth of υ ʈÍ and were spaced πȢςυ ÍÍ 

apart (except for the first two scratches which were spaced πȢυ ÍÍ apart). Two 

additional scratches were made which were perpendicular to the other ρψ scratches and 

spaced πȢυ ÍÍ apart. Figure  6.13 (b) shows a 3D scanned surface of the scratches 

measured using the grinding wheel scanner.  
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Figure  6.13 (a) The test part with fine scratches, and (b) 3D scanned surface of the fine 

scratches on the test part. 

 

Figure  6.14 plots three profiles of the scratches while keeping the vertical stage at the 

same location. The wheel peripheral speed was set to ρȢπ άάȾίὩὧ, πȢσ άάȾίὩὧ 

and πȢρ άάȾίὩὧ while the sampling rate of the measuring pen was set as ρπππ Ὄᾀ, 

σππ Ὄᾀ and ρππ Ὄᾀ, respectively, in order to maintain a constant sampling interval 

of ρ ‘ά. Each profile was measured with different working distances, which is the 

distance between the optical pen lens and the measured object (see Figure  6.1). The three 

profiles in Figure  6.14 appear identical not only in profile length but also in profile height 

ï including the subtle details captured in the peak of first scratch and in the valley of the 

last scratch. Furthermore, the distances between the scratches were measured for each 

profile and the average standard deviation was only ρȢρ ‘ά indicating excellent 

repeatability.  
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Figure  6.14 Speed test. 

 

6.6 Sampling rate and sample size 

The grinding wheel scanning system was then used to determine the surface topography 

characteristics of a Radiac Abrasives WR-A-60-J5-V1 aluminum oxide grinding wheel. 

This grinding wheel was dressed with a single-point diamond dressing tool with a 

dressing depth of πȢπς άά and dressing feeds of 0.04, πȢπψ and πȢςυ άάȾὶὩὺ which 

correspond to fine, medium and coarse dressing conditions, respectively. The grinding 

wheel was subsequently mounted on the wheel scanning system to characterize its 

topography.  

The sampling interval of the measurement process, which is the distance between each 

successive measured point, can significantly influence the result. Smaller sampling 

intervals will reveal more detail of the wheel topography but will also increase the time 

required to complete the measurement process. Blunt [39] proposed that the optimum 

sampling interval is between one forth to one third of the average grain size. The average 

grain size Ὠ can be calculated using the following equation [2]: 
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where ὓ is the grit size. The sampling interval proposed by Blunt [39] ensures a 

maximum of three measurements of an average-sized grain; however, it does not account 

for the distribution of the grain size or the fact that one grain may have multiple cutting 

edges. The optimum sampling interval proposed by Blunt for the φπ grit aluminum oxide 

wheel to be studied in the present research would be φσ ‘ά. Yan [48] carried out 

research using the same grit size used in the present work and noted that, as the sampling 

interval decreases, the detection of the cutting edges rapidly increases ï until the 

sampling interval reaches ψ ‘ά at which point no more cutting edges can be detected. In 

the present work, a sampling interval of υ ‘ά was used to ensure that all cutting edges 

were detected. To achieve this sampling interval in the ὼ- and ώ- directions, the sampling 

rate of the measuring pen was set to ρπππ Ὄᾀ, the grinding wheel peripheral speed (x-

direction) was set to υ άάȾίὩὧ and the linear actuator (y-direction) intermittently moved 

the pen by υ ‘ά. Using this setup, the measured surface resolution achieved 

was τπȟπππ ὴὭὼὩὰίȾάά .  

Since grinding wheel topography is stochastic, it is also necessary to measure a 

statistically significant portion of the grinding wheel. In order to determine the minimum 

patch size needed to be measured, a freshly-dressed grinding wheel was scanned at four 

locations spaced ωπ around the wheel using different patch sizes. For each patch size, 

the cutting edge density (which is the number of cutting edge per unit area) was 

calculated and the standard deviation between the four measurements was determined. As 

shown in Figure  6.15, the standard deviation of the cutting edge density declines rapidly 

as the patch size increases from ρ άά  to ρπ άά  
and seems to asymptotically approach 

a value of approximately πȢφ ÃÕÔÔÉÎÇ ÅÄÇÅÓȾάά . These results suggest that a patch size 

greater than ρπ άά  should be used for the grinding wheel used in this research. To 

ensure statistically significant and consistent results, a patch size of χυ άά  was used in 

the present work. 
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Figure  6.15 Standard deviation of the cutting edge density vs. the scanned area. 

6.7 Results 

Having established the desired sampling interval, resolution and patch size, the wheel 

scanning system was used to measure the surface topography of the Radiac Abrasives 

WR-A-60-J5-V1 aluminum oxide grinding wheel after fine, medium and coarse dressing 

conditions in order to better quantify the effects of dressing on the grinding wheel surface 

topography as well as to aid in the development of accurate grinding wheel computer 

models. The experiments were carried out on a Blohm Planomat 408 CNC grinding 

machine. 

Figure  6.16 shows the grinding wheel topography of a τ τ ÍÍ patch of the grinding 

wheel for dressing feeds of πȢπτ άάȾὶὩὺ (fine dressing), πȢπψ άάȾὶὩὺ (medium 

dressing) and πȢςυ άάȾὶὩὺ (coarse dressing). The white color in the plotted topography 

indicates the exposed cutting edges. It appears from these images that, as the dressing 

feed increases, the size and number of cutting edges decreases. In order to quantify the 

differences between these surfaces, novel methods were developed in this research to 

extract cutting edge density, size, protrusion height and spacing information from these 

measurements.  
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Figure  6.16 3D Grinding wheel topography in (a) find dressing, (b) medium dressing and 

(c) coarse dressing. 

 

While other researchers have employed various methods to detect the cutting edges on a 

grinding wheel including visual inspection [40], eight nearest neighbor detection [39], 

autocorrelation detection [40], corner detection [49] and closed boundary [46]. 

Figure  6.17 illustrates the novel cutting edge detection method used in this work. In the 

illustration, a threshold plane cuts through a grain at different threshold depths. The areas 

of intersection between the grain and the threshold plane are colored black and are 

referred to as particles. It is evident from this illustration that the threshold depth will 

influence both the size and distribution of the cutting edges. Each threshold plane was 

analyzed in LabViewôs ImageStudio image processing software using a technique called 
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particle analysis ï commonly referred to as ñblobò analysis. A simple definition of a blob 

is a group of contiguous connected pixels that have the same intensity (height in this 

case) and are surrounded by pixels with different intensity (height values). In order to use 

blob analysis, the threshold plane was converted into a binary image. Then, the imaging 

processing software operated on the binary image to count and measure the blobs (cutting 

edges). 

 

 

Figure  6.17 Cutting edge detection. 

 

An example of the resulting binary images for υȟσπ and ψπ ‘ά threshold planes for each 

dressing condition is shown in Figure  6.18. To provide a sense of scale, a circle with the 

same diameter as an average grain has been placed in the figure. Some of the blobs in the 

image are significantly larger than the average grain size and are likely amalgamations of 

several grains joined by bond material. These images confirm that coarse dressing 

conditions produce fewer and smaller cutting edges than fine dressing conditions.  
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Figure  6.18 The cutting edges at threshold depth of 5, 30 and 80 mɛ. 

The images also show that, as the threshold depth increases, the number and size of 

cutting edges increases. For instance, in Figure  6.18 (coarse dressing) there are only a 

few small cutting edges exposed in the circle at a threshold depth of υ ‘ά. Then, at a 

threshold depth of σπ ‘ά, new cutting edges are exposed in the circle while others grow 

and/or join together. Finally, at threshold depths beyond ψπ ‘ά, all cutting edges become 

compounded into one large cutting edge. To quantify these relationships, the average 
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