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Abstract 

A grinding process model based on a kinematic modeling approach is presented. A unique experimental set-up is designed for validation 

purposes allowing table feed rates of up to 480 m/min. Modeling and experimental verifications are carried out under dry grinding conditions. 

Separating active and non-active grains during grinding can be controlled by depth of cut. Four basic grain types, such as cuboids, triangle 

prisms, triangular pyramid variants and dodecahedrons, are used for grain generation. New cutting edges can be generated by slicing the grain 

edges and corners by variable fracture plane rotation and distance variation to the origin. Consequently, more than one million grain shapes are 

possible for the cuboid. Grinding grains are placed on the grinding wheel referential plane. The orthogonal cross-sectional cutting line of each 

grain is extracted and brought into contact with the workpiece. A triangular distribution for grain protrusion is employed. Good agreement 

between experiment and simulation in terms of surface roughness, material removal and grain pull-out is reached. Number of grain pull out is 

calculated and validated experimentally.  

© 2016 The Authors. Published by Elsevier B.V. 
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Matthias Putz. 
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1. Introduction 

Finding the ideal parameters for grinding processes by 

experimental study is often not practicable. Conservative 

process parameters are often used in industrial applications. 

An increase of productivity can be reached by employing 

modeling techniques and choosing appropriate process 

parameters and simulations which allow process behavior 

prediction. To achieve a more detailed understanding of 

grinding processes, modeling and simulations were 

developed and applied in the past. Two broad literature 

reviews have been carried out by Tönshoff [1] in 1992 and 

Brinksmeier [2] in 2006, giving a state of the art overview 

for different simulation techniques. For the simulation of 

surface topography, several of the approaches can be used: 

FEM (finite element method), molecular dynamics 

simulation (MD) or kinematic simulation. 

Kinematic simulation has been used to develop grinding 

tool optimizations and to evaluate process machine 

interactions, based on the ideal geometric penetration 

calculations of the grinding wheel and workpiece, using the 

kinematics of the simulated process as presented by several 

authors [3-6].   

 

Nomenclature 

ΩA tilt angle, around y-axis 

ΩB approach angle, around x-axis 

A transformation matrix for kinematic superposition 

 between workpiece and grinding wheel 

B coordinate system in the middle of the grinding 

wheel in inertial coordinate system plane 

C coordinate system in tilting point for the grinding 

wheel 

D coordinate system in the middle of the grinding 

wheel, translated from coordinate system B 

P arbitrary point on the grinding wheel surface 

R0P connection vector between inertial system and 

arbitrary contact point on the grinding wheel 
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In this work, the previously mentioned kinematic 

simulation approach is used as the basis for a new model, 

which is appropriate for the high performance dry grinding 

process with cup wheels. Stochastic modeling of a grinding 

wheel is employed in order to give the most accurate tool 

geometry representation. Six simulation modules, as shown 

in Fig 1, are developed and can be connected freely 

together.  

 

 

Fig 1. Simulation composition based on modular units with different 

possible out-puts 

2. Experimental set-up 

The ring-shaped workpiece from 58CrMoV4 with 800-

1030 N/mm
2
 is turned on a vertical lathe to a constant facet 

width of 6 mm. This single facet is needed because 

continuous grinding is performed. The overall contact time 

for one experiment is three minutes. A 20 kW grinding 

spindle is installed on a Z-axis, which is force controlled 

and thus the depth of the cut cannot be adjusted. The 

spindle allows tilting angles ΩA around y-axis of +/- 15°. 

Kinematically connected is an approach angle ΩB around x-

axis changing with the changing tilt angle. For a tilt angle 

of -1.5°, the related approach angle is 0.0°, causing both-

sided grinding wheel contact. For all other tilt angles, one-

sided grinding wheel contact is the consequence.  
Experiments are carried out for the following process 

parameters: nw = 20 rpm, vc = 47 m/s, corundum grinding 

wheel with mesh size #20. All experiments are carried out 

without cooling lubricant. In Fig 2 a schematic 

experimental set-up representation is shown. Four specified 

roughness measuring points guarantee reproducible 

measuring results. 

 

Fig 2. Schematic illustration for experimental set-up with surface 

roughness measuring points 

For the topography calculations, any workpiece’s cross 

sectional geometry can be defined. Fig 3 shows the tested 

workpiece geometry. It consists of three different sectors 

for three tilted angles. 

 

 

Fig 3. Cross section of the workpiece with three sections. Different tilt 

angles and approach angles can be simulated and compared 

3. Modelling 

An inertial coordinate system is chosen to be in the 

center point of the workpiece. The description of kinematics 

is done with respect to the rotating workpiece. For the 

arbitrary contact point P on the grinding wheel surface the 

local vector from 0 to P can be written as: 

0 0P B BC CD DPR R R R R     (1) 

Fig 4 shows kinematic relationships between grinding 

wheel and workpiece with all coordinate systems. Angle 

γ(t) defines the relative movement between grinding wheel 

and workpiece. Rotational workpiece movement is 

integrated into the grinding wheel coordinate system. As a 

consequence, the grinding wheel is rotating along the 

workpiece in the simulation. The transformation matrix A 

for this kinematic superposition is:  

cos ( ) sin ( ) 0

sin ( ) cos ( ) 0

0 0 1

t t

A t t
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Fig 4. Kinematic relationships for arbitrary contact points P on the 

grinding wheel surface and workpiece  

The corundum grain shapes for the model must be 

derived from a real grain shape first. For this purpose more 

than 100 corundum grains are analyzed. This analysis is 

performed experimentally using a 3D light microscope from 

Alicona. With the microscope three-dimensional pictures of 

grinding particles are generated and subsequently evaluated. 

The grain basic form is described by enveloping surfaces, 

defining three main grain axes. For each surface the 

direction of the normalized vector n  and the projected 

distance d  (the shortest distance between the enveloping 

surface and the grain mass center point in normal vector 

direction) is defined.  

0P n d    (3) 

The grain rotation around the grain mass center at point 

P is considered by Euler convention as: 

rotn A A A n      (4) 

These three angles for grain orientation are normally 

distributed and take values from 0° to 360°. In Fig 5 a 

number of selected corundum grains are shown to illustrate 

the different grain shapes. Besides the grain shape 

determination, the three main length axes for each grain can 

be measured.  

 

 

            

Fig 5. (a) Example for cuboid grain form with normed normal vector n and 

distance d (b) A20 corundum grains (c) grain shape modification by 

adding fracture planes 

The grain size of mesh 20 is in the range between 710-

1000 µm and reveals a large mean variation of main axis 

length. However, comparatively good correlation between 

middle grain axis length lmed  and mesh size can be found, 

as suggested by [7] for diamond grains. The middle grain 

axis length lmed can be calculated as: 

max min0.55· 0.45·medl w w   (5) 

The mesh size of the largest sieve is wmax = 1.68 mm and 

the mesh size for the smallest sieve is wmin= 0.707 mm. In 

contrast to [7], the two other main axis (short and long) are 

defined by ratio between the main axis and not directly as 

Gaussian distribution.  

Four basic grain types can be distinguished: cuboid: 

52.3%, triangle prism: 16.8%, tetrahedron I: 19.6% and 

tetrahedron II: 11.2%. Their quantitative distribution is 

evaluated experimentally. There is a large discrepancy 

between idealized and simplified grain shapes and the real 

shapes. New surfaces, by cutting the grain edges and 

corners are generated by variable fracture plane rotation and 

distance variation to origin. It is assumed that the fracture 

planes are rotated only by a few degrees around the 

connection line between the edge and the origin. This 

rotation can be performed in any direction. Grinding grains 

are placed on the grinding wheel referential plane. 

Orthogonal cross-sectional cutting line of each grain is 

extracted and brought into contact with the workpiece, 

generating orthogonal cutting paths on the workpiece. 

Experimentally evaluated grain density leads to 37 grains 

per 100 mm
2
. For a comprehensive grinding wheel 

description, grain penetration is described as a triangular 

distribution function. Thus, the scatter range for grain 

penetration is 0.5 mm, which corresponds to one half of the 

grain main axis. The workpiece geometry is linked in a way 

that node distances in feed direction are 50 µm and in 

tangential direction 2 µm. Time step length equals 20 µs. 

4. Results  

Surface roughness values and workpiece topography are 

compared. The chosen workpiece part allows characteristic 

roughness evaluation over 35 mm. DIN EN ISO 4288:1998 

prescribes a cut-off filter of 2.5 mm, minimum measuring 

length equals 12.5 mm.  

Because of the size of the workpiece, direct roughness 

measurements are impossible. After each grinding 

experiment, an imprint mass is applied on the workpiece 

surface. It is uniformly distributed over the ground surface. 

An inverted surface profile is obtained and measured with 

the tactile roughness measuring device from Taylor Hobson 

with a 2 µm, 90° diamond pyramid tip.  

For facets with tilt angle of 0.0°, Fig 6 shows a 

comparison between experimentally obtained workpiece 

imprints and simulated workpiece topography. Red colored 

grooves in the simulated topography represent surface 

peaks, blue colored ones represent profile valleys. 
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Fig 6. (a) Workpiece surface imprint from experiment (b) Simulated 

surface topography. Both for: tilt angle 0.0°, approach angle 0.12° 

For a both-sided planar grinding wheel position on the 

workpiece surface (tilt angle -1.5°) the crisscross grinding 

pattern can be observed in Fig 7 having a tilt angle of -1.5° 

for both the experiment and the simulation. Primary groove 

direction can clearly be observed in the imprint. Sporadic 

appearance of grooves in opposite direction, coming from 

both-sided grinding wheel contact, interrupts this pattern 

and raptures roughness peaks. A similar pattern can be 

observed by simulated workpiece surface topography. The 

color code is the same as for Fig 6, green and yellow 

indicate a smoother surface for tilt angle 0.0°.  

 

 

 

Fig 7.  (a) Workpiece surface imprint from experiment (b) Simulated 

surface topography. Both for: tilt angle -1.5°, approach angle 0.0° 

Comparing Ra and Rz roughness values for simulation 

and experiment in Fig 8 for tilt angles 0.0° and 2.5° shows 

that they are rather close to each other. This is caused by the 

associated approach angle not being zero. The self-

sharpening effect (dressing) of the resin bond corundum 

grinding wheel causes a grinding wheel adaption to the 

workpiece geometry. This condition causes similar 

roughness values for all different tilt approaches, except one 

for which the approach angle is zero (only possible for tilt 

angle -1.5°). Because of the already mentioned both-sided 

grinding wheel contact with the workpiece, roughness 

values decrease for tilt angles of -1.5°.  

 

 

Fig 8. Surface roughness comparison between experimental and simulated 

results for three different tilt angles 

In simulations and experiments, for both-sided grinding 

wheel contact, workpiece surface smoothing can be 

observed. However in the simulation, roughness peaks 

cannot be entirely removed and the smoothing is less 

distinct than for the experimentally obtained values.  The 

absolute deviation for roughness average Ra equals 1.3 µm 

and the relative difference of roughness depth Rz exceeds 

10%. The specific material removal rate is calculated as: 

'w e wQ a v   (5) 

where vw is the feed rate and ae the depth of cut. Values of 

12 000 mm
3
/mm·s are reached both the experiment and the 

simulation. During grain pull-outs the area proportion 

between bonding and grain cutting area is being respected 

because the Kienzle force calculation is proportional to the 

grain cutting area. For 1 mm workpiece ground, three grains 

are pulled-out which is in good agreement with 

experimentally evaluated data calculated as: 

w
g

g

V
n

G V



 (6) 

ng is number of grains pulled out, G is the grinding ratio, Vw 

is the material removal rate and Vg is the grain volume.  

5. Conclusion 

A unique experimental set-up was introduced for 

grinding application using table feed speeds exceeding 

conventional speeds employed for grinding. Kinematic 

simulation of a high performance dry grinding process was 

shown and validated experimentally. A good correlation of 

experimental and simulation data surface roughness could 

be proven. The Material removal rate and pull-out 

calculations are validated experimentally. Coupling with a 

machine model for machine excitation and process-machine 

feedback is possible.  
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