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Abstract 
This paper focuses on the evaluation of topographical parameters characterizing the influence on the behaviour and 
finally the process results by applying engineered diamond wheels in machining hard and brittle materials. Here, coarse-
grained, single-layered diamond grinding wheels with electroplated abrasive layers and active-brazed, defined grain 
pattern have been dressed by a special conditioning process and used in precision grinding experiments on optical glass. 
The characterization of the abrasive layer topography was done by two topographical parameters, the specific total grain 
plateau area A’G,total and the average grain cutting edge width bG,a, determined by 3D-profilometry of replicated abrasive 
layers after each dressing step. 
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1 INTRODUCTION 
Precision grinding of difficult-to-cut hard and brittle materials 
such as optical glasses, ceramics, cemented carbides, PVD 
hard-coatings or single-crystal materials has entered a wide 
area of applications in the optical, automotive, semiconductor 
and communication industry. Here, the precision grinding 
process is associated with high surface quality in the range of a 
few nanometers roughness Sa, low sub-surface damage and 
form deviations of the machined parts of only a few hundred 
nanometers [1]. Due to the lack of reproducible and controlled 
machining processes traditional production steps with several 
rough and fine finishing processes as well as multiple 
polishing and measuring cycles are still necessary.  
Usually multilayered, resinoid, vitrified or metal bonded 
grinding wheels with natural or synthetic abrasives and grain 
diameters from several micrometers down to the sub-micron 
scale are used for finishing of brittle materials [2]. The 
disadvantages of these grinding wheels are the limited surface 
quality and form accuracy of the machined parts caused by 
high wear rates and self-sharpening effects of the grain-
bonding system as well as wheel loading and therefore 
changes of the abrasive layer topography and configuration 
during the grinding process. Also, difficulties during the 
grinding wheel manufacturing process lead to non-uniform 
grain distributions and grain agglomerations. In addition, 
periodic dressing cycles for re-sharpening and recreating of the 
wheel profile leads to time-consuming and expensive 
machining processes. Therefore, economical batch production 
of high-precision complex surfaces through continuous 
grinding processes have to be developed which ensure high 
component quality and long term process stability. 
The paper presents the development of engineered diamond 
wheels for deterministic grinding processes. In this context, 
coarse grained, single layer, metal bonded diamond grinding 
wheels with defined and semi-defined diamond grain patterns 
have been applied to a novel conditioning process and used in 
precision notch grinding of optical glass. Here, the progress in 
dressing of the engineered diamond wheels is quantified by the 
calculated collision number id [3] and two topographical para-
meters, which will be introduced and were measured by 3D-
profilometry of replicas of the grinding wheel abrasive layers. 
Finally, the dressing state influence of the engineered diamond 
wheels on the grinding process (here the grinding normal 
forces Fn) and resulting surface roughness of ground optical 
glass specimens (here the arithmetical mean height of the 
surface Sa) is shown. 
 

2 ENGINEERED TOOL DEVELOPMENT  
Deterministic machining processes for hard and brittle materials 
require a precise generation of the macro and micro topography 
of the applied tool. Due to the stochastic properties of 
conventional grinding wheels, in e.g., abrasive layer 
configuration and surface topography, the grinding process itself 
is governed by stochastically occurring tool-workpiece 
interactions and different material removal mechanisms. 
 

 
Figure 1: Tool development towards engineered diamond wheels 
for deterministic precision grinding processes 
 
For the simulation and prediction of process interactions and 
resulting workpiece quality like process forces, surface 
roughness and sub-surface integrity, it can be assumed that the 
usually applied stochastic grinding wheels have to be replaced 
by ascertainable and definable tools for defined material 
removal processes. This could be put into practice by tool 
development (see Figure 1), which will convert the conventional 
grinding wheel approach to a geometrically and topographically 
definable abrasive tool. First experimental research work with 
similar regular spacing brazed super abrasive wheels as well as 
corresponding tool modelling and process simulation were 
carried out by Chattopadhyay et al. [4], Aurich et al. [5], Koshy 
et al. [6] and Wegener et al. [7]. 



The major advancements of the tool development presented 
here are the change from weak and wear-afflicted to tough and 
wear-resistant grain and bonding materials and the use of 
bigger grain diameters for adequate chip and cooling fluid 
space. However, the most important element is the dressing 
with profiling and shaping of single-layered, stochastic 
distributed or defined placed diamond grains leading to 
uniform abrasive grain protrusion heights for closely tolerated 
uncut chip thickness distributions below material dependent 
critical values for constant and continuous material removal 
mechanisms. As a result these abrasive layer properties lead to 
highly defined engineered grinding wheels. Furthermore, this 
tool development enables the investigation of the topogra-
phical influence of the actual abrasive layer surface condition 
on the material removal process and the resulting workpiece 
surface quality. 
 
3 GRINDING WHEELS AND PROCESS 

KINEMATICS 
3.1 Grinding wheel properties 
The requirements for engineered diamond wheel properties 
were accomplished by the development of coarse-grained, 
single-layered diamond grinding wheels and the application of 
an innovative conditioning process for the adjustment of the 
wheel run-out error and the abrasive layer topography. In this 
context, first practical attempts were shown in [8, 9]. The 
electroplated metal bonding system of the diamond grinding 
wheels assures the desired high contact stiffness and abrasive 
support stiffness and avoids grain breakouts during tool life. 
Furthermore, the use of coarse-grained diamond abrasives 
increases grinding wheel life due to high grain protrusion 
heights and high wear resistance resulting in a more cost 
effective and competitive machining process. 
For the research work described in the following, three types 
of chamfered circumferential grinding wheels (1A, 1B and 2) 
were designed and applied in dressing processes as well as in 
grinding of optical glass BK7. The aim was to analyze the 
influence of the wheel surface topography on the grinding 
process as well as the resulting surface roughness. Achieving a 
stable dressing and grinding process, no wheel run-out error as 
well as ideal adjustment and balancing of the wheel are 
necessary to avoid process instabilities and vibrations. Hence, 
grinding wheel hubs made of stainless steel with dS =  75 mm 
and bS = 1 mm or 3 mm, respectively, were designed and ultra 
precision turned to achieve excellent concentricity of the 
wheel peripheral surface. A reference cylinder was included 
for the measurement and adjustment of the run-out error while 
wheel mounting after bonding the diamond abrasives (see 
Figure 2). 
 

 
Figure 2: Dimensions of the applied diamond grinding wheels 
and schematic dressing and grinding setup 
 
Due to the precision turning process of the grinding wheel hub 
a wheel run-out error r < 1 µm was obtained at the circum-
ferential surface and the reference cylinder surface. After 
bonding and re-mounting a wheel run-out error r < 2 µm was 
achieved. Because of small differences in the bond thicknesses 
of the following electroplating and active-brazing processes 
(here the circumferential surface with the chamfers were 

coated), the grinding wheel hub was adapted with symmetric 
balancing threads providing the possibility to add precision 
balancing screws avoiding vibrations and non-uniform 
processes. This precision balancing of the diamond grinding 
wheel was done directly before the dressing and grinding 
experiments. 
The type 1A and 1B grinding wheels are single-layered, coarse-
grained, electroplated grinding wheels with blocky, cube-
octahedral diamond grains and stochastic grain distribution, 
grain diameter dG = 151 µm and different specific areal grain 
concentrations (C’G,1A = 30 mm-2 and C’G,1B = 15 mm-2, 
according to wheel manufacturer, see Figure 3). The type 2 
grinding wheel is also a single-layered, coarse-grained wheel, 
but with diamond grains (dG = 151 µm) placed in a defined 
slightly tilted regular grain pattern (specific areal grain 
concentration C’G,2 = 5 mm-2, see figure 3) and active-brazed 
bonding system. Manufacturing of the defined grain pattern was 
done by fixing spread diamond grains to glue droplets on the 
wheel circumferential surface which were deposited auto-
matically by a programmable piezoelectric driven micro droplet 
supply system [10]. 
 

 
Figure 3: Microscopic images and abrasive layer properties of 
the applied diamond grinding wheel types 
 
3.2 Dressing process 
The novel external-face-plunge-dressing process is set-up on a 
5-axes ultra precision machine tool with three hydrostatic linear 
axes and two air-bearing rotary axes [8, 9]. The dressing of the 
coarse-grained diamond grinding wheels was done with a fine-
grained bronze-bonded D15/C75-diamond cup wheel with a 
wheel diameter of dSd = 150 mm and a dressing active width of 
bd = 10 mm. The dressing wheel was mounted to the main 
spindle while the coarse-grained engineered diamond wheel is 
attached to an air-bearing grinding spindle on the rotary machine 
tool axis. The dressing parameters were grinding wheel speed 
vsd = 20 m/s, dressing wheel speed vd = 4 m/s, axial dressing 
infeed velocity vfad = 5 mm/min and dressing depth of cut aed = 3 
µm with 10 cycles per dressing interval (aed,total = 30 µm) and the 
usage of a 2%-emulsion cooling fluid. In order to realize an 
efficient conditioning process the dressing cup wheel and the 
grinding wheel rotate in counter direction. 
While dressing the diamond tips of the coarse-grained grinding 
wheel are truncated by the interactions with the grains of the 
diamond cup wheel. With ongoing dressing cycles and intervals 
more and more diamond grains of the grinding wheel abrasive 
layer come into action by the flattening process which leads to 
an increasing grain plateau area on a uniform envelope of the 
grinding wheel topography. However, the run-out error of the 
grinding wheel decreases and a uniform diamond grain 
protrusion height is achieved. The dressing process as well as 
the following grinding process was monitored by measuring the 
process forces with a 3-channel, piezoelectric dynamometer, 
which was located under the grinding spindle (see Figure 2). 



3.3 Grinding process 
In order to investigate the influence of the dressing state of the 
diamond grinding wheels on the material removal process and 
the achievable workpiece quality notch grinding experiments 
were carried out on optical glass BK7 after each dressing 
interval. The grinding experiments were performed on the 
same 5-axes ultra precision machine tool, with the workpiece 
specimen fixed to the dressing wheel in the main spindle 
centre of the machine tool. This set-up enables an error-free 
procedure by switching from the dressing to the grinding 
process and vice versa.  
Main parameters of the grinding experiments were the depth 
of cut ae = 20 µm, the tangential feed speed vft = 3 mm/min, 
the grinding wheel speed vs = 20 m/s and the supply of a 2%-
emulsion cooling fluid. The rectangular workpieces of optical 
glass BK7 with dimensions of 30 mm x 20 mm x 5 mm were 
polished on both sides and glued into an axial and radial 
adjustable specimen holding system. Depending on the applied 
diamond grinding wheel type different notch widths were 
ground into the workpieces. Therefore, the measured grinding 
forces Fn and Ft were related to the actual grinding wheel 
width. 
 
4 ABRASIVE LAYER ANALYSIS AND 

PARAMETERS 
4.1 Abrasive layer characterization 
The progress in dressing was monitored by replication of 
specific abrasive layer segments of the applied diamond 
grinding wheels after each dressing interval. Trumpold [11] 
demonstrated a similar approach for surface replications of 
calibration specimens. The abrasive layer replication was done 
without demounting the grinding wheel from the grinding 
spindle to avoid run-out and adjustment errors by re-mounting. 
 
The replication was done twice; first a negative replication of 
the abrasive layer topography was performed with a two-
component mould-making material. This material is based on 
polyvinyl siloxane (PVS), an elastomer which is mainly used 
as an impression material for dental replications. The main 
advantages of the material are the flowability, low 
reproduction deviations due to negligible differences between 
original wheel abrasive layer and replicated and hardened 
negative mould with a shrinking of only 0.16%. Therefore, a 
high replication accuracy of the grinding wheel layer 
topography nearly without changes during setting was 
achieved. Here, mixture and feeding of the compound for the 
negative replication of the grinding wheel abrasive layer are 
automatically done within a manual cartridge. 
Second, a positive replication of the negative replicated 
abrasive layer segment was done with a polyurethane polymer 
(PU), an initially fluidic mould-making and hardening 
material, mainly used for modeling of small precision parts. 
This material is characterized by a short setting time and also a 
very low shrinking rate of only 0.02%.  
The two-step replication procedure was performed to ensure 
the accessibility and the following 3D-profilometry of the 
grinding wheel abrasive layer segments. Here, a tactile surface 
profiler (Tencor P15 stylus profilometer) with a ruby stylus 
(stylus radius of 2 µm, stylus cone angle 45° ) was used for the 
acquisition of the replicated grinding wheel abrasive layer 
topography. This profilometer is capable of measuring step 
height, surface roughness and waviness on sample surfaces in 
a maximum vertical range of 1 mm with a vertical resolution 
down to the nanometer range. With a line-to-line spacing of 5 
µm, the 3D-topography of the abrasive layer with areas of 1 
mm2 for the type 1A and 1B diamond grinding wheels and 4 
mm2 for the type 2 wheel (see Figure 5, right), respectively, 
were measured with a scanning velocity of 50 µm/s and a 
measuring frequency of 200 Hz, resulting in a lateral 
resolution of 0.25 µm in the scanning direction. 
 

4.2 Topographical analysis - definition and results 
According to Cinar and Brinksmeier [3] as well as Linke [12], 
the dressing progress of a superabrasive grinding wheel can be 
quantified by the collision number id. This dressing parameter is 
a theoretical value, calculated by specific dressing process 
parameters as well as averaged grinding wheel and dressing 
wheel layer properties, which represents the number of 
collisions of a single grain of the grinding wheel abrasive layer 
with the abrasive grains of the dressing wheel. Figure 4 shows 
the influence of the collision number id on the specific normal 
grinding force F’n during grinding of the optical glass BK7 and 
the resulting arithmetic mean height Sa of the workpiece surface, 
depending on the applied diamond grinding wheels. The specific 
force values F’n show strongly linear trends for all three grinding 
wheel types, separated by the specific areal grain concentrations 
C’G,i, which can be verified by linear regression analysis with 
coefficients of determination of R2  0.99.  
Also the surface roughness of the ground workpieces shows a 
clear relationship to the collision number id. Starting from mean 
heights of approx. Sa = 885 nm (type 1A and 1B) and 1209 nm 
(type 2) using the undressed grinding wheel, all wheel types are 
capable of generating surface roughness below Sa = 100 nm 
after initial dressing cycles (id  0.6 . 106) down to Sa = 20 nm at 
the end of the dressing process. Here, potential-linear regression 
analysis lead to coefficients of determination of R2  0.98. 
 

 
Figure 4: Influence of the calculated collision number id on 
measured values of F’n (top) and Sa (below) related to the 
grinding wheel types 
 
However, an important disadvantage of the collision number id is 
that actual changing parameters of the grinding wheel abrasive 
layer topography are not integral parts of its determination. 
Therefore, two novel topographical parameters which 
characterize actual and material removal influencing abrasive 
layer properties are proposed and were evaluated running the 
performed dressing and grinding experiments.  
First, the total grain plateau area AG,total, which represents the 
grains wear flat area, has been measured to characterize the 
contact and friction area between all flattened diamond grains of 
the abrasive layer and the workpiece surface (see Figure 5). 
AG,total was determined by adding up each single diamond grain 
plateau area AG,i taken from the 3D-profilometry of the 



measured replicated abrasive layer segments. Related to the 
measuring area AM the specific total grain plateau area A’G,total 
was used to determine the influence on the specific normal 
force F’n and the arithmetic mean height Sa of the workpiece. 
Another topographical parameter of dressed engineered 
grinding wheels was defined with the cutting edge width bG,i 
of each single abrasive grain, (see Figure 5). Especially the 
cross-sectional area of the abrasive grains Acu, orthogonal 
oriented to the cutting direction of the grinding wheel 
influences the chip formation and material removal 
mechanisms during the grinding process. Here, the chip width 
bcu is nearly equivalent to the cutting edge width bG,i. To 
determine the average grain cutting edge width bG,a five to six 
2D-profiles were taken of the replicated abrasive layer 
segments. 

 
Figure 5: Schematic (left) and measured 3D-topography of a 
dressed abrasive grinding wheel segment (right, id = 1.18 . 106) 
and definition of the novel topographical parameters 
 

Figure 6 shows the influence of the novel topographical 
parameters on the specific normal grinding force F’n during 
grinding of the optical glass BK7 and the resulting arithmetic 
mean height Sa of the ground workpiece surfaces, for the 
different applied diamond grinding wheels. Both, the specific 
normal grinding force F’n as well as the arithmetic mean 
height Sa show high correlation to the specific total grain 
plateau area A’G,total and average grain cutting edge width bG,a. 
For F’n an exponential-linear regression analysis leads to 
coefficients of determination of R2  0.96 for A’G,total and R2  
0.99 for bG,a, respectively, depending on the applied diamond 
grinding wheels. A potential-linear regression analysis of Sa 
leads to coefficients of determination of R2  0.99 for A’G,total 
and R2  0.98 bG,a, respectively. 
 

 
Figure 6: Influence of the measured topographical parameters 
A’G,total and bG,a on measured values of F’n (top) and Sa 
(below) related to the grinding wheel types 

Due to the collected values of F’n and Sa as well as the deduced 
high coefficients of determination of R2  0.96, A’G,total and bG,a 
show the capability to characterize the actual dressing state and 
grinding capability of the abrasive layer topography of 
engineered grinding wheels. 
 
5 CONCLUSIONS 
This analysis demonstrates the influence of the novel parameters 
specific total grain plateau area A’G,total and average grain cutting 
edge width bG,a on the material removal process of optical glass. 
Both parameters clearly depend on dressing progress and 
intensity for all used diamond grinding wheel types. However, in 
contrast to the theoretical collision number id, which is strongly 
a dressing process dependent and dressing tool oriented value, 
A’G,total and bG,a represent measured areal and dimensional 
topographical parameters, independent of dressing process 
kinematics, dressing parameters and tool properties. They 
directly characterize the topographical condition of the active 
abrasive layer and therefore the grinding capability of the 
applied engineered diamond grinding wheels.  
From the practical point of view the grinding results show also 
that not only fine-grained but also coarse-grained diamond 
grinding wheels can be applied to machine brittle material such 
as BK7 glass with surface roughness Sa in the nanometer range. 
For this kind of engineered grinding wheels it is obviously 
necessary to have topographical parameters characterizing the 
abrasive layer topography in order to support dressing 
procedures and grinding process design so that the desired work 
result, e.g., smooth and damage-free material removal 
mechanism of brittle materials, can be achieved. 
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