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Abstract
In grinding, the design of the dressing process is an essential part of work preparation and restoration of the grinding wheel’s
profile and cutting ability. In contrast to most grinding processes, the choice of dressing parameters in double face grinding with
planetary kinematics has so far only been experience-based. As a consequence, the dressing process causes a higher degree of
tool wear than the machining of the workpieces. A focused design of the dressing process based on a scientific data could help to
improve the ecological and the economic efficiency by reducing tool wear and the amount of dressing tools used. In this paper,
methods for determining the wear condition and the result of the dressing process, including macro- and microscopic character-
istic are presented. This includes a correlation analysis between parameters of wear characteristics and workpiece surface quality.
Furthermore, technological investigations are carried out in order to systematically limit the main influencing factors on the
dressing process. As a result, the parameters dresser grain size dgd, rotational speed ratio nld and the machined dresser height Δhd
are identified as significant for dressing. The knowledge about their principal influence on the dressing result could provide the
basis for further research.

Keywords Double facegrindingwithplanetarykinematics .Toolweardetermination .Dressingprocess .Profilingandsharpening
of grindingwheels

1 Introduction

Grinding wheel wear is a decisive factor in terms of economy
and workpiece quality. The profile and cutting ability must be
generated and maintained using suitable conditioning strate-
gies. While extensive knowledge of these processes is already
available for other grinding processes, only initial approaches
have been published to date for double face grinding with
planetary kinematics. The substitution of double-sided face
lapping processes by double-sided grinding processes to re-
duce the environmental impact and increase the economic
efficiency requires a deepening of the process knowledge.
Double face grinding with planetary kinematics is a
manufacturing process that is used for machining plane-

parallel surfaces. It is used in the production of e.g. metallic
bearing rings, ceramic workpieces, such as sealing and control
discs, and elements of optical systems. The advantages of the
process are the high achievable surface quality and low
achievable flatness errors, which result from the special kine-
matics in the form of overlapping machining tracks.
Compared to lapping, the environmental impact is lower due
to the longer endurance of the grains bound in grinding
wheels. Furthermore, cooling lubricant is reusable through
filtration. In addition, the workpieces require less cleaning
after machining. A characteristic feature of the process is the
double-sided, non-continuous batch production of the work-
pieces. The kinematics and arrangement of the tools are sim-
ilar to double-sided face lapping with forced guidance from
which the double face grinding with planetary kinematics
originated. The machine structure consists of two horizontally
arranged grinding wheels, between which the workpieces are
inserted unclamped into externally toothed workpiece holders
(Fig. 1). The workpiece holders are guided by a driven inner
pin ring and usually stationary outer pin ring. During machin-
ing, the workpieces perform cycloidal movements in relation
to the grinding wheel surface. These movements result from
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the overlapping of the driven grinding wheels, the rotation of
the inner pin ring and the eventuating workpiece holder rota-
tion. Due to the planar contact of the grinding wheels, the
surfaces of a workpiece are evenly loaded [1–5].

2 Fundamental theory

The relative movement between the workpieces and grinding
wheels results in different cutting speeds vc on the inside and
outside of the grinding wheels. Furthermore, the workpieces
cover different path lengths in the inner and outer area of the
abrasive surface. This combination of radially dependent cut-
ting speed vc and contact length of the workpieces with the
grinding wheel follows in inhomogeneous wear of the grind-
ing wheels. They are affected by macro- and microscopic
wear. Macroscopic deviations from the even grinding surface
result in reduced workpiece flatness. Microscopic wear in the
form of grain blunting and bond failure has a decisive influ-
ence on the economic efficiency and workpiece quality of the
production process. Both types of wear need to be minimized
by suitable dressing processes [5–9].

Due to the kinematic relationship between the double face
grinding with planetary kinematics and the double-sided face
lapping with forced guidance, the same macroscopic wear
characteristics occur in the inner and outer area of the grinding
wheels. Simpfendörfer [10] divides the forms of wear into 0th

and 1st order (Fig. 2). The wheel shape for 0th order defects is

characterized by concave or convex characteristics over the
entire tool surface. In contrast, 1st order errors have a convex
or concave characteristic within the area between the inner and
outer edge of the tool [3, 10].

Based on the work of Sabotka [11], Funck [12], Ardelt [3]
and Stähli [13, 14], Uhlmann et al. [15] define the total wear
htt that it is composed of the axial wear hta and the profile wear
htp (Fig. 3). Here, the profile height ht over the radial grinding
wheel position rt describes the macroscopic wear characteris-
tic based on a coordinate system located on the outer tool
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radius. Thus, the profile wear htp is the difference between the
maximum and the minimum of the profile and represents the
target value to be minimized in profiling processes.

The resulting microscopic wear is characterized by the wear
of the abrasive grains and the bond in which the grains are held.
After profiling, the bond can be reset by appropriate sharpening
processes so that underlying grains are exposed and are available
for workpiecemachining. In grinding, the conditioning processes
of profiling and sharpening are usually carried out separately and
one after the other [8]. For example, Funck [12] used single- and
multi-grain dressers to profile grinding wheels in double face
grinding with planetary kinematics with ceramic bonded silicon
carbide (SiC) grains. He then used discs of SiC, placed in the
holders instead of the workpieces, for sharpening. In the grinding
processes that followed, a low but constant material removal rate
Δḣw, the time-related workpiece height reduction, was achieved
within a short time. Ardelt [3] and Uhlmann et al. [16, 17] also
used separate profiling and sharpening processes in their investi-
gations into process behaviour and the achievable workpiece
quality. Profiling was carried out by using construction steel,
which was inserted into the workpiece holders instead of the
workpieces. Larger unevenness of the grinding wheel surface
was profiledwith SiC dressing ringswith a grain size of 80mesh.
Reproducible sharpening was also achieved with these dressing
rings at constant dressing parameters. However, it is not possible
tomake a statement about individual influencing variables on the
basis of the publications [3, 16, 17]. In Egger’s [18] investiga-
tions into the interaction mechanisms between workpiece and
tool, sharpening was carried out with bonded and unbonded

grains. The grinding wheels used with a specification of D91
C100 in a ceramic bond were sharpened in the unbound version
with a suspension of cooling lubricant, boron carbide (B4C) and
SiC grains of size 80 mesh and a steel disc as counterpart.
However, sharpening with ceramic-bonded SiC grains in dress-
ing rings showed significantly higher material removal rates Δḣw
in the subsequent grinding processes. The variation of the dress-
ing pressure ped showed a slight influence on the dressing result
with a subsequent tendency tomore effectivemachining at lower
dressing pressures. Dressing with electroplated single-layer
bonded diamond dressers with a grit size D91 also led to a
reduced material removal rate Δḣw. The reason for this was the
inability of the bonded diamond grains to reset the abrasive coat-
ing’s bond. Furthermore, the contact of the dressing and grinding
diamond grains leads towear of the dressing and grindingwheels
[18]. In thework preparation of the grindingwheelsD46 toD126
with C75 to C100 in a ceramic bond, Rußner [19] also used SiC
dressing rings for profiling. The subsequent sharpening was car-
ried out with corundum dressers with grain size 80 mesh for all
grinding wheels used. Since no parameter variation took place
here, no conclusions can be drawn about individual influencing
variables [19]. In industrial applications, combined profiling and
sharpening processes have become established, which in princi-
ple correspond to a mere sharpening process. Here, bonded
grains are used in dressing rings or dressing stones, which are
inserted into corresponding workpiece holders instead of the
workpieces (Fig. 4). Subsequently, the dressing process is the
same as for workpiece machining, but the cut dressing ring ma-
terial forms an emulsion with the cooling lubricant, similar to
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lapping, which affects the grinding surfaces and thus dresses
them. The generation of the even grinding wheel profiles, the
profiling, is realized by selecting a favourable rotational speed
ratio nld, thus the trajectory shape and the targeted higher load of
the grinding wheel areas to be levelled [1, 20].

3 Determination of wear condition

For the investigation of wear mechanisms and dressing strat-
egies as well as in industrial applications, the reliable determi-
nation of the macro- and microscopic wear is necessary. Due
to the nature of the process, this can only be realized as a post-

process measurement. Here a self-developed measuring sys-
tem is used to measure the grinding wheel profiles and to
detect the profile wear htp. This system consists of six tactile
position sensors mounted on a profile rail to determine the
profile heights at defined points (Fig. 5). For offset compen-
sation, this is positioned on a standardized flat granite block
and zeroed via control software. Then the measuring system is
placed on the lower grinding wheel. The measuring section is
defined by one sensor each on the outer and inner edge of the
grinding wheel. Three further sensors are mounted equidis-
tantly between these. The sixth sensor is positioned on the
opposite outer edge and used for horizontal compensation.
Assuming a purely radius-dependent wear characteristic, the
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Fig. 5 Measuring system to
determine grinding wheel profile
placed on the lower grinding
wheel
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measured values of the two sensors positioned on the outer
edge must be identical. If there is a difference and thus tilt
between the ideally flat grinding wheel surface and the longi-
tudinal axis of the measuring system, a compensation line is
calculated and the measured values corrected. The use of a 4th

degree polynomial as an approximation of the wheel profile
turned out to be sufficiently accurate during measurements
and in relation to previously published wear forms [1, 3, 5,
6, 10]. By measuring at different angular positions on the
grinding wheel, wear characteristics dependent on the circum-
ference can be determined. To determine the profile of the
upper grinding wheel, the measuring system is positioned ro-
tated by 180° so that the sensors point upwards. The upper
grinding wheel is then lowered onto these for measurement.
The measuring accuracy can be estimated to pwm < 10 μm
when using a test plate according to DIN 876 [21] with a
flatness tolerance of 4 μm/1000 mm and sensors with a re-
peatability of pws < 1 μm [1, 3, 10, 21, 22].

The wear condition of the grinding wheel can be inferred
from the workpiece roughness. Lower roughness values Ra
and Rz indicate a blunting of the grinding wheel at constant
machining parameters. In addition to this indirect method, the
determination of parameters of the grinding wheel topography
is established. For this purpose, imprints are taken from the
grinding wheel topography using the dental imprint material
Panasil® contact plus X-Light of Kettenbach GmbH & Co.
KG, Eschenburg, Germany. One imprint each is made on the
inner and outer edge and in the middle between them on the
lower and upper grinding wheel (Fig. 6). This procedure rep-
resents both an industrial and scientific method for the

determination of the grinding wheel topography [23–26].
Subsequently, an optical surface measurement is carried out
with an InfiniteFocus 3.5 of Alicona Imaging GmbH, Raaba/
Graz, Austria. Finally, the roughness values mean arithmetic
height Sa, maximum height Sz, reduced peak height Spk and
reduced valley depth Svk as well as the grinding specific pa-
rameters static number of cutting edges Nstat, cutting edge
density Cstat and mean grain protrusion k are determined using
a developed algorithm in Matlab® of The MathWorks, Inc.,
Natick, Massachusetts, USA. Here, Nstat is the number of cut-
ting edges of the abrasive grains that protrude from the bond
per unit area. The grain protrusion k indicates the height at
which the grains protrude from the bond. Furthermore, the
cutting edge density Cstat takes this the height into account
and thus indicates the number of cutting edges per volume
unit [8, 20, 24, 25, 27]. In addition, the accuracy of the imprint
method was analysed using a roughness standard prior to the
technological tests. Deviations of the roughness values ac-
cording to ISO 13565 [28] and ISO 4287 [29] were 1% of
the stated nominal values of the roughness standard.

4 Technological investigations

4.1 Experimental set-up

Experiments are carried out on a DLM 505 HS machine sys-
tem from Stähli AG, Pieterlen/Biel, Switzerland. The tools
used are resin bonded grinding wheels with specification
B107 C75 with twelve radially inserted grooves on a steel

Table 1 Process parameters of the blunting process

Influencing variable Unit Value

Rotational speed of lower grinding wheel nlo 1/min 125

Rotational speed of upper grinding wheel nup 1/min − 250

Process force Fp daN 250

Lubricant flow rate V̇ l l/min 45

Lubricant Grinding Oil Rhenus DP5

Table 2 Investigated influencing factors during dressing experiments

Influencing variable Unit Low level High level

Rotational speed of grinding wheels ntd 1/min 30 60

Rotational speed ratio nld – − 0.75 0.75

Lubricant flow rate V̇ l;d l/min 0 45

Dressing process force Fpd daN 30 90

Machined dresser height Δhd μm 500 2000

Dresser grain size dgd Mesh 90 180
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base body from Diamant-Gesellschaft Tesch GmbH,
Ludwigsburg, Germany. Grinding tests are performed with
cylindrical workpieces made of fully hardened bearing steel
100Cr6 with a hardness of 60 HRC. Both the grinding and the
dressing processes are carried out using DP5 grinding oil from
Rhenus Lub GmbH & Co KG, Mönchengladbach, Germany.
The dressers are made of corundum grain with mesh size 90
and 180 which are held in a porous ceramic bond. In the first
step, the grinding wheels are blunted in grinding processes
with industrial conventional grinding parameters (Table 1).
Here, the blunting criterion is a material removal rate of Δḣw
≤ 0.1 μm/s.

The grinding wheel topography of this blunted initial state
is recorded by imprints and the grinding wheel profiles are
determined. A dressing experiment is carried out. After this,
imprints and profile measurements are conducted again to
determine the grinding wheel topographies and profiles. The
differences in profile wear htp before and after a dressing test
provides information about an improvement or deterioration
of the grinding wheel evenness. Additionally, the roughness
values mean arithmetic height Ra andmaximum profile height
Rz of both machined workpieces surfaces before and after
dressing are ascertained to draw conclusions about the cutting
ability of the grinding wheels. Afterwards, grinding processes
are done again until the blunting criterion is reached and a new

dressing process is carried out using the same procedure.
Macro- and microscopic wear are recorded using the methods
described in Section 3. To determine the significant influenc-
ing factors, a mean value comparison of a two-level test is
carried out. A two-stage definitive screening design with triple
realization and a total number of 96 tests is used here [30, 31].
The influencing factors to be investigated and their values are

listed in Table 2. For this purpose, the difference d between
the two mean values and the 95%, 99% and 99.9% confidence
intervals are determined for each target variable. If the differ-

ence d is above the 95 % confidence interval, the effects of an
influencing factor are to be evaluated as indifferent. A signif-
icant effect can be assumed above the 99% confidence inter-
val. The one-way analysis of variance (ANOVA) is also used.
Thereby the p value indicates the probability with which the
null hypothesis ‘factor has no influence’ can be rejected. An
effect is considered indifferent if p < 0.05, significant if p <
0.01 and non-significant if p ≥ 0.05 [31, 32].

4.2 Wear characteristics

The wear condition achieved after blunting is characterized by
a 0th order profile in negative direction on the lower and upper
grinding wheel (Fig. 2). The topography analyses using the
imprint method show that a defined initial state was reached
before each dressing experiment. Furthermore, the relevant
topography parameters of the grinding wheels were deter-
mined by a correlation analysis between roughness parameters
of the machined workpiece surfaces and the grinding wheel
topography parameters. Here, the reduced peak height Spk
and the reduced valley depth Svk correlate most strongly with
the determined workpiece roughness maximum profile height
Rz and mean arithmetic height Ra (Fig. 7). This identification
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Table 3 p values for the influence of the position on the grinding
wheels after grinding and after dressing

Spk Svk Sa Sz Nstat k Cstat

After grinding 0.027 0.716 1∙10−4 3∙10−4 0.035 0.005 6∙10−5

After dressing 0.545 0.573 0.275 0.327 0.695 0.025 0.244
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of characteristic parameters for describing the influence of the
grinding wheel topography on the workpiece surface coin-
cides with previous findings on other grinding processes
[24, 26, 27].

The factor ‘position on the grinding wheels’ was tested
statistically in a three-stage one-way analysis of variance
(Table 3). Here, the determined microscopic wear in the

blunted stage shows a dependence on the ‘inside’, ‘middle’
or ‘outer’ position. The p values of the effects on grain pro-
trusion k, roughness Sa and Sz are p < 0.01, thus proving the
significance of the position on the grinding wheels. The re-
duced peak height Spk and static number of cutting edgesNstat

are with a value p < 0.05 in the range of indifference. In
contrast, the grinding wheel topographies after the dressing
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processes show no location dependency. The p values are all
outside the significance level. Only the influence on the grain
protrusion k is indifferent.

The underlying cause is assumed in the process parameters
used. Due to the process typical kinematics, the workpieces
cover different path lengths in the individual areas of the
grinding wheels, and the cutting speed depends on the current
workpiece location. Using the kinematic models developed by
Simpfendörfer [10], Ardelt [3, 16, 17], Uhlmann et al. [5–7]
and List [1], these values can be calculated for the selected
process parameters. Here, during grinding the cutting speed
difference in the inner and outer area of the grinding wheels is
comparatively higher with vc,diff = vc,max − vc,min = 1.44 m/s
compared to the difference in the dressing experiments vcd,diff
= 0.27 to 0.70 m/s. Accordingly, the cutting conditions during
dressing are more homogeneous than during grinding and
thus, the grinding wheel surfaces generated are also more
homogeneous. The inhomogeneous cutting speed vc and con-
tact lengths between the workpieces and the different grinding
wheel areas during grinding lead to a significant deviation in
the investigated topography parameters. On the tool wear
model proposed by Uhlmann et al. [6] and List [1], the work-
pieces cover more than twice as much path length on the
outside as on the inside of the grinding wheels in the per-
formed grinding process. The grinding wheel profiles

determined after grinding depends on the calculated path
length covered by the workpieces in the areas of the grinding
wheels (Fig. 8). In the areas with a longer path length, more
wear occurs, which results in profile valleys. This leads to the
conclusion that the profile wear htp is significantly dependent
on the frequency of workpiece-to-tool contact in different
grinding wheel areas. This finding corresponds to previous
observations, according to which the wear profile is influ-
enced by kinematic process parameters [1, 3, 5, 6].

4.3 Factors influencing profiling

The effect analysis on the change of profile wear Δhtp at the
upper and lower grinding wheel shows that the rotational
speed ratio nld between the inner pin ring and the respective
grinding wheel has the largest and significant effect on the
profiling process, as exemplarily depicted for the lower grind-
ing wheel in Fig. 9. Here, the rotational speed ratio nld influ-
ences the frequency of the workpieces in each area of a grind-
ing wheel, the cutting speeds vc there and thus, the load on the
abrasive surface. Its targeted adjustment while profiling can
consequently lead to even grinding wheel profiles. The ma-
chined dresser height Δhd shows a smaller and as indifferent
classified effect on the profiling result. Considering that at
least the profile tips must be cut off to achieve an even
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grinding wheel surfaces, this influencing factor is regarded as
relevant. Considering the economic efficiency of profiling,
both the machined dresser height Δhd and the separated
volume of the grinding wheels must be minimized. In ex-
periments with a process force of Fp = 90 daN, chattering
of the machine was observed, so that an upper limit for the
process stability of dressing is assumed here. Dressing pro-
cesses should therefore be oriented towards the lower test-
ed value of Fp = 30 daN. The variation of the lubricant
flow rate V̇l,d shows no effect on the profile wear on the
upper grinding wheel. On the lower one, a higher rate leads
to a slight deterioration. It is suspected that the observed
increased accumulation of coolant on the lower grinding
wheel with a higher lubricant flow rate V̇l,d leads to an
increased outflow of the slurry necessary for the dressing
process. As observed, this disturbs the profiling process
and the output. A higher grinding wheel speed ns has,
however, no effect on the lower grinding wheel. On the
other hand, it leads to an increment of the profile wear on
the upper one. It is assumed that due to the higher rotation-
al speed, the slurry film is interrupted and thus no longer
cuts off the grinding layer. In contrast, the greater accumu-
lation of coolant lubricant on the lower grinding wheel
ensures that the slurry film does not tear off.

4.4 Factors influencing sharpening

The dresser grain size dgd is identified as a significant
influencing factor on the grinding wheel topographies after
sharpening. A smaller grain size of dgd = 69 μm results in a
smaller reduced valley depth Svk (Fig. 10). Contrary to this,
the reduced peak height Spk increases. The grinding wheel
topographies are thus characterized by more protruding grains
with the bond set back. No significant effects on the abrasive
layer topographies were found for the other process parame-
ters investigated. Nevertheless, the lubricant flow rate V̇l,d and
the machined dresser height Δhd are within the range of the
indifference of the target value Cstat. Here, a higher lubricant
flow rate V̇l,d has a positive effect on the static cutting edge
density Cstat. A possible cause is the lower viscosity and thus
the likely better ability of the slurry to reset the bond and
remove particles from the grinding wheel surfaces. The effect
occurs more strongly on the lower grinding wheel than on the
upper one. Due to the horizontal alignment of the grinding
wheels, a larger lubricant flow rate V̇l,d possibly only leads
to a change in the slurry behaviour on the lower grinding
wheel. On the upper grinding wheel, however, the cooling
lubricant drops down continuously, unaffected of the volume
supplied.
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Double face grinding with planetary kinematics

Machine system

Stähli DLM 505 HS

Cooling lubricant

Rhenus GP5

Workpiece

Type cylindrical

Material 100Cr6

Hardness 60 HRC

Diameter d
w

= 45 mm

Height h
w

= 35 mm

Tool

Type Tesch 6A2 530/132.5/8

Grains CBN

Bond Resin

Main body Steel

Grain size d
g

= 107 µm

Grain concentration C = 3.3 ct/cm3

Outer radius r
to

= 265 mm

Inner radius r
ti

= 132.5 mm

Dressing

Dresser Tesch Edelkorund rosa

Process parameters see Table 1

influencing factors and interactions

A B C D E F AB AC AD AE AF BC BD BE BF CD CE CF DE DF EF

95% Confidence interval

99% Confidence interval

99,9% Confidence interval

A Rotational speed of grinding wheels n
td

B Rotational speed ratio n
ld

C Lubricant flow rate V
kss,d

D Dressing process force F
pd

E Machined dresser height ∆h
d

F Dresser grain size d
gd

0

snoitcaretnistceffe niam

Fig. 11 Main effects and double
interactions on the workpiece
roughness Rz on the lower
grinding wheel surface
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In relation to the workpiece roughness, the dresser grain
size dgd is also identified as a significant influencing factor
(Fig. 11). Here, a smaller grain size leads to smaller roughness
values Rz. Furthermore, the machined dresser height Δhd can
be classified as indifferent.

5 Conclusion and outlook

The wear condition of the grinding wheels during double
face grinding with planetary kinematics can be clearly
determined by using a profile measuring system and tak-
ing imprints of the grinding wheel surface. Significant
factors influencing the sharpening result could be deter-
mined by screening tests. The dressing process force Fpd

and the rotational speeds of the grinding wheels nt could
be determined as non-significant influencing factors in
the examined parameter space, as long as the process
stability is maintained. For profiling, the rotational speed
ratio nld is the decisive parameter for restoring even
grinding wheel profiles. Through specific adjustment in
the dressing process, the areas to be levelled can be sub-
jected to greater strain through more frequent dresser-to-
tool contacts. Thus, profile heights are cut off and even
grinding wheels result. The dresser grain size dgd was
identified as the decisive factor influencing the grinding
wheel topography and workpiece roughness. A smaller
grain size of dgd = 69 μm leads to a better resetting of
the bond. In this context, the influence of the amount of
cooling lubricant supplied and thus the viscosity of the
slurry was found to be indifferent. A excessive lubricant
flow rate V̇l,d obviously causes the slurry to be flushed
away and thus insufficient dressing ability. Furthermore,
the machined dresser height dgd has an effect on work-
piece roughness, grinding wheel topographies and pro-
files. Since the amount of machined dresser material is
crucial for slurry characteristics, the machined dresser
height dgd is identified as relevant influencing factor. In
addition, it is affecting the dressing process time tpd and
thus the total load to the wear profile to be levelled. In
summary, further investigations of the significant and in-
different influencing factors in a larger parameter space
are necessary to analyse combined dressing processes
more detailed. Furthermore, analysis of the blunting be-
haviour over the grinding process time tp and the interac-
tion between micro- and macroscopic wear are still
pending.
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