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Abstract: The article presents a method of increasing the shape and dimensional accuracy of low-stiffness shafts manufactured in a single
pass of a grinding wheel in traverse grinding. One-pass manufacturing is one of the ways for reducing machining time and increasing
efficiency, thus lowering production costs. However, maintaining the necessary accuracy proves to be a challenge because the whole
machining allowance has to be removed at once, leaving no room for errors that could be fixed in additional passes of the tool.
It is especially true in finishing operations, such as traverse grinding. In addition, grinding the workpiece in a single pass of a grinding
wheel leads to high forces, which cause elastic deformation of the part. The lower the stiffness of the part, the more difficult it is to achieve
the required accuracy. As a result, there are many methods of improving the accuracy of grinding such parts, but they tend to be either
expensive or reduce the machining efficiency. Thus, it is important to seek new methods that would allow improving the accuracy
of the machining without reducing its efficiency. The proposed method does not require using steady rests and is based
on the measurement of the normal grinding force component. Knowing the value of the grinding force when grinding with a set grinding
depth, the elastic deformation of the machine tool-tool-workpiece system is calculated in each position of the grinding wheel. Based
on the calculated deformation, the additional infeed of the grinding wheel is implemented in order to stabilise real grinding depth
and to increase the accuracy of the produced part. The experimental tests were conducted to prove the effectiveness of the proposed

method.
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1. INTRODUCTION

Grinding is a machining process traditionally used to achieve
high accuracy and surface quality of the workpiece with low cut-
ting volume. The developments in the field of abrasive materials
as well as in the design and technological capabilities of modern
grinding machines enable the implementation of many new pro-
cesses and machining strategies. High-efficiency grinding (HEG)
processes are used in order to reduce machining time and lower
production costs. The methods that allow achieving such task are
collectively named high-performance grinding (HPG) or HEG [1].
Two directions of the development in high-performance grinding
processes can be distinguished, namely, deep grinding methods
and grinding processes with high grinding wheel peripheral
speeds. In the case of deep-cut grinding (DCG) processes, high
machining efficiency is achieved as a result of using high values
of grinding wheel infeed (grinding depth ae), relatively low feed
rates of the workpiece and low peripheral speed of a grinding
wheel. An alternative solution is to increase the peripheral speed
of the grinding wheel, which, in turn, allows improving machining
efficiency while maintaining the required surface quality due to a
significant increase in grinding speed (e.g., high-speed grinding,
HSG) [2-4]. Most high-performance grinding methods, however,
are based not on increasing the grinding speed but on the use of
high grinding depth values in many cases, allowing the workpiece
to be machined with a single pass of a grinding wheel [5].

There are three main grinding processes that can be executed
in a single pass of a grinding wheel. The first one is the creep feed
grinding (CFG), in which a highly porous, conventional grinding
wheel machines the workpiece with very high depths of cut (in
some cases, up to even 20 mm) and low feed rates. The process
is used in the aerospace and automotive industry in machining
difficult-to-cut materials such as superalloys and refers mainly to
surface grinding, although can also be used in cylindrical grinding
[6, 7]. The second one-pass method — known as traverse contour
grinding or continuous path-controlled grinding (CPCG) - is rec-
ognised as an alternative to hard turning and consists of using a
narrow cylindrical grinding wheel (cBN), which follows the shape
of the workpiece [8-10]. The last method involves outside or
inside cylindrical traverse grinding with high grinding infeed and
electro-corundum grinding wheels, which may be cylindrical or
cylindrical with a conic zone for rough grinding, or have a zone-
diversified structure [9].

Grinding is a finishing operation, so the influence of elastic de-
formations of a machine tool-tool-workpiece system is of great
importance. Elastic deformations of a workpiece, grinding wheel
and machine tool components affect the contact zone between
the wheel and the workpiece, thus impacting the shape and di-
mensional accuracy of the machined part. The types of typical
deviations observed after grinding depend on the type of machin-
ing process. In the case of traverse grinding of a part mounted
between centres, shape deviations depend mostly on the machine
tool-tool-workpiece system stiffness and on the accuracy of
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setting up the workpiece. In low-stiffness shafts machining, the
greatest challenge in achieving the needed accuracy is reducing
the cylindricity error resulting from the elastic deformation of the
system. Cylindricity errors are dependent on deviations in the
straightness of a cylindrical surface [11]. There are two main types
of errors produced during traverse grinding. The first one is taper
error, which is a result of the elastic deformation of the machine
tool centres and is dependent on the difference between the
stiffness of a headstock centre and the stiffness of a tailstock
centre (Fig. 1a). The second type of error is called barrel error,
which results from the elastic deformation of the workpiece
(Fig. 1b).

A

Fig. 1. Typical errors in traverse grinding: (a) taper error, (b) barrel error

The values of errors depend on kinematics and the design of
the grinding machine, dimensions of the workpiece, technological
parameters, among others,. The higher the grinding force and the
lower the stiffness of the workpiece, the higher the values of the
cylindricity error. Thus, the task of machining a low-stiffness work-
piece in a single grinding pass proves to be especially difficult
[12].

Conventional methods of reducing the shape and size errors
of parts machined in traverse grinding aim to reduce the elastic
deformation of a machine tool-tool-workpiece system. One way
to achieve that goal is by increasing the rigidity of the system by
the application of grinding steady rests. However, a proper setting
of steady rests on a grinding machine is time-consuming and in
many cases requires the skill of an operator. The application of
steady rests also involves the risk of damaging the machined
surface. The elastic deformation is reduced, but it still can be
significant, especially in places distant from the rest and machine
centres. One can use a computer numerical controlled CNC-
steady rest, but it is expensive and requires changes in the design
of a grinding machine. The second way to reduce machining
errors is by lowering the grinding force by reducing the values of
technological parameters, in particular the axial feed fa and the
grinding depth ae. However, this solution is not very practical due
to a significant increase in machining times.

358

Considering the aforementioned limitations, many researchers
tried to develop new strategies in traverse grinding of low-stiffness
shafts. Porzycki et al. [13] obtained a significant improvement in
the quality of the ground surface, accuracy of the shape of the
workpiece and a decrease in the wear of the grinding wheel as a
result of the application of the adaptive control system of the axial
feed based on the grinding force measurement. Amitay et al. [14]
developed an adaptive feed rate control system based on the
grinding wheel spindle power signal in order to improve the accu-
racy of ground workpieces. Gao and Jones [15] designed a test
stand for traverse grinding of shafts supported with adaptively
controlled steady rests based on the measurement of the diame-
ter of the workpiece during machining. Park et al. [16] developed a
model that predicts cylindrical errors resulting from traverse grind-
ing of low-stiffness shafts with steady rests. Choi and Lee[17]
proposed a strategy for optimising the position of steady rests to
reduce elastic deformation of the workpiece as well as a method
for measuring and compensating for thermal deformations during
traverse grinding of low-stiffness shafts. Kruszynski and Lajmert
[18] developed a system for optimising the traverse grinding pro-
cess with the use of a neural network. Swic and Taranenko [19]
described a method of adaptive control in machining accuracy of
axial-symmetrical low-rigidity parts in an elastic-deformable state.
The method consisted of additional positive feedback relative to
the machining force, and the errors were decreased due to the
control of axial feed. Parenti and Bianchi[20] presented a method
for improving the surface quality of ground shafts due to the appli-
cation of a process parameter control system based on the meas-
urement of vibration amplitude and the use of artificial intelligence.

The analysis of the literature revealed that previous studies
focused on improving the shape and dimensional accuracy of
traverse ground low-stiffness shafts mainly based on the control of
technological parameters during the process (resulting in lower
machining efficiency), the use of adaptively controlled steady rests
or required the use of additional, efficient computational systems
and interference in the grinding machine control systems (which
limits their use chiefly to laboratory solutions).

2. METHOD

In order to achieve accurate and efficient single-pass traverse
grinding without the use of steady rests, the following method has
been developed. Instead of trying to lower the elastic deformation
of the machine tool-tool-workpiece system, a different approach
has been undertaken. The method is based on introducing an
additional grinding wheel infeed calculated on the basis of the
analysis of the cut-layer cross-section and the measurement of
the grinding force. During traditional traverse grinding, due to the
grinding force exerted on the workpiece, it elastically deforms,
resulting in real grinding depth aer being lower than the set grind-
ing depth ae and thus leading to machining errors. In order to
obtain low cylindrical deviations, the real grinding depth aer ought
to be as close to the set grinding depth ae as possible. The real
grinding depth aer is dependent on many factors, such as stiffness
of the machine, workpiece material and its dimensions, type of a
grinding wheel and its condition and technological parameters.
Many of the factors influencing grinding depth aer are constant and
can be determined before the machining.

Previous research indicates that in traverse grinding of low-
stiffness shafts, elements with lowest stiffness, such as workpiece
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and machine centres, have a crucial impact on the elastic defor-
mation of the part [10, 21-23]. Depending on the workpiece ge-
ometry, they are responsible for up to over 90% of the compliance
of the entire system. Taking that into account, one can calculate
total elastic deformation at any given place of the workpiece dur-
ing grinding as a sum of the deformations of machine centres (xi),
workpiece deflection (x2) and the deformation of other elements of
the system (xs). The elastic deformation of the workpiece due to
the deformation of centres can be calculated from the following
equation:

Z\2 F, 7\ 2

By
a=(1-7) +@) & @

where z is the position of the grinding wheel along the axis of the
workpiece, Fy is the normal component of the grinding force, [ is
the length of the workpiece, kn is the stiffness of the headstock
centre and ki is the stiffness of the tailstock centre. For a straight
shaft with no steps, the deflection of the workpiece can be calcu-
lated as follows:

By z2-(1-2)?
2T TR @

where E is Young's modulus and / is the area moment of inertia.
The elastic deformation of the remaining components of the sys-
tem x3 can be described as follows:

E
X3 = _kn 3)
m

where km is the total stiffness of other components of the grinding
machine determined experimentally.

The aforementioned equations present simple linear relations
between deflections and forces and as such will not describe the
deformations resulting from the grinding process as accurately as
finite element method (FEM) calculations. However, their simplici-
ty allows for easy and fast calculation and thus may be of use in
industrial practice. Considering this, total elastic deformation at
any given place of the workpiece during grinding can be calculat-
ed from the following equation:

2 E, (z\? E, E,-z>-(1—-2)?% F
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From the stated relationships, it can be concluded that the de-
formation of the workpiece during grinding is a function of the
normal grinding force component F» and the position of the grind-
ing wheel z. Therefore, the measurement of the normal grinding
force Fn during machining allows for calculating the deformation
and for calculating the additional grinding wheel infeed to improve
the accuracy of the process. The described method is based on
the open-loop control and thus does not require introducing on-
line adaptive systems into machine control systems and can be
adopted into any CNC-controlled grinding machine equipped with
a force sensor. It is based on the measurement of the normal
grinding force component Fn during grinding of a test part with
constant grinding wheel infeed ae. Then, the additional infeed in
each position of the grinding wheel alongside the workpiece is
applied when grinding the following parts.

Increasing the grinding depth ae results in the increase in the
grinding force and, as a consequence, in the increase of the
elastic deformation of the workpiece. Therefore, applying the
additional infeed based on the elastic deformation calculated from
the measured force would decrease the machining errors, but to
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achieve the lowest values of deviations, the additional deformation
ought to be considered.

Fig. 2 presents a simplified view of the ground layer cross-
section depending on the grinding wheel infeed.
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Fig. 2. A view of the ground layer cross-section: (a) with constant grinding
wheel infeed, (b) with additional grinding wheel infeed

Considering this, a relationship describing the real grinding
depth can be formulated as follows:

Aoy = Ao — X + Xg )

where xq is the value of the additional infeed at a given grinding
wheel position. As follows from Eq. (5), the real grinding depth aer
will be equal to the set grinding depth ae when the value of the
total elastic deformation x is equal to the value of the additional
grinding wheel infeed x4. Therefore, the value of the additional
infeed of the grinding wheel at any given place during machining
can be determined from the following relationship:

A 2 1 z2-(1-2)?2 1
amnl0-9 5 @ i e ©

Considering this, in order to calculate the additional infeed of
the grinding wheel, it is necessary to determine, besides geomet-
rical and material parameters of the workpiece and stiffness coef-
ficients of the machine, the value of the normal grinding force Fa
applied to the workpiece when grinding with @e = aer. Thus, in the
presented method, it is necessary to grind a test part with a con-
stant grinding wheel infeed in order to measure the normal grind-
ing force value. The method is best suited for parts with low varia-
tions in machining allowance because adopted equations assume
the allowance is constant, and thus, any significant change in the
shaft diameter between parts will influence the accuracy of pro-
duced parts. In addition, due to the wear of a grinding wheel, the
grinding force should be measured during each grinding pass to
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recalculate the values of the infeed and thus to ensure high accu-
racy for all the parts.

In addition, in traverse grinding, due to the abrupt change in
the machining load at the beginning and at the end of each grind-
ing pass, cylindrical deviations, which often surpass the deviations
resulting from the deflection of a workpiece, tend to occur. In order
to reduce these errors, the presented method involves a strategy
of gradual entry and exit of the grinding wheel from the workpiece,
thus allowing to avoid sudden increases and decreases in the
machining load. The strategy consisted of moving the grinding
wheel linearly in both X and Z axes from the depth of ae = 0 ym up
to the set ae at the grinding length that was equal to a quarter of
the grinding wheel width.

3. EXPERIMENTAL SETUP

In order to check the effectiveness of the proposed method,
experimental tests were performed. The experimental setup was
designed based on a three-axis CNC cylindrical grinding machine
by Geibel & Hotz (Fig. 3). The measurement of the grinding force
was conducted with two dynamometers of type 9601A31 by
Kistler. The signal from the dynamometers was amplified and
registered with an A/D converter type NI USB-6009 by National
Instruments and a computer equipped with LabVIEW SignalEx-
press software.

Fig. 3. Test stand: 1 — grinding wheel; 2 — workpiece; 3,4 — dynamome-
ters; 5 — grinding carrier; 6,7 — signal amplifiers; 8 — A/D
converter; 9 — computer with LabVIEW SignalExpress software

The measurement of the accuracy of the grinded workpiece
was conducted on the grinding machine, with the use of an induc-
tive sensor type GT 21 by TESA (Fig. 4). The sensor mounted on
the grinding wheel spindle unit allowed recording the profiles of
grinded shafts. The cylindricity error AC was calculated as a
difference between the maximum Arwmax and minimum Arwmax
values recorded by the sensor during the measurement. The
measurement of the diameter of a workpiece was conducted with
the Micromar 8 control gauge by Marposs. Such a measuring
setup was investigated in previous works and proved to be accu-
rate [24]. The values of the stiffness coefficients were determined
experimentally by loading the respective part of the machine and
measuring the resultant deflection with the inductive sensor. The
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determined values were as follows: kn = 7.12 kN/mm, ki = 5.03
kKN/mm and km = 21.43 kN/mm.

Fig. 4. Test stand: 1 — workpiece; 2 — inductive sensor; 3 — grinding
wheel; 4 - control gauge; 5 — amplifier; 6 — A/D converter;
7 - computer

The M60H12VEPI electro-corundum grinding wheel by Andre
Abrasives was used in the tests. The width of the grinding wheel
was equal to bs = 50 mm. The workpieces in the shape of straight
shafts with the length of / = 500 mm and the diameter of dw = 30
mm were machined from the 100Cr6 steel and underwent thermal
treatment in order to achieve a hardness of approx. 60 HRC. On
both sides of the shafts, there was a step with a diameter of 25
mm so as to enable entry and exit of the grinding wheel, as well
as to allow mounting of the grinding carrier. Thus, the grinding
length was equal to /s = 375 mm. The workpieces were grinded in
a single pass of a grinding wheel with constant infeed and with the
variable infeed. The direction of grinding was from the headstock
to the tailstock. After each machining pass, the grinding wheel
was dressed in order to restore its cutting capabilities. For the
experimental tests, such a range of technological parameters was
assumed, which allowed utilising the capabilities of the grinding
machine and simultaneously did not cause the loss of stability of
the machining. The technological parameters are presented in
Table 1.

Tab. 1. Values of set technological parameters for the grinding tests

Technological parameter Value
Grinding wheel speed vs (m/s) 35
Grinding wheel infeed ae (um) 20, 40, 60, 80, 100, 120
Grinding feed fa (mm/obr) 1
Workpiece speed vw (m/s) 0.44
Dressing infeed @ed (Um) 10
Dressing feed fad (mm/obr) 0.1
4. RESULTS

Fig. 5 presents recorded deviations of the grinded workpiece
profiles after tests with the variable infeed and with the constant
infeed.
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Fig. 5. Deviations of the grinded workpiece profiles

Analysing the deviations recorded after grinding tests with
constant grinding infeed, one can observe that with the increase in
the grinding length, due to elastic deformation of the machining
system, the values of the deviations increase until they reach a
maximum, which is situated usually near the lowest stiffness point
of the system. Then, the deviations gradually decrease until the
grinding wheel exits the workpiece, where a sudden decrease in
errors can be observed due to the reduction in elastic defor-
mations of the system. The difference in the rate of the deviation
increase and decrease results from the difference in the stiffness
of the machine tool centres.

The analysis of the presented graphs leads to the conclusion
that grinding with variable infeed can significantly decrease the
deviations of the grinded profiles in the tested range of the grind-
ing depths. For grinding with constant infeed, the biggest varia-
tions in recorded deviations were observed at the start and the
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end of the grinding, especially with lower grinding depths, where
the deflection of the workpiece is comparably low. The increase in
grinding depth resulted in an increase in the strain of the machine
tool-tool-workpiece system and thus in the increase in recorded
deviations. The local decrease in deviation values of the work-
piece grinded with a. = 120 um indicates the loss of stability of the
machining. For the selected geometry of shafts, trying to grind
with ae > 120 resulted in the sudden increase in forces and vibra-
tions, resulting in chipping of the grinding wheel. On the other
hand, the deviations of the grinded profiles recorded after grinding
with variable infeed were close to linear. For the grinding depths
of @ =100 ym and a. =120 pm, one can observe an increase in
deviation values with an increase in grinding length. For other
grinding depths, the errors did not show a clear tendency of
changes. For all the grinding tests with variable infeed, the meas-
ured deviations were in the range of —3 ym to +5 um.
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In addition, the local decrease in deviations recorded after
grinding with a constant infeed of as =120 um indicate the loss of
stability of the machining. On the other hand, when grinding with
the additional infeed, the loss of stability was not observed.

Fig. 6a presents the values of calculated cylindricity errors’
Fig. 6b presents the maximum dimensional error recorded after
grinding. As can be seen from the graph, for the tests with con-
stant grinding infeed, there was a monotonous and almost linear
dependence between the grinding depth and cylindricity deviation.
For the tests conducted with variable infeed, the recorded values
of cylindrical deviation were equal to approximately 5 ym for all
the analysed grinding depths. The higher the set grinding depth,
the higher the obtained deviations.
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Fig. 6. Deviations of the workpieces grinded with various set grinding
depths: (a) cylindricity error, (b) maximum dimensional error

The analysis of the recorded cylindricity deviations leads to a
conclusion that applying the variable infeed can decrease the
cylindricity deviations up to 87%, on average approx. 82%. In
addition, the maximum dimensional error was reduced by approx.
90% in comparison to grinding with constant grinding infeed.

Fig. 7 presents the values of the normal component of grind-
ing force recorded during grinding tests.

As can be observed from the presented graphs, the use of the
additional infeed resulted in the increase in the normal grinding
force component for all set grinding depths. The values of force
measured when grinding with constant infeed increase with the
increase in grinding time due to the wear of the grinding wheel
and the increase in the system stiffness resulting from the grinding
wheel getting closer to the tailstock centre. On the other hand, the
course of F changes recorded during grinding indicates stabilisa-
tion of its value. During grinding with variable infeed, the average
values of the normal cutting force component were higher than
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those when grinding with constant infeed, with an increase
of approximately 11%.
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Fig. 7. Normal grinding force component: (a) courses of changes
(b) average values

One of the most important indicators of the effectiveness of
the grinding process is the quality of the manufactured surface. In
order to assess the influence of the proposed method on the
surface roughness of grinded parts, Ra surface roughness pa-
rameter was measured after each grinding test. Fig. 8 presents
the results of the measurements conducted at the start, in the
middle and at the end of the workpiece.

Analysing the roughness of the parts, one can observe that
the higher the grinding depth, the lower the quality of the manu-
factured surface, which is true for both grinding with constant and
with variable infeed, especially at the beginning and at the end of
the workpiece. At the beginning, in the case of grinding with con-
stant infeed, every increase in the grinding depth ae of 20 um
results in a significant increase in Ra parameter, approximately
13%. On the other hand, surface roughness measured at the start
of the part grinded with variable infeed did not show such clear
increasing tendency and was equal approx. Ra 0.2-0.25 um for all
the grinding depths. A significant difference between surface
roughness measured at the end of the workpiece after grinding
with constant and variable infeed was observed as well. The
values of surface roughness Ra decreased on average by approx-
imately 26% when grinding with variable infeed. However, in-
creasing the infeed during grinding did not result in a significant
increase in Ra parameters measured in the middle of the work-
piece (on average approx. 4% increase). No significant increase
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in surface roughness of grinded parts was measured in the middle
of the workpiece, even though the machining load was higher,
which may result from the higher stability of the machining with
the additional grinding infeed. The reduction in surface roughness
Ra measured at the beginning and at the end of the workpiece
may result from the gradual entry and exit of the grinding wheel,
which allowed for reducing the loading impact and thus improving
the quality of the surface at those parts of the workpiece.
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Fig. 8. Surface roughness Ra of the test parts: (a) at the beginning
(b) in the middle (c) at the end

5. CONCLUSIONS

The article presents a method of increasing the shape and
dimensional accuracy of low-stiffness shafts manufactured in a
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single pass of a grinding wheel in traverse grinding. The method
consisted of applying additional infeed calculated in each position
of the grinding wheel based on the measurement of the normal
component of the grinding force. In order to prove its effective-
ness, experimental tests were conducted. Low-stiffness shafts
were grinded in a single pass of a grinding wheel with constant
and variable infeed. The results showed that grinding with the use
of the proposed method can significantly improve the quality of
manufactured workpieces. For the analysed range of set grinding
depths, grinding with variable infeed allowed reducing the cylin-
dricity deviations to a few micrometres, which constitutes a de-
crease of, on average, approximately 82%. In addition, the maxi-
mum dimensional error was reduced by approx. 90% in compari-
son to grinding with constant grinding infeed. Grinding tests with
the use of the method resulted in increasing the normal grinding
force component, on average approximately by 11%. However,
the increased load did not correspond with the increase in surface
roughness. The measurements of Ra surface roughness parame-
ter showed that at the beginning and at the end of the workpiece,
grinding with variable infeed improved the quality of the surface.
Thus, the presented method may constitute a viable option when
grinding low-stiffness shafts in a single pass of a grinding wheel
without the use of steady rests.
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