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Hard finishing technology, e.g. — honing — is used to manufacture high-performance gears. Gear honing 
is primarily used to hard finish small- and medium-sized automotive gears. And yet trials have shown that 
gears with a module larger than mn = 4 mm can also be honed efficiently, but problems often occur due to 
unstable process design. In this paper a model to improve the process design is described.

This paper was originally presented at the 2014 International Gear Conference, Lyon Villeurbanne, France and is republished here with the authors’ permission.

Introduction
Hard finishing technology is used to 
remove deviations from hardening, to 
machine tooth flank modifications and 
to meet quality requirements. The case 
hardening process is necessary to enable 
the gear to transmit high torque with 
smaller gears in high-power applications. 
In industrial applications, profile gear 
grinding, generating gear grinding and 
gear honing are most commonly used as 
hard finishing processes for gears. Each 
of these high-performance processes is 
using geometrically undefined cutting 
edges. Gear honing is primarily used to 
hard finish small- and medium-sized 
automotive gears with a module mn less 
than 4 mm. One advantage is high eco-
nomic efficiency as well as great sur-
face quality. Trials have shown that gears 
with a module larger than mn = 4 mm 
can also be honed efficiently. Problems 
occurred primarily in the reliability of 
the process — which leads to the conclu-
sion that there is no problem, in princi-
ple , but rather a lack of knowledge of the 
honing process for large gears. Process 
parameters and tool specifications must 
be adjusted to derive the desired quality 
sought in honing larger gears.

To reduce time and effort, intensive 
trials with an empirical/physical process 
model were conducted. After discuss-
ing the theoretical process analysis, this 
paper focuses on practical process analy-
sis based on force and vibration measure-
ments.

Challenge
Initial attempts to scale up the process 
parameters from small to large gears have 
shown that this is not possible for all 
components. These results suggest that 
there is a lack of suitable process param-
eters and design data for honing large-
module gears. This is due to the kinemat-

ics of the gear honing process, where a 
large number of variables impart added 
complexity to the process. Additionally, 
small transmission ratios and high over-
laps occur between the workpiece and 
honing tool for large gears (Fig. 1).

High overlaps lead to large spindle 
moments, which are necessary to cut a 
high amount of material as large con-
tact zones occur. Secondly, the gear ratio 
between honing tool and workpiece 
becomes smaller due to the limited space, 
thus the machined volume for each tooth 
of the honing tool increases and the life-
time of the honing tool decreases, respec-
tively, as the dressing cycles shorten.

Another process characteristic is that 
an internally toothed tool with geomet-
rically undefined cutting edges meshes 
under a cross-axis angle with an exter-
nally toothed workpiece. Compared to 
other grinding processes, these cutting 
speeds are very low and barely reach up 
to vc = 15 m/s so that thermal structur-
al damage can be avoided on the work-
piece. Another advantage is that work-
pieces with interfering contours can be 
machined and that honing machines are 
already available in the industrial envi-

ronment of large-module gears. A dis-
advantage of the honing process is the 
very low infeed — and thus the process-
ing time — increases in proportion to the 
allowance.

In addition to process-related limits, 
the maximum size of the workpieces to 
be processed is limited to a tip diam-
eter of 270 mm by the current honing 
machine generation, as the machines can 
hold honing with a maximum outside 
diameter of 400 mm. Given that honing 
is mainly found in the automotive indus-
try, most of its scientific study is based 
on gears with a tip diameter of less than 
150 mm.

Research Objective and Approach
Due to the existing challenges, a research 
project to optimize the honing process 
for large gears was initiated (Fig. 2).

The objective of this research project 
is to increase efficiency and process safe-
ty during honing of large-module gears. 
The objective of this report is to build 
an empirically physical process model. 
The model is intended to increase the 
efficiency and process reliability for hon-
ing and to contribute to an improved 

Figure 1 � Process characteristics of gear honing.
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understanding of the process. The pro-
cedure for this is explained throughout 
the report. First of all, specific values for 
different honing process designs are gen-
erated on the basis of evaluated process 
designs chosen for practical experiments 
to allow direct linking of the results. To 
increase the amount of information gath-
ered in the practical investigations, the 
test machine was equipped with addi-
tional measurement devices that make it 
possible to detect both the process result-
ing forces and the vibrations of various 
machine components.

For this purpose, the test workpiece 
and the honing tool designs are pre-
sented for different cross-axis angles in 
(Workpiece and Honing Tool Designs) 
before the results of the analytical calcu-
lation for the presented workpiece hon-
ing ring combinations are explained. The 
test machine and the measuring chain 
are then shown before the results of the 

force measurements are discussed in 
(Empirical Process Analysis section).

Workpiece and Honing Tool 
Designs
The workpiece used for the investigations 
presented in this paper is a transport 
transmission gear. The number of teeth 
is z = 47, with a module of mn = 4.55 mm 
and a normal pressure angle of αn = 21°. 
The helix angle is β = 18°. The gear has a 
width of b = 46.92 mm and a tip diameter 
of da = 231.75 mm.

For the analytical calculations and 
honing trials, four different honing tool 
designs are used (Fig. 3); four different 
cross-axis angles were chosen. The com-
plex relationships during honing require 
that additional geometric variables must 
be changed by adjusting the cross-axis 
angle Σ. This is due to the relationship 
that the sum of the helix angle of the tool 
and workpiece forms the cross-axis angle 

Σ. At a constant helix angle β of the work-
piece, a change in the cross-axis angle Σ is 
followed by a change of the helix angle of 
the honing tool β. Therefore, the number 
of teeth z needs to be adjusted — result-
ing in a tip and root diameter change. 
This in turn must be compensated for by 
an adjustment of the center distance a. 
The corresponding honing tool designs 
can be found in Figure 3. In addition 
to the reference tool for this workpiece 
with a cross-axis angle of Σ = −8°, three 
other cross-axes were selected with pair-
wise different signs of the cross-axis angle 
at Σ = −8° and Σ = +8°. This leads to the 
same cutting speed at the same rotational 
speed for this pairing.

Analytical Modelling of the Gear 
Honing Process
The cutting speed vc is mainly responsi-
ble for machining the stock. The cutting 
speed is made up of the three compo-
nents — lateral gliding speed vgH, longi-
tudinal sliding speed vgL and oscillation 
speed vosc. The oscillation speed is by a 
factor of 10-3 less than the other two com-
ponents, and can therefore be ignored, so 
that the cutting speed may be described 
by the scalar addition of the lateral glid-
ing speed vgH and the longitudinal sliding 
speed vgL. The lateral gliding speed vgH can 
be calculated out of the radii of curvature 
and the angular velocities of the meshing 
parts, while the longitudinal sliding speed 
vgL depends on the circumferential speed, 
helix angle and cross-axis angle. From 
cutting speed vc and feed speed vrad, the 
cutting performance is derived. The cut-
ting performance can be used as a mea-
sure for process efficiency, which is the 
relevant value for honing process optimi-
zation.

For noise optimization, the cutting 
angle is the decisive factor, according 
to Köllner. An optimum noise behav-
ior occurs when the machining marks 
are orthogonal to the lines of contact 
between wheel and pinion, with the cut-
ting angle matching the angle of the 
machining marks (Ref. 1). Schweikert, 
however, determines that the cutting 
angle has no influence on the noise char-
acteristics of gears and that it is suffi-
cient that either pinion or wheel is honed 
(Ref. 2). The path of the line of contact 
depends mainly on the helix angle of the 
gear. The contact line length and orienta-

Figure 2 � Research objective.

Figure 3 � Honing tool designs.
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tion are two other evaluation criteria. The 
contact line length can be used as a mea-
sure of the contact area between tool and 
workpiece. Due to the constant contact 
force, a larger contact area leads to lower 
surface pressure. Thus, cutting materi-
al is more difficult because the neces-
sary force for chip formation remains 
constant on the workpiece, but the pro-
cessing power is distributed over a larger 
area. Consequently, cutting performance 
decreases with an increase of contact line 
length.

To a particular extent, this problem 
affects honing of large gears because an 
increase in size is usually associated with 
an increase of gear width. This is fol-
lowed in turn by longer contact lines and 
an increase of material volume, which 
leads to a reduction of cutting perfor-
mance — which is critical for the eco-
nomic efficiency of the process.

Due to the independence of the con-
tact line orientation from cutting angle 
and machining marks, the orientation of 
the contact lines has no direct influence 
on the process result, but does so indi-
rectly via the process dynamics on the 
surface finish. Nevertheless, the orienta-
tion can be used as an indicator for pro-
cess behavior. If machining marks occur, 
which are oriented parallel to the axis, the 
whole contact line length comes into con-
tact very quickly. The expected effect is 
similar to a premature tooth contact and 
can lead to unsatisfactory process results. 
If the contact lines are more steeply ori-
ented, the contact comes gradually and 
thus exerts no negative effect on the pro-
cess (Ref. 1). The disadvantage of these 
kinematics is that the contact line length 
changes continuously during honing. 
This leads to different machining forces 
and torques that can negatively affect the 
process itself. Therefore, an optimiza-
tion of the contact line orientation must 
be made in order to achieve an optimum 
result.

In addition to the previously conducted 
analysis of the contact line length for a 
tooth flank, the contact line length must 
be examined at the same time on both 
flanks of each engaged tooth. To describe 
the change in contact line length, a suit-
able value was found in the difference 
of total contact line length between 
both flank sides. First, the summation 
of contact length of all engaged teeth is 

separately formed for the left and right 
flanks to get the total contact line length. 
Subsequently, the total contact line length 
of the left and the right flank (Fig. 4) are 
subtracted from each other. At the con-
sidered helical gear, there is an angle on 
the contact lines, and thus, as already 
explained, a change in contact line length 
over the tooth profile. This continuous 
change in the contact conditions between 
left and right flank results in a change 
of torque. An exact machining of the 
desired topology is therefore not possible.

To describe this effect, the difference 
in total contact line length will be used. 
The total contact line lengths of the left 
and right flank can be regarded as phase-
shifted oscillations — with the same fre-
quency and amplitude. The difference 
in contact line length is shown in Figure 
4; each difference of the total contact 
line length from the zero point changes 
torque during honing (Ref. 1).

In the following, the influence of the 
cross-axis angle on the process at a con-
stant rotational speed of n = 500 min-1 
and a constant feed of f = 0.06 µm is 
investigated. The simulated total con-
tact line length lKS as the sum of contact 
line lengths of left and right flank of the 
workpiece is influenced by the cross-axis 
angle (Fig. 5).

Within the group of negative cross-
axis angles no systematic change in the 
total contact line length was identi-
fied. The value at Σ = −15° and Σ = −8° 
is  lKS = 188 mm, and decreases to 
lKS = 182 mm for Σ = −3°. In contrast to 
this group the values for the total con-
tact line length are increasing for posi-
tive cross-axis angles. The total contact 
line length increases to lKS = 199 mm at 
Σ = +8°. Due to the higher total contact 
line length for cross-axis angle with a 
positive sign, it is assumed that the cut-
ting forces will be increased for these 

Figure 4 � Difference and sum of the length of line of contact.

Figure 5 � Influence of the cross-axis angle on the characteristic values.
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process parameters.
A positive effect of using positive 

cross-axis angle is indicated by the ampli-
tude A. The amplitude A is defined in 
this report as the unit less value of the 
difference between minimum and max-
imum of total contact line difference 
between left and right flank. From the 
amplitude A = 25 at Σ = −15°, the ampli-
tude increases to the significant maxi-
mum A = 42 at Σ = −8° before decreasing 
to A = 22 at Σ = −3°. In the area of positive 
cross-axis angle, the level is considerably 
lower, and the values of the amplitude 
reach a minimum of A = 10 at Σ = +8°. 
Low amplitude ensures a stable process 
without much disturbance in torque 
(Ref.1). The results shown therefore point 
out that a positive cross-axis angle can be 
a possible solution if there are any vibra-
tion problems machining this compo-
nent. At large cross-axis angles, the radius 
at the entry of the abrasive grain into the 
workpiece gets bigger and can result in a 
shallow immersing of the abrasive grains 
into the workpiece. This ensures that a 
high theoretical chip length ls is gener-
ated. The chip length will be significant-
ly reduced because the minimum cut-
ting thickness is achieved rather late by 
the flat path, and a lot of energy will be 
flowing into plastic deformation of the 
workpiece material. Therefore the cutting 
process at a cross-axis angle of Σ = ±15° 
is energetically classified as unfavorable. 
However, the flat grain path can have a 
positive effect on the wear behavior of 
the honing tool, since the collision ener-
gies are small and lead to longer tool life 
(Ref. 3). Large, effective direction angles 
are energetically advantageous because 
they allow good stock removal. This is 
achieved because the abrasive grains will 
penetrate the workpiece material more 
steeply via a decrease in radius of cur-
vature. The stresses on the grain as it 
enters the workpiece will increase so that 
a decrease of honing tool lifetime is pos-
sible (Ref. 4).

Experimental Set-Up
The machine used for the trials in this 
paper is a modified gear honing machine 
(HMX-400) from Fässler. In addition to 
the standard integrated force measure-
ment in x-direction to hone gears by 
force-controlled feed, a variety of other 
sensors was integrated into the machine 

(Fig. 6).
The workpiece side force is measured 

via pre-loaded sensors from Kistler. 
These were placed in the flux-of-force of 
the workpiece spindle and in the flux-of-
force of the centering point. Accordingly, 
this arrangement allows receiving the 
forces in the three directions of a station-
ary coordinate system, corresponding to 
the coordinate system of the machine. 
Another sensor for measuring the force 
in z-direction is located in the mandrel 
and transfers the data without contact via 
a telemetry unit. The internal drive data 
is used to detect the torque of the spindle, 
the rotational speed of the tool spindles 
and the complementary current. In addi-
tion, the positions of z1 and x-axis are 
recorded in parallel. The measurements 
with the calibrated force sensors are pre-
sented in (Empirical Process Analysis sec-
tion).

Since gear honing is a highly dynam-
ic process, various influences can lead 
to vibrational excitation of the machine. 
To measure those vibrations, three-axis 
acceleration sensors were built into the 
spindles and centering point. In each 
case, two sensors were used in the spindle 
and the centering point, which, by their 
arrangement, allows us to draw conclu-
sions about any torques. Based on this 
data it should be possible to describe the 
process extensively and to couple pro-
cess forces and vibrations with a machine 
model. By integrating such a massive 
measurement system, especially in the 
power flow in case of the force sensors, 
the rigidity of the machine is reduced. 
Therefore, the results need to be particu-
larly scrutinized in the range of the exci-

tation behavior of the machine and can-
not be transferred directly to the serial 
machine.

The sensor output voltages are con-
verted by charge amplifiers to a range 
from U = ±10 V, which can be received by 
the measuring card. As a measuring card 
serves a modular system from National 
Instruments that allows synchronized 
recording of 32 channels with a resolu-
tion of 16 bit, the scanning of the sensors 
is carried out with a frequency of 15 kHz 
and thus with a significantly higher fre-
quency than the tooth meshing frequency 
of the presented process. Furthermore, to 
avoid aliasing and to reduce the data rate 
to a level that’s easy to handle, the mea-
surement datasets are hardware-based, 
pre-filtered, clocked down to a frequency 
of about 5 kHz and transmitted in real 
time to an external disk.

The trace of a clocked-down 5 kHz 
signal is plotted over time (Fig. 7, top). 
The yet very high frequency continues 
complicating the interpretation of the 
force signals, so the signal must be fur-
ther processed. For this purpose, the sig-
nals are reduced in Matlab to a frequen-
cy of 25 Hz and subsequently formed by 
the moving average of 100 readings. The 
resulting trace is shown (Fig. 7, bottom). 
In addition to the consideration of the 
mean values, the dynamics of the mea-
sured amplitudes and frequencies must 
be addressed.

To reduce the amount of data, the data-
sets were divided manually due to a lack 
of an automated cutting recognition so 
that only main machining time is con-
sidered and the non-contact time and 
spark out are not incorporated within 

Figure 6 � Trial set-up.
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the results. These areas were determined 
individually for each experimental point, 
as the process execution with a constant 
feed rate lead to varying processing times 
because of the fluctuating distortion due 
to the heat treatment and soft machining 
of the components.

Empirical Process Analysis
To simplify the interpretation of the 
results — and to eliminate as many vari-
ables as possible — only the measure-
ment results of two tool designs with a 
cross-axis angle of Σ = −8° and Σ = +8° 
will be compared in the following. The 
analytical evaluation of these designs 
showed a significant difference between 
the amplitude parameters and therefore 
should be favorable to analyze the influ-
ence of the amplitude parameter on the 
process. The process parameters used 
in the trials were derived from a con-
stant cutting speed of vc = 3 m/s at the 
pitch diameter of the workpiece. The 
resulting rotational speeds of the hon-
ing tool were n = 1,783 min−1 for a cross-
axis angle of Σ = +8° and n = 1,872−1 for a 
cross-axis angle of Σ = −8°. The feed rate 
was f = 0.09 µm for both processes. As an 
example, the resulting radial forces in x 
direction are shown (Fig. 8). The force 
readings follow a characteristic curve. 
First, a progressive increase in force is 
applied by establishing contact and slowly 
machining first feed marks and generat-
ing cut deviations from the preprocess-
ing. This is followed by an approximately 
linear increase in force. This shows that 
during machining, no stable process is 
reached, where a constant force would be 
assumed. The force curves for both cross-
axis angles are similar.

The maximum force for a cross-axis 
angle of Σ = −8° is −1,800 N and there-
for a little bit higher as for a cross-axis 
angle of Σ = +8° with a maximum radial 
force of −1,650 N. But the approximately 
five percent lower rotational speed at a 
cross-axis angle of Σ = +8° is followed by 
less machined material. Considering the 
linear increase in force, the maximum 
force would be higher for the same mate-
rial removed. The difference between the 
maximum forces would decrease to an 
insignificant amount and can therefore 
be ignored.

An influence of the specific value of 
the total contact length, which was at 

Figure 7 � Signal processing.

Figure 8 � Influence of the cross-axis angle on the radial force one-half.
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Figure 9 � Influence of the cross-axis angle on the radial force 2/2.
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lKS = 188 mm for Σ = −8° and lKS = 199 mm 
for Σ = +8°, on the maximum force was 
not found. The difference between the 
analyzed tool designs in case of total con-
tact length seems too small to be found 
in the measurements. But comparing the 
quality of the honed gears machined by 
using the whole variety of tools men-
tioned before to the average or maximum 
forces shows no correlation. Therefore, 
the vibration during gear honing will be 
in focus in the following. Figure 9 shows 
the force reading during honing with less 
filtering than before.

Comparing the force amplitudes near 
the end of the process, a force ampli-
tude of 2,000 N can be found for a cross-
axis angle of Σ = +8° and a force ampli-
tude of 3,200 N for a cross-axis angle of 
Σ = −8°. Therefore, the influence of the 
contact line length difference shown in 
(Analytical Modelling of the Gear Honing 
Process) is confirmed. The amplitude 
value of A = 42 at Σ = −8° is significantly 
higher than the amplitude of A = 10 at 
Σ = +8°. Since there is a factor of more 
than four between the amplitude val-
ues and only a factor of 1.5 between the 
force readings, it is shown that there is no 
linear correlation and only a qualitative 
prediction is possible. The difference in 
force amplitude leads to a bad workpiece 
geometry for a cross-axis angle of Σ = −8° 
whereas a good workpiece geometry for a 
cross-axis angle of Σ = +8° was achieved. 
Changing the cross-axis angle to Σ = +8° 
made it possible to machine the part 50% 
faster with a good workpiece geometry 
compared to the reference process design 
with a cross-axis angle of Σ = −8°.

Summary and Outlook
Gear honing is an established hard fin-
ishing process for small gears. Although 
modern gear honing machines are capa-
ble of honing gears with a tip diameter 
up to da = 270 mm, gear honing could 
not become accepted in the industry for 
hard finishing gears with a tip diameter 
between da = 150 and da = 270 mm. There 
are positive examples of parts that size 
that are honed successfully, but the pro-
cess often missed the needed stability to 
generate the demanded quality reliably. 
To date, the scientific investigations of 
honing large gears are insufficient.

It was the research objective of this 
paper to develop an approach for an 

empirical-physical process model. The 
analyses of the process forces in connec-
tion with the process parameters and 
the analytical calculated characteristic 
values were shown. In an ideal process, 
force and torque would seek a stationary 
state — which was not reached in the tri-
als. The cross-axis angle variation dur-
ing the trials has shown — in comparison 
with the characteristic values of the ana-
lytical calculation — that the character-
istic values are partially meaningful. On 
the one hand, for the total contact line 
length, no correlation was found regard-
ing the maximum forces during honing. 
But it was also shown that there is no 
direct correlation between the maximum 
force and gear quality. Therefore, this 
specific value is not useful. On the other 
hand, the amplitude parameter A, as the 
difference between the contact line length 
between the right and the left flank, can 
be used to give a quantitative predication 
of the force amplitudes in the process that 
can be directly related to gear quality. 
A huge increase of productivity is pos-
sible by changing the cross-axis angle and 
therefore reducing the force amplitudes 
during honing.

This analysis has shown great potential 
for the presented workpiece. Additional 
gear designs must be analyzed and com-
pared to the prediction values to validate 
the approach. 
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