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Abstract. Deep rolling is an efficient process to increase the service life of highly
stressed components such as crankshafts or roller bearings by inducing com-
pressive residual stresses. The residual stresses correspond to the deep rolling
force applied. Monitoring the deep rolling force enables the processing result
to be assessed. The rolling force is a two-dimensional vector. However, cur-
rent approaches only allow the measurement of one dimension. Thus, this article
presents a force-sensitive deep rolling tool that can measure the applied deep
rolling force in two axes. This article, describes the principle of the sensory deep
rolling tool and its calibrationprocess. Finally, the sensoryproperties are evaluated.
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1 Introduction

In aerospace or automotive industries, cyclic loads are often the limiting factor for the
service life of components, since they lead to fatigue failures [1, 6]. Material fatigue
causes more than 80% of all failures occurring during service [4]. Thus, increasing
the fatigue strength of the workpiece is important. Surface treatments are an efficient
way to achieve this. Surface treatments can be classified in thermochemical, thermal
and mechanical treatments [3]. Most commonly used processes for mechanical surface
treatment are shot peening, laser shock peening and deep rolling [2]. The advantages
of deep rolling are a simple integration in production lines, a high process speed, cost-
effectiveness and a large effective processing depth [5, 7]. Deep rolling tools (DRT)
use balls or rollers that are pressed against the surface of the workpiece to plastically
deform it. Thereby, three positive effects improving fatigue life are achieved. First,
the roughness of the surface is reduced, minimizing the notch effect. Secondly, strain
hardening is caused by the plastic deformation of the surface, and thirdly, the induction
of compressive residual stresses reduces the tensile stresses under cyclic loads [3]. The
combination of these effects reduces the crack growth, which usually leads to fatigue
failure [6, 7]. Nevertheless, to achieve the desired effect, the rolling force need to be set
properly [7, 9]. The force can be applied hydraulically or mechanically [1]. Mechanical
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deep rolling has the advantage that no hydraulic unit is needed. In mechanical deep
rolling, the deep rolling force results from the deflection of a spring that is integrated in
the DRT. A changing deflection thus results in a changing force [8]. Geometric errors of
the workpiece cause a changing force, as shown in Fig. 1. To reduce this effect, a high
compliance of the spring is desirable. Nevertheless, a force error always remains.

Fig. 1. Basics of mechanical deep rolling

The ability to monitor the rolling force during mechanical deep rolling enables a
detection of the force errors and is consequently a requirement for process monitoring.
To measure the two-dimensional force vector, a force-sensitive DRT is needed. To equip
the DRT with force-sensitive properties, strain gauges (SG) can be used. Using SG is a
common way to implement force measurement capabilities into tools or machine com-
ponents. E.g., in the past, axis-slides [10], spindles [11], cutting tools [14] or clamping
systems [12] were fitted with SG. However, there is only one approach known from the
state of the art dealing with SG implementation into a DRT. This tool determines one
dimension of the rolling force vector by measuring the deflection of the spring that is
integrated in the tool [13]. However, SG do not measure the forces directly, but only
measure the resulting strain on the material surface. The force is calculated based on
the strain using a transfer matrix (M). That matrix transfers the strain signal vector into
a force vector. However, machine tools have a high stiffness. Accordingly, the measur-
able strain is low. Usually, the main challenge is to achieve sufficient strain and a high
force-sensitivity, but to avoid a decrease in the tool’s stiffness [10–12]. Mechanical DRT,
however, need to be compliant to compensate for geometric errors of the workpiece. For
the design of a force-sensitive DRT, this means that the stiffness of the DRT components
can be reduced to achieve higher strains and thus a higher force sensitivity. The adequate
placement of the SG is another challenge as the location of the SG affects the multi-axis
force measurement capability. The matrix M can be used to evaluate the placement of
the SG by analyzing the column vectors of M. Column vectors that are perpendicular to
one another indicate that the matrix M is well conditioned and the placement of the SG
is thus favorable [12].

In the first chapter of this work a mechanical model of a DRT for multi-axis force
measurement is presented. The mechanical model is then turned into a rough design
based on an existing DRT. The rough design is optimized using a simulation and the
placement of the SG is evaluated. For the evaluation, the matrix M is examined. On the
basis of the simulation results the tool was realized. Finally, the tool was calibrated and
evaluated based on measurements.
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2 Implementation of the Sensory Capabilities

The minor stiffness requirements of the DRT allow an unusual approach to measure the
force with SG. In order to achieve a high sensitivity, a flexible tool holder was designed.
This is intended to achieve nominal strains of 1000 µm/m. A high level of sensitivity
is therefore to be expected. Figure 2 illustrates a mechanical model of a DRT with a
flexible tool holder. The model consists of two perpendicularly aligned bending beams
for each direction of force. One SG is attached to each beam to measure the strain.
By decoupling the bending beams with the help of a floating joint and a flexure joint,
only one beam is deformed significantly for each load direction. Under the load of Fx′,
the force is transmitted through the tool body to the bending beam x′. The floating
joint ensures that the bending beam y′ is loaded with minimal force. Under the load of
Fy′, the bending beam y′ is subjected to bending. The bending beam x′, on the other
hand, only experiences a low tensile load, which leads to significantly lower strains. This
distribution of the load is intended to ensure that each SG is sensitive for one direction of
force and thereby an adequate differentiation between the directions of force is achieved.

Fig. 2. Mechanical model of the deep rolling tool

In a next step the mechanical model was transferred to a rough design of the DRT. A
DRT ECOROLL EG45 was used as a basis for the sensory DRT. The EG45 is designed
for a maximum load of 4 kN. The adopted components of EG45 provide a spring travel
of 2 mm. The bending beams were integrated into the tool holder of EG45 according to
Fig. 3. A thin beam with a thickness of 3 mm was used as a floating joint. The beam can
transmit tensile and compressive forces, but offers little resistance to forces transverse
to it. The flexure joint was realized by a deep notch in the bending beam x′. Shear
forces as well as tensile and compressive forces can still be transmitted. However, the
flexure joint is compliant to bending moments. Placing the SGs in the space between
the beams ensures protection from external influences like chips, coolant or mechanical
damage. Prefabricated SG full Wheatstone bridges (ME type N2A-06) were used. Two
electrical resistors of the measuring bridge are aligned to the direction of strain and two
are aligned vertically. As a result, the sensitivity is equal to a half-bridge. However, the
two additional resistors compensate temperature influences.

A simulation in ANSYS was used to optimize the dimensions of the rough design
in Fig. 3. For the simulation model, the tool body was geometrically simplified. The
maximum nominal force of 4 kN was applied to the model in x′ and y′ directions and the
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Fig. 3. Rough design of the deep rolling tool

resulting strains were analyzed. In a parameter study, the width of the bending beams
and the depth of the notches were varied in order to achieve a maximum nominal strain
of 1000 µm/m at the positions of the SG. A width of 8.5 mm and a depth of the notch of
4.5 mm was determined for the bending beam x′ and a width of 10 mm and a depth of
3 mm for the bending beam y′. Figure 4 shows the results of the parameter study. The
desired strain at the positions of the SG is almost achieved. That means that, 950 µm/m
are achieved for SG x′ and 910 µm/m for SG y′. Thus, the sensitivity is sufficient.

Fig. 4. Results of the Simulation

In order to be able to evaluate the position of the SG on the bending beams, the
transfer matrix M was calculated using the simulation results. For this purpose, forces
were applied in the machine coordinate system (x/z, Fig. 3) to the DRT. Then, the
resulting mean strains at the location of the DMS were used to predict the voltage
signal Vx/y. The k-factor of the SG, the amplification factor vf of the electronics and the
reference voltage Uref of the Wheatstone bridge which were used for the calculation are
shown in Fig. 5 on the left. M is a 2 × 2 matrix. Thus, to calculate M, a 2 × 2 matrix of
F and V is needed. For this purpose, it is necessary to carry out the simulation for two
direction of forces (F1/F2). This results in the matrices F and V (Eq. 1). The transfer
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matrix M is determined by solving (Eq. 2).

F = [
F1 F2

] =
[
Fx,1

Fz,1

Fx,2

Fz,2

]

= M ·
[
Vx′,1
Vy′,1

Vx′,2
Vy′,2

]
= M · V (1)

M =
[
M1,1

M1,2

M2,1

M2,2

]

= [
M1 M2

] = F · V−1 (2)

Figure 5 (right) illustrates the vectors M1 and M2 of the matrix M graphically. It is
obvious that the vectors are almost 90° to each other and M is thus well conditioned.
Exactly 90° was not reached because the forces are never transmitted to just one bending
beam, but both beams always experience a minimum load. According to [12], however,
this confirms that the placement of the SG is favorable for a two-axis force measurement.

Fig. 5. Calculated transfer matrix from the results of the simulation

3 Calibration and Characterization of the Tool

The DRT was manufactured according to the design shown in Fig. 3 with the opti-
mized parameters found through the simulation. To be able to determine the forces
from the strain signals experimentally, the matrix M is needed. This Matrix was already
calculated from the simulated results. However, for better accuracy, the matrix M was
recalculated based on measured data. For the calculation, the SG signals for 11 different
force directions were determined. Therefore, the setup in Fig. 6 was used. A Kistler
9129A multi-coordinate dynamometer supplies the reference force. An adapter with a
radius of 15 mm was attached to the dynamometer to enable an application of forces in
two dimensions. Forces in x- and z-direction were applied to the DRT while the forces
and the SG signal were measured at the same time.

Figure 7 (left) shows the measured values of the SG signals Vx′/y′ and the forces Fx/z
which were used to calculate the matrix M. In contrast to the calculation according to
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Fig. 6. Calibration of the tool

Eq. 2, the matrices V and F have the dimension 2 × n (n >> 2). The resulting system
of equations is therefore overdetermined. The solution was determined using the least
squares method according to Eq. 3.

M = F · VT ·
(
V · VT

)−1
(3)

The calculatedmatrixM is shown in Fig. 7 and is compared to the simulatedmatrixM
(middle). When comparing the two transmission vectors M1/2 graphically (right), a
parallel alignment can be seen. However, the measured vectors are longer than the
simulated ones. The length of the vector is inversely proportional to the sensitivity of
the SG. Thus, a longer vector means that the sensitivity is lower. The sensitivity of the
real DRT is reduced by a factor of 0.6 compared to the simulated DRT. This can be
explained primarily by a reduced transmission of the strain to the SG in practice. In
addition, imprecise placement of the SG can lead to deviations. However, the simulated
nominal strain of about 1000 µm/m is very high. A slight reduction in sensitivity is thus
not a problem. Overall, however, this comparison shows that the tool corresponds to the
simulated properties.

Fig. 7. Comparison of the simulated and measured transfer matrix

For a final evaluation of the force measurement capabilities, the force measured with
the DRT was compared to that of the dynamometer. The force was varied from a load in
x-direction to a load in z-direction as shown in Fig. 6. Thus, all possible load directions
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are represented. To avoid overloading, the maximum force was limited to around 1 kN.
Figure 8 shows the measured forces. On the left side, the whole measurement is shown
for Fx and Fy. At the beginning, the measured Force was applied in x-direction. The
cutout A (middle) shows the deviations occurring between the forces measured by the
DRT and the dynamometer for a force in x-direction in more detail. It can be seen that a
signal noise of about 20 N occurs. On the one hand, the noise comes from the SG itself,
but electrical interference from the machine tool adds up. A systematic deviation of 15 N
also occurs. This can be caused by an incorrect transmission matrix M. In addition, a
non-linear behavior of the tool holder can lead to systematic deviations, because it is
not taken into account by the transfer matrix. During the measurement the force was
gradually varied from x-direction to z-direction. At the end of the measurement the
force in z-direction was dominant. The cutout B shows the force in z-direction in more
detail. The systematic deviation decreases to almost zero, but the signal noise is still
about 20 N. Over all, a maximum total error of ± 20 N can be assumed. Based on the
maximum force measured, this results in a relative error of 2%. Relative to the maximum
load of 4000 N the error is 0.5%. Tests with existing tools had shown that a minimum
resolution of ± 100 N is required for process monitoring of the deep rolling process.
The force-sensitive DRT exceeds this resolution by factor five and is therefore suitable
for process monitoring.

Fig. 8. Validation of the force measurement

4 Summary and Conclusion

The rolling force is a crucial variable for the deep rollingprocess.A force-sensitive rolling
tool thus enables process monitoring. The development, commissioning and character-
ization of the tool was described in this paper. After introducing the basic concept for
the tool, a simulation was used to optimize and evaluate it. Afterwards, the calibration
process was described. Finally, experiments revealed that a force measurement with a
maximum error of ± 20 N was achieved. In future works, the application of this tool for
process monitoring is examined.
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