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Abstract
In micro manufacturing, the influence of the tool spindle on the process and tool dynamics is predominant. Furthermore, the cutting
tools used possess low stiffnesses due to their size. In order to improve part quality, it is necessary to know whether the tool path is
influenced by process-machine-interactions, process-tool-interactions or a single factor. In this contribution, a coupled simulation
model is set up to analyse the influences of cutting forces, tool dynamics, and spindle dynamics on the tool motion in grinding with
micro pencil grinding tools. For this purpose, an axisymmetric dynamic spindle model is coupled with a three-dimensional dynamic
tool model. Cutting forces are measured and implemented as a boundary condition within the coupled simulation model. Using this
model, the tool motion is compared for three different cases: without the implementation of cutting forces, with the implementation
of cutting forces but without variation of the cutting forces due to interactions, and with the implementation of cutting forces and
interactions. The results show that in grinding with micro pencil grinding tools, the tool motion is influenced by the cutting forces
and the spindle dynamics. However, the spindle dynamics are not significantly influenced by the tool deformation and cutting forces.
It can be concluded that in grinding with micro pencil grinding tools, only process-tool-interactions and an influence of the spindle
dynamics can be observed, but no process-machine-interactions.

Micromachining, Finite element method (FEM), Spindle, Vibration

1. Introduction
Process-machine interactions (PMI) can affect both the machine tool, especially the tool spindle, and the process result [1].
Therefore, the investigation and suppression of PMI has already
been extensively studied in macro machining [2]. However, micro machining differs, among other things, in the changed dimensional ratios between tool spindle, tool and chip. For this
reason, methods for studying PMI in macro machining cannot be
readily applied to micro machining [3]. Instead, the tool spindle
and the tool must be considered as separate aspects [4] to allow
differentiation between spindle influence, tool influence, PMI,
and process-tool interaction (PTI).
With the help of a simulation-based investigation of the tool
spindle, the tool and the process forces, it is possible to investigate the influence of individual parameters and their effects on
PMI/PTI. However, in contrast to simulation-based investigations of micro milling [5, 6], it is difficult to integrate a suitable
model to consider grinding forces due to the geometrically undefined cutting edges of the grinding tool. The implementation
of measured grinding forces allows the cutting forces to be taken
into account and thus the individual influences and interactions
to be determined and differentiated.
Further, due to the geometrically undefined cutting edges, the
grit geometry must be either measured [7] and converted to a
suitable model, or a specific grit shape must be assumed. Several
works focus on the investigation of the grit shapes. For example,
in [8], a finite-element-model is used to model grinding forces in
micro grinding. Herein spherical, ellipsoidal, pyramid-shaped,
and frustum-pyramid-shaped grits are compared to analyse the
influence of the grits’ shape on the generated forces. In [9], four

different grit shapes (sphere, truncated cone, cone) are compared to analyse the generated workpiece surface.
This paper describes a method to investigate the process-tool
interaction during grinding with micro pencil grinding tools. For
this purpose, grinding forces are measured and integrated into
a simulation model of a tool spindle and a tool. With the help of
the simulation model, the influence of the tool spindle and the
cutting forces on the tool motion is investigated. Furthermore, a
distinction is made as to whether this is the result of individual
parameter influences, PTI or PMI.
2. Methods
2.1. Measurement of cutting forces
Electroless plated micro pencil grinding tools were used for the
experiments. The tools consisted of a steel base body with a diameter of 20 µm. The base body was used as a substrate for the
abrasive layer. This abrasive layer consisted of a nickel-phosphorous alloy matrix containing cubic boron nitride (cBN) grits with
a nominal size of 5-10 μm. The layer thickness was approximately 15 µm, giving an effective tool diameter of 50 µm. A cavity was incorporated in the center of the front face of the tool.
This was to prevent contact between the workpiece and the tool
near the rotational axis and hence to prevent ploughing and the
formation of substructures at the slot bottom [10]. The abrasive
layer had a density of 8.5 g/cm3 [11], a Young’s modulus of
180 GPa [12], and a Possion’s ratio of 0.315 [12]. A schematic
view of the tool is given in figure 1a). The experimental investigations were carried out on a four-axes desktop-sized machine
tool. An air bearing spindle (schematic view is given in figure 1b))
with a spindle rotational speed range between 15,000 min-1 and
160,000 min-1 was used. The cutting forces were measured using

a dynamometer (Kistler1, MiniDyn Type 9119AA1; sensitivity < 2
mN, natural frequency < 6 kHz). 16MnCr5 (660 HV 30) was used
as the workpiece material and an immersion cooling lubrication
was used [13].

Figure 1. Schematic view of the tool and the machine tool spindle

Pendulum grinding was carried out using three different rotational speeds: 30,000 min-1, 90,000 min-1, and 150,000 min-1.
The cutting depth for all cuts was kept constant at 0.5 µm. Ten
cuts per slot were machined, giving a final target slot depth of
5 µm. All measurements were repeated three times. Before
each measurement, the rotational speed was kept constant until
a possible (further) thermal growth could be ruled out. Figure 2
shows the measured cutting forces in 𝑥-,𝑦-, and 𝑧-direction. As
can be seen, the axial forces (𝑧-direction) are larger than the lateral forces by approximately one magnitude. Additionally, the
standard deviation is rather high.

where 𝑚 is the rotating unbalanced mass, 𝜀 is the eccentricity,
Ω is the angular velocity, and Ω̇ is the rotational acceleration.
The value of the unbalance force was determined and validated
in [15]. A comparison between the measured cutting forces in 𝑥and 𝑦-direction and the unbalance force is shown in table 1. As
can be seen, the cutting forces are small compared to the unbalance force at all rotational speeds, implying that the cutting
forces may only play a minor role regarding the rotor`s motion.
The dynamic tool model is set up using standard three-dimensional finite elements in order to model the grits and for the application of unevenly distributed cutting forces. The measured
cutting forces are applied at the end face of the micro pencil
grinding tool. Since the grinding forces are implemented as a
measured boundary condition, they also include force components resulting from ploughing. Overall, it can be assumed that
multiple grits are in contact with the workpiece. Here, five grits
were modelled and distributed equidistantly over the circumference of the tool. As the subject of interest in this study is the
interaction between tool and workpiece and not the exact surface generation, a simple cube shape can be assumed for the
grits without the need to investigate different grit shapes, unlike
in [8] and [9].
Table 1. Comparison between averaged measured cutting forces and unbalance forces
rotational
speed/min-1
30,000
90,000
150,000

Figure 2. Measured cutting forces (mean values)

2.2. Simulation setup
The simulation setup consists of an axisymmetric finite element model of the machine tool spindle, a supplementary finite
element model of the inlet restricted air bearings and a threedimensional dynamic tool model. An additional boundary condition is implemented for the application of the cutting forces. A
schematic view of the micro pencil grinding tool and the modelled machine tool spindle is given in figure 1.
The finite element model of the air bearings is based on the
work in [14] and is used to compute the corresponding dynamic
stiffness and damping coefficients of the bearings. The finite element model of the tool spindle, more precisely of the rotor excluding the tool, is based on the work in [15] and is used as foundation for this work. Axisymmetric finite elements are used for
the modelling of the rotor. The drive motor, as in electromagnetic effects, is not modelled. The mass unbalance force {𝑓𝑢 } is
defined in the 𝑥-𝑦-plane by the following equation:
Ω̇ sin(Ω𝑡) + Ω2 cos(Ω𝑡)
{𝑓𝑢 } = 𝑚𝜀 {
}
−Ω̇ cos(Ω𝑡) + Ω2 sin(Ω𝑡)

cutting forces
(magnitude)/N
0.036
0.042
0.042

unbalance
force/N
0.41
3.69
10.24

ratio
0.088
0.011
0.004

2.3. Implementation of cutting forces
The measured cutting forces already include PMI/PTI effects
as they cannot be omitted during experiments. However, the
percentage by which the PMI/PTI effects affect these measured
cutting force values is unknown. As such, it is necessary to model
the ideal cutting forces (no change of forces due to PMI/PTI effects and tool deformation) to differentiate between PTI due to
the sole consideration of cutting forces and PMI/PTI due to cutting forces and additional PMI/PTI (caused by ongoing cutting
force variations due to tool deformations and vice versa).
To model the ideal cutting forces, the measured cutting forces
are curve fitted. Assuming that the ideal cutting forces have a
periodic pattern, they can be modelled using a sum of sines
model, which is given by:
𝑛

𝑓(𝑥) = ∑

𝑎𝑖 ⋅ sin(𝑏𝑖 𝑥 + 𝑐𝑖 )

𝑖=1

(2)

where 𝑎 is the amplitude, 𝑏 is the frequency, 𝑐 is the phase
constant for each sine wave term, and 𝑛 is the number of terms
in the series. For this analysis, the parameters are fitted using
the MATLAB1 curve fitting toolbox1. For the measured cutting
forces shown in figure 3, the computed curve fitting values are:
𝑎1 = 0.10, 𝑏1 = 19.6, 𝑐1 = −2.76, and 𝑛 is chosen as 1.

(1)
Figure 3. Measured cutting forces and fitted cutting force curve in 𝑦-direction at a rotational speed of 30,000 min-1

Additional simulations are set up, where the measured cutting
forces are scaled up to investigate the effects of higher cutting
forces, for example due to higher depths of cut. Here, the scaling
factors were chosen between 2 and 5 (integer numbers only).
3. Results
In the following sections, the term motion represents the totality of deformation (bending, compression, etc.) and rigidbody motion due to all applied forces (including unbalance
forces). The term tool deformation refers to the deformation of
the tool due to applied cutting forces.
Figure 4 shows a comparison between the motion in 𝑦-direction with and without the consideration of cutting forces and
PMI/PTI effects at four different mesh nodes. Three different rotational speeds are evaluated. For each rotational speed, six bars
are shown. From left to right, these bars show the maximum motion amplitude without cutting forces (only rotordynamic effects
considered), with the measured cutting forces, and with the
scaled measured cutting forces to simulate the effects of higher
depths of cuts. The motion in 𝑥-direction is similar, both in terms
of overall behaviour and amplitude, and thus not shown here.
The highest motion amplitudes are found at 90,000 min-1 due
to an eigenfrequency of the rotor near this speed (at approximately 78,000 min-1). The influence of the spindle dynamics on
the process dynamics without the consideration of clamping and
tool shaft roundness errors can be determined from the maximum motion amplitudes at node 1 at no cutting forces (mind the

different scales). The corresponding amplitudes are 0.05 µm,
1.47 µm, and 0.57 µm for the three depicted rotational speeds.
Thus, it can be stated that the rotordynamic behaviour of the
spindle shaft influences the tool motion. Whether this influence
is significant depends on the selected tool diameter (for the
modelled tool radius of 25 µm, the resulting change of maximum
motion amplitude is 5.9 % at a speed of 90,000 min-1) and the
requirements of the application to be manufactured. At node 1
(tool tip location), it can be seen that the maximum motion amplitude changes when comparing the cases without cutting
forces and measured cutting forces, showing a process-tool-interaction. While the amplitude change is small in absolute units
(< 0.5 µm at all rotational speeds), the relative amplitude change
at 30,000 min-1 and 90,000 min-1 is clearly observable. Additionally, when comparing the case without cutting forces with the
cases with scaled cutting forces, it can be seen that the change
in terms of maximum motion amplitude becomes significant at
all rotational speeds. This indicates that the effect of processtool-interactions rises with increasing cutting forces. At nodes 2
and 3, it can be seen that the overall trend is similar to that of
node 1. The differences are that the maximum motion amplitude reduces in terms of absolute values and in terms of range
between no cutting forces and cutting forces. At node 4 (rotor
at front bearing location), the difference between the motion
amplitudes is less than 0.1 µm between no cutting forces (only
rotordynamic effects considered) and 5x scaled cutting forces,
independent of the rotational speed.

Figure 4. Comparison between the motion with and without the consideration of cutting forces and PMI/PTI effects at four different mesh nodes

Further, at 90,000 min-1, the graph shows that the maximum
motion amplitude decreases with increasing cutting forces. This
trend is limited to this specific spindle speed and node location
and can be attributed to the rotor’s bending behaviour. This
shows that the rotor’s motion itself is not significantly influenced
by the cutting forces. This result also corresponds with the comparison between cutting forces and the unbalance force given in
table 1.
It still must be determined to what extent the results from figure 4 are based on the variation of the cutting forces due to
PMI/PTI effects or on the sole consideration of cutting forces.
For this purpose, table 2 lists the maximum motion amplitude at
evaluation node 1 with measured (variation of cutting forces
due to PMI/PTI effects) and ideal cutting forces (determined as
described in section 2.3). The ratio between the results without
and with the consideration of PMI/PTI is close to 1, independent
of the rotational speed. This suggests that the observed PTI is
mainly based on the consideration of the cutting forces but not
on the variation of the cutting forces due to additional PMI/PTI
effects.
Table 2. Comparison of the tool motion in 𝑦-direction at node 1 with
measured (variation of forces due to PMI/PTI and tool deformation) and
ideal cutting forces (no variation of cutting forces)
rotational
motion amplitude/µm
speed/min-1 no variation of cutting
forces due to PTI
30,000
0.55
90,000
1.59
150,000
0.82

motion amplitude/µm
variation of cutting
forces due to PTI
0.58
1.75
0.81

ratio

0.95
0.91
1.01

4. Conclusion and outlook
This paper investigated the interaction between tool and
workpiece in grinding with micro pencil grinding tools. For this
purpose, a coupled simulation model was set up: a dynamic spindle model coupled with a three-dimensional dynamic tool
model. Cutting forces were measured and included process-machine-interaction (PMI) and/or process-tool-interaction (PTI) effects as they cannot be omitted during experiments. Idealized
cutting forces were computed by curve fitting. For both cases,
the forces were implemented as a boundary condition within
the coupled simulation model. The motion of the tool and the
spindle shaft with and without the consideration of cutting
forces and PMI/PTI effects at different mesh nodes was compared.
The following conclusions can be drawn:
The rotordynamic behaviour of the spindle shaft influences
the movement of the tool. Depending on the selected tool
diameter and application, this influence can be significant.
Even with scaled cutting forces, no significant influence of
the grinding forces on the spindle dynamics (node 4) can be
observed. This shows that in grinding with micro pencil
grinding tools, only a process-tool-interaction is observed
but no process-machine-interaction.
Numerical results indicate that the observed PTI is mainly
based on the consideration of the cutting forces but not on
the variation of the cutting forces due to additional PMI/PTI
effects (ongoing cutting force variations due to tool deformation and vice versa).
With the conclusions drawn from this analysis, future works
can consider the influence of the spindle dynamics without the
need to include the full dynamic machine model. As such, the
spindle dynamics can be included in terms of a computed or
measured boundary condition in more complex micro grinding

simulations, such as kinematic and chip formation simulations
used to model the generated workpiece surface. Further, the influence of the number of grits, the grit distribution, and the grit
shape on the tool deformation and motion can be analysed without the need to include the full dynamic machine model.
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