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INTRODUCTION

The ability to measure and model cutting forces
enables improved understanding of machining
processes. Piezoelectric-based dynamometers
currently provide the most common solution for
cutting force measurement. However, the
structural dynamics must be considered when
operating with tooth passing frequencies near the
dynamometer’s multiple natural frequencies,
where amplification of the local spectral content
reduces accuracy. To mitigate this effect, prior
research efforts have focused on two
approaches. The first involves new dynamometer
designs [1-9]. The second implements post-
processing to remove the effect of the
dynamometer’s electro-mechanical “filtering” of
the machining forces [10-13]. Despite these
advancements, the widespread implementation
of in situ cutting force measurement generally
remains limited by cost and complexity.

In this paper, the design and testing of a low-cost
dynamometer for milling force measurement is
presented. The dynamometer design is based on
constrained-motion/flexure-based  kinematics.
The ideally SDOF structure is excited by the
cutting force to produce small amplitude
displacement, which is measured using a low-
cost optical interrupter (i.e., a knife edge that
partially interrupts the beam in an emitter-
detector pair). The force is calculated from the
measured displacement using the
dynamometer’s FRF. This structural
deconvolution is carried out by filtering the
frequency domain displacement using the
inverted SDOF FRF for the constrained-motion
dynamometer.

STRUCTURAL DECONVOLUTION

There are five primary steps to obtaining the

machining force using the constrained-motion

dynamometer (CMD) [14]. These are
summarized here:

1. Measure the ideally SDOF FRF for the CMD
structure. In this study, the FRF was obtained
using impact testing, where an instrumented
hammer is used to excite the structure and
the response is measured using a linear
response sensor, such as a low-mass
accelerometer. Ideally, the dynamometer
should be mounted to the machine tool table
since clamping (boundary) conditions can
affect the dynamic response. Also, the test
sample (to be machined) should be attached
to the dynamometer because its mass affects
the dynamometer’s natural frequency.

2. Machine the sample using the desired axial
depth of cut, radial depth of cut, feed per
tooth, and spindle speed for the selected
endmill-holder combination. During material
removal, measure the dynamometer motion
using the optical interrupter. Because the
interrupter infers motion from the voltage
generated by the optical detector, a
calibration step is required to relate the
voltage to displacement. This is typically a
nonlinear relationship that can be
approximated as linear over a limited
displacement range (small fraction of a
millimeter). In the linear case, a single
calibration coefficient is used for the voltage
to displacement conversion.

3. Convert the time domain displacement to the
frequency domain using the discrete Fourier
transform (DFT). Due to the nature of the
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DFT, it is preferred to remove the transients
at the cut entry and exit. The short-time
Fourier transform is also an acceptable
option.

4. Convert the frequency domain displacement
to force using the inverted CMD FRF; see Eq.
1, where F is force, X is displacement, w is
frequency. In practice, a low pass digital filter
is convolved with the inverted FRF. This is
because the inverted FRF magnitude grows
with increasing frequency and would
otherwise amplify any high frequency noise in
the displacement signal. The filter cutoff
frequency is set above the dynamometer’s
natural frequency.

5. Once the frequency domain force is known,
convert it to the time domain using the
inverse DFT. The time domain force signal is
then available for traditional analysis
techniques, such as fitting to extract cutting
force coefficients [15] or magnitude tracking
to evaluate tool wear.

F(w)= [X/F (W) -X(w) @)

DYNAMOMETER DESIGN

A monolithic, constrained-motion dynamometer
was designed and constructed to measure milling
forces. The design included a moving platform for
workpiece mounting and four leaf-type flexure
elements in an H-bar arrangement. The flexure
elements guide the moving platform in the
compliant  direction  resulting in  SDOF,
approximately linear motion. The emitter-detector
was mounted on the base while a knife edge was
attached to the moving platform (Fig. 1). The
dynamometer was machined from 6061-T6
aluminium with an elastic modulus, E, of 69 GPa
and a yield strength, oy, of 276 MPa. For the
design to remain elastic, the maximum
acceptable stress was selected to be 0.60y; as a
result, the limiting stress, Omax, is 160 MPa [16].

The corresponding maximum  allowable
displacement is:
Omax = Omax'L%/3Et = 50 um, (2)

where the leaf dimensions are provided in Table
1. Given Omax, the dynamometer force range is
+1500 N.
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FIGURE 1. Constrained-motion dynamometer
design.

TABLE 1. Flexure leaf geometry for the CMD.

Length, L Width, b Thickness, t
(mm) (mm) (mm)
9 44.5 1.2

The optical interrupter performance was
quantified using a linear air bearing positioning
stage (Aerotech ABL 10100-LT). The stage had a
manufacturer-specified positioning uncertainty of
0.2 pum and resolution of 0.5 nm. The knife edge
was positioned outside the emitter-detector
(ROHM RPI-0352E) range and moved towards
the sensor until the full range was exceeded. It
was observed that the optical interrupter had a
resolution of less than 1 pm with a nonlinear
range of 700 um and a linear range of 170 um.
For the linear range, the displacement sensitivity
was 80 pm/V.

RESULTS

Machining trials were completed on a Haas TM-1
three-axis computer numerically controlled
(CNC) milling machine. The dynamometer was
mounted on the machine table with the compliant
direction aligned parallel to the machine’'s x
direction. A 6061-T6 Al workpiece (0.565 kg) was
mounted on the moving platform. With this setup,
x and y direction force measurement is possible
with no change in dynamometer orientation. To
measure x force, the feed direction is x. To
measure y force, the feed direction is y. The
experimental setup is detailed in Fig. 2. The
cutting parameters provided in Table 2 were used
for milling trials completed on both the CMD and
commercial dynamometer (Kistler 9257B) for
comparison.
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FIGURE 2. Experimental setup showing the
CMD, commercial dynamometer (Kistler 9257B),
endmill, and workpieces.
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TABLE 2. Tool description and cutting
parameters for milling trials.
Diameter (mm) Teeth Material
PVD coated
19.05 1 micro-grain
carbide

Cutting parameters for down milling tests

Spindle speed, Q

1000, 2000, 3000,

Phase (deg)

-200

f |
A
A N W
DYV,

le

1000

2000

3000

4000

5000

(rpm) 4000, 5000, 6000
Feed per tooth 0.1
(mm)
Axial depth (mm) 3
5 -
Radial depth (mm) 1'9.1 (10 A’. radial
immersion)

Impact testing results for the dynamometer are
displayed in Fig. 3. For the compliant (x) direction,
the natural frequency is 794 Hz, the stiffness is
2.6x107 N/m, and the viscous damping ratio is
0.0053 for the SDOF mode. Fig. 4 displays the
inverse filter used to determine the force. A third-
order Butterworth low pass filter (800 Hz cutoff
frequency) was convolved with the inverted x
direction FRF to avoid amplifying high frequency

f (Hz)
FIGURE 3. Semi-logarithmic magnitude (top) and
phase (bottom) components of the CMD and tool
FRFs.
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FIGURE 4. Inverted FRF and inverse filter used
to determine force from measured displacement.

For each test in Table 2, the displacement was
measured using the optical interrupter. Structural
deconvolution was then completed to determine
the force using the Fig. 4 inverse filter. Force
measurements were also completed using a
Kistler 9257B dynamometer for comparison.
Figures 5-6 presents a comparison of the CMD



and Kistler force measurements. Good
agreement is observed in Fig. 5 due to the
sufficiently low spindle speed and, consequently,
tooth passing frequency (16.7 Hz).
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FIGURE 5. Comparison of x and y direction

cutting force signals for CMD (black dashed line)

and Kistler 9257B (red solid line) for a spindle

speed of 1000 rpm.
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At the increased spindle speed in Fig. 6 (6000
rpm, 100 Hz), however, the Kistler force because
the dynamometer is itself a dynamic system and
its response can be excited by the tooth passing
frequency and harmonics.
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FIGURE 6. Comparison of x and y direction
cutting force signals for CMD (black dashed line)
and Kistler 9257B (red solid line) for a spindle
speed of 6000 rpm.
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FIGURE 7. Kistler 9257B force-to-force transmissibility FRF magnitudes for the x (left) and y (right)
directions (black solid line) and force frequency content: measured (red solid) and compensated (blue

dashed).



The measured force-to-force transmissibility
FRFs for the dynamometer's x (Hxx) and y (Hyy)
directionsare shown in Fig. 7. Multiple modes are
observed starting at approximately 700 Hz. The
frequency content of the measured force has the
expected peaks at the tooth passing frequency
(100 Hz) and its harmonics. However, harmonics
between 1000 Hz and 3000 Hz are artificially
amplified by the dynamometer’s vibration modes.
To compensate for this amplification, the filtering
technique described by Korkmaz et al. [12] was
applied. The 1500 Hz cutoff frequency for the
lowpass filter was selected such that the
magnitude response of the final, inverse FRF
filter is near unity at the limit of the dynamometer
bandwidth, 5000 Hz. The filtered frequency
content is displayed in Fig. 7, where the
amplification has been effectively removed.
Figure 8 demonstrates good agreement between
the compensated Kistler 9257B and CMD time
domain cutting force results.
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FIGURE 8. Cutting force for compensated Kistler
9257B (red solid line) and CMD (black dashed) at
a spindle speed of 6000 rpm for the x and y
direction forces.

To further compare the two dynamometers, the
steady-state, peak values for the time domain x
and y direction forces were recorded over 150
revolutions at each spindle speed. The mean
values and 95% confidence intervals are
presented in Fig. 9. The overlapping error bars
between the CMD and compensated Kistler
9257B values demonstrate statistical agreement
and validate the new low-cost CMD performance.
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FIGURE 9. Mean peak x-direction force for the:
CMD (gray), Kistler (red), and Kistler
compensated (blue). Error bars indicate two
standard deviations.

CONCLUSIONS

Cutting force measurement is an effective
method for monitoring machining performance.
The force signal can be used to optimize machine
tool usage by in-process tool wear evaluation and
chatter detection, for example. However, current
commercially available solutions are costly and
often require frequency domain signal processing
to obtain accurate results.



This paper described an alternative low-cost
constrained-motion dynamometer for in-process
milling force measurement. The dynamometer
was a monolithic design with constrained-motion
of a moving platform defined by four leaf-type
flexure elements arranged in the traditional H-bar
configuration. An optical interrupter (fixed emitter-
detector pair with a moving knife edge to partially
interrupt the beam) was used to measure the
moving platform’s motion during milling. The
cutting force was calculated from the measured
displacement using the dynamometer's
frequency response function (FRF). A structural
deconvolution procedure was followed to filter the
frequency domain displacement using the
inverted dynamometer FRF and calculate the
time domain force. The sensor selection,
monolithic  constrained-motion design, and
companion structural deconvolution technique
provides a low-cost, high fidelity cutting force
dynamometer for use in both production and
research environments.
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