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Abstract

Detecting, measuring and controlling the forces between cutting tools and machined components
is essential in circumstances where direct position control (e.g. depth of cut, feed speed, etc.) is
inaccurate and/or impossible. This paper explores the use of airborne sound signals that result
from the machining process to control the cutting force in closed loop for generating accurate
machined features when performing in-situ robotic repair of complex installations. The sound
signals during indentation at various cutting forces are analysed and used to calibrate a remotely
mounted microphone sensor and signal processing control system. The power spectral density of
the audible sound is used to estimate tool cutting force and the sound intensity used in turn to
estimate the resulting process energy. The described controller uses intensity of sound to mitigate
the effects of resonance with workpiece natural frequencies while controlling the spindle velocity of
the tool based on the dominant audible frequency. The performance of the controller is validated
using a representative test rig and demonstrated using a robotic arm to machine thin Ni-Cr-Co
alloy cantilever beams with a miniature air-driven grinding tool. Results from the test rig show
that such a sound-based control approach can achieve consistent cutting forces with an accuracy
of 0.08 N. The robot arm is shown to be capable of grinding features of consistent depth (to within
0.05 mm) on beams with surface defects of undefined shape using only the sound of the process for
closed loop force control.

Key words: Force control, Machining, Aircraft Maintenance, Airborne Sound, Power Spectral
Density, Sound Intensity.

1 Introduction

Repair of high-value industrial installations is often carried out in-situ due to the costs associated with
the disassembly and the need to transport the parts to repair workshops. However, the main difficulty
when performing in-situ repairs of components or assemblies is often the accessibility into crammed
spaces which sometimes can only be reached through narrow and winding passages, as presented
in Figure 1 for a gas turbine engine. The intervention in tight workspaces also means that expert
knowledge is necessary to carry out maintenance work without damaging surrounding objects.

Traditionally, whenever possible, in-situ repair work on industrial installations such as gas turbine
engines has been performed manually by use of specialist tooling with cutting, grinding and polishing
end effectors to name a few. Due to this operational complexity there is growing interest in automating
these repair interventions by using robotic instruments. In such instances, chellenges in accessibility
result in maintenance instruments that are long and slender [1,2] which in turn limit the possibility to
embed sensing systems (e.g. force or tactile) to support accurate reach of the target workspace. Thus,
to ensure quality of the in-situ interventions, the probes must be equipped with miniaturised sensing
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Figure 1: An example of in-situ repair of high-value equipment using robots with limited sensing
capabilities to access difficult-to-reach components.

systems, or assisted by remote sensors placed some distance away and using propagated signals (e.g.
acoustic emission, light, sound) to optimise and control the in-situ intervention.

This work explores the use of high-speed, low-torque, air-driven grinding tools for material removal
in confined spaces. The nature of the tool results in low contact forces and low material removal rates.
For closed-loop force control to be achieved, the feedback method must be sensitive enough for this
application.

1.1 Background

Current methods of closed loop control using force signals for in-situ instruments are generally reliant
on direct feedback from sensors (e.g. load cells, strain gauges). For example in [3], load cells mounted
on the cables at the proximal end of a continuum robot were used to measure forces acting on the
distal end. Other cable-driven manipulators such as those used for minimally invasive surgery have
also been fitted with similar sensors for force measurement and control [4–6]. However, these methods
rely on accurate knowledge of the instantaneous configuration and geometry of the instrument, which
is a difficult task considering the possible deflection of continuum robots. In addition to the limitations
of force sensing via tendons on long robots, the approach cannot be used on a sensorless robot without
modifying it by adding load cells.

An alternative method could be to use Acoustic Emission (AE), due to its high signal-to-noise ra-
tio, to monitor machining operations. In [7], AE was used to monitor surface quality during machining
of nickel-based superalloys. In [8], AE was used to detect dullness of grinding wheels. Other authors
have also demonstrated the use of AE to monitor different machining parameters [9–13]. Similarly,
vibration signals measured with an accelerometer and amplified with a vibrometer were used to mon-
itor parameters during grinding in [14].However, despite its numerous advantages, the AE sensor or
accelerometer needs to be mounted directly on the surface where the waves are to be captured, which is
impossible when remote workspaces are accessed for performing in-situ material removal interventions.

Audible sound features have also been used to monitor or predict various parameters of machining
processes and machine tools performance. In [15], airborne sound was used to identify appropriate
abrasive densities during honing. Rubio et al. [16] used frequency signatures of audible sound to
identify cutting parameters during milling, such as rotation speed and depth of cut. Other authors
have used sound signal-processing methods — RMS of pressure, intensity and frequency spectrum
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of the signals — to monitor or predict different quality parameters (e.g. surface roughness, chatter)
during band sawing [17, 18]. However, no attempt is made to control the machining parameters in
closed loop using the airborne sound features.

Robben et al. [19] described a method for determining tool settings and predicting the material
composition of concrete (i.e. rock and cement content) during disk cut-off grinding with diamond
wheels using airborne sound features, and were able to create a map of the hardness and compositions
of the concrete slabs. Khan et al. [20] used sound features (such as RMS of microphone voltage and
cumulative amplitudes of dominant frequencies) to determine wear damage in mechanical components
with multiple contact points under load. These reports show extensive efforts on the use of features of
sound signals for process monitoring but, it seems, no examples of employing sound signals to control
the material removal processes in closed loop have been reported.

While airborne sound signals are more susceptible to distortion and noise, the sensors can be placed
some distance away from the machining operation making them more suitable for the in-situ repair
application. The objective of this work is to identify a method for closed loop force control that is
applicable to sensorless robots and useful for repair of difficult-to-access industrial assets.

In this context, a robotic tool equipped with a method for online process monitoring using sound
signals derived from the machining operation can be highly efficient for closed loop control of dif-
ferent operations (e.g. grinding, milling) in inaccessible and especially in blind workspaces. With
such facilities in place, automated in-situ repair applications could be performed with precision and
reliability.

1.2 Contributions

This paper describes a novel method for using audible sound features to control cutting forces during
grinding in closed loop to assist automated in-situ robotic repair of complex industrial systems. A
methodology to obtain the relation between dominant sound frequencies, sound intensity and cutting
forces is described. To measure the sound output of the grinding process, a representative test rig with
the necessary sound, force and cutting speed sensors has been set up. A novel controller is presented,
which uses sound intensity measurements to mitigate the effects of resonance with workpiece natural
frequencies. The controller uses dominant audible frequency measurements to control the spindle
velocity and hence the forces between tool and workpiece. In this way, actuators with no intrinsic
force sensing capabilities can be operated with closed loop force control. This is achieved for an
actuated arm with a grinding end effector and demonstrations are carried out through automated
grinding of near-constant-depth features on metallic components with unknown topology.

Section 2 of the paper discusses the characterisation and experimental validation of the sound fea-
tures associated with cutting force in grinding and introduces the methods used for signal processing.
Section 3 describes the procedure used to calibrate and test the acoustic sensor for closed loop control.
Section 4 discusses the outcome of the machining operations using closed loop control and the possible
applications in wider industries.

2 Characterisation of Sound Features for Force Control

The predominant audible sound features that arise from a machining operation such as grinding can
be predicted based on an understanding of the core phenomena. A method is described here to obtain
and analyse the sound features and demonstrate that the sound emissions of a given system can be
used for closed loop force control of a robot for in-situ grinding within remote spaces and without the
need for additional sensing.
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2.1 Description of audible sound emissions during grinding

The airborne sound generated during grinding using miniature air-driven tools is expected to come
primarily from the following sources:

1. The sounds caused by periodic impacts between the abrasive elements or grits of the tool and the
workpiece. The frequency of these contacts is dictated by the size and spatial distribution of the
abrasive grains, the diameter, and the speed of rotation of the tool S. Common grinding tools
operate at over 20sm/s (surface metres per second) [21] and have small (< 1mm) grains that
are randomly distributed resulting in ultrasonic white noise. Wear of the grinding bur influences
the distribution of grits and affects this sound feature.

2. The sounds associated with the rotating turbine of the air-driven spindle and grinding tool.
Cyclical events related to whole rotations of the tool such air passing turbine blades and os-
cillations of the grinding tool contribute to sound with a frequency that matches the speed of
rotation. This can be verified using non-contact instruments such as laser tachometers.

3. The natural frequencies of the workpiece. The mechanical action of the grinding tool could
excite the workpiece at its natural frequencies and it is possible to predict the resulting sound
emissions using finite element analysis. This information can be supported with measurements
acquired through impact testing and laser vibrometry equipments. Higher cutting forces result
in more energy being transferred to the workpiece in the form of vibration.

4. The noise generated by the exhaust air from the air-driven spindle. The sound produced by
the venting air is determined by the diameter and pressure drop across the exhaust holes. The
range of noise frequencies produced by this exhaust air depends on the speed of rotation of the
turbine [22].

5. The noise arising from echoes and interference with the surroundings. Complex industrial instal-
lations (such as gas turbine engines) present geometries that can reflect and distort sound, and
thus could affect the power and direction of the signals. However, due to the high geometrical
variety of workspaces where the robotic system for in-situ grinding can operate, interference
effect are only be discussed in relation to the observations during closed loop testing.

Figure 2: Representation of a small grinding tool driven by a miniature air-driven spindle and the
forces, velocities and displacements of the tool relative to workpiece surface.

It is documented [23] that air-driven high-speed spindles (such as those used in this work) have near-
linear torque-speed relations. When employed with grinding tools, an increase in the forces associated
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with chip formation, ploughing of material, and friction between tool and workpiece [24] leads to a
decrease in spindle velocity. Although the tangential and radial forces (FT and FR in Figure 2) also
depend on factors such as workpiece material, feed speed, grit size, type of abrasive grains, etc. [21], the
behaviour of a particular air spindle, tool and workpiece combination can be obtained experimentally.
Hence, by identifying, tracking and controlling the sound frequency associated with spindle rotation
speed (item two on the list above), it is possible to control grinding force in closed loop.

A theoretical torque/speed line can be obtained from the stalling torque τs and the idle spindle
velocity Sidle of the turbine tool using Equation 1.

τ = τs −
τs ∗ S
Sidle

(1)

The ratio of tangential force to radial force, µ, changes depending on the level of engagement of
the abrasive tool with the workpiece material (Equation 2). An increase in engagement coefficient µ
leads to an increase of the tangential force observed for a given radial force, shown in Figure 3 as a
change in FR/S. This engagement coefficient can change as a result of increasing feed speed vf at
a given radial force FR. Furthermore, tool wear and the resulting reduction in grit efficacy can also
change the engagement coefficient, although quantifying this change is outside the scope of this work.

Figure 3: Theoretical dependence radial force v. spindle speed for an air turbine tool of radius r with
engagement coefficient µ.

µ = FT /FR (2)

Given that the spindle speed can be measured by analysing the dominant sound frequencies (those
associated with cyclical events), knowledge of the real torque-speed line can be used to indirectly
estimate the radial force relative to a reference value and hence to enable closed loop force control of
the grinding process.

2.2 Acquisition of calibration data

Before implementing this approach on a robotic system for automatic grinding, a calibration test
rig consisting of a grinding tool mounted on a pivoting arm with variable offset mass (Figure 4) was
designed to obtain the sound signals associated with different levels of radial force FR. The offset mass
ranges from 0g to 135g with 45 g increments, giving a range of radial contact forces of 0 to 1.32N.
The mass is isolated from the vibrations of the machining process by a spring-damper. An adjustable
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Figure 4: Test rig for monitoring audible sound signals during grinding at different radial force inter-
vals. Variable offset mass was used to control the radial force.

counterweight is used to level the tool for a radial force close to 0 N when unloaded. When the air
spindle is operating, the offset mass forces the grinding tool into the workpice creating an indentation.
In addition to the radial cutting force, the position of the contact along the length of the workpiece
can also be adjusted and was randomised during the tests to nullify any effect of location of contact
on the results.

A miniature air-driven spindle (Presto Aqua Lux NSK-Nakanishi) with a maximum idle (unloaded)
speed of 350kRPM (S = 5833Hz) and a stalling torque of τs = 1.22mNm [23] was used to grind
workpieces (100mm x 30mm x 1.6mm) made of Nickel-Chromium-Cobalt alloy. The workpiece was
attached from one end as a cantilever such that the natural frequencies of the beam could be calculated
with ease. A new 1.6mm diameter 118µm grit electroplated diamond grinding tool (Edenta AG) was
fitted to the spindle for each of the tests to nullify any effect of tool wear on the results.

The workpieces were mounted on a 3-axis dynamometer (9317B Kistler) with a sensitivity of
25.71 pC/N in X an 25.48 pC/N in Y to measure the cutting forces FR and FT respectively during
calibration grinding tests. The dynamometer was used with its low-range settings (±60N in X and
Y ). A Kistler multichannel charge amplifier (Type 5017), with an effective resolution for this sensor
of 0.39mN, was used throughout this work. Preliminary trials with this setup showed a background
noise standard deviation of 1.95mN and an average signal-to-noise ratio during grinding of 32.2 dB.

Two 40PH CPP free-field array microphones with 12AL CPP pre-amplifiers (G.R.A.S. Sound &
Vibration), with operating frequency range between 10Hz and 20kHz, were positioned 400 mm from
the spindle. This distance was chosen to limit free-field spherical propagation loss and remain realistic
for an in-situ repair operation. Two microphones were used with a 10 mm gap between them to obtain
the pressure gradient between two points for the intensity calculation. Sound signals were acquired
for 0.1 seconds at 50kHz using an EMP373 portable computer (ACME) equipped with a PCI-6229
IO board (16 bit, 250kS/s) and a BNC-2110 BNC breakout board (National Instruments).

Tests were repeated eighteen times for every level of radial force in a random order as shown in
Table 1.

For every trial, the air spindle was started away from the workpiece to allow it to reach idle speed
and placed to rest against the workpiece with no transverse movement. Sample signals were collected
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Table 1: Description of calibration experiment trials.

Factor No. of Levels Description of Levels

Radial cutting force 4 ≈ 0N

0.4N

0.8N

1.2N

Position of contact 3 Three points along the

workpiece 30mm apart

Repetitions 6

two seconds after the tool contact with the workpiece to ensure that any vibration of the offset mass
had been attenuated by the damper.

2.3 Acoustic sensor calibration

After collecting sound samples from multiple grinding indentations, the following methodology was
followed to extract useful sound features for force control.

2.3.1 Dominant audible frequency

The power spectral density (PSD) of the sound in V 2/Hz was calculated to detect the frequencies
associated with the sources described in Section 2.1. It was observed that, generally, the audible
frequency with the highest magnitude is associated with the rotation of the spindle (as seen in the
example shown in Figure 5). Other peaks are associated with the resonant frequencies of the workpiece
and the sound of exhaust air. To capture those frequencies related to spindle rotation (for closed loop
control), a Butterworth highpass filter was implemented to remove frequencies lower than 500Hz,
as they can be ignored as background noise. Force was acquired from the dynamometer in the FR
direction to be correlated to the sound monitored spindle speed.

Figure 5: Power spectral density plot at audible frequency S for a typical sample with electroplated
diamond grinding tool.

The plot of radial force against spindle speed (Figure 6) shows that the slowing of the tool rotation
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at increased radial force can be measured using sound features (PSD peaks). The increased variance
(horizontal error bars show one standard deviation) at high radial forces can be attributed to the
sound arising from the natural frequencies of the vibrating workpiece overpowering the sound of the
rotating spindle, making it difficult to track the spindle speed.

Figure 6: Measured radial force FR vs. spindle speed S (dominant audible frequency). Dotted lines
show engagement coefficient µ during sliding friction (µ = 0.25) and after the tool’s abrasive grains
engage the workpiece (µ = 0.90).

The change in engagement coefficient from µ = 0.25 to µ = 0.9 observed in Figure 6 is attributed
to a substantial rise in tangential force due to an increase in depth of cut and in energy transferred
to the workpiece during ploughing [21]. The measurements are also consistent with the observations
made by [24].

It is expected that tool wear will influence the engagement coefficient during operation. The rate at
which this happens is explored in the closed loop control section. While tool wear does have an effect
on the relation between audible features and contact force, the machining task under investigation is
small (approximately 10% to 20% of the tool life) and the contact is light enough (usually less than
50% of stall forces) that electroplated diamond burs do not experience any significant abrasive wear.
The effect of wear may become important and require compensation for operations requiring more
prolonged or aggressive grinding; however, when addressing in-situ repairs of industrial assets priority
will often be given to replacing inexpensive tools for optimal performance.

2.3.2 Sound intensity

Sound intensity is associated to the energy carried by acoustic waves as they cross an area of interest
and it can be calculated by measuring the pressure gradient between two points along direction x
perpendicular to this area [25]. Hence, the sound intensity between points a and b along x can be
expressed as:

I = 10 log10

(
Pa+Pb
2ρ∆x

∫
(Pa − Pb) dt
I0

)
(3)

where ∆x is the distance between points a and b, Pa and Pb are the pressure levels at a and b
respectively and ρ is the air density. The conventional reference intensity value of I0 = 1pW/m2 is
used in this study for intensity calculations [25]. The distance between the two microphones ∆x was
set to 10mm, as it must be smaller than the shortest wavelength expected (approx. 17mm).

The overall sound intensity level was found to increase with radial force at a rate of approx.
6.5dB/N, as shown in Figure 7 where each marker represents eighteen data points. This rise in sound
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Figure 7: Sound intensity level I vs. measured radial force FR. While sound intensity does increase
with force, variance between tests is high.

intensity was attributed to an increase in energy transferred to vibration of the workpiece at higher
grinding forces, as the power of the natural frequencies increased together with the intensity. Although
the baseline intensity varied between trials it was observed that when the grinding tool decelerated
enough to match a workpiece natural frequency, the measured sound intensity increased by 5 to 10dB.
This can be seen to some extent in the variance of the measurements shown in Figure 7, particularly at
0.82N where the tool approached a resonant frequency of 3.65kHz. Hence, despite being too variable
for closed loop force control, intensity measurement can be used to identify and quantify workpiece
resonance.

The dominant sound frequency can therefore be used to predict radial force, while the sound inten-
sity can be used to predict the situation that workpiece natural frequency vibrations may overpower
the sound of the spindle rotating. Together, these sound features can be used as robust feedback for
a novel closed loop force controller as discussed in the following section.

3 Closed Loop Force Control using Sound Features

Early trials using only dominant frequency (spindle speed) as a controller input resulted in inevitable
loss of control at moderate forces due to more energetic workpiece vibration frequencies overpowering
the spindle velocity. The outcome varied randomly between driving the spindle into the workpiece
(causing a stall) or retracting the spindle fully away from the workpiece. Subsequent improvements
led to the control strategy outlined in this section.

To use sound features for closed loop force control, the controller must be calibrated using ambient
noise and the sound of the spindle running at idle (unloaded) speed. The controller can then be tuned
to achieve the desired behaviour.

3.1 Controller calibration methodology

To calibrate the controller a measurement of sound with the spindle running unloaded was taken to
identify the dominant frequency (idle spindle speed) from the PSD. This idle spindle speed is used
as a reference value for the case FR = 0N. The data was then analysed to obtain the idle sound
intensity using Equation 3. The idle intensity gives an indication of the total energy coming from the
grinding process as well as the distance between the microphones and the source. Small variations
in this distance during operation do not affect the performance of the controller after calibration, as
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Figure 8: Proposed closed loop control of radial grinding force with single actuator using audible
sound features as feedback. WD(I), KP (I) and WB(I) determine the effect of intensity on deadband
width, proportional gain and bandpass filter width respectively.

the intensity is expected to fluctuate naturally. However, if the distance between the workpiece and
the microphones is expected to change significantly during operation (such as when machining a large
feature), the propagation intensity losses associated with distance must be taken into account. In
the work undertaken here, the small variations in machining distance during operation do not change
intensity enough to affect the controller.

A bandpass filter centred around the highest peak of the PSD of the signal is then implemented.
The value of frequency at the centre of the filter varies on each iteration of the controller, such that
when applied to subsequent measurements, the filter tracks the frequency associated with spindle
speed S as it slows down or speeds up, provided that the changes are gradual enough to remain within
the filter bandwidth.

3.2 Closed loop controller design

The proposed control architecture is a proportional controller with variable deadband width and
variable gain (Figure 8). The controller inputs are the target force and the calibration constants for
idle spindle speed and idle sound intensity. The difference between the desired spindle speed (the
setpoint) and the measured S is multiplied by a proportional gain to obtain a value to drive the
plant actuator (e.g. an analogue voltage signal). The actuator affects the radial force between the
air-driven tool and the workpiece, changing the sound of the grinding process. The data acquisition
and control equipment captures and processes the signals from the microphones to obtain values of
frequency and intensity for the following control loop. The microphones response frequency is 20 kHz,
and sound is sampled at 50 kHz. Due to the length of the captured signal on each iteration (0.1s to
allow enough data for PSD and filters robustness), the effective frequency of the control loop is 10Hz.
Hence, the response of the force controller to perturbations is attenuated at frequencies higher than
approximately 5 Hz.

3.2.1 Target Frequency

It was assumed that the engagement coefficients during light contact (µ1 = 0.25) and grinding (µ2 =
0.9) remain constant (negligible tool wear and feed speed) regardless of the idle velocity of the tool.
In circumstances where tool wear is significant µ2 can be defined as a variable that changes with time,
ground distance, material removed, etc. according to further calibration experiments. The gradual
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transition between the two slopes occurs at radial force Feng and can be approximated using a smooth
interpolation function of the form

1 + tanh (k (FR − Feng))
2

(4)

where k ∈ IR and determines how gradual or abrupt the transition is.
Interpolating the two engagement coefficient lines gives an equation of best fit (5) that can be used

to identify the target spindle speed S based on a desired radial force FR, and to be used as a setpoint
during closed loop control (Figure 8).

S = Sidle

((
1− r

τs
FRµ1

)
+

1 + tanh (k (FR − Feng))
2

(
r

τs
(FR (µ1 − µ2) + Feng (µ2 − µ1))

))
(5)

A value of 4 was chosen for k to achieve the smooth transition seen in Figure 6.

3.2.2 Variable Deadband

A deadband with variable width is introduced to make the controller capable of ignoring variations
in frequency resulting from small disturbances in force during machining without excessively lowering
the proportional gain. Here, an increase in sound intensity indicates that the workpiece is vibrating
with more energy at its natural frequencies. If the spindle velocity approaches an overpowered natural
frequency, the controller will mistake the natural frequency for a change in tool speed and take
undesired corrective action. The effect of this natural frequency can be minimised by making the
width of the deadband WD a function of sound intensity I and idle intensity Iidle. Therefore, the
input error to the proportional controller (see Figure 8) can be expressed as:

ED =


E + WD(I)

2 for E < −WD(I)
2

0 for −WD(I)
2 ≤ E ≤ WD(I)

2

E − WD(I)
2 for WD(I)

2 < E

(6)

where E is the difference between the setpoint frequency and the measured frequency; ED is the error
used for proportional control. The deadband width WD(I) has upper and lower saturation limits σHD
and σLD respectively and is given by:

WD(I) = sat [(I − Iidle) ∗KD]σHD
σLD

(7)

where sat[x]HL = max(L, min(H,x)). The values of deadband gain KD and other constants are shown
in Table 2.

Table 2: Control constants used in closed loop controller tests.

KD 35 KP 0.14 KB 45

σHD 150 σHP 0.6 σHB 250

σLD 75 σLP 0.1 σLB 100

3.2.3 Proportional Controller

Similar to the deadband, the proportional gain constant KP is tuned to lower the proportional gain of
the controller when the intensity of sound exceeds a given threshold above idle intensity, preventing
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large inputs by the actuator when faced with resonant interference. Hence, the effective control signal
or voltage from the proportional controller VP is given by:

VP = ED ∗ sat [(σHP + σLP )− (I − Iidle) ∗KP ]σHP
σLP

(8)

where σHP and σLP are the upper and lower bounds of the proportional gain. The ouputs of the
controller are a direction signal and pulse width modulation signal to the actuator H-bridge. A
proportional controller was chosen over a PI, PD or PID controller due to the relatively high latency
caused by the acquisition of sound signals. The introduction of integral or derivative terms was not
found to improve stability in this case (see future work).

3.2.4 Plant

The output voltage/signal from the control hardware drives an actuator (shown in Figure 9) that
moves the tool towards or away from the workpiece, changing the radial force acting on the tool
and hence the depth of cut. The plant is the physical system and can be described as a number of
processes in series including backlash, actuator response time, robot kinematics, tool torque/speed
characteristics and airborne signal time delays and losses (Figure 8).

3.2.5 Data Acquisition and Signal Processing

Every 0.1 seconds, the signal from the two microphones (sampled at 50kHz) is analysed to obtain the
intensity of sound coming from the workpiece (Equation 3). A Butterworth bandpass filter centred
around the dominant frequency calculated on the previous measurement Sz−1 ignores any sound that
is not related to the spindle rotation, and provided this speed has not changed dramatically since
the previous measurement, the highest PSD of the filtered signal gives the dominant frequency of the
current measurement Sz. Like the variable deadband and proportional controller, a bandwidth func-
tion, WB(I), controls the width of the bandpass filter used to isolate the spindle speed frequency from
background noise. When the energy of the workpiece vibration rises due to resonance or changes in
background noise, the bandwidth narrows to further isolate the signal from the noise. The bandwidth
function, WB(I), can be defined as:

WB = sat [(σHB + σLB)− (I − Iidle) ∗KB]σHB
σLB

(9)

where σHB and σLB are the upper and lower limits of the filter width, the values of which are shown
in Table 2.

In summary, the microphones listen to the process and a bandpass filter isolates the frequency
associated with the rotation of the spindle. On each control cycle, the bandpass filter moves to centre
around the highest power frequency, effectively tracking the spindle speed. As the tool slows down
and excites workpiece natural frequencies, sound intensity increases and the controller reacts by pre-
emptively increasing the deadband, lowering the proportional gain and narrowing the bandwidth of
the filter, reducing the risk of a natural frequency being mistaken for the spindle rotation. The spindle
velocity is controlled in closed loop to achieve the desired radial force.

3.3 Experimental validation of the controller

The controller design described in Section 3.2 was implemented on LabVIEW software at a rate of
10Hz using the control constants outlined in Table 2. The EMP373 portable computer equipped with
a PCI-6229 IO board was used to gather data and send control signals to the actuators. The operation
of the controller was verified using a test rig (Figure 4) and demonstrated using a robotic arm in an
environment resembling a complex industrial enclosure.
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3.3.1 Controller performance tests

Figure 9: Test setup for controller validation. Microphones are separated from the source of the sound
by a number of obstruction and reflection surfaces during some tests.

The performance of the controller was initially validated using the cantilever test rig to measure the
radial force and material removal rate of the grinding tool with and without closed loop force control.
For each trial the tool contacted the workpiece for 60 seconds, the contact forces were measured with
the 9317B dynamometer and the volume of removed material was calculated by measuring the size of
the indentation using a VHX-100 digital microscope (Keyence Corporation). The trials at constant
radial force were carried out using the offset mass test rig (Figure 4) at six radial force intervals from
0.22 to 1.32N (increments of 0.22N). The offset mass was then replaced with a L12-50-100-12-P DC
geared linear actuator (Actuonix Motion Devices) for the tests with closed loop force control (Figure 9)
at four radial force targets from 0.3 to 1.2N (increments of 0.3N). When the air spindle is operating,
the linear actuator forces the grinding tool into the workpice creating an indentation. The closed
loop force control trials were conducted first with direct line of sight (no obstructions) between the
microphone and the workpiece. Finally, the same experiments were completed with reflection and
obstruction surfaces resembling the stator and rotor blades of an aeroengine shown in Figure 9, to
determine whether such obstacles affect the controller. All tests were repeated nine times.

Table 3: Standard deviation values for obstructed and unobstructed closed loop control tests.
Setpoint Unobstructed Obstructed

(N) st. dev. st. dev.

0.3 0.029 0.030
0.6 0.041 0.044
0.9 0.045 0.045
1.2 0.077 0.066

Figure 10 shows the radial force deviations observed during closed-loop control at each target force.
Deviations were calculated by comparing the mean force during each trial to the desired force. Bars
on the plot shows the standard deviation for each setpoint, also shown in Table 3. The results show
that the controller achieves effective tracking, with the worst performance characterised by a precision
(standard deviation) of 0.08N (unobstructed 1.2N) and a trueness (average mean error) of 0.02N
(unobstructed 0.9N). Hence, the sensor is said to have an accuracy of 0.08N .
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Figure 10: Closed loop radial force controller performance for 72 cutting trials, each lasting 60 seconds.
Markers indicate mean force error for a given trial. Bars indicate standard deviation.

Figure 11: Material removal rates at known radial forces and using airborne sound features for closed
loop radial force control.

The material removal rates achieved by the acoustic closed loop force controller (Figure 11) also
align closely with the rates measured at known radial forces. This demonstrates that the closed loop
control of spindle velocity using sound features provides an accurate way of controlling radial force
during grinding. No substantial difference was observed between obstructed and unobstructed trials.

A stall risk zone of the air driven spindle was defined at radial forces greater than 1.0N. Contact
force was found to oscillate significantly within the stall risk zone, often resulting in loss of power
and void results. Despite this, the mean force of successful trials closely approaches the desired force,
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suggesting that regardless of the variance in frequency during calibration (attributed to oscillations in
the offset mass setup) , the calculated engagement coefficient closely describes the real system.

To evaluate the susceptibility of the proposed controller to tool wear, the cantilever test rig (Fig-
ure 9) was used to indent a workpiece at constant force using acoustic feedback force control for a
long period of time. The contact force was set to 0.4 N and the bur was left in contact with the
workpiece until a change in behaviour was observed. Contact was concentrated to a 1.6mm portion of
the tool to accelerate wear (ordinarily the entire length of the bur would be used). The results shown
in Figure 12 indicate that force tracking remains effective far beyond the expected duration of in-situ
tasks, with tool wear that far exceeds the threshold at which burs would ordinarily be replaced. After
30 minutes of continuous machining the controller was unable to track the frequency and started to
overshoot widely, likely due to the reduced engagement coefficient.//

Figure 12: Tool wear experiment results show radial force tracking works effectively until control is
lost at excessive wear levels.

Radial force was found to creep up (by approximately 10% over 30 minutes) during the long-
duration trials (Figure 12) This rise in contact force can be attributed to a lower engagement coefficient
resulting from worn abrasive grits. While quantifying the influence of wear on the engagement coeffi-
cient is outside the scope of this work, it is important to understand the limitations of the proposed
controller for applications that require prolonged in-situ machining with worn tools.

3.3.2 Machining demonstration

To validate the controller in a more realistic application, the grinding tool and L12-50-100-12-P DC
geared linear actuator were attached to the end effector of a R12-5 5-degree-of-freedom robotic arm
(ST Robotics; Figure 13). The robot arm was used to feed the tool back and forth, creating 90◦ cuts on
the edge of three different workpieces (100mmx30mmx1.6mm) made from Nickel-Chromium-Cobalt
alloy (Figure 14).

• A workpiece with a straight edge (Figure 14a)

• A workpiece with a concave indentation previously ground by hand (Figure 14b)
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Figure 13: Demonstration setup for closed loop force control using sound features. 5-axis robot arm
was used to control the feed speed uf along a cantilever beam and a linear actuator was used to control
the tool radial force FR.

Figure 14: Demonstration results: A straight (a), concave (b) and convex (c) target workpiece geom-
etry machined using a 5-DoF robot to feed the spindle and tool back and forth 50 times, and using
audible sound features for closed loop force control. Red area shows removed material. Standard
deviation of depth calculated from 10 samples taken at 1mm intervals.

• A workpiece with a convex protrusion previously ground by hand (Figure 14c)

The irregular workpiece surfaces were used to test the ability of the sound force controller to adjust
the radial motion axis (linear actuator in Figure 13) and follow an unknown path. It is important to
note that the robot arm was not programmed to follow the different paths, but rather to maintain a
constant radial force, hence a constant stock of removed material (depth of cut). Each of the tests
consisted of fifty 10mm passes at a feed rate of uf = 1mm/s along the workpiece with a target force of
0.9N, resulting in an expected material removal rate of approximately 0.5mm3/min. Total material
removed during the test is indicated by the red colour in Figure 14.

The robotic arm successfully removed material along the three different unknown surfaces using
only the sound features to control radial force. An average material removal rate of 0.84mm3/min
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Figure 15: Radial force during first two passes of convex protrusion cut.

was measured with a standard deviation in depth of cut of 50µm or less (Figure 14). The fact that
the material removal rate measured exceeds the rate obtained with the test rig (Figure 11) can be
attributed to the smaller contact area (and hence higher pressure) between tool and workpiece due to
a non-zero feed speed. Figure 15 shows filtered (lowpass, 100Hz) radial force data for the first two
passes of the convex protrusion cut. The measurements show consistent force tracking, which was
maintained throughout the majority of the trial.

The objective of this study is to demonstrate the application of a force controller using sound
features with the intention that this methodology is applicable to other processes. In particular we
are referring here to an in-situ geometrical correction of a component in an industrial asset, where the
micro-aspects of surface quality (e.g. roughness) are less important. It is possible that future work
could design tools optimised for specific applications such that, given a material, spindle speed tool
type and machining force combination, machining quality and efficiency can be maximised (such as
in the example of [26]).
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4 Conclusions and future work

This work shows that it is possible to use sound features to inform a controller and operate a machining
instrument with closed loop force control. An adaptive proportional controller was designed to use
inputs from both dominant frequencies and sound intensity to achieve a steady spindle velocity and
hence a near constant radial force. The controller also uses changes in the intensity of sound to vary
control parameters such as proportional gain, deadband width and filter settings to mitigate the risk
of workpiece resonant frequencies affecting the control.

The closed loop control method described was able to closely match the calibration radial forces
and replicate the material removal rate achieved using a constant grinding force test rig. The force
controller was used to machine approx 0.44mm deep features on thin cantilever beams with unknown
edge profiles (concave, convex and straight) despite having no position control, thus demonstrating
the ability to follow edges ’blind’ using sound for force control. The susceptibility of the controller
to small disturbances and variability in machining conditions means that the cuts produced had an
uneven bottom with a standard deviation equal to 0.05mm in depth of cut along the machining path.
In future the airborne sound force controller could be used as part of a hybrid position-force controller
to achieve optimal material removal rate as well as dimensional accuracy of the machining operation.
Tests of the effect of tool wear on controller performance indicate that the method works appropriately
for the useful life of the burs tested, despite losses in accuracy at high wear levels. In future work, the
changes in performance could be further quantified and added to the controller for longer duration
machining tasks.

The controller was demonstrated using a 5-axis robot arm with position encoders, but this method
could be applied to operate non-conventional robots with limited position accuracy such as continuum
and soft robots. Closed loop force control of such robots would allow for in-situ machining operations
to be carried out in more inaccessible industrial components.

While the process described in this work is the high-speed grinding of metallic components, this
methodology can be applied to other machining processes that produce audible sound, such as drilling,
milling, polishing, sandblasting, laser ablation, etc., provided that the sound can be associated with
one or more machining parameters.

Future work: The versatility and performance of this controller could be improved by contin-
uously processing the sound signals, such as by using a field programmable gate array (FPGA) for
intensity and power spectral density calculations. This would allow the control loop to operate with
lower latency and therefore at higher frequencies. This would in turn allow for more complex control
structures such as PID to tune the response of the controller to perturbations in machining forces.

The controller could also be made more robust by introducing a cascade controller with an inner
velocity control loop for the actuator, ensuring more predictable response and better control authority.
Additionally, extra microphones could be used for noise cancellation to allow such a force control
strategy to be used in noisy industrial settings.

Finally, it is possible to optimise the resulting surface characteristics for particular workpiece and
tool combinations. This would achieve improved surface quality, material removal rate and tool life
while employing air spindle speed-based force control. This will require modelling the behaviour of
the tool at different stages of tool wear. Such work could result in quality consistent with the high
standards associated with the aerospace and energy industries.
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