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Preface

Shock & Vibration, Aircraft/Aerospace, Energy Harvesting, Acoustics & Optics represent one of ten volumes of technical

papers presented at the 34th IMAC: Conference & Exposition on Structural Dynamics, organized by the Society for

Experimental Mechanics and held in Orlando, Florida, January 25–28, 2016. The full proceedings also include volumes

on nonlinear dynamics; dynamics of civil structures; model validation and uncertainty quantification; dynamics of coupled

structures; sensors and instrumentation; special topics in structural dynamics; structural health monitoring, damage detection

and mechatronics; rotating machinery, hybrid test methods, vibro-acoustics and laser vibrometry; and topics in modal

analysis and testing.

Each collection presents early findings from experimental and computational investigations on an important area within

structural dynamics. The topics represent papers on practical issues improving energy harvesting measurements, shock

calibration and shock environment synthesis, and applications for aircraft/aerospace structures.

The organizers would like to thank the authors, presenters, session organizers, and session chairs for their participation in

this track.

Copenhagen, Denmark Anders Brandt

Montreal, QC, Canada Raj Singhal
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Chapter 1

Improved Cutting Force Measurements in Milling Using Inverse
Filtering

Martin Magnevall and Tomas Beno

Abstract Accurate estimates of cutting forces in metal cutting are important in the evaluation of e.g. different cutting tool

geometries and concepts. However, dynamic influences from the measurement system affect the measurement result and

may make the obtained cutting force data erroneous and misleading. This paper presents a method to construct an inverse

filter which compensates for the dynamic influences from the measurement system. Using the suggested approach, unwanted

dynamic effects from the measurement system can be counteracted. By applying the inverse filter it is possible to retain

information related to the cutting forces at higher frequencies than possible with unfiltered data. The advantage of using the

proposed method is illustrated by comparing simulated, inverse- and low-pass filtered cutting forces to unfiltered forces at

different cutting speeds. The results indicate that inverse filtering can increase the usable frequency range of the force

dynamometer and thereby provide more accurate and reliable results compared to both low-pass and unfiltered force

measurements.

Keywords Metal cutting • Cutting force • Dynamometer • Inverse filter • Deconvolution

1.1 Introduction

Cutting forces are one of the most important quantity in the metal machining process. The cutting forces govern power and

torque requirements in the machine tool and drive heat generation which catalyzes tool wear and determines the magnitude

and direction of residual stresses in the machined component. Cutting forces also cause deflection of the cutting tool,

machine tool and work piece and may have a negative influence on the machined components quality. The cutting forces are

therefore important parameters in the evaluation of different cutting tool geometries and concepts. However, dynamic

influences from the measurement system affect the result and make it difficult to obtain accurate cutting force data. A

commonly used method to remove unwanted dynamic effects from the measured cutting forces is low-pass filtering.

Low-pass filtering removes all information above a specified cut-off frequency and may therefore also remove important

information related to the true cutting forces contained in frequencies above the cut-off frequency. This is especially evident

in milling with transient cutting conditions when the rise times are short and the cutting forces thereby have high frequency

content. Therefore, it is difficult to get reliable estimates of the amplitudes and rise times by low-pass filtering transient

cutting forces, especially at high cutting speeds.

Accurate estimates of both rise times and force amplitudes are important, e.g., when evaluating and comparing different

tools and insert geometries. An alternative approach, to low-pass filtering, that improves the cutting force estimates,

i.e. increases the effective frequency range of the force dynamometer, is therefore of great interest.

For example, Tlusty et al. used accelerometers to compensate for the inertia and structural damping of the dynamometer,

thereby increasing the effective frequency range [1]. This method has been proven to work under certain conditions, but

encounters difficulties around resonance frequencies when the system inertia or damping is large. The method also has

problems handling systems with more than one dominating mode [2]. Park and Altintas used a Kalman filtering technique to

compensate for unwanted dynamics and process and measurement noise of a spindle integrated force sensor, [3, 4]. The

same method has also been applied to cutting force measurements in micro end milling, [5]. Jensen et al., [2], developed a
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method to obtain an invertible filter of a non-minimum phase frequency response function (FRF) of a force dynamometer.

The method was tested on experimental data with promising results. The basic principle of the method is to divide the

system’s transfer function into one stable and one unstable causal IIR-filter. The unstable causal IIR-filter is transformed into

a non-causal stable FIR-filter. Then, by using these two filters in series a stable inverse filter is obtained. Depending on the

location of the non-minimum-phase zeros of the system’s transfer function, the length of the non-causal FIR-filter can

become large, introducing long time delays. However, if the method is applied on large data sequences, this will not cause a

problem.

In the case when the force dynamometer can be considered linear and the cross-frequency responses between the

directions x, y and z are negligible, a minimum-phase inverse filter can be constructed and used to counteract the

dynamometer dynamics and thereby increase the usable bandwidth of the dynamometer. A procedure for creating a

minimum-phase inverse filter is described in this paper and applied in both simulations and on experimental data from

milling under various cutting conditions.

1.2 Inverse Filtering

Consider the FRF H(ω) between the applied force FR(ω) and the force output from the dynamometer FD(ω), Eq. (1.1).

H ωð Þ ¼ FD ωð Þ
FR ωð Þ ð1:1Þ

In an ideal case, i.e. when there are no dynamic influences from the dynamometer, the magnitude of H(ω) is equal to unity

and the phase equal to zero for all frequencies. However, due to e.g., the mass and shape of the work piece, the stiffness and

damping of the force dynamometer and the distance between the actual cutting position and the positions of the force

transducers in the dynamometer, the magnitude and phase of the frequency response between applied force and force output

will deviate from the ideal values and thus the measured force will differ from the applied force. By applying an inverse

filter, describingH�1 ωð Þ, on the recorded force signal these unwanted dynamic effects can be counteracted. If H(ω) is stable
and minimum-phase (all zeros of the system lies within the unit circle in the z-domain) then the system is directly invertible.

Usually, mechanical systems are stable and mixed-phase (zeros both inside and outside the unit circle). If the system has

zeros outside the unit circle it cannot be directly inverted, since the result will then have unstable poles and the filter output

exponentially tends toward infinity. However, a mixed or maximum-phase FRF can be transformed into a minimum-phase

FRF while still keeping the amplitude characteristics but changing the phase. An invertible filter describing the

characteristics of the minimum-phase FRF can then be estimated as described in this section.

1.2.1 Transformation into Minimum-Phase

Amixed- or maximum-phase transfer function can be transformed into a minimum-phase transfer function by, e.g., using the

Hilbert transform [6] or cepstrum [7, 8]. In this paper, real cepstrum is used to transform the FRF of the force dynamometer

into minimum-phase.

Let h(n) be a real sequence with H(ω) as its Fourier transform. Its real and complex cepstrum ĉ (n) and ĥ (n) are defined
as:

Ĉ ωð Þ ¼ H ωð Þð Þ ¼ log H ωð Þj j
ĉ nð Þ ¼ F�1 Ĉ ωð Þ� �

Ĥ ωð Þ ¼ log H ωð Þð Þð Þ
ĥ nð Þ ¼ F�1 Ĥ ωð Þ� � ð1:2Þ

where log
��H ωð Þ�� refers to the natural logarithm of

��H ωð Þ�� and F�1 denotes the inverse Fourier transform. Some useful

relations between minimum-phase and maximum-phase sequences and their complex cepstrums are, [8]:

• If h(n) is a minimum-phase sequence, ĥ(n) will be a casual sequence.
• If h(n) is a maximum-phase sequence, ĥ(n) will be an anti-causal sequence.

2 M. Magnevall and T. Beno



Let the minimum-phase counterpart to h(n) be denoted by hmin(n) and its complex cepstrum denoted by ĥmin(n). The
Kramers–Kronig relations for a causal sequence states that the entire sequence can be described by its even part. The

relationship between the even part of ĥ(n) and its Fourier transform is given in [9]:

ĥ e nð Þ ¼ F�1 H ωð Þð Þð Þ ¼ ĉ nð Þ ð1:3Þ

Since ĥ(n) is a causal sequence when h(n) is minimum-phase, ĥmin(n) can be estimated as:

ĥ min nð Þ ¼
2ĉ nð Þ
ĉ nð Þ
0

n > 0

n ¼ 0

n < 0

8<
: ð1:4Þ

According to Equation (1.2), the minimum-phase transfer function Hmin(ω) can be obtained by:

Hmin ωð Þ ¼ eF ĥ min nð Þð Þ ð1:5Þ

1.2.2 Fitting an Invertible Digital Filter to the Minimum Phase FRF

The Steiglitz-McBride iteration algorithm is used to find the filter coefficients describing the given impulse response of the

estimated minimum phase FRF, Hmin(ω), [10]. This method is based on non-parametric frequency response characteristics

and describes the identified FRF using a polynomial model. The identification is performed using in-house written Python

code, alternatively the MATLAB function invfreqz.m can be used to estimate the coefficents [11]. The identified model is a

discrete representation of the minimum-phase transfer function of the force dynamometer, hmin(n), and can be represented

as:

Hmin zð Þ ¼ B zð Þ
A zð Þ ¼

b 1ð Þ þ b 2ð Þz�1 þ . . .þ b nbþ 1ð Þz�nb

a 1ð Þ þ a 2ð Þz�1 þ . . .þ a naþ 1ð Þz�na
ð1:6Þ

The result is an invertible IIR-filter described by the coefficients b and a, where nb and na are the total number of coefficients

in the numerator and denominator, respectively. nb and na are selected by visual inspection ensuring a satisfactory fit

between the measured and estimated FRFs.

1.3 Simulations

To verify the proposed method and identify usable frequency ranges for the inverse filters, simulations using a model of the

force dynamometer obtained from experimental data are performed. The model is based on the FRF matrix of the force

dynamometer, with the work piece, mounted in the machine tool. The FRF matrix was estimated using impulse excitation in

x- and y-directions, results are shown in Figs 1.1 and 1.2. The cross-frequency response in the region 0 to 3000 Hz is small in

both directions. Also, the coherence functions are close to unity up to approximately 3000 Hz, implying linear relationships

between inputs and outputs. These results indicate that a linear model, with negligible cross frequency response, of the force

dynamometer is valid for frequencies up to approximately 3000 Hz.

Based on the FRF measurements of the dynamometer, inverse filters in both x and y-directions are estimated and

evaluated with respect to both amplitude and phase correction. Comparisons between the measured FRFs and the minimum-

phase FRFs are shown in Figs 1.3 and 1.4. To clearly show the amplitude and phase characteristics of the inverse filters, the

combined FRFs are also displayed; these are calculated as:

1. Inverse Fourier transform the measured mixed-phase FRF, H(ω), the result is the impulse response.

2. Apply the inverse filter to the obtained impulse response; the result is a unit impulse.

3. The combined FRF is the Fourier transform of the signal obtained from the inverse filter.

If the inverse filter behaves perfectly, the magnitude of the combined FRF should be unity and the phase zero for all

frequencies.

1 Improved Cutting Force Measurements in Milling Using Inverse Filtering 3



The magnitudes of Hxx(ω) and Hyy(ω) matches well with their respective minimum-phase FRFs Hxx(min)(ω) and Hyy

(min)(ω). The combined FRFs indicate a good amplitude correction over the entire frequency range, even at dominant modes.

Due to the minimum-phase transformation, the phase responses of measured and minimum-phase FRFs differ, which is

clearly visible in the phase responses of the combined FRFs. However, the phase responses of the combined FRFs are

dominated by linear trends which can be related to constant delays in the time domain and will not affect the amplitude

responses of the inverse filtered signals. Thus, the phase responses affecting the inverse filtered signals are obtained by

removing the linear phase trends from the combined FRFs. As seen in Figs 1.3 and 1.4, the phases of the combined FRFs

have deviated approximately 7 degrees from zero at 2500 Hz. Therefore, it is expected that frequencies above 2500 Hz will

be out of range for the inverse filter. To avoid influences from the resonances at 2550 Hz in the x-direction and 2700 Hz in

the y-direction, the frequency limit of the inverse filters was set to 2400 Hz in both directions; higher frequencies are

removed by low-pass filtering. Low-pass filtering also removes any high-frequency noise present in the inverse filtered

signal. High frequency noise is common when performing inverse filtering due to the nature of the filter. The reason is that

mechanical systems normally act as low-pass filters, attenuating high frequencies. When these systems are inverted they will

instead act as high-pass filters and therefore respond badly to high frequency noise. The low-pass filter design used in the

simulations is a Butterworth filter of order 3. To remove any phase distortion caused by the low-pass filter, zero-phase

filtering is performed by filtering the data in both forward and reverse directions.

To test the behavior of the inverse filters, simulations are carried out for the cutting speeds and feed rates listed in

Table 1.1. Down milling and 50 % radial immersion is used to excite the dynamometer with a high frequency transient signal

and thereby clear effects from the dynamometer dynamics appear. The simulations are carried out using both x and y as feed
directions. Mechanistic modeled cutting forces are used as input (see Table 1.2), these are filtered through ETFEs of the

measured mixed-phase transfer functions, hxx(n), hxy(n) and hyy(n), hyx(n). Each output is then inverse filtered and compared

to the reference cutting force (simulated input force), Figs 1.5 and 1.6. The simulated output forces have contributions both

from the point FRFs and the cross FRFs. Due to the phase distortion caused by the minimum-phase transformation,
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Fig. 1.1 Measured FRFs of the force dynamometer from impulse excitation. The dynamometer is excited in the x-direction and responses

collected in x- and y-directions
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superposition of e.g. hxx(min)(n) and hxy(min)(n) does not apply. Therefore only hxx(min)(n) or hyy(min)(n) are used in the inverse
filters. Thus, for the results to be accurate, the effect of the cross FRFs have to be negligible.

The similarity between the signals is estimated by calculating the ratio of the energy in the difference between reference

and inverse filtered force, E f R tð Þ � f I tð Þð Þ and the energy in the reference signal, E(fR(t)), according to:

η ¼ min 1þ RfIfI 0ð Þ � f
2

I � 2 RfRfI τð Þ � fRfI
� �

RfRfR 0ð Þ � f
2

R

 !
ð1:7Þ

where RfRfR 0ð Þ and RfIfI 0ð Þ are the autocorrelations at zero time delay between reference and inverse filtered forces,

respectively. RfRfI τð Þ refers to the cross correlation between reference and inverse filtered forces, where τ is the time delay
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Fig. 1.4 Magnitude and phase responses of Hyy(ω), Hyy(min)(ω) and the combined FRF, nb ¼ 200 and na ¼ 55. The dynamometer’s dominant

modes are: 1120 Hz, 1430 Hz, 1630 Hz, 1750 Hz and 2550 Hz

Table 1.1 Equipment and cutting data used in the cutting force measurements

Machine tool MORI SEIKI NV5000

Cutting tool Sandvik R331.35-050A20EM100

Insert Sandvik N331.1A-08 45 08H-NL H10

Work piece material AISI 7075

Force dynamometer Kistler 9255B

Charge amplifier Kistler 5011

Cutter diameter, Dcap 50 [mm]

Radial cutting depth, ae 10; 25; 40 [mm]

Axial cutting depth, ap 3 [mm]

Number of teeth, zc 1

Cutting speeds, vc 200; 400; 800; 1200; 1490; 2000 [m/min]

Tooth passing frequencies, ft 21.2; 42.4; 84.8; 127.3; 158.1; 212.2 [Hz]

Feed rates, fz 0.05; 0.1; 0.15; 0.2; 0.25 [mm/tooth]
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between the two signals, [12]. fR and fI are the average values of the reference and inverse filtered forces, respectively. The

best fit between the signals is found at the time delay, τ, where the energy in the difference between the two signals has a

minimum. If η ¼ 0 the two signals are identical.

The simulation results show that the inverse filters are able to counteract the dynamic influences and reconstruct the

reference cutting forces within a small error margin for all cutting speeds and feed rates listed in Table 1.1. As seen in

Figs 1.5a and 1.6a the difference between reference and inverse filtered forces increases as the cutting speed increases. This

is expected since the cutting speed affect ramp up times and thereby the frequency content in the reference force signal.

Higher cutting speed leads to higher frequencies in the reference force. Thus, the frequency range of the inverse filter may

not be enough to fully describe the transient behavior in the force signal at high cutting speeds. Comparisons between

reference and inverse filtered forces using maximum feed rate and cutting speed are shown in Figs 1.5b and 1.6b.

Additionally, simulations were performed without considering the effect of the cross FRFs on the dynamometer outputs.

Neglecting the cross FRFs did not show any significant changes in the results confirming that the cross FRFs are negligible.

1.4 Experimental Tests

The proposed method was evaluated in experimental cutting tests using different cutting speeds, feed rates and radial

immersion. To be able to test the method over a large span of cutting speeds, the tests were performed in aluminum. Forces in

both x- and y-directions were recorded and inverse filtered. The results are compared with unfiltered, low-pass filtered and

simulated cutting forces. The simulated cutting forces are mechanistic modeled and the cutting coefficients are estimated

from milling tests in the work piece used in the experimental tests, see Table 1.2, [13]. The test setup is illustrated in Fig. 1.7.

Equipment and cutting data used are listed in Table 1.1.

Table 1.2 Estimated cutting force coefficients from milling tests

vc Ktc Kte Krc Kre Kac Kae

200 [m/min] 732.26 26.38 163.71 15.65 �52.07 18.90 [N/mm2]

400 [m/min] 693.05 18.37 128.67 9.66 �36.80 14.771 [N/mm2]

800 [m/min] 638.00 17.92 99.43 11.33 �5.47 12.69 [N/mm2]

1200 [m/min] 649.03 21.78 42.14 14.67 �23.76 4.61 [N/mm2]

1490 [m/min] 617.35 19.71 24.12 12.77 �87.01 16.72 [N/mm2]

2000 [m/min] 597.66 17.40 24.44 11.61 �105.45 15.61 [N/mm2]
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filtered and reference input forces (Cutting speed, vc ¼ 2000 [m/min]; Feed rate, f z ¼ 0:25 [mm/tooth])
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The cut-off frequency used for direct low-pass filtering of the cutting forces was set by visually inspecting the FRFs in

Figs 1.1 and 1.2. As seen, the frequency response of the force dynamometer is relatively flat up to 600 Hz. Information

contained in the region above 600 Hz is expected to be effected by the force dynamometer dynamics and generate an

erroneous output. Thus, the cut-off frequency used for direct low-pass filtering was set to 600 Hz. The cut-off frequency

used for low-pass filtering the inverse filtered signals is the same as used in the simulations, 2400 Hz. The filter design and

filtering techniques used in the simulations are also used in the experimental tests. Figs 1.8 and 1.9 show results from tests

with different radial immersion and cutting speeds.

The results show that inverse filtered cutting forces are able to predict both amplitude and ramp-up in a reliable manner.

Compared with simulated forces the difference in amplitude is small for all cutting conditions tested. Both amplitude and

ramp-up prediction is better for inverse filtered compared to low-pass filtered forces. The difference is especially clear for

transient cutting conditions and high cutting speeds. Another issue using low-pass filtering is that changes in the estimated

cutting forces with respect to cut-off frequency make it difficult to tell if and when the obtained results are accurate.
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Fig. 1.6 Simulation results with feed in y-direction; (a) The isolines of η [%], Eq. (1.7). (b) Comparison between dynamometer output, inverse

filtered and reference input forces (Cutting speed, vc ¼ 2000 [m/min]; Feed rate, f z ¼ 0:25 [mm/tooth])

Fig. 1.7 The test setup showing force dynamometer, workpiece and cutter used in the measurements
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Also, using low-pass filtering the cut-off frequency should be set to the highest possible value in order to preserve as much

information as possible. This requires measurements of the dynamometers frequency response for each specific set-up. Thus,

to properly select a cut-off frequency for low-pass filtering, the same number of frequency response measurements are

needed as are needed to construct an inverse filter. Since the frequency range, in this case, was extended by 400 % using

inverse filtering compared to low-pass filtering, the results become more reliable and less sensitive to changes in cutting

conditions.

1.5 Conclusions

A method to create an inverse filter for improved cutting force measurements based on minimum-phase FRFs has been

presented. The method is based on the assumptions that the force dynamometer can be described by a linear model and that

the cross FRFs of the system are negligible. These assumptions were verified by simulations, combining both measured

mixed-phase and minimum-phase FRFs of the force dynamometer, confirming the inverse filters validity within the

boundaries of the cutting conditions used in the measurements. The method successfully counteracted the dynamometer

dynamics in experimental tests with different feed rates, cutting directions and cutting speeds. The results show that a more

reliable estimation of the cutting forces can be obtained using the proposed method compared to traditional low-pass

filtering, especially under transient cutting conditions and high cutting speeds. Since the dynamic corrections are performed

Fig. 1.8 Comparison of unfiltered, simulated, inverse filtered and low-pass filtered cutting forces. Down milling; Cutting speed, vc ¼ 1200

[m/min]; Tooth passing frequency, f t ¼ 127:3 [Hz]; Feed rate, f z ¼ 0:2 [mm/tooth]; Radial immersion ae ¼ 25 [mm]
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in the time domain, compensation can be performed on both stationary and non-stationary signals, which allows the method

to be used under both constant and varying cutting conditions. The method can be used to study detailed force responses such

as transient entering and/or exiting forces, which is important, e.g., for cutting tool design.
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Chapter 2

Use of a Depth Camera as a Contactless Displacement Field Sensor

Jean Michel Franco, Johannio Marulanda, and Peter Thomson

Abstract During experimental tests, optical displacement measures can provide reliable data about the behavior of

structural elements without altering key parameters, such as damping, stiffness, or mass, with low cost and high spatial

density of measurements. Motion capture Systems are used in different application from medicine to cinematography,

involving different types of image processing techniques, but its application to measure the response of civil structures is

costly and of limited value in terms of real implementations. Range/Depth Cameras, on the other hand, can provide a 3-D

imaging Solution to capture motion and displacements at an affordable cost. These cameras are widely available and used in

the videogames industry. This paper presents the first steps for the implementation of a large-displacement measurement

methodology and its application.

Keywords Artificial vision • Instrumentation • Displacement measures • Depth camera

2.1 Introduction

Kinect for Xbox360™ [1] is essentially a set of sensors which comprises a triaxial accelerometer, an RGB camera and an

infrared camera, initially developed for detecting human features in three dimensions, with a primary application in the field

of video games Through a pattern generated by an infrared laser a Range/Depth camera is achieved for three-dimensional

scene detection where lighting stops playing an important role as it is in other artificial vision systems, making it a sensor

with good performance [2–4] and remarkably low cost. (<150 US $) [5, 6].

The methodology is proposed based on improvements over the Kinect for Xbox360™ raw data using 3D interpolations

and a 3D correspondence technique [7] for the measurement of the actual displacement field at a certain time. Test were

made using two acquisition methodologies, one based on a continuous 3D reconstruction using Kinect Fusion that is

included on the Microsoft Kinect Framework; other extracting raw Kinect depth using Matlab through the Image Acquisi-

tion Toolbox that supports Kinect for Xbox360™ devices. Once an acquisition is made, it is performed a 3d interpolation for

a normalization of the scattered data in aims to provide normalized data and a posterior processing with a 3D correspondence

technique to improve results.

Due to the measuring characteristics and low cost, has become a multipurpose sensor, in different areas from surveys of

complex three-dimensional scenes [8], applications focused on improving and reducing costs in augmented reality systems

[5], to characterization of turbulent flows using multiple Kinect’s [9]. There are studies of the use of the Kinect for the

realization of whole plant phenotypes [10], evaluation of postures in the human body and on-line medical evaluation using

Kinect generated point clouds from a clinical environment [3, 6, 11]. There are applications for tracking objects in 3D space

[16], machine vision applications in robotics for automated three-dimensional survey [12], also there are multiple

calibration approaches [13–15] and even improvements to sensor characteristics [16] as are further comparisons with

instruments such as laser scanners commonly used for three-dimensional surveys [13] demonstrating the versatility of this

sensor.
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