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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract

This paper describes the relationship between presetter tool extension length and diameter measurements, the tool point frequency 
response function (FRF), and milling stability. Three scenarios are considered: 1) the tool extension from the holder face is 
controlled during setup and measured by the presetter for validation; 2) the tool extension length from the holder face is not 
controlled during setup and measured to update the tool information in the part program; and 3) the measured extension length is 
used to update the stability boundary prediction and corresponding operating parameters in the part program. Example presetting 
results are provided to establish the associated measurement uncertainty. Next, the receptance coupling substructure analysis 
(RCSA) technique is used within a Monte Carlo simulation to establish the tool point FRF uncertainty as a function of the tool 
extension length and diameter uncertainty. Finally, the distribution in the tool point FRF is propagated to uncertainty in the milling 
stability limit. Each of the three scenarios is evaluated to understand their implications for milling stability.
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1. Introduction

Tool management represents a key consideration in 
modern subtractive manufacturing organizations. Its 
importance continues to grow with: the increasing 
number of tools available from multiple vendors; new 
cutting edge materials and coatings; and the large 

number of tools kept in storage within automated tool 
magazines located on the computer numerically 
controlled (CNC) machining centers [1]. Successful 
tool management requires that the proper tool is 
selected in each instance in order to make full use of 
the CNC machine’s capabilities. Activities required to 
meet this objective include inventory control, either in 
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a centralized fashion or localized to a flexible 
manufacturing cell, and accurate tool setup. Inventory 
can be effectively monitored using bar code labels or 
electronically programmable tags (such as RFID [2]). 
Tool setup includes proper geometric assembly of the 
tooling components (e.g., a collet holder and solid 
carbide end mill) and may be completed remotely from 
the CNC machine or directly on the machine [3]. On-
machine testing can include tool length and diameter 
validation, wear evaluation, and broken tool checks.

Proper tool setup is critical for two primary reasons: 
1) the tool diameter and offsets must be properly 
represented in the computer-aided manufacturing 
(CAM) part program to provide the appropriate 
geometric tool motions relative to the part; and 2) the 
material removal process performance depends on the 
tool geometry, including the assembly’s dynamic 
flexibility and runout of the cutter teeth (for rotating 
tools). The structural dynamics affect the process 
stability (i.e., the potential presence of chatter, or self-
excited vibrations) and part accuracy (through forced 
vibrations during stable cutting) [4]. Runout directly 
influences the machined surface finish [5-6].

Current tool measurement practices primarily focus 
on geometrical concerns. That is, the part program is 
written with a specific tool length in mind, but the 
physical tool may be different if the setup process is 
not well controlled. When the tool is preset, or when 
the tool is loaded into the machine, its true length is 
measured (for example, by touch-off in the spindle). A 
correction for the difference between planned and true 
tool length (tool length compensation) is entered into 
the controller and the part program is adjusted in real 
time to account for the geometrical difference. 
However, this common practice ignores the fact that 
different tool lengths lead to different cutting 
performance. In the current environment where the 
tool setting is not under tight control, the tool use may 
differ from the one that was planned in many ways: 
length, number of flutes, helix angle, tool 
material/coating, and so on. The user is supported only 
in correcting for the geometrical difference. This paper 
describes a method to recognize and accommodate the 
performance difference associated with the geometry 
difference.

Besides technological influences, presetting can 
also have managerial influences over both productive 
and unproductive times, not only during setup. 
Therefore, an effective presetting operation can 
achieve greater productivity as a result of increasing 
availability of machines [7].

The tool point frequency response function, or FRF, 
describes the structural dynamics of a selected tool-
holder-machine combination [8]. It must be known to 
enable the pre-process selection of machining 
parameters that avoid chatter and provide acceptable 
geometric accuracy. In milling, for example, the tool’s 
extension from the holder strongly influences the tool 
point FRF. Because this extension must be set for 
ER/TG collets, thermal shrink fit, hydraulic, and other 
tool-holder interfaces, tool presetting is an integral 
component of high productivity machining.

The purpose of this study is to identify the 
relationship between tool presetting and process 
stability for peripheral end milling operations. The 
paper is organized as follows. First, three options for 
the use of tool presetting data are defined. Second, 
example presetting results are provided to establish the 
associated measurement uncertainty. Third, the 
receptance coupling substructure analysis (RCSA) 
technique is used to predict the tool point FRF as a 
function of the tool length and diameter. Fourth, 
variation in the tool point FRF is propagated to 
uncertainty in the milling stability limit (to avoid 
chatter). Finally, conclusions are presented.

2. Use of tool presetting data

There are three options for the use of tool presetting 
data, including the tool extension and diameter. These 
are:
1. The tool extension from the holder face is 

controlled during setup. In this scenario, the 
extension after a tool change is nominally the 
same and the presetter is only used to verify the 
length and diameter and make minor adjustments 
to the tool parameters in the part program.

2. The tool extension length from the holder face is 
not controlled during setup. In this case, the tool 
length after a tool change can be significantly 
different than the previous tool setup. The 
presetter is then used to measure the actual length, 
verify the diameter, and change the tool 
parameters in the part program.

3. The presetter is used to measure the extension 
length and verify the diameter. The measured 
extension length is used to update the stability 
boundary prediction and, subsequently, modify 
the spindle speed to obtain stable behavior for a 
selected axial depth of cut.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.promfg.2018.07.023&domain=pdf
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a centralized fashion or localized to a flexible 
manufacturing cell, and accurate tool setup. Inventory 
can be effectively monitored using bar code labels or 
electronically programmable tags (such as RFID [2]). 
Tool setup includes proper geometric assembly of the 
tooling components (e.g., a collet holder and solid 
carbide end mill) and may be completed remotely from 
the CNC machine or directly on the machine [3]. On-
machine testing can include tool length and diameter 
validation, wear evaluation, and broken tool checks.

Proper tool setup is critical for two primary reasons: 
1) the tool diameter and offsets must be properly 
represented in the computer-aided manufacturing 
(CAM) part program to provide the appropriate 
geometric tool motions relative to the part; and 2) the 
material removal process performance depends on the 
tool geometry, including the assembly’s dynamic 
flexibility and runout of the cutter teeth (for rotating 
tools). The structural dynamics affect the process 
stability (i.e., the potential presence of chatter, or self-
excited vibrations) and part accuracy (through forced 
vibrations during stable cutting) [4]. Runout directly 
influences the machined surface finish [5-6].

Current tool measurement practices primarily focus 
on geometrical concerns. That is, the part program is 
written with a specific tool length in mind, but the 
physical tool may be different if the setup process is 
not well controlled. When the tool is preset, or when 
the tool is loaded into the machine, its true length is 
measured (for example, by touch-off in the spindle). A 
correction for the difference between planned and true 
tool length (tool length compensation) is entered into 
the controller and the part program is adjusted in real 
time to account for the geometrical difference. 
However, this common practice ignores the fact that 
different tool lengths lead to different cutting 
performance. In the current environment where the 
tool setting is not under tight control, the tool use may 
differ from the one that was planned in many ways: 
length, number of flutes, helix angle, tool 
material/coating, and so on. The user is supported only 
in correcting for the geometrical difference. This paper 
describes a method to recognize and accommodate the 
performance difference associated with the geometry 
difference.

Besides technological influences, presetting can 
also have managerial influences over both productive 
and unproductive times, not only during setup. 
Therefore, an effective presetting operation can 
achieve greater productivity as a result of increasing 
availability of machines [7].

The tool point frequency response function, or FRF, 
describes the structural dynamics of a selected tool-
holder-machine combination [8]. It must be known to 
enable the pre-process selection of machining 
parameters that avoid chatter and provide acceptable 
geometric accuracy. In milling, for example, the tool’s 
extension from the holder strongly influences the tool 
point FRF. Because this extension must be set for 
ER/TG collets, thermal shrink fit, hydraulic, and other 
tool-holder interfaces, tool presetting is an integral 
component of high productivity machining.

The purpose of this study is to identify the 
relationship between tool presetting and process 
stability for peripheral end milling operations. The 
paper is organized as follows. First, three options for 
the use of tool presetting data are defined. Second, 
example presetting results are provided to establish the 
associated measurement uncertainty. Third, the 
receptance coupling substructure analysis (RCSA) 
technique is used to predict the tool point FRF as a 
function of the tool length and diameter. Fourth, 
variation in the tool point FRF is propagated to 
uncertainty in the milling stability limit (to avoid 
chatter). Finally, conclusions are presented.

2. Use of tool presetting data

There are three options for the use of tool presetting 
data, including the tool extension and diameter. These 
are:
1. The tool extension from the holder face is 

controlled during setup. In this scenario, the 
extension after a tool change is nominally the 
same and the presetter is only used to verify the 
length and diameter and make minor adjustments 
to the tool parameters in the part program.

2. The tool extension length from the holder face is 
not controlled during setup. In this case, the tool 
length after a tool change can be significantly 
different than the previous tool setup. The 
presetter is then used to measure the actual length, 
verify the diameter, and change the tool 
parameters in the part program.

3. The presetter is used to measure the extension 
length and verify the diameter. The measured 
extension length is used to update the stability 
boundary prediction and, subsequently, modify 
the spindle speed to obtain stable behavior for a 
selected axial depth of cut.
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Fig. 1. Photograph of TSF-130 tool presetter [8].

3. Tool presetting measurements

To establish the uncertainty in tool presetting 
measurements, a study was competed using a 
Geotecno TSG-130 laser-based tool presetting station 
[9]; see Fig. 1. The tool assembly was composed of a 
Sandvik Coromill 390 square shoulder, two insert 
milling cutter (Sandvik R390-020A20-11L) clamped 
in a Sanches Blanes BT-40 ER collet holder 
(34.55.040).

The following steps were completed to collect the 
tool presetting measurement data.
 The machine was turned on and a program was 

executed for 30 minutes to enable the machine to 
reach thermal equilibrium.

 After this pre-heating step, a referencing cycle 
was performed to report the position of the laser 
beam to the CNC controller. In this cycle, a 
reference pin with known dimensions was used.

 Once the laser beam was referenced, experiments 
were completed to measure the tool extension
length and diameter using three different: 1) 
spindle speeds, {1400, 1800, and 2200} rpm; and 
2) approach velocities, {2, 4, and 6} mm/min
(selected using [10]). Ten trials were completed 
for all nine combinations of spindle speed and 
velocity (feed rate). This yielded a total of 90 
tests. The measured parameters are shown in Fig. 
2. These included a reference location at the 
spindle (R), the holder length (h2), the holder and 
tool length (h1), and the tool diameter (d).

 Parameters h1, h2, and d were measured with the 
spindle rotating, while R was measured with the 
spindle stationary.

Fig. 2. Geometric parameters measures by the tool presetter.

Measurement results are displayed in Figs. 3-6. The 
mean values are reported. One standard deviation error 
bars are also included, where the standard deviations 
were calculated using the 10 measurement trials for 
each spindle speed-velocity pair. To determine the tool 
extension length, the difference between h1 and h2 was 
calculated. This result is presented in Fig. 7.

Fig. 3. Tool presetter measurements for R.
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Presetter
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h1

d
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Fig. 4. Tool presetter measurements for h2.

Fig. 5. Tool presetter measurements for h1.

Fig. 6. Tool presetter measurements for d.

Figures 3-6 show modest trends in the measured 
parameters with approach velocity. No consistent 
trends are apparent with changes in spindle speed. 
Figure 7, on the other hand, shows no clear trend with 
either velocity or spindle speed. The mean value of d
for all 90 tests was 19.8644 mm with a standard 
deviation of 0.0056 mm. The mean value of h1 – h2 for 

all 90 tests was 80.6508 mm with a standard deviation 
of 0.0080 mm.

Fig. 7. Tool presetter measurements for h1 – h2.

Fig. 8. Tool-holder geometry for RCSA.

4. RCSA

Given the tool setup measurement values, the tool 
point FRF can be determined using RCSA. RCSA is a 
frequency domain, analytical procedure used to couple 
component FRFs (or receptances) in order to predict 
the assembly receptances [11-12]. In this work, the 
free-free boundary condition receptances for the tool 
and holder are rigidly coupled to the spindle 
receptances; see Fig. 8, where the measured tool 
dimensions are included as d and h1 – h2 and the 
inserted portion of the tool at the free end was 
described using an effective diameter that was 80% of 
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the solid shank diameter. The material properties for 
both the tool and holder were: 200 GPa elastic 
modulus, 7800 kg/m3 density, and 0.29 Poisson’s 
ratio.

Using rigid compatibility and equilibrium 
conditions, the assembly direct receptance, 𝐻𝐻𝐻𝐻11 = 𝑌𝑌𝑌𝑌1

𝐹𝐹𝐹𝐹1
,

at assembly coordinate 𝑌𝑌𝑌𝑌1 is written as a function of 
the component receptances at coordinates 1, 2𝑎𝑎𝑎𝑎, and 
2𝑏𝑏𝑏𝑏; see [4] for the derivation. The required direct and 
cross receptances for the free-free tool-holder
(coordinates 1 and 2𝑎𝑎𝑎𝑎 ) and spindle (coordinate 2𝑏𝑏𝑏𝑏 )
components are:
• ℎ11 = 𝑦𝑦𝑦𝑦1

𝑓𝑓𝑓𝑓1
, ℎ12𝑎𝑎𝑎𝑎 = 𝑦𝑦𝑦𝑦1

𝑓𝑓𝑓𝑓2𝑎𝑎𝑎𝑎
, ℎ2𝑎𝑎𝑎𝑎1 = 𝑦𝑦𝑦𝑦2𝑎𝑎𝑎𝑎

𝑓𝑓𝑓𝑓1
, ℎ2𝑎𝑎𝑎𝑎2𝑎𝑎𝑎𝑎 = 𝑦𝑦𝑦𝑦2𝑎𝑎𝑎𝑎

𝑓𝑓𝑓𝑓2𝑎𝑎𝑎𝑎
,

and ℎ2𝑏𝑏𝑏𝑏2𝑏𝑏𝑏𝑏 = 𝑦𝑦𝑦𝑦2𝑏𝑏𝑏𝑏
𝑓𝑓𝑓𝑓2𝑏𝑏𝑏𝑏

, where 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 is the component 

displacement and 𝑓𝑓𝑓𝑓𝑗𝑗𝑗𝑗 is the (internal) component 
force

• 𝑙𝑙𝑙𝑙11 = 𝑦𝑦𝑦𝑦1
𝑚𝑚𝑚𝑚1

, 𝑙𝑙𝑙𝑙12𝑎𝑎𝑎𝑎 = 𝑦𝑦𝑦𝑦1
𝑚𝑚𝑚𝑚2𝑎𝑎𝑎𝑎

, 𝑙𝑙𝑙𝑙2𝑎𝑎𝑎𝑎1 = 𝑦𝑦𝑦𝑦2𝑎𝑎𝑎𝑎
𝑚𝑚𝑚𝑚1

, 𝑙𝑙𝑙𝑙2𝑎𝑎𝑎𝑎2𝑎𝑎𝑎𝑎 = 𝑦𝑦𝑦𝑦2𝑎𝑎𝑎𝑎
𝑚𝑚𝑚𝑚2𝑎𝑎𝑎𝑎

,

and 𝑙𝑙𝑙𝑙2𝑏𝑏𝑏𝑏2𝑏𝑏𝑏𝑏 = 𝑦𝑦𝑦𝑦2𝑏𝑏𝑏𝑏
𝑚𝑚𝑚𝑚2𝑏𝑏𝑏𝑏

, where 𝑚𝑚𝑚𝑚𝑗𝑗𝑗𝑗 is the (internal) 

component moment
• 𝑛𝑛𝑛𝑛11 = 𝜃𝜃𝜃𝜃1

𝑓𝑓𝑓𝑓1
, 𝑛𝑛𝑛𝑛12𝑎𝑎𝑎𝑎 = 𝜃𝜃𝜃𝜃1

𝑓𝑓𝑓𝑓2𝑎𝑎𝑎𝑎
, 𝑛𝑛𝑛𝑛2𝑎𝑎𝑎𝑎1 = 𝜃𝜃𝜃𝜃2𝑎𝑎𝑎𝑎

𝑓𝑓𝑓𝑓1
, 𝑛𝑛𝑛𝑛2𝑎𝑎𝑎𝑎2𝑎𝑎𝑎𝑎 = 𝜃𝜃𝜃𝜃2𝑎𝑎𝑎𝑎

𝑓𝑓𝑓𝑓2𝑎𝑎𝑎𝑎
,

and 𝑛𝑛𝑛𝑛2𝑏𝑏𝑏𝑏2𝑏𝑏𝑏𝑏 = 𝜃𝜃𝜃𝜃2𝑏𝑏𝑏𝑏
𝑓𝑓𝑓𝑓2𝑏𝑏𝑏𝑏

, where 𝜃𝜃𝜃𝜃𝑖𝑖𝑖𝑖 is the component 

rotation
• 𝑝𝑝𝑝𝑝11 = 𝜃𝜃𝜃𝜃1

𝑚𝑚𝑚𝑚1
, 𝑝𝑝𝑝𝑝12𝑎𝑎𝑎𝑎 = 𝜃𝜃𝜃𝜃1

𝑚𝑚𝑚𝑚2𝑎𝑎𝑎𝑎
, 𝑝𝑝𝑝𝑝2𝑎𝑎𝑎𝑎1 = 𝜃𝜃𝜃𝜃2𝑎𝑎𝑎𝑎

𝑚𝑚𝑚𝑚1
, ℎ2𝑎𝑎𝑎𝑎2𝑎𝑎𝑎𝑎 = 𝜃𝜃𝜃𝜃2𝑎𝑎𝑎𝑎

𝑚𝑚𝑚𝑚2𝑎𝑎𝑎𝑎
,

and 𝑝𝑝𝑝𝑝2𝑏𝑏𝑏𝑏2𝑏𝑏𝑏𝑏 = 𝜃𝜃𝜃𝜃2𝑏𝑏𝑏𝑏
𝑚𝑚𝑚𝑚2𝑏𝑏𝑏𝑏

.

The assembly receptances for the tool tip are 
provided in Eq. 1 [4], where H11 is the displacement-
to-force receptance required for the machining 
stability analysis.
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The tool-holder component receptances can be 
obtained from measurements or models. Two 
modeling options are the Euler-Bernoulli and 
Timoshenko beams. Here, the one-dimensional 
Timoshenko beam model was implemented to find the 
free-free boundary condition receptances. This 
requires a numerical solution of the partial differential 

equation displayed in Eq. 2 [13], where 𝜌𝜌𝜌𝜌 is the 
density, 𝐴𝐴𝐴𝐴 is the beam’s cross-sectional area, 𝐺𝐺𝐺𝐺 is the 
shear modulus, and 𝑘𝑘𝑘𝑘� is a shape factor that depends on 
the beam’s cross section [14].
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Fig. 9. Spindle displacement-to-force receptance h2b2b.

The spindle displacement-to-force receptance,
h2b2b, is shown in Fig. 9. Five modes are observed at 
{100, 110, 400, 1000, and 1500} Hz. The remaining 
rotational spindle receptances were defined using the 
technique described in [15].

To determine the variation in the tool point FRF
due to the uncertainties in the tool diameter and 
extension length presetter measurements, a Monte 
Carlo simulation was developed. In each iteration of 
the simulation, the tool diameter and extension length 
were sampled from normal distributions. These 
normal distributions were defined using the mean 
values from the complete measurement set (90 total 
measurements). The standard deviations for the 
normal distributions was taken to be the standard 
deviations from the measurements multiplied by a 
coverage factor of 2.

Given the sampled tool diameter and extension
length, the tool model was defined (see Fig. 8). The 
spindle receptances were then rigidly coupled to the 
holder and tool free-free receptances to predict the 
assembly response. This process was completed many
times to determine the corresponding distribution in 
the tool point FRF.
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The result from 1000 Monte Carlo simulation 
iterations is shown in Fig. 10. A higher magnification 
view of the real and imaginary parts near the dominant 
natural frequency is displayed in Fig. 11. It is seen that 
the tool presetter measurement uncertainty is 
sufficiently small that there is only minor variation in 
the tool point FRF.

Fig. 10. Distribution in tool point FRF due to uncertainty in tool 
diameter and extension from presetter measurements.

Fig. 11. Distribution in dominant mode for tool point FRF due to 
uncertainty in tool diameter and extension from presetter 

measurements.

5. Milling stability limit uncertainty

The Monte Carlo simulation was next extended to 
determine the variation in the milling stability 
boundary based on the variation in the tool point FRF.
In each iteration, a new stability boundary was defined 
using the calculated tool point FRF.

Fig. 12. Geometry for average tooth angle analytical stability
analysis.

The average tooth angle analytical stability analysis
[4] was applied for 50% radial immersion down 
milling of 6061-T6 aluminum using the two-insert end 
mill. The cutting force, F, model used a specific force
coefficient, Ks, which relates the resultant cutting force 
to the chip area, of 750 N/mm2 and a force angle, β, of 
68 deg. Figure 12 displays the cut geometry, where the 
tool feed is in the negative x direction, φave is the 
average tooth angle between the entry and exit angles 
for the down milling cut, and n is the surface normal 
direction at the average tooth angle.

Fig. 13. Stability boundary for tool point FRF variation based on 
the presetter measurement uncertainty for the tool diameter and 

extension.
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the solid shank diameter. The material properties for 
both the tool and holder were: 200 GPa elastic 
modulus, 7800 kg/m3 density, and 0.29 Poisson’s 
ratio.

Using rigid compatibility and equilibrium 
conditions, the assembly direct receptance, 𝐻𝐻𝐻𝐻11 = 𝑌𝑌𝑌𝑌1

𝐹𝐹𝐹𝐹1
,

at assembly coordinate 𝑌𝑌𝑌𝑌1 is written as a function of 
the component receptances at coordinates 1, 2𝑎𝑎𝑎𝑎, and 
2𝑏𝑏𝑏𝑏; see [4] for the derivation. The required direct and 
cross receptances for the free-free tool-holder
(coordinates 1 and 2𝑎𝑎𝑎𝑎 ) and spindle (coordinate 2𝑏𝑏𝑏𝑏 )
components are:
• ℎ11 = 𝑦𝑦𝑦𝑦1

𝑓𝑓𝑓𝑓1
, ℎ12𝑎𝑎𝑎𝑎 = 𝑦𝑦𝑦𝑦1

𝑓𝑓𝑓𝑓2𝑎𝑎𝑎𝑎
, ℎ2𝑎𝑎𝑎𝑎1 = 𝑦𝑦𝑦𝑦2𝑎𝑎𝑎𝑎

𝑓𝑓𝑓𝑓1
, ℎ2𝑎𝑎𝑎𝑎2𝑎𝑎𝑎𝑎 = 𝑦𝑦𝑦𝑦2𝑎𝑎𝑎𝑎

𝑓𝑓𝑓𝑓2𝑎𝑎𝑎𝑎
,

and ℎ2𝑏𝑏𝑏𝑏2𝑏𝑏𝑏𝑏 = 𝑦𝑦𝑦𝑦2𝑏𝑏𝑏𝑏
𝑓𝑓𝑓𝑓2𝑏𝑏𝑏𝑏

, where 𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 is the component 

displacement and 𝑓𝑓𝑓𝑓𝑗𝑗𝑗𝑗 is the (internal) component 
force

• 𝑙𝑙𝑙𝑙11 = 𝑦𝑦𝑦𝑦1
𝑚𝑚𝑚𝑚1

, 𝑙𝑙𝑙𝑙12𝑎𝑎𝑎𝑎 = 𝑦𝑦𝑦𝑦1
𝑚𝑚𝑚𝑚2𝑎𝑎𝑎𝑎

, 𝑙𝑙𝑙𝑙2𝑎𝑎𝑎𝑎1 = 𝑦𝑦𝑦𝑦2𝑎𝑎𝑎𝑎
𝑚𝑚𝑚𝑚1

, 𝑙𝑙𝑙𝑙2𝑎𝑎𝑎𝑎2𝑎𝑎𝑎𝑎 = 𝑦𝑦𝑦𝑦2𝑎𝑎𝑎𝑎
𝑚𝑚𝑚𝑚2𝑎𝑎𝑎𝑎

,

and 𝑙𝑙𝑙𝑙2𝑏𝑏𝑏𝑏2𝑏𝑏𝑏𝑏 = 𝑦𝑦𝑦𝑦2𝑏𝑏𝑏𝑏
𝑚𝑚𝑚𝑚2𝑏𝑏𝑏𝑏

, where 𝑚𝑚𝑚𝑚𝑗𝑗𝑗𝑗 is the (internal) 

component moment
• 𝑛𝑛𝑛𝑛11 = 𝜃𝜃𝜃𝜃1

𝑓𝑓𝑓𝑓1
, 𝑛𝑛𝑛𝑛12𝑎𝑎𝑎𝑎 = 𝜃𝜃𝜃𝜃1

𝑓𝑓𝑓𝑓2𝑎𝑎𝑎𝑎
, 𝑛𝑛𝑛𝑛2𝑎𝑎𝑎𝑎1 = 𝜃𝜃𝜃𝜃2𝑎𝑎𝑎𝑎

𝑓𝑓𝑓𝑓1
, 𝑛𝑛𝑛𝑛2𝑎𝑎𝑎𝑎2𝑎𝑎𝑎𝑎 = 𝜃𝜃𝜃𝜃2𝑎𝑎𝑎𝑎

𝑓𝑓𝑓𝑓2𝑎𝑎𝑎𝑎
,

and 𝑛𝑛𝑛𝑛2𝑏𝑏𝑏𝑏2𝑏𝑏𝑏𝑏 = 𝜃𝜃𝜃𝜃2𝑏𝑏𝑏𝑏
𝑓𝑓𝑓𝑓2𝑏𝑏𝑏𝑏

, where 𝜃𝜃𝜃𝜃𝑖𝑖𝑖𝑖 is the component 

rotation
• 𝑝𝑝𝑝𝑝11 = 𝜃𝜃𝜃𝜃1

𝑚𝑚𝑚𝑚1
, 𝑝𝑝𝑝𝑝12𝑎𝑎𝑎𝑎 = 𝜃𝜃𝜃𝜃1

𝑚𝑚𝑚𝑚2𝑎𝑎𝑎𝑎
, 𝑝𝑝𝑝𝑝2𝑎𝑎𝑎𝑎1 = 𝜃𝜃𝜃𝜃2𝑎𝑎𝑎𝑎

𝑚𝑚𝑚𝑚1
, ℎ2𝑎𝑎𝑎𝑎2𝑎𝑎𝑎𝑎 = 𝜃𝜃𝜃𝜃2𝑎𝑎𝑎𝑎

𝑚𝑚𝑚𝑚2𝑎𝑎𝑎𝑎
,

and 𝑝𝑝𝑝𝑝2𝑏𝑏𝑏𝑏2𝑏𝑏𝑏𝑏 = 𝜃𝜃𝜃𝜃2𝑏𝑏𝑏𝑏
𝑚𝑚𝑚𝑚2𝑏𝑏𝑏𝑏

.

The assembly receptances for the tool tip are 
provided in Eq. 1 [4], where H11 is the displacement-
to-force receptance required for the machining 
stability analysis.
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The tool-holder component receptances can be 
obtained from measurements or models. Two 
modeling options are the Euler-Bernoulli and 
Timoshenko beams. Here, the one-dimensional 
Timoshenko beam model was implemented to find the 
free-free boundary condition receptances. This 
requires a numerical solution of the partial differential 

equation displayed in Eq. 2 [13], where 𝜌𝜌𝜌𝜌 is the 
density, 𝐴𝐴𝐴𝐴 is the beam’s cross-sectional area, 𝐺𝐺𝐺𝐺 is the 
shear modulus, and 𝑘𝑘𝑘𝑘� is a shape factor that depends on 
the beam’s cross section [14].
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Fig. 9. Spindle displacement-to-force receptance h2b2b.

The spindle displacement-to-force receptance,
h2b2b, is shown in Fig. 9. Five modes are observed at 
{100, 110, 400, 1000, and 1500} Hz. The remaining 
rotational spindle receptances were defined using the 
technique described in [15].

To determine the variation in the tool point FRF
due to the uncertainties in the tool diameter and 
extension length presetter measurements, a Monte 
Carlo simulation was developed. In each iteration of 
the simulation, the tool diameter and extension length 
were sampled from normal distributions. These 
normal distributions were defined using the mean 
values from the complete measurement set (90 total 
measurements). The standard deviations for the 
normal distributions was taken to be the standard 
deviations from the measurements multiplied by a 
coverage factor of 2.

Given the sampled tool diameter and extension
length, the tool model was defined (see Fig. 8). The 
spindle receptances were then rigidly coupled to the 
holder and tool free-free receptances to predict the 
assembly response. This process was completed many
times to determine the corresponding distribution in 
the tool point FRF.
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The result from 1000 Monte Carlo simulation 
iterations is shown in Fig. 10. A higher magnification 
view of the real and imaginary parts near the dominant 
natural frequency is displayed in Fig. 11. It is seen that 
the tool presetter measurement uncertainty is 
sufficiently small that there is only minor variation in 
the tool point FRF.

Fig. 10. Distribution in tool point FRF due to uncertainty in tool 
diameter and extension from presetter measurements.

Fig. 11. Distribution in dominant mode for tool point FRF due to 
uncertainty in tool diameter and extension from presetter 

measurements.

5. Milling stability limit uncertainty

The Monte Carlo simulation was next extended to 
determine the variation in the milling stability 
boundary based on the variation in the tool point FRF.
In each iteration, a new stability boundary was defined 
using the calculated tool point FRF.

Fig. 12. Geometry for average tooth angle analytical stability
analysis.

The average tooth angle analytical stability analysis
[4] was applied for 50% radial immersion down 
milling of 6061-T6 aluminum using the two-insert end 
mill. The cutting force, F, model used a specific force
coefficient, Ks, which relates the resultant cutting force 
to the chip area, of 750 N/mm2 and a force angle, β, of 
68 deg. Figure 12 displays the cut geometry, where the 
tool feed is in the negative x direction, φave is the 
average tooth angle between the entry and exit angles 
for the down milling cut, and n is the surface normal 
direction at the average tooth angle.

Fig. 13. Stability boundary for tool point FRF variation based on 
the presetter measurement uncertainty for the tool diameter and 

extension.
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Fig. 14. Magnified view of stability boundary near 9000 rpm for 
tool point FRF variation based on the presetter measurement 

uncertainty for the tool diameter and extension.

The Monte Carlo simulation result for the first 
scenario in Section 2 is presented in Fig. 13. In this 
case, the extension after a tool change is nominally the 
same and the presetter is only used to verify the length 
and diameter and make minor adjustments to the tool 
parameters in the part program. In Fig. 13, 1000 
iterations of the Monte Carlo simulation are displayed,
where the limiting axial depth of cut to avoid chatter, 
blim, is plotted versus the spindle speed. A higher 
magnification view of the stability limit near 9000 rpm 
is shown in Fig. 14. It is observed that the variation is 
small when the tool extension is controlled and the 
uncertainty is limited to the presetter measurement 
uncertainty. For the selected radial depth of cut (50% 
radial immersion), an axial depth of cut of 3 mm at a 
spindle speed of 9000 rpm would enable high metal 
removal rate without chatter.

The previous analysis assumed that the tool 
geometry varied only by the uncertainty in the 
presetter measurements. If the tool extension length 
varies over a much wider range because the length is 
not well controlled during the tool setup (the second 
scenario from Section 2), the corresponding variation 
in the stability boundary is larger.

Fig. 15. Tool point FRFs for a ±3 mm variation in the tool 
extension length. The thicker line represents the FRF for the mean 

length from the tool presetter measurements.

To explore the sensitivity of the stability boundary 
to the extension length, the length was varied to define 
a new tool point FRF and the corresponding stability 
boundary was calculated. The mean length value from 
the presetter measurements was varied by ±3 mm in 1 
mm increments (seven total lengths). As noted, this 
exercise matches the second scenario where the tool 
extension length is not controlled and the presetter is 
used to update the actual length in the CNC part 
program (even though the new length may be 
significantly different than the original length). The 
mean diameter was used without variation for these 
calculations. The seven tool point FRFs are displayed
in Fig. 15. The response for the mean length from the 
presetter measurements is identified by the thicker 
line.

The variation in the stability boundary for the 
seven FRFs from Fig. 15 is displayed in Fig. 16. It is 
observed that the stable gap near 9000 rpm is only 
accessible for the mean extension length. If the 
machining parameters were selected to be an axial 
depth of 3 mm at a spindle speed of 9000 rpm (marked 
by the solid circle in Fig. 16) based on the tool point 
FRF obtained for the mean extension length, chatter 
would be obtained for all other extension lengths even 
though the proper tool parameters would be inserted in 
the part program based on the presetter measurements.
The stability boundary for the mean extension length 
is identified by the thicker line in Fig. 16.
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Fig. 16. Stability boundary for tool point FRF variation based on a 
±3 mm variation in the tool extension length. The thicker line 

represents the boundary for the mean length from the tool presetter 
measurements. The 3 mm axial depth, 9000 rpm operating 

condition is marked with a solid circle.

Fig. 17. Stability boundary for the mean tool extension length 
(solid) and the mean minus 3 mm length (dotted). The 3 mm axial 
depth, 9000 rpm operating condition (solid circle) is valid for the 
mean length, while the 9600 rpm spindle speed is required for the 

mean minus 3 mm length (solid square).

To satisfy the third scenario from Section 2, the 
extension length measured by the tool presetter must 
be used to update the stability boundary prediction 
and, subsequently, modify the spindle speed to obtain 
stable behavior for the selected axial and radial depths 
of cut. Consider the case from Fig. 15 when the 
extension length is the mean minus 3 mm. The shorter 
length gives the highest natural frequency (i.e., the 
rightmost FRF from Fig. 15). To represent the third 
scenario, two stability limits are shown in Fig. 17:

1. the stability limit for the mean extension length 
(solid line) with a best spindle speed of 9000 rpm 
at a 3 mm axial depth (marked by a solid circle)

2. the new stability limit for the shorter extension 
length (dotted line) with an adjusted spindle speed 
of 9600 rpm to obtain stable cutting conditions at
the same 3 mm axial depth (marked by a solid 
square).

5. Conclusions

This paper explored the relationship between 
presetter tool extension length and diameter 
measurements, the tool point frequency response 
function (FRF), and the corresponding milling 
stability. Three scenarios were examined: 1) the tool 
extension from the holder face is controlled during 
setup and measured by the presetter for validation; 2) 
the tool extension length from the holder face is not 
controlled during setup and measured to update the 
part program; and 3) the measured extension length is 
used to update the stability boundary prediction and 
corresponding operating parameters in the part 
program.

Presetter measurement results were presented and 
the uncertainty was established using a statistical 
analysis. For the tool diameter, the standard deviation 
from 90 separate tests was 0.0056 mm. For the tool 
extension, the standard deviation was 0.0080 mm.The 
receptance coupling substructure analysis (RCSA) 
technique was used to predict the tool point FRF as a 
function of the spindle dynamics, the holder response, 
and the tool response based on its extension length and 
diameter measured by the presetter. The uncertainty in 
the presetter measurements was propagated to tool 
point FRF uncertainty using a Monte Carlo simulation. 
The distribution in the tool point FRF was then used to 
determine the uncertainty in the milling stability limit. 
Each of the three scenarios was evaluated to 
understand their implications for milling stability. It 
was demonstrated that the RCSA FRF prediction 
capability enables appropriate milling parameters to 
be selected for chatter-free operation based on the 
measured tool extension length.
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Fig. 14. Magnified view of stability boundary near 9000 rpm for 
tool point FRF variation based on the presetter measurement 

uncertainty for the tool diameter and extension.

The Monte Carlo simulation result for the first 
scenario in Section 2 is presented in Fig. 13. In this 
case, the extension after a tool change is nominally the 
same and the presetter is only used to verify the length 
and diameter and make minor adjustments to the tool 
parameters in the part program. In Fig. 13, 1000 
iterations of the Monte Carlo simulation are displayed,
where the limiting axial depth of cut to avoid chatter, 
blim, is plotted versus the spindle speed. A higher 
magnification view of the stability limit near 9000 rpm 
is shown in Fig. 14. It is observed that the variation is 
small when the tool extension is controlled and the 
uncertainty is limited to the presetter measurement 
uncertainty. For the selected radial depth of cut (50% 
radial immersion), an axial depth of cut of 3 mm at a 
spindle speed of 9000 rpm would enable high metal 
removal rate without chatter.

The previous analysis assumed that the tool 
geometry varied only by the uncertainty in the 
presetter measurements. If the tool extension length 
varies over a much wider range because the length is 
not well controlled during the tool setup (the second 
scenario from Section 2), the corresponding variation 
in the stability boundary is larger.

Fig. 15. Tool point FRFs for a ±3 mm variation in the tool 
extension length. The thicker line represents the FRF for the mean 

length from the tool presetter measurements.

To explore the sensitivity of the stability boundary 
to the extension length, the length was varied to define 
a new tool point FRF and the corresponding stability 
boundary was calculated. The mean length value from 
the presetter measurements was varied by ±3 mm in 1 
mm increments (seven total lengths). As noted, this 
exercise matches the second scenario where the tool 
extension length is not controlled and the presetter is 
used to update the actual length in the CNC part 
program (even though the new length may be 
significantly different than the original length). The 
mean diameter was used without variation for these 
calculations. The seven tool point FRFs are displayed
in Fig. 15. The response for the mean length from the 
presetter measurements is identified by the thicker 
line.

The variation in the stability boundary for the 
seven FRFs from Fig. 15 is displayed in Fig. 16. It is 
observed that the stable gap near 9000 rpm is only 
accessible for the mean extension length. If the 
machining parameters were selected to be an axial 
depth of 3 mm at a spindle speed of 9000 rpm (marked 
by the solid circle in Fig. 16) based on the tool point 
FRF obtained for the mean extension length, chatter 
would be obtained for all other extension lengths even 
though the proper tool parameters would be inserted in 
the part program based on the presetter measurements.
The stability boundary for the mean extension length 
is identified by the thicker line in Fig. 16.
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Fig. 16. Stability boundary for tool point FRF variation based on a 
±3 mm variation in the tool extension length. The thicker line 

represents the boundary for the mean length from the tool presetter 
measurements. The 3 mm axial depth, 9000 rpm operating 

condition is marked with a solid circle.

Fig. 17. Stability boundary for the mean tool extension length 
(solid) and the mean minus 3 mm length (dotted). The 3 mm axial 
depth, 9000 rpm operating condition (solid circle) is valid for the 
mean length, while the 9600 rpm spindle speed is required for the 

mean minus 3 mm length (solid square).

To satisfy the third scenario from Section 2, the 
extension length measured by the tool presetter must 
be used to update the stability boundary prediction 
and, subsequently, modify the spindle speed to obtain 
stable behavior for the selected axial and radial depths 
of cut. Consider the case from Fig. 15 when the 
extension length is the mean minus 3 mm. The shorter 
length gives the highest natural frequency (i.e., the 
rightmost FRF from Fig. 15). To represent the third 
scenario, two stability limits are shown in Fig. 17:

1. the stability limit for the mean extension length 
(solid line) with a best spindle speed of 9000 rpm 
at a 3 mm axial depth (marked by a solid circle)

2. the new stability limit for the shorter extension 
length (dotted line) with an adjusted spindle speed 
of 9600 rpm to obtain stable cutting conditions at
the same 3 mm axial depth (marked by a solid 
square).

5. Conclusions

This paper explored the relationship between 
presetter tool extension length and diameter 
measurements, the tool point frequency response 
function (FRF), and the corresponding milling 
stability. Three scenarios were examined: 1) the tool 
extension from the holder face is controlled during 
setup and measured by the presetter for validation; 2) 
the tool extension length from the holder face is not 
controlled during setup and measured to update the 
part program; and 3) the measured extension length is 
used to update the stability boundary prediction and 
corresponding operating parameters in the part 
program.

Presetter measurement results were presented and 
the uncertainty was established using a statistical 
analysis. For the tool diameter, the standard deviation 
from 90 separate tests was 0.0056 mm. For the tool 
extension, the standard deviation was 0.0080 mm.The 
receptance coupling substructure analysis (RCSA) 
technique was used to predict the tool point FRF as a 
function of the spindle dynamics, the holder response, 
and the tool response based on its extension length and 
diameter measured by the presetter. The uncertainty in 
the presetter measurements was propagated to tool 
point FRF uncertainty using a Monte Carlo simulation. 
The distribution in the tool point FRF was then used to 
determine the uncertainty in the milling stability limit. 
Each of the three scenarios was evaluated to 
understand their implications for milling stability. It 
was demonstrated that the RCSA FRF prediction 
capability enables appropriate milling parameters to 
be selected for chatter-free operation based on the 
measured tool extension length.
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