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Abstract

This paper presents a methodology for cutting parameter optimization based on integrating a Computer-Aided Manufacturing (CAM) system
and an instrumented tool holder capable of identifying unstable process conditions during milling. Compared to state-of-the-art adaptive process
control systems with feed rate and spindle speed override modification, the presented approach utilizes high-level CAM objects in the data loop,
thus, provides opportunities for automatic adaption of the original machining strategy and various cutting parameters. Based on the presented
CAM-in-the-loop approach, the system uses sensor feedback while producing the first piece to optimize the CAM planning parameters for all
subsequent units of a specific production order. The approach is demonstrated using milling use-cases manufactured on a machining center with

an instrumented tool holder for process vibration measurements.
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1. Introduction

Academia and industry have been researching chatter vibra-
tions and their relation to cutting parameters for many years.
Incorrectly chosen cutting parameters excite the machining sys-
tem in its resonance frequencies, leading to unstable process
conditions often resulting in poor surface quality of the ma-
chined workpiece. [1] Computer-Aided Design and Manufac-
turing (CAD/CAM) programmers usually rely on their expe-
rience for choosing a machining strategy and cutting parame-
ters that avoid chattering in order to reach certain surface qual-
ities. In practice, these selected parameters need to be tested at
the machine by the Computer Numerical Control (CNC) oper-
ator, who performs a series of cutting tests adapting the origi-
nal parameters to ensure all part quality requirements are met.
This iterative optimization process between the CAD/CAM
programmer and the CNC operator is time-consuming, costly,
and blocks valuable machining time on the machine tool. In or-
der to make this optimization process more efficient, different
approaches and systems have been developed in recent years.

2212-8271 © 2022 The Authors. Published by Elsevier B.V.

2. Related Work

Extensive research has been conducted on online chatter de-
tection and suppression (Adaptive Process Control) as well as
offline chatter prediction models especially in the area of smart
manufacturing for milling applications, with the general goal of
improving surface quality. [22]

2.1. Adaptive Process Control in Milling

Adaptive process control systems target to adjust cutting
parameters during machining, utilizing different sensors posi-
tioned in the machine tool and adding deterministic data com-
munication interfaces to the numerical control. Different tech-
nologies have been industrialized in recent years.

In [4, 16] an adaptive process control technology based on
an instrumented tool holder has been presented. As stated by
Bleicher et al. [3, 13], the system utilizes a Micro Electro Me-
chanical System (MEMS) acceleration sensor which can be in-
tegrated in various standard tool holder concepts. Since the sen-
sor is positioned in the tool holder, hence, close to the cutting
zone, accurate and high-frequency data acquisition with a sam-
pling rate of 9.5 kHz is possible. The data is digitized internally
and transmitted to a transceiver unit via bluetooth low energy.
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Fig. 1. Sensory Tool Holder System at TU Wien

A separate processing unit analyses the raw acceleration signals
and identifies stable and unstable process conditions in real time
using figures of merit. If unstable process conditions are de-
tected, spindle speed and feed rate are adjusted on the numer-
ical control based on pre-defined optimization strategies im-
plemented on the processing unit. For communication between
the system’s processing unit and the numerical control, digital
or analogue real-time communication can be implemented. An
overview about the sensory tool holder is given in Fig. 1.

Examples of comparable approaches that integrate sensor
systems close to the cutting zone in the tool (holder) can be
found in [10] and [18]. Other industrialized systems such as Co-
mara iCut [7] or Siemens Adaptive Process Control [17] focus
on the utilization of spindle power sensors in the machine tool
to adapt feed rate during machining in real time. The systems
establish a closed-loop between the measurement system for
spindle load and the numerical control, and increase feed rates
if cutting conditions allow, and slow down if the process de-
mands caution. By this, these systems can optimize cycle time,
prevent tool breakage and reduce maintenance due to spindle
load management. A similar system has been proposed by Rid-
wan et al. [15], presenting a fuzzy adaptive control used to keep
a constant cutting load by adjusting feed rate during machining
using feedback from spindle load sensors. ProMicron imple-
mented an adaptive process control system utilizing a sensor
for cutting force measurements in the tool holder and provides
real-time feedback to the numerical control using Profibus in-
terface [12].

2.2. Integration of Machining Data in CAD/CAM

Researchers also investigated methods for cutting parameter
optimization by feeding machining data back into CAD/CAM
environment. Armendia et al. [2] demonstrates an online col-
lision avoidance system using actual and future (look-ahead)
axis position data from the numerical control during machining.
The future position data is evaluated in the virtual environment,
and emergency stops are activated if collisions are calculated.
Vitr [21] developed a human-assistance tool for manual opti-
mization of machining strategy and cutting parameters by inte-
grating numerical control data directly in a selected CAD/CAM
environment. The selected data points from the numerical con-
trol can be visualized in addition to traditional Computer-Aided
Manufacturing (CAM) machining data, supporting program-
mers in the optimization of their programs. Comparable work

has been done by Plakhotnik et al. [11], where measured spin-
dle power consumption has been integrated and visualized in
a dexel-based material removal simulation, supporting manual
optimization of cutting parameters. Mauthner et al. [9] com-
bined data from the numerical control and measured vibration
data from an external sensor integrated in a HSK tool holder.
Moreover, automatic optimization of cutting parameter feedrate
and spindle speed in the G-code files has been demonstrated.
Ridwan and Xu [14] presented an overall architecture for smart
machine condition monitoring. Building on the international
STEP and STEP-NC standards, a new controller architecture
has been developed, building an optimization platform for com-
prehensive cutting parameter optimization before, during and
after the machining process.

2.3. Virtual Optimization of Cutting Parameters in CAD/CAM

In contrast to adaptive systems, which adapt provided cutting
parameters during machining, various approaches are proposed
for software supported, pre-machining optimization of cutting
parameters in CAD/CAM simulation environments. Commer-
cially available CAD/CAM systems provide the functionality
to calculate average Material Removal Rates (MRR) and adapt
feed rates for specific toolpath segments to maintain optimal
and constant MRR [8]. Continuous research on improving the
MRR segmentation algorithms in milling has been carried out
[6]. An approach for simulating resulting surface roughness
is demonstrated in [19]. [20] shows an exemplary commercial
software tool for NC-Code optimization based on cutting force
simulation.

2.4. Summary of State-of-the-Art

Past research has focused on various methods to support the
optimization of cutting parameters and machining strategies to
avoid unstable process conditions. On the one hand, progress
has been made in the area of adaptive process control systems
(online), capable to adapt parameters of the numerical control
during machining in real-time. Presented work vary in the se-
lection of the sensor type (e.g. acceleration, force, acoustic),
the position of the sensor in the machining system (e.g. spindle
housing, tool holder, cutting tool) and the selection of adapt-
able parameters on the numerical control (e.g. feed rate, spin-
dle speed). On the other hand, work has been done in the area
of virtual cutting parameter optimization (offline), using differ-
ent methods such as modelling dynamic machining behaviour,
integration of machining data from numerical control and other
sensory equipment, as well as geometrical algorithms based on
material removal rate simulation in CAD/CAM environments.

Nevertheless, current state-of-the-art systems demonstrate
limitations for cutting parameter optimization since online and
offline optimization techniques have been been investigated
separately. Online systems such as the sensory tool holder,
allow an real-time adaption of parameters during machining,
however are usually limited to adapt feedrate and spindle speed
override to interact with the machine tool. Changes in regards to
toolpaths and machining strategies are not possible using cur-
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rent systems. At the same time, offline optimization tools in
CAD/CAM environments are able to adapt a wider range of pa-
rameters, but are usually limited by modelling complexity and
computation time, especially in the context of chatter limita-
tion. The integration of described online and offline systems
would combine advantages of real-time chatter detection and a
full range of virtual parameter adaption in a CAD/CAM envi-
ronment, thus, leading to a novel approach for “’self-learning”
machine tools and automated process optimization.

3. Concept for CAM-in-the-Loop System

This paper presents a novel method for automatic cutting pa-
rameter optimization by defining a self-learning CAM-in-the-
Loop machining system. In this work, state-of-the-art adaptive
process control technology is used to identify unstable process
conditions during milling, providing the CAD/CAM process
planning software with the adjusted parameters and measure-
ment data for automatic and sustainable parameter optimiza-
tion.

3.1. System Architecture

The CAM-in-the-Loop concept builds fundamentally on a
”second time right” strategy presented in [9], proposing an
adaption of cutting parameters directly in CAD/CAM and the
generation of a new NC-Code after first-piece production, in
order to run all subsequent parts with optimized parameters.

In the envisioned system, a CAD/CAM environment is re-
sponsible for providing respective machining strategies to man-
ufacture a given workpiece geometry. In this step, machining
operations, cutting tools, cutting parameters and the machining
sequence is defined, cutter toolpaths are calculated and a ma-
chine executable G-code is generated. Due to the loss of infor-
mation towards traditional G-codes in numerical controls [5],
all relevant feature-related meta data (e.g. name of cutting oper-
ation) are exported to a separate industrial PC hosting a feature-
based data collection application. During first-piece production
using the generated NC-Code, an adaptive process control sys-
tem monitors the cutting process, identifies stable and unstable
cutting areas along the toolpath and adapts originally planned
cutting parameters on the numerical control accordingly. At
the same time, relevant process data created during machin-
ing by the numerical controller, the adaptive process control
and the sensory systems is collected by the feature-based data
collection application and linked to the original CAM meta
data, establishing a data link which is otherwise lost during
post-processing. Once the production of the workpiece is done,
a rule-engine and/or machine learning algorithm analyses the
linked CAM meta and process data, and evaluates potential op-
timization of cutting strategy and cutting parameters. If adap-
tions in the process plan are necessary, a direct interface to-
wards the CAD/CAM environment enables an operation and
manufacturing-feature specific optimization. Required toolpath
simulations and post-processing steps can be triggered automat-
ically, and optimized NC-codes are generated. The production
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Fig. 2. CAM-in-the-Loop System Architecture

of all subsequent parts can now utilize the optimized NC-code
providing stable process conditions along the toolpath.

The described system supports the identification of opti-
mal cutting parameters for new production parts by combining
CAD/CAM process planning functionality with modern adap-
tive process control capabilities. Based on the feedback pro-
vided by the machining system, given process plans can be
evaluated and adaptions on cutting strategy and parameters can
be triggered. Since all changes are triggered in the CAD/CAM
system, standard engineering processes can be utilized (e.g.
documentation, simulation, post-processing). Overall, the en-
tire process becomes more efficient, data-driven and more flex-
ible since all CAD/CAM related adaptions of the process plan
can be used for optimization. The envisioned concept is illus-
trated in Fig. 2.

3.2. Prototype Development

A prototype of the envisioned CAM-in-the-Loop system has
been realized at TU Wien Pilotfabrik Industrie 4.0 in Vienna.
The prototype targets to identify unstable process conditions
during milling using a selected adaptive process control sys-
tem and to automatically update cutting parameters in a given
CAD/CAM process plan, based on the data feedback provided.

First, an exemplary adaptive process control system has been
selected. In the context of this work, an instrumented tool
holder system, developed by the Institute of Production En-
gineering and Photonic Technologies has been used. The sys-
tem identifies unstable process conditions and adapts numeri-
cal control parameters feedrate and spindle speed override in
real-time. Relevant sensor data as well as system configura-
tion files can be accessed via OPC UA communication technol-
ogy. The adaptive process control system has been implemented
on a 5-Axis CNC machining center EMCO MaxMill500 with
a Siemens Sinumerik 840d sl CNC control and can be de-
/activated using defined machine commands (M-commands) in
the respective G-code lines.

Second, Siemens NX CAD/CAM software has been set-up
and the required machine tool kinematics and 3D models have
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been implemented in the system environment. In addition to
standard CAD/CAM functionality, an open programming in-
terface (NXOpen) is provided and can be used for data ex-
port/import, system automation (e.g. start of a post-processor
run) or to create new graphical user interfaces to support addi-
tional communication with the user or external software sys-
tems. In the presented prototype, NXOpen has been used to
import and export relevant process plan data (e.g. machining
strategy, cutting parameters) using standard XML and CSV file
format. For later mapping of the CAD/CAM process plan and
the actual process data, adaptions in the standard Sinumerik
post-processor have been implemented. Additionally, the exter-
nal configuration of the adaptive process control system, has
been integrated in Siemens NX environment, thus allowing op-
eration and manufacturing-feature specific configuration and
activation of the system for an individual workpiece process
plan. Required adaptions of the post-processor to communicate
with the numerical control and adaptive process control system
have been implemented using Sinumerik specific user defined
events.

Third, the proposed feature-based data collection applica-
tion has been developed in python programming language and
setup on an industrial EDGE computer, connected to the ma-
chine and sensor network. The application is responsible for
gathering meta data from Siemens NX and linking relevant pro-
cess data from the Sinumerik control as well as the sensory tool
holder system during machining. Activation of the data collec-
tion functionality is triggered once the numerical control starts
the NC-program and collects selected data points from the nu-
merical control (e.g. actual feed, actual spindle speed, override
values, axis position) and the sensory tool holder system us-
ing standard OPC UA and MQTT communication technology.
Linking meta and process data is achieved by providing unique
identifiers defined in the CAD/CAM environment in the G-
code lines. The presented prototype uses the Sinumerik specific
”Message” command ("MSG”) to provide necessary context in-
formation during NC-Code execution. The application has been
deployed on an industrial edge device, providing flexibility in
case more than one machine tools are connected.

Fourth, all data points are analyzed using a rule-engine data
script, identifying and evaluating need for CAD/CAM process
plan adaptions. Due to the CAD/CAM contextualization dur-
ing the data collection, all process information can be analyzed
for individual machining operation, manufacturing-feature, cut-
ting tool and cutting parameters. The script contains a set of
pre-defined machining rules, that enable the system to pro-
pose operation and manufacturing-feature specific optimization
of not only cutting parameters (e.g. spindle speed, feed rate)
but also machining strategies and cutter toolpaths (e.g. cutting
depth/width). This allows for a wider range of optimization al-
gorithms and remove the limitation of state-of-the-art systems
focusing on numerical control parameters only. Proposed adap-
tions of original process plans are executed via NXOpen inter-
face including update of respective strategies and parameters,
toolpath simulation and a new post-processor run. The hereby
created, optimized NC-code can now be used as a standard pro-
cess for all subsequent production parts.
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Fig. 3. Implemented Prototype at TU Wien Pilotfabrik Industrie 4.0

In Fig. 3 the implemented prototype at TU Wien Pilotfabrik
Industrie 4.0 is depicted.

4. Proof of Concept

To demonstrate the feasibility of the proposed approach, the
described prototype has been tested in various cutting experi-
ments at TU Wien Pilotfabrik Industrie 4.0.

For the experimental setup, the prototype has been imple-
mented on the described 5-axis CNC machining center EMCO
MaxMill500 with a Siemens Sinumerik 840d sI CNC con-
trol. To simulate unstable process conditions, thus, to trigger
the adaptive process control functionalities of the sensory tool
holder system, a rectangle aluminum workpiece (EN AW 6060,
L x W x H: 133x65x50 mm) with a pre-machined step-feature
(H: 10 mm) in center has been used. The workpiece is cut in
negative X-direction (ae = 4 mm, ap = 11 mm, feed rate =
1000 mm/min, spindle speed 10600 rpm) and resulting cutting
vibrations (IFT-Value) are measured. Once reaching the pre-
machined step-feature in the center of the workpiece, cutting
vibrations increase and exceed experimentally pre-defined vi-
bration limits from the configuration loaded in the processing
unit, thus, triggering the adaptive process control features of the
sensory tool holder system. The system is capable to gradually
reduce feed rate and/or spindle speed overrides on the numeri-
cal control until measured vibration values fall again below the
defined limits and stable process conditions are indicated. In the
presented experiment, stable process conditions have been de-
tected at a new feed rate of 480 mm/min. During this process,
all parameter changes are logged in the described prototype and
used for data analysis. In the presented proof-of-concept, a sim-
ple optimization algorithm has been implemented, considering
the lowest feed rate and spindle speed measured during an adap-
tive machining process, as the new optimized planning values
for the respective CAD/CAM operation. After running the au-
tomated adaption in the system, a new feed rate of 480 mm/min
has been applied, and a new NC-Code is generated. A second
cut with the new feedrate is executed, resulting in significantly
lower process vibrations along the cut. Fig. 4 illustrates the
measured feed rate and spindle speed from the numerical con-
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Fig. 4. Prototype Testing: (a) Original NC-Code - APC not active; (b) Original NC-Code - APC active; (c) Optimized NC-Code - APC not active

trol as well as the vibration value from the sensory tool holder
(IFT-Value) for three test cuts: (a) cutting without adaptive pro-
cess control and original cutting parameters, (b) cutting with
adaptive process control active and original cutting parameters,
(c) cutting without adaptive process control and updated fee-
drate of 480 mm/min. identified during cut (b).

A second experiment to test the developed prototype was
executed on a DMGMori DMU75 monoblock 5-axis CNC ma-
chining center with a FANUC FS311B5 numerical control. Due
to the different control as well as a different version of the
sensory tool holder system, slight adaptions in the developed
interfaces were necessary, however, supported by the flexible
architecture of the prototype. The experiment investigates the
applicability of the proposed system in a more realistic setup
of real chatter occurrence without pre-machined step-features.
A rectangle aluminum workpiece (EN AW 6060, L x W x H:
120x30x80) is cut in negative direction (ae = 5 mm, ap = 10
mm, feed rate = 1000 mm/min, spindle speed = 4400 rpm).
During the first cut with original cutting parameters, high vi-
brations occurred, exceeding the pre-configured vibration lim-
its and the adaptive process control unit reduced spindle speed
override until stable process conditions could be detected at
4220 rpm. Similar to the first experiment, the lowest spindle
speed measured at stable process conditions is considered as
new planning value and is updated in the CAD/CAM machin-
ing operation accordingly. A second cut with updated spindle
speed and deactivated adaptive process control unit provided
significant lower cutting vibrations (IFT-Value) and a visibly
improved surface roughness. Additionally, since only spindle
speed has been adapted, the optimization has no negative im-
pact on material removal rate compared to the original process
plan. Fig. 5 shows the cutting toolpath in CAD/CAM environ-
ment with the measured vibration data as well as the machined
part surfaces with original and optimized NC-Code.

5. Conclusion and Future Work

Modern sensor equipment and adaptive process control sys-
tems provide detailed feedback about the machining process
and allow real-time adaptions of specific cutting parameters.
While implemented systems vary in terms of sensor and com-

munication technologies, all state-of-the-art approaches show
limitations as they adapt parameters in real-time on numerical
control level, however do not take comprehensive CAD/CAM
process planning environments into account. Hence, systems
are capable to react on unstable process conditions but are
not designed to learn from previous mistakes for future part
programming. This paper presents a novel method and an
industrial-relevant approach for effective and automated opti-
mization of machining strategies and cutting parameter, by in-
tegrating adaptive process control systems and CAD/CAM pro-
cess planning environments. A prototype of the envisioned sys-
tem was implemented at TU Wien Pilotfabrik Industrie 4.0
in Vienna and has been validated using different demonstra-
tion scenarios. Firstly, the designed system architecture sup-
ports an industrial oriented approach for contextualized data
collection, combining CAD/CAM process meta information,
actual machining data from the numerical control and sensor
data from an instrumented tool holder. Secondly, the integration
of CAD/CAM environment in the optimization loop demon-
strates new opportunities for process optimization by adapting
not only cutting parameters, available on numerical control, but
also CAD/CAM owned machining strategies and cutter tool-
paths. Thirdly, a demonstrator for an industrial relevant appli-
cation scenario has been established, highlighting opportunities
towards an automated parameter optimization loop after first-
piece production of a new part geometry. Further research is
required to investigate industrial application of the proposed
CAM-in-the-Loop approach for more complex part geome-
tries and machining processes. Furthermore, intensive work is
needed to develop detailed optimization rules, considering not
only process data and cutting parameters, but also machining
strategy, tool wear, expected surface roughness, machine tool
dynamic behaviour (e.g. stability lobes) and other relevant cri-
teria. For example, different ramp in/out or roughing/finishing
strategies could be integrated in the system environment. Ad-
ditionally, various machine learning approaches such as artifi-
cial neural networks, regression algorithms or response surface
methods could be investigated in the context of the proposed
CAM-in-the-Loop approach.
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