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Abstract

This paper presents a cyber-physical fixturing system (CPFS) that provides a new way for smart
fixture monitoring in milling processes through cloud based simulation and optimization applications.
The purpose of the CPFS is to improve the fixture-workpiece stability and thus to prevent
deformations of the machined thin-wall workpiece by controlling the simulated clamping and reaction
forces at locators. An equilibrium analysis is employed to model and simulate the behaviour of the
fixture-workpiece system with respect to the actual cutting tool position. The simulation is
incorporated with an optimization routine to minimize the clamping and locating forces. The smart
fixture condition monitoring system is developed by connecting the machine tool to the simulation
resources in the fixturing platform which performs instant fixture condition monitoring based on
signal processing, cutting force signal feature extraction, fixture layout simulations, clamping forces
optimization, simulation of clamping/locating forces and process corrective control actions. A
prismatic workpiece with slot milling operation is considered to validate the proposed CPFS system.
(Received in October 2018, accepted in December 2019. This paper was with the authors 1 month for 1 revision.)
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1. INTRODUCTION

The production of complex aero-space parts is known for small series and wide variety of
products. The increasing requirements of component performances are a major challenge for
the development of milling and clamping techniques. One of the difficulties in machining of
such expensive components is thin walls and demanding geometry [1, 2]. Large research
efforts were devoted to control the quality of the precise machining process [3, 4]. It is found
that deformation of the components during clamping is the main cause of defects [5, 6]. The
deformation of thin-walled products is mainly the result of excessive clamping forces [7]. The
clamping forces cause bending of the workpiece leading to the dimensional and shape defects
[8]. The greatest deformation occurs when the workpiece is released from the fixture after
roughing [9]. The aviation industry reports that the first machining of the classical clamped
aero-space parts is less than 50 % successful [5]. Deformation and bending of workpieces
during machining can be reduced by optimizing the position and size of the clamping forces
[10]. At some point of machining, small clamping forces may be suitable, and on the other
point of the tool path, larger forces will be needed. For clamping of thin-walled workpieces,
modern fixturing systems have been developed with the clamping force control [11, 12],
which is adaptive in relation to the current cutting conditions. In these systems, the position
and magnitude of clamping forces are adjusted according to the workpiece geometry and
cutting forces. The adaptive fixturing systems are not applicable in the industry due to high
implementation costs and limited access to the workpiece [13]. More cost-effective are
systems with off-line determination of the clamps position and on-line optimization of
clamping force magnitude [11]. Although many studies have been carried out and many
adaptive fixturing systems have been performed, only a few systems with the ability to vary
the clamping forces and adjust the positions of the locators can be found in industrial
environment [14]. Both the open-loop and closed-loop fixturing systems for optimal clamping
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force determination were developed [13]. In calculation, they consider the different cutting
tool positions. In an open-loop system, the clamping force is simulated before machining
based on the defined tool path. In a closed-loop system, the clamping force is simulated on-
line during machining. On-line process monitoring is very often used to effectively control the
quality of machining [4, 15]. The researchers used force sensors to monitor the cutting and
clamping forces [16], sound sensors for tool wear monitoring [17] and accelerometer for
vibration monitoring [18]. The sensors for pressure monitoring in clamping cylinders have
been also incorporated into the fixtures [11]. Although on-line monitoring is effectively used
in machining processes, it is rarely employed for fixture stability and workpiece deformation
control [13, 19]. In machining, several frameworks of cloud based machining monitoring
have been designed recently [20, 21]. However, these systems are all in experimental phase.
Teti [22] has developed a cloud framework of cutting tool condition monitoring in turning.
Tapoglou et al. [20] has developed a cloud-based platform for real time monitoring and for
optimal machining parameter selection based on function blocks. Teti et al. [23] examined
monitoring achievements in machining. They described four main functions of cognitive
smart monitoring systems: sensorial perception and feature extraction, cognitive decision
making and action. There is no published research aimed at fixture-workpiece condition
monitoring via Internet of Things (IoT) applications. Recently, the emergence of new
clamping technologies developed for CNC machine tools is noticeable [24]. These
technologies include clamping devices with integrated smart plug-in sensors [25-27] and the
ability to communicate with CNC machines and the cloud based applications [28]. 10T with a
cloud computing is an efficient environment for sharing data, software and computing
capabilities [29]. It also enables the integration of decentralized fixturing systems with
machining and monitoring systems. The cloud computing technology is suitable for
developing of smart monitoring platforms [30]. It enables us to connect machine tools with
clamping systems, measuring systems and monitoring loT applications via internet networks.

In response to the challenges presented, the study focuses on the development of cyber-
physical system for smart fixture monitoring designed for milling of thin-walled workpieces.
During fixture monitoring process, the optimal clamping forces and locating forces are
simulated and monitored in real time through internet applications based on measured cutting
forces and cutting tool position. The developed system that connects the cyber world of
computing with machine tool, dynamometer and clamping system is called a cyber-physical
fixturing system (CPFS).

The paper is organized as follows. In the first part, a cyber-physical fixturing system
(CPES) for smart fixture condition monitoring is discussed. It describes a structure of the
cloud based fixture condition monitoring system. Next four sections describe the loT
applications of the fixturing platform. Subsection 2.5 describes the data acquisition and the
communication terminal. Section 3 outlines the simulation and experimental test and presents
the obtained results. Section 4 concludes the paper.

2. CYBER-PHYSICAL FIXTURING SYSTEM

The goal of this paper is to present a cyber-physical fixturing (CPFS) system for smart fixture
condition monitoring via cloud based simulation and optimization applications. The objective
of the CPFS is to assure a safe and efficient clamping of thin-walled workpieces during
machining by taking into account the pre-processed sensorial data, equilibrium simulations,
force simulations, force optimization routines and the corrections of the process parameters.
The developed CPFS works as a monitoring system, its structure is shown in Fig. 1. It
exploits the advantages of the cloud abilities such as outsourcing signal processing activities
(cutting force signal feature extraction), data visualisation, simulations (fixture layout
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analyses), optimization (clamping forces), simulations of the process quantities (locating
forces) and corrective control actions (feed rate adjusting). The monitoring structure shown in
Fig. 1 is designed on two levels. The lower level includes physical assets (machine tool,
dynamometer) and software resources installed in the local data acquisition and
communication (DAC) terminal which serves as a communication link between CNC unit,
simulation resources and machine tool operator.
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Figure 1: Structure of the smart fixture condition monitoring system.

The physical assets are connected by Local Area Network (LAN) to the analytic resources
(data processing, data storing, features extracting, simulations, optimization, monitoring, data
visualization, process parameters correction) on the cloud level. The two level system
acquires the signals from the dynamometer and applies them for fixture condition monitoring.

The computing resources in the cloud are defined as cloud based fixturing platform. The
platform is realized with one communication element and four applications.

The sensor signal pre-processing is performed on the machine tool level. The sensor data
are collected, reduced, transformed into data packages and transported to the 10T gateway
over the LAN. The communication element implements a part of edge computing activities
I.e.: security, communication bridging, collecting the sensor data, storing data and filtering
data. This element, designated as an 10T gateway, collects the pre-processed data and reduces
it to the amount necessary for the monitoring process.

The application for cutting force signal feature extraction is then employed to capture
applicable information for fixture layout analyses and clamping force optimization. The
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second application, application for fixture analysis and clamping force optimization simulates
the optimum magnitudes of clamping and locating forces for all fixture layout cases during
machining. The third application ensures fixture condition monitoring and provides human
machine interface with data visualization. The fourth application performs the feed rates
adjusting and operator alerting in order to ensure fixture stability and to prevent the workpiece
deformations. The feed rate adjusting commands are sent back to the lower local DAC
terminal which executes the control actions in connection with the Fagor CNC control unit.
The fifteen spatially dislocated steps are performed to execute the fixture condition
monitoring.
>>>> Data acquisition and communication terminal-Local DAC terminal >>>>
Cutting force signal acquisition, pre-processing and transmission to the cloud level.
Establishing a communication link to the gateway.
>>>> Cloud level — 10T fixturing platform >>>>
Security implementation, data filtering, communication bridging.
Cutting force signal feature extraction and storing in the 10T platform gateway.
Cutting tool positions acquiring.
Fixture layout simulation, clamping force optimization, reaction forces simulation.
Defining the maximal allowable clamping forces.
Smart fixture condition monitoring, the corrective control actions selection.
Visualization of the results of computing, analysis and monitoring.
10 Monitoring results in graphical form are projected back to the local DAC terminal.
11. The feed rate corrective commands are sent back to the DAC terminal.
>>>> Data acquisition and communication terminal — Local DAC terminal >>>>
12. Executing of the control commands; constructing and sending a communication telegram
with the feed rate corrective command to the CNC controller.
13. Communication with CNC controller via DNC protocol.
14. Displaying monitoring results in graphical form.
15. Steps 1 to 14 are repeated until the termination of machining.

™=

©COoN O AW

2.1 Application for cutting force signal feature extraction

In this 10T application, the maximal cutting forces per cutting tool revolution providing
adequate information for the fixture condition monitoring are extracted from the pre-
processed sensorial data. The application is based on the employment of the piezoelectric tri-
axial force sensor mounted on the machining table. It acquires the components of maximal
cutting force per tool revolution in feed, axial and radial directions.

The main algorithm for data acquisition and sensor signal processing is designed in
LabVIEW software installed on local DAC terminal. The three inputs of the measuring card
are reserved for cutting force components and one for the CNC coordinates of cutting tool
position. The obtained cutting force components from all three channels are combined and
transferred via gateway to the application for cutting force signal feature extraction.

In this application, the transferred data is separated by a loop into a single channel, and
then the maximum measured value of the cutting force per cutting tool revolution is found for
each channel. The maximal values of cutting force components are transferred forward to the
application for fixture analysis and clamping force optimization. Data transfer between the
applications is accomplished through system variables Ff(t) [N], Fa(t) [N], Ft(t) [N] and time
t. The system variables are also linked to the indicators for numerical and graphical display on
the 10T application for fixture condition monitoring and data visualization.

In this 10T application, the statistical features from the cutting force signals were extracted
in the time domain. However, some of the distinctive features, which are not visible in the
time domain, could be only revealed using the analysis in the frequency domain. To overcome
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this limitation, the chatter vibration analysis in frequency domain was performed before the
experiment in order to find the cutting conditions which do not cause vibrations. The selection
of proper cutting conditions to avoid vibrations is essential to accurately perform the
experiment. If vibrations occur, the Ra increases by up to 40 % and the maximal cutting
forces increase drastically. Based on the increased cutting forces, the system recalculates the
required optimal clamping forces and corresponding locating forces in real time. The CPFS
responds to the occurrence of vibrations with feed rate correction only if the maximum
allowable clamping forces are exceeded. When this condition is attained, the CPFS corrects
the feed rates in order to ensure the fixture stability. Reducing the feed rates reduces the
cutting forces and thus suppresses the vibrations. In order to check the frequencies classified
as vibrations, the measured dynamic cutting force data were transformed into the frequency
domain using standard Fast Fourier transform (FFT) algorithm. The FFT analysis revealed
that the prevailing peak frequency occurred at the tooth passing frequency followed by its
harmonics. Furthermore, no significant vibrations frequencies were observed in the frequency
spectrum for the planned range of cutting conditions.

2.2 Application for fixture analysis and clamping force optimization

This 10T application is designed for fixture layout analyses and optimization since it can on-
line simulate the optimum values of clamping and locating (reaction) forces for different
fixture layout cases. The purpose of this simulation/optimization application is to improve the
fixture layout and thus to increase the geometrical accuracy of the machined thin-wall
workpiece. The proposed application employs the rigid body equilibrium analysis method to
model the condition of fixture-workpiece system. This method is simple and efficient to
analyse the condition of the fixture-workpiece system with respect to fixture layout, clamping
forces, cutting forces and cutting tool position. It considers modelling of the reaction forces at
locators. The reaction forces are modelled based on static clamping forces and machining
forces, varying with respect to the cutting tool position. The fixture-workpiece model is
further used to improve the workpiece dimensional quality by minimizing the reaction and
clamping forces. Therefore, the equilibrium analysis is incorporated with a simple
optimization routine. The application in simulations considers the properties of the workpiece,
the friction between fixture elements and workpiece, the locating elements positions and the
clamping forces positions and magnitudes. It is designed for analysing the modular fixtures
intended for clamping of prismatic workpieces. The 3-2-1 fixture configuration principle is
used to locate the workpiece as shown in Fig. 2. The locators act on the workpiece with six
locating forces (Fi1-Fg). The reaction forces on the locating elements must be always more
than 0, otherwise the workpiece is not in equilibrium. Three clamps, modelled as point forces
C,, Cy, and Cg3, are used to clamp the workpiece against the locators. They act towards the
locators on which the workpiece is located. They must ensure the workpiece equilibrium and
prevent elastic and plastic deformation of the workpiece surface. The resulting friction forces
in contact points between the fixture elements and workpiece is labelled with fi. The positions
of locators, clamps and cutting tool are represented by vectors r; (i=1, ...,9). The components
of cutting force are assumed as point forces acting in the feed (Fs), axial (F,) and tangential
(Fy) directions as shown in Fig. 2. The cutting force coordinates are acquired using DNC
function via local DAC-terminal during machining and used to form the position vector in
equilibrium analysis. The governing equations are developed by applying static equilibrium
conditions in order to represent the fixture-workpiece system and thus to predict the reaction
forces at locators for a particular machining simulation and fixture layout case.

The equilibrium equations are written in the matrix form (see Eq. (1)) and inverse matrix
method is used to solve the equation. The geometrical matrix [A] consists of the coefficients
of the left side parameters of the governing equations. The vector of external forces [we]
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contains the constants of the right side of governing equations. The reaction forces on locators
(F1 to Fg) form a vector of locating forces [F]. Vector [F] is determined by solving the matrix
equation.

1)

Positions of locators:

F1 (40, 140, 0)

F, (160, 75, 0)

F3 (160, 230, 0)

F, (180, 105,80)

Fs (180, 190, 80)

Fe (100, 255, 80)
Positions of clamps:

C; (120, 140, 100)

C; (0, 140, 80)

C; (100, 0, 80)

Position of cutting force-
point Al:

A; (75, 130, 96)
Position of gravity force:
Fq (97, 135, 48)
Resulting friction forces in
contact points (N):

fi, (i=1-9)

Figure 2: Simulation origin; fixture- workpiece system configuration with the cutting force.

The described workpiece-fixture model was proposed for the CPFS due to its simplicity
and low calculation requirements which are necessary for on-line application. The model was
easily converted into the cloud application. The same model has been also employed by other
researches with favourable results [31]. However, the applied rigid body equilibrium analysis
method to model the behaviour of the workpiece-fixture system has one significant weakness.
The method is statistically indeterminate; as a result the workpiece displacements cannot be
determined uniquely [31]. This limitation can be overcome by considering the elastic
deformations at the contact between the fixture and the workpiece [31]. However, to build and
to integrate the dynamic simulation model that incorporates the overall interaction between
the workpiece and clamping components into the cloud application is difficult and time
consuming and requires extensive effort.

Eq. (1) is also used in the clamping force optimization process. The optimization process
IS required to minimize the reaction forces at the locators during simulation and machining
test. The determination process of optimal clamping forces is carried out by using the iteration
method. The iteration method solves Eq. (1) by incrementally increasing all three clamping
forces from zero to the starting optimal value, where all the F; are non-negative. The
calculated starting optimal value is then assigned to the C;. The C, and Cs are incrementally
increasing from zero to the value, where all the locating forces are non-negative. The above
process is then repeated for the C, and for Cs. The simulated clamping and locating forces are
the input to the application for fixture condition monitoring and data visualization and the
application for corrective process action. The values of simulated forces are associated with
the display indicator on the human machine interface.

2.3 Application for fixture condition monitoring and visualization

This application is used as a control panel on the 10T fixturing platform to monitor the fixture
condition and to visualize the simulation results with a large amount of captured data from the
cutting force sensor. The control panel shows the measured cutting force components, the
simulated clamping forces with corresponding locating forces, the corrective control actions
and errors acquiring during executing of the software.

The graphical human interface of the developed application is developed in LabVIEW

(Fig. 3).
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Figure 3: Control panel for smart fixture condition monitoring with on-line simulated clamping /
locating forces.

It allows fast and simple adjusting of connected equipment. The interface is divided into
two parts, the part with controls and the part with indicators. The first part contains controls to
set the software parameters. There are four buttons for setting the measuring card, the
communication with the CNC machine, the algorithms for simulating the optimal clamping
forces and for correcting the cutting tool coordinates (Fig. 3). The Control button provides the
code for simulating the optimal clamping forces and determining the corrective machining
process actions. The indicator part of the control panel graphically and numerically presents
the measured cutting forces, the simulated optimal clamping forces with maximal allowable
clamping forces, corresponding simulated locating forces, current coordinates of the cutting
tool and errors. The indicators for the simulated and maximum permissible clamping forces
overlap, in order to make it easier to determine the differences. The indicator of locating
forces in Fig. 3 indicates, that the workpiece is safely clamped at the current cutting tool
position and that the critical element of the fixture is the locator # 2. When error occurs while
running the software, the background of the indicator is changed from green to red.

2.4 Application for corrective process control

A cloud application is built as a corrective control system that continuously monitors the
simulated optimal clamping forces and if necessary, adjusts the feed rates. For each cutting
tool revolution, the measured cutting forces are used to simulate the optimal clamping forces,
and these values are compared to the C;max. If the maximal allowable clamping forces
(Cimax or Comax or Csmax) are exceeded, the control action is carried out within 5 ms after
the occurrence. When this condition is attained, the corrective control action is transferred to
the local DAC-terminal, which sends the DNC command to the CNC controller to adjust the
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milling process. Simultaneously, the alarm is sent to the control panel for fixture condition
monitoring and clamping force control, where the operator can visualize a warning with the
graphical indication that the Cimax is exceeded. This process is repeated till the end of
simulation and/or machining test. The IoT application corrects the feed rates in order to
ensure the fixture stability. Reducing the feed rate reduces the cutting forces and thus reduces
the necessary optimal clamping forces.

The correction process starts with the value of the feed rate override percentage f=100 %,
after that this value decreases incrementally, until C; are smaller than limited clamping force
(Cilimit; 1 =1, 2, 3). Cilimit is set to 90 % of the Cimax. If C; is smaller than C;limit, the feed
rate override percentage increases incrementally back to the initial 100 %.

2.5 Data acquisition and communication terminal

The local PC is used as a data acquisition and communication terminal. The main purpose of
the local DAC terminal is to pre-process the signals from dynamometer, to transmit the sensor
signals to the cloud fixture condition monitoring platform, to communicate with CNC
controller and to display the control panel of the CPFS. In signal pre-processing, the signals
from the piezoelectric tri-axial dynamometer (Kistler 9257) are conditioned through dual
mode charge amplifier (Type 5001) with in-built low pass filter of 1 kHz cut-off frequency.
Then, the signals are outputted to a NI data acquisition board. The main algorithm for data
acquisition and sensor signal pre-processing consists of five functions designed in LabVIEW
software. The pre-processed signals are sent based on the hypertext transfer protocol to the
cloud fixture condition monitoring platform in order to execute fixture analysis,
clamping/locating force simulation, clamping force optimization and fixture monitoring. The
local DAC terminal establishes a communication link to the gateway on the cloud platform
and with the machine tool CNC controller. During smart fixture condition monitoring, the
monitoring results in graphical form are projected back to the local DAC terminal. If the
process adjusting actions are adopted, the feed rate corrective commands are sent back to the
terminal. The DAC terminal accepts the control commands, constructs and sends a
communication telegram with the adequate feed rate corrective command directly to the CNC
controller. The automatically executed corrective feed rate action is confirmed and visualized
on the control panel. The algorithm for establishing communication with the CNC controller
is performed in an independent loop and is not limited by the speed and availability of data of
other algorithms. To ensure quick and appropriate response to different events, the algorithm
is built as a state machine with 4 states: Start, Stop, Master device and Slave device. In
accordance with the DNC protocol, the fixture condition monitoring platform (master) sends a
request to the controller (slave) to adjust the process parameter and request for obtaining the
CNC coordinates of the cutting tool. After that, the CNC controller responds accordingly. The
process corrective control action is performed using the DNCFRO variable.

3. SIMULATION AND EXPERIMENTAL DEMONSTRATION

The effectiveness of the proposed cloud based fixture condition monitoring system is verified
by considering a slot milling on a prismatic workpiece. The workpiece is 178 mm x 254 mm x
100 mm pre-machined thin-walled deformable profile made from CK-45 steel. A slot is made
for the size of 16 mm x 254 mm x 4 mm with 16 mm-diameter 2-flute cutter. The detail of the
workpiece is presented in Fig. 2. The length of the tool path (254 mm) is divided due to
presentation clarity into thirty equal lengths. The machining process is carried out from point
A to point B with the following initial machining parameters: cutting speed is 50 m/min, feed
rate (f,) is 0.5 mm/tooth and cutting depth is 4 mm.
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A preliminary simulation experiment is performed to analyse the stability of the
workpiece-fixture system for all thirty sections of the tool path before the start of the
machining experiment.

The simulation experiment is performed to predict the required starting optimal clamping
forces and corresponding reaction forces on the locators with the consideration of cutting
forces corresponding to the initial machining parameters. The maximal cutting force
calculated according to the cutting force model of end milling [16] for section A-B is taken as
[Fa, Fr, Fi]=[450 N, 315 N, 810 N].

In order to simulate the optimal clamping force and corresponding locating forces for the
tool path point Al, the tool position, the starting positions of clamping/locating elements, the
friction coefficient (¢ = 0.3) and the workpiece weight (Fy = 47 N) are entered in the
application for fixture condition monitoring and data visualization. The static coefficient of
friction was adopted from the work of Deiab and Elbestawi [32], where the results of an
experimental investigation of the workpiece/fixture contact characteristics are presented. As
shown in Fig. 2, a 3-2-1 locating principle is employed and 3 clamping elements are
considered. Using the application for fixture analysis and clamping force optimization, the
optimal clamping forces with corresponding locating forces, which are all greater than 0, are
obtained. They are presented in Fig. 4. The obtained set of optimal clamping forces
[Cy, Cy, C3] =[410 N, 220 N, 0 NJ ensures that the workpiece will not slide from the locators
during the cutting at the position Al. When the cutting tool is at position Al, critical element
of the fixture is the locating element F.

The simulations are repeated for all other tool path points which are determined at
intervals of 5 mm along the tool path A-B. The second, more conservative set of clamping
forces [Cy, Cy, C3] =[431 N, 431 N, 431 N] shown in Fig. 4 is selected as starting fixed
clamping forces set applied during the machining experiment. The workpiece will be safely
clamped when the clamping forces are 431 N. The maximal allowable clamping forces
(Cimax, Comax, Csmax) are set to 431 N. The Cilimit is set to 387 N.

— App. for fixture analysis and clamping force optimization
Simulated magnitudes of clamping and locating forces for the tool path point (76, 127,96)
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Figure 4: The simulated optimal clamping forces with corresponding reaction forces.

In the milling experiment, the optimal clamping forces are simulated in real time based on
the cutting tool position and measured cutting forces. The reaction forces on the six locators
during milling experiment are shown in Fig. 5 a. The magnitude of reaction forces F; and F3
decreases as the tool path increases. At the beginning of the experiment, the F; and F3 are
located away from the position of cutting forces. Hence, the magnitude of locating forces
decreases as the position of cutting forces approaches close to them. From the tool path point
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When, at the tool path position (76, 130, 96), the simulated force F; is close to zero, the
C: has to increase above the C;imax (see Fig. 5 b) in order to maintain the workpiece in
equilibrium. Therefore, the feed rate drops down to 0.8 m/min in order to maintain the C;
below the maximal allowable clamping force (Cimax = 431 N). At this point, there is a
significant jump of locating forces F1, F,, F3, F4 and noticeable drop of locating forces Fs and
Fe. The Cs increases up to 20 N. The response of feed rate during experiment is shown in
Fig. 5 c. The response of optimal clamping forces and Cimax is shown in Fig. 5b. When, at
the tool path position (76, 190, 96), the C; decreases below the Cjlimit (see Fig. 5b), the feed
rate incrementally returns back to initial 1 m/min. It is clear that the C; constraints the
workpiece movement in the upward direction which is caused by the F,. Similarly, the C; has
to restrict the effect of F.. It is clear that the C; constraints the workpiece movement in the
upward direction which is caused by the F,. Similarly, the C, has to restrict the effect of F..
The clamping forces Cs is less significant as it acts against the direction of the F.

Due to the adjustment of feed rate from 0.8 and back to 1 m/min, the Ra increased from
1.91 um to 2.22 um. The results of the experiment showed that while adjusting the f, the Ra
increased in the same way as the maximal resultant cutting force. Therefore, the Ra average
has the same trend as the measured maximal cutting force at the identical machining
parameter. The manufactured surface had constant, curved marks that were denser in the area
of feed rate adjustment. In addition, the feed rate adjustment has the largest impact on cutting
force and consequently on surface roughness.

The simulation and machining experiment demonstrated that the optimal clamping forces
can be controlled by adjusting the feed rate.

4. CONCLUSION

In this study, a cyber-physical fixturing (CPFS) system was successfully implemented to
monitor the condition of the fixture via cloud based simulation and optimization applications.
The purpose of the CPFS is to improve the fixture layout and thus to increase the geometrical
accuracy of the machined workpiece by optimizing the simulated clamping forces and
minimizing the simulated reaction forces on locators. The CPFS is developed as a two level
monitoring system. The lower, workshop level includes physical assets and software
resources installed in the local DAC terminal. The physical assets are connected by LAN to
the cloud based fixturing platform, where simulation resources are situated. The platform
exploits the advantages of the cloud abilities such as outsourcing signal processing activities
(cutting force signal feature extraction), data visualisation (monitoring panel), simulations
(fixture layout analyses), optimization (clamping forces), process quantities simulation
(locating forces) and corrective control actions (feed rate adjusting). The software
applications of the fixturing platform enable immediate fixture layout simulation based on the
cutting tool position and measured cutting forces.

In simulation and milling experiment, the optimal clamping forces and locating forces are
simulated and monitored in real time through internet applications based on measured cutting
forces and cutting tool position. Variable clamping force control has been implemented in
CPFS by incrementally adapting of feed rate. The simulation-cutting experiment
demonstrated that the optimal clamping forces can be controlled by adjusting the feed rate.
The proposed cloud based monitoring system is proven to be flexible in improving part
dimensional quality through minimizing of reaction forces on the locators.

In the future, the proposed workpiece-fixture simulation model will be integrated with a
Particle Swarm Optimization (PSO) routine in order to obtain a uniform distribution of
reaction forces during machining by optimizing the positions of the supporting elements and
clamping forces. Furthermore, some limitations of the proposed workpiece-fixture model
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based on rigid body equilibrium analysis may be overcome by considering the elasticity of the
workpiece-fixture system. Therefore, future activities will be directed to build a dynamic
simulation model that will include the overall interactions between the workpiece and the
fixture and to perform the optimisation of the workpiece—fixture system in the presence of
dynamic forces. The special interest of future activities will be to integrate a force-controlled
clamping element with corresponding loT control application into the CPFS with the intention
to further minimize the workpiece deformation.
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