




and enable the technology to be widely applied in
industrial practice. Thus, improvements in these sys-
tems will allow higher precision requirements to be
met allowing new process to be adopted by the engi-
neering industry. Fast and accurate positioning of the
cutting tools relative to the workpiece surface and
monitoring of the tool conditions visually by the
operator should be integrated into the inspection sys-
tem especially for online operation purposes.

2.6 Machine tool performance evaluation

The overall objective of the design of machine tool
subsystems discussed above is to achieve required
machine performances. The performances are evalu-
ated normally in the following aspects:

(a) accuracy;
(b) kinematics;
(c) static performance;
(d) dynamic performance;
(e) strength performance;
(f) thermal performance;
(g) noise;
(h) vibration.

These machine performances are collectively
reflected on the tool-workpiece loop in terms of stiff-
ness, thermal stability, statics, and dynamics as
shown in Fig. 1. The following sections focus on the
tool-workpiece loops, with potential emphasis on
the machine dynamics.

3 TOOL-WORKPIECE LOOPS AND
MACHINE TOOL VIBRATION

Precision machine tools need to be highly dynamic
systems if they are to be able to sustain the required
accuracy, productivity, and repeatability needs. The
precision of a machine is affected by the positioning
accuracy of the cutting tool with respect to the work-
piece surfaces and their relative structural and
dynamic-loop precisions, which are fundamental
and essential in the machine design.

From a machining viewpoint, the main function of
a machine tool is to accurately and repeatedly control
the point of contact between the cutting tool and the
uncut material: the �machining interface�. This inter-
face is normally better defined as tool-workpiece
loops. Figure 2 shows a typical machine tool-
workpiece loop. The position loop (the relative posi-
tion between the workpiece and the cutting tools)
directly contributes to the precision of a machine
tool and directly leads to the machining errors.

The deformations introduced by stiffness and the
thermal loop are two important aspects in tool-
workpiece loops. The stiffness loop in a machine

tool is a sophisticated system. The stiffness loop of
the machine includes the cutting tool, the tool
holder, the slideways and stages used to move the
tool or the workpiece, the spindle holding the work-
piece or the tool, fixtures, and internal vibration,
and other dynamic effects. The physical quantities
in the stiffness loop are force and displacement. Dur-
ing machining, the cutting forces at the machining
point are transmitted to the machine tool via the stiff-
ness loop and return to the original point thus closing
the loop. Factors outside of the structural loop which
influence the loop and cause errors, include floor
vibration, temperature changes, and cutting fluids.
The thermal dynamic loop is similar to the stiffness
loop and contains all the joints and structure ele-
ments that position the cutting tool and workpiece.

Machine tool vibrations play an important role in
determining structural deformations and dynamic
performance. Furthermore, excessive vibrations accel-
erate tool wear and chipping, cause poor surface qual-
ity, and damage to the machine tool component. As
shown in Fig. 2, it is useful to identify vibration types
in machine tools during the design stage and then
suppress these vibrations in the machine tool design.

4 METHODOLOGY AND IMPLEMENTATION
PROSPECTIVE

4.1 Design processes for the
precision machine tool

As illustrated in Fig. 3 the design process of a precision
machine tool can be divided into several coherent
steps: customer requirements and system functional
requirements, conceptual design, analysis and simu-
lation, experimental analysis, detailed design, and
design follow up. The overall design process is always
iterative, parallel, non-linear, multi-disciplinary, and
always open to innovative and rational ideas and
improvements. The functional requirements of a
precision machine tool may require the consideration
of effects such as geometry, kinematics, dynamics,
power requirements, materials, sensor and control
systems, safety systems, ergonomics, production,
assembly, quality control, transport, maintenance,
cost, and schedule, etc. [1]. State-of-the-art technol-
ogy is needed to make the design more competitive
and lower costs. The final specifications are deter-
mined after several iterations of the specifications.
The resultant conceptual design is important for the
innovation of the precision machine design.

Brainstorming is often to generate conceptual
designs. At this stage the selection of key compon-
ents is considered. These key components include
the machine structure and materials, main spindle
and slides, feed drive, control units, inspection unit,
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means that some minor factors are neglected in this
representation. The mathematical model is deduc-
tively derived from basic physical principles and is
created to solve the physical model. The mathemati-
cal model can be regarded as an idealization of the
ideal physical model; conversely, the ideal physical
model can be presented as a realization of the math-
ematical model. For dynamic analysis, the mathema-
tical model is often an ordinary differential equation
in space and time. In practice it is difficult to directly
solve the equation using the analytic methods.
Therefore, a discrete model is developed to solve
the problem. The discrete model, also termed the
simulation model or numerical method, allows the
representation of a dynamic process using discrete
time values on the basis of a model that is generated
from the mathematic model. This process is called a
discretization method. There are numerous methods
to generate discrete models, including the FEA
method, the boundary element method, the finite
difference method, the finite volume method, the
mesh-free method, etc. The FEA method is the most
widely used technique in engineering design and
analysis studies. It should be noted that in some
practical machine tool design and analysis studies
the discrete model (FEA model) may be generated
without reference to a mathematical model but
rather directly from a real physical model because it
may be difficult in these circumstances to establish
a mathematic model.

The design of precision machine tools has signifi-
cantly benefited from the development of computer-
based techniques to analyse the static and dynamic
characteristics of machine tools. Figure 5 presents an
overview the types of machine tool analysis structures

used in a practical structural analysis approach such
as FEA.

There are a number of general-purpose FEA soft-
ware package that are used in the design and analysis
of machine tool structures and machining processes.
They include:

(a) ANSYS [15�17];
(b) SDRC/I-DEAS [18�20];
(c) NASTRAN and PATRAN [21];
(d) ABAQUS/Standard and ABAQUS/Explicit

[22, 23];
(e) ALGOR [24];
(f) Deform 2D/3D [25].

5 APPLICATIONS

5.1 Design case study 1: A piezoelectric-actuator-
driven fast tool servo system

A piezoelectric actuator is a type of short-stroke
actuator. It has considerable promise for application
in rotary table drives and slideway drives because of
its high motion accuracy and wide response band-
width [11]. Currently, piezoelectric materials are
used in the design of the tool-positioning models
for fine turning in order to obtain high-precision
motion of the cutting tool. A piezoelectric actuator
combined with mechanical flexure hinges is used
for positioning control of diamond cutting tools.
More recently, a fast tool servo (FTS) system has
been introduced for the turning of diamond-based
components and products with structured and non-
rotationally symmetric surfaces such as laser mirrors,
ophthalmic lenses moulds, etc. [26].

Modeling and 
simulation

Modal analysis

Static analysis

Dynamic analysis

Harmonic analysis

Transient analysis

Spectrum analysis

Static stiffness

Static deflections

Stress distribution

Strain energy

Natural frequency

Mode and shapes

Modal strain forces

Dynamic stiffness

Improvement of 
machine tools

Weakest or sensitive
components

Modal update

Structural 

modification

Fig. 5 Overview of machine tool analysis
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A piezoelectric-actuator-driven FTS system
designed to perform precise positioning of the tool
during short-stroke turning operations has been
implemented in a test turning machine set up at
Brunel University.

The FTS is designed to perform turning operations
and hold diamond tools. Static deformation of the
FTS structure, caused by cutting forces during rough
and finish machining operations, must be minimized
to reduce form and dimensional errors of the work-
piece at nanometre scales. Therefore, a high stiffness,
particularly in the feed direction which affects the
machined surface directly, is required. A high first
natural frequency is required in the FTS structure so
as to prevent resonance vibration of the structure
being created by the cutting force.

However, a high stiffness value for the FTS struc-
ture will do some extent, reduce the effective stroke
of the piezoelectric actuator. For this reason a com-
promise is made between a high stiffness value and
actuator stroke reduction.

Figure 6 is a schematic view of the FTS that consists
of a piezoelectric actuator (Cedrat Tech. PPA10M,
PPA20M, or PPA40M), a flexure hinge, two cover
plates, a tool holder, a capacitive sensor, and a piezo-
electric adjustment screw. The piezoelectric actuator
is housed under a preload within the flexure hinge
made from spring steel. Three piezoelectric actuators,

18 mm (PPA10M), 28 mm (PPA20M), and 48 mm
(PPA40M) in length respectively were used. Three dif-
ferent adjustment and preload screws with corres-
ponding lengths were designed to house the three
actuators in the same flexure hinge. The actuator dis-
placement in the actuated/feed direction is trans-
mitted to the tool holder via four symmetric solid
flexure hinges which have a circular hinge profile as
shown in Fig. 5. The tool holder was designed to be
integrated with the flexure hinge to form a single
part. The overall size of the FTS is 90 mm · 80 mm ·
55 mm, with the tool holder adding a further 35 mm.
The design is compact and self contained for ease of
mounting on slideways and tool posts in other
machine tools.

To determine the flexure hinge dimension, both
static and modal FEA studies were conducted for
the flexure, these allowed the static stiffness and nat-
ural frequencies to be obtained. In both analyses, the
hinge radius r, hinge thickness t, and hinge length
were chosen as optimization variables, and optim-
ization FEA results were obtained based on the stiff-
ness, natural frequencies, and stroke reduction,
requirements.

The optimized static stiffness of the FTS is
9.7 N/mm and the stroke reductions in the three cases
are below the design requirement. It should be noted
that the stroke reduction will be a little higher if the
piezoelectric actuator preload is taken into account.
The maximum Von Mises stress under the maximum
load predicted by the FEA model is 45 MPa, which is
well below the strength value of spring steel.

Finite Element modal analysis was used to predict
the natural modes of the flexure structure. The first
three natural frequencies are 1262, 2086, and
2791 Hz. The lowest frequency mode corresponds to
translational motion along the actuated/feed direc-
tion with a natural frequency of 1262 Hz, which is
above the design requirement of 1000 Hz. Figure 7
shows a mirror surface with Ra < 10 nm and a sine-
wave micro-featured surface obtained from prelimin-
ary cutting trails using this FTS.

5.2 Design case study 2: A five-axis
bench-top micro-milling machine tool

This case study describes the conceptual design pro-
cess of a bench-top five-axis micro-milling machine,
which is currently being developed by the authors
and their collaborators within the EU MASMICRO
project [27].

The machine aims to manufacture miniature and
micro-sized components from various engineering
materials, potential applications include micro-
electro mechanical systems, optical components,
medical components, mechanical components, and
moulds, etc.Fig. 6 A schematic view of the FTS
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After reviewing, the state of the art of commercially
available ultraprecision machine tools, the initial
specifications of the five-axis milling machine were
isolated and they are listed in Table 1.

5.2.1 Preliminary design and analysis

Based on the machining envelope, the required
bench-top dimensions, the types of components/
materials to be machined, and the overall accuracy
to reach and maintain, the machine tool layout was
initially designed with an open-frame configuration
to facilitate machining area access for fixturing and
part handling. If this stage, some feasible structural
configurations available were also reviewed.

The structural static and dynamic behaviours of the
machine tool structure were simulated using metho-
dology described in previous sections and the ANSYS
software. There are numerous air bearings in this
machine tool configuration (particularly in the slide-
ways and spindle), however, it is difficult to directly
simulate the effects of the compressed air. An equiva-
lent method was proposed to simulate an air bearing,
i.e. that of using spring elements in ANSYS to simulate
the stiffness in different directions. The stiffness of the
spring element is based on the stiffness data obtained

from experiments. All the degrees of freedom of the
machine base were constrained throughout the
analysis.

Both static and modal analyses were conducted
and the first ten natural frequencies were extracted
in modal analysis using the block Lanczos method.
The FEA results identified the important sensitive
component on the machine structure, which can be
seen from the mode shape of the first natural fre-
quency (117 Hz). Owing to the stack of slideways, cre-
ated by stacking the slideways on top of each other,
the X slideway and the Z slideway are subject to an
important tilting effect, which is likely to affect the
machine accuracy, as illustrated in Fig. 8(a). There-
fore, from the structural modification point of view,
improving the stiffness of the slideway is the most
effective method. A harmonic analysis was then per-
formed to quantitatively predict the dynamic stiff-
ness of the machine structure and verify whether or
not the designs will successfully overcome resonance
and the harmful effects of forced vibrations. In this
analysis, the machine tool structure was excited by
a series of harmonic forces (Fsin v t) acting between
the workpiece and cutting tool. A frequency range
from 0�500 Hz with a solution at 20 Hz intervals was
chosen to give an adequate response curve. Only

Fig. 7 The finished surfaces of Aluminium components
(a) mirror-like surface by face turning, and
(b) sine-wave micro-featured surface cut by the FTS

Table 1 Initial specifications of the five-axis milling machine tool with a polymer concrete base

Concrete Axis

X, Y, and Z axis B axis C axis Spindle
Type Aerostatic slideway Air bearing Air bearing Air bearing
Stroke X:200 mm

Y:100 mm
Z: 50 mm

360� 360� N/A

Stiffness >400 N/nm N/A N/A 50 N/mm
Motion accuracy Straightness (mm/mm):

X, Z < 0.01/200, Y< 1.0/250
Radial/axial
run out (mm): <1/0.5

Radial/axial
run out (mm): <0.1

610 nm

Resolution 1 nm 0.000 001� 0.000 01� N/A
Drive system Linear motor Servo motor Servo motor DC brushless motor
Maximum speed N/A N/A N/A 300 000 rpm

Q1
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