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Abstract: Micromilling of metal structures with ‘thin’ features represents a major challenge
towards broadening the use of this technology in a range of microengineering applications,
for example in producing multi-channel microstructures, housing for mechanical microdevices,
and surgical instruments. The most common thin features seen in microengineering products
are ribs and webs.
This research identifies the main factors affecting the reliability of micromilling technology

when employed for the machining of microcomponents incorporating thin features. The
general principles that should be followed in designing machining strategies for such features
are discussed in this article. Taking these general principles into account, new strategies are
proposed to reduce the negative effects of identified factors on part quality and, at the same
time, to overcome some of the problems associated with the use of conventional machining
strategies for micromilling of ribs and webs. To implement and verify them, initially the milling
operations were programmed manually, and then a special CAM module was developed for
their automatic generation. Finally, this article reports the validation of the proposed strategies
for machining thin features, which was carried out on a specially designed test part.

Keywords: micromilling, thin ribs and webs, CAD/CAM

1 INTRODUCTION

There is a growing demand for product miniaturiza-
tion that requires the development of direct and
indirect methods for manufacturing parts and tool-
ing inserts that incorporate thin features. In this
research, a thin feature is considered ‘a three dimen-
sional body in which one geometric dimension, the
thickness, is significantly (more than seven times)
smaller than the others’ [1, 2].

One of the viable manufacturing routes for produ-
cing metal components that incorporate such thin
features is their machining from a solid block of
material. Especially, it is a promising route for man-
ufacturing complex microengineering structures and
thus significantly reducing the complexity of follow-
up assembly/integration operations. At ‘macro’
scale, this could be achieved by assembling the
products from thin section components, whereas

this is not a viable alternative for their manufacture
at ‘micro’ scale. Micromilling of metal structures
with ‘thin’ features represents a major challenge
towards broadening the use of this technology in a
range of microengineering applications, for example
in producing multi-channels, housing for mechan-
ical microdevices, and surgical instruments.

The most common thin features seen in micro-
engineering products are ribs and webs. When ribs
are manufactured employingmicromilling, their sur-
faces are formed by periphery cutting. In contrast to
ribs, the web surfaces are machined by end-milling.
To develop strategies for reliable micromachining
of such thin features requires a systematic investi-
gation of the different factors affecting the quality
of the manufactured microstructures.

The main factor preventing the broad use of
micromilling for producing microstructures incor-
porating thin features from a solid block of material
is the stability of the machining operation. By
making ribs and webs thinner, their stiffness
decreases, which could result in the occurrence of
vibrations during machining. As a consequence of
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this, the process accuracy deteriorates and could
lead to themanufacture of substandard components.
The high-frequency vibrations that could occur
during micromilling result in poor surface quality.
Because of the feature sizes, it is not possible or
cost-effective to correct this by follow-up finishing
operations.

This article discusses the main factors affecting the
reliability of micromilling technology when
employed for machining microcomponents incor-
porating thin features. New strategies are proposed
to reduce the effects of these factors on part quality
and at the same time to overcome some of the
problems associated with the use of conventional
machining strategies for milling of microribs and
-webs. To implement them initially, the milling oper-
ations were programmed manually, and then a
special CAM module was developed for their auto-
matic generation. Finally, the proposed strategies
for machining thin features were validated on
specially designed test part.

2 LITERATURE REVIEW

2.1 Machining of thin features

The main factors affecting the machining of thin
features at ‘macro’ scale are studied by many
researchers. Tlusty et al. [3] identified the main pro-
blems associated with the use of long end-mills in
high-speed milling of thin features. To increase the
reliability of the process, it was proposed that thin
ribs be machined by using cutting tools with relieved
shank. The machining strategies that should be
applied in such cases are a series of axial passes
that include roughing and finishing or not finishing
at all in each pass. Unfortunately, such an approach
cannot be applied in micromachining because
cutting tools with diameter ,300 mm are used.

Rao [4] proposes a method for machining thin
webs that are supported either by positioning them
directly against the table of the machine tool or by
using specially designed fixtures. Thus, the stiffness
of the webs would be much higher in the direction
of the axial cutting forces. Fairman [5] studied exper-
imentally the main factors contributing to the occur-
rence of vibrations during the machining of thin
features. In particular, the effects of axial and radial
depths of cut, the spindle speed, and tool geometry
were investigated.

Other researchers have proposed models for simu-
lating the effects of different factors on machining
conditions during milling of thin features. For
example, Kline et al. [6] proposed using the plate
and beam static theory to develop a finite element
analysis (FEA) model of the end-milling process.

Altintas et al. [7] developed a dynamic model for
simulating a peripheral milling of very flexible plate
type structures.

In addition, researchers have proposed some
general principles that should be followed when
designing parts incorporating thin features. In par-
ticular, the design should allow such features to be
supported by their adjacent features/structures
during the machining. The technique developed by
Tlusty et al. [1] for machining thin ribs essentially
uses the stiff, uncut portion of the workpiece to
support the flexible section being cut. This general
principle can also be applied to thin webs; however,
there is a major difference in the orientation of the
supporting structures in respect to the cutting tool.
When machining ribs, the support structures
should increase the part stiffness in a direction
radial to the cutter. In contrast, for machining
webs, the part stiffness along the tool axis should
be increased.

2.2 General issues in micro-end-milling

Micro-end-milling operations could be considered
as just one type of conventional end-milling oper-
ations, if special attention is not paid to the sizes of
the cutters used during machining [8]. In particular,
the ratios between feed rates per tooth ( ft) and tool
radius (r) are selected much higher in micromilling
operations to maintain relatively higher removal
rates. As a consequence of this, the stresses on
microcutters increase significantly in comparison
with those in ‘conventional’ milling and thus the
tool life is reduced drastically. Some researchers
reported 100 in of tool life when hard metals are
machined [8].

Themost important factors affecting the tool life in
micromilling are those related to the selected cutting
conditions. In the case of conventional milling,
machine operators judge the cutting tool conditions
bymonitoring the process visually and/or looking for
changes in its acoustic ‘profile’. Unfortunately, they
cannot detect visually the breakages of the cutters
due to their small sizes and the generated chips
and cooling mist in the machining area. In addition,
the acoustic ‘fingerprint’ of the process and the high-
frequency vibration generated by it are such that it is
not possible to distinguish any changes from the
background noise in the case of a tool failure. Thus,
the operator is not able to tune micromilling oper-
ations by just monitoring the cutting process and
as a consequence of this, hours of machining time
could be wasted if the tool failure is not detected
in time.

In micromilling unlike conventional machining,
there are no handbooks available for selecting the
machining parameters. For example, if the
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recommended cutting speed for conventional
milling of aluminium is applied to micromachining,
the calculated revolutions per minute will be
approximately 350 000 for a 100-mm diameter
cutter, which is clearly difficult to achieve. Also, in
micromilling, special attention should be paid to
burr formation at the end of each cut. Burrs are
undesirable and it is very difficult to remove them
from part microfeatures. Thus, it is very important
to optimize the cutting parameters and machining
strategies to avoid their formation.

Unfortunately, the existing simulation models for
estimating cutting forces in a typical conventional
end-milling operation cannot be applied directly in
micromilling. It is necessary for these models to be
adapted to the specific cutting conditions during
micromachining or for new models to be developed.
For example, a new analytical model was proposed
to simulate micro-end-milling operations [9]. In
this new model, the cutting forces are considered
as a function of eight variables and one coefficient,
and the cutter run-out is not taken into account. In
particular, the following machining parameters are
deemed important:

(a) three variables related to cutting conditions:
spindle speed, feed rate, and width of cut;

(b) two parameters related to the applied machining
strategies: the tool cutting entry and exit angle,
which define the depth of cut, and the type of
milling, up- or down-milling;

(c) and finally, three tool geometry variables: tool
diameter, helix angle, and the numbers of tool
flutes.

It is not difficult to see the advantages in applying
this new model for estimating the cutting forces
during micromilling. For example, if the machining
is carried out with aggressive ft (a higher ft to r
ratio), typical in micro-end-milling, the estimated
forces by the new model differ significantly from
those predicted by the general model and are much
closer to the real ones. In particular, the difference
between the cutting forces predicted by these two
models will be more than 15 per cent if ft to r ratio
is higher than 0.1. The influence of the parameters
identified as important for calculating the cutting
forces have been studied in this research to develop
efficient strategies for micromachining of thin
features.

3 MICROMILLING OF THIN FEATURE

To machine successfully thin features at ‘micro’
scale, the following two issues are of significant
importance.

1. The machining strategy should be selected by
taking into account the specific geometry of the
component. This includes the selection of cutting
depth that keeps milling forces within predefined
limits along the machining path.

2. The spindle speed and the feed rates should be
chosen depending on the workpiece, the cutting
tool materials, tool geometry, and chosen strategy
[10].

In the general, when machining ribs and webs, the
diameter of the cutter and the axial depth of the cut
limit the cutting width. In addition, during the
machining of thin features, the occurrence of high-
frequency vibrations should be avoided. Thus, to
comply with these constraints, several axial machin-
ing steps are necessary to machine ribs and webs to
their desired depth and thickness.

To develop machining strategies that are specially
designed for micromilling of thin features, the fol-
lowing considerations should be taken into account.

1. It is very important to avoid sharp corners at rib–
web junctions. At such corners, fillets should be
introduced to reduce the stress concentration
and thus prevent part failures.

2. Sharp changes in the direction of the cutting
forces should be avoided when machining ribs
and webs. Especially, this is the case when ball-
nose cutters are employed [11, 12].

3. The axial component of the cutting forces should
be kept within predefined limits, otherwise it
could excite the workpiece and cause vibrations.

4. Special measures should be taken to avoid cutting
tool breakages because small cutters are extre-
mely vulnerable to varying process conditions.

The corner radius of the tools produces a com-
ponent of the cutting force in the axial direction,
which is enough to excite the workpiece and cause
chatter [13, 14]. Whereas the corner radii are necess-
ary to produce fillets between the ribs and the webs
(Fig. 1), there is no reason to use only ball-nose cut-
ting tools during their machining. If thin features are
machined completely using such cutters, this leads
to a significant reduction of the material removal
rates. This is because, the allowable step over dis-
tance between the passes should be reduced to less
than half of the ball-nose radius to avoid the cusp.
[10, 12, 15]

Fig. 1 Fillets between thin ribs and webs
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To achieve vibration-free machining of thin fea-
tures, it is a good practice to carry out such milling
operations in two steps [16]. Initially, the features
should be machined with the biggest possible dia-
meter cutterwith azero corner radius, and just leaving
sufficient material to form the fillets in the follow-up
operation. Then, this machining allowance should be
removed using a ball-nose cutter to produce a
smooth fillet. To avoid the cusp, it is preferable that
the allowable step over the distance between passes
is less than half the length of the tool radius. The
spindle speed for this operation should be set suffi-
ciently low to benefit from the machine tool damp-
ing capabilities and thus to prevent chatter.
However, it is not a trivial task to calculate this
speed because it depends on the used workpiece
material. The implementation of these general
guidelines for milling ribs and webs will limit the
occurrence of vibrations during the cutting and
lead to the manufacture of features with a good
surface finish.

In addition, other process parameters affect
directly or indirectly the accuracy and surface quality
of the machined thin features. These include side
steps, step over movements, the depth of cut, feed-
rates per tooth, cutting speeds, cutting tool wear,
and the use of cutting fluid/air/oil mist. The effects
of these factors on micromilling process are dis-
cussed in reference [17] and in this research. They
were taken into account in developingmicromachin-
ing strategies for thin features and the software for
calculating the machine parameters reported in
reference [17] was used.

4 IMPLEMENTATION

Unfortunately, the general principles outlined in the
previous paragraph are difficult to implement using
the existing CAD/CAM packages. They could be
implemented either by programming the milling
operations manually or by developing a special
CAM module for automatic generation of NC pro-
grammes. In this research both options are explored.

First, the tool paths that implement these general
principles for micromachining of thin features were
realized directly on a micromachining centre,
KERN HSPC with Heidenhain TNC 426 controller,
using its build-in milling cycles. In particular, the
following two internal cycles were used to create
NC programmes for machining ribs and webs.

1. Slot milling with reciprocating plunge-cut.
2. Pocket milling of a contour geometry (cycle 20).

Its three ‘sub’-cycles: rough-out (cycle 22), floor
finishing (cycle 23), and side finishing (cycle 24)
were applied.

The NC programmes were generated using
internal Q parameters. Thus, it is possible the final
contour of the machined feature to be composed of
several overlapping contours.

In addition, the proposed strategies for machining
thin features were implemented in a CAD/CAM
environment. In this research, the Pro/Engineer
environment was employed to develop a CAM
module for their automatic generation. This included
the design of a new internal machining strategy in
the form of an Expert Machinist template in XML
format [18].

An Expert Machinist template for each machining
strategy studied in this research was created in Pro/
Engineer for the KERN HSPC micromachining
centre. Either default values or those recommended
by the cutting tool manufacturers were utilized for
all main parameters (Table 1). These templates
were then used to modify the built-in machining
strategies within the Pro/Engineer CAM module
(marked as blocks 1, 2, and 3 in Fig. 2) to adapt
them to the specific cutting conditions duringmicro-
machining. A program for calculating spindle speeds
and feed rates for this Expert Machinist template was
created and the respective tool database adapted to
the specific requirements of this new internal strat-
egy (marked as blocks 4 and 5 in Fig. 2). The
second-order polynomial model developed by Lee
and Dornfeld [15] and Lee [19] was applied to

Table 1 Process parameters

Tool: DIXI 7242R Flat end Workpiece: Brass
Tool diameter: 0.200 mm

Cutting parameters

Cutting
speed
(m/min)

Spindle
speed
(RPM)

Feed/tooth
(mm)

Step
depth
(mm)

Step
over
(mm)

18 39 000 0.007 0.005 0.070

Fig. 2 The architecture of the CAD/CAM system
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calculate the chip load, depending on the final
surface roughness

Ra ¼ 43:6þ 439ft þ 46:3f 2t þ 1256vc � 990ftvc (1)

This equation depicts the relationship between
chip load and surface roughness, especially when
cutting at high speeds that are typical in
micromilling.

To validate the tooling paths generated in both
ways, a series of experiments was conducted.

5 EXPERIMENTAL VALIDATION

The test part proposed by Smith and Dvorak [20] was
adopted in this study to validate the proposed strat-
egies for micromachining. Using FEA methods, the
dimensions of this part were calculated taking into
account dynamic flexibilities, natural frequencies,
and mode shapes of real webs. To adapt the part
for use at microscale, it was re-designed bymaintain-
ing the ratios between its dimensions. The test part
used in this research is shown in Fig. 3.

The machining of the test parts was carried out on
a KERN HSPC 2216 micromachining centre. Its poly-
mer concrete mono-block frame absorbs high-
frequency vibrations much better than cast iron
frames, which is very important for this experimental
study. To generate 3D profiles of the machined thin

features the relevant, areas of the test parts were
scanned using a surface mapping system, Micro-
XAM. This is a surface profiler system using phase
shift interferometry and vertical shift interferometry
measuring principles with repeatability 1 nm (stan-
dard mode) or 0.1 nm (precision mode). Its cali-
brated accuracy is better than 0.1 per cent and
lateral surface sampling from 0.11 to 8.8 mm. Work-
piece vibrations during the machining were assessed
visually employing a laser system, KEYENCE. This
was carried out by focusing the reflected laser
beam (50 mm spot size) from the workpiece on a
target, a receiver, fixed on the machine. In addition,
to study the quality of the produced ribs and webs
under very high magnification, a Quick Vision
measuring system was employed.

Brass workpieces were used in the experimental
validation of the proposed machining strategies.
The workpieces were machined to the state showed
in Fig. 4 to prepare them for milling the thin features,
with the ribs and webs positioned in the centre of the
test part. This included the following machining
operations:

(a) side A of the part is machined entirely;
(b) then, the U-type channel and the 800 � 200 mm2

pocket on side B are machined to their full depth
of 310 mm by applying reciprocating plunge-cut
cycles.

The validation of the proposed strategies for
machining thin features starts with the machining
of the 800 � 400 mm2 pocket located in the centre
of the part. During this milling operation, the thin
ribs around the pocket and the biggest webs of the
part are formed. Three different strategies were
used to machine this pocket.

1. In the first test, the milling was carried out using
the ‘standard’ cycles that are commonly applied
for machining such pockets at macroscale. In
particular, Heidenhain Cycles 210 and 211 [21]

Fig. 3 Test part

Fig. 4 Initial machining of Side B of the test part

Fig. 5 Side B of two test parts scanned with the surface

mapping system

Micromilling strategies for machining thin features 1681

JMES192 # IMechE 2006 Proc. IMechE Vol. 220 Part C: J. Mechanical Engineering Science

 at Cardiff University on April 4, 2012pic.sagepub.comDownloaded from 

http://pic.sagepub.com/


for slot and pocket milling with ramping were
applied. The machining was carried out with a
200 mm diameter end-mill at a cutting speed of
39 000 rpm and feed rates of 70 mm/min. The
resulting part is shown in Fig. 5. In this figure,
it could be clearly seen that the ribs are bent and
their thicknesses vary along the rib edge, and
even some pocket walls are broken. The results
of this test are used as a reference point to
assess the improvements that the proposed new
strategies bring to the machining of thin features.

2. In the second test, a two-step strategy was
employed to machine the pocket with the same
200 mm diameter end-mill. Again, the spindle
speed was 39 000 and the feed rate 70 mm/min.
Initially, a slot, 800 � 200 mm, was milled to the
final depth (Fig. 6(a)) applying a reciprocating
plunge-cut cycle.

The tool path shown in Fig. 4(b) was then used to
remove the remaining material layer by layer. The
milling was carried out in a number of subsequent
passes with an axial feed in the previously
machined slot and thus without any cutting. In
this way, it is possible to eliminate almost any
axial forces during the milling and the cusp on
the vertical walls. In spite of that vibrations
occurred when machining the pocket due to con-
tinuing the reduction of part stiffness. As a result
of these vibrations, the ribs do not have a consist-
ent thickness as is shown in Fig. 7. Nevertheless, it
should be noted that the part deformations are
much smaller than those resulting from the use
of standard pocketing cycles. It is obvious that
this machining strategy is muchmore appropriate
for milling thin features.

3. In the third test, a 150 mm diameter end-mill was
used to machine the pocket in the centre of the
test parts. The machining strategy was the same
as in the previous test. The milling was carried
out with spindle speed 40 000 r/min and feed
rate 65 mm/min. An allowance was made for
milling the fillets between the ribs and the webs
in a follow-up operation using a 200 mm diameter
end-mill with 25 mm corner radius. The spindle
speed and the feed rate for this operation were
39 000 r/min and 70 mm/min, respectively. To
avoid the web deflection, very small step depth

Fig. 6 Micromachining strategies

Fig. 8 The resultant part after almost vibration-free milling: (a) quick vision picture; (b) the C–C

cross-section of the ribs produced with the surface mapping system

Fig. 7 Deformations caused by vibrations: (a) a quick vision picture; (b) a rib scanned with the

surface mapping system; (c) the C–C cross-section of the ribs produced with the same

system
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(7 mm) was used for all tests. The readings of the
monitoring system indicated almost negligible
vibrations during both milling operations. The
quality of the machined test part reflects this. As
can be seen in Fig. 8, the ribs are straight without
any bending and also the C–C cross-section
shows that the variation of the rib thickness is
much smaller than in the previous test. Thus, it
could be concluded that the machining strategy
applied in the last test is the most appropriate
one for milling thin features.

6 RESULTS AND CONCLUSIONS

This research reports an investigation of the main
factors affecting the reliability of micromilling tech-
nology when employed for the machining of micro-
components incorporating thin features. The
general principles that should be followed in design-
ing machining strategies for such features are
described, and guidelines given for their correct
implementation. Taking these general principles
into account, new strategies are proposed to reduce
the negative effects of identified factors on part qual-
ity, and at the same time to overcome some of the
problems associated with the use of conventional
machining strategies for micromilling of ribs and
webs. In particular, the strategies for milling thin
features should be designed taking into account the
following main principles.

1. The tool path should be selected in such a way
that the ribs and webs being machined are
supported by specially designed fixtures or un-
machined areas of the workpiece. Moreover, the
cutting should proceed from the least supported
area toward the best supported thin features in a
component.

2. For thin webs, it is important to minimize the
force component normal to the web. This means
that most of the machining has to be performed
using tools with no corner radius.

3. In case fillets are required between ribs and webs,
they should be initially machined in a number of
subsequent passes by removing the material
layer by layer. Then, the resulting small steps
will be removed in a follow-up milling operation
using a cutter with the required corner radius.
The machining of these steps should be carried
out with spindle speeds that are sufficiently low
to prevent any vibration occurring.

To implement and validate the proposed milling
strategies, initially, NC programs for milling thin
ribs and webs were created manually and then a
special CAM module was developed for their auto-
matic generation.
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faces: a newparadigmfor thin-shell finite-element analy-
sis. Int. J. Numer. Methods Eng., 2000, 47(12), 2039–2072.

3 Tlusty, J., Smith, S., and Winfough, W. Techniques for
the use of long slender end mills in high-speed milling.
Ann. CIRP, 1996, 45(1), 393–396.

4 Rao, D. Methodologies to increase the metal removal
rate and to improve the surface finish of flexible aircraft
structures using high speed milling. Master’s Thesis,
University of Florida, 1995.

5 Fairman, R. Strategies for the high speed machining of
flexible thin-floored aluminium aircraft components.
Master’s Thesis, University of Florida, 1995.

6 Kline, W., DeVor, R., and Shareef, I. The prediction of
surface accuracy in end milling. ASME J. Engin. ind.,
1982, 104, 272–278.

7 Altintas, Y., Montgomery, D., and Budak, F. Dynamic
peripheral milling of flexible structures. ASME J. Eng.
Ind., 1992, 114, 137–145.

8 Bao, W. Y. and Tansel, I. N. Modeling micro-end-
milling operations. Part I: analytical cutting force
model. Int. J. Mach. Tools Manuf., 2000, 40, 2155–2173.

9 Tlusty, J. andMacneil, P. Dynamics of cutting forces in
end milling. Ann. CIRP, 1975, 24(1), 21–25.

10 Wang, W., Kweon, S. H., and Yang, S. H. A study on
roughness of the micro-end-milled surface produced
byaminiaturedmachine tool. J.Mater. Process. Technol.,
2005, 162–163, 702–708.

11 Jemlelniak, K. Modelling of dynamic cutting coeffi-
cients in three-dimensional cutting. Int. J. Mach. Tools
Manuf., 1992, 32(4), 509–519.

12 Toh, C. K. Surface topography analysis in high speed
finish milling inclined hardened steel. Prec. Eng.,
2004, 28, 386–398.

13 Tlusty, J. and Ismail, F. Special aspects of chatter in
milling. Trans. ASME, J. Eng. Ind., 1983, 105, 24–32.

14 Mecomber, J. S., Hurd, D., and Limbach, P. A.
Enhanced machining of micron-scale features in

Micromilling strategies for machining thin features 1683

JMES192 # IMechE 2006 Proc. IMechE Vol. 220 Part C: J. Mechanical Engineering Science

 at Cardiff University on April 4, 2012pic.sagepub.comDownloaded from 

http://pic.sagepub.com/


microchip molding masters by CNC milling. Int.
J. Mach. Tools Manuf., 2005, 45, 1542–1550.

15 Lee, K. and Dornfeld, D. A. Micro-burr formation and
minimization through process control. Prec. Eng.,
2005, 29(2), 246–252.

16 Tansel, I. N., Bao, W. Y., Tansel, B., Shisler, B.,
Smith, D., and Murray, J. Identification of cutting
conditions by using an analytical model and
genetic algorithms for micro-end-milling operations,
smart engineering system design: Neural networks,
fuzzy logic, rough sets and evolutionary program-
ming. In Proceedings of conference on Intel-
ligent engineering systems through artificial neural
networks, 1998, vol. 8, pp. 779–784 (ASME Press,
New York).

17 Dimov, S., Pham, D. T., Ivanov, A., Popov, K., and
Fansen, K. Micromilling strategies: optimization
issues, Proc. Instn Mech. Engrs, Part B: J. Engineering
Manufacture, 2004, 218, 731–736.

18 Pro/Engineer Wild Fire v2.0, PTCw, available from
http://www.ptc.com/support/support.htm, 2004.

19 Lee, K. A Study of Surface Roughness in Micro-end-
milling of Aluminum, Research sponsored by CODEF
and ACLARA.

20 Smith, S. and Dvorak, D. Tool path strategies for high-
speed milling aluminium workpieces with thin webs.
Mechatronics, 1998, 8, 291–300.

21 Heidenhain TNC426, user’s manual conversational
programming, Section 8.4 Cycles for milling pockets,
studs and slots, 2002, pp. 240–244.

1684 K Popov, S Dimov, D T Pham, and A Ivanov

Proc. IMechE Vol. 220 Part C: J. Mechanical Engineering Science JMES192 # IMechE 2006

 at Cardiff University on April 4, 2012pic.sagepub.comDownloaded from 

http://pic.sagepub.com/

