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Micro cutting

Ultra-precision machining

Processes
Tooling
Component size
Shape

Accuracy
Surface finish
Machines

Applications

Depth of cut
(uncut chip thickness)

Micro turning, milling, drilling,
grinding, etc.

Various tooling materials: (coated)
tungsten carbide, CVD, CBN,
diamond tools

1-1000 um

3D shape with high aspect ratios
and geometric complexity

Absolute: <10 um

Relative: 1072107

<100nm Ra

Precision machining centres,
precision micro machines,
ultra-precision turning machines
Various applications requiring
micro components

I-10um

Single point diamond turning, fly
cutting, etc.
Natural diamond tools

I mm above, Can be very large
Rotational parts, both spherical and
aspheric surface, normally low aspect
ratios.

Absolute: <1 pm

Relative: 107°-107°

Typically <20nm Ra

Ultra-precision turning machines

Electro-optics

0.1yum — 10pum
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Research methods in micro cutting mechanics

Experimental studies Modelling & simulation studies
(Micro milling, SPDT, Fly = Analytical modelling = Mechanistic modelling
cutting, etc.) = Numerical simulation (FEM, Molecular dynamics)
J L
Conventional n Micro cutting mechanic Enabling technologies
cutting aspects = Machine tools = Micro tooling
process =

mechanics — Cutting force & energy

& — Chip & burrs formation

Micro cutting
processes — Surface generation

Size effects

= Micro turning = Cutting edge radius
— Cutting temperature

= Micro milling = Grain size
= Micro drilling = Material properties
— Tool wear mechanism = Process variables

= Micro grinding

L El=

Challenges and scientific approaches to tackle micro-machinability
= High aspects ratio features

= Difficult-to-machine materials
= Short tool life

Vibration assisted micro cutting Laser assisted micro cutting
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Structure Dimension /um

10

25

50

[|Hard-metals =
Steel, non-ferrous Silicon
metals, Ceramics, / " .
HGalss, Polymers —— Silicon Etching
( Laser Machining LIGA
Metals Micro-machining
Ceramics
Polymers Non-ferrous metals
Polymer
Electric Discharge Infrared Crystals
\\ Machining Grinding
_ Steel
Hard-metals — Ceramics Geometry-Variation [
Steel, non ferrous
metals Glass |:| |:| |:| . .
| Planar Freeform
|
200 100 50 25 10 5

Surface Quality

Ra /nm
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Micro-Machines developed at UIUC, Northwestern, and Brunel University
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non-ferrous
materials

N
Micro turning Micro milling Micro drilling Micro grinding
Workpiece Rotational convex 3D shape both convex Round holes Hard and brittle
Shape shape with large and concave with through or blind materials; 3D
aspect ratio, such as  high aspect ratios and convex and
micro shafts, micro high geometric concave shape
pins, etc. complexity using micro
grinding tips
Typical size Down to ¢5 pum, 50 um slots are 050 um holes are ~ Micro structures
though 100 pum practical applicable  practical down to 20 um
above more applicable
applicable
Achievable 0.1 um Ra Optical surface 0.1 ym Ra advantageous for
surface (<10 nm Ra) via brittle materials
roughness diamond milling for with optical

surface finish
(<10 nm Ra)

10
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» Microstructure effect
« Homogeneous and isotropic, anisotropic machining

» Minimum chip thickness and specific cutting
energy

» Surface roughness
» Burr

» Force modeling
« Empirical, Mechanical, Analytical Models

» tool wear
» sensing and monitoring methods

12



Workpiece

(a) Macrocutting

Micro Cutting

13
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Removed material

Elastic Removed

recovery h  Chip Elastic Ci@f material
* N\ recoyery V
Workpiece } Workpiece A Workpiece
(@) h<h min (b) h=h min (€) h>h min

Chip formation relative to minimum
chip thickness in microscale machining

14
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bbb

Cutting direction

ety
N Cutting tool
- 8
5 /Wcrrkpiece
B . -
ap<D

ap :Axial depth of cut
D : Average grain diameter

Anisotropic machining: Brings high frequency vibration, tool wear,
surface roughness

15
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100 pm — 00 pm

Variations of tool diameter and lot geometry, to determine the tool wear 20
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(Uncoated) /~3.75 um/flute, go=0.15 mm

—a

Edge chipf
L
* 2 Flank wear

£ }iﬁ y Corner
k b | chipping
A ”\ /

N ‘,/ i Edge chipping

Built-up edge.

Iuﬂ"mr = SE1 EMT = 15,00 kY Mag = 000 X C-L | Depecior = BE1 EHT = 1500 &y Mag e EDDX

SEM images for uncoated tool after cutting process of 120 mm.
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Sparse representation theory (¥EifE 71

Motivation: Large dictionaries incorporate more patterns and increase
sparsity. Better for compression, denoising, and pattern recognition.

Approach: Represent a signal sparsely in terms of linear combination of
atoms in an overcomplete (redundant) dictionary.

min ‘xH s.t. y=®z,
T 0
, 2
winly-ae] 2]
a 2 1
e
A 2 (0
8.2 ----------- ' y 2
a, &

23
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Sparse representation in redundant dictionaries

Signaly Learned dictionary D Weight x
I | |
y: mx1 D: mxn, m<n
dense vector redundant (column) basis
X: nx1

Sparse vector

Redundancy offers a wide choice of atoms to represent the signal.
A smallest linear combination of atoms could be selected to approximate

the signal.

24
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* Dictionary learning process, and optimize objective
function J,

J = max(Discrimination) + min(Reconstruction) 4+ max(Sparsity)

= max(J,) +  min(J)) +  max(J,)
min———+ — — QT AT,
55 oAl e E|, AR

B
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signal Fourier transform of signal Low frequencies
6 300 ‘ ‘ ‘ ‘ x 300
4 200 ] 200
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| | OM OWM B
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InvFourier of low freq 11 reconstruction from low freq
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