
4 4 6 . 3 2 6 A C A D / C A M

D i  f  X (DFX)Design for X (DFX)

November 25, 2009

Prof. Sung-Hoon Ahn (安成勳)

School of Mechanical and Aerospace Engineering 
S l N ti l U i it

Photo copyright: Sung-Hoon Ahn

Seoul National University
http://fab.snu.ac.kr

ahnsh@snu.ac.kr

11



OutlineOutline
Introduction to DFXoduc o o

Design for Manufacturing

Design of Experiment

Design for AssemblyDesign for Assembly

Design for Environment

Other DFX

Case Studies

Photo copyright: Sung-Hoon Ahn

22



Introduction of DFX

Success in product manufacturing requires integration between 
th i h f th d t lif lthe various phases of the product life cycle. 

– Ulrich and Eppinger, 1995

One of the key aspects of integration during the design process 
is “Design for X (DFX)”
- Design for Manufacturing (DFM)
- Design for Assembly (DFA)

D i f Di bl (DFDA)- Design for Disassembly (DFDA)
- Design for Environment (DFE)



1. Design for Manufacturing (DFM)g g ( )

Traditional Design and Manufacturing Process

Design Over the Wall
ManufacturingDesign Manufacturing

Isolated

Knowledge

Time lost in 
trial and error

Manufacturing



1. Design for Manufacturing (cont.)g g ( )

Paradigms of DFM
- Design decision affects- Design decision affects 

manufacturing cost and 
productivity

- Designers play important role 
not only in shaping, but also 
in manufacturability, cost, andin manufacturability, cost, and 
life cycle of products



1. Design for Manufacturing (cont.)g g ( )

Objectives of DFM
Identify product concepts which are inherently easy to manufacture- Identify product concepts which are inherently easy to manufacture

- Design components for ease of manufacture.
- Integrate product and process design to ensure an optimumIntegrate product and process design to ensure an optimum 

combination of function and manufacturability.

Optimal T diti l
100%

DFM

Cost of
Changes

Optimal
Planning

Traditional
Planning

Design
Completness Traditional

Time

< Costs of change vs time >

Time

< Design completeness vs time >< Costs of change vs. time > < Design completeness vs. time >



History of DFM Iy

Eli Whitney (19C )
Musket (gun) manufacturer- Musket (gun) manufacturer

- Redesign each part to a specific 
dimension with a limited tolerancedimension with a limited tolerance

- Using fixtures, gauges, and specially 
developed machines, each part could be 
made by semi-skilled workers (instead of 
expert artisans) at a faster and less costly 
raterate

- Changed manufacturing process of parts 
from sand casting to forging resulted in o a d a g o o g g u d
increased accuracy



History of DFM I (cont.)y ( )

Whitney’s Musket



History of DFM IIy

Henry Ford (1907)
Lower cost from- Lower cost from 
standard parts

- Simple part designSimple part design
- Mass production

Conveyor system
- Price reduction

$2000/ $350/- $2000/car $350/car
- 1908~1927: 15 million cars sold



DFM categoryg y

General
P ifiProcess specific
Product specific
Design for Assembly (DFA)Design for Assembly (DFA)



General principles of DFMp p

Minimum number of parts
St d d tStandard parts
Modular design
Multi functional partsMulti-functional parts
The same parts to various products
Maximum surface roughness and toleranceMaximum surface roughness and tolerance
Avoid secondary process
Use materials easy to manufactureUse materials easy to manufacture
Consider number of parts to be manufactured
Avoid many componentsy p
Minimize handling of parts



General principles of DFM (cont.)p p ( )

Per part cost
Manufacturing Time vs.Manufacturing Time vs. 
Surface Roughness



Fabrication of Microchip - lp

Microchip for capillary electrophoresis
- Typical micro component of μ-TAS (Micro Total Analysis System)Typical micro component of μ TAS (Micro Total Analysis System)
- Dimensions of micro chip

• Channel width: 200 ㎛
• Channel height: 300 ㎛

5mm
• Channel height: 300 ㎛
• Reservoir diameter: 1 mm
• Reservoir 2 – 4 : 45 mm

Reservoir 1 3 : 10 mm

40mm

The 2-D Drawing of Microchip• Reservoir 1 – 3 : 10 mm

Fabrication via direct machining
M hi i ith 200 d ill PMMA

The 2 D Drawing of Microchip

Reservoir 1 -4
Reservoir 1: buffer reservoir
Reservoir 2: Sample injection
R i  3  S l  t- Machining with φ200 ㎛ endmill on PMMA

- Machining conditions
• Feed rate: 0.1 mm/s

Reservoir 3: Sample waste
Reservoir 4: Separation channel

• Spindle speed: 30,000 rpm
• Depth of cut: 30 ㎛
• Machining time: 51 min

- Prototype within 2㎛ dimensional error

Microchip by direct machining 



Comparison of processes

30 min
$6.65 15 min

1h
$6 65

p p

(a) PR patterning on silicon

(b) Silicon DRIE for channel

(a) PR patterning on silicon

(b) Silicon DRIE for channel
(a) CAD modeling

1 min
$102.66

30 i

15 min$6.65

1 hr
$102.66

(c) Oxide deposition on backside 

(b) Silicon DRIE for channel

(c) Hot embossing with PMMA
(b) Tool path generate

30 min
$14.26

1 hr
$28.52

15 min
5 min
$42.78

(d) Ti / Au sputtering

(d) Ni electroplating
(d) Detaching the silicon mold

(b) Tool path generate

8 – 10 hr
$165.4

1 hr

30 min
$6.65

30 min ( ) p g

(e) Ti/Au/Silicon removal (TMAH / HF)
(d) PMMA plate fusion bonding

(c) Machining

30 min
$30

1 hr

5 min
$42 78

(d) Injection molding

15 min
• Easy to crack (brittle mold)
• Short life time of mold
• Detach problem

(f) Hot embossing with PMMA

(d) Detaching the Ni mold

$42.78

30 min
$6.65

Hot Embossing / Si mold Hot Embossing / Ni mold Injection Molding

• High cost / long time / complicated process • Rapid and cheap manufacturing

(d) etac g t e o d



Fabrication of Microchip - llp

Injection molding
Mold machining- Mold machining

• Mold size: 150mm×150mm×20mm
• Roughing: φ4 mm, 30,000 rpm, 1 mm/s, 0.1mm DOC (1 hr 7 min)

Fi i hi 200 30 000 0 1 / 10 DOC (32 i )• Finishing: φ200 ㎛, 30,000 rpm, 0.1mm/s, 10㎛ DOC (32min)

- Injection molding machine
• PMMA pellet : IF-850 (LG MMA)

CAD Modeling of Injection Mold and Fabricated Microchip

p ( )
• Morgan press G-100T (Vertical type)
• Nozzle and barrel temperature: 210 
• Clamping force: 14,000 lbfp g ,
• Injection pressure: 6,000 psi (41MPa)



Fabrication of Microchip - lllp

- Dimensional tolerance of each microchips

#1
Inter-

Direct Machined Chip Injection Molded chipInjection Mold

#2

MEMS chip

Inter-
section

#2

#1
#2

#3#4

Position #1
(㎛)

#2
(㎛)

#3
(㎛)

#4
(㎛)Process

#2
Vertical
channel

Dimensional Errors of Microchips

( ) ( ) ( ) ( )Process

Designed No R. 200 200 1000

Direct 
Machined Chip No R. 1.5 2 3

#3
Horizontal
channel

Machined Chip

Injection Mold R100 2 2.5 5.5

Injection R100 5.5 6 11
#4

Reservoir
Molded Chip R100 5.5 6 11

MEMS Chip R50 3.5 4 5



Fabrication of Microchip - lVp

- Cross sections

Direct
Machined Chip

Injection
Molded Chip MEMS Chip

Reference
Kim, M. S. and Kim, Y. G., "Fabrication of 

microchip electrophoresis devices and effects microchip electrophoresis devices and effects 
of channel surface properties on separation 
efficiency" , Sensors and Actuators B, 2005.



Evaluation of Cost

Cost Estimation
Total cost of mechanical micro machining: C C + C + C + C- Total cost of mechanical micro machining: Ctotal = Cw + Cp + Cm + Ct

Total Cost of Mechanical Micro Machining

Material Cost Preparation Cost Machining Cost Tool CostMaterial Cost Preparation Cost Machining Cost Tool Cost

Cw Cp Cm Ct
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⎞
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⎞⎛V: volume W: wage per hour

umw CVC ρ= pp WTC = ( )mmm BWTC += ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

T
T

yC m
t

[ ]
⎟
⎠
⎞

⎜
⎝
⎛+=

100
%_ ove headmachineMMB ttm

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×

=
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tmachinepurchaseinitialMt
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n

V
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⎠
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⎜
⎝
⎛=ρ: density

Cum: mass per unit

g p
Tp: preparation time

(hour)
y: initial tool cost
Tm: machining time (hour)
T: tool life⎟

⎠
⎜
⎝ × periodrepaymenthoursworking __

W: wage per hour
Tm: machining time (hour)
Bm : Indirect cost
Mt: Depreciation rate

f
V: cutting speed



Evaluation of Cost - II

Cost Evaluation
B (Indirect cost)

Item Direct machining Injection molding MEMS

Cw PMMA $0.02 Al $7.78 
Wafer
$28.52Tp 10 min

Tp,machining. 10 min
- Bm (Indirect cost)

- M (Depreciation rate)

$

PR
patterning

$6.65

Cp
p 0

Tp,injection. 30 min

W $2.37 /hr W $2.37/hr

Subtotal $0.4 $1.58 

T 51 min

Tm,roughing. 67 min

T 32 min

[ ]
⎟
⎠
⎞

⎜
⎝
⎛+=

100
%_ overheadmachineMMB ttm

- Mt (Depreciation rate) Mask
$266

DRIE
$96.05

Cm

Tm 51 min Tm,finishing 32 min

Tm,injection 1 min

Mt $1.81 
Mt,machining $1.81 

Mt,injection $0.48 

Bm machining $5.42 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×

=
periodrepaymenthoursworking

machineoftpurchaseinitialMt __
__cos__

- Tool life of macro scale Oxidation
$14.26

Ti/Au 
tt i

Bm $5.42 m,machining

Bm,injection $1.43 

W $2.37 /hr W $2.37/hr

Subtotal $6.62 $15.36 

y $43 /ea
yroughing $4/ea

n

V
CT

1

⎟
⎠
⎞

⎜
⎝
⎛= C, n: empirical constant

V: cutting speed

- Reference of rental fee (MEMS)
• Inter-university Semiconductor

Research Center (SNU) 

sputtering
$28.52

Ni electro-
plating
$165 4

y $43 /ea
yfinishng $43/ea

Tm 51 min
Tm,roughing 67 min

Tm,finishing 32 min

C 600
Croughing 600

V ⎠⎝ V: cutting speed

$165.4

Si/Au/Ti 
removal
$28.53

Ct
Cfinishing -

V 300m/min
Vroughing 300m/min

Vfinishing -

n 0.14
nroughing 0.14

n -
Total

$632.92
/4ea

nfinishing -

T 9hr: at 0.1mm/s
Troughing 141min

Tfinishing 545min

Subtotal $4 $4.65

Total $11.04/ea $29.37/ea $158.23/ea



Evaluation of Cost - III
- Per part cost of mass production
- Cost of injection moldingCost of injection molding

• Batch size: 1000 unit per 1 mold
• Mass production cost of 1000 unit

• Material cost: $0 02 × 1 000 = $20• Material cost: $0.02 × 1,000 = $20
• Injection molding: Cm,injection = Tm,injection(Bm + W) = 2.7 × (1.43 + 2.37)  = 

$10.26
• C = C + 10 26 = 29 37 + (20 + 10 26) = $ 59 63• Ctotal,1000ea = Ctotal,1part + 10.26 = 29.37 + (20 + 10.26) = $ 59.63
• Therefore, per part cost = $0.06

Per part cost
(USD)

158
(USD)

MEMS

30

Machining

0.06

10

1000 Part (number)

Machining

Injection molding



MAS

Manufacturing Advisory Service
DFM t t l d i tDFM at conceptual design stage

- Suggestion of manufacturing processes
- Suggestion of materialsSuggestion of materials



Process specific DFMp

Machining
DrillingDrilling



Web-based DFM systems - MIMSy

Micro Machining System
T b id d i d f t iTo bridge design and manufacturing

- Guaranteed manufacturability
• 3 axis micro milling3 axis micro milling
• Design for Manufacturing (DFM)

- Shared information and resources
- Faster product development
- Lower prototyping cost



Web-based DFM systems - MIMSy

Architecture
Web based system- Web-based system



Web-based DFM systems - MIMSy

DFM in machining: User Level
Expert mode:- Expert mode:

• 16 parameters
• Max. control

- Novice mode:
2 t• 2 parameters

• Roughing
• Tool diameter

• Easy interface



Web-based DFM systems - MIMSy

DFM: Thin Client UI
HTML form- HTML form

- Tool database
- Interpolation tolerance 1㎛Interpolation tolerance 1㎛



Web-based DFM systems - MIMSy

DFM: NC Code Simulation

Issues in micro regime
RRun-out
Tolerance of software



Web-based DFM systems - SmartFaby

Works in SolidWorks during channel or pocket modeling
Sk t h V lid tiSketch Validation

- Improve machinability
- Based on the tool information and DFM philosophyBased on the tool information and DFM philosophy

Check for minimum Gap Check for fillet



Web-based DFM systems - SmartFaby

Pocket Validation

Initial
depthdepth

Stock
heightLimit of

depth

Limit of depth < 
stock height – initial depth

For Multiple Pocketing:

Fig 7. DFM in pocketing

Case I. Depth limit Case II. Depth limit and initial depth

Examples of DFM in pocketing



Web-based DFM systems - SmartFaby

Convenience setting for NC code generation

(a) STL model (b) Machine setting

Results of DFM module

Setting for NC generation
Upload form: model and setting



Web-based DFM systems - SmartFaby

For micro machining

2020

875

6600

0

7495

Cp = Tp*W Tp: Preparation time (0.35 hr)
W : Operator’s wage (2500/hr)

Cm = Com+Ct = Tm*W+CtCm  Com+Ct  Tm W+Ct
Tm: Machining time (0.24 hr)
W: Operator’s wage (2500/hr)

Ct = y*(Tm/T) (7995 won, 88% of total cost)
Ct Tool sage costCt: Tool usage cost 
T: Tool life (4 hr)
y: tool cost (100,000)



DFM for RP

Issues in FDM material (ABS)
P & di ti lPorous & directional
Build rule
…



Issues in FDM Material (ABS)( )

Functional Properties
Strength- Strength

- Nude style package

Approach
- Resin infiltration
- Increase strength & transmissivity of light

Porous micro structureFDM process



Micro Structure of FDM Part



Porous & Directional



Anisotropy in FDM Partspy

“Raster Orientation” is the direction of deposition

Quickslice SML file.SEM picture of FDM specimen.p p



Design of Experiment (DOE)g p ( )



Results

Variable Symbol Low(-) High(+)

Air Gap (in.) A 0 0000 -0 0020Air Gap (in.) A 0.0000 0.0020

Bead Width (in.) B 0.0200 0.0396

Model Temperature( ) C 270 280

l hABS Color D Blue White

Orientation of Raster E Transverse Axial



Failed Specimensp



Build Rule #1

Build parts such that tensile loads will be carried axially along the 
fibfibers.



Build Rule #1 cont’d

Cross Section 1 Cross Section 2

Two different road orientations for cantilever snap-fit design.p g



Build Rule #2

The stress concentrations associated with a radius can be 
i l di If di ill l d b ildi th dimisleading. If a radius area will carry a load, building the radius 

with contours is probably best.

Cross Section 1 Cross Section 2

Two different road orientations for dog-bone design.



Build Rule #3~5

Rule 3.  A negative air gap increases both strength and stiffness
R l 4 Sh t th b t l i t th hRule 4.  Shear strength between layers is greater than shear 
strength between roads.
Rule 5 Bead width and temperature do not affect strength butRule 5.  Bead width and temperature do not affect strength, but 
the following considerations are important.

Small bead width increases build time- Small bead width increases build time.
- Small bead width increases surface quality.
- Wall thickness of the part should be an integer multiple of the bead p g p

width



Resin Infiltration

Raw FDM ABSi After InfiltrationDuring Infiltration
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Relative Transmissivityy

ABSi Acryl Cyano Acrylatey y y

Index of Refraction 1.57 1.69 1.51



DFM in Injection Moldingj g



DFM in Injection Molding (cont.)j g ( )

Prevent undercut



DFM in Injection Molding (cont.)j g ( )



Warpage and sinkmarksp g

Avoid thick “hot spots”



Injection and flowj

Max length of flow
Part Thickness- Part Thickness

- Material
Influences decision onInfluences decision on

- Part Geometry
- Number of gates
- Location of gates

• Weldline



Avoid undercut

Undercut requires cam pin, slider, or lifter



Key issues for each sub-process y p

Injection
Flow Length Limit Weldlines and Density Dist- Flow Length Limit, Weldlines, and Density Dist.

- Gating Scheme (number and location)
- ThicknessThickness

Packing and Cooling
- Differential Cooling, Warpage, and Sinkmarks
- Geometry Design

Ejection (Tooling)
- Parting Plane (Undercut)
- Ejector Pins

AssemblyAssembly
- Integral hinges and fasteners, Welding



Product specific DFMp

Example: GM 3.8 liter V6 engine

Airintake manifolds
Original : Cast Al
Redesigned : molded 

thermoplastic composite



Design for Assembly (DFA)g y ( )

Benefit of DFA
Fewer Parts- Fewer Parts

- Easier Assembly
- Shorter Assembly TimeShorter Assembly Time
- Major Concurrent Engineering Driver

• Major Cost Savings (Parts and Labor)
• Reduced Defects
• Improved Quality
• Increased Reliabilityy



Design for Assembly (cont.)g y ( )



Design for Assembly (cont.)g y ( )



Design for Assembly (cont.)g y ( )

Minimum number Multi-functional Part
- Compliant (flexible) part- Compliant (flexible) part



Design for Assembly (cont.)g y ( )

Self Location



Design for Assembly (cont.)g y ( )

Example: LegoExample: Lego



Design for Assembly (cont.)g y ( )



Design for Disassembly (DFDA)g y ( )

Guidelines for joints I



Design for Disassembly (DFDA)g y ( )

Guidelines for joints II



Design for Disassembly (DFDA)g y ( )

Guidelines for joints III



Design for Disassembly (DFDA)g y ( )

Time issue
Logitech MX300- Logitech MX300 

Mouse

Screw * 1 = 4 sec

Assy
1

Assy
2

Screw
* 1

Assy PCB Screw Wheel Assy Cable

Screw * 2 = 8 sec Insert * 2 = 2 sec

Assy
1-1

PCB
1

Screw
* 2

Wheel
Assy

Assy
2-1

Button Button Assy Wheel Wheel Steel Wire Base PCB Screw

Cable
1

Snap fit * 2 + Insert * 1 = 5 sec Screw * 2 + Insert * 1= 8 sec Screw * 2 = 8 sec

1 2 1-1-1

Assy
1-1-1-1

Upper
Cover

Screw
* 1

Base Wheel * 2 Base 2 * 2

Screw * 1 + Snap fit * 4 = 20 sec

T t l Di bl ti1 1 1 1 Cover  1

Lower
Cover

Steel
Block

Screw
* 1

Screw * 1 = 4 sec
Total Disassembly time:
59 sec

Assembly Single part
Insert: x sec Snap fit: x^2 sec Screw: 4x sec x: # of items



Design for Disassembly (DFDA)g y ( )

Time issue
Microsoft Explorer- Microsoft Explorer

Mouse

Assy
1

Assy
2

Screw
* 1

Screw * 2 + Snap fit * 2 + 5(for Rubber pad) = 17 sec

Rubber
Pad * 2

Assy Side Side PCB Optical

Snap fit * 2 * 2 = 8 sec

Screw

Screw * 2 + Snap fit * 2 * 2 + 10(for PCB Set) = 26 sec

Assy
1-1

Side
Button 1

Side
Button 2 Wheel PCB

Set(3)
Optical

part

Screw * 2 + Snap fit * 3 = 17 sec

Screw
*2

T t l Di bl ti
Button Screw

*2

Total Disassembly time:
68 sec

Assembly Single partInsert: x sec Snap fit: x^2 sec Screw: 4x sec x: # of items



Design for Environment (DFE)g ( )

Benefit of DFE
Reduced health safety and ecological risks- Reduced health, safety, and ecological risks

- Increased efficiency and customer acceptance
- Improved worker morale and productivityImproved worker morale and productivity
- Reduced regulatory burden
- Improved channels of communication, cooperation, and 

collaboration among stakeholder organizations
- Expanded business and market opportunities

- DFE includes
• Design for Recycling

- from U.S. Envrionmental Protection Agency (EPA),
http://www.epa.gov/oppt/dfe

g y g
• Design for remanufacturing
• Design for energy efficiency



DFE as a real regulationg

Eco Design(DFE) of EuP Directive 2005/32/EC
EuP : Energy using Products which use any forms of energy- EuP : Energy using Products which use any forms of energy

- All EU countries must legislate for this EuP Directive until 11th

August, 2007.August, 2007.

< A Part of Direcrive 2005/32/EC Article 15 >



DFE as a real regulationg



DFE as a real regulationg

DFE affects the decisions listed hereafter

Integrated Product PolicyIntegrated Product Policy
- At the strategic level of generating ideas for new products, the 

notion of eco-analysis of current products, the environmental goals 
one is trying to reach and the notion of how new products would be 
an improvement can be qualitative and abstract. 



DFE as a real regulationg

Integrated Product Policy
At such level a company may decide for instance that all in one- At such level, a company may decide for instance that all-in-one 
imaging center is more environmentally friendly than a single 
product. The DFE dimension, as one of the many factors that areproduct. The DFE dimension, as one of the many factors that are 
taken into consideration, can be an inspiration and guidance.



Design for recycling g y g



Design for recycling (cont.)g y g ( )



Design for recycling (cont.)g y g ( )



Design for remanufacture g

Parts of the Kodak Funsaver Single-use camera area remanufactured. Parts must be removed, 
cleaned inspected and returned to the factory for reusecleaned, inspected, and returned to the factory for reuse.



Design for high-impact material reductiong g p



Design for energy efficiency g gy y



Design for class projectg p j

Minimum part size
Mi i thi kMinimum thickness
Maximum part size
Manufacturing costManufacturing cost 
Machining

- No undercut for 3 axis milling and turningNo undercut for 3 axis milling and turning
- Fixturing-vise, vacuum chuck 

RP
- Surface roughness and post process
- Strength 

ldInjection molding
- Draft angle

No undercut or undercut with slider mechanism- No undercut, or undercut with slider mechanism 



Case study #1y

Mold making
CNC milling turning- CNC, milling, turning

- sanding
- Channels for air escapeChannels for air escape



Case study #2y

Injection molding

● Temperature
EjectionEjection

h lh l
p

● Pressure
● Taper & Ejection holes

『

holesholes

SinkSink
● Expansion rate of『ABS』

● Burn
● Sink

SinkSink

● Sink

InjectionInjection
holehole

BurnBurn

holehole



Case study #3y

Re-design for injection molding

BeforeBefore

DeleteDelete

AfterAfter

ModifyModify



Thank you for your attention !Thank you for your attention !Thank you for your attention !Thank you for your attention !
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