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difference(){
//cuerpo del dado
intersection(){
cube(20,center=true);
sphere(15,$fn=100);}
//cara del 1
translate([10,0,0])
sphere(2,$fn=20);

}
translate([0,10,0])
sphere(2,$fn=20);
translate([5,10,5])
sphere(2,$fn=20);
translate([-5,10,-5])
sphere(2,$fn=20);
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From Design Space to Performance Space

« Numerical simulation maps points from design
space to performance space

.

Design Space Performance Space
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Example I: Color Gamut

The subset of colors which
can be accurately
represented within a given
color space or by a certain
output device.




Hardware Capabilities Limit Gamut

« Gamut can be directly tied to capabilities of a given
hardware

IRD )

F(X)
—) ->
X —
/ Design Performance
Space Space
E.g., how inks are Color

placed on a sheet



Heterogeneous

A unit microstructure cell material
1.E+0

1.E-01

—
m
o

Young’s Modulus
(GPa)
m
o

Base homogenous
materials

10 100 1000
Density (kg/m3)

What physical properties can be
achieved with microstructures?



Microstructure

Shear

Poisson’s ratio

[

Young’s Modulus

»
>



Space of bulk material
properties that can be
achieved with all material
microstructures of a given
size

Poisson’s Ratio

Relative Stiffness



e Boundary

- Mesh/contour
e Volume

- Grids (e.g., voxels), adaptive grids, points, distance fields

]RP







Why Volumetric Gamut Representations?

e Easy to check whether points are inside/outside

e Each cell can store points mapping back to the design
space

Design Performance
Space Space



Design Performance



How to Represent Gamut in Higher Dimensions?

e These representations are useful but have not been
explored much

e Possible representations: points, classifiers

IRD

Design Performance



How to Compute Gamut?

« When design space is low-dimensional

NANANANANRN

Design Performance




How to Compute Gamut?

 When design space is low-dimensional we can explicitly
compute the mapping for all points in design space

« Example: 2D printers/color

RPD RP

NANANANANRN

Design Performance



How to Compute Gamut?

 When design space is high dimensional

NANANANANRN

Design Performance




How to Compute Gamut?

 When design space is high dimensional we can use genetic
algorithms to expand gamut in all directions

NANANANANRN

Design Performance



* Microstructure samples




* Microstructure samples

* Compute level set




* Microstructure samples

* Compute level set

 Find random seeds near the level
" set boundary



Microstructure samples
Compute level set

Find random seeds near the level
set boundary

Find gradient towards outside of
gamut



Microstructure samples
Compute level set

Find random seeds near the level
set boundary

Find gradient towards outside of
gamut

Discrete and continuous sampling



Microstructure samples
Compute level set

Find random seeds near the level
set boundary

Find gradient towards outside of
gamut

Discrete and continuous sampling

Update level set



Example: Gamut for Microstructures with Cubic Symmetry
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difference(){
//cuerpo del dado
intersection(){
cube(20,center=true);
sphere(15,$fn=100);}
//cara del 1
translate([10,0,0])
sphere(2,$fn=20);

}

translate([0,10,0])
sphere(2,$fn=20);
translate([5,10,5])
sphere(2,$fn=20);
translate([-5,10,-5])
sphere(2,$fn=20);
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 Inverse problem is much more difficult
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 Inverse problem is much more difficult

Design Space Performance Space



Functional Design/ Generative Design

Translation

Goal Printable
Object



Inverse: From Performance Space to Desigh Space

Initial Guess

A dh N
N
E==
v
Goal

Simulation

A [ N
U
Goal @




Inverse: From Performance Space to Desigh Space

Update Design |
Simulate

-
) éﬁ“h_“y

Simulation

Goal
é\twb_i
U @
Goal




Inverse: From Performance Space to Desigh Space

How do we update the design
variables?

v'converge to a good Update Design
solutions quickly

v'not get stuck in local
minima

Initial Guess

Goal
Depends on the Design Space! a




o Each design can be mathematically represented as a point in R?

Design Space



« Each design can be mathematically represented as a point in R?,
where D = number of voxels in a build volume

]RD

Design Space




Reducing Design Space

« Each design can be mathematically represented as a point in R?

parametric models voxels
RP
number of dimensions

Design Space



Example

Design target

fabrication

[ X
3




Example

Design target

( ,. fabrication
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x Reduced Parameters

« Mesh Vertices
« Mesh deformation “knobs”
* e.g cages




An Inverse Elastic Shape Design

X Reduced Parameters —> Simulate f(x)

simulated result



An Inverse Elastic Shape Design

X Reduced Parameters —> Simulate f(x)
Compare to Goal If (%) — g

simulated result goal



X Reduced Parameters —> Simulate f(x)

T l

1
min |f (x) - g1 Optimization €= Compare to Goal | |¢(y)_ g

e.g., Newton’s Method



Inverse Methods: Topology Optimization



Design space

Constraint
Loading

Problem definition Topology optimization Topology optimized
output part



Topology Optimization




e Objectives:

- Structure should be as stiff as possible (i.e. the compliance should be
minimal) when a load is applied
- The total amount of material should be equal to V},,,,

Output:
Voxels with material assignment
(no material, full)

Initial layout

Large discrete space: {0,1}"



e Design variables
Material property €=p€5 C = p?(,

{01l 0<p<1

the method is called SIMP,
power-law or density
approach.

[Bendsge, 1989]

Large discrete space: {0,1}"



» Default boundary conditions: MMB Beam

Load

Full domain



» Default boundary conditions: MMB Beam

Load

A2

Half design domain



» Default boundary conditions: MMB Beam

Load

A2

Structure is supported
horizontally

Half design domain



» Default boundary conditions: MMB Beam

Load

Structure is
symmetric

A2

Half design domain



 How can we measure compliance?

Load

Compute static equilibrium: KU = F

Measure Energy of the System: T KU



e Minimum compliance problem

N
min c(x) = UTKU = Z(xe)pugkoue
X
e=1

Vix)
V,
KU =F

subject to

f



e Minimum compliance problem

N
min c(x) = UTKU = Z(xe)pugkoue
X

e=1

Densities

Vix)
V,
KU =F

subject to

f



e Minimum compliance problem

N
min c(x) = UTKU = Z(xe)pugkoue
X

e=1

Vix)
V,
KU =F

subject to

f

0 < Xppinp < x < 1| Valid range for densities




e Minimum compliance problem

Energy of the syst?vm

min c¢(x) =[UTKU = Z(xe)pugkoue
X

e=1

Vix)
V,
KU =F

subject to

f



e Minimum compliance problem

N
min c(x) = UTKU = Z(xe)pugkoue
X

e=1

Vix)
V,

subject to

f

KU = F | Static equilibrium

0 <xXpin <x<1



e Minimum compliance problem

N
min c(x) = UTKU = Z(xe)pugkoue
X

subject to

e=1
V(x) . :
=f Desired volume fraction
Vo
KU=F



e Based on the paper:

“A 99 line topology optimization code in Matlab” by Ole Sigmund,
Structural and Multidisciplinary Optimization 21(2), 2001, pp. 120-127

e Code can be find here:
- http://www.topopt.mek.dtu.dk/apps-and-software



http://www.topopt.mek.dtu.dk/apps-and-software

Challenges




Topology Optimization

FEM Solve




Source: Liu et al 2018
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Multiple Performance Objectives

Performance metric: Performance metric: Performance metric:
flexibility weight stability



Multi-Objective Optimization

min f;(x), i=1,..,d x€RP
Subjectto g(x)>=, h(x)=0

F(x) = [fi(x), ... fa ()]
Rd
F
/—\

Design Space Performance Space



min f;(x), i=1,..,d
Subjectto g(x) =, h(x)=0

F(x) = [f1(x), ... fa(d)]

We know how to do this: min f (x)



min f;(x), i=1,..,d
Subjectto g(x) =, h(x)=0

F(x) = [f10x), ... fa(d)]
We know how to do this: min f (x)

Solution: f(x) = »; w;f;(x)



min f;(x), i=1,..,d
Subjectto g(x) =, h(x)=0

F(x) = [f10x), ... fa(d)]
We know how to do this: min f (x)

Solution: f(x) =), i(x)

How do you pick the weights?



Example:
filx) =2x—5
folx) =x+3
0<x<1

fx) =wifi(x) + wafo(x)



Example:

filx) =2x —5
fo(x) =x+3
0<x<1

fx) =wifi(x) + wafo(x)

No matter what weights you pick
arg min f(x) =0



£t
Design Space Performance Space
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carrots 6 carrots B carrots
8 candies 6 candies 4 candies

(D) (B)

[ carrots 5 carrots 4 carrots
3 candies 7 candies 9 candies



3 carrots 6 carrots 6 carrots
8 candies 6 candies 4 candies

(D) (B)

[ carrots 5 carrots 4 carrots
3 candies 7 candies 9 candies



3 carrots 6 carrots 6 carrots
8 candies 6 candies 4 candies

(D) (B)

[ carrots 5 carrots 4 carrots
3 candies 7 candies 9 candies



Pareto Optimality

A solution x; is said to dominate the other solution x,, If
both the following conditions are true:

1. The solution x; is no worse than x, in all objectives.
2. The solution x, Is strictly better than x, in at least one

objective.

A point is Pareto optimal if it in not dominated by any
point: called non-dominated point



candies

carrots

3 carrots 6 carrots 6 carrots [ carrots 5 carrots 4 carrots
8 candies 6 candies 4 candies 3 candies 7 candies 9 candies



candies

carrots

3 carrots 6 carrots 6 carrots [ carrots 5 carrots 3 carrots
8 candies 6 candies 4 candies 3 candies 7 candies 9 candies
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- - - (-~ Pareto Front

fi(x)



Pareto Front

]RD

Design Space Performance Space



RO m P Pareto Front

A/\

S
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Design Space Performance Space



Not a straight line!
Solution: f(x) = X; w;f;(x) ®









Main Challenge:

» Converge to optimal solutions
e Diverse set that describes the full front

Pareto Set RY Pareto Front

RD

Design Space Performance Space



A £2

Local fronts

\ Infeasible
\ regions
(;:j:;o-optimal

front

Move many points in parallel towards the front at the same
time?

Source: Deb et al 2002
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fi(x)
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£,() 15t Generation
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£,(0) | 15t Generation |

| 2nd Generation |

fi(x)



| 1st Generation |

| 2nd Generation |

fi(x)



£,(0) | 15t Generation |

| 2nd Generation |

selection

fi(x)
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£,(0) | 15t Generation |

O | 2nd Generation |

|3fd Generation |

fi(x)



£,(0) | 15t Generation |

O | 2nd Generation |

|3fd Generation |

| Pareto Front

fi(x)



Figure 10: Initial population.

Figure 12: Population at generation 30. Figure 13: Population at generation 100.

Source: Deb et al 2002



rp Pareto Set R4 Pareto Front

f2
Local expansion

f1
Design Space Performance Space



‘RD Pareto Set R4 Pareto Front

Design Space Performance Space
Affine Subspaces Manifolds
(Bounded, d — 1 (Bounded, d — 1

dimensional) dimensional)



mass

focal distance 2]

Schulz et al 2018
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difference(){
//cuerpo del dado
intersection(){
cube(20,center=true);
sphere(15,$fn=100);}
//cara del 1
translate([10,0,0])
sphere(2,$fn=20);

}

translate([0,10,0])
sphere(2,$fn=20);
translate([5,10,5])
sphere(2,$fn=20);
translate([-5,10,-5])
sphere(2,$fn=20);
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Advanced Performance-Driven Design

« Performance Evaluation Speed-Up
- Sensitivity Analysis
- Precomputation + Interpolation
- Replace Simulation with ML
e Design space exploration and Optimization

- Expert Systems
- Data-Driven Search
- Incorporate Hardware Constraints

e Simulation to Reality Gap

- Data-Driven Models
- Learning Models



Advanced Performance-Driven Design

« Performance Evaluation Speed-Up
- Sensitivity Analysis
- Precomputation + Interpolation
- Replace Simulation with ML
e Design space exploration and Optimization

- Expert Systems
- Data-Driven Search
- Incorporate Hardware Constraints

« Simulation to Reality Gap

- Data-Driven Models
- Learning Models



Application: Interactive Garment Design

® QuickTime Player File Edit View Share Window Help W StopRecording @ £ [ = <> & FR 4) &2 @6% Y ThuAugll 7:30AM Q

Design Window v Simulation Window

Bl -1 | = mm

Show Breakpoints Console

Variablej

? “enter |
Solve:
prrrrs
Py
Py
|

- Py
Py

Py

|

-~

HERBR

EATREMUT v v
AR##ARA4 EXTREMUN ###88#8 -0.292441 -0.000417242 \J
hit 36 1124 :

GDB: Running... @ Succeeded

Source: Umetani et al 2011
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Design Space Performance Space



Design Space Performance Space

small change fast update?



« What does this derivative tells us about our surface ?

Source: Umetani et al 2011



3D
cloth
shape

—>

Linear

Sensitprity Analysis

A

o

Equi

R=0

librium

2D cloth pattern

Source: Umetani et al 2011



Sensitivity Mode

Vertical

Horizontal <::é::>

Source: Umetani et al 2011



Result: Interactive Garment Design

® QuickTime Player File Edit View Share Window Help W stopRecording @ i [ = <> ¢ ER 4) &I (88%) Thu Aug 11 7:34AM Q
B 3 @ Design Window q4€® B & Simulation Window
= = ==
Pagt Show Breakpoints Console
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i
P
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P
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?
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p2 22 2]

HERBB

EATREMUTT o &
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: Running... ucceeded
GDB: Runni @s ded

Source: Umetani et al 2011



Advanced Performance-Driven Design

« Performance Evaluation Speed-Up
- Sensitivity Analysis
- Precomputation + Interpolation
- Replace Simulation with ML
e Design space exploration and Optimization

- Expert Systems
- Data-Driven Search
- Incorporate Hardware Constraints

« Simulation to Reality Gap

- Data-Driven Models
- Learning Models
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Surface Al

Stress Distribution

o Drag : 23.4633 cm*3
3 Mass : 0.2095 kg

-

Sy Mass : 5.5027 kg



Air Pressure Distribution

-0.001111
-0.001888

-0.002666

‘w

-0, 00422
-0.004937
-0.005774
- -0.006552

-0,007329

/ Heat Distribution Stress Distribution

spoke radius —_— Surface Area : 0.2038 m"2
= Mass : 5.6766 kg
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/ parameters
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Advanced Performance-Driven Design

e Performance Evaluation Speed-Up
- Sensitivity Analysis
- Precomputation + Interpolation
- Replace Simulation with ML
e Design space exploration and Optimization

- Expert Systems
- Data-Driven Search
- Incorporate Hardware Constraints

o Simulation to Reality Gap

- Data-Driven Models
- Learning Models



Second Grip

Source: Li et al 2019




Replacing Simulation with Machine Learning

Simulation Results
FluidFall #1

Model Rollout
Ground Truth Input: position & velocity at the first frame

Source: Li et al 2019



Advanced Performance-Driven Design

e Performance Evaluation Speed-Up
- Sensitivity Analysis
- Precomputation + Interpolation
- Replace Simulation with ML
e Design space exploration and Optimization

- Expert Systems
- Data-Driven Search
- Incorporate Hardware Constraints

o Simulation to Reality Gap

- Data-Driven Models
- Learning Models



Fast Gait Slower Gait Geometry Change



File Edit View Action Tasks Print Stablize

(G new [BYsove ) setect Parent ][] Delete (22 Connect | Start Task End Task €} Guide Manipulation H {3 Rotate (Fscale < Transate ©
| Bodies | legs |

Fabrication
Material (g) 100.52

Electronics cost (USS) | 26.88

Total Mass (g) 137.23

53.85

0.69

Average Speed (cm/s) Wobbliness (rad) Slip (cm)

69.43

27.14

030

1677

29.26

131

8 Metrics

12339

47.90

0.27

2686.00

Curvature (1/m) Variance (cm) Turning angle (deg)|

-6.65

145433

-33.10

2073.74

3294

Motion sequence:

Length of motion sequence:

1464.80

599

Trajectory



(File Edit View Action Tasks Print Stablize - - SR -
gNew Save &SelectParem @Delele C-?Conned‘ Start Task End Task OGuideManipulaﬁonI

O rotate (i scate & Transiate |

Length

of motion sequence:

E .IH.WE B

Fabrication
Material (g) 10052
Electronics cost (USS) | 26.88
Total Mass (g) 137.23

Average Speed (cm/s) Wobbliness (rad) Slip (cm)

| 53.85 0.69 6943
forward stable |27.14 030 1677
[turn left 2926 131 19380
tun right _ |28.06 131 19392
forward fast  [12339 078 47.90

Curvature (1/m) Variance (cm) Turning al{gle(deg)

2686.00 -6.65
145433 -33.10
207374 32.94




File Edit View Action Tasks Print Stablize

e -SM £ select Parent @ Delete 695‘“’"“" Start Task End Task Osu.deuamwhm, {5 Move Onmm

E .IH.Mehi‘:SE B

Fabrication
Material (g) 10077
Electronics cost (USS) | 26.88
Total Mass (g) 13848
Average Speed (cm/s) Wobbliness (rad) Slip (cm)
57.32 |ogr 6240
forward stable |16.55 [037 2353
turn left 87.71 186 12021
tunright  |289 166 19238

Desired Curvature: ooo

Name: turn left

theta=60 1) theta=30 (I

theta = 30

>+ F >

Curvature (1/m) Variance (cm) Turning angle (deg)

forward stable [0.25 262804 380
turn left 011 4534.72 346
tumright 3571 4581.85 3607

P




e New Save A% select Parent [j] Delete C-?Conned‘ Start Task End Task @Guideuam'whﬁon} {'3 Move ) Rotate i Scale ¢ Translate

E = IE. | Metrics s

Fabrication
Material (g) 000
 Electronics cost (USS)|0.00
Total Mass (g) 0.00
Average Speed (cm/s) Wobbliness (rad) Slip (cm)
5732 091 6240
forward stable 16,55 037 2353
turn left 87.71 1.86 12021
turn ri 288 166 19238
forward fast 118 7599

Desired Curvature: 0.00 Name: forward fast

+ % b >

<

Curvature (1/m) Variance (cm) Turning angle (deg)

forward stable |0.25 2628.04 3.80
turn left 0.11 4534.72 346
_turn right 3571 4581.84 36.07
Torward fast_[029 [a0ea51  [1309







B ey,
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Source: Schulz et al 2017



Advanced Performance-Driven Design

e Performance Evaluation Speed-Up
- Sensitivity Analysis
- Precomputation + Interpolation
- Replace Simulation with ML
e Design space exploration and Optimization

- Expert Systems
- Data-Driven Search
- Incorporate Hardware Constraints

o Simulation to Reality Gap

- Data-Driven Models
- Learning Models
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e Constraints:

- Data driven: similar
connections

. Optimization: \k
- user interaction
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e Performance Evaluation Speed-Up
- Sensitivity Analysis
- Precomputation + Interpolation
- Replace Simulation with ML
e Design space exploration and Optimization

- Expert Systems
- Data-Driven Search
- Incorporate Hardware Constraints

o Simulation to Reality Gap

- Data-Driven Models
- Learning Models



Application: Machine Knitting

Source: Ministry of Supply
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Source: Narayanan et al 2018
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Reinforcement Learning

After 25 iterations
102K timesteps
1 CPU core




Reinforcement Learning

Model: X-wing Model: Double-wing

Model: Quad-plane Model: Tail-sitter




Real Flight Tests




© general
® reality-gap

. -+ tn=1@n)

64 tanh units

!

OO00000O - 000000

64 tanh units

I

OOOOOO OOOOOO

HIDDEN LAYERS: [ 1
[ Integrator }
INPUT: ]
(@) () ¥)|0,)0,)0,) 0| 1) 1, ) )
Euler Angles @« Angular Velocity w  Velocity and Yaw Errd Error Integral

|

Integral
Block



Real Flight Tests




Course Schedule

9:00 am - 9:10 am
9:10 am - 9:25 am
9:25 am - 9:50 am
9:50 am - 10:20 am
10:20 am - 10:25 am
10:25 am - 10:40 am
10:40 am - 10:55 am
10:55 am - 11:15 am
11:15 am - 11:35 am
11:35am - 12:00 pm
12:00 pm - 12:15 pm

Introduction

Hardware Review

From Design to Machine Code

Design Space Representations
Performance-Driven Design

Break

Performance Space Representation
Inverse Methods

Multi-objective Inverse Methods
Advanced Performance-Driven Design

Course Review
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Thermoplastic Extrusion
- Fused deposition modeling (FDM)
UV Curable Resins/thermosets

Stereolithography (SLA) & DLP Printing '

- Photopolymer Inkjet Printing
Powders

- Selective laser sintering (SLS)
- Binder jetting/3D Printing

Sheets

2. Vas printing technigues. 3) Selective laser sintering (SLS). b) mddmmnnddh‘( DM, also termed
extrusion”). ¢} Wmmqmmn‘m trademarked as ) Laminated object manufacturing (LOM). l)srm
lithography (SL). Images courtesy of CustomPartNet.com.
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Input Model

&

Orientation and Positioning

é

Support Structures

LG

Path Planning

é

Machine Instructions




e For a discrete z value, compute an intersection of a plane with a

model

omitted
features
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Design Space

e Each design can be mathematically represented as a point in

RD
reduced space voxels
]RD
1 number of dimensions
o X

Design Space



xq

T2 Parametric
» Design

W—
parameters | — ,

TN




Source: Converting 3D Furniture Models to Fabricable Parts and Connectors, Lau et al., Siggraph 2011
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Design Driven By Performance
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Simulation
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e Inverse problem is much more difficult

toughness

Design Space Performance Space



From Performance Space to Design Space

Initial Guess

Simulate

Update Design
Variables

Compare to Goal
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focal distance

stability
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- ] €c2-54-144-155-202.compute-1

il_proto

- Platform Sandal

+ Quick Designs

- Controls

foot_length
224

32

heel_height
20

heel_width
03

- Material & Cost

Estimated cost: $347.64
Estimated weight: 231.769

Red Plostic
$15 /cm?

+ Save Model

Simulation Window




Fabrication

Material (g) 100.52
Electronics cost (USS) | 26.88
Total Mass (g) 137.23

Average Speed (cm/s) Wobbliness (rad) Slip (cm)
Sequence 0.00 0.00 0.00
forward stable |27.14 030 1677
turn left 2926 131 193.80
turn right 28.06 131 193.92
forward fast 12339 078 47.90

Curvature (1/m) Variance (cm) Turning angle (deg)
forward stable [0.27 2686.00 -6.65
turn left 324 145433 -33.10
turn right 337 2073.74 3294

1464.80

Name: turn left
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