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LET'S TALK ABOUT...

1. Compression 2. Equilibrium 3. Assemblies Made
Structures Analysis of Convex Polyhedra |
Basic definition and Reasoning about Counterintuitive =
e ] 180t/
some examples. equilibrium and forces.  structures made - =

possible.




l.
COMPRESSION

STRUCTURES
What are they and why they matter




COMPRESSION STRUCTURE

& Compressive loads applied along the N\ i =
structure. <k

<& The compression load applied to the cross
section of structure produces stress.

< Best when using rigid materials.
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Von Ridiger Marmu

Ila - Eigenes Werk, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.

.php?cur

id=4316670
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PRINGLES RING

http://www.blazenfluff.com/one-pringle-to-rule-them-all-how-to-make-a-stacked-ring-of-pringles/5672
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INSTRUCTIONS ARCHES 101

HINT1
HINT 2

HINT 3

Physics of Stone Arches (Demo)

https://www.pbs.org/wgbh/nova/physics/arch-physics.html

m #OF BLOCKS

ARCH TYPE
@ ROUNDED

© POINTED

SUPPORT

BUTTRESS
PINNACLE
FLYING BUTTRESS



https://www.pbs.org/wgbh/nova/physics/arch-physics.html
https://www.pbs.org/wgbh/nova/physics/arch-physics.html

EQUILIBRIUM ANALYSIS
A bit of formality




R. K. Livesley Emily Whiting Me
Cambridge MIT Purdue

1978 DR 2009 2019

No forces? Even in 3D! Let’s relax Please, don’t move!

Then no possible

Livesley, R. K. “Limit Aznalysis of Structures Formed from Rigid Blocks.” International Journal for Numerical Methods in Engineering 12, no. 12 (1978): 1853-71.
Livesley, R. K. “A Computational Model for the Limit Analysis of Three-Dimensional Masonry Structures.” Meccanica 27, no. 3 (1992): 161-72.
Whiting, Emily, John Ochsendorf, Frédo Durand, “Procedural Modeling of Structurally-Sound Masonry Buildings.” In 4ACM Transactions on Graphics (TOG), 28:112. ACM, 2009.
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Forward Statics Problem




. DENSITY

It is uniform for all blocks

2. FRICTION

It exists between blocks

3. GRAVITY

It pulls everything down
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Interface Polygons & Contact Forces

=
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By After Godfrey Kneller - http://www.newton.cam.ac.uk/art/portrait.html, Public Domain

https://commons.wikimedia.org/w/index.php?curid=37337

NEWTON'S FIRST LAW
OF MOTION

“Every body persists in its state
of being at rest or of moving
uniformly straight forward,
except insofar as it is compelled
to change its state by force
impressed.”




Equations per block

Net force and net torque per block:
Y E=0-—-and )T =0

Six equations per block:
S=F =) ZFy=O et
>l =10 ZTy=O > L==0

Each interface contributes with forces and torques
on its incident blocks.

Interactions with the ground are considered as
interfaces too.




.
@----------f----
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*Elements between interface I; and block By are left as an exercise to the reader.
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Equations for force contribution from interface Iy

Vi1 g on block B;:
E=—c 1
. F, fl = o fi
I i+1] — i+1
. Ti+1,j,k ] f bi,j,kx bi+1,j,kx f
[}
: bl,],ky bl+1,],ky
E bijk, Ditijk, ]
l
1
L]

=1 fii BI

S [énkx éukx évkx]

W, = [ET== Vif‘j)x (éy, % Vi’fj)x (éy, x Vif‘j)x]

“Flip a, when &, faces an opposite direction with respective of the centroid of a block.



B, F
. Equation for all interactions between interfaces
]
: and blocks:
: 1
Vi
LI |
L ﬁ'é : Ao Ao I'p Wo
+ =0
T "".- ——-
: s i Apn-1n-1 Ap-1n)ln =1
1 s eu ) )
': Ay -f+w=0
Y
: . \Vi,O Wy Aj i Submatrix of coefficients for net contributions
o- RGH -4'- .‘\_‘_ . from interface k acting on block j.
’ i 0 1
w;: 6 X 1 vector containing the 3D weight and net torque

for block j.

r.: Unknown force vectors for vertices i on interface k.
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fi+3

Force Constraints

fi+2

Compression Constraint:
ff = 0,Vi € interface vertices

Linearized Friction Constraints:
|f1,f|, |fvl| < u fl, Vi € interface vertices

A F=0
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Why linearized friction constraints?

|flf|; |fvl| < u f,{, Vi € interface vertices

|f1f|, |fvl| < %, Vi (conservative)

8-sided pyramids are also possible |
(requires more calculations) |

Friction Cones. https://scaron.info/teaching/friction-cones.html



REMEMBER LIVESLEY?

Structure in equilibrium if a force solution f

exists that satisfies:




.......




WHITING SAID RELAX!

Use glue




WHITING SAID RELAX!

Decompose f,; into compression and tension
components...

frf = rf+ _fn_

HECfs S
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ﬁ h

inward inward
reaction reaction
h ﬁ
outward outward
reaction reaction

http://goldengate.org/_print.php?_url=http%3A%2F%2Fgoldengate.orgl2Fexhibits%2Ffort-point-arch.php




WHITING SAID RELAX!

.. but penalize tensions:

mtinZ(fni‘)z
i=0

Agg-f+w=0
Ar -f<0
A i)

*Update Ay, Ag, and f for handling compression and tension components.



WHITING SAID RELAX!

Quadratic program for all forces:
gh= mtin ~fTHf

Agg-f+w=0
Aq -f<0
e i

*Solution exists if H is positive semidefinite.



Parameter Search

0" update
parameters
; >
Procedural Model Analysis Av(®) Ay()=0
grammar, P apply compute constraint quadratic compute
kp;ararr(;eters(9 4 rules adjacencies matrices program gradients
ounds on

Final Structure

i 1
|

Sinaau

forces, y(6)

Aeg W, Af

interfaces, masses

Whiting, Emily, John Ochsendorf, Frédo Durand, Emily Whiting, John Ochsendorf, and Frédo Durand. “Procedural Modeling of Structurally-Sound Masonry Buildings.” In 4ACM Transactions on Graphics (TOG), 28:112. ACM, 2009.

32




arch thickness

0.8

TSN

15

column width

1.78

arch —»
thickness

Width

Whiting, Emily, John Ochsendorf, Frédo Durand, Emily Whiting, John Ochsendorf, and Frédo Durand. “Procedural Modeling of Structurally-Sound Masonry Buildings.” In 4ACM Transactions on Graphics (TOG), 28:112. ACM, 2009.

33




Even crabs can do it!

=
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ASSEMBLIES MADE OF
CONVEX POLYHEDRA

Structures made the hard way

N & x




SO, | WORK ON TICS MADE OF CONVEX
SHAPES




PLATONIC SOLIDS HAVE CONVEX
INTERLOCKING PROPERTIES

f’ffi- ;
Fifl] i
Tetrahedron Hexahedron Octahedron Dodecahedron lcosahedron

37 http://www.technologyuk.net/mathematics/geometry/platonic-solids.sheml
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| DARE YOU!

Take 9 tetrahedra and put
them together as shown.
Then, lift them up and keep
the piece in the middle on
interlocking (5 seconds).
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WHAT'S WRONG WITH SIMULATIONS?

Yes/no answer
What should we simulate?

Makes sense?




QUESTIONS

How do we generate pieces different than — Roly
antiprisms? ~
How about Archimedean and Catalan
Solids?

Do TICs guarantee stability?

Does the piece shape affect stablhty
Does it work using free form geom;
domains (e.g., Stanford Bunny)?
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EPISODE 2

General Mid-Section
Evolution for TIC

Generation
November 20%, 2019




THANKS!

Any questions?

You can find me at:

<& @andresbeja87
<& abejara@purdue.edu
< Office #19
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