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Fabricating Articulated Characters

from Skinned Meshes

Moritz Bacher, Harvard University
Bernd Bickel, TU Berlin

Doug L. James, Cornell University
Hanspeter Pfister, Harvard University

Fabricating Articulated Characters
using Skinned Meshes, Siggraph 2012
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» Computer Graphics

MOtivation - CNC'Milling MaChineS ~$Y! and Visualization

X&C3-Axes only Y-Axis needed & Viiis Configaration
) a\}
\‘z \\ 2 2-axis Wedge Design
NWARS - % + X-Axis
- SRRy + Used to compensate for clearance of the
A AV s59 ' moving Y-axis
2 [\\ * Y-AXxis
\ & e i\ * Programmed as perpendicular plane to the
A \A B \ X-axis.
— ; \: C3-Axis
C-Axis Drilling Y-Axis Drilling = W-Axis - . \\ (sub-spindle)

(always points to center) (allowed to move laterally)

X&C3-Axes only flats X&C3-Axes only circle
http://blog.hurco.com/blog/bid/281989/An-Introduction-to-Mill-Turn-Technology
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» Computer Graphics

MOtivation - Skeletal Animation AQY! and Visualization

biped body tracking

Kneecap

Shin

illustration of human skeleton

© http://insectanatomy.com/tag/bones-names
© wikipedia
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- - = = f'ﬁ"*\ omputer Graphics
Motivation - Skeletal Animation Wiy computer Grapti

Middle

hand tracking i

Tip Position

Istal

’ (D— Bones e

Thumb = Intermediate

~ Proximal

¢ Metacarpal )

Palm Position \,

© wikipedia

Wrist Position
Arm

leap motion hand skeleton

Other applications: facial animations
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= = = = =g= (/?‘A\ omputer Graphics
Kinematic Chain - Definition Wiy computer Grapti

e bone/limb/link corresponds
to a stiff part and a bone ioint
coordinate system
l bone

e® the arm is fixed at the first
bone, which Is called base

@ the last bone is also called &
end effector and used for ’p

example for grabbing

@ joints connect two bones \ L
and often have an own ond effector
coordinate system aligned

with their rotation axis

@ bones and joints form a
kinematic chain

base

Robot arms with Bones and Joints

Prof. Dr. S. Gumhold, CG2, SS 18 — Articulated Objects 6



- - - - / omputer Grapnics
Kinematic Chain - Coordinate Systems Wayy' Computer sran

® |n robotics and milling the
most basic joint types are
revolute and prismatic
joints with one axis each

@ per bone three coordinate

systems are defined:
e input joint (subscript I) is
reference coordinate system
of bone

@ bone (subscript B) is used to
place bone geometry

e® output joint (subscript 0) Is
used to connect next bone

@ joint coordinate systems
are aligned with joint axis

link;

joint,; 35:’71! aris link;—y

(a) revolute joint (rotation) (b) prismatic joint (translation)

Figure 2.2: Examples of different joints used to construct articulated figures.

oy, link; O0F,

lb-cz.s The three coordinate systems associated with each link;: BF, IF;, and OF ;. The origins and
ate axes of the inner-frame /F;, and the outer-frame OF'; are specified in the body-frame BF ;.
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» Computer Graphics
r
\QYJ and Visualization

Kinematic Chain - Coordinate Systems

@ input joint coordinate systems are used as
reference for base / bone and enumerated
from 0 (base/world) to N (end effector

e Transformations are composed along 12}
Kinematic chain
ory = °1,- 1, - NTITY,
® model transform view: place bones from
base to end effector

e system transform view: convert coordinate
system from end effector to base

® This can be further refined into

(3}

10}

0 1 2
T, T, T,

world OF
=" TOFO { Tu:1

IR BF, ORT IR BF, OF— | IF.,
Tor - ' Tor T g - P Tar, “Tor, T Tigeer ™5

dependent on joint parameters

T

chain Fend
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Vam,
‘({ ve,‘ Computer Graphics
AQI and Visualization

Basic Joint Types

I

Revolute 2R Universal 1T prismatic

1R

e

3R Gimbal 3R Spherical 2T in-planar

http://www.mathworks.de/de/help/physmod/sm/assembled-joints.html
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VA‘(
« ve,‘ Computer Graphics
AQI and Visualization

Special Joint Types

f1

1R1T Cylindrical

Six-DoF Bushing
. Iz Z
3R3T 3R3T

3R1T  Telescoping Screw

http://www.mathworks.de/de/help/physmod/sm/assembled-joints.html
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Rotation from Euler Angles Vawy i Visuatization:
Roll-Pitch-Yaw - /
e An arbitrary rotation is defined by 3 nicken \ A ‘

free parameters Yornmis | -

® They can be defined by 3 rotation
angles which are called Euler angles

e Coming from aironautics, the terms
roll (x), pitch (y) and yaw (z) are
commonly used

Rroll—pitch—yaw — Rz (¢yaw) R{ (¢pitch ) Rx (¢ro|l)

+ Pitch

rollen
Roll Axis

Yaw Axis
+ Roll g leren

X .
7 ©Wikipedia

Navigation using gyroscopes outer gimba

e Commonly used: 313-Convention R

® The first and third axis can become
parallel, thus reducing one degree
|of fkrgedom. This is called “gimbal
ock”.

Rsls(auBJ/): R, (O‘)Rx (ﬂ)Rz (7/)

gimbal lock
only 2R left

susp@ med to
hold gyroseope
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» Computer Graphics
r
~$Y! and Visualization

Forward Kinematics

@ Given a kinematic chain
(robot arm or path in
skeleton) with relative
transformations (-UT, (g;,) {2}
depending on parameters
0;, location and orientation
of the end effector In
world coordinates are a
function of the g, also:

13}

_p(I)EE :OTN_p::E - i(qik)

ng = Rslls(oTN ): F(qik)

Orientation for example given as Euler angles OT _OT lT N —1-|-
and computed from 3x3-rotation matrix N~ "1 2 N

M

Prof. Dr. S. Gumhold, CG2, SS 18 — Articulated Objects 12



Vam,
«‘ve; Computer Graphics
"AY/" and Visualization

Kinematic Tree / Skeleton

Root-Joint

@ a skeleton is a kinematic tree
structure with joints as nodes and
bones along edges.

e |t has a single root joint and
several end effectors

e at each joint i a coordinate frame
F; is defined tree edges |
e the pose of the skeleton is \‘
defined with one rigid body
transformation ?T; per joint
mapping F; to the frame of the
parent joint

e the rigid body transformation PT; F
between frames can be represent-
ted as
e translation and rotation, or W

@ rotation and translation (used in F,
the following)
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representation of transformations

‘({‘VA\A

\/4

S—>X4

Computer Graphics
and Visualization

e In the Denavit-Hartenberg
notation for each link there
IS one adjustible parame-
ter g, corresponding to d;
or ¢; depending on the
joint type (prismatic or
revolution)

T, (di v ¢i)=
CoS @, —sing, 0 &4
sing,coSe; ;, COS@. COSex; ;, —Sine;, , —d.sing, ;
sing,sing;, ;, cosgsina, ;, CcoSe;, , d,cosg,
0 0 0 1
T, (aiuBi 7 ’f;):T(f; )Rz (7/i )Rx (ﬂu )Rz (ai):

9 US|ng EUler _cos(“,fl.)cos(ocj)—sin(“/i)oos(Bi)sin(OLi) —cos(y,) sin(e,) — sin(y,) cos(B;) cos(a,)  sin(y,) sin(f3;) tx_
angles one sin('y;) cos( o) + cos(y;) cos(P,) sin(a,) —sin(7;) sin(a,) + cos( ;) cos(f;) cos(a,) —cos(y;) sin([3,) 1,
sin(3,) sin( o, ) sin( 3, ) cos(a,) cos(3,) t
hast6 para- | } ) 0 1_
meters - _
. . | 1Ti(qi = (s, XY, Z)’ti):
@ Using quaternions one has
2 2
/ parameters plus one 2yt Dyaw o 2xav2ys
. . . 2xy+2sz  1-2x°-2z 2yz-2sx t
normalization constraint N
2X2-28y 2yz+2sx  1-2x°-2y° g,
P+ X +y+z°=1 0 0 0 1
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» Computer Graphics

\QYJ' and Visualization

Computing World to Bone Transforms

joint index 4 3 2 1 5 6 0O 8 911 12 13 14 15 17 18
parent position -1 ©6 © 6 0 1 2 3 4 6 11 12 13 14 15
e the skeleton tree can be linearized
for example in a depth first
traversal

e for rendering we need for each
joint the transformation °T; from -t
world to joint frame

e these transformations can be ]

stored linearly in breadth or depth \13 »
first order Jis

. 16

e for a given set of parameters g, Y s

the transformations can be

efficiently computed in this order

as It ensures that parents are

always computed first: initialize °T,;Vi=1...n °T="T_.-""T (q, )
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Computer Graphics
r
~$Y! and Visualization

Denavit-Hartenberg notation

@ input: joint axes p; + 1 - Z; X
® output: joint input coordinate (

frames o;, X;, ¥;, 2; and four T T\ |
a8 .\l Frame
parameters d;, 6;, a; and q; Ny

per joint: kit
® d;... is the algebraic distance
along axis z;_; to the point z,,
where the common perpendi-
cular intersects axis z;_;. "7 Frame i1 »
(parameter of prismatic variable) |

e 0;... joint angle / rotation angle around z;_,that rotates X;_4
axis onto X; axis (parameter of revolute joint)

e q;... link length / perp. distance between joint axes
® «;... link twist / rotation angle between joint axes (around X;)

® 2 "IT, = Rot,(6;) - Trans,(d;) - Trans,(a;) - Rot,(a;)
® end effector axis can be chosen freely

K/
Link i+1
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» Computer Graphics

ShOI’t ".lUStI'ation \QY!' and Visualization

Denavit-Hartenberg Reference Frame Layout
Produced by Ethan Tira-Thompson

=’ BY NC SA |

here a;, a;, d;, ¢; are denoted as r, «, d, 9;
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VA

» Computer Graphics

DH Frames and Translation Parameters Y/ 4 Visualization

@ new X; axis is perpendicular to x (r
both Z axes: T _HHH@I\\A
X; = +normalize(Z;_; X Z;) N
e sign of %; is determined from ot N\
constraint that a; > 0, where a; ™ /i
Is the projected distance from f/uﬂm
pl to pl+1 a; = (pl+1 pl"xl> Y Erame i1

® we get from origin 0,_; to o; along the palth
0; =0; 1 + d;Z iZi—1 + alxl

®@o;isonaxisi:0; =p;+14-2; =0, +d;iZ;_1 + a;X;
@ we can compute d; and A by forming triple products:
d; = <Bi —0;-1,Z; X /x\i>/<2i—1»2i X X;)
A= <Qi—1 —PiZi—1 X 3i>/(2i:2i—1 X X;)

e The frames are completed with y; = z; X X;
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l{("“‘ Computer Graphics

DH 360° Angle Computation VAW nd Visualization

: Z;__ )
e Take care when computing -1 Zj

angles via arctan2 through

sina; = ||2;_; x 2| and V
cosa; = (Z;_1,2;) Zi_1 XZ;

@ As the sinus Is always X;
positive, the range of a; Is 2;
[0, 7] )

e One needs to determine the R Zi-1
sign of a; from the sign of Zi—1 X Z; R
<Zi—1 X zi,xi), |.e. —> A

a; = sgn({z;_1 X z;,Xx;)) - arctan2(||1z;_1 X Z;|[,{Z;_-1,Z;))

e Similarly one gets
0; = sgn({X;_; X X;,2;)) - arctan2(||X;— X X;|[, (xX;-1,%;))
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(/'?‘A\ omputer Graphics
References Wiy comuter Grapn

Y27 and Visualization
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