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Forward / Inverse Dynamics

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Forward Dynamics
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Solution

solve a set of differential equations

Dynamic Equations - Newton-Euler method or

Lagrangian Dynamics
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Applications

Human Arm Dynamics — Exoskeleton Design
Control
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Dynamics Modeling Application — Motivation
Exoskeleton Design
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i,“ Dynamics Modeling Application — Motivation

'i =

ge \f&, Exoskeleton Design

« Activities of Daily Living 14. Drink with cup

1. Armin lap 15. Eat with spoon

2. Arm reach to head level 16. Pour from bottle

3. Arm reach to right, head level 17. Brush teeth

4. Arm reach to left, head level 18. Comb hair

5. Arm reach right, move object to left side 19. Wash face

6. Open door 20. Wash neck

7. Open Drawer/Close Drawer 21. Shave

8. Move object at waist level 22. Eat with fork (power — disabled grasp)
9. Pick up phone on table/hang up 23. Eat with spoon (power — disabled grasp)

10. Pick up phone on wall’/lhang up
11. Eat with fork

12. Eat with spoon

13. Eat with hands

[ 1 Rosen Jacob, Joel C. Perry, Nathan Manning, Stephen Burns, Blake Hannaford,

24.

Full workspace motion

The Human Arm Kinematics and Dynamics During Daily Activities — Toward a 7 DOF Upper Limb Powered Exoskeleton, -

ICAR 2005 - Seattle WA, July 2005
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AR5 Dynamics Modeling Application — Motivation
TEL Exoskeleton Design
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Dynamics Modeling Application — Motivation
Exoskeleton Design

Axis 3 (shz)

Axis 2 (shx)

Axis 1 (shy) #

Axis 4 (elbow)

Axis 7 (wristz)

Axis 5 (wristy)
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Al V Dynamics Modeling Application — Motivation
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Dynamics Modeling Application — Motivation
s Exoskeleton Design
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Time histories and statistics of the kinematics and
dynamics of the human arm during an arm reach to
head level (action 2): (a) Time histories of the joint
kinematics and dynamics (b) Statistical distribution
of the joint kinematics and dynamics. The three
torgue curves in (a) illustrate the total joint axis
torgue (cyan), in comparison to the gravitational
torque (black) and the combined torque due to
inertial, centrifugal, and coriolis terms (magenta).
The line box plots of (b) indicate the lower quatrtile,
median, and upper quartile values. The dashed
lines extend beyond the upper and lower quartiles
by one and a half times the interquartile range.
Data that lies outside of this range is displayed
with the symbol X’.
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"”i\hé? Dynamics Model Application — Motivation
eEL Position Control
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Manipulator Dynamics — Newton Euler Equations
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A . lterative Newton Euler Equations
B R Steps of the Algorithm

* | (1) Outward Iterations

— Starting With velocities and accelerations
of the base
0

w, =0, °a, =0, °v,=0, °v,=+02

— Calculate velocities accelerations, along
with forces and torques (at the CM)

@,0,V,Vey s Fy N

* | (2) Inward Iteration (i=n—1)

— Starting with forces and torques (at the
CM)

F,N

— Calculate forces and torques at the joints
f,n

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



'i\“u, Iterative Newton-Euler Equations - Solution Procedure
X W Phase 1: Outward Iteration

Outward Iteration: i :0—5

« | Calculate the link velocities and accelerations iteratively from the robot’s base to the end effector

i+1 _iHlp i ) i+l
w,= R o+6,"2Z,

i+1

i+1a°)_ :i+i1R ia.)i+i+-1R ia)i Xei H—lZ +9 I+:|.Zi+1

i+1 i+1
i+1, i+1 i - i i i i
Viy= R(@, x B+ @ x (a)i x B.)+V,)
i+1, _i+1 . i+1] i+1 i+1 i+1 i+l
VCi+1_ I:)C|+1+ a)i+1 X( a)i+lx PCi+1) + 1Vi+1

« Calculate the force and torques applied on the CM of each link using the Newton and Euler equations

i+1 i+1,-
F' = VCi+1

|+1N |+1| Cf) + C() >< |+1|' i+1

i+1 @,

i+1

Instructor: Jacob Rosen UCLA
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A IS Iterative Newton-Euler Equations - Solution Procedure
T Phase 2: Inward Iteration

Inward Iteration: 1 :6—1

« Use the forces and torques generated at the joints starting with forces and torques generating by interacting
with the environment (that is, tools, work stations, parts etc.) at the end effector al the way the robot’s base.

| fi:i+1iR i+]fi+1+i|:i
ir.li:iNi + i+liR i+1ni+1_|_i|:)Ci X iI:i + iI:)i+1 X i+1iR iJrll:i+1
Ti:i+1nTi+l iz
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Dynamics - Newton-Euler Equations

§
~®

To solve the Newton and Euler equations, we’ll need to develop mathematical terms for:

E V.— The linear acceleration of the center of mass
@ — The angular acceleration

—= °] — The Inertia tensor (moment of inertia)
> F - The sum of all the forces applied on the center of mass
N - The sum of all the moments applied on the center of mass

\, R\/’g\

F =mv, \ «r

v

D

N="loo+ ox‘lw

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Newton Euler Equations
Derivation Based on Momentum
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_?@F\:‘,’ Dynamics - Newton-Euler Equations

Newton Equation

» For arigid body (like a robot link)
whose center of mass is
experiencing an acceleration, the
force acting at the center of mass
that caused the acceleration is given
by Newton’s equation

- _ d(mv,)
dt

« For our robot manipulators, whose
link masses are constant, this
equation simplifies to

F =mv. =ma.

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA
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Dynamics - Newton-Euler Equations

Eular Equation

For a rotating rigid body, the moment
that causes an angular acceleration
is given by Euler's equation

d(°lo)
dt

For our robot manipulators, whose
link moment of inertia is constant,
this equation simplifies to
)
N=°lo+wx‘lo
— ~
The second term on the right will be
non-zero when the link’s angular
velocity vector is not coincident with
the link’s principle axis of inertia.

B:

%%g‘/ﬂ%f

Instructor: Jacob Rosen
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_?\“\% Linear Momentum — Particle

\)
L=mv=m—o \
m
P
dL d d°pP
—=—(mv)=m =>» f
dt dt( ) dtz Z i exterenal

Z 1:i exterenal ma

Instructor: Jacob Rosen UCLA
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_?@F\:‘,’ Linear Momentum — Rigid Body

d?pP
dt?

Z 1:i exterenal dmi

» Integrate over the entire volume of the rigid body

d® ¢ Pdm
F=M
dtz\-!- M
\—ﬁf_d
Pem
d2
F:MFPCM :maCM

dn

<™
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LG Angular Momentum — Particle
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¥ G, Angular Momentum — Rigid Body
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_?@F\:‘,’ Angular Momentum - Rigid Body

d  d
> 1=t = (Iw)

ZTi=Id)+a)><Iw
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Transport Theory
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S Ef= (a)T-F.QX f
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Manipulator Dynamics — Newton Euler Equations

The Angular Acceleration

4,

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



e, Dynamics - Newton-Euler Equations
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« To solve the Newton and Euler equations, we’ll need to develop mathematical terms for:

V. — The linear acceleration of the center of mass

@ — The angular acceleration

¢| — The Inertia tensor (moment of inertia)

F - The sum of all the forces applied on the center of mass

N - The sum of all the moments applied on the center of mass

N="lloH+ oxlw

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Deriving Angular Acceleration — Vector Approach
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A . Propagation of Acceleration — Angular

4 \hxj‘;, Vector Approach
3 ’F’pms {E} ro‘tq"xs w(a"\be {‘o {A} with A 523
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"Lh# Propagation of Acceleration — Angular
- "4"{% Vector Approach
° o ° ) ': . o ° i
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Deriving Angular Acceleration — Matrix Approach
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3\h\i§ Propagation of Acceleration — Angular
e, Matrix Approach

To derive a general formula for the angular acceleration, we will differentiate the angular velocity

i+1a)i+1=i+i1Ria)i+[o 0 9i+1]T

Applying the chain rule, we find:

., =R dRo 0 0 §,]

Recall that

; 0 -9, Q
gma Rl @, 0 -0 |AR4/R,/R
-Q, Q 0

Substitution of this result yields

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Propagation of Acceleration - Angular

a_3p
P,
b
g;"’m ;’;

Matrix form (Revolute Joint) i+l 1=i+ilRi05i+i+ilRQi+ilRiwi +[0 0 éi+1]T

1+

« Converting from matrix to vector form gives the angular acceleration vector

071 0"
i+l . _iHlpi -, i+H]lpi
Vector form (Revolute Joint) D= RO+ R ,O i O
_9i+1 _9i+1

. Ifjoint 1+1 is prismatic, the angular terms are zero ( 9i+1 = 9'”1 = (0) and the above equation simplifies to:

Matrix form (Prismatic Joint) i1 - i+l -
;= R @,

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Manipulator Dynamics — Newton Euler Equations

The Liner Acceleration of the Center of Mass

Instructor: Jacob Rosen UCLA
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e, Dynamics - Newton-Euler Equations
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« To solve the Newton and Euler equations, we’ll need to develop mathematical terms for:

V. — The linear acceleration of the center of mass

@ — The angular acceleration

¢| — The Inertia tensor (moment of inertia)

F - The sum of all the forces applied on the center of mass

N - The sum of all the moments applied on the center of mass

F=mv

C

N=lo+oxlw

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



A g™ Propagation of Acceleration - Linear
e Simultaneous Linear and Rotational Velocity

AVQ:f(BP’ BVQ’ AVBORG’ AQB’ BAR)

« Vector Form

Vo ="Vaors R Vo + Qg x R°P,

« Matrix Form

Vo ="Vgors +eR%V,+2R, (2R°P, )

{A}

Instructor: Jacob Rosen
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA

UCLA



Deriving Linear Acceleration — Matrix Approach

Instructor: Jacob Rosen UCLA
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h\i,,“ Propagation of Acceleration — Linear
j‘; Matrix Approach

sw’gf

« To derive a general formula for the linear acceleration, we will differentiate the linear velocity. However,
instead of differentiating the recursive equation like we did for the angular acceleration derivation, we’ll begin
at a slightly earlier step. Recall the three-part expression:

AVQ ZQRQ ( Q org )+AVB org AR BV

* Re-assigning the link frames ( ), we find
A—->0 B—oi Q—i+l

OV' ::?RQ (? Ril:)i+1 u OV' +'?Rivi+1

i+1 i

« Differentiating using the chain rule gives:

0\/'i+l::?|§9?Ri|3i+l_|_?RQ?RQ?RiR+1+.?RQ?Ri|f>i+l+0\/'_ OR 0RV +ORV

i+1

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Propagation of Acceleration — Linear
Matrix Approach

=)
S
b
C;L?;

OV.i+1:i IQQ?Ril:)i+l_|_(i)RQ?RQ?RiF)i+1+?RQ?Ril:.) +O\/- -+ ?RQ ? Rivi+1+?Rivi+l

i+1 i

« Combining the two like terms, we find:

V,1=IR,[RP+R, IR, IR P, +V, 42{R, RV, +R'V,,

i+1 i+1 i
« Pre-multiplying both sides of the equation by gives: i+01R
I%Ftovi+1::|gFt?RQ?RIPiJrl"'HolR?RQ?RQ?RIR+1+IJ2)1ROVi +2|€R?RQ?RIVH1+H01R ?Rlvi+1

« Expanding terms gives

RN IRIRR, TR A IRIRIR, PR SRR SR, 42 R R SRV

i+1

+i+01R(i)Rivi+l

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



i;‘ Propagation of Acceleration — Linear

Al
T Matrix Approach

ARV, = TRRIR R+ IR RRA IR IR+ R, +2 TRGRIR, IRV

1+1

+iJE)1R?Ri\/.i+1

«  Simplifying the previous equation using (Note: fRQRQfRT):tSRO AQB

oi R?QQ?RZ(;R?QQ(; R' :oiROQi :oiRa.)i = &,

(;R?RQ?RQ?R:i@Xia)u

i—lal.RO\/'i :i+ilR0iRO\/'i :i+i1Ri\'/i

oi R?Rg ? R:oiRoa)i = @,

e we have

i+1 i+1,-

+'V, ]+2ia)I XV,

v ="R|'@X'P,,Hax oxP

I i+ i I i+1

i+1

Instructor: Jacob Rosen UCLA
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f’i h\g Propagation of Acceleration — Linear
T Matrix Approach

+v]+2'+l X

i+1

iy :i+i1R[ia-)lxiP_

i+1 i+1

+ox' ox'P

1+1

« This equation can be written equivalently as:

071 T o
General form i+1vi+1:i+ilR[id)'XiPi+1+ia)iXia)ixiPi+1+ivi]+2i+1a)i+1 < 0 |+ 0o
Frm{ t ” 1: . .
e Tohy Ch => (13 _di+1 _di+1
— ) R (“_. l ( /
‘ V(-ch- = \/t C
IS revolute joint, the linear terms are zero and the above equation simplifies to:
For L
@e,“(‘/t‘c 30‘HCJ
Revolute Joint
i+l,, i+l i i I 4 -+
. — V= R[a)xPHl+a)>< a)><|3|+1+vi] o + 0
s

v

;.cl. ‘ew \ . { L "(‘ . l . Ly] - ' -
tem = LR[( be Pn'cw\‘L W\, l'\lt‘< P\cw\"'\jtl ""‘4—}‘-(»«

Instructor: Jacob Rosen UCLA
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N, Propagation of Acceleration - Linear

« From the general equation, we can also get the solution for the acceleration of the center of mass for link i.
Appropriate frame substitution and elimination of prismatic terms gives we find:

— 'V, Qa')ixiPciJria)ixi o x'P. +'V, >
A
l

era() - N

« Frame {C;} attached to each link with its origin located at the Center of mass of the link, and with the same
orientation as the link frame {i}

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Deriving Linear Acceleration — Vector Approach

Instructor: Jacob Rosen UCLA
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"i\hé‘% Propagation of Acceleration — Linear
1 ““"‘}:Qe. Vector Approach
<
Q A A A B A AR
Va® Veoes *eR Vg # ﬂBKBR Pq

R
A \ I'I the Or‘u’a ‘s ane C(Corn a’?&u-'é A )/ O

AVa’ ;(O‘_t ( QRBP)=ﬁRBV A

(a,)- 2 (4REy,)= 3R, +“R 3R W, (b))

BOQ@ =

. 8 A a,%
My - ;«“t “Q"’Q) N Aﬁ@x8%+ e o (1%Pa)

r—,

25__,,; l

s R¥V, R, Mﬂi\’ BKBRBPQ !

S
< -
)
7]

+ A“QB x [gRB\jQ+ A0 X BRB?Q}

—

(ZA))

\Q.BXBR P (20')
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Propagation of Acceleration — Linear
oRé (B} Acc ngVP\C}IorApproach

. - ’B ° B A B
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Sl Vector A h
qu.};% ector Approac

Srp\él‘wl C“S’C ??& s Cons Z,Lab/f‘ A (O]
RS . B
B Y‘S - ‘B\] = BC( S \ A — 0

. Q 2 .

/oA R \g
A A A 42 A3 A R — L+ 4
Oq - Vg ® Vipog,t "S25 % gR Py + S5 % (& « QRB Q) )
o\./;w'-" Vi o+ ﬂ X P + SZ x(ﬂ K‘P

‘P
mt,ol/ by IR /\
MRy =R Y +MR<~Q <R Fw) RS (R4 P )

° L+
.

1“&) (H\)' 44;9‘2[‘«2(0[{ ﬂ.x ?Eu)-‘o‘]zi‘%[ Rﬂ X llﬂ xp ‘}
. = l t

a \J TP N :‘\R_/
Y \ . L
r * i R bl w L. . P -

\

' \
T as = TRV o+ TW kPl 4 Tl UTw R L )



Manipulator Dynamics — Newton Euler Equations

Forces & Torques
Applied at the Center of Mass | N

Applied at the Joints if in

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



e, Dynamics - Newton-Euler Equations
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« To solve the Newton and Euler equations, we’ll need to develop mathematical terms for:

V. — The linear acceleration of the center of mass

@ — The angular acceleration

¢| — The Inertia tensor (moment of inertia)

F - The sum of all the forces applied on the center of mass

N - The sum of all the moments applied on the center of mass

Fl=mv,

=“loo+ o<’ lw

Z

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



?\“L-L Expression of Force & Torque With Respect to the CM

T= rxF

.

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



o lterative Newton-Euler Equations

« The Newton and Euler equations are re-written for the forces and moments at each link:

i i
Fi =M Vg

INi:CIIiIa‘)i_|_la)i><CI|iIa)i

Where {C;} is a frame who has its origin at the link’s center of mass and has the same orientation as the link
frame {i}.

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA
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Sum of Forces and Moment on a Link

« In addition to calculating the forces and torques arising from link accelerations, we also need to account for
how they affect the neighboring links as well as the end effectors interactions with the environment.

« Balancing the forces shown ..\ uiv wuuve nyuie, we v miu uie wen o o€ and torque on each link.

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Sum of Forces and Moment on a Link

n;

fj

fi o1

oy

Instructor: Jacob Rosen

Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA

UCLA



R Sum of Forces and Moment on a Link

i . i _ciy - c

! F :ifi _ifi+1:if' iRm-fm

i i+l

i Ni = n, - n. + (_i Pci )Xifi - (_i I:)ci _l_il:)iJrl)XifiJr1

i+1

iNi:ini_ iRi+1ni+1_ipciXifi"'ipci>< iRi+lfi+1_i|:) i iRi+lfi+1

i+1 i+1 i+1771+1

iPci X(ifi _i+1iRi+lfi+1)

! P, X! F

iNi:ini_ iRi+1ni+1_iPCiXiFi_iP . iRi+lri+l

i+1 i+177i+1

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



R Sum of Forces and Moment on a Link

« Rearranging the force / torque equations so that they appear as iterative relationship from higher number
neighbor to lower number neighbor. The total force and torque on each link.

— 2 =R 4F

i+1 i+1 i

P n=N+ RN 4P R P xR

i i |+1 i+1 i+177i+1

« Compare with the same equation for the static conditions

|R |+l|:

i+1

R "n,,+P, <

i+l i+1 i+1

o

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA
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Y Sum of Forces and Moment on a Link

thy ,zf

s

« The joint torque is simply the component of torque that projects onto the joint axis (Z axis by definition)

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Y Sum of Forces and Moment on a Link

s

thy ,zf
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« For arobot moving in free space

N+1
"y =0

N+1 _
nN+1 - 0

« If the robot is contacting the environment, the forces/ torques due to this contact may be included in the
equations

N +1 fN+1 -+ O

N +1
nN+1 a O

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Manipulator Dynamics — Newton Euler Equations

Equation Formulation Procedure

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



A . lterative Newton Euler Equations
B R Steps of the Algorithm

* | (1) Outward Iterations

— Starting With velocities and accelerations
of the base
0

w, =0, °a, =0, °v,=0, °v,=+02

— Calculate velocities accelerations, along
with forces and torques (at the CM)

@,0,V,Vey s Fy N

* | (2) Inward Iteration (i=n—1)

— Starting with forces and torques (at the
CM)

F,N

— Calculate forces and torques at the joints
f,n

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



'i\“u, Iterative Newton-Euler Equations - Solution Procedure
X W Phase 1: Outward Iteration

Outward Iteration: i :0—5

« | Calculate the link velocities and accelerations iteratively from the robot’s base to the end effector

i+1 _iHlp i ) i+l
w,= R o+6,"2Z,

i+1

i+1a°)_ :i+i1R ia.)i+i+-1R ia)i Xei H—lZ +9 I+:|.Zi+1

i+1 i+1
i+1, i+1 i - i i i i
Viy= R(@, x B+ @ x (a)i x B.)+V,)
i+1, _i+1 . i+1] i+1 i+1 i+1 i+l
VCi+1_ I:)C|+1+ a)i+1 X( a)i+lx PCi+1) + 1Vi+1

« Calculate the force and torques applied on the CM of each link using the Newton and Euler equations

i+1 i+1,-
F' = VCi+1

|+1N |+1| Cf) + C() >< |+1|' i+1

i+1 @,

i+1

Instructor: Jacob Rosen UCLA
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A IS Iterative Newton-Euler Equations - Solution Procedure
T Phase 2: Inward Iteration

Inward Iteration: 1 :6—1

« Use the forces and torques generated at the joints starting with forces and torques generating by interacting
with the environment (that is, tools, work stations, parts etc.) at the end effector al the way the robot’s base.

| fi:i+1iR i+]fi+1+i|:i
ir.li:iNi + i+liR i+1ni+1_|_i|:)Ci X iI:i + iI:)i+1 X i+1iR iJrll:i+1
Ti:i+1nTi+l iz

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



(;\f}, Iterative Newton-Euler Equations - Solution Procedure
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« Error Checking - Check the units of each term in the resulting equations

« Gravity Effect - The effect of gravity can be included by setting 0\70 =0 . Thisis the equivalent to saying
that the base of the robot is accelerating upward at 1 g. The result of this accelerating is the same as
accelerating all the links individually as gravity does.

Instructor: Jacob Rosen
Advanced Robotic - MAE 263D - Department of Mechanical & Aerospace Engineering - UCLA UCLA



Manipulator Dynamics — Newton Euler Equations

The Inertia Tensor (Moment of Inertia)

d

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



e, Dynamics - Newton-Euler Equations
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« To solve the Newton and Euler equations, we’ll need to develop mathematical terms for:

V. — The linear acceleration of the center of mass

@ — The angular acceleration

| | — The Inertia tensor (moment of inertia)

F - The sum of all the forces applied on the center of mass

N - The sum of all the moments applied on the center of mass

=“lo+ox‘lw

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



