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Introduction

» Predict effect of muscle relocation!?
=> simulate movements

» Determine muscle stresses in sports?
=> reverse-engineer movements?

!Delft Shoulder and Elbow Model
2Animation: http://anybody.auc.dk.
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1. Derivation of motion equations!
1(0)-6=M()+C(8,0)+{r,xF,}

Loex

@: joint angles (generalized)

M : net joint moments

C: Coriolis and centrifugal forces
F, : external forces

2. Forward dynamics: moments in, motion out.
3. Inverse dynamics: motion in, moments out.

4. Assignment 1: forward simulation of bowling motion.

| !Related courses: Engineering Dynamics, Multi-body Dyn. B fuDelft |

1. Motion equations

Visco-elastic muscle properties

Reflexive contribution
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Deriving motion equations

« Newton-Euler

- Isaac Newton (1642-1727): F =m-X

« Leonhard Euler (1707-1783): M =J -0=J-&

d(aTj oT oV
—_ — __+_=Qi
dt\ 9,

« Lagrange (1736-1813): dq aq

M-G=f
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* TMT (Schwab, 1955-present):

Newton-Euler (2D)

Free-body diagrams
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Multi-body system

Example:

» Human standing / walking
* 4 segments
¢ 3 joints

2: Lower leg

811 Foot
[ ]
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Motion equations

Foot (segment 1)

m X ="F,+"F

my -y, ="F,+ " F-—mg

Jl'él:_y'iZ'XF‘IZ_XrIZ'yFe,v+rv'1F+rx'yF+M12
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Motion equations (body)
YF,g Three equations per segment:
*Foz  my % ="F,+F,

me 3= "Fyt F,=mg
10 ==hy Ry Fy 4 F A F A M,

3 PR
—'F,+ Fy—m.
=Y 12 2~ hE
Fi, 'y F,— 1, 'F,-M
3 e Bt Fy =My,
Q m.g 1y Bty Fy ot Moy
XF
-M,;, 12 ==+ F
my-y=="Fpuy+ 'y —mg
VE T 8= =y = My
2} F, FRCES R M,
my-X, =—"F,
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Motion equations (body)
m [%] [-1 ] [ *F
m | |3, -1 20 unknowns g | PEme
Je | [ (only 12 egns) | R,
m || %, 1 -1 2 0
. M!2
m | |5, 1 -1 B mg
diag 2| |G|y T 1 TR TRl )F: | o
my | | % 1 -1 0
. MIJ
my || ¥, 1 -1 < mg
Iy || 6 L B 0
. E,
my || X, 1 0
. M,
m | |3, 1 B mg
)06 | Ty r 1) L 0
Mass  Acceleration Internal force External force
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Problem 1: constraints

« 12 differential equations, 20 unknowns
* Need 8 more equations to solve for unknowns!
=> Joint constraints (algebraic equations)

Jjoint __

5..,_9.., “ de =005
Joini Join,

= L+l

Differentiate constraints twice to

fit in Newton-Euler equations:
s joint __
X" =0

“joint __ " joint o
X =Xy /
=>Integration error in constraints

0 02 0: 0 o8 1 12 14
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Problem 2: rotations in 3D

« Rotations in global coordinate system G:

» Complicated ] -
« Simple inertia forces Jo Ty Je
GJ = J}’X J}‘)’ vz

‘M=°T°+°wx°J°w I, Jy .

« There always exists a local coordinate system A:

* Simple J rJ 0 0
« Axes are called principle axes ar=| o 7, 0
0o 0 J,

GM:(GARAJGART)Gw+GwX(GARAJGART)Ga)
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Lagrange motion equations

Essence: Absolute

* Generalized coordinates g;
System described with
minimal set of parameters Y1

Generalized

« Constraints included

« Energy based X2
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Problem: partial derivatives

« Motion equations:

V(q): potential energy
T(q;): kinetic energy
Q:  generalized forces

d(oT) or v
— | __+_=Qt
dt\dq, ) dq, 9q

» Symbolic computation of partial derivatives is messy
and cumbersome!
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TMT motion equations

« Combination of Newton-Euler and Lagrange

« Principle: rewrite virtual power equation to generalized
coordinates.

Newton:

D f—Mi =0

Virtual power:

oW =05 {} f,~ M, }=0

System is in equilibrium when virtual power is zero
for all virtual velocities that satisfy the constraints.
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TMT motion equations

« Step 1: Coordinates of masses in generalized
coordinates:

% =T,(q,)

Example 2D pendulum:
Lsing,
T =
—Lcosé,
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TMT motion equations
» Take derivative of position:
ol .
X = za_'%c E.Qka
k04 (Einstein summation)
ox, = Ti,kaq'k

e Substitute in virtual work formula:

7;,kaq‘k {Z fi— MU.X]} =0
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TMT motion equations

« By definition, the virtual velocities of the generalized
coordinates are independent:

Ti,kaq.k {Zf, —Mijjéj} =0
=T, {2 - M5} =0

-

« Next: acceleration in terms of generalized coordinates.
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TMT motion equations
« Chain rule®:

5 =T, -

X =T,,4,+T;,,9,4,

Le g (4.0

Convective acceleration
(Centrifugal and Coriolis)

« 0 oh of
Note: th —(f-h)=f-—+h--=—
ote: compare wi at(f )=f e + E”
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TMT motion equations

» Substitute acceleration in virtual power equation:
Tzk{Zfz _Mij{Tj,lél + gj}} =0

« Reorganize:

(Ti,kMijTj,l)QI = Ti,k I:Zfl — Mijg;onv]

« Or, in matrix notation

M=t
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=> Motion equations

Wrap-up

« Three methods of deriving motion equations
« TMT combines Newton-Euler and Lagrange

= Computationally efficient!
¢ Next:
» Forward dynamics

« Inverse dynamics
¢ Assignment 1
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Forward dynamics
« Calculate motion, given the moments and forces
— 1. Acceleration at time t:
(here TMT, but valid for each method!)
G=M"f
2. Calculate position / velocity at time t+At
1+At

q(1+a0)=q(1)+ | q(r)ar
[y Numerical
q(t+At)=q(r)+ I G§(t)dr | algorithms, like
' Euler, Runge-Kutta,
— 3. Gotostep 1 etc...
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Inverse dynamics
e Calculate forces and moments, given motion

1. Capture motion

« Goniometric, optic, electro-magnetic, acoustic,
accelerometer

2. Measure / assume model parameters
« Mass, inertia, rotation centers, centers of mass

3. Calculate net joint torques: f= 1\71q'

4. Calculate muscle forces
¢ Need muscle moment arms.
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Application example (jumping)

instantaneous segmental
Power balance of jumping: EOELAL]
» Determine the power
generated at the joints.
 Find energetic
contribution of muscle
(groups) to the recorded o
motion.

Eg 7 ] W )
% of ground contact time
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Wrap-up

« Three methods of deriving motion equations.
« Forward dynamics: simulate motion.
« Inverse dynamics: calculate forces / moments.
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Assignment 1

Walking motion (single step)
« Straight stance leg
* Three-segment swing leg  Mhign

Simulations:
» Normal step
* Tripping over brick Mapank
« Avoid tripping
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Assignment 1

Bowling motion
« Straight hanging arm
» Three-segments

Simulations:
» Backward swing
» Forward swing
* Moment of release
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Demo of possible solution

MATLAB

)
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Modeling process in assignment 1

1. Symbolic derivation motion equations:
» Transformation vector T, (local to global)
* Jacobean matrix T;
» Convective acceleration vector g,

Output of step 1:

» Three script (.m) files that numerically evaluate
these three symbolically derived vectors /
matrices.
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Simulation process (Simulink)

2. S-function

e General Simulink block for integration of custom
differential equations.

* Output depends on flag.
Flags for:

+ Initialization
» Calculating first derivative of state variables

x=f(x.u) where x = g.

+ Calculating output =

Output of step 2: Running Simulink model
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Simulation process (Simulink)
3. Simulation of S-function
« Find appropriate input signals for model
« Evaluate output
* Answer research questions
« Write report about research questions

Output of step 3: written assignment
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