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The Dynamics Workbench is a Mathematica package for doing dynamics. It enables the user to generate equations of
motion primarily for rigid body mechanical systems. These equations may then be exported for use in other programs, or
may be integrated directly in Mathematica. The Workbench provides just a few basic commands which are sufficient for
generating equations of motion. Lower level commands give advanced users access to a the actual steps involved, but are
not necessary in the majority of cases. This package uses Kane's method to generate equations, but can be used to implement
the method of Lagrange as well.

m How to Get Started

To begin learning to use the Dynamics Workbench, read the sections below up to and including Basic Commands. Skip the
sections on Intermediate and Lower Level Commands, and proceed directly to the example. At this point you are ready to
try your own models. Refer back to the sections you skipped if you require more information.

m | nitialization

L oad the Dynamics Workbench package using a command like the following:
Needs [" Dynam csWor kbench™" ]

Y ou must configure your system so that the package DynamicsWorkbench.m isin Mathematica's path.
m Configuration

m Bodies and Frames

The Dynamics Workbench describes a mechanical system using body's and reference f r anre's. One or more body's
may be used to describe arigid body to be modeled, and one or more reference f r ame's may be attached to that body .
Most often, there will be asingle body and reference f r ame associated with arigid body.

body's are organized relative to each other in the description of a system. Each body is defined with respect to an
i nboar d body which precedes it. These two body's are connected by ajoint, of which there are many types. The
Dynamics Workbench requires information regarding the location of that joint relative to both body's. On body, the
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vector Body ToJdnt describes the joint location with respect to body's center of mass. On the I nboar d body, the
vector | NbToJnt describes the joint location with respect to I Nboar d's center of mass. The figure below illustrates
these vectors and the two bodies with their joints separated.

Configuration of bodies and frames

ground[ 2]
ground[ 1]
ground] 3]
i nboar d body body
@\P'
center of mass
I nbToJdnt L
vector inboard[2] 19 gogyTggnt Pocvt 2
vector
i nboar d[ 1] body[ 1]
i nboard[ 3] body[ 3]

The Dynamics Workbench uses reference f r ane's to describe vectors fixed to certain body's. Each body generally
has one or more f r ane'sfixed to it. Any point fixed to abody can be described using any of these f r an®'s. Associ-

ated with af r amme isaset of three mutually-orthogonal unit vectors, labeled with names of the form frame]i] wherei takes
onvauel, 2, or 3.

Thereisasingle default body and associated f r ane defined in the Dynamics Workbench, corresponding to the Newto-

nian reference frame and called gr ound. All additional body'sand f r ane's are defined relative to gr ound, using
avariety of joint types to describe the kinematic relationship.

m Notation

The Dynamics Workbench uses a very simple notation for refering to generalized coordinates, vectors, and reference frames.
m Generalized coordinates and speeds

Generalized coordinates are referred to as [ 1] , and generalized speeds as U[ 1] . Both of these variables are implicitly

functions of time.

m Vectorsin reference frames
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A reference f r ame named, for example, &, will generally be fixed to a body aso named a, which will have axes
al 1] ,a[ 2], a[ 3] . These axes will be aligned respectively with the axes of the inboard body, when the generalized
coordinates for & are set to zero. Thus, avector in reference framea mightbe0. 5 a[ 1] + 0.3 a[ 2].

m Dyadics

A dyadic is expressed using the ** symbol, which normally signifies NonCommutativeMultiply. In this case, the dyadic is
not commutative, and is of theform 111 a[1]**a[1] + 112 g[1]**a[2] + 122 a[2]**&d[2] + 133 a[3]** & 3].

m Basic Commands

= NewM odedl

The command NewiModel [ ] isused to clear the internal variables storing parameters of amodel.

= Example

New\bdel []

= AddBody

AddBody[ new body, inboard _body, joint_type ] addsabody, new body, which is
attached to the previously-defined i nboar d_body with ajoint specified by j 0f Nt _t ype. After acall to New-
Model [ ], the only existing body is gr ound, the Newtonian reference frame. Currently supported joint types are
Hi nge,Slider, Woint, Ball, and Si xDOF (seesection on joints). The output of AddBody isalist
of two lists containing the generalized coordinates and generalized speeds for the new body.

= Options

BodyToJnt->0 | bodyt oj 0i nt isthe vector, specified in any reference frame or frames, from the new
bodyOs center of mass to the joint connecting it to the inboard body .

| nbTodnt->0 | 7 nboardtoj oi nt isthe vector, specified in any reference frame or frames, from the
inboard body's center of mass to the joint connecting it to the new body.

Mass-> 0 | nass isthemassof the new body.
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Inertia-> 0 | inerti aisthecentra inertiadyadic of the new body. There are three possible forms for
this dyadic: a full dyadic representation such as | 12 a[ 1] **a[ 2] ; an inertia matrix for the body's reference
frame; and alist of the diagonal entries of that matrix, if the reference frame's axes are principal axes.

Qdof - >Aut omati ¢ | qgdof_# isthe number to be given to the generalized coordinate for the new degree of
freedom. If Aut ormat i ¢, the Workbench automatically chooses a number. If the joint type has more than one
generalized coordinate, these are named Qdof 1, Qdof 2,...

Udof - >Aut omat i ¢ | wudof_# s the number to be given to the generalized speed for the new degree of
freedom. If Aut omat i ¢, the Workbench automatically chooses a number. If the joint type has more than one degree
of freedom, these are named Udof 1, Udof 2,...

Rel ativeTo->Automati c | body specifies the reference frame which the new reference frame is
relative to. If Aut omat i c, the inboard body's reference frame is used. It is common to use gr ound, so that the
generalized coordinate for a hinge joint would be a segment angle.

Axi s->{0, 0,1} | dir_cos gvestheaxisof thejoint using direction cosines in the new body's reference
frame. Alternative expressions for Axis are the coordinate number (+1, £2, +3) with the sign signifying counter-clock-
wise (+) or clockwise (-) rotation, or a vector in the inboard body's reference frame. If the joint type has more than one
axis, these are named AXi S1, AXi S2,E

TAXi s->{0,0, 1} | dir_cos givesthetrandationa axis of the joint using direction cosines in the new
body's reference f r ane, as used for Slider or SixDOF joints. Alternative expressions for TAXi S are the coordinate
number (+1, +2, £3) with the sign signifying movement measured in the positive or negative direction of the axis, or a
vector in the i nboar d body's reference f r ame. If the joint type has more than one trandational axis, these are
named TAXi s1, TAXi s2,E

Frme->Aut omati ¢ | frnme_nane setsthe name of the reference frame which is fixed to the new body. By
default, the frame is given the same name as the body.

Basefrm >Automatic | base_frane ses the reference frame which the new reference frame is
relativeto, asin Rel at i veTo. Options Fr e and Basef r marerarely necessary.

= Joint Types

Fi xed is a zero degree-of-freedom joint, in which the inboard and reference bodies do not move relative to each
other. It is often used to perform a change of coordinates or to accomodate an unusual geometric arrangement of bodies.
Its axes can be offset from those of the base reference frame using the Offset option. Offset may be a matrix of direction
cosines or a list of vectors specifying the offset axes in terms of the base frame. Examples: Offset->
{{0,1,0},{1,0,0} ,{0,0,1}}, Offset->{ body[2],body[1],body[3]}. A Fixed joint has no generalized speeds or coordinates
associated with it.
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Hi nge is asingle degree-of-freedom rotatory joint. The axis about which the joint rotates is specified by the option
Axis, which may be the coordinate number, a list of direction cosines, or a vector in the base reference frame (the frame
of the inboard body). Examples: Axis->3, Axis->{0,0,1}, Axis->body[1]. The generalized speed, Udof, is defined to be
the time-derivative of generalized coordinate Qdof.

Sl i der isasingle degree-of-freedom prismatic joint. Its location and home position are specified by the BodyTo-
Joint option. The dlider joint is at a home position when its generalized coordinate has a value of zero. In this position,
the joints for the inboard and outboard bodies are coincident. As the generalized coordinate changes in value, these two
joints separate along a translational axis specified by TAXxis, which may be a coordinate number, a list of direction
cosines, or a vector in the base reference frame. Examples. TAxis->3, TAxis->{0,0,1}, TAxis->body[1]. The general-
ized speed, Udof, is defined to be the time-derivative of generalized coordinate Qdof.

UJoi nt isatwo degree-of-freedom rotatory joint. Its home position is coincident with the base reference frame (the
frame of the inboard body). The generalized coordinates describing the rotations are the successive rotation angles about
the two specified rotation axes, Axisl and Axis2. The generalized speeds, Udof1 and Udof?2, are defined to be the time-
derivatives of the respective generalized coordinates, Qdof1 and Qdof2.

Bal | isathree degree-of-freedom rotatory joint with orientation described by euler parameters. Its home position is
coincident with the base reference frame (the frame of the inboard body). The generalized coordinates Qdof1 through
Qdof4 describing the rotations are in the form of euler parameters {el,e2,e3,e4}, where e4 is the cosine of the half-
rotational angle. Use G nbal if different generalized coordinates are desired. The generalized speeds Udof1 through
Udof3 are the angular velocities about the body's reference frame axes.

G nbal is athree degree-of-freedom rotatory joint with orientation described by euler angles. Its home position is
coincident with the base reference frame (the frame of the inboard body). The generalized coordinates describing the
rotations are the successive rotation angles about the three specified rotation axes, described by options Axisl, Axis2,
and Axis3. Use Bal | if euler parameters are preferred as generalized coordinates. Axes may be specified by coordi-
nate number, or a list of direction cosines. Examples: Axisl->3, Axis2->1, Axis3->2; Axisl->{0,0,1}, Axis2-
>{0,.707,.707}, Axis3->{.707,0,.707}.

Si x DOF is asix degree-of- freedom joint which allows for full translational and rotational movement between bodies.

Its location ahd home position are specified by the BodyToJdoint option. The translational axes are specified by TAXisl,
TAXis2, and TAXis3. The trandations along those axes are specified by generalized coordinates Qdof1, Qdof2, and
Qdof3, and by generalized speeds Udof1, Udof2, and Udof3. The rotational orientation is described by four euler
parameters, specified by generalized coordinates Qdof4 through Qdof7. The angular velocities about the base frame's
axes are specified by generalized speeds Udof1, Udof2, and Udof3.

= Example

AddBody [a, ground, Hi nge]
{1y, {13}
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In this example, Qdof1 and Udof1 are not specified by the user. The Dynamics Workbench has automatically selected
values of 1 for each.

m AppFrc
AppFrc[ body, force, point | appliesaforce specified by vector f Or Cée (in any reference frame or
frames) at a point specified by vectorf Or ce (relative to the center of mass) of body .

= Example

AppFrc[a, -ground[1], 2a[l]]

1

A force of magnitude 1 directed in the negative direction of the ground[1] axis, is applied to body a. The point of
application is specified by the vector 2 g 1] from body a's center of mass.

= AppTrq

AppTrqg[ body, torque | appliesatorque (or moment) specified by vector t Or que (in any reference frame
or frames) to body.

= Example

AppTrq[a, 10a[3]]
1

A torque of magnitude 10 directed in the direction of the ground[3] axis, is applied to body a.

= EOM

The command EQOM ]| assembles equations of motion for the system with previously entered bodies, forces, and torques.

The command At TO[ expr ] isused to setinitial conditions by applying to an expressonsuchasq[ 1] == O,
and making that expression valid for time zero.

m Kinematics

Ki nenat i CS returns the set of kinematical differential equations. The Dynamics Workbench usually uses equations
gl n]'[t] == u[n][t],buttheuser may define arbitrary relationships, e.g., for complex kinematical joints.
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m | ntermediate Level Commands

The Dynamics Workbench provides several useful intermediate level commands, which are not required for formulation of
equations of motion, but aid analysis or rearrangement of these equations.

m CollectE

The command Col | ect E[ equati ons | collects together termsin egequat i 0Nnsuations which are linear in
the time-derivative of the generalized speeds, making the equations somewhat more readable.

The command Col | ect E[ equations, expr | collectstogether termsin equat i ons which are linear
in expr , making the equations somewhat more readable.

m AddFrame

The command AddFr ane[ frane, basefrane, jointtype, options ] addsanew reference
frame to the system, just as AddBody, but without a body attached to the reference frame. This command is useful for
defining custom joints or body configurations, by decoupling body specifications from reference frame specifications.

m AsmStateEqgn

Asntt at eEQn[ eom ki nenati cs | assemblesthe state equations, using input arguments corresponding to
the eguations of motion and the kinematical differential equations. The resulting equations are differential equations in the
generalized coordinates and speeds, and are suitable for use by RungeKut t a.

s RHS

RHS[ eqgns ] returnsthe right-hand-side of each equation in alist of equations.

= SolveEqQn

Sol veEqn[ eqn, vars | rearangesalist of equationsin terms of the variables vars. The command also sorts
thislist.
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m MassMatrix

Given the equations of motion, MassMat ri X[ eom | provides alist of two outputs: the mass matrix (terms linear
in the time-derivatives of generalized speeds u), and the right-hand side. These outputs can be used in the linear system
M.udot == rhs, as when integrating the equations of motion.

m AtTO

At TO[ expr] returnsexpr set at time zero. This command is useful for providing initial conditionsto NDSol ve.

= FindEquil

Fi ndEqui I [ egn, {x, x0} ] findsthe equilibrium point in the given equation, for variable x. The initial guess
of x0 is used to start a Newton search. For a list of equations, use Fi ndEqui | [ egns, {x, x0},
{y, y0}, ...] tofind equilibrium pointsin several variablesx, y, etc.

m PosCOM

PosCOM body] returns a vector describing the position of the center of mass of body with respect to the ground
reference frame.

m PosPnt

PosPnt [ poi nt, body] returns the vector describing the position of point (entered as a vector relative to the center
of mass) fixed to body.

® Tmtx

Tnt X[ frane] isthe transformation matrix which maps between frame and the inertial (ground) reference frame. Tmtx
returns a list of coordinates of the three axes of frame, each in the form of a sublist comprising coefficients for axes of
reference frame.

m Lower Level Commands
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At the lowest level of simplification, the Dynamics Workbench provides routines which enable one to assembl e equations of
motion "by hand," save for the most basic mathematical operations. The Workbench makes it easy to manipulate vectorsin
various reference frames by providing a simple notation and framework for these operations.

m Accelerations

AccCOM body] returns a vector describing the acceleration of the center of mass of body with respect to the ground
reference frame.

AccJdnt [ body] returns the velocity of the point on the inboard body which corresponds to the location of the joint
connecting the two.

AngAcc| body] returnsthe angular acceleration of the body with respect to ground.

= Velocities
AngVel [ body] returnsthe angular velocity of the body with respect to ground.

Vel COM body] returns a vector describing the velocity of the center of mass of body with respect to the ground
reference frame.

Vel Jnt [ body] returns the velocity of the point on the inboard body which corresponds to the location of the joint
connecting the two.

Vel Jnt 2[ body] returns the velocity of the point on body which instantaneously corresponds to the location of the
joint between body and the inboard body. Used in slider joints.

= Model Structure

Bodi es returnsalist of the currently defined bodies.

For ce[ body] returnsalist of the forces acting on the bodly.

Fr anmes returnsalist of the currently defined reference frames.

| nboar d[ body] returnsthe name of the body inboard to the argument.

I nerti a[ body] istheinertiadyadic of the body.

Ki ds[ frane] returnsalist of reference frames below the argument's entry in the frame tree.
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Mass[ body] isthemass of the body.
Par ent s f r ane] returnsalist of reference frames above the argument's entry in the frame tree.

Tor que[ body] returnsalist of the torques acting on the body.

m Kane'sMethod

Prt Vel [ expr, n] orPrtVel [ expr, u[ n]] returnsthe partial velocity of expression with respective to the
nth generalized speed.

Resl| t F[ body] returnsthe resultant of the forces acting on the body.

Resl| t T[ body] returnsthe resultant of the torques or moments acting on the body.
Rst ar [ body] returnstheinertiaforces acting on body.

Tst ar [ body] returnstheinertiatorque acting on body.

GAct Fr c[ body, n] returns the generalized active force of body with respect to the nth generalized speed. GACt -
Fr c[ body] returnsthe generalized active forces for body with respect to each of the generalized speeds. GAct Fr ¢ -
Al '] returns the sum of the generalized active forces for al bodies, with respect to each of the generalized speeds.

A ner Fr c[ body, n] returnsthe generalized inertiaforce of body with respect to the nth generalized speed. G ner -
Fr c[ body] returns the generalized inertia forces for body with respect to each of the generalized speeds. G ner -
Frc[ Al l ] returnsthe sum of the generalized inertiaforces for all bodies, with respect to each of the generalized speeds.

m Transformation between refer ence frames

Cast M x[ from t 0] returnsthe transformation
matrix needed to cast a vector from one reference frame to
another.

Cast V[ vect or, frane] will cast any vector into a specified reference frame.

Tt X[ frane] isthetransformation matrix which maps between frame and the inertial (ground) reference frame. Tmitx
returns a list of coordinates of the three axes of frame, each in the form of a sublist comprising coefficients for axes of
reference frame.
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m Vector Operations
Cross[ vector1, vector2] or(vectorl ~X~ vector2) performsthe cross product of two vectors.

Dot [ vector 1, vector 2] orvector1. vect or 2 performsthe dot product of two vectors (or avector and
adyadic).

A dyadic may be performed by using vect or 1 ** vect or 2. The symbol ** denotes a noncommutative multiply
within Mathematica, in accordance with the fact that dyadics are not commutative.

Di st poi nt 1, poi nt 2] returns the distance between two points, which need not be described in the same refer-
ence frames.

m Example: Ballistic walker

This example is an analysis of ballistic walking, described by Mochon & McMahon (1980). Given the correct initial condi-
tions, it is possible for a biped to walk one step with no external input. This ballistic motion resembles actual human walking
to asurprising degree. The model consists of three segments, including a stance leg and the thigh and shank of the swing leg.
Segments are joined by Hinge joints. All motion is planar.

Ref: Mochon & McMahon, J. Biomech. 13:49-57, 1980.

r_ |
[ITTTTTTTT7 T rrrrrrrrrri7zryns

If you haven't already, be sure to load the Dynamics Workbench (but don't execute this command if the Workbench is
aready loaded):

Needs [" Dynam csWor kbench™" ]
Initialize variables by using this command:
Newhvbdel []

Add rigid bodies to the model by specifying a new body name, which is connected to the specified inboard body. Here we
are attaching body @ to gr ound withaH nge joint. The central moment of inertiais specified in dyadic form. Vectors
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specify the location of the joint relative to the body's center of mass, and relative to the inboard body's center of mass. The
axis of the hinge joint is also specified.

AddBody [a, ground, Hi nge, Mass - M), Inertia-10a[3] »xa[3],
BodyToJdnt -» (Ic0-10) a[2], | nbTodnt -0, Axis - {0, 0, 1}]

{13, {1}}
The output of AddBody includes the generalized coordinate and the generalized speed for the new body.

Now we add second and third bodies:

AddBody [b, a, Hi nge, Rel ativeTo - ground, Mass - ML, Inertia-11b[3] »*xb[3],
BodyToJdnt »1cl1b[2], | nbTodnt »1cO0a[2], Axis > {0, 0, 1}]

{{2}, {2}}

AddBody [c, b, H nge, Rel ativeTo - ground, Mass - M2, Inertia-12c[3] »*c[3],
BodyToJnt -»1c2c[2], I nbTodnt » (Icl-11) b[2], AXis-> {0, 0, 1}]

{{3}, (31}

Forces are applied using AppFr ¢, specifying the body, the force applied to the body, and the location of the force relative
to the center of mass. Other commands can apply torques to bodies as well. Here we add gravitational forces.

AppFrc[a, Mass[a] grav, O]
1

The output of APPFr Cisacount of the number of forces applied so far.

AppFrc[b, Mass[b] grav, 0]
1

AppFrc[c, Mass[c] grav, O]
1

Make sure g is gravity, in the vertical direction.
grav = -gground[2];

Equations of motion are generated by the command EOM ] . This command takes a few seconds on a PowerMac 7100/66.

Ti m ng[eom= EOM[] ]
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{3. 28333 Second,

{-g (-10+1cO)MSin[qi] +glOML Sin[gqi] +glOMSIin[qi] + (10lcIM +10I1M) Sin[gqi-0qz2]
us+101c2MSin[gi-gsJud+ (-10-10°M +2101cOM -1cO®>M -102M -10%M) uj +
(10lciM +1011M) Cos[gr-(Qz2]us+10lc2MCos[qg:r -(Qs] uz ==0,

—glciM Sin[gz] -gl1MSin[gz] + (-10lcIM -1011M) Sin[qy-0z2] u} -
l11c2MSin[gz-q3Juf+ (101lcIM +1011M) Cos[qgy-0z2] uj+
(-11-1c1?>ML-112M2) up-111c2M Cos[qz - gz] us == 0,

—glc2MSin[gs] -101c2MSin[gr-gz]ui+111c2MSin[gz-qs] u3+
l0lc2M2 Cos[gi-Qgs]u;-111c2M Cos[qgz-qa] us+ (-12-1¢c22M) uz ==0})}

Commands like MasSMat 1 i X manipulate the equations so you can look at select portions:

MassMat ri x [eom]

{{{10+1cO>M-21cOlOM +10?>M +102M +10%M

~((lcllOM +1011M) Cos[qt [L][t]-qt[2][t]]), -(Ic2lOM Cos[qt [1][t] -qt [3][t]])},
{-((lclIOML+1011M) Cos[qt [1][t] -qt[2][t]]),

l1+1c1?M +112M, 1c21 1M Cos[qt [2][t] -qt [3][t]]},
{-(lc210OM2 Cos[qt [1][t] -qt [3][t]]), lc2I 1M Cos[qt [2][t] -qt [3][t]], 12+1c22M}},
{-(g (IcO-10) MSin[qt [1][t]]) +glOM Sin[qt [1 ][t]]+gIOl\/BS|n[qt[ Itlr+
(IcLIOML+1011M)Sin[qgt [1][t] -qt [2][t]]ut[2][t]?

lc2lOMSin[qgt [1][t] - [31[t]]ut[3}[t}2,—(glcll\/[LSm[qt[Z][t]})

gl1MSin[qt [2][t] +( (IclIOML) -1011M) Sin[qt [1][t] -qt[2][t]]ut [1][t]%-

]
lc211MSin[qgt [2][t] -qt [3][t]]ut[3][t]?,
—(glc2MSin[qt [3][t]]) -1c2IOMSin[qt [1][t]-qt [3][t]]ut [1][t]%+
lc21 1M Sin[qgt [2][t] -qt [3][t]]ut[2][t]?}}

Set the values for the constants:

constants:{etal-».54ll, eta2-»0.73512, mL -»0.097, n2 - 0. 06,

lcl1-50.43311, 1c2-50.43712, 11-50.5, 12-50.5, ML->nml 65, M2 - nR 65,

milcl+«n (I1+1c2) 5 5
M -» (ML +n2) 65, [0-11+12, 1cO- p—— , I 1snletal-mlcl”,
+

125 nReta2? -n21c2? 10-nletal®+ (nR2eta2®+n2l1%) - (nl +n2) | c0® g-9.8}

Degr ees = N[ 50

To set the initial conditions, write equations for each of the states (g's and u's), and apply At TO to specify that the equa-
tions hold for time zero.

initcond =AtTO[{q[1l] == 14 Degrees, u[l] == -120 Degrees, q[2] == -14 Degr ees,
uf[2] == 350 Degrees, q[3] == -60 Degrees, u[3] == -250 Degrees}];

The trgjectory can be generated by solving the set of differential equations including the equations of motion, the kinemati -
cal differential equations (which are generated automatically by the Dynamics Workbench), subject to the initial condi-
tions. Here we integrate from time 0 to 0.5 seconds.

trajectory = NDSol ve[Joi n[eom Ki nematics, initcond] //. constants,
{q[11, uIlll, q[2], u[2], q[3], u[3]}, {t, 0., 0.5}1;
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This plot shows how knee velocity approaches zero just before stance and swing legs reach the same angle for hedl strike.
The solid line is the stance leg angle, the dashed line is the swing leg thigh angle, and the dotted line is the angle between
the swing thigh and shank (also known as knee angle).

180. {-q[11, ql2], q[2] -q[3]}
T
Pl ot Styl e » {{Thi ckness[0.005]}, {Thickness[0.005], Dashi ng[{0.02, 0.01}1},
{Thi ckness[0. 005], Dashi ng[{0. 003, 0.008}1}},
AxesLabel » {"time (s)", "angle (deg)"}]

Pl ot [Eval uate[ /. traj ectory], {t, 0, 0.35},

angl e (deg)

751
50 Lo

25t

-25}

-50 ¢+

-75 [

- Graphics =

Now let's calculate the total energy during the swing cycle, to verify that the Dyamics Workbench model conserves energy.
Looking at the axes on the plot, it is evident that energy is conserved within machine precision

Pl ot [Eval uat e[% Mass [a] Vel COM[a]. Vel COM[a] + % Mass [b] Vel COM[b]. Vel COM[b] +
% Mass [c] Vel COM[c]. Vel COM[c] + % Inertiaf[a]. AngVel [a]. AngVel [a] +

1 1
5 Inertiaf[b]. AngVel [b]. AngVel [b] + 5 Inertiafc]. AngVel [c]. AngVel [c] -

(Mass [a] PosCOM[a]. grav + Mass [b] PosCOM[b]. grav + Mass[c] PosCOM[c]. grav) //.
constants /. trajectory], {t, 0, .35}]
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- Gaphics -

m Sample low level operations

m Crossproducts

a[l] xb[i]

pkgV[{-Sin[qt [1][t] -qt [2][t]], b, 3}]

= Dot products

a[ly.c[2]

Sinfqgt [1][t] -qt [3][t]]

m Here'sadyadic

r=a[l] »»a[2]

PV {PV[{1, a, 1}], a, 2}]

= And you can useit likethis:

r.b[l]

PV[{Cos[qt [1][t] -qt [2][t]], &, 2}]

m Timederivatives of vectors

Dt [3a[l] xb[1], t]

PV[{-3Cos[qt [1][t]-qt [2][t]] (qt [1]"[t] -qt [2]"[t]),

b, 3}]



