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7 Simulation of Kinematic Chains
with Mathematica’™

A planar mechanism will be analyzed and simulated using the Mathematica™™

software. The planar R-RTR-RTR mechanism considered is shown in Fig. 7.1.
The driver link is the rigid link 1 (the link AB). The following numerical
data are given: AB = 0.140 m, AC' = 0.060 m, AE = 0.250 m, C'D = 0.150
m. The angle of the driver link 1 with the horizontal axis is ¢.

7.1 Position Analysis

The Mathematica™™ commands for the input data are
AB=0.140; AC=0.060; AE=0.250; CD=0.150;
Position analysis for an input angle

The angle of the driver link 1 with the horizontal axis ¢ = 30°. The

Mathematica™ command for the input angle is

phi=N[Pi]/6;

where N[expr] gives the numerical value of expr and Pi is the constant
7, with numerical value approximately equal to 3.14159.

Position of joint A

A Cartesian reference frame xQy is selected. The joint A is in the origin
of the reference frame, that is, A = O,

Z’AZO, yAZO. (71)

Position of joint C'
The coordinates of the joint C are

o =0, yo = AC = 0.060 m. (7.2)

Position of joint E
The coordinates of the joint E are
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The Mathematica®™ commands for Eqs. (7.1), (7.2), and (7.3) are

xA=0; yA=0;
xC=0; yC=AC,;
XE=0; yE=-AE;

Position of joint B

The unknowns are the coordinates of the joint B, xp and yg. Because
the joint A is fixed and the angle ¢ is known, the coordinates of the joint B
are computed from the following expressions

xg = ABcos¢ = 0.140 cos 30° = 0.121 m,
yp = ABsin ¢ = 0.140sin 30° = 0.070 m. (7.4)

The Mathematica™ commands for Eq. (7.4) are

xB=AB Cos|phi];
yB=AB Sin[phi];

where phi is the angle ¢ in radians.

Position of joint D

The unknowns are the coordinates of the joint D, xp and yp. Knowing
the positions of the joints B and C, one can compute the slope m and the
intercept b of the line BC

_ (yB — yc)
m = )
(B — zc)
b=yp—m xp. (7.5)

The Mathematica™ commands for Eq. (7.5) are

m=(yB-yC)/(xB-xC);
b=yB-m xB;
The joint D is located on the line BC:
yp —mxp —b=0. (7.6)
Furthermore, the length of the segment C'D is constant:
(z¢ —xp)* + (yc — yp)* = CD*. (7.7)
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The Egs. (7.6) and (7.7) with Mathematica™ commands are

eqnD1=(xDsol-xC)"2+(yDsol-yC)"2-CD"2==0;
egnD2=yDsol-m xDsol-b==0;

The Eqgs. (7.6) and (7.7) form a system from which the coordinates of the
joint D can be computed. To solve the system of equations, a specific
Mathematica™ command will be used. The command Solve[eqns, vars]
attempts to solve an equation or set of equations egqns for the variables
vars . For the mechanism

solutionD=Solve[ {egqnD1,eqnD2 }, {xDsol,yDsol }];
Two sets of solutions are found for the position of the joint D:

xD1=xDsol/.solutionD[[1]];
yD1=yDsol/.solutionD[[1]];
xD2=xDsol/.solutionD[[2]];
yD2=yDsol/.solutionD[[2]];

These solutions are located at the intersection of the line BC' with the circle
centered in C' and radius C'D (Fig. 7.2), and they have the following numerical
values:

rp1 = —0.149 m, yp; = 0.047 m,
I'po = 0.149 m, Ypo = 0.072 m.

To determine the correct position of the joint D for the mechanism, an addi-
tional condition is needed. For the first quadrant, 0 < ¢ < 90°, the condition

iszp < zo.
This condition with Mathematica™ is
If[condition, t, f] , that gives t if condition evaluates to True,

and f if it evaluates to False.
For the considered mechanism the following applies:

If[xD1<=xC, xD=xD1;yD=yD1, xD=xD2;yD=yD2];
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Because z¢ = 0 m, the coordinates of the joint D are

Ip = Tp1 = —0.149 m,

yp = yp1 = 0.047 m.

The numerical solutions for B and D are printed using Mathematica®™:

Print("’xB = ", xB, " m" ];
Printf'yB = ", yB, " m" ];
Printf’xD = ", xD, " m" ];
Printf'yD = ", yD, " m" ],

The Mathematica™ program for the input angle ¢ = 30° is given in Pro-
gram 7.1. At the end of the program there are commands to draw the
mechanism.

Position analysis for a complete rotation

For a complete rotation of the driver link AB, 0 < ¢ < 360°, a step angle
of ¢ = 60° is selected.
To calculate the position analysis for a complete cycle one can use the
Mathematica™ command For[start, test, incr, body] . It exe-
cutes start | then repeatedly evaluates body and incr until test fails to
give True. For the considered mechanism the following applies:

For[phi=0, phi<=2*N[Pi], phi+=N[Pi]/3, Program block];

Method I

Method I uses constraint conditions for the mechanism for each quadrant.
For the mechanism, there are several conditions for the position of the joint
D.
For the angle ¢ located in the first quadrant 0° < ¢ < 90° (Fig. 7.2), and
the fourth quadrant 270° < ¢ < 360° (Fig. 7.5), the following relation exists
between xp and x¢:

D < Tc.

For the angle ¢ located in the second quadrant 90° < ¢ < 180° (Fig. 7.3),
and the third quadrant 180° < ¢ < 270° (Fig. 7.4), the following relation
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exists between xp and zg:
D Z Tc.

The following Mathematica™ commands are used to determine the cor-
rect position of the joint D for all four quadrants

If[0 <= phi <= N[PiJ/2 || 3 N[Pi]/2 <= phi <= 2 N[PIi],
If[xD1<=xC, xD=xD1;yD=yD1, xD=xD2;yD=yD2],
If[xD1>=xC, xD=xD1;yD=yD1, xD=xD2;yD=yD2]

I;

where || is the logical OR function.

The Mathematica®™™ program for a complete rotation of the driver link
using method I is given in Program 7.2. The graph of the mechanism for a
complete rotation of the driver link is given in Fig. 7.6.

Method I1

Another position analysis method for a complete rotation of the driver
link uses constraint conditions for the initial value of the angle ¢. For the
mechanism, the correct position of the joint D is calculated using a simple
function, the Euclidian distance between two points P and @:

d=/(zp —20)* + (yr — yo)*. (7.8)

In Mathematica™ , the following function is introduced:

Dist[xP _yP _xQ _yQ _]:=Sqrt[(xP-xQ)"2+(yP-yQ)"2];

For the initial angle ¢ = 0°, the constraint is xp < x¢, so the first position of
the joint D, that is, Dy, is calculated for the first step D = Dy = Dy, k = 0.
For the next position of the joint, Dy, there are two solutions D} 41 and
DIt k=0, 1, 2,.... In order to choose the correct solution of the joint,
Dy.14, it is compared the distances between the old position, Dy, and each
new calculated positions Df ,; and D}!,. The distances between the known
solution Dy and the new solutions Df,, and Di%, are dj and dj’. If the
distance to the first solution is less than the distance to the second solution,
di, < dji!, then the correct answer is Dy = Df 4, or else Dy = D},
(Fig. 7.7).
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The following Mathematica®™ commands are used to determine the cor-
rect position of the joint D using a single condition for all four quadrants:

increment=0;
For[phi=0, phi<=2*N[Pi], phi+=N[Pi]/3,

Ifincrement==0, Iff[xD1<xC, xD=xD1;yD=yD1, xD=xD2;yD=yD2],
dist1=Dist[xD1,yD1,xDold,yDold];
dist2=Dist[xD2,yD2,xDold,yDold];

If[distl<dist2, xD=xD1;yD=yD1, xD=xD2;yD=yD2 ]

I;

xDold=xD;

yDold=yD;

increment++;

5

With this algorithm the correct solution is selected using just one constraint
relation for the initial step and then, automatically, the problem is solved. In
this way it is not necessary to have different constraints for different quad-
rants.

The Mathematica™ program for a complete rotation of the driver link
using the second method is given in Program 7.3.

7.2 Velocity and Acceleration Analysis

For the considered mechanism (Fig. 7.1) the driver link 1 is rotating with a
constant speed of n = 50 rpm. A Mathematica™ program for velocity and
acceleration analysis is presented here.

The Mathematica®™ commands for the angular speed, in rad/s, are

n=50; (* rpm *)
omega=n*N[Pi]/30; (* rad/s *)

The Mathematica®™ commands for coordinates of the joints A, C, and E are
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XE=0; yE=-AE;

The coordinates of the joint B (B = By = By on the link 1 or 2) are
rp(t) = ABcosp(t) and yg(t) = ABsin¢(t).

To calculate symbolically the position of the joint B, the following Mathematica®™

commands are used

xB=AB Cos[phi[t]];
yB=AB Sin[phi[t]];

where philt] represents the mathematical function ¢(t). The function
name is phi and it has one argument, the time t .

To calculate numerically the position of the joint B, the symbolic variables
need to be substituted with the input data. To apply a transformation rule
to a particular expression expr , type expr/.lhs->rhs . To apply a se-
quence of rules on each part of the expression expr , type

expr/. {lhsl->rhsl, lhs2->rhs2, ... }.

For the mechanism, the transformation rule represents the initial data:

initdata=  {AB->0.14, AC->0.06, AE->0.25, CD->0.15,
phi[t]->N[Pi]/6, phi'[t}->omega, phi”[t]->0 h

where phi’[t] is the first derivative of phi with respect tot , and phi”[t]
is the second derivative of the function.
The command Print[exprl, expr2, ...] prints the exprl, expr2,
, followed by a new line. To print the solutions of the position vector,
the following commands are used:

Print["xB = ", xB,"
Print["yB = ", yB,"

", xBl.initdata, " m" ];
", yBl.initdata, " m" |;

The linear velocity vector of the joint B (B = By = Bs) is
VB =Vp, = VB, = iBl + yBJ,

where

. drp . . dyp
a:B—W——Angsmgzﬁ and yB—W—Aqucosgb
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are the components of the velocity vector of B.

To calculate symbolically the components of the velocity vector using the
Mathematica™ the command D[f, t] is used, which gives the derivative
of f with respect to t :

vBx=DI[xB,t];
vBy=DI[yB,1];
: 50
For the mechanism ¢ = w = % = W(?)O ) rad/s = 5.235 rad/s, the numerical

values are
tp = —0.140 (5.235) sin 30° = —0.366 m/s,
yp = 0.140 (5.235) cos 30° = 0.634 m/s.

The solutions can be printed using Mathematica®™:

Print["vBx = ", vBXx," ", vBx/.initdata, " m/s" ];
Print["vBy = ", vBy,” = ", vByl.initdata, " m/s" ];

The linear acceleration vector of the joint B (B = B; = By) is

ap = Ipl1+ YBJ,

where
. d$B 12 T
Tp=—- = —AB¢®* cos o — AB¢sin ¢,
g = CZJf = —AB¢’sin ¢ + ABé cos ¢,

are the components of the acceleration vector of the joint B.
The Mathematica™ commands used to calculate symbolically the compo-
nents of the acceleration vector are

aBx=D[vBx.t];
aBy=DI[vBy,t];

For the considered mechanism the angular acceleration of the link 1 is ¢ =
w = 0. The numerical values of the acceleration of B are

ip = —0.140 (5.235) cos 30° = —3.323 m/s?,
iip = —0.140 (5.235)sin 30° = —1.919 m/s”.
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The solutions printed with Mathematica®™™ are

Print["aBx = ", aBx,” = ", aBx/.initdata, " m/s™2" ],
Print[*aBy = ", aBy,” = ", aByl/.initdata, " m/s™2" ],

The coordinates of the joint D are xp and yp. The Mathematica™ com-
mands used to calculate the position of D are

mBC=(yB-yC)/(xB-xC);

bBC=yB-mBC xB;
eqnD1=(xDsol-xC)"2+(yDsol-yC)"2-CD"2==0;
eqnD2=yDsol-mBC xDsol-nBC==0;

solutionD=Solve[ {egnD1,eqnD2 }, {xDsol,yDsol }];

where mBCis the slope and bBC is the y-intercept of the line BC'.
Two sets of solutions are found for the position of the joint D that are func-
tions of the angle ¢(t) (i.e., functions of time):

xD1=xDsol/.solutionD[[1]];
yD1=yDsol/.solutionD[[1]];
xD2=xDsol/.solutionD[[2]];
yD2=yDsol/.solutionD[[2]];

To determine the correct position of the joint D for the mechanism, an addi-
tional condition is needed. For the first quadrant, 0 < ¢ < 90°, the condition
isrp < xc.

This condition using the Mathematica™

command is:

If[xD1/.initdata<=xC, xD=xD1;yD=yD1, xD=xD2;yD=yD2];

The numerical solutions are printed using Mathematica®™

Print["’xD = ", xDl.initdata, " m" ]
I

m
Printf('yD = ", yDl.initdata, " m"

The linear velocity vector of the joint D (D = D3 = D, on link 3 or link 4)
1s

Vp = Vp, = Vp, = Tpl+ Yp),
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where
. dwxp . dyp
xD_W and yD_W’
are the components of the velocity vector of the joint D, respectively, on the
x-axis and the y-axis.
To calculate symbolically the components of this velocity vector the following

Mathematica ™ commands are used:

vDx=D[xD.t];
vDy=D[yDt];

For the considered mechanism the numerical values are
Zp =0.067m/s and yp = —0.814 m/s.

The numerical solutions are printed using Mathematica’™:

Print["vDx = ", vDx/.initdata, " m/s" ];
Print["vDy = ", vDyl.initdata, " m/s" ];

The linear acceleration vector of D = D3 = D, is

ap = Ipl+ Yp),

where

To calculate symbolically the components of the acceleration vector the fol-
lowing Mathematica®™™ commands are used:

aDx=D[vDx,t];
aDy=D[vDyit];

The numerical values of the acceleration of D are
ip=4.617m/s* and {p=—1.811m/s*

and can be printed using Mathematica™:
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Print['aDx = ", aDx/.initdata, " m/s™2" ];
Print("vDy = ", vDyl.initdata, " m/s™2" ],

The angle ¢3(t) is determined as a function of time ¢ from the equation of
the slope of the line BC"

tan ¢3(t) = mpc(t).

The Mathematica™™ function ArcTan[z]  gives the arc tangent of the num-
ber z. To calculate symbolically the angle ¢3,

phi3=ArcTan[mBC];

The angular velocity ws(¢) is the derivative with respect to time of the angle

bs3(t)
L das()
3 dt

Symbolically, the angular velocity ws is calculated using Mathematica®

MZ
omega3=D[phi3,t];

The angular acceleration «as(t) is the derivative with respect to time of the
angular velocity ws(¢):
du)g(t)

dt

Symbolically, using Mathematica™ , the angular acceleration as is

(6% (t) =

alpha3=D[omega3,t];

The numerical values of the angles, angular velocities, and angular accelera-
tions for the links 2 and 3 are

¢35 = ¢ = 0.082 rad, w3z =wy = 5.448 rad/s, g = as = 14.568 rad/sz.

The numerical solutions are printed using Mathematica®™:

Print["phi3=phi2= ",phi3/.initdata," rad "],
Print["omega3=omega2= ",omega3/.initdata," rad/s"];
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Print["alpha3=alpha2= ",alpha3/.initdata," rad/s"2"];

The angle ¢5(t) is determined as a function of time ¢ from the following
equation:

yo(t) = yr

D (t) — IE’

M:

tan ¢5(t) =

and symbolically using Mathematica®
phi5=ArcTan[(yD-yE)/(xD-xE)];

The angular velocity ws(¢) is the derivative with respect to time of the angle
¢5(t)

o=
To calculate symbolically the angular velocity ws using Mathematica™™ | the
following command is used:

omega5=D[phi5,t];

The angular acceleration «as(t) is the derivative with respect to time of the

angular velocity ws(t):
dw5(t)

and it is calculated symbolically with Mathematica®™:

alpha5=D[omega5,t];

The numerical values of the angles, angular velocities, and angular accelera-
tions for the links 5 and 4 are

b5 = by = 2.036 rad, w5 = wy = 0.917 rad/s, a5 =y = —5.771 rad/s’.

The numerical solutions printed with Mathematica™ are

Print["phi5=phi4= ",phi5/.initdata,” rad "];
Print["omega5=omega4= ",omegab/.initdata," rad/s"];
Print["alpha5=alphad4= ",alpha5/.initdata,” rad/s™2"];
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The Mathematica®™™ program for velocity and acceleration analysis is given
in Program 7.4.

7.3 Contour Equations for Velocities and Accelerations

The same planar R-RTR-RTR mechanism is considered in Fig. 7.8(a). The
driver link 1 is rotating with a constant speed of n = 50 rpm. A Mathematica®
program for velocity and acceleration analysis using the contour equations is
presented here.

The mechanism has five moving links and seven full joints. The number
of independent contours is

M

Ne=c—n=7—95=2,

where ¢ is the number of joints and n is the number of moving links.

The mechanism has two independent contours. The first contour / con-
tains the links 0, 1, 2, and 3, while the second contour I contains the links
0, 3, 4, and 5. The diagram of the mechanism is represented in Fig. 7.8(b).
Clockwise paths are chosen for each closed contours I and I1.

First contour analysis

Figure 7.9(a) shows the first independent contour I with

e rotational joint R between the links 0 and 1 (joint A);

e rotational joint R between the links 1 and 2 (joint B);

e translational joint T between the links 2 and 3 (joint B);

e rotational joint R between the links 3 and 0 (joint C).
The angular velocity wig of the driver link is known:

50
Wi =w) =w = 3—(? rad/s = 5.235 rad/s.
The origin of the reference frame is the point A(0,0,0).
For the velocity analysis, the following vectorial equations are used:
wio + wa1 + wo3 = 0,

rAp X Wo +Tac X Woz + Ve = 0, (7.9)
where rap = g1+ ypJ, Tac = xc1+ yc), and

wip = wiok, wa = wark, wos = wpsk,

‘s .
Vig3a = V32 = Usg COS Pl + Uzg SIN Pa].
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The sign of the relative angular velocities is selected as positive as shown in
Figs. 7.8(a) and 7.9(a). The numerical computation will then give the correct
orientation of the unknown vectors. The components of the vectors r4p and
rac, and the angle ¢, are already known from the position analysis of the
mechanism. Equation (7.9) becomes

wiok + wark + wosk = 0,
1 )] k 1 ] k
g yp O |+ |xc yo O |+ v3pcospol+ vspsings) = 0. (7.10)
0 0 w21 0 0 Wo3

In the Mathematica™ environment, a three-dimensional vector V is written
as a list of variables v={X, y, z }, where X, y, and z are the spatial coordi-
nates of the vector v. The first component of the vector v is x=V[[1]] , the
second component is y=V[[2]] , and the third component is z=V[[3]]
For the considered mechanism with Mathematica®™™ , the following applies:

rB={xB, yB, 0 };

rC={xC, yC, 0 };

omegalOv={0,0,o0mega };

omega2lvSol= {0,0,omega2l1Sol };

omegaO3vSol= {0,0,omega03Sol };

v32vSol= {v32Sol Cos[phi2],v32Sol Sin[phi2],0 h
Equation (7.10) represents a system of three equations and with Mathematica®™
commands gives

eglkv=(omegalOv+omega2lvSol+omega03vSol)[[3]]==0;

eqliv=(Cross[rB,omega21vSol]+Cross[rC,omega03vSol]+
v32vSol)[[1]]==0;

eqljv=(Cross[rB,omega21lvSol]+Cross[rC,omega03vSol]+
v32vSol)[[2]]==0;

where the command Cross[a,b]  gives the vector cross product of the vec-
tors a and b.

The system of equations can be solved using the Mathematica®™

commands
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sollvel=Solve[ {eqlkv,eqliv,eqljv }, {omega2lSol,
omega03Sol,v32Sol }];

and the following numerical solutions are obtained:
wor = 0.212 rad/s, wpz = —5.448 rad/s, and vz = 0.313 m/s.

To print the numerical values, the following Mathematica™ commands are
used:

omega2lv=omega2lvSol/.sollvel[[1]];
omega03v=omega03vSol/.sollvel[[1]];
v32v=v32vSol/.sollvel[[1]];
Print["omega2l = ",omega2lv];
Print["'omega03 = ",omega03v];
Print["'v32 = ",v32v];

Print["v32r = ",v32Sol/.sollvel[[1]] I;

The absolute angular velocities of the links 2 and 3 are
Woy = W39 — —Wp3 = 5.448 k rad/s.
The absolute linear velocities of the joints B and D are

Vp =Vp, =Vp, =Va+wip Xrap=—0.366 1+ 0.634  m/s,

Vp =Vp, =Vp, = Vo + w3 X rep = 0.067 1 —0.814 3 m/s,
where v4 = 0 and v = 0, because the joints A and C are grounded and
cp =TADp —TAC-
The Mathematica®™™ commands for the absolute velocities are
omega20v=omega30v=-omegaO3yv;

vBv=Cross[omegalOv,rB];
vDv=Cross[omega30v,(rD-rC)];

Print["'omega20 = omega30 = ",omega20v];
Print["vB = ",vBv];
Print["vD = ",vDv];
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For the acceleration analysis, the following vectorial equations are used

Qg + a1 + a3 = 0,

2 2
rap X Qa1 +Tac X Qg + &gy + 2539 — wiglap — wirpe = 0. (7.11)
where

aig = apk, oo = ank, agz = agk,
T .
Aqy = Azz = A32 COS P21 + A3 SiN Pa],

C C
a3y = Azy = 2wy X V3,

The driver link has a constant angular velocity and a9 = wig = 0.
The acceleration vectors using the Mathematica™ commands are:

alphalOv= {0,0,0 };

alpha2lvSol= {0,0,alpha21Sol };

alpha0O3vSol= {0,0,alpha03Sol };

a32vSol= {a32Sol Cos[phi2],a32Sol Sin[phi2],0 h

Equation (7.11) represents a system of three equations and using Mathematica™™
commands gives

eqglka=(alphalOv+alpha2lvSol+alpha03vSol)[[3]]==0;

eglia=( Cross[rB,alpha21vSol]+Cross[rC,alpha03vSol]+
a32vSol+2Cross[omega20v,v32v]-(omegalOv.omegalOv)rB-
(omega20v.omega20v)(rC-rB) )[[1]]==0;

eglja=( Cross[rB,alpha21lvSol]+Cross[rC,alpha03vSol]+
a32vSol+2Cross[omega20v,v32v]-(omegalOv.omegalOv)rB-
(omega20v.omega20v)(rC-rB) )|[[2]]==0;

The unknowns in the Eq. (7.18) are as;, aps, and age. The system of equa-
tions is solved using the Mathematica™ commands

sollacc=Solve[ {eqglka,eqlia,eqlja }, {alpha21Sol,
alpha03Sol,a32Sol H;
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The following numerical solutions are then obtained
o1 = 14.568 rad/s?, ap3 = —14.568 rad/s?, and asy, = —0.140 m/s”.

To print the numerical values, the following Mathematica®™ commands are
used:

alpha2lv=alpha21vSol/.sollacc[[1]];
alpha0O3v=alpha03vSol/.sollacc[[1]];
a32v=a32vSol/.sollacc|[[1]];
Print["alpha2l = ",alpha2lv];
Print["alpha03 = ",alpha03v];
Print['a32 = ",a32v];

Print["a32r = ",a32Sol/.sollacc[[1]]];

The absolute angular accelerations of the links 2 and 3 are
Qo) — (30 — —Xp3 — 14.568 k rad/sg.

The absolute linear accelerations of the joints B and D are obtained from
the following equation:

ap =ay+ oy X rap — wi,AB = —3.323 1 — 1.919 y m/s?,

ap =ac + azy X Top — wirep = 4.6171— 1.811 3 m/s?,

where a4 = 0 and ac = 0, because the joints A and C are grounded.
To print the absolute accelerations with Mathematica®™ , the following
relations are used:

alpha20v=alpha30v=-alphaO3v;
aBv=-(omegalOv.omegalOv)rB;
aDv=Cross[alpha30v,(rD-rC)]-(omega20v.omega20v)(rD-rC);
Print["alpha20 = alpha30 = ",alpha30v];

Print["aB = ",aBv];

Print[*aD = ",aDv];

Second contour analysis
Figure 7.10(a) depicts the second independent contour /7
e rotational joint R between the links 0 and 3 (joint C');
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e rotational joint R between the links 3 and 4 (joint D);

e translational joint T between the links 4 and 5 (joint D);

e rotational joint R between the links 5 and 0 (joint E).

For the velocity analysis, the following vectorial equations are used

w3 + wy3 + wos = 0,

rAc X W30 +Tap X Wy3 +Tap X Wos + Vs, = 0, (7.12)
where rop = xp1+ypJ, Tar = TEl + ygJ, and

w3p = w3k, wiz = wazk, wos = wpsk,

‘s .
V54 = V54 = Usa COS P41 + Usy SIN ().

The sign of the relative angular velocities is selected as positive as shown
in Figs. 7.8(a) and 7.10(a). The numerical computation will then give the
correct orientation of the unknown vectors. The components of the vectors
rap and rap, and the angle ¢4 are already known from the position analysis
of the mechanism.

The unknown vectors with Mathematica™™

commands are

omega43vSol= {0,0,omega43Sol };
omegaO5vSol= {0,0,omega05Sol };
vb54vSol= {v54Sol Cos[phi4],v54Sol Sin[phi4],0 H

Equation (7.12) becomes

u)g()k + (.d43k + w05k = 0,
1]k 1 3 k 1 ]k
rc Yo O |+|zp yp O |+|zp ye O |+
0 0 Wsp 0 0 W43 0 0 wWos

V32 COS P41 + V32 8in @) = 0. (7.13)
Equation (7.13) projected onto the “fixed” reference frame Ozyz gives

wso + waz +wos = 0,
Yowso + Ypwas + YpWwos + Usa oS @g = 0,

—ToWsy — TpWy4s — TEWoes + Usq sin QZ54 = 0. (714)
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The above system of equations using the following Mathematica®™ com-

mands becomes

egllkv=(omega30v+omega43vSol+omega05vSol)[[3]]==0;

eqlliv=(Cross[rC,omega30v]+Cross[rD,omega43vSol]+
Cross[rE,omega05vSol]+v54vSol)[[1]]==0;

eglljv=(Cross[rC,omega30v]+Cross[rD,omega43vSol]+
Cross[rE,omega05vSol]+v54vSol)[[2]]==0;

Equation (7.14) represents an algebraic system of three equations with
three unknowns: was, wos, and vss. The system is solved using the Mathematica®
commands

M

solllvel=Solve[ {eqllkv,eqlliv,eqlljv }, {omega43Sol,
omega05Sol,v54Sol  }];

The following numerical solutions are obtained:
wy3 = —4.531 rad/s, wes = —0.917 rad/s, and vs4 = 0.757 m/s.

To print the numerical values with Mathematica®™ , the following commands
are used:

omegad3v=omegad3vSol/.solllvel[[1]];
omega05v=omega05vSol/.solllvel[[1]];
v54v=v54vSol/.solllvel[[1]];
Print["'omega43 = ",omega43v];
Print["'omega05 = ",omega05v];
Print["v54 = ",v54v];
Print["v54r=",v54Sol/.solllvel[[1]] ];

The absolute angular velocities of the links 4 and 5 are
wyo = wyo = —wps = 0.917 k rad/s, (7.15)

and with Mathematica™ commands, they are

omega40v=omega50v=-omegalSv;
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Printf"omega40 = omega50 = ",omega50v];

For the acceleration analysis, the following vectorial equations are used:

O30 + O3 + Oy = 0, (716)

r c 2 2 _
rgc X Q30 +Tap X O3 +TAop X Qg5 + apgy + apgy — W3gTop — Wio'DE = 0.
where

agp = agok, oug = ausk, ags = sk,
. .
Ay, = Asg = 54 COS Pyl + Q54 SIN Py,

c
apsy = 2&)40 X Vsgq.

The unknown acceleration vectors using the Mathematica™ commands are

alpha43vSol= {0,0,alpha43Sol };
alphaO5vSol= {0,0,alpha05Sol  };
ab4vSol= {a54Sol Cos[phi4],a54Sol Sin[phi4],0 h

Equation (7.16) becomes

azok + aysk + agsk = 0,
1 ] k 1 J k 1 ] k
o Yo 0 +|ZTp YD 0 +|TE YE 0 +
0 0 Q30 0 0 Q43 0 0 Qo5

1 ] k
54 COS P41 + Q54 SN Py) + 0 0 Wao | —
U4 COS ¢4 Us4 sin ¢4 0
wiol(xp — xc )+ (yp — Yo )] —
wil(rp —2p)1+ (ye — yp))] = 0. (7.17)

Equation (7.17) can be rewritten as

Q3o + a3 + ags = 0,

Yo aizp + YpQigs + YE Qo5 + as54 COS ¢4 — QW40U54 sin ¢4 —
wi(zp — 20) — wWip(ze —2p) =0,

—To03) — Tpuz — TEQs + Asg SIN Qg + 2W40V54 COS Py —

wio(Yp — yo) — wip(ye — yp) = 0. (7.18)
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M

The contour acceleration equations using Mathematica’™ commands are

egllka=(alpha30v+alpha43vSol+alpha05vSol)[[3]]==0;

eqllia=( Cross|[rC,alpha30v]+Cross[rD,alpha43vSol]+
Cross[rE,alphaO5vSol]+a54vSol+2Cross[omega40v,v54v]-
(omega30v.omega30v)(rD-rC)-
(omega40v.omega40v)(rE-rD) )[[1]]==0;

eqllja=( Cross|[rC,alpha30v]+Cross[rD,alpha43vSol]+
Cross[rE,alphaO5vSol]+a54vSol+2Cross[omega40v,v54v]-
(omega30v.omega30v)(rD-rC)-
(omega40v.omega40v)(rE-rD) )[[2]]==0;

The unknowns in Eq. (7.18) are aus, ags, and ass. To solve the system, the
following Mathematica®™ command is used:

solllacc=Solve[ {eqllka,eqllia,eqllja }, {alpha43Sol,
alpha05Sol,a54Sol H;

The following numerical solutions are obtained:

(s = —20.339 tad/s?, ags = 5.771 rad/s?, and as, = 3.411 m /s,

The Mathematica™ commands are

alpha43v=alpha43vSol/.solllaccl[[1]];
alphaO5v=alpha05vSaol/.solllaccl[1]];
ab4v=a54vSol/.solllacc[[1]];
Print["alpha43 = ",alpha43v];
Print[*alpha05 = ",alpha05v ];
Print["ab4 = ",ab4v];
Print["ab4r=",a54Sol/.solllacc[[1]]];

The absolute angular accelerations of the links 4 and 5 are
Oyp = 050 — —Olp5 — —5.771 k rad/s2,

and with Mathematica™™ they are
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alpha40v=alpha50v=-alpha05v;
Print["alpha40 = alpha50 = ",alpha50v];

The Mathematica®™ program for the velocity and acceleration analysis using
the contour method is given in Program 7.5.

7.4 Dynamic Force Analysis

In this section the motor moment M, required for the dynamic equilibrium
of the considered mechanism, shown in Fig. 7.11(a), is calculated. The joint
reaction forces are also calculated. The widths of the links 1, 3, and 5 are
AB = 0.140 m, FD = 0.400 m, and respectively, EG = 0.500 m. The height
of the links 1, 3, and 5 is h = 0.010 m. The width of the links 2 and 4 is
Wslider = 0.050 m, and the height is hgjiger = 0.020 m. All five moving links
are rectangular prisms with the depth d = 0.001 m. The angle of the driver

link is ¢ = T rad and the angular velocity is n = 50 rpm. The external

moment applied on link 5 is opposed to the motion of the link. Because
ws = 0.917 k rad/s, the external moment vector will be M, = —100 k N-m.
The density of the material is pgier = p = 8000 kg/m?. The gravitational
acceleration is ¢ = 9.807 m/s®. The center of mass locations of the links
i=1,2,..,5 are designated by C;(z¢,, yc,,0).

The input data are introduced using a Mathematica™™ rule:

rule= {AB->0.14,AC->0.06,AE->0.25,CD->0.15,FD->0.4,
EG->0.5,h->0.01,d->0.001,hSlider->0.02,wSlider->0.05,
rho->8000,9->9.807,Me->-100.,
phi[t]->N[Pi]/6,phi’[t]->omega,phi”[t]->0 h

where omega=n*N][Pi]/30
Inertia forces and moments
To calculate the inertia moment M; and the total force F; for the link

t =1, 2,..., 5, the mass m;, the acceleration of the center of mass a¢,, the
gravity force G;, and the mass moment of inertia /¢, are needed.
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Link 1
The mass of the link is
my=p AB h d.

The position, velocity, and acceleration for the center of mass C are
ro, =rg/2, vo, = vg/2, and ac, = ag/2.
The inertia force is
Fini = —my ag,.

The gravitational force is

G1 = —m gk

The total force on link 1 at the mass center C is
Fi=F;1+ Gy.
The mass moment of inertia is
I, = my (AB? + h?)/12.
The moment of inertia is
M, =M1 = —I¢, ;.

To calculate and print the numerical values of the total force F; and the
moment M;, the following Mathematica®™™ commands are used:

ml=rho AB h d /rule;
rC1=rB/2; vC1=vB/2; aCl=aB/2;
Finl=-m1 aC1 /.rule;
G1={0,-m1*g,0 } /.rule;
F1=(Fin1+G1) /.rule;

IC1=m1 (AB"2+h"2)/12 /.rule;
M1=Minl1=-IC1 alphal /.rule;
Print("F1 = ",F1];

Print("M1 = " M1];
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Link 2
The mass of the link is

ma = p Nstider Wslider d.
The position, velocity, and acceleration for the center of mass Cy are
re, =rp, Vo, = Vg, and ac, = ag.
The inertia force is
Fmg = —M2 ag,.

The gravitational force is
G'2 = —mM2 g k.

The total force on slider 2 at B is
Fy; = Fipo + Go.
The mass moment of inertia is
Ie, = my (Wjiger + Witiger) /12-
The moment of inertia is
M, = M2 = — I, .
The Mathematica™ commands for the total force Fy and the moment M, are

m2=rho hSlider wSlider d /.rule;
rC2=rB; vC2=vB; aC2=aB;

Fin2=-m2 aC2 /.rule;

G2={0,-m2*g,0 } /.rule;
F2=(Fin2+G2) /.rule;

IC2=m2 (hSlider"2+wSlider'2)/12 /.rule;
M2=Min2=-IC2 alpha2 /.rule;

Print['F2 = ",F2];

Print['M2 = ",MZ2];



1.7 Simulation of Kinematic Chains with Mathematica™™ 25

Link 3
The mass of the link is
mg=p FD hd.

The position, velocity, and acceleration for the center of mass C5 are
rcy = xc + (FD/2 = CD) cos ¢3, yo, = yo + (F'D/2 = CD) sin ¢,
ro, = Tosl + Yosd, Voy = Tosl + Youd, and acy = Tyl + Yol

The inertia force is

Fin3 = —m3 ac,.
The gravitational force is

G3 = —m3 g k.
The total force at Cs is

F3 = Fi3 + Gs.

The mass moment of inertia is
I, = ms (FD? 4 h?)/12.
The total moment on link 3 is
M; =M,;,3 = — o, 0.

The force F3 and the moment M3 with Mathematica™ are

m3=rho FD h d /.rule;
XC3=xC+(FD/2-CD) Cos|[phi3];
yC3=yC+(FD/2-CD) Sin[phi3];
rc3={xC3,yC3,0 };
vC3=DI[rC3.];
aC3=DI[DI[rC3,t],t];

Fin3=-m3 aC3 /.rule;
G3={0,-m3*g,0 } /.rule;
F3=(Fin3+G3) /.rule;

IC3=m3 (FD"2+h"2)/12 /.rule;
M3=Min3=-IC3 alpha3 /.rule;
Print["F3 = ",F3];

Print['M3 = ",M3];



1.7 Simulation of Kinematic Chains with Mathematica™™ 26

Link 4
The mass of the link is

my = p Nstider Wslider d.
The position, velocity, and acceleration for the center of mass C} are
re, =Trp, Vo, = Vp, and ag, = ap.
The inertia force is
Fm4 = —My ac4.

The gravitational force is
G4 = —My g k.

The total force on slider 4 at D is
Fy=Fipa + Gy
The mass moment of inertia is
Lo, = ma(giaer + Wetiger)/12-
The moment of inertia is
My =My = —I¢, ay.

To calculate and print the numerical values of the total force F4 and the

moment My, the following Mathematica®™™ commands are used:

m4=rho hSlider wSlider d /.rule;
rC4=rD; vC4=vD; aC4=aD;

Fin4=-m4 aC4 /.rule;

G4={0,-m4*g,0 } /.rule;
F4=(Fin4+G4) [.rule;

IC4=m4 (hSlider 2+wSlider"2)/12 /.rule;
M4=Min4=-IC4 alpha4 /.rule;

Print['F4 = "F4];

Print["M4 = " ,M4];
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Link 5
The mass of the link is
ms = p EG h d.

The position, velocity, and acceleration for the center of mass C5 are

o, = (EG/2) cos ¢s, yo, = (EG/2)sin ¢s,

re, = Tos1+Yos), Vo, = I'Csl + yC5J7 and aAcs = ilel + st.]’

The inertia force is
Fins = —ms ac,.

The gravitational force is
G5 = —ms5 g k.

The total force on link 5 at Cs is
F; = Fips + Gs.
The mass moment of inertia is

Ic, = ms (EG* + h?)/12.

S

The moment of inertia is
M; = M5 = —Ic, as.
The total force F5 and the moment Ms with Mathematica™™ are

m5=rho EG h d /.rule;
XC5=EG/2 Cos[phi5];
yC5=EG/2 Sin[phi5];
rC5={xC5,yC5,0 };
vC5=DI[rC5.t];
aC5=D[D[rC5,1],t];

Fin5=-m5 aC5 /.rule;
G5={0,-m5*g,0 } /.rule;
F5=(Fin5+G5) /.rule;
IC5=m5 (EG"2+h"2)/12 /.rule;
M5=Min5=-IC5 alpha5 /.rule;
M5e={0,0,Me } /.rule;
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Print["F5 = ",F5];
Print["M5 = ",M5];

The numerical values are

F, = 0.0181—0.099) N, M, = 0 N - m,

Fy = 0.0261 — 0.0633 N, My = —0.00002k N - m
F,; = 0.0491 — 0.333) N, M; = —0.00621k N - m
F, = —0.0361 — 0.063) N, M, = 0.00001k N - m,
Fs = —0.0551 — 0.410j N, M; = 0.00481k N - m

Joint reaction forces

The diagram representing the mechanism is shown in Fig. 7.11(b). It has
two contours 0-1-2-3-0 and 0-3-4-5-0.

Reaction force Fs

The rotation joint Er between the links 0 and 5 is replaced with the
unknown reaction force Fo5 (Fig. 7.12)

Fos = Fosel + Fosyl.
With Mathematica™™ , the force Fys is written as

FO5Sol= {F05xSol,FO5ySol,0  };

Following the path I, as shown in Fig. 7.12, a force equation is written for
the translation joint Dp. The projection of all forces, that act on the link 5,
onto the sliding direction rpg is zero:

STFO® rpp = (Fs5+Fgs) - rpp =0, (7.19)

where rpg = rap — rap.
Equation (7.19) with Mathematica™ becomes
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rDE=(rE-rD)/.rule;
eqER1=(F5+FO05Sol).rDE==0;

where the command a.b gives the scalar product of the vectors a and b.

Continuing on the path I, a moment equation is written for the rotation joint
DRZ

> M(D4&5) =rpp X Fos + rpcy, X Fs + My + M; + M, = 0, (7.20)

where rpo, =Trac, —rap.
Equation (7.20) with Mathematica™ gives

rDC5=(rC5-rD)/.rule;
egER2=(Cross[rDE,F05Sol]+Cross[rDC5,F5]+
M4+M5+M5e)([[3]]==0;

M

The system of two equations is solved using Mathematica™ command

solF05=Solve[ {eqER1,eqER2}, {FO05xSol,FO5ySol }];

The following numerical solution is obtained:
Fo5 = 268.1271 + 135.0393 N.

Reaction force Fy5

The translation joint Dy between the links 4 and 5 is replaced with the
unknown reaction force Fy5 (Fig. 7.13):

Fis = —Fs54 = Fusp1 + Fusy).
The position of the application point P of the force Fy5 is unknown
rap = Tpl—+Yypl,

where xp and yp are the plane coordinates of the point P.
The force Fy5 and its point of application P with Mathematica™™ is written
as

F45Sol= {F45xSol,F45ySol,0  };
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rPSol= {xPSol,yPSol,0 };

Following the path I (Fig. 7.13), a moment equation is written for the rota-
tion joint Epr

S MY =rpp x Fys + rie, X F5 + Ms + M, =0, (7.21)

where pp =TaAp —T'aAE, and Tpcs = TAc; — TAE-
One can write Eq. (7.21) using the Mathematica®™ commands

rEP=(rPSol-rE)/.rule;

rEC5=(rC5-rE)/.rule;

eqDT1=(Cross[rEP,F45Sol]+Cross[rEC5,F5]+
M5+M5e)[[3]]==0;

Following the path I1 (Fig. 7.13), a moment equation is written for the
rotation joint Dp:

ZM(DLI) =TIpp X F54 + M4 = 0, (722)

where 'pp =Tap —Yap and F54 = —F45.
Equation (7.22) with Mathematica™™ is

rDP=(rPSol-rD)/.rule;
eqDT2=(Cross[rDP,F54Sol]+M4)[[3]]==0;

The direction of the unknown joint force Fy5 is perpendicular to the sliding

direction rpg
Fy5-rpp =0, (7.23)

and using Mathematica™™ command
eqDT3=F45Sol.rDE==0;

The application point P of the force Fyj is located on the direction DE, that

18
Yp — Yk _ yp — YE (7.24>

Tp —TE xP_l’E.

One can write Eq. (7.24) using the Mathematica®™ commands
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eqDT4=((yD-yE)/(xD-xE)/.rule)==
((yPSol-yE)/(xPSol-xE)/.rule);

M

The system of four equations is solved using the Mathematica™ command

solF45=Solve[ {eqDT1,eqDT2,eqDT3,eqDT4 },
{F45xSol,F45ySol,xPSol,yPSol H;

The following numerical solutions are obtained:
Fy 5 = —268.0721 — 134.628) N and rup = —0.1491 4 0.047) m.

Reaction force Fay

The rotation joint Dg between the links 3 and 4 is replaced with the
unknown reaction force F3y (Fig. 7.14):

Fsy = —F34 = F34,1 + F3yy),
and with Mathematica™

F34Sol= {F34xSol,F34ySol,0  };

Following the path I, a force equation can be written for the translation
joint Dp. The projection of all forces, that act on the link 4, onto the sliding
direction E'D is zero:

S"FW.ED = (F, + F3) -tpp = 0, (7.25)

where rgp = rap — rag.
Equation (7.25) using Mathematica™ gives

rED=(rD-rE)/.rule;
egDR1=(F4+F34Sol).rED==0;

Continuing on the path I (Fig. 7.14), a moment equation is written for the
rotation joint Eg:

ZM%&E)) =Tgp X F34—|—I'EC4 X F4+I‘EC5 X F5+M4+M5+Me =0. (726>
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where rgpe, =rac, —Trap, and rgo, =Tac, — TAE.
Equation (7.26) with Mathematica™ becomes

rEC5=(rC5-rE)/.rule;
rEC4=(rC4-rE)/.rule;
e(qDR2=(Cross[rEC4,F4]+Cross[rEC5,F5]+
Cross[rED,F34Sol]+M4+M5+M5e)[[3]]==0;

The system of two equations is solved using the Mathematica™™ commands
solF34=Solve[ {egDR1,eqDR2}, {F34xSol,F34ySol }];

The following numerical solution is obtained:
F3, = —268.0351 — 134.5643 N.

Reaction force F3

The rotation joint C'r between the links 0 and 3 is replaced with the
unknown reaction force Fy3 (Fig. 7.15):

Fo3 = Foszp1 + Fosy).
With Mathematica®™ the force Fy3 is written as

FO3Sol= {F03xSol,F03ySol,0  };

Following the path I (Fig. 7.15), a force equation is written for the translation
joint Br. The projection of all forces, that act on the link 3, onto the sliding
direction C'D is zero:

Z F(s) Top = (F03 —|— F43 —I— Fg) Top = 07 (727)

where rop =rap — rac.
Equation (7.27) with Mathematica™ commands is

rCD=(rD-rC)/.rule;
eqCR1=(F03Sol+F43+F3).rcD==0;
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Continuing on the path I7 (Fig. 7.15), a moment equation is written for the
rotation joint Bg:

ZM§&2) =Tpo, X F3 +rpc X Fog +1rpp X F43 + M3 + Mg = 0, (728)

where rpc, = rac, —TaB, 'Bc = TAc — Tap, and 'pp =Tap —T'AB.
With Mathematica™ Eq. (7.28) gives

rBC3=(rC3-rB)/.rule;

rBC=(rC-rB)/.rule;

rBD=(rD-rB)/.rule;

eqCR2=(Cross[rBC3,F3]+Cross[rBC,FO3Sol]+
Cross[rBD,F43]+M2+M3)[[3]]==0;

M

To solve the system of two equations the Mathematica®™ command is used:

solF03=Solve[ {eqCR1,eqCR2}, {FO03xSol,FO3ySol }];

The following numerical solution is obtained:
Fo3 = —256.711 — 272.1413 N.

Reaction force Fo3

The translation joint By between the links 2 and 3 is replaced with the
unknown reaction force Fy3 (Fig. 7.16):

Fo3 = —F3p = Fg,1+ Fozy).
The position of the application point @) of the force Fa3 is unknown:
r4Q = TQl+ ¥Yql,

where z¢ and yq are the plane coordinates of the point Q.
The force Fy3 and its point of application Q are written in Mathematica®™ as

F34Sol= {F34xSol,F34ySol,0  };
rQSol= {xQSol,yQSol,0 };
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Following the path I (Fig. 7.16), a moment equation is written for the rota-
tion joint Cg:

ZM((?) =roQ X Faz +roc; X F3 +rop X Fyg + M3 = 0, (7.29)

where rcg =rag —Tac, Yco; = Tac; —Tac, and rop = Tap — Tac.
Using Mathematica™, Eq. (7.29) is written as

rCQ=(rQSol-rC)/.rule;

rCC3=(rC3-rC)/.rule;

rCD=(rD-rC)/.rule;

eqBT1=(Cross[rCQ,F23Sol]+Cross[rCC3,F3]+
Cross[rCD,F43]+M3)[[3]]==0;

Following the path /1 (Fig. 7.16), a moment equation is written for the
rotation joint Bg:
S MY =rpg x Fay + My =0, (7.30)

where rpg =rag —Tap.
Equation (7.30) with Mathematica™ becomes

rBQ=(rQSol-rB)/.rule;
eqBT2=(Cross[rBQ,F32Sol]+M2)[[3]]==0;

The direction of the unknown joint force Fy3 is perpendicular to the sliding
direction BC. The following relation is written:
Fa3-rpc =0,

or with Mathematica™ | it is
eqBT3=F23Sol.rBC==0;

The application point ) of the force Fo3 is located on the direction BC, that

1S

o — TR To — XQ
Equation (7.31) with Mathematica® gives




1.7 Simulation of Kinematic Chains with Mathematica®™ 35
eqBT4=((yC-yB)/(xC-xB)/.rule)==
((yC-yQSol)/(xC-xQSol)/.rule);

M

The system of four equations is solved using the Mathematica™ command

solF23=Solve[ {eqBT1,eqBT2,eqBT3,eqBT4 1},
{F23xSol,F23ySol,xQSol,yQSol H;

The following numerical solutions are obtained:
Fo3 = —11.3741 4+ 137.91) N and rsg = 0.1211 4 0.070) m.

Reaction force Fiq

The rotation joint Br between the links 1 and 2 is replaced with the
unknown reaction force Fiy (Fig. 7.17):

Fio = —Fo1 = Fig,1 + Fioy).
With Mathematica™ it is written as:

F12Sol= {F12xSol,F12ySol,0  };

Following the path I (Fig. 7.17), a force equation is written for the translation
joint Bp. The projection of all forces, that act on the link 2, onto the sliding
direction BC' is zero:

ZF(2) ‘I'po = (F12 -+ F2) ‘rpc = 0. (732>
Using Mathematica™ it is written as:

rBC=(rC-rB)/.rule;
egBR1=(F12Sol+F2).rBC==0;

Continuing on the path I, a moment equation is written for the rotation joint
CR:

ZM(CQ’&g) = rep X Fio+roc, X Fo+roc, X F3+
rop X F43 + MQ + M3 = 0, (733)
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where rcp = rap — Tac, Yce, = Tac, — Ao, Ycos = Tac, — Tac, and
'cp =TAp —TAcC-
Using the Mathematica™ | commands Eq. (7.33) gives

rCB=(rB-rC)/.rule;

rCC2=(rC2-rC)/.rule;

rCC3=(rC3-rC)/.rule;

rCD=(rD-rC)/.rule;

egBR2=(Cross[rCB,F12Sol]+Cross[rCC2,F2]+
Cross[rCC3,F3]+Cross[rCD,F43]+M2+M3)[[3]]==0;

M

The system of two equations is solved using the Mathematica™ command:

solF12=Solve[ {egBR1,eqBR2 }, {F12xSol,F12ySol }];

and the following numerical solution is obtained:
Fio = —11.4011 4 137.9743 N.

The motor moment M,,,

The motor moment needed for the dynamic equilibrium of the mechanism
is M, = M,, k (Fig. 7.18) and with Mathematica™ it is

M1mSol={0,0,MmSol };

Following the path I (Fig. 7.18), a moment equation is written for the rota-
tion joint Ag:

ZMS):I‘ABXFgl—i—I‘ACI xF;+M;+M,, =0. (734)
Equation (7.34) is solved using the Mathematica®™ commands:

egMA=(Cross[rAB,F21]+Cross[rAC1,F1]+M1+
M1mSol)[[3]]==0;

solMm=Solve[egMA,MmSol];

Mm=MmSol/.solMm[[1]];

M1m=0,0,Mm };
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Print["Mm = ",Mm];
The numerical solution is

M,, = 17533k N-m.

Reaction force Fo;

The rotation joint Ar between the links 0 and 1 is replaced with the
unknown reaction force Fy, (Fig. 7.19):

For = —Fi0 = Foi,1 + Fouyl,

With Mathematica™ it is written as:

FO1Sol= {FO1xSol,FO1ySol,0  };

Following the path I (Fig. 7.19), a moment equation is written for the rota-
tion joint Bg:

S MY =rpa x Foy + 150, x Fy + M +M,, =0, (7.35)
where 'pa = —Tap, and 'pey, =TAc, — TAB-

Equation (7.35) using the Mathematica®™ commands gives

rBA=-rB/.rule;

rBC1=(rC1-rB)/.rule;

egAR1=(Cross[rBA,FO1Sol]+Cross[rBC1,F1]+M1+
M1m)[[3]]==0;

Continuing on the path I (Fig. 7.19), a force equation is written for the
translation joint Bp. The projection of all forces, that act on the links 1 and
2, onto the sliding direction BC' is zero:

STFEY ypo = (Fo + Fy + Fa) rpe =0, (7.36)

or with Mathematica™™ it is

egAR2=(FO01Sol+F1+F2).rBC==0;
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M

The system of two equations is solved using the Mathematica™ command

solF01=Solve[ {egAR1,eqAR2}, {FO1xSol,FOlySol }];
The following numerical solution is obtained

Fop = —11.4191+ 138.0733 N.

The Mathematica®™ program for the dynamic force analysis is presented in
Program 7.6.
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7.5
7.1

7.2

7.3

7.4

7.5

7.5

7.7

7.8

7.9

7.10

7.11

7.12

7.13

Problems

Referring to Example 3.1 (Fig. 3.11), write a Mathematica®™ program
for the position analysis of the mechanism.

Referring to Example 3.2 (Fig. 3.12), write a Mathematica®™ program
for the position analysis of the mechanism.

Referring to Example 3.3 (Fig. 3.15), write a Mathematica®™ program
for the position analysis of the mechanism.

Referring to Problem 3.4 (Fig. 3.19), write a Mathematica™ program
for the position analysis of the mechanism.

Referring to Problem 3.5 (Fig. 3.20), write a Mathematica™ program
for the position analysis of the mechanism.

Referring to Problem 3.11 (Fig. 3.26), write a Mathematica®™ program
for the position analysis of the mechanism.

Referring to Example 4.1 (Fig. 4.7), write a Mathematica™ program
for the velocity and acceleration analysis of the mechanism.

Referring to Example 4.2 (Fig. 4.8), write a Mathematica™ program
for the velocity and acceleration analysis of the mechanism.

Referring to Problem 4.1 [Fig. 3.16(a)], write a Mathematica®™™ pro-
gram for the velocity and acceleration analysis of the mechanism.

Referring to Problem 5.1 [Fig. 3.16(a)], write a Mathematica®™ pro-
gram for the velocity and acceleration analysis of the mechanism using
the contour equations method.

Referring to Problem 4.3 (Fig. 4.10), write a Mathematica™ program
for the velocity and acceleration analysis of the mechanism.

Referring to Problem 5.3 (Fig. 3.10), write a Mathematica™ program
for the velocity and acceleration analysis of the mechanism using the
contour equations method.

Referring to Problem 4.4 (Fig. 3.19), write a Mathematica™ program
for the velocity and acceleration analysis of the mechanism.
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7.14

7.15

7.16

7.17

7.18

7.19

7.20

Referring to Problem 5.4 (Fig. 3.19), write a Mathematica™ program
for the velocity and acceleration analysis of the mechanism using the
contour equations method.

Referring to Problem 6.3 (Fig. 4.10), write a Mathematica™ program
for the equilibrium moment and the joint forces of the mechanism.

Referring to Problem 6.16 (Fig. 3.31), write a Mathematica®™ program
for the equilibrium moment and the joint forces of the mechanism.

Referring to Problem 6.18 (Fig. 3.33), write a Mathematica®™ program
for the equilibrium moment and the joint forces of the mechanism.

Referring to Problem 6.24 (Fig. 3.11), write a Mathematica®™ program
for the equilibrium moment and the joint forces of the mechanism.

Referring to Problem 6.25 (Fig. 3.12), write a Mathematica®™ program
for the equilibrium moment and the joint forces of the mechanism.

Referring to Problem 6.26 (Fig. 3.15), write a Mathematica®™ program
for the equilibrium moment and the joint forces of the mechanism.
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Figure captions

Figure 7.1. R-RTR-RTR mechanism.

Figure 7.2. Solutions for the position of the joint D for 0 < ¢ < 90°
([ED S xc).

Figure 7.3. Solutions for the position of the joint D for 90° < ¢ < 180°
(.CED Z .Tc).

Figure 7.4. Solutions for the position of the joint D for 180° < ¢ < 270°
(l’D > xc).

Figure 7.5. Solutions for the position of the joint D for 270° < ¢ < 360°
(xp < z0).

Figure 7.6. Graph of the mechanism for a complete rotation, 0 < ¢ <
360°.

Figure 7.7. Distance condition for position analysis: di < di! = D, =
DL,

Figure 7.8. (a) R-RTR-RTR mechanism; (b) contour diagram.

Figure 7.9. First independent contour.

Figure 7.10. Second independent contour.

Figure 7.11. Forces and moments for R-RTR-RTR mechanism.

Figure 7.12. Rotation joint Er and reaction force Fos.

Figure 7.13. Translation joint Dy and reaction force F 5.

Figure 7.14. Rotation joint Dg and reaction force F3,.

Figure 7.15. Rotation joint C'r and reaction force Fys.

Figure 7.16. Translation joint By and reaction force Fos.

Figure 7.17. Rotation joint By and reaction force F1s.

Figure 7.18. Dynamic equilibrium moment M,,.

Figure 7.19. Rotation joint Ar and reaction force Fy;.



