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Abstract:

This assignment is intended to teach more about a particular system that is already very well
known. In the following report, force analysis of the mechanism in Figure.1l will be completed
both dynamically and statically (in Analytical, Graphical, and P
with the Equation of Motion) in a symbolic manner, and for a

particular instant (R, = 100 mm). 5

Introduction:
In this mechanism a wheel is being pushed by hydraulic 3 »
actuator (link 9) away from a joint 0,, and the wheel center ) 4
moves from 75 mm from O, to 150 mm from O,. There is also & .. o2 > 0e
a spring (link 8) that appears in the same plane as the actuator - -y N -
connecting the center of mass of link 2 to ground at Og.
Figure 1:Mechanism to be Analyzed

I: Dynamic Force Analysis of the Mechanism

To determine the internal reaction forces between all of the links, each link has to be
drawn as a free body diagram with the X and Y components of each force separate. In addition to
drawing these free body diagrams, each link will include three equations that will assist in
solving for the internal reaction forces; a sum of the forces in the X direction (ZFx), a sum of the
forces in the Y direction (XFy), and the sum of the moments about a particular point (XM).
Particular links may have additional equations to assist in calculating the solution, but every
single link will have the three basic force equations (XFx/ XFy/ZM). The following few
statements will describe the exact process used to determine the internal reaction forces for all of
the links in this system, in addition to providing plots of each link’s reaction force over the
course of the move.

The first link to be analyzed is the hydraulic actuator where the unknowns without any
analysis completed are Fox, F9y, Faox, and Fa9y. The free body diagram (Figure.2) and symbolic
force equations can be seen below.

$erov br2ov 2FxX = Fiox+Fa9x = mgAgox = 0 (Eqn. a)
- XFy = Fioy+Fagy = moAgoy = 0 (Eqn. b)
IMoig = Rox*Fa9y = lyag = 0 (Eqn. ¢)

Figure 2 Free Body Diagram of Link 9

F19X F28X

The actuator force (F9x) can also be described
by the equation Fj9x = C*(Ra2dot) (Eqn. d).

Bk Actuator Force vs. Length of Input Link
: . i .

180

160 -

Using Eqn. d, Fox is calculated and because there
it is no acceleration in the linear actuator, Eqn. a is
used to determine that Foox = - Fi9x. The tabulated
data for Fiox can be found in Appendix A.1, and
the plot of Fox over the course of the move is
seen to the side in Figure.3. As expected, the
actuator force increases when Ry, accelerates, and
decreases when Ry, decelerates. The specific

. , ‘ _ ‘ profile of the force is due to the velocity change
TR0 gnotitlnk-Re2my over time.
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Figure 3 F19X -Actuator Force



Using Eqn. ¢, and including the information that the actuator does not have an angular
acceleration, it must be determined that Fooy = 0, because the actuator must have a value for Rox
as that is a basic component of it being an actuator. Finally, Eqn. b determines that Fi9y = -Fa9y
which means that Fi9y must also equal zero.

The next link to be analyzed is the spring. The original unknowns are Figx, Figy, Fasx,
and Fogy. The free body diagram (Figure.4) and symbolic force equations can be seen below.

Figure 4 Free Body Diagram of Link 8

F18Y
YFx = F]gX + Fng = n’lgAGgX =0 (qu’l e)

ZFy = F]gy + Fzgy = n’lgAGgy =0 (qu’l D
F18x ZMO28 =R8X*F28y = Ig(lg =0 (qu’l g)

The spring force (F;3x) can also be described by the equation Figx = k*(R;;-R22-Rs) (Eqn. h).

i Spring Force vs. Length of Input Link
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Figure 5 F18X-Spring Force

By using Eqn. h, F;sx is calculated, and because there
is no acceleration in the spring, Eqn. e is used to
determine that Fogx = - Figx. By using Eqn. g, and
including the information that the spring does not
have an angular acceleration, it must be determined
that Fogy = 0, because the spring must have a value for
Rsx (a length) for it to be a spring. Finally, Eqn. f
determines that Figy = -F,gy which means that F gy
must also equal zero.

The tabulated data for F;gx (the spring force) can be
found in Appendix A.1, and the plot of the spring
force can be seen above in Figure.5. As can be seen,

the spring force is solely reliant on the change in value Ry,, so as Ry, increases from 75 mm to
150 mm, the spring force will decrease linearly.

Link 2 is the next link to be analyzed, and the original unknowns of this link are F,x,
Fi2y, F32x, and F3,y. The free body diagram (Figure.6) and symbolic force equations can be seen

below.

Fw2

T12

/ F32y YFx = Fgox + F3ox + Fgox + Fiox = myAgox (qu’l 1)
ZFy = F32y + F]zy — sz = l’l’leGzy =0 (qu’l 2)
ZMg, = To+ p* Fiox = I202 (Eqn. 3)

There is also a relationship between F,y and F,x that will assist in
solving for the internal reaction forces of this link:

F]zy = abS(FuX/,u) (Eqn. 4)

Y F12x can be calculated by manipulating Eqn. 3, and then Fi,y can be
Figure 6 Free Body Diagram of Link 2~ calculated using Eqn. 4 after that. The additional two unknowns
(Fs2x and Fs,y) can be calculated using Eqns 1 and 2 using the
knowledge that Foyx = -Faox, Fgox = -Fasx, the acceleration of link 2 in the X direction is the input
acceleration, and the acceleration of link 2 in the Y direction is zero. The tabulated values for



Fi2x, Fiay, F32x, and Fa,y can be found in Appendix A.2, and the plotted components of F;, and
F3, can be found below in Figure.7 and Figure.8 respectively.
By looking at Figure.7 it is evident to see that the normal force (F;,y) stays almost constant over
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Figure 8 F12X and F12Y Figure 7 F32X and F32Y

the course of the move with an exception at Ry, = 110 mms where the force drops a little due to a
change in acceleration direction. The frictional force (F;2x), which depends on the normal force,
also stays relatively constant over the course of the move. Figure.8 shows that F3;x and F3,y are
also almost horizontal plots as they are affected mainly by F,x and Fyy.

Link 3 is a bit more complicated to solve, so it will be solved in conjunction with link 4.
The original unknowns for link 3 are F43x, Fa3y, Fs3x, and Fs3y, and the original unknowns for
link 4 are F34x, Fay, Fi4X, and Fy4y. The free body diagrams (Link 3 = Figure.9, Link 4 =
Figure.9a) and symbolic equations for both links can be seen below.

F34y

F53Y
2Fx = Fs3x + Fi3x + Fosx = m3Agsx (Eqn 5) X

2Fy = Fs3y + Fa3y + Fa3y - Fy3= m3Agsy (Eqn. 6)
2Moss = R333x*Fa3y - R333y*Fa3x - R3s3x*g*m; -
(R33x* Fp3y - Razy™ F3x) = Igzo +
1’1’13*(R333X*AG3Y = R333y*AG3X) (qu’l 7)

F14Y
Figure 9a Free Body
Diagram of Link 4

YFx = F14X + F34X = m4Ag4x =0 (qu’l 8)
ZFy = F14y + F34y - FW4 = 1’1’14AG4y =0 (Eqn 9)
ZMG4 = R4X*F34y = R4y*F34X = IG4(X4 (Eqn 10)

Figure 10 Free Body
Diagram of Link 3

Eqn. 7 can be reorganized so that all values but those related to F43 be on the right side of the
equal sign, and the F43 values are transformed into F34 values as Fz4 = -F43. The resulting
equation is as follows:

R333y*F34X - R333x*F34y = Igsas + m3*(R333x*Agsy - R3s3y*Agsx) + Razsx*g*ms +

(R33X* F23y = R33y* F23X) (qu’l 73)

Similarly, Eqn. 10 can be reorganized so that all values but those related to Fs4be on the right
side of the equal sign. The resulting equation is as follows:

= R4y*F34X + R4X*F34y = IG4(l4 (Eqn IOa)
These two equations can thus be re-represented in a series of matrices as shown below:



[R333y —R333x] [F34x]
—R4y R4x F34y
B [IG3a3 + m3 * R333x * AG3y — m3 * R333y * AG3x + R333x * g * m3 + R33x * F23y — R33y * F23x]

1G4a4
F34x and F34y can then be solved using Cramer’s rule.

After this process is completed, Eqns 5 and 6 can be used to find Fs3x and Fs3y. This completes
the dynamic analysis of link 3. The following are plots of the reaction force components of Fy3
(Figure 11.) and Fs; (Figure 11.). The plot of Fa3 is shown instead of the calculated F34 because it
relates to the first link we are analyzing, link 3, as opposed to link 4. As will be the case for all
other iterations of this method, values after the “F”, when switched, will be negatives of each
other (i.e. F43= - F34).
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Figure 11 F43X and F43Y Figure 12a F53X and F53Y

The plotted trend lines of F43x, Fa3y, Fs3x, and Fs3y over the course of the move have a curve
almost seemingly exponential because the angular acceleration of each link involved changes (o4
and a5 increase and o3 decreases). F43 decreases while Fs3 increases. F43x and Fa3y in Figure.11
have similar values for the first portion of the move, but F43x becomes significantly smaller for
the second portion of the move. Fs3x and Fs3y have similar profiles in Figure.11a with Fs3x
increasing more dramatically for the second portion of the move, but the two values are offset by
more than 4000 N. The tabulated data values of F43x, Fa3y, Fs3x, and Fs3y can be found in
Appendix A.3.

i X and Y components of F14 Reaction Force
> L - ) =

— In link 4, Eqns 8 and 9 can now be used to
find F14x and F4y. These two values can be
found because the acceleration of the center of
w00 mass of link 4(G4) is zero (Agsx = 0 and Agay
= 0 because it is pinned to the ground). The
tabulated data for F4x and F 4y can be found
in Appendix A.S.

Force (N)
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Because F14X = -F34X = F43X, and F14y = FW4 =
F34y = Fya+ Fa3y (this can be seen in Eqns 8
T T and 9), the plot of F4 in Figure.13 is nearly
SRRSO identical to that of F43 in Figure.11.
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Figure 13 F14X and F14Y



Similar to links 3 and 4, links 5 and 6 will be solved in conjunction. The original unknowns for
link 5 are Fp, Fgsx, and Fesy, and the unknowns on link 6 are Fsex, Fsey, Fi6x, and Fjgy.

The free body diagrams (Link 5 = Figure.14, Link 6 = Figure.15) and symbolic equations for
both links can be seen below.

YFx = Fgsx+F35x+Fpcos(0p) = msAgsx (Eqn. 11) YFx = Fs56x + Fi6x = mgAgex = 0 (Eqn. 14)

2Fy = F¢sy+F3sy+Fpsin(0p) - Fys= msAgsy (Eqn. 12) 2Fy = Fs6y + Fi6y — Fus = meAgey = 0 (Eqn. 15)
EMP = R5X*F35y - R5y*F35X + 2(R5X*F65y - R5y*F65X) - EMG6: R6X*F56y = Réy*F56X = IG6(X6 (Eqn 16)
R5X*FW5 = IG5(15 + m5(R5X* AG5y = R5y*A(‘,5X) (Eqn 13)

6
/ F16Y
F16X
Fwb
|
Figure 14 Free Body
Diagram of Link 5 Figure 15 Free Body Diagram of Link 6

F65Y
F65X

Similar to the process used for links 3 and 4, Eqns 13 and 16 can be reorganized to be in terms of
Fes, and can be written in matrix formation. The resulting series of matrices are shown below:
—2R5y 2R5x][F65x
[ Ré6y —R6X] [F65y]
B [IGSO(S + m5 * R5x * AG5y — m5 * R5y * AG5x + R5x * g * m5 — R5x * F35y + RSy * F35x]
[G6a6

Fesx and Fesy can be solved at this point using Cramer’s rule. Additionally, Eqn. 14 can then be
used to solve for F¢x, and then Eqn. 15 can be used to solve for F;sy. These values can be found
because the acceleration of G6 is zero (Agex = 0, Agey = 0 because it is pinned to the ground).
The tabulated values for Fsex, Fsey, Fi6X, and Fiy can be found in Appendix A.5, and the plots
of the components of F¢s and F¢ can be seen in Figure.16 and Figure.17 respectively.
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Figure 17 F65X and F65Y Figure 16 F16X and F16Y

The plot of the components of Fes (Figure.16) and F¢(Figure.17) are nearly identical (as
described in Eqns 14 and 15) which is to be expected. The X and Y components all have a large



slope originally which then evens out to a steady slope that continues for the majority of the
move. After Ry, increases past 135 mm, the slope of the X component increases while the slope
of the Y component levels off and then falls until the end of the move.

Fp (on link 5) can be found through determining its components (X and Y) from Eqn. 11 and
Eqn. 12 and then finding the magnitude of the vector from the components. The tangential
component of Fp can be determined by multiplying the unit tangent of point P (calculated in
earlier project) with Fp. The following equation describes this relationship:

FP,tangent:ﬁt .FP = ﬁtx'pr-l- ﬁty.FPy

X and Y components of FP Reaction Force
18000 T T T T
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The plot of the components of Fp in Figure.18 shows Fpy staying very small over the course of
the move while Fpx gradually decreases until Ry, is a little past 80 mm, and then increases in
slope for the remainder of the move. The value of Fp at the end of the move is almost 9 times the
value of Fp at the start. The tangential component of Fp along the path of point P shown in
Figure.18a is almost parabolic as it increases in value for the first 15 mm, levels off, and then
decreases in value for the remainder of the move. The only discrepancy in this plot description is
at Ry; = 110 mm, when Ry,’s acceleration changes, and where there is a dramatic drop in value.
It is consistently seen across all of the plots that there is a discrepancy in plot profiles at Ry, =
110 mm, so this is not anything specifically remarkable. The tabulated data for the components
of Fp and the tangential component of Fp can be found in Appendix A.5

Hydraulic Actuator to Purchase:

f~ = ) The hydraulic actuator that should be used for this application is from McMaster-
T— a4  Carr (Product #1304K3). It has a stroke of 3” and a maximum force of 5378 N.
Nx\’eﬁ The actuator will cost $155.51.

—~

Product #1304K3 " pepending on the particular design requirements, if the design team cannot afford

to spend that much on a single actuator and the group doesn’t mind Py

that the actuator is used, I would suggest a used Cessna actuator fie e
(Product #9-10483) which also has a 3” stroke and a max force of
785 N, but it is priced at around $39.95. Product #9-10483

Dynamic force analysis through method of inspection when R,; = 100 mm has been completed
on the following page:



II: Static Force Analysis of the Mechanism — Analytical Method

The free body diagrams for each link in static equilibrium are the same as the free body diagrams
for dynamic analysis because the acceleration (or non-acceleration) of a link does not affect the
fact that forces exist in particular locations on the link. Please refer to the following figures for
the free body diagrams in this section.

Link 9 - Figure.2 Link 2 = Figure.6 Link 4 = Figure.9a Link 6 - Figure.15
Link 8 = Figure.4 Link 3 - Figure.9 Link 5 - Figure.14

The symbolic equations for static analysis can be found below:

Link 9: Link 8:

2Fx = F19X+F29X = mgAG9X =0 (Eqn as) 2Fx = F]gX + Fng = mgAGgX =0 (Eqn CS)
ZFy = F19y+F29y = mgAGgy = 0 (qu’l bS) ZFy = F]gy + Fzgy = mgAGgy = 0 (qu’l fS)
ZMOlg = R9X*F29y = Ig(lg =0 (qu’l CS) ZMozg =R8X*F28y = Ig(lg =0 (qu’l gS)
Link 2:

2Fx = Foox + F3ox + Fgox + Fiox = mpAgrx =0 (Eqn IS)
ZFy = F32y + Flzy — sz = l’nzAGzy =( (qu’l 2S)
2May = T+ p* Fiox = Igo0, = O(Eqn. 3s)

Link 3:

2Fx = Fs3x + Fi3x + Fosx = m3Agsx (qu’l SS)

ZFy = F53y + F43y + F23y = FW3= m3Ac,3y (Eqn 6S)

ZMoss = R333x*Fa3y - Raz3y*Fasx - Razsx*g*ms - (R3sx™ Fasy - Razy™* Fosx) = Igzas +
1’1’13*(R333X*AG3Y - R333y*AG3X) =( (qu’l 7S)

Link 4:

YFx = F14X + F34X = 1’1’14AG4X =0 (qu’l 85)

2Fy = F1ay + Fa4y - Fwa = myAgay = 0 (Eqn. 9s)
ZMG4 = R4X*F34y = R4y*F34X = IG40L4 =0 (qu’l IOS)

Link 5:

YFx = F65x+F35x+chos(9p) = I’IlsAG5X =0 (Eqn 1 IS)

YFy = Fesy+F3sy+Fpsin(0p) - Fys= msAgsy = 0 (Eqn. 12s)

2Mp = Rsx*F3sy - Rsy*F3sx + 2(Rsx*Fgsy - Rsy*Fesx) - Rsx*Fys = Igsos + ms(Rsx* Agsy -
R5y*AG5X) =0 (qu’l 138)

Link 6:

YFx = F56X + F16X = m6AG6X =0 (Eqn 145)

ZFy = F56y + F16y — Fw6 = m6AG6y =0 (qu’l 155)
ZMGé = R6X*F56y = R6y*F56X = IG6(16 =0 (qu’l 168)

The static force analysis conducted using method of inspection when Rz, = 100 mm can be seen
on the next page:






The plots describing the static force analysis are quite similar to their dynamic force analysis
counterparts, the only major change in profile is the absence of the abrupt shift at Ry, = 110 mm.
The plots of all reaction forces for static force analysis are shown below:
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Figure 23b Static: F43X and F43Y
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Figure 21 Static: F65X and F65Y
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Figure 24a Static: F32X and F32Y
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Figure 22¢ Static: F53X and F53Y
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o Staios Kand ¥ i Eid fisacon Forca Tabulated values of the components of each reaction

-0.2

= force during the move are located:
i = 1 F12 - Appendix B.2
i) | F23 - Appendix B.2

F43 - Appendix B.3
F53 = Appendix B.3
1 F65 > Appendix B.4
F16 > Appendix B.4
F14 - Appendix B.5
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Fioure 26a Static: F14X and F14Y

II: Static Force Analysis of the Mechanism — Graphical Method

Type of Member

Link 2 is a 5-Force and a Torque member which can be simplified to a 2-Force and a Torque.
Link 3 is a 4-Force Member.

Link 4 is a 3-Force Member.

Link 5 is a 4-Force Member.

Link 6 is a 3-Force Member.

The graphical method will be conducted three separate times for Ry, = 100 mm, the first iteration
will neglect the force of gravity, the second will neglect the torque on link 2 (T),), and the third
will not exclude any external forces or torques. It is important to mention that all force polygons
in this section will use a scale of 1”” = 2000 N unless otherwise stated.

Iteration #1:
For the first iteration, the gravity in each link will be neglected.

Neglecting gravity, link 2 becomes a 4-Force and a Torque member.
F82 and F92 can be combined together to form a single force (F82+F92 = -
12.5+158.11 = 145.61 N £0.00°) and that force combined with the
calculated F12 (F12 = sqrt((F12x)* + (F12y)®) = sqrt((-1200)* + (4800)%)
= 4947.7 N £104.04°) reclassifies the link as a 2-Force and a Torque

Figure 28b Fresl =
F12 + (F82+F92)

\LOAF32 member. The resultant force from the
T2 \ combination of F82+F92 and F12 can be seen in
/ 1) Figure.27b. Because the force polygon measures .

the length of Fresl as 2.457”, Fresl is 4914 N

2£102.39°. Fres1 and F32 are the only two forces
present on the link, so they must be equal and P2+ P2
1) opposite, so F32 must be 4914 N £282.39°. The

LOAF12 \\
A ) oo
Figure 27a FBD of link 2 - Iteration #1 final LOAs of each force on link 2 are shown in Figure.27a.

LOA F82 + FB2




Link 4 is a 2-Force member when gravity is neglected (shown
in Figure.29), so F14 = -F34 = F43, and the LOA of both is directly
through link 4. This assists us in completing our graphical analysis of
link 3.

/
~" LOAF34

When gravity is neglected, link 3 is a 3-Force member, and :

the direction of F43 and magnitude and direction of F23 are known,

so the direction of F53 is also known hgm 29 FBD of link 4 -

because all three LOAs must meet at  Jrerarion #1

one particular point. The LOAs

can be seen in Figure.30. Using

the force polygon shown in

Figure.31, the values of F43 and

F53 can be found. F43 = 4436 N

£224.05°, and F53 =4577 N

.‘ £337.98°. As stated above, F14

Figure 31 FBD of link 3 - Iteration #) = F43’ so F14 = 4436 N
£224.05°. The LOAs for F14
and F34 on link 4 can be seen in Figure.29.

M Similar to link 4, link 6 is a two force

i member when gravity is neglected, and

therefore F56 = F16 and the LOA of both

F53

F23

F43

forces is directly through the link (this is Figure 30 F23+F43+F53 = 0
shown in Figure.30a). This knowledge will allow us to solve for the forces on
link 5.

T On link 5, we know the magnitude and direction of F35, and the direction
Figure 32 FBb o link of F§5 (sa}me LOA as F56). Because without gravity link 5 is a 3 fo‘rce member,
6 - Iteration £1 the direction of FP can be found because all LOAs must meet at a single point.
The free body diagram of link 5 is found below as Figure.33 in addition to the
force polygon(Figure.34) used to solve for F65 and FP. From the force polygon, F65 is 1916 N
£303.53° and FP is 3187 N £357.86°. Returning to Figure.30a, where F16 = -F56 = F65, F16
is now known as 1916 N £303.53°.

.. LOAF35

. LOAF65
Figure 33 Fp + F65 + F35 =0

Figure 34 FBD of link 5 - Iteration #1



Iteration #2
For the second iteration, the torque in link 2 will be neglected.
Neglecting T12, link 2 becomes a 4-Force member because F12 is solely determined by
T12, and if T12 is neglected F12 is nonexistent also. Fw2, F82, and F92 can be combined
together to form a single force (Fw2+F82+F92 = -12.5i+158.1139i
— : = 145.6139i-49.05j = 153.6532 N £ 341.38°) and with F32 the link
o m 0 _Loarse canbe reclassified as a 2-Force member. Thus F32 must be equal
and opposite to the combination force of Fw2, F82, and F92 and
have a magnitude and direction of 153.6532 N £ 161.38°. The free
body diagram with the final force LOAs are shown in Figure.35.

LOA Fw2

Figure 35 FBD of link 2 - Iteration #2

Link 3 is a 4-Force member when T12 is neglected, so the Fwa 55;2 Figure 36 Fres2 =Fw3 + F23
two known forces (Fw3 and F23) will be combined to create a
resultant force (Fres2). The force polygon for this is shown in k53 Figure 38a Fres2 + F43 + F53 = 0
Figure.36. From Figure.36, Fres2 = 244 N 233.42°. From Y s

determining the magnitude and direction of Fres2, we can now

determine the magnitude and

direction of F43 and F53 using the force polygon shown in .

Figure.36a. F43 is 316 N £44.05° and F53 is 85 N £196.13°. b Loarss

The final LOAs for each force on link 3 are shown in Figure.36b.

Figure 40a FBD . LOA Fres?
of link 4 - o Link 4 is a 3-Force G
[teration #2 * Fw4 member, and the magnitude
F14 £ .
/ Fa4 and direction of F14 can be Loaras
. determmeq from a force Figure 37b FBD of link 3 - Iteration #2

7 Fllg”je 39 i polygon with Fw4 and F34.

& gg ” LF ;4, L ,4,();0 v Figure.39 shows the required force polygon, and from this

Lonr force polygon F14 is 407 N £ 56.05°. The final LOAs on

link 4 are shown in Figure.39a.

Similar to link 4, link 6 is a 3-Force member when T12 is neglected, where the LOA of
F56 will be through link 6. This will assist in solving for forces on link 5.

On link 5, we know the magnitude and direction of F35, the magnitude s
and direction of Fw5, and the direction of F65 (same LOA as F56). A resultant Fres 34 Fw5
force (Fres3) is found by combining F35 and Fw5 (Force polygon shown in
Figure.41), and using this resultant force, the magnitude of F56 and the [f:: iggﬂ‘e ;1 F§5 +

WwWo = rres

magnitude and direction of FP can be found by the force polygon shown to the
left in Figure.42. From

FP the force polygon shown
“w F65 5, Figure.42, F65 is 34 N
Fres3 /123.53° and FP is 63

~_LOAF35

o /
Figure 43 Fres3 + N £182.18°. The final U LOA Fres3
FP+F65=0 force LOAs on link 5 are » (on Fus
(SCALE: 1"=1000N) shown to the left in AT
Figure.41a.

Figure 42a FBD link 5 - Iteration #2



| LoAFse Returning to link 6 and Figure.44, a force polygon can
i i be created to solve for the magnitude and direction of F16.
From this force polygon, F16 is 176 N £ 96.10°. This force ~ 7'° | Fwe
polygon is shown in Figure.45, and the final force LOAs on
link are shown in Figure.44.

F56

]
| | LOAFwE

Figure 44 F16 + F56
+ Fw6 =0
(SCALE: 1"=1000N)

Figure 45 FBD of
link 6 - Iteration #2

Iteration #3:

For the third iteration, nothing will be neglected. Link 2 is a 5-Force member with Torque.
Fw2, F82, and F92 can be combined together to form a single force (Fw2+F82+F92 = -
12.5i+158.1139i = 145.6139i-49.05j = 153.6532 N £341.38°) and F12 can be found by taking
the moment about G2 to find F12X and then finding F12Y using the frictional coefficient. This
process is shown below:

EMg, = 12.5F12X + -T12*1000 = 1G2*a, = F12X = (IG2*a, -T12*1000)/(12.5) =-1200 N
F12Y = abs(F12X/u) = 4800 N

The direction of F12 is determined by the equation:
@ = tan-1(p)= tan-1(0.25)= 14.036°
Thus F12 can be found by taking the magnitude of the component values and
taking @ from the vertical axis.
F12 = sqrt((F12x)"2 + (F12y)"2) = sqrt((-1200)"2 + (4800)"2)
F12 = 4947.7N £104.04°
A force polygon can then be used to determine the magnitude
and direction of Fres4. Because the link has been reduced

|LOA F32

g down to 2-Forces and a Torque (Fres4, F32, and T12), F32 _\\F2
. . has to be equal but opposite to Fres4. Because the force ’
~-~\ polygon shown in Figure.46 determines Fres4 to be 4867 N
B Z102.51°, F32 must be 4867 N £282.51°. The final LOAs Fu2 + 782 + Fo2

LOAFI2 Y}

Figure 47 FBD of'link 2-
Iteration #3

Figure 46 Fres4 =

of all forces on link 2 are shown in Figure.47. P P 0 1 12

Link 3 will be solved by creating a resultant force (Fres5) of Fw3 and F23 (Figure.48),
and then using a force polygon with F53, F43 and Fres5 (Figure.50) to determine the magnitude
and direction of both F53 and F43. The two necessary force polygons (Figure.48 and Figure.50)
and the free body diagram (Figure.49) with all relevant LOAs are shown on the next page.



~... LOAFS3

FresS \-‘

~" F43

F23
Fres5

., "","
1OAF23
Fw3 Figure 49 FBD link 3 - Iteration #3 Figure 48 Fres5 + F53 + F43 =0
Figure 50 Fw3 +
F23 = Fres5

Using this method, F43 is determined to the 4157 N £225° and F53 is 4356 N £ 338.13°.

A force polygon will also be used to solve link 4. The force polygon used (Figure.51a)
and the LOAs of each relevant force (Figure.51)are shown below. F14 is determined to be 4076
N £222.86°.

LOAFYM -7 ’qu‘i

__ - LOAF14

Figure 52 FBD link 4

; F34 7 Fia
- Iteration #3 "

Figure 51la F14 + F34 + Fw4 =0

| LOA Fuid

Similar to link 4, link 6 will have two forces (F16 and Fw6) through one pin joint of the
link, so the third force (F56) must go through the link. Thus we know the direction of F56.

In link 5, the magnitude and direction of F35 and FwS5 are known, and because we know
the direction of F65, we can find the resultant force of F35 and Fw5, and then use a force
polygon to find the magnitude and direction of FP, and the magnitude of F65. The force polygon
showing the creation of the resultant force of F35 and Fw5 (Fres6), the force polygon which
allows for the determining of F65 and FP, and the final LOAs of all forces on link 5 can be seen
below.

LLLLL

Fws ‘__\

FB5

From Figure X, F65 is 1800 N £303.53° and FP is 3049 N £ 358.62°.



Link 6 will be solved very similarly to link 4, and the force polygon used (Figure.53) and
the LOAs of each relevant force (Figure.54) are shown below. F16 is determined to be 1679 N
£306.30°.

Fwe™

Figure 53 Fw6 + FI16 + F56 =0

Iteration Comparison

that there is a pattern. The sum of the Iteration 1 and Iteration 2 values of every force (in its x

\_ - LOAFS6

N
)

Figure 54 FBD link 6 - Iteration #3

LOA FwSE

N

o
\.\LOA F16

From interpreting the values for each internal reaction force in each iteration, it is evident

and y components) is very close to the Iteration 3 force. See below in Table.1 for calculations to

prove this idea.

Table 1: Iteration Force Component Comparison

F32 F43 F53 F14 F65 FP F16
Iteration | X Y X Y X Y X Y X Y X Y X Y
#1 1054 | -4800 | -3188 | -3084 | 4243 | -1716 | -3188 | -3084 | 1058 | -1597 | 3185 | -119 | 1058 | -1597
#2 -145 | 49 227 220 -82 | -24 227 338 -19 | 28 -63 | -2 -19 | 175
#1+#2 | 909 | -4751 | -2961 | -2864 | 4161 | -1740 | -2961 | -2746 | 1039 | -1569 | 3122 | -121 | 1039 | -1422
#3 1054 | -4751 | -2939 | -2939 | 4043 | -1623 | -2988 | -2773 | 994 | -1500 | 3048 | -73 | 994 | -1353

The slight variation between the values in the last two rows is due to rounding of Iteration #1/#2

force values in order to fit numbers in the table cells. It is important to see the overall pattern,

and how the numbers are close. It can be concluded from the above tables that the summation of
all iterations with an element neglected in theory will hold the same amount of force as the
iteration with no elements neglected.




Analvtical and Graphical Comparison

Analytical and Graphical solution methods are shown below in Table.2.

The internal reaction forces for this mechanism (in their x and y components) for both the

Table 2 Force Component Comparison between Analytical and Graphical Solution Method

F32 F43 F53 F14 F65 FP F16
Iteration X Y X Y X Y X Y X Y X Y X Y
Analytical | 1054 | -4751 | -2983 | -2885 | 4037 | -1620 | -2983 | -2768 | 995 | -1501 | 3042 | -77 | 995 | -1354
Graphical | 1054 | -4751 | -2939 | -2939 | 4043 | -1623 | -2988 | -2773 | 994 | -1500 | 3048 | -73 | 994 | -1353

The values for the components of each internal reaction force are almost exactly the same
between the Analytical and the Graphical solution method. Some components have larger
differences than others, and these differences are largely due to rounding during calculation. This
is a good check to ensure that the analytical method was determined correctly. As long as a
particular set of rules are followed, the graphical method will always be correct, so the fact that
the values for the analytical and graphical methods are almost exact proves that the analytical
method was completed correctly.

III: The Equation of Motion
The power equation for this mechanism will begin with the basic form of:

P=AT+ AU+ AW;
where P = Net Power, T = Kinetic Energy, U = Potential Energy, and W¢= Work due to external

forces.

Each term must now be defined for this particular mechanism, and they will each be defined
symbolically as well as for a particular instant (R, = 100mm) during the move. The process to
determine the terms is shown below.

Equivalent Mass Moment of Inertia

First the mass moments of inertia of each link in the mechanism must be calculated. The basic
form for mass moment of inertia is A, = my((xax’)+(yax’)*)Hex(0x’?), and thus the mass
moment of inertia for each link is written below.

Az = mo(1)+62(02°%) = my +l2(07)
Az =ms((xe3") Hyas'))Hes(057)
As=my(0)Hga(047) = T64(04°)
As=ms((Xgs ")+ (Yes))Has(05%)
As = mg(0)+166(06°%) = I66(06™)

Because the center of mass does not move in links 4 and 6, the first portion of their equations are
“0”. Similarly, R, is moving with the input, so its center of mass’s change in position is “1”.




The equivalent mass moment of inertia is the sum of all of these values (XA = A, + A3+ As+ As
+ Ag), and it will be used to calculate the change in kinetic energy in the system.

YA = Equivalent Mass Moment of Inertia
=A2+A3+A4+A5+A6=
m; +Hg2(02"%) + ms((xa3”) +(ya3") ) Hes(05°%) + Ioa(047) + ms((xgs”)” +
(Ves ) )Has(05%) + I66(05°)

When Ry, = 100 mm > ZA = 5 +30(-0.08%)*1000 + 25((0.2812)* + (-0.2907)?)
+450(0.0103%)* 1000+75(-0.004%)*1000+5((-0.4269)*
+(—1.6703)%)+250(-0.0077%)*1000+20(0.0209%)* 1000

=288.8851 kg
Thus the equivalent mass moment of inertia when Ry, = 100 mm is 288.8851 kg. The equivalent
mass moment of inertia in 2.5 mm increments is stated in Appendix.Cl1.

Another important calculation is necessary for each link, and it has the basic formula
By = my(Xex *Xaxtyex *yox”)Hex(0x’*0x”). Each link’s version of this equation and the sum
of all of the links equations are shown below.

B =152(027%6,7)
B3 = m3(Xa3 *X637+yas *yas”) 13 (03°%637)
B4 =164(04%047)
Bs = ms(xgs’*Xas5 +yas *yas”)Has(05°*057)
Bes = Ig6(06™*06”)

>B =B2+B3+B4+ B5+B6
=162(02"%0,7) + m3(Xa3 *Xa37+ya3 *yas ) Ha3(03°#037) + 164(047%047)
+ ms(Xgs *X6s5 +tyes *yas”)Tlas(05°#057) + Ige(06’*06)

When Ry, = 100 mm - =B = 30(-0.08*0)*1000° + 25(0.2812%0.0044
-0.2907*-0.0069)*1000+450(0.0103*-0.00002)*1000°
+75(-0.004*-0.00008)*1000°+5(-0.4269*0.02
+(-1.6703)*(-0.0116))*1000+250(-0.0077*-0.000046)*1000°
+20(0.0209%-0.00031)*1000°

=-150.5385
The center of masses of Links 2, 4 and 6 do not accelerate during the move, so portions of those
link’s equations have been emitted.

Change in Kinetic Energy

After both sums have been calculated, the change in kinetic energy (AT) can be found. The
kinetic energy represents the amount of energy present from motion, and the basic form for
calculating it is shown below.

AT =3Ax i+ ZB * ()

This can be rewritten for this mechanism’s purposes as: AT = % YA * Ry, + IB * (Ry;)?



Substituting in the calculated values for £A and B, AT is as follows.
1 ) ) ) ) ) )
AT = S(my +162(02%) + m3((x63)? + (V63)?) + I63(05") + 164(04%) + ms((xgs)? +
(¥65)?) +Is(85) + Ige(86™)) * Rop + (Ig2(0" * 6,”) + m3 (X3’ * Xg3" +
V63" *¥63") +163(03" * 03") + Iga(04" * 04") + ms(Xgs" * Xg5”" + Yg5' * Yes™) +
Igs (05" * 05") + Ig6(B6" * B6")) * (Rz2)?

When R, = 100 mm = AT = % (288.88)*0.125 +(-150.5385)* (79.05/1000)2= 35.1698 W

Change in Potential Energy

Next, the change in potential energy (AU) will be found. Potential energy is the energy a body has
due to its position in association with other bodies. In this mechanism there are two forms of
potential energy, gravitational potential energy (Ug) and spring potential energy (Us). The total
change in potential will be the sum of the gravitational and spring potential energies as seen by the
basic formula below.

AU = AUg + AUg

Ug will deal solely with links 3 and 5, because the centers of mass on links 2, 4, and 6 do
not change position over the course of the move. The change in gravitational potential
energy is generally defined as the weight of the link multiplied by the change in height of
the center of mass which can be rewritten for this mechanism as:
AUg = (m3 * g)yg3'+(ms * g)yss’
When Ry, = 100 mm = AUg = (25%9.81)*-0.2907+(5*9.81)*-1.6703
=-153.234 W

Us will deal with link 8 (the spring), and spring potential energy is determined by the spring
coefficient multiplied by the change in length from the resting spring length. For this
mechanism the spring potential energy can be written as:
AUs = k((R11 — Rz22) — R9)*R¢’
When Ry, = 100 mm = AUs= 500((185-100)-110)/1000*1=-12.5 W

Thus AU = AUg + AUs = (m3 * g)ygs3 +(ms * g)ygs’ + Kk * (Rg + (Raz — Ryy))
When Ry, = 100 mm = AU=-153.234-12.5=-165.734 W

Work due to External Forces

Because of the particular mechanism, the only work is due to friction, and so AWy = F»x.
Thus, when Ry, = 100 mm 2> AW = F,x =-1200 W

Power Equation
All portions of the equation of motion are known now, so we can rewrite the power equation
specifically for this mechanism.

P=AT + AU+ AW;

P =%(m2 +162(02"2) + m3((x63)% + (¥63)2) + 163(032) + 14(043) + ms((x45)2 +
65)?) + Igs(05"2) + Ig6(06'2)) * Ryz + (I62(02 * 0,”) + m3(Xgs' * Xg3” + Yz’ * Vas™) +
Ig3(83" * 03") + Iga(04" * 0,") + ms(Xgs’ * Xg5" + Ygs' * Y65") + lgs(0s" * 05”) +

Ige (06 * 06")) (R22)% + (m3 * 9)ygs'+(ms * 9)ygs' + k* (Rs + (Ryz — R11))+ Fiaxs

When Ry, = 100 mm = P =35.1698 -140.734 -1200 =-1330.6 W



Percent Contribution

The percent contribution of each variable in the power equation can be determined by the following
equations:

T% = D) = 351698 = 0.0251 = 2.51%
abs(AT)+abs(AUg)+abs(AUg)+abs(AW f) 35.1698+153.2344+12.5+1200 ’ )
Uv% = abs(AU) _ 153.234+12.5 01183 S 11.83%
® " abs(AT)+abs(AUg)+abs(AUs)+abs(AW;)  35.1698+153.234+12.5+1200 R
bs(AW
W% = abs (W) 1200 ~ 0.8566 > 85.66%

abs(AT)+abs(AUg)+abs(AUg)+abs(AWp) © 35.1698+153.234+12.5+1200

This shows that friction holds the greatest amount of the contribution to power. Potential energy
contributes the next largest amount of power, and the kinetic energy provides the least amount of
power to the system.

Tangential Component of Fp
The tangential component of Fp can be determined by reordering the power equation to read:
T12 * le - P

Ry’

Fptan =

The plot of Fptan is shown below in Figure.55.

850 EOM: Tangent Force at Point P vs. Length of Input Link
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The plot of the tangent component of Fp using
the equation of motion (See Figure.55) is more
rounded than the tangent component of
Fp from dynamic analysis (See Figure.18a)
because it refers to the transfer of energy for
its values and not R,,, which flips at R = 110
mm.
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Figure 55 EOM: Tangent Component of FPX and FPY

IV: Conclusion

This assignment took its toll as it was similar analysis completed many different ways,
and that became rather confusing when it became necessary to return and check on each method.
In addition, the fact that each calculated value relied on many others required that each
individual step be correct because one miscalculated instant or a displaced negative sign could
transform the analysis and make all of the following calculated values incorrect. It was evident
how the different ways of analysis affected the calculated values, and it was interesting to look at
the different force profiles and try to distinguish why certain methods calculated force values
closer or farther to the actual values. All in all, this assignment was difficult but quite rewarding
because of how much it was able to teach about the analysis of a system.



V: Appendix
Appendix A.1 — External Forces,

Dynamic

R22: Actuator Force:

(mm)
75.0
77.5
80.0
82.5
85.0
87.5
90.0
92.5
95.0
97.5
100.0
102.5
105.0
107.5
110.0
112.5
115.0
117.5
120.0
122.5
125.0
127.5
130.0
132.5
135.0
137.5
140.0
142.5
145.0
147.5
150.0

N)
0.00
50.00
70.71
86.60
100.00
111.80
122.47
132.29
141.42
150.00
158.11
165.83
173.21
180.28
187.08
193.65
187.08
180.28
173.21
165.83
158.11
150.00
141.42
132.29
122.47
111.80
100.00
86.60
70.71
50.00
0.00

Spring Force:

(N)
0.00

-1.25

-2.50

-3.75

-5.00

-6.25

-7.50

-8.75
-10.00
-11.25
-12.50
-13.75
-15.00
-16.25
-17.50
-18.75
-20.00
-21.25
-22.50
-23.75
-25.00
-26.25
-27.50
-28.75
-30.00
-31.25
-32.50
-33.75
-35.00
-36.25
-37.50

Appendix A.2 — Link 2,

Dynamic

R22: F12X: F12Y: F23X: F23Y:
(mm)  (N) ) N) N)
75.0 -1224 4896 -1224.62 4846.95
77.5 -1224 4896 -1175.88 4846.95
80.0 -1224 4896 -1156.41 4846.95
82.5 -1224 4896 -1141.77 4846.95
85.0 -1224 4896 -1129.62 4846.95
87.5 -1224 4896 -1119.07 4846.95
90.0 -1224 4896 -1109.65 4846.95
92.5 -1224 4896 -1101.09 4846.95
95.0 -1224 4896 -1093.20 4846.95
97.5 -1224 4896 -1085.88 4846.95
100.0 -1224 4896 -1079.01 4846.95
102.5  -1224 4896 -1072.54 4846.95
105.0 -1224 4896 -1066.42 4846.95
107.5 -1224 4896 -1060.60 4846.95
110.0 -1224 4896 -1055.04 4846.95
1125 -1176 4704 -1000.48 4654.95
115.0 -1176 4704 -1008.29 4654.95
117.5  -1176 4704 -1016.35 4654.95
120.0 -1176 4704 -1024.67 4654.95
1225 -1176 4704 -1033.29 4654.95
125.0 -1176 4704 -1042.26 4654.95
127.5  -1176 4704 -1051.62 4654.95
130.0 -1176 4704 -1061.45 4654.95
1325 -1176 4704 -1071.84 4654.95
135.0 -1176 4704 -1082.90 4654.95
137.5 -1176 4704 -1094.82 4654.95
140.0 -1176 4704 -1107.88 4654.95
1425 -1176 4704 -1122.52 4654.95
145.0 -1176 4704 -1139.66 4654.95
147.5  -1176 4704 -1161.62 4654.95
150.0 -1176 4704 -1212.88 4654.95



Appendix A.3 — Link 3,
Dynamic

R22:
(mm)
75.0
77.5
80.0
82.5
85.0
87.5
90.0
92.5
95.0
97.5
100.0
102.5
105.0
107.5
110.0
112.5
115.0
117.5
120.0
122.5
125.0
127.5
130.0
132.5
135.0
137.5
140.0
142.5

F43X:
N) N)
-1466.71 -1639.64
-1638.97 -1816.83
-1788.24 -1962.52
-1934.87 -2099.14
-2081.68 -2229.50
-2230.31 -2355.07
-2382.07 -2476.91
-2538.09 -2595.85
-2699.49 -2712.64
-2867.39 -2827.98
-3042.98 -2942.52
-3227.56 -3056.93
-3422.55 -3171.87
-3629.58 -3288.08
-3850.48 -3406.30
-3927.06 -3390.19
-4163.39 -3502.61
-4420.56 -3620.20
-4702.07 -3744.19
-5012.22 -3876.03
-5356.39 -4017.49
-5741.34 -4170.81
-6175.78 -4338.80
-6671.10 -4525.12
-7242.48 -4734.61
-7910.71 -4973.88
-8705.01 -5252.14

F43Y:

-9667.80 -5582.8 10789.17
145.0 -10863.26 -5985.9 12001.73

F53X:  F53Y:
N) (N)
2691.68 -2962.37
2815.42 -2785.39
2945.42 -2639.89
3077.56 -2503.45
3212.36 -2373.26
3350.57 -2247.84
3493.00 -2126.16
3640.54 -2007.37
3794.13 -1890.72
3954.77 -1775.54
4123.55 -1661.16
4301.71 -1546.92
4490.62 -1432.15
4691.86 -1316.13
4907.24 -1198.10
4927.24 -1020.06
5171.27 -907.51
5436.39 -789.79
5726.12 -665.68
6044.82 -533.71
6397.87 -392.11
6792.12 -238.65
7236.33  -70.51
7741.97 115.98
8324.36 325.65
9004.47 565.11
9811.77 843.60
1174.49
1577.92

147.5 -12393.07 -6493.3 13553.46 2085.72
150.0 -14419.27 -7153.8 15630.88 2746.66

Appendix A.4 — Link 6,
Dynamic

R22:
(mm)
75.0
77.5
80.0
82.5
85.0
87.5
90.0
92.5
95.0
97.5
100.0
102.5
105.0
107.5
110.0
112.5
115.0
117.5
120.0
122.5
125.0
127.5
130.0
132.5
135.0
137.5
140.0
142.5
145.0
147.5

Fl6X:
(N)
-618.87
-121.47
155.04
344.78
489.51
607.37
707.74
796.11
875.92
949.49
1018.46
1083.99
1146.96
1208.00
1267.55
1263.07
1320.59
1377.03
1431.94
1484.46
1533.11
1575.40
1607.31
1622.21
1609.16
1549.83
1413.03
1145.07
653.62
-216.98

150.0 -1698.13

Fl6Y: F56X:
N) (N)
-3649.21 618.87
-2887.33 121.47
-2487.99 -155.04
-2224.60 -344.78
-2030.64 -489.51
-1877.81 -607.37
-1751.75 -707.74
-1644.23 -796.11
-1550.13 -875.92
-1466.05 -949.49
-1389.60-1018.46
-1319.05 -1083.99
-1253.07 -1146.96
-1190.59 -1208.00
-1130.75 -1267.55
-1016.97 -1263.07
-965.31 -1320.59
-913.94 -1377.03
-862.31-1431.94
-809.83 -1484.46
-755.88 -1533.11
-699.72 -1575.40
-640.47 -1607.31
-576.94 -1622.21
-507.36 -1609.16
-428.88 -1549.83
-336.26 -1413.03
-218.94 -1145.07
-53.75 -653.62
21331 216.98
705.73 1698.13

F56Y:
(N)
3796.36
3034.48
2635.14
2371.75
2177.79
2024.96
1898.90
1791.38
1697.28
1613.20
1536.75
1466.20
1400.22
1337.74
1277.90
1164.12
1112.46
1061.09
1009.46
956.98
903.03
846.87
787.62
724.09
654.51
576.03
483.41
366.09
200.90
-66.16
-558.58



Appendix A.5 — F14, FP,
Dynamic

R22: F14X: Fl4Y: FPX: FPY: FP(tangential):
(mm)  (N) (N) N) (N) (N)
75.0 -1466.71 -1521.92 3309.86 882.16 314.59
77.5 -1638.97 -1699.11 2936.37 297.21 354.29
80.0 -1788.24 -1844.80 2790.00 43.32 374.62
82.5 -1934.87 -1981.42 2732.54 -83.67 383.76
85.0 -2081.68 -2111.78 2722.72 -147.49 386.71
87.5 -2230.31 -2237.35 2743.16 -174.94 385.86
90.0 -2382.07 -2359.19 278531 -179.37 382.48
92.5 -2538.09 -2478.13 2844.58 -168.15 377.31
95.0 -2699.49 -2594.92 2918.43 -145.67 370.84
97.5 -2867.39 -2710.26 3005.57 -114.64 363.37
100.0 -3042.98 -2824.80 3105.46 -76.76 355.13
102.5 -3227.56 -2939.21 3218.15 -33.15 346.28
105.0 -3422.55 -3054.15 3344.15 15.57 336.93
107.5 -3629.58 -3170.36 348442 69.02 327.16
110.0 -3850.48 -3288.58 3640.31 127.12 317.05
112.5 -3927.06 -3272.47 3665.10 193.57 283.76
115.0 -4163.39 -3384.89 3851.52 254.49 277.83
117.5 -4420.56 -3502.48 4060.12 320.88 271.45
120.0 -4702.07 -3626.47 4294.87 393.40 264.62
122.5 -5012.22 -3758.31 4560.96 47293 257.31
125.0 -5356.39 -3899.77 4865.30 560.63 249.51
127.5 -5741.34 -4053.09 5217.18 657.99 241.17
130.0 -6175.78 -4221.08 5629.40 766.94 23223
132.5 -6671.10 -4407.40 6120.07 889.95 222.63
135.0 -7242.48 -4616.89 6715.44 1030.13 212.26
137.5 -7910.71 -4856.16 7454.80 1191.20 201.01
140.0 -8705.01 -5134.42 8398.81 1377.17 188.78
142.5 -9667.80 -5465.04 9644.09 1590.86 175.48
145.0 -10863.26 -5868.17 11348.01 1829.25 161.21
147.5 -12393.07 -6375.61 13770.22 2070.16 146.50
150.0 -14419.27 -7036.10 17328.66 2238.89 135.67



Appendix B.1 — External Forces, Appendix B.2

Static Static

R22: Actuator Force: Spring Force: R22: F12X: F12Y: F23X: F23Y:
(mm) N) (N) (mm) (N) (N) (N) (N)
75.0 0.00 0.00 75.0 -1200 4800 -1200.00 4750.95
71.5 50.00 -1.25 77.5 -1200 4800 -1151.25 4750.95
80.0 70.71 -2.50 80.0 -1200 4800 -1131.79 4750.95
82.5 86.60 -3.75 82.5 -1200 4800 -1117.15 4750.95
85.0 100.00 -5.00 85.0 -1200 4800 -1105.00 4750.95
87.5 111.80 -6.25 87.5 -1200 4800 -1094.45 4750.95
90.0 122.47 -7.50 90.0 -1200 4800 -1085.03 4750.95
92.5 132.29 -8.75 92.5 -1200 4800 -1076.46 4750.95
95.0 141.42 -10.00 95.0 -1200 4800 -1068.58 4750.95
97.5 150.00 -11.25 97.5 -1200 4800 -1061.25 4750.95
100.0  158.11 -12.50 100.0 -1200 4800 -1054.39 4750.95
102.5  165.83 -13.75 102.5 -1200 4800 -1047.92 4750.95
105.0 173.21 -15.00 105.0 -1200 4800 -1041.79 4750.95
107.5  180.28 -16.25 107.5 -1200 4800 -1035.97 4750.95
110.0  187.08 -17.50 110.0 -1200 4800 -1030.42 4750.95
1125 193.65 -18.75 112.5 -1200 4800 -1025.10 4750.95
115.0 187.08 -20.00 115.0 -1200 4800 -1032.92 4750.95
117.5 180.28 -21.25 117.5 -1200 4800 -1040.97 4750.95
120.0 173.21 -22.50 120.0 -1200 4800 -1049.29 4750.95
122.5  165.83 -23.75 122.5 -1200 4800 -1057.92 4750.95
125.0 158.11 -25.00 125.0 -1200 4800 -1066.89 4750.95
127.5  150.00 -26.25 127.5 -1200 4800 -1076.25 4750.95
130.0 141.42 -27.50 130.0 -1200 4800 -1086.08 4750.95
1325 132.29 -28.75 132.5 -1200 4800 -1096.46 4750.95
135.0 122.47 -30.00 135.0 -1200 4800 -1107.53 4750.95
1375 111.80 -31.25 137.5 -1200 4800 -1119.45 4750.95
140.0  100.00 -32.50 140.0 -1200 4800 -1132.50 4750.95
142.5 86.60 -33.75 142.5 -1200 4800 -1147.15 4750.95
145.0 70.71 -35.00 145.0 -1200 4800 -1164.29 4750.95
147.5 50.00 -36.25 147.5 -1200 4800 -1186.25 4750.95

150.0 0.00 -37.50 150.0 -1200 4800 -1237.50 4750.95



Appendix B.3 — Link 3,

Static

R22:

(mm)

75.0
77.5
80.0
82.5
85.0
87.5
90.0
92.5
95.0
97.5
100.0
102.5
105.0
107.5
110.0
112.5
115.0
117.5
120.0
122.5
125.0
127.5
130.0
132.5
135.0
137.5
140.0
142.5

F43X: F43Y:
(N) (N)
-1438.40 -1608.20
-1607.64 -1782.44
-1753.92 -1925.30
-1897.55 -2059.21
-2041.34 -2186.94
-2186.92 -2309.97
-2335.54 -2429.32
-2488.35 -2545.84
-2646.42 -2660.24
-2810.86 -2773.20
-2982.84 -2885.39
-3163.61 -2997.44
-3354.59 -3110.02
-3557.35 -3223.84
-3773.71 -3339.63
-4005.77 -3458.23
-4247.41 -3573.31
-4510.32 -3693.67
-4798.08 -3820.55
-5115.09 -3955.43
-5466.84 -4100.13
-5860.24 -4256.92
-6304.17 -4428.69
-6810.28 -4619.16
-7394.08 -4833.29
-8076.79 -5077.80

-8888.24 -5362.13 10020.74

F53X: F53Y:
N) (N)
2638.40 -2897.50
2758.89 -2723.26
2885.71 -2580.40
3014.70 -2446.49
3146.34 -2318.76
3281.36 -2195.73
3420.57 -2076.38
3564.81 -1959.86
3715.00 -1845.46
3872.11 -1732.50
4037.22 -1620.31
4211.53 -1508.26
4396.39 -1395.68
4593.32 -1281.86
4804.12 -1166.07
5030.87 -1047.47
5280.32 -932.39
5551.29 -812.03
5847.37 -685.15
6173.01 -550.27
6533.73 -405.57
6936.49 -248.78
7390.25 -77.01
7906.74 113.46
8501.60 327.59
9196.23 572.10
856.43

-9871.78 -5699.91 11018.93 1194.21
145.0 -11092.93 -6111.72 12257.22 1606.02
147.5 -12655.55 -6630.02 13841.80 2124.32
150.0 -14725.35 -7304.71 15962.85 2799.01

Appendix B.4 — Link 6,

Static

R22:
(mm)
75.0
77.5
80.0
82.5
85.0
87.5
90.0
92.5
95.0
97.5
100.0
102.5
105.0
107.5
110.0
112.5
115.0
117.5
120.0
122.5
125.0
127.5
130.0
132.5
135.0
137.5
140.0
142.5
145.0
147.5

F16X: Fl6Y:
(N) (N)
-607.99 -3568.81
-119.88 -2822.30
151.06 -2430.95
336.79 -2172.77
478.36 -1982.62
593.56 -1832.79
691.61 -1709.20
777.87 -1603.78
855.74 -1511.51
927.48 -1429.07
994.68 -1354.11
1058.50 -1284.92
1119.77 -1220.20
1179.12 -1158.91
1236.96 -1100.19
1293.55 -1043.31
1352.41 -990.54
1410.20 -938.06
1466.47 -885.31
1520.35 -831.69
1570.31 -776.57
1613.85 -719.20
1646.86 -658.67
1662.60 -593.77
1649.92 -522.73
1590.15 -442.63
1451.47 -348.18
1179.13 -228.66
678.88 -60.54
-208.20 211.07

150.0 -1718.77 711.99

F56X:
(N)
607.99
119.88
-151.06
-336.79
-478.36
-593.56
-691.61
-777.87
-855.74
-927.48
-994.68
-1058.50
-1119.77
-1179.12
-1236.96
-1293.55
-1352.41
-1410.20
-1466.47
-1520.35
-1570.31
-1613.85
-1646.86
-1662.60
-1649.92
-1590.15
-1451.47
-1179.13
-678.88
208.20
1718.77

F56Y:
(N)
3715.96
2969.45
2578.10
2319.92
2129.77
1979.94
1856.35
1750.93
1658.66
1576.22
1501.26
1432.07
1367.35
1306.06
1247.34
1190.46
1137.69
1085.21
1032.46
978.84
923.72
866.35
805.82
740.92
669.88
589.78
495.33
375.81
207.69
-63.92
-564.84



Appendix B.5 — F14, FP,

FPY: FP(tangential):

Static

R22: F14X: F14Y: FPX:

(mm)  (N) (N) (N) (N)

75.0 -1438.40 -1490.48 3246.39 867.51
77.5 -1607.64 -1664.72 2878.77 295.24
80.0 -1753.92 -1807.58 2734.65 46.75
82.5 -1897.55 -1941.49 267790 -77.52
85.0 -2041.34 -2069.22 266798 -139.94
87.5 -2186.92 -2192.25 2687.80 -166.74
90.0 -2335.54 -2311.60 272896 -170.98
92.5 -2488.35 -2428.12 2786.94 -159.89
95.0 -2646.42 -2542.52 2859.26 -137.75
97.5 -2810.86 -2655.48 2944.63 -107.23
100.0 -2982.84 -2767.67 3042.54 -70.00
102.5 -3163.61 -2879.72 3153.04 -27.14
105.0 -3354.59 -2992.30 3276.62 20.73
107.5 -3557.35 -3106.12 3414.21 73.25
110.0 -3773.71 -3221.91 3567.16 130.32
112.5 -4005.77 -3340.51 3737.32 192.04
115.0 -4247.41 -3455.59 392791 254.35
117.5 -4510.32 -3575.95 4141.09 322.24
120.0 -4798.08 -3702.83 4380.90 396.36
122.5 -5115.09 -3837.71 4652.67 477.62
125.0 -5466.84 -3982.41 4963.41 567.20
127.5 -5860.24 -4139.20 5322.63 666.62
130.0 -6304.17 -4310.97 5743.39 777.86
132.5 -6810.28 -4501.44 6244.14 903.43
135.0 -7394.08 -4715.57 6851.68 1046.52
137.5 -8076.79 -4960.08 7606.08 1210.93
140.0 -8888.24 -5244.41 8569.26 1400.81
142.5 -9871.78 -5582.19 9839.80 1619.07
145.0 -11092.93 -5994.00 11578.34 1862.76
147.5 -12655.55 -6512.30 14050.00 2109.44
150.0 -14725.35 -7186.99 17681.62 2283.22

(N)
306.43
343.58
362.94
371.64
374.37
373.41
369.99
364.82
358.37
350.94
342.75
333.96
324.68
314.99
304.97
294.65
288.48
281.86
274.78
267.24
259.21
250.64
241.48
231.63
221.00
209.45
196.84
183.04
168.04
152.22
139.68

Appendix C.1 — XA
Equation of Motion

R22:
(mm)
75.0
77.5
80.0
82.5
85.0
87.5
90.0
92.5
95.0
97.5
100.0
102.5
105.0
107.5
110.0
112.5
115.0
117.5
120.0
122.5
125.0
127.5
130.0
132.5
135.0
137.5
140.0
142.5
145.0
147.5
150.0

2A:
kg
445 .40
369.81
338.38
321.12
310.28
302.97
297.85
29422
291.66
289.94
288.89
288.41
288.42
288.88
289.77
291.08
292.80
294.97
297.60
300.76
304.51
308.97
314.27
320.66
328.48
338.29
351.02
368.32
393.21
431.22
491.76
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%ME 352 - LAB PROJECT 2 - SIX-BAR LINKAGE - ELENA HELVAJIAN

clear

clc

%GIVEN VALUES

BC)

%LENGTH

g = 9.81; %m/s"2
R1 150; Smms

R3 75; %mms

R33 = 212.5; %mms

R4 = 100; °%mms
R5 = 150; %mms
R6 = 62.5; %mms
BC = 150; %mms
CP = 150; %mms
rho = 12.5; %mms
R11 = 185; %mm

Rs = 110; Smm

%MASS
m2
m3
m4
m5
mé6

5; %kg
25; %kg
12; %kg
5; %kg
15 ;%kg

(o)

IG2
IG3
IG4
IG5
IG6

of

=
>
wn
wn

MOMENTS OF INERTIA
30 ;%N*kmm—s”2

450; %N*kmm-s”2

75 ; %Nxmm-s"2

250 ;%Nxmm-s"2

20; SNkmm—-s”2

%0THER

T12 = 15; %kNxm

C = 2000; %Nxksec/m
mu = 0.25;

k = 500; S%N/m

SsANGLE

1 of 19

alpha = acos((15072+212.5"2-75"2)/(2%212.5%150) )*x180/pi; %rads (Angle between AC andv

beta = acos((15072+7572-212.5"2)/(2%150%75)); %rads (Angle between AB and BC)

theta_1 0; %rads
theta_2 0; %rads
theta_22 = 0; %rads
theta_3_guess
theta_4_guess
theta_5_guess
theta_6_guess
theta_2_prime

SADDITIONAL INFORMATION

tol = 0.01/180%pi; %tolerance in radians

sACCELERATION

R_doubledot_22 = 0.125; %m/s"2

96.38/180%xpi; %rads (original guess for Theta 3)
228.19/180%pi; %rads (original guess for Theta 4)
229.94/180%pi; %rads (original guess for Theta 5)
260.7/180%pi; %rads (original guess for Theta 6)
-1 / rho; %(rad/mm)

theta_2_2prime = 0; %(rad/mm™2)
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%SINITIALIZE VECTORS
R22all = []; %mms

theta_3all = []; %rads
theta_4all = []; %rads
theta_5all = []; %rads
theta_6all = []; %rads

[1; %mm/mm
[1; Smm/mm
[1; %mm/mm
[1; %mm/mm
[1; Smm/mm~2
[1; %smm/mm™2
[1; %smm/mm™2
[1; Smm/mm*2

theta_3_primeall
theta_4_primeall
theta_5_primeall
theta_6_primeall
theta_3_2primeall
theta_4_2primeall
theta_5_2primeall
theta_6_2primeall

omega_2all = []; %rad/s
omega_3all = []; %rad/s
omega_4all = []; %rad/s
omega_5all = []; %rad/s
omega_6all = []; %rad/s
accel_2all = []; %rad/s”2
accel_3all = []; %rad/s"2
accel 4all = []; %rad/s”2
accel_5all = []; %rad/s"2
accel_6all = []; %rad/s"2

Xp_all = []; %mms

Yp_all = []; %mms
Xp_primeall = []; %mm/mm
Yp_primeall = []; %mm/mm
Xp_2primeall Ssmm/mm”2
Yp_2primeall Ssmm/mm”2
Ut_X_all = []; units
Ut_Y_all [] units
Un_X_all [ units
Un_Y_all = [] 0 units
rho_c_all = []; %mms
Xcc_all [1; %mms
Ycc_all [1; %mms
Vp_X_all [1; %smm/s
Vp_Y_all [1; %mm/s
Ap_X_all = [1; %mm/s"2
Ap_Y_all = []; %mm/s"2
theta_2primeall = []; %mm/mm
F5x_all = [1;

F5y_all = [1;

Ffric_all = [];

F19X_all [1;

F29X_all = []1;

F18X_all [1;

F28X_all [1;

AG3x_all [1;

AG3y_all = [];

AG5x_all [1;

AG5y all = [I;

F12X_all = []1;

F12Y_all [1;

F14X_all [1;

F14Y_all = [];

O\O O\O O\o O\O /e

O O O ==~

]
]
n
n
n
n

i
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F16X_all
F16Y_all
F23X_all
F23Y_all
F34X_all
F34Y_all
F35X_all
F35Y_all
F56X_all
F56Y_all
FPX_all =
FPY_all =
FP_all = [
FP_tanXall
FP_tanYall
rdot_all =
Fp_tanall
F12XS_all
F12YS_all
F18XS_all
F19XS_all
F28XS_all
F29XS_all
F82XS_all
F92XS_all
F23XS_all
F23YS_all
F34XS_all
F34YS_all
F14XS_all
F14YS_all
F35XS_all
F35YS_all
F56XS_all
F56YS_all
F16XS_all
F16YS_all
FPXS_all =
FPYS_all =
FPS_tanall
FPS_all = [1;

Asum_all = [];
Fp_power_tan_all = [];

o mwnmmnmmnn
—
—
~

%CALCULATIONS
for R22 = 75:.1:150

R22all = [R22all,R22]; %mms (A1l R22 values in this vector)

% CALCULATE THETA 3 AND 4 USING NEWTON RAPHSON

ex = R4xcos(theta_4 guess)+R3xcos(theta_3_guess) + R22xcos(theta_22);
ey = R4xsin(theta_4_guess)+R3xsin(theta_3_guess) + R22xsin(theta_22);
all = -R3xsin(theta_3_guess);
al2 = —-R4xsin(theta_4_guess);
a21 = R3xcos(theta_3_guess);
a22 = R4xcos(theta_4_guess);

determinantl = (all*a22)-(a21x%al2);
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delta_theta_3
to change by

delta_theta_4
to change by

(—exxa22-(-ey)*al2)/determinantl; %value the guess of Theta 3 needsv

(-ey*all-(-ex)*a2l)/determinantl; %value the guess of Theta 4 needs¥

while abs(delta_theta_3) > tol || abs(delta_theta_4) > tol

ex = R4xcos(theta_4_guess)+R3*cos(theta_3_guess) + R22xcos(theta_22);
ey = Rdxsin(theta_4_guess)+R3xsin(theta_3_guess) + R22xsin(theta_22);
all = -R3xsin(theta_3_guess);
al2 = —-R4xsin(theta_4_guess);
a2l = R3xcos(theta_3_guess);
a22 = R4xcos(theta_4_guess);

determinantl = (all*xa22)-(al2x*a2l);

delta_theta_3
needs to change by
delta_theta_4
needs to change by
theta_3_guess
theta_4_guess

((-exxa22)-((-ey)*al2))/determinantl; %value the guess of Theta 3¢

((-ey*all)-((-ex)*a21))/determinantl; %value the guess of Theta 4«

(theta_3_guess + delta_theta_3); %rads (final value of Theta 3)
(theta_4_guess + delta_theta_4); %rads (final value of Theta 4)

end

theta_3all = [theta_3all, theta_3_guessx180/pil; %rads (All Theta 3 values in this¥¢
vector)

theta_4all = [theta_4all, theta_4_guessx180/pil; %rads (All Theta 4 values in this¥¢
vector)

%CALCULATE FIRST-ORDER KINEMATIC COEFFICIENT FOR THETA 3 AND 4

b1l = -R3xsin(theta_3_guess);
b12 = -R4xsin(theta_4_guess);
b21 = R3xcos(theta_3_guess);
b22 = R4xcos(theta_4_guess);

vall = —cos(theta_22);
val2 = -sin(theta_22);
determinant2 = (b11xb22)-(b12%b21);

((vall x b22) - (b12 * val2))/determinant2; Smm/mm
((b11 % val2) - (vall x b21))/determinant2; S%mm/mm
= [theta_3_primeall, theta_3_primel; %mm/mm (A1l Theta 3 Prime values¥

theta_3_prime =

theta_4_prime =

theta_3_primeall
in this vector)

theta_4_primeall = [theta_4_primeall,theta_4_primel; %mm/mm (A1l Theta 4 Prime values¥
in this vector)

%CALCULATE SECOND-ORDER KINEMATIC COEFFICIENT FOR THETA 3 AND 4

val3 = R3xcos(theta_3_guess)x(theta_3_prime~2) + R4xcos(theta_4_guess)*v
(theta_4_prime~2);

vald = R3xsin(theta_3_guess)*(theta_3_prime~2) + R4xsin(theta_4_guess)*v
(theta_4_prime”~2);

theta_3_2prime = ((val3 % b22) - (b12 *x val4)) / determinant2; %Smm/mm”2

theta_4 2prime = ((b1l *x val4) - (val3 * b21)) / determinant2; %mm/mm”2

theta_3_2primeall = [theta_3_2primeall,theta_3_2primel; %mm/mm~2 (A1l Theta 3 Double¥
Prime values in this vector)

theta_4_2primeall = [theta_4 2primeall, theta_4_2prime]; %mm/mm~2 (A1l Theta 4 Doublev¥
Prime values in this vector)

%CONSTRAINT FOR VLE #2 - UPDATE THE VALUE OF THETA 33
theta_33 = theta_3_quess + (27.47)/180x%pi;
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%CALCULATE THETA 5 AND 6 USING NEWTON RAPHSON

ex2 = R22xcos(theta_22)+R33xcos(theta_33)+R5%cos(theta_5_guess)+R6xcos(theta_6_guess) ¥
+R1xcos(theta_1);

ey2 = R22xsin(theta_22)+R33x*sin(theta_33)+R5%sin(theta_5_guess)+R6x*sin(theta_6_guess) ¢
+R1%sin(theta_1);

c1l1l = -R5kxsin(theta_5_guess);
c1l2 = -R6xsin(theta_6_guess);
c21 = R5%cos(theta_5_guess);
c22 = R6xcos(theta_6_guess);

determinant3 = (cl1%c22)-(c12%c21);

delta_theta_5 = (((-ex2)*c22)-((-ey2)*c12))/determinant3; %value the guess of Theta 5«
needs to change by

delta_theta_6 = (((-ey2)*cll)-((-ex2)*c21))/determinant3; %value the guess of Theta 6¥¢
needs to change by

while abs(delta_theta_5) > tol || abs(delta_theta_6) > tol
ex2 = R22xcos(theta_22)+R33x*cos(theta_33)+R5%cos(theta_5_guess)+R6xcos¥
(theta_6_guess)+R1xcos(theta_1);
ey2 = R22xsin(theta_22)+R33xsin(theta_33)+R5%sin(theta_5_guess)+R6xsinv
(theta_6_guess)+R1lkxsin(theta_1);

cll = -R5%sin(theta_5_guess);
c12 = -R6xsin(theta_6_guess);
c21 = R5%cos(theta_5_guess);
c22 = R5%cos(theta_6_guess);

determinant3 = (c11%c22)-(c12%c21);

delta_theta_5 = (((-ex2)*c22)-((-ey2)*c12))/determinant3; %value the guess of¥
Theta 5 needs to change by

delta_theta_6 = (((-ey2)*cll)-((-ex2)*c21))/determinant3; %value the guess ofv¥
Theta 6 needs to change by

theta_5_guess = theta_5_guess + delta_theta_5; %rads (final value of Theta 5)

theta_6_guess theta_6_guess + delta_theta_6; %rads (final value of Theta 6)

end

theta_5all = [theta_5all, theta_5_guessx180/pil; %rads (All Theta 5 values in this¥¢
vector)

theta_6all = [theta_6all, theta_6_guessx180/pil; %rads (All Theta 6 values in thisv¢
vector)

%CALCULATE FIRST-ORDER KINEMATIC COEFFICIENT FOR THETA 5 AND 6

d11l = -R5%sin(theta_5_guess);
d12 = -R6xsin(theta_6_guess);
d21 = R5xkcos(theta_5_guess);
d22 = Ré6xcos(theta_6_guess);

vals = —cos(theta_22) + R33xsin(theta_33)xtheta_3_prime;
vale = -sin(theta_22) - R33x*cos(theta_33)xtheta_3_prime;
determinant4 = (d11xd22) - (d12xd21);

theta_5_prime = ((val5 % d22) - (d12 * vale6)) / determinant4; %mm/mm

theta_6_prime = ((d11 % valé) - (val5 x d21)) / determinant4; Smm/mm

theta_5_primeall = [theta_5_primeall,theta_5_primel; %mm/mm (A1l Theta 5 Prime values¥
in this vector)

theta_6_primeall = [theta_6_primeall,theta_6_primel; %mm/mm (A1l Theta 6 Prime valuesv
in this vector)
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%CALCULATE SECOND ORDER KINEMATIC COEFFICIENTS FOR THETA 3 AND 4

val7 = R33xcos(theta_33)*(theta_3_prime”~2)+R33%sin(theta_33)x*(theta_3_2prime)+R5kcosv
(theta_5_guess)*(theta_5_prime~2)+R6xcos(theta_6_guess)*(theta_6_prime~2);

val8 = R33xsin(theta_33)x(theta_3_prime~2)-R33*cos(theta_33)x*(theta_3_2prime)+R5xsinv
(theta_5_guess)*(theta_5_prime”~2)+R6xsin(theta_6_guess)*(theta_6_prime~2);

theta_5_2prime = ((val7 % d22) - (d12 % val8)) / determinant4; %mm/mm”2

theta_6_2prime = ((d11 % val8) - (val7 x d21)) / determinant4; %mm/mm”2

theta_5_2primeall = [theta_5_2primeall,theta_5_2primel; %mm/mm~2 (A1l Theta 5 Double¥
Prime values in this vector)

theta_6_2primeall = [theta_6_2primeall,theta_6_2prime]; %mm/mm~2 (A1l Theta 6 Doublev
Prime values in this vector)

%CALCULATE OMEGA 2, 3, 4, 5, AND 6
if R22 < 112.5 %mm
%sAngular Velocity of all links when R22 is less than 112.5 mm

omega_2 = -sqrt(2xR_doubledot_22%(R22/1000-0.075))*1000/rho;

omega_3 = theta_3_primexsqrt(2*R_doubledot_22%(R22/1000-0.075))%*1000;
omega_4 = theta_4_primexsqrt(2*R_doubledot_22%(R22/1000-0.075))*1000;
omega_5 = theta_5_primexsqrt(2*«R_doubledot_22%(R22/1000-0.075))%1000;
omega_6 = theta_6_primexsqrt(2*«R_doubledot_22%(R22/1000-0.075))%1000;

%sAngular Acceleration of all links when R22 is less than 112.5 mm

accel_2 —R_doubledot_22%1000/rho;

accel_3 = theta_3_2primex(sqrt(2xR_doubledot_22%(R22/1000-0.075))*1000) ¢
~2+theta_3_primexR_doubledot_22%1000;

accel_4 = theta_4_2primex(sqrt(2*xR_doubledot_22%(R22/1000-0.075))*1000) ¢
~2+theta_4_primexR_doubledot_22%1000;

accel 5 = theta_5_2primex(sqrt(2xR_doubledot_22%(R22/1000-0.075))*1000) ¢
~2+theta_5_primexR_doubledot_22%1000;

accel_6 = theta_6_2primex(sqrt(2*xR_doubledot_22%(R22/1000-0.075))*1000) ¥
~2+theta_6_primexR_doubledot_22%1000;

%Update Vectors

omega_2all = [omega_2all,omega_2]; %rad/s
omega_3all = [omega_3all,omega_3]; %rad/s
omega_4all = [omega_4all,omega_4]; %rad/s
omega_5all = [omega_5all,omega_5]; %rad/s
omega_6all = [omega_6all,omega_6]; %rad/s
accel_2all = [accel_2all,accel_2]; %rad/s"2
accel_3all = [accel_3all,accel_3]; %rad/s"2
accel_4all = [accel_4all,accel_4]; %rad/s"2
accel_b5all = [accel_ball,accel_51; %rad/s”2
accel_6all = [accel_b6all,accel_6]; %rad/s"2
else

%sAngular Velocity of all links when R22 is greater than or equal to 112.5 mm

omega_2 = -sqrt(2x—R_doubledot_22%(R22/1000-0.15))*1000/rho;

omega_3 = theta_3_primexsqrt(2*x-R_doubledot_22%(R22/1000-0.15))x1000;
omega_4 = theta_4_primexsqrt(2*x-R_doubledot_22%(R22/1000-0.15))x1000;
omega_5 = theta_5_primexsqrt(2*x-R_doubledot_22%(R22/1000-0.15))%*1000;
omega_6 = theta_6_primexsqrt(2x—R_doubledot_22%(R22/1000-0.15))*1000;

%Angular Acceleration of all links when R22 is greater than or equal to 112.5 mm

accel 2 R_doubledot_22%1000/rho;

accel_3 = theta_3_2primex(sqrt(2*%-R_doubledot_22%(R22/1000-0.15))%*1000) ¢
~2+theta_3_primex-R_doubledot_22%1000;

accel_4 = theta_4_2primex(sqrt(2x—R_doubledot_22%(R22/1000-0.15))*1000) ¥
~2+theta_4_primex-R_doubledot_22x1000;

accel_5 = theta_5_2primex(sqrt(2*%-R_doubledot_22%(R22/1000-0.15))%*1000) v
~2+theta_5_primex—R_doubledot_22%1000;

accel_6 = theta_6_2primex(sqrt(2x—R_doubledot_22%(R22/1000-0.15))*1000) ¢



12/1/16 10:26 AM /Users/elenah.../Helvajian_Lab3_ME352.m 7 of 19

~2+theta_6_primex—-R_doubledot_22%1000;

%sUpdate Vectors

omega_2all = [omega_2all,omega_2]; %rad/s
omega_3all = [omega_3all,omega_3]; %rad/s
omega_4all = [omega_4all,omega_4]; %rad/s
omega_5all = [omega_5all,omega_5]; %rad/s
omega_6all = [omega_6all,omega_6]; %rad/s
accel_2all = [accel_2all,accel_2]; %rad/s”2
accel_3all = [accel_3all,accel_3]; %rad/s"2
accel_4all = [accel_4all,accel_4]; %rad/s"2
accel_5all = [accel_ball,accel_5]; %rad/s”2
accel_6all = [accel_b6all,accel 6]; %rad/s"2

end

%ANALYSIS OF POINT P
%POSITION OF P
Xp = -2%R5%cos(theta_5_guess)-R6xcos(theta_6_guess); %position of point P in thev
X direction (mms)
Yp = —-2*%R5%sin(theta_5_guess)-R6xsin(theta_6_guess); %position of point P in thev
Y direction (mms)

%FIRST-ORDER KINEMATIC COEFFICIENT

Xp_prime = 2xR5xsin(theta_5_guess)xtheta_5_prime+R6xsin(theta_6_guess)v¢
*xtheta_6_prime;

Yp_prime = —-2%R5x%cos(theta_5_guess)xtheta_5_prime—-R6xcos(theta_6_guess)¥
xtheta_6_prime;

%SECOND-ORDER KINEMATIC COEFFICIENT

Xp_2prime = 2xR5xcos(theta_5_guess)x((theta_5_prime)~2)+2xR5%sin(theta_5_guess)v
xtheta_5_2prime+R6xcos(theta_6_guess)*((theta_6_prime)~2)+R6xsin(theta_6_guess)xv
(theta_6_2prime);

Yp_2prime = 2%R5xsin(theta_5_guess)*((theta_5_prime)~2)-2xR5%cos(theta_5_guess)«
xtheta_5_2prime+R6xsin(theta_6_guess)*((theta_6_prime)~2)-R6xcos(theta_6_guess)v¢
*xtheta_6_2prime;

%CALCULATE RADIUS OF CURVATURE AND CENTER OF CURVATURE
Rp_prime = sqrt(Xp_prime~2+Yp_prime”2);
rho_c = Rp_prime”~3/(Xp_primexYp_2prime— Xp_2primexYp_prime);

Ut_X = Xp_prime/Rp_prime; %Unit Tangent in the X direction
Ut_Y = Yp_prime/Rp_prime; %Unit Tangent in the Y direction
Un_X = =Yp_prime/Rp_prime; %Unit Normal in the X direction
Un_Y = Xp_prime/Rp_prime; %Unit Normal in the Y direction
Xcc Xp + rho_cxUn_X;

Ycc = Yp + rho_cxUn_Y;

%Update Vectors

Xp_all = [Xp_all,Xpl; %mms (All Xp values in this vector)

Yp_all = [Yp_all,Ypl; %mms (ALl Yp values in this vector)

Xp_primeall = [Xp_primeall,Xp_primel; %mm/mm (A1l Xp Prime values in this vector)

Yp_primeall = [Yp_primeall,Yp_primel; %mm/mm (ALl Yp Prime values in this vector)

Xp_2primeall = [Xp_2primeall,Xp_2prime]; %mm/mm~2 (A1l Xp Double Prime values in this«¢
vector)

Yp_2primeall = [Yp_2primeall,Yp_2primel; %mm/mm~2 (ALl Yp Double Prime values in this¥¢
vector)

Ut_X_all = [Ut_X_all,Ut_X]; %no units (Unit Tangent in the X direction)
Un_X_all = [Un_X_all,Un_Xl; %no units (Unit Tangent in the Y direction)
Ut_Y_all = [Ut_Y_all,Ut_Y]; %no units (Unit Normal in the X direction)
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Un_Y_all = [Un_Y_all,Un_Y]; %no units (Unit Normal in the Y direction)

rho_c_all = [rho_c_all,rho_cl; %mms (All Radius of Curvature values in this vector)

Xcc_all = [Xcc_all,Xccl; %mms (ALl Center of Curvature position values in the X¥¢
direction in this vector)

Ycc_all = [Ycc_all,Ycc]; %smms (A1l Center of Curvature position values in the Y¥
direction in this vector)

if R22 < 112.5

R_dd22 = R_doubledot_22;

Vp_X = Xp_primexsqrt(2*R_doubledot_22%(R22/1000-0.075))*1000; %mm/s (Velocity ofw
Point P in the X direction when R22 is greater than 112.5 mm)

Vp_Y = Yp_primexsqrt(2*R_doubledot_22%(R22/1000-0.075))*1000; %mm/s (Velocity of¥
Point P in the Y direction when R22 is greater than 112.5 mm)

r_dot = sqrt(2*xR_doubledot_22%(R22/1000-0.075))*1000; %mm/s

Ap_X = 100xXp_2primex(r_dot)”2+Xp_primexR_doubledot_22%1000; %mm/s™2«¢
(Acceleration of Point P in the X direction when R22 is greater than 112.5 mm)

Ap_Y = 100xYp_2primex(r_dot)”~2+Yp_primexR_doubledot_22%1000; %mm/s"2 ¢
(Acceleration of Point P in the Y direction when R22 is greater than 112.5 mm)

else

R_dd22 = -R_doubledot_22;

Vp_X = Xp_primexsqrt(2*x-R_doubledot_22%(R22/1000-0.15))*1000; %mm/s (Velocity of¥
Point P in the X direction when R22 is greater than 112.5 mm)

Vp_Y = Yp_primexsqrt(2*x—R_doubledot_22*(R22/1000-0.15))*1000; %mm/s (Velocity ofw¢
Point P in the Y direction when R22 is greater than 112.5 mm)

r_dot = sqrt(2*-R_doubledot_22%(R22/1000-0.15) )*1000; %mm/s

Ap_X = 100xXp_2primex(r_dot)”~2+Xp_primex—R_doubledot_22%1000; %mm/s"2v¢
(Acceleration of Point P in the X direction when R22 is greater than 112.5 mm)

Ap_Y = 100xYp_2primex(r_dot)”2+Yp_primex-R_doubledot_22%1000; %mm/s"2¢
(Acceleration of Point P in the Y direction when R22 is greater than 112.5 mm)

end
rdot_all = [rdot_all,r_dot];

%Update Vectors

Vp_X_all = [Vp_X_all,Vp_XI; %mm/s (Velocity of Point P in the X direction)
Vp_Y_all = [Vp_Y_all,Vp_Y]; %mm/s (Velocity of Point P in the Y direction)
Ap_X_all = [Ap_X_all,Ap_X]; %smm/s”2 (Acceleration of Point P in the X direction)
Ap_Y_all = [Ap_Y_all,Ap_Y]; %mm/s”2 (Acceleration of Point P in the Y direction)
RG3x = —-R4xcos(theta_4_guess)+R1xcos(theta_1);

RG3y = -R4xsin(theta_4_guess)+R1lxsin(theta_1);

RG3x_prime = R4xsin(theta_4_guess)xtheta_4_prime;%rads

RG3y_prime = —R4xcos(theta_4_guess)xtheta_4 prime;

RG3x_2prime = R4xcos(theta_4_guess)x(theta_4_prime)”2+R4xsin(theta_4_guess) v
xtheta_4_2prime;S%rad/mm

RG3y_2prime = R4xsin(theta_4_guess)x(theta_4_prime)~2-R4xcos(theta_4_guess)v
xtheta_4_2prime;%rad/mm

AG3x = (RG3x_primexR_dd22*1000+RG3x_2primex(r_dot)~2); %mm/s"2
AG3y = (RG3y_primexR_dd22*1000+RG3y_2primex(r_dot)”"2); %mm/s"2
RG5x = -R5xcos(theta_5_guess)-R6xcos(theta_6_guess);
RG5y = -R5xsin(theta_5_guess)-R6xsin(theta_6_guess);

RG5x_prime = R5xksin(theta_5_guess)*xtheta_5_prime+R6xsin(theta_6_guess)xtheta_6_prime;

RG5y_prime = —-R5xcos(theta_5_guess)xtheta_5_prime-R6xcos(theta_6_guess) ¢
xtheta_6_prime;

RG5x_2prime = R5%cos(theta_5_guess)*(theta_5_prime)~2+R5%sin(theta_5_guess) ¥
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xtheta_5_2prime+R6xcos(theta_6_guess)*x(theta_6_prime)~2+R6xsin(theta_6_guess)v
*theta_6_2prime;

RG5y_2prime = R5ksin(theta_5_guess)*(theta_5_prime)~2-R5%cos(theta_5_guess) ¥
xtheta_5_2prime+R6xsin(theta_6_guess)x*(theta_6_prime)~2-R6xcos(theta_6_guess) v
xtheta_6_2prime;

AG5x = (RG5x_primexR_dd22x1000+RG5x_2primex(r_dot)”~2); %mm/s"2
AG5y = (RG5y_primexR_dd22*1000+RG5y_2primex(r_dot)”~2); %mm/s”2
AG3x_all = [AG3x_all,AG3x];
AG3y_all = [AG3y_all,AG3y];
AG5x_all = [AG5x_all,AG5x];
AG5y_all = [AG5y_all,AG5yl;

%DYNAMIC FORCE ANALYSIS
%LINK 9 AND 8
F19X = Cxr_dot/1000;
F18X = kx(R11-R22-Rs)/1000;

F19X_all
F18X_all

[F19X_all,F19X];
[F18X_all,F18X];

F28X
F29X
F82X
F92X

-F18X;
-F19X;
-F28X;
-F29X;

F28X_all
F29X_all

[F28X_all, F28X];
[F29X_all,F29X];

%SLINK 2
F12X
F12y

(IG2*xaccel_2-T12x1000)/(rho);
abs (F12X)/mu;

F12X_all
F12Y_all

[F12X_all,F12X];
[F12Y_all,F12Y];

F32

= m2xR_dd22 + F29X + F28X - F12X;
F32Y =

X
Y m2xg—-F12Y;

%SLINK 3

%POSITION AND CHANGE IN POSITION VALUES FOR LINK 3
R3X = R3xkcos(theta_3_guess);

R3Y = R3xsin(theta_3_guess);

R33X = -R33%cos(theta_33);

R33Y -R33%sin(theta_33);

R333X = -BCxcos(theta_3_guess+40.804/180xpi);
R333Y = -BCxsin(theta_3_guess+40.804/180%pi);

R4X = —R4xcos(theta_4_guess);
R4Y = —R4xsin(theta_4_guess);
R5X = -R5xcos(theta_5_guess);
R5Y = —R5%sin(theta_5_guess);
R6X = —R6xcos(theta_6_guess);
R6Y = -R6xsin(theta_6_guess);
F23X = -F32X;

F23Y = -F32Y;
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% SOLVE FOR F34X AND F34Y

ell = -R333X;

el2 = R333Y;

e2l1l = R4X;

e22 = -R4Y;

otl = IG3xaccel_3 + m3*(R333X*kAG3y-R333Y*AG3x)/1000 + R333Xkg*m3 — (R33XxF23Y-v¢
R33Y*xF23X);

ot2 = IG4xaccel_4;
determinant5 = (ellxe22) - (el2xe2l);

F34Y
F34X

((ot1l x e22) - (el2 x ot2)) / determinant5; %Smm/mm
((el11 x ot2) - (otl % e21)) / determinant5; %mm/mm

F43X
F43Y

~F34X;
~F34Y;

F53X
F53Y

m3*xAG3x/1000-F23X-F43X;
m3*xAG3y/1000-F23Y-F43Y+m3*q;

F35X
F35Y

-F53X;
-F53Y;

%LINK 4
F14X
F14Y

-F34X;
mdxg — F34Y;

%LINK 5
% SOLVE FOR F65X AND F65Y
f11 -2*xR5Y;
12 2*R5X;
21 R6Y;
22 -R6X;

ot3 IG5%accel_5 + m5%x(R5X*kAG5y—R5Y*AG5x) /1000 + R5Xkg*xm5 — (R5XkF35Y-R5Y*F35X);
ot4 IG6xaccel_6;
determinant6 = (fl1xf22) - (f12xf21);

F65X
F65Y
F56X
F56Y

((ot3 * f22) - (f12 % ot4)) / determinant6; %
((f11 * ot4) - (ot3 *x f21)) / determinant6
-F65X;

-F65Y;

.
’

%LINK 6
F16X
FleY

= —F56X;

= m6*xg—-F56Y;

%SOLVE FOR FP

theta_p = atan((m5%AG5y/1000+m5%g—F65Y-F35Y)/(m5%AG5x/1000—-F35X-F65X) )*180/pi;
FPX = m5%AG5x/1000-F35X-F65X;

FPY = m5%AG5y/1000-F35Y-F65Y + m5%g;

FP = sqrt(FPX~2+FPY"2);

%SOLVE FOR TANGENT OF FP
FpX_tan = Ut_XxFPX;
FpY_tan = Ut_YxFPY;

Fptan = FpX_tan + FpY_tan;
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%UPDATE AL
F14X_all
F14Y_all
F16X_all
F16Y_all
F23X_all
F23Y_all
F34X_all
F34Y_all
F35X_all
F35Y_all
F56X_all
F56Y_all
FPX_all

FPY_all

FP_all = [
FP_tanXall
FP_tanYall
Fp_tanall

%STATIC FO

%LINK
F18XS
F28XS
F82XS

%LINK
F19XS
F29XS
F92XS

%LINK
F12XS
F12YS

F32XS
F32YS

%LINK
F23XS
F23YS

gl2
g21
g22

ot5
ot6

determ
F43XS
F43YS
F53XS
F53YS

L VECTORS
[F14X_all,F14X];
[F14Y_all, F14Y];
[F16X_all,F16X];
[F16Y_all,F16Y];
[F23X_all,F23X];
[F23Y_all,F23Y];
[F34X_all, F34X];
[F34Y_all,F34Y];
[F35X_all, F35X];
[F35Y_all, F35Y];
[F56X_all, F56X];
[F56Y_all,F56Y];
[FPX_all, FPX];

[FPY_all, FPY];

FP_all,FP];

= [FP_tanXall, FpX_tan];
= [FP_tanYall,FpY_tan];

= [Fp_tanall,Fptan];

RCE ANALYSIS
F18X;

F28X;
—-F28XS;

111 oo

F19X;
F29X;
-F29XS;

I n i o

T12/-rhox1000; N
abs (F12XS/mu);

Innm~o

-F12XS -F82XS -F92XS;
m2xg - F12YS;

-F32XS;
-F32YS;

Inn w

0;
R333Xkm3%g—(R33XxF23YS-R33Y*F23XS) ;

inant7 = (g11%g22) - (g12%g21);

((ot5 * g22) - (gl2 * ot6)) / determinant7; %
((g11 x ot6) — (ot5 * g21)) / determinant?
-F43XS -F23XS;
m3*xg-F43YS —-F23YS ;
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%LINK 4
F34XS = —-F43XS;
F34YS = -F43YS;
F14XS = —-F34XS;
F14YS = md*xg-F34YS;
%LINK 5
F35XS = —-F53XS;
F35YS = -F53YS;
h1ll = R6Y;
hl2 = -R6X;
h21 = -2%R5Y;
h22 = 2xR5X;
ot7 = 0;
0t8 = R5Xxkm5%g—(R5X*«F35YS—R5YxF35XS) ;
determinant8 = (h11xh22) - (h12xh21);
F65XS = ((ot7 * h22) - (h12 % ot8)) / determinant8; %N
F65YS = ((h11 * ot8) - (ot7 * h21)) / determinant8; &N
%LINK 6
F56XS = —-F65XS;
F56YS = —-F65YS;
F16XS = —-F56XS;
F16YS = m6*g-F56YS;
%FP
FPXS = -F65XS -F35XS;
FPYS = m5%g-F65YS —-F35YS;

FPS = sqrt(FPXS~2+FPYS"2);
FPTANS = FPXSxUt_X + FPYSxUt_Y; %Tangent Component of the Force on Point P

%UPDATE ALL VECTORS

F12XS_all
F12YS_all
F18XS_all
F19XS_all
F28XS_all
F29XS_all
F82XS_all
F92XS_all
F23XS_all
F23YS_all
F34XS_all
F34YS_all
F14XS_all
F14YS_all
F35XS_all
F35YS_all
F56XS_all
F56YS_all
F16XS_all
F16YS_all

[F12XS_all,F12XS];
[F12YS_all,F12YS];
[F18XS_all,F18XS];
[F19XS_all,F19XS];
[F28XS_all,F28XS];
[F29XS_all,F29XS];
[F82XS_all, F82XS];
[F92XS_all,F92XS];
[F23XS_all,F23XS];
[F23YS_all,F23YS];
[F34XS_all,F34xXS];
[F34YS_all,F34YS];
[F14XS_all,F14XS];
[F14YS_all,F14YS];
[F35XS_all, F35XS];
[F35YS_all,F35YS];
[F56XS_all, F56XS];
[F56YS_all,F56YS];
[F16XS_all,F16XS];
[F16YS_all,F16YS];

FPXS_all = [FPXS_all,FPXS];
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FPYS_all = [FPYS_all,FPYS];
FPS_all = [FPS_all,FPS];
FPS_tanall = [FPS_tanall, FPTANS];

%EQUATION OF MOTION
%CHANGE IN KINETIC ENERGY

A2 = IG2x1000x(theta_2_prime)”~2 + m2;

A3 = IG3%1000x(theta_3_prime)~2 + m3*((RG3x_prime)~2 + (RG3y_prime)~2);
A4 = IG4x1000x(theta_4_prime)~2;

A5 = IG5%1000%(theta_5_prime)”2 + m5%((RG5x_prime)~2 + (RG5y_prime)~2);

A6 = IG6x1000x(theta_6_prime)~2;
Asum = A2 + A3 + A4 + A5 + A6; %Equivalent Mass Moment of Inertia
Asum_all = [Asum_all,Asum]l; %

B2 = IG2xtheta_2_primextheta_2_2primex(1000)"2;

B3 = IG3xtheta_3_primextheta_3_2primex(1000)°2 + m3%(RG3x_primexRG3x_2prime +v¢
RG3y_primexRG3y_2prime)*1000;

B4 = IG4xtheta_4_primextheta_4_2primex(1000)"2;

B5 = IG5xtheta_5_primextheta_5_2primex(1000)~2 + m5%(RG5x_primexRG5x_2prime +v¢
RG5y_primexRG5y_2prime)*1000;

B6 = IG6xtheta_6_primextheta_6_2primex(1000)"2;

Bsum = B2 + B3 + B4 + B5 + B6;

Ttot = AsumxR_doubledot_22 + Bsumx(r_dot/1000)"2;

%CHANGE IN POTENTIAL ENERGY

Us = k *x ((R11-R22)-Rs)/1000; =N

Ug = m3*g*RG3y_prime + m5*xg*xRG5y_prime;
Utot = Us + Ug;

SWORK DUE TO EXTERNAL FORCES
Wf = F12Xx1;

%POWER EQUATION
P = Ttot + Utot + Wf;

%TANGENT FORCE
Fp_power_tan = (T12x(theta_2_prime)-P) / Rp_prime;

%PERCENT CONTRIBUTION

T_perc = abs(Ttot)/(abs(Ttot) + abs(Ug) + abs(Us) + abs(Wf));
U_perc = abs(Utot)/(abs(Ttot) + abs(Ug) + abs(Us) + abs(Wf));
Wf_perc = abs(Wf)/(abs(Ttot) + abs(Ug) + abs(Us) + abs(Wf));

%UPDATE VECTOR
Fp_power_tan_all = [Fp_power_tan_all,Fp_power_tan];

end

%BTABULATED VALUE S%%%5%%%%%5%%% %% % %% %% %6 %% %6 %6 %6 5%6%6 %656 %6 %6%6 %6 %6656 %6 %656 %6566 %6 %6666 %6696 %656 %6 %6566 %6 %6 %6566 %6 %66 %6 %6 %666 %6 %%
%6%6%6°6%6%6 D) YN AM T (9%6%%6% %% %6576 %76 5676 566567656 656666666676 6765676 5665676 567666666 6666666656656 656765676566 56°6°6°6°6 666666666
fprintf('R22: Actuator Force Spring Force:\n')

fprintf('mm N  N\n')

for x = 1:25:751
fprintf('%6.2f %6.2f %6.2f \n',R22all(x),F19X_all(x),F18X_all(x));
end
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fprintf('\n")

fprintf(' R22: F12X: F12Y: F23X: F23Y:\n')

fprintf(* mm N N N N\n')

for x = 1:25:751

fprintf('%5.1f %6.0f %6.0f %6.2f %6.2f \n',R22all(x),F12X_all(x),F12Y_all(x),F23X_all¥
(x),F23Y_all(x));

end

fprintf('\n")

fprintf(' R22: F16X: F16Y: F56X: F56Y:\n")

fprintf (" (mm) (N) (N) (N) (N) \n')

for x = 1:25:751

fprintf('s5.11%9.21%9.21%10.21%8.2f \n',R22all(x),F16X_all(x),F16Y_all(x),F56X_all¥
(x),F56Y_all(x));

end

fprintf('\n'")

fprintf(' R22: F43X: F43Y: F53X: F53Y: \n')

fprintf(' (mm) (N) (N) (N) (N) \n'")

for x = 1:25:751

fprintf('%5.11%9.21%9.21%10.2f%10.2f \n',R22all(x),-F34X_all(x),-F34Y_all(x),-F35X_allv
(x),-F35Y_all(x));

end

fprintf('\n")

fprintf(' R22: F14X: F14Y: FPX: FPY: FP(tangential): \n')

fprintf(' (mm) (N) (N) (N) (N) (N)\n")

for x = 1:25:751

fprintf('%5.11%10.27%10.21%10.2%10.21%10.2f \n',R22all(x),F14X_all(x),F14Y_all(x),«

FPX_all(x),FPY_all(x),Fp_tanall(x));
end

000000 ©.0000000000000000000000000000000000000000000000000000000000000000000000000000
%6%%%%%S TAT I (%%%%%%% %% %% %% %% %% %% %6 %% %% %6 %6 %6 %6 %6 %6 %6 %6 %6 % %6 % %6 % %6 % %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 %6 % %696 %6 %6 %6 %6 %6 %6 %6 %% %6 %6 %6 %6 %6 %6 %6 %6 %6 %%
")

fprintf('\n

fprintf('R22: Actuator Force: Spring Force:\n')

fprintf('mm N  N\n')

for x = 1:25:751

fprintf('%5.1f %6.2f %6.2f \n',R22all(x),F19XS_all(x),F18XS_all(x));
end

fprintf('\n")

fprintf(' R22: F12X: F12Y: F23X: F23Y:\n')

fprintf(* mm N N N N\n')

for x = 1:25:751

fprintf('%5.1f %6.0f %6.0f %6.2f %6.2f \n',R22all(x),F12XS_all(x),F12YS_all(x), ¥
F23XS_all(x),F23YS_all(x));

end

fprintf('\n")

fprintf(' R22: F16X: F16Y: F56X: F56Y:\n"')
fprintf (" (mm) (N) (N) (N) (N) \n')
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for x = 1:25:751

fprintf('%5.11%9.21%9.21%10.21%8.2f \n',R22all(x),F16XS_all(x),F16YS_all(x),F56XS_allv
(x),F56YS_all(x));

end

fprintf('\n"')

fprintf(' R22: F43X: F43Y: F53X: F53Y: \n")

fprintf(' (mm) (N) (N) (N) (N) \n')

for x = 1:25:751

fprintf('%5.11%9.21%9.21%10.2%10.2f \n',R22all(x),-F34XS_all(x),-F34YS_all(x),-v¢
F35XS_all(x),-F35YS_all(x));

end

fprintf('\n")

fprintf(' R22: F14X: F14Y: FPX: FPY: FP(tangential): \n')

fprintf (' (mm) (N) (N) (N) (N) (N)\n")

for x = 1:25:751

fprintf('%5.17%10.21%10.21%10.21%10.2f%10.2f \n',R22all(x),F14XS_all(x),F14YS_all(x),¥
FPXS_all(x),FPYS_all(x),FPS_tanall(x));

end

0.0.0.0.0.0 0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0
%%%%%SEQUATION OF MOT I ON%%%%%%%%%%%%% %% % %% % %% % %% % %% % %6 %% %6 %% %% % %66 % %6 %% %6 %% %6 %6 % %6 %% %6 %% %6 %% %6 %% % %%

fprintf('\n")

fprintf(' R22: Equivalent Mass Moment of Inertia:\n')
fprintf(* (mm) kg\n')

for x = 1:25:751

fprintf('%5.1f %10.2f \n',R22all(x),Asum_all(x));
end

(o)

%PLOT ACTUATOR FORCE AGAINST THE INPUT POSITION OF R22
figure

plot(R22all,F19X_all)

xlabel('Length of Input Link — R22 (mms)')
ylabel('Actuator Force (N)')

title('Actuator Force vs. Length of Input Link')

%PLOT SPRING FORCE AGAINST THE INPUT POSITION OF R22
figure

plot(R22all,F18X_all)

xlabel('Length of Input Link — R22 (mms)')
ylabel('Spring Force (N)")

title('Spring Force vs. Length of Input Link')

%PLOT F12

figure

plot(R22all,F12X_all,R22all,F12Y_all)
xlabel('Length of Input Link — R22 (mms)')
ylabel('Force (N)"')

legend('F12X', "F12Y")

title('X and Y components of F12 Reaction Force')

%SPLOT F32
figure
plot(R22all,-F23X_all,R22all,-F23Y_all)



12/1/16 10:26 AM /Users/elenah.../Helvajian_Lab3_ME352.m 16 of 19

xlabel('Length of Input Link — R22 (mms)')
ylabel('Force (N)")

legend('F32X"', "F32Y")

title('X and Y components of F32 Reaction Force')

%PLOT F34

figure

plot(R22all,F34X_all,R22all,F34Y_all)
xlabel('Length of Input Link — R22 (mms)"')
ylabel('Force (N)')

ylim([0 15000])

legend('F34X", "F34Y")

title('X and Y components of F34 Reaction Force')

%PLOT F14

figure

plot(R22all,F14X_all,R22all,F14Y_all)
xlabel('Length of Input Link - R22 (mms)')
ylabel('Force (N)")

legend('F14X"', 'F14Y")

title('X and Y components of F14 Reaction Force')

%PLOT F35

figure

plot(R22all,F35X_all,R22all,F35Y_all)
xlabel('Length of Input Link - R22 (mms)")
ylabel('Force (N)"')

legend( 'F35X"', 'F35Y")

title('X and Y components of F35 Reaction Force')

%PLOT F56

figure

plot(R22all,F56X_all,R22all,F56Y_all)
xlabel('Length of Input Link — R22 (mms)')
ylabel('Force (N)")

legend('F56X', "F56Y")

title('X and Y components of F56 Reaction Force')

%PLOT F16

figure

plot(R22all,F16X_all,R22all,F16Y_all)
xlabel('Length of Input Link - R22 (mms)')
ylabel('Force (N)")

legend('F16X"', 'F16Y")

title('X and Y components of F16 Reaction Force')

%PLOT FP

figure

plot(R22all,FPX_all,R22all,FPY_all)
xlabel('Length of Input Link — R22 (mms)')
ylabel('Force (N)"')

legend('FPX', "FPY")

title('X and Y components of FP External Force')

%PLOT FP TAN

figure

plot(R22all,Fp_tanall)

xlabel('Length of Input Link — R22 (mms)')
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%6%%%%STATIC

ylabel('Force (N)")
title('Tangent component of FP External Force')

%STATIC: PLOT ACTUATOR FORCE AGAINST THE INPUT POSITION OF R22
figure

plot(R22all,F19X_all)

xlabel('Length of Input Link — R22 (mms)')

ylabel('Actuator Force (N)')

title('Static: Actuator Force vs. Length of Input Link')

%PLOT SPRING FORCE AGAINST THE INPUT POSITION OF R22
figure

plot(R22all,F18X_all)

xlabel('Length of Input Link — R22 (mms)')
ylabel('Spring Force (N)")

title('Static: Spring Force vs. Length of Input Link')

%PLOT F12S AGAINST THE INPUT POSITION OF R22
figure

plot(R22all,F12XS_all, R22all,F12YS_all)
xlabel('Length of Input Link — R22 (mms)')
ylabel('Force (N)")

legend('F12X"', 'F12Y")

title('Static: F12 vs. Length of Input Link')

%PLOT F14S

figure

plot(R22all,F14XS_all,R22all,F14YS_all)

xlabel('Length of Input Link — R22 (mms)')

ylabel('Force (N)")

legend('F14X", "F14Y")

title('Static: X and Y components of F14 Reaction Force')

%PLOT F16S

figure

plot(R22all,F16XS_all,R22all,F16YS_all)

xlabel('Length of Input Link - R22 (mms)"')

ylabel('Force (N)")

legend('F16X", 'F16Y")

title('Static: X and Y components of F16 Reaction Force')

%PLOT F32S

figure

plot(R22all,-F23XS_all,R22all,-F23YS_all)

xlabel('Length of Input Link — R22 (mms)')

ylabel('Force (N)")

legend('F32X"', 'F32Y")

title('Static: X and Y components of F32 Reaction Force')

%PLOT F23S

figure

plot(R22all,F23XS_all,R22all,F23YS_all)

xlabel('Length of Input Link — R22 (mms)"')

ylabel('Force (N)')

legend('F23X"', "F23Y")

title('Static: X and Y components of F23 Reaction Force')
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%PLOT F34S

figure

plot(R22all,F34XS_all,R22all,F34YS_all)

xlabel('Length of Input Link - R22 (mms)')

ylabel('Force (N)")

ylim([0 15000])

legend( 'F34X"', 'F34Y")

title('Static: X and Y components of F34 Reaction Force')

%PLOT F43S

figure

plot(R22all,-F34XS_all,R22all,-F34YS_all)

xlabel('Length of Input Link — R22 (mms)')

ylabel('Force (N)")

ylim([-15000 0])

legend('F43X"', "F43Y")

title('Static: X and Y components of F43 Reaction Force')

%PLOT F53S

figure

plot(R22all,-F35XS_all,R22all,-F35YS_all)

xlabel('Length of Input Link — R22 (mms)')

ylabel('Force (N)")

legend('F53X"', "F53Y")

title('Static: X and Y components of F53 Reaction Force')

%PLOT F35S

figure

plot(R22all,F35XS_all,R22all,F35YS_all)

xlabel('Length of Input Link — R22 (mms)')

ylabel('Force (N)")

legend('F35X", "F35Y")

title('Static: X and Y components of F35 Reaction Force')

%PLOT F56S

figure

plot(R22all,F56XS_all,R22all,F56YS_all)

xlabel('Length of Input Link - R22 (mms)"')

ylabel('Force (N)")

legend('F56X", "F56Y")

title('Static: X and Y components of F56 Reaction Force')

%PLOT F65S

figure

plot(R22all,-F56XS_all,R22all,-F56YS_all)

xlabel('Length of Input Link — R22 (mms)')

ylabel('Force (N)")

legend('F65X', "F65Y")

title('Static: X and Y components of F65 Reaction Force')

%PLOT FPXS AND FPYS

figure

plot(R22all, FPXS_all,R22all,FPYS_all)

xlabel('Length of Input Link — R22 (mms)"')

ylabel('Force (N)')

legend('FPX', 'FPY")

title('Static: X and Y components of FP Reaction Force')
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%PLOT FPS

figure

plot(R22all,FPS_all)

xlabel('Length of Input Link - R22 (mms)')

ylabel('Point P Force (N)")

title('Static: Force at Point P vs. Length of Input Link")

%PLOT TANGENT OF FPS

figure

plot(R22all,FPS_tanall)

xlabel('Length of Input Link — R22 (mms)')

ylabel('Tangent Force of Point P (N)")

title('Static: Tangent Force at Point P vs. Length of Input Link')

%PLOT TANGENT OF FP FROM EOM

figure

plot(R22all, Fp_power_tan_all)

xlabel('Length of Input Link — R22 (mms)')

ylabel('Tangent Force of Point P (N)')

title('EOM: Tangent Force at Point P vs. Length of Input Link')



