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ABSTRACT

Theo Jansen mechanism is gaining wide spread popularity among researchers
on legged robotics due to its scalable design, energy efficiency and deterministic foot
trajectory. Presently research is being conducted on Jansen’s linkage as it gives an
alternative to using wheels in uneven surfaces. Many researchers have done analysis
on this mechanism using many methods, but in this work complex algebraic method is
used, which is easy to understand and for the scope of easy manipulation. The use of
complex numbers makes it possible to consider not only angles and distances, as
rotations of cranks or translations of sliders, but also vectors, to express analytically
the arbitrary motions of points in a plane. Hence in the present work kinematic
analysis (i.e position, angular velocity and angular acceleration of every link) of the
two legged planar Jansen mechanism is performed using complex Algebraic method

and further MATLAB CODE is developed for simulation of the mechanism.

The angular displacement, angular velocity and angular acceleration are
evaluated for all the links of the mechanism for one complete cycle of input link. The

veracity of the method is verified by graphical approach.
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NOMENCLATURE

For left & right leg:
a = length of link1 (m)
b = length of link2 (m)
¢ = length of link3 (m)
d = length of link4 (m)
e = length of link5 (m)
f = length of 1ink6 (m)
g = length of 1link7 (m)
h = length of link10 (m)
1 = length of link11 (m)
j = length of link12 (m)
k = length of link8 (m)

= length of link9 (m)
8; = Angular position of link ‘i’ with respect to x-axis (degrees)
;= Angular velocity of link ‘1" (rad/s)

« — Angular acceleration of link ‘i’(rad/s?)
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CHAPTER 1



1. INTRODUCTION
1.1 Introduction to Theo-Jansen’s mechanism

The Jansen  mechanism is a  one degree-of-freedom, planar,  8-link, leg

mechanism designed by the Dutch kinetic sculptor Theo Jansen to simulate a smooth

walking motion. It was created during his works of fusion of art and engineering, and
the history of the linkage development and invention is described in his study [1].
This linkage. depicted in Figure 1, has three independent loops and consists of six
binary links, one ternary link, and a coupler link with seven revolute joints. Out of
seven revolute joints four are binary type and three ternary type joints. Jansen's
linkage bears artistic as well as mechanical merit for its simulation of organic walking
motion using a simple rotary input. Jansen has used his mechanism in a variety of
kinetic sculptures which are known as Strandbeests [2]. It can be used in mobile
robotic applications and in gait analysis. Shunsuke Nansai et al., [3] presented
dynamic analysis of a four legged Theo Jansen link mechanism using projection
method that results in constraint force and equivalent Lagrange’s equation of motion
necessary for any meaningful extension and/or optimization of this niche mechanism.
Numerical simulations using MaTX is presented in conjunction with the dynamic
analysis. This research sets a theoretical basis for future investigation into Theo
Jansen mechanism. A. Aan and M. Heinloo [4] presented the results of kinematic and
dynamic calculations of Theo Jansen’s walking linkage on the worksheet of Mathcad.
To validate the kinematic calculations, a video clip with simulation of the motion of
Theo Jansen’s mechanism is composed. The synthesis of a flywheel for Theo Jansen’s

linkage input link to decrease the fluctuation in its rotation is considered in detail.
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Figure-1.1: Theo-Jansen’s Linkage

Theo Jansen mechanism is gaining wide spread popularity among legged robotics
researchers due to its scalable design, energy efficiency, bio-inspired locomotion,
deterministic foot trajectory. Based on the Iiteratures reviewed it has been observed
that presently research is being conducted on Jansen’s linkage as it gives an
alternative to using wheels in uneven surfaces, Very few works have been done on
Kinematic and Dynamic analysis of Jansen’s linkage Although researchers [3-10]
have done analysis on jansen’s mechanism, they have used matrix method, bond
graph approach, projection method etc. Many researchers [11-15] have apphed

algebraic approach to analyze different mechanisms

Hence an attempt 15 made in this work to do the kinematic analysis of two legged
Jansen's mechanism using complex algebraic approach [16], which 15 casy 1o
understand and for the scope of easy manmipulation The use of complex numbers
makes it possible to consider not only angles and distances, as rotations of cranks or
translations of shiders, but also vectors, to express analytically the arbitrary motions of
points in a plane [17] The kinematic analysis determines the trajectones of vanous
points on the mechanism including the foot point trajectory in the chassis reference

frame It 15 advantageous that the leg system maximize the amount of time that a foot



spends - contact wath the ground (step length) to increase stability throughout the

gait [10] In order to be energy efficient, the walker must maximize the distance

OV - S ANeTroV > . '
moved per unit of energy lost. Increasing the stride/step length will help accomplish

t S * SO Y ~ VS AU a : > . e
his because cach locomotive cycle will result in more forward movement The step

height should be hugh enough to step over minor inc
to prevent foot dragging,

onsistencies i the terram in order

Thus the vanation in step length and step height with change in stationary link length
and crank radius is also evaluated and presented in this work. The simulation of the

above mechanism is also carried out by writing a MATLAB code.

196

(B

Figure-1.2: Angular position of links for a crank angle of 60° for two-legged

Theo-Jansen’s mechanism.



Table-1.1

Link lengths in Jansen's leg mechanism [ 18]

Link Link length (m) Link Length in proportion
to crank length
L?nk- a 0.15 3.5971
L;nk- b (CRANK) 0.0417 1.00
Link- ¢ 0.2033 4.8752
Link- d 0.1141 2.7362
Link- e 0.1141 2.7362
Link- 0.1141 2.7362
Link- g 0.2033 4.8752
Link- h 0.0997 2.3908
Link- 1 0.1077 2.5827
Link- j 0.10 2.3980
Link- k 0.268 6.4268
Link- | 0.20 4.7961
"
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Figure-1.3: Notations of two legged Theo-Jansen’s mechanism



l'o design the legged walking mechanism, shown in figure 1.3, O, A serves as an input
link and DEF serves as the foot-link with F as the tracer point in both the legs In our
design, hink 0,0, is fixed. The Mechanism is designed such that the trajectory of the
tracer point is an ovoid, as shown in figure 1.3, for two reasons: (1) the ovoid path
enables the walking mechanism to step over small obstacles without significantly
raising its body or applying an additional DOF motion and, (2) it can also minimize
the slamming effect caused by the inertia forces during walking. The path of the tracer
point is composed of two portions during each step. The first portion is the propelling
portion, between Fiand F,. Where the tracer point, F is in contact with the ground.
The second portion is the returning portion, where the tracer point F is not in contact
with the ground. The distance between F, and F, is the stride length, which is
proportional to the step length, and the height H is the maximum height of an obstacle
that the walking machine can step over. Not that the stride length F,F; is different
from the step length in that during the design, the “Hip” is fixed and the stride length
is propelling distance of the “Hip” in actual walking, while the step length is the
distance between two subsequent contact points of foot, and the ground. However, the
stride length and the step length are linear proportional, i.e., a longer stride length
leads to a longer step length.

1.2 Degrees of freedom for two legged Theo-Jansen’s mechanism:

F=3(n-1)-2j-h
Where n=number of links,
j= number of binary joints
h=number of higher pairs
F=3(14-1)-2*19-0
F=1



CHAPTER 2



2. INTRODUCTION TO MATLAB

2.1 What is MATLAB?

MATLAB is widely used in all areas of applied mathematics, in education and
research at universities, and in the industry. MATLAB stands for MATrixLLABoratory
and the software is built up around vectors and matrices. This makes the software
particularly useful for linear algebra but MATLAB is also a great tool for solving
algebraic and differential equations and for numerical integration. MATLAB has
powerful graphic tools and can produce nice pictures in both 2D and 3D. It is also a
programming language, and is one of the easiest programming languages for writing
mathematical programs. MATLAB also has some tool boxes useful for signal

processing, image processing, optimization, etc.
Table 2.1: MATLAB commands

Operation, function or MATLAB
constant command

+ (addition) +

- (subtraction) -
€ (multiplication) i
/ (division) /
x| (absolute value of x) abs (x)
square root of x sqrt (x)
e’ exp (x)
In x (natural log) log (x)
logo x (base 10 log) 10g10 (x)
sin X sind (x)
COS X cosd (x)
tan x tand (x)
cot x cotd (x)
arcsin x asind (x)
arccos x acosd (x)
arctan x atand (x)
arccot x acot (x)
n' (n factorial) gamma (n+1)



(271828 ) —
(314159265 ) Pi

Label the horizontal

axis. xlabel (*text ")

Label the vertical axis. ylabel ('text')

Attach a title to the

plot. title('text"')

Change the limits on

the x and y axis. axis([xminxmaxyminymax])

"Keep plotting in the

same window." HOHE an
Turn off the "keep-
plotting-in-the-same- hold off

window-command".

2.2 The MATLAB environment

The MATLAB environment (on most computer systems) consists of menus,
buttons and a writing area similar to an ordinary word processor. There are plenty of
help functions that you are encouraged to use. The writing area that you will see when
you start MATLAB is called the command window. In this window you give the
commands to MATLAB. For example, when you want to run a program you have
written for MATLAB you start the program in the command window by typing its
name at the prompt. The command window is also useful if you just want to use
MATLAB as a scientific calculator or as a graphing tool. If you write longer
programs, you will find it more convenient to write the program code in a separate

window, and then run it in the command window.

2.3 Vectors and matrices in MATLAB

Matrices can be created according to the following example

1 2 3
4 5 6

ThematrixA”[7 8 9] is created by typinga= (1 2 3; 4 5 07 78 9],

Rows are separated with semi-colons,



2.4 How to plot with MATLAB

There are different ways of plotting in MATLAB. The following two techniques,
illustrated by examples, are probably the most useful ones.

Example /. Plot sin(x*) on the interval [-5,5]. To do this, type the following;

x=-5:0.01:5:

v=sin(x."2);

plot(x.y)

Example 2: Plot exp(sin(x)) on the interval [-0,0]. To do this, type the following:
x=linspace(-pi,pi,101);

v=exp(sin(x));

plot(x,y)
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3. LITERATURE REVIEW
3.1 Literature review:

[1] Jansen T. The great pretender. Rotterdam: 010 Publishers, 2007
Dutch kinetic sculptor Theo Jansen to simulate a smooth walking motion created this
mechanism during his works of fusion of art and engineering, and the history of the

linkage development and invention is described in his study.

[2] T. Jansen, Strandbeest, Website, 2014. http://www.strandbeest.com/>.

Jansen has used his mechanism in a variety of kinetic sculptures which are known

[3] ShunsukeNansai, Mohan Rajesh Elara, and Masami Iwase. Dynamic analysis and
modeling of Jansen mechanism. Procedia Engineering, 2013, 64;1562-71

He presented dynamic analysis of a four legged Theo Jansen link mechanism using
projection method that results in constraint force and equivalent Lagrange’s equation
of motion necessary for any meaningful extension and/or optimization of this niche
mechanism. Numerical simulations using MaTX is presented in conjunction with the

dynamic analysis. This research sets a theoretical basis for future investigation into

Theo Jansen mechanism.

[4] A. Aan and M. Heinloo . Analysis and Synthesis of the Walking Linkage of Theo
jansen with a flywheel-Agronomy Research, 2014, 12(2), 657-662.

They presented the results of kinematic and dynamic calculations of Theo Jansen’s
walking linkage on the worksheet of Mathcad. To validate the kinematic calculations,
a video clip with simulation of the motion of Theo Jansen’s mechanism is composed.
The synthesis of a flywheel for Theo Jansen’s linkage input link to decrease the

fluctuation in its rotation 1s considered in detail.

[5] LalitPatnaik&LoganathanUmanand. Kinematics and dynamics of Jansen leg

mechanism: A bond graph approach. Simulation modelling practice and

theory(Elsevier), 2016, 60, 160-169.



Here, the forward kinematics, accomplished using circle intersection method,
determines the trajectories of various points on the mechanism in the chassis
(stationary link) reference frame. From the foot point trajectory, the step length is
shown to vary linearly while step height varies non-linearly with change in crank
radius. A dynamic model for the Jansen leg mechanism is proposed using bond graph

approach with modulated multiport transformers.

[6] Dileepkumar P, KINEMATIC AND DYNAMIC ANALYSIS OF JANSEN’S 8
LINK MECHANISM BY COMPLEX ALGEBRA” M.Tech project-2017, ANITS.
He has done kinematic and dynamic analysis of Jansen’s mechanism (Left leg) by

complex algebraic method.

3.2 Scope of the Present Work:
Based on the literatures reviewed, it has been observed that previous works on

Jansen’s mechanism were being carried out using matrix method and bond graph
approach. The algebraic method has its advantages over other methods for kinematic
analysis; the use of Complex Algebra makes it possible to consider not only angles
and distances, as rotations of cranks or translations of sliders, but also vectors, to
express analytically the arbitrary motions of points in a plane. Thus in our present
work Algebraic method is being used to do kinematic analysis of Two-legged Theo-

Jansen’s mechanism and further code is developed to perform simulation of the

mechanism.
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4. KINEMATIC ANALYSIS OF LEFT LEG

Here the complex Algebra is used for vectors to develop and derive the equations for
angular positions of linkages. From figure (4.1) cach loop has been analysed as

follows.

4.1 POSITION ANALYSIS OF LEFT LEG :

8.
B

\BT
g
[\

R

Figure 4.1 The vector loopO;ABO,

4.1.1 The vector loop of O;ABO; is R{+R,;R;:R=0

Substitute the complex number notation for the vector in above equation, denoting

their scalar lengths asO,0, =a,0,A = b,AB = ¢,BO, =das shown in figure (4.1).

ae'™ +be"” +ce"™ +de™ =0

Separating the real and imaginary parts in eq (4.1), the real partis
acosO +bcosO, +ccos, +dcos8, =0
The imaginary part 1s

asin®, +bsinb, +csin6; +dsn6, =0

3ut the angle made by the fixed link is 0° therefore by substituting®, =0’

neq(4.2) and (4.3) we get,

15



a+bcos6, +ccos®, +dcos®, =0 (4.4)
bsin®, +csin®, +dsin0, =0 (45)
eliminating — 6, From the above equations (4.4) & (4.5) we get

—dcosf, =a+bcos0, +ccos0, . (46)
~dsin6, =bsin6, +c¢sinb, v (A7)

Squaring and adding the above equations (4.6) & (4.7)

d* =a’ + b’ +c” +2abcosB, +2bccos O, cosh, + 2accos O, + 2bcsin, sin O,

d-a’-b’-¢’ a a L
Shc _;cos()z+costcosO3+Ecos(93+sm9251n93 e (48)
2_ .2 R2_ a2
Let klzﬁ,kzzﬁ,kﬁd a’-b>—c
C b 2bc

Substituting kq,kz k3 in eq (4.8) we get

k, =k, cos8, +k, cos 6, +(cos6, cos6; +sinb, sinf,) (4.9)
1-tan’ % 2tan[9—3)
. 2) . 2) . 49
By substitutingcos 0, = ——— =<, SI Oy=——7p M eq (4.9)
1+tan2( 3] 1+tan2(53j
0 8 ).cco (4.10)
Atan’| =2 |+Btan| = [+C=0
2 2
By solving the above quadratic equation (4.10) we get
- B+ B -4AC &1
0, =2tan A

Similarly for6,, we get

16



_F+ 2_
4=21an"( E+VE 4DF] L (412)

2D

4.1.2 The vector loop of ABO,Eis R;+R+R¢+R7=0

Figure 4.2 The vector loopABO,E

The vector loop ABO,Eis R;+R4+R¢+R7=0

Substitute the complex number notation for the vector in above equation, denoting

their scalar lengths asO,E =f,AE = g, AB = ¢,BO, = d as shown in figure,

ce™ +de +fe +ge" =0 . (4.13)
Separating the real and imaginary parts in eq (4.13), the real part is

ccosB, +dcos6, +fcosO, +gcosh, =0 e (414)

The imaginary part 1s
csinB, +dsin0, +fsinB, +gsin0, =0 e (4015)
M, =ccosB, +dcosb,

M, =csin6, +dsin0,

17



M, +fcosO, +gcos, =0

M, +1sin0, +gsin®, =0

eliminating — 0, From the above cquations (4.16) & (4.17) we get

—200s0, =M +fcos0,

—gsinb, =M, +fsin0,

Squaring and adding the above equations (4.18) & (4.19)

g =M] +M; +f242f(M, cos, +M,sin6,)

g’ M -M? - f?
2f

M, cos6; +M, sin6, =

P_ﬁ—Mﬂmﬁ—V
=
of

P, =M, cos6, + M, sin6,

1 - tan? [G-GJ
2
6

By substitutingcos 6, = ———<, sinf, =
1+ tan’ [ j

2

We get, G tanz(%JﬂkHtan(e—;JH =0

G=P+M,
H = -2M,
=P -M,

2tan(e6)
2

1+tan? (gj
2

By solving the above quadratic equation (4.21), we get

A PN

2G

0 =2tan’’ [[]i\/ITZMG J

18
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(4.17)

(4.18)

.. (4.19)
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..(421)



Stnlardy ot we get

A

0 ‘u..ut K VK Am]

4.1.3 The veetor loop EDCOyisRe R R, FR =0

¢ AN
vOo
A 9() . V‘\\
Rl() 'S \ ()2
Rs
- 95 R6
D
« N ‘ O
i »
’ E

Figure 4.3 The vector loopEDCO,

(4.23)

Substitute the complex number notation for the vector in above equation, denoting

their scalar lengths as O,E = f,CD = ¢,DE = h,0,C = jas shown in figure

fe' + je" +ee"™ +he'™ =0

Separating the real and imaginary parts in eq (4.13), The real part is

fcosO, +jcos0,, +ecosO,+hcosf, =0
I'he imaginary part 1s

fsin® + jsinB, +esinO, +hsind, =0
N, =fcos_ +jcos0

N, = fsin0, +ysmo,,

19
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Where, 0= 60+0,

N, +ecost +heosO, = ()

(427)
N, +esinb,+hsing, =0 (428)
e himinating — 0,
From the above equations (4.27) & (4.28) we get
—ecost; =N, +hcos, (4.29)
—esinf; =N, +hsin0, (4.30)
Squaring and adding the above equations (4.29) & (4.30)
e’ =N +NI+h? +2h(N, cos®, +N, sin6,)
. e’ ~N? - N? —p?
N, cos8; + N, sinf, = L2
2h
e’ - N} -N2-h’
ql = ')h
q, = N, cos6, + N, sin6, e (431)
l—tanz[g"j 2tan[%"j
By substituting cos 6, = ———-<, sin 6, = T
1+tan2[§J 1+tan2(‘gj
2 2
2 eb 66
We get, Jtan B +K tan Y +L=0......(432)
J =q, +N,
K = -2N,
L =q, - N.

By solving the above quadratic equation (4 32), we get

20



K+VK* 41 )

an ' 13
()Q:Zlan{ . | (4 33)

Similarly for 0,, we get

~Y 4 y2 i
0. = 2tan JIER 4X7
2X

(4 34)
4.2 VELOCITY ANALYSIS OF LEFT LEG:

4.2.1 Velocity of the vector loop of 0,ABO,

8,
B
| 2 D Ra
A
B3
' *
Ra 4 A
/ Rz
/
/
| g,
01 Ol

Figure 4.4 The vector loopO,ABO,

Differentiating position equation (4.1) of first loop to get the velocity expression

bw,ie +cam,ie™ +da,ie™ =

e (4.35)
Separating the real and imaginary parts in eq (4.35), The real partis
bw, cos0, +co, cos 6, + dw, cosh, =0 (4.36)
The imaginary part is
bw, sin6, + co, sin@, + dw, sinB, =0 . (4.37)
Multiplying eq (4.36) with sin0, and ¢q (4.37) with cos0, we get,
bw, sinB, cos 0, +com, sin 6, cost, +dwm, sin6, cosH, =0 . (4.38)
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5. cos 0 _
b, €058, SINO, + 0o, o5, 5in g, 4 dor, cos0, sino, (4 39)

Subtracting the above equations, we pet

¥ ) C) e &
bo, (SinB; cos®, ~cos6, sing, ) 4 €O (S0, cos 0, ~cos,sin0,) -0 (440)

ba, (sin(6, -6, )) + 0, (sm(e‘ -0, )) =0
By solving above equation (4.40). we get

B bo. (sin(6, -6, ))
oe(sm(e,-8) . (4.41)

(G

Similarly for @,

i) (442)
C o d(sim(e,-e,)) e .

4.2.2 Velocity of vector loop equation for ABO,E

Rs

Figure 4.5 The vector loopABO,E

Differentiating position equation (4.13) of second loop to get the velocity expression

22



. : 10 .
C(J)‘lemz +d(!)4|el 1 +f(l)(‘le")' +g(l)-|‘e'n- - 0

Separating the real and imaginary parts in €q (4.43), the real part is
co, cos0; +dm, cos0, + fim, cog 05+ 2o, cos0, = 0

The imaginary part

co,sin8; +do, sin@, 4 fo, sing, + g0, sinQ, = ()

Multiplying eq (4.44) with sin6, and eq (4.45) with cos0, we get

co, sin 0, c0s 0, + da, sin @, cos 0, +fo sing, c0s0, + go, sin 0, cosO, =0

e, 06,50, +dw, cos 8,sin0, +fo cos0 sin 0, +go, cos0,sin0, =0 .,

Subtracting the above equations, we pet

co;(sin8; cos6, — cos, sin6, )+ do, (sin®, cos®, - cos, sin 6,)
+o, (sind; cosb, - cos, sin 6,)+ 2w, (sin6, cos®, - cos 0,sin6,)=0

co,sin(6; -6,)+do, sin(6, -0, )+ fo, sin(6; -6,)
By solving above equation (4.48), we get

_ co,sin(6; -6, )+daw, sin(6, -96,)
B f *sin(@, —6,)

©,

6

Similarly forw,,

o, = C0:5in(6; -6, ) +do, sin(6, -6,
)=

f*sin(66—97) S

23
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4.2.3 Velocity of vector loop equation for |

DCO,
¢ ¥
YBIU
N I,
R N
‘Cs 0
Rs
had e5 Rs
D .
Re TS
E

Figure 4.6 The vector loopEDCO,

Differentiating position equation (4.24) of third loop to get the velocity expression

ew e +fo ie™ +ho,ie®™ + jo,ie™ =0

Separating the real and imaginary parts in eq (4.51), the real partis
e0; cosB; +fo, cos O, + hw, cos b, + jo,, cos 0,=0.

The imaginary part

eo. sin 0, + fo, sin6, + ho, sin 0, +jo,, 516, =0

Multiplying eq (4.52) with sin 0, and eq (4.53) with cosf, we get

e, sinf; cos O, + fo, sin0, cos B, +hw, sin 6, cos 6, +Jw,,sin 6, cosB, =0 .

¢ cost sin b, +fu, cos 0 sin 6, +ha, cos B, sin 6, + jo,, cos0,, sin6, =0
Subtracting the above equations, we get

€0Ossi b, cosO, - cos O 56, +fo, sin b, cosO, —cosO, sinb,

+ho, sin By cosB, —cos O, sinO, + joy, sin 0, cosO, ~cosO, sin0, =0

e sin (6, -0,)+fo, sin(6, -0, )+ jo,, sin (6, -6,) 0

24

e (451)

..... (4.52)

. (4.53)

..(4.54)

..(455)

L (456)



By solving above equation (4 56), we pet

 fo, sin(0, ~ 6, )+ Jo,, sin(0,,-0,)

D¢ ) 457
( e*sin(6, - 0,) el
Similarly for e,

oy = oS0 =65+ joy sin (B, -6, o (458)

h+sin(6, -6,)
4.3 ACCELERATION ANALYSIS OF LEFT LEG:
4.3.1 Acceleration of vector loop equation for loop O;ABO;;
68,
:-' _ e Ry
[}
B3
' -+
Ry " A
/'Ry
/ A 8,
01 01
, -
R
Figure 4.7 The vector loopO;ABO;

Differentiating the angular velocity equation (4.35) of first loop,

be (iat, - 3 ) +ce™ (iar, - o] ) +de"™ (ion4 —0})=0 (4.59)

e =cos0, +isin®,

" =cos0, +isin6,

e" =cosh, +isin®,

Separating the real and imaginary parts of eq (4.59), we get real part,

b(m§ cos0, + azsjn62)+c((nf cosO, +a, sin 6_,)+d(mf cosf, +a, sin94): 0...(4.60)
Y, = bo; cos0, + bat, sin 0, + co; cos O, +dw; coso,

Y, +caysin0, + da, sin0, =0

Imaginary part

Y, =ba, cos0, — b sinb, - co; sinb, —dw; sin,

25



Y <ox. 008, - da, oos®, =1

By sohvmg the 2D0Ve comEnons we g
Y.cos8, - Y, sm®, -on se(6, -6,)=0
By solvimg #hove cqmenon (461 | we gt

_ Y o056, - Y, smb,
T csmi8,-8,)

Semslarh fora,

Y.omE -Ysmd
T amle s,

432 Acceleration of vector loop eguation for leop ABO-E:
&

—

- T %
B

S L

aih; o
» O }
5

s

v
g4

Frgare £ § The veour loopt80:£

Dnfierenmanng the anguisr veloom oguance (4 43) of secomd loop

™ [, - .-—df"lﬂ,-bi]-k"‘(n, -e |- (e -ec )= 0

£ -omo -1ema

"

oG -i1Sm0,

o = M -« On e

=M. - 1gan

MTErETng the real and megeary parts of og (4 54 we et seal pan

45D



o0 cosO, +ax, sin(),)+ d(o? cos0, + a, sin o )
1

+f(mi cosO, +a, sin(),‘)+ d(n)i cos0, + a, sin )- 0
)=

X, = -c(orcosdy v, sing, )- d(? cos, 4 @,8in0, ) fol cos6, - g’ cosh
X, +fog sinf, +a,sin0, =0 : 7 .
[maginary part

X, = —C(a, c0s 0, - sinG;)‘d(mcosO,, -, sin94)+fmf, sinB, +dw’ sin0,

X, +fo, cosB +ga, cos6, =0

By solving the above equations we get

X, sin®; —X, cos®, + fa, (sin@, cos, sing, cos,)=0 o 466)

By solving above equation (4.66), we get

_ X, sin8; - X, cos6,

0 = f*sin(96—97) S (- X 7))
Similarly for a, ,
_ X,;sinB, — X, cos 6, (4.68)

g*sin(6, -6,)

4.3.3 Acceleration of vector loop equation for loop EDCO,:

o <
C e ,‘}910
[N ' ,

Rio
Rs
- 65 Rs
-
< ) B
»

Rs

Figure 4.9 The vector loopEDCO;

Differentiating the angular velocity equation (4.51) of third loop,
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0 {; 2 19, - _ 2 o .
ee (10(5 ®s )+ B (la“ s )+ he™ ("xn - “’i)* je' (i(x,,, -], ) =0 ... (469)
e = cos0; +1sin 06,

e =cos6, +1sin

e = cos B, +1sin O,

eiﬁm = COS 910 +1sin 6,0

Separating the real and imaginary parts of ©q(4.69),we get real part

e(@f cos6, +a, sin 85)+ f(mj cos O, +a, sin 96)

+h(ﬂ); cos B +a, sin B, )+j(®120 cos6,, +a,, sin 910) =0 (4.70)
X, =f (@ cos8 +a,sin 86)+j((‘0120 cos8,, +a,, sin 6, )+ew? c0s 0, + ho? cos O,

X, +ea;sinf; +hag sin@, =0

[maginary part

e(a, cosO, — ; sin6, )+ f(ot6 cos6; — @’ sin 96)

+h(as cos 6, — @5 sin 98)+j(a,0 CosO,, + w7 sin em)= o
(0 cOsB; — @ sin 6, )+ i(ot, €086, — 2 sin 61 ) —ew? sin 6, — ho? sin 6,

X,=f

X, +ea; cosB; +ha, cos6, =0

X;c0s0; — X, sin 6, +ea, (sinO; cos6, —cos O sinB,)=0 (4.72)
By solving above equation (4.72), we get
_Xysinb -Xye0s6, (4.73)
e*sin (6, —6;)
Similarly for a,,
........... (4.74)

_ X,sin6, - X, cos 6,

aﬂ
h*sin (6, - 6)

IR
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(| POSITION ANALYSIS OF RIGHT 1k
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Figure 5.1 The vector loopO,ABO,
5.1.1 The vector loop of O1ABO;,

Substitute the complex number notation for the vector in above equation, denoting

their scalar lengths as 0,0, =a,0,A = b,AB =¢,BO, =das shown in figure (5.1).

‘_iem*'bém:+C€m‘+dem"—‘O (Sl)
Separating the real and imaginary parts in eq (5.1), the real partis
4cost +bcost, +ccost, +dcost, =0. e (822)

The imaginary part is

S0 - bsing, +¢sin®, +dsing, =0 e s
Ut the angle made by the fixed link is 0° therefore by substitutingt), = 0°
1€0(4.2) and (4.3) we get,

(54

d -hcost)_, +ccos(:)_‘ +dcost, = 0



bsin@, +csin0, +dsin®, =0

(5.5)
eliminating — 8, From the above equations (5 4) & (5 5) we et
—dcosB, =a+bcosH, +ccosb, 56)
~36infl =Hsins, #esins, e (57)
Squaring and adding the above equations (5.6) & (5.7)
d*=a’ +b’ +¢” +2abcos O, +2bccosh, cosh, +2accos, +2bcsin, sin b,
@-a’-b'-c’ a a o
ke =;‘30592+00892c0s93+Ecos93+sme2 sin@, (58
a a d?-a*-b*-¢*
=2k, ==k, =
Let k, ke =K -
Substituting ki,kz,k3 in eq (4.8) we get
k, =k, cos6, +k,cos6; + (cos0, cos0, +sin, sinb,) . (5.9)
S
(3] ()
2) sinB, = ineq (59
By substitutingcos©, = —— 5\ -5!" 6, = (6, ineq(5.9)
— ]+tan2( 3] |+tan”|
2 2
0, (500
Atan’ (8‘)+ Btan[’j +C=0
2 2
: . t
By solving the above quadratic equation (4.10) we ge
i+ /B - 4AC 5
6,=2tan"’ ———
2A

Similarly for 0, ,we get

[ E+JE?-4DF
Jtan D



Figure 5.2 The vector loop BGO,C

Substitute the complex number notation for the vector in above equation, denoting

their scalar lengths as GO,=f, BG=g, BC=c, CO,=d as shown in figure,
ve'% -cets+deibs+feibs=() e (5.13)
Separating the real and imaginary parts in eq (5.13), the real part is
g cos 6, +¢ cos B5+d cos 8, +f cos 8s=0 v (5.14)

Ihe imaginary part is

: . =0 (5.15)
g5 ;¢ sin B5+d sin 6,41 cos =0
M ccost; +dcos,
M. = csin®, +dsin6,
........... (5.16)
Mi' g cos 6,+ fcos 6s=0
(5.17)

Mo+ g sin 07+1 sin G0

;  (5.17) we gel
¢lim nating —» 6, From the above equations (5. 16) & (

32



'g cos H_:M:"' f cos H-;

gsin 8-=M,+fsin6 -

Squanng and adding the above €quations (5 I18)& (5 19
: )

M- cos Bs+M;sin 6=

SM,” +My" +h? +2f (M, cos B5+M;sin 6s)

2
9" -Mi-M3-y 2

g% -Mi-M3—s2

P =
Iy

2f

p =M. cos B:+M;sin B¢

By substituting cos fs=

sin 9:

7]
We get, G mrf(-f)%‘l tan’ (

2 tan( 0;5)

’}:P ".\1‘
H=-2M.
[=P -M

B4 50\ ing the above quadratic equation (5.21), we get

5- = 2tan”? (

v Tor b,

2

we get

1—tan2(

2f

>
oL

2G

1+tan2(

6

N |
—r’

_Hz\ﬁiﬁﬁ)
—HiVH?-4IC

(5 18)

(519)

..(5.21)



K+ VK2 — 40 1

p. = 2tan b (523)

5.1.3 The vector loop EDO,E;

Figure 5.3 The vector loopEDO,G

Substitute the complex number notation for the vector in above equation, denoting

their scalar lengths as DE=e, GE=h, GO,=f, O,D=j as shown in figure
he Fs reetYerjelbs i fpibio—) e (524
Separating the real and imaginary parts in eq (4.13), The real partis
h cos Gg+e cos B6+j cOs Oy+f cos ,,=0 el (5.25)
I'he 'maginary part js
h sin Hg+e sin e+ sin By+f sin 6,,=0 e ... (5.26)
NI ~h cos Byt ¢ cos 6,

hsin 65+ ¢ sin B,

vhere, 6,0- 18046, g, 180+(0, -0,,)



N, +h cos Ogt € €os 65—0

N, +h sin 8g* € sin 8,0

Eliminating 8sFrom the above equations (5:27) & (5.28) we get

¢ cos 8~ Nj+hcos g

esinfg- N>+hsin8g... (5.30)

Squaring and adding the above equations (5.29) & (5.30)

-

e”=N,” +N,* +h® +2h (N, cos B5+N; sin 6g)

e> —NZ_N2_p2
2h

N cos Og+Nasin 8=

e’ =N -N2—h?
N 2h

q

q, =N, cosB, + N, sin0,

1-tan® (%”]
By substituting cos 0, =

%)
1+tan?| -8
(%)

(6 4
We get J tan“(?e)ﬂ( tan’ (?B)HFO

J=q,+ N,
K=”2N2
[‘::q|“]w!

, SInO, =

By solving the above quadratic equation (5.32), we get

By,=2tan'| K= \'/_KZ - 41‘;
2]

.\nm!arly for B¢, we get

35

(527)

(5.28)

(5.29)

.. (531D

...(5.32)

... (5.33)



, 1 [(-Y2VYZ-axy
= ldn ('—-—--*—-—-‘-

(% 54;

5.2 VELOCITY ANALYSIS OF RIGHT | 1.

5.2.1 Velocity of the vector loop of O,ABO),

Figure 5.4 The vector loop() ABO,

Differentiating position equation (5.1) of first loop to get the velocity expression

3 #, #,
b 1”4 o pe™ + do e = 0

(539)
Separating the real and imaginary parts in eq (5.35), The real part is
oy cosB. + e, cosB, + do, cost, =0 (536)
['he imaginary part 1s
her sin®, + oo, sinB, +do,sinb, =0 (537)
Multiplying eq (5 36) with sin®, and eq (5 37) with wsh, we get,
her an®, cosB, + co, sinH, cos B, +do, sinb cosb, =0 (538)
ber con®, sin, + cor, cos B, sinB, +do, cosb, sinfh, =0 (539)
subtracting the above equations, we get
o (anb, cost, —cosB,sinb, )+ o, (sin B, cosb, cosB, s b, )=0. (540

16



3

o (sm(0: ~0.)) <o (sn(0, 0,)) - ¢

Bv solving above equation (5.40). we get

bo- (sin(0, -6, ))
0, = c(sin((h—@;)) i (541

Similarly foro,,

bo, (sin(6, - 6;))
O, = d(sin(83—94)) i (5.42)

5.2.2 Velocity of vector loop €quation for BGO,(:

Figure 5.5 The vector loop of BGO,C

Dn‘ﬁ:renuanng position equation (5.13) of second loop to get the velocity expression
gw7i€i67 1 C(‘JBQ‘BB }dw4ei94+ fwseEGS‘;O Sla,0 o 2o oyt s on (543)

Separating the real and imaginary parts in eq (5.43), the real part is

8w; cos 6,+cw; cos 83+dw, cos O,+fws cos B5=0 e (5.44)
The imaginary part

BW7 5in 6, +cew sin O3+dw, sin O, +fwssin:=0 . (5.45)

""U“lpl_\ INg eq(5.44) with sin 0, and e¢q (5.45) with cosO, we get
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gao- S - €os B-+Cwy sin a5 cos 0, +da sin 0
4 4 COs ()7+fm,‘ 5in 0. cos 0,20 (546

guw- COS H—Sin(‘L*(‘(”g Cos 93sin07+dm COs 0. <i
+ 205 0asing; 4w, cos B5sinf,=0 (547)

Subtracting the above equations, we get

v.( sin 85 cos 85 — 63 s5ind,)+ dey
cws( sin 63 7~ COS U3 sing,) Wy (sin B, cos g - cos @
7 = €0s B, sing,)
4 7

+wgq (sin 85 cos @5 —cos B5sind,)=0
..(5.48)
cwssin (83 — 07)+dw,sin (8, — 87)+fwssin (o, - g )=0
7)=

By solving above equation (5.48), we get

We = ngsin (93_97)+ dw4 sin (94—97)
5 fsin (8,-65) . (5.49)

Similarly for ,,

0 = CQ)3Sin (93‘65)"‘ dCIJ4 sin (64"‘65)
; i Gty e (5.50)

3.2.3 Velocity of vector loop equation for EGO,D:

Figure 5.6 The vector loopl:GO,D)
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. 18 © 0. . - =
)ol€ SHewele e+ 0g, ¢ .
hwsg 6 Jweie “+fwygiei®r "

(5.51)
Separating the real and imagina _
Y Partsin eq (5.51), the real part is
hawg €08 Bg+ews €0s B +jws cos 8o+fw,, cos 610=0
The imaginary part
hwg Sin Bg+ews sin B+jws sin B+, , sin 610=0
Let
jog cos gty COS Byo=s (5.52)
ja)g sin 99+fw10 sin 91():52
hwg cos fgtews COS Bs#S,=0 L. (5.52)
h(l)g sin 03+ew6 sin 96+52=0' ............ (553)
Multiplying eq (5.52) with sin6; and eq (5.53) with cosB, we get
hwg cos Bgsin Bg+ew cos Bsin Bg+S1sin =0 e (5.55)
hwg sin g cos Bg+ews Sin 8, cos Bg+52 COS 0g=0 (5.54)
Subtracting the above equations, we get
. _ . 9 =0
ew, (cos Bsin Bg — sin g €OS 9g)+Sssin g — S2.c0s U
ew; sin (8, — Bg)=515in O — S2 cos g
We = S1 sin Og—S2 cos g (5.57)
6~ esin (0¢—08)

Similarly for,g

_________ (5.58)

o, = Sisinfs-S2cosCe
B~ hsin (8g—0)



5.3 ACCELERATION ANALYSIS OF RIGHT |, EG:

5.3.1 Acceleration of vector 100p equation for loop 0,AB0)
| 24

0 196°
f - \

/

2 \A 7"/4

(&)
o

70

ok
~ |

Figure 5.7 The vector loopO;ABO,

Differentiating the angular velocity equation (5.35) of first loop,
be®: (ioz2 - m§)+ceie3 (ion3 = m§)+dei°‘ (ia,‘ - mﬁ) =0

e"” = cos0, +isin 0,

e =cos 0, +isino,

e =cosO, +isin6,

Separating the real and imaginary parts of eq(5.59),we get real part,
b(‘”; cosB, +a, sin62)+c(w§ cos0, +a, sin93)+d(m§ cosf, +a, sin64)= 0..(5.60)
Y, = bw’ cos, + ba, sin 6, + co? cos b, +do; cos b,

Y, +ca,sin®, +do, sin6, =0

Imaginary part

Y, = ba, cos0, — bw; sin0, - cw’ sin, —dwgsinb,

Y, +ca, cosO, +da, cos 0, =0

By solving the above equations We get, (5.60)
. e =0 (5

Y, cos0, - Y, sin0, + cas sin (6, ~ 0, )

By solving above equation (5.61), we get

yTal



Y {,UH“. Yr!’ln"'

J ‘Ls:n(‘h ”!’

\|mllaﬂy for 4.

Yz wsf)’ - Y‘ sinﬂ,
dsin(9, -6,)

11.

| 532 Acceleration of vector loop equation for loop BGO,(:
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Figure 5.8 The vector loop BGO:C

Differentiating the angular velocity equation (5.43) of second loop

e (iay_w?) + ce'¥s(iay_w} ydew*(ia4_w£ ) & fe's (ias_w?i i
ei¥s = cosl, + i sinfs
ew‘i = (,‘0594 +1i sinﬂ,,

¢'fs = cosfs + i sinfs

el® = cosf, + i sinby

*parating the real and imaginary parts of eq (5 63).%¢ get

real part
447 5inh,, 4 Bw cosby + ca; sints +

- _ -2 o560
,r:)f ¢ ¢ ' 1“"( LOS =
L CosH, 1 da, sinb, dw? cosBy fas sinds '
'"'aL’Jﬂary pan
B e y . - 1) &
B gt sink, + ca, costCcw’

n(} ¢ ) 2 sinf- {)
'H - 1 r —lWreg U,
) Jf“{'““ 4 dl;),f s:n(f4~fa5 (,059‘ Twe

41



2 ¢inf3 + ca e :
X1” cw3 Sinvt3 3 €050 —dw? sinB, +
4 da4C0SH — 2
ot sinfs =0 + = BOF sing, -
st 997 cos0,+ fas cosGs =0
2 (5.65)

. 2 cosbf c ' 2
x,~ cw3 €053 + cas sinf; +dwy cosb, + da,sin 6, + pw?
2 cos0s =0 4+ + gw; cos; +

f(n_

Xy gaz sinf5+ fas sin95=0

Multiplying the ¢q (5.65) with sin; and eq (5.66) with cosf..we set
7,We get

X, sinfs+ g7 cos8,sinb;+ fas cosOssind, =0
X, cosB;+ %7 sin@; cos0;+ fas sinB5cos6,=0
By solving the above equations we get

X, sinfl; — X2 cos@,= — fas(sin(0s — 6;))

a __X26‘0597—X1 sinf-,
5= rsin@,-0s) 7

Similarly for az,
_Xpc0505—X4 sinfOx

a7 -
gsin(85—67)
n of vector loop equation for loop EGO:D:

.3.3 Acceleratio

5 \ f e | 6
:LS 95‘%'" _h ] %, 0B
88 &> L A ”E‘“}

Figure 5.9 The vector 100P EGO:D



y the angular velocity eauats
_atiating the ang Y equation (S 51y of
H‘!g“n o )0] th”d I()
op,

2 ,16g la )2 L3l (s
g 0d)  he e (i-0f) e, 2

.

)'I‘L’mln(,’

- To-wiy)
i6 10 (570
e'% = COSB(, +i Sinﬂb )

0y _ _
€™ =cosfy + sinf,

6,0 _ o
€% = cosfyy + i sinf,,

qepurating the real and imaginary parts of eq (5.64), we get real part
hag sinfls hw3 cosfg + eag sinbg +
2 058+ SinBgtjw§ cosbytfay, sind 2
et (0SBg7)dg SINTYTIWg 9t/ @10 Sinbo+ fwl; cosh, ;=0
imaginary part
hag c0SBg = hw§ sinfg + eag cosbs — ewg sinbg+jay costy-
9 . 2 »
w? sinfg* fao €0sB1o —fwiy sinfyp=0
7,=jaq costly = jw% sinfy + faq cosbyy —fw?, sinf,, — hw] sinfg — ew? sinb,

J-hagcosfgteagcosfe=0 (5.71)

7= hw? cosbg + ews cosBetag sinfg+jwd cosbytfayg sinfigt fw?, cosfyg
imB0.=0 e 712
/-~ hag sinflg + eag sing=0 (5.72)

Multiplying the eq (5.71) with sinfg and eq (5.72) with cosflg,we get

[ sinfly hag cosby sinfgteas cosbe sinfg=0
L cosbg+ hag sinfgcosfg + eds sinfgcos8g=0
By solving the above equations we get

Lisinfly - Z,c0584~ — eag( sin(fs — Bs))

_LycosBg-7,sinflg e (574)
esin(—0g)

Sy for g,

e

QB:.ZLCOSBG"Zz sinBg e :
hsin(0g—0s)
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6- v 'S
RESULTS AND DISC SSIONS

6.1 KINEMATIC ANALYS]s;

To Track the paths of Two-LeggedTheo Jansen'
MATLAB code is developed. » Jansen's

mechanism for moving joints

6.1.1 Path traced by the moving joints of left leg:

0157 Tracking the paths traced by movable pm oins

013f
o1t
009+
007+
005F
003
E 001
@ 001}
5003y
c 0051
& qo7t
£ 009t
24111—
013
015
017
0191
021F
023
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-0ng ‘:oo PRr 3K BB S +

| StrideLe
.0433r
—008006004—002 0 0(20.040(50(301012014016018C2
20140 040

-035 .
1401
020180160 x-Dqsplacememdme gin joints (m)

T

¥

T

Y-Displaceme

v

-

T

ths Traced BY Movable Joints of left leg
a )

Figure 6.1 Tracking the P
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Reﬂ“"s of Angular Positions of lefy leg:

—

Table 6.1 Angular Position Analysis fl
Y$1s of Je

=

| ftlegy
(R ANK Link 3 Link4 Linké )
ANGLE(eg) | (deg) | (deg) | (4o, :';Lk O kT
0 1465847 | 101 1y T8 8R()3 :;g’ _ (deg) ,(;kg;
10 1487262 | 9% 7243 T69349 “:IS)J, | 101 367 L 165
20 150.784 | -95 997 75 478 }7,::%4 103309 | 14) 055,
30 1 I”5”2.7384‘ 97101 45057 400.45:7 104 7!,';5(‘ 143 8803
40 IS45747 | -89.1636 | .74 075, 42‘13(53 1057203 | 147094
50 156.282 853125 | 742047 442(;(}7;; (u)(:m‘ 1506625
o w0 | w1203 | g 4(401847 1): )osxT 154 5363
0 | 15976 | 68 88‘2’-#&-@‘ o | (1) ;s (zm | 158 6605
0 | 0sit| s | 7_7778'30”1.;,7_2 ” 038981 | 1630094
90| 1616502 | 678808 | -310473 v';i:9A4217 l:)l,8642 o
100 | 1625696 _ME@ o6 | z:lllma 172,068 |
110 1632771 | -58.3837 | 88911 T‘\'“"gﬂﬁ %6
S L 889112 | 4892794 | 9123042 | 178 884
A | 1GT0R | Saesss | 9410 | nsizss | ssososs | imacas
150 | 163867 | 508106 | 100117 | 452057 | mooerss | 175
140 1635912 | 475824 | -106834 | 419927 | 7333892 | -167486
IS0 | 1627696 | 452773 | 113973 | 3797964 | 6621981 | 16514
60| 1612309 | 442001 | 21002 | 533681 | so.762 | 168107
10 1588028 | -45.0493 | -127345 | 2880328 | 52.90158 | -164 827
180 | 1554092 | 478555 | -132.144 | 2459075 | 481135  -167616
190 | 1511967 | 526553 | -134.951 | 2119723 | 4529553 | -172433
200 1465632 | -58.9578 | -13571 | 1876912 | 44.50993 | -178.775
210 1420204 | -66.0266 | -134.723 | 1723039 | 4547026 | 174l|f£j
20 | 1380073 | -73.1663 | -132418 | 16.40877 | 47.75499 | 1669299
200 | 1347943 | 798834 | -129.189 | 1613297 | 5097018 | 1601768
240 | 1324865 | -85.8979 | -125346 | 1626916 | 548062 | 1541306
250 | 1310721 | -9L0888 | -121.116 | 1672088 | 5903437 | 1489111
260 k 1304724 | -95.4317 | -116.665 | 1743045 | 6348699 | 1443415
270 1305783 | 989527 | -112.119 | 1834984 | 6803828 | 1409949
M0 1312726 | 101699 | -107.575 | 1945358 725003 1382233
90 | 1324417 | 03723 | A1 | 2072372 TG TER
300 1339815 | 105074 | -987966 | 22.14814 | BLI0GE | 134702
310 1357992 | 105795 | S4E875 | TIN5 | BSSIZN L AR,
00| 1378135 | -10s925 | 908364 | 254253 BT ”3;’“';
130 1300542 | 105494 | 872899 | 2726161 92 9370” 1:4’ i;x
MO | L2161 | -loasi2 | 840903 | 2921598 %0 4735 | :\;:;144
350 7144 3855 | -103065 | -812757 3127377 | 989091 | 1§ ;OW ‘
360 1465847 | 0112 | 788803 [ 3341520 101.367 | 22222



y

3 Resulfs of Angular Velocity Analysis of 1o, leg:

Table 6.2 Angular Velocity Analysis of Jef |
eg

| CRANK )T L-:/ki? Link 4 fink 5 -
‘ LE(deg) | (rad/s) (rad/ - .nk 6
LNO JANG‘ (deg X s) (rad/s) (I‘nd/s; :‘"lk 7 ‘ Link 8
> | 0223822 | 6525822 | 52545, | rodis) | (radss)
_ - o — L. 7,525 | 1
LT 0 | 6310215 | 7831030 | 132206 | B22 | 6525822 | g 5558))
) — I a2 653 ‘
2 20 6.026708 | 9.039326 | 357079 () D332 15117425 | 7852708
- . T /=24 h.66964 ‘
3 30 5692273 10_139“ ) 102629 69697 3.629663 9.079%3
L1 1 % | 654944 '
: 40 | 53202 | 11.11857 | 0.466455 T 206655 | 1019421
S — T -62618,2_‘5 0.426057 11.18353
50 4919673 | 11.96486 | -] 259 18353 |
- 60 4.49535 | 12.66379 | 308864 | s oo, | pmU3352
7 B *‘“x—\__\-_ﬁ;_\fym -3.12678 | 12.73717
| 70 4.046858 | 13.19849 | .5033 = ‘
N 03884 | 41128 | 507
———2% | -5.07213 13.2729
9 3 045643 lr—ﬁ\;ﬁé__i@_ 13.62204 |
, 0 , _ - 1362204
o 2 S, o2 | 937485 | 1258737 | 930418 | 1375507
4](!/,/— - 100 . 1355014 M—MMM
12| 1o L707533 | 13.09285 | -14.2966 | 297127 | -14.2966 | 1317526 |
13 120 0923402 | 1220605 | -16.8389 | 555625 | -168261 12.29582
[ R
o 130 -0.15301 | 10.73877 | -19.1909 | -8.29915 | -19.1618 | 10.83979
s 140 -1.5686 | 8.476884 | -20.9746 | -10.9292 | 20925 | 8593171
6 | 150 -3.44833 | 5.15404 | -21.6171 | -13.0147 | -21.5449 | 5286131
17 160 -5.87518 | 0.546654 | -20.4398 | -14.018 | -203542 | 0.681036
18 170 -8.73894 | -5.26509 | -16.9906 | -13.5168 | -169254 | -5.17084
19 180 | -11.5512 | -11.5512 | -11.5512 | -11.5512 | -11.5512 | -11.5512
20 190 -13.5168 | -169906 | -526509 | -8.73894 | -533034 | -17.0849
21 200 -14.018 | -204398 | 0546654 | -5.87518 | 0.461023 | -20.5742
n 210 -13.0147 | 216171 | 515404 | -344833 | 5.081815 | -21.7492
23 220 -10.9292 | -209746 | 8.476884 | -15686 | 8.427217 | -21.0909
24 230 829915 | -19.1909 | 10.73877 | -0.15301 | 10.70962 | -192919
o T - 7
25 T 240 555625 | -16.8389 | 12.20605 | 0.923402 | 12.19324 | -16.9287
= 13.09291 | -14379
26 1 250 297127 | -14.2966 | 13.09285 | 1.767533 P R
, f — g 3| 13 -11.8534
27 260 -0.68243 | -11.7754 | _@ﬂi_%mz—m
1 - r 3 13. | A
2 270 1.258737 | -9.37485 | MMW s
| ‘ 1 3568034 | 13.57405 | -7.20418 |
29 280 2.849825 ,ii—’-_%l_;lééﬂl_f o | 511324 |
30 | N T 1319849 | 4.046858 | 1323179 | -3.1032% |
290 4.1128 | -5.03884 | 15.170%7 L 202
\ : A1 66379 | 4.49535 | 1270193 | -3.16202 |
h L300 | 5079794 | -3.08864 | 120037 91967;‘ 12.00566 | -1.33014 |
. 310 | 5785712 | -129% 2t 'f32m 1 11.15897 | 0401489 !
33 T < 53202 | 111 +— ‘
» 320 4[ 6-26"‘8237,—_}‘466453“r"'l’ul—giw-()92773 1017518 | 2047509
3 T C 5.692273 AL » |
» ' 330 | 6.549462 | 2.1026%5 P 6026708 | 9.066741 | 3616573 |
35 T T ) 026 | AW b
=2 | 340 l 6669697 | 3.657079 | 9.039320 ) -}'l;)z 15 | 78461l | 5110737
3 R ) 39 | 631021° ' s
37 i 5822 | 6525822 - -
360 | 6.525822 | 6525822 | 6.525822 |
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Table 6.3 Angular Accele

ANGLE(deg)

0
10
20

100
110
120

130

140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350

360

of Angular Acceleralion A

ration Analysig of le

nalysig of lef leg:

- fi leg
ink link4 li
) ks
4 2 link¢
(nd/s’) | (radsg ) () (mdlq; lkaI ink%
-30.109 2321877 232088 | 4 ! (ndy’) (rad/e’)
) el 30109 . |
434308 | 2163144 246684 | |3 Rl | 235974)
: 306 1
53,5443 198 6785 Py V143 =249 099 | 2198616
38518 16224 262237 1 20 50
-01.0442 179.0532 274 065 39677 k 20159
66008 | 1572906 | g a T 295079 | 18y 504
—= G452 | 989 o5 1586014
709554 | 1332366 | 305 08 ‘
T2 | -100.888 -304 §5¢ ¢
00 | -304859 | 1339729
749248 | 1065606 | .35 259 ' !
‘“"7;)*428; T 76 Lrer | LTI 035 | 847
-79. 64184 | . f
e 3634 | g 63 | 345755 | 7674297 |
353523 | 4235366 | 3773, T oacier |
| a0l | 4456 | 3y g5 424519
946666 | 1801347 | 399 656 303189 | A0gace | o
] 108614 | agory | 189 | 398253 | 2050034
| - _‘_:18%4%2‘<;4;24ﬂ7‘ -364.137 | -423.047 | 47524 j
ML UL | 39335 | gy | 437347 | -l |
162419 | -19714 | ABI73 | 46349 426294 | 195563
| -210.704 13415 | -369.084 | 471795 -365919 | 311114 |
1 -279.669 | 472023 | 27507 9861 | 023663 | 469154 |
-369.349 677441 | 2702321 | 28068 | 3063982 | 675,251
| -462.452 905388 | 3923509 | 505756 | 3925821 | 907696
507982 | 107172 | 7859999 | 2222593 | 7782369 108379
434362 | -104879 | 104879 | 4343621 | 1035.637 | -1067.3
222259 | 186 | 1071723 | 5079822 | 106396 | 19807
5057563 | -39236 | 9053876 | 4624521 | 9056098 | 394669
2810683 | -27.0232 67754"]—"3'693*42% 6810577 | 248327
198612 | 2275073 | 4720226 | 2796687 | 4758665 | 2303756 |
4717949 | 3690839 | 3134152 | 2107042 3165802 | 3713851 |
+ I S 1 . |
| 4634935 | 4287728 | 1971399 | 1624192 | 1996191 | 4303495 |
(4213383 | 4393246 | 1119979 | 1299841 | LI397S5 | 4403027 |
5§22
3641371 | 4246873 | 4806421 | 10BGIA4 | 4970412 | 4252274
. ) 1900051
3031885 | 3996565 | -180135 | 9466635 | 03979 | 3999083
} c ce 41 15 372 4
2444558 | 3723618 | 423537 | 855523 | 411501 4»7 |
‘ 756635 | 34683
190.6634 | 3467337 | 766418 | 794284 | -7566 asess |
T . 105893 | 3245454
142.7737I 3242591 | -106.561 | 7492476 : |
| - 7095535 | -133.015 | 305.7656 |
(1008881 | 30508 | -133237 | 70 - 9800473
' * §7205 | 6660077 | 157679 | 2899473
(SATISNS | ZBOAB | - | a8 | 180167 | 276162
3396768 | 274065 | -179.053 | 6104418 | G| 2633005
' 108679 | 5354429 | 20053 2633005
8162237 | 2603851 | -1986 | e | 250231
' [ | 206314 | 4343081 | 2873 | 23
L -13.0014 2466838 | -210: 010904 | 3816 | 2359742
30100 | 2321877 | 232188 [ 3 A :



1 path traced by the moving joingg o right
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L.n e “‘,}-_
0051 . ) -/1 k3 \.;n
Link 2.; 3
E : Link 4~
-~ 0 v : ‘b" .\ :
g { ¢ L:
g . '. i ‘ y.l\‘ AV},I
¢ o Llnk\" .\\
c 0057 Link 5 P N
a “ - ‘» L]
g W Link 6
5~ 01 e
;i LTS S \
c ' . \
E N
¢ 015 N .
E -
Q -
L
e 02t
’ i’
o .
025} P |
Stride Hecghl" ‘
03¢t
035
o 0 005 01 015 2
x-Displacement of the pin joints (M)
ed by Movable Joints of right leg

Figure 6.2 Tracking the Paths Tra¢



cults of Angular Positions of right |
eg.

O FE
Table 6.4 Angular Position Ay«
Link 3 . 8
; ] ,\NI\ Lk l,mk4 Link §
0 -155.409 47 85553 132 1445 (deg) (’d“cg; Link %
f 4 10 -158.803 4504928 127 3447 132 1445 45004 (deg)
] 20 -161.231 44.29014 ‘21;)422 127 3447 s 121169
i 30 -162.77 45277 “3'( 1210420 | 34 e 14973
4 94|13 815680
a0 -163591 | 4758239 | 1068337 | o0 34| 37 9796 16081 |
g I Y0.8. 10 > -1 695]
o 50 -163867 | SOBI061 | 1001166 | | (;;‘]‘337 I e
¢ 60 S163.731 | 5465351 | 94.1021) | of ﬁ'% L A452057 916170
| —— 10 t
10 | -163.277 | 5888372 | 889112 | égglin 4TSI 531889
7| g0 | 16257 63.33453 | 84see3 oD | RONT9 |1 omsen
4+ 3683 | 845683 | 495076
‘ 90 -161.65 67.8808 087 | 495276 | 3362135
0 | B BLOT3 | 8104733 | 494317 |
100 160546 | 7242508 | 7830107 — o) | a7 |7 oumes
o ; | 7830107 | 487274 1245
7 110 159276 | 76.88822 | 762772 | 7 — 28 |
! | — : 62772 | 475583 | 1691582
s 120 157.852 | 81.20343 | 7492625 | 74 ———
T/"r 156282 | 8531251 D | AGDIES | 215103
W s - TA066 | 7420466 | 42008 | 2534012
s 140 -154. 89.16364 | 7407514 | 7407514 | 421865 | 2919124
16 ‘%//EO,,/ -152.738 92.7101 7450568 | 7450568 | -40.0458 | 3273771
7 160 [150784 | 95.90068 | 7546784 | 7546784 | 378385 | 359378 ‘
8 70| 148726 | 98.72429 | 7693454 | 7693494 | 35615 | 38.75189
g 180 146585 | 10L1197 | 788803 | 788803 | -334153 | 417
0 190 144385 | 1030651 | 8127571 | 8127571 | 312738 | 43.09266
200 142162 | 1045322 | 8409032 | 8409032 29216 | 44.55977
T a0 | 139954 | 1054943 | 8789 §72899 | 212616 | 4552193
T e | wan | wss | emee OB O 1595246
w30 135799 | 1057953 | 9468749 | 94.68749 4582293
5| a0 | 133982 1050738 | 9879657
¥ 250 -132.442 1037228 | 103118
70 260 -131273 %ML_I/OUZ&
w1 a0 | 130578 L QQ@LJJQ% sas
B 280 130472 | 954317 | 116665> | AL11638
0] 1310 9108878 | 1211163 121.1163 |2
Ul | LR e | s | 153 Tz | B9
. 300 132486 | 85 SS.QEL,LL};’—/I”M% e 1991097
310 -134794 704 | 7988337 /122’:1’7’6” 34176 164088 JENELLCE
: Do | 138007 | 7316632 ,,111:,7,2—27?7;57 gk | 60T
3 Ll - 37
. 330 14202 | M%}@ﬂﬂm 099 | 187691 -101;;7
3 = 35 SRR v
N 340 -l46563 58 95782 +— l 134 ()507 | -Zl.l‘ﬂ"' |
3 1 T 7 134 9507 | . 3 _908 -l: ll()‘)
3 350 151197 52 65532 2. 15 1321445 240
360 -1755“409'74» 1.719353, | -
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6.1.6 Results of Angular P
). he

Table 6

g1, NO , CRANK
ANGLI(deg)
| f 0
3 [ 10
5 ‘ 20
i 30
: 40
3 50)
7 60
8 70
9 80
10 %
N 100
12 110
13 120
14 130
15 140
16 150
17 160
18 170
19 180
20 190
21 200
22 210
23 220
24 230
25 240
26 250
27 260
28 270
29 280
30 290
31 | 300
32 310
33
320
i: 330
< 340
- ‘; 350
' 360)

Link 3

(deg)
155 400

15K RO
161231
16277
-163 59|
-103 867
-163.731
-163.277
-162.57
-161.65
-160.546
-159.270
-157.852
-156.282
-154.575
-152.738
-150.784
-148.726
-146.585
-144 385
-142.162
-139.954
-137.813
-135.799
-133.982
-132.442
-131.273
-130.578
-130.472
-131.072
-132.486
-134.794
-138.007
-142.02
-146.563
151,197
155409

Link 4
(deg)
A7 85543
4504928
4429014
4527732
47 58239
50.81001
54.6535)
58 88372
6333453
67 8808
72.42508
76.88822
81.20343
85.31251
89 16364
92.7101
95.90968
98.72429
101.1197
103.0651
104.5322
105.4943
105.9249
105.7953
105.0738
103.7228
101.6989
98.95267
954317
91.08878
85.89789
79 88337
73.16632
66.02657
58 95782
52 (5532

47 85553

50

ositions of right leg:

Link 4
(dog)

132 1445
127 3447
1210422
1139734
106 8337
100 1166
9410211
8891122
84 5683
81.04733
7830107
76.2772
7492625
7420466
74.07514
74 50568
75.46784
76.93494
78 8803
81.27571
84.09032
87.2899
90.83636
94.68749
98 79657
1031118
107.5749
1121192
116.6655
1211163
125.3465
129.1894
1324176
134.7227
135.7099
134 9507
132 1445

Lank 6
(dey)
132 1445
127 3447
121 04)2
1139734
106 8137
100 1166
9410211
8891122
#4 5683
8104733
7830107
76.2772
7492625
7420466
74.07514
74.50568
7546784
76.93494
78 8803
81.27571
84.09032
87.2899
90.83636
94 68749
98.79657
103.1118
107.5749
112.1192
116.6655
121 1163
125.3465
129.1894
1324176
1347227
1357099
134 9507
132 1445

4 Anpulay Position Analysig of night |
Ntley

1
\

|
|
|
|

Lk 7
(deg)
24 SO0
R URE]
J1 4168
V7 9706,
41 9927
45 2047
47 5115
-4% 9279
-49 5276
494217
-48 7274
-47 5583
-46 0185
-44 2008
-42 1865
-40.0458
-37 8385
-35.6145
-33.4153
-31.2738
-29.216
272616
-25.4253
-23.718
-22 1481
-20.7237
-19.4536
-18 3498
-17 4304
-16.7229
-16.2692
-16.133
16 4088
-17.2304
18 7691
211972
224 5908

[
|

|

Fank #

(deg)
121169
14924
15 6871
14 695
1239
916179
5 11889

| ORB6R

31362135

7 908409
12 4526%
1691582
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6.1.7 Results of Angular Velocity Analysis of right leg:

Table 6 5 Angular Veloaity Analy

vsis of nght leg
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6.1.8 Results of Angular Acceleration Analysis of right leg:

T :
able 6.6Angular Acceleration Analysis of right leg

SN0 | ANGLE
E(de ; [
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6.1.9 Graphs Ploted For The Crank Angle Vs Anglar
position,Velocity, And Acceleration of two legs:
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Figure 6.3 Crank Angle vs Angular position of right and left leg
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Figure 6.4 Crank Angle vs Angular Velocity of right and left leg
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6.1.10 Variation of step length apg step heighg
length and crank ragiys. Bt by varying fixed link

The variation of step length and g(e i
I'he , nd step heighy of a foo point traject
I€ctory for a change in

nted. It can be observed that the

i ¥ AT 145 .
ght varieg non-linearly. These results

fixed hink length and change in crank radiyg |
o S 1S prese
step length varies linearly wheregg the step h
$ ¢
> C e, 1 Q1O > le "
can be used in designing the leg mechanism for- (1) a desired
: “Sired range of speeds

(depends on step length) and(2) a terrain With given maximum obstacle size (depend
hstacle size (depends

on step height).
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Figure-6.6. Change in step height and step length for varying fixed link length
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6.2VALIDATION:
6.2.1 GRAPHICAL APPROACH

For the comparison of analysis by analytical approach, graphical approac? is
presented for position, angular velocity and angular acceleration at 6,=60".

6.2.2 POSITION ANALYSIS OF LEFT LEG:

For input link 2, when, 8,=60°, each link angle 1s measured and compared with the

analytical values,

[ |
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Figure 6.10 Link positions of two legged Theo-Jansen’s Mechanism at 8,=60° for left
leg

Table 6.7: Position analysis comparison for left leg 8(Graphical) (vs) 6 (Analytical)

UNKNO T 1 |z | 3 r 5 s T 7 [ s
S 0 | 60 | 158 | -82 | 105 | -75 | 46 158
“’Lai)h&!lm‘eg)+ [ R I I R | 5 !
6 ‘ 0o | 60 157.85 | -81.2 | 10525 | -74.92 | 46.02 | 15866 |
AAnalvticalydeg) | |

s



‘ 2,3AN“I TARVELOCITY OF LR ()
13y mnhhu':ll approach (Anti-clock Wige Positive)
R a
f
» 01,02 .
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b -
/
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7
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Figure 6.11 Velocity Diagram for left leg of Two-Legged Theo-Jansen’s mechanism
at 6,-60".

Scale = 1:10
0,2a=12.510, ae=10.292, cd=3.587,
ab=8.931, de=12.629, df=33.896,
bc=13.525, 0,6-3.565, 0,c=12.601,

0b=14.389 ef=25.527
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Wy = *BL: 4.3934 rad/s, ( in the same direction as o, )
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‘_’.0?%" = 12.6112 rad/s (in the same direction as o)
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V, o .
iy o '—1;; = 3.1246 rad/s (in opposite direction of ;)
e

7 , o
We = T4 = 5.0627 rad/s (in the same direction as ;)

_ Va, . | B _
w7 = Tdc' = 3.1440 rad/s (in opposite direction ol @2)

“s = 2 = 12,6673 rad/s (in the same direction as 02)
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rable 6.8 Velocty

©
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1
0

(Analytical}(rad/s) |
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6.2.4ANGULAR ACCELERATION OF LEFT LEG (q)
a):

Cl3=

Figure 6.1
Jansen’s mechanism at 02

t

aalbl
AB

— —76.76 rad/s’

5 Acceleration Diag
;601)

cam for left leg

of two legged Theo-



abroy! — 103.562 rad/s’
4 - 302

\

) abroy’ — —325.15 rad/s’

as = EOz

_ agrat = —143.87 rad/s’
ap ~ EA
ayer — 325 rad/s’
——

a7~ DC

Table 6.9: Acceleration analysis comparison for left leg a(Graphical) (vs)

al Analytical)
LINK NO 1 2
a ((}nphical) 0 0
(rad/s’) |
a (Analchal) 0 0
(rad/s")

N S—

3 | 4
1

|

+
|

T “—'r*"

5 | 6

7676 | 103562 32515 | -143.24

1
7492 | 10656

B

7 | 8
325 | 10326 |
I
107.05 |

32426 | -142.77

|
|

L

-323.71



< pOSITION ANALYSIS OF RIGHT | jo(;.

For ‘
Ot mput link 2, when. 0, 60" each link

o is measured and compared with the analytical valyes
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Figure 6.13 Link positions of two legged Theo-Jansen s Mechanism at 62

right leg

&9



610 Position analysis comparison foy nght leg 0 (¢ iphical
'O (Graphical) (ve) 0

’l"ahlL (Anal_\”tical)
i " VO 1 2 3
LINK | | | i J ! § 6 7 8
0 (‘(] 'Q(‘ ﬂ‘ {
5 : 94 9 | 312 | 355
__hicalideg) | |
((,lﬂi)hi 1 . 60 198 54 65 C i
0 | | RALEL D 8306 9836 | 3152 354 7
: f l
Analvticaldeg) | |

6.1.6 ANGULAR VELOCITY OF RIGHT i - (@)

By graphical approach: (Anti-clock Wise Positive)

f

Figure 6.14 Velocity Diagram of right leg of two legged Theo-Jansen’s mechanism at
0,=60°.

a=12.510, bc=0.1877, ch=1.3927,
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cy = 12.20 rad /s, ( in the same direction as )
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mechanism at 0, 60"

A = aé_,;, = 426.48 rad /s
Ay ,

U7 = ~og = 46340 rad/s’
g

U =5 = 195.28 rad/s*

Table 6.12: Acceleration analysis comparison o Graphical) (vs) a(Analytical)

"LINK NO 12 [ 3 ] 4 T s e T 1 T s
- 0 0 | 16228 | 19699 | 42871 | 42648 | 4634 | 1958
a (Graphical)

(rad/s) e
L 0 0 162.42 | 197.1 4288 | 4284 | 4635 | 1977
a(AnaIytical)
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7. CONCLUSIONS

In this project kinematic analysis and gjm

o ulation of Two-Legged Theo-
jansen’s mechanism is performed.
Equations are derived for position, angular vej

OCity and angular acceleration
of every link of Jansen’s linkage using com

plex Algebraic method and the
results are validated with the graphical meth

od for a crank angle of 60°. The
validation showed that the errors are within the desirable limits of 10%.

The angular displacement, angular velog;

y and angular acceleration are
evaluated and plotted for all the links

of the mechanism for one complete
cycle of input link.

The path of every joint is plotted for different crank position.

Step height and step length is measured and plotted for varying fixed link
lengths and also for varying crank radius.
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APPENDx

Mam lab programme for Solvin ng

ang
of two leg Jangen mechamml,.’l Simulation

]A-"v EJH;
eal

'Tr = {'Enter the number of r

o] -4 A s
i of crank 2 volutions “l'Enter the angular
speed Ol '

g title = '"inputs';

:‘J;f;ines = 1;

:cf—= {'20'1 120" };

ink = inputdlg(prompt,dlg_title,num_lines,def

)
=str2num (link{1});
-':}"=r*360
zng speed=str2num(link{2});
t ‘:; h=acosd((172+h"2-k"2)/(2*1*h));
tetakh=acosd( (k"2+h"2-1" 2)/(2*k*h))
tetald=acosd ( (1"2+d"2-372)/ (2*i*d));
tetaij=acosd ((172+372-d"2)/ (2*i*j));
zng=0:10:angl;
thetaZl=ang;
tetzl=0*ang;
’thaZ 180.+theta2l;
f tlon Analysis
“irst loop
/A_sa/"
/2\,4/,
"“d/r/-ﬁzbz)/(?*b*)' _
Fk 'cosd(theta2) +k2- (k1*cosd (thetaZ) )i
““2*sind (thetaz) ;
2)) 5
. y"’osd (theta2)-k2- (yl*(()sd(thesz i)kA xC))) /(e *A))

“tasl=p, *atand ( (-B+sqrt ((B."2)

2.%A) )
N _ *A, kC) ) /(
ngtdﬂ =2.*atand ( (-B-sqrt ((B."2)- (4.

Y4\d/d

“ “a/b;

(e"2-an2pro_geg) / (24b*d) ;

1 y6~(

az2)i
kd*cosd (theta2) ) +k5+cosd (thet

nd(t Lf.?_dZ) ;

("y



1 k4*cosd(theta2) ) —k5'C08d(fh

?;K5341=2‘*atand((_Equrt‘E-"Z»(:tiif);
+hev ) ~-E- . DL
ﬁet842"'*atand(( E-(sqrt (g, 2- (4. sy, ‘f) /2.0y,
’»‘ /‘Dnd lOOp F) /(/ "“ )¢
o7 crcosd(thetasz))+(d¥cosd (they ) B

’

1)
11724 gy,

W17 ' 32) )+ (d*
e ‘,*51nd(theta Slnd(thef
gfif(dfz}—(Ml.’Z)—(M2.A2)—(f’2 Wk

1 +}51;

\
=

a
W~
L3S}

! +(atand((~H+(sqrt(H.‘}Z-(q ST
'*(atand(("H~(sqrt(H.A2_(4' '(”)))./(2.n”)).

T AD_M? "ND—_AAN .*I.*(_; i
1.72-M2.72-9"2) / (2%q) . ARV

)+
\\

™~

>}

> NN
)

\
=

-
=

-
€4
DN SR N
~

~-

o~

2.*atand ((-K+ (sqgrt (K.~2-

4 +
7 r:L/.*atand( (“K—(Sqrt(K.Az_( J'*L))))-/(Z."J));

4.*J.*L))))./(2.*J));
10=180+theta52;

shptaiV—4
:;fadj=acosd((dA2+jA2—i“2)/(2*j*d));
cret29=180+ (thetadl-tetadj);
yi=(h*cosd (thetad) )+ (e*cosd (thetal())
3¢={h*sind(theta9))+(e*sind(theta10));

gl=| =‘e“2)-(h"2)-(Nl."2)-(N2."2) ) ,/(Z*h);

3:ql+Nl;

}f:,‘Z*NZ)!'

1=q1-N1;
theta81=2.*atand((—K+(sqrt(K.“2~(4_*J.*L))))./(2'*J));
thetaB2=2.*atand ( (K- (sqrt (K.”2-(4.%3.%L))))./(2.%J)) ;
32=((n"2)-(e"2) = (N1.72) - (N2.72)) ./ (2%e);

¥=g2+N1;

y=(=2*N2);

7=q2-N1;

cheta6l=2.*atand ( (-Y+ (sqrt(Y."2-(4.*X.*Z))))./(2.%X));
theta62=2.*atand ( (-Y-(sqrt(Y.”2-(4.*X.*Z))))./(2.%X));
svelocity analysis
omegal=0*ang;
omega?2=30.+omegal; $input here '
omega3= (b.*omega2.*sind (theta2-thetadl)) ./ (c.*sind (theta4l-theta32)

)7
:megaQ:(b,*omegaZ_*sind(thetaZ-theta32))./(d.*sind(theta32—theta4l));
omega%=omegaé; : =
omega 5= (c?*omegaB _xsind (theta32-theta7l))+(d.*omegad.*sind(thetadl
theta71))) ./ (f.*sind(theta7l—theta52) );
omegalO=omega5;

.
r

a52) )+ (d.*omegad.*sind(thetadl-

1=

=
I @ @

((c.*omega3.*sind (theta32-thet

2))) ./ _+sind (theta52-theta7l))/ .

.*omega9?*cosd (theta9))+ (f. *omegalo.:cioig((gi:io)) ));
;‘j-*Omega9.*sind(theta9))+(f.*omega10. s81))) /(e.*sind(theta62_

“megaé=( (s1.+sind (theta8l))- (s2.*cosd(theta .

t.'.&tael) ) ;

legaB=( (s1.*sind (theta62)) |

:-'~‘—"ia62) )

‘acceleration analysis

@iPhal=0*ang;

#iphaz=0*ang; ¢input here

Yi=(a.*alphal.*cosd (thetal)
la,» (omegal.”2) .*sind (thetal))
.* (omega3,”2).+sind (theta32)

m »m rt O

N> b

_*sind(theta8l-
s2. *cosd(theta62) ))./(h.*s

+cosd (theta2)) -
pha2. Co,b\z) .*Sind(thetaj) ) -

)+(b.*al
A2).‘sind(theta4l));

- (b.* (omegaZ .

|- (d.* (omegal

- N L



.*sind (thetal))
salphal.”sin al))+ (b, +y N
'1\thetal))+(b.*(omegag.~2) lpha<-'$ind(u

]

=\ ¢

Ve
Y&

~G * ~ 19ta.ﬁln + - N ~ -

). ”“qa\\w‘(d-*(omega‘q-\z\.*Co§~1 L‘Osd(theta?\uz~~ N ‘'a.* (omegal .

ceta3« S@{thetayq) ), Tt 'OMegal. "2 +cosd
w(vli.*sind(thetadl1))- v~

‘_\‘133——\\51 P = (y: -*Cosd(thet p

2 radl));s 4 - 13))'/(“°Sihd(fhn*a1“—

“‘t‘st : * : TN IS L 3 4

“phad= ((yl-7sin (theta3""(Y2-*cosd(thetaTW)) /

T 2y Ve . (d‘sir‘.dlrh + 1

netals Lhetad]-

~.*alpha3.*cosd(theta32))-

\ " . ,

« omegal. ¢).*51ndttheta32))+(d *al

LU = N . . h
..\gmeqa4.'2).*s}nd(thetaql))_(q.*(Oﬁezg;*?SSdftbeta4la,_
*iomegaS.‘Z)-*Slnd(theta52)); C 2) . Sind(theta71)) -

W\

/.

2 € v

ﬂzkc,*alpha3~*Sind(theta32))+(c.*(ome &3 A
:34.*sindttheta41))+(d-*(Omega4.“2).*cgsd}t§;£‘i§5?(thefé32’"id"alp
.tsdxtheta71))+(f'*(°mega5-A2).*Cosd(theta52))? 1+ 19, (omega7."2) .+

alpha5=i(x:‘*COSd(theta71))‘(
.:hetaSZ) ) ;
alpha7=((x2.*cosd(theta52
:heta71) )i
alphalO=alphaS;alpha9=alpha4;

xl.*sind(theta7l)))./(f*Sind(theta71—

)"(X1-*Sind<theta52)))./(g*sindfthetasz—

z1=(j.*alpha9.*cosd (theta9))-

d_*(omegaS.“Z)-*Sipd(theta9))+(f.*alphalO.*cosd(thetalO))—
f,*(omegalO.“Z).*51nd(theta10))—(h.*(omegaS.“2).*sind(thetaSl))—

(e.* (omegab6.”2) .*sind (theta62));

22 (j,*alphag.*sind(thetaQ))+(j.*(0mega9.‘2).*cosd(thetaQ))+(f.*alpha
10.*sind (thetalO) )+ (f.* (omegal0."2 -¥cosd(thetal0))+ (h.* (omegaf. 2) .*
cosd(thetaBl) )+ (e.* (omega6.”2) .*cosd (theta62));
alphaé=((zl.*sind(theta81))-(z2.*cosd(theta8l)))./(e.*sind(theta62-
thetas8l)) ;

alpha8=((zl.*sind(theta62))-(z2.*cosd(theta62)))./ (h.*sind (thetafl-
theta62)) ;

P1=[0;0);
P2=b* [cosd (theta2-180) ;sind (theta2-180)];
P3=P2+c*[Cosd(theta32—180);Sind(theta32—180)];

P4=P3+i*[cosd (180+tetaid+thetadl);sind(180+tetaid+thetadl)];
P5=P4+e* [cosd (180+theta62) ;sind (180+theta62)];
p6=[b*cosd(theta2_1go)+g*cosd(theta71)+l*cosd(369—(tetalb.—
theta8l));b*sind (theta2-180) +g*sind(theta?l) +1*sind (360~ (tetalh-
thetasl)))

.
’

=
av e oI |

o O

=(b*cosd (theta2-180) +g*cosd (theta7l) ;b*sind(thetal-
/*3*sind (theta71l)]:;

=a*[1;0];

fﬁ“‘amiﬂtnalogglot:

Oor Lzlzlength(ang); .

P1 circle=viscircles(P1',0.0005);

P2 circle=viscircles (P2(:,1)',0.0005)7
P3_circle=viscircles(P3(:.i)':D-OOOS)’
P4 circle=viscircles (P4 (:,1)',0.0002)7
P5 circle=viscircles (P5(:,1)",0 0005)1
P6_circle=viscircles (P6(:,1) ", 0-9005) ’
7_Circle=viscirc1eS(P7(:,i)':O:UOO5)’
P8 circle=viscircles(P8',0.0005)7
P9 circle=viscircles (P9 (i, i)', 0.0002707



y crrclesvascircles (P10 . .
SEUNRSR S 8 o \ \ ll\.,l)"()‘()()“;
irclesviscireles (P11 (y, gy 0.0

: ) .
circlesviscircles (P12 (. . 00¢

]

)

. ‘)
1) ,0.0005)
)

13 circle \'}S\‘F[\-los(i‘l.i(:"1) '0'00“[
g circle \v\S\‘ll\‘l(xs([‘lll(;,‘l)- 0 000;)
] ’ . )

;
1 bhat line ([Pl (1) P21, 1)

:~ nat line ([P2(1, 1) P3 (1
N mar= line ((P3(1, 1)

: (2, ,
'1)].[P:\ “a 1)])!

N . ‘~:i) P :
© bhar ll:\t\ \ [PJ \l, l) Pq (l' l) ] , o . ) ),'

v pay 11!1!‘([P4\lli) PB(I)],[p
¢ par= line ([P4(1, i) PS5 (1

» 1) : '
4 bar= line([P5(1,1) P?(l,i)}:zggtgli; 53(2'})]);
X bar= line([P5(1, i) P6(1.i)]:[P5(2:1) Pezg'})ﬂ:
Lobars MRS UIFOL ) PT(1, 1)), (pe (o ) PT(201)])
g bar= line ((P7(1,1) P2l )1, (p7(2, 1) P2 (2 };])’.
F bar line ([P7(1,1) pS(l)]:[P7(2,i) P8(2)])J: 1);

Cl1 bar= line([P2(1,1i) P(1,1)7, (P22, 1) P9(2,1)]);
Pl bar= line([P9(1,i) PLA(1, 1)), (P9 (2,1) prg(> )19
11 bar= line([P9(1,1i) PlO(l,i)],[pg(zli) P10(2:i)]);
J1 bar= line([P10(1,1i) P14(1,i)],[P10(2,i) P14(2,1)]);
£l bar= line([P10(1,1i) P11(1,1)1, (P10(2, 1) P11(2,1)1);
Hl bar= line((P11(1, i) P13(1,i)],[P11(2,i) P13(2,i)]);
Kl bar= line([P11(1, 1) P12(1,1)]), (P11(2, i) P12(2,i)])
Ll bar= line([P12(1,1i) P13(1,1)1, [P12(2, i) P13(2,1i)1)
Gl bar= line([P13(1,1i) P2(1,1)), [(P13(2,1) P2(2,i)]);
F1_bar= line([P13(1,1i) P14(1,1)), [(P13(2,1) P14(2,i)])

.

.
’
r

.
r

delete\B_bar)
delete (C_bar)
delete (D bar)
delete\Embar)
delete (F bar)
delete\G_bar‘
delete (K bar)
delete (I bar)
delete\Jﬁbar\
delete\xubar‘
delete\L:bar‘

3elete;Cl_bar¥;
delete (D1 bar):;
delete (E1 bar);
delete (F1 bar);
delete (Gl bar);
delete (Hl bar

delete (Il bar);
delete (J1 bar);
delete (K1 bar);
lelete (L1 bar);

i TE
A%,



/ rer(z)subp]ot(7,1,]):

angve'n gelr,thetaZl,omega2, 'k thay o, O

olot 1200 omega5, "¢’y theta2l, omeqga6, vyo yy V020 ther o),
pLa? ’ ’ .hnfa/t"}m(,,“,;l,! iy ia4,

’ ’ 2t Ay e

gafr T L lubplot (2,1,2)
’ 11, theta2l,omega2l, 'k', theta);

i Vot . T ) )
1,omega’l, '« ’Lheid));omeqHﬂl,'('9rnr-1!’ heta2i, meqsi
) hetazl

r

AN
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[ hP,l ac
[ -5 '

;.medabl y 1

!

’ ')mt"-r;;, 31 , '

J C i s . Be LA s
a ’ ;('“4,, 1,%) Lt het
o

i

(3)

N el

“qﬂ:r\-r:subplot (2,1,1)
ﬁ%,‘angaccr,theta2l,alphazlvk,’thetazjlalphaa,

T:;gtyazlr alpha5, 'b', theta2?l,alphas,
:;"m‘\;

:'~;::1=5ubplot (2,1,2)

;.Et langacclr thetaz2l,alpha2l, 'k' , theta21,alpha3l, 'y',thetazl,alphadl,

« tneta2l,alpha7l,'b',theta2l,alphaél, 'r', theta2l,alphasl, '~

21,alphasl, 'm'); i

'y',?hqfa71,a;bna4,'7'
'r',theta21,alpha7, '« ta
’ etazl,alpha’,'c',thetazl,alp

[\ U

- 'Y

el

ot 2
I ”a

igure (4)
.ngpos=subplot (2,1,1)
- (angpos, theta2l, theta32, 'k', theta2l, thetadl, 'y’ , theta2l, thetasz,’
,theta2l,theta62, 'b’', theta2l, theta7l, 'r',theta2l, thetasgl, 'c');
sngposl=subplot (2,1, 2) i o
1ot (angposl, theta2l, theta31l, 'k', theta2l, thetad2l,'y’, theEaz _._-e'_’:jc
11,'g',theta2l, theta511, 'b', theta2l, theta721,'r’", theta2l, thet -

h

+
te]
¢

TS T & B |
-
O
+

& BNt

’

$PROGRAMME FOR LEFT LEG (btech2018twolegslef)

Lheta?l=theta2l;

rl=a/c;

K2=a/b;
FI=ldr2-crg-an2-p"2) / (2¥b*C) i
A=k3icosd (theta2l) +k2- (k1*cosd(thet
B=-2vsind (theta2l) ;

““#3-cosd (theta2l)-k2- (kl*cosd
Uﬁﬁa311=2.*atand((—B+5qrt((B'
Heta3z1=2 satand( (-B-sqrt ((B.
k4’~‘a/d;

ksta/b;
Pler2maryprpadrz) / (24b*d) 7
b0~ (k4*cosd (thetazl) ) +kb+cosd
E;é*sind(thetaZI); e cosd
thﬁ:tj (kd*cosd (thetazl)) —kJ-_(’Cf ~nD -
“L3411=2 +atand ( (-E+ (sqrt (E-

thetad2)1-) s atand ( (-E- (sqrt (B-727
»,.)@C()nd l ) )-
Mi= . oop ta421) ’

(C*cosd (theta311) )+ (dxcosd (EBEEE 503

a2l)) s

(theta2l))/
rgy-(4.*A.*C))
npy-(4.*A.*C))

(theta2l)?

tazl) s . y
(u(lj.*b.*b‘))))./(:..iiz X
*D.*F))))./\“. )) ) ;

2= : L thetads?!
p1(C*Slnd(thetaBII))+(d*51n?iz))/(2*f))

g2y — (M1, ~2y - (M2.72)



( P\‘M‘\'
i .
pl ML ratand ( (
.;ijpll N - ﬁﬂ;( (=Ht (sqrt (H, ~)- (4.+7,
v o p IR *
h@tﬁv“l 2. idtjnif( H- (sqrt (4. 2= (4. h)))) /(2
R ar: M1."2-M2.72-972) / (24q),; IR VAT P
’ : f,.", ) o
0\\41 L’- )) I
k-2 Mes
" n,“'M}‘.
Lo 211=2. ‘tand((-h+(s
 neta’ll ‘ QUi (K."2- (4,4
Uit . _\ - - ] *
y721=2. *atand (| (Sqrt (K. ~2- (4.4y! *5;;;)'/(2 as)
) /(2.4 :
I

N IR\{ :
t! I_,b1-(tetalj ((300+thet
ad2l)-tetga
id-180));

(h?fi 10

‘cosdl rhetalOl))+(f*cosd(theta611))

NI
2= ] <§1d‘t§?ta101))+(f*51nd(theta611)
qf\\ex- -(h"2)=(N1.72)=(N2.72)). /(2*h);
\-'.,ql+N1; ’
&_\-;*NS):

‘q "Nl ’

ﬂv,abll—_. *atand ( (-K+ (sqrt (K. 2-(4.*
! . FJL *
etag2l=2. atand((‘K‘(Sqrt(K “2-(4-*J.*L;;;;.;;gi*gfjf

:::@h\”)‘(eh7) (N1.72)-(N2.72)) ./ (2%e);

X= q_*Nl, '

y=(-2*N2) ;

ﬁc,—Nl,

theta511=2.%atand ( (-Y+ (sqrt(Y."2-(4.*X.*2))))./(2.*X) ).
N2-(4. *X *Z)))) ./ (2.%X));

theta521=2 .*atand( (-Y-(sqrt(Y

omegall=0*ang;
smega2l=30.+omegall; $input here
21—theta421))./(c.*sind(thetaéZl—

omega3l=(b. *omegaZzl. *sind (theta
theta3ll))

Cmega4l=(b.*omega21.*sind(theta7l theta31l))./(d. *sind(theta3ll-
thetad2l) )

omegalOl=omegadl;

omega9l=omegadl;

megaél=((c.*omega3l. «+sind (theta31ll-
theta721))+ (d.*omegadl. +sind (thetad2l-t
theta6ll));

heta721)))./(f.*sind(theta7il-

theta6ll) )’

*OmegaGl *sind |
rhetaéll) )/

1=(j.*omegalOl. +sind (thetalol))+(f o) +cosdl
= ,-] 'OmegalOl *COSd(thetaIOI) )+ (f,*Omega

"anSl ((s1. *cosd(thetaSZl)

4

w

d(theta821-theta5ll));

. .*sind (thetas82l))) ./ (e .*sin
ega81*((sl *cosd(thetaSll))
S Aand 821));
2.%*sind (theta511))) - /(h. *Slnd(thetaSII -theta
“Mega’ll=((c.*omega3l *slnd(thetajlld . «sind (thetacll-
hetdbll))ud tomegadl. +sind thetadzl-tnetastllle -
»'let- —w?l)
al Dhall O*ang;
1{v ' . .M -
)ha‘»’l O*an.g, \lnpUl here N “f’dri" ‘\_‘Sd\t“etd-‘ —
“(a.*alphall. *cobd(theta‘)f*‘b' afpgmégd?l.‘f‘-'Slnj‘:hfid'ﬁ. .
‘ (omegall.~2). *51nd(thetd1 _ (b'j(:\umeJAJL.’: *sind '“?Xfﬂf;,,
: “"“9(jd3l Ay . *s5ind ( thetd 311) !:t: '\}*d;‘i';>L 1\1(1’_“c’tdl— ) + _1- }‘.-.;.x.s:.:_
la. *alphall. *blnd(thetdl' +(? ?tg"ﬂxbdl[hctd-L |+ (C. ¥ (omeda
) + (b * lonlegd l \‘C“d‘[! a[j-l- )i

* <) .*cosd (thetal))

‘Cosd (theta311) )+ (d.* | (omegadl:



a3tz (yl-rsind(thetaday) )
BP cosd (thetad2l))) ./ (ersing ¢y
Q"*l‘]a“;((yl. smd(theta311) ) o eta3y)-
alP ‘Cosd(thetaBII) )) ./ (d*sind (1,
\?;ﬁawl‘alpha“’ etaq2)-
a

&

%, (omega3l."2) .*sind (theta3)

%

A . )
s (omega4l 2) . *Slnd(thetaqzl) )+ (d':alpha“‘*cosd

", (omegabl-"2) -*sind (thetagi)), " (OMegaTl.
v C.*alpha31.*su’xd(theta311) +(é N
K 4l.*sind (thetad2l))+ (d.+ (gpee (omega3)

’ - (theta421) ) -

*alpha3l-*COSd(theta3ll) )=

<1

(

(

‘n .*sind(theta721))-

1p ome A :"2) e
’31.A2) _+cosd (theta721) )+ (£, + (ome 9241; 2) .*cosd(ch:déthEta“l)H (d.
s 9361.72) veosd (thetaeg ) | (9" (omeg

eta6ll));
alph361= ((x2.*cosd(theta721) ) -

; 721))) ./ (f*si
oha7l=((x2.*cosd (theta61l) ) a721-theta61)),
xi.*sind (thetabll)))./(g*sind (theta611-therqmp,

alrzl));

X3=U.+alpha101.*sind(thetalOl))+(j * (om
i A . e A
et (omeqa51- '2) .*cosd (theta511) )+ (p,+ <omeg§;(fl;22) ;*Cosd(thetalOl) )+ (
/al?ha6l. Slnd(Eheta6ll))+(f'*(0megaGl.A2) *éosg.tﬁosd(theta82l))+(f
X4=(J_*alphal?1. Cosd(thetaloh)—(j'*(omegai01 Az)( *e'gaell));
(e.*(omegaSl. 2) .*sind(theta511))- ’ -"sind(thetal0l))-
(hf(omega81.A2).*sind(theta821;)+(f.*al h
(f.* (omegabl.”2) .*sind (theta6ll)); phatl.*cosd(theta61l))-
slphabl=((X4.*sind (theta821))-
(x3.*cosd (thetaB21))) ./ (e.*sind (thetaSll-theta82l));
alpha8l=((X4.*sind (thetaS1l))- '

(¥3.*cosd (thetab11l))) ./ (h.*sind(thetaB2l-theta51l));

Pl4=-a* [cosd (thetal) ;sind(thetal)];
P9=pP2+c* [cosd (theta3ll);sind(theta3ll)];
P10=P9+i* [cosd (360-tetaid+thetadZl) ;sind (360-tetaid+thetad2l)];
P11=P10+e* [cosd (180+theta5ll);sind! 180+thetabll)];
P12=P114 [k*cosd (thetaB21l+ (180-tetakh)) sk*sind(thetaB82l+ (180-
tetakh))|;
F154W4¢{1Agosd(thetaoll>;f‘s;nd\theta6lllh

PROGRAMME FOR VARYING FIXED LINK TO PLOT STEP HEIGHT AND STEP
LENGTH

*Link lengths



17 PETIR :1;6”
P ’[hot,a’- 035

[o!
p-a/bik3=(d"2-c"2-a")

Jor ke 2) /(24 b,
7" g (theta2) +k2- (k1*cosd (th ores

.(‘0.’\ "'a’/) ) :
R,kjsi“d(thotaZ);
' 1:4/COS<1 (theta2) -k2-(kl*cosd (thetay)) ,

y=2+atand ((~B+sqrt ((B"2)-(q4+pep

tha'zsz«atand((—B—sqrt((b”Z)—( SEVINALE

chetd? 4‘A*CH;‘//2»A;;;
kd'a/d;

L,li,sad//b; . R

(C~2—aﬂ2—b 2-d*2)/ (2*b*d) ;
ikwlk4*cosd(theta2))+k5+c05d{theta2);

E‘__2‘3-1,1(1(theta2);
Wk6_(k4«cosd(theta2))—k5-cosd(theta2);
Awta41:2*atand((-E+(Sqrt(EA2-(4*D*F))))/(2*5”;
theta42=2*atand((—E-(sqrt(EAZ-(4*D*F))))/(2+D));
.second 100P

Ml:(c*cosd(thetafil) )+ (d*cosd (theta4?2)) ;
w=(ctsind(theta3l) )+ (d*sind(theta42));
P1=H(9A2)-(M1A2)—(M2A2)-(fA2))/(2*f)):

G=p1+M1;

H:-Z*MZ;

I:pl"Ml;

theta61=2* (atand ( (-H+ (sqrt (H"2-(4*I*G))))/(2*G)));
theta62=2* (atand ( (-H- (sqrt (H"2-(4*I*G))))/(2*G)));
p2= (£°2-M172-M2"2-g"2) / (2*g) ;

J=p2+M1;

K=-2*M2;

L=p2-M1;

theta7l=2*atand ( (-K+ (sqrt (K"2- (4*J*L))))/(2*J));
ﬂmta72=2*atand((—K-(Sqrt(KAZ—(4*J*L))))/(2*JH;
tThird loop

tetaid=acosd ( (1"2+d"2-3"2)/(2*i*d));
tetaij=acosd ( (1*2+372-d*2)/ (2*1*3))i
thetal0=360- (tetaij- ( (360+thetad2)-tetaid=180));
N1=(j*cosd (thetal0) ) + (f*cosd (thetabl) )

N2=(j*sind (thetal0))+ (f*sind (thetabl) )’

ql=((e"2) - (h~2) - (N172) - (N2~2)) / (2*h)i

J=q1+N1;

K=(-2*N2) ;

L=ql-N1; ;
theta81=2+atand ( (-K+ (sqrt (K2~ (4*J*L))) )/(2:3) ;'.
thet&82=2*atand( (—K“ (sqrt(KA2" (4*J*L) ) ) )/(2 ) ’

= ((h72) - (er2) - (N172) - (N272) ) / (2*€) i

A=q2+N1;
= (-24N2)
?;q2~N1;
Clabl=o4atand ( (-Y+ (sqrt (Y°2-(
Umtabz=2*atandiE_Y_Esgrt(YAZ-(4*X*Z

’

y )i
4*X*Z))))/(Z*X) '
y) 1)/ (2%K))

thet
oo va2l(p, 1) =theta2;

ther 23 (P, 1) =theta3l;
ther 3Py 1)=thetad?;
1P, 1)=theta51;
P,1)=theta6l;
P, 1)=theta72;

8(p,1)=theta82;

'S

(
b (
'etas(
(



'(‘O5d thetaZ) ‘

:,,'

yb

}:f 11'1:1:16
¢ i}s'Z

."Oal
ap[{p’1>-x:
“qu (p, 1)
nold on
¢ pe=0.8

p ot (yd18p2, y3i8p2, v
e

end

if ii==3
1disp=h*cosd (thet s
yaisp=b*sind (theta)
xenendinp
=y Ydi spy
xdiapdip, 1) -n;
ydisp(p, =y

end

iil==yq
Xdispectcosd theted)
ylisp-c®aing thetad!
XEX N8P
yEyeydisg
xdispdp, | -a
yhapdip, 11y,

eny

S SY P
tetardeacosd (s Jeqi-12 / 2%:04
Idlsp»!'eosd\!&o-ito!lld-!ho!bii
YALSp=itsind Yo~ (teta:d-thetad!
XEXexdisp;
Yeyeydaap

AN *p \F’" =N

isps p, D=y

eng

leeg
Xdi1s
P=e*Cosd (180«thetadl!;

YdiSpeevsind (180+thetaSl’ ;
lilvx }~3p‘

3""’&‘.1:5.;3;
.;:‘q ;\-ll.x:

Frltay;



2% p A2+ 2-172) 7 (2% s
vl i ,:(1L‘()SL1( (k t (2 k h) ) ;
$an/K*Sind(theta8c+(lBO—tetakh))

.
’

if i1==8 .

' xzf*cosd(theta6l),
y=f*sind(theta61);
xdisp8 (P, 1) =X/

yaisp8 (ps 1) =Y

end

if 11==9
x=x1(1,1)7
y=X2(].l 1);
xdisp9 (p, 1) =%/
ydisp9 (p, 1) =i

end

1f 11==10
xdisp=x1(8, 1)
ydisp=x2(8,1);
x=xdisp;
y=ydisp;

end

1f 11==11
Xdisp=x1(3,1);
ydisp=x2(3,1);

x=xdisp;
y=ydisp;
end
i ll::l(_‘_

Xdisp=x1(4,1):
ydisp=x2(4,1):
x=xdisp;

) y=ydisp;

engd



11¢:]3
garsp=al (L)

ydi_ﬂpr—xz (11 13 ‘

,;xdisp:

?;ydiﬂpi

xdi;le{PrliTXF
.}ndjSP13(p’ 1)y

end

i f

j1==14
gdiap=x1(9,1);
ydigp—x2(5yl);
%=Ad15p7
y=ydispi

end

{
i

f 11-’15
sdiop=xl(6,1)7
ydisp=x2(6,1)7
g=adisp;
y=ydisp;

end

if 11==16
ydisp=x1(8,1);
ydisp=x2(8,1);
a=rdiBp;
yeydisp;

end

x1(11,1)=x;
x201,1)=y;

end

peprls

end

f

'L amn3, 4] |a==3.5( |a==3.55||a==3.6|a%=3

Plot(xdisp7, ydisp?, '-r')
hold on
Pause
t-(_rj
It i, N
. Ly ly=abs (ht2-htl);
H or ] - 2
oier ey O
r.z, . ’
€h '1‘
¥
"’J-Jr“fr/
Flot (ppa
4 1 Ir-'flﬂ,hT,'_f'l
'. J ()r-
l‘-’r,r'(!()'.'J‘l_{I

]

,65||ﬂ"3-7|‘a--3'3



mmﬂ"‘wy' FOR VARYING CRANK LINK 10 prom
]FNGTH WIEY weianr amn wrep

Link |leng!l hi

4,077
HH
)T e

o=2. 741
k(“4*;
[,4.;(1;;
g=4.887
}|/-“”
f-,'_'l4;
qez . 147
j=2.40;
a=3.60;
cr=1;

for b=0.1: L0111, 25

(

V];
(hy thetaz=0:5:360

kl=a/cik2=a/bi k3= (d"2-c”2-a"2-b"2)/(2*b*c) ;
Aekitcosd (thetaz) k2= (kl*cosd (theta?));
Bo=2*tgind (theta?2);

feki-cosd(thetaZ) —kZ2- (kl*cosd(thetaZ));

thetadl - 2*atand ( (-Brsgrt ((B”2) - (A*A*C)) )/ (2*A) )
lheta32"?*atand((—H—ﬂqrt((b’?)-(4‘A‘C)))/(2‘A));
kd=a/d;

kS=a/b;

ké=(c”2-a~2-b*2-d~2)/ (2*b*d);

Dek6- (kd*cosd (theta?) ) tkb+cosd (theta2);
Fe=2%sind (theta?) ;
Vkﬂ-(kd‘cusd(thwta?))—k5-F“Sd(th9ta2);
thetadl-2*atand ( (~E+ (sqrt (E°2- (4*D*F)))
hetad2=2*atand ( (-E- (sqrt (E~2- (4*D*F)))
‘Second loop )
Ml(c‘uoad(thetaBl))+(d*C05d(th9La4Z));
M2 Hﬂsind(thntujl))+(d“sind(thetd42))i
Pl H(g”?)—(Ml”?)-(M2“2)-(f‘2))/(?*fni
GrpliMl;

II—?AM?;

l“pl-M1;

theta6l=2+ (atand ( (-H+ (sqrt
!}m‘aﬁ?—V‘(dtand((~H~(Sth(”A2
P2= (fA2-M1~2-M2"2-g"2)/ (2*9)J
J P24M] ;

K ~2*M2;

Lep2-M] ;

theta7l=2+atand ( (-K+ (sqrt (K™«
'lwta7? 2%atand ( ( y.(,qrr(K'ﬂ
"l‘hird ],,(,‘)

)/ (2*D) )
)/ (2*D) )i

(H~2-(4*1*G))
—(A*1*G))

~ N
NN
> >

)

(4*J*L)))
(4*J*1)))



peosd (172407270 TV /(2 kv

:‘:A..\..,i\‘\ki\\. R s d-\ l\:‘\i‘i))‘
Fat 72160 te(axm-\(?bO*thetaQL “tetaid-1gg
Lotdrt L etalld) \+(f‘\o<d\thetab1\). LR
\:~'4\ ‘j 'Hetalﬂ\‘*\f‘ﬁlndtthetaélsx-
e 2 - ND2) - N202)) /(o
) es
1-‘£'x::

~<\"\:

Y NLS

-

s>=2+atand ( (-K=(SQrt (K*2- (44341
) - (e72) - (N172) = (N2°2) ) / (2%e) ;

3 ‘,-*ataﬂd\\‘K*(Sqrtixﬂ7-(4*J*L\\\\z(n.J)

0

1)/ (243))
- ,.4-‘\-'

?'v _a.\'__:r'

q2-N1i

S Ci=2+atand ((<Y+(SQrt(Y"2- (44X42))))/ (24%));
.:a““ atand ( (-Y- (SQrt (Y 2- (4*X*2))))/ (2+)));

cretall 1(p, 1) =thetaz;
.»erahprl) =theta3l;
vhet tad(p/1)= =thetad?2;
”etaf,p,l)—thetaal.
chetad(p, 1) =thetabl;
'heVa‘?‘pfl"th(,taj‘ ;
rnetad (ps 1) = =thetaB2;

xdis=b*cosd (theta2);
;ms=b'sind(lheta2);

x=0;
v
for i1=1:1:160

if 1l==2
X=X A
xdisp2 (p, 1) =x;
ydisp2 (p, 1) =y
hold on
1f b==0.8
plot (xdisp2, ydisp2, '*r')
end
end

1f v Y-
1T 11==3

xdisp=b*cosd (thetal):
ydisp=b*sind(theta2);
X=x+xdisp:
Y=y+ydisp;
XdlspS\p,l\—X,
ydl :p? (p,1)=

‘ ‘7

S I P
Nz"

dlsp=c*cosd( theta31>'
fjlbp c*sind (theta3l)
X‘XQ)(d\ sp;

=y+ydisp;

X341 oA

Lepd (p, 1) =X

85



Vo qeacosd ((1724d72-322) / (0
i‘cosd(aho—(t°1aid~thvtadiii;

(sind (360 (tetaid-thetaqy)
« £ ;

retd
\(di sp

1.—'-(\
(disp=e*cosd(180+thetasl);

ydlsp=e‘sind(180+theta51);

(=x+Xd18p/

y=y+ydispi

xdiSpG(P,1)=x;
uﬂspo(p,1)=y:

end

S
1 f

f 11==7
Letakh=acosd ( (k"2+h"2-1°2)/ (2*k*h) ) ;
xdisp=k*cosd(theta82+(180_tetakh));
ydisp=k*sind(theta82+(180-tetakh));
x=x+xdisp;
y=y+ydisp;

xdisp7(p,1) =%/

ydisp7(p,1)=y;

1f theta2==0
htl=y;

end

if theta2==180
ht2=y;

end

if theta2==90
lgl=x;

end

if theta2==280
1g2=x;

end

end

if i1==
x=f*cosd (theta6l) 7
y=f+sind (theta6l)/
vdi xdisPe(P,lFx,'
Ydisp8 (p, 1) =y;
end

If i1==
x=x1(1,1);
y=x2(1,1);
: xdisp9(p, 1) =%i
/fﬂ.":pg{p’ 1) =y;
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y4 1 SP=RE
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::fé‘gp;
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| zdisp=%l
ydisp=#x<
g=#LL8F7
j:/’jlsp.«
end
¢ i1==12
- wiisp=x1
jaisp=x2
x=xd18p;
y=ydisp;
ent

f 11==13

xdisp=x1l |

ydisp=x2
x=xdisp;
y=ydisp:

xdispl 3 {(
ydispl3ip,1)=

€ 41 = 1
e ;--2;4

xdisp=xl

ydisp=x2 |

x=xdisp;
y=ydisp;

enqa

f ‘_:.:.“:
xllspaxl
:’ilspaxz
x=xdisp;

7 Yy=ydisp:

it 1 ¢

t4i==16
X§15p=x_
¥3lsp=x2
X=xdisp;

en, 7 ¥9isp;

X3

Coees =k
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==0.811b==0.9]|b==1,0] |p=

19l
1lg2
abs (lgl-1¢2)
htl
ht2
abs (ht2-ht1)
rlot(xdisp7,ydisp7, '-r")
hold on
pause
at cr,l)=abs (ht2-htl);
lg.cr,l)=abs(lgl-1g2);

cra(Cr, 1) :D;

1

~p=m~ydi] e
Cr=Cr+.;
ena

figure(2)

plot(cra, ht,'-r")

hold on
vloticra,lg,'-r')
cleazr all

21 Ib==1

21 b=

] -/”)



