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Abstract

Bio-inspiration and mimicry of the nature mechanism has become a key to the innovative
engineering solutions spatially in the area of robotics. In present work biomechanical
analysis of human hand has been taken from literature in order to extract the important date
to make a mathematical model as platform of the design of multi-fingered gripper using

multi-body dynamics techniques.
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Chapter 1 Introduction

1.1Introduction

Bio-inspiration and mimicry the behavior of nature is considered to be the key of successful
technology leading to efficient and reliable engineering solution of our daily problems, due
to its dynamic behavior, complex configuration and the ability of adaptation[1]. human
hand plays a vital role in the development of mankind civilization from the beginning of
the history, so in order to utilize its dexterity in our dull, dirty and dangerous application
which are the famous roles of robotics and farther when high accuracy is needed |,

developing models of human become a hot topic in recent decades[2][3] .

Designing and analyzing a complex dynamic system in areas like biomechanical, robotics
and mechatronics; multi-body system dynamics analysis has found to be a powerful way to
mitigate all these parts and even it gives efficient computation models in order to perform
the control part[4]

in present work a biomechanical analysis model have been taken [5] and approximation
made to develop the mathematical model which gives the governing dynamic equation as
foundation platform for designing.



Chapter 2 Literature Review

2.1 Review of literature

Multi-body dynamics (MBD) has grown during the last 20 years to become an important
and effective tool in the design, prototyping, optimization and simulation of complex
mechanical systems, biomechanical and multi-physics problems. MBD as one of the most
active branches of applied mechanics is based on classical and analytical mechanics. A
clear historical development was given by Professor Schiehlen explaining roots, the state-

of-the-art and perspectives of MBD[6]

In the time period between 1997 and 2006 multi-body dynamics was acknowledged as an
independent branch of theoretical, computational and applied mechanics around the globe
and the research trends were discussed with respect to the subjects and countries dealing

with multi-body dynamics by Professor Schiehlen in[4]

In review part at the beginning of present work research trends were analyzed as a brief
extension of Professor Schiehlen work [4], with respect to areas, topics and applications as
contributions published in "Multibody System Dynamics" journal in last 10 years. It has
been found that the number of contributions has been increasing from 302 paper in the
period (1997 to 2006) by 50% in last decade (2007 to 2016), these contributions were
analyzed and summarized in Table 1 showing research trends and hot active topics also
challenging topics. Hot and active topics has found to be theoretical and computational
methods, flexible multi-body systems, contact and impact problems, biomechanical
problems and robotics and walking machines[7],from this platform we have proceed further

to biomechanical and robotics as they have identified as hot topics in multi-body dynamics.

An experimental model which gives the background of human hand from biological point
of view and provide standard model especially for biomechanical analysis has been
proposed based on anatomical analysis of diffrent10 specimens [8]. In same context a three-
dimensional scalable biomechanical model of the four fingers of the hand to evaluate power
grip has been proposed [9]

Different kinematic and dynamic models of human hand have been proposed using

different approximation. One was a 24 degree of freedom kinematic model to describe to

2



real motion and 2 simplified hand models with 9 and 6 degrees of freedom have been
developed[10]. Further, another model proposed using two sets one for thumb as 4 joints 3

link and for others as 5 joints 4 links[5].

A survey paper has given a useful conclusion about the grasping and manipulation part
which is the main task of the present work, it was concluded that the problem of
manipulation divided into sub parts consist of: task planning, hand design, grasping issue
control and sensing part[11].Further, a guidance for practically implementation of grasp
model an evaluating method for the quality of grasping and its planning algorithms has
been introduced by simulating 7 different robot hands with 126 daily used object models
as a quality of grasp matrix[12] . Furthermore, based on dynamic simulation a generic
approach has been proposed to optimize robot grippers including gripper mechanism
parameters and the geometry of finger used in the gripper combined with the grasp quality
matrix[13]. Furthermore, classification of grasp model based the grasped object shape has
been intruded as eight types[14] and important point the mentioned has found to be that not
all types has been implemented in one algorithm and that will be a challenge and research

gap.

Control and stability of grasped object has considered to be a challenging area regarding
the problem of designing such type of grippers. Using dynamic analysis and the theory of
controllability an examination of manipulation possibilities using grasping equilibrium
under gravity has been proposed[15]. A novel formulation of grasp planning analysis and
control multi-fingered robot hands using the ray-shooting technique, the proposed method

may lead to algorithm used in real time application[16].

For industrial application a multi-fingered gripper with 6 degrees of freedom has been
proposed using the idea of generating a closed loop kinematic chain with object and gripper
fingers as a key idea [17]. Further a dynamic model of underwater applications including
hydrodynamic terms has been introduced[18]. Furthermore, a 3D printed myoelectric

multi-fingered hand model has been proposed for prosthetic applications[19].



2.2 Research gabs

From design point of view some considerations have found to be taken:

Joint friction force effect has found to be larger than the effect of inertia and gravity
forces, in order to improve the grasp model and control this consideration has to be
taken[20].

Including the disturbance due friction in control model[21].

Considering the contact movement due to the shape of fingertip[21].

For achieving all possible orientations and position fully actuated system has to be
considered.

Based on the object shape classifications algorithm containing all types has to be
developed to deal with various object shapes[14]

Optimizing the number of fingers in proposed hand for enhancing the grasp
model[14]

2.3 Objective of the study

The objective of this study is:

1. To develop and design multi-fingered gripper which is able to grasp and

manipulate irregular shape objects.

2. To study the effect of number of links in a finger on performance of multi-

fingered gripper.

3. To study the effect of number of fingers on performance of the gripper.



Table 1 Research trends in years 2007 to 2016[7]

total from | total from
No Topic 2016 | 2015 | 2014 | 2013 | 2002 | 2011 | 2010 | 2009 | 2008 | 2007 | 200760 | 1970
1016 2006

1 Algorithms, infe gration codes, software 3 - I I I O B 3
2 Biomechanical problems 6 | 7|26 B 47121 4 )
3 Contact and impact problems § 18 2|10 4 6] T ]6]5 )1 § il
4 Control and me chatronics 2433yl 18 17
3 Education in multhody dynamics 0000 T 000 j0]0 ]
b Experiments and mumerical v erification Lo 10002 (0]2]0 ] 8
1 Flexible multibody systems 11572 {6794 56 40
8 Liarge deformation phenomena 00 jo0 (10211 (1)1 7 L]
9 Machines and me chanisms 3y 1y prprpyprgl 18 2
10 Multhody dynamics as a tool for historical research L0 0 (o000 (0000 | 0
11 Multiphysics problems Lo j o1 jojo0jojpo0ojp0|?2 4 16
n Nonholonomic systems 0|01 (T 00T 0[O0 3 4
K Optimization of me chanical systems 02|85 21021 15 i
i Parameter ientification and data models 021|521 {0 1T ]0)1 i 3
15 review part 0o (0 jo0jo |10 0) 4 ] 0
16 Robotics and wa lking machines S 4[4 ]934 4253 41 27
17 Simulation and virtual reality 1T 434 T d U 4
18 Theoretical and computational methods 1 46|19 6|88 |88 |1 L 4
19 Vehicle dynamics 103 45T F 4] B 5

Total W3[5 |8 4 46 82 434 & Nl




Chapter 3 Research Methodology

3.1 Research methodology flow chart

Letratue review (concepts, identifing the gap,
formulatin the problem)

Bio-inspration , biomechanical analysis, Approximation
and mathmatical model

Grasping and manipulation model design

Control model design

Optimization the desidn parameters and fabrication

From the above flow chart, we have introduced the research methodology in which will be

followed to conduct the research work.

In the literature review part, we have first analyzed the area of multi body dynamics as hot
growing and active field area and it has found to be a powerful technique for design and
analysis. Tends regarding multi body dynamics has been analyzed using data collected from
“Multibody system dynamics” journal as highly ranked journal in this field, contributions
published in this journal we have taken for the last 10 years and classified them with respect

to the applications as shown in table 1.



From the above stage hot topics and research gaps have been identified and then problem
and the objective of study have been formulated. Further, analysis has been done of the

problem along with the approximation in order to develop the mathematical model.

Using the above outputs in the form of mathematical model as platform of the design grasp
model and control model have to be developed and simulated with CAD and CAE tools to
validate the obtained models results. Furthermore. Optimizing the obtained design
parameters for specifying the final model specification to select the actuating system type,
material of structure, manufacturing technology, control system hardware and final CAD

model for fabrication.



3.2 Proposed work plan with timelines
Below table has introduced the summarized activities of research work through the time

line as proposed work plan steps according to the research methodology.
Table 2 Activities of research work through the time line

powary [ Jan-Aug | Aug | Sep [ Oct | Nov | Dec [ Jan | Feb [ Mar |

Literature review

Identification of

gap
Problem

formulation

Kinematic analysis

Force analysis

Formulation of
mathematical
model for one

finger

Formulation of
mathematical
model for multiple
fingers

Formulation of
grasp and control
models, comparison
of models and
optimization
CAD, CAE

simulation of

optimized model,
Fabrication and

testing




Chapter 4 Mathematical Modeling

4.1 Mathematical model
Based on literature review of bio-mechanical models[5] referred to Figure 1,

approximations made in order to model thumb and index fingers:
1. Thumb finger modeled as 4 joints and 4 links.
2. Index finger modeled as 3 joints and 3 links.
3. Palm approximated to be one rigid body.

4. Bone links assumed to be slender members with mass at distal end.

Middle
. Ring
Index l P
,l H [ Little
H U J Distal Phalanx [ DIP
( ‘ — sttallntenphalangeal
\ Middle Phalanx
Thumb | \ [ / ' }
: — IP
| | Proximal Phalanx 'Ploumal Imelphalangeal]

Distal Phalanx ‘\
L ape ] [ \

Intexphalangeal —¢
Proximal Phalanx ; \
MCP \

= MCP
[Metacarpophalangesl
 Metacarpophalangeal | F
S CMC
2 ,’x‘ i, (‘arpometacarpal |

T™MC | =
Tnpeznomehrmpml] !
’

Figure 1 Anatomical details of the hand skeleton[5]



Using Denavit-Hartenberg formulation for obtaining kinematics models shown in figures

1, 2 below is illustrated on this Table 3:

Table 3 DH notation of thumb and index fingers models

link A(m) Alpha(degree) | d(m) theta(degree)
Thumb finger model
1 0 +90 0 thl
2 L1 0 0 th2
3 L2 0 0 th3
4 L3 0 0 thd
Index finger model
1 0 0 0 thl
2 0 0 0 th2
3 0 0 0 th3
LS
. o X
10
N ©
-10
3 DOF index finger model

Figure 2 3-DOF index finger model
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5 4

-10 -

N =<

= F thumb model
3 | i 30

Figure 3 4-DOF thumb finger model
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Using the above data, we obtained the forward kinematics models with the help of Matlab

software:

the generalized equations are given below [22] :

TIT; = TUT(dIT (a)T (&)

i 0
0

Co;, -560,Ca; 56;Sa; a,CO,]
5¢; C8Ca; -COSa; a)56,
Sex;
0

Ce, d;
0 1

Equation 1

Equation 2

where C@, = cos @, $6, = sin &, Ca; = cos &, and S@; = sin @,

Equation 1 and 2 called the homogenous transformation matrix used to give the information

about the position and orientation of the end-effector and the origin the first 3*3 sub-matrix

of the transformation matrix represents the orientation and the top right 3*1 sub-matrix

represents the position and the bottom 1*3 sub-matrix represents the perspective

transformation matrix and the 1*1 bottom right is the scale factor.

Then the transformation matrix of thumb:

C24C1l | -S234C1 | S1 | C1(L2C23+L1Co+L3Coss
C234S1 | -S23aS1 | -C1 | Sa(L2Cas+L1CotL3Cos4
Soz4 Cass 0 L2S23+L1S2+L3S234
0 0 0 1
Equation 3

Where Cijx= Cos (th; +thj+ th), Sijk= Sin (th; +th;+ thy).

12



Transformation matrix of index:

Cizs | -S123 | 0 | LoC1o#+L1Ci+L5Ci2s
S123 | Ci2z | 0 | LoS1a+L1Si+L3S123
0 0 1 0
0 0 0 1
Equation 4

The differential motion model represented by Jacobin matrix is given below[22]:

v
w

V: Cartesian velocity vector, J: Jacobin matrix, g dot: joint velocity vector

d .
[3} = J{‘f) Q{I) Equation 5

Where:

The Jacobin matrix gives the relation between the differential motion (velocity) of the joint

and differential position (velocity) of the end-effector.

for Jacobin computation the below equations are used[22]:

P
. ’01] for a prismatic joint quaton'
Jf{q):[ j|=< - i-1
S Fi.i xF, for a revolute joint
L P
HPn — ﬂTnGn _ ﬂT:‘—l 0, Equation 7

Where:

P: position vector, On=[000 1]".

13



Then the resulting Jacobin matrix for thumb finger is:

-S1(L2Cos+L1Co+L3Co34) | -C1(L2S23+L1S2+L3S234) | -Ci1 (L2S23 L3S234) | -L3S234 C1
C1(L2Cos+L1Co+L3C234) | -S1(L2S23+L1S2+L3S234) | -S1(L2S2s+ L3S234)) | -L3S234 S1
0 (LoCo3+L1CotL3C234) (LoCo3+L3Co34) L3Co34
0 S1 St S1
0 -C1 -C1 -C1
1 0 0
Equation 8
Also Jacobin matrix for index finger:
- L2S12- L1S1- LsS123 | - L2Sa12- LsS123 | -LsSazs
L2Ci2 + L1iC1 + L3Cazs | L2Ci2 + L3Ci2s | L3Cizs
0 0 0
0 0 0
0 0 0
1 1 1

Equation 9

Finally, the dynamic model is obtained using Recursive Newton-Euler formulation for

obtaining joint torques:

tourquel= Y29 A

Equation 10

tourque2=Y%%, B
Equation 11

tourque2=Y3°, C

Equation 12

tourque3= Y-, D
Equation 13

14




Where: the value of A, B, C and D are mentioned in appendix (1)

Note: the value of link length has taken as unity for simplification of above expressions
and gravity as 10(m/sec?).

In section 4.2we have introduced the Matlab codes which have been used to obtain the
results of mathematical models in this section

15



4.2 Matlab codes

Function for obtaining transformation matrix

function T=transformationL(a,alpha,d,th)

%TRANSFORMATIONL obtains transformation matrix T of link i using DH notation
%T(i) means tensformation of frame i wrt frame i-1

% if the jpint variable is th set it to @ or if it is d set it to 1

%syms theta dis

% if gq==0

% th=th; %revolute

% elseif gq==1

% d=dis; %prismatic

% else

% error('invalid choice of joint type')
% end

ell=cos(th);
el2=-sin(th)*cos(alpha);
el3=sin(th)*sin(alpha);
el4=a*cos(th);
e2l=sin(th);
e22=cos(th)*cos(alpha);
e23=-cos(th)*sin(alpha);
e24=a*sin(th);
e31=0;
e32=sin(alpha);
e33=cos(alpha);
e34=d;
T=[ell el2 el3 el4
e21 e22 e23 e24
e31 e32 e33 e34
000 1];

end

16



Code for obtaining forward kinematic model:

clc

clear

== mmmm - forward kinematic model------------------"-"-"o""——-—-
Fmmm for 4DOF thumb finger------------c---mmmm e
Fmmm using DH notation------------------cm e

%user must define the link and joint variables below for the specific
%problem using syms
disp('forward kinematic model for thumb finger')

syms thl th2 th3 th4 L1 L2 L3
%q_data matrix is the inputs of joint -link parameter
%each row defines parameteres of each link
%according to this order[a,alpha,d,th]
disp('q_data matrix is joint-link parameters’)
q_data=[@ pi/2 @ thl;L1 @ @ th2;L2 @ @ th3;L3 @ @ th4]
%n= represent DOF
disp('number of degree of freedom is:')

n=size(q_data,1)

disp('transformation and rotation matrix of each link:")
%transmat(:,:,i) is the transformation matrix of (i)th link
%Rmat(:,:,i) is the rotation matrix of (i)th link

for i=1:n
transmat(:,:,i)=transformationL(q_data(i,1),q_data(i,2),q_data(i,3),q_data(i,4))
Rmat(:,:,i)=transmat(1:3,1:3,1i);

end
T=transmat(:,:,1)*transmat(:,:,2)*transmat(:,:,3)*transmat(:,:,4);
disp('the overall transformation matrix is:')

Transmat_final=simplify(T)

17




Code for obtaining the Jacobean matrix:

%using transformation matreces from forward kinematics model

%T0_4 means transformation of frame {4} wrt frame{@}; this will be the
%notation uesd for sud and supperscripts

%3i(q)=[Pi-1xPi-1_n

% Pi-1] for revolute joints

%Pi-1_n=(TO_n*0On)-(TO_i-1*0n)

%0n=[0 @ @ 1]' , u=[@ @ 1]' ,Pe=[0 @ 1]' ,RO_0=TO O=[I]

%Pi-1=RO_i-1*u

T0_1=transmat(:,:,1); T1_2=transmat(:,:,2);

T2_3=transmat(:,:,3); T3_4=transmat(:,:,4);
al=TO_1*T1 2;TO _2=simplify(al); a2=T0_2*T2 3;TO 3=simplify(a2);
a3=TO_3*T3 4; TO_4=simplify(a3);

On=[0 0 0 1]';TO 0=[1 00 0;0100;0010;000 1];

PO=[0 © 1]'; P1=T@ 1(1:3,3); P2=T@ 2(1:3,3); P3=T0_3(1:3,3);
a4=(TO_4*0n)-(TO_O*0n); a5=(TO_4*0n)-(TO_1*0n);

a6=(TO_4*0n)-(TO_2*0n); a7=(T@_4*0n)-(TO_3*0n);

PO _4=a4(1:3,1); P1_4=a5(1:3,1); P2_4=a6(1:3,1); P3_4=a7(1:3,1);
a8=cross(PO,P0_4); a9=cross(P1,P1 _4); al@=cross(P2,P2_4); all=cross(P3,P3 4);
al2=simplify(a8); al3=simplify(a9); ald=simplify(al@); alS=simplify(all);
J1=[al2;P0], J2=[al3;P1], J3=[al4;P2], J4=[al5;P3]

disp('the total jacobian matrix for 4DOF thumb finger is')

J_thumb=[J1 32 33 J4]

18




Code for obtaining dynamic model:

%using transformation matreces from forward kinematics model

%TO_4 means transformation of frame {4} wrt frame{@}; this will be the
%notation uesd for sud and supperscripts

%1i(q)=[Pi-1xPi-1_n

% Pi-1] for revolute joints

%Pi-1 n=(T@_n*0On)-(TO_i-1*0n)

%0n=[0 © © 1]' , u=[@ © 1]' ,Pe=[0 © 1]' ,RO_0=TO 0=[I]

%Pi-1=R@_i-1*u

T0_l1=transmat(:,:,1); T1_2=transmat(:,:,2);

T2_3=transmat(:,:,3); T3_4=transmat(:,:,4);
al=TO_1*T1_2;T0_2=simplify(al); a2=TO_2*T2_3;T0_3=simplify(a2);
a3=TO_3*T3_4; TO_4=simplify(a3);

On=[0 0 0 1]';TP 0=[1 0 0 0;0 1 0 0;0 0 1 0;0 0 0 1];

PO=[0 © 1]'; P1=T@_1(1:3,3); P2=T@ _2(1:3,3); P3=T@_3(1:3,3);
a4=(T0_4*0n)-(TO_O*0On); a5=(TO_4*0n)-(TO_1*0n);

a6=(T0_4*0n)-(TO_2*0n); a7=(T0_4*0n)-(TO_3*0n);

PO 4=a4(1:3,1); P1_4=a5(1:3,1); P2_4=a6(1:3,1); P3_4=a7(1:3,1);
a8=cross(PO,P0_4); a9=cross(P1,P1 _4); al@=cross(P2,P2_4); all=cross(P3,P3 4);
al2=simplify(a8); al3=simplify(a9); ald=simplify(al@); alS=simplify(all);
J1=[al12;P0], J2=[al3;P1], J3=[al4;P2], J4=[al5;P3]

disp('the total jacobian matrix for 4DOF thumb finger is')

J_thumb=[J1 32 33 J4]

19




Chapter 5 Expected outcome and conclusion

5.1 Expected outcomes
According to the objective of this study we expect, data representation about the effect of
number of fingers in a gripper and the effect of number of links in a finger, using this data

to fabricate a prototype of multi-fingered gripper for grasping irregular shapes.

5.2Conclusion

In present work we introduced the research trends in multi-body dynamics and highlighting
active and hot topics in last 10 years, and they are theoretical and computational methods,
flexible multi-body systems, contact and impact problems, biomechanical problems and
robotics and walking machines, through this trends we took combined problem between
biomechanical and robotics in order to design multi-fingered gripper, further, we have

presented the mathematical model as platform of the design.
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Appendix

The below results has been obtained using Matlab software:
torquel
Al =

(5*%cos(2*thl - th2 - th3 + conj(th3)))/2 - (5*cos(2*thl - th2 - th3 +
conj(th2)))/2 - (5*cos(th2 + th3 - 2*conj(th2) - conj(th3)))/2

A2 =

- (15*cos(th2 + th3 - conj(th2) - 2*conj(th3)))/2 - 5*cos(2*thl + th2 -
2*conj(th2)) - 5*cos(2*thl - th2) - 1@*cos(th2 - 2*conj(th2))

A3 =

- 5*cos(th2 + th3 + th4 - conj(th2) - conj(th3)) - (5*cos(th2 + th3 + th4 -
conj(th2) - conj(th4)))/2 - (5*cos(th2 + th3 + th4 - conj(th3) - conj(th4)))/2

A4 =

(5*cos(2*thl + th2 + th3 + th4 - conj(th2) - 2*conj(th3) - conj(th4)))/2 +
(5*cos(2*thl + th2 + th3 + th4 - 2*conj(th2) - conj(th3) - conj(th4)))/2 +

(5*cos(2*thl - th2 - th3 - th4 + conj(th3) + conj(th4)))/2
A5 =
(5*cos(2*thl - th2 - th3 - th4 + conj(th2) + conj(th4)))/2 - (5*cos(th2 + th3

+ th4 - 2*conj(th2) - conj(th3) - conj(th4)))/2
A6 =

(5*cos(2*thl - th2 - th3 - th4 + conj(th2) + conj(th4)))/2 - (5*cos(th2 + th3
+ th4 - conj(th2) - 2*conj(th3) - conj(th4)))/2 - (5*cos(th2 + th3 + th4 -
2*conj(th2) - conj(th3) - conj(th4)))/2

A7=

- 5*cos(th2 + th4 - conj(th2) - conj(th3) - 2*conj(th4)) - 10*cos(th2)-
(5*cos(th2 + th3 - conj(th3)))/2

A8 =

(5*cos(2*thl + th2 + th3 - 2*conj(th2) - conj(th3)))/2 - (5*cos(2*thl + th2 +
th3 - conj(th2) - 2*conj(th3)))/2 - (15*cos(th2 + th3 - conj(th2)))/2
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A9 =

(cos(2*thl - 2*real(th2))*conj(thddotl))/2 + (cos(2*thl -
2*real(th2))*conj(thddot2))/4 + (cos(th2 + th3 + th4 - conj(th2) - conj(th3) -
conj(th4))*conj(thddotl))/2

Ale =

(sin(2*thl - th2 - 2*real(th3) + conj(th2))*conj(thdot1)”2)/4 + (3*cos(th2 +
th3 + th4 - conj(th2) - conj(th3) - conj(th4))*conj(thddotl))/2

All =

- (sin(2*thl - th2 - 2*real(th3) + conj(th2))*conj(thdot2)~2)/4 - (sin(2*thl -
th3 - 2*real(th2) + conj(th3))*conj(thdotl)”2)/4 - (sin(2*thl - th3 -
2*real(th2) + conj(th3))*conj(thdot2)~2)/4

Al12 =

(sin(th2 - 2*thl + 2*real(th3))*conj(thdot3)”2)/4 - (conj(thddotl)*cos(2*thl +
th2 + th3 - 3*conj(th2) - conj(th3)))/4

Al13 =

(conj(thddotl)*cos(2*thl + th2 + th3 - conj(th2) - 3*conj(th3)))/4 -
(conj(thddot2)*cos(2*thl + th2 + th3 - 3*conj(th2) - conj(th3)))/4

Al4 =

-(cos(2*thl + th2 + th3 - conj(th2) - 3*conj(th3))*(conj(thddot2) +
conj(thddot3)))/4

Al5 =

-(conj(thdot1)”2*(sin(2*thl + th2 + th3 + th4 - conj(th2) - 3*conj(th3) -
conj(th4)) + sin(2*thl + th2 + th3 + th4 - 3*conj(th2) - conj(th3) -
conj(thd))))/4

Al6 =

-(conj(thdot2)”2*(sin(2*thl + th2 + th3 + th4 - conj(th2) - 3*conj(th3) -
conj(th4)) + sin(2*thl + th2 + th3 + th4 - 3*conj(th2) - conj(th3) -
conj(th4))))/4
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Al7 =

-(sin(2*thl + th2 + th3 + th4 - conj(th2) - conj(th3) -
3*conj(th4))*conj(thdot2)”2)/4

Al8 =

-(conj(thdot3)”2*(sin(2*thl + th2 + th3 + th4 - conj(th2) - 3*conj(th3)) +
sin(2*thl + th2 + th3 + th4 - conj(th2) - conj(th3) - 3*conj(th4))))/4

Al19 =

- (sin(2*thl + th2 + th3 + th4 - conj(th2) - conj(th3) -
3*conj(th4))*conj(thdot4)”2)/4 - (cos(2*thl - th2 - th4 - 2*real(th3) +
conj(th2) + conj(th4))*conj(thddotl))/4

A20 =

(cos(2*thl - th2 - th3 - 2*real(th4) + conj(th2) + conj(th3))*conj(thddot2))/4
+ (cos(2*thl - th2 - th4 - 2*real(th3) + conj(th2) +
conj(th4))*conj(thddot2))/4 - (cos(2*thl - th3 - th4 - 2*real(th2) + conj(th3)
+ conj(th4))*conj(thddotl))/4

A21 =

(cos(2*thl - th2 - th3 - 2*real(th4) + conj(th2) + conj(th3))*conj(thddot3))/4
+ (cos(2*thl - th2 - th4 - 2*real(th3) + conj(th2) +
conj(th4))*conj(thddot3))/4 + (cos(2*thl - th3 - th4 - 2*real(th2) + conj(th3)
+ conj(th4))*conj(thddot2))/4

A22 =

(conj(thddotl)*cos(th2 + th3 - conj(th2))/2 + (cos(2*thl - th2 - th3 -
2*real(th4) + conj(th2) + conj(th3))*conj(thddot4))/4

A23 =

(3*cos(th2 + th3 - conj(th2) - conj(th3))*conj(thddotl))/2 + (sin(2*thl -
2*real(th2))*conj(thdot1)~2)/2 - (sin(2*thl - 2*real(th2))*conj(thdot2)*2)/4

A24 =

(cos(2*thl + th2 - 3*conj(th2))*conj(thddotl))/2 - (cos(2*thl + th2 -
3*conj(th2))*conj(thddot2))/4 - (conj(thdotl)”2*sin(2*thl + th2 + th3 -
3*conj(th2) - conj(th3)))/4
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A25 =

(conj(thdotl)~2*sin(2*thl + th2 + th3 - conj(th2) - 3*conj(th3)))/4 -
(conj(thdot2)~2*sin(2*thl + th2 + th3 - conj(th2) - 3*conj(th3)))/4 -
(conj(thdot2)72*sin(2*thl + th2 + th3 - 3*conj(th2) - conj(th3)))/4

A26 =

(cos(2*thl - th2 - 2*real(th3) + conj(th2))*conj(thddotl))/4 -
(conj(thdot3)”2*sin(2*thl + th2 + th3 - conj(th2) - 3*conj(th3)))/4 -
(cos(2*thl - th3 - 2*real(th2) + conj(th3))*conj(thddotl))/4

A26 =

(cos(2*thl - th3 + conj(th3))*conj(thddot2))/4 + (cos(2*thl - th2 -
2*real(th3) + conj(th2))*conj(thddot2))/4 + (cos(2*thl - th2 - 2*real(th3) +
conj(th2))*conj(thddot3))/4

A27 =

2*cos(th2 - conj(th2))*conj(thddotl) - (sin(2*thl - th2 - th4 - 2*real(th3) +
conj(th2) + conj(th4))*conj(thdot1)~2)/4 - (sin(2*thl - th3 - th4 -
2*real(th2) + conj(th3) + conj(th4))*conj(thdotl)~2)/4

A28 =

-(conj(thdot2)~2*(sin(2*thl - th2 - th3 - 2*real(th4) + conj(th2) + conj(th3))
+ sin(2*thl - th2 - th4 - 2*real(th3) + conj(th2) + conj(th4)) + sin(2*thl -
th3 - th4 - 2*real(th2) + conj(th3) + conj(th4))))/4

A29 =

- (sin(2*thl - th2 - th3 - 2*real(th4) + conj(th2) +
conj(th3))*conj(thdot3)”2)/4 - (sin(2*thl - th2 - th3 - 2*real(th4) +
conj(th2) + conj(th3))*conj(thdot4)~2)/4 - (sin(2*thl - th2 - th4 -
2*real(th3) + conj(th2) + conj(th4))*conj(thdot3)~2)/4

A30 =

- (cos(2*thl + th2 + th3 + th4 - conj(th2) - 3*conj(th3) -
conj(th4))*conj(thddotl))/4 - (cos(2*thl + th2 + th3 + th4 - 3*conj(th2) -
conj(th3) - conj(th4))*conj(thddotl))/4
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A3l =

-(conj(thddot2)*(cos(2*thl + th2 + th3 + th4 - conj(th2) - 3*conj(th3) -
conj(th4)) + cos(2*thl + th2 + th3 + th4 - 3*conj(th2) - conj(th3) -
conj(th4))))/4

A32 =

- (cos(2*thl + th2 + th3 + th4 - conj(th2) - conj(th3) -
3*conj(th4))*conj(thddot2))/4 - (cos(2*thl + th2 + th3 + th4 - conj(th2) -
3*conj(th3) - conj(th4))*conj(thddot3))/4

A33 =

-(cos(2*thl + th2 + th3 + th4 - conj(th2) - conj(th3) -
3*conj(th4))*(conj(thddot3) + conj(thddot4)))/4

A34 =

(cos(th2 - conj(th3))*conj(thddotl))/2 + (sin(2*thl + th2 -
3*conj(th2))*conj(thdot1)”2)/2 - (sin(2*thl + th2 -
3*conj(th2))*conj(thdot2)"2)/4

A35 =

(conj(thddotl)*(cos(th2 - conj(th4)) + 2*cos(2*thl + th2 - 2*conj(th2) -
conj(th3)) + cos(2*thl + th2 - 2*conj(th2) - conj(th4))))/4

A36 =

(cos(th2 - 2*thl + th3)*conj(thddot2))/2 + (cos(th2 - 2*thl +
th3)*conj(thddot3))/4 - (conj(thdot2)*conj(thdot3)*sin(2*thl + th2 + th3 -
conj(th2) - 3*conj(th3)))/2

A37 =

(sin(th2 + th3 - conj(th2) - conj(th4))*conj(thdot1)~2)/4 + (cos(th2 - 2*thl +
th3 - conj(th2) + conj(th4))*conj(thddotl))/4 + (3*cos(th2 + th3 + th4 -
2*conj(th2) - conj(th3))*conj(thddotl))/4
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A38 =

(3*cos(th2 + th3 + th4 - conj(th2) - 2*conj(th3))*conj(thddotl))/4 + (cos(th2
+ th3 + th4 - 2*conj(th2) - conj(th4))*conj(thddotl))/2 + (cos(th2 + th3 + th4
- 2*conj(th3) - conj(th4))*conj(thddotl))/2

A39 =

(3*cos(th2 + th3 + th4 - conj(th2) - 2*conj(th4)))/4 - (cos(th2 + th3 + th4 -
2*conj(th2) - conj(th3))*conj(thddot3))/4 - (cos(th2 + th3 + th4 - 2*conj(th2)
- conj(th4))*conj(thddot3))/4

A40Q =

(3*cos(th2 + th3 + th4 - conj(th3) - 2*conj(th4))*conj(thddotl))/4 - (cos(th2
+ th3 + th4 - 2*conj(th2) - conj(th3))*conj(thddot4))/4

A4l =

(cos(th2 + th3 + th4 - 2*conj(th3) - conj(th4))*conj(thddot3))/4 - (cos(th2 +
th3 + th4 - conj(th2) - 2*conj(th3))*conj(thddot4))/4

A42 =

(cos(th2 + th3 + th4 - conj(th2) - 2*conj(th4))*conj(thddot4))/4 + (cos(th2 +
th3 + th4 - conj(th3) - 2*conj(th4))*conj(thddot3))/4 + (cos(th2 + th3 + th4 -
conj(th3) - 2*conj(th4))*conj(thddot4))/4

A43 =

(sin(2*thl + th2 + th3 - conj(th2) - 2*conj(th3) -
conj(th4))*conj(thdot1)”2)/4 - (cos(2*thl + th2 + th3 + th4 - 2*conj(th2) -
2*conj(th3) - conj(th4))*conj(thddotl))/2

Ad4 =

(cos(2*thl + th2 + th3 + th4 - 2*conj(th2) - conj(th3) -
2*conj(th4))*conj(thddotl))/(2*cos(2*thl + th2 + th3 + th4 - 2*conj(th2) -
2*conj(th3) - conj(th4))*conj(thddot2))

A45 =

- (cos(2*thl + th2 + th3 + th4 - conj(th2) - 2*conj(th3) -
2*conj(th4))*conj(thddotl))/4 - (cos(2*thl + th2 + th3 + th4 - 2*conj(th2) -
conj(th3) - 2*conj(th4))*conj(thddot2))/2
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Ad6 =

- (cos(2*thl + th2 + th3 + th4 - conj(th2) 2*conj(th3) -
2*conj(th4))*conj(thddot2))/2 - (cos(2*thl + th2 + th3 + th4 - 2*conj(th2) -
2*conj(th3) - conj(th4))*conj(thddot3))/4

A47 =

- (cos(2*thl + th2 + th3 + th4 - conj(th2) 2*conj(th3) -
2*conj(th4))*conj(thddot3))/2 - (cos(2*thl + th2 + th3 + th4 - 2*conj(th2) -
conj(th3) - 2*conj(th4))*conj(thddot3))/4

A48 =

-(conj(thddot4)*(cos(2*thl + th2 + th3 + th4 - conj(th2) - 2*conj(th3) -
2*conj(th4)) + cos(2*thl + th2 + th3 + th4 - 2*conj(th2) - conj(th3) -
2*conj(th4))))/4

A49 =

(conj(thdotl)~2*(sin(th2 - 2*thl + th3 + th4) + sin(th2 - 2*thl + th3 + th4 -
conj(th3))))/4

A50 =

(sin(th2 - 2*thl + th3 + th4 - conj(th2))*conj(thdot2)”2)/2 + (sin(th2 - 2*thil
+ th3 + th4 - conj(th3))*conj(thdot2)72)/2 + (sin(th2 - 2*thl + th3 + th4 -
conj(th4))*conj(thdot1)72)/2

A51 =

(sin(th2 - 2*thl + th3 + th4 - conj(th2))*conj(thdot3)~2)/2 + (sin(th2 - 2*thl
+ th3 + th4 - conj(th4))*conj(thdot2)”2)/2

A52 =

(sin(th2 - 2*thl + th3 + th4 - conj(th2))*conj(thdot4)~2)/4 + (sin(th2 - 2*thl
+ th3 + th4 - conj(th3))*conj(thdot3)”2)/4 + (sin(th2 - 2*thl + th3 + th4 -
conj(th4))*conj(thdot3)*2)/4

A53 =

(sin(th2 - 2*thl + th3 + th4 - conj(th3))*conj(thdot4)”2)/4 - (sin(2*thl - th2
- th3 - 2*real(th4) + conj(th2) + conj(th3))*conj(thdot2)*conj(thdot3))/2
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A54 =

- (sin(2*thl - th2 - th3 - 2*real(th4) + conj(th2) +
conj(th3))*conj(thdot2)*conj(thdot4))/2 - (sin(2*thl - th2 - th4 - 2*real(th3)
+ conj(th2) + conj(th4))*conj(thdot2)*conj(thdot3))/2

A55 =

- (sin(th2 - 2*conj(th2) + conj(th3))*conj(thdot1)”2)/2 - (sin(2*thl - th2 -
th3 - 2*real(th4) + conj(th2) + conj(th3))*conj(thdot3)*conj(thdot4))/2

A56 =

(sin(th2 - conj(th3))*conj(thdot1)~2)/2 + (sin(th2 -
conj(th4))*conj(thdotl1)”2)/4 + (conj(thddotl)*cos(th2 - 2*thl + conj(th3)))/2
- (sin(th2 - 2*conj(th2) + conj(th4))*conj(thdotl)"2)/4

A57 =

(conj(thddotl)*(4*cos(th2 + th3 - 2*conj(th2)) + cos(th2 - 2*thl + conj(th4))
+ 4*cos(th2 + th3 - 2*conj(th3))))/4

A58 =

(conj(thddot3)*cos(th2 + th3 - 2*conj(th3)))/4 - (conj(thddot3)*cos(th2 + th3
- 2*conj(th2)))/4 + (sin(2*thl + th2 - 2*conj(th2) -
conj(th3))*conj(thdot1)*2)/2

A59 =

(sin(2*thl + th2 - 2*conj(th2) - conj(th4))*conj(thdot1)~2)/4 -
(conj(thddot2)*cos(2*thl + th2 + th3 - 2*conj(th2) - 2*conj(th3)))/2

A60 =

(sin(th2 - 2*thl + th3)*conj(thdot2)72)/2 - (conj(thddot3)*cos(2*thl + th2 +
th3 - 2*conj(th2) - 2*conj(th3)))/4 + (sin(th2 - 2*thl +
th3)*conj(thdot3)"2)/4

A6l =

(conj(thddotl)*cos(th2 + th3 - conj(th2) - 2*conj(th3) + conj(th4)))/4 -
(sin(th2 - 2*thl + th3 - conj(th2) + conj(th4))*conj(thdotl)~2)/4

A62 =
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(conj(thdot1)”2*(sin(th2 + th3 + th4 - conj(th2) - 2*conj(th3)) + sin(th2 +
th3 + th4 - 2*conj(th2) - conj(th3))))/4

A63 =

- (sin(th2 + th3 + th4 - conj(th2) - 2*conj(th4))*conj(thdot1)”2)/4 - (sin(th2
+ th3 + th4 - 2*conj(th2) - conj(th3))*conj(thdot3)~2)/4

A64 =

- (sin(th2 + th3 + th4 - conj(th3) - 2*conj(th4))*conj(thdotl1)~2)/4 - (sin(th2
+ th3 + th4 - 2*conj(th2) - conj(th4))*conj(thdot3)"2)/4

A65 =

(sin(th2 + th3 + th4 - 2*conj(th3) - conj(th4))*conj(thdot3)”*2)/4 - (sin(th2 +
th3 + th4 - 2*conj(th2) - conj(th3))*conj(thdot4)~2)/4

A66 =

(sin(th2 + th3 + th4 - conj(th3) - 2*conj(th4))*conj(thdot3)”2)/4 - (sin(th2 +
th3 + th4 - conj(th2) - 2*conj(th3))*conj(thdot4)~2)/4

A67 =

(conj(thdot4)”2*(sin(th2 + th3 + th4 - conj(th2) - 2*conj(th4)) + sin(th2 +
th3 + th4 - conj(th3) - 2*conj(th4))))/4

A68 =

- (sin(2*thl + th2 + th3 + th4 - 2*conj(th2) - 2*conj(th3) -
conj(th4))*conj(thdot1)”2)/2 - (sin(2*thl - th2 - 2*real(th3) +
conj(th2))*conj(thdot2)*conj(thdot3))/2

A69 =

- (sin(2*thl + th2 + th3 + th4 - 2*conj(th2) - conj(th3) -
2*conj(th4))*conj(thdot1)”2)/4 - (sin(2*thl + th2 + th3 + th4 - 2*conj(th2) -
2*conj(th3) - conj(th4))*conj(thdot2)~2)/2

A70 =

- (sin(2*thl + th2 + th3 + th4 - conj(th2) - 2*conj(th3) -
2*conj(th4))*conj(thdot1)”2)/4 - (sin(2*thl + th2 + th3 + th4 - 2*conj(th2) -
conj(th3) - 2*conj(th4))*conj(thdot2)~2)/2
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A71 =

- (sin(2*thl + th2 + th3 + th4 - conj(th2) - 2*conj(th3) -
2*conj(th4))*conj(thdot2)72)/2 - (sin(2*thl + th2 + th3 + th4 - 2*conj(th2) -
2*conj(th3) - conj(th4))*conj(thdot3)"2)/4

A72 =

- (sin(2*thl + th2 + th3 + th4 - conj(th2) - 2*conj(th3) -
2*conj(th4))*conj(thdot3)”2)/2 - (sin(2*thl + th2 + th3 + th4 - 2*conj(th2) -
conj(th3) - 2*conj(th4))*conj(thdot3)~2)/4

A73 =

-(conj(thdot4)”2*(sin(2*thl + th2 + th3 + th4 - conj(th2) - 2*conj(th3) -
2*conj(th4)) + sin(2*thl + th2 + th3 + th4 - 2*conj(th2) - conj(th3) -
2*conj(th4))))/4

A74 =

(conj(thddotl)*(cos(th2 + th3 - conj(th2) - conj(th4)) + cos(2*thl + th2 + th3
- conj(th2) - 2*conj(th3) - conj(th4))))/4

A75 =

-(conj(thddotl)*(cos(th2 - 2*thl + th3 + th4 - conj(th2)) + cos(th2 - 2*thi +
th3 + th4 - conj(th3)) + 2*cos(th2 - 2*thl + th3 + th4 - conj(th4))))/4

A76 =

(cos(th2 - 2*thl + th3 + th4 - conj(th2))*conj(thddot2))/2 + (cos(th2 - 2*thl
+ th3 + th4 - conj(th2))*conj(thddot3))/2 + (cos(th2 - 2*thl + th3 + th4 -
conj(th3))*conj(thddot2))/2 + (cos(th2 - 2*thl + th3 + th4 -
conj(th4))*conj(thddot2))/2

A77 =

(cos(th2 - 2*thl + th3 + th4 - conj(th2))*conj(thddot4))/4 + (cos(th2 - 2*thi
+ th3 + th4 - conj(th3))*conj(thddot3))/4 + (cos(th2 - 2*thl + th3 + th4 -
conj(th4))*conj(thddot3))/4
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A78 =

(cos(th2 - 2*thl + th3 + th4 - conj(th3))*conj(thddot4))/4 - (sin(2*thl + th2
+ th3 + th4 - conj(th2) - 3*conj(th3) -
conj(th4))*conj(thdot2)*conj(thdot3))/2

A79 =

-(sin(2*thl + th2 + th3 + th4 - conj(th2) - conj(th3) -
3*conj(th4))*(conj(thdot2)*conj(thdot3) + conj(thdot2)*conj(thdot4) +
conj(thdot3)*conj(thdot4d)))/2

A80 =

(cos(th2 - 2*conj(th2) + conj(th3))*conj(thddotl))/2 + (cos(th2 - 2*conj(th2)
+ conj(th4))*conj(thddotl))/4 - (conj(thdotl)”2*sin(th2 - 2*thl +

conj(th3)))/2

A81 =

(conj(thdot1)~2*(sin(th2 + th3 - 2*conj(th2)) - sin(th2 + th3 -

2*conj(th3))))/2

A82 =

(conj(thdotl)”2*sin(th2 - 2*thl + conj(th4)))/4 - (conj(thdot3)~2*sin(th2 +
th3 - 2*conj(th2)))/4 + (conj(thdot3)”~2*sin(th2 + th3 - 2*conj(th3)))/4

A83 =

-(sin(2*thl + th2 + th3 - 2*conj(th2) - 2*conj(th3))*(2*conj(thdot2)"2 +
conj(thdot3)~2))/4

A84 =

- (sin(th2 + th3
(sin(th2 + th3 +
(sin(th2 + th3 +

A85 =

(sin(th2 + th3 +
(sin(th2 + th3 +

- conj(th2) - 2*conj(th3) + conj(th4))*conj(thdotl)~2)/4 -

th4
th4

th4
tha

2*conj(th2)
2*conj(th2)

2*conj(th3)
2*conj(th2)

conj(th3))*conj(thdot2)*conj(thdot3))/2 -
conj(th4))*conj(thdot2)*conj(thdot3))/2

conj(th4))*conj(thdot2)*conj(thdot3))/2 -
conj(th3))*conj(thdot2)*conj(thdot4))/2
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A86 =

- (sin(th2 + th3 + th4 - conj(th2) - 2*conj(th3))*conj(thdot2)*conj(thdot4))/2
- (sin(th2 + th3 + th4 - 2*conj(th2) - conj(th3))*conj(thdot3)*conj(thdot4))/2

A87 =

(sin(th2 + th3 + th4 - conj(th3) - 2*conj(th4))*conj(thdot2)*conj(thdot3))/2 -
(sin(th2 + th3 + th4 - conj(th2) - 2*conj(th3))*conj(thdot3)*conj(thdot4))/2

A88 =

(conj(thdot2)*conj(thdotd)*(sin(th2 + th3 + th4 - conj(th2) - 2*conj(th4)) +
sin(th2 + th3 + th4 - conj(th3) - 2*conj(th4))))/2

A89 =

(conj(thdot3)*conj(thdotd)*(sin(th2 + th3 + th4 - conj(th2) - 2*conj(th4)) +
sin(th2 + th3 + th4 - conj(th3) - 2*conj(th4))))/2

A90 =

-(conj(thdot2)*conj(thdot3)*(sin(2*thl + th2 + th3 + th4 - 2*conj(th2) -
conj(th3) - 2*conj(th4)) + sin(2*thl + th2 + th3 + th4 - 2*conj(th2) -
2*conj(th3) - conj(th4))))/2

A9l =

- sin(2*thl + th2 + th3 + th4 - conj(th2) - 2*conj(th3) -
2*conj(th4))*conj(thdot2)*conj(thdot3) - (sin(2*thl + th2 + th3 + th4 -
2*conj(th2) - conj(th3) - 2*conj(th4))*conj(thdot2)*conj(thdot4))/2

A92 =

-(sin(2*thl + th2 + th3 + th4 - conj(th2) - 2*conj(th3) -
2*conj(th4))*conj(thdot2)*conj(thdot4))/2

A93 =

-(conj(thdot3)*conj(thdot4)*(sin(2*thl + th2 + th3 + th4 - conj(th2) -
2*conj(th3) - 2*conj(th4)) + sin(2*thl + th2 + th3 + th4 - 2*conj(th2) -
conj(th3) - 2*conj(th4))))/2

A94 =

-(conj(thdot2)*conj(thdot3)*(sin(th2 + th3 - 2*conj(th2)) - sin(th2 + th3 -
2*conj(th3))))/2
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A95 =

-(conj(thdot2)*conj(thdot3)*sin(2*thl + th2 + th3 - 2*conj(th2) -
2*conj(th3)))/2

A96 =
sin(th2 - 2*thl + th3 + th4 - conj(th2))*conj(thdot2)*conj(thdot3)
A97 =

(conj(thdot2)*conj(thdot3)*(sin(th2 - 2*thl + th3 + th4 - conj(th3)) + sin(th2
- 2*¥thl + th3 + th4 - conj(th4))))/2

A98 =

(conj(thdot2)*conj(thdot4)*(sin(th2 - 2*thl + th3 + th4 - conj(th2)) + sin(th2
- 2*thl + th3 + th4 - conj(th3))))/2

A99 =

(conj(thdot3)*conj(thdot4)*(sin(th2 - 2*thl + th3 + th4 - conj(th2)) + sin(th2
- 2*thl + th3 + th4 - conj(th3))))/2

Alo0 =

(sin(th2 - 2*thl + th3)*conj(thdot2)*conj(thdot3))/2

torque2
Bl =

(5*cos(conj(th2) - th4 - th3 + conj(th3) + conj(th4)))/2 - (5*cos(th3 + th4 +
conj(th2) - conj(th3) - conj(th4)))/2 - (5*cos(2*thl + th3 + th4 - conj(th2) -
conj(th3) - conj(th4)))/2

B2 =

(5*cos(2*thl - th3 - th4 - conj(th2) + conj(th3) + conj(th4)))/2 +
conj(thddot2) + conj(thddot3)/2

35



B3 =

conj(thddot2)/2 - (5*cos(th3 + conj(th2) - conj(th3)))/2 + conj(thddot3)/2 +
conj(thddot4)/2

B4 =

(5*cos(conj(th3))*cos(th3 - conj(th2)))/2 + (5*sin(conj(th3))*sin(th3 -
conj(th2)))/2 + 5*cos(conj(th4))*sin(conj(th3))*sin(th4) -
5*sin(conj(th3))*sin(conj(th4))*cos(th4)

B5 =

(5*cos(2*thl - th3 - conj(th2) + conj(th3)))/2 - (5*cos(2*thl + th3 -
conj(th2) - conj(th3)))/2 - (5*cos(2*thl + th4 - conj(th3) - conj(th4)))/2

B6 =

(5*cos(2*thl - th4 - conj(th3) + conj(th4)))/2 + (cos(2*thl -
2*conj(th2))*conj(thddot2))/2 + (cos(2*thl - 2*conj(th3))*conj(thddot2))/2

B7 =

(cos(2*thl - 2*conj(th3))*conj(thddot3))/2 + (cos(2*thl -
2*conj(th4))*conj(thddot2))/2 + (cos(2*thl - 2*conj(th4))*conj(thddot3))/2

B8 =

(cos(2*thl - 2*conj(th4))*conj(thddot4))/2 + (sin(th3 -
conj(th3))*conj(thdot1)”2)/2 + (sin(th3 - conj(th3))*conj(thdot2)*2)/2

B9 =
(sin(th4 - conj(th4))*(conj(thdot1)~2 + conj(thdot2)”2 + conj(thdot3)”2))/2
B1o =

(sin(2*thl + th3 - 2*conj(th2) - conj(th3))*conj(thdotl1)#2)/4 - (sin(2*thl -
th3 - 2*conj(th2) + conj(th3))*conj(thdotl)”2)/4 + (sin(2*thl + th3 -
2*conj(th2) - conj(th3))*conj(thdot2)~2)/4

B11l =

(sin(2*thl + th4 - 2*conj(th3) - conj(th4))*conj(thdotl)~2)/4 (sin(2*th1l -
th3 - 2*conj(th2) + conj(th3))*conj(thdot2)72)/4 - (sin(2*thl - th4 -
2*conj(th3) + conj(th4))*conj(thdotl)”2)/4
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B12 =

(sin(2*thl + th4 - 2*conj(th3) - conj(th4))*conj(thdot2)~2)/4 - (sin(2*thl -
th4 - 2*conj(th3) + conj(th4))*conj(thdot2)72)/4 + (sin(2*thl + th4 -
2*conj(th3) - conj(th4))*conj(thdot3)"2)/4

B13 =

(cos(th3 + th4 - conj(th3) - conj(th4))*conj(thddot2))/2 - (sin(2*thl - th4 -
2*conj(th3) + conj(th4))*conj(thdot3)”2)/4 + (cos(2*thl + th3 + th4 -
2*conj(th2) - conj(th3) - conj(th4))*conj(thddotl))/4

B14 =

(cos(2*thl + th3 + th4 - 2*conj(th2) - conj(th3) - conj(th4))*conj(thddot2))/4
- (cos(2*thl - th3 - th4 - 2*conj(th2) + conj(th3) +
conj(th4))*conj(thddotl))/4

B15 =

(conj(thddot2)*(cos(2*thl - th3 - th4 - 2*conj(th2) + conj(th3) + conj(th4)) +
2*cos(th3 - conj(th3)) + 2*cos(th4 - conj(th4))))/4

B16 =

(cos(th4 - conj(th4))*conj(thddot3))/2 + (cos(2*thl + th3 - 2*conj(th2) -
conj(th3))*conj(thddot1l))/4 - (cos(2*thl - th3 - 2*conj(th2) +
conj(th3))*conj(thddotl))/4

B17 =

(cos(2*thl + th3 - 2*conj(th2) - conj(th3))*conj(thddot2))/4 + (cos(2*thl -
th3 - 2*conj(th2) + conj(th3))*conj(thddot2))/4 + (cos(2*thl + th4 -
2*conj(th3) - conj(th4))*conj(thddotl))/4

B18 =
(cos(2*thl + th4 - 2*conj(th3) - conj(th4))*conj(thddot2))/4 - (cos(2*thl -
th4 - 2*conj(th3) + conj(th4))*conj(thddotl))/4 + (cos(2*thl - th4 -

2*conj(th3) + conj(th4))*conj(thddot2))/4
B19 =

(conj(thddot3)*(cos(2*thl + th4 - 2*conj(th3) - conj(th4)) + cos(2*thl - th4 -
2*conj(th3) + conj(th4))))/4
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B20 =

(sin(2*thl + th3 + th4 - 2*conj(th2) - conj(th3) -
conj(th4))*conj(thdot2)”2)/4 - (sin(2*thl - th3 - th4 - 2*conj(th2) +
conj(th3) + conj(th4))*conj(thdotl)”2)/4

B21 =

- (cos(th3 - conj(th2))*conj(thddotl))/4 - (sin(2*thl - th3 - th4 -
2*conj(th2) + conj(th3) + conj(th4))*conj(thdot2)~2)/4

B22 =

(cos(th3 - conj(th2))*conj(thddot2))/4 + (cos(th3 -
conj(th2))*conj(thddot3))/4 - (cos(th4 - conj(th3))*conj(thddotl))/4 +
(cos(th4 - conj(th3))*conj(thddot2))/4

B23 =

(cos(th4 - conj(th3))*conj(thddot3))/4 + (cos(th4d -
conj(th3))*conj(thddot4))/4 + (cos(2*thl + th3 - conj(th2) -
2*conj(th3))*conj(thddotl))/4

B24 =
(cos(2*thl + th3 - conj(th2) - 2*conj(th3))*(conj(thddot2) + conj(thddot3)))/4
B25 =

(cos(2*thl + th4 - conj(th3) - 2*conj(th4))*(conj(thddotl) + conj(thddot2) +
conj(thddot3)))/4

B26 =

(cos(2*thl + th4 - conj(th3) - 2*conj(th4))*conj(thddot4))/4 - (cos(thd +
conj(th2) - conj(th3) - conj(th4))*conj(thddotl))/4

B27 =

(cos(th4 - conj(th2) + conj(th3) - conj(th4))*conj(thddotl))/4 + (cos(th4 +
conj(th2) - conj(th3) - conj(th4))*conj(thddot2))/4
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B28 =

(cos(th4 - conj(th2) + conj(th3) - conj(th4))*conj(thddot2))/4 + (sin(th3 +
th4 - conj(th2) - conj(th3))*conj(thdotl)”2)/4 + (sin(th3 + th4 - conj(th2) -
conj(th4))*conj(thdotl)”2)/4

B29 =

(sin(th3 + th4 - conj(th2) - conj(th3))*conj(thdot2)”2)/4 + (sin(th3 + th4 -
conj(th2) - conj(th3))*conj(thdot3)”2)/4 + (sin(th3 + th4 - conj(th2) -
conj(th4))*conj(thdot2)”2)/4

B30 =

(sin(th3 + th4 - conj(th2) - conj(th3))*conj(thdot4)~2)/4 + (sin(th3 + th4 -
conj(th2) - conj(th4))*conj(thdot3)”2)/4 - (cos(th3 - 2*thl + th4 + conj(th2)
- conj(th3))*conj(thddotl))/4

B31 =

(cos(th3 - 2*thl + th4 + conj(th2) - conj(th3))*conj(thddot2))/4 - (cos(th3 -
2*thl + th4 + conj(th2) - conj(th4))*conj(thddotl))/4 + (cos(th3 - 2*thl + th4
+ conj(th2) - conj(th4))*conj(thddot2))/4

B32 =

(conj(thddot3)*(cos(th3 - 2*thl + th4 + conj(th2) - conj(th3)) + cos(th3 -
2*thl + th4 + conj(th2) - conj(th4))))/4

B33 =

(cos(th3 - 2*thl + th4 + conj(th2) - conj(th3))*conj(thddot4))/4 + (sin(2*th1l
+ th3 + th4 - conj(th2) - 2*conj(th3) - conj(th4))*conj(thdotl)*2)/4

B34 =

(sin(2*thl + th3 + th4 - conj(th2) - conj(th3) -
2*conj(th4))*conj(thdot1)”2)/4 + (sin(2*thl + th3 + th4 - conj(th2) -
2*conj(th3) - conj(th4))*conj(thdot2)"2)/4

B35 =

(sin(2*thl + th3 + th4 - conj(th2) - conj(th3) -
2*conj(th4))*conj(thdot2)”2)/4 + (sin(2*thl + th3 + th4 - conj(th2) -
2*conj(th3) - conj(th4))*conj(thdot3)~2)/4
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B36 =

(sin(2*thl + th3 + th4 - conj(th2) - conj(th3) - 2*conj(th4))*(conj(thdot3)"2
+ conj(thdot4)”2))/4

B37 =

(sin(th3 + conj(th2) - 2*conj(th3))*(conj(thdot1l)~2 + conj(thdot2)"2 +
conj(thdot3)~2))/4

B38 =

(sin(th4 + conj(th3) - 2*conj(th4))*(conj(thdotl)”2 + conj(thdot2)”2 +
conj(thdot3)~2))/4

B39 =

(cos(conj(th2) - conj(th3))*conj(thddot2))/2 + (cos(conj(th2) -
conj(th4))*conj(thddot2))/2 + (sin(th4 + conj(th3) -
2*conj(th4))*conj(thdot4)~2)/4

B40 =

(cos(conj(th3) - conj(th4))*conj(thddot2))/2 + (cos(conj(th3) -
conj(th4))*conj(thddot3))/2 + (sin(th3 - conj(th2))*conj(thdot1)~2)/4

B41 =

(sin(th3 - conj(th2))*conj(thdot2)72)/4 + (sin(th3 -
conj(th2))*conj(thdot3)”2)/4 + (sin(th4 - conj(th3))*conj(thdotl)*2)/4

B42 =
(sin(th4 - conj(th3))*(conj(thdot2)”2 + conj(thdot3)~2 + conj(thdot4)”2))/4
B43 =

(cos(th3 - 2*thl + conj(th2))*(conj(thddot2) - conj(thddotl) +
conj(thddot3)))/4

B44 =

(cos(th4 - 2*thl + conj(th3))*(conj(thddot2) - conj(thddotl) +
conj(thddot3)))/4
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B45 =

(conj(thddot4)*cos(th4 - 2*thl + conj(th3)))/4 + (sin(2*thl + th3 - conj(th2)
- 2*conj(th3))*conj(thdot1)”2)/4

B46 =

(sin(2*thl + th3 - conj(th2) - 2*conj(th3))*conj(thdot2)72)/4 + (sin(2*thl +
th3 - conj(th2) - 2*conj(th3))*conj(thdot3)~2)/4 + (sin(2*thl + th4 -
conj(th3) - 2*conj(th4))*conj(thdot1)"2)/4

B47 =

(sin(2*thl + th4 - conj(th3) - 2*conj(th4))*(conj(thdot2)”~2 + conj(thdot3)”2 +
conj(thdot4)~2))/4

B48 =

(sin(th4 + conj(th2) - conj(th3) - conj(th4))*conj(thdotl)~2)/4 + (sin(th4 -
conj(th2) + conj(th3) - conj(th4))*conj(thdotl1)~2)/4 + (sin(th4 + conj(th2) -
conj(th3) - conj(th4))*conj(thdot2)~2)/4

B49 =

(sin(th4 - conj(th2) + conj(th3) - conj(th4))*conj(thdot2)~2)/4 -
(conj(thddotl)*cos(th4 - 2*thl + conj(th2) + conj(th3) - conj(th4)))/4 +
(conj(thddotl)*cos(conj(th2) - th4 - 2*thl + conj(th3) + conj(th4)))/4

B50 =

(conj(thddot2)*cos(th4 - 2*thl + conj(th2) + conj(th3) - conj(th4)))/4 +
(conj(thddot2)*cos(conj(th2) - th4 - 2*thl + conj(th3) + conj(th4)))/4 +
(conj(thddotl)*cos(th3 + th4 + conj(th2) - 2*conj(th3) - conj(th4)))/4

B51 =

(conj(thddotl)*cos(th3 + th4 + conj(th2)
(conj(thddot2)*cos(th3 + th4 + conj(th2)
(conj(thddot3)*cos(th3 + th4 + conj(th2)

conj(th3) - 2*conj(th4)))/4 +
2*conj(th3) - conj(th4)))/4 +
2*conj(th3) - conj(th4)))/4

B52 =

(cos(th3 + th4 + conj(th2) - conj(th3) - 2*conj(th4))*(conj(thddot2) +
conj(thddot3) + conj(thddot4)))/4
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B53 =

(sin(th3 - 2*thl + th4 + conj(th2) - conj(th3))*conj(thdotl)”~2)/4 + (sin(th3 -
2*thl + th4 + conj(th2) - conj(th3))*conj(thdot2)”2)/4 + (sin(th3 - 2*thl +
th4 + conj(th2) - conj(th4))*conj(thdot1)~2)/4

B54 =

(sin(th3 - 2*thl + th4 + conj(th2) - conj(th3))*conj(thdot3)~2)/4 + (sin(th3 -
2*thl + th4 + conj(th2) - conj(th4))*conj(thdot2)72)/4 + (sin(th3 - 2*thl +
th4 + conj(th2) - conj(th4))*conj(thdot3)”2)/4

B55 =

(sin(th3 - 2*thl + th4 + conj(th2) - conj(th3))*conj(thdot4)”~2)/4 + sin(th4 -
conj(th4))*conj(thdot2)*conj(thdot3) + (sin(2*thl + th4 - 2*conj(th3) -
conj(th4))*conj(thdot2)*conj(thdot3))/2 - (sin(2*thl - th4 - 2*conj(th3) +
conj(th4))*conj(thdot2)*conj(thdot3))/2

B56 =

(cos(th3 + tha - conj(th2) - conj(th3))*conj(thddot2))/4
conj(th2) - conj(th3))*conj(thddotl))/4 - (cos(th3 + th4
conj(th4))*conj(thddotl))/4

(cos(th3 + tha -
conj(th2) -

B57 =

(cos(th3 + th4 - conj(th2) - conj(th3))*conj(thddot3))/4 + (cos(th3 + th4 -
conj(th2) - conj(th4))*conj(thddot2))/4 + (cos(th3 + th4 - conj(th2) -
conj(th4))*conj(thddot3))/4

B58 =

(cos(th3 + th4 - conj(th2) - conj(th3))*conj(thddot4))/4 + (cos(2*thl + th3 +
th4 - conj(th2) - conj(th3) - 2*conj(th4))*conj(thddotl))/4 + (cos(2*thl + th3
+ th4 - conj(th2) - 2*conj(th3) - conj(th4))*conj(thddotl))/4

B59 =

(cos(2*thl + th3 + th4 - conj(th2) - conj(th3) - 2*conj(th4))*conj(thddot2))/4
+ (cos(2*thl + th3 + th4 - conj(th2) - 2*conj(th3) -
conj(th4))*conj(thddot2))/4 + (cos(2*thl + th3 + th4 - conj(th2) - 2*conj(th3)
- conj(th4))*conj(thddot3))/4
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B60 =

(cos(2*thl + th3 + th4 - conj(th2) - conj(th3) - 2*conj(th4))*(conj(thddot3) +
conj(thddot4)))/4

B6l =

(cos(conj(th2) - 2*thl + conj(th3))*conj(thddot2))/2 + (cos(conj(th2) - 2*thl
+ conj(th4))*conj(thddot2))/2 + (cos(th3 + conj(th2) -
2*conj(th3))*conj(thddotl))/4 + (cos(th3 + conj(th2) -
2*conj(th3))*conj(thddot2))/4

B62 =

(cos(conj(th3) - 2*thl + conj(th4))*conj(thddot2))/2 + (cos(th3 + conj(th2) -
2*conj(th3))*conj(thddot3))/4 + (cos(conj(th3) - 2*thl +
conj(th4))*conj(thddot3))/2 + (cos(th4 + conj(th3) -
2*conj(th4))*conj(thddotl))/4

B63 =

(cos(th4 + conj(th3) - 2*conj(th4))*conj(thddot2))/4 + (cos(th4 + conj(th3) -
2*conj(th4))*conj(thddot3))/4 + (cos(th4 + conj(th3) -
2*conj(th4))*conj(thddot4))/4 + (conj(thdotl)”2*sin(th3 - 2*thl +
conj(th2)))/4

B64 =

(conj(thdot2)72*sin(th3 - 2*thl + conj(th2)))/4 + (conj(thdotl)”2*sin(th4 -
2*thl + conj(th3)))/4 + (conj(thdot3)”2*sin(th3 - 2*thl + conj(th2)))/4 +
(conj(thdot2)~2*sin(th4 - 2*thl + conj(th3)))/4

B65 =

(conj(thdot3)”2*sin(th4 - 2*thl + conj(th3)))/4 + (conj(thdot4)”2*sin(th4 -
2*thl + conj(th3)))/4 + (sin(th4 - 2*thl + conj(th2) + conj(th3) -
conj(th4))*conj(thdotl)”2)/4

B66 =

(sin(th4 - 2*thl + conj(th2) + conj(th3) - conj(th4))*conj(thdot2)*2)/4 -
(sin(conj(th2) - th4 - 2*thl + conj(th3) + conj(th4))*conj(thdotl)"2)/4
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B67 =

(sin(th3 + th4 + conj(th2) - conj(th3) - 2*conj(th4))*conj(thdotl)”2)/4 -
(sin(conj(th2) - th4 - 2*thl + conj(th3) + conj(th4))*conj(thdot2)~2)/4 +
(sin(th3 + th4 + conj(th2) - 2*conj(th3) - conj(th4))*conj(thdot1)~2)/4

B68 =

((sin(th3 + th4 + conj(th2) - conj(th3) - 2*conj(th4)) + sin(th3 + th4 +
conj(th2) - 2*conj(th3) - conj(th4)))*(conj(thdot2)”~2 + conj(thdot3)~2))/4

B69 =

(sin(th3 + th4 +
(sin(th3 - 2*thi
(sin(th3 - 2*thi
(sin(th3 - 2*thi
(sin(th3 - 2*thl

B70 =

conj(th2) - conj(th3) - 2*conj(th4))*conj(thdot4)~2)/4 +

+

+

+

thd +
thd +
thd +
thd +

conj(th2)
conj(th2)
conj(th2)
conj(th2)

conj(th3))*conj(thdot2)*conj(thdot3))/2 +
conj(th3))*conj(thdot2)*conj(thdot4))/2 +
conj(th4))*conj(thdot2)*conj(thdot3))/2 +
conj(th3))*conj(thdot3)*conj(thdot4))/2

(conj(thdot2)*(conj(thdot3)*sin(th3 - 2*thl + conj(th2)) +
conj(thdot3)*sin(th4 - 2*thl + conj(th3)) + conj(thdot4)*sin(th4 - 2*thl +

conj(th3))))/2

B71 =

(conj(thdot3)*conj(thdot4)*sin(th4 - 2*thl + conj(th3)))/2 + (sin(th3 + th4 +
conj(th2) - 2*conj(th3) - conj(th4))*conj(thdot2)*conj(thdot3))/2

B72 =

(sin(th3 + th4 + conj(th2) - conj(th3) -
2*conj(th4))*(conj(thdot2)*conj(thdot3) + conj(thdot2)*conj(thdot4) +
conj(thdot3)*conj(thdot4)))/2

B73 =

(sin(th3 + th4 - conj(th2) - conj(th3))*conj(thdot2)*conj(thdot3))/2 +
(sin(th3 + th4 - conj(th2) - conj(th3))*conj(thdot2)*conj(thdot4))/2 +
(sin(th3 + th4 - conj(th2) - conj(th4))*conj(thdot2)*conj(thdot3))/2
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B74 =

(sin(th3 + th4 - conj(th2) - conj(th3))*conj(thdot3)*conj(thdotd))/2 +
(sin(2*thl + th3 + th4 - conj(th2) - 2*conj(th3) -
conj(th4))*conj(thdot2)*conj(thdot3))/2

B75 =

(sin(2*thl + th3 + th4 - conj(th2) - conj(th3) -
2*conj(th4))*conj(thdot2)*(conj(thdot3) + conj(thdot4)))/2

B76 =

(sin(2*thl + th3 + th4 - conj(th2) - conj(th3) -
2*conj(th4))*conj(thdot3)*conj(thdot4))/2 + (sin(th3 + conj(th2) -
2*conj(th3))*conj(thdot2)*conj(thdot3))/2

B77 =

(sin(th4 + conj(th3) - 2*conj(th4))*conj(thdot2)*(conj(thdot3) +
conj(thdot4)))/2

B78 =

(conj(thdot3)*(sin(th4 + conj(th3) - 2*conj(th4))*conj(thdot4) + sin(th3 -
conj(th2))*conj(thdot2)))/2

B79 =

(sin(th4 - conj(th3))*(conj(thdot2)*conj(thdot3) + conj(thdot2)*conj(thdotd) +
conj(thdot3)*conj(thdot4d)))/2

B8O =

(sin(2*th1l + th3 - conj(th2) - 2*conj(th3))*conj(thdot2)*conj(thdot3))/2 +
(sin(2*thl + th4 - conj(th3) - 2*conj(th4))*conj(thdot2)*conj(thdot3))/2 +
(sin(2*thl + th4 - conj(th3) - 2*conj(th4))*conj(thdot2)*conj(thdotd))/2 +
(sin(2*thl + th4 - conj(th3) - 2*conj(th4))*conj(thdot3)*conj(thdot4))/2

+
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torque3
C1 =

conj(thddot2) - (5*cos(th4 + conj(th3) - conj(th4)))/2 + conj(thddot3) +
conj(thddot4d)/2

c2 =

(5*cos(conj(th3) - th4 + conj(th4)))/2 - (5*cos(2*thl + th4 - conj(th3) -
conj(th4)))/2 + (5*cos(2*thl - th4 - conj(th3) + conj(th4)))/2 + (cos(2*thl -
2*conj(th3))*conj(thddot2))/2

a3 =

(cos(2*thl - 2*conj(th3))*conj(thddot3))/2 + (cos(2*thl -
2*conj(th4))*conj(thddot2))/2 + (cos(2*thl - 2*conj(th4))*conj(thddot3))/2

4 =

(cos(2*thl - 2*conj(th4))*conj(thddot4))/2 + (sin(th4 -
conj(th4))*conj(thdot1)”2)/2 + (sin(th4 - conj(th4))*conj(thdot2)~2)/2 +
(sin(th4 - conj(th4))*conj(thdot3)~2)/2

C5 =

(sin(2*thl + th4 - 2*conj(th3) - conj(th4))*conj(thdotl)~2)/4 - (sin(2*thl -
th4 - 2*conj(th3) + conj(th4))*conj(thdot1)”2)/4 + (sin(2*thl + th4 -
2*conj(th3) - conj(th4))*conj(thdot2)~2)/4

Ce =

(sin(2*th1l + th4 - 2*conj(th3) - conj(th4))*conj(thdot3)~2)/4 (sin(2*th1l -
th4 - 2*conj(th3) + conj(th4))*conj(thdot2)”~2)/4 - (sin(2*thl - th4 -
2*conj(th3) + conj(th4))*conj(thdot3)*2)/4

7 =

(cos(th4 - conj(th4))*conj(thddot2))/2 + (cos(th4 -
conj(th4))*conj(thddot3))/2 + (cos(2*thl + th4 - 2*conj(th3) -
conj(th4))*conj(thddotl))/4 - (cos(2*thl - th4 - 2*conj(th3) +
conj(th4))*conj(thddotl))/4
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c8 =

(cos(2*thl + th4 - 2*conj(th3) - conj(th4))*conj(thddot2))/4 + (cos(2*thl -
th4 - 2*conj(th3) + conj(th4))*conj(thddot2))/4 + (cos(2*thl + th4 -
2*conj(th3) - conj(th4))*conj(thddot3))/4

co =

(cos(th4 - conj(th3))*conj(thddot2))/4 - (cos(th4 -
conj(th3))*conj(thddotl))/4 + (cos(2*thl - th4 - 2*conj(th3) +
conj(th4))*conj(thddot3))/4

Ci1e =

(cos(th4 - conj(th3))*conj(thddot3))/4 + (cos(th4 -
conj(th3))*conj(thddot4))/4 + (cos(2*thl + th4 - conj(th3) -
2*conj(th4))*conj(thddotl))/4

Cl11 =

(cos(2*thl + th4 - conj(th3) - 2*conj(th4))*(conj(thddot2) + conj(thddot3) +
conj(thddot4)))/4

12 =

(cos(th4 - conj(th2) + conj(th3) - conj(th4))*conj(thddotl))/4 - (cos(thd +
conj(th2) - conj(th3) - conj(th4))*conj(thddotl))/4 + (cos(th4 + conj(th2) -
conj(th3) - conj(th4))*conj(thddot2))/4

C13 =

(cos(th4 - conj(th2) + conj(th3) - conj(th4))*conj(thddot2))/4 + (sin(th4 +
conj(th3) - 2*conj(th4))*conj(thdotl)~2)/4 + (sin(th4 + conj(th3) -
2*conj(th4))*conj(thdot2)72)/4

C14 =

(cos(conj(th2) - conj(th3))*conj(thddot2))/2 + (sin(th4 + conj(th3) -
2*conj(th4))*conj(thdot3)”2)/4 + (sin(th4 + conj(th3) -
2*conj(th4))*conj(thdot4)”2)/4
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C15 =

(cos(conj(th2) - conj(th4))*conj(thddot2))/2 + (cos(conj(th3) -
conj(th4))*conj(thddot2))/2 + (cos(conj(th3) - conj(th4))*conj(thddot3))/2 +
(sin(th4 - conj(th3))*conj(thdot1)~2)/4

Ci6 =

(sin(th4 - conj(th3))*conj(thdot2)72)/4 + (sin(th4 -
conj(th3))*conj(thdot3)”2)/4 + (sin(th4 - conj(th3))*conj(thdot4)~2)/4 -
(conj(thddotl)*cos(th4 - 2*thl + conj(th3)))/4

C17 =

(cos(th4 - 2*thl + conj(th3))*(conj(thddot2) + conj(thddot3) +
conj(thddot4)))/4

C18 =

(sin(2*thl + th4 - conj(th3) - 2*conj(th4))*(conj(thdotl)~2 + conj(thdot2)"2 +
conj(thdot3)~2))/4

C19 =

(sin(2*thl + th4 - conj(th3) - 2*conj(th4))*conj(thdot4)~2)/4 + (sin(th4 +
conj(th2) - conj(th3) - conj(th4))*conj(thdotl)”2)/4

C20 =

(sin(th4 - conj(th2) + conj(th3) - conj(th4))*conj(thdot1)”2)/4 + (sin(th4 +
conj(th2) - conj(th3) - conj(th4))*conj(thdot2)”~2)/4 + (sin(th4 - conj(th2) +
conj(th3) - conj(th4))*conj(thdot2)”2)/4

c21 =

(conj(thddotl)*cos(conj(th2) - th4 - 2*thl + conj(th3) + conj(th4)))/4 -
(conj(thddotl)*cos(th4 - 2*thl + conj(th2) + conj(th3) - conj(th4)))/4 +
(conj(thddot2)*cos(th4 - 2*thl + conj(th2) + conj(th3) - conj(th4)))/4

C22 =

(conj(thddot2)*cos(conj(th2) - th4 - 2*thl + conj(th3) + conj(th4)))/4 +
sin(th4 - conj(th4))*conj(thdot2)*conj(thdot3) + (sin(2*thl + th4 -
2*conj(th3) - conj(th4))*conj(thdot2)*conj(thdot3))/2
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c23 =

(cos(conj(th2) - 2*thl + conj(th3))*conj(thddot2))/2 + (cos(conj(th2) - 2*thl
+ conj(th4))*conj(thddot2))/2 - (sin(2*thl - th4 - 2*conj(th3) +
conj(th4))*conj(thdot2)*conj(thdot3))/2

C24 =

(cos(conj(th3) - 2*thl + conj(th4))*conj(thddot2))/2 + (cos(conj(th3) - 2*thil
+ conj(th4))*conj(thddot3))/2 + (cos(th4 + conj(th3) -
2*conj(th4))*conj(thddotl))/4

C25 =

(cos(th4 + conj(th3) - 2*conj(th4))*(conj(thddot2) + conj(thddot3) +
conj(thddot4)))/4

c26 =

(sin(th4 - 2*thl + conj(th3))*(conj(thdotl)”2 + conj(thdot2)”2 +
conj(thdot3)~2 + conj(thdot4)*2))/4

c27 =

(sin(th4 - 2*thl + conj(th2) + conj(th3) - conj(th4))*conj(thdotl)*2)/4 -
(sin(conj(th2) - th4 - 2*thl + conj(th3) + conj(th4))*conj(thdot1)~2)/4 +
(sin(th4 - 2*thl + conj(th2) + conj(th3) - conj(th4))*conj(thdot2)~2)/4

c28 =

(conj(thdot2)*conj(thdot3)*sin(th4 - 2*thl + conj(th3)))/2 - (sin(conj(th2) -
th4 - 2*thl + conj(th3) + conj(th4))*conj(thdot2)72)/4 +
(conj(thdot2)*conj(thdot4)*sin(th4 - 2*thl + conj(th3)))/2 +
(conj(thdot3)*conj(thdotd4)*sin(th4 - 2*thl + conj(th3)))/2

c29 =

(sin(th4 + conj(th3) - 2*conj(th4))*(conj(thdot2)*conj(thdot3) +
conj(thdot2)*conj(thdot4) + conj(thdot3)*conj(thdot4)))/2

C30 =

((sin(th4 - conj(th3)) + sin(2*thl + th4 - conj(th3) -
2*conj(th4)))*(conj(thdot2)*conj(thdot3) + conj(thdot2)*conj(thdot4) +
conj(thdot3)*conj(thdotd)))/2
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torque4
D1 =

conj(thddot2)/2 + conj(thddot3)/2 + conj(thddot4)/2 + (cos(2*thl -
2*conj(th4))*conj(thddot2))/2

D2 =

(cos(2*thl - 2*conj(th4))*conj(thddot3))/2 + (cos(2*thl -
2*conj(th4))*conj(thddot4))/2 + (cos(conj(th2) - conj(th4))*conj(thddot2))/2

D3 =
(cos(conj(th3) - conj(th4))*(conj(thddot2) + conj(thddot3)))/2
D4 =

(cos(conj(th2) - 2*thl + conj(th4))*conj(thddot2))/2 + (cos(conj(th3) - 2*thl
+ conj(th4))*conj(thddot2))/2 + (cos(conj(th3) - 2*thl +
conj(th4))*conj(thddot3))/2
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