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KUKA Robot in Motion 



KUKA Robot in RoboAnalyzer 



Vibrating Robot Arm 



Free-fall Simulation 
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Modelling and Simulation 

Mathematically 
 Newton’s 2nd law: p = mf          Modelling 

 Find, f = p/m; v = ∫f dt; x = ∫v dt    Simulation 

Mass, m 

CRO 

Actually 

Force, p 

x 



Inverse vs. Forward Dynamics 

Inverse Dynamics 

 

Find joint torques/forces for 

given joint motions and end-

effector moment/force 

Forward Dynamics 

 

Find end-effector motion for 

known joint torques/forces 



Serial Robots 

1997 IEEE Trans. on Rob. & Aut.  

V. 13, N. 2, Apr., pp. 301-304 

PUMA Robot 



Methods 

τ
θθ









 LL

dt

d
)( 

 Newton-Euler (NE) 
 
Euler’s:  
 
Newton’s: 

 Euler-Lagrange (EL) 

 

 

 

 

 Kane’s, Hamilton’s … 

 Orthogonal 
Complement based, 
e.g., Decoupled Natural 
Orthogonal Complement 
(DeNOC)                             



Uncoupled NE Equations 

•The 6n uncoupled equations of motion 



Kinematic Constraints: DeNOC Matrices 

Bij: the 6n  6n  twist-propagation matrix  

pi: the 6n-dimensional joint-rate propagation vector or twist generator 



Definition: DeNOC Matrices 

• NNlNd: the 6n  n Decoupled Natural Orthogonal Complement 



Coupled Equations 

• n coupled Euler-Lagrange equations 

- no partial differentiation 



Recursive Expressions 

• For the n  n GIM, each element  

• For the n  n MCI, each element  

• For the n  n generalized forces  

Composite body mass matrix 



Inverse Dynamics Algorithm 
Saha (1999): ASME 

../pap/published/jour/Aam99jour.pdf


Example: PUMA 560 

Link a 

(m) 

b 

(m) 

 

(deg) 

 

(deg) 

1 0 0 -90 1 

2 0.432 0.149 0 2 

3 0.02 0 90 3 

4 0 0.432 -90 4 

5 0 0 90 5 

6 0 0.056 0 6 

DH Parameters   



Result: Torque at Joint 1 



Comparison 



Forward Dynamics & Simulation 

Articulated body matrix 



Comparison 



Results:  

Stanford Robot 

DH and Inertia Parameters 



Free-Fall: Joints 2 and 3 

Robot Software: RoboAnalyzer 
www.roboanalyzer.com 

../software/roboanalyzer/RoboAnalyzer5/


Why UDUT? 

 Accurate  (based on Reverse Gaussian 
Elimination) [Plot for 3-link system] 
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Efficient 

Rel. Tol: 10-4; 

Abs. Tol: 10-6 
O(n) O(n3) 

RE-U750 1330 s  

(22min) 

606269 s 

(7 days) 
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Percentage change
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Information on Stability 

 Eigenvalues of the 
GIM 

 

 

 

 Diagonal elements 
of the GIM 
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Chinese 
(PRC) 

Spanish 
(Mexico) 



Closed-loop Systems 

1 
8 

2 3 

5 

   7 

4 

6 

8 

C 

T 

• A Mechanism used 
for walking legs 
 

• Consisting of two 
closed-loop linkages 
 

• It has several loops 
 

• Applied also in 
Carpet Scrapper 



Carpet Cleaning: Traditional 



Carpet Scrapping Machine 

 Purpose: To reduce human effort 

 Straight line generating machine 
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Tree-types: Double Recursion 

#20 

#10 
#11 

#30 
#1 

#2 

#1 

#0 

Subsystem III Subsystem II Subsystem I 

10 

30 

20 

11 

1 

2 

1 

#0 

#0 

C 

X 

Y 

C 

C 

- 

- 

B 

B 

- 

D 

E 

ASME J. of Mech. Des., Dec. 2007 

• Unknowns: 6+3 & Eqs. 2+1 

• Unsolvable independently 

(Indeterminate subsystems) 

• Unknowns: 4 & Eqs.: 4 

• Solvable independently 

(determinate subsystem) 

../../pap/published/jour/Amd07him-jour.pdf


Subsystem 

recursion 

Multi-loop mechanical system: necessary input motion (s) is (are) specified 

Convert the closed-loop system into a spanning tree using graph theory approach: Different open 

subsystems (serial and/or tree type) 

Classify the open subsystems: Determinate and indeterminate, respectively, j=I, …., sd  ;  j=sd+1, …., s 

Write the unconstrained NE equation of motion for the determinate subsystem:  

Determine DeNOC matrices for all the open subsystems 

Kinematic analysis 

Constrained NE equations of motion: pre-multiply the transpose of the DeNOC matrices of the subsystem 

to the unconstrained NE equations:  

Solve constrained NE equations for unknown Lagrange multipliers plus  the driving forces/torques 

associated with the subsystem. 

Evaluation of constraint forces and moments recursively at the uncut joints:  

For j=I, …., sd   

Evaluated multipliers are taken as external forces/moments to the remaining indeterminate sub-systems 

that make them determinate: 

 j=sd+1, …., s. 

 Body 

recursion 



Results 

0 0.2 0.4 0.6 0.8 1 1.2 1.4
-3000

-2000

-1000

0

1000

2000

3000

Time (sec)

F
o

rc
e
 (

N
)


1x


1y

0 0.2 0.4 0.6 0.8 1 1.2 1.4
-100

-50

0

50

100

Time (sec)

T
o

rq
u

e
 (

N
-m

)


D

 :Proposed


D

 :ADAMS

ADAMS 

Animation 



Comparison 

Methods Theoretical order of 

computations 

CPU time 

in sec  

Traditional  

(matrix size: 21×21) 

O(213/3)=O(3087) 0.219 

System approach 

 (matrix size: 7×7) 

O(73/3)+O(7×2)=O(128.3) 0.156 

 (30.59) 

Subsystem approach (matrix sizes: 

4×4, 3×3, 1×1) 

O(43/3+33/3+1)+O(7×2)=O(45.3) 0.156 

 (30.59) 



Multibody Dynamics for Rural 

Applications (MuDRA) 

 Areas of Research: Multibody 
Dynamics 

 Robotics 

 Mechatronics 

 Design 

 Developed Mechanisms: Rural 
Applications 

 For carpet processing 

 For villages ADPM 

MuDRA 



MuDRA Concept  

 Floated as B. Tech/M. Tech Projects 

Not interested 
 Apparent Reasons 

What is the research content ? 

Not fashionable 
 Other Reasons 

Limited literature 

Difficult  

 







Ropes  (Courtesy: Dr. Suril V. Shah) 
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Multibody Systems: ReDySim 

43 

 

Base 

A link or 

body 

0
 

#k 

#β(k) 

WeLD @ IIT Delhi 

../software/ReDySim/


Biological Systems: Study of Proteins 

 Proteins 
(Nanoparticles: 1–
100 nm) are part of 
every cell, tissue, 
and organ in our 
bodies.  

 Body proteins are 
constantly being 
broken down and 
replaced. 

 

 The protein in the 
foods we eat is 
digested into 
amino acids that 
are later used to 
replace these 
proteins in our 
bodies. 

 



Protein  

 Proteins are made up 
of amino acids. 

 Think of amino acids 
as the building blocks. 

 There are 20 different 
amino acids that join 
together to make all 
types of protein.  

 Some of these 
amino acids can't 
be made by our 
bodies, so these 
are known 
as essential amin
o acids. 

 It's essential that 
our diet provide 
these.  

 



“Analysis and Design of Protein Based Nanodevices: 

Challenges and Opportunities in Mechanical Design” by 

Gregory S. Chirikjian 

[ASME J. Mech. Design, July 2005, Vol. 127] 

 Each of these amino acid building blocks 
(monomers) is referred to as a residue. 

 

 Tens to hundreds of these residues amino 
acid monomers connect together in a serial 
manner to create a long chain, known as a 
polypeptide chain.  



 From a kinematics point of view, these 
polypeptide molecules can be considered to 
be a chain of miniature rigid bodies 
connected by revolute hinge joints. 

 

 A protein in its denatured state is a serial 
linkage with N +1 solid links connected by 
N revolute joint values for N could be as 
great as several hundred. 

Protein vs. Serial Robot 



Protein Folding  

 Protein folding is the process by which 
a protein structure assumes its 
functional shape or conformation. 

 

 The folding occurs under the effect of 
nuclear forces among protein atoms as 
well as between protein atoms and the 
solvent’s atoms. 

 

 Can be studied through dynamic 
simulation 



Result 

 Being able to accurately predict the three-
dimensional structure of a protein based on 
the known sequences of amino acids in its 
chain is key to fully understanding a 
protein’s biological functions and thus to 
manipulating or controlling these functions 
as a part of disease treatments. 



Activities with Chair Professor Fund 

 Presenting new research at ACMD 2010 in 
Japan 

 

 Research collaboration with IIT Madras on 
Rope Modeling 

 

 Supporting several Students/Faculty to 
visit IIT Delhi and vice-verse 

 

 Will be attending ICMD 2012 in Germany  
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Conclusions 

 DeNOC for serial-chain systems 

 RoboAnalyzer 

 Closed-loop systems and 
optimization 

 MuDRA 

 Rope 

 New application to biological 
systems 
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