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Chapter 1 

Introduction 

A robot manipulator is a spatial mechanism consisting essentially of a series of 
bodies, called "links", connected to each other at "joints". The joints can be of 
various types: revolute, rotary, planar, prismatic, telescopic or combinations of 
these. A serial connection of the links results in an open-chain manipulator. Closed- 
chain manipulators result from non-serial (or parallel) connections between links. 
Actuators at the joints of the manipulator provide power for motion. 

A robot is usually not designed for a very specific or repetitive task which can be 
done equally well by task-specific machines. Its strength lies in its ability to handle 
a range of tasks by virtue of being "re-programmable". Therefore, in addition to the 
mechanical hardware two other elements are integral to the description of a robot: 
sensors and control. With the advent of micro-electronics and digital computers the 
availability of sensors is ever increasing and the control is usually done by software 
executed by computers which also collect the sensory data. It is possible to model 
quite accurately, the dynamics of robot manipulators for purposes of control. How- 
ever, for most practical robots the models are complex and numerically intensive to 
calculate in real-time. 

Traditional analyses of robot manipulators consider the whole mechanism to be 
rigid. Relaxation of the assumption of rigidity leads to further complication of the 
dynamics of the manipulator, leading to more difficulties in control. The overall 
motion of the manipulator is augmented by additional motion due to the dynamics 
of flexibility which must be considered. Sensing is also made more difficult. How- 
ever, the ability to control robots with significant structural flexibilities, referred to 
as flexible robots in the rest of this thesis, influences robotics in many ways. It al- 
lows for consideration of new applications, observance of less conservative structural 
design and performance enhancements in certain classes of robotic tasks, which will 
be addressed in greater detail in the sections which follow. 

I. 1 Motivation 

Our original motivation for doing work on flexible manipulators comes from the 
field of medicine. Endoscopes, used for surgically non-invasive examination of the 
alimentary canal could be enormously enhanced by attaching robotic fingers at their 
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ataglove with force reflection 

Magnified view of fingers 

Figure 1.1 A possible "telesurgery" setup. 

tip, controlled teleoperatically by a surgeon wearing a "dataglove" (see Figure 1.1). 
This would not only aid in examination but could conceivably be used for manip- 
ulation of bodies like tumors and polyps and even in the performance of surgical 
procedures. It is estimated that a lumen 3 mm in diameter would be available to 
accommodate these fingers at the tip of the endoscope into which the fingers would 
have to fit during insertion of the device to prevent snagging and interference. If 
we consider a set of three fingers, which would be the minimum required for suf- 
ficient dexterity, the dimensions of the fingers make it difficult to ensure sufficient 
rigidity. This is a scenario in which flexibility is unavoidable. Flexible manipulators 
can perform better than rigid manipulators in certain tasks where control of both 
positions and forces are desired. Being that the nature of the manipulation task 
for the endoscopic fingers requires simultaneous force and position control, it may 
indeed be that in this case, additionally, flexibility is desirable. This work addresses 
both these aspects of flexible robotics. 

There are more commonplace scenarios than the fairly esoteric one mentioned 
above that encounter flexibility. With improvements in electric motor technology 
modern manipulators can not only carry or move bigger loads, but can do so with 
faster accelerations. This can cause flexure even in nominally rigid manipulators, 
thus creating performance shortcomings. To avoid dealing with flexibilities robots 
are usually over-designed. Thus present generation manipulators are limited to 
carrying loads no more that 5-10% of their weight. As an example the Cincinatti- 
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Milacron T3R3 robot weighs 1800 kg but can carry no more than 23 kg [9]. The 
ability to control flexibility immediately translates to a reduction in weight. Reduc- 
tion in weight of manipulators is beneficial for the reasons mentioned below. 

Lower energy consumption: reduced inertias of the lighter robots require less 
power to produce the same accelerations and load-carrying capacity as heavier 
robots. 

Smaller actuators: reduced power requirements can be satisfied by smaller 
actuators, which are generally cheaper. 

Safer operation: collision of the smaller inertia causes lesser damage. 

Lower mounting strength: this is relevant to gantry and wall mounted robots. 

Simplification of drive mechanism: lighter links can be direct-driven, given 
the improving power to weight (or size) ratios for electric motors. This would 
eliminate the need for drive elements like gears, which introduce backlash. 

Faster operation: greater accelerations can be achieved for lighter robots. 
For certain modern applications of robots, for example, the testing of micro- 
chip and printed circuit contacts, a high speed of operation is very important 
because of the large number of operations needed to be carried out. As the 
task does not require a rigid robot (there being no loads to carry) the overhead 
incurred due to the inability to control flexibility is significant. 

Significant cost reduction in deployment of space robots: robots like the space 
shuttle arm and the robots envisaged for the construction and maintenance 
of the international space station have to be boosted into orbit. Considering 
that about 95% of the takeoff weight of the space shuttle is the weight of the 
fuel, it is evident that the savings in fuel due to any reduction in the weight 
of the payload are significant. 

From the above discussion it is clear that there are a variety of applications 
which would benefit significantly from the ability to control robots which are light 
and fast, and therefore naturally flexible. There is also a class of applications where 
flexibility is not optional. One such is the endoscopic robot finger example men- 
tioned previously. Micro-robots, which are robots crafted out of polysilicon wafers 
by techniques similar to the fabrication of integrated circuits [43, 441 are another 
example of robots which are necessarily flexible. The sizes of these robots is of the 
order of one cubic pm. Micro-robots contain micro-motors, micro-sensors and inte- 
grated circuits all in a work space which can be only made visible by microscopes. 
The forces due to surface-tension, pressure-impact as well as magneto- and electro- 
static forces can be very significant at these scales, and can cause large flexure. The 
range of applications envisaged for micro-robots is vast. Use in medicine ranges from 
drug delivery [19] to delicate operations in neurosurgery and opthalmology which 
need to be done with extreme precision 1121. In bio-technology micro-robots will 
provide a potent tool to manipulate individual cells. In industry micro-robots could 
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be used for integrated circuit production, for finding errors on semiconductor dice, 
fabrication and maintenance of high precision tools and even for the fabrication of 
even smaller robots-the nanorobots. 

Increasingly, the tasks performed by robots involve physical interaction with 
their environment. This naturally gives rise to interactive forces between the robot 
and its environment. The task of the controller increases from merely position 
control to simultaneous force and position control-called hybrid control. The me- 
chanical compliance introduced by flexibility is useful in hybrid control in two re- 
spects. First, the flexible links can themselves be used for sensing the forces and 
torques. Second and more importantly, the compliance in the structure increases 
the robustness properties of the manipulator. This can be very significant because 
it is difficult, if not impossible to predict all events which might happen in the real 
working environment of the robot, and which will have an effect on the robot. Re- 
lated to this is the issue of contact transition-the transition from a free state to 
a state where the robot is in physical contact with some component of its environ- 
ment. This process often exhibits large jitter, which is difficult to control. Jitter 
causes wear and tear on the mechanism and its environment, and large force tran- 
sients. Structural compliance in the manipulator is one method which can be used 
for attenuating jitter. 

Tasks involving multi-robot cooperation is another area of interest in modern 
robotics to which many elements of the foregoing discussion are relevant. Control 
of multiple interacting robots typically requires tools from hybrid control. Robotic 
grasping, a special case of multi-robot cooperation, is a subject of ongoing research 
in the robotics community. In addition to its many practical applications, multi- 
fingered hands are an excellent application for developing new ideas in intelligent 
control of complex dynamical systems. Teleoperated robotic hands are an impor- 
tant example of man-machine systems which requires research in user-interfaces, 
hierarchical control and control of complex systems with a human in the loop. 

The work described in this thesis is an effort to incorporate flexibility into 
the robot dynamics and control. It is motivated by the need to decrease the size 
and weight of robot manipulators, while at the same time increasing performance. 
Rather than try to design away flexibilities because of their complexity, it is impor- 
tant to gain an understanding of how to use flexibilities to increase the performance 
of a system. Examples of applications to which this work applies include space 
manipulation tasks, non-invasive surgical techniques and micro-robots. 

1.2 Aspects of the Problem and Previous Work 

Robotic manipulation with flexible fingers requires the blending together of concepts 
from a multitude of different disciplines. The theoretical analysis in this thesis draws 
on ideas from research on hybrid force/position control, grasping with multi-fingered 
hands, flexible structures, modeling and control of joint and link flexibility in robots 
and singular perturbation theory. Fabrication of apparatus for the experimental 
implementation required a multistage evolution of design ideas, consideration of 
sensing technology and issues in real-time computer control. 
































































































































































































































































