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Abstract

This chapter focuses on the state of the art in the field of nano-robotics by describing various
molecular level systems and associated design and control issues. Nano-robots are controllable
machines at the nano (10°) meter or molecular scale that are composed of nano-scale
components. With the modern scientific capabilities, it has become possible to attempt the
creation of nanorobotic devices and interface them with the macro world for control. There are
countless such machines that exist in nature and there is an opportunity to build more of them by
mimicking nature. Even if the field of nanorobotics is fundamentally different than that of macro
robots due to the differences in scale and material, there are many similarities in design and
control techniques that eventually could be projected and applied. A roadmap towards the
progression of this field is proposed and some design concept and philosophies are illustrated.
Two types of control mechanisms are given with examples and further hybrid mechanisms are
proposed. There are many applications for nanorobotic systems and its biggest impact would be
in the area of medicine.
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1. Introduction

Nanotechnology can best be defined as a description of activities at the level of atoms and
molecules that have applications in the real world. A nanometer is a billionth of a meter, that is, about
1/80,000 of the diameter of a human hair, or 10 times the diameter of a hydrogen atom. The size-related
challenge is the ability to measure, manipulate, and assemble matter with features on the scale of 1-
100nm. In order to achieve cost-effectiveness in nanotechnology it will be necessary to automate
molecular manufacturing. The engineering of molecular products needs to be carried out by robotic
devices, which have been termed nanorobots. A nanorobot is essentially a controllable machine at the
nano meter or molecular scale that is composed of nano-scale components. The field of nanorobotics
studies the design, manufacturing, programming and control of the nano-scale robots.

This review chapter focuses on the state of the art in the emerging field of nanorobotics, its
applications and discusses in brief some of the essential properties and dynamical laws which make this
field more challenging and unique than its macro scale counterpart. This chapter is only reviewing nano-
scale robotic devices and does not include studies related to nano precision tasks with macro robotic
devices that usually are also included in the field of nano-robotics.

Nanorobots would constitute any passive or active structure (nano scale) capable of actuation,
sensing, signaling, information processing, intelligence, swarm behavior at nano scale. These
functionalities could be illustrated individually or in combinations by a nano robot (swarm intelligence
and co-operative behavior). So, there could be a whole genre of actuation and sensing or information
processing nano robots having ability to interact and influence matter at the nano scale. Some of the
characteristic abilities that are desirable for a nanorobot to function are:

i.  Swarm Intelligence — decentralization and distributive intelligence

ii. Cooperative behavior — emergent and evolutionary behavior

iii. Self assembly and replication — assemblage at nano scale and ‘nano maintenance’

iv. Nano Information processing and programmability — for programming and controlling

nanorobots (autonomous nanorobots)

v. Nano to macro world interface architecture — an architecture enabling instant access to the

nanorobots and its control and maintenance

There are many differences between macro and nano-scale robots. However, they occur mainly in
the basic laws that govern their dynamics. Macro scaled robots are essentially in the Newtonian
mechanics domain whereas the laws governing nanorobots are in the molecular quantum mechanics
domain. Furthermore, uncertainty plays a crucial role in nanorobotic systems. The fundamental barrier for
dealing with uncertainty at the nano scale is imposed by the quantum and the statistical mechanics and
thermal excitations. For a certain nano system at some particular temperature, there are positional
uncertainties, which can not be modified or further reduced [1].

The nanorobots are invisible to naked eye, which makes them hard to manipulate and work with.
Techniques like Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) are being
employed to establish a visual and haptic interface to enable us to sense the molecular structure of these
nano scaled devices. Virtual Reality (VR) techniques are currently being explored in nano-science and
bio-technology research as a way to enhance the operator’s perception (vision and haptics) by
approaching more or less a state of ‘full immersion’ or ‘telepresence’. The development of nanorobots or
nano machine components presents difficult fabrication and control challenges. Such devices will operate
in microenvironments whose physical properties differ from those encountered by conventional parts.
Since these nano scale devices have not yet been fabricated, evaluating possible designs and control
algorithms requires using theoretical estimates and virtual interfaces/environments. Such
interfaces/simulations can operate at various levels of detail to trade-off physical accuracy, computational
cost, number of components and the time over which the simulation follows the nano-object behaviors.
They can enable nano-scientists to extend their eyes and hands into the nano-world and also enable new
types of exploration and whole new classes of experiments in the biological and physical sciences. VR
simulations can also be used to develop virtual assemblies of nano and bio-nano components into mobile
linkages and predict their performance.



Nanorobots with completely artificial components have not been realized yet. The active area of
research in this field is focused more on molecular robots, which are thoroughly inspired by nature’s way
of doing things at nano scale. Mother Nature has her own set of molecular machines that have been
working for centuries, and have been optimized for performance and design over the ages. As our
knowledge and understanding of these numerous machines continues to increase, we now see a possibility
of using the natural machines, or creating synthetic ones from scratch, using nature’s components. This
chapter focuses more on molecular machines and explores various designs and research prevalent in this
field. The main goal in the field of molecular machines is to use various biological elements — whose
function at the cellular level creates motion, force or a signal — as machine components. These
components perform their preprogrammed biological function in response to the specific physiochemical
stimuli but in an artificial setting. In this way proteins and DNA could act as motors, mechanical joints,
transmission elements, or sensors. If all these different components were assembled together in the proper
proportion and orientation they would form nano devices with multiple degrees of freedom, able to apply
forces and manipulate objects in the nanoscale world. The advantage of using nature's machine
components is that they are highly efficient and reliable.

Nanorobotics is a field which calls for collaborative efforts between physicists, chemists,
biologists, computer scientists, engineers and other specialists to work towards this common objective.
Fig. 1 details the various fields which come under the field of bio nanorobotics (this is just a
representative figure and not exhaustive in nature). Currently this field is still evolving, but several
substantial steps have been taken by great researchers all over the world and are contributing to this ever
challenging and exciting field.
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Figure 1: Bio nanorobotics — a truly multidisciplinary field

The ability to manipulate matter at the nano scale is one core application for which nanorobots
could be the technological solution. A lot has been written in the literature about the significance and
motivation behind constructing a nanorobot. The applications range from medical to environmental
sensing to space and military applications. Molecular construction of complex devices could be possible
by nanorobots of the future. From precise drug delivery to repairing cells and fighting tumor cells;
nanorobots are expected to revolutionize the medical industry in the future. These applications come



under the field of nano medicine which is a very active area of research in nanotechnology. These
molecular machines hence form the basic enablers of future applications.

In the next section, we shall try to understand the principles, theory and utility of the known
molecular machines and look into the design and control issues for their creation and modification. A
majority of natural molecular machines are protein-based, while the DNA-based molecular machines are
mostly synthetic. Nature deploys proteins to perform various cellular tasks — from moving cargo, to
catalyzing reactions, while it has kept DNA as an information carrier. It is hence understandable that most
of the natural machinery is built from proteins. With the powerful crystallographic techniques available in
the modern world, the protein structures are clearer than ever. The ever increasing computing power
makes it possible to dynamically model protein folding processes and predict the conformations and
structure of lesser known proteins. All this helps unravel the mysteries associated with the molecular
machinery and paves the way for the production and application of these miniature machines in various
fields including medicine, space exploration, electronics and military.

2. Nature’s Nanorobotic Devices

In this section we will detail some of the man made and naturally occurring molecular machines.
We divide the molecular machines into three broad categories — protein-based, DNA-based and chemical
molecular motors.

2.1 Protein based molecular machines
This section focuses on the study of the following main protein based molecular machines:
i. ATP Synthase
ii. The Kinesin, Myosin, Dynein and Flagella Molecular Motors

2.1.1 ATP Synthase — a true nano rotary motor [2]

Synthesis of ATP is carried out by an enzyme, known as ATP Synthase. The inner mitochondrial
membrane contains the ATP Synthase. The ATP Synthase is actually a combination of two motors
functioning together as described in the Fig. 2 [3].

This enzyme consists of a proton-conducting Fy unit and a catalytic F; unit. The figure also
illustrates the subunits in side the two motor components. F; constitutes of a3 ;70¢€ subunits. F, has three
different protein molecules, namely, subunit a, b and ¢. The y-subunit of F; is attached to the ¢ subunit of
Fo and is hence rotated along with it. The &;/f3; subunits are fixed to the b-subunit of Fy and hence do not
move. Further the b-subunit is held inside the membrane by a subunit of Fy (shown in the above figure by
Walker, [3]).

ATP Synthase ‘nano’ Properties

1. Reversibility of the ATP Synthase: There are two directions in ATP Synthase system and these
two directions correspond to two different functionalities and behavior. This two-way behavior is because
of the reversible nature of the ATP-ADP cycle and the structure of the ATP Synthase. Let us term the
forward direction as when the F, drives the y-subunit (because of Proton Motive force) of F; and hence
ATP synthesis takes place. And the backward direction is when hydrolysis of ATP counter-rotated the y-
subunit and hence the F, motor and leads to pumping back the protons. Therefore the forward direction is
powered by the proton motive force and the backward direction is powered by the ATP hydrolysis. Which
particular direction is being followed depends upon the situation and the environmental factors around the
ATP Synthase.




Figure 2: Shows the basic structure of the ATP Synthase. Shown is the flow of protons from the
outer membrane towards the inner through the Fy motor. This proton motive force is responsible
for the synthesis of ATP in F;. (©Copyright 2004. The Nobel Foundation)

2. Coupling of Proton Flow (Fy) and the ATP synthesis and hydrolysis (in F;): Boyer proposed a
model which predicted that the Fy and F; motors are connected through the y subunit. Further he proposed
that this connection was mechanical in nature. The following figure [4] illustrates the electrostatic surface
potential on ¢ f3; subunits. The red color represents a negatively charged surface and blue a positively
charged surface. Shown in the Fig. 3a, a predominately neutral hole in the ;[ subunit through which
the y subunit protrudes. Fig. 3b shows a y subunit with a significantly negatively charged region around
half across its length. The y subunit slides through the hole of the @3 f; subunits.

Figure 3 a & b: Shows the electrostatic surface potential on the ;5 and y subunits
(©Copyright 1996 Antony Crofts)

3. Boyer’s binding Change Mechanism: Boyer isolated the F, part of the ATP Synthase complex.
It was found that the alpha and beta subunits alternate in this cylindrical part of the F; structure. As per
this model each « and f pair forms a catalytic site. The rotation of the y subunit induces structural
conformation in the a;f; subunits. Although the three catalytic units are identical in their chemistry but
they are functionally very different at any given point in time. These conformal changes induce a change



in the binding affinities of all the three catalytic sites towards the ATPase reactants (ADP, P;, ATP etc.).
Fig. 4 [5] shows the binding change mechanism as proposed by Boyer:

p 1 S

ATP

ADP + Pi

Flux

Figure 4: Boyer’s binding change mechanism

The three catalytic sites could be in three distinct forms. O form stands for open which implies
that it has got very low affinity for reactants; L form stands for loose, which implies that it would bind the
reactants loosely but is still catalytically inactive; T form stands for tight, which binds the reactant tightly
and is catalytically active.

The situation depicted in the Fig. 4 above shows one of the sites being bound to ATP at T. The
site for ADP and P; would probably be L as it is more binding than the O site. Now when the energy is
input to the system the sites are changed. T becomes O; O becomes L and L becomes T. Due to these
changes the ATP which was previously in T is now released. Further the ADP and P; are now tightly
bound due to the conversion of L site to the T site. This tight binding of ADP and P; allows them to
spontaneously get converted into ATP. Hence, this model proposed that the proton flow from the F, is
coupled to the site inter conversions in the F; unit which triggers synthesis-hydrolysis of ATP. Boyer’s
theory was supported when Walker and his group solved the structure of the Fi-ATPase motor. The high
resolution structure thus obtained gave hints towards many experiments which proved the fact that y
subunit indeed rotated against the alpha and beta subunits.

4. F;-ATPase a true nano rotary motor: Till today the exact mechanism of the molecular motor
characterized by F;-ATpase has not been fully determined. Research by Kinosita’s lab is a step towards
this goal and proposes some very conclusive models for the same. The results obtained show not only the
various methods through which we can analyze these nano devices, but also predicts many characteristics
for these.

What is known till now is that y subunit rotates inside the alpha-beta hexamer, but whether the
rotation is continuous or is random was not known. Kinosita’s lab solved this problem by imaging the F-
ATPase molecule. The objective of their experiment was to determine the uniqueness of the rotary motion
and its characteristics. Fig. 5 [2] depicts the experiment that was performed by this group. They attached a
micrometer long actin filament to the y subunit. This actin filament was fluorescently label, so that its
fluorescence could be measured under a microscope. Hydrolysis of the ATP (when introduced in the
experiment) led to the rotation of the y subunit and in effect the rotation of the actin filament. As reported
by the authors, not all the actin filaments were observed to have rotation. But some percentage of them
did rotate and that too in a unique direction and without having much reversibility in the direction. This
direct imaging proved that the structure solved by Walker and group was indeed correct and there exists
rotary motion between y subunit and the alpha and beta hexamer.
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Figure 5: Experiment performed for Imaging F;-ATPase [Ref:2]

Fig. 6 [2] shows the imaging of the actin filament that was obtained. The rotation is not restricted
to some particular rotational angle but is continuously progressive is a particular direction. As the
rotational motion is a continuous one, possibility of it being a twisting motion is ruled out. Hence, there
should be no direct linkage between the y subunit and the alpha-beta hexamer in F;-ATPase. It was further
observed by the authors that the rotation of the actin filament was in certain steps. These step sizes were
approximately equal to 120 degrees.

Figure 6: Images of a rotating actin filament (sequential image at 33ms intervals) [Ref:2]

Other observed behavior of the F;-ATPase motor [2]

a. Rotational rates [2]: Rotational rates were dependent upon the length of the actin filament.
Rotational rates were found to be inversely proportional to the filament length. This could be attributed to
the fact that the hydrodynamic friction is proportional to the cube of the length of the filament, therefore,
longer length implied that the frictional forces were higher and rotational speeds in effect slower. As
reported in the principle article, if the filament were to rotate at the speed of 6 rev per sec and the length
of the actin filament were 1 ym, then as per the relation:

N = o,
The torque required would be 40 pN nm. Here & is the drag coefficient given by the relation:
4 1
e="pp

3 7 [In(L/r)—0.447]

i is the viscosity of the medium = 10~ N sec per meter sq and r = 5 nm, the radius of the filament.



b. Efficiency of F; [2]: Work done in one step, i.e., 120 degree rotation is equal to the torque
generated (=40 pN nm) times the angular displacement for that step (=2pi/3). This comes to about 80pN
nm. Free energy obtained by the hydrolysis of one ATP molecule is:

AG=AG, +k,7 MLADPILPi]
[ATP]
Here, the standard free energy change per ATP molecule = -50 pN nm at pH 7. Thermal energy at room
temperature = 4.1 pN nm. At intracellular conditions, [ATP] and [P;] is in the order of 10~ M. Therefore,
for [ADP] of 50 uM, AG = -90.604 pN nm. Comparing this value of the free energy obtained by the
hydrolysis of one molecule of ATP with the mechanical work done by the motor (=80 pN nm), we can
deduce that the F;-ATPase motor works on efficiency close to 100%!

c. Chemical synthesis of ATP powered by mechanical energy: In another study conducted by
Hiroyasu Itoh, Akira Takahashi, Kengo Adachi, Hiroyuki Noji, Ryohei Yasuda, Masasuke Yoshida &
Kazuhiko Kinosita Jr [6], evidence has been provided to justify the claim that the chemical synthesis of
ATP occurs when propelled by mechanical energy. This basic nature of the F;-ATPase was known for
quite some while, but it is first time that it is being experimentally verified. To prove this concept, the F,
was bound to the glass surface through histidine residues attached at the end of the y subunits. A magnetic
bead coated with streptavidin was attached to the y subunit (Fig. 7; [6]).

Magnetic bead (

/ / %
\ ’ _ -
Streptavidin q__\f:_._% /,// A . -

035y complex

His Ielg . a8’

Figure 7: Magnetic bead is attached to the y subunit here (left figure) and the arrangement of
the magnets (right figure) [Ref: 76]

Electric magnets were used to rotate this bead attached to the y subunit. The rotation resulted in
appearance of ATP in the medium (which was initially immersed in ADP). Thus the connection between
the syntheses of ATP as a result of the mechanical energy input is established.

The exact mechanism of the F-ATPase rotation is still an active area of research today and many
groups are working towards finding it. The key to solving the mechanism is solving the transient
conformation of the catalytic sites and the y subunit when rotation is taking place. What is not clear is the
correspondence between the chemical reactions at the catalytic sites and their influence on the rotation of
the y subunit. Which event triggers the rotation and which not has still to be exactly determined? Many
models have been predicted, but they all still elude the reality of the rotational mechanism.

2.1.2 The Kinesin, Myosin, Dynein and Flagella Molecular Motors

With modern microscopic tools, we view a cell as a set of many different moving components
powered by molecular machines rather than a static environment. Molecular motors that move
unidirectionally along protein polymers (actin or microtubules) drive the motions of muscles as well as
much smaller intracellular cargoes. In addition to the Fo-F;-ATPase motors inside the cell, there are linear
transport motors present as tiny vehicles known as motor proteins that transport molecular cargoes [7]
that also require ATP for functioning. These minute cellular machines exist in three families - the
kinesins, the myosins and the dyneins [8]. The cargoes can be organelles, lipids or proteins etc. They play
an important role in cell division and motility. There are over 250 kinesin-like proteins, and they are
involved in processes as diverse as the movement of chromosomes and the dynamics of cell membranes.



The only part they have in common is the catalytic portion known as the motor domain. They have
significant differences in their location within cells, their structural organization, and the movement they
generate [9]. Muscle myosin, whose study dates back to 1864, has served as a model system for
understanding motility for decades. Kinesin however was discovered rather recently using in vitro
motility assays in 1985 [10]. Conventional Kinesin is a highly processive motor that can take several
hundred steps on a microtubule without detaching [11, 12] whereas muscle myosin executes a single
"stroke" and then dissociates [13]. A detailed analysis and modeling of these motors has been done [10,
14].

Kinesin and myosin make up for an interesting comparison. Kinesin is microtubule-based; it
binds to and carries cargoes along microtubules whereas myosin is actin-based. The motor domain of
kinesin weighs one third the size of that of myosin and one tenth of that of dynein [15]. Before the advent
of modern microscopic and analytic techniques, it was believed that these two have little in common.
However, the crystal structures available today indicate that they probably originated from a common
ancestor [16].

The Myosin Linear Motor

Myosin is a diverse superfamily of motor proteins [17]. Myosin-based molecular machines
transport cargoes along actin filaments - the two stranded helical polymers of the protein actin, about 5-9
nm in diameter. They do this by hydrolyzing ATP and utilizing the energy released [18]. In addition to
transport, they are also involved in the process of force generation during muscle contraction, wherein
thin actin filaments and thick myosin filaments slide past each other. Not all members of the myosin
superfamily have been characterized as of now. However, much is known about the structure and
function. Myosin molecules were first sighted through electron microscope protruding out from thick
filaments and interacting with the thin actin filaments in late 1950s [19-21]. Since then it was known that
ATP plays a role in myosin related muscle movement along actin [22]. However, the exact mechanism
was unknown, which was explained later in 1971 by Lymn and Taylor [23].

a) Structure of Myosin Molecular Motor: A myosin molecule binding to an actin polymer is
shown in Fig. 8a. [24]. Myosin molecule has a size of about 520 kilodaltons (kD) including two 220 kD
heavy chains and light chains of sizes between 15-22 kD [25, 26]. They can be visualized as two identical
globular ‘motor heads’, also known as motor domains, each comprising of a catalytic domain (actin,
nucleotide as well as light chain binding sites) and about 8 nm long lever arms. The heads, also
sometimes referred to as S1 regions (subfragment 1) are shown in blue, while the lever arms or the light
chains, in yellow. Both these heads are connected via a coiled coil made of two a-helical coils (grey) to
the thick base filament. The light chains have considerable sequence similarity with the protein
‘calmodulin’ and troponin C, and are sometimes referred to as calmodulin-like chains. They act as links to
the motor domains and do not play any role in their ATP binding activity [27] but for some exceptions
[28, 29]. The motor domain in itself is sufficient for moving actin filaments [30]. Three-dimensional
structures of myosin head revealed that it is a pear-shaped domain, about 19 nm long and 5 nm in
maximum diameter [30, 31].

b) Function of Myosin Molecular Motor: A crossbridge-cycle model for the action of myosin on
actin has been widely accepted since 1957 [19, 32, 33]. Since the atomic structures of actin monomer [34,
35] and myosin [31] were resolved this model has been refined into a ‘lever-arm model’ which is now
acceptable [36]. Only one motor head is able to connect to the actin filament at a time, the other head
remains passive. Initially the catalytic domain in the head has ADP and P; bound to it and as a result, its
binding with actin is weak. With the active motor head docking properly to the actin-binding site, the P;
has to be released. As soon as this happens, the lever arm swings counterclockwise [37] due to a
conformational change [21, 38-43]. This pushes the actin filament down by about 10 nm along its
longitudinal axis [44]. The active motor head now releases its bound ADP and another ATP molecule by
way of Brownian motion quickly replaces it, making the binding of the head to the actin filament weak
again. The myosin motor then dissociates from the actin filament, and a new cycle starts. However, nano-
manipulation of single S1 molecules (motor domains) show that myosin can take multiple steps per ATP
molecule hydrolyzed, moving in 5.3 nm steps and resulting in displacements of 11 to 30 nm [45].
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Figure 8: The kinesin-myosin walks: &) Myosin motor mechanism. i) Motor head loosely docking
to the actin binding site; ii) The binding becomes tighter along with the release of P, iii) Lever
arm swings to the left with the release of ADP, and; iv) replacement of the lost ADP with a fresh
ATP molecule results in dissociation of the head; b) Kinesin heads working in conjunction. i)
Both ADP-carrying heads come near the microtubule and one of them (black neck) binds; ii)
Loss of bound ADP and addition of fresh ATP in the bound head moves the other (red neck) to
the right; iii) The second head (red) binds to microtubule while losing its ADP, and replacing it

with a new ATP molecule while the first head hydrolyses its ATP and loses P; iv) The ADP-
carrying black-neck will now be snapped forward, and the cycle will be repeated.
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The Kinesin Linear Motor

Kinesin [15] and Dynein family of proteins are involved in cellular cargo transport along
microtubules as opposed to actin in the case of myosin [46]. Microtubules are 25 nm diameter tubes made
of protein tubulin and are present in the cells in an organized manner. Microtubules have polarity; one end
being the plus (fast growing) end while the other end is the minus (slow growing) end [47]. Kinesins
move from minus end to plus end, while dyneins move from plus end to the minus end of the
microtubules. Microtubule arrangement varies in different cell systems. In nerve axons, they are arranged
longitudinally in such a manner that their plus ends point away from the cell body and into the axon. In
epithelial cells, their plus end points towards the basement membrane. They deviate radially out of the
cell center in fibroblasts and macrophages with the plus end protruding outwards [48]. Like myosin,
kinesin is also an ATP-driven motor. One unique characteristic of kinesin family of proteins is their
processivity — they bind to microtubules and literally ‘walk’ on it for many enzymatic cycles before
detaching [49, 50]. Also, each of the globular heads/motor domains of kinesin is made of one single
polypeptide unlike myosin (heavy and light chains and dynein heavy, intermediate and light chains).

a) Structure of Kinesin Molecular Motor: A lot of structural information about kinesin is now
available through the crystal structures [16, 51, 52]. The motor domain contains a folding motif similar to
that of myosin and G proteins [8]. The two heads or the motor domains of kinesin are linked via ‘neck
linkers’ to a long coiled coil, which extends up to the cargo (Fig. 8b). They interact with the o and p-
subunits of the tubulin hetrodimer along the microtubule protofilament. The heads have the nucleotide
and the microtubule binding domains in them.

b) Function of Kinesin Molecular Motor: While kinesin is also a two-headed linear motor, its
modus operandi is different from myosin in the sense that both its head work together in a coordinated
manner rather than one was being left out. Fig. 8b shows the kinesin walk. Each of the motor heads is
near the microtubule in the initial state with each motor head carrying an ADP molecule. When one of the
heads loosely binds to the microtubule, it looses its ADP molecule to facilitate a stronger binding.
Another ATP molecule replaces the ADP which facilitates a conformational change such that the neck
region of the bound head snaps forward and zips on to the head [9]. In the process it pulls the other ADP
carrying motor head forward by about 16 nm so that it can bind to the next microtubule-binding site. This
results in the net movement of the cargo by about 8 nm [53]. The second head now binds to the
microtubule by losing its ADP, which is promptly replaced by another ATP molecule due to Brownian
motion. The first head meanwhile hydrolyses the ATP and loses the resulting P;. It is then snapped
forward by the second head while it carries its ADP forward. Hence coordinated hydrolysis of ATP in the
two motor heads is the key to the kinesin processivity [54, 55]. Kinesin is able to take about 100 steps
before detaching from the microtubule [11, 49, 56] while moving at 1000 nm/sec and exerting forces of
the order of 5-6 pN at stall [57, 58].

The Dynein Motor

Dynein superfamily of proteins was introduced in 1965 [59]. Dyneins exist in two isoforms, the
cytoplasmic and the axonemal. Cytoplasmic dyneins are involved in cargo movement, while axonemal
dyneins are involved in producing bending motions of cilia and flagella [60-70]. Fig. 9 shows a typical
cytoplasmic dynein molecule.

a) Structure of Dynein Molecular Motor: The structure consists of two heavy chains in the form
of globular heads, three intermediate chains and four light intermediate chains [71, 72]. Recent studies
have exposed a linker domain connecting the ‘stem’ region below the heads to the head itself [73]. Also
from the top of the heads the microtubule binding domains (the stalk region, not visible in the figure)
protrude out [74]. The ends of these stalks have smaller ATP sensitive globular domains which bind to
the microtubules. Cytoplasmic dynein is associated with a protein complex known as dynactin, which
contains ten subunits [75]. Some of them are shown in the figure as p150, p135, actin related protein 1
(Arpl), actin, dynamitin, capping protein and p62 subunit. These play an important regulatory role in the
binding ability of dynein to the microtubules. The heavy chains forming the two globular heads contain
the ATPase and microtubule motor domains [76].
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One striking difference that dynein exhibits compared to kinesins and myosins is that dynein has
AAA (ATPases Associated with a variety of cellular Activities) modules [77-79], which indicate that its
mode of working will be entirely different from kinesins and myosins. This puts dyneins into the AAA
superfamily of mechanoenzymes. The dynein heavy chains contain six tandemly linked AAA modules
[80, 81] with the head having a ring-like domain organization, typical of AAA superfamily. Four of these
are nucleotide binding motifs, named P1-P4, but only P1 (AAA1) is able to hydrolyse ATP.

Intermediate Chain

Light Intermediate Chain

Figure 9: A dynein molecule. Shown in blue are the globular heads (heavy chains) connected to
the indermediate chains (red) and the light chains (light blue). Dynactin complex components
pl150, p135, dynamitin, p62, capping proteins, Arpl, Actin is also shown.

b) Function of Dynein Molecular Motor: Because dynein is larger and more complex structure as
compared to other motor proteins, its mode of operation is not as well known. However, very recently,
Burgess et al. [73] have used electron microscopy and image processing to show the structure of a
flagellar dynein at the start and end of its power stroke; giving some insight into its possible mode of
force generation. When the dynein contains bound ADP and V; (vandate), it is in the pre-power stroke
conformation. The state when it has lost the two, known as the apo-state is the more compact post power
stroke state. There is a distinct conformational change involving the stem, linker, head and the stalk that
produces about 15 nm of translation onto the microtubule bound to the stalk [73].

The Flagella Motors

Unicellular organisms, such as, E. coli have an interesting mode of motility (for reviews see [82-
84]. They have a number of molecular motors, about 45 nm in diameter, that drive their ‘feet’ or the
flagella that help the cell to swim. Motility is critical for cells, as they often have to travel from a less
favorable to a more favorable environment. The flagella are helical filaments that extend out of the cell
into the medium and perform a function analogous to what the oars perform to a boat. The flagella and the
motor assembly are called a flagellum. The flagella motors impart a rotary motion into the flagella [85,
86]. In addition to a rotary mechanism, the flagella machines consist of components such as rate meters,
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particle counters, and gearboxes [87]. These are necessary to help the cell decide which way to go,
depending on the change of concentration of nutrients in the surroundings. The rotary motion imparted to
the flagella needs to be modulated to ensure the cell is moving in the proper direction as well as all
flagella of the given cell are providing a concerted effort towards it [88]. When the motors rotate the
flagella in a counterclockwise direction as viewed along the flagella filament from outside, the helical
flagella create a wave away from the cell body. Adjacent flagella subsequently intertwine in a propulsive
corkscrew manner and propel the bacteria. When the motors rotate clockwise, the flagella fly apart,
causing the bacteria to tumble, or change its direction [89]. These reversals occur randomly, giving the
bacterium a ‘random walk’, unless of course, there is a preferential direction of motility due to reasons
mentioned earlier. The flagella motors allow the bacteria to move at speeds of as much as 25 ym/s with
directional reversals occurring approximately 1 per second [90]. A number of bacterial species in addition
to E. coli., depend on flagella motors for motility. Some of these are Salmonella enterica serovar
Typhimurium (Salmonella), Streptococcus, Vibrio spp., Caulobacter, Leptospira, Aquaspirrilum serpens
and Bacillus. The rotation of flagella motors is stimulated by a flow of ions through them which is a result
of a build-up of a transmembrane ion gradient. There is no direct ATP-involvement; however the proton
gradient needed for the functioning of flagella motors can be produced by ATPase.

a) Structure of the Flagella Motors: A complete part list of the flagella motors may not be
available as of now. Continued efforts dating back to early 1970s have however revealed much of their
structure, composition, genetics and function. Newer models of the motor function are still being
proposed with an aim to explain observed experimental phenomena [91, 92]. That means that we do not
fully understand the functioning of this motor [83]. A typical flagella motor from E. coli. consists of
about 20 different proteins [83], while there are yet more that are involved in the assembly and
functioning. There are 14 Flg-type proteins named FlgA to FlgN; 5 Flh-type proteins called FIhA to FIhE;
19 Fli-type proteins named FliA to F1iT; MotA and MotB making a total of 40 related proteins. The name
groups Flg, Flh, Fli and Flg originate from the names of the corresponding genes [93]. Out of these the
main structural proteins are F1iC or the filament; FliD (filament cap); FIiF or the MS-ring; FliG; FliM and
FliN (C-ring); FlgB, FlgC and FlgF (proximal rod); FIgG (distal rod); FlgH (L-ring); Flgl (P-ring); FlgK
and FIgL (hook-filament junction); and MotA-MotB (torque generating units). Earlier it was believed that
the M and S are two separate rings and M was named after membrane and S after supramembranous [94].
Now they are jointly called the MS-ring as it has been found that they are two domains of the same
protein FIiF [95, 96]. The C-ring is named after cytoplasmic [97-99], while the names of the P and L-
rings come from ‘peptidoglycan’ and ‘lipopolysaccharide’ respectively. The FlhA,B, FliH,I,O0,P,Q,R
constitute the ‘transport apparatus’.

The hook and filament part of the flagellum is located outside the cell body, while the motor
portion is embedded in the cell membrane with parts (the C-ring and the transport apparatus) that are
inside the inner membrane in the cytoplasmic region. MotA and MotB are arranged in a circular array
embedded in the inner membrane, with the MS-ring at the center. Connected to the MS-ring is the
proximal end of a shaft, to which the P-ring, which is embedded in the peptidoglycan layer, is attached.
Moving further outwards, there is the L-ring embedded in the outer cell membrane followed by the distal
shaft end that protrudes out of the cell. To this end there is an attachment of the hook and the filament,
both of which are polymers of hook-protein and flagellin respectively.

b) Function of the Flagella Motors: The flagellar motors in most cases are powered by protons
flowing through the cell membrane (protonmotive force, defined earlier) barring exceptions such as
certain marine bacteria, for example, the Vibrio spp., which are driven by Na+ ions [100]. There are about
1200 protons required to rotate the motor by one rotation [101]. A complete explanation of how this
proton flow is able to generate torque is not available as of today. From what is known, the stator units of
MotA and MotB play an important role in torque generation. They form a MotA/MotB complex which
when oriented properly binds to the peptidoglycan and opens proton channels through which protons can
flow [102]. It is believed that there are eight such channels per motor [103]. The protonmotive force is a
result of the difference of pH in the outside and the inside of the cell. The E. coli cells like to maintain a
pH of 7.6-7.8 on their inside, so depending on the pH of the surroundings, the protonmotive force will
vary, and hence the speed of rotation of their motors. To test how the speed of rotation depends on the
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protonmotive force, the motors were powered by external voltage with markers acting as heavy loads
attached to them [104]. It was found that the rotation indeed depends directly on the protonmotive force.
According to the most widely accepted model, MotA/MotB complex interacts with the rotor via binding
sites. The passage of protons through a MotA/MotB complex (stator or torque generator) moves it so that
they bind to the next available binding site on the rotor, thereby stretching their linkage. When the linkage
recoils, the rotor assembly has to rotate by one step. Hence whichever complex receives protons from the
flux will rotate the rotor, generating torque. The torque-speed dependence of the motor has been studied
in detail [105, 106] and indicates the torque range of about 2700 pN-nm to 4600 pN-nm.

2.2 DNA based Molecular machines

As mentioned earlier, nature chose DNA mainly as an information carrier. There was no
mechanical work assigned to it. Energy conversion, trafficking, sensing etc. were the tasks assigned
mainly to proteins. Probably for this reason, DNA turns out to be a simpler structure — with only four
kinds of nucleotide bases Adenosine, Thiamine, Guanine, and Cytosine (A, T, G & C) attached in a linear
fashion that take a double helical conformation when paired with a complementary strand. Such structural
simplicity vis-a-vis proteins - made of twenty odd amino acids with complex folding patterns - results in a
simpler structure and predictable behavior. There are certain qualities that make DNA an attractive
choice for the construction of artificial nano machines. In recent years, DNA has found use in not only
mechanochemical, but nano electronic systems as well [107-110]. A DNA double-helical molecule is
about 2 nm in diameter and has 3.4-3.6 nm helical pitch no matter what its base composition is; a
structural uniformity not achievable with protein structures if one changes their sequence. Furthermore,
double-stranded DNA (ds-DNA) has a respectable persistence length of about 50 nm [111] which
provides it enough rigidity to be a candidate component of molecular machinery. Single stranded DNA
(ss-DNA) is very flexible and cannot be used where rigidity is required; however this flexibility allows its
application in machine components like hinges or nanoactuators [112]. Its persistence length is about 1
nm covering up to 3 base pairs [113] at 1M salt concentration.

Other than the above structural features there are two important and exclusive properties that
make DNA suitable for molecular level constructions. These are — molecular recognition and self-
assembly. The nucleotide bases A and T on two different ss-DNA have affinity towards each other, so do
G and C. Effective and stable ds-DNA structures are only formed if the base orders of the individual
strands are complementary. Hence, if two complementary single strands of DNA are in a solution, they
will eventually recognize each other and hybridize or zip-up forming a ds-DNA. This property of
molecular recognition and self-assembly has been exploited in a number of ways to build complex
molecular structures [114-121]. In the mechanical perspective, if the free energy released by hybridization
of two complementary DNA strands is used to lift a hypothetical load, a force capacity of 15 pN can be
achieved [122], comparable to that of other molecular machines like kinesin (5 pN) [123].

Dr. Nadrian Seeman and colleagues built the first artificial DNA based structure in the form of a
cube in 1991 [116, 124]. They then went on to create more complex structures such as knots [125, 126]
and Borromean rings [127]. In addition to these individual constructs, two dimensional arrays [118, 127,
128] with the help of the double-crossover (DX) DNA molecule [129-131]. This DX molecule gave the
structural rigidity required to create a dynamic molecular device, the B-Z switch [132]. DNA double
helices can be of three types — the A, B or the Z-DNA. The B-DNA is the natural, right-handed helical
form of DNA, while the A-DNA is a shrunken, low-humidity form of the B-DNA. Z-DNA can be
obtained from certain C-G base repeat sequences occurring in B-DNA that can take a left-handed double
helical form [133]. The CG repeated base pair regions can be switched between the left and the right-
handed conformations by changing ionic concentration [134]. The switch was designed in such a way that
it had three cyclic strands of DNA, two of them wrapped around a central strand that had the CG-repeat
region in the middle. On the two free ends of the side strands fluorescent dyes were attached in order to
monitor the conformational change. With the change in ionic concentration the central CG-repeat
sequence could alternate between the B and the Z modes bidirectionally which was observed through
fluorescence resonance energy transfer (FRET) spectroscopy.
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2.2.1 The DNA Tweezers

In the year 2000, Dr. Bernard Yurke and colleagues made an artificial DNA based molecular
machine that also accepted DNA as a fuel [135]. The machine, called DNA tweezers, consisted of three
strands of DNA labeled A, B and C. Strands B and C are partially hybridized on to the central strand A
with overhangs on both ends. This conformation of the machine is the open conformation. When an
auxiliary fuel strand F is introduced, that is designed to hybridize with both overhang regions, the
machine attains a closed conformation. The fuel strand is then removed from the system by the
introduction of its exact complement, leaving the system to go back to its original open conformation.
This way, a reversible motion is produced, which can be observed by attaching fluorescent tags to the two
ends of the strand A. In this case the 5’ end was labeled with the dye TET (tetrachloro-fluorescein
phosphoramidite) and the 3’ end was labeled with TAMRA (carboxy-tertamethylrhodamine). Aside from
the creation of a completely new molecular machine, this showed a way of selective fueling of such
machines. The fuel strands are sequence-specific, so they will work on only those machines towards
which they are directed, and not trigger other machines surrounding them. This machine was later
improved to form a Three-State Device [136] which had two robust states and one flexible intermediate
state. A variation of the tweezers came about as the DNA-scissors [137].

2.3 Inorganic (chemical) Molecular machines

In the past two decades, chemists have been able to create, modify and control many different
types of molecular machines. Many of these machines carry a striking resemblance with our everyday
macro-scale machines such as gears, propellers, shuttles etc. Not only this, all of these machines are easy
to synthesize artificially and are generally more robust than the natural molecular machines. Most of these
machines are organic compounds of Carbon, Nitrogen and Hydrogen, with the presence of a metal ion
being required occasionally. Electrostatic interactions, covalent and hydrogen bonding play essential role
in the performance of these machines. Such artificial chemical machines are controllable in various ways
— chemically, electrochemically and photochemically (through irradiation by light). Some of them are
even controllable by more than one ways, rendering more flexibility and enhancing their utility. A
scientist can have more freedom with respect to the design of chemical molecular machines depending on
the performance requirements and conditions. Rotaxanes [138-140] and Catenanes [141, 142] make the
basis of many of the molecular machines described in this section. These are families of interlocked
organic molecular compounds with a distinctive shape and properties that guide their performance and
control.

2.3.1 The Rotaxanes

Rotaxane family of molecular machines is characterized by two parts — a dumb-bell shaped
compound with two heavy chemical groups at the ends and a light, cyclic component, called macrocycle,
interlocked between the heads as shown in Fig. 10. It has been shown [143] that a reversible switch can
be made with a rotaxane setup. For this, one needs to have two chemically active recognition sites in the
neck region of the dumb-bell. In this particular example, the thread was made of polyether, marked by
recognition sites hydroquinol units and terminated at the ends by large triisoproplylsilyl groups. A
tetracationic bead was designed and self-assembled into the system that interacts with the recognition
sites.
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Figure 10: A4 typical rotaxane shuttle set-up. The macrocycle encircles the thread-like portion of
the dumb-bell with heavy groups at its ends. The thread has two recognition sites which can be
altered reversibly so as to make the macrocycle shuttle between the two sites.

The macrocycle has a natural low energy state on the first recognition site, but can be switched
among the two sites reversibly upon application of suitable stimuli. Depending on the type of rotaxane
setup the stimuli can be chemical, electrochemical or photochemical [144, 145]. The stereo-electronic
properties of the recognition sites can be altered protonation or deprotonation, or by oxidation or
reduction, thereby changing their affinity towards the macrocycle. In a recent example, light induced
acceleration of rotaxane motion was achieved by photoisomerization [146], while similar controls through
alternating current (oscillating electric fields) was shown before [147].

2.3.1 The Catenanes

The catenanes are also special type of interlocked structures that represent a growing family of
molecular machines. They are synthesized by supramolecular assistance to molecular synthesis [148]. The
general structure of a catenane is that of two interlocked ring-like components that are non-covalently
linked via a mechanical bond, that is, they are held together without any valence forces. Both the
macrocyclic components have recognition sites that are atoms of groups that are redox-active or
photochemically reactive. It is possible to have both rings with similar recognition sites. In such a
scenario, one of the rings may rotate inside the other with the conformations stabilized by noncovalent
interactions, but the two states of the inner ring differing by 180° will be undistinguishable (degenerate)
[150]. For better control and distinguishable molecular conformations, it is desirable to have different
recognition sites within the macrocycles. Then they can be controlled independently through their own
specific stimuli. The stereo-electronic property of one recognition site within a macrocycle can be varied
such that at one point it has more affinity to the sites on the other ring. At this instant, the force balance
will guide the rotating macrocycle for a stable conformation that requires that particular site to be inside
the other macrocycle. Similarly, with other stimulus, this affinity can be turned off, or even reversed
along with the affinity of the second recognition site on the rotating macrocycle increased towards those
on the static one. There is a need for computational modeling, simulation and analysis of such molecular
machine motion [151]. Like rotaxanes, catenanes also can be designed for chemical, photochemical or
electrochemical control [152-156]. Fig. 11 describes one such catenane molecular motor.

For both rotaxane and catenane based molecular machines, it is desirable to have recognition sites
such that they can be easily controlled externally. Hence it is preferable to build sites that are either
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redox-active or photo-active [144]. Catenanes can also be self assembled [157]. An example of catenane
assembled molecular motors is the electronically controllable bistable switch [158]. An intuitive way of
looking at catenanes is to think of them as molecular equivalents of ball and socket and universal joints
[153, 159, 160].

Pseudorotaxanes are structures that contain a ring-like element and a thread-like element that can
be ‘threaded’ or ‘dethreaded’ onto the ring upon application of various stimuli. Again, the stimuli can be
chemical, photochemical or electrochemical [161]. These contain a promise of forming molecular
machine components analogous to switches and nuts and bolts from the macroscopic world.

Figure 11: A non-degenerate catenane. One of the rings (the moving ring) has two different
recognition sites in it. Both sites can be turned ‘off” or ‘on’ with different stimuli. When the
green site is activated, the force and energy balance results in the first conformation, whereas
when the red one is activated, the second conformation results. They can be named states 0 and
1 analogous to binary machine language.

2.3.1 Other Inorganic Molecular Machines

Many other molecular devices have been reported in the past four decades that bear a striking
resemblance to macroscopic machinery. Chemical compounds behaving as bevel gears and propellers that
were reported in the late 1960s and early 1970s are still being studied today [162-165]. A molecular
propeller can be formed when two bulky rings such as the aryl rings [166] are connected to one central
atom, often called the focal atom. Clockwise rotation of one such ring induces a counterclockwise
rotation of the opposite ring about the bond connecting it to the central atom. It is possible to have a three-
propeller system as well [167-169]. Triptycyl and amide ring systems have been shown to observe a
coordinated gear-like rotation [170-174]. ‘Molecular Turnstiles” which are rotating plates inside a
macrocycle, have been created [175, 176]. Such rotations however were not controllable. A rotation of a
molecular ring about a bond could be controlled by chemical stimuli, and this was shown by Kelly et al.
when they demonstrated a molecular brake [177]. A propeller-like rotation of a 9-triptycyl ring system,
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which was used in gears, this time connected to a 2, 2’-bipyridine unit could be controlled by the addition
and subsequent removal of a metal. Thus, free rotations along single bonds can be stopped and released at
will.

Another type of molecular switch is the ‘chiroptical molecular switch’ [178]. Another large cyclic
compound was found to be switchable between its two stable isomeric forms P and M’ (right and left
handed) stimulated by light. Depending on the frequency of light bombarded on it the cis and the trans
conformations of the compound 4-[9’(2’-meth-oxythioxanthylidene)]-7-methyl-1,2,3,4-
tetrahydrophenanthrene can be interconverted. Allowing a slight variation to this switch, a striking
molecular motor driven by light and/or heat was introduced by Koumura and colleagues [179]. As
opposed to the rotation around a single bond in the ratchet described above, the rotation was achieved
around a carbon-carbon double bond in a helical alkene. Ultraviolet light or the change in temperature
could trigger a rotation involving four isomerization steps in the compound (3R,3’R)-(P,P)-trans-
1,1°,2,2°,3,3°,4,4’-octahydro-3,3’-dimethyl-4,4’ -biphenanthrylidene. A second generation motor along
with 8 other motors from the same material is now operational [180]. This redesigned motor has distinct
upper and lower portions and it operates at a higher speed. This motor also provides a good example of
how controlled motion at the molecular level can be used to produce a macroscopic change in a system
that is visible to the naked eye. The light-driven motors when inside liquid crystal (LC) films can produce
a color change by inducing a reorganization of mesogenic molecules [181].

24 Other Protein Based motors under development
In this section we present two protein based motors that are at initial developmental stages and
yet possess some very original and interesting characteristics.

2.4.1 Viral Protein Linear Motors

The idea of Viral Protein Linear motors [182] stems from the fact that families of retroviruses like
the influenza virus [183] and the HIV-1 [184] has a typical mechanism of infecting a human cell. When
such a virus comes near the cell it is believed that due to the environment surrounding the cell it
experiences a drop in pH of its surroundings. This is a kind of a signal to the virus that its future host is
near. The drop of pH changes the energetics of the outer (envelope glycoprotein) protein of the viral
membrane in such a way that there is a distinct conformational change in a part of it [185, 186]. A triple
stranded coiled coil domain of the membrane protein changes conformation from a loose random
structure to a distinctive a-helical conformation [187]. It is proposed to isolate this domain from the virus
and trigger the conformational change by variation of pH in vitro. Once this is realized, attachments can
be added to the N or C (or both) terminals of the peptide and a reversible linear motion can be achieved.
Fig. 12 shows a triple stranded coiled coil structure at a pH of 7.0; the inverted hairpin-like coils shown in
the front view in Fig. /2a and top view in Fig. 12b change conformation into extended helical coils as
seen in Fig. 12b.

Figure 12: VPL Motor at (8) neutral and (b) acidic pH. a) Front view of the partially a-helical
triple stranded coiled coil. VPL motor is in the closed conformation; b) VPL Motor in the open
conformation. The random coil regions (white) are converted into well defined helices and an
extension occurs at lower pH
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2.4.2 Synthetic Contractile Polymers

In a recent development, large plant proteins that can change conformation when stimulated by
positively charged ions were separated from their natural environment and shown to exert forces in
orthogonal directions [188, 189]. Proteins from sieve elements of higher plants that are a part of the
microfluidics system of the plant were chosen to build a new protein molecular machine element. These
elements change conformations in the presence of Ca2+ ions and organize themselves inside the tubes so
as to stop the fluid flow in case there is a rupture downstream. This is a natural defense mechanism seen
in such plants. The change in conformation is akin to a balloon inflating and extending in its lateral as
well as longitudinal directions. These elements, designated as ‘forisomes’ adhered on to glass tubes were
shown to reversibly swell in the presence of Ca®" ions and shrink in their absence, hence performing a
pulling/pushing action in both directions. Artificially prepared protein bodies like the forisomes could be
a useful molecular machine component in a future molecular assembly, producing forces of the order of
micronewtons [188]. Unlike the ATP-dependant motors discussed previously, these machine elements are
more robust because they can perform in the absence of their natural environment as well.

3. Nanorobotics Design and Control

3.1  Design of nano robotic systems

Designing nanorobotic systems deal with vast variety of sciences, from quantum molecular
dynamics, to kinematic analysis. The rules applicable to nanorobotics depend upon the nano material we
intend to use. Nanomechanical robotic systems deal with science significantly different from the
biological or inorganic nanorobotic systems. Eric Drexler, author of the famous book, Nanosystems:
Molecular machinery, manufacturing and Computation, detailed on many areas of science which
influences design of nanomechanical systems. In this review chapter on various laws which govern the
designing of nanorobotics, we will concentrate on biological systems. We will consider that the
components that details a nanorobot is made of biological components, such as, proteins and DNAs.
There doesn’t exist any particular guideline or a prescribed manner which details the methodology of
designing a bio-nanorobot (bio-nanorobot implies nanorobots made up of bio components) up to the date.
There are many complexities which are associated with using bio components (such as protein folding,
presence of aqueous medium), but the advantages of using these are also quite considerable. These bio
components offer immense variety and functionality at a scale where creating a man made material with
such capabilities would be extremely difficult. These bio components have been perfected by nature
through millions of years of evolution and hence these are very accurate and efficient. As noted in the
review section on Molecular Machines, F;-ATPase is known to work at efficiencies which are close to
100%. Such efficiencies, variety and form are not existent in any other form of material found today.
Also, the other significant advantages in using protein-based bio nano components is the development and
refinement over the last 30 years of tools and techniques that enable researchers to mutate proteins in
almost any way imaginable. These mutations can consist of anything from simple amino acid side-chain
swapping, to amino acid insertions or deletions, incorporation of non-natural amino acids, and even the
combination of unrelated peptide domains into whole new structures. An excellent example of this
approach is the engineering of the F;-ATPase, which is able rotate a nanopropeller in the presence of
ATP. A computational algorithm [190] was used to determine the mutations necessary to engineer an
allosteric zinc-binding site into the F;-ATPase using site-directed mutagenesis. The mutant F;-ATPase
was then shown to rotate an actin filament in the presence of ATP with average torque of 34 pN nm.
This rotation could be stopped with the addition of zinc, and restored with the addition of a chelator to
remove the zinc from the allosteric binding site [191]. This type of approach can be used for the
improvement of other protein-based nanocomponents.

Hence, these bio components seem to be a very logical choice for designing nanorobots. Some of
the core applications of nanorobots are in the medical field and using bio-components for these
applications seems to be a good choice as they both offer efficiency and variety of functionality. This idea
is clearly inspired by nature’s construction of nanorobots, bacteria and viruses which could be termed as
intelligent organisms capable of movement, sensing and organized control. Hence our scope would be
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limited to the usage of these bio components in the construction of bio-nanorobotics. A roadmap is
proposed which details the main steps towards the design and development of bio-nanorobots.

3.1.1 The Roadmap

The roadmap for the development of bio-nanorobotic systems for future applications (medical,
space and military) is shown in Fig. /3. The roadmap progresses through the following main steps:

Step 1: Bio Nano Components

Development of bio-nano components from biological systems is the first step towards the design
and development of an advanced bio-nanorobot, which could be used for future applications (see Fig. 14).
Since the planned systems and devices will be composed of these components, we must have a sound
understanding of how these behave and how could they be controlled. From the simple elements such as
structural links to more advanced concepts such as motors, each component must be carefully studied and
possibly manipulated to understand the functional limits of each one of them. DNA and carbon nanotubes
are being fabricated into various shapes, enabling possibilities of constructing newer and complex
devices. These nano-structures are potential candidates for integrating and housing the bio-nano
components within them. Proteins such as rhodopsin and bacteriorhodopsin are a few examples of such
bio-nano components. Both these proteins are naturally found in biological systems as light sensors. They
can essentially be used as solar collectors to gather abundant energy from the sun. This energy could
either be harvested (in terms of proton motive force) for later use or could be consumed immediately by
other components, such as the ATP Synthase nano rotary motor. The initial work is intended to be on the
bio-sensors, such as, heat shock factor. These sensors will form an integral part of the proposed bio-nano
assemblies, where these will be integrated within a nano structure and will get activated, as programmed,
for gathering the required information at the nano scale. Tools and techniques from molecular modeling
and protein engineering will be used to design these modular components.
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Figure 14 (Step 1): 5 Years from Now - Understanding of basic biological components and
controlling their functions as robotic components. Examples are: (A) DNA which may be used in
a variety of ways such as a structural element and a power source,; (B) Hemagglutinin virus may
be used as a motor; (C) Bacteriorhodopsin could be used as a sensor or a power source.

Step 2: Assembled Bio Nano Robots

The next step involves the assembly of functionally stable bio-nano components into complex
assemblies. Some examples of such complex assemblies or bio-nanorobots are shown in Fig. 15. Fig. 154
shows a bio-nanorobot with its ‘feet’ made of helical peptides and its body of carbon nano tubes, while
the power unit is a biomolecular motor. Fig. /5B shows a conceptual representation of modular
organization of a bio-nanorobot. The modular organization defines the hierarchy rules and spatial
arrangements of various modules of the bio-nano-robots such as: the inner core (the brain / energy source
for the robot); the actuation unit; the sensory unit; and the signaling and information processing unit. By
the beginning of this phase a “library of bio-nano components” will be developed, which will include
various categories such as, actuation, energy source, sensory, signaling etc. Thereon, one will be able to
design and develop such bio-nanosystems that will have enhanced mobile characteristics, and will be able
to transport themselves as well as other objects to desired locations at nano scale. Furthermore, some bio-
nanorobots will have the capability of assembling various bio-components and nano-structures from in
situ resources to house fabrication sites and storage areas, while others will just manipulate existing
structures by repairing damaged walls or making other renovations. There will also be robots that not only
perform physical labor, but also sense the environment and react accordingly. There will be systems that
will sense an oxygen deprivation and stimulate other components to generate oxygen, creating an
environment with stable homoeostasis.

Figure 15 (Step 2): (A) the bio-nano components will be used to fabricate complex bio robotic
systems. A vision of a nano-organism: carbon nano-tubes form the main body, peptide limbs can
be used for locomotion and object manipulation and the biomolecular motor located at the head
can propel the device in various environments. (B) Modular Organization concept for the bio-
nano robots. Spatial arrangements of the various modules of the robots are shown. A single bio
nano robot will have actuation, sensory and information processing capabilities.

Step 3: Distributive Intelligence, Programming and Control

With the individual bio-nanorobots in full function, they will now need to collaborate with one
another to further develop systems and “colonies” of similar and diverse nanorobots. This design step will
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lay the foundation to the concept of bio-nano swarms (distributive bio-nanorobots) (see Fig. 164). Here
work has to be performed towards control and programming of bio-nano swarms. This will evolve
concepts like distributive intelligence in the context of bio nanorobots. Designing swarms of bio-nano
robots capable of carrying out complex tasks and capable of computing and collaborating amongst the
group will be the focus. Therefore, the basic computational architectures needs to be developed and rules
need to be evolved for the bio-nanorobots to make intelligent decisions at the nano scale.

B

Figure 16 (Step 3): (A) Basic bio nano robot forming a small swarm of five robots. The spatial
arrangement of the individual bio nano robot will define the arrangement of the swarm. Also,
these swarms could be re-programmed to form bindings with various other types of robots. The
number of robots making a swarm will be dependent of the resulting capability required by the
mission. Also the capability of attaching new robots at run time and replacing the non functional
robots will be added. (B) A basic bio-nano computational cell. This will be based on one of the
properties of the bio molecules, which is “reversibility”.

To establish an interface with the macro world, the computers and electronic hardware have to be
designed as well. Fig. 17 shows the overall electronic communication architecture. From a location,
humans should be able to control, monitor the behavior and action of these swarms. Also, the basic
computational capabilities required for functioning of the swarms will be developed. A representative
computational bio-nano cell, which will be deployed within a bio-nano-robot, is shown in Figure 16 B.
This basic computational cell will initially be designed for data retrieval and storage at the nano scale.
This capability will enable us to program (within certain degrees of freedom) the swarm behavior in the
bio-nano robots. We will further be able to get their sensory data (from nano world) back to the macro
world through these storage devices. This programming capability would form the core essence of a bio-
nano robotics system and hence enables them with immense power.

Step 4: Automatic Fabrication and Information Processing Machines

For carrying out complex missions, such as sensing, signaling and storing, colonies of these bio-
nanorobotic swarms needs to be created. The next step in nanorobotic designing would see the emergence
of automatic fabrication methodologies (see Fig. 18) of such bio-nano robots in vivo and in vitro.
Capability of information processing, which will involve learning and decision making abilities, will be a
key consideration of this step. This would enable bio-swarms to have capability of self-evolving based on
the environment they will be subjected to. These swarms could be programmed to search for alternate
energy sources and would have an ability to adapt as per that resource. Energy management, self-
repairing, and evolving will be some of the characteristics of these swarms.
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Figure 18 (Step 4): 20 — 30 Years - An automatic fabrication floor layout. Different color
represents different functions in automatic fabrication mechanisms. The arrows indicate the flow
of components on the floor layout. Section 12 Basic stimuli storage — Control expression;
Section 2 2 Bio molecular component manufacturing (actuator / sensor),; Section 3= Linking of
bio-nano components; Section 4> Fabrication of bio-nano robots (assemblage of linked bio-
nano components).

3.1.2 Design Philosophy and Architecture for the Bio-Nanorobotic Systems

a) Modular Organization: Modular organization defines the fundamental rule and hierarchy for
constructing a bio-nanorobotic system. Such construction is performed through stable integration of the
individual ‘bio-modules or components’, which constitute the bio-nanorobot. For example, if the entity
ABCD, defines a bio-nanorobot having some functional specificity (as per the Capability Matrix defined
in Table 1) then, A, B, C, and D are said to be the basic bio-modules defining it. The basic construction
will be based on the techniques of molecular modeling with emphasis on principles such as Energy
Minimization on the hyper surfaces of the bio-modules; Hybrid Quantum-Mechanical and Molecular
Mechanical methods; Empirical Force field methods; and Maximum Entropy Production in least time.
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Table 1: Defining the Capability Matrix for the Bio-Modules

Functionality Nano Capabilities Targeted General Applications
Code
Ability to store energy from various Required for the working of all the bio-chemical
Energy . . . .
E sources such as, Solar, chemical for mechanisms of the proposed bio-nano-robotic
Storage and . .
. future usage and for its own working systems
Carrier
Ability to precisely move and orient 1. Carry drugs and deliver it to the precise
other molecules or modules at nano .
scale. This includes ability to locations, . . .
Mechanical M Lo . . 2. Move micro world objects with nano
mechanically bind to various target .
. . precision. For example, Parallel platforms for
objects, and carry them at desired . . .
location. nano orientation and displacements.
Sensing capabilities in various domains Evaluation and discovery of target locations
Sensory S such as, chemical, mechanical, visual, based on either chemical properties, temperature
auditory, electrical, magnetic or others characteristics.
Ability to amplify the sensory data and
communicate with bio-systems or with Imaging for Medical applications or for imaging
Signaling G the micro controllers. Capability to changes in Nano Structures
identify their locations through various
trigger mechanisms such as fluorescence
1. Store the sensory data for future signaling or
usage
. Ability to store information collected by | 2. Read the stored data to carry out programmed
Information . .
storage F the sensory element. Behave similar to a | functions.
g read - write mechanism in computer field | 3. Back bone for the sensory bio-module
4. Store nano world phenomenon currently not
observed with ease
Ex.hlblt Elndlng capabilities with All the tasks to be performed by the bio-nano
Swarm similar” bio-nano robots so as to . .
. W N L . robots will be planned and programmed keeping
Behavior perform distributive sensing, intelligence | . . . o
. . in mind the swarm behavior and capabilties
and action (energy storage) functions
Bio Nano Capability of making decisions and . ..
Intelligence ! performing Intelligent functions Ability to make decision
1. Replicate at the target site and
Replication R Replicate themselves when required 2. Replication of a particular bio-module as per
the demand of the situation

Modular organization also enables the bio-nanorobots with capabilities such as, organizing into

swarms, a feature, which is extremely desirable for various applications. Fig. /194 & B shows the
conceptual representation of Modular Organization. Fig. 19C shows a more realistic scenario in which all
the modules are defined in some particular spatial arrangements based on their functionality and structure.
A particular module could consist of other group of modules, just like a fractal structure (defined as
fractal modularity). The concept of Bio Nano Code has been devised, which basically describes the
unique functionality of a bio nano component in terms of alphabetic codes. Each Bio Nano Code
represents a particular module defining the structure of the bio nano robot. For instance, a code like E-M-
S will describe a bio nano robot having capabilities of energy storage, mechanical actuation and signaling
at the nano scale. Such representations will help in general classifications and representative mathematics
of bio nanorobots and their swarms. Table I summarizes the proposed capabilities of the bio-modules
along with their targeted general applications. The Bio Nano Code EIWR || M || S || FG representing the
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bio nano system shown in Fig. 19 B which could be decoded as shown in Fig. 20. This depicts the
“Fractal modularity” principle of the proposed concept.

b) The Universal Template — Bio Nano STEM System.: The modular construction concept involves
designing a universal template for bio-nano systems, which could be ‘programmed and grown’ into any
possible Bio Nano coded system. This concept mimics the embryonic stem cells found in the human
beings, that are a kind of primitive human cells which give rise to all other specialized tissues found in a
human foetus, and ultimately to all the three trillion cells in an adult human body. Our Bio Nano Stem
system will act in a similar way. This universal growth template will be constituted of some basic Bio
Nano Codes, which will define the Bio-Nano-STEM system. This STEM system will be designed in a
manner that could enable it to be programmed at run-time to any other required bio-module. Fig. 21
shows one such variant of the Bio-Nano STEM system, having the Bio Nano Code: EIWR || M || S || FG
and having enhanced sensory abilities.

The SPHERE represents
energy and data storage
arangements for the robot

The RING represents the
spatial area defined on the
inner core for the binding
of the Module B and
Module C

The DISC represents spatial
area defined for Mo dule D
and for possible connections

Figure 19: (A) A Bio-Nano-Robotic Entity ‘ABCD’, where A, B, C and D are the various Bio
Modules constituting the bio-nano-robot. In our case these bio modules will be set of stable
configurations of various proteins and DNAs. (B) A Bio-Nano-Robot (representative), as a result
of the concept of Modular Organization. All the modules will be integrated in such a way so as
to preserve the basic behavior (of self-assembly, self-replication and self organization) of the
bio-components at all the hierarchies. The number of modules employed is not limited to four or
any number. It’s a function of the various capabilities required for a particular mission. (C) A
molecular representation of the figure in part B. It shows the red core and green and blue
sensory and actuation bio-modules.

EIWR || M || § || FG

606 o ®o

Sub Modules
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Figure 20: Showing the bio nano code and the fractal modularity principle. The letter symbols
have the values specified in Table 1. The “||” symbol integrates the various bio-modules and
collectively represents a higher order module or a bio-nano robot

Figure 21: Shows a variant of the initial bio

1&{-'}‘ .; & é . : nano STEM system (figure 21B), fabricated
“«/:'\ il =l = oo With enhanced bio nano code S, which
' » M L — defines it as a bio nano robot having
' . ‘“ enhanced sensory capabilities. The other
' : features could be either suppressed or
L v enhanced depending upon the requirement at
5. - hand. The main advantage of using Bio Nano
WA Stem system is that we could at run-time
decide which particular type of bio-nano-
robots we require for a given situation. The
suppression ability of the bio nano Stem
systems is due to the property of
“Reversibility” of the bio components found
in living systems.

.

3.1.3 Computational & Experimental methods - Designing Bio nanorobotic systems

Computational methods [192-194]

Molecular modelling techniques in sync with extensive experimentations would form the basis
for designing these bio-nano systems. As per the roadmap, various bio-nano components would have to
be designed and then these functional elements would have to be bound into assemblies which could be
controlled and programmed. Some of the molecular modelling techniques we are emphasizing are
described below.

a. Empirical force field methods: (Molecular mechanics): In this method, motion of the electrons
is ignored and energy of the system is calculated based on the position of the nucleus in a particular
molecular configuration. There are several approximations which are used in this method the very basic is
the Born-Oppenheimer. Modelling of bio nano components or the assemblies could be done by one of the
energy functions:

N k[ 2 ki 2 vn - N O-i' 12 O-A" 6 QIq j
Vir'y=) —(l.=1,)+ ) —(6,-6,)+ > —(l+cos(nw—y))+ 4e,| (—)" = (—)" |[+——
() Mznldsz( o) Mzg:mz( o) 22( (nw—7y)) Z;( {(Ej (Ej)} p—

torsions ol

Where: V' (r") denotes the potential energy of N particles having position vector (r).

k
Z E(li —1,) Denotes the energy variations because of bond extension
bonds
k, .
Z —(0.-6,) Denotes the energy variations due to bond angle bending
angles
Z ﬁ(l +cos(nw —y)) Denotes the energy variations due to bond torsion

torsions

N N
z Z (4, (ﬁ 2 (ﬁ)6 + &) Denotes the energy variation due to non bonded terms, usually
% 7 4re,r;”  modeled using Coulomb’s potential

i=l j=i+l i
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b) Energy minimization methods: The potential energy depends upon the co-ordinates of the
molecular configuration considered. In this method, points on the hypersurface (potential energy surface)
are calculated for which the function has the minimum value. Such geometries which correspond to the
minimum energy are the stable states of the molecular configuration considered. By this method we can
also analyze the change is configuration of the system from one minimum state to another. Methods such
as the Newton-Raphson and Quasi-Newton are employed to calculate these minima. This method of
finding minimum energy points in the molecule is used to prepare for other advanced calculations such as
molecular dynamics or Monte-Carlo simulations. It is further used to predict various properties of the
system under study.

¢) Molecular Dynamics Simulation methods: To begin predicting the dynamic performance (i.e.
energy and force calculation) of a bio component (say a peptide) Molecular Dynamics (MD) is
performed. This method utilizes Newton’s Law of motion through the successive configuration of the
system to determine its dynamics. Another variant of molecular dynamics employed in the industry is the
Monte Carlo simulation, which utilizes stochastic approach to generate the required configuration of a
system. Simulations are performed based on the calculation of the free energy that is released during the
transition from one configuration state to the other (for example using the MD software CHARMM,
Chemistry at Harvard Molecular Mechanics, [214]). In MD, the feasibility of a particular conformation of
a biomolecule is dictated by the energy constraints. Hence, a transition from one given state to another
must be energetically favorable, unless there is an external impetus that helps the molecule overcome the
energy barrier. When a macromolecule changes conformation, the interactions of its individual atoms
with each other - as well as with the solvent - constitute a very complex force system. With one of the
aspects of CHARMM, it is possible to model say, a peptide based on its amino acid sequence and allow a
transition between two known states of the protein using Targeted Molecular Dynamics (TMD) [215].
TMD is used for approximate modeling of processes spanning long time-scales and relatively large
displacements. Say to achieve a large conformational change the biomolecule is ‘forced’ towards a final
configuration ‘F’ from an initial configuration ‘I’ by applying constraints. The constraint is in the form of
a bias in the force field. If we define the 3N position coordinates corresponding to N atoms in the
molecule as:

X=(X, Xy Xoy )
where 3N are the Cartesian coordinates of the position vectors Iy,I,,...,Iy of each individual atom, then
for each configuration x, its distance, p, to the target configuration ‘F’ is defined as:

p=xoxe| = [2 (=) |

The distance p is a purely geometric control parameter here, which will be used to force the
macromolecule to undergo the desired transformation. The constraint applied for this is equal to:

2 2
f(X):|X'XF| -pP
This results in an additional constraint force:

d
F, 29 2A[x-x, ]
dx
where A is the Lagrange parameter. The TMD algorithm steps are:

1) Set p=p, =[x, — XF| where ‘I’ is the initial and ‘F’ is the final conformation.

2) Choose initial coordinates x;(0) = x;; and appropriate initial velocities.

3) Solve, numerically, the equations of motion with the additional constraint force F..
4) After each time step At diminish p by Ap=(p0-pf )At/tS where t;is the total
simulation time. At the end of the simulation, the final distance p; is reached. In this
way, a monotonous decrease of p forces the system to find a pathway from x;to a
final configuration Xg .

Molecular kinematic simulations are also being used to study the geometric properties and
conformational space of the bio molecules (peptides). The kinematic analysis is based on the development
of direct and inverse kinematic models and their use towards the workspace analysis of the bio molecules.
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This computational study calculates all geometrically feasible conformations of the bio molecule i.e. all
conformations that can be achieved without any atom interference. This analysis suggests the geometric
paths that could be followed by a bio molecule during the transition from the initial to a final state, while
molecular dynamics narrow downs the possibilities by identifying the only energetically feasible paths.
The workspace analysis also characterizes the geometrically feasible workspace in terms of dexterity.

d) Modular Pattern Recognition and Clustering Function: The instantancous value of the
property A of a molecular system can be written as A(p" (¢),7" (¢)), where p”(¢) and 7" (¢) represent the
n momenta and positions of a molecular system at time t. This instantaneous value would vary with
respect to the interactions between the particles. There are two parts to this function (termed as M
function). One part (function A), evaluates and hence recognizes the equivalent modules (in term of
properties) in the molecular system. The second part of the function (D) forms the cluster (like a
bioisosteres, which are atom, molecules or functional groups with similar physical and chemical
properties) of various modular patterns according to the characteristic behaviors as identified by function
A and also tracks their variations with rest to time.

M = {A(p"(0),7" (t),C"[n]), D(A(p,r,C.1), f(x,p,...), Bn(1)) }

Where, A4 is the first part of the function; p”(¢) and r"(¢) represents the n momenta and
positions of a molecular system at time t; and C"[n] is an n dimensional matrix element for the individual
components of the molecular system, which would store the categorized values of the modular patterns. D
is the second part of the function, and it takes on function 4 recursively. It also maps these clusters based
on a fitness function and stores the time-variant value in sub-function B. Fig. 22, represents the
conceptual version of the M-function.
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Figure 22: Representing the Modular Pattern Recognition and Clustering Function (the M —
Function)

This function is based on the hypothesis that in a complex molecular system, there are certain
parts which have similar properties and behavior as the system goes from one state to the other. By
identifying these property patterns we can considerably reduce the simulation and computational time
frames and can have better predictability of the system. Having established the design for the bio-nano
components, computational studies would focus on determining the overall design and architecture of the
bio-nano assemblies. One of the methods used in the industry is of Molecular Docking.

e) Molecular docking & scoring functions: Molecular docking method is very important for the
design of nanorobotic systems. This method is utilized two fit two molecules together in 3D space [216].
The method of molecular docking could be used to computationally design the bio-nano assemblies. The
algorithms like DOCK, genetic algorithms and distance geometry are being specifically explored. Many
drug-design companies are using depth-first systematic conformational search algorithms for docking,
and therefore, is a primary candidate for current research. Docking algorithm generates a large number of
solutions. Therefore, we require scoring functions to refine the results so produced. Scoring functions in
use today approximate the “binding free energy” of the molecules. The free energy of binding can be
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written as an additive equation of various components reflecting the various contributions to binding. A
typical equation would be:

AGbina’ = AG’solvem + AC;com‘ + AGint + AC;rot + A(;zf/r + AC;vib

Where, AG,,,..« is the solvent effects contribution, AG,,, is due to conformational changes in the bio-
molecule, AG,, due to specific molecular interactions, AG,,, due to restrictive internal rotation of the
binding bio-molecules, AG,,,is due to loss in the translational and rotational free energies due to
binding, and AG,; is due to vibrational mode variations. Once the overall architecture to bind the bio-
nano components is carried out through molecular docking, we would need to combine the components
into real assemblies. The molecular component binding is the next step in the design scheme.

f) Connecting bio-nano components in a binding site: There are typically two approaches to
design connectors for binding the bio-nano components. One method searches the molecular database and
selects a connector based on geometrical parameters. CAVEAT is a traditional routine which employs
this method. The other approach is to design a connector from the scratch atom by atom. The geometrical
parameters being known (as the configuration and the architecture was defined by molecular docking)
these connectors are designed. A typical method employs designing molecular templates (which do not
interfere with the basic geometry and design of the binding bio-nano components) for defining a basic
connector for binding the bio-nano components. Feasibility of designing these connectors in real life is
one challenge faced by molecular modelers. Minimum energy criterion is employed via Metropolis Monte
Carlo simulation annealing method to select the basic structure of the final connector. Genetic algorithm
approaches are also employed to generate such designs.

Experimental methods

The step 1 in the roadmap requires that we have a library of bio components which are
characterized based on their potentials for using them for designing and developing nanorobots. Various
molecular techniques could be employed for assessing the usefulness of the bio components. For
developing a nanorobot, we require the knowledge of the structure of the bio components used and the
degree of conformational change that each element is capable of undergoing, and the environmental cues
(e.g., T, pH) that induce these structural changes. Based on the computational methods detailed in the
previous section, the following experimental techniques could be used to obtain this information.

a) Circular dichroism spectroscopy (CD): CD spectroscopy can be utilized to gain insights into
the secondary structure of each bio molecules such as peptides. In this technique, polarized far-UV light
is used to probe the extent of secondary structure formation in solutions. This technique represents a
proven method for estimating the structural composition of the nanorobotic elements during a change in
environmental conditions. The effect of temperature on the structure of the nanorobotic elements can be
evaluated by cooling the samples to +1 °C and then heating to +85 °C, with a five minute equilibration at
each temperature interval. Intervals could be determined by first conducting CD scans with broad
intervals, with subsequent narrowing as the location of the transition is identified. The effect of pH and
ionic strength on the transitions could be monitored using separate, equilibrated preparations for each
condition.

b) Forster Resonance Energy Transfer (FRET): Another method that can be used to rapidly
assess the extent of conformational changes by the nanorobotic elements is FRET. In order to employ
this method, the nanorobotic components have to be engineered to have cysteine residues at both ends.
One end of the bio component then has to be labeled with a donor dye molecule (Alexa Fluor 488,
Molecular Probes), and the other end labeled with an acceptor dye molecule (Alexa Fluor 594). The
resulting FRET signal can be monitored with a laser (488 nm), whereby the signal changes would depend
on the spatial separation of the ends of the bio component.

¢) Nuclear Magnetic Resonance (NMR): NMR is utilized to determine the exact 3-D structure of
the nanorobotic components. Although CD spectroscopy can be used to estimate the changes in the
structural composition of the bio components, it does not provide the exact 3-D configuration. This
information can be obtained through the use NMR spectroscopy and the labeling of the bio component
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with NMR-active atoms. In addition to determining the endpoint structures of the components, NMR can
also be used to follow the kinetics of the bio molecule conformational changes, in real time.

d) Laser-Based Optical Tweezers (LBOT) and Single-Molecule Fluorescence: LBOT and single-
molecule fluorescence could be used to estimate the forces exerted by the nanorobotic elements, and the
structural changes that occur during the genesis of these forces, after exposure to different stimuli. LBOT
can provide force and displacement results with a resolution of sub-picoNewton and approximately one
nanometer, respectively. Single-molecule fluorescence measurements, based on the previously described
FRET method, can simultaneously provide information about the structural state of the molecule at each
point of the force-displacement curve.

To correlate force measurements with structural changes, combination of the LBOT method with
FRET can be used [195]. The recent development of this technique has enabled the simultaneous
assessment of nanoscale structural changes and their associated biomechanical forces.

3.1.4 Nano Manipulation - Virtual Reality based design techniques

For scanning and manipulating matter at the nano scale, Scanning Tunneling Microscopy (STM)
[196], Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM) [197] and Scanned-
Probe Microscope (SPM) [198] seem to be the common tools. Current work is mainly focused on using
atomic force microscopes (AFM) nanoprobes for teleoperated physical interactions and manipulation at
the nano scale. Precise manipulation could help scientists better understand the principles of nanorobots
[199, 200].

To achieve this it is essential to visualize the atom-to-atom interaction in real-time and see the
results in a fully immersive 3D environment. Also, to facilitate user input in nanorobotic systems it is
essential to develop voice, gesture and touch recognition features in addition to the conventional
visualization and manipulation techniques. Virtual Reality (VR) technology is applied here, which not
only provides immersive visualization but also gives an added functionality of navigation and interactive
manipulation of molecular graphical objects. VR technology comes to our aid by providing the
experience of perception and interaction with the nano world through the use of sensors, effectors and
interfaces in a simulated environment. These interfaces transform the signals occurring at nano-scale
processes into signals at macro-level and vice-versa. The requirement is that the communication with the
nano-world must be at high-level and in real-time, preferably in a natural, possibly intuitive ‘language’.
Considering the nano-specific problems related to task application, tools and the interconnection
technologies it leads to many flexible nano manipulation concepts. They can range from pure
mastet/slave tele-operation (through 3-D visual/VR and/or haptic force feedback), over shared autonomy
control (where for example some degrees of freedom are tele-operated and other are operating
autonomously) to fully autonomous operation.

In order to precisely control and manipulate biomolecules, we need tools that can interact with
these objects at the nano scale in their native environments [201, 202]. Existing bio-nano manipulation
techniques can be classified as non-contact manipulations including laser trapping [203, 204] and electro-
rotation [205], and contact manipulation referred to as mechanical stylus-, AFM- or STM-based nano
manipulation [206]. The rapid expansion of AFM studies in biology/biotechnology results from the fact
that AFM techniques offer several unique advantages: first, they require little sample preparation, with
native biomolecules usually being imaged directly; second, they can provide a 3-D reconstruction of the
sample surface in real space at ultra-high resolution; third, they are less destructive than other techniques
(e.g. electron microscopy) commonly employed in biology; and fourth, they can operate in several
environments, including air, liquid, and vacuum. Rather than drying the sample, one can image quite
successfully with AFM in fluid. The operation of AFM in aqueous solution offers an unprecedented
opportunity for imaging biological molecules and cells in their physiological environments and for
studying biologically important dynamic processes in real time [207].

Currently, these bio-nanomanipulations are conducted manually; however, long training,
disappointingly low success rates from poor reproducibility in manual operations, and contamination call
for the elimination of direct human involvement. Furthermore, there are many sources of spatial
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uncertainty in AFM manipulation, e.g., tip effects, thermal drift, slow creeping motion, and hysteresis. To
improve the bio-nanomanipulation techniques, automatic manipulation must be addressed. Visual
tracking of patterns from multiple views is a promising approach, which is currently investigated in
autonomous embryo pronuclei DNA injection [207]. Interactive nanomanipulation can be improved by
imaging 3D viewpoint in a virtual environment. Construction of a VR space in an off-line operation mode
for trajectory planning combined with a real-time operation mode for vision tracking of environmental
change ensures a complete ‘immersed’ visual display. Fig. 23 shows an example of 3D bio-micro/nano
manipulation system with a 3D VR model of the environment including the bio cell, and carrying out the
user viewpoint change in the virtual space [208].
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Figure 23: Haptic force measurement process on the Zona Pellucida of mouse oocytes and
embryos. (Courtesy of: Dr. Brad Nelson, Swiss Federal Institute of Technology (ETH), Zurich &
© 2003 IEEE)

Molecular Dynamics Simulations in Virtual Environment: Molecular Dynamics (MD)
simulations of complex molecular systems require enormous computational power and produces large
amount of data in each step. The resulting data includes number of atoms per unit volume, atomic
positions; velocity of each atom, force applied on each atom and the energy contents. These results of MD
simulations need to be visualized to give the user a more intuitive feel of what is happening. Haptic
interaction used in conjunction with VR visualization helps the scientist to control/monitor the simulation
progress and to get feedback from the simulation process as well [209]. Fig. 24 shows the virtual reality
visualization of molecular dynamics simulation. Fig. 25 shows a VR representation of MD simulations in
CAVE Virtual Environment.
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Figure 24: A block diagram showing virtual environment for Molecular dynamics simulations
(Reprinted from: Z. Ai, T. Frohlich, Molecular Dynamics Simulation in Virtual Environment,
Computer Graphics Forum, Volume 17, Issue 3, September 1998, with permission from
Eurographics Association)

Figure 25: Molecular Dynamics simulation visualized in the CAVE (Courtesy of: Dr. Zhuming
Ai, VRMedLab, University of Illinois at Chicago)

3.2 Control of Nanorobotic systems
The control of nano robotic systems could be classified in two categories:
1. Internal control mechanisms
ii. External control mechanisms
The other category could be the hybrid of internal and external control mechanisms.
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3.2.1 Internal Control Mechanism — Active and Passive

This type of control depends upon the mechanism of bio chemical sensing and selective binding
of various bio molecules with various other elements. This is a traditional method, which has been in use
since quite sometime for designing bio molecules. Using the properties of the various bio molecules and
combining with the knowledge of the target molecule that is to be influenced, these mechanisms could be
effective. But again, this is a passive control mechanism where at run time these bio molecules cannot
change their behavior. Once programmed for a particular kind of molecular interaction, these molecules
stick to that. Here lies the basic issue in controlling the nanorobots which are supposed to be intelligent
and hence programmed and controlled so that they could be effective in the ever dynamic environment.
The question of actively controlling the nanorobots using internal control mechanism is a difficult one.
We require an ‘active’ control mechanism for the designed nanorobots such that they can vary their
behavior based on situations they are subjected to, similar to the way macro robots perform. For achieving
this internal control, the concept of molecular computers could be utilized. Leonard Adleman (from the
University of Southern California) introduced DNA computers a decade ago to solve a mathematical
problem by utilizing DNA molecules.

Professor Ehud Shapiro’s lab (at Israel's Weizmann Institute) has devised a biomolecular
computer which could be an excellent method for an internal ‘active’ control mechanism for nanorobots.
They have recently been successful in programming the biomolecular computer to analyze the biological
information, which could detect and treat cancer (prostate and a form of lung cancer) in their laboratory
[210]. The molecular computer has an input and output module which acting together can diagnose a
particular disease and in response produce a drug to cure that disease. It uses novel concept of software
(made up of DNAs) and hardware (made up of enzymes) molecular elements. This molecular computer is
in generalized form and can be used for any disease which produces a particular pattern of gene
expression related to it [211].

3.2.2 External Control Mechanism

This type of control mechanism employs affecting the dynamics of the nanorobot in its work
environment through the application of external potential fields. Researchers are actively looking at using
MRI as an external control mechanism for guiding the nano particles. Professor Prof. Sylvain Martel’s
NanoRobotics Laboratory (at Ecole Polytechnique de Montréal, Canada) is actively looking at using MRI
system as a mean of propulsion for nanorobots. An MRI system is capable of generating variable
magnetic field gradients which can exert force on the nanorobot in the three dimensions and hence control
its movement and orientation. Professor Martel’s laboratory is exploring effect of such variable magnetic
field on a ferromagnetic core that could probably be embedded into the nanorobots [212].

Other possibilities being explored are in the category of ‘hybrid’ control mechanisms where the
target is located and fixed by an external navigational system [213] but the behavior of the nanorobot is
determined locally through an active internal control mechanism. The use of nano sensors and
evolutionary agents to determine the nanorobots behavior is suggested by the mentioned reference.

4. Conclusion

Manipulating matter at molecular scale and influencing their behavior (dynamics and properties)
is the biggest challenges for the nanorobotic systems. This field is still in very early stages of
development and still a lot has to be figured out before any substantial outcome is produced.

The recent explosion of research in nanotechnology, combined with important discoveries in
molecular biology have created a new interest in bio nanorobotic systems. The preliminary goal in this
field is to use various biological elements — whose function at the cellular level creates a motion, force
or a signal — as nanorobotic components that perform the same function in response to the same
biological stimuli but in an artificial setting. In this way proteins and DNA could act as motors,
mechanical joints, transmission elements, or sensors. If all these different components were assembled
together they can form nanorobots and nano devices with multiple degrees of freedom, with ability to
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apply forces and manipulate objects in the nanoscale world, transfer information from the nano- to the
macroscale world and even travel in a nanoscale environment.

Ability to determine the structure, behavior and properties of the nano components is the first step
which requires focused research thrust. Only when the preliminary results on these nano components are
achieved, steps towards actually building complex assemblies could be thought of. Still problems like
protein (basic bio nano component folding, precise mechanism behind working of the molecular motors
like ATP Synthase have still has to be solved. Active control of nanorobots has to be further refined.
Hybrid control mechanisms, where in, a molecular computer and external (navigational) control system
work in sync to produce the precise results seems very promising. Further, concepts like swarm behavior
in context of nanorobotics is still have to be worked out. As it would require colonies of such nanorobots
for accomplishing a particular task, concept of co-operative behavior, distributed intelligence has to be
evolved.

The future of bio nanorobots (molecular robots) is bright. We are at the dawn of a new era in
which many disciplines will merge including robotics, mechanical, chemical and biomedical engineering,
chemistry, biology, physics and mathematics so that fully functional systems will be developed.
However, challenges towards such a goal abound. Developing a complete database of different
biomolecular machine components and the ability to interface or assemble different machine components
are some of the challenges to be faced in the near future.
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