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Nanorobotics has transformed targeted drug delivery by enhancing therapeutic
efficacy, minimizing off-target effects, and increasing precision. However, nav-

igating complex biological environments is challenging. In the field of macro-
scopic robotics, potential field (PF)-based approaches that utilize attractive and
repulsive virtual forces provide a promising framework that can be applied to
path planning for nanorobots. This study modifies PF algorithms for nanorobotic
Keywords: navigation to address challenges such as avoiding dynamic obstacles, escaping
local minima, and optimizing trajectories in real time. We evaluated the move-
ment of the nanorobot through simulations under static and dynamic conditions
for the targets and obstacles. The results demonstrate that nanorobotics with hy-
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Nanorobotics brid PF methodologies enhance navigation performance, enabling nanorobots to

Obstacle avoidance successfully navigate through biological barriers and efficiently reach their tar-

Potential field get locations. This work is a significant step towards intelligent and autonomous
nanorobotic drug delivery systems and contributes to practical biomedical appli-
cations.
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1. INTRODUCTION

Nanorobotics has revolutionized targeted drug delivery by offering greater accuracy in complex bio-
logical environments. Conventional methods suffer from systemic toxicity, limited precision, and inefficient
traversal of physiological barriers. In contrast, nanorobots offer precise treatment delivery, minimize unin-
tended effects, and enhance therapeutic outcomes [1]-[3]. Despite these technological developments, effec-
tively navigating complex and dynamic biological environments remains challenging.

The application of potential field (PF) techniques, which have been widely utilized in path planning
for large-scale robotics, presents a promising framework for guiding nanorobots [4], [5]. These algorithms
simulate attractive and repulsive forces to facilitate real-time trajectory adjustment. However, conventional
PF techniques are susceptible to limitations, such as local minima and insufficient adaptability to dynamic
targets [6]. Despite recent advancements in hybrid PF approaches that address specific limitations, further
enhancements are necessary to ensure their effective implementation at the nanoscale.

Unlike traditional PF methods tailored for macroscopic robots [4], [6], [7], this study presents a
nanoscale-adapted PF framework that incorporates adaptive kinematics, real-time trajectory adjustments, and
hybrid control mechanisms for navigating biological microenvironments. Building on recent advancements
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in artificial potential field (APF) models, such as the bacterial PF approach [5], the proposed method extends
these principles to nanoscale drug delivery. It does so by integrating dynamic force field modeling capable of
managing both static and dynamic obstacles with minimal path deviation. This nanoscale adaptation addresses
challenges related to viscous drag, Brownian motion, and environmental uncertainties, thereby improving tra-
jectory convergence, stability, and responsiveness. Overall, the approach significantly advances the practical
implementation of autonomous nanorobotic navigation for precise and efficient targeted drug delivery.

2. THEORETICAL APPROACH
2.1. Potential field

PF algorithms create virtual force fields to direct robots towards targets (attractive forces, F,) and
away from obstacles (repulsive forces, F;.) [8]-[10]. The cumulative force (Fy) applied on a robot is articulated
as:

F,=F,+F, @2.1)

In a fundamental PF scenario, the robot perceives barriers as repulsive PFs and the objective as an appealing
field. Let x = (x,y)7 signify the robot’s position, thereafter the area in which the robot operates is referred to
as: U(x), where:

U(x) = Uy (x) + U, (x) (2..2)

and U, (x) denotes the attractive field and U,.(x) expresses the repulsive field. It may also be expressed as:

N
U(x) = Us(x) + > UM (x) 2.3)
n=1
where IV represents the total quantity of barriers within the nanorobot’s operational environment. The force
propelling the nanorobot is the negative gradient of the PF, that is:
Fx = =ViU.(x) =V, U, (x) 2..4)

Fa(x) Fi(x)

where Fo(x) = (Fu 4, F,,)7 is the attractive force vector and F,(x) = (F., F,,)7T is the repulsive force
vector.

Conventional PF methods encounter challenges such as local minima, target inaccessibility, and lim-
ited dynamic obstacle-avoidance. Researchers have addressed these issues by implementing speed-dependent
fields, simulated annealing, and hybrid PF global planners [8], [11], [12], thereby enhancing navigation in
high-density environments.

2.2. Nanorobotics-driven drug delivery systems

Nanorobotics-driven drug delivery systems represent an innovative approach for precise medication.
These nanorobot devices, typically ranging from 1 to 100 nm in size, are capable of traversing the human body
to deliver pharmaceuticals directly to targeted sites [13], [14]. They employ specialized targeting mechanisms,
such as ligand-receptor interactions, magnetic guidance, or enzymatic processes, to concentrate on specific
problem areas, thereby minimizing side effects and enhancing therapeutic efficacy [15], [16]. Compared to
conventional methods, this approach offers superior control over pharmacokinetics, necessitates lower dosages,
and facilitates patient adherence to treatment regimens [17], [18].

A nanorobot consists of three primary components, such as propulsion system, drug storage compart-
ment, and navigation unit. Propulsion may be achieved through magnetic, chemical, or enzymatic means or a
combination thereof, enabling the robot to navigate through viscous bodily fluids. Navigation is directed by
sophisticated algorithms that assist a robot in circumventing obstacles and maintaining its trajectory. These
features are essential for the precise delivery of drugs within the body.

Although there are some challenges in this area like ensuring biocompatibility, preventing immune
reactions, maintaining stability inside the body, and achieving mass production, advancements are still being
made [2], [19]. Innovative solutions like biodegradable coatings, lipid carriers, and enzyme surfaces have
improved the integration of these robots with biological systems. Advances in 3D printing, self-assembly, and
swarm coordination have made these systems increasingly viable for medical applications [20], [21].
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3.  PROPOSED METHOD
3.1. Kinematic of nanorobotics

Nanorobots rely on regulated kinematic motion to achieve precise drug delivery and targeting. Their
movement is influenced by ambient conditions, propulsion mechanisms and real-time feedback systems. Kine-
matic modeling of nanorobots involves characterizing their motion parameters, energy efficiency, and adapta-
tion within dynamic biological environments [22], [23].

The mobility of nanorobots is characterized by the interactions between velocity and force. The
propulsion force Fy,qgnetic for magnetic-driven nanorobots is obtained from external field gradients.

Fmagnetic = V(m . B) (31)

Where m is the magnetic moment and B is the applied field.
Nanorobotic motion is influenced by various factors, including ambient conditions and fluid viscosity,
which is a key factor in determining drag forces (Fijyqq).

Farag = 6mnro (3..2)
where 7 is fluid viscosity, r is nanorobot radius, and v is velocity.

3.2. Potential field algorithm
3.2.1. Attractive potential field

The attractive PF is defined as the quadratic of the distance between the nanorobot position and the
objective position d2. The attractive PF becomes more pronounced as the nanorobot’s position deviates from
the objective position [24], [25]. The enticing PF function can be expressed as:

1
U, (x) = 5kadi (3.3)
]' *
= Shall(x* = x)|)” (3.4)
where k, is the attractive PF constant and x* is the goal postion. Assuming that the goal position is static then:
U,
—ViUu(x) = - 8x(X) = ko [|[(x* —x)|| (3..5)
therefore the attractive force is:
Fo(x) = ka |(x" = x)]| (3..6)

where d, = ||(x* —x)|| = /(2* — x)2 + (y* — y)? is the Euclidean distance between the goal postion x* =
(z*,y*)T and the nanorobot position x = (z, )7

3.2.2. Repulsive potential field

In contrast to the attractive PF, the repulsive PF is more potent when the nanorobot is situated in close
proximity to the obstacle. Any impediment that is located at a greater distance will not likely contribute to the
total PF. Consequently, if the nanorobot’s distance from the n-th obstacle, d((,n), exceeds a threshold value 7,
the respected PF is not considered, resulting in U&") (x) = 0. Alternately, the repulsive PF is proportional to the
inverse of the distance between the obstacle and the automaton [24], [25]. Let determine the repulsive function

as:

2
1 1 )
U (x) = { 2% (a&ﬁ) o™ < 7 3.7)
0 if dy > 7
where di") = |(x? —x)|| = /(27 — )2 + (y? — y)? is the Buclidean distance between the nanorobot posi-

tion x = (x,y)" and the n-th obstacle position x(()n) = (xg"), y((,"))T. Assuming that each obstacle possesses

the same repulsive PF characteristic, the repulsive PF constant is represented by k,.. The repulsive force or
negative gradient, is calculated as:

)T

(n) s ifd™ < 7
_vaSn)(X) = _M - an)(x) = (dff"))g (3..8)
Ox 0 ifd > 1
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3.3. Nanorobot control for obstacle avoidance

Nanorobots can autonomously navigate intricate microstructures by combining vision-based control
systems, magnetic field manipulation, adaptive motion control, reinforcement learning, and advanced path-
planning algorithms. Nanorobots can identify and evade obstructions in real time owing to the collective
application of these technologies, which guarantees precise and efficient mobility in dynamically changing
environments.

Prior to further developing the control rule for robot motion to evade obstacles, it is essential to
decompose all forces, both attracting and repulsive, into their projections along the x-axis and y-axis [24],
[25]. Consequently, the breakdown of the attractive force is calculated as:

Fa,x = _vaa(X) 3.9
= ko(a" —x) (3..10)

note that d, = /(z* — )2 + (y* — y)? and F, ,, is the attractive force int the z-axis direction. Moreover, the
attractive force in y-axis direction is denoted as:

Foy=ka(y" —y) (3..11)

the projections of the repulsive force along the x-axis and y-axis are as follows (note: the derivation considers
just the case when dy’ ") <7):

Fim = -V, U{"(x) (3.12)
(z (n) 33)

)
n)

where F,g « represents the repulsive force exerted by the n-th obstacle along the z-axis. The identical deduction
is apphcable to ascertain the repulsive force in the y-axis direction, where:

_ (3..13)

(n)

F(n) -k (yo B y)

=k, (3..14)
r?y 4
()
therefore, the total force F(x) = (F}, F,)” can be calculated as:
Fy =F,.(x)+ Z F) (x (3..15)
F,=F,, Z Fm(x (3..16)
finally, the force direction can be computed as:
F
6 = arctan—* 3.17
arc anFm ( )
therefore, the velocity control signal v = (v, v,)7 is determined by the total PF force in the simplest
nanorobot control algorithm.
vy = Fy (3..18)
vy = Fy (3..19)
Then the nanorobot position can be updated by:
(k) =x(k — 1) + v, At (3..20)
y(k) =y(k — 1) + v, At (3..21)

where At is the sampling time, x (k) and y(k) are the nanorobot = and y coordinates at k-th time instant.
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The key design parameters in this work include the attractive constant k,, the repulsive constant k.,
and the repulsive threshold distance 7. These parameters were chosen through empirical tuning and theoretical
stability considerations to ensure smooth convergence without oscillation. In practice, a high k, increases
convergence speed but may lead to overshooting near the target, while a high &, improves obstacle avoidance
but can result in unnecessary detours. The threshold 7 was determined based on the nanorobot size and the
expected biological barrier distance, typically 2—5 times the nanorobot diameter. Optimal parameters were
obtained by iterative tuning across four simulation states until the nanorobot reached the target with minimal
path error.

4. RESULTS AND DISCUSSION

Algorithm testing was conducted using a series of simulations that modelled four distinct conditions. In
the initial simulation, the nanorobot navigated an environment with static obstacles and targets. The second
simulation incorporated static obstacles with dynamic targets. In the third, the obstacles were dynamic while
the target remained static. The fourth simulation integrated both dynamic obstacles and dynamic targets. In
all instances, the F, and F, values were maintained constant. The coordinates of the obstacles and targets
were modified to represent static or dynamic conditions. The simulation results are presented below. Figure 1
illustrate general flowchart to explain the simulation process performed on the nanorobot motion study.

Are repulsive
potential field
present?

Identify the target location
(attractive potential field),
Obstacles and surface
irregulates
(repulsive potential field)

APF generates a suitable

v .
turning angle

Move according to attractive
potential field v

Robot moves based on the
calculated turning angle

Robot arrives
the target with
shortest route?

Are obstacles
are avoided?

Figure 1. General flowchart to explain the simulation process performed on the nanorobot motion study

4.1. Nanorobot motion with a static target and static obstacle

The simulation was conducted by performing two trials, with a fixed target coordinate point
x =10, y = 5, and a fixed starting point with coordinate x = 0, y = 0. Additionally, four obstacles were
positioned in two different location schemes. The positions of the obstacles can be seen in Table 1.

Figure 2 shows test results of nanorobot movement with first condition. Based on the simulation
results shown in Figure 2(a) and Figure 2(b), it can be observed that the nanorobot can maneuver to avoid
obstacles to reach the target coordinate point. It is evident that when the nanorobot approaches an obsta-
cle and enters the repulsive region of the obstacle, the nanorobot can move towards a lower repulsive area
(the magnitude of the repulsive force is indicated by the darkness of the blue color around the obstacle area).
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4.2. Nanorobot motion with a dynamic target and static obstacle

The simulation was conducted by performing two tests, with a fixed starting point with coordinate
x =0, y = 0. Additionally, two different dynamic target coordinate points, which is: i) moving target which
moving from x = 8.0, y = 3.0 into x = 6.0, y = 8.0 and ii) moving target which moving from x = 10.0, y = 5.0
into x = 10.0, y = 0.0. Moreover, four obstacles were positioned in two different locations for each scheme.
The positions of the obstacles can be seen in Table 1.

Table 1. Obstacle configuration for each scheme under condition I and II

Scheme 1 Scheme 2
Obstacle X y X y

1 20 20 20 20
2 30 1.0 30 10
3 70 25 50 40
4 75 15 60 45

Figure 2 shows test results of nanorobot movement with second condition. Based on the simulation
results shown in Figure 2(c) and Figure 2(d), it can be observed that the nanorobot can maneuver to avoid
obstacles to reach the target coordinate, which is also in motion into the final position. In the previous results,
the nanorobot also avoids obstacles based on the repulsive force and the attractive force from the target, and
the attractive force from the target varies in value because the target destinations of the nanorobot are also in
motion. It enables the nanorobot to maneuver with different variations, adapting to the movements of the target
being pursued. The maneuver variations generated also depend on the closest trajectory of the nanorobot to the
moving target.

—e— obstacle e~ Obstacle
weeee N ++ Nanorobot's Trajectory

¥ (m)
¥ (m)

TotalPotentiaiField

s Trajectory
~+ goal's Trajectory

2 0 2 4 6 & 1 1 T2 0 2 & & 8 Bw I 2 0 2 4 6 & 1 B 2 0 2 4 & 8 1 1
x(m) x(m) x(m) x(m)

Lo
¥ (m)
L b o v & o e

() (b) (© (d)

Figure 2. Nanorobot movement test results under different simulation conditions (a) and (b) Condition I
(Static target and static obstacles) for Scheme 1 and Scheme 2. (c¢) and (d) Condition II (Dynamic target and
static obstacles) for Scheme 1 and Scheme 2

4.3. Nanorobot motion with a static target and dynamic obstacle

The simulation was conducted by performing two trials, with a fixed target coordinate point x = §,
y = 6, fixed starting point with coordinate x = 0, y = 0, and two obstacles were positioned in two different
locations that moved into a specific location for each scheme. The positions of the obstacles can be seen in
Table 2.

Table 2. Obstacle configuration for each scheme under condition III
Scheme 1 Scheme 2
Initial pose  Final pose  Initial pose  Final pose
Obstacle X y X y X y X y
1 20 20 30 -1.0 20 1.0 65 40
2 80 50 55 45 70 50 60 20

Figure 3 shows test results of nanorobot movement with second condition. Based on the simula-
tion results shown in Figure 3(a) and Figure 3(b), it can be observed that the nanorobot can maneuver to
avoid obstacles to reach the target coordinate even if the obstacles are also in motion. The nanorobot can re-
spond to moving obstacles, as demonstrated when the nanorobot encounters a suddenly appearing obstacle.
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The nanorobot can maneuver to alter its trajectory to avoid collision with the obstacle. In the figure, the trajec-
tory of the obstacle is shown in red, while the nanorobot’s trajectory is shown in black. At specific points in
the figure, marked as collision points, it represents the locations where the nanorobot encounters the obstacle.
However, before a collision occurs, the nanorobot maneuvers to avoid the obstacle while moving towards the
predetermined target coordinate point. As seen in both results figures, the nanorobot can instantly react to the
obstacles motion by maneuvering.

4.4. Nanorobot motion with a dynamic target and dynamic obstacle

The simulation was conducted by performing two trials, with a fixed starting point with coordinate
x =0, y = 0. Additionally, two different dynamic target coordinate points, which is: i) moving target which
moving from x = 8.0, y = 0.0 into x = 8.0, y = 7.0 and ii) moving target which moving from x = 8.5, y = 4.0
into x = 2.0, y = 8.0. Furthermore, two up to three obstacles were positioned in different locations that moved
into a specific location for each scheme. The positions of the obstacles can be seen in Table 3.

Figure 3 shows test results of nanorobot movement with second condition. Based on the simulation
results shown in Figure 3(c) and Figure 3(d), it can be observed that the nanorobot can maneuver to avoid
obstacles to reach the target coordinate, even if the obstacles are also in motion. The results indicate that
the nanorobot can move towards a moving target by adjusting its trajectory to chase the movement of that
target point. During the pursuit of the target point’s movement, the nanorobot encounters moving obstacles
that can potentially lead to collisions. However, from the executed simulation, the nanorobot can maneuver to
avoid suddenly appearing obstacles while maintaining its movement towards the target destination. Therefore,
through these maneuvers, it is evident that the nanorobot can move agilely to avoid moving obstacles while still
preserving its direction towards the moving target point.

Table 3. Obstacle configuration for each scheme under condition IV
Scheme 1 Scheme 2
Initial pose  Final pose  Initial pose  Final pose
Obstacle X y X y X y X y

1 20 10 70 075 20 20 45 20
2 75 50 60 20 80 00 50 25
3 - - - - 40 40 55 55
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+eus Nanorobot's Trajectory 200 e+ Nanorobot's Trajectory
obstacle's Trajectory obstacle's Trajectory
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Figure 3. Nanorobot movement test results under different simulation conditions (a) and (b) Condition III
(Static target and Dynamic obstacles) for Scheme 1 and Scheme 2. (c¢) and (d) Condition IV (Dynamic target
and Dynamic obstacles) for Scheme 1 and Scheme 2

5. CONCLUSION

This study has illustrated the efficacy of PF-based methodologies in improving the autonomous nav-
igation of nanorobots for medication delivery purposes. Ultilizing appealing and repulsive virtual forces,
nanorobots may adeptly navigate intricate biological settings while reducing collision hazards. The simula-
tion outcomes validate that PF techniques facilitate accurate path planning, even in dynamic environments with
mobile barriers and targets. Conventional PF methods encounter obstacles, including local minima and re-
stricted adaptation to rapidly changing physiological conditions. Hybrid PF approaches that integrate global
optimization, reinforcement learning, and velocity-dependent modifications present viable options to address
these limitations. Future research must prioritize experimental validation in authentic biological settings and
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the integration of multi-modal control mechanisms to improve navigation efficiency. This study’s findings en-
hance the development of intelligent nanorobotic systems for targeted drug delivery, facilitating more efficient
and least intrusive therapeutic interventions.
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