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ABSTRACT
The simulation of nanobots in their working environment is crucial
to promote their application in the medical context. Several simulators for nanonetworks investigate new communication paradigms
at nanoscale. However, the influence of the environment, namely
the human body, on the movement and communication of nanobots was rarely considered so far. We propose a framework for
simulating medical nanonetworks, which integrates a nanonetwork simulator with a body simulator. We derive requirements for
a body model that forms the basis for our prototypical implementation of the body simulator BloodVoyagerS as part of the network
simulator ns-3. Our evaluation shows that BloodVoyagerS successfully moves nanobots in the simulated cardiovascular system. After
about 7 minutes, the nanobot distribution reaches a dynamic equilibrium. The prototype shows promise to provide a more realistic
full-body simulation to investigate movement and communication
of nanobots in medical applications.
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INTRODUCTION

Nanobots, artificial or biological devices at nanoscale, are envisioned to be used within living bodies to be remote-controlled or
autonomously detect and treat diseases, morbid cells and other medical situations. The unique circumstances of nanoscale operation
as well as deployment in living tissue require new suitable devices,
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algorithms and applications. Before these can actually be applied
in a living body, they have to be thoroughly tested. Typical testing
approaches include simulations or wet-lab experiments. The latter
however, are comparatively complex and expensive, as they require
existing hardware and suitable labs. A simulation usually operates
on a simplified model of the original system. Still, the crucial aspects
of the intended investigation have to be represented adequately for
the simulation to provide meaningful results about the object of
investigation [17], for example, how an algorithm will perform in
the original system. In addition, simulations also allow completely
controllable experiment environments. The researcher can control
or even intentionally ignore effects that are unavoidable in wetlab experiments in order to deliberately pose or relax restrictions,
requirements and assumptions. In combination with repeatability
and cost-efficiency, these advantages make simulations valuable
tools to evaluate new algorithms, especially at an early stage.
A medical nanonetwork [4] comprises of nanobots equipped with
sensors, actuators and communication devices, that operate in concert within a human body. To evaluate a medical nanonetwork, a
simulator has to model a communication network with communication channels and protocols usable at nanoscale. Additionally, it
has to include the working environment, namely a living body, in
order to correctly simulate the effect on the nanobots’ movement
and communication. To the best of our knowledge, a simulator
including communication and a closed loop model of the cardiovascular system as the nanobots’ environment does not exist. However,
combining both aspects is crucial for a medical nanonetwork and,
thus, their modelling for obtaining meaningful simulation results.
In this paper, we present a sketch of a simulator suitable for
medical nanonetworks, which combines network and body simulation. In previous works, we found that ns-31 in conjunction with
specialised modules like Nano-Sim [19] is a suitable nanonetwork
simulator [23]. For modelling the nanobots’ working environment,
we develop BloodVoyagerS, a body simulator currently in prototypical state. It features a simplified model of a human body’s
cardiovascular system to simulate the nanobots’ mobility. BloodVoyagerS is implemented as a ns-3 module, intended to work in
concert with the rich communication models and protocols already
available in ns-3.
After introducing related work in Section 2, we present the
concept and architecture of our body simulator BloodVoyagerS
as well as the combined simulation framework. Then we state
requirements for a meaningful body simulation in Section 4. In
Section 5, we describe the underlying model of our prototypical
implementation. Section 6 investigates the mobility of nanobots
injected into the simulated vascular system.
1 https://www.nsnam.org/
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For this purpose, SimVascular crucially lacks a model that maps the
entire human body or its vessels. There is a repository for models,
but they always show only small parts of the whole system, such as
the aorta or the bronchi. In addition, the repository is not available
for free.
For the purpose of examining the movement of nanobots in
the complete cardiovascular system one would therefore first need
whole-body scans that SimVascular then needs to translate into
an overall model. Problematically, images of whole-body scans in
the necessary resolution are not publicly available. Because of the
unpredictable programming effort and the lack of a suitable model
or suitable medical images for the creation of such a model, the use
of SimVascular as a body simulator for the movement of nanobots
currently appears to make little sense.
In the nano community relevant work has already been done to
incorporate the physical environment in nano network simulations.
In [10] a software platform called BiNS2 was introduced that simulates molecular communication with drift inside bloodvessels. This
marks an important step towards a realistic simulation. However,
the effects that are included are limited to one up to a few blood
vessels. This is also the case for a novel communication scheme
which is mapped into the 1906.1 framework [12] by [27]. Another
limitation of most existing models is that nodes are assumed to be
fixed [1, 18], which is rather unrealistic since the medium, i.e., the
fluid in the human body, is in constant movement and exchange.
A first approach for a more holistic blood vessel model was made
in [6] where they combined a cardiovascular model and a drug
propagation network. The model analytically calculates the drug
delivery rate based on the injection rate. Unfortunately, the model
is restricted to arteries so the result of the distribution over more
than a few heartbeats is not realistic. Furthermore, drugs are almost
always injected into the venous system since arterial drug injection
leads to major complications [20]. Therefore, the simulation should
start in the venous system which is not possible in [6]. Accordingly,
in [5] the need for a simulator with a closed circulation loop is
discussed. To the best of our knowledge no such simulator exists
to date and we intend to close the gap with BloodVoyagerS.

RELATED WORK

There are several ways to subdivide existing simulators of the cardiovascular system (SCS), e.g., by simulation of standard versus
pathological conditions. In the early 60’s one of the first SCS was
developed to examine the hemodynamics of the arterial system by
means of an analog computer [15]. Another standard condition simulator, which is used in teaching, is a real-time simulator that helps
to get a deeper understanding of the relation between blood pressure, volume and flow [8]. In the first approach BloodVoyagerS
will aim to simulate standard conditions to get a better understanding of the movement of nanobots in a healthy body. However, in
the further course of development the simulation of pathological
conditions and medical scenarios is desired, just as the majority of
the SCS are used to model pathological conditions.
In this area simulations have the advantage that system damaging states can be simulated without consequences and variations of
the parameters can be tested well due to their reproducibility [11].
This way animal experiments can be reduced and newly developed
medical products can be tested without ethical limitations [11].
One of the early SCS describes the arterial system and was used
to investigate hemodynamics under pathological conditions (e.g.,
arterial sclerosis, stenosis) [2]. Furthermore, many SCS are used
to test and analyze cardiac support systems [7], e.g., heart-lung
machines [21] or mechanical cardiovascular devices in general [9].
All SCS have in common, that the underlying model is mostly
contingent upon the medical problem or question that should be
examined. One can subdivide the SCS again in groups according
to their model. There are simulators that model only the arterial
tree [2, 15], the systemic circulation [7]. Other model both, the pulmonary and systemic circulation [3, 8, 9, 21]. However, they all have
in common that their model consists of simplistic compartments.
Depending on the field of application the compartments differ in
complexity, scope and level of detail. The need for different levels
of abstraction results from the high complexity of the human body.
In the context of medical nanobots, the focus is on simulating the
cardiovascular system as a transport system. Therefore, the large
and the small blood circulation must be simulated with the same
level of detail. Furthermore, in contrast to all existing simulators
the limbs and body parts have to be included explicitly in the model
as well.
Another interesting SCS simulator is SimVascular, a free simulator that takes a different approach. It is a grand open source
project, that offers a complete system from the segmentation of
medical image data to patient specific blood flow simulation and
analysis [25]. SimVascular contains the boundary conditions to
represent physiological levels of pressure and fluid interactions and
builds a vessel model from image data. It is used to examine the
blood flow in the heart, brain or lungs, for different disease scenarios or for operational planning. Basically, SimVascular is designed
to output a complete file which summarizes the models and results after completing a simulation. SimVascular then visualizes the
hemodynamic results in graphics and images. That said, it would
require an unpredictable programming effort to output the data
at run-time. The data on the different bloodstreams, for example,
position and speed and the basic information about the vessels such
as diameter and shape would be of interest for the nanonetwork.

3

CONCEPT

Similar to vehicular networking simulations we model communication and the environment in separate bidirectionally coupled
modules. The characteristics of the cardiovascular system need
to be appropriately modelled, since the nanobots will most likely
move almost permanently in the bloodstream. A suitable and well
established discrete-event network simulator is ns-3 [16].
It is implemented in C++, its construction is modular and therefore free and easy to extend. Hence we implement our prototype
BloodVoyagerS as a module in the ns-3 simulator. In its prototypical design and implementation, BloodVoyagerS is a self-contained
ns-3 module. Nanobots currently resemble plain ns-3 nodes, are
instantiated directly in BloodVoyagerS and do not communicate
with each other. We conceptualize the framework for simulating
medical nanonetworks consisting of the ns-3 simulator, including the BloodVoyagerS module and a nanonetwork-module, e.g.,
Nano-Sim [19], as sketched in Figure 1.
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Figure 1: Components of our conceptualized medical
nanonetwork simulator based on ns-3.
In addition there is need for a molecular database, that should
be connected with BloodVoyagerS to feed realistic data about the
molecular conditions in the cardiovascular system.
A full medical nanonetwork covering the complete human circulatory system requires a high number of nanobots, which directly
influences simulation performance. The overall blood volume in a
human body is about 4900 cm3 [22]. Assuming a communication
distance of 2 mm [26], a medical network thus requires at least
2.45 × 106 nanobots. Alternatively, the length of all vessels in the
vascular system is estimated at 120 000 km [24]. With the same
communication distance, the system requires 60 × 109 nanobots to
cover the full length. While these estimations provide an orientation for expected nanobot counts, a simulation should be able to
deliver more precise estimations.

4

REQUIREMENTS

BloodVoyagerS aims to provide a simulation environment to study
the behavior of nanobots within the human vascular system. It focuses on simulating the environmental influence on communication,
as well as detection and actuation of medical parameters. A set of
requirements makes these goals explicit:
(1) The simulator must model a complete human circulatory system.
It should include all major vessels, and simulate abstractions for
arterioles, venules and capillaries to a suitable level of detail. The
model for each vessel should include its diameter and length, as
well as its relative position, including the connectivity to other
vessels.
(2) The simulator must provide a spatial model of the cardiovascular system. As discussed in Section 2, to date no model exists that
congruently describes the entire circulatory system at a uniform
depth. The limbs or body regions are particularly neglected, as they
contain no vital organs. However, in the context of medical nanobots, the precise localization of nanobots is important to correctly
correlate data. Therefore, the model needs to represent the locality
as precisely as possible.
(3) The simulator must represent the medium inside the circulatory
system, that is, the blood. The composition of blood has a strong
influence on electromagnetic communication [26]. A high amount
of water as well as moving cells within the blood interfere with
or outright block communication. Additionally, the blood may react chemically or mechanically with the nanodevices, damaging
or displacing them. A special case of this are the cells of the immune system, which may react to the nanobots, in the worst case
specifically attacking them.

Figure 2: Representation of the most important vessels of
the human body.
(4) The circulatory system pushes floating particles around with
its flow, moving nanobots through the body. This movement is of
great importance for continuous or long time tasks for nanobots,
especially if the whole body must be observed. The simulator must
consequently simulate the movement of nanobots within the blood
as accurately as possible. In the context of Requirement 1, the
simulator needs to route nanobots at branches in the circulatory
system. Nanobots should be distributed according to the blood
distribution ratio. For example, if a small vessel forks from a larger,
it should be more likely that the nanobot stays within the larger
vessel.

5

MODEL

To meet Requirement 1, the relevant vessels must first be determined. Figure 2 shows the main vessels that provide local coverage
and contain large organs and limbs. Overall there are 94 vessels
and organs covered. Since there are no databases or collections on
the vessel length, for rough orientation, a 1.72 m woman, weighing
69 kg was measured on the skin surface.
With the aid of anatomical drawings [14], the correct course of
the vessels and the organ positions were derived as realistically as
possible. For simplicity, only the chest and back are summarized and
positioned in the left half of the body, as it is difficult to visualize
in its spread. Coordinates are derived from the measured distances.
The origin of the resulting xy–coordinate system is placed in the
left half of the heart.
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Since the human body is three-dimensional, the spatial direction
from the front (anterior) to the back (posterior), the z-coordinate,
is still lacking. The measurement of the organs from anterior to
posterior on the skin is not possible and again there is no record
of all relevant dimensions. Therefore, in our prototype, the spatial
depth of all organs is equated. As a guideline, the thickness of the
kidney is used, which is between 3 and 5 cm. Accordingly, all z distances are set at 4 cm. The z–axis should run in the middle, resulting
in z–coordinates between 2 and -2. As a further simplification, it
is assumed that arteries are set anterior and veins posterior. This
corresponds to anatomical reality in many places. Transitions from
arteries to veins exist not only at organs but also, for example, on
the limbs such as hands, head or knees. Here is the depth set to
4 cm as well. Thus, the z-coordinates are from 2 to -2, since the
flow direction is always from arteries (z = 2) to veins (z = -2). Only
the heart transitions blood from the venous system to the arterial
system and therefore pumps the blood in the model from posterior
to anterior. In Figure 5 the xyz–coordinates of the organs and body
regions relevant to the simulation are shown with nanobots added.
In addition to coordinates, length and angle, the vessels have
other important properties. Requirement 1 as well requires the
determination of vessel diameter, flow and flow rate. For most
vessels, there are no exact details about their diameter. The vessels
to be explicitly simulated are the aorta, arteries, and veins. Arterioli
and venules are not among the most important vessels and often
have no names of their own. There are about 400 million arterioles
and similar numbers of venules. The inclusion of so many vessels in
the body model with reasonable effort is not feasible at the moment.
It is important to determine exactly what level of detail is required
to perform or simulate a rough localization of the nanobots while
keeping the computational effort within a certain time frame.
For arteries the average diameter is 4 mm and for veins 5 mm [13,
22]. The flow rate depends on the relationship between pressure
difference and flow resistance. The smaller the vessel, the greater its
resistance and the slower the blood will flow. In the aorta the blood
has an average velocity of 20 cm/s, in the arteries 10 cm/s and in the
veins 2–4 cm/s. This can be transferred directly to the large vessels.
The transitions between arteries and veins are greatly simplified
and no arterioles, venules or capillaries are explicitly modeled. In
the arterioles there is a velocity of 2 cm/s and in the capillaries
0.02 cm/s. These velocities cannot be transmitted directly, but are
approximated by 1 cm/s in the transitions.
In a healthy cardiovascular system, the flow in the bloodstream
is laminar except in the aorta and pulmonary artery, meaning that
the flow consists of ordered layers that slide past each other.
This effect is implemented in the model by separate streams in
each vessel. In the area of the arteries and veins, these currents
do not mix. In order to indicate the high degree of branching of
the smaller vessels in the organs, the nanobots can change the
currents here. This turns each stream into a pseudo-vessel that
communicates with its neighbors.

simulation parameters of BloodVoyagerS are analyzed and some
simulation results are discussed. For the analysis of the position data
MATLAB (2014b) was used. Thereafter, the fulfilment of the individual requirements is checked concretely. If requirements have not
yet been met satisfactorily, a potential implementation is discussed.
The representative scenario investigates nanobot distribution
speed. At the start of simulation, all nanobots are injected at the
same location. The simulation investigates the duration required to
achieve a stable equilibrium, that is, until the number of nanobots
in each vessel is constant.

6

Analysis of simulation parameters
Section 3 mentions the number of nanobots as an important simulation parameter, and establishes an upper bound of 60 × 109 nanobots based on the full system length. Our simulation includes a total
length of 12.717 m of blood vessels, which results in an estimate of
6359 nanobots to achieve full connectivity, so that a message can
be sent from any point and, through forwarding by other nanobots,
reaches all nanobots existing in the body.
A suitable simulation duration is achieved if the average distribution of the nanobots no longer changes. It has then reached a
dynamic equilibrium, where in each time step just as many nanobots leave a vessel as nanobots enter. As an upper limit, a simulation
duration of 2 h was proposed.
The central injection site was the aorta ascendens and the results
of the distribution were later compared with other injection sites.
By visual comparison of the distribution of nanobots after 1 min,
15 min and 2 h (not shown), it becomes clear that the distribution
after 1 min differs from that after 2 h. There are apparently fewer
nanobots in the arterial vessel area than after 2 h, and the nanobots
are more clustered. The distribution after 15 min is already similar
to 2 h. In the heart area, the nanobots are very close to each other
and more scattered in the limbs (see Figure 5). The similarity or
deviation is clearly visible in Figure 3. While there are deviations of
up to 255 nanobots per vessel after 1 min (bar), the largest deviation
after 15 min is 4.1 nanobots per Vessel (line). The numbers always
compare to the average number of nanobots in the respective vessel
over the last minute, for example, the distribution after 15 min
compares to the average over 14 min to 15 min.

EVALUATION

This section assesses the established body model and its implementation in BloodVoyagerS. BloodVoyagerS provides a first
implementation of the requirements outlined in Section 4. First, the

Figure 3: The x-axis shows the 94 simulated vessels (see Figure 2), the y-axis shows the difference in number of nanobots (#NB) relative to the previous minute.
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To determine the point in time at which the nanobots are sufficiently distributed, the simulation measured the number of nanobots in each vessel each minute for the first 40 min. The results are
compared with the distribution after 2 h by the standard deviation
between the distribution after each minute and that after 2 h per
vessel. The results were summed up and divided by the number of
vessels. Figure 4 shows the resulting mean standard deviations.

Figure 4: Standard deviation between different distributions.
The deviation quickly decreases within the first 5 min, after
which it undergoes only slight fluctuations. Thus, even after a
simulation time longer than 2 h, without external influences no
major fluctuations in the distribution can be expected.
The mean standard deviation in Figure 4 is 2.11 NB per vessel
(excluding values after 1 to 2 min due to large deviation). Thus on
average, there is a variation of 2–3 nanobots per vessel compared
to the distribution after 2 h. This corresponds to a total deviation
of 3.11 %, and is therefore low enough to be considered a dynamic
equilibrium. The standard deviation falls below the mean value for
the first time after 7 min, where it reaches a value of 2.03 NB per
vessel. The distribution of nanobots after 7 min is shown in Figure
5. Therefore, a simulation duration of 7 min is sufficient to compare
the simulation results of different injection sites below.
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The distribution 7 min after injection in vena poplitea tibialis is
close to the distribution after injection in aorta ascendens, with 4 %
deviation compared to 3.11 % deviation on average. In simulation,
the injection site of the nanobots thus becomes irrelevant after a
duration of a few minutes. Further experiments therefore always
inject the nanobots into the aorta ascendens.
Lastly, a third evaluation inspects the last simulation parameter,
the number of nanobots. In the results from previous simulations,
there are clearly parts of the body that are not covered by nanobots,
as can be seen in Figures 5. These gaps interrupt communication,
which in turn limits overall connectivity. As other parts receive good
coverage, the nanobots are apparently not uniformly distributed.
It is unclear if the non-uniform distribution stems from an insufficient simulation or if it might occur similarly in a real deployment.
A further simulation inspects the results with the tenfold amount
of 63 590 nanobots. Figure 6 shows the distribution result after a
simulation of 7 min. Gaps in coverage are smaller, but still occur,
mainly in the limbs. Large enough numbers of nanobots might be
able to eventually reach full connectivity, however, the number of
nanobots does not resolve the phenomenon of non-uniform distribution. In order to validate the obtained results and verify the
BloodVoyagerS prototype, the next section provides a qualitative
comparison of BloodVoyagerS with the requirements defined in
Section 4.

Figure 6: Distribution of 63590 nanobots after 7 min simulation period.

Review of requirements

Figure 5: Distribution of 6359 nanobots after 7 min simulation period with injection in the aorta ascendens.
In order to inspect injection point dependence, a second simulation investigates the vena poplitea tibialis, which is the vessel
furthest away from the aorta ascendens. Again, the simulation injects 6359 nanobots into this vessel and observes the distribution
after 7 min. This distribution has a mean standard deviation of 4.0 %
from the previous simulation’s reference, the distribution from injection into the aorta ascendens after 2 h. Direct comparison of the
two distributions after 7 min yields a deviation of 3.95 %.

Next to the previous quantitative evaluation, we can evaluate how
successfully the requirements from Section 4 are met in the prototype version of the simulator.
As requested by Requirements 1 and 2, BloodVoyagerS provides a representation of the circulatory system as a complete closed
network including all major organs, arteries and veins, as seen in
Figure 2. This does include correct relative positioning and length
of the vessel in two of the three dimensions as well as the branches
between the components, the variation in diameter is not included.
The integration of the third dimension proved to be very difficult,
as the literature is vague here, mostly oriented at 2D models. Nevertheless our implementation does allow the simulation to track
the position of each individual nanobot in the bloodstream, as per
Requirement 4. The millions of smaller arteries and veins are not
directly represented in BloodVoyagerS, as they are not explicitly
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defined and therefore require a different implementation approach.
In order to indicate a high branching degree, parallel streams of the
same vessel are introduced. We envision to add procedurally generated smaller blood vessels to the body model using the explicitly
defined major blood vessels as junctions and roots.
Requirement 3, the simulation of the circulatory medium, is not
yet met with BloodVoyagerS. The representation of the medium
and its properties is an additional and complex topic of its own. The
future integration of a molecular database is essential for a realistic
illustration of the biological and chemical processes in the medium.
The need for realistic movement described in Requirement 4 is
implemented in a more abstract first version, and depends only on
the type of vessel the nanobot is in. Of course, the bloodstream in
the human body is not of constant velocity. In the further process
of development we first consider to integrate the distance to the
heart and the heartbeat frequency as velocity modifiers. Second we
look at additional options such as the posture of the human as well
as the human’s level of arousal.
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CONCLUSION

This paper presented BloodVoyagerS, a prototype of a body simulation module for ns-3 as part of a simulation framework for medical
nanonetworks. To obtain meaningful results form a simulative evaluation, the key aspects of a medical nanonetwork—namely suitable
communication protocols and models as well as a suitable working environment—have to be modelled. For communication, our
framework will utilize functionality already provided in ns-3 and
available third-party modules. Since – to the best of our knowledge
– no ns-3 module for simulating the whole cardiovascular system
exists, we designed and implemented BloodVoyagerS. The prototype models a simplified human vascular system to realize the
movement of nanobots within the human body. The simulation
shows that BloodVoyagerS moves injected nanobots as expected,
and that the nanobots achieve a dynamic equilibrium after about
7 min.
So far, BloodVoyagerS only models major blood vessels, but
neither specifics of organs and smaller vessels nor the chemical and
physical properties of blood. Since a lot of these local effects can
affect the system-level distribution and communication of nanobots we plan to incorporate these aspects into the simulator in
future work. Similarly, the blood flow model can be refined to for
example, include the pulsing nature of heart pumping motion. By
now, the simulated nanobots were moved but did not communicate.
Further work must evaluate the behavior of cooperating medical
nanobots, thus testing the combination of communication and body
simulation.
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