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Abstract—The experimental appraisal of existing molecular
communication (MC) testbeds and modeling frameworks in real
blood is an important step for future internet of bio-nano things
applications. In this paper, we experimentally compare the MC
flow characteristics of water, blood substitute, and real porcine
blood for a previously presented superparamagnetic iron oxide
nanoparticles (SPION) MC testbed. We perform an extensive
analysis of the channel impulse response (CIR) behavior of
the testbed for the different fluids. Based on the identified
MC flow characteristics, we extend an existing mathematical
framework for our SPION testbed to capture the flow properties
of blood. We evaluate its applicability to the collected data in
comparison to two existing theoretical CIR models for MC in
blood. In our work, we see that the added complexity of the
transmission in blood opens up promising new possibilities to
improve communication through the human circulatory system.

Index Terms—Molecular Communications, Fluid-based Com-
munication, Nanoparticles, In-body Communication, Testbeds

I. INTRODUCTION

Molecular communication (MC) was proposed as an en-
abler for communication through the human body via the
human circulatory system (HCS). Akyildiz et al. [1] coined
the term internet of bio-nano things (IoBNT) to describe
the concept of biocompatible nanomachines cooperating in
the HCS. Their vision used MC to facilitate communication
between the nanomachines. To this day, this concept promises
to make continuous disease monitoring and precision medicine
a reality. Multiple steps have been taken to make MC a
viable solution in the life sciences. Many testbeds employing
different signaling molecules were developed [2], [3], their
theoretical and practical performance was evaluated [4], [5],
and based on these systems, different problems, such as
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modulation, coding, or synchronization [6]-[9], were tackled.
Although these solutions are valuable and address many im-
portant questions for the future use of MC in the human body,
they leave one important question open. Most of the existing
research assumes a flow medium that behaves like water or, in
the case of the testbeds, actually is water. In the HCS, though,
the flow medium is not a simple Newtonian fluid, but instead
blood, a complex 2-phase non-Newtonian fluid.

The difference between the two media leads, for example,
to a different flow profile [10] and changed particle distri-
bution [11]. While using simpler systems with water is an
option for first evaluations and proof-of-concept analysis, it is
not sufficient for the move from theory to the real world. If
we want to transfer MC to medical in-body applications in the
HCS, we must understand how we can model and work with
the movement of MC signaling particles through blood and the
human body. Huang et al. [10] and Yue et al. [12] recently
approached the changes introduced by the medium change
by evaluating the channel impulse response (CIR) in blood
theoretically. To produce mathematical models grounded in
reality, we must approach the topic not only from a theoretical
perspective but also from an experimental perspective.

In this work, we will for the first time experimentally
appraise the applicability of existing CIR models to MC
transmission in blood by comparing them to measurements
of MC in different media. For our experiments, we deploy the
superparamagnetic iron oxide nanoparticles (SPION) testbed
developed by Bartunik et al. [13] in a simple setup inspired by
the Arteria radialis. We evaluate the behavior of the system for
water, blood substitute, and porcine blood, with four different
channel lengths, two different transmitter (Tx) geometries,
and two different flow velocities. Using the collected data,
we compare the existing mathematical model to the observed
behavior and adapt the model to the presented setup. This
presents an important first step for the transfer of simplified
theoretical models to more complex real-world behavior and
the inclusion of MC in future medical applications.

Our key contributions can be summarized as follows:

o We experimentally compared the MC flow characteristics

of water, blood substitute, and real porcine blood.

e We extended a mathematical framework to cover the

identified MC flow characteristics to capture the flow
properties of blood.

II. EXPERIMENT SETUP

In the following, we will explain the setup, the signaling
particles, and the background flow media.



TABLE |
EVALUATED CONFIGURATIONS

Parameter Values

background ow medium  water, blood substitute (water-glycerin),
porcine blood
channel length 5; 10; 15 and 20 cm from the injection
to the middle of the sensor coil
background ow velocity 7:5 and15cm=s
injection geometry 90° from the side of the channel,
via a cannula directly into a channel at 0°

C. Background Flow Medium
Fig. 1. The setup of the testbed for the evaluation with different uids with

both injection geometries. In our experiments, we use three different uids for the
background ow. As a baseline and an example of a Newtonian
A. Testbed Setup uid, we use distilled water at 20° and as a substitute for

For our experiments, we use the SPION-based MC testtd¢man blood and an example of a non-Newtonian two-phase
introduced by Bartunik et al. [13] as shown in Fig. 1. Thelid, we use porcine blood a8 C. The blood had a hema-
testbed consists of a syringe pump, a Tx with two micropumﬂ@,crit of 40:2% and was sourced from a local butchery from
an MC channel of varying length, a receiver (Rx) with tw@ Single pig and used for the experiments at the same day as
sensors, and a waste container. The syringe pump p,ovig@g slaughter. To stop coagulation, the blood was heparinized
the background ow for all experiments. The medium owsWith 0:108 gheparin per litre blood.
through silicone tubing along the Tx and the Rx into the waste TO evaluate the impact of viscosity, we additionally evaluate
container. The radius, = 1:5mm, and the maximum length, @ water-glycerin mixture as blood substitute. With a mixing
dmax = 20 cm, of the channel are set according to the approxatio of one part glycerin to two parts water, we adjust its
imate dimensions of the Arteria radialis [14]. The maximun{iscosity a20 C to equal the viscosity of the used blood [18].
ow velocity is set according to the average expected blood
ow velocity in the Arteria radialis withvmax = 15 cm=s [15]. I1l. EXPERIMENT RESULTS

The following two Tx geometries were used: In geometry We rst comparatively evaluate the collected experimental
A, we inject with two micropumps from opposite sides of theata for different uids and then consider the injection geome-
channel tubing to achieve an approximately uniform injectiofiies and background ow velocitiesThe studied con gura-

geometry. In geometryB, we inject via a cannula into thetions of the setup are summarized in Table .
center of the bloodstream. In both cases, we inject the same

volume of SPIONs at a ow rate of 10 mL/min and use valveg\ Background Flow Medium
to stop back ow and leakage. For the Rx, we employ two "

identical planar sensor coils [16] set next to each otieme  F19- 2 shows the sensor response at the Rx for blood,
emitted SPIONSs in uence the inductivity of the coil whenPl00d substitute, and water at a distancedof 5cm and

they ow along it in the channel. We observe the change ify= 15 ¢m over time. The measurements show the importance
inductivity by measuring the resonance frequency of the coff the uid viscosity for the CIR. While the peak frequency
and describe it with the resonance frequency shift. This Shﬁl@lfts for blood and blood substitute are around the same level,

changes according to the change in the external magnetic elf® values in water are consistently lower. Here, the lower
e.g., the number of magnetic particles and their speed. viscosity leads to the emitted signal spreading wider faster.
’ We additionally observe an important property for the

B. Signaling Particles results in blood. While the CIR in blood substitute and water

only shows one peak, the CIR in blood shows two. This is

The testbed USes superpgramggnenc iron oxide NaNOPYLe to the short increase in the volumetric ow rate produced
cles (SPION) particles for signaling. They were synthesiz the injection. The sensor coils detect the pulse moving

using co-precipitation_ k_)y the Section for E)gperir_nental QQErough the channel via the iron contained in the blood and
cology and Nanomedicine (SEON) of the University Hosp|t9 cord the signal overlapping with the signal produced by the

Erlangen [17]. The SPION particles consist of a magneti IONs. The reaction of the sensor coil to the iron content
core that is surrounded by a coating that makes the particle

: . L . ) the blood is also visible in a constant resonance frequency
.compa'mble' with the uid it is used in. The coating substan.cgffset produced by the blood moving along the Rx.
is lauric acid (LA) for water. For use in blood, the LA layer is
substituted by dopamine and binds a layer of human serum al- )
bumin. They have a hydrodynamic diameter of approximateRy Flow Velocity
50nm[13]. In all experiments, we use a SPION solution with The CIR of the three uids forvypax = 7:5 and 15cnes
an iron concentration 0 mg=mL diluted in distilled water. is shown in Fig. 3. In the results, we observe the peaks

1The program used for the control of the Tx and Rx is available online at2The collected data set and a supplementary visual summary of the same are
https://github.com/LCPW/Uni edGUI available online via Zenodo under https://doi.org/10.5281/zenodo.15064515.
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Fig. 2. CIR in blood, blood substitute, and water averaged over 8 consecutivig. 4. CIR in blood, blood substitute, and water for an injection at 0° and
pulses at a distance af = 5 and 15cm, ow velocity of 7:5cm=s and 90° averaged over 8 consecutive pulses at a distana® ®f5cm and a
injected at a 90° angle. background ow velocity of7:5 cm=s.

via two injection points. If the micropumps are not perfectly
synchronized, the symbol can split up slightly into two peaks.

IV. MATHEMATICAL MODEL

In the following, we briey discuss the channel charac-
teristics de ning transmission in different uids, present the
proposed model, and compare it to the collected measurements
and to two existing CIR models for MC in blodd.

Fig. 3. CIR in blood, blood substitute, and water for a maximum background
ow velocity of 7:5 and 15cm=s averaged over 8 consecutive pulses at -
distance ofd = 5cm and injected at a 90° angle. 93‘ Channel Characteristics

_ . . _ . Fluid ow can be either laminar or turbulent. For our models
registering the SPIONs earlier and with a lower amplitudg work, it is crucial that we work with laminar ow as
for a higher speed. While for both velocities the timing ofurbulent ow would introduce more complex behavior. The
the injection peak in blood is approximately the same, WReynolds numberRe) can be used to determine which type

observe a decrease in the amplitude for a higher speed. Hesfe ow occurs in the channel. We calculate it as
the difference between the injection speed and the background 2 Vet

ow speed is lower, leading to a decrease in amplitude of Re ; (1)

it:\]'ee clt?(J)iCtlggkpceoi(- Ig‘ticlj't'g\?gg’ ;?/C/i?mhz leziim:gdtjzz q where2r is the channel diametergs the average velocity over
) P pletely P € peax p channel cross section, andhe kinematic viscosity, which
the SPIONs. The height of the peak registering the SPIONs. 6 o .
. . . . iS"in the range ofl0 ° m“=s [18], [19] for the used uids.
changes with the velocity gradient over the radius of the . : . .
: : ; ; sing this and the values in Section II-A we calculate
channel. For a higher maximum velocity at the middle o
the channel, the velocity gradient towards the channel wall Vet = Vmax ( +1) @)
is higher. As a result, the signal spreads wider faster and 3 +1 7
produces a lower frequency shift. where is the ow behavior index of the Power-law model
and piood = 0:357 @and  piood substitute=  water = 1, we esti-

C. Injection Geometry mateRe [10]. An Re value below2100indicates laminar ow

Fig. 4 shows the CIR in the different uids for an injectionin Circular transmission tubes [20]. WitRe 107 2100
at 90° from the side of the channel, i.e., injection geomet®€ can safely assume this to be the case in our setting.
A, and via a cannula directly into a channel at 0°, i.e.,
injection geometryB. The results show the importance o8- Mathematical Model
the injection geometry for the observed signal. While the We base our CIR analysis on the model previously presented
amplitude and timing of the initial injection peak in blood iy Unterweger et al. [19]. We extend their approach to include
approximately equal for the evaluated con gurations, the peake parameter as mentioned above to model the change of the
representing the registered SPIONSs varies greatly for all uidsw pro le for non-Newtonian uids. For Newtonian uids,
For injection geometrys, we detect the SPIONs slightly lateri.e., =1, the model equals the original formula. Based on
and register a much lower amplitude and wider signal. Duringnterweger et al. [19] and these considerations, the expected
our experiments, we observed that the injection through tbeservation probability can be described as:
cannula appears to enhance mixing effects that lead to the 8

. d
signal impulse spreading into unrecognizability much faster. 30 s L v

The injection from the side of the channel, on the other side, Pop(t)= _ 1 Vm‘ixt ; & <t dV*TC 3)
seems to produce an initial distribution that is more localized 2 (d+c,)° d° e ot

at the center of the channel, leading to a peak that is not (Vimax £)° " Vmax

pulled apart as much. In the m_easuremems "_1 Water_ 'n 3’_ OBThe Python and MATLAB scripts from our evaluation are available under
the other hand, we see a physical problem with the injectionps://github.com/tkn-tub/Molecula€ommunicationin_Blood.



whered is the distance between Rx and Tcx, the depth of
the Rx along the axis andvn, the maximum velocity in the
channel. The newly introduced shape factds calculated as

_(+n 2
S=aT @

where is the shape factor de ned by the uid viscosity
according to the Power-Law model, which is multiplied by
+1, the form factor from Unterweger et al. [19] describing
the initial distribution of molecules over the channel diametatig. 5. CIR in blood averaged over 8 consecutive pulses for a ow velocity
of 7:5cm=s and injection at a 90° angle with t according to Eg. (3) for
different communication distances over time.
C. Model Evaluation
Fig. 5 shows the development of the CIR in blood over an
increasing distancé=5; 10; 15 and 20 cmtogether with the
tted mathematical model. The timing of the initial injection
peak stays the same for the evaluated distances, while its
amplitude decreases slightly over larger distances. This may be
due to the elasticity of the silicone tubing used for the channel,
similar to the Windkessel effect in the HCS. The Windkessel
effect describes the equalization of the pulsatile ejection of
blood by the heart into a continuous and signi cantly lowerrig. 6. CIR in blood averaged over 8 consecutive pulses at a distance of
loss ow through the body. This effect is caused by thg,q 3= BTEE T8I B F0 =t o) over tme.
elasticity of the large arteries, especially the aorta, and can
also be generated by elastic tubes or compressible uids. T

litude of th K induced by th e g@erall shape of the measurements. Overall, we see that our
amplitude of the peak induced by the SPIO,N transmlssmﬁmde' currently matches the collected measurements best.
on the other hand, decreases much more with the increasing
distance. At the same time, the recorded signal becomes wider

. . . V. DISCUSSION
as the transmitted signaling molecules spread farther apart. ) .
Together with the collected measurements, we visualize|'® Presented results show the importance of modeling

the mathematical model from Eq. (3). It was tted to thdnolecular communication (MC) in blood rather than water or
experiment setup by minimizing the mean square error (MSRipod substitute. If MC is supposed to enable future 10BNT
between model and measurements. To correctly include HePlications, its behavior in this environment must be well
initial injection peak, we used a weighted sum consisting gpown. While the blood-based channel may introduce negative

two P, equations to represent the CIR. The gure shows th&ffeCts at some points, our results show that it can also
our model can accurately replicate the system behavior. introduce CIR characteristics that open new possibilities.
The initial peak induced by the increase in volumetric ow

) rate from the injection has a similar amplitude, width, and

D. Model Comparison timing over all evaluated distances. With its reliable behavior,
In Fig. 6, we show our tted model in comparison withit could potentially be useful for localization and identi cation

two existing theoretical models for an CIR in blood ttedof communication participants. Especially in more complex
to our measurement data by minimizing the MSE. While theetworks with bifurcations, the added information from the
model by Huang et al. [10] does consider non-Newtonian owjection peak might offer huge advantages. The evaluation of
behavior in the ow pro le, it only uses the pro le's average the testbed in more complex networks with different bifurca-
velocity in the calculations. This simpli cation leads to thetions is therefore an important step for future research.
formula not accurately representing the pulling apart of the Additionally, we see in our results that the decision of how
injected particle cloud due to the velocity gradient along th&gnaling molecules are brought into the system makes a big
radius. For the peak directly after the injection, the problenifference for the observed CIR. While an exact injection at
is not visible in the results, yet. In the peak representing tlae90° angle is unlikely for medical applications in the human
SPION, which takes longer to reach the receiver, we see thedy, it is essential that we consider alternative options for
in uence of the use of a single velocity in the calculationsfuture testbeds. Here, our results for the different background
The model peak occurs later and in the middle of a symmetrimn velocities show a possible approach to mitigating the
CIR curve in comparison to the real measurements that shdisadvantages introduced by a given injection method. If the
a quick increase in the frequency shift followed by a longatistance between Tx and Rx is known, the combination of an
tail. The model by Yue et al. [12] shows a similarly delayeddjustment of the velocity of the particles and the option to
peak. With a corrected peak position, this simpler model coubderlap the initial injection peak and the one from the SPIONs
potentially be helpful for estimating the arrival of the bulk ofnight improve the quality of the transmitted signal.
the particles. For a more elaborate analysis, though, we fac&\Ve must accept that the evaluation of MC testbeds with
the problem that the model does not accurately represent theod will not be possible in all laboratory setups. It is



therefore important that we, on the one hand, nd appropriatdhannel response and use the discovered CIR characteristics
alternatives that replicate the behavior of blood in the M@ improve MC in blood.
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