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Abstract

Testbeds play an essential role in the development of real-life molecular communication applications and experimental validation

of communication channel models. Although some testbed concepts have been published in recent years, very few setups

are inherently suitable for biomedical applications. Furthermore, systematic experimental data of a wide parameter field

for molecular communication is scarce and often difficult to generate. In this work, a biocompatible testbed for molecular

communication with magnetic nanoparticles is used to investigate a series of transmission channel parameters. The observed

results are discussed in the context of a laminar flow channel. All experimental data regarding the parameter studies as well

as an additional data set for a large binary transmission sequence is provided as a supplement to this publication. The data is

available on a public server to allow for further use by other researchers.

1



IEEE TRANSACTIONS ON MOLECULAR, BIOLOGICAL AND MULTI-SCALE COMMUNICATIONS 1

Channel Parameter Studies with a Biocompatible
Testbed for Molecular Communication: Methods

and Data
Max Bartunik, Janina Teller, Georg Fischer, Jens Kirchner

Abstract—Testbeds play an essential role in the development of
real-life molecular communication applications and experimental
validation of communication channel models. Although some
testbed concepts have been published in recent years, very
few setups are inherently suitable for biomedical applications.
Furthermore, systematic experimental data of a wide parameter
field for molecular communication is scarce and often difficult
to generate. In this work, a biocompatible testbed for molecular
communication with magnetic nanoparticles is used to investigate
a series of transmission channel parameters. The observed results
are discussed in the context of a laminar flow channel. All
experimental data regarding the parameter studies as well as
an additional data set for a large binary transmission sequence
is provided as a supplement to this publication. The data is
available on a public server to allow for further use by other
researchers.

Index Terms—molecular communication, nanoparticles, spi-
ons, parametric data, methods, testbed

I. INTRODUCTION

Molecular communication can be used to establish a com-
munication link in environments where conventional elec-
tromagnetic communication is infeasible [1], such as in a
medical scenario with a restricted power source. Instead
of electromagnetic waves, information particles are used to
propagate information in a gaseous or fluid channel (e.g. the
cardiovascular system) [2]–[6]. In a medical scenario it is
essential to use biocompatible information particles with little
to no interaction with the biological environment.

Although the concept of engineered molecular communica-
tion was suggested two decades ago [7], experimental setups
using molecular communication have only been presented in
recent years, with only few setups that are principally suitable
for medical applications amongst these publications.

Some of the first experimental work in molecular com-
munication used alcohol to transmit information through air
(i.e. a gaseous environment) as a medium [2]. This concept
was extended and applied by various other works [8]–[14].
Similarly, air-based communication with other information
particles, such as fluorescent particles [3] or odours [15], [16]
has also been proposed. However, as systems using gaseous
environments are typically not applicable to a medical context,
we will focus on fluid-based testbeds.

Experimental setups for fluid environments using a wide
range of information carriers, such as glucose [17], salt [18],

M. Bartunik, J. Teller, G. Fischer and J. Kirchner are at the Institute for
Electronics Engineering, Friedrich-Alexander-University Erlangen-Nürnberg
(FAU).

[19], or pH value [5], [6], [20], [21], have been constructed.
Applications to biomedical contexts were specifically regarded
in [18], where a pharmacokinetic model as a method for data
transmission in the human body was modelled, and [17], where
glucose concentration was modulated in a biocompatible setup.
In [22], data transmission using the concentration of DNA
strands was investigated. However, the experiment involved
an offline manual sampling procedure and cannot be used for
continuous transmissions.

Principally, the use of materials which are naturally present
in the used biological environment (such as glucose or salt)
as information carriers, will be very restricted and subject
to significant environmental interference (e. g. homeostasis).
Many medical applications, such as communication in a
blood vessel, will therefore not be feasible. In contrast, the
concept presented in [4], on which this paper is based, relies
on artificially synthesised magnetic nanoparticles (specifically
superparamagnetic iron-oxide nanoparticles, or SPIONs) to
encode information. The used SPIONs have been shown to be
biocompatible [23], [24] and are therefore suitable for medical
applications.

The work presented here is based on a testbed using
SPIONs in a background flow of water, published in [25]. In
previous work, SPIONs were detected at the receiver using
either inductive setups with wire-wound coils [26]–[28] or
a capacitance sensor [29]. Here, we will be using planar
coils with an inductive sensor [30]. In contrast to wire-wound
coils, these are easier to manufacture and can be placed on
the outside of a transmission channel instead of requiring
the channel to be passed through the sensor coil. They are
therefore an essential improvement for an application scenario.

Acquisition of real testbed data is an essential factor to
understanding processes in molecular communication and ver-
ifying system models. This paper therefore provides a set
of experimental data, investigating a variety of transmission
channel parameters. Furthermore, large sets of data, containing
two transmission samples with 1000 pulses with different
symbol intervals are provided.

II. TESTBED

The experimental setup can principally be split into the
components transmitter, channel, and receiver. The transmitter
injects SPIONs into the transmission channel to modulate the
concentration of nanoparticles observed at the receiver over
time. The channel is typically set by the application scenario
and has an active background flow.
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Waste
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Sec. III-E, III-F, III-GSec. III-C
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Fig. 1: Components of the investigated testbed setup. A pump is used to inject SPIONs into a channel with a constant
background flow of water. They are detected at the receiver using an inductive sensor with planar coils. The components that
were modified in parameter studies (background flow rate, channel length, channel diameter, channel geometry) are annotated
with the appropriate section references.

An overview of the testbed setup, annotated with the param-
eter variations investigated in Sec. III, is provided in Fig. 1.

A. Transmitter

Either a peristaltic pump (Ismatec Reglo ICC1) or microp-
ump (Bartels mp6-liq2) is used to inject SPIONs into the
background flow in this work. The peristaltic pump has a
high forward flow pressure, enabling consistent dispensing
with changing output pressures. It is used for the experiments
regarding different transmission channel parameters. Due to its
compact size, the micropump is more applicable to real-life
setups. It was therefore used for the modulated injections in
the data transmission samples.

The peristaltic pump was controlled from a PC via a USB-
connection using the software tool provided by the manufac-
turer (Ismatec Pump Control). The micropump was operated
using the manufacturers driver and interface (Bartels mp-
Highdriver43 and mp-Multiboard3), controlled from a Python
script.

The pump was connected to the transmission channel using
flexible tubing (Tygon LMT-55, 1.52 mm inner diameter) and
a venous cannula with a diameter of 0.7 mm. The cannula was
inserted into the transmission channel, along the direction of
flow, to then remove the needle.

B. Information Carriers

The SPIONs used as information particles, were man-
ufactured by the Section for Experimental Oncology and
Nanomedicine of the University Hospital in Erlangen [23].
They consist of an iron core and a biocompatible coating
of lauric acid to avoid agglomeration. They typically have
a hydrodynamic radius of 50 nm and were used at a stock
iron concentration of 7.5 mg/mL, suspended in water. The

1us.vwr.com/store/product/39213403/masterflex-ismatec-reglo-
independent-channel-control-icc-peristaltic-pumps-avantor

2www.bartels-mikrotechnik.de/en/micropumps/
3www.bartels-mikrotechnik.de/en/microelectronics/

TABLE I: Reynolds number for a selection of used channel
parameters. In all cases Re ≪ 2300 holds.

Volumetric flow rate Tube diameter Reynolds number

2 mL/min 1.52 mm 28
10 mL/min 1.02 mm 208
10 mL/min 1.52 mm 139
10 mL/min 2.79 mm 76
10 mL/min 3.17 mm 67
20 mL/min 1.02 mm 415
20 mL/min 1.52 mm 279

nanoparticles are biocompatible and have been used in other
medical applications, such as drug targeting [31].

The magnetic properties of the SPIONs (i.e. a high sus-
ceptibility and no remanence) can be used to detect the
nanoparticles using susceptometers or other devices capable
of detecting the change of an electromagnetic field.

C. Channel

As for the particle injection, flexible tubing is used as the
transmission channel. In most cases, a channel with an inner
diameter of 1.52 mm and a constant water flow of 10 mL/min,
upheld by the peristaltic pump, was used.

The Reynolds number Re can be used to determine the
applicable flow regime for the used setup. For fluids, with
the density ρ (998 kg/m3 for water at normal temperature
and pressure) and dynamic viscosity µ (1×10−3 kg/(m s)), in
a smooth circular pipe with diameter d

Re =
ρV d

µ
< 2300 (1)

must be fulfilled to ensure a laminar flow regime [32]. The
velocity v can be calculated from the volumetric flow rate Q
as

v = Q
4

πd2
. (2)

Due to the channel geometry, we can typically observe a
laminar flow profile, with a high velocity in the centre and



IEEE TRANSACTIONS ON MOLECULAR, BIOLOGICAL AND MULTI-SCALE COMMUNICATIONS 3

close to zero velocity at the edges, inside the tube. The laminar
flow causes an injected particle burst to be distributed axially
with a high initial concentration and a long (theoretically
infinite) trailing response. Tab. I shows the Reynolds number
for a selection of channel parameters used in this work. In all
cases the criterion for laminar flow is met.

D. Receiver

The SPIONs are detected at the receiver using an inductive
sensor with a planar coil [30]. As the nanoparticles pass by
the planar coil, their susceptibility causes a shift of the coils
inductance, which can in turn be detected as a change in
resonance frequency of a parallel resonant circuit. This is
achieved using the inductance to digital converter LDC16144

from Texas Instruments, paired with a coil (29 mm diameter,
30 turns per layer, 4 layers) selected from the LDCCOILEVM5

kit and a 68 pF capacitor. The coil used here was chosen from
a variety of different geometries as it showed a good sensitivity
in the testbed setup [30].

The sensor was operated with the manufacturers software
(Sensing Solutions EVM GUI from Texas Instruments4) at an
effective sampling rate of approx. 50 Sa/s.

III. PARAMETER VARIATIONS

As we specifically want to investigate the behaviour of the
molecular communication channel under different physiologi-
cal conditions, a variety of channel parameters and geometries
were evaluated regarding their impulse response.

A. General Measurement Procedure

In all cases, a train with ten bursts of SPIONs, separated by a
delay of 30 s to allow for a return to the baseline concentration,
was injected using the peristaltic pump. Each burst consisted
of 30 µL of the stock suspension and was injected at a flow
rate of 10 mL/min. Before each measurement, an initial pulse
of SPIONs was injected to ensure an identical state of the
injection pathway throughout experiments (initialisation). The
sequence is illustrated in Fig. 2.

If not specified otherwise, the receiver (i.e. the starting edge
of the sensor coil) was placed at a distance of 50 mm from the
tip of the injection cannula, the background flow was set to a
flow rate of 10 mL/min, and the transmission channel had an
inner diameter of 1.52 mm.

B. Data Analysis

The recorded data was evaluated using MATLAB (Math-
Works). First, the raw data samples were offset corrected
to a zero baseline by subtracting the overall minimum and
interpolated using linear interpolation to a consistent sample
rate of 100 Sa/s, eliminating inaccuracies in the sampling
intervals caused by inconsistent transmission delays. Then, a
moving-average filter with a width of ten samples was applied
to reduce environmental noise. The filtered data set was split

4www.ti.com/product/LDC1614
5www.ti.com/tool/LDCCOILEVM

0 100 200 300 400

Time (s)

Init 1 10

Fig. 2: Test procedure containing an initial burst (Init) and
a train of ten injections (blue). Each injection burst has a
duration of 0.18 s. The recorded measurement window is
shown in green.

into individual segments, each containing the response to one
injection burst, to then synchronise the segments by max-
imising the cross-correlation between the impulse responses.
Finally, the responses were averaged, eliminating the two
strongest outliers.

Two key performance indicators (KPIs) to characterise
the impulse responses were evaluated, namely the maximum
amplitude and full width at half maximum (FWHM). They are
assessed for each data segment, to then determine an average
with standard deviation of the complete data set.

C. Background Flow
A parameter with a substantial influence on the distortion

of the injected pulse during transmission is the rate of the
background flow in the transmission channel. In a real-life
application this will typically be a pre-set condition, such as
the flow rate of a specific blood vessel. In the testbed, the
background flow, driven by a peristaltic pump, was varied over
a decade from 2 to 20 mL/min (similar to e. g. the flow rate
in a foot [33] or hand [34] artery).

As we can see in Fig. 4 (see Fig. 3 for average impulse
responses), the maximal amplitude decreases as the flow rate
of the background flow increases. This corresponds to a higher
dilution ratio of the injected SPION bursts. As the flow rate
changes, so does the velocity and therefore the observed
duration of the nanoparticles at the receiver. Additionally, the
initial distribution is changed with the relative flow rate of the
injection. By normalising the FWHM tFWHM to the ratio of
injection flow rate Qinj to background flow rate Qchannel and
tFWHM | Qinj = Qchannel as reference, according to

t′FWHM =
Qchannel

Qinj

tFWHM

tFWHM | Qinj = Qchannel
, (3)

the change of FWHM caused by an increased observation
duration with the change in velocity can be eliminated. The
normalised FWHM (dimensionless) in Fig. 4 shows a slight
increase for the highest flow rates, corresponding to a change
in injection dynamic (e. g. more turbulence at the point of
injection). Nonetheless, we can observe that a potentially
different relative background flow rate only has a minor effect
on the initial distribution of an injected burst of SPIONs.

D. Channel Length
The maximally usable channel length is an important factor

when implementing a molecular communication system. As
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Fig. 3: Impulse responses for different background flow rates
in the transmission channel ranging from 2 to 20 mL/min.

in electromagnetic transmissions, an increased channel length
will have a negative impact on the quality of the received
signal. Multiple short sections may be cascaded to establish
long communication links.

In molecular communication the observed distances are
typically very small, up to the centimeter range. The testbed
response was evaluated for distances in the range of 50 mm to
350 mm using the same procedure as before.

As the channel length increases, the axial distribution of the
injected SPION burst, due to laminar flow in the transmission
channel, also widens and causes both a reduction of the peak
amplitude and a larger half maximum duration. As can be
seen in Fig. 5, this effect is very pronounced for channel
lengths of 300 mm and above. At these lengths, the duration
measurement has a large deviation due to the small amplitude.
The relative increase of noise is also visible in the average
impulse responses shown in Fig. 6.

E. Channel Diameter

Large variations of the channel diameter can have a signifi-
cant influence on the transmission behaviour as different flow
regimes become dominant. However, in the context of this
testbed we will only observe parameters within the laminar
flow domain. The aforementioned measurement procedure was
repeated with the original tube with a diameter of 1.52 mm and
three other tubes with the diameters 1.02 mm, 2.79 mm, and
3.17 mm.

Fig. 7 shows the observed FWHM at the receiver, which
increases consistently with the transmission tube diameter.
This behaviour corresponds to a reduction of the average
velocity, as defined by Eq. 2. Large variations in amplitude
and pulse shape (see Fig. 8) can be observed. However, due
to the variety of potential influence factors (ratio of injection
cannula diameter to channel diameter, average flow velocity,
distribution behaviour at point of injection) these cannot be
clearly attributed to a specific physical effect.
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Fig. 4: Amplitude, FWHM, and FWHM normalised to the
ratio between injection and background flow rate observed at
the receiver for different background flow rates. An increase
in background flow (and therefore velocity) causes a reduction
of maximal amplitude as the injected burst gets diluted more
and leads to a smaller FWHM duration.

F. Bent Channel

So far, we have observed an unobstructed and straight
channel from the transmitter to the receiver. We will now
investigate the changes in impulse response when the channel
is bent at different angles in the middle between transmitter
and receiver. To this end, a special rig with well-defined angles
was manufactured with a 3D-printer. The transmission channel
was then placed into the various angle positions (35° to 180°)
and the impulse response evaluated as before. Due to the
additional space required for the bending rig, the channel
length was chosen as 100 mm.

The results in Fig. 9 show no consistent overall trend.
However, a higher FWHM can be observed for the sharp
angles (≤ 90°). This is caused by a collection of nanoparticles
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Fig. 5: Maximal resonance shift and FWHM recorded for dif-
ferent channel lengths. The amplitude decreases significantly
with an increased channel length while the FWHM rises. The
accuracy of FWHM measurement is impacted for long channel
lengths by the low signal amplitude.
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Fig. 6: Impulse responses for varying transmission channel
lengths (i.e. distances between the point of injection and the
sensor coil).

in the bent section, acting like a capacitor in an electrical
circuit. An initial high concentration of SPIONs is reduced
as particles are held in the bend and are washed out over
time, contributing to the impulse responses trailing edge. A
distinct change in signal shape can be observed in the averaged
impulse responses (see Fig. 10).

G. Constricted Channel

Another possible channel variation in a real-life application
may be a localised channel constriction, producing a short
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Fig. 7: Variation of the tube diameter used as a transmission
channel.
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Fig. 8: Impulse responses for four different transmission
channels with the specified inner diameter.

section with an increased flow velocity. In our setup, a con-
striction was systematically produced in the middle between
the transmitter and receiver using a calliper to squash the
flexible transmission tube (with an inner diameter of 1.52 mm
and an outer diameter of 3.22 mm) from the outside. The
outer diameter was reduced in steps of 0.2 mm to 1.8 mm.
The overall thickness of the (flexible) tube wall is 1.7 mm.

As can be seen in Fig. 11, the channel constriction has no
prominent effect on the response amplitude or FWHM. This
can also be confirmed when comparing the averaged impulse
responses in Fig. 12 directly.

The laminar flow criterion Re < 2300 in this setup holds
for channel diameters larger than 0.09 mm. Therefore, laminar
flow is still present for the thinnest constriction (0.1 mm). This
explains the consistency of the impulse response for various
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Fig. 9: Amplitude and FWHM for a channel of 100 mm length,
bent at a various angles in the middle. Although no overall
trend is apparent, an increased FWHM for sharp angles can
be observed.
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Fig. 10: Impulse responses for a transmission channel with
15 cm length, bent in the middle at the specified angle.

constriction diameters. In contrast to a systematic change of
the channel diameter, a localised section with a changed flow
velocity has little effect on the observed impulse response at
the receiver.

IV. TRANSMISSION SAMPLE

Data transmission can be achieved using the testbed by
modulating the injection of SPIONs. Possible transmission
schemes include on-off keying [26], [27], concentration shift
keying [28], [35], and pulse-position modulation. In [35] a
successful data transmission with an effective data rate of
5.5 bit/s was shown.
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Fig. 11: Amplitude and FWHM for a transmission channel
with a localised constriction. The constriction was produced
by squashing the tube with a calliper.
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Fig. 12: Averaged impulse responses for a transmission chan-
nel with a localised constriction. The legend shows the remain-
ing outer diameter at the constriction. No significant change
to the impulse response can be observed.

The data transmission samples were generated using the
default testbed parameters (10 mL/min background flow rate,
50 mm long transmission channel, 1.52 mm tube diameter)
and the micropump to achieve the modulated injections. The
micropump was operated at 250 V and 70 Hz and the injection
cannula was fitted with an additional one-way check valve
(Darwin Microfluidics) to reduce unwanted back-flow during
transmission pauses (see [25] for further details). The various
testbed parameters and essential components used for the data
transmission samples are listed in Tab. II.

A series of 1000 random symbols was transmitted using
on-off keying with symbol interval lengths of 0.75 s and 1 s.
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TABLE II: Testbed components and parameters used for the
data transmission samples.

Category Parameter Value

Transmitter Micropump Bartels mp6-liq
Voltage 250 V
Frequency 70 Hz
Injection duration 100 ms
Injection type venous cannula with valve
Injection diameter 0.7 mm
SPION concentration 7.5 mg/mL

Channel Tubing material Tygon LMT-55
Diameter 1.52 mm
Length 50 mm
Background flow pump Ismatec Reglo ICC
Background flow rate 10 mL/min

Receiver Sensor Texas Instruments LDC1614
Coil LDCCOILEVM, Coil K
Parallel capacitor 68 pF

Each transmission was additionally padded by the sequence

00000 111 00000 1 00000 10 (4)

to simplify automated transmission detection and synchronisa-
tion. Each ’1’ was represented by an activation of the injection
pump for 100 ms, whereas no injection was performed for a
’0’.

Fig. 13 shows a short transmission sample of the sequence

0110111010 (5)

for each of the different symbol interval lengths. Due to the
long transmission period (up to 17 min), environmental noise
throughout a transmission may vary significantly and often
causes a drift of the baseline reference.

V. DATA

The raw data for the various channel parameter experiments
is provided with this publication (see [36]). The files con-
taining the recorded sensor values for the impulse responses
can be found in the folders corresponding to the experiment
subsection titles. The data is provided as comma-separated
values (csv) files with two columns, one (time) containing
the absolute timestamp of the sample in seconds since the
beginning of the measurement, and a second column (value)
with the resonance frequency measured by the inductance
sensor in Hertz.

The recorded sensor data for the transmission samples is
also provided in the same format. Additionally, the used
random data sequence and the transmitted sequence including
the leading and trailing padding are provided as text and csv
files.

VI. SUMMARY AND OUTLOOK

Various transmission channel parameters, that are poten-
tially relevant in a communication scenario, were investigated
in the context of a biocompatible testbed. Often the appli-
cable flow regime (i.e. laminar flow) dominates the impulse
response, as could be observed for the channel flow rate
or length. An additional minor influence on the FWHM of
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Fig. 13: Section with ten binary symbols of a large data
transmission sample. Each ’1’ was represented by an injection
of SPIONs, visible as a peak in the received signal. Two
different symbol interval lengths (1 s and 0.75 s) were used.

a changed injection dynamic, caused by an increased back-
ground flow rate, was shown.

A localised high flow section, caused by a constriction, has
little to no impact on the systems impulse response and is
negligible in a transmission scenario. However, a sharp bend
acts like an electrical capacitor, leading to a reduced maximal
amplitude and an increased FWHM.

A change in channel diameter results in significant changes
of both the amplitude and FWHM. Although the variation of
the FWHM can somewhat be explained by a changed channel
velocity, further investigation into the multiple influence fac-
tors, especially the impact of gravity on the used SPIONs, is
necessary.

An additional supplement of large data samples, as well
as the raw data used for the individual parameter studies, is
provided alongside this paper. This enables other researchers
to use and work with experimental data for biocompatible
molecular communication (e. g. to evaluate channel models,
validate simulation results or develop communication proto-
cols), without having to construct their own testbed.
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G. Fischer, and J. Kirchner, “Comparative evaluation of a new sensor
for superparamagnetic iron oxide nanoparticles in a molecular com-
munication setting,” in Bio-inspired Information and Communication
Technologies. Cham: Springer International Publishing, 2020, pp. 303–
316.

[28] M. Bartunik, T. Thalhofer, C. Wald, M. Richter, G. Fischer, and J. Kirch-
ner, “Amplitude modulation in a molecular communication testbed with
superparamagnetic iron oxide nanoparticles and a micropump,” in Body
Area Networks. Smart IoT and Big Data for Intelligent Health, M. M.
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