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Abstract— In this letter, a low-weight and low-power noninvasive ECG heart beat detector for pulse analysis in small
vertebrates is proposed and verified on bats. To achieve this low weight, the ECG front end is optimized for low space
requirements and low energy consumption, drawing only 30 µA. The complete system, including the system on chip for
recording and wireless data transmission, requires 3.3 mA in active mode. Since only a small battery with a weight of 0.6 g
is used, this low power consumption is necessary to still be able to reach a continuous measurement time of more than
6 h. Compared to other solutions, this newly proposed system gathers data via noninvasive electrodes while still achieving
a high signal quality and, at the same time, is light enough to allow airborne measurements without affecting the animal’s
behavior.

Index Terms—Sensor applications, biological sensors, ECG, wireless sensor network.

I. INTRODUCTION

The heart rate of small vertebrates such as birds, bats, or rodents
is the key to understand the effects of behavior on the physiological
state. For example, the heart rate of bats is an indicator for their
metabolic rate, which gets lowered during periods of inactivity like
hibernation [1]. The heart rate of bats can vary during the course of a
day between 200 beats per minute (bpm) while resting and 900 bpm
during flight [2]. For torpor-like states even lower heart rates can
be observed. Despite such extraordinary observations on individual
bat species, our understanding of how different species have adapted
to cope with different conditions is still limited. This is partly due
to current measurement equipment being too heavy to be used on
small bodied species. Also, most available systems rely on invasive
measurements, which result in a much higher impact on the animal as
well as making the usage more complicated in the field.

In order not to affect the animal’s natural behavior, the weight of
the animal-borne measuring equipment has to be kept below 5%–10%
of the body weight [3]. Thus, to increase the amount of species whose
heart rate can be investigated while roaming freely, the weight of the
measurement system should be reduced as much as possible.

The weight of the system proposed in this study is 0.5 g for the
platform itself, 0.1 g for the electrodes plus 0.6 g for a 20 mAh battery
with a nominal voltage of 3.7 V. In this configuration, a runtime of
up to 6 h of continuous measurements can be achieved. If a lower
weight is desirable and a lower runtime acceptable, the overall weight
can be further reduced by using a 0.35 g 12 mAh / 3.7 V battery.
Longer runtimes can be achieved by scheduling ECG data collection
and keeping the system in a low energy mode in between measurements
rather than sampling continuously. The system proposed in this letter
is optimized and tested for, but not limited to, the study on bats.
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Fig. 1. ECG system overview.

II. SENSOR SYSTEM

The system is implemented on a 25 µm thin flexible printed circuit
board (PCB) substrate with 35 µm copper layers plus 25 µm solder-
mask on both sides. This results in an overall thickness of 145 µm.
Compared to a standard 1.55 mm FR-4 PCB, this allows a significant
reduction in weight. Also, the flexibility of the PCB makes it easier
to attach the PCB on bats. Even compared to thin FR4 PCB substrate
(0.3 mm FR4 + copper layers + solder mask), the flex material saves a
significant amount of material and, thus, weight due to being thinner.

In addition to the ECG frontend, the system also includes various
other sensors like an accelerometer, a magnetometer, and an air pres-
sure sensor. The other sensors can be used to get deeper insights into
the animal’s behavior like verifying resting and active periods [4].
However, in this letter, the focus is on the system for acquiring ECG
signals. The accelerometer was sampled parallel to the ECG sensor to
allow distinguishing between resting, moving, and flying ECG. Also
since the tag was equipped with all sensors, they add to the overall
energy consumption in the double digit µA range and increase the
required PCB area and, thus, the size and weight.

The part of the system relevant for gathering the two lead ECG
information is schematically shown in Fig. 1.

Gold covered copper plates are used as ECG electrodes, which are
produced together with the PCB of the tag itself in the same process.
Thus, these custom made electrodes come at virtually no extra cost
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Fig. 2. Greater spear-nosed bat (Phyllostomus hastatus) with ECG
system and attached electrodes.

Fig. 3. ECG analog front end.

Fig. 4. Sensor node.

and can be tailored especially for the size of the individual animal or
species to be researched.

These electrodes are attached to the depilated animal skin with a
conductive adhesive gel (Tensive from Parker Laboratories, Fairfield,
NJ, USA) for improved electrical contact. To keep the electrodes out
of the range of the animal, they are attached on the back, one above the
heart, and one at the lower back. Since the electrodes are placed on the
skin of the animal and are not implanted, the correct placement of the
electrodes is vital for good signal quality. Even only slightly misplaced
electrodes can significantly reduce the recorded signal quality.

In Fig. 2, a greater spear-nosed bat (Phyllostomus hastatus) with an
attached sensor node and electrodes is shown.

The ECG front end for amplifying and filtering the signal is derived
from the circuit presented in [5] and is further optimized for reduced
energy consumption and miniaturization, which is shown in Fig. 3. This
is done by selecting smaller components and more efficient amplifiers
as well as keeping leak currents low by choosing high resistor values.
Other than before, this newly developed system proposed in this letter

Fig. 5. ECG signal of a free roaming greater spear-nosed bat (Phyl-
lostomus hastatus), which was moving but not flying.

is small and light enough to allow ECG recording with wireless trans-
mission while the animal is airborne without affecting the animal’s
behavior.

As data processing unit an EFR32FG System-on-Chip from Silicon
Labs is used, which contains an integrated 16bit ADC that samples the
analog ECG signal with 500 samples per second.

In Fig. 4, the sensor node itself without attached ECG electrodes is
shown.

III. VERIFICATION

The system has been tested on 13 different bat species,1 at the
Smithsonian Tropical Research Institute, Gamboa, Panama. Exem-
plary for the measurements the ECG curve of a greater spear-nosed
bat (Phyllostomus hastatus) with well placed external electrodes is
shown in Fig. 5. In Fig. 6, the ECG wave of an a jamaican fruit bat
(Artibeus jamacensis) is shown. While the signal contains some minor
artifacts, the QRS-complex can clearly be seen.

IV. COMPARISON BETWEEN INVASIVE AND
NONINVASIVE MEASUREMENT

To compare invasive and noninvasive electrodes, one tag has been
equipped with medical grade wires as invasive electrodes. For the
invasive measurements, the medical grades wire electrodes have been
placed via two small cuts between the animals skin tissue layers at the
same position as the noninvasive electrodes. In Fig. 6, an invasive ECG
recording as well as a noninvasive recording of a jamaican fruit bat
(Artibeus jamacensis) is shown. While the signal contains more noise
compared to the one shown in Fig. 5, the single heart beats are still
clearly visible. Compared with each other, the noninvasive approach
even results in a slightly less noisy signal. The level of the amplitudes
between the measurements shown in Figs. 5 and 6 cannot be compared
directly as the level of the amplitude highly depends on the placement
of the electrodes and even more of the different physiological aspects
of different bat species or even individuals. The electrodes are placed
on the back of the animal to prevent the animal from removing them.
Thus, the distance to the heart highly depends on the body size, which
influences the recorded signal amplitude.

During long-term measurements, however, it can be seen that the
noninvasive approach results in high variations of the dc-offset. This

1System tested with Artibeus jamaicensis Artibeus lituratus, Phyllostomus discolor, Uro-
derma bilobatum, Vampyrodes major, Carollia perspicillata, Lophostoma silvicolum, Noc-
tilio albiventris, Phyllostomus hastatus, Pteronotus mesoamericanus, Tonatia saurophila,
Trachops cirrhosis, and Desmodus rotundus.
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Fig. 6. Comparison invasive and noninvasive measurement on the
same jamaican fruit bat (Artibeus jamacensis) with the bat moving
freely. Both graphs show the ECG curve of a moving but nonflying
animal.

is due to movements of the electrodes, which might result in tem-
porary separation of the electrodes from the skin or other ways of
movement related electrode-to-skin conductivity changes. Depending
on the movement, this can also result in spikes or other artifacts.

However, these spikes or artifacts only lead to short term interference
and the overall base line drift can easily be removed via high pass
filtering. Thus, the invasive and noninvasive measurement can be seen
as overall comparable regarding signal quality. Also, the noninvasive
approach reduces the impact on the animal and makes application in
the field easier. Taking the smaller impact on the animal and the easier
application in the field of the noninvasive approach into account, it
improves the overall usability of the ECG system.

V. ENERGY CONSUMPTION AND
DATA TRANSMISSION

Due to the strict weight limitations and, thus, only limited battery
capacity, it is critical to keep the energy consumption to a minimum.

To achieve this, the analog ECG frontend circuit is optimized for low
current consumption and only draws 30 µA with the two electrodes
connected and attached to an animal. Without attached electrodes the
current consumption is 3 µA. Both measured with a supply voltage
of 2.1 V. The average current consumption of the whole system is
3.3 mA at 3.7 V leading to more than 6 h of continuous measurement
with a battery with a capacity of nominally 22 mAh. The battery
voltage is regulated to 2.1 V via a dc–dc converter. Compared to the
ECG frontend, high current consumption of the overall system can
be explained with the wireless transmission of the data. Storing the
data on an onboard memory would reduce the current consumption
significantly.

Also, preprocessing the data onboard before transmission would
save energy [6], especially if only the heartbeat itself and not the raw
ECG curve is transmitted. Still, in the current setup, the raw data gets

fully transmitted despite the high current consumption. The problem of
calculating the hearbeat on board, before transmission, is that the form
of the recorded signal significantly varies between different species
(see Fig. 5 of an Phyllostomus hastatus and Fig. 6 of an Artibeus
jamacensis) and also between different individuals of the same species
depending on the electrode placement. Thus, implementing some
automated beat detection algorithm for broad use is not feasible and
might lead to the loss of biologically relevant data. Transmitting the
raw data, despite being less energy efficient, allows more precise and
deeper data analysis than would be possible on processed data.

To still keep the required energy for data transmission small, the
ECG data are sent in bursts to keep the radio overhead per sample low.
Therefore, the recorded samples are buffered on the microcontroller.
Due to the miniaturization of the PCB, it is not possible to properly
shield the analog and digital parts of the circuit from each other. This
leads to the effect that each radio transmission, which results in a spike
in drawn current, can be seen in the analog ECG signal. Thus, buffering
the data and sending it in bursts not only decreases the radio overhead
but also allows minimizing the amount of artifacts in the ECG signal.
This is done by recording data for 3.9 s before pausing the ADC for
0.1 s in which the data gets transmitted via a proprietary protocol in
the 868/915 MHz ISM band to the base station.

This protocol uses a FSK2 modulation with a deviation of 400 kHz
and a bitrate of 900 kb/s. The data recorded over the above-mentioned
3.9 s period is split in 13 packages, and these packages are transmitted
directly after each other. Splitting the data in 13 packages are done
to reduce the package length for each transmission. While a long
package length reduced the overhead for the radio and, thus, reduces
the required energy per bit, a too-high package length increases the bit
error and package loss ratio. A package length of 446 bytes has been
proven to be a feasible tradeoff in the available setting.

Depending on the use case, longer buffer times or the complete
omission of any radio communication would be possible using on-
board memory for data recording.

VI. COMPARISON WITH OTHER SYSTEMS

Compared to other systems currently in use in bat research, like
the SP2000 HR Sparrow Systems, which works with invasive elec-
trodes used by O’Mara et al. [2], the proposed system has two major
improvements. First, even though invasive measurement is possible,
and, depending on the individual, might lead to slightly improved
signal quality, the signal quality using noninvasive electrodes still
clearly allows obtaining the heart beat frequency as well as further
information. This makes it much easier for researchers to apply the
system in the field on animals and the impact on the animal is strongly
reduced.

Second, since the data are digitized on the board it easily can be
stored, e.g., if a base station is not in range. This solution offers a
wide variety of use cases in captive and wild settings, which is not
possible with existing solutions. The SP2000 HR Sparrow Systems, for
example, continuously streams the heart beat signal as AM modulated
audio signal to a receiver that always has to be in range.

Precise comparison between the data quality of proposed system
and the SP2000 HR Sparrow Systems unfortunately is not possible
since datasets recorded with the SP2000 are not openly available,
and we do not have access to it for performing own measurements.
Also, thanks to being implemented on the bats mobile platform [7],
the application could be enabled to use a variety of sensors and thus
change its behavior, e.g., automatically trigger ECG measurements
based on other sensor data/events or vice versa.
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VII. CONCLUSION

In this letter, a highly integrated and low-weight noninvasive heart-
beat sensor platform is proposed, which allows a deep insight into
the physiological state of the investigated animal. It was shown that
the performance is at least comparable to invasive solutions. Due to
being noninvasive and digitally buffering the results on board, it allows
much more flexible use than already existing devices and facilitates
data analysis.

Through its low weight of 1.2 g (with smaller batteries even less)
it opens up various research possibilities on a wide variety of small
bodied vertebrate species and allows autonomous data recording while
allowing the animal to roam freely. This way, the gathered data are
much closer to the real-world behavior than lab tests with previously
available systems.
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