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Abstract: Rodent models are essential for our understanding of Deep Brain Stimulation (DBS) mechanisms. How-
ever, most existing preclinical devices lack to support the broad experimental range required for modern DBS
approaches. This paper presents the neurostimulation system STELLA+, which aims to enhance the scope
of long-term DBS research in rodent models. STELLA+ upgrades the previous STELLA system that has
been successfully used in several rodent studies. It features technical and architectural enhancements to in-
crease performance and functionality for long-term DBS experiments. Initial in vitro findings demonstrate that
STELLA+ delivers charge-balanced, current-controlled pulses with high accuracy across a range of stimula-
tion settings up to a compliance voltage of 4.3 V. With a maximum current consumption of 25.1 µA at 4.3 V
in bilateral DBS-on mode, STELLA+ enables long-term experiments of 6.8 weeks using a 29 mAh lithium-
ion battery. Additionally, STELLA+ includes a Bluetooth Low Energy module and the capability to acquire
and compute on-board physiological data, enabling adaptive DBS applications. All these features are housed
within a compact size of 21x14.5x4 mm, minimizing the impact on rodents. Compared to the other state-
of-the-art DBS devices, STELLA+ demonstrates enhanced efficiency in stimulus generation and a uniquely
comprehensive feature set.

1 INTRODUCTION

Deep Brain Stimulation (DBS) has emerged as a re-
markable therapeutic approach for the management
of various neurological and psychiatric disorders. By
delivering electrical pulses to specific brain regions
through implanted electrodes, DBS has shown sig-
nificant results in symptom control and improving
patients’ quality of life. While the therapy is well-
established for the treatment of movement disorders,
such as Parkinson’s disease, dystonia and tremor, its
potential for other diseases is also being explored
(Harmsen et al., 2020). However, the precise mech-
anisms by which DBS develops its therapeutic ef-
fects are still under active investigation (Hamani and
Nóbrega, 2010; Jakobs et al., 2019). To address the
open questions, preclinical in vivo experiments are es-
sential. Rodent models have been widely employed in
DBS research, allowing for investigations into elec-
trophysiological, neurochemical and behavioral as-
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pects (Ruiz et al., 2022). However, the progress of
past studies has been impeded by runtime-restricted
and bulky stimulation devices mounted on the ro-
dent’s head (Kölbl et al., 2016; Fluri et al., 2017;
Pinnell et al., 2015; Pinnell et al., 2018; Forni et al.,
2012; Liu et al., 2017; Ewing et al., 2013) or back
(Kouzani et al., 2017; Badstuebner et al., 2017; Heo
et al., 2015). These setups not only led to a signif-
icant strain on the animals, but also resulted in fre-
quent device failures, e.g. due to cable breaks and
mounting issues caused by the animals’ movement.
To overcome these limitations, the fully implantable
stimulation device called STELLA (software defined
implantable modular platform) was introduced, en-
abling reliable and long-term stimulation in rodents
(Plocksties et al., 2021a). Furthermore, this device
is highly suitable for sensitive behavioral studies in
DBS research as it supports the refinement aspect
of the 3R principles through the reduction of strain
for the animals (Dı́ez-Solinska et al., 2022). How-
ever, despite promising results from rodent studies
conducted with STELLA (Plocksties et al., 2021a;
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Figure 1: (a) STELLA+ system overview. (b) 3D design of the upper and lower PCB.

Plocksties et al., 2022; Koschay et al., 2022; Statz
et al., 2023a; Statz et al., 2023b), a crucial gap re-
mains. Like most other state-of-the-art preclinical
DBS devices, STELLA has limitations in support-
ing a wide range of experimental applications, includ-
ing research on adaptive DBS (aDBS). In clinical ap-
plication, aDBS aims to optimize and individualize
therapeutic outcomes by dynamically adjusting the
stimulation parameters based on feedback data (Neu-
mann et al., 2023). As research into suitable biomark-
ers and control methods is still ongoing, the transla-
tion of aDBS between clinical and laboratory settings
is essential. To address this gap, a novel DBS de-
vice named STELLA+ has been designed that builds
on the strengths of its predecessor while providing
innovative features, which significantly increase ex-
perimental versatility. Key improvements include a
more functional stimulation unit, multiple sensors,
on-board signal processing capabilities and wireless
connectivity, enabling researchers to explore diverse
stimulation strategies in rodents.

This paper demonstrates the start-up phase of
STELLA+, focusing on the technical implementa-
tion and performance analysis of the stimulation unit.
Section 2 describes the technical specifications of
STELLA+ in detail. Section 3 presents performance
metrics of STELLA+ from in vitro experiments and a
comprehensive overview of its feature set compared
to state-of-the-art devices in this field. Finally, sec-
tion 4 summarizes the findings.

2 TECHNICAL REALIZATION

2.1 System Overview

STELLA+ utilizes a two-stacked PCB design in or-
der to double available component area compared to
a standard single PCB configuration (see Fig. 1 (b)).

The PCBs are stacked together using miniaturized
connectors (Molex 505417-3410) allowing for the
transfer of power and signals between the two boards.
Fig. 1 (a) illustrates the system overview, highlighting
the functional distribution between the PCBs.

The upper PCB is responsible for battery and
power management, while also housing a Bluetooth
Low Energy (BLE) module for wireless communica-
tion. It also includes a magnetic sensor for triggering
basic device tasks and LEDs (red, green, IR) for sta-
tus indication. Additionally, it incorporates sensory
units, including a temperature sensor for monitoring
the animal’s temperature and a circuit for character-
izing the impedance of the electrode and tissue com-
ponent over a broad spectrum (details not provided in
this paper). On the other hand, the lower PCB focuses
on the generation of charge-balanced DBS pulses for
two channels, including an appropriate level transla-
tion to ensure compatibility between two voltage do-
mains (see Section 2.2.3, 2.3.4). It also incorporates a
built-in self-test to verify whether the electrical stim-
ulation is within a valid range. Finally, it integrates a
3-axis accelerometer sensor for motion sensing of the
animal.

2.2 Power Management

The power management of STELLA+ is conceptually
presented in Fig. 2(a).

2.2.1 Low-Power Approach

STELLA+ has been designed to be highly modular,
allowing unused modules to be selectively powered
down to the nA range via dedicated EN signals or the
system bus. This approach permits the platform to
be used in an energy-efficient fashion for each spe-
cific application. Furthermore, the platform utilizes
two microcontrollers to effectively manage various
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tasks. The nRF52833, which is built around a 32-
bit ARM Cortex-M4, is used for computationally in-
tensive tasks such as adaptive DBS algorithms. Ad-
ditionally, the nRF52833 includes an RF transceiver
module supporting Bluetooth Low Energy (BLE) for
wireless communication with the outside world. In
contrast, the MSP430FR2355 microcontroller, which
features an ultra-low power architecture, is responsi-
ble for controlling and monitoring the stimulation sig-
nals.

2.2.2 Battery

The platform is powered by the rechargeable Li-
ion button cell CP9440 A4X from VARTA (VARTA,
2019) providing a capacity of 29 mAh. With its com-
pact dimensions of Ø9.4x4 mm, and low weight of
0.9 g, this battery is highly suitable for applications
with critical space.

2.2.3 Voltage Regulation

The previous STELLA implements a unified ap-
proach, where the control and stimulation unit share
the same supply voltage generated by a boost con-
verter. The boost converter was configured to con-
vert the 3 V battery voltage into a system voltage of
up to 3.7 V, allowing for a higher compliance volt-
age if needed. The unified approach offers the ad-
vantage of low circuit complexity, but achieves a low
compliance voltage only due to low maximum toler-
able supply voltage of the microcontroller and sen-
sors. In STELLA+, a Li-ion battery (A4X) operating
within a voltage range of 3 to 4.3 V is used as power
source. In order to overcome the compliance volt-
age limitations of STELLA, a dual-VDD approach
was applied, in which the control and stimulation unit
was split into separate voltage domains. The control
unit, including processors and sensors, is powered by
an LDO (Low-Dropout) regulator (TPS7A0228) that
provides a stable 2.8 V rail (VDD1). In contrast, the
stimulation unit is connected to a flexible buck-boost
converter topology. The boost (MAX17227A) and
buck (MAX38642A) converter are single ICs with
their outputs tied together. Each converter has an
EN pin that is used to enable or disable the outputs.
When disabled, the converter completely disconnects
the load. The enable signal (ENDC/DC) is driven by
the MSP430 and is routed directly to the boost con-
verter and is inverted (74LVC1G04) for the buck con-
verter. This configuration ensures that only one con-
verter is active at any given time, preventing con-
flicting voltage outputs. The output voltage of each
converter is controlled by an individual digital poten-
tiometer (AD5142A) in rheostat mode via I2C. This

topology enables the supply voltage for the stimula-
tion unit (VDD2) to be scaled either above or below the
battery voltage over a range of 2.5 V and 5.2 V. Com-
bined with the built-in self-test (BIST) that identifies
the maximum voltage at the end of the DBS pulse (see
Section 2.3.7), this method enables energy-efficient
adaptation of the supply voltage for the stimulation
unit according to the load impedance requirements.

2.3 Stimulation Unit

The stimulation unit is presented conceptually in
Fig. 2(a) and in detail in Fig. 2(c), while the level
translation design is shown in Fig. 2(b).

2.3.1 Multi-Modal Architecture

STELLA+ features a multi-modal architecture ca-
pable of generating both charge-balanced current-
controlled and charge-balanced voltage-controlled
DBS pulses, both provided by clinical DBS de-
vices. The MSP430 controls a 2:1 analog switch
(TMUX1136) that enables the selection between the
stimulation modes for each channel. The current-
controlled mode is generally the preferred configura-
tion, as it maintains a constant current regardless of
load impedance changes (Kandadai et al., 2023; Hui
et al., 2020; Lempka et al., 2010). Therefore, this
mode is particularly optimized for energy efficiency
and is the primary focus of this section. In view of
current developments in other medical fields, such as
traumatology, the voltage-controlled mode may also
be suitable for other areas of application (Raben et al.,
2024; Nicksic et al., 2022; Klinder et al., 2024).
To this end, STELLA+ incorporates a 10-bit DAC
(DAC6311) for each channel controlled by the SPI
(Serial Peripheral Interface) bus, enabling the genera-
tion of any required voltage-driven waveform for the
research objective. To ensure that only the AC com-
ponent of the DAC signal, which is typically required
in these application domains, contributes to the stimu-
lation, a blocking capacitor is incorporated that forms
a high-pass filter with the load. This capacitor is posi-
tioned behind the multiplexer to provide the current-
controlled mode with a safety feature for the DBS ap-
plication (see Section 2.3.7).

2.3.2 Generation of Current-Controlled DBS
Pulses

The dual-channel design for generating current-
driven DBS pulses builds on the previous STELLA
architecture, utilizing an MSP430 microcontroller to
precisely control the current amplitude, frequency and
pulse width of the DBS pulses. The dual-channel

BIODEVICES 2025 - 18th International Conference on Biomedical Electronics and Devices

76



Channel 1 

    L            H
  (I²C, SPI, ENx) 

PWMCh1(H) PWMCh2(H)

Protector
VBat

5.4 V

9.6 V
10 mA

VDD2

VDD1

VDD2

Boost

Buck

LDO

Power Source

nRF

MSP

Charger

Channel 2 

Level Translation
L

STIM

CTL

ENCh1(H)

IQ1

ISel1

IOut1 IOut2

ISel2

IQ2

ENCh2(H)

H

15 V

CB1 CB2

i1 i2

ENDC/DC

PWM(L) PWM(H)

I²C

PWMCh1(H)

PWMCh2(H)

VDD2

VDD2

VDD2

(a) (b) (c)

DP1 

DP3 ||
DP4

DP5  ||
DP6

DP2

HL

VDD1 VDD2

10 M
Ω

10 M
Ω

SHDN1(H)

VC1(H)

VRef

VC2(H)

SHDN2(H)

OA1 OA2

Figure 2: Architecture of STELLA+. (a) Block diagram illustrating the concept of battery and power management. (b) Level
translation design. (c) Detailed circuitry of the stimulation unit for generating current-controlled and charge-balanced DBS
pulses (adapted from (Plocksties et al., 2021a)).

capability is enabled by a dedicated constant current
source (PSSI2021SAY) for each stimulation channel
which allows the current amplitude to be adjusted
individually. The assumption that a single current
source’s output will result in the half current am-
plitude by connecting the other microelectrode par-
allel to its output is invalid due to differing load
impedances for each channel, as is the case in (Kölbl
et al., 2016). The differences in load impedance are
due to several factors, including the different conduc-
tivity values of white and grey matter (Gabriel and
Gabriel, 1996; Hasgall et al., 2022; Koessler et al.,
2017), the highly dynamic biological encapsulation
processes that surround the electrodes after insertion
(Evers et al., 2022; Lempka et al., 2009), and inherent
manufacturing variations in the electrodes themselves
(Payonk et al., 2025). Furthermore, it is not recom-
mended to achieve a current-controlled stimulation by
varying the resistor in series with a voltage source as
is the case in (de Haas et al., 2012), or by adjusting
the output voltage of a voltage source as is the case
in (Liu et al., 2017). First, these approaches require
frequent active readjustment due to the dynamic load,
which might be energy-intensive. Second, the result-
ing current amplitudes can only be considered con-
stant on a macroscopic time scale. At a microscopic
level, the system still behaves like a voltage source,
which cannot maintain a constant current during the
pulse duration due the capacitive component of the
impedance load (see (de Haas et al., 2012)), resulting
in only semi-current-controlled stimulation.

In STELLA+, both current sources (IQ1,IQ2) are
controlled by the MSP430’s PWM (Pulse-width mod-
ulation) signal, that carries the frequency and pulse
width information, resulting in synchronized DBS
pulses for both channels. Similar to STELLA, the
MSP430’s clock in STELLA+ is sourced by an ex-
ternal 32,768 Hz crystal, thereby enabling the micro-
controller to operate in ultra-low power mode. Con-

sequently, the pulse width and frequency can be ad-
justed in approximately 30 µs increments. In or-
der to adjust the stimulation current of the previous
STELLA, a digital potentiometer in rheostat mode
in parallel with a fixed resistor is used to tailor the
highly non-linear output of the current source with
high resolution between 50 µA and 100 µA. However,
if higher stimulation currents with high accuracy were
required, the resistor had to be resoldered. In con-
trast, STELLA+ employs two digital potentiometers
(AD5143) in parallel (DP3¶¶DP4, DP5¶¶DP6, all op-
erating in rheostat mode) for adjusting the stimula-
tion current of each channel, allowing high-resolution
adjustments above 100 µA without the need for hard-
ware modifications. Note that since the output current
of the used current source varies with supply voltage,
it must be calibrated across the entire supply voltage
range. The same applies to temperature, requiring the
output current to be calibrated under in vivo condi-
tions.

2.3.3 Compliance Voltage

Most existing stimulation devices for rodents are de-
signed for current-controlled stimulation, which en-
sures constant current delivery despite variations in
load impedance (see Table 1). Maintaining a constant
current requires sufficient compliance voltage to ac-
commodate the diverse range of electrode configura-
tions, stimulation parameters and electrode encapsu-
lation caused by the biological response. In the ex-
isting literature on DBS devices, it is frequently as-
sumed that the supply voltage of the current source is
equal to the maximum voltage that the current source
can provide for the load impedance. This assump-
tion is incorrect, as the internal resistance of a cur-
rent source leads to a voltage drop that reduces its
maximum output voltage. This voltage drop varies
depending on the type of current source, but is typ-
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ically around 1 V. The current source’s supply volt-
age minus the internal voltage drop is called compli-
ance voltage. This consideration is especially impor-
tant for DBS devices operating with a current source’s
supply voltage in the region of 3 V (Plocksties et al.,
2021a; Fleischer et al., 2020; Grotemeyer et al., 2024;
Fluri et al., 2017; Kouzani et al., 2017). While these
devices typically feature a low current consumption,
their relatively low compliance voltage below 3 V in-
creases the risk that the constant current cannot be
maintained within the pulse width when using stan-
dard stimulation protocols and standard electrodes.
This can be especially critical when integrated mon-
itoring capabilities are lacking to check whether the
stimulation is in a valid range. In contrast, circuit de-
signs that allow for higher compliance voltages result
in significantly increased current consumption, even
reaching the mA range in some cases (Ewing et al.,
2013; Pinnell et al., 2018; Pinnell et al., 2015; Kölbl
et al., 2016; Adams et al., 2019), which negatively
impacts the ratio between battery volume and run-
time. Furthermore, considering that typical rodent
stimulation protocols use stimulation currents of no
more than 100 µA for 60 µs (Reese et al., 2009; Ev-
ers et al., 2022; Leblois et al., 2010; Heerdegen et al.,
2021; Paap et al., 2021; Zhang et al., 2024), devices
operating at such high compliance voltages may be
regarded as oversized and consequently inefficient.
Using the bipolar microelectrode PI-SNEX-100 (Mi-
croprobes, Gaithersburg, USA), which is widely used
in rodent DBS studies, our ex vivo voltage measure-
ments in rodent brain tissue showed that the maxi-
mum voltage of the DBS pulse never exceeded 3.5 V
for a 100 µA/60 µs pulse with a frequency of 130 Hz.

STELLA+ is designed for high energy efficiency
to facilitate long-term experiments with a low battery
volume while offering sufficient compliance voltage
up to 4.3 V to support the most common stimulation
setups in DBS research using rodent models (see Sec-
tion 3.2, 3.3).

2.3.4 Level Translation

Given the 2.8 V operating voltage of the MSP430
and the up to 5.2 V domain of the stimulation unit
in STELLA+, an appropriate level translation de-
sign is required that meets the requirements for ultra-
low power consumption. In order to level-shift the
low-voltage PWM signal (PWML), which controls
the rectangular stimulation pulses, to the higher volt-
age rail (PWMH), a translation buffer (74LV1T34) is
used. Although the additional supply current in typ-
ical voltage translators increases significantly as the
input voltages diverge from the supply voltage, this
approach remains feasible due to very low duty cy-

cles encountered in DBS, such as a pulse width of
60 µs and a frequency of 130 Hz. A dedicated IC is
critical in this case as it ensures excellent signal in-
tegrity across the entire translation range required for
the sharp rise and fall time of the rectangular wave-
form.

All other signals, including the I2C bus, SPI bus
and EN signals, are level translated using n-channel
MOSFETs (CSD15380F3) together with pull-up re-
sistors, allowing reliable communication between the
voltage domains. For unidirectional operation, low-
to-high translation is achieved by a pull-up resistor at
the high side, while high-to-low communication uti-
lizes a pull-up at the low side. For bidirectional com-
munication, as required by the I2C, pull-up resistors
are implemented on both sides.

2.3.5 Charge Balancing

Any system designed for the electrical stimulation
of tissue must keep the voltage across the working
and counter electrode within the safe electrochemical
window to avoid harmful byproducts to the surround-
ing tissue. Since biological tissue is mainly composed
of water, exceeding a certain voltage threshold leads
to the electrolysis of water (Boehler et al., 2020).
This irreversible process can cause tissue damage due
to the formation of oxygen and hydrogen gases, along
with significant pH changes (Boehler et al., 2020;
Huang et al., 2001). In the scenario of DBS, each
stimulation pulse charges the double-layer capaci-
tance that is formed at the electrode-tissue interface.
It is critical to properly discharge this capacitance
between pulses to prevent charge accumulation over
time, ensuring that no sustained DC offset above the
decomposition voltage of water can develop.

To address this, STELLA+ uses the established
passive charge balancing method by connecting the
stimulation electrode to ground through an adjustable
resistor, similar to STELLA. However, this method
has been slightly modified for STELLA+ by using a
fast-switching n-channel MOSFET instead of an ac-
tive switching IC, resulting in negligible power con-
sumption of this method. This n-channel MOSFET is
controlled by the high-voltage PWM signal for each
channel (PWMCh1(H), PWMCh2(H)). During the pulse-
off phase, the MOSFET is activated, creating a dis-
charge path for the double-layer capacitor. During
the pulse-on phase, it enters the high impedance state,
preventing interference with the stimulation pulse.
The passive charge balancing approach induces a cur-
rent reversal pulse. Without an additional resistor, the
peak value of the reversal pulse depends on the DBS
voltage and current value at the end of the pulse as
well as the value of the electrolyte resistance (access
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resistance). The larger the peak value, the more it
could counteract the desired physiological effect of
the stimulation impulse (Merrill et al., 2005). There-
fore, a digital potentiometer (AD5143, 100 kΩ) in
rheostat mode is used in the discharge path of each
channel to reduce this peak value (DP1, DP2). Note
that the double-layer capacitor must be fully dis-
charged before the next pulse is generated, as other-
wise control over the electrode voltage will be lost.
The time required for full discharge should include a
sufficient safety margin to account for the various bi-
ological processes influencing the load impedance.

2.3.6 Independent Channel Control

While STELLA was developed for the simultaneous
control of two channels, the new design offers the op-
portunity to activate or deactivate each DBS chan-
nel independently. This is achieved by connecting
the high-voltage PWM signal (PWMH) to two NAND
gates, with the other input of each gate connected to
a level-shifted EN signal (ENCh1(H), ENCh2(H)) con-
trolled by the MSP430. This feature allows for re-
duced current consumption by deactivating the un-
used channel in unilateral operation, which is of
special importance in unilateral disease models, e.g.
the 6-hydroxydopamine model of Parkinson’s disease
(Ungerstedt, 1968). Furthermore, in the case of adap-
tive DBS (aDBS) it enables individual on-off control
for both channels simply by switching the enable sig-
nals. The effectiveness of the on-off control scheme
was demonstrated in the study by (Evers et al., 2024).

2.3.7 Safety and Reliability

The stimulation unit includes a DC blocking capaci-
tor of 20 µF placed in series with both current sources
(CB1, CB2). This capacitor acts as a safety measure for
the subject, preventing high faradaic currents if a sus-
tained, high DC voltage occurs at the electrode in the
event of a fault. However, it has been demonstrated
that even when perfectly charge-balanced stimulation
is applied, the blocking capacitor will generate an off-
set voltage at the electrode-tissue interface (van Don-
gen and Serdijn, 2016). To prevent the offset voltage
potentially exceeding the water window, a high-ohmic
resistance of 10 MΩ was placed in parallel to the load
impedance for each channel. This allows an effective
discharge path for the imbalanced charge, contribut-
ing to minimizing the offset voltage (see Section 3.2).
Furthermore, the 10 MΩ resistor has a negligible im-
pact on the stimulation current. For typical stimula-
tion currents above 50 µA that require the maximum
current source’s output voltage, this would result in a
reduction of the stimulation current of only less than

1 %.
In DBS studies including rodents, typical defects

such as shorted or open electrodes as well as an ex-
cessive load impedance are frequently encountered
(Plocksties et al., 2021a; Plocksties et al., 2022). If
these issues remain undetected, they can have a con-
siderable impact on DBS experiments, as they have
the potential to confound the experimental results and
conclusions. Particularly when using backpacks or
head-mounted DBS systems, the failure rate is con-
siderable (Plocksties et al., 2021a). Therefore, it is
crucial to integrate a method that reliably detects these
problems. Similar to STELLA, STELLA+ incorpo-
rates a built-in self-test (BIST) that monitors and re-
ports such issues. In a nutshell, the maximum voltage
at the end of the DBS pulse is determined by gradu-
ally lowering the reference voltage at the inverting in-
put of a comparator. As a slight improvement over the
previous version, a dedicated 10-bit DAC (DAC6311)
is used for generating the reference voltage (VRef) via
SPI instead of an 8-bit digital potentiometer, effec-
tively increasing the accuracy of this measurement.

2.4 Battery Management

The circuitry of STELLA+ is designed for a recharge-
able Li-ion battery as power source, replacing CR or
SR button cells commonly used in existing rodent
stimulators. This eliminates the need for frequent
battery replacement. Additionally, the proposed
circuit design enables recharging the battery directly
via the electrode leads. This dual functionality
is particularly advantageous for fully implantable
stimulators, where the battery typically cannot be
replaced or recharged without damaging the encap-
sulation. The battery management of STELLA+ is
conceptually presented in Fig. 2(a).

2.4.1 Battery Protection

When using Li-ion batteries, following the safety pro-
tocols is essential, especially when implanted into liv-
ing beings. Therefore, the circuit design has to con-
tain adequate safety mechanisms to safeguard Li-ion
batteries against overcharge, overdischarge, overcur-
rent and short-current. To address these safety re-
quirements, we used a battery management IC (S-
82A1ACA-I6T1U) in combination with two exter-
nal n-channel MOSFETs resulting in disconnecting
the GND potential if any value falls outside the
valid range specified in the technical handbook from
VARTA (VARTA, 2019). Falling below the overdis-
charge voltage of 3 V, this IC transitions to a power-
down mode wherein it consumes 50 nA only, thus
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preventing damage to the cell through continued dis-
charge. A second layer of protection is provided
by VARTA’s vent holes integrated into the battery
(VARTA, 2019). These vents ensure that any excess
pressure is released to guarantee safety. For this, it
must be ensured that the encapsulation of the device
provides sufficient space for expansion.

2.4.2 Battery Recharge

For recharging the A4X, a battery charger IC
(BQ25100A) is used, configured with a charging limit
of 4.3 V and a charge current of 10 mA. To allow
the cable that transmits the stimulation signal to the
electrode to also serve as a path for supplying power
to the input of the charger IC, a bilateral TVS diode
(SP0201B-ELC-01UTG) with a breakdown voltage
of ±9.6 V/1 mA is used. This low-capacitance diode
prevents interference between the charger IC and the
stimulation output. As the maximum voltage that
the DBS pulse reaches is 4.3 V, this breakdown volt-
age is far below this value. Considering the volt-
age drop across the TVS diode with a charge cur-
rent of 10 mA, the power source has to output approx.
15 V to provide a sufficiently high input voltage for
the charger IC. A blocking capacitor in series to the
current source (CB1), already used for protecting the
brain tissue in a failure event, serves as high-voltage
protection for the current source and the circuitry for
the built-in self-test.

3 RESULTS AND DISCUSSION

3.1 Device Specifications

The PCBs are designed in a six-layer configuration
with a high wiring density per unit area, enabling a
small footprint despite a high IC package area. The
manufactured boards measure 21x14.5 mm with a cir-
cular cut-out of 9.5 mm diameter to accommodate the
battery for the overall system in a space-saving man-
ner (see Fig. 3). When the PCBs are stacked, the total
height is 4 mm, matching the height of the battery.
The total PCB volume, calculated as 21x14.5x4 mm
minus the volume of the cut-out, results in 935 mm3.
The PCB weight is 1.2 g, while the complete device
including the battery weighs 2.1 g. When combined
with the reliable and compact encapsulation method
presented in (Plocksties et al., 2021b), for example,
the device specifications might be highly suitable for
fully subcutaneous implantation in small rodents.

Figure 3: STELLA+ demonstrated on graph paper, featur-
ing the PCB stack and Li-ion battery.

3.2 In Vitro Characterization of the
Stimulation Unit

3.2.1 Measurement Setup

The performance of the stimulation unit of STELLA+
for current-controlled DBS was evaluated in an in
vitro setting. A PI-SNEX-100 microelectrode was
connected to one channel of STELLA+ and im-
mersed in a NaCl conductivity standard solution of
0.199� 0.002 S m−1 at 25 °C. This conductivity was
chosen because it lies within the range of reported
conductivity values for white and grey matter (Gabriel
and Gabriel, 1996; Hasgall et al., 2022; Koessler
et al., 2017; Akhtari et al., 2006), considering the
relevant frequency range derived from the frequency
spectrum of the DBS signal (Badstuebner et al., 2017;
Gimsa et al., 2005).

For the measurements presented in Fig. 4(a)-(c),
the current amplitude was increased by 50 µA and
the pulse width was increased by 30 µs simultane-
ously, starting with 50 µA/60 µs and ending with
200 µA/150 µs. The frequency was set to 130 Hz
for all settings. For the measurement presented in
Fig. 4(d), STELLA+ was programmed to a random
on-off sequence of current-controlled DBS pulses
with a stimulation set to 100 µA, 60 µs and 130 Hz.
For all stimulation settings, passive charge balanc-
ing is conducted with a minimal resistance in the dis-
charge path (in the lower hundreds Ω-range), which
can be neglected since the electrolyte resistance is
much higher in this case. The change in stimulation
parameters was initiated by a magnet that triggered
the magnetic sensor. Current and voltage recordings
were performed using the CX3324A waveform ana-
lyzer with a sample rate of 10 MSa/s.

The voltage measurements were conducted by
connecting the probe tip to the channel output and the
probe ground lead to ground. Current measurements
were taken by placing the current probe in series, with
the positive terminal connected to the channel output
and the negative terminal to the load. In this setup, the
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stimulation pulses are recorded in the positive range,
in contrast to the negative range in which the signals
are usually presented in the literature as an indication
of the commonly used cathodic stimulation. The rep-
resentation in the positive range is only intended for
clearer visualization of the signals in an ‘upright’ for-
mat and is not related to the polarity of the electrode
contacts.

Furthermore, the voltage recordings were per-
formed using a high-speed operational amplifier with
a high input impedance (OPA810, 12 GΩ¶¶2 pF in
common mode) in a unity-gain buffer configuration.
This setup is required especially for the offset voltage
measurements presented in Fig. 4(c) because the rela-
tively low input resistance of 1 or 10 MΩ for a typical
probe would otherwise have provided an external dis-
charge path for the accumulated charge, which would
have distorted the offset voltage results.

3.2.2 Results

The voltage recordings in Fig. 4(a) exhibited the
characteristic waveform associated with current-
controlled stimulation. The voltage increases rapidly
initially, representing the voltage drop across the
electrolyte resistance, and is followed by the volt-
age drop across the electrode-electrolyte interface
(Boehler et al., 2020). No offset voltage can be ob-
served in the volt range. Only a closer examination in
the millivolt range reveals its presence (see Fig. 4(c)).

The current recordings in Fig. 4(b) demonstrated
sharp rising and falling edges, as well as a precise
constant current throughout the pulse width across all
settings. The end of each pulse is followed by the re-
versal pulse that results from shorting the electrode
to ground. Without the use of an additional resis-
tor in the discharge path, the reversal pulses show
peak values that have slightly higher magnitudes than
the stimulation current, with a maximum of approx.
100 µA. After the peak, the current drops exponen-
tially, with the double-layer capacitor almost com-
pletely discharged after five time constants, which
are reached in less than one millisecond for all set-
tings. For typical stimulation frequencies, this short
discharge time enables the use of a resistance in the
discharge path in order to reduce the peak value of
the reversal pulse to at least the same magnitude as
the stimulation current, a value commonly used in ac-
tive charge balancing (symmetric biphasic) (Parastar-
feizabadi and Kouzani, 2017).

The voltage recordings presented in Fig. 4(c) in-
dicate the offset voltage caused by the blocking ca-
pacitor. After the start of stimulation, the offset volt-
age shifted towards more negative values over time
and the observations were continued until stabiliza-

tion, which occurred after approximately 5 minutes.
The figure shows the offset voltage in the steady state
between two DBS pulses for each stimulation param-
eter setting. This offset can be approximated as con-
sistent DC bias, as the DBS pulse is short relative to
the pulse-off phase and the offset voltage reaches its
value rapidly after the DBS pulse. Furthermore, the
figure shows that the magnitude of the offset voltage
increases with higher injected charge, which is ex-
plained in (van Dongen and Serdijn, 2016). For the
50 µA/60 µs pulse, the offset voltage is recorded as
the smallest negative value at −25 mV, whereas the
200 µA/150 µs pulse results in the most negative off-
set voltage of −70 mV. Considering the theoretical
minimum potential difference of 1.23 V needed for
water splitting (Lamy and Millet, 2020) as the critical
limit for the developed DC bias absolute value, the
measured offset voltages are significantly lower for
all settings. This high safety margin is achieved by
the integrated 10 MΩ resistor in parallel to the load,
which provides an effective discharge path for the im-
balanced charge.

The Fig. 4(d) presents a randomly timed DBS on-
off scheme. The stimulation pulses show a precise
stimulation current of 100 µA, accompanied by the
reversal pulses resulting from the charge balancing
method. The on-off pattern is achieved by toggling
the enable signal (ENCh1(H)) at the input of the AND
gate of the first channel. Moreover, the enable sig-
nal switches between 0 V and 4 V, demonstrating the
proper functioning of the level translation (see Sec-
tion 2.3.4). The measurements show that STELLA+
effectively enables the implementation of this aDBS
control option.

3.3 Current Consumption vs.
Compliance Voltage

The compliance voltage and corresponding current
consumption are important performance metrics for a
neurostimulator that delivers current-controlled stim-
ulation pulses. To investigate this relationship for
STELLA+, the following measurement setup was de-
signed.

3.3.1 Measurement Setup

The current waveform analyzer CX3324A was
placed in series with an external power supply and
STELLA+. The power supply was set to 3.7 V, which
is the nominal voltage of the A4X series. The current
consumption was then measured for the supply volt-
age at a minimum of 2.5 V and a maximum of 5.2 V
provided by the buck-boost topology. The CX3324A
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Figure 4: Performance of STELLA+ in delivering current-controlled stimulation pulses via a bipolar PI-SNEX-100 immersed
in a 0.199 S m−1 saline solution. The figure illustrates recordings of (a) voltage and (b) current of the DBS pulse, as well as
(c) the offset voltage in steady state at various stimulation parameters: 50 µA/60 µs, 100 µA/90 µs, 150 µA/120 µs,

200 µA/150 µs, all at a frequency of 130 Hz. Additionally, (d) a randomly timed DBS on-off scheme controlled by the
enable signal ( ) is shown, with stimulation set to 100 µA, 60 µs and 130 Hz ( ).

sampled the current at 1 MSa/s and the final result
was calculated by averaging the measurement over
a period of 20 s. Furthermore, both measurements
were performed in DBS-on mode, using the follow-
ing stimulation parameters: bilateral stimulation with
a load of 10 kΩ respectively, 100 µA current ampli-
tude, 60 µs pulse width and 130 Hz frequency. Finally,
the compliance voltage was determined as the voltage
at which the adjusted constant current started to drop,
which was observed with an oscilloscope. This was
typically noticed when the voltage of the DBS pulse
exceeded the level that was 0.9 V lower than the cur-
rent source’s supply voltage.

3.3.2 Results

STELLA+ achieves at its minimum compliance volt-
age of 1.6 V a current consumption of 8.9 µA and at
its maximum compliance voltage of 4.3 V a current
consumption of 25.1 µA. In comparison, the previ-
ous STELLA version achieved a maximum compli-
ance voltage of 2.8 V with 12.2 µA.

The results show that STELLA+ provides a higher
compliance voltage than its predecessor, enabling a
wider range of stimulation setups while still main-
taining an ultra-low current consumption for long-
term studies. When the maximum compliance volt-
age is required, STELLA+ still provides 6.8 weeks of
stimulation using the CP9440 A4X battery (29 mAh),
which is sufficient for most rodent DBS studies.

3.4 Comparison of Features with the
State-of-the-Art

To compare the results with other DBS devices de-
signed for rodent studies, a review of the relevant lit-
erature was conducted. ASIC designs were excluded
from the comparison due to their specialized and pro-
prietary nature, e.g. (Arfin et al., 2009). In contrast,
DBS devices using off-the-shelf discrete components
allow the research community to replicate the designs
and customize them to their experimental needs.

Table 1 presents the feature set of existing ro-
dent DBS devices, organized by publication year
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Table 1: Comparison of key features in existing rodent DBS devices designed with off-the-shelf components.
DBS

device
PCB Volume
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Device
control

Data output
technology

Provided device/
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O
R
�)
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(O

O
R
�)

Stim
ulation

on/off

Stim
ulation

protocol

H
ead

B
ack

Im
plant

D
ual-channel

C
urrent-controlled

Voltage-controlled

C
harge-balanced

A
daptive

D
B

S
capabilities

SW
-adjustable

stim
.param

eters

A
uto-setcom

pliance
voltage

O
n-board

battery
recharge

Battery-powered

STELLA+ L   - -     -     - -          
Grotemeyer2024 VL -  - - -  - - - - -  - - - G#º -  -  -  - -
STELLA2021 VL -  - - -  � - - -    - - -    -  -   -
Tala2021 H  - - -  - - - -  -  - -  -   -  -  - -
Fleischer2020 VL -  - - -  - - - - -  - - -  -  -  -  - -
Adams2019 M -  - - -  - - - -   - -  - -  -  -  - -
Alpaugh2019 M - - - - -  - - - -  - - - -  -  -  - G# - -
Schulz2019 M - -  Æ - -  - - - -  - - -  -   -  - G#Æ -  
Pinnell2018 L -   Æ - -  - - - - -  -  - -   -  - G#Æ - -
Fluri2017 M - -  - -  - - -  -  -  - - -  -  -  - -
Liu2017 M  - - -  - - - -    -  - - - G#Å -  - G# - -
Kouzani2017 L -   - -  - - - - - - - -  - -  -  - G# - -
Parastarfeizabadi2016 VL - - - - -  - - G# - - - -  - - -  -   G# - -
Kölbl2016 L - - - - - - - - - - - - -  - - G#S  -  -  - -
Pinnell2015 M  -  -  - - -  - - - -  - -   - -   - -
Acosta2015 VL - - - - - - - - - -  - -   - -  -  -  - -
Hentall2013 L -  - - -  � - - - - - -  - -  -  -  -  - -
Ewing2013 M -  - - -  - - - -  - -   -   -  -  - -
Haas2012 L -  - - -  - - - -   - - -  - G#Å -  - G# - -
Forni2012 L - - - - - - - - - - - - -  - - -  - - - G# - -
Harnack2008 M -  - -  - - - - - -   - -  -  -  - G# - -

Battery-free (Wireless power transfer)

Burton2021 VL  - - - -  - - - - -  - - -  - -   -  - -
Heo2015 M  - -  -  - - - - -  - -  G#º - -   - G# - -
Millard2007 L  - - - -  - - - - -  - - -  -  -  - G# - -

 = Feature is implemented; G# = Feature is partially implemented; - = Feature is not implemented;
� = Out of range indication; � = Optical wireless communication provided (for STELLA2021 refer to (Koschay et al., 2022));
Å = Inadequate current source design (see 2.3.2); S = Inadequate dual-channel design (see 2.3.2);
Æ = Constant current adjustment manually via potentiometer; º = Partial subcutaneous implant only;

VL: Very Low ($ 500 mm3), L: Low (500�1000mm3), M: Medium (1000�5000mm3), H: High (% 5000 mm3)

and divided into two classes: battery-powered and
battery-free. Battery-powered devices operate by us-
ing batteries, while battery-free devices depend solely
on wireless power transfer (WPT) from an external
source. Note that WPT requires specialized cages that
can lead to unreliable operation if coils are misaligned
due to the animal movement, and prevent essential be-
havioral experiments like the Morris water maze (Mil-
lard and Shepherd, 2007; Burton et al., 2021; Evers
et al., 2022).

The features identified in the literature were orga-
nized into categories, which are analyzed in the fol-
lowing.

PCB Volume Category: The PCB volume is of
crucial importance as it dictates the mounting options
and overall impact on the animal. The DBS devices
were categorized based on their PCB volume into four
classes (see Table 1). In cases where the PCB volume
was not indicated, it was estimated from the photo-

graphic scale. The volume specifications are based
on earlier work and were expanded in this study by
further DBS devices (Plocksties et al., 2021a).

STELLA+ falls into the ‘low’ category as it has
been specifically designed to allow fully subcuta-
neous implantation in small rodents.
Device Control: Radio frequency communication is
considered the most effective control method as it al-
lows to modify a wide range of device parameters
without disturbing the animal. However, the require-
ment for considerable PCB area, the need for higher
power consumption and the complexity of RF de-
sign have limited its widespread use. The most com-
monly used control method involves magnetic sen-
sors, which are mainly used to trigger specific device
functions, such as integrated self-tests. Some stim-
ulators also incorporate physical elements, including
switches and potentiometers. However, these compo-
nents are large as they have to be operated manually,
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leading to a poor functionality-to-size ratio. Another
control mechanism involves transmitting light pulses
to a photodiode. However, this approach is challeng-
ing due to the movement of the animals and is cur-
rently only used in one stimulator (Heo et al., 2015).

In contrast, STELLA+ does not include any opti-
cal or physical elements for its control. Instead, it uses
Bluetooth Low Energy (BLE), which enables detailed
configuration of the device parameters from a great
distance to the animal. To ensure redundancy, the
device includes a magnetic sensor for essential tasks,
like turning the stimulation on/off.
Data Output Technology: RF communication en-
ables high data rates, which are required for the wire-
less transmission of physiological data, such as local
field potentials and accelerometer data. However, due
to the aforementioned obstacles associated with RF
modules, optical data transmission is most commonly
used in DBS devices. For this, LEDs are utilized that
operate either in the visible spectrum or in the infrared
range (IR), with simple blinking patterns indicating
device information, e.g. low battery voltage alerts.

STELLA+ employs the nRF52833 microcon-
troller, which supports BLE for efficient transmis-
sion of device and physiological data. Additionally,
STELLA+ features two visible LEDs (red and green)
and an IR LED for convenient indication of device
information.

Provided Device/Physiological Data: Most DBS
devices provide only basic device-specific data, such
as low battery voltage alerts and the stimulation status
(on/off). However, the indication of out-of-range load
impedance is rarely provided, despite its significance
for replicable experiments. In addition, only two DBS
devices allow the transmission of the applied stimu-
lation protocol, which is important for verifying that
the stimulation parameters are set correctly, especially
when they have been changed. Moreover, only one
device is able to transmit physiological data wire-
lessly, specifically local field potentials (LFPs) (Pin-
nell et al., 2015). The other device that enables the
readout of LFPs, processes this data entirely on-board
(Parastarfeizabadi et al., 2016).

STELLA+ is the first DBS device for rodents that
incorporates a high-accuracy temperature sensor and
a 3-axis accelerometer. The accelerometer enables the
investigation of movement profiles, which could rep-
resent a potential biomarker for adaptive DBS, while
requiring significantly less PCB area and energy com-
pared to traditional LFP recordings. Additionally,
STELLA+ provides data on the battery voltage, the
on/off status of the stimulation, the applied stimu-
lation protocol, and whether the load impedance is
within a valid range. All device and physiological

data can be transmitted wirelessly via BLE.
Device Mounting: Most DBS devices are designed
for head or backpack mounting, which limits animal
mobility and often leads to higher failure rates. Fully
implantable stimulators overcome these problems, but
are more challenging to realize due to their high de-
gree of miniaturization and waterproof encapsulation.

STELLA+ is characterized by a small stimulator-
battery volume, making it ideal for subcutaneous im-
plantation in small rodents. Its flat profile also sup-
ports the healing process by reducing tension on the
overlying skin.
Stimulation Properties: Most DBS devices are
primarily designed with charge-balanced current-
controlled stimulation, while voltage-controlled stim-
ulation is rarely implemented. Furthermore, the ma-
jority of DBS devices are designed for single-channel
stimulation, which limits DBS to one hemisphere. A
dual-channel design is less common, although a sec-
ond channel is essential for studying bilateral DBS.

In contrast, STELLA+ provides the ability to se-
lect between charge-balanced current-controlled and
charge-balanced voltage-controlled stimulation for
one or two channels. Moreover, STELLA+ features
aDBS capabilities through on-off switching of stim-
ulation based on feedback data from a 3-axis ac-
celerometer. This functionality is only supported by
two other stimulators, which differ in that they use
LFPs as feedback data (Pinnell et al., 2015; Paras-
tarfeizabadi et al., 2016). Additionally, STELLA+
includes a powerful processing core that enables on-
board processing capabilities for complex algorithms.
Extra Features: DBS devices often provide the extra
feature of adjusting the stimulation parameters cur-
rent amplitude, frequency and pulse width via soft-
ware. In cases where this feature is only partially
available, the adjustment of the current amplitude is
typically limited to the use of an analog potentiome-
ter or the resoldering of a resistor.

With STELLA+, all stimulation parameters can
be configured via software and also adjusted wire-
lessly via BLE during the experiment. Additionally,
the automatic adjustment of the compliance voltage
improves energy efficiency and is exclusive to both
STELLA+ and its predecessor. Finally, STELLA+
supports on-board battery recharging via electrode
leads, an extra feature that is also present in only one
other DBS device via wireless power transfer.

In summary, it can be concluded from Table 1
that STELLA+ has a wider and unique feature set
compared with other state-of-the-art DBS devices for
rodent DBS.
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4 CONCLUSION

We introduce STELLA+, an innovative research plat-
form designed for advanced DBS studies in freely-
moving rodents. This paper serves as a starting point
for future in vivo DBS studies in rodents and primar-
ily focuses on the specifications and capabilities of
STELLA+. The initial results highlight STELLA+’s
compact design, energy-efficient architecture, inte-
grated system monitoring and accurate generation of
current-controlled and charge-balanced DBS pulses,
which together form the basis for effective preclini-
cal DBS research. Equipped with multiple sensors,
a powerful processing unit and a Bluetooth Low En-
ergy module, STELLA+ enables research into closed-
loop stimulation. Compared to its predecessor and
other state-of-the-art DBS devices, STELLA+ offers
unprecedented experimental flexibility (see Table 1),
rendering it an essential tool for both traditional and
adaptive DBS research in rodents.
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Plocksties, F., Lüttig, A., Niemann, C., Uster, F., Franz,
D., Kober, M., Koschay, M., Perl, S., Richter, A.,
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