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Soft and flexible robotics is an emerging field that attracts a huge interest due to its ability to produce 
bioinspired devices that are easily adaptable to the environment. Biohybrid Machines (BHM) represent 
a category of soft robots that integrate biological tissues, such as engineered muscle tissues, as 
actuating systems. Although these devices present several advantages in some applications, their 
proper actuation still represents a challenge for researchers. This paper focuses on the development of 
a portable and programmable electrical stimulator designed to control muscle fiber-based biohybrid 
actuators. The stimulator, made using off-the-shelf components, was designed as a stacking of three 
independent printed circuit boards (PCBs), connected vertically in order to result in a final device with 
compact dimensions of 59 mm × 28 mm × 25 mm. The stimulation circuit is capable of delivering 
currents up to 18 mA with a voltage compliance of ± 90 V, and a power consumption of approximately 
1.3 W. The device’s ability to induce twitch and tetanic contractions in a biohybrid actuator is 
demonstrated in different stimulation conditions. A practical application was also explored through a 
test case involving a flexible catheter prototype controlled by a biohybrid actuator, demonstrating its 
potential utility in a BHMs.
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Soft robots are attracting considerable interest due to their unique mechanical properties, which stem from 
the use of flexible, lightweight, and biocompatible materials. Biohybrid Machines (BHM) are a category of soft 
robots in which biohybrid actuators (i.e., living cells and tissues combined with artificial elements) are used to 
provide robot movement1,2. BHMs find their application in several fields, such as surgery and prosthetics, where 
typical soft robotic actuation methods (e.g., pneumatic) are not possible or inconvenient. Ricotti et al. identified 
two categories of biohybrid actuators based on their scalability and use: (1) application-oriented actuators or 
non-scalable devices, based mainly on the use of bacteria, motile cells, and devices based on explanted whole-
muscle tissues; (2) general purpose actuators or scalable devices, based on the use of self-contractile tissues and 
engineered skeletal muscle tissues2. The latest category guarantees larger actuation forces, even in the hundreds 
of µN range, which is suitable for soft robotic applications.

In this sense, providing an effective actuation of tissue actuators becomes fundamental to the correct 
functionality of the soft robot2. Several approaches have been reported in the literature, including magnetic3, 
optical4,5, chemical, and electrical stimulation6–8. Magnetic stimulation has been proven to be capable of guiding 
the locomotion of biohybrid robots, in particular microorganism-actuated ones9,10, anyway the control strategies 
typically require complicated equipment and algorithms11. Despite optical control allowing for the modulation of 
the contractile response of the biohybrid actuator12, its main limitations lie in the limited adjustable stimulation 
parameters (i.e., amplitude, frequency, and pulse width), the need to genetically modify the living tissue to 
activate biohybrid actuators through light13–15, and environmental restrictions. Light cannot be used in all kinds 
of environment as it cannot penetrate tissues and is difficult to employ in specific contexts, such as endoscopic 
or surgical applications.

In this sense, electrical stimulation represents a convenient strategy for muscle tissue control; nevertheless, 
the application of electrical signals can be potentially disruptive for the biohybrid actuator (e.g., causing the 
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formation of toxic reagents within the stimulation environment and damaging the cells of living tissue), thus 
making the correct setting of the stimulation parameters (e.g., the stimulation waveform used, its amplitude, 
duration, and frequency) fundamental.2,15

In BHMs, electrical stimulation is generally performed in a Voltage Control Mode (VCM), i.e., by imposing 
a known potential drop between stimulation electrodes. For example, Cvetkovic et al. and Pagan-Diaz et al. 
have used biphasic stimuli up to 20 V and 50 ms of pulse width, using a waveform generator and an AD797 
inverting amplifier connected to a capacitor, achieving stimulation frequencies up to 10 Hz16,17. In Filippi et al., 
the authors realized a closed-loop system to control a biohybrid actuator, where a bench waveform generator was 
employed to deliver 20 V pulses8. In Guix et al., the authors employed a bench waveform generator (PM8572, 
Tabor Electronics) connected to a signal amplifier (Model 9200, Tabor Electronics) to provide 15 V monophasic 
stimuli with frequencies up to 15 Hz18. Although several examples have thus been reported in the literature, 
many open challenges need to be addressed in BHM stimulation. First, VCM does not guarantee precise control 
over the charge injected during stimulation19. The injected current, and consequently the charge, depends on 
the load impedance, which is a function of several factors such as culture medium, the relative distance between 
the electrodes, their geometrical properties, and electrode oxidation. This limits the capability to predict the 
current and the charge used during the stimulation tasks, avoiding the possibility of comparing the results of 
the literature.

Second, the effectiveness of VCM is strongly reliant on the impedance of stimulation electrodes, which affects 
design scalability with the BHM dimensions. Aside from these limitations, some fundamental aspects are still 
barely explored. To date, little attention has been paid to the development of customized stimulation systems, 
adopting experimental setups that make use of one or multiple benchtop instruments responsible for stimulating 
tissues. Consequently, the programmability of stimulation signal features has been barely considered so far, 
although this aspect is crucial for developing effective control strategies.

In this paper, a circuit for the stimulation of biohybrid actuators through programmable current stimuli 
based on Current Control Mode (CCM) is reported. CCM allows for a more effective approach for precise 
control over the charge used during stimulation since the stimulation is provided by fixing the current flowing 
between electrodes. This approach limits the formation of toxic reagents due to the hydrolysis of the electrolytic 
solution that ensures the sustenance of bioactuators19. Although the development of current stimulators is well 
documented in sensory feedback and neural stimulation applications20–23, the employment of the CCM approach 
in soft robotics is unprecedented. The proposed circuit is implemented in a modular, portable instrument, 
assembled by custom printed circuit boards (PCBs) and entirely fabricated using off-the-shelf components. The 
system ensures a high degree of programmability of electrical stimuli, in terms of amplitude, frequency, and 
pulse width to allow the development of advanced control techniques for biohybrid actuators based on muscle 
tissues. This feature aims not only at studying how to elicit different functions in the muscle actuator (e.g., 
twitch and tetanic contraction), but also the ability to modulate muscle fiber recruitment. To investigate these 
features, the proposed device was tested in different benchmarks, such as biohybrid actuators composed by 
C2C12, 3D-bioengineered muscle tissues and flexible supports, and a BHM using this actuator, i.e. a proof-of-
concept prototype of a catheter tip with electrically-induced bendability.

Methods
Voltage and current controlled stimulation
When an excitable tissue is electrically actuated, a charge Q is injected through the tissue depending on the 
electric current that flows between stimulation electrodes, I(t), following the equation24:

	
Q =

∫
Istim(t)dt� (1)

In VCM stimulation, I(t) is fixed by applying a voltage generator between the electrodes19. Due to Ohm’s law, the 
current injected during stimulation is thus given by:

	 I(t) = V (t)/Z(t)� (2)

where V(t) is the voltage applied by the voltage source, while Z(t) is the impedance of the system composed 
of the stimulation electrodes and the electrolyte. In general, this impedance can be modeled by an equivalent 
RC circuit, which describes the interface between the electrodes and the electrolyte, as well as the behavior of 
ionic transport within the electrolyte19,25. These components may vary during experiments due to reactions in 
the proximity of the electrodes or changes in the electrolyte composition due to the metabolic reactions of the 
biological tissue used as actuator19,26. The dependence of injected current to Z(t) in VCM may represents a serious 
issue in the controllability of the biohybrid actuator: an increase in impedance anywhere in the electrical path 
would lead to an additional voltage drop, causing a reduction of current and so a reduction in injected charge, 
which could become insufficient for stimulation. Moreover, since Z(t) varies with geometrical dimensions in the 
system (e.g., electrodes area and relative distance)27,28, stimulation conditions in VCM cannot be directly scaled: 
for instance, the passage to a miniaturized BHM can be related to an overall decrease of the impedance, and the 
same voltage source can thus provide an higher current22,23, contributing to damaging the muscle tissue or to 
undesired side reactions, such as electrolysis of the media.

In CCM, stimulation is performed by connecting a current source between the electrodes. The current is 
therefore imposed by the circuit, and so it is the amount of charge injected, as this is independent of the impedance 
of the electrode-electrode system, as shown in Fig. 1, thus making control of the experimental conditions, and 
scaling to different BHM dimensions more straightforward. As a matter of fact, CCM is widely used in the field 
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of electrical stimulation on humans, as this makes the stimulation system safer, avoiding injections of capacitive 
charge that could alter the balance of stimulation and consequently lead to potential adverse reactions in the 
nearness of the electrodes. The system we designed applies these principles, aiming to guarantee safe stimulation 
protocols. With this in mind, the stimulation system is one of the building blocks of a future complete system 
based on biohybrid actuators.

Electronic stimulator
Figure 2 shows the configuration of the proposed stimulator: in order to keep dimensions feasible for a portable 
stimulator system, the developed circuit is configured as a 59 mm × 28 mm × 25 mm (L × W × H) stacked 

Figure 2.  The current stimulator developed in this study designed the stacking of two custom PCBs for 
power supply and stimulation unit (A). The Power management unit generates the voltages required by the 
stimulation Front-End (FE). The stimulation FE is composed of four different voltage-to-current converters 
used to stimulate the biohybrid actuators. The simulator has been realized as a stacked system (B). The 
stimulation channel is based on a voltage-controlled voltage-to-current converter (C). The programmability of 
the stimulation FE allows the customization of the stimuli in terms of shape, pulse width (PW), frequency (f), 
and current amplitude (I) (D). Images of the final device in front and lateral view (E).

 

Figure 1.  The impedance of the electrodes-electrolyte system can be described using an RC equivalent circuit. 
The contact impedance between the electrodes and the electrolyte is described using a parallel of a capacitor 
Cp and a resistor Rp, while the impedance of the electrolyte between the electrodes is modeled using a pure 
resistor Rs. In VCM, the injected charge depends on the impedance, and due to the capacitive behaviour of 
the system this leads to some undesired overshoots and reduce scalability of the stimulation conditions with 
BHM dimensions. In CCM the injection of charge does not depend on the impedance but only on the current 
imposed by the current source.
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system, composed of two custom PCBs and a commercial microcontroller unit. This approach separates the 
power management units and the stimulation front-end (FE), resulting in a modular device that can be easily 
modified in terms of voltage compliance and stimulation current characteristics. Each PCB is a 59 mm × 28 
mm, two-layer board designed to be mounted (the same size, the same profile) on the commercial development 
microcontroller unit (MCU) board ESP32-WROOM-32UE, a dual-core 32-bit microprocessor with a built-in 
Bluetooth module and USB peripheral.

The power management unit is located on the bottom of the stack, and it is used to generate the supply 
voltages required by the stimulation front-end. It contains two booster circuits based on the switching voltage 
regulators Analog Devices Inc. (Wilmington, MA, USA) LT8365 and a voltage-inverting circuit. The voltage 
inverting circuit is based on Maxim Integrated (San Jose, CA, USA) MAX889RESA, which allows the generation 
of -5 V used by the front-end, a current of 200 mA with a quiescent current of 2 mA. The LT8365 is a voltage 
converter employed in boosting or inverting voltages, which guarantees a low quiescent current and low ripple 
on the output. The LT8365 has been used in two different circuits. The first one exploits the boosting feature of 
the component, allowing a 90 V voltage supply starting from the 5 V input supply, with a maximum current 
delivered to the load up to 66 mA. The second circuit uses the inverting feature of the LT8365 to generate a -90 
V voltage supply from the 5 V input supply. The high voltage compliance (± 90 V) guaranteed by the power 
management module has been designed to adapt the stimulator to a maximum load of 5 kOhm, thus ensuring a 
wide margin of investigation in the choice of electrodes and electrolytic media required.

The FE unit is located in the middle of the stack; it takes the high-voltage bipolar supply from the power 
management unit and the 5 V supply from the MCU. It hosts a 4-channel 16-bit bipolar digital-to-analog 
converter (DAC), Analog Devices LTC2664, connected to the four different stimulating channels. Each output 
channel is a voltage-programmable voltage-to-current converter that delivers the current to the load employing 
two amplifiers, a low voltage rail-to-rail amplifier Analog devices (Massachusetts, USA) AD8519ARTZ and high 
voltage Texas Instruments (Dallas, Texas, USA) OPA462IDDA, as reported in Fig. 3.

The MCU uses the SPI protocol to program the DAC, allowing users to turn ON or OFF any of the four 
channels. The low voltage amplifier acts as a buffer to sink/source the stimulation current whose value is set by 
the DAC output voltage and resistor Rstim. The load requiring stimulation is connected in feedback to the high-
voltage amplifier, ensuring the Istim current flow as described in23:

Figure 3.  Measurement setup. Tissues were assembled on two different Petri Dish. On the first Petri dish, the 
actuator was assembled on two PDMS pillars built on the bottom of the Petri, while electrical stimulation was 
provided using two graphite electrodes (A). The second Petri dish contained a catheter prototype. The muscle 
ring actuator was mounted on the catheter (B). During the measurements, the Petri dish was observed using 
the Leica Thunder System recording the tissue contractions induced by the electrical stimulation (C).
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Istim = VDAC

Rstim
� (3)

In this way, since the value of the applied current is independent from the impedance of the load, the total charge 
injected through monophasic or biphasic stimulation into the load is known:

	 Q = Istim ∗ P W � (4)

In the latter, Q is the injected charge and PW is the pulse width of the stimulation waveform. To ensure correct 
load stimulation, the OPA462IDDA amplifier adjusts its output voltage within the wide range provided by the 
±90 V supply. OPA462IDDA ensures a slew rate of 32 V/µs and a maximum output current of about ±45 mA.

The LTC2664 DAC is equipped with an internal reference voltage that can be programmed in the range 
of ±2.5 V and ±5 V, thus allowing 381 nA current resolution in the range of 0-12.5 mA and 762 nA from 12.5 
mA to 18 mA. The DAC guarantees the generation of a maximum of 2 ksps, thus allowing stimulation pattern 
shapes with frequencies higher than those required for tetanic contraction, typically lower than 100 Hz29,30. The 
programmability range of electrical stimuli, in terms of amplitude, frequency, and pulse width, is reported in 
Table 1.

Control software and GUI
The full programmability of the proposed device allows for stimulation with arbitrary waveforms, including both 
monophasic or biphasic stimuli, typically used for Functional Electrical Stimulation (FES) or Nerve Electrical 
Stimulation (NES) on humans31. Although the use of the monophasic form is among the most used in the field 
of electrical stimulation, continuous exposure to a sequence of monophasic pulses could potentially induce 
damage to the tissue due to irreversible chemical reactions near the electrodes, giving rise to toxic products for 
the tissues32. On the contrary, the employment of biphasic pulses may mitigate such risks, as the reverse electric 
field generated by the subsequent positive phase of a biphasic pulse may impede the accumulation of cations/
anions, thus preventing irreversible chemical reactions near electrodes19,32,33. For this reason, the device has been 
programmed with four default stimulation waveforms based on monophasic and biphasic shapes (monophasic, 
symmetric biphasic, charge-balanced asymmetric biphasic, and symmetric triangular), which can be modified 
in terms of frequency, pulse width (PW), and amplitude through a custom Matlab Graphical User Interface 
(GUI). In particular, PW can be tuned from 200 µs up to 60 ms in steps of 100 µs, the frequency from 1 Hz up 
to 500 Hz in steps of 1 Hz, and the amplitude from 0 to 18 mA in steps of 100 µA. Through the GUI, the user 
can also generate specific stimulation algorithms based on linear modulation of amplitude, frequency, or PW. 
Amplitude and frequency modulation can also be implemented using linear steps or via a trapezoidal pattern to 
allow the possibility of advanced control strategy investigation that is useful in adapting the stimulation to the 
different biological tissues used as actuators.

Biohybrid actuator fabrication
The fabrication of the skeletal muscle-based actuators was done following the protocol reported in Guix et 
al.18. Briefly, C2C12 mouse myoblasts were purchased from ATCC (CRL-1772) and cultured in flasks until 80% 
confluence, at 37 ◦C and 5% CO2, in growth media (GM), which consist of high-glucose Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal bovine serum (Gibco), 200 nM l-glutamine 
(Gibco), and 1% penicillin-streptomycin (Gibco). Once cells reached confluency, they were trypsinized and 
mixed with the hydrogel mix composed of 30% v/v of Matrigel (Corning), 4 U/mL of thrombin (Sigma-Aldrich), 
4 mg/mL of fibrinogen (Sigma-Aldrich) and 10 million/ml of C2C12 cells. The 3D cell-laden hydrogel was 
cast in a circular mold made of PDMS, which was previously 3D printed, cured, sterilized under UV light, 
and treated with pluronic acid to avoid cell attachment. Cells were cultured in the hydrogel mix for 2 days in 
GM supplemented with 1 mg/ml 6-aminocaproic acid (ACA, Sigma-Aldrich) to avoid hydrogel degradation 
by cell protease. After this culture time, cell-laden hydrogels were gently removed from the circular molds and 
transferred to a flexible PDMS-based two-post system, where they were cultured in differentiation media (DM) 
until the day of experiments (days 10-11 of differentiation). DM consists of DMEM containing 10% horse serum 
(Gibco), 200 nM l-glutamine (Gibco), 1% penicillin-streptomycin (Gibco), 50 ng/ml IGF-1 (Sigma-Aldrich), 
and 1 mg/ml ACA.

Flexible catheters fabrication
Custom-made catheters as prototypes of a biohybrid machine were fabricated using molds designed in Autodesk 
Fusion and manufactured through stereolithography (SLA) (Form 3B+, FormLabs) with Surgical Guide 
Resin to improve surface finish and quality. The molds were composed of four main components and a metal 
plug designed to fabricate a catheter with an internal diameter of 1.2 mm and a wall thickness of 500 µm. A 

Parameter Min Max Step

Amplitude 0 mA 18 mA 381–762 nA

Frequency 1 Hz 500 Hz 1 Hz

Pulse width 100 µs 50 ms 20 µs

Table 1.  Programmability range.
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representation of the molds is shown in Supplementary Material Figure 1S. The base included concentric holes 
for aligning the plug, allowing material flow to define wall thickness and two lateral holes for material injection. 
Two lateral components enclosed the plug, featuring semi-circular cavities that matched the catheter’s external 
radius, with one of the pieces including holes specifically designed for pillar fabrication. Pillars with a diameter 
of 1 mm and a height of 1.5 mm were fabricated at a distance of 9 mm to provide an anchoring site for the 
biohybrid actuator. The catheter bending was enabled upon the electrical stimulation of the biohybrid actuator. 
The upper component resembled the base, with similar holes for screws, alignment, and air escape during 
material injection. Before fabrication, the mold components were coated with a release agent (Ease Release 
200) and left to dry for 10 minutes. A silicone mixture made of polydimethylsiloxane (PDMS, Sylgard 184) and 
Ecoflex 00-10 (1:10 ratio, excluding the PDMS crosslinking agent) was prepared and degassed for 10 minutes. 
After assembling the mold, the material was injected initially into the pillar holes, then through the base holes to 
ensure complete filling of the empty cavity of the assembled mold. The material was left polymerizing at 50 ◦C 
for 1.5 hours, followed by 24 hours at room temperature before opening to retrieve the prototypes.

Force measurement setup
The biohybrid actuator was positioned between two graphite electrodes inside a Petri dish. The Petri dish 
contained the two-post system in which the tissue was assembled and filled with a culture medium composed 
of DM supplemented with ACA. The bending of the two-post system induced by muscle contraction under 
electrical stimulation was recorded using the Leica Thunder imaging system, as shown in Fig. 3A.

The contraction force of the muscle actuators was analyzed following the protocol reported in Guix et al. and 
Mestre et al.18,34,35.

The contracting muscle tissue exerts a force towards the two-post system, making them bent. Tissue 
contraction and consequent post-bending are recorded and then analyzed using a homemade Python script that 
calculates the post-border displacement observed in the video related to tissue contraction. The Euler-Bernoulli 
beam bending equation was used to estimate the contractile force from the post-discharge.

	
P = 3EIzy(a)

a3
� (5)

where P is the applied force, E is the Young’s modulus of the PDMS post (206 kPa), a is the height where the 
post-border displacement is being measured (being the z-axis position of the tissue in the post under evaluation, 
a value that can be taken from the meta-data of a z-stack taken from the tissue to the bottom of the post), Iz  is 
the second moment of area of the post around the z-axis, and y(a) is the displacement of the post obtained with 
Python. The second moment of area (Iz) around the z-axis of the post is a constant and follows the following 
equation:

	
Iz = w3L

12
� (6)

where w = 0.6 mm and L = 3 mm are the lateral dimensions of the post base.
A case test of a BHM-based catheter device was performed using the setup shown in Fig. 3B. The biohybrid 

actuator was incorporated into a PDMS-compliant catheter prototype. The catheter prototype had on its top two 
pillars designed to position the actuator, allowing this way to induce a bending of the catheter depending on 
the contraction of the actuator. The bending profile was recorded using the Leica Thunder System as described 
above. The bending angle was obtained using a custom-made Python algorithm.

Biohybrid actuator stimulation procedures
Four different stimulation strategies were carried out to verify the different capabilities of the biohybrid actuator 
and a prototype of BHM hosting the same actuator.

First, the capability to induce a repeatable biohybrid actuator contraction was verified. The contraction of the 
biohybrid actuator was tested using two different actuators and stimulating with a frequency of 1Hz. The first 
bioactuator was stimulated using four different waveforms (biphasic symmetric, biphasic asymmetric charge-
balanced, monophasic, triangular biphasic charge-balanced) with 5 ms PW and 18 mA of amplitude. The second 
biohybrid actuator was subjected to biphasic symmetric stimuli with different PW (2 ms, 20 ms, 50 ms) to verify 
the effect of increasing the delivered charge during the stimulation task. Stimulation was performed using a train 
of stimuli of 1 Hz for 10 seconds.

Second, the capability to induce a biohybrid actuator contraction maintained over time, recreating muscle 
tetanic contraction, was tested. A biohybrid actuator was stimulated with a train of 50 Hz pulses for 10 seconds. 
Stimulation was performed using four different waveforms (biphasic symmetric, biphasic asymmetric charge-
balanced, monophasic, and triangular biphasic charge-balanced) with 5 ms Pw and 19 mA of amplitude.

Third, the capability to dynamically modulate the contraction of the biohybrid actuator over time was also 
verified. Three biohybrid actuators were stimulated using a staircase-patterned linear amplitude algorithm. 
Stimulation was delivered in 11 steps of 2 seconds duration each. Stimulation amplitude was linearly modulated 
between steps starting from 3 mA to 18 mA. At each step, a train of 50 Hz biphasic symmetric pulses with a PW 
of 5 ms was delivered.

Finally, a preliminary application of the proposed electrical stimulator to control the movements of a BHM 
was investigated. A biohybrid actuator was embedded over a catheter prototype to induce the bending of the tip 
of a catheter. Two stimulation subtasks were performed to check the possibility of maintaining the catheter bent 
over time, using a train of 50Hz pulse and amplitude modulation to modify the catheter bending dynamically.
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Results and discussion
Power consumption
The device’s power consumption was measured to be 1 W during regular operation and reached a maximum 
power consumption of 1.3 W when all the high-voltage amplifiers were in saturation (90 V). The current 
absorbed during regular operation has been calculated at about 200 mA. Using a power bank for a smartphone 
with a capacity of 22,000 mAh, the working time of the device would be about 110 h in regular operation, and 
it would be 84 hours with all the stimulation channels active. To guarantee a working time of 12 h, it would be 
sufficient to have a small battery of about 3200 mAh.

Twitch stimulation
The stimulation was carried out to induce a rapid, non-sustained contraction of the biohybrid actuator, 
corresponding to twitch contractions on different samples using trains of pulses with a frequency of 1 Hz for 10 s.

First, the effect of the waveform on the contraction performances at fixed amplitude (18 mA) and PW (2 
ms) was tested (Fig. 4A). Although the contraction appears to be consistent with the timing induced by the 
stimulation, it can be seen how the contraction of the sample is affected by the type of waveform used during 
electrical stimulation, showing how the stimulator sample responds more decisively to the symmetrical biphasic 
stimulus. This difference in contraction is consistent with the total charge injection, as both the anodic and 
cathodic phases of the symmetric waveform can induce the cell action potential, thus allowing for increased 
recruitment of the fibers. Although a similar effect should also occur with the asymmetric biphasic form, the 
difference in amplitude between the anodic phase and the cathodic phase means that one of the two stimulation 
phases has a lower capacity to induce membrane depolarization, thus being less effective. Similar consideration 
can be done for the triangular waveform, in which the injected charge is half that of the rectangular shape.

Then, the influence of a PW was investigated using trains of symmetrical biphasic pulses of constant 
amplitude (15 mA) and different values of PW (2 ms, 20 ms, 50 ms). As can be seen from the graph in Fig. 

Figure 4.  Twitch stimulation was performed using train of pulses with frequency of 1 Hz. The arbitrary 
waveform generation of the proposed device was used to verify the capability to induce twitch with different 
kind of stimulation waveforms. The pulse width programmability was investigated using biphasic symmetric 
waveforms, verifying the capability to modify the muscle tissue contraction (A). Tetanic stimulation was 
performed using a train of pulses with a frequency of 50 Hz. The arbitrary waveform generation of the 
proposed device was used to verify the capability to induce tetanic contraction with different kinds of 
stimulation waveforms (B). Modulation of biohybrid actuators contractions through amplitude modulation. 
A staircase modulation of 6 steps of same size from a minimum current of 3 mA to a maximum current of 18 
mA. The box chart reports the average and standard variation of three independent experiments with three 
different biohybrid actuators (C).
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4A, as the duration of stimulation increases, it is possible to modify the force of contraction of the tissues, as 
also previously reported in the literature36. The increase in injected charge due to longer stimulations has been 
reported to increase muscle fiber recruitment, resulting in a more significant tissue contraction.19,37,38

Programmable tetanic contraction
Although the possibility of inducing twitch contraction in muscle tissue is a valuable benchmark for the 
biohybrid actuator stimulation strategy, their application in soft robotic applications generally involves more 
sophisticated functions. In particular, the capability to keep a contraction for a significant time, recreating tetanic 
contractions, is fundamental to enabling a given functionality (such as grasping or bending during movement). 
Moreover, the possibility of modulating the actual force has many important implications in the actual response 
of the soft robot: for instance, increasing the deformation without a complete reset of the stimuli, which would 
determine a complete relaxation of the robot shape. Additionally, this function enables the development of fully 
controllable soft robots through feedback systems. Indeed, the effect of a given stimulus in terms of actual force 
or realized deformation can be read by real-time force or bending sensors39,40, and this information is used 
to adapt the amplitude of the stimulus for improved performances. Both features are strongly reliant on the 
capability of the stimulator to provide more sophisticated stimuli, having a high degree of programmability. 
First, a verification of the stimulation circuit performance in inducing tetanic contraction was investigated. 
Figure 4B reports experimental results obtained using different stimulation waveforms (biphasic symmetrical, 
asymmetric charge-balanced, monophasic waveforms, and biphasic triangular with balanced charge) in a 10 s 
train of pulses with a frequency of 50 Hz and an amplitude of 18 mA. Differently from what is obtained on twitch 
induction, the different stimulation modes induce a similar contraction, although the symmetric waveform has 
a higher contraction peak. It is noteworthy that the forces obtained in tetanic contractions are much higher than 
those previously obtained in twitch experiments. Aside from differences among different biohybrid actuators, 
the effect of frequency on muscle fiber recruitment has been thoroughly explained in the literature, showing how 
it is possible to increase the contraction force by increasing the stimulation frequency, both on humans41 and 
on biohybrid actuators42, thus providing a further demonstration of the correct functionality of the stimulation 
circuit.

It is possible to observe how the contraction force decreases as the time of inclusion passes, indicating a 
possible tissue relaxation effect. This effect could be due to the absence of dynamic perfusion inside the petri 
dish, resulting in an insufficient amount of calcium ions to maintain the contraction at maximum strength. 
However, to say this with certainty, it would be necessary to perform further electrophysiological analyses 
associated with the electrical inclusion.

Then, the possibility of dynamically modulating the contraction was demonstrated, exploiting the 
programmability of the circuit in terms of the amplitude of the stimuli. Amplitude modulation can represent 
a key modulation technique to dynamically modify the position of a biorobotic device, since the variations in 
amplitude can be exploited to vary the recruitment of the fibers in the biohybrid actuator, thus modifying the 
applied contraction force. Although amplitude modulation is a well-appreciated and documented technique in 
functional electrical stimulation (FES)43,44 and in neural stimulation for sensory feedback45,46, its applicability to 
biohybrid actuators has yet to be investigated in detail.

A stimulation pattern using symmetric biphasic PW stimuli of 5ms and 50 Hz frequency was employed to 
verify the possibility to dynamically control the fibers contraction in the biohybrid actuator. The amplitude was 
modified linearly including 11 steps long, starting from a minimum amplitude of 3 mA (step 1), reaching a 
maximum amplitude of 18 mA (step 6), and returning to the initial amplitude (step 11). Each stimulation step 
lasts 2 s, and the amplitude, frequency, and PW parameters do not vary within the step. Figure 4C shows average 
contraction during the stimulation steps of three different biohybrid actuators. Although a certain variability can 
be observed, as a consequence of the different force values available at each biohybrid actuator tested, a linear 
variation of the force with the amplitude of the stimulation current is clearly observed. This results supports 
amplitude modulation as a valuable approach to modifying the recruitment of the muscle tissue’s fibers to induce 
different behaviors in the biohybrid actuator.

Application of biohybrid actuator stimulation in a BHM
To demonstrate the feasibility of the proposed approach to the actual control of a BHM, the investigated biohybrid 
actuator was integrated into a BHM demonstrator, consisting of a PDMS-based catheter tip containing two 
pillars for holding the biohybrid actuator47,48.

The BHM system (from now on, biohybrid catheter) was tested under two conditions: in the first, a tetanic 
contraction was induced to demonstrate the capability of the stimulation system to induce a prolonged bending 
in the catheter tip, In the second condition, the amplitude modulation strategy was tested to verify the possibility 
of adjusting the catheter tip’s bending by modulating the biohybrid actuator’s contraction. Both features are 
fundamental for the development of a biohybrid catheter with remote deformation control. Indeed, keeping a 
given bending is important to ensure the correct catheter motility in the bloodstream, particularly when strict 
bifurcations are encountered, thus allowing a reduced risk of impact with the blood vessel walls and a risk for 
hemorrhage.

Figure 5 reports the results of the experiments carried out on the biohybrid catheter. In tetanic contraction 
(Fig. 5A) applied to the catheter as the recorded bending angle (calculated between the fixed part of the tip 
and the bent section) in real-time, extracted by means of a custom Python script from video taken by a Leica 
Thunder System (Video S1 in Supporting Information). The bending was obtained by applying a train of pulses 
of a frequency of 50 Hz, PW 5 ms, and amplitude 18 mA. A bending angle of about 0.9◦ was obtained in this 
condition, which was well kept for the whole duration of the experiment with a limited variability (not exceeding 
the 20%).
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Figure 5B reports an example of dynamic bending in the catheter tip by amplitude modulation, displaying the 
bending angle variation in real time (from Video S2 in Supporting Information). Stimulation was performed 
as follows. The amplitude was modified linearly 11 steps long, starting from a minimum amplitude of 3 mA 
(step 1), reaching a maximum amplitude of 18 mA (step 6), and returning to the initial amplitude (step 11). 
Modular increase in catheter bending is displayed until the maximum bending reach (up to 1.5 ◦), as well as 
subsequent gradual relaxation until the end of stimulation. In this case, the different bending angles obtained at 
different amplitudes of the stimuli are hard to be defined as a consequence of the significant noise, mostly related 
to the resolution of the recognition system and of the script employed for the bending angle extrapolation. It 
is important to highlight that the tested catheter is a benchmark for the stimulation strategy, thus being not 
optimized for any specific applications: the obtained performances represent a proof-of-concept application of 
the stimulation circuits and its potentialities, thus allowing foreseeing future enhancement with refined BHMs.

Conclusions
This paper reports the development of a custom, portable stimulation system that can be used to develop and 
investigate control techniques for BHMs. The device implements an innovative approach to BHM stimulation, 
based on a CCM instead of the typical VCM, to obtain better control over muscle tissue contraction and reduce 
the risk of stress and failure of the biohybrid actuator. Moreover, the system implements a high degree of 
programmability in terms of stimulation patterns, including different default waveforms that can be modified 
in amplitude, pulse width, and frequency through a user-friendly GUI. The high voltage compliance (± 90 
V) allows adaptation to various load impedances, guaranteeing a stimulation of 18 mA up to impedances of 
5 kΩ. The device was tested using biohybrid actuators, showing the possibility of controlling their twitch or 
inducing tetanic contraction. Furthermore, through amplitude modulation, the device has been shown to be 

Figure 5.  Biohybrid driven catheter stimulation. The catheter was stimulated using a train of pulses with a 
frequency of 50 Hz, amplitude of 18 mA, and pulse width 5ms to verify the capability to induce stable bending 
of the catheter (A). Amplitude modulation was performed to verify the capability to dynamically modify the 
bending of the catheter (B). Catheter bending (C).
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capable of affecting the contraction force of the tissues used, allowing the elicited contraction force to increase 
or decrease. Finally, the use of the stimulation circuit for the control of a prototype of a BHM catheter was 
explored, providing a preliminary feasibility demonstration in the induction and maintenance of bending and its 
dynamic modulation. It is important to underline that both biohybrid actuators and biohybrid machines must be 
considered as a benchmark for stimulation strategy validation, i.e., without targeting a specific final performance 
in terms of contraction ability. Indeed, to this aim, BHM must be designed to fit a specific application scenario: 
at this stage, this aspect has been not yet defined, and will be faced in future research activities However, the 
results reported demonstrate that the proposed approach may significantly improve soft robotic control toward 
the exploitation of even more refined BHMs, including a closed-loop system that integrates sensors for real-time 
monitoring of the biohybrid actuator functionality.

Data availability
All data generated or analyzed during the study are included in the manuscript. Data are available from the 
corresponding author upon reasonable request.
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