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1. Introduction

Small-scale actuators have made significant progress in
healthcare and environmental applications, being of special
interest toward precision medicine.[1,2] For controlled navigation
of such robotic platforms, the integration of sensing elements
that provide real-time information is required to realize precise
tasks in a programmable manner. The integration of biological

entities into robotic systems gave rise to the
biohybrid robotics field, providing unique
functionalities such as adaptability or
self-healing.[3,4] The use of living materials
in robotic systems has opened up a
myriad of opportunities to incorporate
properties that are particularly challenging
to obtain in their synthetic counterparts.
Particularly, the main challenges to
tissue-engineered biohybrid robots involve
implementing the best fabrication
techniques for achieving optimal designs,
accounting both for cell survival, efficient
motion, and how to implement proper
control mechanism toward its later
automation.

In fact, the common configurations and
control mechanics applied in conventional
robotics cannot be directly implemented to
biohybrid robots, as other constraints arise,
such ensuring cell survival throughout the
desired biorobot lifetime. Additionally, cell
organization must be maintained, posing a
clear challenge on the number and scale
range of the robotic control components

design. Formally, a robot is a machine that is controlled by a com-
puter and can perform complex tasks automatically, meaning
that such tasks are programmed beforehand. Indeed, when
designing a robot is necessary to account for the workflow for
automatic control of microrobots (actuation—feedback—
control—planning).[5] The control mechanisms explored to actuate
living robotics include electrical, optical, chemical, and magnetic
control, and in some cases, combining/applying more than one
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The contractile nature of skeletal muscle tissue makes it especially attractive for
powering biohybrid actuators. Significant efforts have been dedicated to the
improvement and control of contraction force, going one step forward toward the
automation of these biohybrid platforms. Herein, 3D-bioengineered skeletal
muscle tissues are integrated with organic transistor-based sensors to define a
soft bioactuator with real-time force monitoring capabilities. The muscle tissue is
electrically stimulated while the organic sensor ensures transduction of the
exerted force into an electrical signal that allows direct monitoring of the bio-
actuator performance. Sensor calibration is carried out to define its sensitivity at
different biasing conditions: as opposed to standard, two-terminal piezoresistive
devices, transistor-based strain sensors show tunable sensitivity by acting on the
voltage applied to a third terminal—the gate. A complete evaluation of sensing
performances is provided, demonstrating that real-time monitoring is effective
under different conditions, including stimulation signal frequency and chemical
modulation of the bioactuator contraction, demonstrating its potential use as a
drug testing platform. In the reported results, the way is paved for a complete
exploitation of organic devices in soft robotic applications and to the develop-
ment of novel biohybrid machines in bioengineering and biomedicine.
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mechanism. It should be noted that the most desirable mecha-
nism for spatiotemporal control of untethered bioactuators is
optical stimulation.[6,7] While directional control was achieved
by a differential stimulation along the biohybrid robot body,[8]

more advanced systems had been reported by integrating wire-
less passive optoelectronic devices that allow wireless control
over its trajectory.[9] However, the requirement for optical stim-
ulation demands genetic modification of the muscles cells to
express light-sensitive proteins called opsins, increasing both
the complexity of bioactuator fabrication and reducing the versa-
tility and the force of the resulting actuator. Toward future
biomedical applications, electrically stimulated robots would
be more desirable for providing higher force, as a higher number
of muscle fibers are activated under electrical stimulation com-
pared to light stimulation.[10] Recently, a bipedal skeletal muscle
robot demonstrated fine-tuned turning motions when selectively
stimulating one of its legs by electrical pulses, achieving forward
and stop motions.[11]

Apart from achieving a controlled spatiotemporal actuation, it
is important to withdraw real-time information over the force
exerted by the muscle, being the robotic element that provides
for actuation in such biohybrid designs. Additionally, the evalu-
ation of the contraction force of skeletal muscle tissues provides
information about the level of cell maturation and functionality,
key features in drug screening platforms when studying the
effects of biomaterials, media components or drugs on muscle
development and disease modeling.[12] Current efforts are
devoted to integrating force measurement systems to obtain
real-time information over the skeletal muscle tissue perfor-
mance. For example, through evaluation of matrix deformation
during contraction,[13] the use of cantilever-based system optical
sensing,[14] magnetic sensing, and strain sensors.[15] A novel
approach based on microscale compliant strain sensors coupled
to 3D tissues demonstrated precise electrical sensing of mechan-
ical responses under optical and chemical stimulation of optoge-
netically modified engineered muscle constructs actuated by
light.[16] In our work, we propose the integration of a flexible
strain sensor to an electrically stimulated muscle actuator to
obtain real-time information over the force exerted by the
3D-engineered muscle. Flexible organic electronics represents
a valuable technology for the development of different kinds
of sensors that find application in the field of bioelectronics.[12–15]

Organic materials are easily processed at room temperature, thus
making possible the development of electronic devices on flexible
and lightweight substrates. This characteristic allowed the appli-
cation of organic electronic devices as sensors for mechanical
deformation. In particular, the employment of organic field-
effect transistors (OFETs) for strain sensing has been
explored.[16–19] With respect to conventional, two-terminal pie-
zoresistive strain gauges, in which the sensitivity is fixed by
the geometry and the selection of materials, OFET-based strain
sensors employ a third terminal, namely the gate, which allows
modulation of the conductivity of the organic semiconductor and
thus the sensing performance. Therefore, we are here proposing
for the first time a programmable and complete electronic
stimulation-feedback approach for monitoring biohybrid cell
actuators.

The proposed organic transistor-based strain sensor configu-
ration stands out for its high sensitivity, allowing different

sensing modulation depending on the sensor deformation,
and the possibility to decouple the signal of the recorded force
from the electrical stimulation applied to induce the muscle con-
traction. Moreover, the unique mechanical and biocompatibility
characteristics of organic materials make them more suitable for
effective integration in soft robotics applications.[17,18] To ensure
the optimal coupling of the muscle to the sensor, curved notches
were additionally included not to impact on the muscle integrity
during its actuation. By studying the muscle response to different
stimulant and relaxant drugs, we demonstrated the feasibility of
using such sensors in nongenetically modified muscle bioactua-
tors, using controlled electrical pulses. Therefore, such sensing
platforms are not only of interest for providing key information
about the biological actuator, going one step toward their
automation, but also for incorporation into other bioengineered
muscle platforms due to their versatility and easy integration.

2. Results and Discussion

The design hereby presented considers not only the easy integra-
tion of the 3D skeletal muscle bioactuator, but also its viability
during the whole sensing process. To do so, we integrated
two polydimethylsiloxane (PDMS) notches by directly 3D print-
ing them on the flexible electrodes. Situated at each end, and pre-
senting similar widths to the flexible sensor, these notches
ensure homogeneous deformation of the strain sensor during
muscle contraction. Additionally, to keep the muscle in place
they form a 1) curve path that allows easy integration the 3D-
bioengineered muscle, also avoiding any side damage during
the stimulation process and 2) a curved side view that prevent
its release during the contraction–relaxation cycle. The assembly
of the OFET-based strain sensor with the 3D-bioengineered
skeletal muscle tissue is shown in Figure 1A. Details about
the fabrication of sensors of the preparation of muscle tissues
and of their integration on sensors are reported in Section 4.
To perform experiments, the sensor area is immersed in the cul-
ture media with the electrodes for stimulation, and the muscle
tissue is transposed on supports (pillars) 3D printed on the sen-
sor surface (Figure 1B and Movie S1, Supporting Information).
The muscle tissue contraction induced by the electrical stimulus
imposes a force on the pillars, thus producing a bending on the
sensor area. Thanks to the polycrystalline morphology of organic
semiconductor, the surface strain induced by bending influences
the charge carrier mobility: crystalline domains are brought close
together by the compressive deformation, thus making charge
carrier transfer along the film easier.[19–21] Consequently, the tran-
sistor output current IDS changes, proportionally to the applied
strain. Such current variations can be read by a front-end
electronic circuit to be converted into voltage variations and thus
available for analog-to-digital conversion and acquisition.
Therefore, a real-time visualization of deformation is obtained:
the larger the voltage signal variation, the larger the deformation
applied by the muscle tissue to the transistor (Figure 1C).

2.1. Sensor Calibration

To link the recorded voltage variation with the deformation
applied by the muscle, the sensors were preliminary calibrated
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in laboratory by means of a dynamometric system to precisely
correlate the output signal (drain current variation) with applied
forces. Results are reported in Figure 2. Figure 2A displays nor-
malized transfer characteristic curves of a representative device,
i.e., the current flowing between source and drain of the transis-
tor as a function of the gate-to-source voltage (VGS) and for a con-
stant value of the drain-to-source voltage (VDS). Each plot was
obtained during the application of a given deformation related
to a precise force applied by a mechanical indenter and controlled
with a dynamometer (Figure 2C, details are reported in
Section 4). Normalized current is ΔIDS= IDS� IDS,0, with IDS
being the transfer characteristic curve acquired during the appli-
cation of a specific force value, and IDS,0 being the transfer char-
acteristic curve recorded while the device is flat (no force
applied). It is possible to observe that the higher the force
(i.e., the larger the deformation), the higher the transistor cur-
rent, which is coherent with the application of a compressive

strain to the organic semiconductor film. Another aspect to be
highlighted is that the device response changes with the applied
VGS value. For VGS values larger than 0 V, the device is in its
subthreshold regime, so the applied deformation only slightly
modifies the current. The more the voltage is driven negative,
the more the transistor moves to its conductive state, allowing
a larger current to flow in the channel. Consequently, a larger
sensitivity to strain is obtained, as denoted by the increasing sep-
aration between plots related to different forces. This character-
istic is better displayed by plotting ΔIDS versus applied force for
given VGS values (Figure 2B): in this way, it is possible to observe
that, for VGS≤�1 V, the device is still near to its off state, and so
the current variation with applied force is not significant. The
more the device enters in its on state, the more the current
variation with force becomes significant. Figure 2B shows the
calibration curves obtained at different VGS values: by properly
choosing a force range representative for the one that would

Figure 1. Schematic of the flexible organic sensor with integrated muscle bioactuator. A) Sensor structure in a top, side, and cross view. Details about
structure and materials employed are shown on the latter. B) Picture of the muscle bioactuator assembled in PDMS-based notches on top of the sensor,
all set up in a dish with culture media. C) Working principle of the device: when muscle tissue contracts, the sensor is bent, and the output voltage of the
readout electronics changes proportionally to the applied strain.

Figure 2. Calibration of the strain sensor. A) Normalized transfer characteristic curves ΔIDS= IDS� IDS,0 versus VGS, evaluated at VDS=�5 V and for
different force values applied by the dynamometer. In the latter, IDS is the transfer characteristic at a certain force value, while IDS,0 is the transfer
characteristic acquired for a device in the flat state (F= 0 N). B) Calibration curves obtained by plot (A) at fixed VGS values (0, �1, �2, and –3 V).
C) A detail of the 3D-printed measurement setup employed for calibration.
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be transduced during application, the sensitivity of the sensor
can be derived as the slope of the linear fitting. Average sensitiv-
ity performances of 22 sensors at different operating voltages are
reported in Table S1, Supporting Information.

2.2. Assessment of Sensor Readout in Experimental Scenario

The evaluation of the sensor functionality for a correct force
transduction of electrically stimulated muscle cells requires that
several aspects are thoroughly examined. Since the sensor is
directly exposed to the media where voltage pulses are applied
to stimulate cell contraction, it is important to preliminarily dem-
onstrate the absence of significant cross talk between stimulation
and readout. Results of this preliminary test are reported
in Figure 3, which also show the measurement setup
(Figure 3E), composed of a petri dish containing culture media
and modified with carbon electrodes for stimulation, the custom-
made printed circuit board (PCB) for sensor readout and stimu-
lator connection, and the digital control module used for data
collection and visualization. The readout electronics convert
the current variation of the transistor into a voltage, which is
further conditioned to be effectively acquired by the digital
control module and sent to a computer for data visualization.
Details about front-end design and simulation are provided in
Supporting Information.

First, sensors were characterized during the application of the
voltage stimulus, but before the addition of the muscle bioactua-
tor the printed support (Figure 3Ea). The stimulus employed was
a monophasic voltage pulse train with an amplitude of 30 V, a
duration of 2ms, and a repetition frequency of 1 Hz; the sensor
was biased at VDS=�5 V and VGS=�3 V to let it operate at max-
imum sensitivity. It is possible to observe that the system

recorded only white noise at a maximum amplitude of about
10mV, thus proving that the sensor response is not affected
by the pulse applied in the culture media. By repeating the
experiment in the same conditions on the same sensor after
the application of the muscle cell actuator (Figure 3Eb), the
sensor readout showed the presence of voltage peaks, well distin-
guishable from the noise band and clearly correlated to the
evoked contraction of the muscle tissue. Moreover, the sensor
demonstrated the capability of following contractions obtained
at different repetition frequency of stimuli (2 and 5Hz,
Figure 3Ec,d, respectively).

2.3. Programmability of Sensor Sensitivity

A transistor-based mechanical sensor enables the capability of
finely tune the sensitivity by modulating the gate voltage, thus
providing a further degree of freedom to the feedback system.
Indeed, the sensitivity can be adapted to the force range provided
by the muscle tissue during operation, thus ensuring optimal
sensing performances. It is noteworthy that this feature cannot
be implemented in standard two-terminal piezoresistive devices,
in which sensitivity is intrinsically related to their geometry and
materials employed for their fabrication. To demonstrate this fea-
ture, the readout experiment was repeated by fixing the stimula-
tion pattern (monophasic voltage pulses with an amplitude of
30 V, duration of 2ms and frequency of 1 Hz) and changing
the biasing condition of the sensor. In particular, the VDS was
fixed to –5 V to keep the sensor in its saturation regime, while
the VGS was varied from 0 to –3 V with –1 V steps, to progres-
sively move the sensor from the subthreshold regime to the full
conductive state. Results are reported in Figure 4, in which the
output voltage of the front end is reported together with the force

Figure 3. Sensor readout at different measurement conditions: A) application of stimulation (30 V pulses, frequency 1 Hz, duty cycle 2%) on a sensor
before muscle tissue integration, B–D) application of stimulation (30 V, duty cycle 2%) on the same sensor after muscle tissue integration, at different
frequency values (1, 2, and 5 Hz, respectively). E) Detail of measurement platform showing a) the system employed for interfacing the readout electronics
and the PC, b) the custom readout electronics, and c) the cell with carbon electrodes for cell stimulation.
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applied by the muscle tissue. The latter value was extrapolated
from VOUT knowing the transfer function of the readout electron-
ics and the sensitivity values extrapolated by sensor calibration at
different VGS values. Calibration plots for the reported sensor are
provided in Supporting Information (Figure S4), along with a
detailed explanation about force extraction from output voltage
of the front end.

When the device is in the subthreshold regime (VGS= 0 V,
Figure 4A), only noise was recorded even if cells correctly con-
tracted during the stimulation. By slightly decreasing VGS to –1 V
to move the sensor to a more conductive condition (Figure 3Eb),
the amplitude of the noise band increased, but no signal was
transduced. This result is compatible with the fact that sensitivity
values obtained for this sensor at VGS= 0 V and VGS=�1 V are
comparable: therefore, even if the sensors slightly entered into
their conductive state, this is not sufficient to ensure signal trans-
duction. When the device is more effectively switched on
(VGS=�2 V, Figure 4C), sensitivity becomes sufficient to allow

detection of tissue contraction. The force extrapolated from VOUT

is of about 80 μN, compatible with force values previously
reported in similar bioactuators where post deflection systems
and video post-processing were used to evaluate the force output,
demonstrating the reliability of our strain sensor as a real-time
force measurement platform.[22] Interestingly, a further decrease
of the VGS value (VGS=�3 V, Figure 4D) results in a larger volt-
age signal, since transistor current increased and so charge car-
rier mobility does. Nonetheless, when the force is extracted by
means of the calibrated sensitivity, the value obtained is substan-
tially identical to the one obtained in the previous condition.
Therefore, not only is the capability of the sensor to be tuned
to a given force range demonstrated, but also the possibility of
improving the signal-to-noise ratio of the voltage signal is exhib-
ited by the system. Indeed, thanks to the larger current flowing in
the transistor, a larger output voltage is obtained, while the noise
band amplitude increases less because of the band-pass readout
function. In Figure 4E, a 30 s long acquisition of cell contraction

Figure 4. Sensing modulation of the device. A–D) Sensor readout and corresponding force recorded on a sensor during cell stimulation (pulse amplitude
30 V, frequency 1 Hz, duty cycle 2%), for different values of VGS (0, �1, �2, and �3 V, respectively) and fixed VDS=�5 V, showing the possibility of the
platform to modify sensitivity and improving signal-to-noise ratio for a given force imposed by muscle tissue. E) Force recorded in a 30 s long experiment,
by modulating frequency (1, 2, and 5 Hz).
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is reported, showing the real-time display of the force and the
capability of the sensor to follow modification of the stimulation
pattern in terms of repetition frequency. More testing is reported
in Figure S5, Supporting Information.

2.4. Force Sensing during Drug-Assisted Modulation of Cell
Contraction

To prove the potentialities of the proposed approach, the
real-time monitoring of muscle cells activity during exposure
to chemicals capable of interfering with their contractility was
carried out.

The results of such testing are reported in Figure 5. Figure 5A
shows the effect of raising the concentration of caffeine in the
measurement environment, which is known to be a stimulant
that enhances muscle contraction by promoting the release of
Ca2þ ions from the sarcoplasmic reticulum to the cytoplasm.[23]

Average force amplitude evaluated in a 10 s recording at different
concentrations (from 1 nM to 10mM, 1 point per decade) is
reported with some representative real-time measurement.
Stimulation conditions were fixed (monophasic voltage pulse
with an amplitude of 30 V, a duration of 2ms, and a repetition
frequency of 1 Hz), as well as sensor bias (VDS=�5 V,
VGS=�1 V). VGS selection was determined by the previously
recorded maximum (see calibration curves reported in Figure S6,
Supporting Information) and that required to sufficiently identify
contractions over the noise band. In this way, a larger dynamic
range for evaluating force increase was enabled. The reported
results show that forces were progressively altered with caffeine

concentration: a significant increase was recorded from the low-
est concentration employed (1 nM), while a substantial plateau
was obtained at 1 μM. From this concentration onward, error
bars (1–σ standard deviation) became broader, due to the signifi-
cant increase of spontaneous contraction events that are some-
times characterized by a force significantly larger than the one
of evoked contractions, as depicted by themeasurement recorded
at the maximum concentration of 10mM. The complete set of
plots of this experiment and videos of the contracting bioactuator
at 0 and 10mM of caffeine are reported in Supporting
Information (Figure S7 and Movie S2, respectively).

Figure 5b shows the results obtained at a fixed concentration
of dantrolene, which, contrary to caffeine, is a relaxant that blocks
the calcium release and therefore reduces contraction force.[24] In
this experiment, a concentration of 100 μM of dantrolene was
used in the measurement environment; stimulation with mono-
phasic pulses (amplitude 30 V, duration 2ms, repetition fre-
quency 1Hz) was also imposed throughout the experiment.
The sensor was biased with VDS=�5 V and VGS=�3 V to let
it operate at maximum sensitivity (see calibration plot in
Figure S8, Supporting Information), thus ensuring the largest
dynamic range toward the expected force reduction. The sensor
readout was carried out by applying the stimulation for 10 s at
different times after the addition of dantrolene (5, 20, 30, 40, 50,
and 60min) to avoid force reduction due to cell fatigue from pro-
longed stimulation. Average and 1–σ error bars over the 10 s
recording were evaluated. It is possible to observe that, with
respect to the acquisition carried out immediately before the
application of dantrolene (t= 0min), the force substantially

Figure 5. Evaluation of the effects of caffeine (stimulant drug) and dantrolene (relaxant drug) on contraction force. A) Sensor response to different
concentration of caffeine in the measurement environment, at a fixed cell stimulation (pulse amplitude 30 V, frequency 1 Hz, duty cycle 2%) and fixed
sensor bias (VDS=�5 V, VGS=�2 V). From left to right: average response calculated on peaks acquired in a 10 s long measurement at different
concentrations of caffeine, and examples of real-time plot for 0 nM, 100 nM, and 10mM caffeine concentration. In the latter, spontaneous contractions
were also recorded. B) Evolution of the force applied by the muscle tissue in time after the addition of a given concentration of dantrolene in the
measurement environment for a fixed electrical stimulation (pulse amplitude 30 V, frequency 1 Hz, duty cycle 2%) and sensor bias (VDS=�5 V,
VGS=�3 V). From left to right: average force calculated on a period of 10 s of cell recordings, and examples of force decreases at different time (before
dantrolene introduction in the measurement environment, after 30 min and after 60 min).
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halved within the first 30min, and another 50% reduction was
noticed after 50min. This is also clearly displayed by selected
plots recorded at t= 0min, t= 30min, and t= 60min; all
recorded timepoints and videos of the contracting bioactuator
at t= 0min and t= 60min are reported in Supporting
Information (Figure S9 and Movie S3, respectively).
Therefore, the average force decreased from the initial 80 μN
to around 20 μN by the end of experiment.

3. Conclusion

In this work, we demonstrated a novel approach for real-time
monitoring of the force exerted by muscle bioactuators by means
of organic transistor-based strain sensors. The employment of
electronic sensors allows the recording of contraction events of
electrically stimulated 3D-bioengineered muscle tissues, providing
a direct transduction into electrical signals that can be acquired by
digital units for real-time visualization and further data elaboration.
Moreover, programmable sensitivity to deformation is enabled by
the employment of a transistor instead of a conventional piezore-
sistive device. Several sensors have been calibrated in a low-force
range, and their performances have been fully demonstrated: in
particular, the absence of significant cross talk between stimulation
signals and recorded force was verified, as well as the capability of
sensing performance modulation through sensor bias alteration.
Finally, the real-time contraction force monitoring of muscles
treated with stimulant and relaxant drugs, caffeine and dantrolene,
respectively, was successfully tested demonstrating the potential
of our technology as a drug testing platform. These results
demonstrate the suitability of organic electronic devices for the
development of next generation sensing platforms for different
applications, beyond soft robotics and toward a more general
exploitation in the various fields of bioengineering such as the
development of in vitro muscle models and drug testing.

4. Experimental Section

Device Fabrication: Strain sensors were fabricated on commercial,
13 μm thick polyethylene terephthalate foils (Goodfellow). A bottom
gate-bottom contact OFET structure was employed: the first transistor ele-
ment implemented was the gate, obtained by a standard photolitho-
graphic process of a thermally evaporated aluminum layer (100 nm
thick). To ensure low voltage operation of fabricated devices, a double-
layer hybrid dielectric was employed as gate insulator.[25] Aluminum sur-
face was first oxidized by annealing in oven at 50 °C overnight, and then a
200 nm thick layer of Parylene C (Specialty Coating Systems) was depos-
ited by chemical vapor deposition, using an adhesion promoter (Sylane A
174) to enhance the film quality. Source and drain contact were made in
thermally evaporated gold (60 nm thick), patterned in an interdigitated
structure by photolithography. The aspect ratio of the device (ratio
between channel width, W, and channel length, L) is W/L= 2300. The
6,13-bis(triisopropylsilylethynyl)pentacene (TIPS pentacene, Sigma-
Aldrich) was chosen as organic semiconductor: the active layer of the tran-
sistor was obtained by drop-casting a 1 wt% solution of TIPS pentacene in
anhydrous anisole (Sigma-Aldrich) onto the channel area. The film was
formed by letting the solution dry at room temperature in a fume hood.
To prevent the degradation of the organic semiconductor during operation
in liquid, and to ensure an overall biocompatibility of the sensor,[26] a 2 μm
thick layer of Parylene C was deposited as encapsulant. The notches used
to assemble the 3D-bioengineered muscle tissue on the strain sensor
were designed in AutoCAD and then processed with Slic3r and Cellink

Heartware software to obtain the gcode for the Cellink’s Inkredibleþ
3D bioprinter. PDMS at a 20:1 ratio was used for 3D printing of the
notches, and they were cross-linked at 65 °C overnight.

Electrical and Electromechanical Characterization: Sensors’ preliminary
electrical characterization was carried out using a Keithley 2636
SourceMeter provided with a custom MATLAB graphic user interface.
The same system was used during sensor calibration with forces, com-
bined with a mechanical indenter connected with a dynamometer
(Imada Digital Force Measurement Gauge). A 3D-printed, acrylonitrile
butadiene styrene (BASF) frame was fabricated to support the sensor
and allow the application of a reproducible deformation for the different
forces applied by the indenter.

Sensor Readout: The acquisition of sensors’ signals during experiments
was ensured by a custom-made analog front end, designed to be inte-
grated with an Analog Discovery 2 (Digilent) Oscilloscope and Logic
Analyzer. Details about the functional blocks of the readout electronics
are reported in Supporting Information. The software Waveforms was
used for data real-time visualization and saving.

C2C12 Cell Culture and Fabrication of the 3D Skeletal Muscle Tissue:
C2C12 mouse myoblasts were purchased from ATCC and cultured in
T-175 flasks using growth media (GM) composed of high-glucose
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with
10% fetal bovine serum, 200 nM l-glutamine, and 1% penicillin-
streptomycin (all from Gibco). Once cells reached the 80% of confluency,
they were trypsinized andmixed with a hydrogel made of 30% v/v Matrigel,
4 UmL�1 of thrombin, 4 mgmL�1 of fibrinogen, and 16% v/v of GM sup-
plemented with 1 mgml�1 aminocaproic acid (ACA, Sigma-Aldrich) at a
concentration of 10millionmL�1 C2C12 cells. Then, this cell-laden hydro-
gel was mold casted in a PDMS-based (ratio 20:1) circular rings (1.3 and
1.6 cm diameter for internal and external rings, respectively) that were pre-
viously 3D printed with the Cellink’s Inkredibleþ 3D bioprinter and cured
at 65 °C overnight. The cell-laden hydrogel was cultured in the mold for 2
days in GMþ ACA in an incubator at 37 °C and 5% CO2, then transferred
to a petri dish containing two notches (same design as the ones printed on
top of the strain sensor) where the tissue was assembled and cultured in
differentiation media (DM) composed of DMEM supplemented with 10%
horse serum (Gibco), 200 nM l-glutamine, 1% penicillin–streptomycin,
insulin-like growth factor (IGF)-1 (50 ngml�1; Sigma-Aldrich), and
1 mgml�1 of ACA. Muscle tissues were left to differentiate for at least
7 days before performing experiments.

Assembly of the 3D-Bioengineered Skeletal Muscle Tissue into the Strain
Sensor: To conduct the real-time force measurement experiments, the 3D-
bioengineered skeletal muscle ring was carefully removed from culture petri
dish using sterilized tweezers and assembled in the notches located on top of
the flexible strain sensor. This process was performed in a square petri dish
(refer to the detailed measurement set up in Figure 3E) containing warm DM
to minimize any stress on the bioengineered muscle during handling.

Chemical Modulation of Contraction Force: Caffeine (Sigma-Aldrich) and
dantrolene sodium (Sigma-Aldrich) were used to stimulate contraction
force and relaxation of the muscle tissue, respectively, following the pro-
tocol reported by Zhao et al.[16] Caffeine was dissolved in phosphate buffer
saline (PBS) in series of different dilutions, which were added to the cell
media every 1 min increasing the concentrations from 1 nM to 10mM (all
concentrations are shown in Figure S6, Supporting Information). Muscle
tissues were electrically stimulated (30 V, 2 ms, 1 Hz) during the entire
timeline of the experiment and real-time measurements were recorded
for 10 s before adding the next caffeine concentration. For the treatment
with dantrolene sodium, a fixed final concentration of 100 μM was used.
Dantrolene was first dissolved in dimethyl sulfoxide (Sigma-Aldrich) and
then diluted at a ratio of 1:4 with PBS. The sensor readout was carried out
by applying the stimulation for 10 s at different times after the addition of
dantrolene (5, 20, 30, 40, 50, and 60min).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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