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Abstract
This study aims at developing a robotic bioprinting system capable of detecting and compensating for unexpected movements
or irregularities of the printing substrate in real time, thus achieving high-accuracy deposition. To this end, a fiber-optic
distance sensor based on spectral domain optical coherence tomography was integrated on a commercial anthropomorphic
6-axis robot. The sensor provides a continuous signal, which is used in a feedback control system developed in Python.
This system dynamically adjusts the position of the end-effector according to the distance from the printing plane, keeping
it constant. The entire setup was validated by executing printing tests (planned with simple planar trajectories) on both
moving and stationary non-planar substrates with a priori unknown surface geometry. Real-time controlled printing tests
proved the functionality of the developed system, showing smooth results in different scenarios while highlighting significant
advantages of the proposed approach against procedures without compensation. The end-effector positioning accuracy and
the average printed line width deviation resulted lower than 100 µm, thus proving the high compatibility with bioprinting
applications. This approach lays the technological foundations for possible future applications of both in situ bioprinting,
where physiological movements of the patient, such as breathing, heartbeat or tremors, hinder the accuracy of the deposition,
and in vitro bioprinting, where substrates often have surface irregularities that compromise the quality of the final result and
used soft materials tend to collapse when considering large size constructs. Moreover, the proposed method guarantees the
reduction of the path planning computational cost since it can adapt any printing system to complex surfaces, even when
starting from planar trajectories.

Keywords Real-time controlled bioprinting · Robotic-based bioprinting · Optical Coherence Tomography based distance
sensor · Fiber sensor · Unknown and moving printing surface

1 Introduction

Bioprinting is a field of Tissue Engineering (TE) that uses
additive manufacturing (AM) technologies [1] to create liv-
ing tissues or potentially entire organs, by depositing layer
by layer a mixture of cells, biomaterials, and biomolecules
(i.e., bioink) [2–5]. Standard bioprinting techniques, which
involve creating the 3D construct in vitro and then grafting it
into the human body [2, 6, 7], have intrinsic limitations due
to the printers’ characteristics and thematuration process [8].
Tissue defects resulting fromdisease or trauma typically have
an irregular morphology, and structures printed on flat sur-
faces with conventional Cartesian bioprinters cannot easily
conform to this complex geometry [8]. Furthermore, after the
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construct has been cultured in vitro, it can deform, making it
difficult to graft it into the patient’s body and requiring sec-
ondary fixation methods [8, 9]. Moreover, another limitation
of the conventional 3D bioprinting process is the slow speed
inmeeting themost urgent clinical needs. In the case of a trau-
matic injury, it takes several hours to acquire 3D images of
the injury site, reconstruct the CAD (computer-aided design)
model to be printed and perform the printing. Furthermore,
when the scaffold is ready, a second surgery is often neces-
sary that exposes the patient to new risks of infection, delays
treatment, and potentially reduces the regenerative properties
of the remaining tissue [8]. Faced with these limitations, in
situ bioprinting is an approach that involves direct bioprint-
ing of the bioink inside the defect, with a print that conforms
to complex tissue surfaces [8, 10, 11]. In this way, the treat-
ment can be applied immediately, and the procedure can be
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monitored in real-time, reducing the duration and minimiz-
ing issues related to changes in the defect microenvironment
caused by the dynamic nature of wounds or surgical resec-
tion [8, 12, 13]. Furthermore, the adhesion of the scaffold to
the residual tissue is improved through in situ cross-linking,
increasing tissue-scaffold integration [14, 15]. Finally, the
body, acting as a natural bioreactor, is far superior to in vitro
culture conditions for tissue regeneration and reduces the
possibility of contamination [10, 16]. In situ bioprinting can
be handheld or robotic. The first uses devices that can easily
be held by an operator, and the material is deposited directly
on the patient site without the need for defect scanning and
path planning through geometry slicing. This approach offers
surgeons considerable freedom, allowing them to quickly
stop and/or restart the printing process on demand, as well
as allowing for any potential patient movement during sur-
gical procedures. On the other hand, this approach brings
limitations inherent to human nature: limited repeatabil-
ity, low accuracy, low precision, presence of errors related
to the natural tremor of the surgeon’s hands, or unwanted
movements due, for example, to breathing. On the other
hand, robotic-based in situ bioprinting is the most promising
approach since it can greatly facilitate the process, ensuring
high precision and repeatability in a fully automated context
where human intervention is minimized [17, 18]. Articulated
robots are the most used configuration, as they offer the
workspace and degrees of freedom (DOF) needed to print
inside body defects regardless of their geometric complexity
and anatomical position [19, 20]. The redundancy of DOF
can be exploited to improvemanipulability and achievemore
dexterity, to use advanced kinematic control algorithms that
improve movement precision, and to allow the structure to
unfold/fold to reduce its bulk [21]. Finally, articulated robots
integrate the possibility of using different printing technolo-
gies to adapt to the type of defect and patient tissue [13,
22–24]. Among the first works is that of Li et al. [12] where
the efficacy of using a 6-DOF industrial robot for in situ bio-
printing was demonstrated by depositing a bioink based on
sodium alginate, polyethylene glycol diacrylate (PEGDA),
and gelatin methacrylate (GelMA) in animal models. Subse-
quently, Zhao et al. [25] used a 6-DOF robot equipped with
scanning tools for the rapid reconstruction of skin defects,
further demonstrating the need for multi-DOF platforms to
effectively cover large defects. In a recent work, instead, a 5-
DOF robotic platform for in situ bioprinting was developed,
exploiting its dexterity to enable non-planar printing on the
irregular surfaces of human tissues and verifying the possi-
bility of integrating multiple printing technologies in a single
process.

The bioprinting process typically involves an initial phase
in which the trajectories are planned based on the geometry
of the defect or tissue to be created, which can be known a
priori or acquired through surface reconstruction techniques

[26, 27]. A limiting aspect of this approach, however, is the
actual possibility of planning a printing path that can faith-
fully follow the profile of the tissue [28]. The human body is
an extremely dynamic environment that, in addition to being
characterized by irregular surfaces, has intrinsic movements,
such as heart rate, breathing, or even changes in the tissue
microenvironment of the defect, which cannot be eliminated
[28–30]. The movement of the substrate must be considered
to guarantee, on the one hand, the safety of the patient, and on
the other, the possibility of printing on all body tissues and not
only on rigid or immobilized ones [8, 29]. Furthermore, the
irregularity of the surface, combined with the natural pres-
ence of liquids in human tissues, often means that scanning
techniques are unable to capture all the geometric character-
istics [27]. This happens because the damaged site may not
be easily accessible to the scanning tool, liquids can inter-
fere with the reconstruction technology, or the tool has a
limited intrinsic accuracy [28, 31, 32]. Therefore, the need
arises to be able to print on non-planar, irregular surfaces,
with possibly unknown geometry and in motion. Being able
to implement a technology of this type would have impli-
cations in different sectors, in addition to the medical one,
as in mobile environments such as ships, and vehicles, or,
for 3D printing in space stations, where frequent attitude
checks generate transient vibrations and involuntary move-
ments that make the procedure more challenging [33, 34].
In all these cases, on-site printing may be the only solution,
given the lack of proper scanning systems or the need to
quickly repair objects and instruments that cannot be moved.
To achieve this goal, in addition to non-planar path plan-
ning methods, it is necessary to use feedback systems that
allow monitoring and maintaining the relative position of
the substrate-tool constant even in the absence of a precise
geometric description of the object or in the presence of unex-
pected movements [35, 36]. In a recent study, Fortunato et
al. implemented a compensation system in an in situ bio-
printing platform to balance the physiological movements
of the patient [30]. The system made it possible to compen-
sate for a periodic movement of the patient (for example, a
beating heart, a movement of the thoracic cavity induced by
breathing) or to interrupt the bioprinting process following
a sudden and unexpected movement. However, the compen-
sation was not in real-time but was based on the acquisition
of the movement before the printing phase: the frequency
and excursion of the movement were stored and then added
to the printing trajectories in the inverse kinematics calcu-
lation phase. Among the first works that exploit real-time
information detection is that of Armstrong et al. [37] who
created a real-time feedback system to improve the qual-
ity of the print by monitoring the spatial positioning of the
deposited material with respect to the desired position. The
only goal in this case was to improve the spatial resolution
of the bioprinting and did not include adaptation to move-
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ments or irregular surfaces. To allow direct process control
and measure deposition, a laser profiler (Keyence LJ-G030)
wasmounted on the extruder head. On the other hand, to print
on moving surfaces, O’Neill et al. in 2017 [29] introduced
an optical tracking algorithm to detect the anatomy pose in
real-time.ALeapMotion tracking system (framerate 120Hz,
resolution 1 mm) was used for XY tracking, while a custom
profiler made with a linear green laser (532 nm, 1 mW) and a
Raspberry Pi hardware camera were used for Z. A Cartesian
printer was used to accurately position the nozzle relative
to the substrate. The nozzle’s movement was adjusted at a
speed proportional to the positioning error along the X, Y, or
Z axes. However, this method required pausing the material
extrusion until the nozzle was correctly repositioned. Subse-
quently, Zhu et al. [36] created a system capable of detecting
in real-time the movements of the substrate and adapting the
printing accordingly. The process involves first a structured
light scan of the surface, then the combination of the geo-
metric information obtained with a real-time estimation of
the body’s movement. The movement is detected by stereo
cameras mounted on the robot’s end effector, which allows
the use of the Prospective-n-Point (PnP) method to locate
the fiducial markers placed on the moving surface. To be
detectable, however, themovements must have a linear speed
lower than 8 mm/s. Nevertheless, all the analyzed systems
have the limitation of being based on image acquisition and
processing, resulting in high-dimensional data that necessar-
ily involve a high computational cost and a non-negligible
time for generating the feedback signal. Furthermore, these
methods require a global description of the object’s surface,
which is not always obtainable. Other studies have found
simpler solutions from a computational point of view, but
equally effective, because they directly act onmaintaining the
correct height offset between the substrate and the extruder.
Kucukdeger et al. [38] implemented a feedback system based
on a 1D laser displacement sensor to monitor and maintain
constant the offset between the substrate and the nozzle. The
laser sensor (IL-030, resolution 64 µm) was mounted on a
3-axis Cartesian printer adjacent to the extruder, moved by
0.1 mm in the X direction (distance selected to capture the
movement of the next point of the tool path while avoiding
interference from the extruded material). The implemented
system demonstrated the ability to mitigate the effect only
in the case of displacements lower than 4 mm. Furthermore,
the use of a Cartesian printer limits the applicability of the
system only to easily accessible regions of the body and with
not very complex geometries. A similar work was proposed
by Levin et al. in 2023 [39]. In this case, an end effector was
created for the KUKA Sunrise Cabinet robot, equipped with
a VL53 time-of-flight (ToF) distance sensor and a stepper
motor for real-time modification of the position of the print
head. Although the system allowed easy control of the posi-
tion of the nozzle, the sensor guaranteed a poor resolution

(> 1 mm), limiting the effective possibility of use in in situ
bioprinting applications.

To overcome these limitations, this study integrates a posi-
tion feedback system on a commercial 6-DOF articulated
robot. The system monitors the distance between the nozzle
and the printing substrate in real-time and keeps it constant,
allowing both to compensate for physiological or unexpected
movements of the patient and to print on complex surfaces
with unknown geometry. The distance detection is performed
by using a fiber-based distance sensor based on spectral
domain Optical Coherence Tomography (OCT). The posi-
tion update was validated either by acting directly on the
kinematic chain of the robot or by using an actuated tool
as an end-effector, capable of controlling the position of the
nozzle.

2 Materials andmethods

2.1 Overview of the proposedmethod

In this study, we implemented a real-time position control
to increase the accuracy of robotic-based bioprinting, also
when printing onto moving and/or a priori unknown sur-
faces. As shown in Fig. 1 a, our approach involves the use of
a distance sensor installed on the end effector of the robot
(pneumatic extrusion-based bioprinting system) that con-
stantly measures the distance d from the print substrate in
real-time with the aim of maintaining a constant distance h
between the print nozzle and the substrate. By setting a fixed
threshold d in the robot control algorithm, when the sen-
sor measures a value > d, the robot will move downwards
(decreasing the z-coordinate of the end effector position), and
vice versa in the case of ameasured value< d. This approach
considerably reduces the complexity of trajectory planning,
as it is possible, starting from a planar path (reduced compu-
tational cost of determining the coordinates of the points of
the trajectory), to successfully complete the following pro-
cedures:

• printing on anunknown surface (Fig. 1b): the robot adapts
to any substrate by adjusting its z-position in real-time
while maintaining a constant distance from the substrate;

• printing on a moving and/or deforming surface (Fig. 1c):
the robot follows the movement of the substrate (e.g., in
the case of in situ bioprinting, physiological movements
of the patient such as heartbeat and breathing activity)
thanks to the distance feedback.

In addition to the previous applications, our approach
could also allow for improved accuracy during bioprinting of
soft materials. In these cases, in fact, especially when con-
sidering large construct sizes (> 5mm), the weight of the
upper layers, weighing down on the lower ones, can lead

123



The International Journal of Advanced Manufacturing Technology

Fig. 1 Overview of the proposed real-time position-controlled robotic-
based bioprinting: a) Graphical representation of the position-feedback
approach: a distance sensor is installed on the robot end-effector (i.e.,
pneumatic extruder) and measures, in real-time, the distance d from
the substrate to maintain a constant distance h between the needle and
the printing substrate. – b) Starting from a planar planned trajectory,
the robot adapts the end-effector z-position to follow a priori unknown

complex and curved geometries thanks to the distance feedback. – c)
Starting from a planar planned trajectory, the robot can follow themove-
ment and/or the deformation of the substrate, adapting the end-effector
z-position. – d) Due to soft material collapse in high constructs, the
distance feedback allows to always deposit the material at the correct
height
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to a collapse of the structure and thus a change in the total
height expected at the n-th layer. When this happens, the
planned trajectory at the height n × layer height will lead
to the deposition of the material at an unacceptable distance
from the layer below, not allowing the planned geometry
to be realised correctly. Following the proposed approach,
the constant distance feedback allows the robot to position
itself at each layer change, and during the execution of the
layer itself, always at the correct z-position to maintain a
constant thickness. For real-time controlling the position of
the end effector, we present two different approaches in this
study. The first allows the position of the robot to be con-
trolled directly, through a real-time update of the joint angles
(Fig. 2a). The second is based instead on the use of an actu-
ated end-effector, in which an additional prismatic degree of
freedom (DoF) allows the z-position of the extrusion system
to be adjusted to follow the distance feedback from the sen-
sor (Fig. 2a). The latter approach also makes it possible to
implement the proposed method on 3D printers and robotic
arms that do not allow for real-time kinematics updating. In
both cases, the z-displacement appliedwill be proportional to
the difference between the desired (i.e., d) and the measured
distance.

2.2 OCT-based sensor

The distance sensing automation was built using a home-
made spectral domain common-path OCT system and a
fiber-based OCT probe. The system employs a SLED light
source (central wavelength: 880 nm; bandwidth: 70 nm,
EXS210088-02; Exalos, Schlieren, Switzerland) powered by
a compact driver board (EBD 5020; Exalos), a spectrom-
eter (AvaSpec-ULS4096CL-EVO; Avantes, Apeldoorn, the
Netherlands), a 50:50 fiber coupler (ACPhotonics Inc., Santa
Clara, CA, USA), and a variable optical attenuator (V800A;
Thorlabs). A Matlab� program was used to control the sys-
tem. A 2-meter-long fiber (SM800-5.6-125, Thorlabs) was
used as the basis for the probe. To optimize light emission
and collection from the fiber, we spliced a 272-µm GRIN
fiber (GIF625) to its distal end, resulting in a non-diverging
light beam emission [40]. The fiber probe was attached to
the end effector, emitting light towards the moving and/or
unknown printing substrates (Fig. 2 b). The scattered light
was collected from the same fiber probe and directed to
the spectrometer. We processed the signal collected by the
spectrometer (interferogram) using Matlab� and a stan-
dard signal processing approach in OCT [41]. First, evenly
spacedwavelength data were converted into evenly spaced k-
space data using linear interpolation. Then, an inverse Fourier
transform was applied, converting the interferogram into
distance-resolved intensity (A-scan). Any back-reflecting
object placed into the beam path manifested as a sharp peak
in the A-scan, with the x-position of the peak representing

the distance of the object from the fiber sensor tip. To extract
the real-time distance (70Hz) of themoving and/or unknown
printing substrate, the position of the peak was interrogated
in real time using the max function in Matlab� within the
80 µm to 1000 µm range. The axial resolution and working
range of the system were experimentally measured to be 18
µm and 1500 µm, respectively, using a microscope slide as
the target. However, the actual working distance for common
low-reflecting samples, such as the biomaterial ink and PLA
substrates used in this work, was shorter (∼ 1000 µm).

2.3 Design of robotic platform

The robotic platform used in this work is the 6-axis
MECA500 (Mecademic, Canada). The selected commercial
system ensures a high positioning repeatability (about 5 µm)
and resolution (about 1 µm) in a compact architecture, there-
fore ideal for bioprinting applications where an accuracy
of less than 100 µm is required. The serial communication
available on the platform allows easy integration with other
systems/sensors. Moreover, the robot can be operated either
through the MecaPortal web interface (which offers both
control via code and a remote operation mode) or through
Python, C++, C# and LabVIEW scripts for more customised
applications. In Python, the robot can be controlled using the
PyAutoGUI library, which allows more advanced workflows
to be developed than the online interface allows. The actu-
ated tool to be installed as an end-effector of the MECA500
was designed using the CAD software Autodesk� Fusion
360. It is composed of a fixed and a moving element, respec-
tively. In the fixed one, two parts can be identified: the bottom
part, attached to the robot end-effector by a magnetic plaque,
houses a servo motor and one of the pulleys, and a top part
linked to the previous one, which houses the second pulley
and limits the possible range of movement of the reservoir
(i.e., 5 ml syringe). The moving element holding the syringe
is driven by a belt-pulley mechanism. Two steel rods allow
the translation and give the tool the proper mechanical stiff-
ness (Fig. 2c). The tool design takes into consideration a few
key elements: i) it should occupy as little space as possible
after the end-effector of the robot not to reduce its workspace.
For this reason, the servo motor (Miuzei MZ996) was posi-
tioned immediately after the wrist of the robot and most of
the tool was positioned at its side, with enough distance to
allow it to fit both on the front and on one side (this was also
necessary to avoid any collision if the path planning calls
for the turning of the wrist); ii) the syringe was positioned
aligned to the robot’s wrist axis to easily identify its reference
frame for path planning; iii) the point of the belt that trans-
mits the movement to the moving part has to be central to
avoid any jamming; iv) the moving part has a possible range
of motion of 28 mm, allowing printing on non-planar and/or
moving surfaces; v) in the highest position of the moving
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Fig. 2 a) Overview of the position feedback setup: in 1 the z-position of
the robot is real-time updated by adjusting joint angles according to the
distancemeasured from the sensor; in 2 the z-position of the end-effector
is adjusted using an actuated tool with an additional prismatic DoF; - b)
Left: Integration of an OCT fiber probe with the printing nozzle, main-
taining a 500 µm distance between the fiber tip and the substrate. Right:
Schematic of the OCT distance probe consisting of a single-mode fiber

and a GRIN fiber; - c) Design of the robotic arm end-effector: actu-
ated extrusion-based unit driven by a servo motor and a belt-pulley
mechanism. The OCT fiber is kept in place as close as possible to the
printing nozzle through a purposely designed holder; - d) Real-time
position feedback protocol following two different approaches 1 and 2
– e) Implemented Simulink� model
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element a gap with the top part of the fixed element allows
avoiding any collision of the syringe pneumatic adapter. The
3Dmodel was 3D printed in Acrylonitrile Butadiene Styrene
(ABS) using the commercial 3D printer StratasysTM F370.

2.4 Matlab-Python interface

The acquisition and extraction of the distance signal pro-
vided by the OCT sensor is performed via a Matlab� script
(see Section 2.2), while the control of the robot and the actu-
ated tool (Fig. 2a) is carried out via Python and Arduino
scripts, respectively. For this reason, a strategy was imple-
mented to establish a real-time communication channel
between the Matlab� environment, in which the distance
variable is constantly read and updated, and the Python
or Arduino environment, in which the same variable must
be known in order to allow a proper positioning control
(Fig. 2d). In the case of real-time control of the robot,
communication occurs by importing into the Python script
the matlab.engine, a module of the MATLAB Engine API
for Python library that allows scripts to be executed, func-
tions to be called, and Matlab� workspace variables to
be accessed directly from Python. Specifically, the eng =
matlab.engine.start_matlab() command is used to create
a background instance. Once instantiated, the eng object con-
tains many methods specific to:

• perform operations; for example, eng.eval(′y=5 ˆ 2;′ ,
nargout = 0) allows the operation to be calculated using
Matlab� as the calculation engine;

• execute scripts; the command eng.my_script(nargout
= 0) allows you to execute the script ′my_script .m′
stored in the same directory as the Python script;

• access the variables stored in Matlab� workspace with
the command x = eng.workspace[′var ′].

Thus, to have the new distance value read from the OCT
sensor and processed in Python in Matlab, it was sufficient
to execute the following commands in the Python script:

eng.sensor_data(nargout = 0)

distance = eng.workspace[′OCT _distance′]

Once the data is acquired, it is used to update the kine-
matic configuration of the robot in order to keep the relative
z-coordinate of the end effector constant at a pre-defined
value. This distance was set to 500 µm, which corresponds
to approximately 2/3 of the nozzle inner diameter (830 µm).
This choice is consistent with common practice in hydro-
gel bioprinting, where the layer thickness is typically set to
60–70% of the nozzle diameter, in order to ensure adequate
inter-layer adhesion while avoiding both excessive spacing

between layers and undesired nozzle contact with the previ-
ously deposited filament. In particular, the current ‘distance’
read fromMatlab� workspace is subjected to an initial filter-
ing: if it is greater than 1000 µm or in the range between 450
and 550 µm, the robot’s coordinates are not updated. This
is because, in the first case, a distance greater than 1000 µm
is associated with a reading error of the sensor (which can
acquire the signal up to a maximum distance of 1000 µm),
while, in the second case, activating the robot to compensate
for deviations of only 50 µm leads to oscillations and diffi-
culties in stabilizing around the target distance. If the read
distance is correct, on the other hand, the deviation (increase)
from the target distance of 500 µm is calculated, and the
z-coordinate ′current_z′ of the end effector is updated as
follows:

increase = round(0.5 ∗ ((500 − distance) ∗ 1e − 3), 2)

current_z+ = increase

The additive update of the z-coordinate introduces an implicit
integrative effect on the state variable, while the error itself
is not explicitly integrated. This implies that the control law
can be considered as a P (proportional) controller, since the
correction term is directly proportional to the instantaneous
error. If d* is the desired distance, d[k] is the measured dis-
tance at step k, e[k]=d*-d[k] is the error, and z[k] is the offset
applied to the robot in mm, then the P control has the follow-
ing form:

�z[k] = Kp · e[k]
z[k + 1] = z[k] + �z[k]

with Kp = 0.5. The value has been calibrated following
preliminary tests and allows the distance to be corrected
smoothly, thus avoiding excessive oscillations and overshoot
(the nozzle getting too close to the substrate, risking colli-
sion).

In the case of actuated tool control, on the other hand, the
dedicated servomotor is controlled with a Raspberry Pi Pico
control board on which an .ino firmware developed in the
Arduino IDE is loaded. In this case, the serial port is used
to establish communication between the Matlab� and the
Arduino environment. In particular, after reading the distance
in Matlab� , the serial port to which the Pico is connected is
defined, an object of type serial is instantiated, and commu-
nication is initiated, as follows:

serial Port =′ COM11′;
picoSerial = serial(serial Port,′ BaudRate′,

115200,′ T erminator ′,′ LF ′);

At this point, for each new distance value read from the OCT
sensor, it is first converted to a string with theMatlab� func-
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tion data = sprint f (′<%d >′, OCT _distance) and then
sent to the serialwith the function f print f (picoSerial,′ %s′,
data). On the other hand, the firmware loaded on the Rasp-
berry Pi Pico allows it to read the data received via the serial
with the Serial.read() command, and then receives the cur-
rent distance value detected by the sensor. Once the value
has been received, similarly to real-time robot control, the
deviation from the target distance is calculated. This devi-
ation corresponds to a translation, which is converted into
an angular value sent to the servo motor with the command
servo.wri te(increaseAngle).

2.5 Experimental validation

Different printing tests were carried out to validate the
developed system, exploiting the two approaches previously
detailed. In all tests, a planar serpentine trajectory was exe-
cuted with a constant linear speed of 4 mm/s. 20% w/v
Pluronic Acid F127 (Sigma-Aldrich, Italy) was used for all
the bioprinting experiments, using a 18G needle (Metcal,
Italy) and applying a 0.45 bar pressure. Speed and pres-
sure were optimized for the used material and were selected
following a preliminary printing test on a static printing
substrate to ensure the deposition of a homogeneous line.
Environmental conditions were kept constant throughout all
experiments (temperature 25◦C and humidity 30%) so as not
to alter the rheological properties, and therefore the printing
accuracy, of the selected material. 20% w/v Pluronic F127
is stable above 20◦C, while it begins its transition to a liquid
state at temperatures below 18◦C.

For both setups, the serpentine was printed on four dif-
ferent surfaces: a glass slide that is moved up and down by
a servo motor controlled by an Arduino Mega board with a
maximumdisplacement of 15mmand a period of 11 seconds,
and three different stationary 3D printed surfaces, two made
of polylactic acid (PLA), each with a different colour (blue
and black) and geometry, and a transparent Petri dish with
a curved bottom. An additional test was also performed by
printing the same model into a commercial Petri dish. Print-
ing tests onto moving substrates were also repeated without
real-time position compensation. Each trial was performed
in triplicate. During each test, the measured distance with
the OCT-based sensor was registered and compared with the
set threshold (500 µm). To obtain more accurate values, the
acquired signal was subjected to adaptive filtering using the
Total Variation Denoising algorithm via Matlab� . The line
width of the serpentine was also measured on the acquired
images using the software ImageJ�. The accuracy of the pro-
posed method was quantified by comparing the values of the
measured line width with the internal diameter of the needle
used. Collected data of distance and linewidthwere analysed
with a one-way analysis of variance (ANOVA) using the soft-
ware GraphPad prism 10.2. Results are reported as mean ±

standard deviation. To qualitatively analyze the position out-
puts, a Simulink� model of the system was developed to
estimate its dynamic behavior. The robotic arm was repre-
sented by a third-order closed-loop system employing purely
proportional control. The external control mechanism was
modeled as an integral closed-loop system. A quantization
block, operating at the same sampling frequency as the dis-
tance sensor, was introduced between the external controller
and the robotic arm to simulate the effects of digital dis-
cretization. The sawtooth motion of the printing substrate
was used as the reference signal to be tracked.

3 Results and discussion

3.1 Experimental validation with real-time robot
compensation

The real-time adaptation of the robot’s kinematics to follow
the displacement of the substrate was successfully achieved,
resulting in regular and homogeneous prints that resulted
not feasible without activating the compensation system
(Fig. 3a). Pictures were acquired at the end of each print-
ing test, and images were analysed using ImageJ software. It
was observed that the printed serpentines had a line width of
0.85± 0.09 mm (needle inner diameter = 0.83 mm) with no
statistically significant differences between the three trials (p-
value > 0.05). When the same trajectory was executed on a
moving substrate without motion compensation enabled, the
resulting serpentines were discontinuous, showing clear seg-
ments without extrusion due to the excessive distance from
the substrate (Fig. 3b).

Comparing the time trend of the substrate position with
that of the nozzle-substrate distance measured during print-
ing with compensation (Fig. 3c) it was observed that: (i)
during the downwardmovements of the substrate (i.e., ‘mov-
ing away’ from the nozzle), a ‘tracking’ mechanism is
triggered by the robot, which keeps the nozzle at an average
distance of 640 µm; (ii) during the upward movements of the
substrate (i.e., ‘approaching’ the nozzle), a ‘fleeing’ mecha-
nism is triggered, and the nozzle is kept at an average distance
of 420 µm. The robot is therefore able to follow the move-
ments of the substrate despite the presence of small offsets
from the desired distance, which, however, do not compro-
mise the quality of the print. These offsets are due to the
implementation of a P control (see Section 2.4). The results of
the Simulink� model confirmed what was observed exper-
imentally (Fig. 3d), showing a positive or negative deviation
depending on the direction of the substrate.

The overall closed-loop system is a type 1 servo that
exhibits a constant tracking error in steady-state conditions
when the reference is a ramp signal. Discretization intro-
duces additional chattering in the steady-state behaviour.
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Fig. 3 a) Printing setup and results exploiting real-time robot compen-
sation. - b) Printing setup and results with no compensation systems. -
c) Position (z-coordinate) of the substrate as a function of time (top),

measured distance between nozzle and substrate vs time (bottom) – d)
results of the implemented Simulink� model
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The choice of using a slide as the printing substrate also
made it possible to verify the possibility of detecting dis-
tance variations from transparent substrates. This could have
many advantages in the field of in situ or in vitro bioprinting
since in both cases the most printed materials are hydrogels
(GelMA, alginate or PEG-based hydrogels) characterised by
high transparency. Having a distance detection system that
does not detect transparent materials would make it impossi-
ble for the real-time distance correction system towork in the
case of multilayer structures. In addition, in vitro bioprinting
often uses transparent glass or plastic substrates (e.g., Petri
dishes, slides, multi-well) with non-perfectly planar geome-
tries that require distance adaptation.

Tests onto static but a priori unknown surfaces resulted in
regular prints with a line width standard deviation lower than
0.1 mm. As for the previous test onto a moving substrate, this
is an acceptable result for bioprinting applications, where the
desired resolution can range from20 to 300µmdepending on
the specific application [42], and this is immediately related
to the accuracy of the deposited line width. Generally, we
can consider acceptable a deviation of<20% from the needle
diameter (target linewidth), considering both under and over-
extrusion problems.

In the case of printing on the blue PLA surface (Fig. 4a),
the distance value measured during the process was 508.7±
51.2 µm, demonstrating a remarkable ability to follow the
profile throughout. In the case of printing on the black PLA
surface (Fig. 4b), the distance value detectedwas 510.4±81.4
µm:although the result is satisfactory, both a greater variation
from the desired distance and an increase in oscillations were
observed throughout the printing phase. This could result
from the lower reflective capacity of the surface, which could
have caused a higher variability in the reading of the signal
by the distance sensor. This issue might be minimised by
including a localised lighting system close to the extrusion
system (similar to [14]), which would ensure uniform bright-
ness and better quality of the measured data even on darker
substrates. Finally, the ability to print homogenous trajecto-
ries into a domed-bottomed petri dish (Fig. 4c) allowed us to
verify the possibility of obtaining high-quality prints even in
substrates that are inherently non-planar but commonly used
in in vitro bioprinting applications. No statistically signifi-
cant differences were found for the measured distance either
(p-value > 0.05).

One of the main limitations of the proposed system con-
cerns its current design, which involves a certain offset
between the fiber-sensor and the extruder. This has led to
the execution of non-planar trajectories with the end-effector
kept vertical, in order tominimize possible collisionswith the
fiber in the event of rapid curvature changes during the exe-
cution of the trajectory. The current configuration, in which
not all DOF of the robot are exploited, would allow for uni-
form printing on surfaces with a local curvature angle <45◦

(as proved in previous works [19, 26]), which would ensure
good print quality (line width deviation <20% of the needle
diameter). This could be resolved by changing the position
of the fiber and placing it in direct contact with the needle,
thereby minimizing the offset and thus the possible collision
with the printing substrate, even in the case of high curva-
tures.

A key limitation at this stage is the method’s clinical
applicability. Our work establishes the technological foun-
dation and shows a promising direction for future testing
in real in situ bioprinting applications. However, to confirm
its practical use, the OCT sensor’s performance must also
be evaluated in a physiological environment. For instance,
an aqueous medium–with optical properties different from
those of a glass slide–should be considered. This evaluation
should account for potential variations in distance measure-
ment accuracy, as well as the sensor’s ability to maintain
performance under more complexmovement scenarios, such
as irregular respiratorymotion or sudden patient movements.
It will also be essential to evaluate the system under a broader
range of parameters (such as speed, pressure, and substrate
distance) andwith variousmaterials (includingGelMA, algi-
nate, gelatin, and pectin). This will help demonstrate its
suitability for effectively regenerating different types of bio-
logical tissues.

3.2 Experimental validation with the actuated
end-effector

The use of the tool implemented to adapt the trajectories to
the displacement of the substrate proved to be a functional
method that enables printings that could not be performed
without compensation systems (Fig. 5a-b). This approach
resulted in less regularity in the printed lines, with a vari-
ability in line width of approximately 0.21 mm, thus 120 µm
greater than the robot compensation system. Despite this,
being able to use an actuated tool has considerable advan-
tages since: (i) it requires the actuation of only one motor
and not the correction of the entire robot kinematics; (ii) it
can be connected as the end effector of any articulated robot,
making the procedure more accessible even to systems that
are not controllable in real-time. Comparing the time course
of the substrate position with that of the nozzle-substrate
distance detected during the compensated print (Fig. 5c), the
same ‘tracking’ and ‘fleeing’ mechanism described in Sec-
tion 3.2 can be observed: although the deviation from the
desired distance is<100 µm in both phases, more variability
is observed with respect to the robot compensation approach.
These limitations, which result from the lower resolution of
the developed belt-pulley mechanism (<50 µm) compared
to that of the robot (1 µm), could be overcome by using ser-
vomotors with higher accuracy and a more rigid mechanical
architecture.
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Fig. 4 a-b) Printing process and results on the blue PLA surface (left);
distance value measured during printing (in blue the raw data, in red
the data filtered by Total Variation Denoising (TVD) and the surface
profile) (right). - c-d) Printing process and results on the black PLA

surface; distance value measured during printing and the surface pro-
file (right). A greater fluctuation of the distance value can be observed
compared to a). - e) Printing process and results on a Petri dish with a
convex bottom

Main experimental results, together with the environmen-
tal and printing parameters used for evaluating the sensing
system performance and the obtained printing quality, are
reported in Table 1 for both used approaches.

Considering the overall validation of the proposed sys-
tem, this study serves as an initial step to demonstrate the
feasibility of the proposed technology, providing a basis
for future investigations under more physiologically relevant
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Fig. 5 a) Printing setup and serpentine trajectory realised by exploiting the implemented end-effector. - b) Printing setup and results obtained by
not activating the compensation system. - c) Position (z-coordinate) of the substrate as a function of time (top), measured distance between nozzle
and substrate (bottom)

Table 1 Environmental and
printing parameters used for the
experimental validation (values
in mm; T=temperature,
H=humidity, S=speed,
P=pressure)

T=25◦C - H=40% Robot compensation Actuated tool compensation
S=4mm/s - P=0.45 bar Line width Distance Line width Distance

Moving glass slide 0.85 ± 0.09 Downward: 0.85 ± 0.21 Downward:

0.64 ± 0.01 0.65 ± 0.09

Upward: Upward:

0.42 ± 0.02 0.47 ± 0.09

Unknown Blue PLA 0.84 ± 0.07 0.51 ± 0.05 // //

Unknown Black PLA 0.85 ± 0.10 0.51 ± 0.08 // //
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conditions. While the current findings highlight its potential,
further studies are required to evaluate performance under
conditions that better mimic the complexity of in vivo envi-
ronments. In addition, comprehensive biological validation
will be essential to confirm the translational applicability of
the approach and to ensure its robustness for potential clinical
applications. This should be accompanied by an evaluation
of the sterilisability of the entire printing system.

4 Conclusion

In this study, a robotic system for 3D printing capable of
real-time compensating for unexpectedmovements or irregu-
larities of the printing substratewas developed. Such a system
could be promising, in the future, for efficient and safe in situ
bioprinting procedures, where human tissues are inherently
characterised by movements that can compromise both the
quality and feasibility of the printing process. At the same
time, the developed system makes it possible to improve
print quality in all processes involving substrates with a non-
perfectly planar shape, such as in vitro bioprinting, but can
also be applied to any 3D printing process that takes place
in environments characterised by strong vibrations, such as
space stations or other moving vehicles. Two strategies for
compensation were developed: one involving the adaptation
of the robot’s kinematics in order to adjust the position of
the end-effector, and one involving the use of an actuated
tool capable of moving and adapting to the position of the
substrate. The results showed that the former allows better
andmore homogeneous prints to be obtained (deviation from
the target line width < 100 µm, both onto moving and static
a priori unknown substrates). Although it is necessary to
improve the design of the actuated tool in order to obtain
higher quality results (deviation from the target line width
around 200 µm could not be acceptable depending on the
application), this approach has the advantage of being com-
putationally simple (it does not require recalculation of robot
kinematics) and, above all, of being universally applicable to
any printing platform. As discussed in the experimental sec-
tion, a current limitation of the distance monitoring system
is its positioning relative to the extruder. The current off-
set prevents its use on surfaces with high curvatures, as it
could lead to a collision. A future upgrade will therefore be
evaluated in which the fiber will be placed in direct contact
with the needle to minimise the distance. Further studies will
make it possible to optimize the control algorithm (e.g., to
reduce the system latency during movements to and from
the sensor) and the sensing system (e.g., local lighting sys-
tem to improve sensor accuracy onto dark substrates, testing
into a physiologically relevant environment) so as to be able
to compensate for larger, irregular and faster movements,
while also exploring printing with other materials and the

realization of complex constructs. Ultimately, this work is
intended as a preliminary study to demonstrate the effec-
tiveness of the proposed technology, which may serve as a
foundation for future investigations in more physiologically
relevant scenarios, supported by rigorous biological valida-
tion.

Supplementary information
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