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Abstract

Extrusion-based three-dimensional (3D) bioprinting is one of the most common
methods used for tissue fabrication and is the most widely used additive
manufacturing technique in all industries. In extrusion-based bioprinting, printing
defects related to material deposition errors lead to a significant deviation from
shape to function between the printed construct and design model. Using 3D
extrusion-based bioprinter-associated optical coherence tomography (3D P-OCT),
an insitu defect detection and feedback system was presented based on the accurate
defect analysis and location, and a pre-built feedback mechanism. Using 3D P-OCT,
multi-parameter quantification of the material deposition was carried out in real
time, including the filament size, layer thickness, and layer fidelity. The material
deposition errors under different paths were quantified and located specifically,
including the start-stop points, straight-line path, and turnarounds. The pre-built
feedback mechanism involving the control inputs, such as printing path, pressure,
and velocity, provided the basis for in situ defect detection and real-time feedback
control. In particular, the second printing repair can be performed after the broken
filament defect is detected and located. After printing, fidelity can be quantitatively
analyzed based on the point cloud registration between the 3D P-OCT result and the
design model. In conclusion, 3D P-OCT enables in situ defect detection and feedback
control, broken filament repair, and 3D fidelity analysis to achieve high-fidelity
printing from shape to function.

Keywords: Optical coherence tomography; Extrusion-based bioprinting; Process
monitoring; Defect detection; Feedback control; High fidelity

1. Introduction

With its potential to fabricate three-dimensional (3D) biomimetic functional
tissue constructs and organs, 3D bioprinting has been applied in organ printing!?,
microvasculature printing®, disease modeling!¥, and scaffold fabrication for tissue
regeneration®®. According to different prototyping principles and printed materials,
3D bioprinting follows three main approaches: droplet-based, extrusion-based,
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and photocuring-based bioprinting. Extrusion-based
bioprinting employs pneumatic, mechanical or ram
extruders to dispense materials, and other biological
molecules. Using extrusion-based bioprinters, various
biopolymers and multiple cell types encapsulated in
hydrogels can be deposited in a defined trajectory to
fabricate constructs with specific biological features”.
Extrusion-based bioprinting has been widely used with the
main advantages of a wide selection of biomaterials, low-
cost equipment, and the ability to maintain great control of
porosity and pore interconnectivity, which are important
for proper cell growth in scaffolds®’. Tissue scaffolds play
an very important role in the process of tissue engineering
for the growth of new or repairs of defected tissue!”.
However, researchers face some challenges in maintaining
the desired 3D structure due to the system assembly error,
nozzle calibration error, unstable material rheological
properties, and unstable environmental control errors. In
this study, we focus on the material deposition error due to
the lack of online monitoring and feedback control, which
limits the implementation of high-fidelity structures.

Material deposition errors result in deviations in the
material path, filament size (FS), layer thickness (LT), pore
size (PS), volume porosity (VP), and porosity connectivity
(PC) between the printed structure and design model. In
tissue-engineering scaffolds, specific PS values are required
to accommodate cell growth and tissue regeneration™\. 3D
porous interconnected structures can facilitate cell growth
and the transport of nutrients and metabolic waste, which
is beneficial for large-size tissue repair®'’l. High-fidelity
structures can ensure that the constructs perfectly match
the tissue defect site and provide sufficient mechanical
support, particularly for bone defect repair'l. Moreover,
low fidelity can affect the consistency between drug
screeningand disease models!'?!. Insufficient product quality
assurance could lead to increased lead-times, operational
costs, and part waste. Therefore, an increasing number of
researchers have become aware of the significance of high-
fidelity structures and the importance of precise material
deposition?l. Material deposition errors usually lead to
low structural fidelity, poor consistency of constructs, and
insufficient functional characteristics, which are mainly
caused by the mismatch between the material extrusion
and the three-axis mechanical movement.

The incorporation of sensing and feedback control
in extrusion bioprinting is one way to reduce material
deposition errors and improve the fidelity of the
constructs. At present, X-ray CT!], MRI", industrial
camera'™, and 3D digital image correlation (3D-DIC)!”
are the main detection technologies commonly used in 3D
printing; however, there are some limitations for in situ

monitoring and 3D imaging detection of internal defects
in 3D bioprinting. Simeunovi¢ and Hoelzle developed
non-linear and linearized models of extrusion-based
printing dynamics to avoid adversely impacting flow
rate and achieve accurate material delivery at start-stop
points™l. Armstrong et al. presented an iteration-to-
iteration process monitoring system that enabled direct
process feedback in material deposition based on the
laser displacement scanner integrated to the printing
platform!®'*. They modified the spatial material placement
error and the material width error, and developed process
control strategies based on the measured errors to adjust
control inputs and ultimately eliminate material deposition
errors. However, the laser displacement scanner can only
provide surface profile information without penetration
and 3D structural reconstruction; quantification and
overall fidelity evaluation of large constructs were not
provided. With 3D-DIC, Holzmond et al. monitored the
surface geometry of a printed part to detect and locate
defects in parts produced by a fused filament fabrication
3D printer!””. They produced a point cloud model using
a visualization toolkit based on GCode originally sent to
the printer. Errors were detected and located by comparing
the 3D-DIC measurement data with the reference point
cloud model. The measured errors and defect locations are
prerequisites for subsequent feedback control and defect
repair. In situ defect detection and quantitative analysis,
feedback control, and defect repair are the main challenges
in high-fidelity 3D printing.

In the previous work, 3D extrusion-based bioprinter-
associated optical coherence tomography (3D P-OCT) has
been proposed™. OCT is a non-destructive, label-free,
high-resolution, and fast tomographic imaging technique
that are widely used in the biomedical and industrial
testing fields®?1. OCT enables 3D volumetric imaging
with micron-scale resolution over centimeter length scales
and 3D P-OCT enables large-field full-depth imaging to
meet the imaging requirements of large structures. 3D
P-OCT can provide in situ process monitoring and multi-
parameter evaluation layer by layer during extrusion-
based bioprinting including LT, FS, layer fidelity, and 3D
structure quantitative analysis, including material volume,
VP, and PC™!. This study mainly focuses on in situ defect
detection and timely feedback control for print parameter
compensation and defect repair.

In this study, three types of defects related to material
deposition were considered, including material deposition
path, FS, and LT. Moreover, the improved quantification
methods using 3D P-OCT reconstructed results were
proposed for defect detection and location. On this basis,
a pre-built feedback mechanism was developed for timely
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feedback control after defect detection, which established a
relationship between printed results and the input control
parameters. The pre-built feedback mechanism was
mainly aimed at the material deposition errors under three
different paths: the start-stop points, straight path, and
turnarounds. After the defects were identified and located,
the input control parameters were adjusted in time by
the pre-built feedback mechanism to ensure the accuracy
of printing results, and the broken filament defects were
repaired with the second printing. In addition to in situ
defect detection and timely feedback control during the
extrusion-based printing process, fidelity evaluation can
be performed for each layer during the printing process
and for the overall construct after printing.

In situ defect detection and location, timely feedback
control, and defect repair can help achieve high-
fidelity structure printing and promote the application
of 3D bioprinting to accurately manufacture complex
personalized structures. The presented “monitoring and
feedback-as-you-build” quality assurance system can
improve printing efficiency, reduce material waste, and
ensure the consistency of printing structure, thus promoting
the application and promotion of 3D bioprinting in organ
transplantation and disease modeling.

2. Methods

2.1. System

The latest self-developed 3D P-OCT system (Regenovo
Bio-Architect PX, Hangzhou Regenovo Biotechnology
Co., LTD.) was used in this study, which associates a
3D bioprinter and OCT and has been reported in the
previous study!™. Briefly, the system consisted of a work
station for printing model processing, a 3D mechanical
motion module, a nozzle mount arm, and a sensor
module for temperature, pressure, and distance sensing.
In addition, 3D P-OCT integrated a self-developed
swept-source OCT (SS-OCT) module, and the OCT
probe was mounted next to the extrusion nozzle for
in situ process monitoring. In the SS-OCT module, a
wavelength-swept laser source (HSL-20-50-M, Santec,
Japan) was used with a central wavelength of 1,310 nm, a
bandwidth of 105 nm, and a 50-kHz A-scan rate, yielding
a measured axial resolution of 7.2 um in air. The probing
light was focused onto the sample using an objective lens
(focal length = 36 mm), and a lateral resolution of 15.0
um was achieved. Interference signals were recorded
using an In-GaAs balanced photodetector. The system
sensitivity was measured at ~68 dB with 10-mW light on
the sample, and the system exhibited a roll-off of ~5 dB
at a depth of ~3 mm. With the two-dimensional high-
speed galvanometer scanning module, the single 3D

P-OCT dataset covered an area of 10 mm (x) x 10 mm
(y) x 6.28 mm (z).

2.2. In situ defect detection algorithm flow

For in situ defect detection, layer-by-layer imaging is
required for large-volume constructs and large-field
imaging is essential for defect detection, location,
and feedback. In the previous study, the simplified
iterative closest point algorithm based on a point
cloud has been proposed to achieve large-field, full-
depth imaging (Figure S1). This study mainly discusses
in situ defect detection and feedback control based on
improved quantification methods and a pre-built feedback
mechanism were presented, and the closed-loop feedback
control loop is shown in Figure 1A.

On this basis, the detailed algorithm flow for in situ
defect detection and feedback control with 3D P-OCT
is shown in Figure 1B. The original signal acquisition of
3D P-OCT and 3D structure reconstruction was carried
out in Step 1. In Step 2, 3D P-OCT intensity images were
preprocessed to suppress speckle noise and fringe noise,
including 3D Gaussian filtering with a kenel of 3*3*3,
binarization with OTSU algorithm, the open operation,
and then the close operation using a disk structure element
of radius 5. In Step 3, three types defects related to material
deposition were analyzed, including material deposition
path, FS, and LT. In Step 4, the feedback mechanism was
prebuilt mainly aimed at the material deposition errors
under three different paths: the start-stop points, straight
path, and turnarounds. The pre-built feedback mechanism
established a relationship between printed results and the
input control parameters, including velocity, pressure,
and GCode path nodes. In formal printing, the single
OCT imaging field and the printed construct size (x-y)
were compared in Step 5, and lateral field expansion was
necessary if the latter was larger. In Step 6, LT and FS were
analyzed, and the broken filament was identified. The
defect details and locations were used for further feedback,
including pressure and velocity adjustment, and broken
filament repair. In Step 7, the effective penetration depth
of OCT and the printed construct size (z) was compared,
and longitudinal depth expansion was necessary if the
latter was larger. After printing, volume analysis can be
performed with the full-volume imaging result of the
printed construct, including the construct volume, VP, PC,
and overall fidelity.

2.3. Quantification of FS, LT, and fidelity

In extrusion-based 3D bioprinting, FL and LT errors
usually occur due to the mismatch between the rheological
properties of the printing materials and the control inputs
of pressure and velocity. Determining the appropriate
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Figure 1. The closed-loop feedback control loop (A) and the algorithm flow (B) for in situ defect detection and feedback control with 3D P-OCT. 3D
P-OCT: Three-dimensional extrusion-based bioprinter-associated optical coherence tomography.
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Figure 2. Layer thickness (LT) quantification based on the design model
and three-dimensional extrusion-based bioprinter-associated optical
coherence tomography (3D P-OCT) data. (A) GCode nodes before
interpolation corresponding to the filament in Figure 3A. (B) GCode
nodes after interpolation. (C) The registration results of the design model
based on GCode nodes and 3D P-OCT data. (D) The spatial distribution
of LT.

pressure and velocity, and reducing FL and LT errors are
the premise of high-fidelity 3D bioprinting. Therefore, new
quantification methods for FL and LT were first determined,
and then, the corresponding feedback mechanisms were
pre-built for different defects during 3D bioprinting. By
combining 3D P-OCT data and the design model, the layer
fidelity and overall fidelity could be further assessed for the
construct.

2.3.1.FS

In the previous work, the projection view in depth (z)
of the 3D P-OCT data was used for the FS analysis.
To avoid possible errors due to projection, 3D P-OCT
data were used for more accurate FS quantification, as
shown in Figure 2. The material of hydroxyapatite (Hap)
was selected in this study, which was purchased from
Shanghai Macklin Biochemical Co., Ltd. (China). The
Hap paste was prepared by mixing 1.8 mL glycerin, 0.2 g
of ammonium polyacrylate, 0.24 g polymethyl cellulose,
and 7 g Hap in 4.5 mL deionized water. After stirring for
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Figure 3. Filament size (FS) quantification based on three-dimensional
extrusion-based bioprinter-associated optical coherence tomography (3D
P-OCT). (A) 3D P-OCT data of the single filament and the corresponding
physical photo. (B) The cross-section image corresponding to the white
dot line in (A). (C) The binarized result of the cross-section image.
(D) Euclidean distance transformation results of the binarized image.
(E) ES distribution of the single filament.

10 min, the paste was transferred to a syringe for printing.
In Figure 3A, the 3D P-OCT data of the printed filament
and the corresponding physical image are displayed. The
cross-sectional image corresponding to the white dotted
line is shown in Figure 3B and the binarized result is
shown in Figure 3C. After binarization and inversion,
Euclidean distance transformation of the 3D P-OCT data
was performed, as shown in Figure 3D. The FS value can
be expressed as 2 times the maximum value of Figure 3D,
and the FS distribution of the entire filament is shown in
Figure 3E. As shown in Figure 3E, the FS values at the start-
stop points were larger, and the FS values at the middle
straight segment were relatively uniform.

2.3.2.LT

In the previous work, the LT calculation was focused on the
actual material deposition height, which was not suitable
for LT defect analysis and broken filament defect detection
and repair. Here, a 3D design model was generated based
on the GCode information and the LT defect was identified
by comparing the 3D P-OCT data with the design model.
Considering that the GCode path mainly contained
key input nodes, where the pressure or velocity input
parameters changed, the spatial resolution of the GCode
nodes was much lower than that of the 3D P-OCT data.
To maintain the same resolution as that of 3D P-OCT, the
GCode nodes were first linearly interpolated. The nodes of
the GCode path are shown in Figure 2A and B before and
after interpolation. Based on the ellipse equivalent model
proposed by Simeunovi¢ and Hoelzle™, the design values

of FS and LT can be equivalent to the size of the major and
the minor axes of the ellipse. After interpolation, the points
PT,.,.. of GCode nodes were transformed into an elliptic
upper surface, and the surface points PT, . . (see the green
points) were compared with the material surface points
PT; , oc; (see the purple points) generated from 3D P-OCT
data, as shown in Figure 2C. After registration, the material
points PT_ , .. and GCode nodes PT_ , were projected
onto the XY plane. For each GCode node in the XY plane
PT_ (o (1), the nearest point in the material points PT _
ocr (1) was determined, and the nearest distance between

the nearest point pair was recorded as follow:

Disxy (l) = HPTxnyCode (Z) - PTvnyiP—OCT (l) (1)

2o

With the XY coordinate of PTxy s pocr (1), the
corresponding point in 3D space PT , ... (i), t was found,
and Z coordinates were recorded as the LT value z, , ..
(i) at the i point. Considering that there might be broken
filament defects, the LT value was defined based on the
mean distance Mean_Disxy and standard deviation 5_Disxy
of Dis  as follows:

Mean _Dis,, = “Pozntxyﬁa,de — Point,, p_ocr Hz

)
N 2
Dis  (i)— Mean _Dis
§_Dis,, = 2P ) ) 3
N-1
Zpointy. g (i),DisXy (z) < Mean_Dis,, +36 _Dis,,
LTy =

0,Dis,, (i)> Mean _Dis,, +35 _Dis,,

(4)

When the above LT, was zero, the corresponding
position indicated a broken filament defect. When LT, was
nonzero, it was the calculated LT value of the corresponding
position. For the printed filament in Figure 2A, LT can
be presented with a pseudo-color in the XY plane, as
shown in Figure 2D. At the starting point, the LT value
was determined to be zero when there was no material
deposition, due to to the pressure response hysteresis.

2.3.3. Fidelity quantification

In addition to FS and LT analyses, fidelity analysis can
provide a final estimation of the consistency between the
construct and the designed model, which can be applied
to each layer during the printing process and the overall
construct after printing. During the printing process, the
construct structure of each layer can be reconstructed
using 3D P-OCT data, and the fidelity value can be
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obtained by comparing the reconstructed result with
the design model of the current layer. The overall
fidelity value was obtained by comparing the overall
reconstructed results with the overall design model.
An ideal 3D design model PT, . . can be obtained
by traversing the interpolated GCode with the above
elliptic model. After 3D registration of the design model
PT,, ccose and the reconstructed result PT, ., fidelity
can be calculated using the following formulas:

Match (PTP—OCT (D:PTsp_Gcode (i)) =
1 Dis (PTP—OCT D, PT3p_Gcode (i)) <9

. . . )
0 Dis (PTP—OCT D, PT3p_Geode (’)) 26

- | < . .
Fidelity = N 2;’:1 Match (PTP,OCT (D, PTsp Geode (1))

(6)

rocr (1) is the point in the reconstructed
model, and PT. oo (i) is the point in the design model.
d is the distance threshold used to judge the matching
success rate between PT, . (i) and PT, .. . (i) and N
was the point number in PT,, .. . This ratio indicates the

degree of fidelity.

Where PT

2.4. Pre-built feedback mechanisms

2.4.1. Defects in the straight path and feedback
mechanism

In the straight path section, FS and LT may be
inconsistent with the designed values, which is mainly
related to the rheological properties, input pressure,
and velocity. According to the rheological properties
of the target material and the target FS and LT values,
the feedback mechanism was built through a pre-
experiment. For example, when the target material is
Hap with the target FS (0.48 mm) and LT (0.33 mm),
a nozzle with the inner diameter of 0.41 mm was
selected with different pressure and velocity inputs for
pre-experiment. Specifically, the pressure range was
set at 0.22 - 0.32 MPa with the interval of 0.02 MPa,
and the velocity range was set at 6 - 13 mm/s with the
interval of 1 mm/s. Parts of the printing paths and
the corresponding input parameters are displayed in
Figure 4A. The length of each filament was set as 8 mm
and the overall field was within 19 mm x 19 mm in X-Y
plane, which can be imaged with the wide field function
of 3D P-OCT. With different combinations of pressure
and velocity, the pre-experiment was repeated five
times and the printed results are shown in Figure 4B.
Figure 4C shows the 3D P-OCT result corresponding to
the group in the red box in Figure 5B. Corresponding

to the red line in Figure 5C, a cross-sectional image is
displayed in Figure 4D. With the 3D P-OCT datasets
of the pre-experiment, FS and LT with different
pressure and velocity inputs are analyzed and plotted in
Figure 4E and FE, respectively. When the acceptable FS
range was 0.48 £ 0.10 mm and the acceptable LT range
was 0.33 = 0.10 mm, suitable pressure and velocity
input group can be obtained, as displayed in Figure 4G
with the green boxes. Furthermore, the surface fitting
functions of FS and LT can be generated using the
above data with the corresponding material and needle
conditions, as follows:

FS=m P> +mVP> + myV*P +m,V> + msP* +msVP
+m7V2 +mgP +myV +my,
LT=mP* +n,VP* + n,. ¥ V>P+n,V> + ngP* + nV'P

2
1,V +ngP +ngV +

(7)
where V represents the velocity, P represents the
pressure, m , m,, ... , m, are coefficients to be solved in the

function of FS, n, n,... n, are coefficients to be solved in
the function of LT. The two fitting surfaces are shown in
Figure 4H and I. The optimum pressure and velocity inputs
were 0.24 MPa and 11 mm/s for the target FS (0.48 mm)
and LT (0.33 mm), respectively.

2.4.2. Defects of end points and feedback mechanism

There were material deposition errors at the start-stop
points, as shown in Figure 5A. The left part shows the 3D
P-OCT results, and the right part shows the registration
results of the design model based on GCode nodes and 3D
P-OCT results. There was no material deposition within a
certain distance from the theoretical path starting point
(red dotted line in Figure 4A), and too much material
deposition occurred at the actual path starting point.
Excessive material deposition also occurred at the end of
the path. Armstrong et al. calculated the hysteresis time
by combining the length of the material-free deposition
at the start point with the printing speed™. According
to the rheological properties of the above target material,
the target FS and LT values, the optimum pressure, and
velocity inputs of 0.24 MPa and 11 mm/s were selected
for the response hysteresis pre-experiment. Using the Hap
material and printing speed, an average 14.926 mm of
material deposition length was printed when the designed
length was 16 mm. Therefore, a corresponding hysteresis
time of 98 ms was calculated. The corresponding results
after compensation are shown in Figure 5B; however,
there were still FS and LT errors (Figure 5B-D). To avoid
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Figure 4. The pre-experiment for feedback mechanism in the straight path. (A) The designed paths with different input parameters of pressure and velocity.
(B) The image of printed results with the inputs in (A). (C) Three-dimensional extrusion-based bioprinter-associated optical coherence tomography
(3D P-OCT) result of one group of the printed filaments in (B). (D) The cross-section images corresponding to the red lines in (C). (E) Filament size (FS)

measurement results under different pressure and velocity. (F) Layer thickness

(LT) measurement results under different pressure and velocity. (G) The

acceptability of different combinations of pressure and velocity for the target material, target FS, and LT. Moreover, the green region indicates the acceptable
combinations velocity and pressure for the target FS and LT. (H) The surface fitting result of FS. (I) The surface fitting result of LT.

material deposition errors at the start-stop points due
to the hysteresis of the pneumatic response, including
path length errors and excessive material deposition, a
pre-experiment to compensate for the hysteresis of the
pneumatic response was carried out by adjusting the
pressure and velocity.

To compensate for the pressure response hysteresis
at the starting point, the pressure input was provided in

advance, and the specific advance was determined by the
hysteresis time from the pre-experiment, which was related
to the pressure and velocity inputs. As shown in Figure 5E,
the upper part was 3D P-OCT result with different
compensations (from 50 to 300 ms with 50 ms intervals) for
response hysteresis at the start point. The lower part shows
3D P-OCT results with different compensation (from 50 to
300 ms with 50 msintervals) at the stop point. With advanced
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extrusion from 50 to 300 ms, no material deposition at the

AR = ¢/t + eyt 'ty + c3ty’t, + eyt + et + gt
theoretical path starting point in Figure 5A was improved. PLo w2 iz 23 Al man B s e

Correspondingly, the FS and LT distributions are shown +c7t22 + ¢ty + oty + € (8)
in Figure 5F-G. Subsequently, the hysteresis compensation

time ¢, at the start point was determined by the deposition where ¢, ¢,,...,c, are the solution coefficients of the
path error, FS, and LT errors within 1 mm of the material fitting function AR. The surface-fitting results are shown
starting to deposit, as shown in Figure 5F-G. In addition, in Figure 5H. Based on the above fitting results, ¢, and ¢,
at the end point, the early termination of extrusion might were calculated as 148 ms and 144 ms, respectively, and
be an effective solution. The time of the early termination the printed results after response hysteresis compensation
of extrusion ¢, can, then, be determined by the deposition are displayed in Figure 5I. The designed path (red dotted
path error at the stop point from Figure 5F-G. Furthermore, lines) and the actual material path remained the same. The
the surface fitting functionsAR of ¢, and ¢, can be generated FS and LT distributions (Figure 5]-K) also indicated that
using the above data with the corresponding material and there was no significant excessive material deposition at
needle conditions, as follow: the starting and ending points (see the red arrows).
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Figure 5. The pre-experiment for feedback mechanism at the start-stop points. (A) The comparison of the design path (see the red dot line) and three-
dimensional extrusion-based bioprinter-associated optical coherence tomography (3D P-OCT) reconstructed result for three filaments before feedback,
and the comparison of the design model (see the green point cloud) and the surface points of 3D P-OCT (see the purple point cloud). (B) 3D P-OCT
results of different compensation for response hysteresis using path errors. (C) Filament size (FS) distribution of (B), and the blue color and the yellow
color indicated the larger and small FS values at the start-stop points, respectively. (D) Layer thickness (LT) distribution of (B), and the black and white
color indicated the larger and smaller LT values at the start-stop points. (E) 3D P-OCT results of different compensation parameters in the pre-experiment.
(F) FS distribution of (E). (G) LT distribution of (E). (H) The result of surface fitting. (I) The printing results after feedback with response hysteresis
compensation. (J) FS distribution of (I). (K) LT distribution of (I).
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2.4.3. Defects around the turnarounds and feedback
mech

In addition to the straight path and end points
mentioned above, material deposition errors often occur
at turnarounds. There is a velocity change around the
turnarounds, which leads to material deposition errors
when the velocity does not match the pressure and
rheological properties of the material. Armstrong et al.
corrected the path error using reverse compensation!'®l.
This section mainly focuses on compensating for FS
and LT defects around the turnarounds with feedback
control for the common right-angle corner path
(Figure 6A). In 3D bioprinting, GCode nodes are
typically set at the corners in the path (see asterisk). Due
to the acceleration and deceleration zones before and
after the node, a lower average velocity typically leads to
excessive material deposition, and FS and LT defects. To
compensate for the FS and LT defects at the turnarounds,
the node position and velocity were adjusted during the
pre-experiment, as shown in Figure 6.

Figure 6A-E showed the print path nodes, 3D P-OCT
data, en-face image of 3D P-OCT, FS, and LT distributions,
respectively. Turnarounds in the left part were the results
without defect compensation, and the GCode nodes (black
asterisk) were located at the right-angle corner (Figure 6A).
Moreover, the FSand LT values werelarger than straight path
due to excessive material deposition error. Turnarounds in
the right part were the result with defect compensation
under different conditions. In Figure 6A, the red asterisks

in ROI3, ROI4, ROI5, and ROI6 represented the adjusted
nodes added at 0.5 mm, 1 mm, 1.5 mm, and 2 mm in front
(or behind) of the corner node, respectively. At the same
time, the speed of yellow path was increased from 11 mm/s
to 12 mm/s. The analysis of FS and LT values in four areas
ROI3-6 is shown in Figure 6F, and the average FS values in
ROI1-6 were 0.531 + 0.073 mm, 0.483 + 0.021 mm, 0.475
+ 0.022 mm, 0.471 + 0.028 mm, 0.443 + 0.036 mm, and
0.430 + 0.040 mm, respectively. The average LT values in
ROI1-6 were 0.378 £ 0.052 mm, 0.333 £ 0.021 mm, 0.333
* 0.050 mm, 0.313 + 0.056 mm, 0.298 + 0.0489 mm, and
0.288 + 0.035mm, respectively. The result indicated that
FS and LT defects in the turnarounds after compensation
(ROI3-6) were smaller than that before compensation
(ROI1). Among them, FS and LT results in ROI3 were
closest to the target FS and LT (ROI2) in the straight path.
With the pre-experiment, the target FS (0.480 mm) and LT
(0.330 mm) for the target material (HA) can be obtained
at the turnarounds under the compensation condition of
adding nodes 0.5 mm in front (or behind) of the corner
nodes and increasing the velocity to 12 mm/s at the
turnarounds.

2.5. Statistical analysis

In this study, data processing and analysis were performed
using MATLAB software, and a 3D perfusion map was
rendered using Amira (ZIB, Indeed-Visual Concepts
GmbH, Germany). All results are expressed as the mean +
standard error of the mean.
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Figure 6. The pre-experiment for feedback mechanism around the turnarounds. (A) The common path and GCodes around the corners before (the left
corners) and after (see ROI 3-6 in the right corners) node adjustment. (B) three-dimensional extrusion-based bioprinter-associated optical coherence
tomography (3D P-OCT) result. (C) The enface image of 3D POCT. (D) Filament size (FS) distribution of (B). (E) Layer thickness (LT) distribution of (B).
(F) Average FS and LT values in different regions with different input parameters.
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Figure 7. The result of broken filament repair based on three-dimensional extrusion-based bioprinter-associated optical coherence tomography (3D
P-OCT). (A) 3D P-OCT results of the single-layer printing structure before repair. (B) Layer thickness (LT) distribution of the single-layer printing
structure before repair. (C) Frequency statistics histogram of LT in (B). (D) 3D P-OCT results of the single-layer printing structure after repair. (E) LT
distribution of the single-layer printing structure after repair. (F) Frequency statistics histogram of LT in (E).

3. Results

3.1. Verification experiment of broken filament
repair

The broken filament can directly lead to low consistency
between the printed construct and the design model,
and lower fidelity would, further, affect the structure and
functional characteristics. To verify the detection and repair
mechanism for the broken filaments described above, single-
layer printing was applied with Hap broken filament detection
and location based on LT analysis. The 3D P-OCT result of
the single-layer printed structure is shown in Figure 7A, with
the target FS (0.41 = 0.10 mm) and LT (0.32 = 0.10 mm).
With the analysis methods of LT described in section 2.4.1,
the spatial distribution and frequency statistics histogram
of LT are shown in Figure 7B and C. Corresponding to the
black line segment in Figure 7B, the LT values were zero at
the broken filament with space coordinates from -1, 0, and
0.16 to 3.8, 0, and 0.16 and a length of 4.8 mm. Secondary
printing was applied for broken filament repair based on the
spatial location of defect detection.

The 3D P-OCT result of the single-layer printed
structure after broken filament repair is shown in
Figure 7D. The broken filament corresponding to the
black line segment was repaired from the 2D distribution
of LT, as shown in Figure 7E. At the same time, the
frequency statistics histogram of LT in Figure 7F also

shows that the LT frequency result of zero is zero,
indicating that there was no broken filament after the
repair. For multilayer constructs, the detection and
repair of broken filament defects were the same as those
for single-layer constructs. During the printing process,
3D P-OCT data acquisition and LT analysis were
performed for each layer to detect and locate broken
filament defects. For continuous broken filaments with
a length greater than the target FS, secondary printing is
required to repair the broken filament. With the broken
filament location, GCode instructions can be generated
to guide the secondary printing for repair.

3.2. Defect detection and feedback control of the
large-size multi-layer construct

With the above target material, target FS, and LT values,
a large multilayer construct was designed to verify the
effectiveness of the defect detection and feedback control
mechanism with 3D P-OCT. The 3D printed model
(15 mm [x] x 15 mm [y] x 3.3 mm [z]) was first designed
using CAD. Thereafter, the printing path was divided into
ten layers with a common lattice pattern, as shown in
Figure 8A. HAp was used as the printing material, and a
nozzle with a 400-um inner diameter was selected. Based
on the GCode information and the target FS and LT values,
a3D design model can be generated using the ellipse model,
as shown in Figure 8B. Without the “monitoring and
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Figure 8. Multi-layer constructs before and after feedback control. (A) The design printing path of ten layers with the common lattice pattern. (B) Three-
dimensional (3D) design model based on the ellipse model. (C) The printed result without feedback. c1: Image of the printed scaffold; c2: 3D extrusion-
based bioprinter-associated optical coherence tomography (3D P-OCT) data of Layer 10 before lateral registration. c3: Top view of 3D P-OCT result after
lateral and longitudinal registration. c4: 3D view of 3D P-OCT data after lateral and longitudinal registration. (D) The printed result after defect detection
and feedback control. d1-d4: results corresponding to c1-c4 after defect detection and feedback control. (E) Analysis of Layer 7 before feedback. el: enface
image of 3D P-OCT of Layer 7; e2: registration of the design model and 3D P-OCT reconstructed model for the layer fidelity analysis. e3: Filament size
(FS) distribution of Layer 7; e4: Layer thickness (LT) distribution of Layer 7; 5: Layer fidelity distribution for 10 layers in (c1). (F) Analysis of Layer 7 after
feedback without broken filament repair. f1: enface image of 3D P-OCT of Layer 7. (f2-f4): results corresponding to e2-e4 after feedback without broken
filament repair; (f5) GCode instructions for broken filament repair with the secondary printing. (G) Analysis of Layer 7 after feedback and broken filament
repair. (g1) enface image of 3D P-OCT of Layer 7; (g2-g5): results corresponding to e2-e5 after feedback and broken filament repair.

feedback-as-you-build” mechanism, the input parameters path, and the printed construct is shown in Figure 8D1. In
were chosen empirically with the pressure of 0.26 MPa and terms of data acquisition of 3D P-OCT datasets, the lateral
velocity of 9 mm/s, and the printed construct is shown in dataset numbers were set as N =2 and N =2 during lateral
Figure 8C1. With in situ defect detection and the prebuilt scanning and the translation step size D, in depth direction
feedback mechanism, the input control of pressure (0.24 was set as 0.32 mm and N was set as 10. Before feedback

MPa) and velocity (11 mm/s) was selected in the straight control, the 3D P-OCT result of Layer 10 before lateral
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Figure 9. Mechanical and structural properties of the scaffolds. (A) Three-dimension (3D) design model (al) with target filament size and layer thickness,
and the finite element analysis (FEA) result (a2) with 3D view (up) and the cross-sectional view (down). (B) three-dimensional extrusion-based bioprinter-
associated optical coherence tomography (3D P-OCT) model before feedback (b1) with target filament size and layer thickness, and FEA result (b2) with
3D view (up) and the cross-sectional view (down). (C) 3D P-OCT model after feedback (c1) with target filament size and layer thickness, and FEA result
(c2) with 3D view (up) and the cross-sectional view (down). (D) Volume porosity (VP) and porosity connectivity (PC) of the scaffold before (left) and after
(right) feedback. (E) Compressive curves corresponding to three models in (A-C).

field registration is shown in Figure 8C2. The 3D P-OCT
results after lateral and longitudinal registration are shown
in Figure 8C3 and Figure 8C4, respectively, from different
angles. After defect detection and feedback control,
the 3D P-OCT reconstructed result of Layer 10 before
lateral field registration is shown in Figure 8D2. The 3D
P-OCT reconstructed results after lateral and longitudinal
registration are shown in Figure 8D3 and 4 from different
angles.

Using 3D P-OCT reconstructed results, the overall
size was calculated as 15.469 mm (x) x 15.918 mm (y) x
3.453 mm (z) (Figure 8C1) before feedback and 15.102 mm
(x) x 15.061 mm (y) x 3.401 mm (z) (Figure 8D1) after
feedback control and defect repair. Using 3D P-OCT
reconstructed model and the design model, the overall
fidelity can be calculated using Eq.(6) in section 2.4.3,
which were 84.67% (Figure 8C1) and 93.07% (Figure 8D1)
before and after the feedback control, respectively. During
the printing process, each layer can be monitored in situ;
and defect detection and feedback control can be applied
using 3D P-OCT data. It is worth mentioning that a
broken filament defect was detected and repaired in Layer
7 of the construct after feedback control in Figure 8D1. To
compare the effectiveness of feedback control and defect

repair, Layer 7 was selected for further detailed analysis.

Before feedback, the 3D P-OCT result of Layer 7 is
shown in Figure 8E1, and the corresponding FS and LT
distributions are shown in Figure 8E3 and 4, respectively.
The distributions showed that there were larger FS and
LT values in the start-stop points and turnarounds. By
comparing the 3D P-OCT data and the design model of
Layer 7, the layer fidelity was calculated as 0.851 as displayed
in Figure 8E2. Furthermore, the fidelity value of each layer
in Figure 8C can be calculated and the fidelity results are
displayed in Figure 8E5. After feedback, the 3D P-OCT
results of Layer 7 with broken filament defects are shown
in Figure 8F1. The corresponding FS and LT distributions
are shown in Figure 8F3 and 4. There were no significant
defects in the start-stop points or the turnarounds. However,
a 2.376 mm-length broken filament defect from location
-3.500, —5.600, and 2.550 to —1.124, —5.600, and 2.550 was
detected and located from the LT distribution, which is used
to guide the secondary printing as shown in Figure 8F5. By
comparing the 3D P-OCT data and the design model of Layer
7, the layer fidelity was calculated to be 0.872 as displayed
in Figure 8F2. At the location of the broken filament defect,
the secondary printing was performed for broken filament
repair before printing the next layer. The 3D P-OCT result
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of Layer 7 after feedback control and broken filament repair
is shown in Figure 8G1l. The corresponding FS and LT
distributions are shown in Figure 8G3 and 4, respectively,
and no significant FS and LT defects were observed. By
comparing 3D P-OCT data and the design model of Layer
7, the layer fidelity was calculated as 0.937 as displayed in
Figure 8G2, with a 10.01% improvement from 0.852 before
defect detection. Furthermore, the fidelity values of each
layer in Figure 8D were calculated and are displayed in
Figure 8G5. The average layer fidelity after feedback control
and defect repair was significantly improved to 0.961 +
0.017 (Figure 8G5) from 0.832 + 0.024 (Figure 8G5) before
feedback, which was comparable to the overall fidelity from
0.847 (Figure 8C1) and 0.931 (Figure 8D1).

As shown in Figure9, 3D P-OCT data enabled
mechanical analysis and 3D structural analysis of the
overall construct. After feedback, the VP and PC of the
construct increased from 37.68% and 98.14% to 46.32%
and 98.78%, respectively (Figure 9D). Furthermore, 3D
P-OCT data of the printed construct can be converted to
STL format files using MIMICS. The mechanical stiffness
of the printed constructs before and after feedback can be
compared with the designed model using finite element
analysis (FEA), which was implemented to simulate the
stress and strain process of constructs under compression
using ANSYS Workbench 17.0 (Figure 9A-C). After
feedback, the compressive modulus of the construct
improved from 84.4374% to 33.3622%, which was closer
to that of the design model (22.09%).

4, Discussion and conclusion

3D bioprinting provides new technology for tissue and
organ regeneration, drug screening, disease modeling,
and other fields. 3D printing technology with high-
fidelity structure and function is key to promoting the
large-scale application of 3D bioprinting in biomedical
field. However, printing defects lead to low fidelity from
structure to function, due to the lack of in situ defect
detection and timely feedback control. In situ defect
detection and location, timely feedback control, and
defect repair are necessary to promote the application
of 3D bioprinting to accurately manufacture complex
personalized structures. The “monitoring and feedback-
as-you-build” quality assurance mechanism were
presented to improve printing efficiency, reduce material
waste, and maximize the printed structure’s fidelity
to the design, thus promoting the application and
promotion of 3D bioprinting in organ transplantation
and disease modeling. First, in situ process monitoring
was achieved using 3D P-OCT for large-field full-depth
imaging based on point cloud registration. Based on the
imaging data, spatially resolved FS and LT were analyzed

and quantified for defect detection. The feedback control
mechanism was built in advance for different segments
of the printing path and different defects. Finally, the
effectiveness of the “monitoring and feedback-as-you-
build” quality assurance mechanism was verified by
printing with multi-layer lattice bone scaffold.

With large-field imaging enabled by 3D P-OCT,
the imaging and evaluation of the current layer can
be implemented regardless of the size of the printed
structure. FS and LT analyses, defect detection, and layer
fidelity analysis can be implemented for timely feedback
control. With large-field full-depth imaging after printing,
the volume parameters can be analyzed, including the VP,
PC, and fidelity of the overall printed structure.

With 3D P-OCT data, FS and LT quantitative analyses
can be implemented, including the spatial distribution
of FS and LT defects and the detection and location of
broken filaments. Furthermore, the input parameters
can be adjusted based on in situ defect detection and the
pre-built feedback control mechanism. In the previous
work, FS was analyzed using the 2D projection images
from 3D P-OCT and Euclidean distance transformation.
Armstrong et al. quantified filament width using surface
points with a laser displacement scanner!™. Both of
the above methods are susceptible to small material
deposition errors in the vertical direction of the path, such
as small burrs, resulting in FS calculation deviation. In
this study, FS quantization was based on 3D P-OCT data
and Euclidean distance transformation in 3D space, with
improved quantitative accuracy. In the previous work, LT
analysis was performed only for the height of the actual
material deposition, ignoring the consistency between
the actual material deposition path, and the designed
path. To quantify LT defects and detect broken filaments,
the designed path was combined with LT analysis in this
study. First, GCode nodes were interpolated to make the
resolution consistent with that of the 3D P-OCT data, and
the LT was analyzed at each node to determine the LT
distribution and defect detection along the printing path.

Based on large-field full-depth imaging with 3D
P-OCT, and FS and LT quantitative analyses, the
feedback control mechanism can be pre-built to adjust
the input parameters and defect repair. In this study,
material deposition errors under three different paths
were considered for the pre-built feedback mechanism,
including start-stop points, straight-line paths, and the
turnarounds. The first pre-experiment was carried out
to explore the relationship between the target material
and two printing parameters, velocity and pressure, and
FS and LT of the filament extruded through a nozzle.
Under the same pressure value, the FS value and velocity
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exhibited a linear relationship, which can be used as a
follow-up feedback support. The response delay of the
pressure might cause a delay in material deposition at
the path starting point and excess deposition of material
at the path ending point. To avoid material deposition
errors at start-stop points, a second pre-experiment was
carried out with the target material and the optimum
input parameters of velocity and pressure to determine
the degree of delay response of pressure and implement
the corresponding correction with a certain advance
start and stop of extrusion. For the common lattice
printing pattern, material deposition error usually
occurs at the turnarounds due to the mismatch of the
input parameters of velocity and pressure. To avoid
material deposition errors at the turnarounds, a third
pre-experiment was conducted by adding GCode nodes
and increasing the velocity around the turnarounds. In
contrast, Armstrong et al. avoided excessive material
deposition around turnarounds by increasing the
pressure and decreasing the velocity®. The decreased
velocity increases the adhesion of the material to the
bottom surface. However, acceleration and deceleration
strips existed around the turnarounds, and the average
velocity was lower than the preset velocity from the
first pre-experiment. Simultaneously, considering the
response delay of pressure according to the second pre-
experiment, only velocity adjustment was selected for
the turnarounds.

Based on the above defect detection and the pre-
built feedback mechanism, a single-layer structure was
printed to verify the detection and location of the broken
filament; and the second printing for defect repair.
Further, printing experiment on multi-layer scaffolds
was carried out to compare the scaffolds before and after
using the presented “monitoring and feedback-as-you-
build” mechanism. With the “monitoring and feedback-
as-you-build” mechanism, the FS and LT values in the
straight-line path were closer to the target values, and less
ES and LT errors occurred including start-stop points and
the turnarounds. In addition, the layer fidelity and overall
fidelity were both higher after feedback, indicating better
consistency with the design model. Moreover, high-
fidelity printing can ensure batch consistency of printed
structures to improve the reliability of drug screening
and ensure the degree of anastomosis between the
scaffold and the defect site. In particular, for bone tissue
scaffolds, high-fidelity printing can provide personalized
structure and mechanical properties that are closer to
the design model. The volume quantification results
showed that VP and PC improved to 46.32% and 98.78%
after feedback from 37.68% to 98.14%, respectively,
which was helpful for the cell attachment and transport

of nutrients and metabolites in the scaffold. In tissue
engineering, the mechanical stiffness of the printed
model plays an important role in tissue regeneration.
When the stiffness of the printed model is greater than
the present value, the concentration of stress on the
surrounding bone can lead to secondary bone damage. In
contrast, insufficient stiffness of the printed model may
lead to implant failure and even bone atrophy. FEA is a
method of using mathematical approximation to simulate
complex and real systems, which can provide a solid
theoretical basis for mechanical property evaluation. The
FEA results indicated that the compressive modulus of
the construct after feedback improved significantly and
was closer to that of the design model. In conclusion,
our results showed that the scaffold with the “monitoring
and feedback-as-you-build” mechanism was closer to the
design model from structure to function.

However, there are still some limitations to our
current research that need to be studied further. For
example, only the common lattice printing path was
considered in this study, and complex graded scaffold
patterns®® or curved paths were not analyzed. The
printing material was focused on Hap without cells
inside. Future work could apply the “monitoring and
feedback-as-you-build” mechanism using different
material with different rheological properties, such as
hydrogel with cell encapsulated. In addition, the prebuilt
feedback mechanism in this study relied heavily on pre-
experimental data with the target material, target FS, and
LT values. The prebuilt feedback mechanism requires new
pre-experiments with the different nozzles and different
bioinks that are selected for the printing task. Large
databases must be built by collecting multiple groups of
experimental data to realize fast and intelligent selection
of printing parameters for better feedback control. In
addition, machine learning and deep learning algorithms
have gradually been applied to camera-based anomaly
detection in 3D printing™**], which will be introduced in
our future work to improve the robustness and reliability
of defect detection. In this study, the broken filament
defect was detected and repaired with the secondary
printing. However, it may encounter some other defects
in bioprinting, such as excess material deposition and
collapse. For excess material deposition, a scraper can
be used to remove it in the future. For collapse during
printing, our current strategy is to detect it and terminate
the current print in time.

Although 3D P-OCT imaging interrupts the printing
process leading to longer printing cycles, high-fidelity
structures is more attractive in the biomedical field. In the
3D P-OCT described in this study, the A-scan acquisition
frequency was 50kHz, which could be improved
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using a high-speed OCT system. Simultaneously, data
processing can be accelerated by software by software.
Furthermore, 3D P-OCT, with its advantage of 3D long-
term and nondestructive imaging, provides a powerful
monitoring tool for 4D bioprinting.”>*! In this study,
the extrusion bioprinter was considered in 3D P-OCT. In
theory, OCT can be used in other printers with different
integration methods and imaging results for different
materials. For the extrusion printer, the droplet-based
printer™, or microfluidic printer®), OCT imaging
probe is easier to be integrated with small changes to the
original printer. However, larger changes are required to
integrate OCT imaging probe with other printers, such as
stereolithography, selective laser sintering, and selective
laser melting.

In conclusion, the “monitoring and feedback-as-you-
build” mechanism was presented based on 3D P-OCT,
defect detection, and the pre-built feedback mechanism.
To the best of our knowledge, this is the first time that 3D
P-OCT has been applied for in situ defect detection and
feedback control to achieve high-fidelity printing from
shape to function. The 3D FS and LT analysis methods
ensured accurate defect detection and location for
feedback and repair. The pre-built feedback mechanism
provided reasonable feedback support for timely
feedback control and adjustment of the input parameters.
Based on the “monitoring and feedback-as-you-build”
mechanism, the single-layer structure and multi-
layer scaffold showed that in situ defect detection and
feedback control could ensure less FS and LT errors to
achieve high-fidelity printing from structure to function.
The layer fidelity and overall fidelity showed that the
structures after the feedback were much closer to the
design model. The reconstruction model of 3D P-OCT,
3D volume parameter quantification of VP and PC, and
FEA results demonstrated that the scaffold function
fidelity after feedback was more advantageous, especially
in bone tissue engineering. The presented “monitoring
and feedback-as-you-build” quality assurance system can
improve printing efficiency, reduce material waste, and
ensure high-fidelity printing from structure to function.
3D P-OCT enables in situ defect detection and location,
timely feedback control and defect repair, thus promoting
the application of 3D bioprinting in organ transplantation
and disease modeling.
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