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Abstract: Bioprinting is an emerging multidisciplinary technology for organ manufacturing, tissue repair, and drug screening. 
The manufacture of organs in a layer-by-layer manner is a characteristic of bioprinting technology, which can also determine 
the accuracy of constructs confined by the printing resolution. The lack of sufficient resolution will result in defect generation 
during the printing process and the inability to complete the manufacture of complex organs. A computer vision-based method 
is proposed in this study to detect the deviation of the printed helix from the reference trajectory and calculate the modified 
reference trajectory through error vector compensation. The new printing helix trajectory resulting from the modified reference 
trajectory error is significantly reduced compared with the original helix trajectory and the correction efficiency exceeded 90%.
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1. Introduction
As a novel and advanced method, bioprinting is developed 
based on additive manufacturing technologies and has 
attracted significant attention from academia and the 
medical sector since it may deliver a promising solution 
to the shortage of organ for transplantation[1-3]. Although 
artificial human heart was successfully produced by 
bioprinting technology, systematic investigations of 
organ bioprinting are still rare, especially on the integrity 
of organ and tissue regeneration[4]. Hence, the utilization 
of artificial bioprinted organs is still in its infancy and 
facing tremendous challenges[5].

At present, bioprinting is divided into extrusion-
based, injection-based, droplet, and stereolithography 
bioprinting[6-8]. Extrusion-based bioprinting is the most 
popular bioprinting method with much higher efficiency 
than other bioprinting methods since it can support 
large-volume printing structures[9,10]. The power sources 
of extrusion-based bioprinting can be categorized into 
three types, that is, air pressure, rotation, and force, as 
shown in Figure 1A. These external forces push the 
bioink in the pipeline then the bioink is extruded from the 
extrusion nozzle in a layer-by-layer manner, according to 
a predetermined trajectory and the organ manufacturing 
model.
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Despite the numerous advantages of bioprinting, low 
printing resolution is a critical issue limiting bioprinting 
development and utilization. It should be noted that 
bioprinting resolution is a decisive factor affecting 
the overall quality of printing[11,12]. A lower resolution 
substantially reduces the accuracy in the bioprinting 
model, thereby resulting in tremendous hidden dangers 
which affect treatment procedure and the overall success 
of organ transplantation. For instance, studies have shown 
that the survival rate and differentiation of osteoblasts 
in the lattice area are higher than those in the film area 
in the bioprinting experiment. In the same printing 
environment, the low printing resolution leads to fading 
and the blur between the lattice area and the film area that 
finally will induce ambiguity and problems in the final 
cell survival rate and classification status[13]. Furthermore, 
recent studies on the bioprinting of the human heart 
have indicated that the resolution of utilized bioprinting 
technology has a significant impact on the formation of 
blood vessels in the heart[4].

Poor process control and feedback during the 
printing by extrusion-based bioprinting devices is the 
principal factor of the low resolution of extrusion-
based bioprinting, which is a primary limitation of this 
printing process[14]. The actual printing trajectory often 
does not reflect according to the originally designed 
reference trajectories, and some error remains between 
the designed reference trajectories. The deviation error 
between the actual trajectory and the reference trajectory 
is small during the straight-line printing scheme, while 
the deviation error significantly increases during the 
printing process of bending and curving structures[15,16].

Many organ bioprinting models, including ear 
bioprinting model, have been proposed in recent studies[17,18]. 
The ear is a typical three-dimensional (3D) organ with a 
curved structure. A computer vision system was never used 
to achieve process control in most of the studies, which 
means the error between the actual printing trajectory and the 
reference trajectory during the printing process remains and 
affects the final product, reducing the resolution of ears[19].

Figure 1. (A) Three sources of bioprinting power. From left to right: Rotation dispensing by screw driven, air pressure dispensing by 
pneumatic, and force dispensing by piston driven. (B) Schematic illustration of computer vision-aided trajectory error assessment and 
correction in bioprinting.
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The main objective of this research is to reduce the 
deviation error between the printing helix trajectory and 
the reference trajectory to improve the printing resolution, 
as shown in Figure 1B. A process control method is 
proposed based on computer vision to locate the helix 
coordinates and ensure that the helix is extruded at the 
correct position. The central concept of computer vision 
is to use equipment and algorithm to replace the human 
eye to identify objects and obtain information to achieve 
exact object positioning, object size measurement, and 
defect detection[20-22]. The deviation error is difficult to 
distinguish by the naked eye but could be effectively 
detected and visualized by computer vision. The collected 
deviation error plays an important role in modifying the 
reference trajectory to readjust the position of the helix 
printing. Improved computer vision strategies are required 
to ensure that the printed structures are of high shape 
complexity and to improve extrusion bioprinting.

2. Method
2.1. System parameters and material design
A non-contact camera (Samsung SM-G7810) is placed 
above the XY printing plane to take helix images. The 
original helix image data are abstract and cannot be 
directly used for error calculation, so the helix images 
must be preprocessed by image algorithms. The content 
of the algorithm will be discussed in sections 2.3 and 2.4.

Alginate-based hydrogel is used as the bioink 
material for helix printing. The core component of the 
alginate-based hydrogel, alginate, is a derivative of 
alginic acid, which has the structure of long chains of 
polysaccharides to maintain the state of the gel[23-26]. At 
present, alginate-based hydrogels are still among the 
mainstream substances for biological tissue engineering, 
including drug delivery[27], vaccine manufacturing[28], 
tissue regeneration[29], and bioprinting[30].

2.2. Printing helix number
To verify the universality of the proposed computer vision-
based process control method, three helixes with different 
sizes and trajectories were put into the printing and correction 
system. The printing error produced by each helix will show 
different fluctuations degrees during the bioprinting process 
due to the difference in the size and curvature degree of 
the helix. These helix structures are designed by computer-
aided design software as a printing helix reference trajectory 
composed of various straight and curved lines.

2.3. Process control
Process control of bioprinting is proposed to detect and 
reduce the possible errors between the ideal reference 
trajectory and the actual printing trajectory that remains 
in the printed helix. The overall process control can be 

divided into a measurement part and an execution part; 
these two parts are shown in Figure 2A. The purpose of 
the measurement part is to determine the error between 
the actual printing trajectory and the ideal reference 
trajectory. Next, the error correction and verification 
procedure will be accomplished in the execution part. 
MATLAB was used to calculate the deviation value 
between two trajectories and to obtain the new reference 
trajectory.

The first step of the procedure is the original 
bioprinting part. The extrusion-based bioprinting machine 
performs printing according to the original helix reference 
trajectory. There is no correction operation added in this 
step, and the error between the printed helix trajectory and 
the ideal reference trajectory is retained in the final helix. 
The second step uses a camera to take the printed helix 
images. The camera is horizontally fixed to the top of the 
printed helix and takes the entire helix trajectory images 
after bioprinting is finished. The captured helix images 
are required to be preprocessed to acquire the point cloud 
data; then, the point cloud data will be transmitted to the 
Cartesian coordinate system to facilitate the subsequent 
error calculations. The third step is error calculation which 
is the most critical part. The different vector between the 
actual printing helix trajectory and the reference trajectory 
is defined as the error value. The normal vector approach, 
as shown in Figure 2B, uses the compensation vector 
calculated by the error vector to obtain a new corrected 
reference path. First, the algorithm determines the size 
of the compensation vector based on the error and then 
compensates the original reference trajectory by mirroring 
to obtain a new reference trajectory[31]. The fourth step is 
a correction step. The new printing helix trajectory will 
be guided with the corrected reference trajectory of the 
replenishment vector obtained in the previous step. The 
fifth step is the verification step. The specific operation 
is the same as the second step, in which the new helix 
trajectory is put into the Cartesian coordinate system to 
detect the error value compared with the ideal reference 
trajectory.

2.4. Image algorithm
Figure 3A-G shows the steps in detail to transform 
abstract helix image data into coordinate data by the 
algorithm. Furthermore, the error between the helix 
and the reference trajectory is calculated based on the 
coordinate data of the helix; accordingly, the modification 
of the reference trajectory is proposed.

At first, the original images of the printed helix 
trajectory are collected. Then, the collected images are 
binarized to reduce the 3D image channel of the picture 
into the single channel. The purpose is to strengthen 
the contour edge feature of the image and facilitate 
subsequent image processing. In the third step, the edges 



Figure 3. (A-G) The input data required for trajectory correction and seven different processing steps for the helix image. The captured 
helix trajectory photos cannot be directly calculated by the trajectory error since the image data are unacceptable for the error algorithm. 
The coordinate data converted from the image data by binarization and edge extraction processing is used for comparison with the reference 
trajectory, and calculation of the deviation value of the helix trajectory. 

Figure 2. Schematic illustration of the process control principle for helix trajectory detection and correction. (A) Five steps from process control to 
identification and correction of helix trajectory. (B) Example of normal vector approach to compensate the error vector of the reference trajectory 
by mirroring to obtain a new modified reference trajectory. (C) Extrusion-based bioprinting machine with standard Cartesian coordinates.
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Figure 4. Sobel edge operator 
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of the binarized helix are identified and extracted by the 
Sobel operator, as shown in Figure 3C, to convert the 
abstract image data into specific point cloud data. Object 
contour recognition is an emerging field of computer 
vision to visualize algorithms to recognize the contours 
of objects to quickly determine the type of objects. The 
convolution kernel is used to process the image matrix. 
Which is the most popular object contour recognition 
algorithm[32–35]. Two 3×3 convolution kernels are shown 
in Figure 4. Each pixel in the image matrix is convolved 
by the convolution kernel. The convolution kernels on the 
left and right in Figure 4 have a maximum response to 
the vertical edge and level edge, respectively. The helix 
edge is obtained according to the maximum value of the 
two convolution kernels.

In the fourth step, the centerline estimate of the helix 
is calculated based on the helix contour. The centerline 
of the helix is defined as the helix trajectory after the 
bioprinting and is placed in the Cartesian coordinate 
system for subsequent error calculations. In the fifth 
step, the print helix trajectory in the Cartesian coordinate 
system (blue solid line) deviates from the predetermined 
reference trajectory (black dashed line). Figure 3E 
records the print trajectory and reference trajectory of 
the helix in the same Cartesian coordinate system. In the 
sixth step, due to the offset of the helix print trajectory 
(blue solid line) in the Cartesian coordinate system, the 
difference between each point of the helix trajectory and 
the reference trajectory could be calculated. Figure 3F 
illustrates the error generation in each of the trajectory 
segments. In the seventh step, the new reference trajectory 
is obtained by compensating the error vector, on the 
foundation of the reference trajectory.

3. Results
3.1. Original printing
The point cloud data of the printing helix trajectory after 
bioprinting were collected according to the algorithm 
introduced in Section 2.4. The printing trajectory and 
the reference trajectory were both established in the 
same Cartesian coordinate system. Figure 5 shows the 

printed helix trajectory (solid flesh-colored line), the 
estimated value of the printing helix centerline (red 
dotted line), and the designed ideal reference trajectory 
(black dotted line).

3.2. Correct printing
The coordinate data of the ideal helix reference 
trajectory and printing helix trajectory could be 
collected and counted; then, the modified helix 
reference trajectory with error vector compensation 
could be determined through the normal vector 
approach. Figure 6 shows the XY plane containing the 
printing helix trajectory resulting from the modified 
helix reference trajectory and the original printing 
helix trajectory. The white path was the original helix 
trajectory, and the translucent blue path was the new 
printing helix trajectory resulting from modified 
reference trajectory. The black dashed line was the 
pre-designed reference trajectory, which was the ideal 
printing result without error interference.

The deviation vector between the original 
printing helix trajectory and the ideal reference 
trajectory was defined as the bioprinting error. 
Figure 7 reveals the error values of different 
positions for each original helix trajectory in the 
coordinate system by mapping the error values to the 
printed helix trajectory. The color depth was carried 
by the color column placed on the right side of the 
coordinate system, reflecting the error magnitude of 
each printing helixes. The error and its degree for 
each printing helix showed an increasing tendency 
with the color transitioning from light blue to dark 
blue. The error exceeded 2.4 mm which the color 
was between blue and black, reaching the high 
error range. The dashed line in Figure 7 represents 
the centerline of the printing helix trajectory, and 
the different depths of blue color surrounding the 
centerline represent the error value carried by the 
helix at different positions, which correspond to 
the error color column on the right. The dark blue 
magnitude of error could be seen in the three-helix 
trajectories, illustrating that the three helixes showed 
a significant error, exceeding 2.4 mm.

Figure 8 presents additional data of the normal 
vector approach for each helix: Corrected reference 
trajectory and corrected printing helix trajectory. In 
Figure 8A, the original reference trajectory and the 
modified reference trajectory of the compensation 
error were compared. “Orig Ref” was a black-dashed 
line representing the original reference trajectory, 
and “Corr Ref” was a blue solid line representing the 
modified reference trajectory. Figure 8B compared 
two printing trajectories resulting from the original 
reference trajectory and the modified reference 



Figure 6. The original printed helix trajectory (white material), the new printed helix trajectory (translucent blue material), and the pre-
designed reference trajectory (translucent blue material).

Figure 5. (A-C) The observed solid flesh-colored, black-dashed, and red-dashed lines indicated the print helix locus, reference locus, and 
the printed helix centerline estimation, respectively. The black-dashed line was the printing helix trajectory obtained in an ideal state, and 
the red-dashed line output of the algorithm represents the helix printing trajectory.
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trajectory. Compared with the original printing, the 
printed helix trajectory resulting from the modified 
reference trajectory was overlapped with the ideal 
helix trajectory as much as possible. “Orig Ref” 
was a black-dashed line representing the original 
reference trajectory; “Orig Prt” was a blue solid line 
representing the printing helix trajectory that resulted 
from the initial reference trajectory; and “Corr Prt” 

was the red dashed line representing the printed 
helix trajectory resulting from the modified reference 
trajectory.

The corrected printing helix trajectory stemming 
from the modified reference trajectory for each helix 
was collected, and the error between the ideal reference 
trajectory and printing helix trajectory was counted, as 
shown in Figure 9. The black-dashed line represented 



Figure 7. (A-C) The error between the printing helix trajectory and the reference trajectory was mapped to the helix trajectory; the darker 
blue represents higher level of error. The error value of each helix was shown in the color column on the right. Each helix model was tested 
3 times repeatedly. 
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the correct printing helix trajectory, and the surrounding 
blue line mapped the errors at different positions. The 
depth of the color reflected the error value between 
the corrected printing helix trajectory and the ideal 
reference trajectory. The error value corresponded to the 
error color column on the right, which was consistent 
with the color column, as shown in Figure 7. Obviously, 
the error value of the corrected printing helix trajectory 
had been reduced dramatically by algorithm processing 
and a high error range represented by dark blue hues 
for each helix compared with the original printing helix 
trajectory was absent.

3.3. Repeatability
To ensure that the error statistics of the corrected helix 
print trajectory maintained high repeatability, three 
repeated corrected printing helix trajectories for each 
helix were tested independently. Figure 10 illustrates the 
error distribution state in three printings for each helix. 
The value of the overall error in the low error range (light 
blue) was less than 1.0 mm, while there was no high error 
range (dark blue) in the three printing experiments of 
each helix.

4. Discussion
Many studies have indicated that bioprinting resolution 
is a crucial printing parameter. However, the number of 
studies aiming to improve printing resolution, including 
printing error detection and correction, is still limited. 
Most of the printing helix trajectories contain large 

curves, which induce much greater challenges in the 
error correction stage. Figure 5 shows the deviation 
error between the printed helix trajectory and the ideal 
reference trajectory. Therefore, the significance of this 
study is to correct this deviation value and to improve 
the resolution of extrusion-based bioprinting. The error of 
each helix reference trajectory is compensated according 
to the normal vector approach, and the printed helix 
trajectory is overlapped with the ideal helix trajectory 
as much as possible. Furthermore, the printing error is 
reduced to an acceptable range.

Figure 7 shows that the errors are not similar 
at different positions between the printing helix 
trajectory and the ideal reference trajectory in the 
same Cartesian coordinate system. The dark blue area 
with high error is concentrated on the top curvature 
position for each helix, which indicates that the error 
value at the curvature position is higher than the error 
at the other positions, and the highest error reaches 
2.53 mm in the second helix calculated by Euclidean 
norm (1)[36]. The error level shows a decreasing 
tendency due to the helix trajectory changes from 
curve to straight, which dropped to the blue and light 
blue middle error range. Furthermore, compared with 
straight trajectory, relying on single-axis control, the 
curved trajectory requires two axes to control the print 
head during the printing process, and the error level is 
also higher than the straight trajectory because of the 
low accuracy of multiple axis motion.

For the new printing helix trajectory resulting from 
the modified reference trajectory, the errors are all located in 



Figure 8. (A) Comparison of the original reference path (blue solid line) and the modified reference path (black-dashed line). (B) Original 
reference path (black-dashed line), printing helix trajectory resulting from original reference trajectory (blue solid line), and printing helix 
trajectory resulting from modified reference trajectory (red-dashed line).
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the light blue area with low error and less than 1.0 mm. The 
errors higher than 1.0 mm are corrected by the algorithm 
and do not appear in the statistical results for each helix, 
as shown in Figure 8. Especially, the average error in the 
dark blue area with high error at the top curvature position 
calculated by Euclidean norm (1), has dropped from 
2.33 mm, 2.34 mm, and 2.15 mm to 0.21 mm, 0.19 mm, 
0.28 mm, respectively, and reached to efficiency rates of 

about 91%, 92%, and 87%, respectively in Table 1. The 
curve structure error has been greatly reduced, which 
proves that the normal vector approach algorithm has a 
strong correction ability in the curve structure.

  
2

2
1=

= ∑
N

i
i

x x  (1)



Figure 9. The error between the corrected printing helix trajectory and the reference trajectory was mapped to the helix trajectory; the darker 
blue represents higher level of error. The error value of each helix was shown in the color column on the right. 
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Table 1. Error results before and after correction for each helix

Helix 1 Helix 2 Helix 3
Average error (mm) 1.06 1.15 1.58
Corrected error (mm) 0.36 0.25 0.48
Average error (mm)
(high error range)

2.33 2.34 2.15

Corrected error (mm)
(high error range)

0.21 0.19 0.25

Computer vision technology is applied to the 
experimental operation to obtain the point cloud data of 
the printing helix and realize the process control. A non-
contact camera is placed directly above the printing 
platform and records the entire printing of the helix 
images during the bioprinting process. The recorded 
helix images will be transferred from the camera to 
the computer system, the edges of the helix will be 
identified and extracted by the Sobel operator. The 
estimated value of the printing helix centerline can be 
calculated by the edges of the helix, which represents 
the printing helix trajectory. In the future, computer 
vision will play an important role in process control 
with the development of computer science, including 
more accurate measurement of the printed components’ 
size. More precise centerline data accurately reflect the 
printing helix trajectory, and the modified reference 
trajectory could be exactly expressed by the normal 
vector approach, which indirectly improves the accuracy 
of correction.

At present, the position of the printed helix 
trajectory is adjusted as much as possible to be 

consistent with the reference trajectory, and the helix 
error in the two-dimensional (2D) space has been 
significantly reduced with computer vision processing. 
In the future work, an extension of the 2D space to the 
entire 3D space to evaluate and correct the errors of 
other 3D organs should be attempted. However, the 
study was afflicted with a few challenges. For example, 
the current computer vision is beneficial in processing 
flat images, but in the case of a target object with a 
3D image, the limitations of computer vision will 
be magnified. Furthermore, the error definition will 
also shift from 2D space to 3D space. Hence, further 
investigations are required on this topic.

5. Conclusions 
The main limitation for high-precision bioprinting is the 
low resolution caused by the lack of process control, which 
is reflected in the printing trajectory as a deviation from 
the original reference trajectory. The error caused by this 
deviation is one of the reasons that affect the resolution 
of extrusion-based bioprinting. In this study, computer 



Figure 10. Printing helix trajectory resulting from modified reference trajectory was printed 3 times, and all errors of each helix were located 
in the low error range (light blue).
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vision technology was applied to helix bioprinting to 
achieve process control. The average error of the three 
helixes has been reduced from 1.06 mm, 1.15 mm, and 
1.58 mm to 0.36 mm, 0.25 mm, and 0.48mm, respectively. 
For the high error area of each helix, the average error 
has been reduced from 2.33 mm, 2.34 mm, and 2.15 mm 
to 0.21 mm, 0.19 mm, and 0.25mm, respectively, and 
the correction efficiency has reached 91%, 92%, and 
87%, respectively. The resolution of bioprinting shows 
a great improvement, it should be noted that only the 
reference trajectory is modified. More intuitively, the 
error is significantly reduced compared with the original 
helix printing trajectory after correction and shows high 
repeatability.

This study, for the 1st time, proposes the use of a 
computer vision technology in bioprinting procedure to 
reduce the deviation values of the printing helix trajectory 
compared to the reference trajectory through process 
control. This method is applicable to the printing of other 
organs, in addition to the human ear, so as to reduce 
printing errors. Through this procedure, the bioprinting 
resolution can be further increased and the printing 
accuracy can be improved, thereby improving the areas 
of organ manufacturing and tissue engineering.
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