
384

RESEARCH ARTICLE

Volume 10 Issue 1 (2024)

International  
Journal of Bioprinting

https://doi.org/10.36922/ijb.1437

†These authors contributed equally 
to this work.

*Corresponding authors:
Bing-Bing Xu
(xubingbing@hsc.pku.edu.cn)
Chang-Hui Song 
(chsong@scut.edu.cn)
Jia-Kuo Yu (yujiakuo@126.com)

Citation: Lei HY, Chen YR, Liu ZB. 
et al. In situ bioprinting for cartilage 
repair using a parallel manipulator. 
Int J Bioprint. 2024;10(1):1437.
doi: 10.36922/ijb.1437

Received: August 2, 2023
Accepted: October 6, 2023
Published Online: January 8, 2024

Copyright: © 2024 Author(s). 
This is an Open Access article 
distributed under the terms of the 
Creative Commons Attribution 
License, permitting distribution, 
and reproduction in any medium, 
provided the original work is 
properly cited.

Publisher’s Note: AccScience 
Publishing remains neutral with 
regard to jurisdictional claims in 
published maps and institutional 
affiliations.

In situ bioprinting for cartilage repair using a 
parallel manipulator 

Hao-Yang Lei1,2†, You-Rong Chen1,3,4†, Zi-Bin Liu2, Yi-Nong Li2, Bing-Bing Xu1,3,4*,  
Chang-Hui Song2*, and Jia-Kuo Yu1,3,4*
1Department of Sports Medicine, Peking University Third Hospital, Institute of Sports Medicine of 
Peking University, Beijing, China
2School of Mechanical and Automotive Engineering, South China University of Technology, 
Guangzhou, China
3Beijing Key Laboratory of Sports Injuries, Beijing, China
4Engineering Research Center of Sports Trauma Treatment Technology and Devices, Ministry of 
Education, Beijing, China

(This article belongs to the Special Issue: Light-Based Bioprinted Scaffolds for Tissue Engineering)

Abstract
Regeneration of large-sized cartilage injury is a challenging endeavor. In vitro 
bioprinting for cartilage repair has several drawbacks, such as the tedious process of 
material preparation, potential contamination, and the mismatch between implant 
and defect. This study aimed to investigate the application of in situ bioprinting in 
cartilage repair using a parallel manipulator. In particular, the material extrusion rate 
and printing speed were adjusted to obtain the suitable forming parameters in a 
custom-made parallel manipulator. Cell experiments were conducted to determine 
the biocompatibility. Finally, a rabbit cartilage defect model was used to evaluate the 
feasibility of in situ bioprinting combined with machine vision. The results showed 
that to achieve optimum printing using the custom-made three-dimensional printer, 
400–560 mm/min should be set as the standard printing speed, with an extrusion 
multiplier of 0.09–0.10. Cartilage defects can be precisely and easily segmented using 
a bimodal method with a 2% deviation error. In vitro experiments revealed that the 
utilized materials are highly biocompatible. Furthermore, according to the results 
from in vivo experiments, in situ bioprinting lends itself useful in the repair of cartilage 
defects. The overall results confirmed the feasibility of applying a parallel manipulator 
in in situ bioprinting for cartilage repair. Additional optimizations of the proposed 
approach are warranted prior to translation into clinical applications in the future. 

Keywords: In situ bioprinting; Cartilage repair; Tissue engineering

1. Introduction
Articular cartilage defects are usually caused by external trauma, joint injury, or other 
diseases.1 However, the lack of vasculature, nerves, and lymph in the cartilage restricts its 
regeneration.2 A degraded cartilage without prompt and effective treatment can adversely 
affect the subchondral bone, which, in the worst case, may lead to a situation necessitating 
knee replacement.3 Thus, cartilage injury must be treated in the shortest possible time. 
Conventional treatment methods, such as osteochondral transplantation, bone marrow 
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stimulation, or autologous chondrocyte transplantation, are 
generally utilized to treat cartilage injuries, but certain risks 
exist during or after using these therapies.4 

Given the continuous development of the field of 
tissue engineering, new therapeutic ideas for cartilage 
repair have been constantly generated. As an essential 
tissue engineering component, the scaffold acts as a 
temporary filling volume that provides a frame for 
cell adhesion, migration, and proliferation. Thus, the 
therapeutic efficacy of tissue engineering is affected by the 
material and morphology of the scaffold. Usually, porous 
scaffolds are fabricated by free-drying, thermally-induced 
phase separation, or electrospinning.5 Nevertheless, 
these methods fail to precisely control the shape and 
distribution of pores. The development of bioprinting has 
made it possible to fabricate scaffolds with controllable 
morphology. At present, bioprinting is most commonly 
used to print a scaffold, using the extracellular matrix 
(ECM)6,7 or components that mimic the chondroid 
tissue.8,9 Apart from that, there exists a method that uses 
a sacrificial mold, through which the scaffold is fabricated 
indirectly.10,11 However, there are certain limitations in 
using in vitro bioprinting to print cartilage repair scaffolds 
directly or indirectly. The scaffolds manufactured by 
the above methods require a complex and cumbersome 
preparation process prior to implantation. In addition, the 
steps starting from the printing process (outside) to the 
implantation are at a potential risk of contamination.12-14 
Furthermore, during surgery, the difficulty associated with 
fixing the implant constitutes another barrier.15

In situ three-dimensional (3D) printing stands as 
a possible solution to the aforementioned problems 
commonly seen in non-in situ printing. In situ bioprinting 
refers to the direct printing of specific scaffolds on the 
untreated part.13 Currently, this technology has been 
applied to fabricate different tissues, such as skin, bone, and 
cartilage. For instance, O’Connell et al. developed a device 
called “biopen,” through which cell-laden printing can be 
realized.16 Hakimi et al. invented a handheld skin printer 
that can in situ crosslink the bioink and deposit biomaterials 
for multilayer skin repair.17 Chen et al. used a manipulator 
to induce hair follicle-inclusive skin regeneration.18 Moncal 
et al. pioneered an in situ bioprinting system featuring a 
multi-arm design, aiming to reconstruct tissues within 
craniomaxillofacial defects.19,20 In addition, they leveraged 
this bioprinting system to discern the contrasting effects of 
in situ and ex situ delivery systems on calvarial defects.21 In 
other examples, Di Bella et al. used a biopen with a multi-
channel to repair cartilage defects,22 and Ma et al. utilized 
a robot arm to extrude hyaluronic acid methacrylate 
(HAMA) into the defect in order to repair cartilage injury.23 
The above in situ bioprinting approaches can be divided 

into two types, i.e., handheld and robot-assisted. The 
handheld device can deposit the bioink directly, which is 
more portable and convenient compared to robot-assisted 
systems.13 However, the shape printed via handheld devices 
is difficult to control.19 Although the cost of robot-assisted 
systems is higher, their accuracy surpasses that of handheld 
ones.24 The robot-assisted approach enables meticulous 
control over the deposition of bioink, leading to the in situ 
formation of structured scaffolds. 

In robot-assisted in situ bioprinting, the key step is 
to determine the trajectory via the reconstruction of 
the defect. At present, the application of 3D scanner is 
a common scene in most studies.23,25 By comparing the 
impaired cartilage with the healthy part, the defect can 
be identified and reconstructed. This comparison method 
is suitable for pre-surgical planning. Nevertheless, since 
the primary focus during the surgery is on the damaged 
cartilage, it is therefore challenging to acquire information 
about the normal cartilage in healthy regions. Thus, 
reconstructing the defect through comparison becomes 
difficult, and a reconstruction method without comparison 
is necessary. To this end, a segmentation approach needs to 
be employed, through which a defect can be distinguished 
from the healthy cartilage. Classical segmentation methods 
include edge detection,26,27 region division,28 graph-based 
segmentation,29 clustering,30 and random walk.31 The 
integration of deep learning into these basic segmentation 
methods has spawned the emergence of more intelligent 
segmentation techniques.32

In view of the existing shortcomings of in situ 
bioprinting, we developed a parallel manipulator capable 
of photocuring and optimized the printing parameters 
to ensure that the filament was stable and controllable 
during printing. Moreover, a camera was used during the 
reconstruction process of cartilage defects via machine 
vision. By combining the parallel manipulator and machine 
vision, in situ recognition and repair can be achieved. 

2. Materials and methods
2.1. Design of the in situ parallel manipulator 
A custom-made in situ 3D printer with dimensions of 
350 mm× 350 mm × 300 mm was developed (Figure 1). 
The extruder was connected to the sliders with three pairs 
of rods. By asynchronously controlling the movement 
of the sliders, the extruder can be moved freely in three 
dimensions and the workspace of the printer is Ø200 × 
90 mm, covering the area of the cartilage requiring repair. 
The extrusion head comprised a screw rod, a bioink 
storing cartridge, and a curing light source. The bioink was 
extruded through the movement of a piston in the cartridge 
driven by a screw rod. A 405-nm light-emitting diode 
(LED) was used as the light source and arranged in a ring-
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like configuration to produce light in a circular pattern. 
The ring-like light can prevent the hydrogel near the 
needles from early curing, which would, if not prevented, 
block the needle, thereby decreasing the printing efficiency 
and accuracy.

2.2. Optimization of printing parameters 
To optimize the printing parameters of the parallel 
manipulator, Simplify3D software (USA) was used to slice 
a block with dimensions of 10 mm× 10 mm× 2 mm to 
layers with a thickness of 0.15 mm. The infill pattern was 
rectilinear, and the distance between lines was set at 0.5 
mm. By adjusting the speed rate and extrusion multiplier, 
different types of scaffolds were obtained under different 
parameters, and their morphology was observed under a 
microscope.

2.3. Biocompatibility of 3D-printed scaffold 
The bioink used in this study was a cartilage repair ink 
(TM GMP, SinoBioPrint, China), which consists of gelatin 
methacrylate (GelMA), chondroitin sulfate methacrylate 
(CSMA), and HAMA. 

First, the toxicity of the 3D-printed scaffold was 
evaluated. A suspension of bone marrow-derived 
mesenchymal stem cells (BMSCs; 2 × 104 mL-1) of a rabbit 
in exuberant growth was prepared, and 100 μL of the 
suspension was seeded in a 96-well plate. After culturing 
in an incubator for 12 h, 10 μL of scaffold leach liquor or 
phosphate-buffered saline (PBS) was added to each well. 
After incubation for 12 h, 24 h, and 48 h, the original 
medium in the well was replaced with 10 μL cell counting 

kit-8 (CCK-8) solution and 100 μL culture medium. After 
incubation for 1 h, 110 μL of the liquid was removed 
from each well and placed into a new 96-well plate, and 
the absorbance values were read using a microplate 
reader (Thermo, Waltham, USA). The cell viability was 
determined using Equation I:

	 Cellviability As Ab
Ac Ab

(%) � �
�

�100 � (1)

where As, Ac, and Ab are the optical density (OD) values 
of leach liquor of scaffolds, PBS, and blank, respectively. 

For the cell proliferation and distribution evaluation, 
200 μL of cell suspension (5 × 105 mL-1) was seeded on the 
scaffold, and CCK-8 and Live/Dead assays were conducted 
to assess the relevant indicators of the cells in scaffolds; 
more details can be found in our previous work.33

2.4. Defect segmentation and reconstruction 
To recognize the defect, a camera was used to capture 
images of the defect, and machine vision was applied 
to process the images. A checkerboard was placed on 
the defect to calibrate the camera using the machine 
vision toolbox of MATLAB (MathWorks, USA).34 The 
detectCheckerboardPoints function was used to obtain the 
information of the checkerboard points. Four points were 
selected to be compared with the actual corresponding 
points to determine the relationship between the image 
coordinates and the actual ones. By applying this affine 
relationship, the image of the defect was converted. Through 
grayscale conversion, frequency statistics, and bimodal 

Figure 1. Schematic diagram of in situ bioprinting. 
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method, the defect could be segmented from the image. 
By further applying the MATLAB isosurface function, the 
pixels in the 2D image were linked into triangular facets, 
and a 3D model of the defect was ultimately generated. 

2.5. In vivo experiment
Fifteen adult New Zealand rabbits, weighing 3.5 kg each, 
were used in the in vivo experiments and randomly divided 
into three groups: blank group, direct implantation group, 
and in situ bioprinting group. First, a lateral parapatellar 
incision was made on the articular surface, and a chondral 
defect with a length of 2 mm and a diameter of 5 mm was 
made at the center of the trochlear groove. In the direct 
implantation group, the cartilage repair ink was cured into 
a cylinder by 405-nm light and then implanted into the 
defect. The blank group was left untreated. With regard to 
the in situ bioprinting group, the defect was repaired by 
the parallel manipulator. The detailed surgical procedure 
is exhibited in Figure 2. After the defect was identified, 
the image information of the defect was obtained. 
Subsequently, a checkerboard was placed above the defect. 
Through the checkerboard, the relationship between image 
pixel distance and actual distance was determined. Next, 
defect reconstruction and path planning were performed 
based on the checkerboard and the cartilage defect image. 
Finally, in situ bioprinting was performed. After completing 
the corresponding treatment in the different groups, joint 
reduction was performed, and the incision was closed 
in a layer-by-layer manner. After the disinfection of the 
incision area with 75% alcohol, all rabbits were moved into 
their cages. Within 3 days after surgery, penicillin sodium 
(100,000 U/kg) was injected intramuscularly. All rabbits 
were allowed to move freely. At 12 weeks after surgery, they 
were subjected to batch killing. Imaging examination, gross 
observation, and histological analysis were conducted, and 
the details can be found in the Supplementary File.

All the animal experiment protocols were approved by 
the Ethical Committee of Laboratory Animals of Peking 

University Third Medical School and were conducted 
in adherence with the Guide for the Care and Use of 
Laboratory Animals (A2022008).

2.6. Statistical analysis
All experiments were repeated at least four times, and the 
results are expressed as mean ± standard deviation. Two-
sided, non-paired t-test was used for statistical comparison, 
and the statistical significance was set at P < 0.05.

3. Results
3.1. Results of printing parameter optimization 
The bioprinting process was optimized by adjusting 
the feed rate and printing speed. Figure 3 illustrates the 
optimization results of the printing parameters, where 
the red area denotes that effective extrusion could not 
be achieved, the yellow area indicates that the feeding of 
materials was insufficient, the blue area indicates that the 
filament diameter was too thick, the orange area means 
that adjacent filament strands were stuck together, and the 
green area indicates that the extrusion was appropriate. 
In general, a high ratio of feed rate to printing speed 
triggers excessive feed of bioink, which results in an 
oversized filament. Such an oversized filament may stick 
to the adjacent filament, leading to a smaller hole. In 
the case of low ratio, the supplement of the filament will 
become insufficient, making the filament in the scaffold 
discontinuous. In this study, under a low extrusion 
multiplier (<0.08), when the printing speed was high, 
the material failed to extrude; at lower speeds, a scaffold 
could be formed but with a discontinuous filament. Under 
a high extrusion multiplier, the adjacent filaments were 
stuck together irrespective of the speed. Under a medium 
extrusion multiplier, the diameter of the filament printed 
at low speed was too large compared to the scaffold printed 
at high speed. According to the results, the appropriate 
printing parameters were 400–560 mm/min with an 
extrusion multiplier of 0.09–0.1. 

Figure 2. In situ 3D bioprinting process.
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3.2. Image segmentation and reconstruction
The bimodal method is a means of segmentation of images 
with simple background. In this study, we used bimodal 
method to divide images based on the regular distribution 
of grayscale values in the image histogram. With a simple 
background, the target and background appear as two 
clearly discernible peaks in the histogram; thus, the 
valley between two peaks can be selected as the threshold 
for image segmentation. Figure 4 depicts the image 
segmentation procedure. First, the image of the defect is 
obtained and calibrated based on affine transformation 
(Figure 4a). Subsequently, the color image is converted 
into grayscale (Figure 4b). By identifying the frequency 
distribution of the different grayscale values in the image, 
the histogram of the grayscale distribution can be obtained 
(Figure 4c). By setting the value of the valley between the 
two peaks as the threshold, a segmented image is obtained 
(Figure 4d), where the yellow region denotes the healthy 
cartilage (background) and the black one the defect 
(target). As presented in Figure 4e, by further applying 
image morphological processing, the small interference of 
the image can be removed (red circles in Figure 4d), and 
the final image of the defect is obtained.

After image segmentation, it is necessary to reconstruct 
the defect based on the acquired image. To verify the accuracy 
of the segmentation and reconstruction methods utilized in 
this research, model validation was performed; a flowchart 
depicting the image calibration and reconstruction process 
is illustrated in Figure 5. First, a fixed camera was used to 

photograph the checkerboard on the model. Subsequently, 
an affine matrix was obtained based on the relationship 
between the actual positions of the four corner points in the 
calibration board (red circles) and the corresponding pixel 
positions, thereby correcting the camera posture. Through 
further transformation, the actual image of the sample 
placed horizontally was obtained. According to the measured 
results, the error of the reconstructed model was about 2%, 
indicating that the bimodal and calibration methods can 
effectively recognize and reconstruct the defect.

3.3. Biocompatibility 
As shown in Figure 6a, after in vitro culturing for 24 h, 48 
h, and 72 h, the cell viability was above 85%, indicating that 
the bioink was non-toxic. Furthermore, the proliferation 
of cells on the scaffold was evaluated by CCK-8 assay, and 
the result is shown in Figure 6b. As the cultivation time 
elapsed, the OD value became higher, indicating that the 
number of cells increased. Nevertheless, the growth rate 
decelerated after culturing for 4 days. Meanwhile, the live/
dead staining result revealed that most of the cells survived 
and were evenly distributed on the scaffold. Overall, the 
in vitro results confirmed non-cytotoxicity of the bioink, 
evidenced by the normal cell growth on the scaffold printed 
by the parallel manipulator.

3.4. Animal experiments
At 12 weeks after surgery, magnetic resonance imaging 
(MRI) examination was performed on the cartilage 
defect area of each specimen. The MRI results (Figure 7a) 
revealed that the cartilage signal in the cartilage defect 

Figure 3. Printing parameter optimization result. The colors in the table denote different results; red: fail to form; yellow: the filament is discontinuous; 
blue: the filament diameter is too thick; orange: the filaments stick together; green: the extrusion is appropriate. Figure 3. Printing parameter optimization 
result. The colors in the table denote different results; red: fail to form; yellow: the filament is discontinuous; blue: the filament diameter is too thick; orange: 
the filaments stick together; green: the extrusion is appropriate.
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Figure 4. Bimodal method for defect segmentation. 

Figure 5. Image calibration and reconstruction process (left) and reconstruction results (right).

area of the in situ bioprinting group was continuous and 
uniform, and the fusion with the surrounding cartilage 
tissue was proper. With regard to the direct implantation 
group, an abnormal signal was detected in the subchondral 

bone. For the blank group, the signal of the cartilage was 
discontinuous. According to the MRI results, a more 
satisfactory regeneration result was seen in the in situ 
bioprinting group than in other groups. As shown in Figure 
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7b, in all groups, the defect was filled with regenerated 
tissue. However, the surface morphology of the different 
groups was variable. The regenerated tissues of the direct 
implantation and blank groups were rough compared to 
that of the in situ bioprinting group. 

The histological results are presented in Figure 7c–f. 
According to the hematoxylin–eosin (H&E) staining results, 
the cells had normal morphology and grew adjacent to the 
healthy cartilage; however, the cells in the blank group were 
in disordered fashion. Furthermore, an obvious crack was 
found in the direct implantation group. After the Toluidine 
blue (TB) staining, the regenerated tissue in the blank 
group demonstrated light staining, which is indicative of 
the lesser amount of chondroid ECM compared with other 
groups. With regard to the in situ bioprinting and direct 
implantation groups, the staining of the repaired area was of 
stronger intensity. Through the Safranin O staining, it was 
confirmed that the major component in the regenerated 
tissue was glycosaminoglycan, which is a fundamental 
component of cartilage. Furthermore, immunohistologic 
staining was conducted to determine the content of 
type II collagen in the repair area. The staining results 
indicated that the fusion of the regenerated tissue in the 
in situ bioprinting group was better than that in the other 
groups, confirming that in situ bioprinting is beneficial 
to cartilage repair. Finally, the International Cartilage 
Repair Society (ICRS) and Wakitani scoring systems were 

employed to evaluate the treatment efficacy shown in the 
different groups (Figure 7g and h). The scores of the direct 
implantation and in situ bioprinting groups were higher 
than those of the blank group, indicating that the hydrogel 
was beneficial for the cartilage. Moreover, the score of the 
in situ bioprinting group was slightly higher than that of 
the direct implantation group, which confirmed that in situ 
bioprinting was beneficial to cartilage repair.

4. Discussion
Bioprinting is a promising technology, through which 
complex organs and tissues can be fabricated in a layer-by-
layer manner. After the scaffold was printed by the in vitro 
bioprinting, the preparation procedure covering processes 
from fabrication to surgical implantation is complicated, 
thus making it vulnerable to the risk of contamination. 
Apart from the risk of contamination, the shape of in 
vitro-printed scaffolds is fixed, hindering their ability to 
adapt to unexpected situations during surgery. During 
in situ bioprinting, the bioink can be deposited directly 
into the defect, accelerating the biomaterial delivery into 
the defect and diminishing the manual interventions or 
other adverse environmental effects.19 In addition, the 
tissue near the defect can act as support during in vivo 
bioprinting, making overhanging structures printable 
without requiring extra supports. Moreover, the accurate 
deposition of the bioink can ensure that the scaffold 

Figure 6. Results of in vitro experiments. (a) Cytotoxicity (n = 4). (b) Cell proliferation (n = 4). (c) Live/dead staining.
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Figure 7.  Results of in vivo experiments. (a) MRI image. (b) Gross observation. (c) H&E staining. (d) TB staining. (e) Safranin O staining. (f) 
Immunohistologic staining for type II collagen. (g) ICRS macroscopic evaluation of cartilage repair (n = 5). (h) Wakitani score for repaired cartilage (n = 5).
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matches the defect. More importantly, due to the uncertain 
parameters associated with in vitro culturing, the in situ 
approach provides the natural microenvironment for 
cell growth, proliferation, and differentiation, which can 
promote tissue regeneration.35,36 To this end, an in situ 
bioprinting device was developed for efficient cartilage 
repair. 

It costs about RMB1500 to build a custom-made 
manipulator (details for each component can be found 
in the Table S1). In the articulated manipulator, the joints 
are connected consecutively to each other, resulting in 
a longer transmission chain. Without a proper control 
method, the long transmission chain may lead to a more 
severe transmission error, since the wrong movement 
of a joint will affect the adjacent ones. Due to the 
longer transmission chain, the positional accuracy of 
the articulated manipulator is poor.37 Different from 
the articulated manipulator, the actuators in a parallel 
manipulator are connected directly with the base and the 
end effector, making it more rigid and stable.38 Due to its 
high rigidity and stability, the parallel manipulator has 
higher accuracy and quicker responses.39 Therefore, in 
order to achieve efficient in situ cartilage repair, a parallel 
manipulator was utilized in the present study. 

As for the direct-writing bioprinting technology, the 
uniformity of the extruded filament is related not only to 
the rheological properties of the material, but also to the 
printing process.40 On the premise that the material is 
printable, the printing parameters, i.e., the moving speed of 
the printing head and the extrusion speed of the material, 
have an overall impact on the quality of the printed 
scaffold. In this study, optimization of the aforementioned 
parameters was achieved by adjusting the printing speed 
and extrusion multiplier in the slicing software. The 
experiments revealed that the extrusion multiplier plays 
a major role in the success of printing, while the printing 
speed affects the quality of the printed scaffold. More 
specifically, when the multiplier was high, the filament 
accumulated together under both high and low speeds due 
to over-extrusion, resulting in no macroscopic pores in the 
scaffold. On the other hand, when the multiplier was low, 
the extrusion rate became low as well. At high speed, no 
material was extruded, resulting in forming failure; at low 
speed, although the material was able to flow through the 
needle, the extruded filament was discontinuous, which 
also caused invalid forming. In the case of low-speed 
printing and under an optimal extrusion rate, the slow 
movement of the printing head resulted in a longer time 
required for the head to travel a certain distance. Therefore, 
under the same extrusion rate, there was excessive extrusion 
material, making the filament thicker. When the printing 
speed was too fast, the extruded filament was pulled due 

to the force generated by the high-speed movement of the 
printing head, leading to scaffold formation failure.

The reconstruction of cartilage defects is a significant 
part of in situ bioprinting. Inspired by the traditional 
surgical procedure, the assessment of cartilage defects 
in current clinical practice is mostly based on MRI 
examinations, while the analysis of color images of cartilage 
defects is rarely performed.41,42 In addition, there are limited 
corresponding image analysis methods for defects that 
are discovered during the operation and have never been 
detected in the pre-operative examinations. Due to the 
simple environment during surgery and the distinct color 
difference between healthy and injured cartilage (healthy = 
white; injured = red), the grayscale distribution of defects 
has apparent bimodal distribution characteristics. Based on 
the grayscale histogram, a defect can be segmented using 
the threshold determined by the bimodal method. 

Furthermore, the biocompatibility of the printed 
scaffold was evaluated. The overall viability of cells in the 
printed scaffold was higher than 85%, and there was no 
statistically significant difference between the experimental 
and control groups, indicating that the scaffold was non-
toxic for the cells. The proliferation experiment and live/
dead staining results further confirmed that the printed 
scaffold was beneficial to cell growth and could be used in 
animal experiments. In vivo experiments were conducted 
to determine whether in situ bioprinting is beneficial to 
cartilage repair. In the present study, we utilized a bioink 
comprising HAMA, CSMA, and GelMA, which have been 
shown to play an important role in chondrocyte survival 
and phenotypic maintenance.43,44 More specifically, 
hyaluronic acid is an important component of the synovial 
fluid, which acts as lubricant in the joint cartilage to 
absorb shocks.45 Hyaluronic acid provides stimulus for 
chondrogenesis, promotes ECM deposition, and restrains 
the inflamed macrophages, thus promoting cartilage 
repair.46,47 Chondroitin sulfate contributes to cartilage 
regeneration by diminishing inflammation, regulating 
metabolism, and absorbing water or nutrients.48-51 
Compared to the direct implantation group, the in situ 
bioprinting group demonstrated better fusion of the 
scaffold with the surrounding cartilage. This may have 
resulted from the shape mismatch between implantation 
site and implanted scaffold.25 The matching degree of the 
implanted scaffold has a significant effect on the success of 
the surgery.13,36 In particular, the defect was not as round 
as the preformed scaffold. Due to this mismatching, a void 
existed in the direct implantation group after implantation. 
The existence of the void resulted in local instability, 
looseness, and detachment of the scaffold, which were not 
conducive to tissue regeneration.52,53 Consequently, the 
regeneration in the direct implantation group was not as 
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good as that in the in situ bioprinting group. Nevertheless, 
due to the limited research on the in situ bioprinting for 
cartilage repair, the mechanisms of in situ bioprinting in 
repairing cartilage defects remain to be delineated, and 
thus, more investigations are warranted.24 

5. Conclusion
In this paper, in situ repair of cartilage defects was achieved 
using a parallel manipulator. Accurate control of the filament 
diameter during printing can be achieved through process 
optimization. The bimodal method was conducted for the 
defect segmentation, and a self-compiled code was developed 
to perform in situ reconstruction of the defects. The in vitro 
and in vivo experiment results showed that in situ bioprinting 
for the purposes of repairing cartilage defects can be realized 
with in situ 3D printing technology, which shows promising 
potential in clinical applications. In practice, there may be 
certain differences in the z-axis of cartilage defects. In this 
study, only one camera was used to capture images of the 
defect, and thus only planar information was retained. To 
remedy this shortcoming, depth camera should be utilized 
in future work to further optimize the 3D information.
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