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The concept of in situ 3D bio-printing was previously reported, while its realization has still encountered
with several difficulties. The present study aimed to report robotic-assisted in situ 3D bio-printing tech-
nology for cartilage regeneration, and explore its potential in clinical application. A six-degree-of-
freedom (6-DOF) robot was introduced in this study, and a fast tool center point (TCP) calibration method
was developed to improve printing accuracy. The bio-ink consisted of hyaluronic acid methacrylate and
acrylate-terminated 4-armed polyethylene glycol was employed as well. The in vitro experiment was per-
formed on a resin model to verify the printing accuracy. The in vivo experiment was conducted on rabbits
to evaluate the cartilage treatment capability. According to our results, the accuracy of the robot could be
notably improved, and the error of printed surface was less than 30 lm. The osteochondral defect could
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be repaired during about 60 s, and the regenerated cartilage in hydrogel implantation and in situ 3D bio-
printing groups demonstrated the same biomechanical and biochemical performance. We found that the
cartilage injury could be treated by using this method. The robotic-assisted in situ 3D bio-printing is
highly appropriate for improving surgical procedure, as well as promoting cartilage regeneration.
� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Over the past decades, three-dimensional (3D) bio-printing
technology has been extensively applied in the field of tissue engi-
neering. To date, several types of 3D bio-printing were developed
to fabricate scaffolds for cell culture and tissue regeneration,
including stereolithography, inkjet bio-printing, laser-assisted
bio-printing, extrusion-based bio-printing, and electrospinning-
based bio-printing [1]. Briefly, the process is carried consisting of
bio-printing a scaffold in vitro, cultivation of cells using bioactive
factors for few days or weeks, and finally in vivo implantation to
repair the damaged region. The whole process typically lasts for
a couple of weeks to months. However, the waiting period is a
bit long for utilization of 3D bio-printing in clinical treatment. In
order to eliminate the existing gap between laboratory and clinical
findings in tissue engineering, Campbell and Weiss defined bio-
printing as the selective deposition of ‘bio-inks’ of biologically
active components, involving proteins, peptides, DNA, cells, hor-
mones (e.g., cytokines, growth factors, synthetic hormonal signal-
ing peptides, etc.), extracellular matrix (ECM) molecules, and
native or synthetic biopolymers. They demonstrated that Bio-
printing holds a great promise for tissue engineering, while these
technologies are still in relatively early stages of development
and have numerous hurdles to overcome [2]. Based on the previous
achievements, almost all the elements in 3D bio-printing are
obstacle for in situ additive manufacturing. For instance, the 3D
bio-printing equipment is massive and the working space is small,
the crosslinking of bio-inks is difficult in humoral microenviron-
ment, and there is a remarkable uncertainly in accuracy of bio-
printing. To overcome these shortcomings, a number of solutions
have been recently reported to facilitate the implementation of
in situ 3D bio-printing technology.

The execution mode of in situ 3D bio-printing can be divided
into robotic and handheld modes. The robotic mode is similar to
the conventional 3D bio-printing technology. The motion of the
bio-printing unit is driven by a three-axis portable system, and
the printing path is generated using a 3D bio-printing slicer soft-
ware [3]. The shape of a printing objective depends on the prede-
fined 3D geometry, and complex internal structures can be
accordingly obtained. The handheld mode is entirely different from
robotic mode, and the bio-printing unit is syringe-like and driven
by human. In addition, predefined printing path and geometry
are unnecessary, because the shape of a bio-printing objective is
completely based on the motion of operator’s hand [4]. This mode
is highly appropriate for fabrication of simple structures with
superficial position and limited damage. The two modes both pos-
sess advantages and disadvantages. The robotic mode is highly
essential for precise reconstruction of tissues, while that is costly
and there are a number of ethical challenges. The handheld mode
is easier for sterilization and clinical location, and the ethical chal-
lenges can be avoided as well [5]. However, it is difficult to achieve
multi-biomaterial 3D bio-printing, restricting its application in the
repair of complex tissues.

In 2010, a number of French scholars employed the laser-
assisted bio-printing to repair the calvarial defect in situ, and they
selected nano-hydroxyapatite (n-HA) as the bio-ink [6]. Although
the regeneration effect was not reported to be satisfactory, their
research was carried out as the first in vivo experiment of in situ
3D bio-printing. In their next research, mesenchymal stromal cells
(MSCs) were utilized in the preparation of bio-ink, in which the
bone repairing effect was notably improved [6]. Cohen et al. pro-
posed the concept of the in situ repair of cartilage and osteochon-
dral defects using in situ additive manufacturing technology,
expanding the applications of 3D printing in cartilage tissue engi-
neering [7]. In the mentioned study, a commercial 3D bio-printer
was employed to complete the 3D bio-printing process on the calf
femur. The alginate and demineralized bone matrix were applied
to eliminate the bone defects. The whole of the 3D bio-printing
process was completed by a modified commercial 3D bio-printer.
Another study reported a satisfied osteochondral repairing effect
that was accomplished by a robotic arm-based 3D bio-printer [8].
In addition to bone defects, the skin defects were reported to be
repaired in situ using multi-nozzle inkjet print-heads driven by
the three-axis movement system [9,10]. With presenting the
wound scanner, geometry of the defect could be appropriately
achieved, and the injured skin could be fully repaired with the
bio-ink, which provided a novel solution for early treatment and
rapid closure of acute or chronic skin wounds. In contrast to the
robotic-assisted 3D bio-printing system mentioned above, a num-
ber of Australian scholars focused on the developing in situ hand-
held 3-D bio-printing for cartilage regeneration. They presented a
hand-held 3D printing device (BioPen) that allows the simultane-
ous coaxial extrusion of bioscaffold and cultured cells directly into
the cartilage defect in vivo in a single-session surgery [4,11]. The
co-axial design of the BioPen can fabricate tubular structure with
a bio-ink shell [12]. A uniform cell distribution and high cell viabil-
ity could be accordingly achieved by the BioPen. In their in vivo
experiment, a standardized critical-sized full-thickness chondral
defect was created in the weight-bearing surface of the lateral
and medial condyles of both femurs of six sheep. At 8 weeks after
surgery, macroscopic, microscopic and biomechanical tests were
performed, and it was unveiled that real-time, in vivo bio-
printing with cells and scaffold is a feasible means of delivering a
regenerative medicine strategy in a large animal model to regener-
ate articular cartilage. The above-mentioned studies demonstrated
that the realization of in situ 3D bio-printing is highly feasible in
clinical practice.

Although some optimistic progresses have been made, numer-
ous difficulties are still existed. In our previous study, we found that
the accuracy of 3D bio-printing can meet the requirements of the
bone and cartilage repair [13]. However, the limited workspace of
a 3D bio-printer restricts the application area, and the damaged
region must be placed in the workspace. This issue is the major
technical obstacle for the translation of in situ 3D bio-printing from
benchside to bedside. A robust device for clinical application has
mainly two typical sizes: either large enough to wrap the whole
body (e.g., computed tomography (CT) or nuclear magnetic reso-
nance (NMR)), or small in size, while large in workspace (e.g., Da
Vinci surgical system or MAKOplasty robotic surgery). These two
types can easily scan or complete surgery on each patient’s position.
Considering the occasion and purpose of application, a 3D bio-
printer with a large workspace and small size of equipment is
highly convenient for surgeons. Herein, we introduced a six-
degree-of-freedom (6-DOF) robot to solve the aforementioned
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challenge. For this purpose, a fast tool center point (TCP) calibration
method was employed to improve the accuracy of 3D bio-printing.
Besides, we used hyaluronic acid methacrylate (HAMA) as a bio-ink
due to its excellent performance in cartilage regeneration [14,15].
To enhance the mechanical properties and speed of photopolymer-
ization, the acrylate-terminated four-armed polyethylene glycol
(4-Armed PEG-ACLT) was introduced in the bio-ink to act as a
cross-linker [16,17]. Eventually, an in vivo study was conducted
on knee joint of a rabbit to verify the practicability of the proposed
approach in repair of cartilage. Our approach may enhance in situ
3D bio-printing in clinical treatment.
Fig. 1. The coordinate systems of the 6-DOF robot.
Materials and methods

Synthesis of bio-ink

In the present research, HAMA was synthesized as previously
reported [18]. Hyaluronic acid (HA) modified with a double-bond
was synthesized by reacting with the methacrylic acid (MA). In
addition, 2 g HA was dissolved in 100 mL distilled (DI) water, and
then, stirred in a cold room overnight, which followed by addition
of 1.6 mL MA into the HA solution. The pH of the reaction was
maintained between 8 and 9 by addition of 5 N NaOH and kept
at 4 �C under continuous stirring for 24 h. Subsequently, HAMA
was precipitated in acetone, washed with ethanol, and then dis-
solved in deionized water (DI) water. After doing dialysis against
DI water for 48 h, the purified HAMA with a yield of 87.5% was
obtained by lyophilization. The purified HAMA and 4-Armed
PEG-ACLT were dissolved in the phosphate-buffered saline (PBS)
solution to a final concentration of 2% w/v and 5% w/v before 3D
bio-printing. The 4-Armed PEG-ACLT was purchased from Sinopec
Shanghai Petrochemical Co., Ltd. (Shanghai, China), and other
regents were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Fabrication of robotic-assisted 3D bio-printing system

The robotic-assisted 3D bio-printing system was consisted of a
6-DOF robot, an extrusion-based bio-printing unit, an air compres-
sor, a control cabinet, and a workbench (Figure S1). The robot had a
reach of 1 m and handling capacity of 10 kg, which fully met the
requirement of 3D bio-printing. According to the functions pro-
vided by the robot, we developed an off-line programming soft-
ware for this system. The main interface is shown in Figure S2. In
the developed software, the relevant 3D bio-printing parameters
(e.g., diameter of nozzle, speed of printing, etc.) were set to gener-
ate the bio-printing process. The programwas also debugged in the
non-print mode to improve the bio-printing process.

The workspace of the robot was computed by the Monte Carlo
method. The limited value of each joint angle was imported into
the MATLAB 2016 software (MathWorks, Natick, MA, USA) to gen-
erate the random values of the joint angle using the Rand (N, 1)
function. A total of 6 groups of numerical values (30000 values
for each group) were substituted into the kinematic equation of
the robot in an order, in which they were generated to obtain the
end effector relative to the base coordinate system.

Fast calibration of the 3D bio-printing system

A traditional robot calibration technology requires expensive
and complicated equipment, thus some calibration methods have
been developed that only adopt internal encoder data of a robot.
Briefly, in the current study, the robot was set to touch a number
of special points using TCP, and the touch accuracy was judged
by human eyes, which resulted in a large error in the calibration
process. Thus, we utilized a fast calibration method in the present
study. The calibration method accurately calculated the TCP
according to the kinematic model of the robot, the distance con-
straints, and the measurement of the laser tracker. It was unveiled
that the calibration error was reduced by the proposed approach.

The kinematic model of the robot was established using the D-H
method [19], and the coordinate systems were set as illustrated in
Fig. 1.

where ai represents the length of link, ai denotes the link twist,
di is the link offset, and hi represents the joint angle. The link-based
parameters are presented in Table S1.

According to the coordinate systems and the link-based param-
eters, the relationship between adjacent coordinate systems is
given by

i�1
i T ¼

coshi �sinhicosai sinhisinai aicoshi
sinhi coshicosai �coshisinai aisinhi
0 sinai cosai di

0 0 0 1

2
6664

3
7775 ð1Þ

Then, the kinematic model of the robot is formulated as

0
6T ¼

Y6
i¼1

i�1
i T ð2Þ

where 0
6T represents the transformation equation from {0} to {6}.

Based on the coordinate systems for calibration (Figure S3), {B}
is the base coordinate system of the robot, {E} represents the coor-
dinate system of the flange at the end of the robot, {L} is the coor-
dinate system of the laser tracker, and C denotes the center point of
the target ball. According to Eqs. (1–2), Eq. (3) is given by

B
ET ¼ 0

6T ð3Þ

where B
ET is the transformation matrix from {B} to {E}.



126 K. Ma et al. / Journal of Advanced Research 23 (2020) 123–132
The position of point C can be written as

EP ¼ EPx
EPy

EPz 1
� �T ð4Þ

where EP denotes the transformation matrix from {E} to C, and (EPx,
EPy , EPz) represents the coordinate value of C in {E}.

At this point, C can be represented in {B} as

BTC ¼ B
ETC � E P ð5Þ

where BTC denotes the transformation equation from {B} to C, and
B
ETC is the matrix obtained by substituting the link-based parame-
ters of point C into Eq. (3).

As mentioned above, it can be concluded that EPx, EPy and EPz are
unknown parameters that require solutions. If two different mea-
suring positions M and N are chosen arbitrarily, the difference
between the two points is calculated as follows:

DBPMN ¼ B TM � BTN ¼ EBTM � EP � EBTN � EP ð6Þ
where DBPMN is the difference between the coordinates of the two
points M and N in {B}, BTM and BTN are the transformation equations
from {B} to M and N, respectively, B

ETM and B
ETN are the matrices

obtained by substituting the link-based parameters of M and N into
Eq. (3), respectively.

Simultaneously, the position of the two points measured by the
laser tracker is

D LPMN ¼ L TM � L TN ð7Þ
where DLPMN is the difference between the coordinates of the two
points M and N in {L}, and LTM and LTN are the transformation matri-
ces from {L} to M and N, respectively.

Although the coordinate values of the points in {B} and {L} are
different, the distance between M and N in the two coordinate sys-
tems is equal, that is

k D BPMN k ¼ k D LPMN k ð8Þ
It can be written as

k B
ETM � E P�B

ETN � E P k ¼ k LTM � L TN k ð9Þ
In Eq. (9), B

ETM and B
ETM can be calculated by the link-based

parameters corresponding to points M and N, respectively. LTM
and LTN are obtained by the laser tracker. Thus, the three unknown
parameters contained in EP require solutions for the calibration.
Besides, any two points in the space can formulate an equation
according to Eq. (9). Therefore, at least three points are required
to complete the calibration. We used the laser tracker to collect
six points and the control cabinet to record the link-based param-
eters of the points. Consequently, three equations were formu-
lated, and were solved to obtain EP. Eventually, the reference TCP
value (-88.6049, 105.9695, 90.9429) was achieved.

According to the geometric size and the reference TCP value, the
TCP value of the nozzle was computed by the off-line programming
software.

In order to verify accuracy of calibration for TCP, the transfor-
mation matrix L

BT from {L} to {B} was calculated. Theoretically, C
in {L} can be expressed as

LTC ¼ L
BTL � BTC ¼ L

BTL � BETC � E P ð10Þ
where LTC represents the coordinate value of C in {L}.

In the solution of L
BTL,

LTC could be obtained by laser tracker, and
BTC could be calculated by Eq. (5). Using LTC=L

BTL�BTC and four mea-
suring points, the non-homogeneous linear equations with twelve
unknowns could be formulated, and then, L

BT was attained.
In the analysis of accuracy of TCP, we selected LTC=L

BTL�BETC �EP in
Eq. (10). At this time, L

BT and B
ETC were found as known numbers.

The theoretical value of LTC was achieved by substituting the TCP
value obtained by the fast calibration method into EP. The actual
value of LTC was obtained by the laser tracker. By subtracting these
two values, the accuracy of the fast TCP calibration method was
calculated. Analogously, the accuracy of the traditional TCP calibra-
tion method could be obtained by substituting EP in the traditional
TCP calibration method into the equation.
The 3D bio-printing path planning

Herein, the 3D bio-printing target was taken as a cylinder into
account, and the printing path was designed to fill this specific
geometry. The coordinate system was set in the target. As illus-
trated in Figure S4a, point A and point B represent the positions
of 3D bio-printing nozzle, and point C shows any point in the
bottom.

The center of the user coordinate system U was set as U = [Ux,
Uy, Uz], where Uz could be obtained from the point C, which meant
that the Z coordinate of point C in the coordinate system {B} was
Uz. Besides, Ux and Uy were calculated by the relationship between
point A and point B using the following equation

Ux � xAð Þ2 þ Uy � yA
� �2 ¼ R� rð Þ2

Ux � xBð Þ2 þ Uy � yB
� �2 ¼ R� rð Þ2

(
ð11Þ

where (xA, yA) and (xB, yB) denote the coordinate values of X-axis and
Y-axis for point A and point B in the coordinate system {B}, respec-
tively. R represents the radius of the defect, and r is the radius of the
3D bio-printing nozzle.

Then, the origin position of the user coordinate system could be
achieved. The orientation of each axis of user coordinate system
was the same as {B}.

After the establishment of the user coordinate system, the bio-
printing path was planned based on the parametric line method,
and the diagram of the path is schematically shown in Figure S4b.
In this algorithm, the user coordinate system was set as the coor-
dinate system of path planning, and the number of vertical lines
N in the trajectory could be calculated by Eq. (12).

N ¼ 2nþ 1 ¼ 2 � R� r
2r

� �
þ 1 ð12Þ

The abscissa sequence V(x) of each target point could be gener-
ated as

V xð Þ ¼ �n � 2r;�ðn� 1Þ � 2r; � � � ;0; � � � ; ðn� 1Þ � 2r;n � 2rf gN ð13Þ
The ordinate of each vertical line could be attained by Eq. (14),

y xð Þ ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR� rÞ2 � VðxÞ2

q
ð14Þ

where the positive (negative) of y(x) represents the target point of
the vertical line that is above (below) the X-axis.

The number of printed layers is given by

T ¼ H
2r

� �
ð15Þ

where H denotes the height of the damaged region.
Then, the coordinate sequence of Z-axis can be obtained as

follows

W ¼ 2r;2r � 2; � � � ;2r � Tf gT ð16Þ
According to Eqs. (12)–(16), the coordinate value of each target

point can be calculated. With connecting the points with straight
lines, then, the desired 3D bio-printing path could be generated.
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In vitro experiment

To verify the validity of the 3D bio-printing path, an in vitro
experiment was performed on a resin femoral condyle model.
The model was established with the help of micro CT images of a
6-month-old female New Zealand rabbit, and fabricated using a
digital light processing (DLP) 3D bio-printer (Prism, Shanghai,
China). A cylinder defect with a diameter of 5 mm and a height
of 4 mmwas made on the model to mimic an osteochondral injury.

The defect was printed using the robotic-assisted in situ 3D bio-
printing method with the bio-ink. A 3D scanner (Shining 3D Tech
Co., Ltd., Hangzhou, China) was employed to obtain the post-
printed geometry. A ‘‘3D Samples Comparison” operation was con-
ducted using the Geomagic Control software (3D Systems Inc.,
Rock Hill, SC, USA) to evaluate the accuracy of bio-printing as
described previously [8,13]. The robot calibrated using a traditional
method was considered as control group in the current test.
In vivo experiment

The in vivo test was performed on female New Zealand rabbits.
The animal study was carried out in compliance with the regula-
tions and guidelines of the Ethics Committee of Drum Tower
Hospital affiliated to the Medical School of Nanjing University
(Nanjing, China), and conducted according to the Institutional Ani-
mal Care and Use Committee (IACUC) guidelines.

A total of 12 rabbits (body weight, 2.5 kg) were enrolled in this
study and randomly divided into 3 groups, including control group,
hydrogel implantation group, and in situ bio-printing group. A lat-
eral para-patellar incision was made on the articular surface, and
an osteochondral defect with a height of 4 mm and a diameter of
5 mm was made in the center of the trochlear groove. The defects
in the in situ bio-printing group were directly repaired through the
6-DOF robot using the bio-ink; the defects in the hydrogel implan-
tation group were implanted; and the defects in the control group
remained blank. Cefuroxime sodium was injected intramuscularly
for 3 days after operation to avoid infection. All animals were post-
operatively sacrificed at week 12 to evaluate the chondrogenic
capacity.

The surface of the defective region was assessed according to
color, integrity, contour, and smoothness, and the repair quality
was consequently recorded. The International Cartilage Repair
Society (ICRS) macroscopic scoring system was used to assess the
macroscopic appearance of the repaired tissue, and the scoring cri-
teria are presented in Table S2 [20].

The biomechanical properties of the regenerated region and the
correlated healthy part were evaluated using a nanoindenter
(Nanomechanics, Oak Ridge, TN, USA) according to a previous
study [21]. The force was set at 1.5 mN, which maintained as long
as 5 s after reaching the maximum loading force, and then
removed to reach the recovery curve. Each sample had 5 indenta-
tion test points.

The surface tomography of the regenerated cartilage and
healthy cartilage was observed using a scanning electron micro-
scope (SEM; Hitachi, Tokyo, Japan). After nanoindentation testing,
the samples were dehydrated using ethanol solution and freeze-
dried. Finally, they were sputter-coated with platinum and imaged
with SEM.

The samples for biochemical testing were fixed in 10% formalin
for 24 h, and then decalcified in 15% ethylenediaminetetraacetic
acid (EDTA) for 28 days. The samples were then embedded into
paraffin and cut into 5 lm thick sections. The sections were then
stained with toluidine blue, Safranin O, and collagen II. All the sec-
tions were observed using a microscope equipped with a charge-
coupled device (CCD) camera (Olympus, Tokyo, Japan). The histo-
logical results were assessed using the O’Driscoll scoring system
[22]. The scoring criteria are shown in Table S3.

Statistical analysis

The macroscopic and histological results were analyzed by 3
investigators who were blinded to the groups. The statistical anal-
ysis and exponential curve fitting were performed using SPSS 19.0
software (IBM, Armonk, NY, USA) and Igor Pro 6.12 software
(WaveMetrics Inc., OR, USA). Data were presented as mean ± stan-
dard deviation, and evaluated using an unpaired Student’s t-test.
P less than 0.05 was considered statistically significant.
Results

Accuracy of the 6-DOF robot

After the calibration process was completed, 16 points were
selected as the measurement objects. The results of the movement
error are depicted in Fig. 2. Compared with traditional calibration
method, the fast TCP calibration method notably reduced the
volatility of curves in all axes. The average errors of position accu-
racy for the X, Y, and Z axes in traditional calibration method were
0.0224 ± 0.5009, 0.1574 ± 0.6900, and �0.2626 ± 0.6144 mm,
respectively. These values were decreased respectively to
�0.0089 ± 0.1702, 0.0025 ± 0.2773, and �0.0128 ± 0.2143 mm
using the fast TCP calibration method. The runout values (subtrac-
tion of minimum error from maximum error) of various axes were
reduced from 1.6747, 2.0578, and 1.8771 mm to 0.6380, 0.8108,
and 0.6538 mm, respectively. The average movement error of these
points decreased from 1.050 ± 0.1525 mm to 0.3719 ± 0.0226 mm,
indicating improved accuracy and stability of the robot.

The workspace of the 6-DOF robot is displayed in Figure S5. It
could reach a maximum distance of 1.188 m and a maximum
height of 1.454 m.
Evaluating the feasibility of in situ 3D bio-printing

Next, we quantitatively measured the bio-printing accuracy
in vitro once the fast TCP calibration and path planning were con-
ducted. The whole process is shown in Figure S6. The air pressure
applied in the present study was 0.2 MPa, the speed was set to
6 mm/s, the thickness of layer was 320 lm, and the diameter of
the nozzle was 400 lm. It was revealed that the defect region
was filled by the bio-ink according to the pre-defined bio-
printing path. The general view from three directions unveiled that
the objective fabricated by in situ 3D bio-printing could match the
geometry of defect area. To further explore the accuracy of in situ
3D bio-printing, the ‘‘3D Sample Comparison”was used and the
results are illustrated in Fig. 3. The colors on the surface were cor-
responding to the error magnitude, which meant that the 3D error
gradually increased in positive direction as the color transferred
from green to red, and gradually increased in negative direction
as the color transferred from green to deep blue.

As shown in Fig. 3a, the bio-printed area in control group (tra-
ditional calibration) was mainly covered by blue (11.5770 mm2),
and the green and yellow areas were 4.0180 and 2.5470 mm2,
respectively. The distribution of color was changed in Fig. 3b, in
which the green area was notably increased to 9.8820 mm2, and
the blue and yellow areas were 3.9970 mm2 and 4.2120 mm2,
respectively. This phenomenon demonstrated that the most of
the surface geometry can completely fit that of the healthy carti-
lage. The statistical results presented in Table 1 confirmed this con-
clusion as well. With the help of the fast TCP calibration method,
the average error was significantly decreased and the majority of



Fig. 2. The movement error of (a) X-axis, (b) Y-axis, and (c) Z-axis. (d) The average coordinate errors of the points.

Fig. 3. Comparing the results of (a) traditional calibration and (b) fast TCP calibration.
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Table 1
The results of ‘‘3D Sample Comparison”. *P less than 0.05.

Calibration Method Average (mm) Standard deviation (mm) Dispersion Within tolerance (%)

Traditional �0.1550 0.1704 0.0291 30.4617
Fast TCP �0.0292* 0.1447 0.0209 54.4188*
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the points were in the tolerance interval, and the dispersion was
also decreased. Thus, it can be concluded that the stability and
accuracy of 6-DOF robot are highly appropriate for in situ 3D bio-
printing, and the effect of bio-printing path plan is accordingly
satisfactory.
In situ 3D bio-printing for cartilage regeneration

Finally, we explored the effects of direct in situ 3D bio-printing
on living animals to evaluate its treatment efficacy. The bio-
printing parameters were the same as to those in the in vitro exper-
iment (Fig. 4). The osteochondral defect (ICRS grade IV) was made
by mosaicplasty. The bio-printing nozzle was dragged to the start-
ing point of the bio-printing path, and the in situ 3D bio-printing
was carried out according to the planned path. Due to the effects
of ultraviolet (UV) light on the camera, the light was turned off
during video and photograph shootings, and the photopolymeriza-
tion was undertaken at the end of the direct bio-printing proce-
dure. The whole process was completed during 60 s, and the
experiment was repeated for three times to verify its feasibility.

All the samples were postoperatively harvested for 12 weeks.
The surface tomography in healthy group, implantation group,
and in situ bio-printing group was similar according to the SEM
images (Figure S7a). Those images all exhibited a smooth appear-
ance. The biomechanical test demonstrated that the mechanical
properties in implantation group and in situ bio-printing group
were similar, which were lower in both groups than those in the
normal cartilage (Figure S7b). The Young’s modulus for these three
aforementioned groups was 10.0216 ± 1.0601, 6.5859 ± 0.8391,
and 6.9115 ± 0.8380 GPa, respectively (Figure S7c).

The gross view in blank control group, hydrogel implantation
group, and in situ bio-printing group is illustrated in Fig. 5a. It
was disclosed that the cartilage defects were repaired in the hydro-
gel implantation group and in situ bio-printing group. The newly-
born region in control group was irregular and pale. Compared
with blank control group, the regenerated tissue in these two
groups exhibited glossy and smooth appearance, which was found
similar to native cartilage.

The results of ICRS scoring system are displayed in Fig. 5b, in
which the hydrogel implantation group and in situ bio-printing
group represented approximate points in all items. The score in
Fig. 4. The process of in situ 3D bio-print
control group was significantly lower than that in other two
groups.

The histological results are presented in Fig. 6a–c. The regener-
ated tissue in control group did not fill the defect region, and an
obvious gap could be observed in this area. In hydrogel implanta-
tion group and in situ bio-printing group, the defects were fully
filled by newly-born tissue. The surface was uniform and smooth.
In addition, ECM showed a strong staining with toluidine blue and
Safranin O, indicating that the main component was glycosamino-
glycan (GAG). The immunohistochemistry unveiled the existence
of collagen II in ECM. It was noted that the regenerated tissue in
hydrogel implantation group and in situ bio-printing group was
hyaline cartilage. As depicted in Figure S8, the arrangement of
chondrocytes in hydrogel implantation group and in situ bio-
printing group was closer to native cartilage. They arranged in par-
allel on the surface layer, and the vertical cells were found in the
deep layer, while the cell arrangement in control group was
disorganized.

The O’Driscoll scoring system confirmed this conclusion as well
(Fig. 6d), in which the rate in hydrogel implantation group and
in situ bio-printing group was significantly higher than that in con-
trol group. Both groups outperformed in cellular morphology,
Safranin O staining, structural integrity, cartilage thickness, and
cellularity. However, no significant difference was found between
these two groups, which was the same as the results of biomechan-
ical test and ICRS scoring system.
Discussion

It is noteworthy that 3D bio-printing technology is highly
appropriate, accompanying by a strong potential for the regenera-
tion of complex tissues and organs. However, the realization of this
technology still requires further exploration. We, in the present
study, used the robotic-assisted 3D bio-printing to repair ICRS
grade IV cartilage defects in living animals. To the best of our
knowledge, we, for the first time, applied this technology in vivo.
By introducing a 6-DOF robot, we could achieve a larger workspace
as well as satisfied printing accuracy. The bio-ink could quickly
react through the irradiation of UV light in the defect region. More
importantly, the therapeutic efficacy was remarkable. The biome-
chanical and biochemical features in in situ bio-printing group
ing applied on knee joint of a rabbit.



Fig. 5. (a) The gloss view in three groups. (b) The total ICRS score and its detailed items.
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and hydrogel implantation group were similar, indicating that the
process of fabricating hydrogel in vitro can be omitted under cer-
tain conditions. Our results suggested that the in situ 3D bio-
printing technology is highly appropriate to repair injuries, which
can directly obtain autogenous MSCs from surrounding microenvi-
ronment (e.g., bone and cartilage damage).

Traditional non-surgical therapeutic methods for cartilage inju-
ries include non-steroidal anti-inflammatory drugs (NSAIDs) and
opioids [23]. The intra-articular injection and surgery, including
mosaic arthroplasty and joint replacement, are highly efficient
for patients with severe symptoms that cannot attain adequate
pain relief and functional improvement using non-surgical treat-
ments [24]. In the present study, a modified surgical procedure
was adopted for mosaic arthroplasty, which was taken as a well-
established surgical treatment into account for focal chondral
and osteochondral defects [25]. The defect region should be
remodeled to the cylinder shape for the purpose of filling graft
plugs harvested from non-weight-bearing areas. The geometry of
the transplanted plug is highly vital for the successfulness of this
surgery [26]. Except for these early complications mentioned
above, the late degradation of grafts is another reason for the
implantation failure [27].

Thus, in situ 3D bio-printing technology is highly appropriate
for such risk factors. Firstly, geometry of surgical area is of great
importance for execution of 3D bio-printing technology. No extra
supporting structures are required for the bio-printing target due
to the flat bottom in the defect. The size and curvature of the defect
region can be determined according to imaging examinations,
including magnetic resonance imaging (MRI) and CT. In addition,
3D scanning is another option to achieve the geometry of defect
region. Based on our previous study, the handheld 3D scanner
can obtain the required 3D models in a short period of time. We
also previously found that resolution (�5 lm) was sufficient for
reestablishing the superficial zone, and had only about 200 lm of
thickness, which was almost impossible to repair manually [13].
These specific conditions ensured the practicability of the in situ
3D bio-printing. In the present study, in vitro and in vivo experi-
ments mimicked the operative environment of mosaic arthro-
plasty. The surface error was found to be lower than 30 lm,
which was remarkably higher than the accuracy of manual
operation.

Secondly, the accuracy of bio-printing can be easily ameliorated
by the TCP calibration method. Compared with traditional ball-bar
instrument, the fast TCP calibration demonstrated a noticeable
improvement in measuring space and operation process [28]. The
points used for measurement can be arbitrary in space, and the cal-
ibration can be completed as soon as the positions of the points are
read. The whole procedure can be accomplished by nonprofession-
als, including physicians and nurses. In addition, the computation
load of the above-mentioned method is small due to the simply
procedure and calibration algorithm. A complex calibration princi-
ple generally results in sophisticated calibration algorithm, and the
accuracy may decrease in each step of the operation process [29].
Meanwhile, that sophisticated method may be extremely time-
consuming and has poor calibration efficiency. However, the pro-
posed fast calibration method can be applied to a robotic-
assisted 3D bio-printer with multiple printing units. The required
TCP for each bio-printing unit can be automatically generated after
the key geometric data can be imported into the software. Using
the proposed calibration method, the movement accuracy of the
6-DOF robot used in the present study was increased. The whole
calibration process could be completed in 10 min as well.

Finally, it should be noted that massive bleeding in the defect
region generally leads to dilution of bio-ink, causing difficulty in
terms of adhesion and polymerization, as well as hydrogel swelling
and bulging due to damaged region. In contrast to microfracture
surgery, the amount of haemorrhage in the mosaic arthroplasty
is typically insignificant, which is highly proper for the crosslinking
of bio-ink. The bio-ink in the current study consisted of HAMA and
4-Armed PEG-ACLT, which could provide both ECM-like compo-
nents and acceptable biomechanical properties. The HAMA con-
tains GAG, which can dissipate energy during the load bearing
process by adjusting for the included water content [30]. The HA
can lubricate cells, regulate cell movement on the viscoelastic
matrix, stabilize reticular fibers, and also protect the cells from
mechanical damages [31]. The 4-Armed PEG-ACLT was served as
the covalent cross-linkers, and the photopolymerization rate of
HAMA could be improved in the present research. It generally



Fig. 6. (a) The toluidine blue staining, (b) safranin O staining, and (c) collagen II staining of each group (Scale bar: 500 lm); (d) The total O’Driscoll score and its detailed
items. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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improves the mechanical properties due to the higher crosslinking
efficiency and density [16]. A fast crosslinking reaction can be
accomplished in the defect region during the 3D bio-printing pro-
cess. Although the bio-ink was cell/drug-free, it could induce the
regeneration of hyaline-like cartilage in the injured area. However,
the biomechanical properties of the regenerated cartilage were
lower than the native cartilage, and an obvious regenerated area
could be observed in the center of the defect region. However,
the microstructure and the components were the same as native
cartilage, indicating that a remarkable improvement space was
existed for the bio-ink. The addition of bioactive factors into bio-
ink may ameliorate the mechanical properties and the treatment
efficacy as well.

Therefore, the in situ 3D bio-printing technology can improve
the surgical procedure for cartilage injury. Due to the limitation
of donation region, the size of mosaic arthroplasty is generally lim-
ited to less than 4 cm2 [32]. Large size of cartilage defect typically
requires more than one surgical region, indicating severe trauma in
the non-weight-bearing areas. The application of in situ 3D bio-
printing technology can also decrease the damage in knee joint
and increase the graft accuracy.
Conclusions

In the present study, we employed a 6-DOF robot to act as a 3D
bio-printer to achieve in situ 3D bio-printing. A fast TCP calibration
method was developed for improving the robot’s movement and
bio-printing accuracy. After performing in vitro experiment, the
in situ 3D bio-printing process was conducted on rabbits to repair
the ICRS grade IV cartilage defect. The bio-ink could fill the defect
region with appropriate geometry and the cartilage injury could be
repaired after 12 weeks. This study indicated the feasibility of the
mentioned technology for clinical application.
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