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Abstract—Bioprinting is a promising fabrication technique to
create medical devices for the human body in vivo or in vitro.
However, the existing in-vivo bioprinting methods impose various
prerequisites, such as a large incision on the human skin, to make
the printing nozzle close to internal organs. Herein, we propose the
design of a new magnetic-steered bioprinting system, which can
perform bioprinting tasks in a less invasive manner. It is enabled
by the introduced concept design of hybrid printing pipe, which
integrates the advantages of rigid tube and flexible pipe together.
The system consists of two essential parts for direct positioning
and printing. After precise positioning, it drives the flexible pipe to
deflect under the skin. The printing nozzle is steered by a permanent
magnet. Experimental studies have been conducted to demonstrate
the printing of both regular and asymmetrical patterns on a pig
liver tissue and a flat surface. This work provides a promising solu-
tion for printing biological tissues or robots in minimally invasive
manner.

Index Terms—3D printing, Bioprinting, flexible tube, magnetic
actuation, minimally invasive operation.

I. INTRODUCTION

S INCE its introduction, bioprinting technology has under-
gone many technological innovations and material changes

across multiple fields [1]. It has been applied in various applica-
tion domains, including medicine, engineering, manufacturing,
arts, and education [2], [3]. In particular, bioprinting technology
is widely used in medical field [2], [4], [5]. Unlike traditional
methods (e.g., scaffolds) to produce precise tissue structures,
bioprinting technology’s high precision and personalized design
allows it to effectively bridge the gap between artificial and
native tissues by offering unprecedented versatility [5]. Conse-
quently, it is often adopted to manufacture implants (e.g., skin,
bone [4], [6], tissue, and organ [5], [7]).

In addition to the application in medical field, bioprinting
technology is also commonly used in biology field [8], [9].
However, compared to its mature use in medical field, there are
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still technical challenges in biology area, especially in cellular
and innervation domain [10]. According to Zhu et al., [11], the
traditional 3D printing technology relied heavily on open-loop,
calibrated printing procedures before a closed-loop approach
(including adaptive 3D printing) was developed to meet the
need for manufacturing devices on moving, free-form surfaces.
Moreover, 3D printing has also undergone breakthroughs in
terms of compactness and precision [12]. At the same time, the
technology of 3D printing should progress to meet the needs of
application area. For example, the safety risks associated with
in-vitro printed tissue cultures and the accompanied complex
transplantation processes have stimulated the research on in-vivo
bioprinting [13], [14].

In recent years, the bioprinting of personalized and
customized designs has gained much attention from re-
searchers [15]. Zhou et al. developed a ferromagnetic soft
catheter robot (FSCR) to achieve bioprinting [16]. Because the
deflected part of the FSCR is located above the skin, it is easy
to cause skin tears during actual printing process. It has been
shown that printable functional ink is the key substrate for
bioprinting [3], [17], [18], [19]. Relevant work has been con-
ducted to accommodate skin cells and appropriate combinations
of cells [20], [21], [22], [23]. By using special materials, 4D
printing has been applied to fields ranging from mechanical en-
gineering and materials science to biomedical engineering [24],
[25]. Based on 4D printing for biomedical applications, the
unique ability to produce dynamic morphological changes in
response to specific stimuli enables the printing of micro/nano
robots and human organs [26], [27], [28], [29]. Extrusion is
the most extensively used accessible bioprinting method. It
contains three main methods (Fig. 1(a)). Conventional printing
systems use rigid nozzles (Fig. 1(b)), which require cutting a
large incision in the skin. Alternatively, flexible tubes can be
used as a transportation tool in bioprinting to get direct access
to the human body. In this way, the displacement side of the
flexible tube is located above the skin. However, the skin will be
torn when the transportation tool is moving under the effects of
different physical fields (Fig. 1(c)).

To overcome the above issue, we propose a new extrusion
bioprinting system by incorporating magnetic actuation with 3D
printing techniques in this letter, which is dedicated to minimally
invasive in-vivo bioprinting in the human abdominal or thoracic
cavity. Different from the conventional methods, we introduce
the concept of limit-position pipe, which fuses the merits of
rigid and flexible tubes and drives the flexible pipe to move
under the skin (Fig. 1(d)). Hence, the human skin needs to be
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Fig. 1. Schematic of principles for different in vivo extrusion bioprinting methods. (a) Extrusion bio-printing methods: pneumatically driven, mechanically driven
under direct piston force, and mechanically driven under screw rotation-enabled force. (b) Traditional printing system using a rigid nozzle with a large incision.
(c) In vivo bioprinting based on a conventional flexible pipe and its disadvantage. (d) The proposed minimally invasive bioprinting system.

cut by a small incision, which greatly relieves patients’ pain and
shortens the recovery time. Experimental results show that the
developed bioprinting system can print different patterns using
multiple inks.

The remaining parts of the letter are organized as follows.
The system design is outlined in Section II. The printing nozzle
optimization is carried out in Section III. Experimental results
of printing tests are given in Section IV. Finally, Section V
concludes this letter.

II. BIOPRINTING SYSTEM DESIGN

The proposed bioprinting system works with a printing nozzle
steered by a permanent magnet. The system design is outlined
in the following.

A. Mechanical Design

The designed minimally invasive bioprinting system is com-
posed of a hybrid printing tube and a magnetic field steering
device. The magnetic field steering device consists of four
single-axis linear motion stages driven by four stepper motors to
realize the motion in space (Fig. 2(a)). In particular, two linear
stages are installed in the Y-axis direction to deliver independent
up and down movement of two components, i.e., the flexible
printing tube and limit-position rigid pipe. The other two stages
in the Z-axis and X-axis are stacked together to provide the
motion in the XZ plane. A guidance magnet is installed on the
XZ platform, which is driven by two linear stages (Fig. 2(b)).

The position adjustment of the guidance magnet is achieved by
controlling the movement of two stepper motors. The printing
platform is made of silicone material in a Petri dish, which
is located above the permanent magnet by keeping a certain
distance from the guidance magnet.

The hybrid printing tube is constructed by the serial con-
nection of a limit-position rigid tube, a flexible printing tube,
and a magnetic nozzle. The rigid tube is made of stainless steel
(102Cr17Mo), which is a common material for surgical tools.
The flexible printing tube adopts the material of silica gel. In
addition, the nozzle material is selected as neodymium magnet
(NdFeB) or Ni-Zn ferrite (NiZnFeO), which is installed at the
terminal of the tube. The nozzle and flexible printing tube are
located above the printing platform. Silica gel is adopted as the
printing material, which has passed the bio-compatibility test
and will not cause adverse effect after entering into the human
tissues. Under the action of a gradient magnetic field, we can
control the nozzle to move to any position in the XZ plane by
controlling the movement of a steering magnet at the bottom.

B. Control and Guidance Design

The bioprinting system is actuated by four single-axis linear
motion stages. Two stages in the XZ plane drive the guidance
magnet. The printing tube and nozzle are driven in different up
and down directions due to the combined effect of the magnetic
field and limit-position pipe. Fig. 2(c) shows the nozzle positions
relative to the guidance magnet’s upper surface. For illustration,
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Fig. 2. Overall structure and detail sections of the printing system. (a) Structure diagram of the printing system. Red arrows represent horizontal displacement,
and blue arrows represent vertical displacement. (b) Details of the printing platform. (c) The bending angle of flexible pipe and its position relative to the magnet.
90◦ is only theoretically possible. (d) Simulation results of the magnetic field when the nozzle and guidance magnet are in different positions on the same plane.
(e) Force is imposed on the nozzle in the magnetic field of the guidance magnet. F represents the total force, Fx is the radial force, and Fy denotes the axial force.
(f) The experiment of the limit-position pipe entering into the skin model with an enlarged view of its incision size. The incision is barely visible to human eyes.

the guidance magnet is located at four positions, where the
angles between the tangent line at the bend of the printing
tube and the limit-position pipe are denoted. Among these four
positions influenced by the printing tube’s elasticity, the angle
of 90◦ is a theoretical value when the XZ plane is parallel to
the upper surface of the guidance magnet. Fig. 2(d) shows the
distribution of magnetic flux density when the angle between the
tangent line at the bend of the printing tube and limit-position
pipe is 45◦, 30◦, and 0◦, respectively.

The translational displacement of the guidance magnet will
alter the magnetic field in space and then drive the printing tube
and nozzle to bend, producing a translational displacement. At
the same time, the nozzle will undergo an upward displacement
in the Y-axis. Therefore, to compensate for the deviation from the
Y-axis, the motor connected to the printing tube in the Y-axis can

be controlled so that the printing tube can be moved downward
by a displacement with a magnitude identical to the nozzle’s
upward displacement. When printing multilayered structures
on non-planar surfaces, the compensation displacement in the
Y-axis should be adjusted by considering the surface morphol-
ogy in different situations. It is essential to keep the nozzle
fixed relative to the printing surface to ensure better printing
results. By mapping the angle (between the tangent line at the
bend of printing tube and limit-position pipe) and the Y-axis
displacement of the nozzle to control program, we can adjust the
movement of the guidance magnet to precisely produce desired
movement of the nozzle. It realizes magnetically driven printing
progress in a variety of complex situations.

When the nozzle is located within the effective range of the
guidance magnet, the nozzle experiences a force imposed by the
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guiding magnet’s magnetic field. According to magnetic theory,
the standing of the nozzle in a magnetic field can be attributed to
the force exerted by the molecular current. In particular, when
the nozzle is located in a magnetic field, the internal magne-
tization current exists, and the surface magnetization current
emerges on the nozzle surface. The magnetization electro-fluid
density and surface magnetization current’s density are derived
as:

δv = � ·M (1)

δs = − n ·M (2)

where M is the dielectric reinforcement strength and n is the
surface normal vector of the guidance magnet.

The force imposed on the nozzle by the magnetic field of the
guidance magnet is calculated by

F =

∫∫∫

v

δv ·Bdv +

∮
s

δs ·Bds

F =

∫∫∫
v

(� ·M) ·Bdv +

∮
s

(−n ·M) ·Bds (3)

where B is the magnetic induction strength. For each homoge-
neous medium, we have

F =

∫∫∫
v

(� ·M) ·Bdv (4)

with

M =
μr − 1

μrμ0
B (5)

where μ0 is the vacuum permeability and μr is the relative
permeability of the magnetic medium.

Then, vector operation gives

F =
μr − 1

2μrμ0

∫∫∫
v

�B2dv (6)

In view of the vector gradient integration equation:∫∫∫
v

�ϕdv =

∫∫
s

ϕ · ds (7)

the force on the nozzle in the magnetic field of the guiding
magnet is derived below.

F =
μr − 1

2μrμ0

∫∫
s

B2 · ds (8)

C. Hybrid Tube Design

As shown in Fig. 1(c), the conventional magnetically driven
printing device imposes practical issues for in vivo and in vitro
use, which produces a relative displacement of the printing tube
and skin contact during the printing process. The contact part
between the printing tube and human skin would be torn apart
to a certain extent during the movement of the printing tube. To
overcome this issue, we introduce the concept of hybrid tube by
adding a limit-position rigid pipe to support the flexible printing
tube for moving below the human skin to avoid tears on the
skin.

By using the limit-position pipe in the human body, only a
tiny incision in the skin model is required. When the in vivo
printing operation is completed, the limit-position pipe can be
easily removed, leaving only a small incision. As shown in
Fig. 2(f), the small incision has the maximum length of ap-
proximately 5 mm. It also helps to relieve the pain of patients in
practice.

The adopted printing tube in the system is made of silica
gel. According to its own characteristics, if the moving part of
the printing tube in the printing process is too long, irregular
jittering of the printing tube would be caused. After adding the
limit-position pipe, the jittering can be avoided by adjusting
relative position of the end of limit-position pipe and nozzle.
During printing, the motor can regulate the limit-position pipe
to move up and down to change the motion range of the noz-
zle, so that the maximum printing range of the nozzle can be
adjusted.

III. NOZZLE OPTIMIZATION

It is observed that the nozzle can shift during the printing
operation as the functional ink flows through the printing tube,
especially with the nozzle material of NdFeB. NdFeB is a
powerful permanent magnet material, whose magnetic energy
product is between 27 and 50 MGOe. However, considering
that the fracturez toughness K 1c of the NdFeB material is only
2.2—5.5 MPa· m

1
2 , we need to optimize the structure at the

nozzle to prevent the magnet nozzle from being pushed out of the
original position. Here, a fluid stabilizer has been added above
the magnetic nozzle to protect the magnetic nozzle (Fig. 3(a)).
Fig. 3(b) demonstrates the cutaway of the fluid stabilizer. The
fluid stabilizer is made by 3D printing with polylactic acid
(PLA). Its interior has been designed to be streamlined. Such
design can prevent the heap of functional ink as it enters the
nozzle. It also greatly reduces the resistance of the functional
ink during feeding process.

Before adding the fluid stabilizer, the functional ink’s flow
rate changes abruptly at the nozzle inlet. The maximum flow
rate at the geometric center is faster (Fig. 3(c)). By adding
the fluid stabilizer, the functional ink’s flow velocity change
is shifted to the stabilizer inlet. The maximum flow velocity
zone is longer than the former, and the maximum flow rate has
been reduced by 10%. Meanwhile, Fig. 3(e) illustrates the fluid
impact stress on the magnetic nozzle without installing a fluid
stabilizer. It is found that the stress on the nozzle is particularly
pronounced at the entry point, where it comes into contact with
the functional ink. By adding a fluid stabilizer, the stress on
the nozzle has been significantly reduced as compared to the
former (Fig. 3(f)). Hence, the addition of a fluid stabilizer has a
significant protective effect on the magnetic nozzle and improves
the printing efficiency.

IV. EXPERIMENTAL TESTING AND RESULT

In this section, the performance of the developed bioprinting
system is tested to demonstrate its printing capability.
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Fig. 3. Nozzle optimization and simulation results. (a) Structure diagram of the optimized nozzle. The bottom half represents the original magnetic nozzle, and
the top half is a fluid stabilizer which is added for optimization. (b) Cutaway view of the fluid stabilizer. (c) Functional ink’s flow rate distribution in printing tube
before optimization and flow rate profile at the nozzle. (d) Functional ink’s flow rate distribution in printing tube after optimization and flow rate profile at the
nozzle. (e) Stress simulation result of magnetic nozzle profile before optimization. (f) Stress simulation result of magnetic nozzle profile after optimization.

A. Test Result of Relationship Between the Nozzle and
Magnetic Field

In the experimental test, we found that due to the distribution
and movement of the magnetic field, the nozzle needs to be well
controlled by the guidance magnet to achieve accurate printing
results. Hence, we analyzed the relationship between the main
parameters of the guidance magnet and printing tube to achieve
better results. Fig. 4(a) demonstrates the relative distance (t)
from the center of guidance magnet to the center of nozzle, the
angle (θ) between the tangent line at the bend of flexible printing
tube and limit-position rigid pipe, and the straight distance (L)
between the nozzle and bottom of the limit-position pipe, i.e.,
the printing tube’s protrusion length.

First, we analyzed the relationship between t and θ under
a guidance magnet with the diameter of 30 mm, 40 mm, and
50 mm, respectively. It is found that under different diameters
of the guidance magnet, the ratio t/D increases as the angle θ
rises (Fig. 4(b)). In addition, as θ keeps larger, the trend of the
ratio t/D (with different diameters of guidance magnet) tends
to be the same.

Moreover, by selecting the guidance magnet’s diameter as
30 mm, we have tested the variation trend of t versus θ when
different materials (NdFeB and NiZnFeO) are adopted for the
nozzle (Fig. 4(c)). The comparison shows that the variation trend
of t is steeper when NdFeB rather than NiZnFeO is adopted as
the nozzle material. Comparing the magnetic strength of these
two kinds of nozzles, we can conclude that the guidance magnet
is more effective in guiding the nozzle which is produced by the
material with more powerful magnetic field.

In addition, the maximum effective angle (θmax) indicates the
maximum angle value at which the printing tube could return
to its original position with the guidance magnet displacement
during the printing process. We compared the maximum effec-
tive angle under different protrusion lengths (L) of the printing
tube. By fitting the data (Fig. 4(d)), we found that after a short

sharp rise in θmax, the change leveled off near 40◦ and became
constant at 45◦. Consequently, the maximum value θmax = 45◦

is selected to ensure the accuracy of the printing process.

B. Results of Printing Experiment

We conducted an experimental study to test the consistency
of printing performance during the deflection of flexible tube
induced by magnetic force. Fig. 4(e) shows the working principle
of printing circles of different radii Rn by the system in case of
different deflection angles θ. By selecting five different positions
on the circle, we calculated the standard deviation σ of the
errors between actual and theoretical radii of the circle. Fig. 4(f)
shows the variation tendency of σ versus θ under different L
values. The variation tends to be stable when θ is less than 45◦,
where the deflection of flexible tube has negligible effect on the
printing performance. When θ is greater than 45◦, the change in
σ becomes steeper. Thus, it is reasonable to set the maximum
deflection angle of the flexible tube as 45◦.

In the literature, quantitative evaluation of printing accuracy in
two dimensions has been widely used by many researchers [30].
The evaluation is realized by printing a 2-layer vertical pattern.
Then, the actual perimeter L and area A of each hole are measured
after printing. By using Pr as a quantitative factor, the printing
accuracy (Fig. 4(g)) is defined by the equation: Pr = L2

16A .
Fig. 4(h) depicts the variation trend of Pr versus the printing

speed, where the gray area represents acceptable printability
region. Fig. 4(i) shows the variation trend of Pr as the distance s
between the nozzle and substrate surface increases. By inspect-
ing the two curves, it is evident that optimization of the nozzle
can significantly improve the printing performance. We found
that without optimization, the filament could not be formed if the
printing speed is less than 0.42 ml/min. After optimization, the
filament could be formed when the printing speed is greater than
0.36 ml/min. Hence, the optimization has extended the usable
range of the printing speed.
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Fig. 4. Experimental results of the printing system. (a) The relative position of the guidance magnet and nozzle. t is the relative distance from the guidance
magnet’s center to the nozzle’s center. θ is the angle between the tangent line at the bend of the printing tube and limit-position rigid pipe. L is the straight distance
between the nozzle and the bottom of limit-position pipe, i.e., the printing tube’s protrusion length. (b) Relationship of the ratio (t/D) of relative distance between
the center of guidance magnet and the center of nozzle to the diameter of the guidance magnet versus the angle θ between the tangent line at the bend of printing
tube and limit-position pipe. (c) Relationship of the relative distance (t) from the center of guidance magnet to the center of nozzle versus the angle θ with different
materials (NdFeB and NiZnFeO) for the nozzles. (d) Relationship of the straight distance (L) between the nozzle and bottom of the limit-position pipe versus
the maximum angle (θmax) between the tangent line at the bend of printing tube and limit-position pipe. (e) Schematic of printing performance consistency test.
(f) The standard deviation of the errors between actual and theoretical printing radii under different θ values. (g) Schematic of printing accuracy test. (h) Variation
curve of printing accuracy Pr versus the printing speed. (i) Variation curve of printing accuracy Pr versus distance s between the nozzle and substrate surface.
(j) Photo of experimental setup for the printing system. (k) Notch-fill printing test on a pig liver tissue. (l) Pattern printing test on a pig liver tissue.

The developed bioprinting system can print various patterns
on both planar and non-planar surfaces in a minimally invasive
manner. We conducted several groups of experiments by using
Ecoflex and toner composite as the functional ink. First, we
used pig liver tissue to evaluate the printing performance under
the pig skin (Fig. 4(j)). We cut a triangular notch in the pig
liver tissue, and then filled the notch by printing (Fig. 4(k)). In
addition, we have conducted the printing of circular patterns
on the surface of pig liver tissue (Fig. 4(l)). The experimental
results demonstrate the effectiveness of the proposed system for
printing on biological tissue surface.

Then, we tested two groups of single-layer printing on flat sur-
faces by printing the letter “G” (Fig. 5(a)) and “UM” (Fig. 5(b)).
These two printing patterns show good consistency with the
original letters, which verifies the reliability of our printing
system. Second, we tested two groups of multi-layer printing on
flat surfaces by printing the letter “X” with five layers (Fig. 5(c))
and “S” (Fig. 5(d)) with four layers.

Due to viscoelastic nature of the material, the functional ink
usually has a phenomenon of die-swelling when it starts to be
extruded. As a result, a printed fiber of diameter αd is obtained,
where d is the inner diameter of the printing nozzle and α is the

swelling ratio. The resolution of the printed fibers depends on
four main parameters: the speed of movement of the nozzle, the
input pressure, the inner diameter of the nozzle, and the viscosity
of the ink. A faster moving speed tends to stretch the printed
fiber, leading to a smaller αd. While increasing the input speed,
the size of the inner diameter and the viscosity will increase αd.
Note that the nozzle speed should be well controlled to ensure
that there is no accumulation or discontinuity in the continuously
printed fibres [31], [32].

C. Further Discussion

The performances of typical bioprinting systems are tabulated
in Table I. Compared to other works, the proposed concept
of a hybrid tube (integrating a limit-position rigid pipe and a
flexible printing tube) allows for minimally invasive abdominal
or thoracic surgery operations.

The proposed minimally invasive bioprinting system is still in
its infancy and has limitations regarding print speed, resolution,
and complexity of the printed patterns. More magnetic domain
tuning and printing tube curvature adjustment are required to
handle intricate 3D designs and constrained biological contexts.
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Fig. 5. Experimental results of printing process for the bioprinting system. (a) Demonstration of printing the letter G. (b) Demonstration of printing the letters U
and M. (c) Demonstration of five-layered printing of the letter X. (d) Demonstration of four-layered printing of the letter S.

TABLE I
PERFORMANCE COMPARISON OF TYPICAL BIOPRINTING SYSTEMS

In addition, more adaptable magnetic fields may be created, for
instance, by defining the requirements for guiding magnets or
by combining guiding magnets to create a composite field. In
the future, a more user-friendly control scheme will be designed
to facilitate the operator or doctor to complete the printing work.
The present work is focused on the printing method and hybrid
tube design. In future work, we will conduct more printing
experiments in thorax or abdomen cavity to further improve the
system.

Furthermore, the advances in functional materials, which are
bioprintable, will enable the system to print more complex
3D patterns/structures onto curved or wet surfaces. Due to the
constrained anatomical context, minimally invasive bioprinting
may not be suitable for such curing conditions. Bioinks can
cure through liquid evaporation, gelation, and temperature- or
solvent-induced phase shifts. The printed structure may col-
lapse before it cures, especially when printing complicated 3D

buildings. Consequently, it is crucial to speed up the curing
process of injectable inks and employ biodegradable support
molds in the future.

V. CONCLUSION

In this work, we introduced a bioprinting system dedicated
to minimally invasive surgery. The system is implemented by
combining magnetic actuation with 3D printing technology. The
interaction of the nozzle in a magnetic field environment is
explained by performing a computational magnetic field simu-
lation study. The simulation results reveal how the guide magnet
affects the gravitational force acting on the nozzle while its
tangent moves in the left, center, or right direction. By simulating
the fluid-solid coupling of the nozzle and optimizing the design
parameters, we have improved the system’s stability in printing.
Moreover, the relationship between the guidance magnets and
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the nozzle was analyzed, and the results indicated that the nozzle
material, nozzle extension length, and diameter of the guiding
magnets govern the displacement of the nozzle. We also analyze
whether the printing performance changes when the printing
tube is deflected and the effect of printing speed and nozzle
height on printing accuracy. Finally, the feasibility of the pro-
posed system was revealed by conducting an experimental study
through pig skin on pig liver tissue with different patterns printed
in single and multiple layers. The results reported in this work
demonstrate how minimally invasive printing collectively paves
the way for future application of minimally invasive bioprinting
in a remote, interoperable, and more secure manner.

REFERENCES
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