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Abstract
Additive manufacturing, particularly in bioprinting, relies on precise slicing algorithms 
to define printing paths. While traditional planar slicing methods impose geometric 
limitations, non-planar and multi-axis approaches have emerged to enhance surface 
quality and manufacturing efficiency. Among these, cylindrical slicing algorithms 
offer a novel strategy for optimizing material deposition on rotating mandrels. This 
study aims to implement a novel non-planar slicing algorithm capable of planning 
extrusion-based printing processes on a rotating mandrel. The algorithm partitions 
the initial volume into concentric cylindrical layers, each defined by an increasing 
radius around the mandrel’s core. In the first step, the geometry is sectioned with 
a plane passing through the mandrel’s axis and then unrolled to produce a volume 
lying on a planar face. This transformation, applicable to geometries regardless of 
axial symmetry, facilitates the application of conventional or custom planar/non-
planar slicing algorithms. Subsequently, the calculated trajectories are rewrapped, 
transforming the planar layers into a series of coaxial cylindrical layers aligned 
around the mandrel. To validate the slicer’s functionality, a rotating spindle was 
developed and integrated as a fourth motion axis into a previously designed multi-
material, multi-scale 3D bioprinter. This system incorporates both an extrusion-
based bioprinting unit and a fused filament fabrication unit. The algorithm enables 
full control over key printing parameters, such as layer thickness, layer width, and 
infill patterns. Testing on multiple 3D models relevant to biomedical applications 
demonstrated the algorithm’s robust performance.

Keywords: Extrusion-based bioprinting; Four-axis bioprinter; Non-planar 3D Print-
ing; Rotating mandrel; Slicing algorithm

1. Introduction
Additive manufacturing (AM) encompasses a set of technologies used to fabricate objects 
from a digital model, offering the potential to reduce production times by up to 50%, 
even for highly complex parts.1,2 In the field of tissue engineering (TE), AM techniques 
are referred to as bioprinting and are employed to produce complex three-dimensional 
(3D) bioconstructs that emulate native tissues and potentially entire organs. This is 
achieved through the layer-by-layer deposition of a mixture of cells, biomaterials, and 
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biomolecules.3,4 The bioprinting process typically consists 
of four key steps: (i) designing a 3D model in a computer-
aided design (CAD) environment; (ii) generating 
supports, slicing, and defining printing paths; (iii) layer-
by-layer material deposition/solidification; and (iv) post-
processing operations.1,5 The most widely used bioprinting 
technologies include extrusion-based bioprinting (EBB), 
jetting-based bioprinting, and laser-based bioprinting.6 
EBB employs a pneumatic or mechanical system (piston- 
or screw-driven) to extrude a continuous filament of 
biomaterial ink or bioink through a nozzle.7 Jetting-
based bioprinting is a non-contact technique in which 
bioink droplets (ranging from picoliters to nanoliters) are 
deposited onto a substrate via thermal or piezoelectric 
actuation.8 Among laser-based bioprinting techniques, the 
most commonly used is laser-induced forward transfer, in 
which a laser pulse transfers cells suspended in solution 
from a donor ribbon to a collector slide.6 Recently, 
vat-photopolymerization-based technologies, such as 
stereolithography, two-photon polymerization, and digital 
light processing, have demonstrated the ability to fabricate 
structures with ultra-high resolution.9

A crucial step in AM is slicing, which directly impacts 
the accuracy and quality of the final print. Typically, the 
CAD model is exported as an .STL file, in which the volume 
is represented as a closed 3D tessellated surface composed 
of planar triangular elements 10,11 The conventional slicing 
approach, known as planar slicing, involves intersecting 
the .STL model with a series of horizontally stacked 
planes.12 Each intersection generates closed curves or 
polygons that define individual slices, with slice thickness 
determined by the distance between the intersecting 
planes. Slice thickness directly influences both surface 
quality and build time; increasing slice spacing reduces 
print time but leads to the so-called stair-stepping effect, 
which degrades surface smoothness.13 To improve print 
accuracy and structural integrity, various path-planning 
strategies have been developed over the years to generate 
printed structures that more closely resemble the original 
digital model. These advancements have significantly 
improved both the appearance and mechanical properties 
of printed objects.

In standard planar slicing, all layers maintain a 
constant thickness, which can limit surface quality and 
manufacturing efficiency, particularly in models with 
variable slopes. For regions with shallow slopes, thinner 
slices improve surface quality, while for near-vertical 
surfaces, thicker slices help reduce build time. Adaptive 
slicing—a technique that dynamically adjusts slice thickness 
based on local geometry—addresses this problem.10,14–21 By 
significantly minimizing the stair-stepping effect, adaptive 

slicing reduces the discrepancy between the CAD model 
and the final 3D-printed structure. 

Non-planar printing is a recent innovation designed 
to further improve surface quality and geometry 
accuracy.22–25 Unlike traditional planar slicing, where 
slices are constrained to flat layers, non-planar slicing 
allows deposition paths to follow arbitrary 3D trajectories. 
However, while this approach enhances print quality, 
it significantly increases computational complexity, 
particularly in trajectory planning.26,27 The first non-planar 
slicing method, known as curved layer fused deposition 
modeling (CLFDM),28 involved dynamically modifying the 
z-values within individual layers. This approach allowed 
for smooth surfaces,29 but was primarily limited to simple 
geometries with height variations restricted along the 
z-axis. Additionally, in regions with steep slopes, a collision 
risk arises between the deposited materials and the printer 
head, since the printer head cannot dynamically reorient 
itself. While early non-planar printing methods were 
applied to three-axis printing platforms, a more effective 
solution is to incorporate multi-axis printing systems.30–32 
Increasing the degrees of freedom (DoFs) in a printing 
system significantly reduces build times by eliminating the 
need for support structures (e.g., dynamically rotating the 
build axis to properly print overhanging features) while 
enabling the fabrication of highly complex geometries.33 
However, increasing the DoFs also introduces greater 
planning challenges due to the expanded workspace. 
The first proof-of-concept demonstration of multi-axis 
non-planar printing using fused deposition modeling 
(FDM) was conducted by Keating and Oxman,34 who 
demonstrated improvements in the 3D printing process 
by utilizing all six DoFs of a robotic arm. However, their 
demonstration was limited to simple shapes, and no details 
were provided regarding toolpath generation. Pan et al.35 
later developed a five-axis platform that allowed material 
to be directly deposited onto an existing model. However, 
no robust planning system was introduced, and it could 
only handle components with relatively simple geometry. 
Recently, we developed a robust non-planar slicer capable 
of generating structures with non-planar surfaces on highly 
geometrically complex substrates by combining traditional 
planar layers with non-planar top and bottom layers.36 
This system was designed for applications requiring high 
in situ accuracy, such as in situ bioprinting techniques.37 
The algorithm was validated on the IMAGObot platform, a 
five-axis robotic platform equipped with an EBB tool,38 but 
it can be easily adapted to any multi-axis printing system 
by modifying the kinetic parameters. 

Both planar and non-planar slicing algorithms operate 
on the fundamental principle of stacking layers along a 
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specific growth direction, which may be either constant 
or variable. However, this approach becomes less efficient 
when the 3D printed part has a high aspect ratio between 
its non-staking dimensions (e.g., length significantly 
greater than width or height). A more effective solution 
would be to produce the part with radial growth around its 
primary dimension rather than along a single directional 
axis. Building on this concept, cylindrical slicing 
algorithms have been developed to partition the volume 
into concentrically arranged cylindrical layers with a 
progressively increasing radius. These algorithms naturally 
follow the object’s shape, allowing for continuous and 
uniform deposition along helical or radial paths. In this 
approach, material deposition occurs on a rotating spindle 
(or another rotary support) rather than on a conventional 
print bed, thereby introducing an additional DoF.

In 2018, a pioneering study introduced an algorithm39 
(recently implemented in the MEWTube software40) for 
planning cylindrical prints to fabricate porous tubes 
using medical-grade poly(ε-caprolactone) for tissue 
engineering applications via the melt electro-writing 
(MEW) process. MEW is an AM technology that enables 
the direct and continuous deposition of molten polymer 
jets, stabilized by applying a voltage between the nozzle 
and the landing point of the fluid (collector).41 Upon 
contact with the collector, the molten jet rapidly solidifies 
into a defined fiber with a small diameter (5–50 μm), 
which can be layered according to AM principles.39,42 The 
developed software facilitates the planning of continuous 
direct writing paths required for MEW on a rotating 
cylindrical build surface. Although the software has 
proven highly effective for its intended application—
enabling control over pore size, wrapping angle, and 
printing length—its functionality remains limited to 
fabricating tubular structures. Moreover, the algorithm 
cannot be generalized to accommodate geometries of 
different shapes or increased complexity.

A more generalizable cylindrical slicing algorithm was 
later developed.43 This approach involved converting a 
traditional FDM Cartesian 3D printer into a cylindrical 3D 
printer by replacing the y-axis with a rotating cylinder. To 
enable printing on this platform, custom slicing software 
was developed to process .STL volumes using non-planar 
slicing techniques. This slicer was programmed in Python 
3.7 using the numpy-stl library and the Panda3D Engine. 
The underlying concept is that replacing the printer’s 
translational y-axis with a rotating cylinder causes 
conventional planar y-direction print commands to result 
in curved prints on the cylindrical surface. For example, 
instructing the printer to print a straight line in the 

y-direction results in a curved line on the rotating cylinder’s 
surface, whereas printing a simple planar rectangle yields 
a cylindrical shell. Although this slicer performs well for 
relatively simple geometries, it has several limitations, 
including the inability to control infill percentage, layer 
orientation angle, and the relative alignment between 
layers. Furthermore, substituting a translational axis with 
a rotary one does not increase the printer’s DoFs, thereby 
limiting its ability to fabricate more complex structures.  

Building on these insights, the present study introduces 
a non-planar cylindrical slicing method designed to 
generate complex geometries using material extrusion 
processes. By integrating constant-radius cylindrical layers 
with variable-radius layers, the approach enhances surface 
quality. The algorithm is designed for use on any four-axis 
3D printer (three Cartesian axes and one rotary axis), but it 
can be adapted to any multi-axis 3D printing platform with 
at least one rotary axis. The full code of the slicer, along 
with a user guide, has been released and is freely available 
on GitHub (https://github.com/CentroEPiaggio/4-axis- 
slicing- algorithm).

2. Materials and methods
2.1. Overview of the non-planar slicing algorithm
The slicer implemented in this study was developed entirely 
in Matlab® (The MathWorks Inc., United States) and 
enables the division of an initial volume into concentric 
cylindrical layers around a mandrel, rather than planar 
layers as in traditional slicing algorithms (Figure 1A and 
B). User inputs include the .STL volume to be printed 
(which can have an arbitrary shape without axial symmetry 
constraints) along with standard printing parameters used 
in traditional slicers, such as layer height, infill density, 
infill orientation, and the number of perimeters.

An important aspect of this approach is the pre-
processing of the volume. Before slicing, the volume is 
virtually “unwrapped” around the mandrel (whose axis of 
symmetry is aligned with the x-axis and originates at y = 0) 
into a planar representation (Figure 2A and B). Following 
this transformation, a reconstruction phase ensures 
the generation of a closed, defect-free planar volume, 
which is then processed using an adapted version of a 
previously developed slicing algorithm.38 This algorithm 
generates toolpaths consistent with the printing settings 
specified by the user (Figure 2C and D). After slicing, the 
generated trajectories are “rewound” around the mandrel 
by converting translational toolpath data into angular 
commands for the rotational printing axis (Figure 2E). 
Beyond constant-radius cylindrical layers, the algorithm 
also supports trajectories for variable-radius cylindrical 
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layers (Figure 2F). This capability enhances surface quality 
by minimizing the stair-stepping effect and enables 
printing on complex, non-cylindrical rotating surfaces.

The final stage involves implementing controls for flow 
rate and printhead speed, along with strategies to prevent 
over-extrusion (e.g., retraction in the FDM printing). Upon 

Figure 1. Schematic of the cylindrical slicer. (A) Sample object to be sliced. (B) Cylindrical layers generated by the algorithm.

Figure 2. Cylindrical slicer pipeline. (A) Sample object to be sliced. (B) Unrolled and reconstructed volume. (C) Trajectories generated by the slicing 
algorithm. (D) Complete toolpath, including safety retraction. (E) Trajectories rewound around the cylinder. (F) External slices with a variable radius  
(in red).
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completing these procedures, the algorithm generates a 
dedicated G-code for cylindrical printing.

2.2. Algorithm implementation 

2.2.1. Volume unwrapping
The first step of the algorithm is to generate a “flattened” 
version of the geometry, transforming it from a cylindrical 
shape around the mandrel to a planar representation. In the 
Matlab® implementation, this process involves modifying 
the spatial coordinates of the vertices in the .STL object 
provided by the user to achieve a planar representation. 
Once the .STL file is loaded, the algorithm extracts the 
vertex coordinates. These coordinates, initially expressed 
in Cartesian form (x, y, z), are transformed into cylindrical 
coordinates (x, θ, r), where θ is measured in radians within 
the range [−π, π]. Assuming a cylindrical volume oriented 
along the x-axis, the conversion is performed as follows 
(Equations I and II):

	 θ =








atan z

y
2 � (I)

	
r y z2 2

� (II)

At this stage, the volume is segmented along the x–r 
plane at the angular coordinate θ = π/−π (Figure 3A). To 

achieve this, the coordinates are remapped to a newly 
defined planar coordinate system (xnew, ynew, znew), as 
Equation (III):

	
x
y
z

x
r

r r

new

new

new min

· � (III)

where x remains unchanged, while θ⋅r translates 
the cylindrical angular position (θ) into a linear spatial 
position proportional to the radius. The term r-rmin 
normalizes the cylindrical radius by offsetting it from 
rmin, thereby defining the new height of the volume. This 
transformation disrupts the face–vertex coherence of the 
.STL volume, necessitating a subsequent step to filter the 
faces and remap the vertices. Specifically, faces intersected 
by the cutting plane are identified and removed (Figure 3B). 
This operation ensures well-defined cut edges, effectively 
segregating faces on either side of the cutting plane.

After updating the faces, unused vertices are identified 
and eliminated, and a mapping is generated to reassign 
face indices to the revised vertex list. At this stage, the .STL 
volume has correctly unwrapped. However, the applied 
transformation creates an open volume at the regions 
intersected by the cutting plane (Figure 3C). As a result, the 
resulting volume is incompatible with slicing operations, 

Figure 3. Cylindrical volume unwrapping. (A) Example of a volume to be unfolded and the cutting plane (red). (B) Triangular elements of the mesh 
intersecting the cutting plane and removed by the unwrapping algorithm (red highlights the cut volume’s edge). (C) Unfolded volume with open ends 
(edges highlighted in red) due to the applied cut. (D) Example of a semi-closed shape (C-shaped) volume not intersecting the cutting plane. (E) Side view 
of the C-shaped volume. (F) Unfolded volume with closed ends.
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necessitating an additional reconstruction phase to close it 
before proceeding to slicing.

Notably, when the initial geometry has a C-shape (i.e., 
no direct intersection with the cutting plane, as shown in 
Figure 3D and E), the transformation is limited to applying 
the mapping (Equation III) to the cylindrical coordinates. 
In this scenario, the resulting volume preserves face–vertex 
coherence and remains closed, eliminating the need for 
additional processing before slicing (Figure 3F).

2.2.2. Reconstruction of the unwrapped volume
Once the .STL volume has been unwrapped onto a plane 
with open ends, the next step is to create a closed volume 
compatible with the slicing process and, consequently, 
3D printing.

To ensure robustness, a method was developed to 
isolate the upper surface of the flattened volume and 
regenerate a complete volume using projection techniques. 
The top surface is isolated by filtering faces according to the 
orientation of their normal vectors. Specifically, all faces 
whose normal component in the primary growth direction 
is greater than zero are classified as part of the top surface 
(Figure 4A and B).

Once the upper surface is isolated, projection algorithms 
are employed to reconstruct the volume beneath it. This 
step is performed using two distinct methods, chosen based 
on the geometric complexity of the initial upper surface. 
The complexity is defined by the number of isolated edges 
generated during surface isolation (Figure 4C). A greater 
number of edges increases the difficulty of volumetric 
reconstruction using projection methods.

If the number of isolated edges is two or fewer, 
reconstruction is performed using a computationally 
simpler approach based on the surf2solid function. This 
function takes as input the vertices and faces of the original 
upper surface and projects them along the z-axis. The 
projection is mapped onto a plane positioned at a distance 
of –max(znew), corresponding to the maximum height of 
the unwrapped volume. This projection forms the lower 
surface of the volume, while the lateral surfaces are created 
by connecting the new surface to the original upper surface 
(Figure 4D). Upon completion, the function outputs a 
structure containing the resulting vertices and faces, which 
is then converted into a volume using the triangulation 
function. This process, implemented in Matlab,® mimics 
the solid extrusion operation found in CAD software but at 
a lower computational cost. However, if the initial surface 
is overly complex (i.e., containing more than two edges), 
the operation fails, resulting in a volume with inconsistent 
face–vertex relationships.

If the number of isolated edges exceeds two, a more 
computationally intensive reconstruction method is 
performed to overcome the limitations of the surf2solid 
function. This alternative method enables the solid 
extrusion of generic surfaces in Matlab,® regardless of their 
complexity. The first step involves generating the lower 
surface, either by projecting the upper surface along the 
z-axis (as in the surf2solid function) or by duplicating the 
upper surface, translating it to a different z-coordinate, and 
inverting the normal vector directions (Figure 4E). Next, 
the edges of the upper surface are identified by extracting 
the three edges of each face, compiling a list of all surface 
edges, and identifying those that appear only once as 
boundary edges. For each identified edge, triangular faces 
are constructed to connect the original and extruded 
vertices, forming the lateral surface of the volume. Finally, 
the original, translated, and lateral faces are combined to 
produce a closed solid.  

After completing these steps, the distended volume 
is successfully reconstructed, and a .STL file is generated 
using the stlwrite function, ready for slicing.

2.2.3. Volume slicing
The model is sliced using a slicing algorithm developed in 
a previous study38 for non-planar 3D printing applications. 
In summary, the algorithm first calculates the perimeters 
of each layer. The infill toolpath is then generated using 
a line pattern, with lines printed parallel to the x–y 
plane. A dedicated algorithm determines both the infill 
orientation—by rotating the external perimeter around the 
z-axis to align with the desired parallel orientation—and 
the infill density (e.g., an infill density of 100% connects all 
perimeter points, whereas a density of 50% connects only 
half). Furthermore, the algorithm supports the generation 
of non-planar upper and lower surfaces. These are initially 
defined as 2D surfaces and then projected onto the 3D 
model to determine the corresponding z-coordinates 
required for their construction (Figure 5A). Incorporating 
non-planar layers into the slicing process enables the 
creation of complex geometries with improved mechanical 
properties and superior surface quality compared to 
traditional planar slicing. 

At this stage, the toolpath coordinates for each layer are 
“rewound” around the mandrel to reconstruct the original 
cylindrical geometry (Figure 5B and C). The degree of 
“overlap” between the two ends of the rewrapped volume 
can be adjusted. A 100% overlap reconstructs the original 
geometry, ensuring direct contact between the two ends. 
An overlap greater than 100% causes interpenetration, 
forming watertight surfaces, whereas an overlap below 
100% results in a gap between the ends.

https://doi.org/10.36922/ijb.IJB025070053
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Figure 4. Reconstruction of the unwrapped volume. (A) Unrolled volume with normal vectors to the faces (blue vectors indicate the faces selected 
for surface isolation). (B) Isolated upper surface. (C) Examples of upper surfaces with increasing geometric complexity from left to right. (D) Volume 
reconstruction using the surf2solid algorithm. (E) Phases of volume reconstruction using the developed algorithm.

When slicing consists entirely of planar layers, each 
layer forms a cylindrical shell with a constant radius. The 
final geometry is constructed by stacking these layers 
while progressively increasing the radius (Figure 5D). 
Conversely, rewound non-planar layers form complex 

surfaces with variable radii, which are arranged around 
the mandrel (Figure 5E). These surfaces encapsulate the 
entire structure, significantly enhancing surface quality 
by eliminating the staircase effect inherent to horizontal 
layer-based manufacturing.
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After computing the toolpaths, the resulting 
coordinates must be transformed for compatibility with 
the printing platform’s control commands. This study 
utilized a previously developed multi-scale, multi-material 
3D printing platform.44 This platform, equipped with both 
an EBB and an FDM system, was modified to include an 
additional rotary axis. Cartesian axis commands specify 
the target position in millimeters, whereas rotary axis 
commands express the rotation angle in degrees. To 
ensure compatibility, the trajectory coordinates (x, y, z) 
are remapped to a new coordinate system (xfin, φfin, zfin), 
defined as follows (Equation IV):

	

x

z

x
rad y

z
z

�n

�n

�n

2deg
� (IV)

where xfin remains unchanged, representing 
displacement along the cylindrical axis. zfin, the height of 
the unwrapped volume, corresponds to the cylindrical 
structure’s radius, dictating the nozzle-to-mandrel 
distance. φfin, derived from y/z, translates the linear spatial 

position of the unwrapped volume (originally in y) into an 
angular position expressed in degrees.

Finally, the 3D coordinate matrix of the calculated 
and transformed points, representing the cylindrical 
printing strategy on the rotating mandrel, is converted 
into a G-code. A specific G-code is generated based on the 
chosen printing technology (EBB or FDM). These codes 
differ in platform and extruder heating management, as 
well as in strategies to mitigate unwanted over-extrusion. 
This mitigation is necessary because, during printing, 
frequent trajectory changes require lifting the nozzle to 
a safe distance before repositioning. However, due to the 
viscoelasticity of the printed materials, extrusion continues 
momentarily after being halted, caused by spring-back 
effects. To mitigate this effect in FDM printing, a 6 mm 
retraction is applied when extrusion must be halted. For 
EBB printing, a gradual reduction in extrusion flow is 
implemented, beginning six points before the stop point. 
To further minimize this effect, non-extrusion movements 
are executed at a higher speed than printing movements. 
Notably, this algorithm segment is designed for easy 
adaptation to any printing machine with three or more 
DoFs, as long as at least one DoF is rotary.

Figure 5. Volume slicing. (A) Print trajectories planned from the unrolled volume (upper non-planar layer in red). (B) Print trajectories rewound around 
the mandrel, with feedback movements at safety height visible during layer or path changes. (C) Rewound print trajectories, where constant-radius planar 
layers are in yellow, and the variable-radius surface layer is in red. (D) Example of an internal constant-radius layer. (E) External variable-radius cladding 
layer.
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2.3. Experimental validation
To experimentally validate the algorithm’s performance, 
printing tests were performed using both EBB and FDM 
technologies. For EBB validation, a 20% w/v Pluronic 
F127 hydrogel (Sigma-Aldrich, Italy) was printed using 
a 21G needle (Metcal, Italy) at a linear speed of 3 mm/s. 
For FDM validation, a 1.75 mm polycaprolactone filament 
(Filoprint, Italy) was deposited at a linear speed of 3 mm/s. 
The following tests were conducted:

	 (i)	 FDM printing of an axisymmetric cylindrical 
structure with a variable-radius surface layer (80% 
infill for constant-radius layers, 100% for variable-
radius layers, 200 μm layer thickness).

	(ii)	 FDM printing of an auxetic stent, depositing only 
the perimeters (0% infill, 200 μm layer thickness)

	(iii)	 FDM printing of a branched tubular structure, 
commonly found in vascular structures (80% infill, 
200 μm layer thickness). 

	(iv)	 EBB printing of a branched tubular scaffold, 
commonly found in vascular structures (80% infill, 
200 μm layer thickness).

The printing results were qualitatively analyzed to 
evaluate the potential of the proposed slicing algorithm, 
with a focus on improving surface characteristics, enabling 
the fabrication of complex geometries that are challenging 
for traditional 3D printers, and generating structures 
without the need for support materials. Additionally, 
a quantitative analysis was performed to evaluate the 
dimensional fidelity of the fabricated structures compared 
to their digital models (Figure 6A and C).

3. Results and discussion
3.1. Algorithm implementation
This section presents the results of the algorithm applied 
to structures intended for biomedical applications. Devices 
such as intravascular stents or vascular prostheses have 
complex geometries that are difficult to produce with 
traditional 3D printing techniques but are fully compatible 
with cylindrical printing.

The algorithm was tested on an intravascular stent 
model, a branched tubular structure, and a self-deploying 
bilayered scaffold (designed for 4D bioprinting) for tissue 
engineering applications, specifically in intestinal ulcer 
repair (Figure 7A, D, and G).

Printing directly on the lateral surface of a mandrel 
allows for the fabrication of these structures without the 
need for support in most cases. For example, complex 
structures such as vascular prosthesis branches or intricate 

networks of stents can be fabricated by directly depositing 
material onto the lateral surface of the rotating mandrel.

A comparison between the print preview calculated 
using our algorithm and that from traditional slicing 
software (e.g., Ultimaker Cura) shows that our approach 
results in simpler toothpaths and eliminates the need for 
support structures (Figure 7B, E, and H). In contrast, 
traditional slicers require support structures for geometries 
with cantilevered features, as they lack underlying material 
for stability (Figure 7C, F, and I). The inclusion of support 
structures reduces printing efficiency by increasing 
fabrication time, material waste, and the need for post-
processing to remove residual supports.

Furthermore, the implementation of variable-radius 
layers covering the external surface of the printed object 
allows for the creation of a smooth contour that closely 
replicates the digital model. In traditional slicing software, 
these walls are generated by stacking multiple layers, 
resulting in rough surfaces due to the stair-stepping 
effect and increasing discretization errors as layer height 
increases. In contrast, our approach produces an outer 
surface consisting of a single continuous layer, ensuring 
greater surface homogeneity regardless of the underlying 
layer height.

The algorithm successfully sliced all geometries, 
regardless of their complexity. A critical aspect is the 
accurate reconstruction of the volume following the cutting 
and unfolding phases, as described in Section 2.2.2. In 
addition to the method described, alternative approaches 
can be used to “repair” damaged meshes or insert new faces 
and vertices to close holes or missing surfaces. For example, 
the .STL model can be exported and processed using 
mesh editing software such as Meshmixer (Autodesk®), 
MeshLab, or Blender. These software tools provide users 
with specific functionalities for identifying mesh defects 
and applying advanced reconstruction algorithms. 
However, this approach introduces a “manual” step into 
the printing preparation workflow, requiring the export 
of the volume from Matlab® and subsequent processing 
in external software. Since this study aims to develop 
fully automated slicing software, we prioritized using 
or developing tools that enable volume reconstruction 
directly within the Matlab® environment. Mesh hole 
reconstruction is not natively available in Matlab®; 
however, it can be implemented using standard surface 
reconstruction algorithms, potentially in combination 
with external toolboxes or libraries such as the MATLAB 
Mesh Processing Toolbox. Among commonly used surface 
reconstruction techniques (e.g., Delaunay Triangulation, 
Contour Averaging, Minimum Curvature, Local Projection, 
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Figure 6. Geometric properties of the models. (A) Axisymmetric cylindrical structure: length (d1), thickness of the lateral zones (d2), and thickness of the 
central convex zone (d3). (B) Auxetic stent: length (d4), cell length (d5), and thickness (d6). (C) Branched tubular structure: length (d7), external diameter 
of the lateral branch (d8), and thickness (d9).

and Poisson Surface Reconstruction), only Delaunay 
Triangulation and Poisson Surface Reconstruction have 
dedicated functions or libraries in Matlab.® For instance, 
the Delaunay Triangulation function constructs 2D or 3D 
triangulated surfaces from a set of spatial points, while the 
pc2surface mesh function generates a surface mesh from an 

input point cloud using the Poisson Surface Reconstruction 
method. However, these algorithms are primarily designed 
for surface reconstruction from point clouds. While they 
may be effective in repairing small holes in the mesh, they 
exhibit significant limitations when applied to the specific 
case discussed here.
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For the open ends of the volume, only perimeter points 
are available, whereas effective reconstruction would 
typically require internal points as well. Furthermore, the 
open ends can be relatively large (Figure 3D), complicating 
reconstruction due to the limited number of available 
starting points.

Therefore, the cylindrical slicing software is robust and 
capable of planning printing trajectories for 3D models 
with any level of geometric complexity, including holes 
and lateral branches. Furthermore, for concave or convex 
surfaces, the ability to generate variable-radius layers allows 
for trajectory planning that conforms precisely to the 
actual geometry of the model, maximizing homogeneity 
and geometric fidelity.

3.2. Experimental validation
The algorithm was experimentally tested to evaluate its 
ability to print geometries of varying complexity (see 
Videos S1–S4, Supporting Information). 

The first FDM print test was conducted to create an 
axially symmetric geometry with a convex lateral surface 

(Figure 8A), focusing on generating external surfaces with 
variable radii (Figure 8B–D). The structure was printed 
with 100% infill to ensure structural robustness and a 
smooth outer surface. The printer trajectories faithfully 
matched the planned toothpaths, demonstrating the 
robustness of the algorithm.

In the second FDM printing test, an intravascular 
stent model was fabricated (Figure 8E). The non-axially 
symmetric geometry features a lattice structure that is 
too complex to fabricate using traditional 3D printing 
techniques. However, using the cylindrical printing 
approach, the desired geometry was easily obtained by 
depositing two constant-radius layers (200 μm layer 
thickness). A 0% infill was chosen for this test, depositing 
only the structure’s perimeters (Figure 8F–H).

The third FDM print test involved fabricating a tubular 
structure designed to simulate branched geometries, such 
as blood vessels (Figure 8I). Furthermore, this geometry 
demonstrated how the cylindrical slicer simplifies the 
fabrication of overhanging features (e.g., lateral branching), 

Figure 7. Printing planning. (A) 3D model of an intravascular stent. (B) Printing trajectories generated using the cylindrical slicer. (C) Printing trajectories 
generated with a traditional slicer (numerous supports are required to stabilize the part). (D) 3D model of a branched tubular structure common in 
vascular applications. (E) Printing trajectories generated using the cylindrical slicer, where both the main cylinder and the lateral branching are fabricated 
without supports. (F) Traditional slicing-generated trajectories requiring support due to cantilevered branching. (G) Self-deploying bilayered scaffold 
for tissue engineering applications in intestinal ulcer repair. (H) Cylindrical trajectories developed around the rotating mandrel. (I) Traditional slicing-
generated trajectories, where the C-shaped cylindrical structure would collapse without internal supports. 
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Figure 8. Cylindrical fused deposition modeling printing results. (A) 3D model of the object to be printed. (B) Printing trajectories for the outermost layer 
with a variable radius. (C) Final printed product: filament lines are visible and closely follow the planned trajectory. (D) Printing process: the printer nozzle 
dynamically adjusts its distance from the mandrel based on the radius of the planned cylindrical trajectory. (E) 3D model of a cardiovascular stent. (F) 
Generated trajectories, showing only perimeters without infill. (G) Fabricated stent. (H) Printing process: material is deposited on the lateral surface of the 
mandrel without requiring support. (I) 3D model of a branched structure. (J) Generated constant-radius trajectories. (K) The final printed piece, produced 
without support structures. (L) Printing process: after forming the main channel, the lateral branching is printed layer by layer.

https://doi.org/10.36922/ijb.IJB025070053


Cylindrical slicing for four-axis bioprinting

506Volume 11 Issue 2 (2025) doi: 10.36922/ijb.IJB025070053

International Journal of Bioprinting

which traditionally require internal and external supports. 
In this case, the lateral branch was developed radially 
by stacking layers with progressively increasing radii 
(Figure 8J–L).

The average width of the printed lines was 415 ± 
16 μm. For each printed structure, dimensions were 
evaluated by comparing them to the original digital model  
(Figure 6A–C). As reported in Table 1, mandrel-based 
printing successfully fabricated various geometries with 
acceptable deviations from the expected dimensions.

The same geometry from the third FDM printing test 
was also used to validate the slicing algorithm for EBB 
printing. EBB printing primarily involves the extrusion of 
hydrogel materials (e.g., alginate, Pluronic F127, gelatin). 
In this test, the structure was bioprinted using 20% w/v 
Pluronic F127.45,46 The structure was fabricated without 

the need for support (Figure 9A) and maintained its 
integrity, neither collapsing nor occluding the central 
channel (Figure 9B and C). For proper processing in EBB, 
hydrogels must exhibit a non-zero yield stress (e.g., 500 
Pa for Pluronic F127) to prevent collapse under their own 
weight.47–50 Mandrel printing significantly simplifies the 
fabrication of complex structures that are challenging to 
produce using traditional techniques and would otherwise 
require gel-in-gel approaches, also known as embedded 
bioprinting. Although embedded bioprinting enables 
the fabrication of highly complex structures, it is a time-
consuming process. Additionally, removing the support 
gel can be challenging, and residual gel trapped between 
layers may cause delamination. In contrast, mandrel-
printable structures streamline fabrication by allowing 
material deposition directly onto the lateral surface of 

Table 1. Comparison of digital model (M) and printed structure (P) dimensions 

Parameters d1 (mm) d2 (mm) d3 (mm) d4 (mm) d5 (mm) d6 (mm) d7 (mm) d8 (mm) d9 (mm)

M 15.00 0.50 1.50 20.00 5.20 0.40 23.00 0.60 7.00

P 14.94±0.13 0.52±0.02 1.54±0.03 20.35±0.11 5.01±0.08 0.41±0.01 23.27±0.11 0.59±0.01 7.04±0.09

Figure 9. Cylindrical extrusion-based bioprinting printing results. (A) Final printed product. (B) The central channel of the lateral branch, demonstrating 
an open structure that maintains its integrity. (C) Printing process: after depositing the first cylindrical layers to create the main branch, the lateral branch 
is formed by depositing material layer by layer with an increasing radius. As it develops radially, no supports are required.
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a rotating mandrel, eliminating the need for extensive 
support structures. 

4. Conclusion
This presented a new non-planar slicing algorithm 
capable of generating cylindrical 3D trajectories with 
both constant and non-constant radii. To achieve this, 
the object to be reconstructed is cut and unrolled from its 
initial shape. Slicing is performed on the deformed model, 
and the resulting trajectories are subsequently rewound 
into a cylindrical configuration. This algorithm can slice 
geometries of any complexity and represents a significant 
advancement in planning printing on rotating elements 
compared to previously developed algorithms. Notably, 
the algorithm allows for the fabrication of complex 
structures without requiring support material, irrespective 
of surface textures or lateral branching. Furthermore, 
the introduction of variable-radius layers enhances both 
esthetic and functional properties, completely eliminating 
the stair-stepping effect. The algorithm was successfully 
validated using a multi-scale, multi-material 3D printing 
platform, which was re-engineered to include an 
additional rotary axis and is equipped with both EBB and 
FDM systems. In the future, the proposed algorithm will 
be adapted for additional bioprinting technologies, such 
as inkjet printing, which is also well suited for rotating 
mandrel printing, enabling the precise deposition of bioink 
droplets onto or into cylindrical structures.
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