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Figure 1: Our nozzle modification allows printing sliced layers out of z-order by grouping them into chunks (left). This leads to
less travel movement (during which material is not extracted) of the printer head, as separate “islands” of the model are printed
consecutively (center). The final printed model (right) is printed faster and exhibits considerably fewer stringing artefacts

compared to layer-by-layer printing,.

ABSTRACT

3D printing is based on layered manufacturing, where the layers
are printed consecutively in increasing height order. In Fused De-
positing Modeling (FDM), the printing head may travel without
extruding material between separated “islands” of the sliced layers.
These travel movements increase the printing time and reduce the
quality of the 3D printed part. We present an extended nozzle mod-
ification, which can be applied to off-the-shelf FDM printers, and a
corresponding toolpath generation algorithm. Together, these dra-
matically reduce the amount of travel movement, thus improving
the printing time and quality of the results. The extended nozzle al-
lows us to print the sliced layers out of order, where part of a lower
layer might be printed after a higher layer was already printed. Our
toolpath generation algorithm takes advantage of this capability
and generates a toolpath which maximizes the number of consecu-
tive layers printed within the same “island” without requiring any
travel movement. In addition, the algorithm optimizes the order of
the printed islands, and guarantees that the generated toolpath will
not cause collisions between the extended nozzle and the model.
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We demonstrate our approach on a collection of varied models, and
show that we considerably reduce the required travel, and improve
the printing time and quality compared to standard layer-by-layer
printing.
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1 INTRODUCTION

3D printing is a manufacturing process in which a 3D model is
sliced into layers, and then each layer is added one-on-top-of-the-
other until the object is complete. In the Fused Deposition Modeling
(FDM) 3D printing process, the 3D printer nozzle moves planarly
while extruding a polymer to produce each layer. Only after a layer
is complete does the 3D printer move in the Z direction to start the
next layer, and so forth. This ensures that there will be no collisions
between the printed model and the nozzle since the nozzle is con-
tinuously printing the topmost layer. If the geometry of the model
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branches or several objects are printed simultaneously, the slicing demonstrate our approach with a collection of 3D printed objects
layers are divided into islands (See Figure 2). In each layer, the that show a signi cant reduction in travel distance and improved

printer prints the path that belongs to each island and then moves
to the next island. The movements between the islands are called
Travel Movements, i.e., movements for which the printer's head
moves without extruding material. Travel movements negatively
a ect printing duration when the printed geometry is branched or if
several models are printed simultaneously. Moreover, travel move-
ments might generate stringing, mainly when exible laments

printing quality.

2 RELATED WORK
2.1 Nozzle Adaption In FDM Printing

FDM printer nozzles are typically made of high thermal conductive
metal such as brass or copper [Kedare et28120]. The metal quali-

such as Thermoplastic Polyurethane (TPU) are being used. The ties and thermal conductivity play a major role in the printed part's

strings are removed in a manual post-processing step after printing,
thus reducing the quality of the printed parts and lengthening the
fabrication process.

We present a method for eliminating most of the travel move-
ment in the FDM 3D printing process. This is done by leveraging a

surface quality and accuracy. To control the nozzle temperature and
make sure the material does not cause leakage or clogging, a heat
sink and a fan are installed directly above the nozzle [Kedare et al
2020; Shaik et a021; Srinivasan et &2021]. Therefore, most com-
mercial 3-axis printers' heads are short and wide. Adaptations to the

special extended nozzle that we designed and manufactured. The extruder head have been proposed for di erent needs. For example,

nozzle replaces a MK8 standard nozzle which can be used with
most low-cost desktop 3D printers. The extended nozzle enables
3D printing of the layers not necessarily in the order given by their
distance from the build platform. This means that the printer can
print part of a high layer and then move down to print part of

a lower layer (See Figure 1). Most of the unnecessary travel can
therefore be eliminated by e ciently re-ordering the slicing layers.

In our process, we group the sliced layers into chunks. Each chunk
can be as high as the length of the nozzle minus a few millimeters
for clearance. As a result, travel movements only exist between
the chunks. This leads to more e cient printing than the standard
work ow, especially for models that include many travel lines. In
addition, our work considerably reduces stringing artefacts. Using
our process, the 3D printer nozzle is no longer guaranteed to be at
the printed model's topmost layer, and therefore collisions might
occur between the nozzle and the printed model. We propose a tool-
path generation algorithm which computes the chunks and nds a
correct printing sequence which avoids such collisions. Moreover,
the algorithm automatically adjusts the number of layers in each
chunk to ensure printability when joining branched geometry. To
summarize, our main contributions are (1) the design of the ex-
tended nozzle, and other required hardware modi cations for the
3D printer; and (2) the algorithm that generates a collision-free
printing sequence, which takes advantage of the modi ed nozzle
for minimizing travel movement and shortening printing time. We

Figure 2: Preview of the printing sequence of the kitten model
in Cura [McNeel and Associates 2022]. In this section of the
model, each layer is divided into two islands. The printer's
head moves between these islands in each printing layer.
A travel movement (marked in blue) connects the islands.

when using curved layer fused deposition modeling (CLFDM) the
nozzle might collide with the printed part [Nisja et a021]. To
address this, in Curvislicer [Etienne et.&019] the metal structure
which holds the fans is removed from the Ultimaker2 printer to
allow more freedom of movement. In Digital Dexterity [Isabella and
Tim 2018] a customized nozzle is implemented to avoid collision
between the nozzle and the printed material. In Li et al [Li et al
2020] this issue is addressed by using a 6-axis robotic arm printer
that can change its orientation to avoid collisions. In Liu et al [Liu
et al. 2021a] a very long nozzle is implemented by moving the heat-
ing ring towards the end of the nozzle. However, this nozzle would
not tinto a standard printer since it is made for a speci ¢ 6-axis
printer. In contrast, we propose a nozzle modi cation which is sim-
ple, low-cost, and applicable to many o -the-shelf FDM printers.
Combined with our slicing algorithm, our nozzle modi cation can
improve the speed and quality of the resulting printed parts.

2.2 Surface Quality (Stringing)

Stringing artefacts occur due to mid-air traveling within the tool-
path, combined with non-optimal printer settings. Bad temperature
and wrong retraction settings may cause the lament to leak dur-
ing travel movement and stick to the model, leading to stretched
strings, as reviewed by Shaik et al. [Srinivasan et2fl21]. In some
cases, the stringing phenomena is studied as a desired feature for
form exploration during the design process as in Digi-Craft [Lim
2018], or for its hair-like visual e ect as in Laput et al. [Laput et al
2015]. However, in most cases, it is an unwanted defect that re-
quires post-processing of the model [Miller 2021]. One approach to
avoid stringing and achieve the best surface quality is by optimizing
the printer settings, focusing on the retraction distance and speed
[Haque 2020]. However, this optimization must be repeated for
every printer and material separately, inevitably requiring many
printing tests. In Chiu et al. [Chiu et aR016]. a methodology is
presented for classifying the printed surface quality and suggesting
guidance for the printer settings. Other studies try to oversee the
creation of strings: in Paraskevoudis et al. [Paraskevoudis et al
2020] a convolutional neural network is trained to recognize im-
ages with stringing for detection and adjustment. In our work we
improve the surface quality and avoid stringing by reducing the
travel movement instead of manipulating the printer parameters.
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2.3 Toolpath Generation And Slicing
Making high- delity parts on a desktop 3D printer is atime-consuming

process. A few approaches were proposed to quickly create volu-

metric models that allow prototyping. In wirePrint [Mueller et al
2014a] the concept of low- fabrication is introduced as a method
of producing rapid prototypes by generating a wireframe of the
model. Another time-e cient method is combining non-printed
structures with printed parts for detailed and complex shapes, as
done by FaBrickation [Mueller et aR014b]. Another option for
saving on production time is by printing thin shells. Printing shells,
also known as thin walls, is a common approach for generating a
sparse toolpath that depicts the outer walls of the 3D model. For
example, the vase mode In the Cura slicing software [McNeel and
Associates 2022] cuts the printing time signi cantly. However, for
a model that has a few separate components, stringing artifacts
would be introduced. Some recent work has focused on optimiz-
ing the toolpath continuity for specialized printers. Hergel et al.
[Hergel et al 2019] proposed a strictly continuous path to eliminate
non-printing travel movements for ceramic printers; Brasoveanu
et al. [Brasoveanu et a2020] have developed an algorithm to cre-
ate a thin surface toolpath for ceramic printers that minimizes the
number of transitions. Finally, Li et al. [Li et a2020] suggested

a curved layer toolpath, which reduces travel movements for 3D
printing using a 6-axis robotic arm. We, on the other hand , focus on
reducing travel movements for printing using o -the-shelf low-cost
desktop 3-axis FDM printers. Another approach is optimizing the
toolpath of the in Il within the model. In this case, toolpath opti-
mization is done within each layer by treating the path as a graph
and nding heuristic solutions to the travelling salesman problem,
for example in Liu et al. [Liu et al2021b], Fok et al uses the ant
colony approach [Fok et aP019] , and in Aguilar-Duque et al. a
genetic simulation is used [Aguilar-Duque et.&021]. In Gree et

al. [Gree and Schilling 2018] the sequence of movements between
multiple items is optimized within a single layer. Our work is com-
plementary to these approaches, since we optimize the transitions
between di erent layers.

Figure 3: (a) The extended nozzle (right) vs. a standard MK8
nozzle (left). (b) Thermal image of the extended nozzle. (c)
Technical drawing of the extended nozzle.

3 HARDWARE MODIFICATIONS

We used an Ender3 desktop 3D printer to 3D print the models. The
Ender3, like many other desktop FDM 3D printers, uses a standard
MK8 nozzle. The MK8 nozzle has an M6 thread, and its total length
is 13mm (including the thread). These nozzles are usually made
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from brass because this material has good thermal conductivity.
In FDM printers, the nozzle is screwed into a heating block that
contains a heater and a temperature sensor. Since the heater is
located at the heating block at the top of the nozzle, some heat
is lost toward the nozzle's tip. When extending the length of the
nozzle, the amount of heat-loss increases. To evaluate the amount
of heat lose, we used a thermal camera to measure the temperature
di erence between the temperature at the top of the nozzle and the
temperature at the tip. For validation, we compared the temperature
at the top to the temperature that the sensor reads and displayed on
the printer's screen. The thermal image photos show a decrease of
10 degrees between the top and the bottom of the nozzle, therefore,
we recommend increasing the printing temperature by 10 degrees,
for example, using 210 degrees Celsius instead of 200 when printing
PLA. The design of the extended nozzle is based on the MK8 nozzle
design; therefore, the nozzle can be mounted on any 3D printer
that used MK8 nozzles. The length of the extended nozzle is 35mm,
including 5mm thread. The cross-section is hexagonal for easily
replacing the nozzle using a wrench. The hole size of the nozzle
is 0.4mm. See Figure 3 for the nozzle design. An additional impor-
tant modi cation to the printer is lifting the z-axis limit switch to
compensate for the height of the nozzle. Lifting the limit switch
prevents the extended nozzle from crashing into the build plate.
On the Ender3, the limit switch is mounted on a rail using screws.
The limit switch may be lifted and tightened in an upper position
(gure 4).

4 TOOLPATH GENERATION

4.1 The Setup

A toolpath is an ordered set of points that the nozzle head follows
to extrude the printed material. Our goal is to compute a toolpath
for the 3D printer, given an input triangle mesh. We assume that the
mesh is oriented with the positiv€ direction pointing up. As is
common in FDM printing, we rst slice the 3D meshinto at layers,
where each layer consists of a group of closed polygons. We denote
each such closed polygon as a p&@: where i denotes the layer,

Figure 4: Before (left) and after (right) lifting the z-axis limit
switch.
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and j is an index of the path within the layer. To compute the paths,
we rst compute thel* iso-lines of the mesh, and then extract the
connected components within each layer (see gure 5(a)). Our goal
is to construct the output toolpath, such that it has the following
properties:
All the points on all the pathslg belong to the toolpath.
The toolpath is printable, i.e., (1) when a path is printed, the
path immediately under it has already been printed, and (2)
the nozzle does not collide with any printed part.
The toolpath is as short as possible, i.e. travel movement
between paths of di erent islands is minimized.

In classic toolpath generation algorithms, the printability constraints
are respected by guaranteeing that if a pa@appears before the

pathW in the toolpath, then necessarilg, : . This means that all
the paths of the i-th layer must be printed before any component
of the i+1-th layer is printed. This is necessary, since otherwise
the printer nozzle may collide with parts that have already been
printed, or print in mid-air. However, this leads to extensive back
and forth travel between di erent islands paths on consecutive
layers which are on top of each other .

Our extended nozzle allows us to print the paths out of order,
such that a path that belongs to a higher layer can be printed before
a path from a lower layer, if the vertical distance between them is
smaller than the height of the extended nozzle. To facilitate this, we
divide the layers into multi-layers, denoted Ky , which include a
collection of layers at consecutive heights, whose maximal vertical
distance is given by the nozzle height (see gure 5(b)). This
allows us to construct chunks, i.e., ordered sets of paths which are
printed sequentially without any travel, thus reducing unneces-
sary travel movement. We propose an algorithm that generates
the toolpath from the input pathS/g. The full problem, where all
the points on all the paths can be visited in any order that does
not violate printability, is an instance of the Sequential Ordering

Kaplan et al.

Figure 6: (@) A model and its paths (black curves), colored
by its multi-layers (. . (b) The corresponding z-dependence
path graph G. Each node in the graph is a path a connected
component of a height layer. (c) The traversal order de ned
by the DFS tree T of the path graph G in gure 6(b). (d) The
corresponding starting points ?%(black points).

This problem is known to be NP-hard, and we propose a simple
heuristic using shortest Hamiltonian paths and topological sort. We
demonstrate that even this simple approach considerably reduces
travel distance since we can print the layers out of order due to
the extended nozzle. We believe that additional optimizations are
possible and leave further explorations to future work. The algo-
rithm has three parts, that handle z-dependence (Sec 4.2), travel
movement optimization (Sec 4.3) and nozzle collision-avoidance
(Sec 4.4),respectively.

4.2 Initial ordering by z-dependence
First, we require a notion of path z-dependence, to guarantee that
when a path is printed, the path immediately under it has already
been printed.

De nition 4.1. A path\ 1 z-depends on the patt if and only
if the XY bounding boxes of, Vi * overlap.

The z-dependence path graph is a directed graph, denoted by
= 1+« ©° |ts nodes, V, are all the paths in all the Iayél%and

. 1 . . 1
Problem [Escudero 1988], also known as the Traveling Salesman for all i we have thattvi Vi 1o 2 if and only if W * z-depends on

Problem with Precedence Constraints [Ahmed and Pandit 2001].

Figure 5: (a) Some iso-z height layers and paths. A path V@
is the j-th connected component of the i-th layer. (b) Multi-
layers (. : a collection of layers at consecutive heights, whose
maximal vertical distance is bounded by the height of the
extended nozzle <.

Vg. Figure 6 shows an example of a model, its paths, multi-layers
and corresponding path graph. Note, that in general, this graph
is not necessarily connected, e.g., if the input model has multiple
components.

Any toolpath must contain all the paths, and each path can ap-
pear only once in the toolpath. In principle, any order that includes
all the points on all the paths and is printable is valid. However,
optimizing over all possible toolpaths in this setting is computa-
tionally prohibitive, and thus we assume that each path is printed
consecutively. Hence, a toolpath is uniquely represented as a traver-
sal of a spanning tree (or spanning forest) of G, up to the choice of
(1) a starting point, and (2) a clockwise or counterclockwise travel
direction for each closed path. A consistent orientation leads to
smoother printer head movement, and thus we orient all paths
consistently counterclockwise. We build the traversal in a few steps.
First, we use an initial depth- rst traversal of the path graph by
running a depth rst search (DFS) on G. We denote the resulting
DFS tree (resp. forest, see the second half of section 4.6) by T (see
Figure 6(c)). The initial tree T provides the path order, which we use
to compute the starting point of each path. Later, we will reorder T
by considering the Euclidean distance between the starting points
and collision avoidance.
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