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One of the shortcomings of fused deposition modeling (FDM), a common and widely used additive man-
ufacturing or 3D printing technique, is the limited size of the manufactured parts. Separately printing and
gluing the parts is a common solution. In this study, a method of continuous printing for manufacturing
one-way large-sized parts was proposed. Using the proposed method, FDM samples were fabricated with
different interval times and linking-up locations. The mechanical properties, fracture behavior, and mor-
phological structure were carefully investigated and compared with those obtained by conventional FDM
and separately printing/gluing the parts. The results show that continuous printing helps to improve the
mechanical properties of one-way large-sized FDM parts. After the interval time and linking-up location
are optimized, the FDM parts have good mechanical properties, fracture behavior, and morphology. Thus,
the proposed method is feasible and efficient for the continuous printing of one-way large-sized parts.
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1. Introduction

Fused deposition modeling (FDM) (Ref 1) is an extrusion-
based rapid prototyping (RP) or additive manufacturing (AM)
technique that has been developing at a fast pace and is widely
used in electronic, electrical, telecommunications, tissue engi-
neering, and automotive fields for both industrial production
and personal consumption (Ref 2, 3). In a basic FDM process
(Fig. 1), a polymer feedstock filament is drawn from a spool by
drive wheels, heated to a melt state using a liquefier head, and
then extruded through a nozzle (printing head) to deposit layer
by layer on a temperature-controlled printer table. To directly
fabricate 3D parts from a computer-aided design (CAD) model,
the nozzle (or printing head) is generally computer controlled to
move in the X and Y directions, while the printer table moves in
the Z direction as required. After more than 30 years of
development since 1988, FDM processes now enable the user
to fabricate parts that range from a hollow to a fully solid
structure with varying processing materials, shapes, sizes, and
mechanical properties. Therefore, FDM has received consider-
able attention in academia and industry, and a series of studies
have been reported on FDM materials (Ref 2-5), processes (Ref

6-8), part quality (Ref 9-11), equipment (Ref 12), mechanical
properties (Ref 13-18), numerical simulation technology (Ref
19-22), and applications (Ref 23-27).

A restriction of the FDM process is the limited size of the
fabricated parts. Considering the precision of the product and
the convenience of the manufacturing process, the frames of an
FDM machine are generally not too large. A deposition volume
of 9149 6099 914 mm3 is reported to be the maximum that
can be manufactured by a commercially available FDM
machine, e.g., the Fortus 900 mc (Ref 28). It must be noted
that although the size of FDM machine can be larger, it is
always limited. If the length of an FDM part exceeds the
limitation of the size, using the existing FDM machine to
manufacture the part in one step is difficult even though the
width and height of the part are not particularly large. This type
of part can be called a one-way large-size part, for which
separate deposition and subsequent welding or gluing together
of the parts are possibly the most common and feasible
solutions. However, during the FDM process, the deposition-
induced effect may be remarkable, particularly for some
deposition materials, which can drastically improve the
mechanical properties of the FDM part (Ref 29-31). Even if
there is no induction effect, the deposition orientation of the
part also greatly affects its mechanical strength (Ref 32-36).
The method of separate deposition and subsequent welding or
gluing fails to take advantage of these effects, and the
fabricated parts can show inferior mechanical properties.

To effectively utilize the deposition-induced and/or deposi-
tion-oriented effect, a one-step deposition is necessary to
improve the mechanical properties of the parts. In our previous
studies, a continuous-printing method for one-way large-sized
FDM parts was proposed (Ref 37). The fundamental running
processes of the experimental FDM device are shown in
Fig. 2(a-d), which present only two blocks of the printing
table as an example. The main frame of the FDM machine is
actually similar to the conventional one. The main difference is
that the printing table of the proposed device is composed of
several foldable blocks, and the driving device of every block
of the printing table is installed on another movable frame.
Hence, the printing table and its frame are scalable, and the
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scalability depends on the size of the printing parts. Once the
two blocks of the printing table are combined, there is no longer
any gap which may affect the surface quality of the printed
parts between them. Compared with the conventional FDM
machine, which can move in three directions, the continuous
printer can move in the normal three directions and in addition
make large steps by a defined offset, moving in x-direction from
one printing bed to another. It means that the print nozzle can
move in the X and Y directions, and the printing table can move
in the X and Z directions. The procedure of the proposed
printing method is described as follows. When a one-way large-
sized sample is printed, the printer nozzle moves similarly to a
conventional printer, as shown in Fig. 2(a). However, once the
printer nozzle moves to the edge of the printing bed (Fig. 2b, or
a designated location), the printer nozzle is elevated, and the
printing is paused. Then, the elevated nozzle and printer bed
simultaneously move back, as shown in Fig. 2(c). The nozzle is
dropped and moved forward again, the materials are deposited
on another block of the printing table, as shown in Fig. 2(d),
and the printing resumes. During this process, there is a time
interval during which the printer nozzle moves backward,
which is very difficult to eliminate completely. The effect of the
interval time on the continuous-printing process remains
unknown. In addition, the linking-up location caused by the
paused deposition probably affects the part quality. In this
study, we focus on the issue of continuous printing and further
verify the necessity and feasibility of the proposed method. An
optimized method to control the printing table is suggested
accordingly.

2. Experimental

2.1 Materials and Feedstock Filament Fabrication

The FDM process supports a wide variety of modeling
materials. For example, polycarbonate (PC), acrylonitrile-
butadiene-styrene (ABS), and (PLA). In our previous study
(Ref 31), the balance between bonding properties and ductility,
which can be adjusted by controlling the compatibility and
porosity, was found to be an important factor to improve the

tensile behaviors of blended PC/ABS FDM parts. In this study,
the blends were selected to be a represent to investigate the
effect of continuous printing. A composite of PC, ABS, and
ethylene-methyl acrylate copolymer (EMA) with a weight ratio
of 19:19:2 was used as the experimental material. The PC
[Lexan 141R, MFI 12.0 g/10 min (573 K, 21.6 N)], ABS [PA-
757, MFI2.0 g/10 min (463 K, 21.6 N)], and EMA [AX8900,
MFI 6 g/10 min (463 K, 21.6 N)] were commercial products.
All materials were used as received and subsequently dried,
weighed, and mixed by a high-speed mixer. Then, the obtained
PC/ABS composite was extruded using a single-screw extruder
with a single-orifice die (U3 mm). A moderate draw ratio (the
ratio of the rolling rate to the extrudate rate) of 4.5 was used,
and U1.75 mm feedstock filaments were fabricated. The main
processing parameters of the PC/ABS/EMA feedstock filament
extrusion are listed in Table 1.

2.2 FDM Sample Preparation

After the feedstock filament was prepared, it was used to
directly fabricate FDM parts. The printing was controlled by
the G-codes, which was revised manually based on the auto-
generated codes by the open-source slicer software (Slice3r).
The revision can meet the requirement of the printing route. To
investigate and evaluate the mechanical properties of the FDM
parts in a facile manner, fully solid samples prepared with the
printing route in Fig. 3(a) were first printed using the
conventional FDM method, and the results are shown in
Fig. 3(e). The selective processing parameters of the FDM
process are listed in Table 2.

To compare the conventional FDM method with the
proposed method, an FDM sample was separately prepared
and glued together. Its deposition route is shown in Fig. 3(b),
and the sample is shown in Fig. 3(f). The FDM sample of
continuous printing was prepared using the method in Fig. 2(a-
d) according to the printing route in Fig. 3(c), and the sample is
shown in Fig. 3(g). Figure 3(g) shows that there is an
accumulation of materials in the middle of the sample, which
can be attributed to the interval time, which leads to the outflow
of the melted filament and depends on the running speed of the
FDM machine. To eliminate the effect of the interval time on
the shape of the FDM parts, the printing route was optimized

Fig. 1 Sketched description of basic FDM process
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and is shown in Fig. 3(d). In this process, the printer nozzle is
not returned to a known position at the edge of the printing
table but is moved into an adjacent zone of the edge of the
printing table. Using the adjusted printing route, the FDM

sample was fabricated using the interval times of 300 and
160 ms, and the shapes are shown in Fig. 3(h).

In addition, Fig. 3(g) shows that the materials accumulated.
An interval time of 240 ms is common for a 200 mm wide

Fig. 2 Sketched description of fundamental printing procedures (a-d) to print one-way large-size parts
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printing table. To investigate the effect of the interval time on
the mechanical properties of the FDM parts, a series of
experiments was performed, and the results are shown in Fig. 4
and 5. The optimized result of the tensile test is shown in Fig. 6.

2.3 Characterization

Tensile tests were performed on a screw-driven universal
testing instrument (MTS, Sintech 10/GL) using a constant
crosshead speed of 10 mm/min. At least seven tensile bars were
tested for each group, and the mean and range of the tensile
strength and strain-at-break for each test sample were calcu-
lated.

The morphologies of the manufactured specimens were
examined using scanning electron microscopy (SEM JEOL
JSM-5000). The SEM specimens were taken from the cross
section at the assigned location of the printed tensile bar, which
was a tensile fractured surface or fractured in liquid nitrogen
depending on the observed location. To make the samples
electrically conductive, the surfaces of the selective surface
were sputter-coated with a thin gold layer prior to observation.

3. Results and Discussion

3.1 Necessity and Feasibility of Continuous Printing

The necessity of continuous printing can be first proven by a
direct comparison of mechanical properties between the
conventional FDM and the continuous-printed FDM samples.
Compared with the stress–strain behavior of the conventional
FDM sample (Fig. 4a), that of the sample whose parts were
separately printed and glued together shows obvious brittle
fractures (Fig. 4b). The strain-at-break value of the sample is
only approximately 5%, which is much lower than that of the
conventional FDM sample, which shows a ductile fracture with
a strain-at-break of 30%. The tensile strength (35 MPa) of the
glued FDM sample is also obviously lower than that of the
conventional FDM sample (50 MPa). In addition, the locations
of fracture of the two samples vary. The conventional FDM
sample flexibly and randomly fractured in the gauge section, as
shown in Fig. 7(a). However, the glued sample only ruptured in
the sticky position, as shown in Fig. 7(b), which indicates that

Table 1 Main processing parameters of the filament
extrusion

Parameter Value

Temperature of nozzle, �C 220-240 K
Speed of screw rotation, rpm 120
Speed of take-up rolls, m/s 0.58
Temperature of take-up rolls, �C 50

Fig. 3 Experimental results of the FDM process (a-d: printing path, e, f: original printed samples; a and e: conventional FDM printed; b and f:
separately printed and glued; c and g: continuous-printed with the same linking-up locations; d and h: continuous printed with different linking-
up locations)

Table 2 Main processing parameters of the FDM process

Parameter Value

Nozzle temperature, �C 250
Deposition speed, mm/h 2000
Temperature of printing table, �C 95
Layer thickness, mm 0.2
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only the glued location contributes to the weak mechanical
properties of the samples. Furthermore, compared with that of
the regularly prepared surface of the conventional FDM
sample, which was fractured in liquid nitrogen, as shown in
Fig. 7(a), the morphology of the fracture surface of the glued
sample in Fig. 7(b) shows that the adhesive coating is strongly
bonded, which indicates that the fracture zone in Fig. 7(b) was
well adhered due to the function of the glue. Nonetheless, the
glued location remains weaker than other deposited locations.
This result is expected considering that the stretching effect of
printed polymer materials in the FDM process produces a
certain orientation, which can improve the mechanical proper-
ties of the printed parts. Hence, continuous printing is necessary
to improve the mechanical properties of one-way large-sized
FDM parts.

After the continuous-printed sample (Fig. 7c) was fabricated
using the methods mentioned in Fig. 1 and 2, the necessity of
these methods can be proven once again by comparing the
mechanical properties. For convenience of comparison, the size
and shape of the continuous FDM sample, except for the
printing path, were identical to those of the conventional FDM
sample. Because the sample was repeatedly deposited on two
blocks of printer tables, fully consistent with the proposed ideas
of continuous printing, the continuous FDM sample is consid-
ered. The tensile test results of the continuous sample in
Fig. 4(c) show that although the continuous-printed sample also
shows an obvious brittle fracture and a strain-at-break as low as
5%, the tensile strength, which is 45 MPa, is higher than that of
the glued sample in Fig. 4(b). Thus, the high tensile properties
of the continuous-printed sample compared to those of the
glued sample indicate that continuous printing is necessary and
feasible.

As mentioned, the deposited polymer possibly flows
outward when the printer nozzle moves backward, which
results in an accumulation of materials (circled in Fig. 3g) as
observed from the shape of the FDM sample. In addition, the
site of accumulation may be a weakness of the whole sample.
Hence, the fractured locations of the continuous-printed sample
are found to be the connection point of the adjacent printing
table, as shown in Fig. 7(c). Interestingly, the morphology of
the fracture surface includes two parts: the normally printed
part (marked in the box) and the accumulated materials, as
shown in Fig. 7(c).

Because the interval time cannot be avoided in the proposed
method of continuous printing, it is an important factor of the
mechanical properties of the FDM parts and must be clarified.

3.2 Effect of the Interval Time on the Continuous-Printed
Part

Figure 5 shows the effect of the interval time on the tensile
strength of the continuous-printed parts, and Fig. 6 shows the
stress–strain curves of five representative samples. At least,
120 ms are necessary for the nozzle to move backward stably.
Figure 5 shows that the tensile strength exhibits a trend of

bFig. 4 Stress–strain curves of the FDM samples (a: conventional
FDM sample; b: separately printed and glued sample; c: continuous-
printed with the same linking-up locations; d: continuous printed
with different linking-up locations and an interval time of 240 ms; e:
continuous printed with different linking-up locations and an interval
time of 160 ms)
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gentle increase and drastic decrease with increasing interval
time. Overall, a short interval time is beneficial for improving
the mechanical properties, which can be observed from the
stress–strain behavior in Fig. 6. The fracture behavior in the

tensile test can be obviously separated into two types: brittle
and tough. When the interval time exceeds 200 ms, the fracture
behavior is obviously brittle, as observed in Fig. 4(c). However,
if the interval time is less than 200 ms, the samples are tough,

Fig. 5 Effect of the interval time on the tensile strength of the continuous printed sample

Fig. 6 Stress–strain curves of the continuous-printed sample with different interval times
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and the strain-at-break exceeds 10%. For a short interval time
of less than 160 ms, the decrease in mechanical properties can
be attributed to the fast movement, which may cause the FDM
machines to vibrate slightly and result in unstable printing.
Therefore, an interval time of 120-200 ms is permitted in the
FDM processes, which guarantees the feasibility of the
presented method continuous printing. The effect of the interval
time on the mechanical properties also reflects the importance
of continuous printing by showing that continuous printing
helps to ensure that adequate mechanical properties are
achieved.

To further illustrate the tough fracture behavior, Fig. 7(d)
shows a continuous-printed sample with an interval time of 160
ms. Here, the sample did not fracture at the site of material
accumulation, which indicates that the latter is no longer the
weakness of the sample. Therefore, the negative effect of the
interval time can be eliminated by optimization. Furthermore,
compared to those in the accumulation location in Fig. 7(d), the
deposited materials in the accumulation location in Fig. 7(d) are
better fused and distributed. This result is consistent with the
ductile fracture behavior of the sample. Thus, the feasibility of
continuous printing is proven again.

However, the shape of the continuous-printed sample shown
in Fig. 7(d) still indicates an accumulation location in the
materials. The application of the FDM process can be altered
depending on the appearance of the sample. Eliminating the
accumulation location by optimizing the printing route is
necessary, as discussed below.

3.3 Optimization of the Linking-Up Location

In previous continuous-printing methods, the nozzle is
always moved back when the printing proceeds to the edge of a
block of printing table. Hence, all switching points are located
on a line. During the interval time, the flow of the melted
filament causes the material to accumulate. Hence, controlling
the location of the nozzle to randomly move back in an adjacent
zone of the edge of the printer table is a reasonable solution.
The printing route is shown in Fig. 3(d), and the fabricated
sample is shown in Fig. 3(h). Figure 3(h) shows that hardly any
of the materials accumulated, and the shape of the fabricated
continuous-printed sample is almost identical to that of the
conventional FDM sample. This similarity is attributed to the
homogenization of the small amount of outflow materials at

Fig. 7 Tested samples and their SEM images (a: conventional FDM processed; b: separately printed and glued; c: continuous-printed with the
same linking-up locations; d: continuous-printed sample with an optimized interval time of 160 ms; e: continuous printed with different linking-
up locations and an interval time of 240 ms; f: continuous printed with different linking-up locations and an interval time of 160 ms)
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different locations of the switching point in the FDM process.
The fracture behavior of the sample in Fig. 4(d) is different
from the results in Fig. 4(c) and obviously shows ductility.
Hence, the mechanical properties are improved using the
optimized deposition route. However, the sample cannot be
considered perfect. The gauge section of the tensile sample is
separated into bunches of fibers during the tensile test, as
shown in Fig. 7(e). Hence, although the nominal strain-at-break
is higher than that of the conventional FDM sample, the total
absorbance work (area under the stress–strain curve) remains
lower.

The effects of the interval time on the mechanical properties
are proved again by a comparison between the stress–strain
plots of the optimized continuous-printing process and those
with a different interval time. When the interval time is
shortened to 160 ms, the stress–strain curves and appearance of
the sample (Fig. 4e, 7f, respectively) show that the sample has
better mechanical behavior than that of the sample in Fig. 7(e).
Thus, compared to those of all previously discussed samples,
the tensile behaviors of the samples in Fig. 7(f) may be the most
suitable for practical applications, although many also have
high nominal tensile strength and stain-at-break values. The
necking of the sample can spread far in the tensile process,
which indicates that the deposited filaments can uniformly bear
the load under the tensile test. The good mechanical response
can be attributed to the tightly ordered deposition structure,
which can be reflected by the perfect cross-sectional morphol-
ogy in Fig. 7(f). Compared to the structure of the cross section
of the conventional sample in Fig. 7(a), that of the deposited
filament of the sample in Fig. 7(f) shows a close stacking to
withstand strong stresses and deformation. Therefore, the
results show that optimizing the interval time and linking-up
location is an efficient method to fabricate one-way large-sized
FDM parts with high mechanical properties. Thus, the necessity
and feasibility of the continuous-printing method are proven
accordingly. This method also serves as a template and guide
for printing multiway large-sized parts. In addition, for a real
FDM application, the printing paths are usually complex.
However, regardless of complexity, a similar procedure can be
achieved using the proposed method. The automatic method of
modifying the controlling code of the continuous printer will be
further reported separately. It is also possibly that the interval
time is avoided completely in further study. In addition,
theoretically, as long as a material can be used in the FDM
process, it has the potential to be used in the continuous
printing process. Further investigation of the feasibility of this
method and mechanisms for other polymers and their
blends/composites is underway.

4. Conclusion

In this study, a method for the continuous printing of one-
way large-sized FDM parts was proposed, and the necessity
and feasibility of the method were investigated via a compar-
ison of the stress–stain behavior, fracture characteristics, and
microstructural morphology among FDM samples fabricated
using different printing processes. Thus, the continuous print-
ing of one-way large-size FDM parts is very important.
Continuous printing is also feasible because of an allowed
interval time. Furthermore, the method in this study is efficient
for continuous printing; in particular, the interval time and

linking-up location were optimized, and the method is therefore
worth applying and popularizing.
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