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The central composite design (CCD) experiment is conducted to evaluate the interaction between parameters and the effect on
mechanical property. The layer thickness, deposition velocity, and air gap are considered as the key factors. Three disparate levels
of the parameters are utilized in the experiment. The experimental results suggest that all these parameters can affect the bonding
degree of the filaments, which affects the final tensile strength of the specimen. A new numerical model is built to describe the
cooling process of the fused filament, which shows a perfect coherence with the practical temperature file of filament. It reveals what
the formingmechanism of the bonding between filaments is and how these parameters act on final tensile strength of the specimen
of this way from temperature. It is concluded that the parameters are not working alone; in fact they all contribute to determining
the mechanical property, while the air gap plays the predominant role in determining the final tensile strength, followed by layer
thickness as the next predominant factor, and the effect of deposition velocity is the weakest factor.

1. Introduction

Fused deposition modeling (FDM) is one of the most
widely used solid freeform fabrication (SFF) systems which
provide the rapid tools for the designers to generate an
initial prototype from concept. A thermoplastic material
is heated to a semi-molten state, extruded as an ultrathin
filament, and deposited to build a part. The extrusion nozzle
moves according to a toolpath defined by the part cross-
sectional boundary and material is deposited on top of the
existing layer. When one layer is finished, the platform drops
a layer height and the nozzle continues filling until the
entire model is filled completely. Since mechanical properties
are important for functional parts, it is absolutely essential
to study the influence of various process parameters on
mechanical properties so that improvement can be made
through selection of best settings.

The raw form of the build material is a flexible filament
that is partially melted and extruded though a heated nozzle
to form amodel layer on top of the previously deposited layer.
Thenewly depositedmaterial cools, solidifies, and bondswith
the previous layer, and the eventual FDM component can
be viewed as a laminate composite structure with vertically

stacked layers of bonded fibers or raster [1]. The mechanical
properties of FDMparts are not solely controlled by the build
material of the filament but are also significantly affected by
a directionally dependent production process that fabricates
components with anisotropic characteristics associated with
the layering [2]. Numerous process parameters (machine
settings, part parameters) affect the mechanical behavior of
FDM parts. It is evident that there is a need to thoroughly
evaluate the effect of different parameters on mechanical
properties, including raster orientation, air gap, bead width,
material color, layer thickness, liquefier temperature, and
deposition velocity. Fused deposition modeled parts have
previously been evaluated for several different parameters,
including dimensional accuracy, smoothness, compressive
tensile, and flexural and impact strength [3–5]. It has been
shown that material extrusion temperature slightly affects
the strength and durability components produced via FDM
[6]. In practice, the nozzle temperature setting should be
determined according to the build material, which should
be high enough to melt the material to semi-molten state,
but the molecular structure of the material should not be
damaged by the high temperature. Ahn et al. [6] pointed out
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that process parameters such as air gap and raster orientation
significantly affected the tensile strength of FDM processed
part as compared to other parameters like raster width,model
temperature, and color through experimental design and
analysis. In addition, built parts exhibited anisotropic prop-
erties as far as tensile strength was concerned depending on
build orientation. A study made by Es-Said et al. shows that
raster orientation caused alignment of polymer molecules
along the direction of deposition during fabrication and
tensile, flexural, and impact strength depend on orientation
[7]. It is determined that the tensile strength was the
greatest for parts with fibers aligned with the axis of the
applied tensile force. Functional relationship between process
parameters and strength (tensile, flexural, and impact) was
determined using response surface methodology with exper-
imental factors of layer thickness, build orientation, raster
angle, raster width, and air gap [8]. Sood et al. [9] further
examined the effect of these same five process parameters on
the compressive strength of test specimens and developed a
predictive equation.Their results displayed the importance of
interfiber bond strength and the control of distortion during
the build process. Mohamed et al. [10] presents a study on
the influence of six FDMprocess parameters (layer thickness,
air gap, raster angle, build orientation, road width, and
number of contours) on the dynamic mechanical properties
of the FDM manufactured parts. They stated that the most
influential parameters were statistically obtained through the
analysis of variance (ANOVA) technique, and the results
indicate that the layer thickness and the air gap have the
largest impact on dynamicmechanical properties.The air gap
or infill density was also shown by Tymrak et al. [11] and
Torres et al. [12] to be an important contributing factor to
tensile strength, as components with higher levels of infill
physically contain more material to resist deformation. The
ultimate shear strength shown by Torres et al. was heavily
dependent on infill as compared with the other parameters;
infill makes a 56% contribution, which is nearly twice that
made by the thickness and four times as influential as the heat
treatment. The layer thickness was pointed out also having a
strong effect on tensile performance of the compliant FDM
prototype [12, 13] and the experimental results of previous
work strongly supported this [14].

The literatures reveal that the properties of the part are
sensitive to the processing parameters because parameters
affect mesostructure and fiber-to-fiber bond strength. Also
uneven heating and cooling cycles due to inherent nature
of FDM build methodology result in stress accumulation
in the built part resulting in distortion which is primarily
responsible for weak bonding and thus affects the strength.
It has been discovered that the parameters do not alone
affect the residual stress and tensile strength in a statistically
significant manner [15, 16]. But no significant effort is made
to study the interactions among the parameters. The main
objective of the study is to evaluate this on mechanical
behavior of parts produced by FDM.The goal of the research
presented here is to further expand on such work to analyze
the parameter interactions, for which there is very limited
information published.

The works in the literatures show the layer thickness,
air gap, deposition velocity, and raster orientation are the
main factors in determining the mechanical properties. But
the anisotropic behavior of tensile strength caused by raster
orientation can be utilized by aligning FDM fibers along the
axis of the applied stress which shows the strongest tensile
strength. Besides, the default (−45/+45∘) raster orientation
performs significantly better than the other rater orientation
values. So the raster orientation is left without consideration
of the typically altered parameters; this leaves only the layer
thickness, air gap, and deposition velocity to be explored,
which have been shown to be of high importance.

2. Experimental Plan

The design of experiments (DOE) method curtails extensive
experimentation as encountered when using a full factorial
experiment (FFE) [17]. The Taguchi method allows for the
selection of a partial factorial test matrix to test multiple fac-
tors with several levels at once and accounts for interactions
between these with a minimum amount of experiments. The
Taguchi method has been shown to be a valid approach for
evaluating the effects of the different factors present in FDM,
simplifying experimentation,while evaluatingmultiple factor
levels and their influence on component performance [5, 6,
18]. To verify the effects of fabrication parameters onmechan-
ical property and study the interaction among parameters,
the DOE method is implemented. The layer thickness (𝐴),
deposition velocity (𝐵), and air gap (𝐶) are treated as the
factors. These three disparate levels of factors are utilized in
the experiment and values of those parameters under three
disparate levels are shown in Table 1. The ASTM D638 type
I specimen is built to perform the test. The polylactic acid
(PLA) component is utilized as the raw material. Industrial
and general use of PLA is increasinglymore popular due to its
environmental friendliness and biocompatibility, and many
desktop consumer printer models now exclusively use PLA.
The extruder nozzle temperature is 220∘C corresponding to
the material temperature of 180∘C. This setting is optimized
for the formation of components with the least warping and
the highest strength values. Figure 1(a) shows the building
direction of the specimen. Figure 1(b) shows the shape and
dimensions of the test specimen. In this paper, we set the
raster angle of the specimen as [+45∘/−45∘]. An open-source
FDM printer MakerBot Z18 is adopted to build the parts.The
machine can build a part with themaximum size equal to 300
× 305 × 457mm and with its layer resolution amounting to
100 𝜇m.

The test is performed on an Instron 4468 load frame con-
trolled by using the Bluehill Software shown in Figure 2. Load
is measured with a 5KN load cell and strain is measured via
using a 2 in gage length extensometer. Each test is conducted
with setting the crosshead rate as 5mm/min. Stress and strain
calculations are performedwithin the Bluehill Software. Each
sample set tested consists of 5 specimens for a given group of
printer settings. The results of these tests are listed in Table 2.

The measurement of the bonding degree between fila-
ments is carried out on a super depth of field microscope,
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Table 1: The fabrication parameters and the setting of values of the parameters under disparate levels.

Process parameters Symbol Unit Low Middle High
Level (−1) Level (0) Level (+1)

Layer thickness 𝐴 mm 0.05 0.15 0.25
Deposition velocity 𝐵 mm/s 60 80 100
Air gap 𝐶 mm 0 0.2 0.4

X

Y

Z

Specimen

Build plane

(a)

165ＧＧ

19ＧＧ

13ＧＧ

3.6ＧＧ

57ＧＧ

(b)

Figure 1: (a) Build orientation used for the fabrication of ASTM D638; (b) ASTM D638 type I specimen design and dimensions.

Figure 2: The photograph of a specimen in load frame.

NL

50.00 Ｇ

Figure 3: The neck length and the width of the bonding area.

shown in Figure 3. 𝑁 represents the neck length of the
bonding area, and 𝐿 means the width of the filament. But
the value 𝑁 can not represent the bonding degree between
the adjacent filaments alone due to the difference of layer
thickness which also can change the neck length. So the neck
length rate 𝑥 = 𝑁/𝐿 is utilized to reflect the bonding degree
ignoring the effect caused by layer thickness.The rate 𝑥 is also
listed in Table 2.
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Table 2: The experiment results of tensile strength and bonding degree with various combinations of the parameters under different level
values.

Run order Factor (coded units) Tensile strength The rate 𝑥𝐴 𝐵 𝐶 (MPa)
(1) −1 −1 −1 30.77 100%
(2) −1 −1 0 18.27 100%
(3) −1 −1 1 12.50 100%
(4) −1 0 −1 25.38 100%
(5) −1 0 0 13.85 100%
(6) −1 0 1 10.96 100%
(7) −1 1 −1 22.31 100%
(8) −1 1 0 13.08 100%
(9) −1 1 1 9.62 100%
(10) 0 −1 −1 24.62 85.29%
(11) 0 −1 0 17.69 80.90%
(12) 0 −1 1 10.58 79.20%
(13) 0 0 −1 20.19 81.80%
(14) 0 0 0 15.38 81.21%
(15) 0 0 1 8.65 80.79%
(16) 0 1 −1 19.62 83.83%
(17) 0 1 0 13.08 81.99%
(18) 0 1 1 6.74 80.65%
(19) 1 −1 −1 15.38 52.27%
(20) 1 −1 0 13.08 54.72%
(21) 1 −1 1 8.27 59.97%
(22) 1 0 −1 13.46 58.73%
(23) 1 0 0 11.15 62.23%
(24) 1 0 1 7.31 69.30%
(25) 1 1 −1 11.15 62.47%
(26) 1 1 0 8.08 64.53%
(27) 1 1 1 5.96 66.84%

3. The Experimental Results Analysis

The results in Table 2 indicate that layer thickness, deposition
velocity, and air gap in combination have a great effect on
tensile behavior of the specimen. The interactions between
the parameters are so apparent that they can be easily
observed through the orthogonal experiment. The previous
work shows that the interface mechanics involve bonding
degree between adjacent filaments [14]. If the filaments
have a strong bonding, the interface mechanics share the
same trend; otherwise the interface mechanics are weak
contradictorily. The bonding degree is severely affected by
the setting of parameters in the process of fabrication. The
parameters ought not to work separately, and they should
have interactions with each other. Moreover, the neck length
rate 𝑥 between filaments is the revealing of the bonding
degree which is largely affected by temperature of the fabri-
cating process.

3.1. The Interaction between Layer Thickness (A) and Deposi-
tion Velocity (B). It is noted that the parameters can affect
the mechanical property on one hand; on the other hand

Table 3: The experiment results at different levels of layer thickness
(𝐴) and velocity (𝐵).

Factor Tensile strength The rate 𝑥𝐴 𝐵 (MPa)
−1 −1 30.77 100%
−1 0 25.38 100%
−1 1 22.31 100%
0 −1 24.62 85.29%
0 0 20.19 81.80%
0 1 19.62 83.83%
1 −1 15.38 52.27%
1 0 13.46 58.73%
1 1 11.15 62.47%

there exist interactions between parameters which also act on
tensile strength as shown in Table 2.

The experiment results with different levels of layer
thickness (𝐴) and velocity (𝐵) are extracted and listed in
Table 3. The air gap (𝐶) stays unchanged at low level (−1).
When the layer thickness (𝐴) stays unchanged at low level
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Figure 4: (a) shows the change of tensile strength with increasing of deposition velocity under different layer thickness level; (b) shows the
changing of bonding degree; (c) shows the tensile strength change with the increasing of layer thickness under different level of deposition
velocities; (d) shows the bonding degree change of the same situation.

(−1), the tensile strength of the specimen declines from
30.77MPa to 22.31MPa following the deposition velocity
(𝐵) increasing from 60mm/s to 100mm/s with an 8.46MPa
reduction in tensile strength. But the phenomenon in tensile
strength affected by deposition velocity is not the same when
the layer thickness is at middle level (0) and high level (1).
At middle level (0), the tensile decreases from 24.62MPa to
19.62MPa, dropping 5MPa, and the bonding degree shares
the same trend. When the layer thickness is at high level
(1), the tensile strength is relatively small compared with the
one that is built at low layer thickness level. Figure 4 shows
the changes of tensile strength and bonding degree under
different levels of deposition velocities and layer thicknesses.
Figure 4 shows that the bonding degree change caused by
layer thickness is much greater than deposition velocity with
a maximum 47.73% decrease with layer thickness increasing
from level (−1) to level (1).

It is interesting to note that when the deposition velocity
increases from 60mm/s to 100mm/s, the changes in tensile
strength at different levels of layer thickness are apparently
huge as shown in Figure 4, but the changes in neck length
rate do not share the same phenomenon.The tensile strength

reduces 5.39MPa when the layer thickness remains low level
compared with a 1.92MPa reduction at high level. However,
the bonding degree is pretty much constant at low level
of layer thickness. As observed, when the layer thickness
increases from low level (−1) to middle level (0), the tensile
strength should decrease as analyzed before, but the opposite
trend emerges in tensile strength as the deposition velocity
drops from 100mm/s to 60mm/s.These interesting results as
listed in Table 3 are 22.31MPa and 24.62MPa, respectively.

Figure 5 shows the failure models under different levels
of deposition velocities and layer thicknesses and only the
low level (−1) of the air gap (𝐶) is considered. As shown in
Figure 5(a), the cross sections of the specimens are spotless as
beingwithout any accessional broken filaments, whichmeans
the bonding between filaments is very firm and the values
of bonding degree shown in Table 2 also verify this. But the
conditions of the cross sections shown in Figures 5(b) and
5(c) indicate that the effect of deposition velocity becomes
strong with the increasing of layer thickness.

The layer thickness (𝐴) and deposition velocity (𝐵) both
can affect the heating and cooling cycles; in addition, the layer
thickness also can change the amount of heat carried by the
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(a) (b)

(c)

Figure 5: The failure models of the specimen with different building levels.

filament. Figure 5 and the value of bonding degree listed in
Table 3 together indicate that the impact of layer thickness
on tensile strength is stronger than deposition velocity, and
the changes in bonding degree caused by layer thickness are
huger than in deposition velocity and the tensile strength
concurs with this phenomenon.

3.2. The Interaction between Layer Thickness (A) and Air
Gap (C). The experiment results under the combined effect
of layer thickness and air gap are listed in Table 4. The
deposition velocity is set as unchanged at high level and only
this condition is concerned. As shown in Table 4, the tensile
strength of the specimen whose air gap and layer thickness
are both at low level (−1) is 22.31MPa, but the tensile strength
is reduced to 9.62MPa when the air gap increases to high
level (1), reducing 12.69MPa.The great variability also occurs
no matter what levels the layer thicknesses are. The change
in tensile strength caused by the layer thickness is obviously
smaller than air gap. It can be corroborated that air gap plays
the dominant role in determining the mechanical property
considering the interactions of the layer thickness and the
air gap. Figure 6 shows the changes of tensile strength and
bonding degree caused by air gap and layer thickness.

It has been concluded that the tensile strength decreases
along with the increase of layer thickness. But the opposite
phenomenon occurs when the layer thickness increases from
low level (−1) to middle level (0) and the air gap decreases
from high level (1) to low level (−1); the tensile strength of
the specimen increases from 9.62MPa to 19.62MPa, with an
increasing of 10MPa. But the bonding degree decreases from
100% to 83.83%. When the layer thickness increases from
middle level (0) to high level (1) and the air gap decreases
from high level (1) to low level (−1), the change in tensile
strength shares the same trend with the previous case. This
phenomenon states that air gap plays the dominant role in
affecting the tensile strength compared with layer thickness.

Figure 7 is the cross sections of the snapped specimens.
Figure 7(a) shows that the cross sections of the snapped
specimens are almost the same in spite of the difference of air
gap and the neck length rate shown in Table 4 is consistent
with the result.The value of the bonding degree exhibits little
change. Figure 7(c) shows the same trend with Figure 7(a).
Only Figure 7(b) shows that the bond of the specimen built
at high air gap level is weaker than the one at low level.

Figure 7 shows the layer thickness plays amore important
role in determining the bonding degree than the air gap.
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Figure 6: The change of tensile strength and bonding degree caused by air gap and layer thickness.

Table 4:The experiment results at different levels of layer thickness
(𝐴) and air gap (𝐶).

Factor Tensile strength The rate x𝐴 𝐶 (MPa)
−1 −1 22.31 100%
−1 0 13.08 100%
−1 1 9.62 100%
0 −1 19.62 83.83%
0 0 13.08 81.99%
0 1 6.67 80.65%
1 −1 11.15 62.47%
1 0 8.08 64.53%
1 1 5.96 66.84%

But the change in tensile strength caused by the air gap is
more prominent than the layer thickness, which means the
air gap has stronger repercussions than layer thickness on
mechanical property of the part.

3.3. The Interaction between Deposition Velocity (B) and
Air Gap (C). The experiment results with the combined

influence of deposition velocity and air gap are listed in
Table 5. The middle level of the layer thickness is considered
and set as unchanged. As observed, the change of tensile
strength caused by deposition velocity varies a little when the
deposition velocity changes from low level to high level, but
with the change of air gap, a great variability occurs in tensile
strength. In addition, the bonding degree varies a lot under
the effect of the two parameters.

The interesting phenomenon appears when the param-
eter combination changes from 𝐵 (0), 𝐶 (−1) to 𝐵 (−1), 𝐶
(1). Under the above condition, the tensile strength decreases
from20.19MPa to 10.58MPa, reducing a half in the value.The
results shown in Table 5 suggest that the air gap performs
better than deposition velocity in affecting the mechanical
property. Figure 8 shows the change of tensile strength and
bonding degree under different levels of deposition velocity
and air gap.

As shown in Figure 9, increasing with the air gap, the
number of broken filaments becomes larger. The comparison
among the figures shows that the deposition velocity also
can affect the bonding degree of the filaments. The count of
broken filaments which remained at the cross section has the
same changing trend of the neck length rate shown in Table 5.
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(a) (b)

(c)

Figure 7: The failure specimen at different building levels of layer thickness and air gap.

The comparison between the figures, especially between
Figures 9(a) and 9(b), indicates that the deposition velocity
affects the bond of the filament more significantly than the
air gap. But the reinforcement of the tensile strength aroused
by the deposition velocity is too small compared with the
weakening caused by the air gap.

It indicates that the air gap takes up the dominant position
in affecting the final property of the part considering the
interaction of deposition velocity and air gap.

4. Discussion

The specimen is composed of stacked layers of bonded fibers,
and the quality of the bonding plays a significant role in
determining the tensile strength. It had been experimentally
demonstrated that bond quality between adjacent filaments
depended on envelope temperature and variations in the
convective conditions within the building part while testing
flexural strength specimen [19, 20].

The experiment results shown in part 3 indicate the
parameters (layer thickness, deposition velocity, and air
gap) do influence the tensile strength and the interactions
among the parameters on boning degree of the filaments are

significant. While there is little literature revealing what the
forming mechanism of the bonding between filaments is and
how these parameters act on tensile strength of the specimen,
in this paper, the workings of this way from temperature will
be explained.

According to the basic principle of diffusion welding [21],
the number of molecular diffusion crossing the interface of
adjacent filaments can be represented as

𝑑𝑚 = 𝐷0𝑒−𝑄/𝑅𝑇𝑑𝐶𝑑𝑥 𝑑𝑡, (1)

where 𝐷0 and 𝑄 are diffusion coefficient and activation
energy of the material, respectively. 𝑅 is ideal gas constant.
𝑇 and 𝐶 represent the interface temperature and density.

As shown in formula (1), the number of molecular
diffusion is proportional to temperature 𝑇. The bonding
strength coefficient of interface based on thermostat welding
is shown as follows [22]:

𝛼 = 𝜎𝑖
𝜎𝑓 = [∫𝑡

0
𝐾4 (𝑇𝑖 (𝑡)) 𝑑𝑡]

1/4

. (2)
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Figure 8: The change of tensile strength and bonding degree with different deposition velocities and air gaps.

The terms 𝜎𝑖 and 𝜎𝑓 represent the interface bonding strength
and tensile strength of the material, respectively. 𝐾(𝑇𝑖) is
coefficient of thermal bonding, which can be represented as

𝐾(𝑇𝑖) = {
{{
𝐴(𝑇𝑐) exp [𝑄𝑅 ( 1

𝑇𝑐 −
1
𝑇𝑖)] 𝑇𝑖 > 𝑇𝑐

0 𝑇𝑖 < 𝑇𝑐,
(3)

where 𝐴(𝑇𝑐) represents the fusion rate of the interface under
critical bonding degree and the terms 𝑇𝑐 and 𝑇g are the glass
transition temperature and practical temperature of interface
when the bonding is proceeding.

So, the bonding strength of interface can be obtained as
follows:

𝜎𝑖 = 𝐾 ⋅ [∫1
0
𝜁 (𝑇𝑖) ⋅ 𝑒−𝑘/𝑇𝑖(𝑡)𝑑𝑡]

1/4

, (4)

with

𝜁 (𝑇𝑖) = {
{{
1 𝑇𝑖 > 𝑇𝑐
0 𝑇𝑖 < 𝑇𝑐,

(5)

where𝐾 = 𝜎𝑓 ⋅ 𝐴(𝑇𝑐) ⋅ 𝑒𝑚;𝑚 = 𝑄/𝑇𝑐; 𝑘 = 4𝑄/𝑅.

Formula (4) shows that the filament with high temper-
ature can form a strong bond and the temperature of the
filament is closely relevant to fabrication parameters.

Li et al. [23] used the lumped capacity (LC) analysis for
modeling the cooling process of the extruded filament. The
analytical solution proposed by Li et al. is shown as follows:

𝑇 = 𝑇𝐸 + (𝑇𝐿 − 𝑇𝐸) 𝑒−𝑚𝑥, (6)

with

𝑚 = (√1 + 4𝛼𝛽 − 1)
2𝛼 ,

𝑥 = V𝑡,
(7)

where

𝛼 = 𝑘
𝜌𝐶V ,

𝛽 = ℎ𝑃
𝜌𝐶𝐴V .

(8)

The terms𝐴,𝑃, and V represent the cross-sectional area of
the filament, the perimeter of the filament, and its deposition



10 Advances in Materials Science and Engineering

(a) (b)
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Figure 9: The failure specimen at different building levels of deposition velocity and air gap.

velocity, respectively. But the heat transfer between filament
and air is mainly considered in this analytical model, neglect-
ing heat transition between filament and platform or among
the filaments. A new numerical model for the cooling process
of the fused filament is built based on some assumptions,
considering the practical situation, as follows:

(1) The contract area between the depositing filament
and the platform or the deposited one takes up one-
fourth of the filament.

(2) The bare area of the depositing filament in air
accounts for 50 percent of the filament.

(3) The temperature value of the air which is very close
to the deposited filament is almost the same with the
deposited one.

According to the above assumptions, a new analytical
model can be achieved as follows:

𝑇𝑛+1 = 𝑇𝑛 + 1
2 ⋅ (𝑇𝐿 − 𝑇𝐸) 𝑒−𝑚1𝑥 + 1

4 (𝑇𝐿 − 𝑇𝑛) 𝑒−𝑚1𝑥

+ 1
4 (𝑇𝐿 − 𝑇0) 𝑒−𝑚2𝑥,

(9)

with

𝑚1 = (√1 + 4𝛼𝛽1 − 1)
2𝛼 ,

𝑚2 = (√1 + 4𝛼𝛽2 − 1)
2𝛼 ,

(10)

where

𝛽1 = ℎ1𝑃
𝜌𝐶𝐴V𝑥 ,

𝛽2 = ℎ2𝑃
𝜌𝐶𝐴V𝑥 .

(11)

The terms 𝑇𝑛+1 and 𝑇𝑛 represent the temperature of the
𝑛 + 1th and the 𝑛th layers. 𝑇𝐿, 𝑇𝐸, and 𝑇0 are the temperature
values of nozzle, air, and platform, respectively.

Experimental measurements performed on filaments
deposited on the base platform are used to assess the validity
of the newmodel described above.The temperature sensor is
fixed on the platform to collect data, shown in Figure 10.
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Figure 11: Experimental profiles compared with analytical models.

Figure 11 shows a comparison between the theoretical
model and experimental data collected for the cooling
process of a single deposited filament. The measured data,
in spite of the measurement limitations, in general agrees
more with the new model compared with the LC analytical
model, which means the new numerical model shown in
formula (9) describes the cooling process of the filament
better. But in practice, the temperature of the filament as it
leaves the tip and deposits onto the platform is found to range
from 120∘C to 140∘C, which is significantly lower than that
specified for the liquefier (220∘C). The interface temperature
rises above the glass transition temperature (𝑇𝑔) immediately
upon extrusion of the filament and stays above 𝑇𝑔 only for
a little time, shown in Figure 11, which has a significant
effect on bonding of the filaments. And the cooling process
is influenced by the parameters heavily.

For better understanding the mechanism of the param-
eters acting on filament bonding, the temperature data is
collected with different parameter values. The thermocouple
is positioned in the center of the square cross-sectional area
of the specimen to collect the first eight layers which is shown
in Figure 10.

4.1. The Effect of Layer Thickness and Deposition Velocity on
Bonding Degree and Tensile Strength. The temperature files
obtained show that the temperature of the filament on the
bottom layer periodically rises above the glass transition

temperature with the deposition of each additional layer to
the specimen. Each peak is followed by a rapid decrease in
the temperature. The temperature files, shown in Figure 12,
indicates that the filament remains above the glass transition
temperature during a significant portion of the fabrication
process. This confirms the importance of heat transfer
through conduction within the structure with the deposition
of the filament. The comparison of the temperature files in
the three layer thickness values shown in Figure 12 shows that
the bottom layer can obtain more heat with layer thickness
increasing but the neck length rate 𝑥 shown in Table 3 does
not cater to this. This can be explained by the fact that
the thin layer needs less heat to bond with the adjacent
filament. But the comparison in Figure 12 also indicates that
more heat can be transferred to the bottom with a smaller
deposition speed and the time of the filament staying above
the glass transition temperature is longer with a smaller
velocity, which is suggested by formula (4) that the filament
can obtain a strong bond. It is interesting to note that the
degree of interaction between the two parameters is different.
Figure 12(a) shows the deposition velocity has little impact on
heat transition when the layer thickness is at low level setting.
But the effect of deposition velocity is obviously different with
different values when the layer thickness is atmiddle and high
level settings.

This phenomenon is strongly supported by Figure 4 and
the neck length rate listed in Table 3, which means that the
degree of interaction between the two parameters heavily
depends on the values of the two parameters.

The new analytical model of the cool process shown in
formula (9) also notes that more heat will be lost with a
high deposition speed. Experiments and model predictions
suggest that layer thickness has a greater effect on bonding
strength than deposition velocity, but the bonding between
filaments is influenced by the two factors.

4.2. The Effect of Layer Thickness and Air Gap on Bonding
Degree and Tensile Strength. The temperature files shown in
Figure 13 show that, compared with layer thickness, air gap
has less effect on heat transition within the structure. It is
interesting to note that the bottom obtains more heat and
the time above the glass transition is longer with a smaller
air gap value and the tensile strength and neck length rate
listed in Table 4 share the same trend.The comparison among
temperature files shown in Figure 13 signifies that the effect
of air gap on heat transition tends to intensify with layer
thickness increase, which is supported by the number of
residual filaments remained on the section shown in Figure 7.
This phenomenon indicates that heat transition caused by air
gap is also affected by layer thickness.

The tensile strength of the specimen described in Table 4
shows that the air gap plays the dominant role in affecting
the tensile strength of the filament, but Figure 7 combines
with Figure 13 together to show that the layer thickness has
a greater effect in promoting the bonding, which also can
strengthen the tensile strength of the specimen supported by
the tensile value shown in Table 4.
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Figure 12: The temperature files under different levels of layer thickness and deposition velocity.

4.3. The Effect of Deposition Velocity and Air Gap on Tensile
Strength. Figure 14(a) shows that the effect of air gap on
heat transition within the structure is much more obvious
at a smaller deposition velocity, but the effect tends to be
weak with deposition velocity increase as shown in Figures
14(b) and 14(c). The neck length rate change listed in Table 5
shares a similar trend. The situation of the cross sections
shown in Figure 9 bears this out. But the air gap does not
have as obvious an impact on bonding degree compared with
deposition velocity. But the tensile strength change caused by
air gap is more apparent than deposition velocity.

The air gap and deposition velocity both can affect bond-
ing degree of the specimen, and the role of the deposition
velocity is greater than air gap. The effect of air gap on
deposition velocity acting on bonding degree gradually grows
less with deposition velocity increasing. The bonding degree
change caused by deposition velocity in each case shown in
Figure 8 interprets this better. But the tensile strength change
caused by air gap and deposition velocity suggests that the air
gap is still the chief role.

5. The Conclusion

The layer thickness (𝐴), deposition velocity (𝐵), and air gap
(𝐶) are considered as the key factors to conduct the central

composite design experiment to evaluate the interactions of
the parameters.

A new numerical model is built to describe the cooling
process of the fused filament and the practical temperature
files of filament show a perfect coherence with the newmodel
compared with the LC analytical model, which means the
new numerical model describes the cooling process of the
filament better. It reveals what the forming mechanism of the
bonding between filaments is and how these parameters act
on final tensile strength of the specimen of this way from
temperature in this paper. The analysis shows that the layer
thickness and deposition velocity have a greater effect than air
on heat transition which can promote the bonding process of
filaments. The air gap also affects the heat transition, but its
dominant role is changing the effective area of the specimen
which would finally affect the tensile strength.

The interactions between the parameters are studied and
the reasons behind the observed response can be summarized
as follows.

(1) The layer thickness (𝐴), deposition velocity (𝐵), and
air gap (𝐶) can affect the heat transition within
the structure. The heat transition between filaments
can strengthen the bonding which will reinforce the
tensile strength of the part. The layer thickness plays
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Figure 13: The temperature files under different levels of layer thickness and air gap.

Table 5: The experiment results with the combined influence of deposition velocity and air gap.

Factor Tensile strength The rate 𝑥𝐵 𝐶 (MPa)
−1 −1 24.62 85.29%
−1 0 17.69 80.90%
−1 1 10.58 79.20%
0 −1 20.19 81.80%
0 0 15.38 81.21%
0 1 8.65 80.79%
1 −1 19.62 83.83%
1 0 13.08 81.99%
1 1 6.74 80.65%

themost significant role in affecting the conformation
of the bonding, followed by deposition velocity as the
second significant and the effect of air gap is the least
significant.

(2) The air gap also can change the force bearing area of
the part and the effect of this change on mechanical
property is more apparent than the work of bonding
between filaments. It means that the air gap plays a

dominant role in determining the tensile strength,
followed by layer thickness.

The experiments and the new analytical model suggest
that a small value of air gap and layer thickness are preferred if
a high tensile strength specimen is needed and the deposition
velocity can be set comparatively bigger to achieve high
fabrication efficiency. A specimen with a big value of air gap,
a small layer thickness, and deposition velocity may share
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Figure 14: The temperature files under different levels of deposition velocity and air gap.

the same tensile strength with the one which is under the
opposite parameters setting.
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