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Abstract—Nowadays, 3D printing is ever more present in society and industries day to day life. However, specifically in the class 

of machines more available to the common user, this technology has yet to achieve its full potential. In this paper, FDM (Fused 

Deposition Modeling) type printers were chosen to work with. The goal was to improve the quality of the produced parts as well 

as the reliability and efficiency of the machine itself. After choosing an adequate printer to the intended study (BLOCKS ONE) 

and, working together with two companies (3Dways and BLOCKS), the parameter chosen to analyze in-depth was the 

temperature control after realizing that it had a significant impact in the final quality of the printed part. So, after reading through 

the available literature, it was understood that, for a quality print, a good sintering (union) of the deposited filament in the different 

layers was needed as well as a small range of temperature gradients through the length of the part to minimize warping. Then, 

firstly, a set of computational simulations was performed to predict if the regulation of the print bed and nozzle temperature alone 

would be enough to achieve the desired goal. In this context, simple models were performed to infer on the effect of controlling 

the temperature in the printing volume in the temperature gradients (leading to warping) of a single material filament and then on 

a small block of an entire part. Afterwards, a set of experiments was performed, with the help of a thermographic camera with 

high temporal and spatial resolution, to validate the simulations and characterize in detail the temperature of the hot end and of 

the bed. From this work, one can conclude that controlling the print bed and nozzle temperatures alone is not sufficient for an 

effective temperature control and that the existence of a controlled environment with a better thermal insulation and, perhaps, an 

adequate circulation of air was mandatory to minimize the temperature gradients in the printed parts which lead to warping. 

Index Terms—3D Printing, controlled environment, FDM (Fused Deposition Modeling), nozzle, print bed, sintering, temperature 

control, thermographic camera, warping  

——————————      —————————— 

1 INTRODUCTION 

 
D printing technology, also known as additive manu-

facturing, exists since 1980. However, this technology is not 
yet competitive enough, production and cost wise, as a 
means of fabricating a final product in large quantities. De-
spite this, many companies already use 3D printing to pro-
totype and accelerate the development of a product. This 
is because, in recent years, with the release of a few key 
patents, a newer class of machine has appeared, one with 
good characteristics at a low price and with a more user-
friendly interface.  

This technology brings with it advantages in several 
fields. Environmentally, it has a smaller footprint com-
pared to traditional technologies (subtractive manufactur-
ing) such as milling and injection molding. Final products 
can be printed on demand eliminating the need for stock 
in factories able to produce a great variety of designs. 
However, it also has some problems. It raises questions re-
garding intellectual property because projects and designs 
can be made available online where they could be down-
loaded to make profit without the author receiving credit. 
There is also the possibility of building dangerous prod-
ucts without any kind of regulation. 

In spite this, to be taken as a serious alternative, 3D 
printing must evolve in some key areas to strive for more 
than just prototyping [1]: 

1. Performance: improve characteristics such as veloc-
ity, resolution, reliability and repeatability. 

2. Material Diversity: capacity to print several materi-
als as well as the ability to mix them in a single 
print. 

3. Final Production: ability to print final and func-
tional products with several built-in modules such 
as batteries or sensors. 

As mentioned, despite its potential, there are still a few 
problems in 3D printing that must be corrected to assure 
the reliable production of parts. The most common prob-
lems in the FDM technology occur mostly due to the move-
ment transmission system of the print head and/or print 
bed or due to a lack of a controlled environment in the 
working volume. This work will focus on the latter. Warp-
ing deformations occur due to the temperature gradients 
in the part. The layers deposited first shrink as they cool 
down which can cause deformations and a loss of adher-
ence to the print bed. It can also cause cracks in the part, 
especially in those with a greater height.  

This work intends to, using a low cost FDM 3D printer, 
identify and study the main factors in the process that as-
sure a good print to improve the consistency of the print-
ing process. Mainly the focus will be on the study of the 
influence a controlled environment would have on the fi-
nal part and in the way, one can assure this same controlled 
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environment.  
So, after performing a brief market study in order to 

choose the ideal 3D printer to study and identifying that 
one of the major reasons for a faulty print was indeed the 
lack of a controlled environment, after revising some of the 
already existing literature on this topic, simple models 
were developed, in order to understand what would be the 
ideal environment and print bed temperature to obtain a 
final piece without warp deformations. The model also 
predicts the temperature gradients on a single deposited 
filament of material, on a small part and on a real part. 
These models were validated experimentally, making use 
of a thermographic camera with high spatial and temporal 
resolution, which was also useful to describe in detail the 
temperature variation on the print bed and on the nozzle 
of the printer. 

2 TEMPERATURE CONTROL 

After identifying the most predominant aspects of a 
FDM 3D printer that influence the printing quality, alt-
hough there are not many studies on the matter of temper-
ature control, an effort was made to draw some conclu-
sions. For a quality print one must look at the heat ex-
changes that occur in the printing process because they 
will affect the bonding (sintering) between different strings 
of filament as well as the warping caused by temperature 
gradients. 

There is a need to understand the temperature evolu-
tion in the deposited filament and how it is affected by the 
thermal variables imposed by the user which are the noz-
zle and print bed temperatures as well as the air tempera-
ture of a hypothetical closed chamber. The studies per-
formed on this topic, which could be revised in the litera-
ture, using ABS (the material used in the present work) as 
the extruded thermoplastic are summarized in Tab.1.  

 
TABLE 1 

ABS CHARACTERISTICS [6]  

 

Parameter Value Reference 

Thermal Conductivity, 𝑘 (𝑊 𝑚. 𝐾⁄ ) 0.177 
Rodriguez-

Matas (1999) 

Specific Heat, 𝑐𝑝 (𝐽 𝐾𝑔. 𝐾⁄ ) 2,080 
Rodriguez-

Matas (1999) 

Density,  𝜌 (𝐾𝑔 𝑚3⁄ ) 1,050 
Rodriguez-

Matas (1999) 

Glass Transition Temperature, 

𝑇𝑔(º𝐶) 94 
Rodriguez-

Matas (1999) 

Viscosity, μ at 240ºC (𝑃𝑎. 𝑠) 5,100 Sun (2005) 

𝑏 Parameter in 𝜇 =

5,100 exp[−𝑏 (𝑇 − 503)] , 𝑤𝑖𝑡ℎ 𝑇(𝐾) 
0.056 Sun (2005) 

Superficial Tension,  Γ at 240ºC 

(𝑁 𝑚⁄ ) 0.029 Sun (2005) 

Temperature Dependence, 

∆Γ ∆𝑇 (𝑁 𝑚. 𝐾⁄⁄ ) -3.45 x 10-4 Sun (2005) 

 

2.1 Heat Transfer Mechanisms 

In the 3D printing process, the three mechanisms of 
heat transfer are present. Conduction between extruded 
filaments as well as radiation and convection between the 
filaments and the environment and the imprisoned air in-
between them. 

Following the work done by Costa et al [4] where, as-
suming quasi-static conditions, the temperature evolution 
for several values of conductivity on the interface between 
filaments was evaluated, they were able to observe that, 
due to the small surface contact area in circular filaments 
(5%) the contribution of the heat transfer by conduction 
was relatively low. However, they also established a depo-
sition sequence for the extruded filaments where it was 
possible to observe that when the new filament is depos-
ited over the previous one, the latter suffers a rise in tem-
perature of about 8ºC. The axial and radial conduction in 
the filament was deemed not relevant due to its small di-
mensions (diameter = 0.4 mm). 

Still in the work done by Costa et al [4], who followed 
the paper of Siegel and Howell (1992) it was verified that 
heat transfer by radiation between filaments was ne-
glectable because the differences in the registered temper-
ature when accounting for this factor were less than 0.3ºC. 
Costa et al [4] also concluded that heat transfer by convec-
tion had a significant impact in the initial cooling of the ex-
truded filaments being that the time required to reach the 
glass transition temperature, Tg, as well as the environment 
temperature diminishes exponentially with the rise of the 
convection coefficient at the interface. The heat exchanges 
between imprisoned pockets of air between filaments are 
also not considered because they only caused temperature 
variations of about 1.1ºC. 

Finally, considering the work reported by Zhou et al [5], 
the temperature does not vary linearly with the extrusion 
time and the cooling of the filament also shows non-linear 
characteristics. Also, it was defined by Zhou et al [5] that, 
during this process occurs a phase change of the thermo-
plastic, so the thermal properties of the material (conduc-
tivity, specific heat and density) need to be considered. 

 

2.2 Sintering 

The bonding (Fig.1) between filaments in FDM printed 
parts is dependent on the thermal energy of the extruded 
material. The temperature distribution at the interface will 
determine the bonding quality and, therefore, the mechan-
ical properties of the final part. It depends on the “neck 
growth” between the filaments as well as the molecular 
diffusion and randomization of the polymer chains 
throughout the interface. 

In their study, Sun et al [6] extruded ABS filaments to 
evaluate the influence of the nozzle and environment tem-
perature on the finished part. Once again it was observed 
that the temperature of the already deposited filament 
rises above Tg with the extrusion of a new layer. Each tem-
perature spike is followed by a rapid decrease, as the print 
head moves away from the deposition location. Also, the 
lower temperature limit rises with the number of depos-
ited layers. Sun et al [6] also observed that, due to the 
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heated print bed the filaments in inferior positions show a 
better sintering that those higher up in the part. This hap-
pens, because, as it was verified by Sun et al [6] following 
the work of Bellehumer (2004), most of the sintering pro-
cess occurs when the material is above the critical sintering 
temperature (TCS) which, for ABS, is 200ºC. This condition 
is only verified in the first few seconds after extrusion. 
However molecular diffusion still occurs after that point. 

Lastly, Sun et al [7] note that, although they have little 
influence, deformations caused by gravity and creep ef-
fects cannot be discarded in the sintering process. 

 
 
 
 
 
 
 
 
 

 

Fig. 1. Bonding process between two extruded filaments: (1) Superfi-

cial contact; (2) Sintering (“neck growth”); (3) Molecular Diffusion, [6] 

 

2.3 Warping 

Warping is one of the main problems in the printing of 
ABS and is caused by residual stress that, when not con-
trolled, will deform the part. This phenomenon is affected 
by the number of deposited layers as well as their length, 
the material’s shrinking coefficient and, more important 
for this work, the environment temperature. 

Wang et all [8] studied these aspects and verified that 
the warping diminishes with the rise in number of depos-
ited layers being that, after 70, this effect is neglectable. On 
the other hand, the longer the layers are the greater the 
warping caused distortions. It was also observed by Wang 
et all [8] that warping decreases linearly with the rise in 
environment temperature, reaching zero when the closed 
chamber (printing volume under a controlled environ-
ment) reaches values close to Tg. However, a continuous 
and excessive rise in the environment temperature leads to 
a more extensive solidification time which can have a neg-
ative impact on the part quality. 

Ong et al [9] verified that, to control the residual 
stresses, it is necessary to provide heat to the already de-
posited, material. This could be achieved with a controlled 
environment and, in their work, Ong et all [9] concluded 
that, to achieve zero distortions, the already deposited ma-
terial should be maintained at a temperature of 84ºC which 
is close to the glass transition temperature. This can be ex-
plained by the fact that the residual stresses necessary to 
cause substantial distortions in ABS are significantly lower 
than the material’s yielding stress at ambient temperature. 
In fact, when the temperature in the deposited material is 
slightly less than Tg, the yielding stress becomes greater 
than the maximum stress due to thermal gradients. From 
this point onward, the development of stresses is linear in 
relation with the deposited material temperature. 

2.4 Thermal Parameters 

     The parameters controlled by the user that can influence 
the quality of the printed part are, mainly, the nozzle and 
environment temperature. 
     Sun et al. [6] studied these aspects and concluded that 
the rise in environment temperature leads to a significant 
rise in the lower temperature limit of the deposited fila-
ment. On the other hand, the nozzle temperature has no 
significant impact. The temperature distribution in the 
heated print bed also affects the finished part and Sun et al 
[6] found that parts printed in the central area of the bed 
showed a sintering percentage 31% greater than those pro-
duced in corners. In another work, Bellehumer [10] ob-
served that a rise in the environment temperature in-
creased the time interval during which the interface be-
tween filaments is above Tg. On the other hand, a rise in the 
extrusion temperature causes the extruded filament to 
maintain at values above TCS for a longer period which can 
improve sintering that occurs mostly in this phase. 

3 NUMERICAL METHOD 

To answer the objectives proposed, numerical simula-
tions were performed using COMSOL. According to the 
literature reviewed, it is intended that the last extruded 
layer should be at a temperature between 84ºC and 94ºC 
(Tg) and that the temperature gradients in the already de-
posited material should be the smallest possible (84ºC) to 
minimize warping caused by residual stresses. 

Knowing that the printer chosen for this study does not 
include a closed chamber, one proceeded with the numer-
ical simulations to study two aspects. First, the models are 
used to evaluate what would be the envelop temperature 
in the print volume that is able to reach the desired condi-
tions (temperature of the printed parts and minimum tem-
perature gradients) and if the heat dissipated by the nozzle 
and print bed alone are enough to control and maintain the 
desired temperature in the printing volume. 

On a second phase the temporal temperature evolution 
of a single extruded filament and of a small part were stud-
ied for different imposed conditions on the envelop and 
print bed temperatures. Lastly, extrapolating the infor-
mation obtained from the previous models one evaluates 
the temperature gradients in a full printed part (with a sim-
ple geometry). 

 

3.1 Governing Equations 

For the heat transfer simulations, the software uses the 
heat transfer equation (1) that includes several material 
properties, such as density (ρ), specific heat (cp) and ther-
mal conductivity. It is also included the velocity field (u) 
and one or more heat sources (Q). The thermal conductiv-
ity describes the relation between the heat flux (q) and the 
temperature gradient (∆T) through Fourier’s law (2). 
 
                                                                                                  (1)                
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                                                                                             (2) 
 

The velocity field was also considered as zero because 
the simulation considers a heated chamber with static air 
in its interior. By simplifying in this manner, one does not 
take in account natural convection. Also, in the models that 
have the deposition of filament present, two simulations 
were performed: one representing a closed chamber simu-
lated by an adiabatic control volume and another simulat-
ing a virtual border of the control volume considering con-
vection with the outside environment. 

For the first phase of the simulation, only the print bed 
and nozzle are shown as they heat up to the temperature 
set by the user. Different temperatures for the bed and the 
environment were imposed (TBase and TAir) simulated to 
verify what temperature values the glass (TGlass1) (Fig.2), 
achieves, the first contact point of the extruded ABS. The 
nozzle was approximated to a 0.4 mm diameter circular re-
gion with a temperature imposed at 270ºC (TNozzle) and all 
surfaces were exposed to free exterior convection. Also 
note that in an initial condition all elements are at the en-
vironment temperature of 25ªC. A time of 3 minutes (180 
seconds) in increments of 1 second was simulated. Several 
temperature values were taken from the glass as well as the 
aluminum pane that are going to be used in further simu-
lations. 

 
 
 
 

 

 

Fig. 2. Glass and aluminum points from where temperature values 

were taken 

 
It was observed that TGlass1 stabilizes in a temperature 

value that is very close to that imposed by the user in the 
printer software. This is also since the thickness of the com-
ponents that separate the glass from the heating element is 
not significant. 

An evaluation of the mesh was also performed, but it 
was noted that by refining the mesh, one did not obtain a 
significant difference in the temperature value observed 
for the glass. So, the “normal” mesh suggested by the soft-
ware was used to perform the simulations. 
 

3.2 First Model 

The deposition of ABS on an isolated system with a 
controlled environment was simulated (Fig.3). The glass 
and aluminum temperatures were averaged from the val-
ues obtained in the previous section. Since the extruded fil-
ament reaches ambient temperature a few seconds after 
deposition it was defined that the initial ABS temperature 
is equal to the air temperature inside the chamber (con-
trolled printing volume). All the other surfaces were ex-
posed to exterior free convection and the simulated time 
was of 180 seconds at 1 second increments. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Representation of the first phase of the simulation and the 

points from where temperature values were taken 

 
The nozzle was not considered due to its small size and 

the fact that is always moving so it will not have a big im-
pact on the results. The air temperature was varied be-
tween 25ºC and 85ºC and the print bed temperature be-
tween 70ºC and 100ºC. 

A second simulation was made (Fig.4), within the same 
parameters, of the deposition of a single filament strand, 
modeled as a half circle (0.04 mm diameter) to increase the 
contact surface area. The base temperature was the temper-
ature of the most exterior ABS layer in the first simulation 
(TABS1) and the goal was to obtain the temperature evolu-
tion throughout the filament cross-section. A time of 60 
seconds with 1 second increments was simulated. 

Lastly, in the first simulation, another block of ABS is 
placed to represent the passage of time where the follow-
ing temperature values were used (Fig.5).  

 

 

 

 

 

 

 

 

Fig. 4. 2D Model of the simulation of a single strand of filament and 

the points from where temperature values were taken 

 

 

 

 

 

 

 

 

Fig. 5. Representation of the third phase of the simulation and the 

points from where temperature values were taken 

 

From the simulation on the first model one was able to 
understand that the desired temperatures are only reached 
for print bed temperatures of 90ºC and 100ºC and air in the 
chamber of 70ºC. They can also be verified for print bed 
temperatures of 80ºC and 90ºC and an air temperature of 
85ºC. Higher temperatures are considered risky because 
they will, most likely, result in creep caused deformations. 
It was also noted that the temperature in the outer-most 
layer of ABS stabilizes as the print progresses and it tends 
to reach values close to the air temperature in the chamber. 
However, the temperature in the part is not uniform and 
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these gradients could be the cause of warp deformations. 
From the second simulation we confirmed that tempera-
ture gradients in a single strand of filament are irrelevant. 

In the end, although temperatures above TCS are never 
reached, the ideal air and print bed temperature would be 
85ºC and 80ºC, respectively. However, these studies did not 
account for the reality of a print in the chosen printer which 
does not have a controlled environment. So, we repeated 
the previous simulations for the deposition of ABS within 
an open system with air temperature at 25ºC. 

The temperature values observed were similar when the 
air and print bed temperatures were the same in both sim-
ulations. This can be so, since the print has a small height 
(1,5 cm) and so, the heat emitted by the print bed is enough 
to heat the surrounding volume. However, in this simula-
tion, the desired temperature values are not obtained with-
out the existence of a controlled environment. 
 

3.3 Second Model 

However, a print in this type of machine is, generally, 
shorter in length and taller in height than the previous 
model and is usually printed in the center of the print bed. 
So, a more realistic 2D model was built (Fig.6) from which 
several temperature values were obtained as in the previ-
ous simulations. The print bed and temperature parame-
ters utilized were the same as well as the border conditions 
and three blocks were also simulated to represent the pas-
sage of time (Fig.7). A time of 1 hour with 5 minutes incre-
ments was simulated. 

 

 

 

 

 

 

 

 

 

Fig. 6. Representation of the first phase of the simulation and the 

points from where temperature values were taken 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Representation of the third phase of the simulation and the 

points from where temperature values were taken 

 
From the observed results we gather that, for this sec-

ond model, the temperature gradients throughout its 
height are much more elevated when compared to the first 

model. Once again, for an open and closed system, the tem-
perature values observed were similar when the air and 
print bed temperatures were the same in both simulations. 
But, in the end, the desired temperature for the deposited 
ABS (~84ºC) was not reached which reinforces the need for 
a closed chamber with additional heat sources besides the 
print bed and the nozzle. 

 

4. EXPERIMENTAL ANALYSIS 

4.1 Setup and Calibration  

Regarding the experimental analysis, one started by 
measuring, utilizing K type thermocouples placed on the 
nozzle and on an area of the heated bed that simulates the 
area occupied by the test print part. This was done to check 
if the temperatures imposed by the printer software are 
reached by its components. The heat distribution on the 
heated bed was also evaluated using an infrared camera 
(Onca-MWIR-InSb from Xenics) utilizing a factory pro-
vided calibration. 

 

 
Fig. 8. Printer used in the experimental analysis 

 
This infrared camera captures the infrared radiation fo-

cused on its sensors and converts it into temperature val-
ues with a +/- 0.5 ºC precision. The calibration factor used 
was the “TRU NUC” which allows the retrieving of data 
without converting them to temperature instead present-
ing the results in ADU (Analogue to Digital Units) which 
can be adapted to any integration time. This time is equiv-
alent to the exposition time of a common camera. Increas-
ing it improves the precision of the measured temperature 
values however also reduces the temperature range that 
can be measured. 

So, firstly, we needed to calibrate the camera using a 
black body to diminish the error caused by the reflection 
of the camera lens on itself (Narciso effect). After this, ac-
cording to Pontes [11], to use the camera correctly we 
needed to calibrate it in the same situation we will want to 
measure later. In fact, the temperature values read by the 
thermocouple are related with the ADU captured by the 
camera to draw a tendency line which can be used to con-
vert the ADU data into temperature. To capture values 
ranging from 25 ºC to 270 ºC an integration time of 80 us 
was used. 

The procedure consisted in fixing a temperature on the 
nozzle and waiting for the stabilization of the value read 
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by the thermocouple and, with the camera, obtain the cor-
responding ADU value. This was done in 20 ºC increments. 
With the obtained data several tendency lines were exper-
imented with and the best ones were chosen by running 
through them the ADU values and comparing the result-
ing temperatures with those obtained by the thermocou-
ple. It was verified that the logarithmic and the 4º polyno-
mial were the closest ones with a relative error inferior to 
5% (Fig.9) 

 

 
Fig. 9. Temperature values from the nozzle obtained with the ten-

dency line compared to those measured in the thermocouple 

 

4.2 Filament extrusion and test part 

 The first analysis was done on the extrusion of a 
single string of filament to characterize the temperature 
gradients present and the time it takes for it to cooldown 
to room temperature. The measures used the calibration al-
ready mentioned and a 10 second extrusion was observed, 
obtaining ADU values through its length. This was re-
peated seven times. 

Afterwards, to compare with the results obtained from 
the COMSOL simulations, the same test part was printed 
several times (1st iteration: 3x; 2nd iteration: 2x; 3rd iteration: 
1x) Once again, the same calibration and chosen tendency 
lines were used. The prints lasted one hour each and were 
done with the nozzle at 250 ºC and the heated bed at 80 ºC 
with the remaining parameters being the default ones set 
by the slicer CURA utilizing the standard profile for ABS. 
The values obtained from the camera are equivalent to T 
(ABS)1 - 1ª / 2ª / 3ª block the central point closest to the heated bed, 
and T(ABS) Average (1,4,5) – 1ª / 2ª / 3ª block, the average of the values 
in the upper most layer, in the COMSOL simulations. 
 

4.3 Results 

Firstly, it is important to mention the difference be-
tween the temperature values registered by the thermo-
couples and the ones imposed by the printer software. It 
was observed that, regarding the heated bed, the values 
were very similar especially when the natural error of the 
thermocouples (+/- 1ºC) is considered. However, for higher 
temperatures, the heated bed shows more difficulty in 
maintaining the requested temperature. As for the nozzle, 
for temperatures up to 100 ºC a 5 ºC difference can be ob-
served and, for even higher temperatures, there can be 

significant differences (~20 ºC) (Fig.10). 
The registered differences can be due to the lack of a 

controlled environment and, for the specific case of the 
nozzle, it can also be since the resistance responsible for its 
heating and the thermistor are imbued in the heat block 
and not directly on the nozzle. 
 

 

 
Fig. 10. Temperature comparison between the thermocouples and the 

imposed by the printer 

 
From the observation of the temperature distribution in 

the heated bed one can conclude that, for a central area rep-
resenting the test part the minimum and maximum tem-
perature only varied in 0.39 ºC. However, when the whole 
heated bed was considered this difference raised to 2.6 ºC 
which supports the claim made by Sun Q. et al [6] where it 
is stated that there is less sintering and more distortions in 
the extremities of the bed. 
 

4.3.1 Filament Extrusion 

After the extrusion of a single filament we verified that 
it goes from extrusion to room temperature in a short pe-
riod (6 seconds) (Fig.11). 

 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 11. Temperature of the extruded filament in time 
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At 0 seconds, only the filament closest to the nozzle is at 
extrusion temperature being that the average temperature 
is 186.32 ºC. After 5 seconds, this value changes to 37.55 ºC. 
This confirms the claims made by Costa, S.F. et al [4] where 
is said that the filament cools down quickly remaining for 
a short time at optimal sintering conditions. 
 

4.3.2 Printing of a Test Part 

Printing a test part, one also verified that the deposited 
filament also cools down quickly and that a temperature 
gradient exists through the length of the part. This gradient 
grows with height of the part. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12. Temperature values from the A and B points compared with 

their respective COMSOL points at different air temperatures 

 

4.3.3 Theoretical VS Experimental Results 

After comparing the experimental values with those 
obtained from the simulations one observes that they agree 
very well, with a standard deviation smaller than 5 
(Fig.13). These variations can be due to the ABS emissivity 
as it is being extruded and deposited. However, the simu-
lation was performed at a room temperature of 25 ºC but 
the experiments were done at 23 ºC. So, the COMSOL sim-
ulations were repeated for the same ambient temperature 
as that measured when the experimental results were 
taken, and the new values were slightly closer and with a 
smaller standard deviation. 
 
 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Comparison of the temperature values measured from the 

experimental analysis when compared with the ones from the COM-

SOL simulations for two different air temperature situations 
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5 CONCLUSIONS  

 The present work started with the intent to im-
prove the quality of a print in a low-end FDM 3D printer. 
So, to do this, we first selected the base 3D printer to work 
on (a BLOCKS ONE) and, working together with two enti-
ties connected to the 3D printing world (BLOCKS and 
3DWays) we selected the most relevant criteria to obtain a 
quality final print. Then, with the aid of QFD (Quality 
Function Deployment) and the Pugh diagrams we ana-
lyzed and identified the printer components which most 
affected the criteria. It was concluded that one of the bigger 
problems in obtaining a quality print were the distortions 
(warping) caused by the temperature gradients in the part 
and that this was caused by a lack of a closed environment 
with a controlled temperature. 

A bibliographic review on the work reported in the lit-
erature on this topic was performed to assess the most ef-
ficient way to control the temperature in the print volume. 
Despite the limited number of papers on this topic it was 
possible to understand that convection with the environ-
ment and conduction between the heated bed and the de-
posited filaments are the preponderant heat transfer mech-
anisms present in the process. Radiation can be neglected 
as well as the conduction in the filament cross-section due 
to its small dimensions (d = 0.4 mm). In this manner, sin-
tering (bonding between filaments) depends mainly on the 
heat transfer mechanism mentioned and is not very af-
fected by the heat dissipation from the nozzle and the sur-
rounding air. This is so, since sintering only occurs in the 
short time interval (1 to 2 seconds after deposition) where 
the extruded filaments are at a temperature higher than the 
critical sintering temperature (Tcs = 200 ºC). This is because 
they cool down very quickly (about 6 seconds) upon being 
deposited. However, molecular diffusion phenomena still 
occur at temperatures above the glass transition tempera-
ture (Tg = 94 ºC). But, the biggest problem, the warping was 
due to residual stresses generated by the heating and cool-
ing of the thermoplastic. To prevent this, some of the stud-
ied literature suggests that the substrate of already depos-
ited filaments should be at a temperature of 84 ºC.  

To verify if these values could be reached, we developed 
two models in the heat transfer simulation software COM-
SOL to simulate the extrusion and printing of a test part 
under different conditions. The numerical results were 
then confirmed by an experimental analysis which was in 
a good degree of agreement (standard deviation inferior to 
5). 

The results obtained from the simulation of the extru-
sion of a single string of filament confirm the literature re-
garding the temperature distribution in the filament cross-
section being uniform enough so that radial and axial con-
duction can be neglected. The results also show that for 
more realistic conditions (test part printed within an open 
system without a controlled environment) the desired tem-
peratures are not reached. This proves that without a 
closed chamber with a controlled air temperature the de-
sired conditions are not possible with the heat bed and 
nozzle as the only heat sources. However, even within a 
closed system with a controlled environment, the subtract 
of already deposited filaments never reached a uniform 

temperature. 
The experimental analysis, done with a well calibrated 

infra-red camera with high temporal and spatial resolution 
allowed for further characterization of the printing pro-
cess. They also confirmed the results reported in the re-
vised literature regarding the short time in which the fila-
ment cools down and that parts printed in different regions 
of the heated bed will have different degrees of warping 
due to the non-uniform temperature distribution in the 
work area. They also confirmed the simulation proving 
that, without a closed chamber and a controlled environ-
ment the heat provided by the heat bed and nozzle alone 
is insufficient to reach the desired conditions. 
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