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Chapter 20
In-situ Thermal Monitoring of Printed Components During Rapid 
Prototyping by Fused Deposition Modeling

K. Pooladvand, A. D. Salerni, and C. Furlong

Abstract  Full-field-of-view thermography is necessary to effectively monitor and control thermally driven 3D printing 
processes, such as Fused Deposition Modeling (FDM). The accuracy of thermographic measurements with Infrared (IR) 
imagers is influenced by the exact knowledge of the emissivity and absorptivity of a given material which varies depending 
on temperature and color. However, these material properties for ABS, one of the most widely used polymers, still need 
further investigation. In this paper, we present our efforts to estimate the emissivity of three differently colored ABS poly-
mers between 40 °C and 200 °C. This range of temperatures is critical to the bond formation and welding of the polymer, 
which eventually defines the mechanical strength of the printed components. Using a calibrated IR imager and thermocou-
ples, we measured the emissivity of different ABS polymeric rings at various temperatures. These measurements are based 
on the comparison between equivalent emissive power at measured temperatures and the measured emissions from a cali-
brated blackbody. This allows for the determination of subtle changes in emissivity of the ABS polymer. The estimated 
emissivity is mapped to correct the full-field temperature readout of the IR imager in-situ and help to accurately monitor the 
thermal flow. Verification was carried out based on numerical simulations to investigate several slender square blocks (e.g., 
3, 7, 11 mm). The emissivity obtained by this method shows improvements in measuring accuracy. Further, our study shows 
that the emissivity decreases from 0.92 to 0.79 with a slower rate around the glass transition points. This 14% drop in emis-
sivity corresponds to a difference of 36 °C at the readout temperature of 240 °C. Our results also indicate that the emissive 
heat flux of ABS is dependent on color. The experimentally estimated emissivity can be used in other IR cameras to correctly 
evaluate the temperature and monitor the thermal flow in real-time. This enables better optimization of the printing param-
eters to improve the bonding and strength of printed components.
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�Introduction

Applying real-time monitoring and closed-loop control to Additive Manufacturing (AM) processes can improve component 
performance and quality while reducing the occurrence of defects [1–4]. With this promising advancement, printing pro-
cesses are actively controlled, while sensors monitor the critical parameters such as distortion, strain, pool size, heat affected 
zones, and temperature in-situ. The practical approaches for monitoring include optical (visual or thermal), acoustic, and 
contact methods [2, 5]. Optical methods offer versatile, non-contact, and full-field sensors with proper spatial and temporal 
resolutions to measure parameters such as temperature, shape, and distortion [5, 6]. Because 3D printing is a thermally 
driven process, temperature is one of the essential parameters to monitor in AM processes. Thermal energy flow and dissipa-
tion during fabrication affect the physical and mechanical properties of printed components [7–12]. Thus, thermal measure-
ments become an indispensable tool for monitoring 3D printing technologies.
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Thermocouples have been conventionally used for accurately measuring the temperature at specific points of interest [10, 
13]. On the other hand, thermography offers full-field-of-view, non-contact, and non-invasive measurements. These superior 
capabilities make thermography one of the most widely used sensors in monitoring and closed-loop control systems in AM 
technologies [2, 3, 5, 7]. However, the thermal measurement can only measure surface temperature and is very sensitive to 
environmental fluctuations. Another issue is that accurate measurement requires a reliable understanding of the material 
properties such as emissivity and absorptivity [14–16].

Infrared (IR) cameras show promising potentials in Fused Deposition Modeling (FDM) processes. Costa et  al. [12], 
Pooladvand and Furlong [7], and Seppala and Migler [17] have used IR cameras to estimate the material, and process proper-
ties of different 3D printed objects. In this paper, we presented our efforts to employ an IR camera in-situ to monitor the 
temperature in an FDM printer. We improved the accuracy of remote temperature measurements by proposing a methodol-
ogy to estimate the optical properties of Acrylonitrile Butadiene Styrene (ABS) and applied it to correct imager readout in 
real-time.

�Methodology

�General Plan and Scheme of This Study

Our research combines experimental and computational approaches. In the experimental approach, the emissivity of ABS 
polymer was obtained empirically. We compared the responses of an IR imager from a calibrated blackbody, and ABS 
printed washers at different temperatures to estimate the emissivity. We curve fitted the data and used an algorithm to 
spatially-temporally correct temperature readouts, and map corrected temperature distribution onto specimens during 
manufacturing.

We also simulated a transient 1D layer-upon-layer deposition using finite difference analysis. In this simulation, boundary 
conditions are corrected based on the estimated convection coefficient, estimated emissivity, and the Total Heat Transfer 
Coefficient (THTC). The details of this numerical solution are explained here [7, 18–20]. The corrected temperature readouts 
were compared with our simulations. The final results illustrate how this algorithm can be used to account for the difference 
in emissivity and help to improve the thermal readout as a primary monitoring tool in the next generation of smart 3D print-
ing machines.

�Thermography and Infrared Camera

The radiation heat flux depends on direction, wavelength, and temperature. For most engineering materials, one can assume 
the directional variation is negligible in order to define heat flux in terms of wavelength and temperature, which is known as 
Planck’s law [21, 22].

Infrared (IR) cameras are devices that receive emitted energy from an object of interest and convert them into images. The 
color and contrast in these images are based on the amount of energy received. The sum of the absorption, reflection, and 
transmission of radiative energy from each surface is equal to the total incident radiative flux. The IR cameras’ detectors 
measure radiosity, which is a sum of reflection and emission from a particular surface. In addition, the emissivity and transi-
tivity of the media between the source and the detector affect the temperature measurements. In theory, the total received 
energy contains emission from the object, reflection of other sources, losses due to transmission through and emission of the 
media [16]. For an object located in the atmosphere, the total energy received by the camera detector is defined as:

	
E E E Etot obj atm obj obj atm sur atm atm� � �� � � � �� � � � � .

	
(20.1)

where, E is radiation flux, τ transitivity, ρ reflectivity, and ε emissivity and subscripts tot, obj, atm, and sur denote total, 
object, atmosphere, and surrounding, respectively. Kirchhoff theory states for each surface the absorptivity, α, is equal to 
emissivity, ε, in its equilibrium condition [21, 22]. In addition, one can conclude ρobj = 1 − αobj for opaque surfaces. The 
atmosphere also is a transparent medium thus, εatm = 1 − τatm. Finally, the Eq. (20.1) is rewritten as:

	
E E E Etot obj atm obj obj atm sur atm atm� � �� � � �� �� � � � �� � � � �1 1 .

	
(20.2)
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When the distance between detector and source is less than a meter, the effect of media can be ignored [16], and therefore 
τatm is equal to 1.0 and Eq. (20.2) is simplified to:

	
E E Etot obj obj obj sur� � �� �� �� �1 . 	

(20.3)

The camera detector receives Etot and uses the integrated look-up table to determine the temperature by knowing the emis-
sivity, humidity, and distance. However, if these parameters are not defined correctly, the IR imager generally assumes the 
case of a blackbody object, and estimates the temperature accordingly. This process leads to an incorrect estimation of the 
temperature and undervalues the readouts [15, 16]. By knowing the ε, these inaccurate readouts can be corrected either dur-
ing or after recording the measurements.

�Thermal Modeling

Thermal flow in 3D printing has transient three-dimensional physics defined by Furrier law. However, this condition can be 
simplified to a one-dimensional framework assuming a lumped capacity criterion to estimate the temperature along a length 
of a slender cylinder or block [7, 8]. In this case, ascribing the only heat source as the advection of the newly deposited mate-
rial from the extruder, the partial differential equation is obtained as:
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where, t is time, u is internal energy, ρ is mass density, κ is the conductivity, T is temperature, qs is the heat source or sink, 
and z is the normal to the cross-section. The heat sink is also defined as the sum of convection and radiation heat transfer 
(qs = qconv + radi). Equation 20.4) can be simplified by assuming constant area, average deposition velocity along z direction, 
and enthalpy formulation (du = dh = cpdT):
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where, U is average deposition velocity, T and T∞ are the surfaces and environment-wall temperatures, respectively, d is a 
diameter or side of the cross-section, and ht is THTC. THTC, which is found experimentally, contains both radiation and 
convection heat transfers. The process that led to estimating the ht is explained in our previous work [7].

�Experimental Set-up and Equipment

In our experimental measurements, we wanted to achieve three main goals: calibrating the IR camera, measuring the emis-
sivity of three differently colored ABS polymer, and finally implementing gained knowledge to approximate the surface 
temperature in-situ. We designed our set up using an IR camera, type-T thermocouple, aluminum block, hot plate, calibrated 
blackbody, manual thermometer, aluminum tape, computer platform, high-efficiency thermal paste, and home-made cooling 
accessories as shown in Fig. 20.1.

The IR camera was situated above the hot plate looking to the center of the aluminum block on the hot plate (Fig. 20.1a). 
In addition, a home-made cooling apparatus consisting of a PVC pipe and a computer fan was utilized above the aluminum 
block to minimize the effects of the medium, the graphic of this configuration is shown in Fig. 20.1b. The type-T thermo-
couple installed between the aluminum block and the aluminum adhesive tape as shown in Fig. 20.1c, and it was connected 
to the DAQ using LabView to record the temperature continuously. The calibrated blackbody and the computer platform is 
used to determine the sensitivity of the IR camera (Fig. 20.1d).

In order to provide a stable condition, a block of aluminum with 76.03 × 121.68 × 37.70 mm as shown in Fig. 20.1a, b 
were located on the hot plate. The top surface of the block was covered with adhesive reflective aluminum tape where the 
washers were positioned (Fig. 20.1c). Between the adhesive tape and aluminum block, a thermocouple was fixed and situated 
at the center of the block. A highly conductive thermal paste also covered the distance between the aluminum tape and the 
washer to guarantee the steady and constant thermal flux between two dissimilar materials and fill all the possible void areas 
between them.

20  In-situ Thermal Monitoring of Printed Components During Rapid Prototyping by Fused Deposition Modeling
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�Results and Discussion

�IR Camera Calibration and Analysis

We used a calibrated blackbody to estimate the IR camera’s response curve. Assuming the emissivity is 1.0 and the distance 
between the camera and the blackbody is about 200 mm, the transmissivity of the air is equal to 1.0. Therefore, the total 
energy received by the detector is equal to the emissive radiation from the surface of the blackbody:

	
E E Etot obj blackbody= = . 	

(20.6)

We used a Microbolometer IR camera with a wide spectrum sensitivity in mid-infrared regions (7–18 μm) [20, 21], and 
defined the following function to represent the relationship between the camera readout and temperature, knowing that the 
blackbody total emissive flux follows a power function in a wide spectral range:

	
readout aT T cb� � � �

	
(20.7)

The initial step was the calibration of the thermal imager under a similar environment to where the rest of the measure-
ments were performed. Figure 20.1d shows such a setup consisted of an IR camera, computer platform, and calibrated black-
body. The temperature of the blackbody changed from 45 to 345 °C in 13 steps both ascending and descending in addition 
to recording room temperatures. The measurement repeated three times in the laboratory while the room temperature and 
humidity fluctuated between 20–25 °C and 30–45%, respectively.

At each step, the camera recorded thermograms similar to the one shown in Fig. 20.1g and the data associated with the 
Area Of Interests (AOI) were recorded for further analysis and curve fitting using MATLAB®. The curve fitting results show 
a strong correlation with the coefficient of determination R-square being above 0.99. Figure 20.2 shows the fitted lines and 
Table 20.1 lists the results of curve fitting. We did the curve fitting for three different cases, assuming the temperature in 
Kelvin, and degrees centigrade. Comparing the fitted curve with camera’s readout in low temperature, particularly close to 
room temperature showed a better performance from the degree oC fitted curve.

Fig. 20.1  The configuration of the setup and equipment were used for camera calibration, emissivity estimation, and temperature measurements: 
(a) IR camera, hot plate, and aluminum block; (b) cooling apparatus; (c) thermocouple installed between the aluminum block and the aluminum 
adhesive tape; (d) calibrated blackbody and the computer platform; (e) thermometer and the ABS washers; (f) the 3D printed washers consist of 
three sets of differently colored ABS polymers; and (g) a snapshot of the blackbody captured by the IR camera showing the Area Of Interests
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After measuring the camera’s response curves, we then estimated the emissivity of the 3D printed ABS washers similar 
to those shown in Fig. 20.1f. We printed nine washers with a thickness of 0.8 ± 0.1 mm and a diameter of 30.0 ± 0.5 mm in 
three different colors and tested them with the same condition and setup. The aluminum block heated up until its top surface 
reached 240 °C, after which the washers were carefully situated at the center, where they made contact with the thermo-
couple. The thermal paste was carefully spread across the area beforehand, and a small aluminum roller was used to ensure 
the washers were firmly attached.

After about 5 min, the system reached a steady state, at which point the hot plate turned off and measurements started. The 
DAQ and the LabView® program acquired the temperatures with the data acquisition rate of 1MBs. An interface was designed 
to calculate the average, and standard deviation of the 10,000 subsequent acquired points and store them as a text file. In 
addition, the IR camera located right above the hot plate at a distance about 200 mm captured the thermograms as well. The 
Cold Junction (CJ) was set based on the room temperature, which was monitored continuously using a thermometer and the 
required changes were applied to CJ as needed. The room temperature fluctuated between 18 and 21 °C during different 
measurements. The humidity also monitored which was always seen as less than 40% during all measurements, though there 
was no significant effect on the total measurements due to the short distance between the camera and target surface.

Images and temperatures were stored and later used in Matlab for data analysis and curve fitting. The clock of the DAQ 
and the camera was used for matching the temporally stored data. Knowing the blackbody response at the specific tempera-
ture allowed us to measure the emissivity using Eq. (20.3) by estimating Eobj at the corresponding temperatures, and the IR 
camera’s readout Etot. In this equation Esur was plugged in based on the room temperature measurements.

As shown in Fig. 20.2c, a few different AOIs were defined on the washer. The curve fitting and analysis were based on the 
data within the area of “Ellipse 2”, which consisted of 732 pixels, and the comparisons among different AOIs did not show 
any significant differences. The total irradiances off the surface of the washers were measured in camera counts. Figure 20.2a 
illustrates the total readout counts of the IR camera, while Fig. 20.2b shows the fitted curves for a blackbody and three sets 
of measurements for white, blue, and red ABS washers. The difference between a blackbody and the ABS washers readout 
increases as the temperature increases, which indicates that at higher temperatures the emissivity of the ABS decreases. In 
general, all three different colors show relatively similar trends. Although, white ABS seems less emissive compared to that 
of blue and red. The difference between the latter two is negligible.

Fig. 20.2  The acquired data for blackbody and washers along with the fitted curve and snapshot of the IR camera: (a) three measurements of the 
blackbody with temperature ranging between 25 and 345 °C with the curved fitting based on K and °C; (b) the response curve of the blackbody 
juxtaposed with the nine measurements on the washers with temperatures ranging between 45 and 200 °C; and (c) a representative snapshot of the 
IR camera showing the different AOIs used for analyses

Table 20.1  The derived coefficient and a few statistical information of curve fitting for the rectangular and ellipsoidal AOIs used for estimating 
the response curves to blackbody radiation

Description Based on Kelvin Based on Kelvin assuming c = 0 Based on °C
Coefficients, a 0.008596 0.02272 5.869
Coefficients, b 2.432 2.286 1.527
Coefficients, c 1899.697 0 10464.94
R-square 0.9997 0.9998 0.9999
Root-mean-square error (RMSE) 240.0865 184.8451 61.1491
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The emissivity of these nine samples are determined and shown in Fig.  20.3a. The emissivity, in general, follows a 
decreasing trend as temperature increases which is similar to the behavior in other materials such as Aluminum. The maxi-
mum measured emissivity in room temperature was approximately 0.92, which is less than 0.95, the reported value for 
polymers at room temperature. The emissivity drops to 0.82 as temperature ascends to 200 °C for white ABS.

Figure 20.3b also illustrates all the measured points of the samples for each color, and the solid line is the fitted curve 
based on the entire poll of data for the same colors. A polynomial of degree 3 (a × x3 + b × x2 + c × x + d) was used for the 
curve fitting.

Table 20.2 lists the coefficients of the polynomial along with some statistical values. The coefficient of determination is 
above 0.71 for white washers and above 0.86 for red and blue, which indicates a strong correlation between temperature and 
emissivity. These curves indicate that the difference between blue and red washers decreases as temperature increases. This 
data also shows that the emissivity of white washers is lower and decreases more dramatically compared to the two others. 
The curve fitting also exhibits a slowing slope in temperatures between 110 and 130 °C, which is attributed to the glass tran-
sition temperature of the ABS polymer.

�Estimation of the Temperature Distribution Using the Estimated Emissivity in IR Camera

We printed three different ABS blocks with square cross-sections of 3, 7, and 11 mm while changing two critical printing 
parameters, printing speed and extruder temperature.

The first experiment was performed on a cube of 3  ×  3  mm with a speed of 2000  mm/min (Low) at a temperature  
of 290 °C (High). The second one carried out on a cube with 7 × 7 mm, with a speed of 4000 mm/min (medium), and a 
temperature of 265 °C (medium), and the last cube with dimensions of 11 × 11 mm, at a speed of 6000 mm/min (High) and 

Fig. 20.3  The estimated emissivity based on the gathered data and fitted curves: (a) scatter plot shows the determined emissivity values of the nine 
different washers indicating a similarity in trends and effects of the colors; and (b) the entire pool of data for all measurements and the polynomial 
fitted curve showing the trends and the estimated values

Table 20.2  Curve fitting coefficient and a few statistical information on curve fitting for the entire obtained points for three different colored 
washers

Description Blue washers Red washers White washers
Coefficient, a −9.916 × 10−9 −1.022 × 10−8 −1.487 × 10−9

Coefficient, b 1.118 × 10−5 1.093 × 10−5 1.252 × 10−6

Coefficient, c −0.00438 −0.004019 −0.0006367
Coefficient, d 1.497 1.405 1.019
R-square 0.8642 0.9199 0.7145
Root-mean-square error (RMSE) 0.0042 0.0028 0.100
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a temperature of 240 °C (low). By analyzing the captured thermograms, the average deposition velocities in z-direction were 
calculated as 15.97, 4.66, and 2.42 mm/min for 3, 7, and 11 mm cubes, respectively. Table 20.3 indicated a few parameters 
along with other critical information considered for modeling.

The IR camera was installed in front of the FDM machine in a slightly inclined direction but perpendicular to the speci-
men at the center of the machine. The machine front door was open, and the room temperature and chamber temperature 
were monitored regularly. The schematic of the camera is shown in Fig. 20.4a. The printing processes were captured with a 
frame rate of 2 Hz from beginning to a few seconds following the completion of the specimens.

The IR camera captured the process of manufacturing three cubes printed with white ABS filament. The entire process 
was captured for all three cubes; however, two critical instances, halfway and completion of the printing process for the 
blocks of 7 and 11 mm, are demonstrated in Fig. 20.5. We wrote an algorithm to correct the IR camera’s temperature mea-
surements in-situ. The first column of images in Fig. 20.5a is the initially reported temperatures, the second column are the 
corrected temperatures based on emissivity, and the last column shows the temperature difference between the corrected and 
reported values. We used the correlation found for the white ABS polymer to account for the effect of emissivity on tempera-
ture measurements. These effects were more pronounced at higher temperatures with a maximum error of 15% in areas with 
temperatures above 240 °C.

Table 20.3  Part physical, geometries, and manufacturing parameters considered in this study

Length, L 30 ± 0.19 mm Stacking orientation Rectilinear, longitudinal (0°)
Width, w 3, 7, and 11 ± 0.5 mm Average ideal time 0.25 s
Material ABS Layer thickness 0.19 mm
Color White Air gap 0
Specific heat, cp 1300 J/kg-K Average bulk temperature T∞

a 35 °C

Density, ρ 948 ± 5 kg/cm3b Raft Yes

Conductivity, κ 0.16–0.15 W/m-K Heated-bed temperature Tb 70 °C

Polymer-heated bed thermal 
contact coefficient

4800 W/m2K Bead width 0.40 mm

Coefficient of heat convection 
for the top layerc

3 mm: 90 W/m2K
7 mm: 59 W/m2K
11 mm: 47 W/m2K

Linear deposition velocity for 3D Low (2000), Medium (4000), and High 
(6000) (mm/min)

Coefficient of heat convection 
for other layersc

3 mm: 38 W/m2K
7 mm: 20 W/m2K
11 mm: 7 W/m2K

Extruder temperature TExd Low (240), Medium (265), and High (290) °C

Printing orientation Vertical Cooling Fan speed 100%
aThe bulk or envelope temperature was monitored using an analog thermometer and its average calculated accordingly
bDensity was measured experimentally
cThe correlation proposed by Churchill [23] is used to estimate the convection coefficient by assuming the velocities of 0.3 and 1.7 m/s for other 
and top layers, respectively
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Fig. 20.4  (a) schematic of the IR camera monitoring fabrication processes in-situ; (b) Error percentage in estimation of the temperature along the 
height of the blocks of 3, 7, and 11 mm at the halfway point of fabrication; and (c) Error percentage in estimation of the temperature along the 
height of the block of 3, 7, and 11 mm upon completion of the fabrication process
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�Comparison Between Numerical Estimation and IR Measurements

We developed a simplified 1D simulation to estimate the temperature along the height of three different blocks with the 
specification mentioned in Table 20.3. The model is based on assuming the lumped capacity for the cross-sections, though 
this assumption only could be satisfied for the cubical section of 3 × 3 mm. The temperature distribution along the height of 
these three cases for the half and full length of the blocks are illustrated in Fig. 20.6a, b, respectively.

The results exhibit a strong agreement between the corrected temperature and the estimated temperature for each of the 
sizes. The maximum difference took place on the top layers of the two larger cubes. This difference can be attributed to the 
deficiency of a simplified 1D model to capture the dynamics of the deposition or the reflection of the extruder with a higher 
temperature at the top layers. The corrected temperature, except for the few top layers, are in good agreement with numerical 
estimation. Looking critically to the numerical model, one can conclude that the lumped capacity model as described here 
[24] cannot capture the correct temperature distribution and under and overestimates temperature on the lower and top layers, 
respectively. The temperature distribution on the areas right below the layer of the latest deposited material needs 
3-dimensional analyses to be reliably estimated.

�Conclusions and Future Work

In this paper, we proposed a methodology for calibration of an IR imager and estimation of the emissivity of ABS polymer 
using experimental data. The emissivity decreases with increasing temperature and the rates vary around the glass transition 
temperature of the ABS polymer. The measured emissivity shows the optical properties of ABS also depend on color with 
darker shades exhibiting a higher emissivity. The emissivity at room temperature is 0.92 which is below the recommended 
value of 0.95 of ABS commonly used in IR imagers. A script written in Matlab included the camera calibration and obtained 
emissivities and was incorporated into the IR imager software to correct the temperature measurement in real-time. The 
results exhibit up to a 15% error in temperatures measurements in temperatures as high as 240 °C which translates to 36 °C 
difference between uncorrected and corrected values.

Fig. 20.5  The first and the second row show the application of the IR camera incorporating the determined emissivity for in-situ temperature 
measurements at half and full length specimens with 7 and 11 mm, respectively: (a) the original temperature estimated by IR camera; (b) The cor-
rected temperature; and (c) the error percentage
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1-D numerical simulations also verified the estimated temperatures, and the results suggest that the corrected tempera-
tures are reliable. The estimated emissivity can be incorporated into other IR imagers monitoring ABS 3D printing processes 
to account for the dependency on optical material properties for accurate temperature measurements. These corrections help 
to improve the remote temperature measurements and can be incorporated into future FDM technologies to enable accurate 
thermal measurements for closed-loop control strategies.

Our results also indicate that the knowledge of the material optical properties is essential for accurate temperature mea-
surements, and failure to incorporate this data leads to erroneous measurements which predict temperatures lower than actual 
values.

This study exhibits the potential of calibration and numerical modeling in the estimation of accurate thermal measure-
ments during printing which in turn can contribute to the development of a better and more reliable 3D printer in the near 
future. Although, more investigation is still required to demonstrate the validity of the assumptions made, and the extension 
of this approach for other polymeric material and metallic 3D printers.
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Fig. 20.6  The comparison between 1D numerical simulations, original, and corrected experimentally measured temperature along the vertical line 
on the center front-face for the three blocks of sizes 3, 7, and 11 mm at half and full length: (a) 3 mm cube; (b) 7 mm cube; and (c) 11 mm cube
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