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Abstract

:

Additive manufacturing has acquired a global industrial panorama for being an alternative to redirect the industry towards sustainability. However, previous studies have indicated that fused deposition modelling (FDM) techniques are potential sources of particles that are harmful to health. For this reason, this work is focused on exploring the behaviour and distribution of FDM resultant nanoparticles from the most commonly used printable materials through alternative methods as digital holographic microscopy (DHM). In this paper, we present the feasibility of using DHM to determine the presence of nanoparticles in the FDM process. Experimental results validate this technology’s precision and provide extensive knowledge about the implications of the FDM on health. The measure of the thin films deposited in glass substrates was between a minimum of 9 nm to a maximum of 200 nm, in agreement with the previous studies.






Keywords:


fused deposition modelling; digital holographic microscopy; nano particles












1. Introduction


Additive manufacturing has acquired a great interest from the global industrial panorama since its appearance in the late 1980s, gaining ground in diverse sectors, as being considered a technology capable to guide the industry towards an environmentally sustainable direction [1,2,3,4]. This direction is due to its characteristics such as the efficient use of resources (raw materials and energy), as well as the reduction of CO2 emissions derived from its processes [3,5,6,7,8,9]. At the same time, additive manufacturing is composed of various techniques, such as stereolithography (SLA), digital light processing (DLP), selective laser sintering (SLS), and FDM [10]. This last, consists in the passing of filament through a nozzle previously heated to a specific temperature. Immediately afterward, the material is deposited progressively in the form of a layer on a construction platform, achieving this by employing a system of axes (X, Y, and Z) in order to create three-dimensional structures [11].



On the other hand, recent studies have defined those thermoplastic materials subjected to thermal processing act as emitting sources of gases and particles. Specifically, harmful to health compounds such as ultrafine particles, aldehydes, carbonyls and volatile organic compounds (VOCs). Proof of this, is the case of the primary gas-phase derived from the thermal decomposition of some thermoplastics as acrylonitrile butadiene styrene (ABS), which is one of the most common materials used in FDM. It has shown the presence of subproducts such as carbon monoxide, characterized by having a high degree of toxicity that can produce mild discomforts such as cough, sore throat, irritation of the nasal passage, headache and nausea, to hard complications as pulmonary edema, pneumonia, development of heart conditions, infertility and increasing risks of premature births; hydrogen cyanide, which is a highly hazardous material classified as a non-cumulative protoplasmic poison by its ease of combining with cell oxygenation regulatory blood enzymes, generating a prolonged deficit of oxygen and resulting in a respiratory failure of the affected person; ultrafine particles, which can easily lodge in the lungs, alveoli and respiratory tract, causing conditions such as translocation of this thin materials to the brain through the olfactory nerve, cardiorespiratory problems, cardiovascular accidents, asthma symptoms and even death; and VOCs, which can cause irritations in the respiratory tract to fertility problems [12,13,14,15,16,17,18,19,20,21,22,23,24,25,26]. Stephens et al., report the presence of particles with lengths ranging from 11.5 to 116 nm, in concentrations that exceed 1010 units per minute, a fact that translates into potential health danger [13]. In addition, a large part of the investigations focused on the study of emission phenomena derived from FDM processes made use of specialized equipment, such as: vacuum containers, air filters, and chromatography equipment, to identify the presence and characteristics of the resulting particles. However, carrying out these tests represents a high monetary cost; being necessary the development of different alternatives using emerging technologies that facilitate the study of the environmental effects derived from additive manufacturing, promoting the solution of its main challenges. In this way, the digital holography technique, developed by Dennis Gabor in 1948 to improve the electron microscope’s resolution, has been positioned as an attractive tool for developing research in the nanotechnology field. Due to its properties, digital holography has the capability to acquire holograms quickly; it facilitates the availability of complete information about the amplitude and phase of the optical wavefront. Phase distribution allows us to calculate the thickness of thin films formed by nanoparticles and the versatility present in the techniques that compound them, such as interferometric and image processing [27].



This study was developed to analyse the distribution of the resultant ultrafine particles from the filament smelt and deposition processes presented on the FDM; through the use of a digital holographic microscope in order to propose new methodological alternatives, focused on the economic and technical feasibility of its appliance. It contributes to a broader understanding of the environmental and health implications of the implementation of additive manufacturing in the industry. This work shows the measurement of nanoparticles distribution present in the additive manufacturing process of eight printable thermoplastics, being these materials: polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), carbon fiber, nylon, polyethylene terephthalate (PETG), high impact polystyrene (HIPS), thermoplastic polyurethane (TPU), and polypropylene (PP). The technique used to carry out this inspection was through digital holographic microscopy (HDM). Despite the lateral limitations of the microscope, the measurement of the thickness of the film deposited on a glass substrate in the case of PLA and ABS were between 11.5 nm to 96.72 nm, in agreement with recent studies. As far as we know, this technique was not already used before for the analysis of nanoparticles derived of FDM thermoplastics smelting process.



This work is divided into three main sections; the first of them is Materials and Methods, which present the procedure used in the microparticle collection employing glass substrates from the most frequently used thermoplastic materials in 3D printing, mentioned above, through set-ups that simulate the melting process present in the FDM additive manufacturing technique. At the same time, the microscopic digital holography is detailed exposed; describing its main characteristics, explaining the theoretical principles that govern its operation and the configurations used to carry out the measurements related to the object of study. On the other hand, the Section 3 report the results obtained from the experimental procedures, making an analysis based on previous research related with the ordering behaviour of the particles of those used materials. Finally, the last section, entitled Conclusions, synthesizes the most important contributions obtained from the research, as well as multiple recommendations to mitigate the negative effects derived from use of FDM as a manufacturing method. Being the main objective of this research, the recollection, measurement and analysis of nanoparticles derived from de smelting process that conform FDM with the technique of DHM.




2. Materials and Methods


2.1. Nanoparticle Samples Collection


The methodology used to capture microparticles is an adaptation of the research carried out by Stephens et al., in their work entitled Ultrafine Particle Emissions from Desktop 3D Printers, which aims to emulate the conditions presented during the 3D printing process; taking into account important aspects such as temperature, printing time and the amount of material deposited [13]. It began with determining the amount of filament used for the emulation of the casting process present in the FDM destined for the collection of the nanoparticle samples. First, a solid with a cubic shape was manufactured using the pre-established parameters in the Ultimaker Cura 4.8.0 software for the Creality Ender-3 Pro equipment’s generic PLA material (Table 1). Then, for 30 min the fused filament was deposited in the printing area, to be weighed later. Finally, an estimate of the total deposited material for a printing period of 2 h was made with this information.



Glass substrates, 76 mm long by 26 mm wide, were adapted meant to function as microparticle collectors. For this time, each substrate was sterilized using pure acetone and alcohol. Subsequently, one of its sides was covered with adhesive tape, reserving a centric area for collection, which measures 4 mm wide by 17 mm long, vertically oriented, and subdivided into four regions located in a parallel direction (Figure 1). This tape was used for generating the different areas according with the time of exposition, avoiding at the same time the presence of residual adhesives.



Subsequently, an adaptation of the methodology proposed in the previous studies, 3D printer as a potential source of indoor air pollution [28] was carried out. We obtain three samples per material (polylactic acid, acrylonitrile butadiene styrene, carbon fiber, nylon, polyethylene terephthalate, high impact polystyrene, thermoplastic polyurethane, and polypropylene) deposited inside a container made of a glass substrate, previously sterilized with pure acetone and alcohol. The container was placed on the grill of a PRENDO AM 100 magnetic stirrer at a temperature of 250 °C. Putting in the upper mouth of the container both a nanoparticle collector and a glass substrate, 70 mm wide by 70 mm long (Figure 2). Exposure of the material was carried out for 2 h, dividing into phases of 30 min each. The layer of tape adhered in each region was systematically removed once the substrate returned to room temperature. As a result, a stepped sample of the nanoparticles was obtained.




2.2. Digital Holographic Microscopy


DHM is a tool that has been gaining importance in different areas in the last three decades [28,29] due to its ability to refocus different planes with a single hologram to its high precision in the measurement of up to 4 nm in the axial direction [30] due to its interferometric nature and in the lateral direction determined by the Rayleigh diffraction limit such as any optical microscope, DHM is an ideal tool for obtaining nanometric measurements in the axial direction. This method is based on acquiring a hologram created with the interference of a light beam that is reflected or passes through an object captured with a microscope objective and with a reference beam [31]. The complex amplitude of the object is recovered when the hologram is re-illuminated by the reference light beam. In this way, we can have access to phase and magnitude images that allow us to make real physical measurements of the specimen.



The experimental optical arrangement used in this study was a Gates interferometer, as shown in Figure 3, which has previously been used in investigations by the authors [30,32,33]. A 5 mW laser diode with a wavelength (λ) of 640 nm was used as the illumination source. First, the beam of light is expanded and collimated by the lens (L). Subsequently, this beam is passed simultaneously through the sample and the substrate that does not contain deposited material (reference wave). In this manner, the object under test information is sent to the Gates interferometer through one window while the reference beam passes through the other. At the exit of the interferometer, the hologram was captured by a 10× microscope objective with a long working distance and N.A. of 0.28. On the other hand, the camera used to capture the micro-holograms was a 1024 × 1328-pixel monochrome StingrayTM with a pixel size of 6.4 μm × 6.4 μm with an 8-bit depth. For more details about how the Gates interferometer works, consult the following references [32,33].



In Figure 4a it is possible to observe a hologram captured by the system, while in Figure 4b a photograph of the sample is presented under white light illumination. In the lower part of the photograph is the nanoparticles’ deposition area. A dragonfly wing is shown in the upper part of the photograph, placed as a focus reference, clarifying that insect was found dead in the university facilities. The distance from the object to the camera plane was 38 mm, and the system configuration was devised to obtain off-axis holograms. As we can see in Figure 4a, the zoon area modulating straight vertical lines are present. In addition, it is important to mention that the maximum object dimensions that could be analyzed by the proposed equipment arrangement will depend on two factors, being the size of the beam splitter cube and the camera sensor. In other words, the larger the sensor and the beam splitter cube, the larger it would be the size of the object capable of being analyzed [33].



The Figure 4a shows an experimental digital hologram obtained by the optical setup proposed of the Figure 3. In order to obtain a digital hologram, it is essential to count with both, the object wave (red dash square) and the reference one (black dash square) (Figure 3). In addition, the illumination source must be coherent, being in this case a laser light. In contrast, to obtain a photograph, the illumination source is not required to be coherent, in this case the Figure 4b was illuminated with a simple LED and the reference wave was blocked. The Figure 4 is presented with aims of illustration.



The intensity I(x,y) registered by the camera, is the interference distribution between the object wave O(x,y) and the reference wave R(x,y) that obeys the following expression:


    I ( x , y )   =    |  O ( x , y )   +   R ( x , y )  |   2                =  O   ( x , y )  2  + R   ( x , y )  2  + R ( x , y ) O   ( x , y )  *  + R   ( x , y )  *  O ( x , y )    



(1)







The first terms correspond to the DC term, while the last two correspond to the virtual and real image, respectively. On the other hand, * denotes complex conjugated terms.



Regarding “off-axis” holograms, the DC term, the real and virtual images are separated according to diffraction orders. Applying the filtering process in the frequency domain, only the real image of the object can be obtained for later reconstruction. In Figure 5, the Fourier spectrum of the hologram of Figure 4a is shown, where the diffraction orders discussed above are highlighted.



Subsequently, a window function   W  (   f x  ,  f y   )    is used in the frequency domain to obtain the object wave   R    (  x , y  )   *  O  (  x , y  )    as expressed in the following mathematical expression:


  O (  f x  ,  f y  ) = W (  f x  ,  f y  )  ℑ ±  [ H ( x , y ) ∗ R D ( x , y ) ]  



(2)




where   H  (  x , y  )    is the digital hologram,   R D  (  x , y  )    is the reference wave that synthetically re-illuminates the hologram and ℑ± is the inverse (+) and direct (−) Fourier transform. Taking into account the above, the reconstruction of the object   O  (  x , y  )    is carried out by the Kirchhoff-Fresnel propagation algorithm as described below [34]:


  O  (  x , y , d  )  =  ℑ +   {   [  O  (   f x  ,  f y   )   ]  exp  (  j k d  )  exp  [  − j π λ d  ]   [   f x    2  +  f y    2   ]   }           



(3)







Based on the wavefront of the reconstructed object, the amplitude of the object   A  (  x , y  )  =    |  O  (  x , y , d  )   |   2    and the   ϕ  (  x , y  )  =   tan   − 1    [  i m a g  (  O  (  x , y , d  )   )  / r e a l  (  O  (  x , y , d  )   )   ]    are obtained. The thickness (e) corresponding to the calculated phase is obtained as follows:


  e  (  x , y  )  =   ϕ  (  x , y  )  / k   n −  n 0     



(4)




where  n  is the refractive index of the printable thermoplastic materials, and    n 0    is the refractive index of air.





3. Results and Discussion


The experimental results obtained in this work were attained by applying DHM technique from the films generated during the nanoparticle collecting process described in the Section 2.1. Applying the proposed method to diverse thermoplastic materials such as ABS, Carbon Fiber, HIPS, Nylon, PETG, PLA, PP, and TPU, which were divided into four regions, varying the exposure time between each of them for 30 min. Having the Region 1 the shortest exposure time with only half an hour; while Region 4 counted with the longest exposure time with a period of 2 h. This with the aim of capturing films of different thicknesses, which allow analyzing the molecular ordering properties of each material through a defined time period.



The photograph of Figure 6a is the thin film of the TPU deposition by performing the procedure described in Section 2.1. Figure 6b shows a zoom area delimited by the red square of the photograph Figure 6a. At the bottom of Figure 6b we attached the profile measurement result of the thin film by DHM for identification zones.



Once, the collection of nanoparticle samples was finished (Section 2.1), a reconstruction process of the digital holograms was performed (Section 2.2), applying a reconstruction distance of d = 0.006 mm in Equation (3) for refocusing object and using a reference hologram technique to eliminate aberrations and misalignment of the system [35]. Figure 7 shows the reconstructed amplitude distribution of an Edmund NBS 1963A resolution card, where the zone of interest corresponds to 10 double lines per millimeter. From this pre-process, we attain a lateral resolution of 4 μm.



Figure 8a, Row 7, shows TPU digital hologram recorded by the optical setup described in Figure 3. The reconstruction process described in Section 2.2 was performed to obtain the measurement results by Equation (4). Next, in Figure 8b, Row 7, we show the amplitude reconstruction of the TPU particles deposition. Finally, Figure 8c, Row 7, it shows the phase reconstruction of the TPU particles deposition. Attached to this figure is the average profile of thin film thickness for a better understanding.



The graphs presented in Figure 9 show the average thickness of the films deposited in the vertical direction, as shown in the procedure in Figure 8. Additionally, the refractive index presented in Table 2 was used to realize these two-dimensional graphs [36,37,38,39].



The thermoplastic materials showed differences with the expected behavior related to their union properties during the nanoparticle deposition process on the glass substrate. While materials such as nylon and TPU showed a uniform adhesion, having a consistent relationship between the exposure time and the resultant nanoparticle film, materials such as carbon fiber and PP had an uneven adhesion behavior along the exposure regions.



Due to the properties of thermoplastic materials, their molecules present agglutination, avoiding the formation of uniform films [40]. These properties mean that plastic materials, in contrast to semiconductor materials such as silicon [41] or metallic materials as chromium [42], do not respect molecular structures in an orderly way.



The analysis of the nanoparticles was carried out collectively and focused mainly on identifying their distribution behaviors on the glass substrate used. Validating in this way, the digital holographic microscopy as an alternative methodology for the measurement and study of nanoparticles, through the comparison between the results obtained in region 1 of the PLA and ABS samples, shown in region 1 of the Figure 9f for PLA and Figure 9a for ABS; with the results reported by Stephens et al. of these specific materials. Where PLA and ABS particles films presented dimensions ranging from 11.5 nm to 116 nm, having as average measurement 47.5 nm [13]. On the other side, the results of this research about the thickness of the PLA film present a size range between 11.05–33.08 nm, while in the ABS film was 21.38–96.72 nm. Taking into account these data, the average measurement of each material was determined, being 21.55 nm for PLA and 67.23 for ABS. Once the averages of film thickness were known and using the Stephens et al. particle size average as reference measure, the relative error to know the accuracy of the data was calculated, obtaining −54.63% in the case of PLA and 41.54% in the case of ABS. In other words, although the measurements of both samples coincide with the data found by Stephens et al., the ABS sample showed greater accuracy, presenting a lower percentage of relative error concerning the reference measure.



Additionally, this research contributes significantly to the measurement of particle films captured within the first half-hour of the filament deposition process found in FDM. Analyzing a wide variety of materials not previously measured (ABS and PLA), such as carbon fiber, HIPS, nylon, PETG, PP, and TPU (Table 3). Where, materials such as TPU registered the smallest collected film thicknesses with 9.704 nm; while PP presented the largest films thicknesses, with a measurement of 771.6 nm (Table 3).




4. Conclusions


The present work shows the measurement of printable thermoplastics (PLA, ABS, Carbon fiber, Nylon, PETG, HIPS, TPU, and PP) nanoparticles distributions in the additive manufacturing process. The technique used to carry out this inspection was through DHM. Despite the lateral limitations of the microscope, the measurement of the thickness of the film deposited on a glass substrate in the case of PLA and ABS were between 11.5 nm to 96.72 nm, presenting slight variations with the results previously reported [13]; also presenting a relative error of −54.63% and 41.54%, respectively. However, it is important to mention that the differences between the results may be due to the fact that Stephens et al. perform the measurement of the dimensions of the particles in the free state, while this work focuses on the measurement of film, in which the shape of the particle was altered as a result of the adhesion process to the glass substrate. For this reason, we can conclude that the proposed procedure is reliable for the measurement of nanostructures, supporting the area of nanotechnology as an alternative measurement tool. In addition, DHM presents some advantages in comparison with the chromatography equipment [13] or scanning mobility particle sizer coupled with an optical particle spectrometer [14]. The proposal by DHM is a simpler optical setup, is cheaper implementation, and is more compact size system than used in references [13,14].



Additionally, the importance of conducting research related to nanoparticles’ presence in the FDM lies in the effects produced when they enter the human body. This is due to their ease of lodgment into the lungs, alveoli, and respiratory tract [14,15]. Thus, causing health conditions as translocation of these thin materials to the brain through the olfactory nerve, cardiorespiratory problems, cardiovascular accidents, asthma symptoms, and even death [21,43,44].



Finally, regarding the health issue, there are specific measures which can significantly mitigate the dangers derived from the exposure of nanoparticles and gases derived from thermal processing of plastics, as has been proven in industrial activities such as plastic injection. Being in the first place, the control of the temperatures for plastic handling; as well as the presence of proper ventilation in the thermal processes which materials are subjected, implementing local exhaust ventilation (LEV) for those areas where high emissions occur [43,44].
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Figure 1. Nanoparticle collector diagram. 
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Figure 2. Nanoparticles collecting setup. 
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Figure 3. The optical arrangement of digital holographic microscope. 
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Figure 4. PLA nanoparticles deposited on a glass substrate. (a) Digital hologram obtained with the proposed microscope and (b) photograph obtained with the same camera using white light. 






Figure 4. PLA nanoparticles deposited on a glass substrate. (a) Digital hologram obtained with the proposed microscope and (b) photograph obtained with the same camera using white light.



[image: Applsci 12 00065 g004]







[image: Applsci 12 00065 g005 550] 





Figure 5. Fourier spectrum distribution of the captured hologram. 
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Figure 6. (a) Photograph of TPU nanoparticles collected, and (b) zoom photograph of the thickness distribution of the deposited TPU film sample (Image (a)). 
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Figure 7. Amplitude reconstruction of a hologram recorded of a resolution card to determine lateral resolution. 
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Figure 8. Reconstruction of thermoplastics filaments deposition nanoparticles by DHM. 
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Figure 9. The average thickness of the microparticle film deposited on the collecting area: (a) ABS, (b) carbon fiber, (c) HIPS, (d) Nylon, (e) PETG, (f) PLA, (g) PP, (h) TPU. 
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Table 1. Printing parameters for PLA used in the software Ultimaker Cura.
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	Parameters
	PLA





	Layer height
	0.2 mm



	Initial layer height
	0.2 mm



	Infill density
	100%



	Infill pattern
	Lines



	Printing temperature
	200 °C



	Build plate temperature
	60 °C



	Filament diameter
	1.75 mm



	Print speed
	50.0 mm/s



	Nozzle diameter
	0.4 mm
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Table 2. Refractive index of thermoplastics materials.
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	Material
	Refractive Index (nd)





	ABS
	1.57



	Carbon fiber
	1.62



	HIPS
	1.561



	Nylon
	1.72



	PETG
	1.57



	PLA
	1.465



	PP
	1.495



	TPU
	1.57
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Table 3. Region 1 nanoparticle film thickness.
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	Material
	Min. Film Height (nm)
	Max. Film Height (nm)





	PLA
	11.05
	33.08



	ABS
	21.38
	96.72



	PETG
	105.6
	143



	HIPS
	147.1
	330.6



	Nylon
	26.13
	56.65



	PP
	21.83
	771.6



	Carbon Fiber
	98.19
	197.5



	TPU
	9.704
	141.7
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