Pesynbraru po3paxyHKiB BUBOISITECS Y TAOMUYHOMY BHUIIISIII Ta MOXKYTh OyTH 30epexeHi y dop-
mati HTML a6o nepenani 10 nakeriB Microsoft Word, Microsoft Excel.

BucHOBKH Ta HANPAMKH MOAAJTBIINX JAOCTITZKeHb. Y SKOCTI IHCTPYMEHTApIIO 3 PO3POOKH MPO-
rpaMHOTro 3a0e3neueHHs Buopano moBy C++ Ha 6a3i 6iomioreku MFC interposanoro cepemosuiia Mi-
crosoft Visual Studio 2019. [l 06po6ku 6a3 nanux BUkopuctano Texunojoriro ADO, mis pobotu 3 3D-
rpadikoro — Binkputy rpadiuny 6idmoreky OpenGL [7-10]. Kpim Toro, po3pobiero 3D-moayns aHa-
JIi3y KOXKHOTO BYy3J1a CITKU BiTHOCHO HAHOJIM)KYMX KEPHIB CBEPJ/JIOBUH Ta OpraHi30BaHE MOITOBHEHHS
pe3ynbTytodoi iHpopmarii o JOBIT-HIM PO UISIM Kap’e€py, sIKi 33/1al0ThCA IBOMA MTapaMeTpaMu: Bif-
CTaHb MiXK TIPOQUISIMU Ta KyT Haxmi1y. Lle 1ae€ MOKITUBICTh TIOPIBHATH PE3yJIbTAaTH IIPH PI3HUX Hapame-
Tpax KyTiB Ta BiZicTaHi MiX OpOQIJIsIMH Ta OLIIHUTH OTPUMAHI PE3YIbTATH.
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THE ANALYSIS OF WORKING ENVIRONMENT IN OPERATION
OF 3D PRINTERS FOR FUSED DEPOSITION MODELLING

Purpose. The creation of safe working environment and the overall environmental footprint of 3D printing process is the
relevant issue for the industry and other fields of human activity. The urgency of the research is due to the need to explore the
working environment in operation of 3D printers for fused deposition modelling technology (FDM) as one of the most wide-
spread.

Research methods. General theoretical methods (analysis, generalization, synthesis) are used in the study.
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Scientific novelty. A comprehensive analytical study of occupational safety of 3D printing as a manufacturing process
of processing materials was carried out. It reveals that despite of the digital focus of 3D printing, it is a mistake to apply to it
the requirements of safety related only to digital technologies. The negative effects of the equipment for FDM-based 3D print-
ing are of low intensity, bit under condition of long-term impact they can have a cumulative effect.

Practical significance. The study identifies hazardous and harmful factors of working environment and the labor process,
generated in FDM-based 3D printing with two of the most common type of plastic: ABS and PLA. Harmful chemicals emitted
during the printing process by these plastics and their effects are considered. The means of collective protection both for the
professional operators and for surrounding persons are suggested.

Results. Hazardous and harmful production factors inherent in fused deposition modelling technology as a method for
processing materials were considered. The preference of using PLA plastic for 3D printing in the non-production sphere is
substantiated. The suggestions on occupational safety to optimize working environment for FDM-based 3D printing are repre-
sented.

Key words: 3D printing, fused deposition modelling, ABS plastic, PLA plastic, occupational safety, working environ-
ment, hazardous and harmful production factors, harmful chemicals
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The technology of 3D printing is the newest and rapidly developed among the additive technologies
used for parts and objects manufacturing. This technology was invented in the mid-80’s of the last cen-
tury, its introduction into everyday practice began by the mid-2000s, and nowadays it has a wide appli-
cation in various fields of human activity. 3D printing is a generic name of the group of information-
based technologies of material treatment. These technologies rely on digital designing of three-dimen-
sional objects and their further layer-by-layer reproducing using special numerical controlled equipment
which is conventionally called 3D printers.

The main advantages of 3D printing in comparison with the classical material processing methods
are the decrease in level of environmental pollution by minimizing the amount of industrial waste and
the reduction of energy consumption of technological equipment. The relevance of the study is due to
the fact that 3D printing is placed at the intersection of industrial technologies and the industry of
knowledge. As a matter of fact, any industrial production is the processing of large amounts of raw
materials and the functioning of technological equipment in different manufacturing processes. Regard-
ing the industry of knowledge — Information Technology — the main its value is the human as the creator
of certain methodologies and software products. That’s why health preservation as well as increase ef-
ficiency and productivity of both individual employee and the team are the main objectives of every
company or organization.

Problem and its connection with scientific and practical tasks. The development of 3D printing
occurs in three main directions. The first direction is a search for new materials, which can be used for
prototyping for already known technologies. The second direction is a search for new 3D printing tech-
nologies and a hardware for their implementation. The third direction is a development of software
necessary to implement different 3D printing technologies with different materials. The studies in these
areas also involve some specific safety issues, for example, the biological compatibility of implant print-
ing materials [1, 2]. However, much of these studies are fragmented and incomplete, because they are
considering certain aspects of safety, usually related to the quality of the printed product or with its
influence on a human organism during exploitation.

A comprehensive study of occupational and ecological safety of 3D printing as the technological
process of processing material is needed. Such a study should be carried out as the analysis of hazardous
and harmful factors of production environment and labor process. Guidelines on occupational safety and
health as well as recommendations on environmental protection should be based on such a study.

Analysis of recent achievements and publications. 3D printing technologies are characterized by
a variety of manufacturing principles and, as a result, they are characterized by a variety of equipment
and materials used for prototyping. Currently, Fused Deposition Modelling (FDM) technology is the
easiest to implement and the most widespread. Its basic principle is the sequential formation of layers
of printed item of a rigid polymer, which is fed into the printing area in the form of heated wire. The
range of the materials used for 3D printing is rather small, it has about a hundred items [3]. Most mate-
rials can be attributed to three main groups: polymers, metals and ceramics [4]. Organic substances such
as tissue cells, cellulose or foodstuffs are used for the specific types of 3D printing [5].

Industry, medicine, education — these are the areas of human activity in which 3D printing is con-
sidered to be an important and current technology. Each of these areas makes specific demands for 3D
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printing products. The accuracy and strength characteristics of finished item determine the choice of
technology and materials for 3D printing in electronic and aerospace industry, in mechanical engineer-
ing and automotive industry [6 — 8]. Finished item for regenerative medicine, orthopedics, cardiology,
dentistry should meet the requirements of manufacturing accuracy together with biological compatibil-
ity of materials [9, 10]. In the field of education 3D printers are considered to be an effective training
tool in engineering and natural sciences. The use of 3D printers in secondary and higher educational
institutions demands first of all to ensure the safety of students [11]. However, the comprehensive mul-
tilateral studies on this issue are lacking. Investigators usually focus on the realism and visibility of
printed three-dimensional training models or on the level of difficulty in obtaining competence in 3D
design and 3D printing [12, 13]. A number of studies are devoted to the social aspects of 3D printing
applications: as a therapeutic tool or as a tool for food security achievement [5, 14, 15]. Also noteworthy
is the problem of hazardous or prohibited items printing, such as weapons [12], but issues like this are
more in the realm of social and ethical security.

Safety analysis of 3D printing focuses on improving the safety of materials, assessing their impact
on human beings and the environment. For example, the main objective of printed medical items is to
achieve material biocompatibility considering kinetics of decomposition, minimization of decomposi-
tion by-products and other negative effects [4, 16]. 3D printing has a significant potential as a way to
reduce the carbon footprint of industrial production [15]. The pressing problem for 3D printing is the
product and waste management [17, 18].

Relatively low energy consumption is an advantage of all 3D printing technologies compared to the
classical material processing methods. The consequence of this is the lower intensity of hazardous and
harmful production factors affecting the operator. Perhaps this is the reason for the low attention paid to
the industrial safety issues of 3D printing. However, 3D printers are not absolutely safe in terms of
occupational health and safety. Whether in industry, in educational and medical institutions or at home,
3D printers generate factors which are hazardous and harmful to human beings.

The factor which draws attention to the majority of researchers is air pollution in 3D printer working
environment. The most obvious effect of printing process is the emission of harmful substances into the
air, namely, particulate matter (including ultrafine particles 1 — 3 nm or less), toxic gases and volatile
organic compounds [3, 11, 15]. There is a number of studies on air pollution while 3D printing, but
authors usually focus on the chemical composition and the intensity of pollution without taking into
account the duration of 3D printer users exposure to harmful substances [19].

Some authors consider the problem of vibrations during 3D printing, but the studies are devoted to
the impact of vibrations on the quality of a printed product, and do not address the problem of the impact
of vibrations on the human operator [20].

The paper [11] emphasize the need for risk assessment and conducting research devoted to additive
technologies, with special attention to toxicological and environmental hazards that may arise in pro-
duction, use and disposal of printed objects, raw materials and waste. As an illustration of an unexpected
negative event, the exploitation of 3D printers in educational institutions is considered. So, here the
problem is that students, sensitive to air quality, may be inadvertently exposed to harmful substances
emitted in 3D printing. For example, in [21] it was shown that 12 volatile organic compounds with
concentrations below the recommended limits were detected during 3D printers operating. But accord-
ing to the authors, the results obtained do not reflect all possible impact scenarios and further research
is needed to detect the level of impact and effectiveness of manufacturing process monitoring.

Statement of the problem. Thus, we see that the aspects of production safety of 3D printing have
not been duly studied and documented. There is a compelling need for the research of working environ-
ment of the process of object manufacturing by 3D printing. The purpose of the research is to identify
hazardous and harmful production factors and assess their levels for further occupational risk reduction.
The result will be the ability to ensure safe and eco-friendly working environment for 3D printer pro-
fessional users; as well as the ability to ensure reduction of threats to the health of non-professional users
and the development of safer practices of 3D printers using for non-industrial activities. Fused Deposi-
tion Modelling (FDM) technology is selected as the research object, which is the most common due to
its accessibility and efficiency.

Presentation of the main material and results. Because of its belonging to digital technologies,
working environment of 3D printing process can be characterized by hazardous and harmful production
factors, typical for all computer-related activities. The main ones are: the danger of electric shock, the
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lack of natural daylight and insufficient lightning of the working area, poor indoor climate parameters
in working premises. Computer monitors create such harmful factors as increased light brightness, in-
creased light flux pulsation, reduced contrast of images and symbols. The overloading of visual analyzer,
the static overloading of locomotor system, the dynamic overloading of upper limbs are typical psycho-
physiological harmful factors. In addition, as it always been in creative activity, there are mental over-
strain and the emotional overload. Protection from hazardous and harmful production factors listed
above is carried out with regard to the requirements of regulations.

All the computing hardware is characterized by the high level of high-frequency noise generated in
ventilation systems. But in this regard, 3D printing has certain features. Rotary units and reciprocating
units of 3D printers generate low-frequency noise and vibration. These include cooling fans of extruder
and power supply, stepper motors, linear bearings together with printer cases, that vibrate during print-
ing. The actual noise and vibration levels depend on the materials and design of printer housing, the type
of motors and fans, the materials of drive structural elements. The best solutions to reduce noise and
vibrations are: printer setting on anti-vibration supports, the use of software for intelligent fan speed
control and intelligent stepper motors control, the acoustic treatment of production facilities.

Air pollution with toxic gases and particulate matter is the harmful factor of 3D printing that attracts
significant attention of most researchers. Manufacturing of an object on FDM technology consists of
heating and melting the filament (polymeric raw material in wire form) and layer-by-layer forming of
pre-designed item. Two types of polymeric raw material are most commonly used for 3D printing: they
are ABS and PLA plastics. All the filaments are the consumables and they are safe when storing, as any
polymer in the solid state. But when the polymers are heated and melted, their thermal destruction (deg-
radation) occurs and the new substances are formed during the oxidative reactions by interaction with
oxygen in the air. As a result, the fumes of polymer source components or the fumes of polymer thermal -
degradation products are emitted into the workplace air.

ABS polymer (acrylonithrylbutadienstyrene) is the solid opaque copolymer thermoplastic material,
produced from three source monomers: acrylonitrile, butadiene 1,3 and styrene. In turn, these three
source components are petroleum-based products, so they are highly toxic when heated.

Acrylonitrile, also known as vinyl cyanide, is colorless toxic volatile liquid, which has the faint
odor of bitter almonds. Acrylonitrile classified as High Risk substance, it is a potent toxicant, in small
doses it has a carcinogenic effect. It enters the human body through the respiratory tract and intact skin,
its toxic effect is similar to that of cyanides. When ingested, depending on the volume of the absorbed
substance, causes headache, nausea, vomiting, dizziness, sleep disorders, general fatigue.

Styrene is colorless, toxic, volatile liquid with a sharp and unpleasant odor similar to that of alcohol
or acetone. It is classified as Moderate Risk substance. It belongsto the category of substances of general
toxic action with an irritant, mutagenic and carcinogenic effect. Styrene enters the human body by
breathing in, causing irritation of the mucous membranes, disorders of the nervous system and the hem-
atopoietic system, disorder of digestive tract, as well as chronic kidney and liver diseases.

Butadiene is heavy gas with unpleasant odor, it easily interacts with atmospheric oxygen, forming
peroxide compounds. It is classified as Low Risk substance. It has general toxic action with an irritant,
neurotoxic and carcinogenic effect. In high concentrations butadiene suppresses the nervous system,
there may also be respiratory disorders and loss of consciousness. With long-term exposure it is a car-
cinogen; it can affect bone marrow and liver, it can cause hereditary and genetic disorders.

Also in printing with ABS plastic benzene emission was fixed [21]. Benzene is a High Risk toxic
substance, it affects the central nervous and hematopoietic systems, has a carcinogenic and mutagenic
effects. At low doses benzene causes chronic poisoning whose early symptoms are headaches and diz-
ziness, irritability, increased fatigue, a general malaise, bleeding gums and retinal hemorrhage.

PLA polymer (polylactic acid) or polylactide is a fully biodegradable thermoplastic polyether based
on lactic acid. PLA belongs to a group of polyesters. It is obtained through synthesis of vegetable raw
materials, containing starch or sugar, obtained after the processing such plants as corn, potatoes or sugar
cane. Since natural ingredients are used for the production of PLA, it is considered to be safe for human
health when heated and melted. However, during PLA melting lactide and acetone are emitted. Lactide
is harmless to the human and is not capable to cause dysfunction of body systems. Acetone is toxic,
colorless, volatile liquid with a characteristic odor. It is classified as Low Risk substance. Acetone fumes
enter the human body by breathing in. Acetone irritates the mucous membranes of the eyes and respir-
atory tract, symptoms of its impact are sore throat and cough, eye pain and blurred vision, nausea,
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vomiting, dizziness. In high concentrations or in a particularly sensitive person (children especially) it
has a narcotic effect and can cause clouding and loss of consciousness.

It has been determined that contamination with volatile organic compounds in ABS printing is more
intense than in PLA printing [21]. In addition to the volatile organic compounds, carbon dioxide, carbon
monoxide, nitrogen oxides (NOx) as well as halocarbons (CFC, HCFC, CCl4), trichloroethane, nickel
and lead compounds are generated in 3D printing process [13].

In addition to the toxic substances in vapor and gas phase, 3D printing generates ultrafine polymer
particles, increasing the particulate air pollution in the working premises. Ultrafine particles enter the
respiratory system with air flow and penetrate directly into the mucous membranes of the respiratory
tract and the alveoli of the lungs, causing allergic reactions and respiratory diseases.

The ABS printing process generates an average of 200 million ultrafine particles per minute. For
PLA plastic this rate is an order of magnitude smaller: about 20 million ultrafine particles per minute.
The size of particles generated by ABS printing is smaller than in PLA printing. That means a greater
degree of their penetration through the respiratory system, as well as through the skin, and therefore, a
greater intensity of their participation in the metabolism [21, 22]. Therefore, PLA plastic is more safe
than ABS, but it also requires air purification. That’s why it is recommended to set up dust trapping and
air ventilation for all the premises in which 3D printers are located. Furthermore, for industrial 3D print-
ing environment, the staff must use protective clothes and protective equipment such as gloves, goggles
and masks [15, 21]. However, personal protective equipment can cause physiological discomfort and is
quite justified only in industrial environments. The removal of pollutants directly from the place of their
generation is the most effective measure both for industrial and non-industrial working environment.
This can be achieved by operating 3D printers with closed or hermetically sealed cases equipped with
integrated HEPA filters. The local exhaust ventilation devices equipped with HEPA filters for air filtra-
tion in the vicinity of the printer are the effective protective measure too. In this way gas and ultrafine
particles can be filtered efficiently.

The design of any 3D printer provides a significant number of mobile units and elements that can
cause mechanical injury: drives, pulleys, threaded screws, timing belts, extruders, fans, movable tables-
platforms. 3D printers used in non-industrial applications usually do not pose a significant threat to
human operator, but in industrial environments the injures with quite severe consequences are possible.

During printing and immediately after it some surfaces of printing unit, of the filament in printing
zone and of the finished item have a fairly high temperature. The design of FDM printer provides two
heating elements: the extruder and the work platform. In printing process the temperature of extruder
nozzle varies from 170 to 300 °C depending on the type of plastic and configuration of printed item.
Operating temperature of the work platform must be within 50 — 80 °C. At various conditions ABS
plastic melting point is 210 — 270 °C, PLA plastic melting point is 190 — 230 °C. Touching the extruder
nozzle or the work platform or the workpiece during printing can lead to burns of skin and subcutaneous
tissue. Safety requirements for printer operation and maintenance are developed to prevent injury. Since
the working temperature of the printing unit is 50 — 300 °C, there is the emission of sensible heat in the
premise, which leads to the workplace air heating. Printer design provides fans for cooling the printing
area, which create streams of hot air. Therefore, the necessary condition for the premises where 3D
printers are located is the normalization of microclimate parameters by using general ventilation.

Conclusions and direction for the further research. The analytical study of working environment
and labor process for FDM-based 3D printing identifies the following hazardous and harmful production
factors that can cause injury to the equipment operator:

the movable units of 3D printer can cause mechanical injury;

the increased temperature of extruder and the work platform surfaces, of the filament in printing
zone and of the finished item; contact with these surfaces can cause burns.

The following harmful factors of production environment affecting the health of human operator
and the health of those who occupy it arise in the premises where 3D printers are located:

the increased air pollution by volatile organic compounds;

the increased air pollution by ultrafine polymer particulate matter;

the increased level of low frequency noise and vibration;

the increased temperature of the workplace air because of the emission of sensible heat.
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Therefore, despite of the digital-orientation of 3D printing, it would be a mistake to apply safety
requirements related only to digital technologies. The negative impacts of FDM-based 3D printing
equipment are of low intensity, but they may have a cumulative effect under long-term settings.

Over the next period of the research it is planned to examine the visual work conditions of 3D
printer operators in more depth. Of interest are physical and psychophysiological factors of production
environment, related to the lightning in a workplace of 3D printer operator.
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