
1. Introduction

Additive manufacturing (AM), also known in the liter-

ature and mass media as 3D printing, has currently spread

to all levels of material production, starting from large

industrial plants using expensive equipment and ending

with individual consumers who use inexpensive 3D print-

ers or assemble quite functional 3D printers by themselves

from available parts.1 ± 3 Despite the fact that the first

patents related to commercial 3D printing refer to mid-

1980s (earlier invented devices that have not found com-

mercial use can be traced down to the beginning of the

1950s),4 the common use of this technology started only

recently.5 The transition of 3D printing to a sort of

personal technology is caused by the rapid appearance of

quite a number of manufacturers who develop and sell

inexpensive personal 3D printers (for a price comparable

with the price of a personal computer). This is, in turn, is

caused by expiration of the key patent restrictions on

some additive technologies, reduction in the cost of

element base of 3D printers and wide distribution of

three-dimensional modelling software, which is an integral

part of 3D printing technology.

Additive technologies are based on layer-by-layer

forming of an object according to a computer model

(Fig. 1). This is done by gradual building-up and subse-

quent curing of a material in some way.6 It can be said

that the object is grown in the build chamber of a 3D

printer, with the utilization efficiency of the construction

material reaching 100% in most cases. Computer repre-

sentation of a product model is an integral part of any

3D printing method.
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Figure 1. Schematic view of various manufacturing methods. (a)
Subtractive methods, (b) forming (exemplified by stamping), and
(c) additive methods. The item material is drawn in blue, and the
process equipment material is drawn in violet.
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A comparison of additive technologies with conven-

tional manufacturing methods shows a number of funda-

mental advantages of 3D printing, which implies that

advancement of 3D printing may bring about a new

industrial revolution.7 For example, subtractive manufac-

turing methods (Fig. 1 a) based on removal of extra

material from a billet (milling, turning, etc.) are charac-

terized by large amounts of waste, irrational use of

materials and the need for expensive and difficult to

operate processing equipment to manufacture items of

complex shape. Most often, the implementation of sub-

tractive manufacturing methods requires a separate work

space and highly skilled personnel. Forming methods

(stamping, injection moulding, extrusion, etc., Fig. 1 b)

require complex shape-forming tooling (injection moulds,

forming stamps, etc.), the manufacture of which is also

sophisticated and expensive.

Additive technologies are free from the above draw-

backs: 3D printing generates virtually no waste and 3D

printers have modest installation requirements (such as

dimensions, power consumption, sound insulation, etc.),

which allows the use of these technologies in general-

purpose rooms. Owing to the absence of waste, expensive

construction materials (e.g., some engineering plastics)

are used much more efficiently for 3D printing than for

subtractive technologies.

The additive technology principle, that is, layer-by-

layer building of an object (Fig. 1 c), allows for manu-

facturing items of any geometrical complexity using the

same 3D printer, including implementation of geometric

shapes that cannot be attained by conventional subtrac-

tive technologies: parts with closed cavities of a complex

topology, three-dimensionally branched channel struc-

tures, etc.8 ± 11 Furthermore, the additive method is suit-

able for manufacturing porous structures; objects made

of mechanically weak materials (wax, gels, biological

materials); and objects consisting of several different

materials. Some 3D printing technologies have so high

spatial resolution that it is possible to manufacture

millimetre- or even micrometre-scale parts.12 ± 14

An important feature of 3D printing is the high

quality of the resulting objects even when inexpensive

personal 3D printers are used. Therefore, additive tech-

nologies can be considered to be a part of a new

manufacturing paradigm, as any person can fabricate an

object not inferior (or only slightly inferior) to the one

manufactured industrially. In view of these extensive

opportunities for 3D printing, interest in this class of

technologies from all branches of material production is

quite understandable.

Currently, additive technologies also suffer from seri-

ous drawbacks: low production rate and high cost of

consumables for some of the methods. Therefore, 3D

printing is still used for piece or small batch production,

whereas mass and serial production are more efficiently

performed using conventional technologies such as injec-

tion moulding. However, it is noteworthy that a low

production rate means a rate that is too low, particularly

mass production. In the case of fabrication of a single

intricate item, personal 3D printing ensures a much

higher production rate than conventional techniques

since the item can be manufactured directly at the work-

place and there is no need to spend time looking for a

special workshop, defining the scope of work, planning

the design and manufacturing of tooling.

It is most appropriate to use 3D printing for unique

products, especially those with intricate designs such as

prototypes, parts and installations required as single

copies, repair parts and tailor-made products (for exam-

ple, medical appliances adjusted to a particular patient).

Such items are widely used in scientific research, espe-

cially in chemistry and related disciplines, because exper-

imental studies often require unique chemical reactors,

mixers and miscellaneous laboratory accessories tailored

for a particular chemical experiment.15 A personal 3D

printer can be installed in any chemical or biological

laboratory, and researchers would be able to manufacture

the necessary accessories themselves in a short time.

The technological sequence of 3D printing (Fig. 2)

starts with the development of a 3D computer model

using a suitable 3D modelling system. Then, the finished

model is exported as a polygonal mesh to a file format

meant for storing 3D models (most often, this is STL,

which got its name from the word `stereolithography')

since this formal does not depend on the CAD program

in which the model was designed and is appropriate for

moving to the next stage called slicing. In the slicing

procedure, the model is split by software tools into a set

of layers to be used for constructing the model in the 3D

printer chamber, taking into account the user's settings

(layer thickness, printing velocity, and other process

parameters).

Since additive manufacturing is based on the digital

representation of an object, optimization of the design of

a new product is significantly accelerated. After changes

to the design have been made, the new version of the

object can be immediately manufactured and tested,

a b c d e

Figure 2. Technological sequence of 3D printing. (a) Design of the model using a computer-aided design system; (b) model export to a
polygonal format, e.g., STL; (c) adjustment of additive manufacturing parameters and slicing of the model; (d ) 3D printing of the part;
(e) finished part after postprocessing.
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which is of great importance for research practice. Opti-

mization can not only be `topological' (concerning the

object geometry) but can also be directed towards selec-

tion of the most appropriate material, since a very

extensive range of construction materials suitable for

solving most of the problems in everyday laboratory

practice has now been offered for 3D printing.

This review addresses particular illustrative examples

of application of 3D printing methods (first of all, widely

available methods such as fused deposition modelling

using thermoplastic materials and, to a lesser extent,

stereolithography) in organic chemistry, biochemistry

and biotechnology, analytical chemistry, pharmaceutics

and chemical education. The benefits and drawbacks of

3D printing in the context of chemical laboratory appli-

cations are demonstrated. The applicability of the mate-

rials available for additive manufacturing and for solving

practical problems is analyzed. Examples are given of the

successful application of additive manufacturing methods

in research projects in which 3D printing is an inherent

part of experiments.

The 3D printing technologies generally accessible in

scientific research and in education are discussed using

specially selected representative examples. A detailed

description of specific fields of additive technologies is

beyond the scope of this review. To date, numerous

review papers devoted to the application of 3D printing

in particular fields of chemistry are available from the

literature; these papers are cited in the relevant Sections

of the review.

It is noteworthy that most of the available publica-

tions are concerned with a specific subject and cover the

use of additive technologies in some particular fields.

This review is characterized by wide coverage of the 3D

printing application areas, which provides a general view

of the opportunities offered by 3D printing not only for

chemistry, but also for some related fields. This review is

meant for a wide range of readers developing new

approaches in the fields of chemical synthesis, biochem-

istry, materials science and chemical education.

2. Methods of 3D printing

The general principle that underlies all additive methods

is that objects are fabricated one layer after another

(layer-by-layer synthesis). 3D printing methods differ in

the ways of layer formation and layer fusion (these two

operations take place simultaneously), i.e., in the set of

physical principles that underlie the layer-by-layer syn-

thesis. The choice of the 3D printing method is of prime

importance, as it determines the applicable types of

materials (and, hence, the strength and mass parameters),

the surface quality of the finished product, the necessity

and type of posttreatment and the microstructure of the

material in the finished product For example, the neces-

sity to manufacture a metal object immediately defines an

appropriate group of additive manufacturing methods.

Further specification of the type of metal, required

dimensions, strength and surface roughness of the product

allows for choosing a particular method.

In the early stages of development, additive manufac-

turing methods were mainly used for prototyping, i.e., for

designing prototypes and models of the future products.

Therefore, in the early literature, the term `rapid proto-

typing' was used synonymously for additive manufactur-

ing. Currently, prototyping is only one of the application

fields of 3D printing, as modern additive technologies

have found wide use for manufacturing of the final

functional items. This situation is referred to as `rapid

manufacturing' or `direct digital manufacturing'.6 The

fabrication of plastic prototypes from general-purpose

materials in chemical laboratory practice may be useful

for optimizing the reactor and tooling designs before

metals or expensive special plastics are used to manufac-

ture the required items. Prototyping in the form of `solid-

state imaging' is used in chemical education, for example,

for the construction of plastic molecular models. Some

3D printing techniques, for example, selective laser sin-

tering of a metal powder, are scarcely used for prototyp-

ing due to the complexity of technology and the high cost

of the resulting products and because, most often, there is

no need for metal prototypes. These methods were

initially meant for the production of final products.

Currently, according to the ISO/ASTM52900-15

standard, additive technologies are classified into seven

groups (Fig. 3).16, 17

1. Binder jetting (BJ) is a 3D printing technology

(Fig. 3 a) in which the object is formed by selective

binding of a powdered material. This method is also

known as 3D printing (3DP),18 that is, the term `3D

printing' initially referred to this process in particular,

but later, it became the general name. In the modern

literature, the abbreviation 3DP is frequently used to

mean printing by powder binding. The materials used

for BJ technology include gypsum, sand, ceramics and

metals.19, 20 During printing, the levelling roller makes a

thin layer of the powder, and then the powder is bound,

according to the layer profile, by means of a liquid binder

deposited from an array of nozzles. The liquid binder can

be additionally subjected to short-term curing. Then, the

spreader makes the next layer of the powder, and the

whole object is fabricated in this way. The BJ method is

widely used to print three-dimensional devices, e.g., sand

cast moulds;21 the technology allows for colouring the

products, which is demanded in prototyping.22 A benefit

of the technology is that there is no need for supporting

structures during printing of complex items, since the

item is formed inside the powder bulk, which serves as

the support for overhanging parts. The drawbacks of the

technology are high surface roughness, the presence of

polymer binder in the finished product and a narrow

range of construction materials.

2. Directed energy deposition (Fig. 3 b). In this group

of methods, a metal is fed as a powder stream carried by

an inert gas, coaxial to a laser beam, to the focusing

point of the laser beam.23 At the focusing point, the

metal is welded on the underlying material. A plasma or

electron beam can also serve as the source of energy. This

technology is used for metal materials; it is actively

employed in mechanical engineering to manufacture new

objects, including those with variable composition and

properties,24 to restore damaged metal surfaces,25 and to

apply protective coatings on working surfaces.26 This

group includes several methods: direct metal deposition

(DMD), laser engineered net shaping (LENS), laser metal

deposition (LMD) and so on. The additive technologies

of this group are used, most often, in the traditional

fields of mechanical engineering (aircraft building, auto-

mobile manufacturing, power engineering, etc.). There-

fore to attain high surface quality and manufacturing
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accuracy, DED technologies are combined with tradi-

tional subtractive processing methods using computer

numerically controlled (CNC) machines.27

3. Material extrusion (ME, Fig. 3 c). These technolo-

gies are based on extrusion of the material through the

extruder nozzle. The extruder moves according to the

geometry of each layer and continuously supplies the

material through a thin orifice. Immediately after coming

out of the nozzle, material retains its shape,28 that is,

each layer is automatically drawn on the build platform

of the printer. After one layer is completed, the platform

or the nozzle moves by a distance equal to the layer

thickness, and the next layer is formed over the previous

layer. The whole object is constructed in this way. This

group comprises the fused deposition modelling (FDM)

and direct-ink-writing (DIW) methods. According to the

FDM method, the extruded material is a melt of a

thermoplastic material, most often a polymer. This

approach is also applicable for printing glass objects by

extrusion of molted glass; however, 3D printing with

glass is still at the pilot stage because of the high melting

temperature of glass.29 ± 31

Currently, the FDM method implemented as fused

deposition of thermoplastic polymer filaments has

Binder

Constructionmaterial

Constructionmaterial

Construction material

Construction material

Construction
material

Sheet construction
material

Photocurable resin

Laser beam

Extruder

Cutting device

Laser radiationsource

Laser radiationsource

a

e

f g

dc

b

Figure 3. Main groups of additive manufacturing processes according to ASTM (American Society for Testing and Materials)
classification.16 (a) Binder jetting (BJ), (b) directed energy deposition (DED), (c) material extrusion (ME) exemplified by fused deposition
modelling (FDM), also known as fused filament fabrication (FFF), (d ) material jetting (MJ), (e) powder bed fusion, ( f ) sheet lamination
(SL), and (g) vat photopolymerization (VP) exemplified by stereolithography (SLA). The Russian translation of the names of additive
manufacturing processes is given in GOST R 57589-2017.17
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become popular not only among professionals but also

among amateurs and in the field of education; therefore,

desktop FDM 3D printers (Fig. 4 a) can often be found

in the workrooms of amateur engineers and artists. This

wide popularity of FDM printing is facilitated by the

possibility of cheap implementation of this technology in

portable printers and the availability of a wide variety of

inexpensive consumables (plastics) with various technical

and decorative properties.

Personal FDM 3D printing is being actively imple-

mented in scientific laboratories for fast manufacturing

of equipment and accessories for experimental research.

A specific feature of FDM printing, as opposed to

powder sintering and stereolithography methods, is the

clear-cut layered structure of the resulting products and

the impossibility of high-quality production of small

items (1 ± 5 mm), since the plastic is extruded through a

nozzle with a diameter of 0.1 ± 0.5 mm, while the layer

thickness varies in the range of 0.05 ± 0.5 mm. In other

words, FDM printers do not possess a high spatial

resolution comparable, for example, with that of the

SLA method. Furthermore, the use of very thin layers

leads to an inadmissibly long printing time, since each

layer is formed by a massive extruder, which moves at a

moderate linear velocity.

The layer-by-layer extrusion of the plastic from the

nozzle results in the formation of a porous wall structure

of the resulting object (Fig. 4 b,c). This feature should be

taken into account for using FDM products in chemistry

and other fields where equipment must be leak-tight. The

porosity of FDM products may be due to nonuniform

fusion of the plastic layers (pores between the layers) and

insufficient amount of the polymer melt filling the points

of seams where the extruder switches to the next layer

and the material supply is interrupted for a short period

of time (the pores are within one layer). Therefore, to

obtain leak-tight FDM products, for each particular

material, it is necessary to thoroughly optimize the

printing parameters (extrusion temperature, layer thick-

ness, extrusion width, plastic feed rate), which should

ensure strong adhesion of the layers into a single mono-

lithic piece and filling of all possible small voids of the

wall.33 ± 35

The effect of various parameters of the additive

manufacturing process on the leak-tightness of the labo-

ratory reactors manufactured by FDM was evaluated

using a relatively simple procedure consisting of the

supply of compressed air into the cavity of a printed

object located under a layer of water (Fig. 4 b).32 If the

object was not leak-proof, air bubbles appeared on its

surface; this was a convenient tool for detecting the sites

of defects of the reactor shell. This procedure was used to

study reactors of various geometric shapes: cylindrical,

conical, spherical, pyramidal and cubic. It was shown

that in the case of flat-face geometry, defects were mainly

concentrated at the edges. A high degree of porosity was

found for conical products, as the layers were displaced

relative to one another in this case. Cylindrical objects

a b

c d

Pressurized gas Pressurized gas Pressurized gas

FDM tube

Seam position

Plastic layers

Bubbles

k - 0.85 k - 0.92 k - 0.98

Figure 4. Appearance of a desktop FDM 3D-printer (a); schematic of testing of differently shaped FDM products for leak-tightness by
compressed air pumping into the internal cavity of the product (b); illustration of the spatial arrangement of layers in the wall of the FDM-
printed product (c); results of leak-tightness testing of cylindrical PLA test tubes produced by FDM printing with different extrusion
multipliers (k) (d ).32
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proved to be most leak-tight since the plastic layers were

located exactly above one another, which ensured a high

degree of fusion of the layers. The variation in the

material had little effect on the leak-tightness of the

products since an appropriate choice of the temperature

conditions ensures efficient fusion of the layers.32 The

most important parameter affecting the leak-tightness of

the FDM products was the extrusion multiplier, which

controls the plastic feed rate through the nozzle of the

print head during printing. An increase in the extrusion

multiplier leads to filling of wall voids with the material,

thus enhancing the quality of the product (Fig. 4 d ).

As the number of defects in the FDM products

decreases, their mechanical strength and heat conductiv-

ity increase. The FDM method makes it possible to

change the properties of the final product owing to the

large number of adjustable parameters; for example, it is

possible to vary the weight, strength, and heat conduc-

tivity of the printed objects by varying the infill density.36

In the DIW method, extrusion of a viscous material

such as ceramic mass takes place without melting.37

Materials possessing pseudoplastic behaviour (a decrease

in the viscosity upon increasing shear strain) are well

suited for this method. This feature allows free flow of

the material from the nozzle, while the material shape is

preserved on the 3D printer platform. The DIW method

is widely used for bioprinting using various gels filled

with living cells or materials for manufacturing artificial

bone tissue scaffolds as the feedstock.38 Extrusion meth-

ods offer the opportunity to use a virtually infinite range

of feedstock materials for printing, which makes this

group of technologies highly attractive for solving certain

research problems. The extrusion methods proved to be

most appropriate for printing products using numerous

composite materials filled with a variety of particles,

fibres or continuous reinforcing filaments.39 ± 41

4. Material jetting (MJ, Fig. 3 d ) is based on the

formation of each layer of the object by jet deposition

of the construction material by an array of nozzles in the

3D printer head, similar to jet printing on paper;42 in

other words, the material initially occurs in the liquid

state. After deposition, the material layer can be cured by

UV radiation emitted by the lamp mounted on the print

head. This group includes the PolyJet technology devel-

oped by Stratasys,43 MultiJet Printing (MJP) developed

by 3D Systems 44 and Drop-on-Demand (DOD) method

used in Solidscape printers.45 In the PolyJet and MJM

technologies, UV curable compositions are used as the

feedstock, while commercial DOD technology is based on

the use of wax, which is supplied to the print head as a

melt. The wax models manufactured by DOD are sub-

sequently used for metal casting, for example, in jewel-

lery. Recently, the use of DOD for printing metal objects

with molten metals has been reported.46 The MJ group

also includes the NanoParticle Jetting (NPJ) technology

developed by the XJET company. According to NPJ

technology, liquid ink for building objects contains

metal or ceramic nanoparticles, i.e., ink is a suspension.

After 3D printing, the product is subjected to an addi-

tional heat-treatment stage, in which the particles are

sintered, i.e., using NPJ, it is possible to finally obtain a

metal or ceramic product with a high spatial resolution

typical of this group of technologies.

Material jetting technologies are distinguished by high

accuracy of product construction and high quality of the

product surface, as well as the possibility of printing

transparent, coloured, and elastic objects (in the case of

PolyJet and MJP). A specific feature of MJ technology is

the ease of manufacturing objects from various materials

during one continuous 3D printing process 47 and objects

with a gradient (gradual) change in the properties along

certain directions.48 For example, it is possible to gen-

erate a gradual colour transition or gradual change in

transparency, strength, elasticity and other properties.

This is attained owing to the principle of jet deposition:

during printing, it is possible to mix materials with

different properties in different ratios. However, the

equipment required for this technology is expensive, and

as a rule, only certified consumables are allowed.

5. Powder bed fusion (Fig. 3 e) is based on selective

sintering or fusion of a powder with a laser or electron

beam.49 The applicable construction materials are met-

als,50 plastics,51, 52 ceramics,53, 54 composites,55 glass 56

and other materials capable of existing as finely dispersed

powders.57 Manufacturing of objects using several mate-

rials simultaneously is possible.58, 59 Currently, this is the

key group of additive manufacturing technologies for the

production of metal objects (Fig. 5), including those

exhibiting magnetic properties.60, 61 This group includes

the following technologies: selective laser sintering (SLS),

direct metal laser sintering (DMLS) of metal powders,

selective laser melting (SLM), electron beam melting

(EBM), and multi-jet fusion (MJF). In the SLS, DMLS,

and SLM methods, sintering or fusion occurs under the

action of a laser beam, while in the EBM method, fusion

is induced by an electron beam in a vacuum (this

approach is considered as a promising additive manufac-

turing technology for outer space); in the MJF method

(relatively recent product of Hewlett-Packard 62, 63),

fusion is affected by thermal energy.

Powder bed fusion printing starts with the formation

of a layer of powder material by means of a levelling

roller. Then selective fusion of the powder layer accord-

ing to the digital model of the object takes place under

the action of a particular energy source. Subsequently, a

new powder layer is formed over the finished layer,

fusion is induced once again, and so on until the object

building is complete.

Like in binder jetting technology, powder bed fusion

does not require additional supporting structures, as the

printed product is formed within the powder bulk, except

for the cases of printing metal objects. Currently, only

polyamide powder is used in MJF technology; a specific

feature of this method is that the product layer is formed

upon jetting of a special binder and thermal fusion of

a b

Figure 5. Three-dimensional CAD model of a flow chemical
reactor (a); flow chemical reactor manufactured by SLM from
316L steel (b).64

E.G.Gordeev, V.P.Ananikov

1512 Russ. Chem. Rev., 2020, 89 (12) 1507 ± 1561



powder particles coated with this binder takes place in

the next stage. The products obtained by powder meth-

ods have a rough surface, which is markedly inferior in

this parameter to objects obtained by classical subtractive

methods. However, for chemical applications, relatively

low surface smoothness is usually not an obstacle to the

use of a product.

In most cases, 3D printers operating on the selective

sintering principle (especially for metal feedstock) are

inaccessible for personal use, but represent expensive

equipment for industrial use. However, in recent years,

desktop 3D printers implementing layer-by-layer powder

sintering technology have started to appear. Examples

are Sinterit Lisa,65 Sintratec Kit 66 and Formlabs Fuse 1

for selective laser sintering of a plastic powder. The price

of such desktop 3D printers is acceptable for personal

users, i.e., fusion of plastic powder materials is gradually

becoming a widely accessible personal 3D printing tech-

nology.

6. Sheet lamination (SL, Fig. 3 f ), includes laminated

object manufacturing (LOM), selective deposition lami-

nation (SDL) and ultrasonic additive manufacturing

(UAM) technologies. UAM technology is also called

ultrasonic consolidation and comprises the formation of

an object by merging layers that have been cut out of a

sheet material in one or another way (see Fig. 3 f ).67 This

process can be applied to a broad range of materials:

paper, plastic, metals, textiles and composite materials.

The SDL method implemented, for example, in MCor 3D

printers for manufacturing paper objects is based on

fusing sheets of the material together. In the case of

polymer films, the layers can be fused together with a

heated roller (LOM). Metal sheets are connected by

ultrasonic treatment combined with high pressure

(UAM); furthermore, this approach is applicable for

joining sheets of different metals.68 Ultrasonic additive

manufacturing is combined with subtractive processing

using CNC machines: in the first stage, several layers of

metal foil are connected to one another by ultrasonic

treatment, then a shape is cut by CNC milling, the next

several metal layers are added, CNC milling is performed

again and so on.

The sheet lamination printing is not accompanied by

any phase transitions (melting, crystallization) of the

main construction material, i.e., no shrinkage takes

place. The SL method is not always successful in manu-

facturing objects with internal cavities of complex top-

ology or products with very small parts; however, the

method is quite appropriate for obtaining medium-size

and large objects,69 and in the case of prototyping

purposes, it is possible to print coloured objects (for

example, coloured topographic models). The vertical

spatial resolution of sheet lamination methods is limited

by the thickness of the sheets of construction material.

This technology is characterized by a significant amount

of production waste since it includes a subtractive stage

of cutting excess material.

7. Vat photopolymerization (VP) is a group of addi-

tive manufacturing methods based on selective curing of

a liquid monomer under the action of UV radiation

(Fig. 3 g).70 In rare cases, visible or infrared radiation is

used.71, 72 Currently, this group includes SLA, digital

light processing (DLP), liquid crystal display (LCD) and

continuous liquid interface production (CLIP) methods.

The last-mentioned technology is also known as contin-

uous digital light processing (CDLP).

Stereolithography 73 in the classical design (SLA) is

layer-by-layer curing of a liquid resin under the action of

a laser beam, which performs two-dimensional scanning

of each layer: a laser beam is focused in a thin layer of a

liquid material and smoothly `draws' the outline of the

layer and the inner filling, moving from point to point.

Owing to the two-dimensional scanning and monolithic

fusion of the layers, stereolithography provides a very

high quality object surface. Resins for photopolymeriza-

tion consist of liquid monomers, photoinitiators, plasti-

cizers and other additives that improve the quality of the

final product.

Stereolithography is the first additive manufacturing

method that is commercially used with success. The first

studies dealing with the formation of 3D objects by laser

curing of photosensitive materials appeared in the 1970s,

while in the beginning of the 1980s, samples of products

obtained by layer-by-layer curing of resins were reported

in the scientific literature.74, 75 However, the modern

history of SLA started in 1986, when C. Hull patented

the method of laser stereolithography and used the term

`stereolithography' for the first time. In the same year he

founded the 3D Systems company (USA), which is now

one of the largest developers and vendors of additive

manufacturing equipment and materials.76

Laser stereolithography is distinguished by very high

spatial resolution in comparison with other additive

manufacturing methods. For example, with appropriate

choice of the resin, the Formlabs Form 2 desktop printer

(Fig. 6 a) can reproduce holes 0.5 ± 1.0 mm in diameter,

which makes even this readily accessible equipment suit-

able for the production of microreactors for fine chemical

synthesis (Fig. 6 b,c).

The record highest spatial resolution among the addi-

tive technologies belongs to two-photon stereolithogra-

phy, which is suitable for the formation of micrometre-

size objects to be used in optical and microelectronic

systems, for surface microstructuring to endow the sur-

face with the desired properties 78 and for producing cell

scaffolds for medical applications.79 ± 81 Two-photon pho-

topolymerization is initiated when the initiator molecule

absorbs two quanta of electromagnetic laser radiation

simultaneously. The probability of such absorption is

high only in a very small area, that is, at the centre of

a b c

Figure 6. Appearance of a Formlabs Form 2 desktop 3D printer
operating by laser stereolithography technology (a); chemical
reactors manufactured by SLA on the build platform of the
Formlabs Form 2 printer (b); finished flow microreactors manufac-
tured by SLA for the synthesis of silver nanoparticles (c).77
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the beam, which accounts for the high resolution of this

method.82

The DLP, CLIP and LCD 3D printing methods are

based on the projection technique of exposure of photoc-

urable resins. In these methods, the whole layer (frame) is

illuminated simultaneously, which considerably acceler-

ates printing in comparison with the SLA method. For

example, DLP 3D printers make use of a digital DLP

projector, which projects the pattern of each layer during

printing on the material being cured. In LCD 3D print-

ing, the layer is exposed by means of an array of light-

emitting diodes, while the areas that should not be cured

are shielded from UV radiation by an LCD matrix. The

DLP and LCD technologies include a rather long stage of

formation of a fresh photoresin layer after curing of the

previous layer has been completed: to provide curing of

the next layer, the resin must fill the space between the

object and the bottom of the bath. For the formation of a

fresh layer of the resin, the object is somewhat lifted

above the bottom of the bath and then positioned again

for the exposure stage. According to CLIP technology,

the long-term stage of formation of a fresh resin layer is

avoided because the object does not touch the bottom of

the bath, but is continuously drawn out of the bath, with

the fresh resin being continuously fed into the space

between the object and the bottom. This is achieved by

oxygen inhibition of the photopolymerization near the

bottom of the bath. For this purpose, oxygen is supplied

into this area through a permeable membrane. In other

words, CLIP is a continuous technology that markedly

accelerates printing compared with other additive manu-

facturing methods.83

Currently, photopolymerization methods are among

the most popular 3D printing processes. SLA, DLP and

LCD 3D printers are widely used both in research

laboratories and by personal users.

Not all of the additive manufacturing technologies

can be made less expensive and personally usable. In

particular, the high cost and complexity of metal powder

sintering technologies are due to the need to use expen-

sive finely dispersed powders with a definite size of

spherical particles to ensure the required `fluidity' of the

material during printing. The application of powders

requires additional equipment for purging the finished

products to remove the residual powder and for prepar-

ing the remaining material for repeated use. Furthermore,

during laser sintering of metal powders, it is necessary to

maintain an inert atmosphere (argon or nitrogen) in the

build chamber of the printer, i.e., the chamber must be

airtight and equipped with a gas transport system with a

powder filtration mechanism, while powder sintering by

an electron beam requires high vacuum in the chamber.

Additionally, rather powerful and expensive lasers should

be used for metal processing. However, the methods of

selective laser sintering of plastic powders are gradually

entering the inventory of personal 3D printing options.

Directed energy deposition methods are used only to

solve production and service tasks in mechanical engi-

neering. Binder jetting, material jetting and sheet lami-

nation are also still far from widely accessible.

The methods that have become most widely accessible

for personal use are material extrusion methods, first of

all FDM, and vat photopolymerization methods (SLA,

DLP and LCD). The DIW (direct-ink-writing) method is

also suitable for wide use, but it is used to solve more

special problems, such as manufacturing ceramic prod-

ucts, fabrication of scaffolds for regenerative medicine,

and working-out bioprinting technologies. These methods

will be considered in more detail in the context of

application in chemistry and related disciplines.

All additive manufacturing methods make it possible

to design an object considering only the function for

which the object is meant. In other words, the designer

can fully concentrate on attaining the highest perform-

ance and convenience of operation of the printed object,

taking into account the fact that additive technologies

allow any shape for the material. This fundamentally

distinguishes additive methods from conventional pro-

duction methods. When using conventional methods, one

should always take into account the limitations of pro-

duction technology and adjust the design of the future

object to production methods, which in some cases

markedly deteriorates the convenience of using the fin-

ished object. The versatility of 3D printing techniques

and the possibility of implementing 3D printing in any

laboratory make these methods an efficient tool for

solving scientific problems.

3. Polymer materials for 3D printing

The vat photopolymerization and especially extrusion 3D

printing methods are characterized by a high diversity of

applicable materials. While choosing the 3D printing

material, one should take into account not only the

characteristics of the material but also the particular

additive manufacturing method. Indeed, the mechanical

strength of FDM products for some types of impact may

be markedly lower than the strength of geometrically

identical objects manufactured by casting or by subtrac-

tive methods because of the relatively large number of

defects present in FDM products.84 ± 87 This is also true

for other characteristics of materials: heat conductivity,

transparency, elasticity, etc. In some cases, 3D printed

products are inferior in physicomechanical characteristics

to objects manufactured by conventional methods. There-

fore, 3D printing should be used in cases where this

deterioration of properties is insignificant. Additive man-

ufacturing products may have anisotropic mechanical

properties that are not inherent in the initial material

because of the layered structure of the finished item;

additionally, distortion of the geometric shape may take

place due to material shrinkage (Fig. 7 a). This anisotropy

is especially pronounced for FDM products, since in this

case, not only the object has a layered structure, but also

a b c

Figure 7. Deformation due to shrinkage of an FDM-printed
polypropylene item in the case of inappropriate printing conditions
(a);96 model of an object the FDM manufacturing of which requires
a support (b); FDM-printed object manufactured using a PVA
support (light-coloured material; the photo was taken by the
authors) (c).97
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each layer is formed by tight deposition of polymer

filaments coming from the print head nozzle.88, 89

The use of 3D printing in chemistry and in related

areas imposes additional requirements on the materials.

In particular, the use in fine organic synthesis requires,

most often, high chemical stability of the equipment

material that would be in direct contact with the reaction

mixture.90 Chemical stability is meant not only retention

of the geometric shape and strength of the object upon

contact with the medium, but also the absence of low-

molecular-weight compounds that could be washed out

during the chemical reaction. When organic synthesis is

carried out at elevated temperature, the polymer material

should possess sufficient thermal stability.

In the case of the application of microfluidic systems,

additive manufacturing methods and materials should

provide high spatial resolution for the formation of

microchannel and cavity structures. In this case, the

choice is limited, almost in all cases, to photopolymeriza-

tion methods;91 however, most of the available materials

for this group of methods do not possess high chemical

stability; therefore, the application of microfluidic sys-

tems manufactured by photopolymerization (SLA, DLP

or LCD) is often limited to experiments in water or in

mild solvents; this is quite appropriate for biochemical

and medical research and applications.

3.1. Thermoplastic polymers asmaterials for fused deposition
modelling
FDM technology based on the formation of an object

from a material melt allows the use of any thermoplastic

polymers. In most cases, the feed mechanism of FDM

printers is meant for the use of feedstock as filaments with

a diameter of 1.75 or 2.85 mm wound on a spool. There

are also FDM systems for the use of pelletized plastics

with a screw mechanism of feeding the pellets to the

melting zone.92

Thermoplastic polymers can reversibly pass into a

viscous-flow state with increasing temperature. A poly-

mer material should be heated in the print head to a

temperature slightly above the temperature of transition

into the viscous-flow state, since after coming out of the

nozzle, the material should solidify as soon as possible to

preserve the shape of the product. Often, to accelerate

solidification, additional air cooling is used, especially for

the production of small parts. Amorphous polymers,

which do not possess a definite viscous-flow point, are

most convenient for FDM technology. As the temper-

ature increases, the viscosity of the polymer melt gradu-

ally decreases; therefore, control of the heater temper-

ature in the print head becomes a convenient tool for

optimizing the physicomechanical characteristics and the

outer surface quality of the finished item.

Manufacturing objects of a complex shape with parts

hanging over the platform of the printer requires the

presence of a supporting structure (Fig. 7 b,c) because

without such a support the quality of printing of over-

hanging parts would be unsatisfactory.93 The support can

be built from the main material of the object (in this case,

it is separated mechanically) or from another material

soluble in water or in a special solvent. In the latter case,

separation of the support is much more convenient and

does not damage the surface of the object. For printing

the support from a soluble material, the printer should be

equipped with two extruders. The frequently used sup-

port materials include polyvinyl alcohol (PVA) or high

impact polystyrene (HIPS), in combination with polylac-

tic acid (PLA) or acrylonitrile butadiene styrene (ABS)

copolymer serving as the main materials, respec-

tively.94, 95 Polyvinyl alcohol, unlike PLA, is readily

soluble in water, whereas HIPS (unlike ABS) is soluble

in D-limonene. A soluble support material should be

adhesive to the main material and soluble in solvents

that do not dissolve the main material; therefore, in some

cases, the choice of the support material is quite a

challenge. For many FDM printing materials, there is

still no suitable support material; in this case, the only

option is to print the support using the main FDM

material.

Solidification of a polymer melt leads to shrinkage,

which is a key drawback of FDM. Various materials are

characterized by different degrees of shrinkage. If the

printing conditions are inappropriate, this can lead to

significant distortion of the product (Fig. 7 a). To mini-

mize the shrinkage, it is necessary, as a rule, to reduce the

temperature difference between the manufacturing object

and the surrounding space in the build chamber of the

printer. Hence, high-quality printing with such materials

requires a printer with a heated build chamber and slow

cooling of the printed product after completion of print-

ing. The shrinkage can also be reduced by filling the

polymer with solid components such as soot, glass fibre,

carbon fibre, natural fibres, etc.98 Materials characterized

by high shrinkage are polypropylene, polycarbonate,

polyoxymethylene and nylon and high-temperature plas-

tics such as polyphenylsulfone, polyetherimide and

poly(ether ether ketone). The performance characteristics

of FDM products considerably depend on not only

printing conditions, but also the manufacturer of the

initial plastic and the FDM printer design.99

Below, we consider in more detail the main available

materials for FDM 3D printing and materials for the

manufacture of objects with enhanced or special charac-

teristics.

Polylactic acid (PLA), prepared from plant raw mate-

rials and capable of degrading in the environment, is used

most widely for FDM printing.100 This material is con-

venient for FDM printing since it has a moderate melting

temperature (190 ± 220 8C) and low solidification shrink-

age (i.e., it is suitable for printing large objects) and emits

no smell during printing. It is very easy to attain high

adhesion of PLA to the printer platform, which provides

a stable additive manufacturing process. Polylactic acid

has a high strength;101, 102 however, the strength of FDM

products made of any material depends on the degree of

filling of the inner space.103, 104 Since PLA is readily

soluble in most organic solvents, it cannot be used for

manufacturing items that are meant for contacting a

harsh chemical environment.90 In addition, PLA is not

very convenient for mechanical treatment and has mod-

erate thermal stability.

Polylactic acid for FDM printing is produced by most

manufacturers of consumables for personal FDM print-

ers in a wide range of colours. Uncoloured PLA has the

lowest degree of crystallinity and the highest mechanical

strength compared to coloured materials.107 This material

can be used in any FDM printer, even a low-level printer,

since due to insignificant shrinkage, objects of reasonable

quality can be produced without using closed-chamber

printers, but inexpensive open-source devices are quite
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suitable.108 Therefore, PLA has found a wide use among

makers and in the field of education (Fig. 8 a).109 In

laboratory practice, PLA is used for the manufacture of

any tooling that does not contact organic solvents

(Fig. 8 b) and chemical reactors for conducting experi-

ments in aqueous or alcohol media;110 it is a promising

material for regenerative medicine 111 and pharmaceu-

tics.112

The technical implementation of extrusion methods is

very convenient for the application of composite materi-

als, that is, thermoplastic polymers (in the case of FDM)

filled by various fibres or particles.113 ± 115 Fillers can not

only improve the properties that are already present in

pristine materials but also endow materials with abso-

lutely new properties: electrical conductivity, catalytic

activity, non-flammability, etc.116 A large number of

PLA-based composite materials suitable for FDM print-

ing have been developed.117 Filling of the polylactic acid

matrix with particles or fibres is performed either by

mixing the polymer melt with a filler or by mixing a

polymer solution with a filler followed by evaporation of

the solvent. Currently, due to the surge in popularity of

FDM printing, desktop personal extruders have appeared

for the manufacture of moderate amounts of plastic

filaments for 3D printing. These installations allow labo-

ratory manufacturing of plastic filaments from secondary

raw materials and composite materials with any fillers.118

Polylactic acid-based composites have been prepared and

characterized for fillers such as carbon fibres,119 ± 121 glass

fibre,122 wood and other natural fibres,123 ± 125 metal

particles,126 ± 128 ceramics,129 graphene,130 carbon nano-

tubes,131 microdiamonds 132 and so on. It was shown that

PLA-based composites containing fibrous fillers often

possess improved mechanical and thermophysical charac-

teristics compared with the pristine polymers.132, 133 The

addition of carbon materials and metal particles may be

used to obtain electrically conducting composites,134 ± 136

which are suitable for the FDM manufacture of electrical

components such as small antennas;137 however, the

addition of some metal alloys may lead to a considerable

impairment of the strength characteristics of PLA-based

composites.138

One should distinguish between short fibre-reinforced

thermoplastics (SFRT) and continuous fibre-reinforced

thermoplastics (CFRT).139 In most cases, mentioning

composite materials for FDM printing means ready-to-

use plastics reinforced with short microscale fibres, which

are distributed more or less uniformly throughout the

polymer matrix.140 The addition of short fibres decreases

the shrinkage of the printed objects and has little effect

on their strength. The most pronounced increase in the

strength is attained by reinforcement with a continuous

fibre, which is supplied from a spool by a special feed

assembly and is fused into layers of the printed object

during manufacturing.141 ± 143 The fibre and the plastic

melt are fed through the same nozzle; this process is

called co-extrusion. Since the fibre is continuous, the

reinforcing effect is much more pronounced compared

with short fibres and largely depends on the pattern of

fibre deposition.144 An important factor affecting the

reinforcement of the printed products with a continuous

carbon fibre is the efficiency of adhesion between the

fibre and the polymer matrix. For example, the flexural

strength of pristine PLA products was 53 MPa, that of

continuous fibre-reinforced samples was 59 MPa, and

that of samples reinforced with continuous fibres pre-

treated for improving the adhesion between the fibre and

the matrix was 156 MPa.145 This reinforcement method

for FDM products has not yet become popular, but

desktop-type personal 3D printers suitable for coextru-

sion of any common plastic (including PLA) with carbon

fibre have already been commercialized.

The support material used for PLA printing is water-

soluble polyvinyl alcohol, a biodegradable elastic mate-

rial with a melting temperature of *200 8C. The mechan-

ical strength of PVA is relatively low; therefore, it is not

normally used as the main construction material for

manufacturing technical products. However, PVA is

actively used for biomedical research related to regener-

ative medicine and new drug delivery systems. For

example, PVA tablets containing paracetamol or caffeine

were produced by the FDM technique.146 After entering

the body, these tablets dissolve and gradually release the

drug. Polyvinyl alcohol serves as the base for the fab-

rication of scaffolds (for cell culturing in regenerative

medicine) in combination with other biodegradable mate-

rials such as gelatine or alginic acid derivatives.147 ± 149

Another widely used FDM printing material is ABS

plastic, which is produced (unlike PLA) from oil process-

ing products. ABS is a copolymer of acrylonitrile, buta-

diene and styrene, the ratio of which varies depending on

the brand of the plastic. ABS plastic is printed at a higher

temperature (230 ± 250 8C), has a higher thermal stability

and is much more convenient for mechanical treatment

than PLA. However, ABS is characterized by greater

solidification shrinkage, which often results in delamina-

tion and deformation of FDM products; therefore, high-

quality printing of this material using inexpensive per-

sonal printers requires a more thorough selection of

conditions.150 In particular, it was shown that the key

parameter affecting the deformation of ABS products is

the temperature of the printer platform where the object

is located, with the least deformation being observed

when the platform temperature during manufacturing is

maintained at approximately 100 8C.151 In some cases,

printing with ABS is accompanied by a slight smell. This

plastic is not susceptible to fast biodegradation, but it

still gradually degrades on exposure to UV radiation. The

chemical stability of ABS plastics is relatively low; there-

fore, in a chemical laboratory, this material, like PLA, is

suitable only for the production of objects that would not

a b

Figure 8. FDM printed objects manufactured from PLA using a
desktop personal 3D printer. (a) Molecular model of fullerene C60

(the photo was taken by the authors),105 (b) test tube rack for
handling microcentrifuge tubes in a chemical laboratory (the photo
was taken by the authors).106
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be in direct contact with reactive organic solvents.152 The

degree of crystallinity of ABS does not change after it has

passed through the FDM print head, whereas the PLA

degree of crystallinity increases in this case; meanwhile,

the mechanical strength of FDM-printed ABS objects is

lower than that of analogous ABS objects manufactured

by injection moulding.153 However, particular strength

parameters of FDM products made of ABS may reach

values characteristic of moulded ABS products, e.g.,

Young's modulus or tensile strength, but not all of the

parameters simultaneously.99

The ABS copolymer is often used as the matrix to

produce composite materials. In particular, the addition

of amorphous carbon, carbon nanotubes or nanofibres to

the ABS matrix increases the hardness, electrical con-

ductivity and thermal conductivity of the material.154, 155

If the content of the carbon filler exceeds 4 mass%,

passing of electrical current through the material is

accompanied by a noticeable heat evolution. A further

increase in the content of carbon nanotubes leads to a

significant increase in the melt viscosity, which makes the

material unsuitable for extrusion methods.156 The possi-

bility of manufacturing functional electronic devices and

in-line analyzers for the volume fraction of a gas in a

flow, using electrically conducting ABS-based composites

was demonstrated.157 An increase in the mass fraction of

carbon nanotubes to 7% increases the tensile strength of

the composite by 288% in comparison with that of

pristine ABS plastic.158 A substantial increase in the

tensile strength (by 58%) and Rockwell hardness (by

495%) was observed when ABS plastic was filled with

CuO particles.159 The incorporation of cellulose-modified

nanosized silica particles into the ABS matrix almost

completely eliminated the shrinkage of thin-walled FDM

products.160

The supporting structures for manufacturing ABS

products are printed using high-impact polystyrene,

which represents a styrene ± polybutadiene copolymer

(polystyrene chains are attached to the polybutadiene

double bonds to form a graft copolymer). This material

is readily soluble in D-limonene, a terpene hydrocarbon

that is present in citrus peel oil and is produced upon

citrus fruit processing. Therefore, when the object

together with the support is immersed in limonene,

HIPS is gradually dissolved, while the ABS object

remains free from the supporting structure. HIPS can

also act as the support for PVA. For example, this

method was used to manufacture microchannel systems

from polydimethylsiloxane (PDMS): the complex geome-

try of the channels was implemented using water-soluble

PVA with a HIPS support; after the process, HIPS was

dissolved in limonene and the PVA channels were filled

with PDMS; at the final stage, PVA in the channels was

dissolved upon treatment with water.161 High-impact

polystyrene can also be used as a separate construction

material;162 in this case, thorough selection of the tem-

perature and speed parameters of the FDM printing

provides for high dimensional accuracy of the prod-

ucts.163

In recent years, poly(ethylene terephthalate) glycol

(PETG) has started to be used for FDM printing. This

material is characterized by higher chemical and thermal

stability and is more convenient for mechanical treatment

than PLA. The shrinkage of PETG on solidification is

lower than that of ABS, while the mechanical strength is

higher;164, 165 PETG is characterized by high stability to

variable mechanical load (cyclic strain) and is superior in

these characteristics to PLA or nylon. In the case of

PETG, the mechanical properties can also be changed by

filling the polymer matrix with carbon or glass

fibres.166, 167

FDM technology is suitable for printing elastomers,

e.g., thermoplastic polyurethane (TPU), and thermoplas-

tic ester ether elastomer (TEEE) such as Primalloy.168

These materials can be used for the fabrication of

gaskets, flexible parts of chemical installations, sensors,

etc.169 ± 171 A number of biocompatible polyurethanes

suitable for 3D printing could find medical applica-

tions.172, 173 The adhesion between the layers of an elastic

FDM-printed product is relatively high, so that no

splitting of layers takes place upon reversible elastic

deformation.

Among general-purpose plastics, polypropylene (PP)

is most significant for the chemical applications of 3D

printing (Fig. 9), since it is most chemically stable; how-

ever, the thermal stability of this polymer is moderate

(the degradation of PP starts at a temperature somewhat

above 300 8C).90, 152 The main drawback of PP as a

material for FDM printing is high shrinkage on solid-

ification (see Fig. 7 a), which decreases the dimensional

accuracy of the resulting objects and necessitates addi-

tional measures to compensate for this shrinkage: either

introduction of corrections to the object size during

modelling or mechanical posttreatment of the finished

product.174 The tendency for high shrinkage and moder-

ate adhesion to most materials results in possible detach-

ment of the object from the build platform of the printer

during additive manufacturing. For more reliable attach-

ment, the build platform of the printer is coated by

polypropylene sticky tape, a polypropylene sheet or an

ultrahigh-molecular-weight polyethylene sheet. Separa-

tion of this material from the finished item also requires

some mechanical treatment.175 The shrinkage of polypro-

pylene is due to its crystalline nature: when the melt

solidifies, macromolecules in some parts of the material

move to attain a better packing, which changes the size of

the product. In the case of amorphous polymers, shrink-

age is usually less pronounced since the disordered

arrangement of macromolecules inherent in the melt is

retained in the solid state. However, for polymers with a

high content of crystalline phase, stronger adhesion of

the layers is possible because the crystalline phase is not

softened with increasing temperature, as is the case for

Figure 9. Laboratory chemical microreactors with integrated
capillaries and magnetic stirrers for monitoring chemical reactions
by mass spectrometry made of polypropylene using a personal
FDM 3D printer.191

E.G.Gordeev, V.P.Ananikov

Russ. Chem. Rev., 2020, 89 (12) 1507 ± 1561 1517



amorphous polymers, but melts, thus providing a better

integration of FDM layers.

The mechanical properties of PP can be considerably

improved by introducing reinforcing fillers.176, 177 For

example, whereas the flexural modulus for pristine PP is

1800 MPa, the addition of 30% glass fibre increases the

flexural modulus to 5500 MPa. The FDM-printed objects

have a 30% lower ultimate tensile strength than injection-

moulded PP samples. It is assumed that this decrease in

the strength is not related to insufficient adhesion

between the layers but is caused by the presence of

numerous voids in FDM products, i.e., lower solidity of

the samples.96 The reinforcing effect of the fillers is

retained for FDM products, i.e., after the material has

passed through the extruder of the printer.178 The addi-

tion of a filler also decreases PP shrinkage and improves

adhesion to the build platform.179 ± 183

Electrically conducting composites comprising the PP

matrix and finely dispersed carbon (soot) have been

reported. These conductors proved to be quite functional

in electronic systems and can be used for 3D packaging

of electronic devices (as opposed to planar packaging

based on printed circuit boards) and for integrating

current-carrying components into a chemical installation,

which may be useful for electrochemistry.184, 185

Other important features of polypropylene as an

FDM printing feedstock are its wide availability and

low cost. In particular, it was shown that recycled

polypropylene obtained by processing plastic waste, first

of all packaging, is well suited for 3D printing, while dyes

and other additives contained in the material decrease

shrinkage. The use of polypropylene filled by cellulose-

based materials, also produced by processing industrial

waste, enables FDM printing completely based on

recycled materials.186 Currently, additive technologies

account for a small share of the total material production

output; therefore, the environmental friendliness of 3D

printing is not a relevant task; however, the situation

may change in the future, and additive manufacturing

using new environmentally safe materials, including

recycled materials, would become a topical issue.187 ± 190

One more representative of thermoplastic polyolefins

used, in some cases, for FDM printing is polyethylene

(PE). In the context of additive manufacturing, PE

suffers from the same drawbacks as PP, in particular,

high shrinkage and the necessity to take special measures

to ensure adhesion between the material and the build

platform of the printer. These features are even more

pronounced for high-density polyethylene (HDPE) than

for PP, since HDPE possesses a high degree of crystal-

linity.192 However, by thorough selection of parameters

for the FDM process using polyethylene, it is possible to

print medium-sized objects of a reasonable quality.193, 194

For example, it was found that a sufficient level of PE

adhesion to the build platform and the subsequent

detachment of the printed product without damage are

possible when the platform is coated by a sheet made of

styrene ± ethylene ± butylene ± styrene block copolymer

(SEBS). Despite the wide popularity of PE as a general-

purpose plastic, the use of PE in FDM 3D printing is still

limited to experimental works. Nevertheless, it was

shown that with the wide use of personal 3D printing as

a method of distributed production, an environmental

benefit may be gained from the use of recycled poly-

ethylene. PE processing should also be performed in a

distributed way using personal extruders producing fila-

ments for 3D printers in geographical locations with low

population density.195 This hypothesis, of course, remains

debatable, but the appearance of such studies shows that

additive technologies are regarded as a possible base for

a new economic and technological paradigm.

The use of polypropylene and polyethylene in the

laboratory practice of FDM printing is justified only in

the case where high chemical stability of the material is

actually needed. Otherwise, in view of the complexity of

FDM printing with these plastics, it is more appropriate

to use other materials such as PLA, PLA+, PETG and

composites based on them.

To produce objects with enhanced mechanical

strength by FDM printing, so-called engineering materi-

als are used. Some of these materials also have other

characteristics superior to those of general-purpose plas-

tics: enhanced thermal stability, chemical stability and

low friction coefficient. Unfilled materials of this group

most often exhibit considerable shrinkage.

Among polymers of this group, polyamides (PA), in

particular polyamide-6 and polyamide-12, are used most

often for FDM printing both in the pristine state and as

composites with carbon fibres, glass fibres, etc.196 ± 199

Polyamides possess high impact strength, low friction

coefficient and high chemical stability, which allows

using these plastics for manufacturing machine parts to

be operated under load and in contact with lubricants.

Some brands of polyamides are highly hygroscopic;

therefore, if the polymer is not dried before FDM print-

ing, bubbles deteriorating the surface quality of printed

products may appear. Therefore, it is necessary to dry the

material before manufacturing.200

A combination of high hardness, high wear resistance,

high impact strength and low friction coefficient is also

inherent in polyoxymethylene (POM), or polyformalde-

hyde, formed upon polymerization of formaldehyde. This

material is fairly resistant to organic solvents and less

prone to creep; it has a higher hardness and lower

friction coefficient than nylon. However, the shrinkage

of POM (2.2%) is greater than the shrinkage of nylon-6

(1.2%).201, 202 The FDM printing of large POM objects

without geometry distortion is a challenge; therefore, this

material has not yet become common for additive man-

ufacturing, despite some successful attempts to optimize

personal FDM printers towards printing with this partic-

ular plastic.202 A vivid example of the application of

POM is the fabrication of a POM-based (as a mixture

with polyamide) magnetic composite for 3D printing

containing neodymium ± iron ± boron (NdFeB) particles.

This material was shown to be applicable for printing

functional magnets of an arbitrary shape tailored for a

particular device (compact blood pump), which is a

considerable advantage over the use of commercial mag-

nets.203 Direct additive manufacturing of magnets is also

important for chemical laboratory practice, in which

magnetic stirring systems are actively used.

An important representative of engineering plastics

suitable for FDM printing is polycarbonate (PC), which

is widely used as a structural material in construction,

decoration work and manufacturing of consumer goods

owing to its high strength, transparency and low cost.

FDM-printed polycarbonate products are characterized

by markedly lower strength than moulded bulk products.

For example, the decrease in the ultimate tensile strength
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for FDM products made of PC compared to moulded

bulk samples is 30% to 60% (depending on the stress

orientation relative to the layers).204 Thus, the reference

values of strength characteristics of materials reported

for injection moulded samples do not provide even a

rough estimate for the physicomechanical characteristics

of FDM products, since the choice of material, printing

parameters, infill of the product, and arrangement of

layers relative to the applied external forces Ð all these

factors significantly affect the resulting strength parame-

ters of FDM products. Recently, a method was imple-

mented for polycarbonate production from plant feed-

stock, which makes PC the first engineering bioplas-

tic.205, 206 Biopolycarbonate has noticeably better physi-

comechanical characteristics: higher stability to UV

radiation and higher thermal stability than polycarbonate

produced from fossil raw materials. This makes biopoly-

carbonate suitable for manufacturing sterilizable medical

appliances. Furthermore, additive manufacturing using

biopolycarbonate is accompanied by a lower emission of

hazardous gases than that with conventionally produced

PC.207 The chemical stability of PC to many organic

solvents is modest, which restricts its application for

manufacturing objects that would be exposed to the

environment.

Polyvinylidene fluoride (PVDF), resulting from poly-

merization of 1,1-difluoroethylene (vinylidene fluoride),

also known as fluoroplastic-2, is a promising material for

the chemical applications of FDM. Unlike fluoroplastic-4

(polytetrafluoroethylene), in which all hydrogen atoms

are replaced by fluorine, PVDF can be processed as a

thermoplastic material (the melting temperature is

*180 8C). Polyvinylidene fluoride is characterized by

high mechanical strength, high wear resistance, low

friction coefficient, chemical and biological inertness

and the absence of foreign impurities. This polymer is

used for the production of equipment in the chemical and

pharmaceutical industry and in medicine, it is a material

of surgical threads, and it can be processed by extrusion

methods. The production of filaments with a diameter of

1.75 or 2.85 mm for 3D printing from pelletized PVDF is

quite technically practicable and can be accomplished

even with a desktop personal extruder. For FDM print-

ing with polyvinylidene fluoride, the extrusion temper-

ature should not exceed 240 8C; otherwise, the material

poorly retains its shape and loses dimensional accuracy.

Additionally, it is not recommended to use printing

speeds above 30 mm s71, since this makes the cooling

conditions non-optimal and results in considerable dis-

tortion of the object geometry. With appropriate selec-

tion of the parameters for FDM printing using PVDF, it

is possible to manufacture 3D-printed parts almost with-

out shrinkage even on an inexpensive personal printer.208

Despite the chemical inertness, PVDF can serve as the

matrix for the design of composite materials. For exam-

ple, electrically conducting PVDF composites with car-

bon nanotubes and piezoelectric composites filled with

barium titanate particles were obtained.209, 210 The con-

ductivity of FDM products made of composites with

carbon nanotubes is higher in some directions than the

conductivity of moulded products manufactured from the

same material. The reason is that nanotubes are aligned

along the direction of extrusion as they pass through the

3D printer nozzle, whereas in moulded materials, the

filler particles are arranged randomly.209

In recent years, some personal FDM 3D printers have

been equipped with high temperature print heads able to

maintain extrusion temperatures of up to 400 8C. These

printers are compatible with high-performance structural

plastics, which are sometimes called superstructural mate-

rials. These materials include poly(ether ether ketone)

(PEEK) (Fig. 10), poly(ether ketone ketone) (PEKK),

polyphenylsulfone (PPSU), polyetherimide (PEI), etc.

The first publications dealing with additive manufactur-

ing by the FDM method using this group of materials

appeared relatively recently.211

In recent years, high-quality FDM printing with high-

performance plastics has been implemented for professio-

nal additive manufacturing systems, and now these mate-

rials start to appear in the personal 3D printing segment.

However, by no means, all personal 3D printers can use

these plastics, which is due to obvious reasons: first,

personal 3D printers are not normally used to solve

production tasks at a professional level; second, high-

quality printing with these materials requires a more

sophisticated design of the printer, which would thus

become more expensive. Nevertheless, personal 3D print-

ers are now regarded as a means for manufacturing

finished functional products; therefore, the capabilities

of such printers gradually start to include printing with

high-performance materials.

These plastics have exceptional performance charac-

teristics among other plastics: high mechanical strength,

thermal stability, chemical and radiation stability, bio-

logical inertness, nonflammability and high dimensional

accuracy under the action of an external load.213 In some

cases, materials of this group can serve as substitutes for

metals. A key feature of these materials is the ability to

operate at continuously elevated temperatures (>150 8C)
without deterioration of properties; therefore, printing

with these materials in the laboratory, without the need

to purchase expensive professional equipment, would be

fairly useful. Note that high-temperature plastics are

expensive, but this shortcoming is not a fundamental

obstacle to using them, since in the laboratory, they

serve to manufacture relatively small parts and assem-

blies, requiring high stability to external action.

Products made of PEEK [the melting temperature of

which is approximately 343 8C (Ref. 214)] can operate at

temperatures up to 260 8C (depending on the brand)

without geometry distortion, while short-term operation

is possible even at 300 8C with simultaneous exposure to

a b

Figure 10. Chemical microreactor manufactured from PEEK by
FDM, suitable for continuous flow synthesis at high temperature of
the reaction mixture.212 (a) reactor model, (b) finished product with
input/output channels.
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harsh chemicals. In terms of stability to organic solvents

and thermal stability, PEEK is superior to polypropylene

and, more so, to other general-purpose plastics. The

tensile strength of PEEK is in the 75 ± 118 MPa range;

for comparison, this value for nonreinforced ABS plastic

is 26 ± 57 MPa.215, 216 Poly(ether ether ketone) is used to

produce various parts of analytical instruments, fittings,

valves and other accessories for chemical laboratory

installations, chemical microreactors, micropumps,

etc.217 Similar to other materials, the mechanical strength

of FDM products made of PEEK crucially depends on

the orientation of the layers relative to the direction of

the applied load. For example, with the optimally

selected orientation of the layers, printing temperature

of 400 8C, 100% infill of the printed item, and printing

speed of 20 mm s71, samples with mechanical strength

not inferior to that of moulded samples were manufac-

tured.218 The number of microdefects on the surface of

an FDM product considerably depends on the printing

speed.219 In the field of medical applications of PEEK,

extensive studies are in progress: owing to its high bio-

logical compatibility, it can be used to manufacture

dental prostheses and implants and serve for orthopedic

restoration and tissue engineering with the aid of FDM

technology.220 ± 223

Polyphenylsulfone and polyetherimides differ little

from PEEK in their performance characteristics

(Table 1). These materials are also highly chemically

stable; in particular, they are not prone to hydrolysis at

elevated temperature, which allows for repeated auto-

clave sterilization of the manufactured products.224, 225

Polyetherimides for FDM printing are produced under

the brand names Ultem, most often, Ultem 9085 and

Ultem 1010. Polyphenylsulfone and polyetherimides can

be used as substitutes for metals in systems for the supply

of hot water and aqueous solutions and for medical

appliances subjected to repeated sterilization. Ultem

9085 and 1010 are widely used in transport mechanical

engineering, and research into the applicability of FDM-

printed polyetherimides for the manufacture of space

equipment components is in progress.226 It is noteworthy

that Ultem 9085 is a mixture of polyetherimide and

polycarbonate rather than pure PEI.227 The admixture

of PC to PEI somewhat deteriorates the thermal stability

but enhances the rheological properties during FDM 3D

printing.228

Successful printing using high-temperature plastics

requires not only high temperature of the extrusion

system and heating of the build platform but also main-

tenance of high temperature of the atmosphere

(>100 8C) in the build chamber to avoid considerable

distortions of the object geometry. An increase in the

temperature in the chamber not only reduces product

shrinkage and warping but also enhances strength, since

the material exists in the viscous state for a longer period

of time, which promotes more efficient fusion of the

layers.229

Thus, three groups of FDM printing materials have

now formed, namely, general-purpose plastics, engineer-

ing plastics and high-performance materials (Fig. 11).

The transfer from general-purpose materials to high-

performance materials is accompanied by a fundamental

Table 1. Some physicomechanical characteristics of plastics used for FDM printing and conditions of additive manufacturing using these
materials.

Material Yield strength a /MPa Operating tempe- Printing Resistance to organic Special
(Ref. 230) rature b /8C temperature /8C solvents (Ref. 90) conditions

(Ref. 230) during printing c

General-purpose plastics

PLA 46.0 ± 49.0 60 190 ± 230 Low 7
ABS 42.0 ± 55.0 88 210 ± 250 Low A, B, C

PETG 28.3 ± 58.6 65 230 ± 250 Low B, C

HIPS 26.0 ± 28.0 74 230 ± 245 Low A, B, C

PP 34.1 ± 36.5 80 220 ± 250 High A, B, C

Engineering plastics

PA 50.0 ± 66.0 120 230 ± 270 Medium A, B, C

PC 58.6 ± 70.0 152 260 ± 310 Low A, B, C

POM 55.0 ± 62.5 110 210 ± 230 High A, B, C

PVDF 46.0 ± 54.0 110 245 ± 265 High A, B, C

High-performance plastics

PEEK 65.0 ± 98.0 160 375 ± 410 High A, B, C, D

Ultem 9085 84.0 ± 88.0 152 350 ± 380 Low A, B, C, D

Ultem 1010 105.0 ± 110.0 190 370 ± 390 Low A, B, C, D

PPSU 62.0 ± 74.0 195 360 ± 390 Medium A, B, C, D

aThe yield strengths are given for the initial material (not having passed through the extruder); the strength of the FDM product substantially

depends on the spatial orientation of layers relative to the direction of load applied.
b Temperatures of deformation under load are given. i.e., the maximum temperature at which the plastic does not change the shape under

continuous mechanical loading (1.8 MPa).
cA is the closed chamber of the printer, B is the heated platform, C are special methods for increasing the adhesion between the material and the

platform (e.g., printing on a sheet made of a material with similar structure, on a perforated sheet, treatment of the platform with a special

formulation increasing the plastic adhesion), D is the maintenance of a constant elevated temperature in the closed chamber of the printer.
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improvement in the performance characteristics of the

obtained products and considerable complications of

additive manufacturing conditions (see Table 1).

When FDM-printed products are meant for chemical

applications, it is recommended to investigate their

stability to the action of the medium that will be in

contact with the printed product. In this case, the stand-

ard reference data on the chemical stability of plastics

may be misleading, since FDM products have a layered

and porous structure, which markedly affects the pattern

of destruction of the product in a particular medium. To

evaluate the chemical stability of FDM products, a

simple procedure was proposed. According to this proce-

dure, the product as a small cylindrical cell is placed into

a solvent, and a metal bead is used as an indicator load

to detect the time of destruction of the test sample

(Fig. 12 a,b).90 In the absence of a load, the material can

seem to retain its shape, while the mechanical strength

has actually been lost. FDM products made of the same

material can follow different patterns of destruction

depending on the solvent. Four types of destruction of

FDM products can be distinguished (Fig. 12 c):

General-purpose plastics

PLA, PLA+, ABS, ABS+, PETG,
HIPS, PP

ì convenient printing on inexpensive
personal printers,

ì easy adjustment of printing
parameters,

ì possibility to print large-size objects,

ì low cost,

ì sufécient, in most cases,
mechanical strength,

ì low chemical and thermal stability.

Engineering plastics

PA, PC, POM, PVDF

ì enhanced mechanical strength,

ì enhanced chemical and thermal sta
bility,

ì low friction coefécient for PA, POM,
PVDF,

ì high shrinkage and warping on
using inexpensive printers,

ì difécult adjustment of printing
parameters,

ì diféculty of printing large-size
objects.

High-performance plastics

PEEK, PEI, PPSU

ì high mechanical strength for various
types of load,

ì high chemical and thermal stability,

ì biological inertness,

ì the necessity to use more expensive
printers,

ì difécult adjustment of printing
parameters,

ì high cost.

Plastics for FDM 3D printing

Figure 11. Groups of plastic materials for FDM 3D printing.

a

b

c
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Figure 12. Testing of the chemical stability of plastics for FDM printing.90 (a) General chart of the testing procedure; (b) example of testing
the chemical stability of an ABS plastic object in dichloromethane using a metal bead as an indicator load; (c) types of destruction of FDM-
printed objects upon exposure to organic solvents.
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dissolution Ð gradual complete transfer of the item

material to the solution; disintegration Ð gradual degra-

dation of the item into small particles caused by dissolu-

tion of the polymer matrix (this type of destruction is

typical of items made of composite materials); delamina-

tion Ð splitting of the item into layers with the forma-

tion of cracks and large gaps between the layers without

visible signs of dissolution; and swelling Ð absorption of

a considerable amount of the solvent by the material with

increasing size of the item and loss of mechanical

strength. The proposed procedure was used to test FDM

products made of a broad range of polymer materials. It

was shown that PP, nylon and POM provide sufficient

chemical stability for chemical applications of FDM

products.90 In particular, FDM-printed polypropylene

test tubes can be used on an equal basis with glassware

at appropriate temperature conditions in fine organic

synthesis (Suzuki ±Miyaura coupling and Heck reaction).

Thus, FDM printing using polypropylene would also be

suitable for manufacturing more complex chemical reac-

tors, in particular, for multistep synthesis.32

All materials shown in Fig. 11 have found wide use in

some fields. Along with the above-considered plastics for

FDM printing, there are special materials intended for

specific types of applications in FDM technology. An

example of such a material is wax, which is used to print

models that are subsequently used as consumable pat-

terns for casting. After printing, a refractory (e.g.,

ceramic) shell is formed around the wax model; upon

heating of the shell, the wax melts away through a gating

system of channels to leave a ready mould for metal

casting. Thus, FDM printing can greatly facilitate and

accelerate the production of metal castings. However, the

low spatial resolution and clear-cut layered structure of

FDM products restrict the use of extrusion-based fusion

for precision casting.

One more low-melting material for FDM printing is

polycaprolactone (PCL) with melting temperature in the

range of 60 ± 65 8C. Owing to the capability of 3D

printing to make bulk porous structures, this biodegrad-

able and biocompatible plastic and its composites are

used in regenerative medicine to produce bone tissue

scaffolds 231 ± 234 and endoprostheses such as stents.235, 236

Due to the low melting temperature of PCL, it is possible

to introduce various biologically active substances (anti-

bacterial agents, compounds improving the biological

compatibility and so on) into the polymer without the

risk that they would decompose during additive manu-

facturing.237

The BASF corporation developed an interesting compo-

site material, Ultrafuse 316L, which represents a polymer

matrix filled with 316L stainless-steel particles, with a metal

content of 80 mass%. Unlike usual metal-filled materials

where the metal filler serves for decorative purposes, Ultra-

fuse 316L and similar materials are meant for manufactur-

ing metal products using a personal FDM printer.238, 239

The whole production process of a metal product consists of

three stages. The first stage is FDM printing of the future

product (the extrusion temperature is 230 ± 250 8C). Then,
the obtained model was subjected to chemical treatment

with concentrated nitric acid at 120 8C to remove the

polymer matrix binding the metal particles. This gives a

highly porous, but now a metal object. At the final stage,

the product is thermally treated (>1300 8C, 3 h, argon

atmosphere) for complete sintering of metal particles.

Apart from the complexity of the whole production

sequence, a drawback of this process is a very high shrink-

age of the material at the last sintering stage, i.e., fabrica-

tion of metal items with a high dimensional accuracy by this

method may become a sophisticated task. Due to these

drawbacks, the use of FDM printing as an initial stage of

production of metal objects is now not popular: this

approach is too expensive and too complicated for amateur

use, while for systematic solving of professional problems,

laser sintering of metal powders is more appropriate.

The performance and processing characteristics of

materials are improved not only by using finely dispersed

particles or fibres as fillers but also by using polymer

blends. A widely used polymer composition is an ABS

and polycarbonate blend. The addition of PC results in

increasing thermal stability and hardness of the material

and improves the mechanical characteristics at lower

temperatures.240 ± 242 A specially designed extruder was

employed to fabricate FDM filaments with a homoge-

neous PC ±ABS blend as the core and polyethylene shell

as the outer layer.243 It was shown that at a PE mass

fraction of approximately 50%, it is possible to print

objects with a high dimensional accuracy and with

enhanced strength characteristics compared with those

of the PC ±ABS blend without polyethylene. The addi-

tion of 10 mass% ± 20 mass% thermoplastic polyur-

ethane to ABS increases the adhesion between the layers,

while the increase in the TPU content to 30% improves

the adhesion of the material to the platform of the

printer.244 The addition of up to 15 mass% recycled

high-density polyethylene to ABS plastic insignificantly

deteriorates the quality of products compared to purely

ABS products. Thus, if economically appropriate, the use

of HDPE additives can provide the involvement of poly-

ethylene waste in additive manufacturing.245

A considerable advantage of additive methods as a

whole and, in particular, extrusion methods is the possi-

bility of using several materials in one product with a

continuous 3D printing process, i.e., multimaterial print-

ing. In personal FDM printers, it is most often possible

to print using two materials; in most cases, this possibil-

ity is implemented for printing products with a soluble

support. However, multimaterial printing can be a tool

for controlling the mechanical properties of an object in

the case where the model is a layered structure in which

some layers are manufactured from one material and the

other layers are manufactured from another material

differing from the first one in mechanical properties.246

In particular, it was shown that the mechanical properties

of a product can be controlled using alternating layers of

three materials: ABS, PLA and HIPS.247 The mechanical

properties of the product depend on which material is

located in the middle of the layered structure. In this

context, note an important feature and distinction of

additive methods from conventional production methods:

in conventional methods, the object is fabricated from a

specified invariable construction material, whereas addi-

tive methods are able to create not only the geometry of

the printed product but also the material by combining

the initial constituent materials as components of a new

`metamaterial'. This approach forms the concept of

material multifunctionality, which consists of the integra-

tion of various properties in one material taking advant-

age of specific features of additive manufacturing.248, 249

For example, a neat unfilled material can have a high
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mechanical strength but possess no electrical conductiv-

ity. Filling with carbon nanoparticles increases the con-

ductivity but decreases the strength. A multifunctional

material may represent a layered structure with alternat-

ing high-strength and conducting layers; hence, the com-

position would combine both high strength and electrical

conductivity. Metamaterials are in demand in chemical

synthesis. In particular, the external layers of the chem-

ical reactor shell can be manufactured from a strong inert

material with a dense packing of the layers, which

ensures leak-tightness of the vessel, whereas internal

layers can be composed of a porous composite material

containing particles of a catalytically active filler.

This is not to say that the idea of multifunctional

materials is fundamentally new; however, additive meth-

ods have endowed this idea with new prospects, offering

wide opportunities for combining various materials in

one product.250

3.2. Materials for robocasting
One more method technically resembling FDM is robo-

casting, known as liquid deposition modelling (LDM),

which is a type of direct-ink-writing (DIW). Direct-ink-

writing is used to manufacture products from materials

that exist as gels, pastes or viscous liquids under ambient

conditions, i.e., no melting of the material takes place in

the print head. After printing, the product is solidified as

a result of either solvent evaporation or chemical reac-

tions that take place in the material during thermal treat-

ment (Fig. 13). Any material that can be converted to a

viscous liquid is suitable for additive manufacturing by

DIW. An additional requirement for materials is that they

should retain their shape when exiting the nozzle; that is,

the shape should be preserved until the material solidifies.

Polymers are also applicable for DIW technology if it is

possible to select a solvent that would soften the polymer

to the required state.251 The spatial resolution of DIW is

moderate; therefore, this technique is not used as a rule to

manufacture precise mechanical engineering products, but

serves for the production of relatively large objects of a

simple shape or for arrangement of the material into an

ordered porous structure. It is noteworthy that robocast-

ing is, in principle, suitable for miniaturization, and there

are examples of the production of submillimetre-scale

objects by this method.252 A specific feature of the DIW

method is the need to optimize the composition of the

material and the printing parameters to attain a satisfac-

tory correspondence between the digital model and the

actually obtained sample. Whereas in other 3D printing

methods, the user receives the ready material, which

cannot be changed, in the case of DIW, the material is

prepared by the user considering a definite research task.

The DIW method is widely used in experimental

regenerative medicine for the fabrication of scaffolds

possessing a porous structure for the adsorption and

subsequent growth of living cells. For example, soft tissue

scaffolds are often printed using hydrogels, i.e., polymers

that have absorbed a large amount of water and are

hence capable of being extruded through the noz-

zle.254, 255 However, seeding of cells pre-printed scaffolds

results in a disordered structure of the tissue; therefore,

the technique called bioprinting is being actively devel-

oped for this application. Owing to the absence of

significant heating during additive manufacturing by

DIW, the extruded hydrogel can contain living cells and

biologically active compounds; such a mixture is called

bioink.256, 257 A key parameter is the viscosity of bioink,

since it determines the ability of the material to preserve

a b

Figure 13. Porous and monolithic structures manufactured by
robocasting from silicon nitride Si3N4 , which is used for the
fabrication of implants in orthopaedic restoration.253 (a) Primary
non-solidified products, (b) finished products after sintering; one
can see considerable shrinkage of samples without change in the
topology.

a b c

10mm

10 mm

Figure 14. Inexpensive desktop 3D printer for printing clay products by robocasting.264 (a) General view of the printer; (b) extruder for the
clay mass; (c) example of an item obtained using this printer.
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the shape and affects the structuring of cells within the

hydrogel.258, 259

However, another promising trend in the application

of DIW is 3D printing of ceramic products,260 ± 263 which

can be done using even a simple 3D printer with a

conventional plastic syringe as the extruder (Fig. 14).264

In this case, a ceramic paste serves as the feedstock to

produce the primary product. After printing, the primary

product is thermally treated, which results in sintering of

ceramic particles. Ceramic materials possess high thermal

and chemical stability and are widely used in chemical

laboratory practice.

Scaling robocasting makes it possible to produce

construction 3D printers, which can serve to construct

the walls of buildings and decorative structures by extru-

sion of a specially prepared construction mix or concrete

grout, which confirms once again the versatility of

extrusion methods. Currently, 3D printing construction

is a very rapidly developing trend mainly related to the

construction of relatively small buildings and small

architectures for area improvement.

An important advantage of robocasting over other

additive manufacturing methods is the possibility to use

materials containing any finely dispersed fillers over

broad concentration ranges:265, 266 metal particles,267, 268

amorphous carbon,269 carbon nanotubes,270, 271 gra-

phene,272 ± 275 fibres 276 etc. This gives rise to an almost

infinite number of composites with specified properties.

3.3. Materials for photopolymerization methods
In laser stereolithography and analogous DLP, LCD and

CLIP stereolithography techniques, the formation of

objects is based on chemical polymerization processes

taking place in the liquid feedtock under the action of

ultraviolet (most often) or visible light. These reactions

are called photopolymerization and give rise to a solid

polymer material formed from liquid monomers. It can be

said that 3D printers operating according to this technol-

ogy accomplish not only layer-by-layer assembly, as in

other additive methods, but literally the chemical syn-

thesis of the product. In this case, the final material of the

finished product is formed during printing and not sup-

plied in the ready state, such as in FDM or SLS methods.

Therefore, the user cannot even roughly evaluate the

performance characteristics of the future product proceed-

ing from the properties of the starting material, which is

supplied as a liquid photopolymer resin in bottles. Cur-

rently, liquid-phase photopolymerization methods have

entered the personal 3D printing segment, owing to the

appearance of numerous manufacturers of desktop sys-

tems for SLA, LCD and DLP printing.

The initial liquid photopolymer compositions mainly

consist of epoxy resins with the addition of acrylates or

vinyl ethers, photoinitiators, plasticizers, dyes, stabilizers

and other additives depending on the purpose of the

composition (printing of medical objects, jewellery prod-

ucts, etc.) and required properties of the final product.

Epoxy resins and acrylates are monomers for photo-

polymerization and represent construction materials for

future products. Epoxy resins undergo ring opening

polymerization by a cationic mechanism, which is accom-

panied by insignificant shrinkage (2% ± 3% by volume),

but it may proceed at a relatively low rate. The cationic

mechanism of curing epoxy resins does not resemble the

mechanism of curing epoxy resins with amines. In the

case of the cationic mechanism of curing, the resulting

polymer has a large number of cross-links and, therefore,

is highly brittle. To accelerate photopolymerization and

increase the strength of products, acrylates or vinyl

ethers, which are polymerized by the radical mechanism,

are added to the composition (vinyl ethers can also

polymerize by an ionic mechanism). The use of acrylates

or vinyl ethers alone is possible, but photopolymerization

of these compounds results in a considerable distortion of

the geometry of objects.

The curing process of a photopolymer composition

starts with capture of a quantum of radiation by a

photoinitiator molecule, which passes to the active state.

There are two types of radical initiators for photopoly-

merization. The first type are unimolecular initiators,

single compounds that decompose into radicals upon

irradiation; initiators of the second type are two-compo-

nent systems, in which one component absorbs radiation

and detaches a proton from the second component

(synergist), thus giving a biradical system, which initiates

polymerization.277 Cationic polymerization initiators are

compounds that decompose to active intermediates (cat-

ions, radical cations or radicals) upon exposure to radi-

ation; a series of reactions of the active intermediates

afford molecules of superacids, which initiate polymer-

ization. Each initiator is characterized by a definite

radiation wavelength that converts it to the active form.

The initiators used for UV-curable compositions nor-

mally operate at wavelengths ranging from 300 to

415 nm.278 If the composition is a mixture of monomers

that are polymerized by different mechanisms, a mixture

of radical and cationic initiators is used.

The activated initiator reacts with the monomer mol-

ecule, thus activating it towards the reaction with the

next monomer molecule. As a result, polymer chain

growth starts and propagates in the monomer bulk.

After completion of polymerization due to exhaustion of

the monomer, a polymer structure with a large number of

cross-links between the chains is produced, i.e., the

resulting cross-linked polymer is not thermoplastic. It is

noteworthy that combined polymerization of epoxy resins

and acrylates yields interpenetrating polymer networks

rather than copolymers.70

A key parameter of additive manufacturing using

photopolymerization methods is the exposure time, i.e.,

the time for which the photopolymer composition is

irradiated. The exposure time affects the printing speed

and the degree of curing of the resin and is specified

depending on the properties of the composition, charac-

teristics of radiation and layer thickness. Even if the

exposure time is properly chosen, additional exposure of

the finished product in a special UV chamber is often

required for complete solidification of the material. These

parameters of photopolymerization finally influence the

physicomechanical characteristics of the printed product.

The exact composition of commercial photopolymer

compositions is, in most cases, unknown; therefore, for

solving research and engineering problems, the perform-

ance characteristics of the final products should be tested

by the users themselves. The chemical stability of prod-

ucts obtained by photopolymerization methods to

organic solvents is moderate; they tolerate long-term

exposure to aqueous and alcohol solutions and short-

term exposure to harsh chlorinated solvents;90 however,

in view of the high diversity of available photopolymer
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compositions, the chemical stability of the products can

vary over a broad range.

Distinctive features of the printed products obtained

by photopolymerization are the high quality of the sur-

face and almost complete absence of a layered texture (as

opposed to FDM method) and high consolidation

attained owing to the efficient and seamless fusion of

layers during the polymerization process. For this reason,

for example, SLA products have highly isotropic mechan-

ical properties: the strength of the samples virtually does

not depend on the orientation of the layers relative to the

direction of the applied external load.224 This also results

in leak-tightness of all products intended for holding

liquids or gases; this favourably distinguishes the photo-

polymerization methods from FDM, which is often asso-

ciated with the need to thoroughly adjust the printing

parameters to obtain leak-proof products.

Highly thermally stable materials can also be found

among photopolymers. For example, a composition for

the production of objects stable up to 415 8C was

recently proposed; hence, this polymer can be considered

an efficient construction material.279

Some recently proposed photopolymer compositions

have been certified for medical applications. In partic-

ular, in orthodontic practice, transparent aligners Ð

plastic orthodontic appliances for improving dental

occlusion Ð are produced by laser and DLP stereo-

lithography methods.280, 281

Photopolymerization methods allow the use of com-

posite materials, which are obtained by the addition of

various fillers to the initial composition. Filling of the

photopolymer with SiO2 particles results in a consider-

able increase in the tensile strength of the products and

accelerates curing.282

Photopolymerization can also serve as the first stage

in the production of items from materials that are not

directly formed upon photopolymerization. In particular,

this was done using a composite photopolymer contain-

ing graphene oxide. After pyrolysis, resulting in polymer

destruction and reduction of graphene oxide, the material

was completely converted to graphene and became elec-

trically conducting.283 One more interesting example is

manufacturing glass items by pyrolysis of a silica-filled

photopolymer precursor. Glass obtained in this way

possesses transparency and high thermal stability.284 In

view of the high technical complexity of obtaining glass

items by other additive methods, this approach can be

considered to be quite promising provided that no high

dimensional accuracy is required for the product

geometry.

Specially developed photopolymer compositions make

it possible to obtain unique materials. Framework struc-

tures were produced by laser stereolithography using a

polymer material with siloxane, silazane or carbosilane

backbone and photopolymerizable side groups. The sub-

sequent pyrolysis of these products at 1000 8C converted

the polymer to ceramics with full retention of the

topology and with uniform shrinkage.285

It can be noted that photopolymerization methods make

it possible to tailor the properties of materials for a

particular scientific or engineering application no less effi-

ciently than extrusion methods.286 Owing to the high spatial

resolution, photopolymerization methods may serve as

additional tools in any chemical laboratory and are used

when the spatial resolution of extrusion methods is insuffi-

cient, for example, for the production of microfluidic

systems.

4. Application of 3D printing in chemistry and
related fields

Quite a few publications of the last several years are dealt

with application of 3D printing in chemical

research.287, 288 Why did additive technologies prove to

be so relevant particularly to chemical science? This is

because chemical experiments are associated with the use

of numerous equipment items for manual preparation and

purification of compounds without the use of complex

automatic equipment. In everyday laboratory practice, an

experimentalist manually assembles a setup for chemical

synthesis and selects all the necessary accessories (adapt-

ers, valves, fasteners, various mounting elements, etc.),

uses auxiliary laboratory equipment for ordering, storage

and handling of chemicals (supports, stands, clamps, etc.).

In other words, even in research work, chemistry has all

features of material production that require many pro-

duction tools. Moreover, these tools are meant for partic-

ularly mechanical or manual holding, moving, stirring,

filtering or drying of reaction mixtures; they contain no

electronic components or are operated by conventional

electronic components (electric motors, light-emitting

diodes, pumps, external heaters). Often, the equipment

of a chemical laboratory should be optimized for a

particular experiment; that is why most chemical research

institutes have their own mechanical and glass blowing

workshops. The production capacities of these workshops

are often moderate and are suitable for manufacturing

medium-size objects, i.e., it is impossible, for example, to

fabricate microchannel reactors or items of complex

geometry. In addition, because of the necessity to com-

pose a work specification and the long time needed for

production, it is impossible to quickly obtain the required

equipment by outsourcing to external workshops.

Problems of this type can be efficiently solved by

personal 3D printing, which allows manufacturing items

of a complex shape directly in the laboratory within a

short time. This substantially accelerates the multiple

repeated design optimization stages and allows for the

use of unusual materials, including multifunctional mate-

rials absent from typical inventories of external work-

shops. An advantage of digital manufacturing in a

chemical laboratory is the possibility of creating small

amounts of own unique materials while working with

plastics.

Digital manufacturing in a chemical laboratory does

not require a specially arranged workplace or special

conditions for using personal 3D printers: the process

generates no waste, produces almost no noise and no

toxic emission and 3D printers require little maintenance.

The deployment of digital manufacturing in a chemical

laboratory may be complicated by the insufficient skills

of most chemists in technical 3D modelling based on

computer-aided design systems. However, this is not a

great obstacle, since printing of the objects needed in a

chemical laboratory does not require a comprehensive

knowledge of 3D design systems at the expert level.

Indeed, there is no need to design objects pertaining to

precision mechanical engineering (geared transmissions,

complex assembly modules, etc.). Any chemist can learn

how to operate a 3D printer.
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The use of additive technologies in various fields of

chemical science has specific features. The fields of

application of 3D printing can be divided into chemical

synthesis, analytical chemistry, biochemistry and biotech-

nology, pharmaceutics and chemical education. A large

application area of 3D printing pertains to medicine,

including prosthetics, regenerative tissue engineering and

medical equipment. For example, 3D printing makes it

possible to commence the production of complex medical

appliances over a short period of time in the case of

urgent and emergency situations.289

In the next Sections, we consider some representative

examples of application of 3D printing to illustrate the

opportunities offered by this method for the laboratory

practice. Today, additive technologies are being vigo-

rously developed; therefore, the number of scientific

publications devoted to this subject rapidly grows. The

purpose of this review, which does not claim to com-

pletely cover the published data, is to analyze the strat-

egies of laboratory application of 3D printing, illustrated

by most vivid examples of research works.

4.1. Additive technologies in chemical synthesis
Currently, investigations of the scope of applicability of

3D printing in chemical synthesis are mainly related to the

development of new laboratory reactors for organic syn-

thesis and studying their efficiency for various types of

chemical processes.290 ± 292 One more recent field of inves-

tigation is concerned with the applicability of additive

technologies for the production of new types of catalyti-

cally active materials for fine organic synthesis.293

3D printing is well suited for manufacturing any

laboratory ware for conducting reactions of fine organic

synthesis (Fig. 15).294 When using FDM-printed prod-

ucts, one should bear in mind that the surfaces have

porous and rough textures, which may promote the

adsorption of catalysts or reaction products. Addition-

ally, it is necessary to ensure leak-tightness of the

reactors by optimizing 3D printing conditions and by

thorough testing prior to chemical synthesis. Due to the

low cost of plastics, this laboratory ware can be intended

for single use to carry out reactions catalyzed by tran-

sition metal complexes. Thus, it is possible to avoid

washing the reactor to remove the catalytically active

compounds, which may be active even when present in

trace amounts.295 Provided that the construction material

is inexpensive (e.g., polypropylene), the use of disposable

3D-printed chemical reactors can be quite economically

rational if the organic synthesis gives valuable products.

The interest in the invention of new designs of

chemical reactors is naturally associated with the versa-

tility of 3D printing for the fabrication of objects of any

shape, the possibility of using various materials and the

possibility of integrating various functions in one che-

mical reactor without the need for prolonged and com-

plex production process.

For example, a multichamber reactor for multistep

organic synthesis was printed using the FDM method

from polypropylene as the thermoplastic polymer most

stable to chemicals (Fig. 16 a).296 The organic synthesis

implemented using this reactor consists of three steps.

The first step is the Diels ± Alder reaction catalyzed by

Lewis acids (in this case, powdered K-10 montmorillonite

was chosen as the catalyst), which ends in the formation

of a product containing a carbonyl group. In the second

step, the cycloaddition product reacts with aniline to give

an imine containing the C=N group. The last step is

catalytic hydrogenation of the imine yielding a secondary

amine. Hydrogenation is catalyzed by carbon-supported

palladium. Each step is supposed to proceed in a separate

chamber of the reactor. The chambers are connected by

passages, and the liquid reactants move between the

chambers upon manual rotation of the device. The

catalytically active compounds were embedded into one

of the walls of the reactor chambers for catalytic reac-

tions using 3D printing. For this purpose, powdered

catalysts were distributed in the polymer matrix to form

a material suitable for deposition with the printer head

equipped with syringe extruders (in Fig. 16 a, the K-10

montmorillonite is shown in light yellow and palladium

supported on carbon is shown in black). The reactants

and magnetic stirrer bars were placed into the first

reactor chamber during printing. The additional vessel

present at the reactor outlet was filled during manufac-

turing, with a silica gel slurry. This served for purifica-

tion of the product after the synthesis. After completion

of 3D printing, the reactor represented a one-piece device

accommodating reactants, stirrer bars, catalysts and the

adsorbent for product purification. Only the product can

be taken out of the reactor. It was shown that polypro-

pylene, which serves as the reactor material, and the inert

polymer matrix of the catalysts do not affect the course

of chemical reactions, and the product yield in each step

was slightly lower than that in the organic synthesis

carried out in laboratory glassware.

The possibility of using 3D printer not only to

construct the reactor, but also to insert specified amounts

of reactants and to embed catalytically active materials

into the reactor resulted in the development of a com-

pletely automated system for organic synthesis based on

the desktop personal FDM 3D printer.301 The operation

of this automated system was demonstrated in relation to

the multistep synthesis of ibuprofen, a widely used anti-

inflammatory drug. The head of the printer was supple-

mented by an assembly of metal capillaries, which were

connected by fluoroplastic tubes to five syringe pumps

a b

c d

Figure 15. Examples of FDM-printed laboratory ware.294 (a)
Round and conical flasks, a funnel, a beaker, test tubes of various
sizes; (b) polypropylene tubes; (c) chemical test tubes made of
various materials; (d ) functional threaded connection of a test
tube and a lid.
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that supplied liquid reactants for the synthesis. First, a

polypropylene reactor was printed on a 3D printer. After

printing was complete, liquid chemicals needed according

to the synthetic procedure were fed into the reactor

through metal capillaries. Positioning of each capillary

above the inlet of the reactor, which was fastened on the

build platform of the printer, was performed by moving

the print head by means of specially developed software,

which also controlled the syringe pumps. Since the

addition of reagents occurred several times during the

synthesis, the reaction remained open throughout the

process; therefore, the synthesis could not be carried out

under an inert atmosphere, and atmospheric moisture

could not be prevented from entering the reaction mix-

ture. The chosen printer brand implied the possibility of

moving the platform along one of the horizontal coor-

dinate axes. Owing to this design feature, stirring of the

reaction mixture was accomplished by oscillations of the

platform, similar to the laboratory shaker. The amplitude

and frequency of platform oscillations were controlled by

the user via the control software. During the synthesis,

which lasted for many hours, the reactor material showed

no signs of degradation. The use of 3D printers as parts

of robotic systems of chemical synthesis can be an

inexpensive way to automate this type of process and

can serve as an alternative to more expensive and com-

plex automation systems in organic synthesis, which have

recently caused increased interest.302, 303

The possibility of adding reagents into the reactor

during 3D printing was used to develop an efficient

procedure for hydrothermal synthesis of coordination

polymers (metal-organic frameworks).304 Hydrothermal

synthesis is a process in which compounds are prepared

in a closed space at a temperature exceeding the boiling

point of water and at elevated pressure. Usually, this type

of synthesis is carried out in metal autoclaves or in

fluoroplastic reactors, which have additional metal fit-

tings for better sealing. It was shown that FDM-printed

polypropylene reactors with a wall thickness of 4 mm can

be successfully used for hydrothermal synthesis at tem-

peratures of up to 140 8C for 72 h. During manufactur-

ing, printing was paused for the addition of chemicals.

After completion of printing, the reactor represented a

fully sealed capsule with liquid reactants inside. This

eliminates the need to assemble the reactor and to take

additional measures to ensure leak-tightness. In view of

the low cost of polypropylene, this approach can be

useful for screening studies for optimization of synthesis

conditions. The yield of the product (MIL-96 coordina-

tion polymer based on aluminium cations and trimesic

acid) obtained in the polypropylene reactor at 130 8C in

18 h was 60%, whereas the product yield in the conven-

tional synthetic procedure was 65%, i.e., the efficiency of

FDM reactors is, in this case, quite comparable with the

efficiency of conventional autoclaves.

An important advantage of 3D printing for manufac-

turing chemical reactors is the possibility of fast optimi-

zation of the geometric parameters of the reactor to

achieve the highest performance in a particular chemical

process. A change in the volume of the chamber for

c d e
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2 mm 2 mm
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a b

Figure 16. Examples of using 3D printing in organic synthesis. (a) FDM-printed polypropylene laboratory reactor meant for multistep
organic synthesis. The left picture is the reactor in the beginning of manufacture with embedded catalytically active materials (the light
yellow and black areas), and the right picture is the finished product containing the reactants inside.296 (b) Modular system for fine organic
synthesis FDM-printed with polypropylene. The modules are connected by standard connection fittings.297 (c) FDM-printed polypropy-
lene microchannel reactor for continuous flow chemical reactions. The channel width is 200 mm. For better visualization, the channel is
filled with ink.298 (d ) Structured catalytically active material containing copper particles dispersed in an alumina matrix. This catalytic
cartridge is meant for fine organic synthesis reactions. The top picture shows the material after DIW printing and drying, and the bottom
picture (black) shows the material after sintering.299 (e) Structured catalyst manufactured by DIW and containing gold and silver
particles.300
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mixing the reactants in a chemical reactor printed by the

DIW method from quick-curing organosilicon sealant

may change the yield of the product of organic synthesis

by more than 10%.305 The design of the reactor allowed

monitoring of the reaction by UV spectroscopy on a real-

time basis.

3D printing is a fully digital manufacturing (except

for preparation of the printer to print and post-treatment

of the product: removal of supports, drilling-out of

improperly formed holes, etc.); therefore, this production

technology can be considered to be a part of general,

fully digital, description of chemical synthesis.297 Accord-

ing to this concept, each step of a complex chemical

synthesis is described by a unified system of descriptors

that determine the duration and conditions of the step.

On the basis of this description, a set of modules Ð

future chemical reactors Ð is formed in such a way that

the whole multistep chemical synthesis can be performed.

To embody each module as a chemical reactor, the 3D

model is constructed by selection from a library of

standard elements (bottom head, top head, connections).

The next stage is 3D printing of all reactors, which are

assembled as a modular system for the preparation of the

desired product. This approach minimizes the interven-

tion of the user in the construction of a successfully

operating synthetic system, since the final ready-to-use

structure of this system, is generated automatically on the

basis of a digital description of the whole process.

Successful application of this approach requires correct

description of all steps of chemical processes in the first

stage of development. The potential of the digital prepa-

ration of chemical synthesis was demonstrated by the

authors of the concept in relation to the syntheses of a

number of biologically active compounds, including the

muscle relaxant baclofen;297 the modular system for

baclofen synthesis is shown in Fig. 16 b. The implemen-

tation of this modular system afforded baclofen as the

final crystalline product in 44% yield. In the authors'

opinion, the digital description of the whole synthesis

covering the key steps and manufacturing of the reactors

could be used to rapidly start the synthesis of pharma-

ceuticals when needed in those cases where implementa-

tion of full-scale industrial production or a laboratory

with high-skilled personnel is uneconomic.297 Certainly,

this is a much more versatile approach for automation of

chemical synthesis than the use of a 3D printer as a

robotic chemical unit described above.

The efficiency of modular implementation of a labo-

ratory unit for chemical synthesis fabricated by FDM

printing on the basis of formal description of all steps of

a chemical process was demonstrated by preparation of

not only pharmaceuticals but also products of fine

organic synthesis relevant to everyday laboratory practice

such as catalyst precursors and reagents for biomolecular

research.306 The purchase of a large assortment of such

compounds for future use in a single laboratory is

inappropriate, in view of the very high commercial price

and moderate shelf life of these compounds. Therefore, it

appears reasonable to synthesize some compounds when

needed directly in the laboratory. For example, it was

shown that using a modular system made of polypropy-

lene, it is possible to prepare the Pd2dba3 complex, a

precursor of catalytically active Pd(0) species.306 Test

experiments demonstrated that the properties of com-

pounds synthesized in the FDM-printed modular system

do not differ from the properties of the same compounds

received from commercial sources and that the synthesis

can be performed much faster than the conventional

synthesis in glassware, which thus saves time for exper-

imentalists. Modular systems are markedly more conven-

ient for conducting parallel syntheses and can reduce the

cost of the product 100-fold compared to the cost of

commercial products.306 Acceleration of the synthesis in

a modular system is due to the use of stricter and more

reproducible protocols describing the synthesis and to

greater self-sustainability of the modular system com-

pared to conventional laboratory units. Modular systems

for synthesis are relevant when freshly prepared com-

pounds are required.

Additive technologies were shown to be efficient for

the manufacture of reactors for continuous flow chem-

istry.307 Unlike batch reactors, continuous flow chemical

reactors represent channels in which liquid compounds

react with one another while moving along the channel.

Flow reactors are used for continuous flow synthesis; in

some cases, this markedly increases the productivity of

the process, which is especially useful for industrial

production. In particular, the high efficiency of FDM-

printed microchannel flow reactors was demonstrated for

the synthesis of biologically active amino alcohols.308 The

synthesis of amino alcohols comprised two steps. In the

first step, the catalytic nitroaldol condensation of nitro-

alkane with aldehyde took place, resulting in the forma-

tion of nitro alcohol. The copper(II) complex, the

catalytic form of which was generated in situ, was chosen

as the catalyst for this reaction. In the second step,

catalytic hydrogenation of the nitro group (catalyzed by

palladium supported on carbon) took place to give amino

alcohol as the final reaction product. The FDM-printed

reactor was used only for the first step. Nitroaldol

condensation can be carried out in ethanol at low

temperature; therefore, the materials used to manufacture

the flow reactor for the tests included not only relatively

chemically stable nylon but also PLA and HIPS, which

have a moderate stability to most organic solvents except

for alcohols.

The flow reactor had as a zigzag channel enclosed in a

box with two connected capillaries through which the

reactants were injected with a syringe pump and one

capillary for withdrawal of the intermediate nitro alco-

hol. A set of reactors differing in the cross-section

geometry (circle or square) and in the inner volume of

the channel were tested for condensation. The cross-

sectional shape proved to be fairly important: the con-

version attained in the square channel was twice as high

as the conversion obtained in the circular channel, with

the residence times of the reaction mixture in the reactor

being equal. This result may be attributable to different

efficiencies of stirring of reactants in differently shaped

channels.308 It is noteworthy that the conversion was

always higher in FDM reactors than in the coiled tube

reactor manufactured from the standard fluoroplastic

capillary. Meanwhile, the material of the reactor had

little influence on the yield of the intermediate product.

In relation to the two-step synthesis of norephedrine,

it was shown that flow reactors of this type can be

embedded into more complex systems for continuous

flow chemical synthesis without manual isolation of the

intermediate products. In the combined system, the mix-

ture containing the intermediate moved from the FDM-
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printed flow reactor into a filtration chamber in which

the catalyst was separated from the reaction mixture.

After that, the reaction mixture was delivered to the

catalytic hydrogenation module in which the final prod-

uct formed in a yield of up to 90% and with high

stereoselectivity. These flow reactors can be connected

to one another to arrange any sequence of synthetic steps

or to perform fast scaling-up of the chemical process.

Flow reactors can be used not only for separate

functioning, but also as parts of commercial systems for

the arrangement of a continuous flow chemical synthesis.

An example of this integration is provided by successful

use of the FDM-printed polypropylene reactor as a part

of the Uniqsis FlowSyn system.309 The FDM reactor was

a column with a size designed to fit into the heating unit

of the Uniqsis FlowSyn system. The channel 2 mm in

diameter inside the column had a coiled shape, which

increased the residence time of the reaction mixture in the

heated zone. The reactor was connected to a capillary for

injection of reagents and a capillary for removal of the

product by standard fittings made of PEEK. Reactor

heating, temperature control and injection of chemicals

at a specified volumetric flow rate were provided by the

automated Uniqsis FlowSyn system. It was shown that

by using the FDM reactor in combination with Uniqsis

FlowSyn, it is possible to synthesize complex bicyclic and

tetracyclic compounds that form the basis of important

pharmaceutical drugs.

Quite a few papers are devoted to 3D printing of

milli- and microfluidic systems for chemical applica-

tions.310 ± 315 Microfluidic systems are small-sized (a few

centimetres) devices containing a system of microchan-

nels (0.5 mm to several tens of nanometres wide, depend-

ing on the type and purpose of the device), valves and

other functional microparts, which control the flow of

liquid microvolumes. Microfluidic systems differ from the

equipment for handling small amounts of liquids in that

they are manufactured using microfabrication meth-

ods.316 The liquid microflow dynamics differs consider-

ably from the liquid dynamics in larger chemical systems.

In particular, a laminar flow regime can predominate in

microflows, which is highly important for mass and heat

exchange processes. The use of microvolumes makes it

possible to arrange uniform conditions throughout the

reaction mixture, which leads to increasing yield and

selectivity of chemical synthesis and provides a high

degree of reproducibility. Microfluidic systems are used

as sensors and devices for microbiological studies, chem-

ical synthesis and other fields. Microfluidic systems are

traditionally manufactured by lithography, micromilling,

injection moulding and hot embossing.317 All of these

methods are time-consuming and require special produc-

tion equipment which in most cases can be used only for

microfabrication and high skill of the user.

Unlike conventional microfabrication techniques, 3D

printing can be used to manufacture microfluidic systems

of any shape in a short time, with little special skills

required, while remaining a versatile production method.

Currently, three additive technologies are widely used to

manufacture microfluidic devices, namely, FDM, stereo-

lithography and photocurable material jetting (e.g., Poly-

Jet). According to a systematic methodical study,318 the

minimum microchannel width for FDM is in most cases

*500 mm (with additional optimization of the printing

process, it is possible to fabricate channels with a width

of down to 200 mm), whereas the DLP-SLA method can

provide a channel width of *150 mm in the case of

appropriate choice of the photocurable resin.318 The

channel width in the products obtained by FDM printing

is usually smaller than the design size due to some

spreading of the polymer melt during printing. The

PolyJet method occupies an intermediate position and is

suitable for printing microfluidic devices with *200 mm
channels. When DLP-SLA is used, the microchannels

have the most distinct shape with walls strictly perpen-

dicular to the base in the case of rectangular cross-

section. In this respect, stereolithography approaches

conventional microfabrication methods in terms of prod-

uct quality. In addition, the DLP stereolithography

method gives rise to the lowest surface roughness

(Ra= 0.35 mm), whereas FDM printing, as expected,

gives surfaces with the highest roughness

(Ra= 11.0 mm).318 High surface roughness in the FDM-

printed microreactors leads to increasing fluid flow tur-

bulence and more vigorous stirring of mixture compo-

nents, while in SLA microreactors, the flow can remain

laminar; therefore, if precise control over flow processes

is required, microreactors should be produced by stereo-

lithography. FDM printing is suitable in cases where

relatively fast component mixing is needed. However,

DLP implementation of stereolithography has the draw-

back of undesirable light exposure of photopolymer parts

within the microchannel, which can result in microchan-

nel blockage; therefore, thorough optimization of the

light curing conditions is required for each type of resin

and each microfluidic system design.

It is noteworthy that the SLA and PolyJet methods

can ensure the transparency of microreactor walls; this is

often useful for visual monitoring of the reactions,

whereas in the case of FDM printing, a partial trans-

parency of the products can be attained only in thin films

of material (Fig. 16 c), while increasing wall thickness

quickly results in complete loss of transparency because

of light scattering on inner wall defects inherent in

extrusion fused deposition. In view of the high cost of

3D printers operating by material jetting technology,

SLA and FDM can be considered to be the most

promising methods for the production of microfluidic

devices in the laboratory. The choice between these

methods is determined by the availability of materials

suitable for a particular experiment.

Microfluidic systems can be efficient chemical reac-

tors for both single-step and multistep processes of fine

organic synthesis. In particular, FDM-printed polypro-

pylene microreactors with a channel diameter of 0.8 mm

were used for the synthesis of imines by the reaction of

benzylamine with benzaldehyde.319 Each reactant was

injected into the reactor through the standard fluoro-

plastic capillary with a syringe pump (there are known

designs of specialized pumps for microfluidic devices also

fabricated by 3D printing 320). The reactant flows were

combined in one channel in which synthesis of the

product took place. The microreactor outlet was con-

nected to an IR spectrometer, which detected the for-

mation of the imine derivative. Complete conversion of

reactants to the product was attained at the optimal

volumetric flow rate through the microreactor channel;

an increase in the volumetric flow rate decreased the

conversion. The imine formation and hydrogenation steps

can be combined in one microreactor. For this purpose,
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an additional hole for injecting the reducing agent was

located in an intermediate point of the microchannel.

Thus, imine was formed in the first part of the channel

and subsequently mixed with the reducing agent at the

intermediate injection point; in the second part of the

channel, reduction took place to give a secondary amine.

FDM-printed polypropylene microreactors demon-

strated high efficiency in modular microfluidic systems

for multistep processes, for example, in glycosylation

reactions, that is, replacement of a hydrogen atom of an

organic molecule by a sugar residue.298 Glycosylation is a

highly important biochemical process. Two microchannel

flow reactors were combined into a single system. In the

first reactor, the glycoside donor molecule was formed

via replacement of one hydrogen atom of pyranose

(monosaccharide) by an organic group. Glycosylation,

that is, replacement of the hydrogen atom of the alcohol

molecule by the pyranose residue, took place in the

second flow reactor. The product yield in this two-step

process reached 69%. It was shown that reactors with

circular channel cross-sections are not leak-proof,

because of the stepwise deposition of layers, which was

in full agreement with the results obtained previously for

spherical FDM vessels.32 High leak-tightness of reactors

is attained in the case of rectangular channels.

A promising approach to the design of microfluidic

systems is assembly from separate standardized modules

manufactured with high accuracy by stereolithogra-

phy.321 Each module has a microchannel and fittings for

connection to other modules. When the modules are

connected, microchannels mate to each other, thus form-

ing a common system. This approach allows one to

assemble microfluidic systems of any three-dimensional

configuration, similar to the assembly of Lego parts. In

addition, some detectors for analysis of the liquid that

flows along the microchannels can be fabricated in the

same way as standard modules, which allows integration

of detectors into the microreactor and provides auto-

mated real-time monitoring of the process. Apart from

the high versatility, the modular approach markedly

simplifies the operation of microfluidic systems. During

operation, microchannels can be plugged by particles of

the precipitate or solid impurities. In the case of modular

design, it is sufficient to identify and replace a disabled

module and not repair the whole system, as would be the

case for a monolithic object.

The modular design of a microfluidic system may be

considered an analogue of an electronic circuit containing

liquid capacitors for collection of a liquid, liquid diodes

for `rectifying' the pulsed liquid flow into a continuous

flow and liquid transistors performing `amplification' of

the liquid flow by increasing pressure. It was shown 322

that these elements can be manufactured by material

jetting, namely, using MJM method. Unlike stereolithog-

raphy methods, which are suitable for printing with only

one material using accessible printer designs, in the case

of the MJM, it is possible to use a soluble support, which

conceptually enables printing of miniature parts with

internal cavities of a complex topology.

The above examples of using additive technologies in

chemical laboratory practice can be assigned to tradi-

tional applications aimed at the production of technical

equipment: reactors and accessory tools. Meanwhile, 3D

printing can be conceived as a universal method for the

arrangement of matter into an ordered structure, with

such structures including not only technical equipment

but also any material object that requires structuring of

the material for functioning. For example, an exciting

application of 3D printing is the fabrication of structured

catalysts in the form of cartridges for a particular reactor

and chemical process.323 ± 326 In this case, catalytic mass

or catalyst precursor serves as the printing material.

Structured heterogeneous catalysts containing cata-

lytically active copper particles distributed in an alumina

matrix were manufactured by DIW (Fig. 16 d ).299 These

catalysts can be used for implementing continuous flow

catalytic processes since immobilization increases the

stability of the catalyst to leach out of active particles

and rules out contamination of the reaction product by

particles of the catalyst mass, which is especially impor-

tant for the pharmaceutical industry. For 3D printing of

the catalytic cartridge, it is necessary to prepare ink, i.e.,

a flowing material that can be extruded with the print

head of a printer. In this case, ink was made of alumina,

an aqueous solution of copper(II) nitrate, hydroxypropyl

methylcellulose (HPMC) as a viscosity adjuster and some

other auxiliary components. The rheological properties of

the ink can be optimized by varying the content of the

polymeric viscosity adjuster and by evaporating the water

contained in the suspension. The suspension was loaded

into a syringe extruder and extruded layer-by-layer

through a nozzle with a diameter of 0.41 mm; this gave

the primary (`green') form of catalytic cartridge, which

was sintered in a furnace for 2 h at 1400 8C. The sinter-

ing gave a mechanically strong and highly porous ceramic

mass. The activity of the catalyst obtained in this way

was tested in the Ullmann reaction Ð a coupling process

resulting in the formation of a carbon ± heteroatom bond.

The reactions carried out for short time periods (2 ± 4 h)

afforded a series of compounds with N ± aryl bonds in

high yields (up to 94%). The known catalytic systems

based on copper(II) oxide provide a comparable yield of

the product only in 8 (and more) hours even at higher

copper content. Furthermore, the printed catalyst was

used ten times without a considerable decrease in the

product yield (the yield of one of the products was 91%

in the first run and 86% in the tenth run).

The DIW method was also used to produce structured

catalysts consisting of a porous metal (Fig. 16 e).300 As in

the previous example, 3D printing was performed using

viscous ink containing metal particles, in this case, gold

and silver particles in a 70 : 30 ratio. Immediately after

3D printing, the resulting structure consisted of separate

metal particles bound by a polymer binder. For particle

sintering and formation of a homogeneous metal alloy,

the product was subjected to thermal treatment at 850 8C
for 12 h. In this stage, microporosity was generated upon

decomposition of the polymer binder. Next, the alloy was

treated with concentrated nitric acid to dissolve silver

particles, which resulted in the formation of nanosized

pores. The final product was composed of gold and

possessed hierarchical porosity: macroporosity was gen-

erated during 3D printing and was determined by the

initial digital model of the cartridge, while micro- and

nanoporosity were formed upon the removal of the

polymer binder and silver particles, respectively. Nano-

porous gold possesses catalytic activity, for example, in

the oxidation of organic compounds.327, 328 The presence

of macropores provides for efficient mass transfer in the

catalytic cartridges during chemical reactions, as the
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reaction mixture rapidly moves along wider channels to

reach the active sites in the nanosized pores.

One more approach to the production of 3D printed

catalysts is the fabrication of magnetic stir bars contain-

ing catalytically active compounds or particles. For

example, a shell for the stirring bar with palladium

particles distributed in the polypropylene matrix to cata-

lyze the Suzuki ±Miyaura cross-coupling reaction was

fabricated by selective laser sintering (SLS)

(Fig. 17 a).329 The SLS method is convenient for the

formation of catalytically active structures since the

printing feedstock is a finely dispersed plastic powder in

which it is easy to introduce any other powdered compo-

nents. In this case, a commercially available silica-sup-

ported palladium catalyst (Pd/SiO2) was used. The stir-

ring bar shell manufactured by SLS had a relatively high

porosity, which provided rather efficient contact between

the catalyst and the reaction mixture. Since the catalyst

particles were attached to the surface of the rotating

stirring bar, the reaction mixture occurring in direct

contact with the active sites was continuously renewed.

The product of coupling aryl halides and phenylboronic

acid was formed in a markedly higher yield (99.5%) with

the printed catalyst than with the standard powdered

catalyst (92.0%). Upon reuse, the activity of the 3D

printed catalyst decreased more slowly than that of the

conventional catalyst.329 An advantage of the palladium

catalyst immobilized on the magnetic stirring bar is

convenient catalyst removal from the reaction mixture

with a magnetic rod without filtration. It is worth noting

that despite the solid state of the catalyst, cross-coupling

took place in solution rather than on the surface of solid

particles and was catalyzed by the molecular form of

palladium complexes.331

Stereolithography can also be used for the fabrication

of catalytically active materials of stirring devices. In this

case, the catalytically active components can be added to

the initial liquid photopolymer composition. This

approach was used to fabricate a magnetic stirring bar

holder containing 5% para-toluenesulfonic acid as the

organocatalyst for the Mannich reaction (Fig. 17 b).330

The holder was a cylinder with a groove for the magnetic

bar and vertical columns on the sidewall providing more

intense stirring of the reaction mixture. The reaction of

cyclohexanone, aniline and benzaldehyde using this stir-

ring device gave the product in 91% yield.

4.2. Additive technologies in analytical chemistry
The use of personal 3D printing in analytical chemistry

develops along the following avenues: (1) fabrication of

special chemical reactors, including microfluidic reactors,

for separation of mixtures and monitoring of specimens;

and fabrication of reactors and tools for efficient sam-

pling during studies of dynamic processes in reaction

mixtures or in biological substrates; (2) fabrication of

new accessory equipment for analytical instruments

(mass spectrometers, chromatographs, microscopes, etc.)

tailored for a particular experiment; (3) development of

new materials or new ways of arrangement of materials

for analytical research.332 ± 335 The greatest number of

examples of using additive technologies in analytical

chemistry corresponds to the first two areas.

It is often convenient to conduct analytical studies as

series of experiments. This not only accelerates the

studies but also considerably facilitates comparison of

the results, as several samples can be analyzed under the

same conditions or similar samples can be analyzed under

different conditions. For example, a multichannel device

with eight horizontal channels equipped with standard

threaded connections for syringes was proposed for

studying the effect of biologically active compounds on

living cell cultures (Fig. 18 a). Each channel had a side

branch chamber contacting the environment. The cham-

ber was separated from the channel by a permeable

a

b

Figure 17. Magnetic stirring bars manufactured with catalytically
active materials. (a) Shell for a magnetic stirring bar containing
palladium nanoparticles in a polypropylene matrix;329 (b) holder
for a magnetic stirring bar manufactured by laser stereolithography
and containing para-toluenesulfonic acid for catalysis of the Man-
nich reaction; the stirring bar is shown separately and during
organic synthesis.330

a b

c d e

Figure 18. Examples of using 3D printing in analytical chemistry.
(a) Multichannel system for studying the effect of biologically
active compounds on living cells;336 (b) FDM-printed microfluidic
mixer made of polylactic acid;337 (c) low-temperature plasma
ionization system for mass spectrometry;338 (d, e) chromatographic
column manufactured by MJP as an integral unit with an adsorbent
bed (on the left is the 3D model and on the right is the finished
device).339
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polycarbonate membrane and served for insertion of cell

cultures. Solutions of biologically active compounds were

pumped by syringes through the channels, gradually

penetrated the membranes, and acted on the cells. The

device was tested by studying the dynamics of action of

antibiotics, levofloxacin and linezolid, on the pulmonary

artery endothelial cells of mammals. It was shown that

this design makes it possible to monitor both the concen-

tration of the drug in solution and cell viability. Multi-

channel systems of this type can be optimized for a

variety of biochemical and medical studies.

For the visual monitoring of processes, it is conven-

ient to use transparent mixing vessels, reactors and

connection fittings. The FDM method was proposed for

manufacturing microfluidic systems sufficiently transpar-

ent for visual monitoring of processes during analytical

experiments (Fig. 18 b). Transparency makes it possible

to observe mixing of components, monitor the formation

and movement trajectories of particles and drops in situ,

and analyze the kinetics of chemical processes. Trans-

parent reaction vessels can be used in combination with

optical microscopes, which further extends the scope of

visual monitoring.

FDM printing with transparent materials usually

gives products with no or little transparency. This is due

to the presence of numerous small defects in the walls of

FDM products, which is caused by the pattern of depo-

sition during printing. Light is scattered at the bounda-

ries of defects upon transfer from one medium to

another, and the chemical reactor wall loses transpar-

ency. To increase the transparency, thin walls were used

and a special procedure for printing of the first layer was

developed. To attain high light transmission, the first

layer was printed on a glass surface with a large extrusion

width.337 The extrusion width determines the degree of

spreading of the plastic as it comes out of the nozzle. A

large extrusion width in combination with a moderate

height of the layer increases the consolidation and trans-

parency. Using this method, the authors manufactured

transparent leak-proof microfluidic devices with square

cross-sections (4006400 mm), able to hold an internal

pressure of up to 5.5 MPa.337 Transparently was attained

without any posttreatment of finished objects. The micro-

channel systems thus formed were tested in experiments

on microdrop tracking; the wall transparency proved to

be sufficient for droplet tracking by means of specialized

software. Additionally, the manufactured devices were

used to perform test experiments on melting profiles of

DNA molecules. In these experiments, fluorescent

markers active only in the presence of double-stranded

DNA were added to a DNA solution.337 Upon heating,

DNA denatured and cleaved into separate nucleotide

chains, which coiled. The temperature profile of DNA

transfer from the double helix to the coil makes it

possible to determine the DNA length, nucleotide com-

position and other parameters. FDM-printed reactors

with transparent walls showed a high performance in

this method of analysis, comparable with the perform-

ance of commercial products.

One more method for endowing FDM-printed prod-

ucts with transparency is based on a useful feature of

extrusion fused deposition, i.e., the possibility to pause

the printing. In this case, the print head moves away

from the incomplete product; this opens up the possibil-

ity for additional manipulations: inserting magnets, elec-

trodes, membranes, heating elements, various electronic

components, chemicals and other materials. After com-

pletion of the required operations, printing can be

resumed from the same position where it was paused,

i.e., the integrity of the object is not disrupted. As a

result, the additional components become embedded into

the plastic product. Other additive manufacturing meth-

ods offer little possibility of this type. This procedure was

used to manufacture microchannel PLA systems with an

embedded window for visual inspection of processes in

the liquid.340 Printing was paused, a glass slide was

inserted to cover the channel, and printing was resumed.

Of course, the design should envisage the insertion of the

glass plate. The plastic and glass are not fused together,

and there are gaps in the joints between these materials,

which enables leakage of the solution from the channel.

By optimizing certain printing parameters, it is possible

to minimize the size of such gaps or eliminate them;

however, even the presence of these defects does not

cause leakage from the device.

Transparent microchannel systems can be manufac-

tured by combinations of 3D printing with conventional

production technologies such as casting. In this case, a

master model is 3D printed and used for fabrication of a

casting mould or template, which is filled by the casting

material. Then a microchannel system is cast from trans-

parent silicone. However, these processes suffer from a

drawback of FDM printing, namely, high surface rough-

ness, which is inherited by the master model and even

persists in cast products. In other words, although the

casting material is transparent and the cast product wall

is monolithic and has no light-scattering defects, the

resulting object may have moderate transparency because

of the rough surface.340 In this case, it may be more

appropriate to use other 3D printing techniques that

produce smooth surfaces, e.g., stereolithography and

material jetting methods such as PolyJet.341

3D printing is an efficient tool for miniaturization of

analytical equipment. This is always needed for analytical

chemistry, since with increasing total population and

population density and with more active migration of

people, mobile analytical systems for solving medical

problems and for environmental monitoring issues

become more in-demand.342 ± 344 Microfluidic systems are

often the key components of compact and portable

devices for analysis. Laboratory separation and analysis

of mixtures of proteins, amino acids and cells in compact

devices is carried out using free flow electrophoresis.345

According to this method, a solution containing proteins

moves along a channel, with an electric field being

applied normally to the plane of movement, which results

in separation of protein molecules. A microchannel sys-

tem FDM-printed with ABS plastic using a desktop

personal 3D printer was proposed for free flow micro-

electrophoresis.346

Succsessful attempts to miniaturize this type of anal-

ysis have also been made earlier; however, this required

the use of either rather expensive equipment or multi-

stage production processes. FDM printing is free from

these drawbacks and allows fabrication of microchannel

systems for electrophoresis in one stage without consid-

erable material expenses. Despite the fact that ABS

plastics and other general-purpose plastics (PLA,

PETG), which are now used in FDM printing, do not

possess high chemical stability, they are still quite suit-
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able for the purposes of electrophoresis of biological

components, since the analysis is carried out in water

and without high temperatures. The microchannel device

was equipped with threaded ports for connecting the

capillaries for injection and withdrawal of components

using standard connecting fittings; moreover, the thread

was also produced with an FDM printer.346 After print-

ing, the device was placed into an acetone bath. Solvent

baths are often used for posttreatment of FDM products.

The solvent should dissolve the material of the device.

For treatment in the bath, the object is hung or mounted

at some distance from the solvent layer on the bottom of

the bath. Upon heating, the space of the bath is filled

with solvent vapour, which gradually affects the outer

layers of the printed product. This treatment consider-

ably increases the light transmission and leak-tightness of

microchannel systems made of transparent ABS plastic;

this enables convenient visual observation of processes

that take place in the channels. It was shown that FDM-

printed microchannel systems are quite suitable for the

electrophoretic separation of proteins. The separated

protein molecules are most often detected by optical

methods based on fluorescence; therefore, the transpar-

ency of the material of the separation system is highly

important. FDM 3D printing always produces a rough

surface. Even after treatment in the acetone bath, the

surface microroughness is retained, which results in a

considerably more pronounced light scattering by the

material of FDM systems in comparison with glass

systems. Therefore, the limit of detection of proteins is

markedly higher for FDM-printed reactors than for glass

reactors.346 Thus, in each particular case of additive

manufacturing of these separation systems, experiments

should be carried out to determine the lower limit of

detection if optical methods are used, and the method

sensitivity should correspond to the task at hand because

some analytical problems do not require high detection

accuracy.

Microchannel systems of this type can be used for

point-of-collection (POC) diagnostic systems for fast

diagnosis of diseases, field determination of toxic com-

pounds or fast analysis of contents of particular com-

pounds in the human body.347, 348 A specific feature of

POC diagnostic systems is that these systems combine

operations that are performed, in laboratory analysis,

using different instruments operating on different phys-

ical principles, i.e., separation of mixtures, preconcentra-

tion to obtain a detectable signal, detection and quanti-

fication of components Ð all of these operations should

be implemented in a mobile diagnostic system.

Therefore, POC diagnostic systems, which represent

miniature automated laboratories, are multicomponent

devices capable of implementing different types of anal-

ysis as a coherent sequence. Photopolymerization techni-

ques (stereolithography, PolyJet, MJP), which possess

high spatial resolution and are often used to manufacture

microfluidic systems, have an important drawback: a very

narrow range of applicable materials. Materials for SLA

differ in colour and strength after photopolymerization;

multimaterial printing by SLA and related methods is

still at the stage of pilot experiments. In the context of

fabrication of multifunctional devices, such as POC

diagnostic systems, extrusion fused deposition methods

appear more promising. The FDM method allows multi-

material printing even when inexpensive printers are

used; furthermore, a variety of materials are suitable for

printing, including transparent, elastic, high-strength,

porous, thermally stable, chemically stable and electri-

cally conductive materials filled with catalytically active

particles or biologically active compounds. FDM printing

can be performed for materials from any manufacturer,

and it is possible to fabricate user materials with unique

properties. For example, a microfluidic analytical system

(with main channel cross-section of 0.860.5 mm) for

determining the content of pharmaceutical agents in

liquid biological specimens was manufactured by multi-

material FDM printing.349 The device was fabricated

using four materials: transparent ABS plastic, electrically

conductive PLA plastic and elastic porous plastics, Lay-

Felt and Lay-Gel, meant for making membranes. The

Lay-Felt and Lay-Gel plastics contain water-soluble

components, which are washed away to leave a nano-

porous structure (pore size of *12 nm for Lay-Felt and

*1 nm for Lay-Gel).349 Multimaterial printing was per-

formed with a personal FDM printer capable of simulta-

neously using five materials. The analysis implemented in

this device was based on electrophoretic separation of

components and tested by detection of ampicillin. The

sample used for POC analysis was not prepared, i.e., it

contained a mixture of biological components, and the

large-pore membrane (Lay-Felt) served as the filter,

which separated protein molecules and cells but trans-

mitted low-molecular-weight pharmaceuticals. The sec-

ond membrane with small pores (Lay-Gel) retained the

pharmaceutical molecules in the main separation channel,

but other components with lower molecular weights,

which were not the purpose of analysis, passed the

membrane, i.e., the test compounds were trapped in the

channel. The components trapped in the main channel

were separated by electrophoresis and analyzed. These

systems were shown to be highly selective and efficient

for the detection of pharmaceutical products.349

Thus, multimaterial FDM printing can be used to

obtain multifunctional analytical devices over one print-

ing session, i.e., without the manual assembly. Consider-

ing the very low production rate of 3D printing compared

to mass production methods such as injection moulding,

the use of 3D printing for the manufacture of this type of

device is appropriate if a small number of analytical

systems optimized to detect particular components are

required.

Despite the relatively low spatial resolution, FDM

printing can serve for producing miniature units of

analytical systems, which showed a high efficiency quite

comparable with the efficiency of conventional analytical

equipment even in important areas such as studying the

biochemistry of the brain.350 Important information

about the activity of the brain under certain conditions

can be gained by monitoring the content of compounds

involved in the energy exchange of neurons, such as

glucose, lactic acid (and lactates), in the extracellular

space. These compounds must be monitored during vital

activity of the body, accompanied by intense energy

consumption by the brain. One of the ways of monitoring

is implanting biochemical sensors into the mammalian

brain.350 However, this approach has some drawbacks, in

particular, the fact that electrodes are gradually coated

by biological materials. Another approach is continuous

microdialysis of extracellular fluid components. For

microdialysis, a capillary probe with a semipermeable
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membrane as the wall is inserted into a tissue. A perfu-

sion fluid is continuously fed into the capillary through a

narrower channel; the composition of the perfusion fluid

should desirably be as close as possible to the composi-

tion of the extracellular fluid except for the components

that are to be analyzed. Due to the difference between

component concentrations inside and outside the probe,

the analyte components penetrate into the capillary and

are carried away by the flow of perfusion fluid for the

subsequent analysis (dialysis is exactly the exchange of

molecules between the perfusion fluid and the extracel-

lular space). To obtain analytical signals from glucose

and lactic acid molecules, they are oxidized under the

action of enzymes, glucose oxidase and lactate oxidase,

respectively. Glucose is oxidized to glucono-d-lactone and

hydrogen peroxide, while lactic acid gives pyruvic acid

and hydrogen peroxide.350 In order to monitor the

glucose and lactate concentrations on a real time basis,

flow reactors were fabricated by FDM printing, and the

microdialysate containing the test components was

passed through these reactors. The reactors were made

of ABS plastic as U-shaped tubes filled with macro-

porous structures of overlapping cuboids to increase the

contact area between the microdialysate and the reactor

surface. The enzymes for glucose and lactate oxidation

were deposited on the surface of porous structures. The

formed hydrogen peroxide reacted with a specially devel-

oped set of organic molecules, which was thus converted

to a fluorescent product, which was quantified by a

fluorescence spectrophotometer. The test compounds

were oxidized in separate reactors since each enzyme

selectively acts on its own substrate; therefore, it was

possible to estimate both the content of glucose and the

content of lactic acid in the extracellular space of the rat

brain.350 The analytical system obtained in this way had

a high sensitivity and was efficient for biochemical

analysis related to investigation of functioning of the

nervous system of mammals.

Thus, microchannel systems for laboratory research

can be manufactured using inexpensive desktop 3D print-

ers; furthermore, the product quality depends to a higher

extent on the material and printing parameters than on

the cost of the printer. When the printing parameters are

adjusted appropriately, even an inexpensive personal

FDM printer provides a reasonable quality of the pro-

ducts.337

A promising trend of using 3D printing in analytical

chemistry is the development of accessory tools that

expand the scope of instrumentation or make the use of

instruments in particular experiments more convenient.

For example, spray ionization of samples is often used

in mass spectrometry. A facile and versatile method for

spray generation at atmospheric pressure is paper spray,

while the ionization method using this spray is called

paper spray ionization (PSI).351, 352 According to this

method, the sample is deposited on the surface of a

paper triangle, with one of its vertices pointing towards

the inlet of the ionization chamber of a mass spectrom-

eter. After the paper triangle bearing the sample has been

wet with an appropriate solvent and a voltage has been

applied, spray generation takes place with an electrospray

ionization mechanism. Paper spray is mainly used to

determine the content of pharmaceutical products in

biological samples; this method is fairly convenient for

this purpose since it allows long-term storage and trans-

fer of dried samples deposited on paper. An important

feature of PSI is the possibility of continuous supply of

the solvent through the paper substrate. In this case, the

piece of paper acts as the sorbent. In essence, this

implementation of the method combines paper chroma-

tography and mass spectrometry, thus opening the possi-

bility to separate mixtures and separately analyze each of

the components. In addition, chemical reactions can be

conducted in solution on the paper substrate and can be

simultaneously monitored by mass spectrometry. A com-

pact PLA cartridge manufactured by FDM printing was

proposed for continuous supply of the solvent.353 Since

the PSI method is most often employed for the analysis

of biological samples in aqueous ethanol, polylactic acid

is quite relevant as the construction material; however, if

necessary, a rather wide range of chemically stable

materials can be proposed for FDM printing. The car-

tridge is an open vessel comprising two compartments,

one for the solvent and one for the paper triangle. The

paper triangle was connected to the vessel by thin paper

strips for the supply of solvent. This design allows the

solvent supply through the paper substrate to be contin-

ued for tens of minutes without using pumps. Using this

cartridge, a mixture of organic pigments was successfully

separated, and the components were then analyzed by

mass spectrometry.353

A similar FDM-printed device made of ABS plastic

has been proposed.354 In this case, the design of the

cartridge was very simple: a solution of the test com-

pound was charged into a small cylindrical vessel and

gradually moved towards the inlet of a mass spectrometer

along a 500 mm wide channel. A `needle' manually cut

out of paper was fastened at the end of the channel, and

spray emission took place from the needle tip. This

device was not intended for continuous supply of the

solvent, but provided a stable spray formation for

10 min.

Mass spectrometry is a useful method not only for

determining the qualitative and quantitative composition

of mixtures but also for fundamental studies of the

mechanisms of chemical reactions. In this type of study,

mass spectrometry is used for real-time monitoring of the

composition of the reaction mixture during a chemical

reaction. The monitoring of chemical reactions makes it

possible to study the structures of intermediates and the

variation of concentrations of reaction products with

time, i.e., it provides data on the reaction kinetics. 3D

printing can be used to manufacture very convenient

tooling for such experiments. In particular, an FDM-

printed polypropylene microreactor was used to conduct

a chemical reaction with simultaneous supply of the

reaction mixture through a metal capillary to the inlet

of a mass spectrometer for electrospray ionization (see

Fig. 9).191 The microreactor was a cylindrical chamber

equipped with two inlet holes for the injection of reac-

tants and an outlet capillary. During the manufacture of

the reactor, printing was paused to insert a magnetic

stirring bar and embed a capillary inside the chamber.

Hence, the finished reactor was a one-piece object. Owing

to the use of polypropylene, it was possible to carry out

experiments with any organic solvents. Prior to the

experiment, the reactor was inserted into a jig, which

was also FDM-printed. The jig was equipped with

threaded connections for injection of reagents, while at

the bottom of the jig, there was a compact fan with
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attached magnets, which rotated and thus activated the

stirring bar within the microreactor, i.e., it was possible

to conduct the reaction with vigorous stirring. This

system was successfully used for online monitoring of

the Diels ± Alder reaction.191

A larger-size FDM-printed polypropylene reactor for

ESI-MS online monitoring has been described.355 The

device was equipped with three channels for the injection

of reagents, which moved in the reactor along a zigzag

channel, and with one outlet for the reaction mixture,

which was connected to the inlet of a mass spectrometer.

This system was employed to monitor a complex forma-

tion reaction.

Low-temperature plasma (LTP) ionization is a uni-

versal ionization method for mass spectrometry. This

method is applicable for samples in any physical state

(liquid, solid or gaseous); it does not require solvents and

possesses a high potential for miniaturization; for exam-

ple, an LTP mass spectrometer can be fabricated as a

portable device and carried in a backpack to be used for

field analyses.356 In LTP mass spectrometry, sample

ionization is accomplished by a cold plasma jet (temper-

ature of 30 ± 60 8C) generated by gas discharge in helium,

nitrogen, air or another gas. Owing to mild ionization

conditions, even biological samples can be used without

damage. Highly functional accessory equipment was 3D-

printed for compact and convenient control over the

plasma stream (Fig. 18 c), which made it possible to

analyze organic compounds. Polycarbonate parts caused

the least pronounced interfering signals in the mass

spectrum in comparison with PLA or ABS plastics.338

A 3D printer operating by a material extrusion

method (FDM or DIW) can be easily adjusted not only

for manufacturing parts pertaining to chemical mechan-

ical engineering but also for arrangement of the adsorb-

ent in chromatographic processes.357

An open-design FDM 3D printer was used to manu-

facture a system for deposition of a silica gel layer on

thin layer chromatography (TLC) plates.358 Thin layer

chromatography is a facile and fast laboratory method

for the separation of mixtures. The TLC version with a

fixed sorbent layer attached to the substrate is most

popular. While conducting TLC, one can easily vary the

solvent (mobile phase) for the separation of mixtures;

however, the type of sorbent is determined by the type of

commercially available plate. Silica gel and modified

silica gel are frequently used TLC sorbents. For silica

gel deposition on a plate, the standard print head of the

printer designed for extrusion of plastics was replaced by

a polypropylene syringe, with the piston being activated

by an additional stepper motor, i.e., an FDM printer was

converted to a DIW printer. A silica gel suspension in

water (pulp) was loaded into the syringe and then

squeezed out of the metal tip of the syringe (with a

diameter of 1.2 mm) onto a glass substrate. In this way,

any tracks specified by the user in the G-code, as in the

usual 3D printing, could be printed with the silica gels

slurry. The thickness of the silica gel layer was 0.2 mm.

A 10610 cm plate was completely covered by silica gel

within *4 min. After completion of printing, plates were

heated directly on the platform of the printer up to

110 8C and dried for 5 min. Using this method, it is

possible to print several separate channels of the adsorb-

ent on the same substrate, which is very convenient for

comparing several mixtures or various eluents for the

same mixture, i.e., this enables serial chromatographic

analysis.358 In addition, this approach to fabricating TLC

plates opens up prospects for using any adsorbents and

any geometric shapes of the adsorption layer. The printed

plates were tested with success for separation of a

mixture of dyes.

Many additive manufacturing products have a layered

structure, which in some cases can be used for adsorp-

tion. Such an approach to adsorbent layer formation was

proposed in a study 359 where planar chromatography

systems were fabricated by the PolyJet method. The

channels printed on the plates contained additional

ordered microchannels, which is a useful feature of

PolyJet printing. The layer systems formed in this way

were tested with success to separate mixtures of dyes and

mixtures of proteins.

3D printing techniques are able not only to spread a

ready adsorbent but also to generate a strictly ordered

porous structure from a CAD model.360 For example, the

MJP method possessing a high spatial resolution was

utilized to manufacture a whole chromatographic column

consisting of connecting tubes, devices for distribution of

a liquid flow throughout the sorbent bed and the proper

sorbent bed (Fig. 18 d,e).339 Three geometric designs of

sorbent beds were formed: a monolith with straight

channels; a monolith with zigzag channels; and octahedra

with common vertices. Chromatographic columns

designed in this way were suitable not only for analytical

but also for preparative chromatography with any con-

figuration of the porous adsorbent. These porous adsorb-

ents may find use in filtration systems and for the design

of catalytic cartridges. However, MJP printers are still

expensive.

It is also worth mentioning that there are some

examples of 3D printing of chromatographic columns,

which were subsequently packed with conventional

adsorbents, in the same way as serially produced col-

umns, and printing of other components of liquid-phase

analysis units.361 ± 364 This application of additive tech-

nologies is similar to their use to manufacture chemical

reactors for analytical chemistry (see above). According

to the trend towards miniaturization of analytical equip-

ment, columns for capillary liquid chromatography suit-

able for compact chromatographs were produced by

selective laser sintering of metal powder (316L stainless

steel and a titanium/aluminium/vanadium alloy) on a

desktop SLM-50 unit.365 Owing to the capabilities of

3D printing, a column with an inner diameter of 0.9 mm

was fabricated as a spiral embedded into a metal car-

tridge, which was conveniently placed in a chromato-

graph by means of standard fittings. For temperature

control during the chromatographic process, the cartridge

with the column can be located between the heating

plates of Peltier elements.365

Compact columns produced by stereolithography

were proposed for gas chromatographic applications.366

As in the previous example, a 450 mm long column with

a diameter of 1 mm was made as a spiral within a one-

piece cartridge equipped with fittings for connection to a

common chromatographic system. This column con-

nected to the gas transport system of a chromatograph

could withstand an internal pressure of up to 5 bar

without any leakage at the threaded connections. It is

noteworthy that when a plastic serves as a material for

chromatographic columns, it is necessary to ensure that
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this plastic does not give off volatile compounds upon

heating during the analysis. The possibility of 3D print-

ing of objects of any geometric shape proved to be fairly

in-demand for the fabrication of separation mem-

branes.367 Ion exchange membranes were obtained by

photopolymerization of a composition based on diure-

thane dimethacrylate and poly(ethylene glycol) diacrylate

(PEGDA). It was shown that membranes with a surface

that is not flat but has a regular pattern have a much

lower ionic resilience for the same volume of the mem-

brane.368 The difference between membrane resistances is

especially pronounced with increasing membrane thick-

ness. Additive technologies make it possible to deliber-

ately produce membranes with a patterned surface of any

complexity.

High-performance characteristics were found for

membranes made of organosilicon polymers (silicones).

For the production of silicone membranes of a complex

shape, 3D printing may act as an intermediate `shape-

forming' stage for the fabrication of a casting mould,

which is filled by silicone. Curing of the silicone gives the

finished membrane. This procedure was used to fabricate

polydimethylsiloxane (PDMS) membranes of a complex

shape.369

It is beyond doubt that personal 3D printing is a

useful and accessible tool for analytical chemistry. The

use of 3D printing is most efficient for manufacturing

specialized accessory tools for analytical instruments to

conduct unique experiments. The production of such

tools by third-party manufacturers may require consid-

erable material expenses, whereas personal 3D printing

enables the production of this equipment right in the

laboratory. High efficiency was also found for various

AM reactors for analytical studies, and special design of

chromatographic columns may considerably facilitate

packing of the adsorbent and insertion of the column

into a chromatograph.

4.3. Additive technologies in biochemistry and biotechnology
A specific feature of application of 3D printing in bio-

chemistry and biotechnology is the possibility to use any

materials including general-purpose plastics (PLA, ABS,

PETG), since in most cases, biochemical applications

imply the use of water or aqueous ethanol as the medium.

In addition, DIW is more frequently used in biochemical

applications since it allows operation without heating,

which is important for preserving the structure and vital

activity of biological objects.

The use of additive technologies in biochemistry and

biotechnology can be conventionally divided into several

areas: the fabrication of research reactors and accessory

tools; production of ordered substrates for cultivation of

animal and plant cells; and design of special analytical

systems for working with biological samples, in partic-

ular, systems for detection of bacterial cells.370 ± 373

For example, an efficient procedure was proposed for

attaching enzymes to the inner surfaces of channels of

FDM-printed nylon microreactors for biocatalytic proc-

esses.374 Biocatalytic processes are used to produce phar-

maceutical products; they possess some advantages over

conventional fine organic synthesis: components of enzy-

matic reactions have, most often, low toxicity for

humans; high selectivity of enzymes results in the for-

mation of only the target product and a minimum

amount of byproducts; biocatalysis implies the use of

water or aqueous ethanol solvents and rules out partic-

ipation of transition metal complexes, i.e., biocatalytic

processes are more environmentally benign, which corre-

sponds to the modern green chemistry paradigm.375 The

immobilization of enzymes on solid supports makes the

use of biocatalysis much more convenient than homoge-

neous catalysis. Catalysis by immobilized enzymes com-

bines the benefits of homogeneous and heterogeneous

catalysis: on the one hand, enzymes have high selectivity

(typical of homogeneous catalysis), and on the other

hand, biocatalyst immobilization on the surface results

in easy separation of the catalyst from the reaction

product (typical of heterogeneous catalysis).376 Immobi-

lization of aminotransferase (an enzyme that catalyzes

the transfer of amino groups between amino and keto

acids) was performed using an FDM-printed reactor,

which represented a zigzag channel located inside a box

with threaded connections for attaching capillaries. Poly-

amide 6 (poly-e-caproamide), which serves as the reactor

material, has relatively high chemical stability and

mechanical strength and does not release undesirable

low-molecular-weight compounds under the action of

reaction mixture components. Prior to aminotransferase

immobilization in the flow reactor channel, the channel

surface was treated successively with hydrochloric acid

and glutaraldehyde. The chemical treatment resulted in

surface functionalization for better attachment of enzyme

molecules. The catalytic activity of these bioreactors was

tested in the continuous flow conversion of a-methylben-

zylamine to acetophenone. The activity of immobilized

enzymes was found to be almost the same as that of free

enzymes. The continuous flow conditions proved to be

more efficient than batch conditions.

An extensive application area of 3D printing is so-

called bioprinting, which allows easy formation of struc-

tures of living cells and biomaterials for scientific or

medical purposes.377, 378 Like traditional 3D printing,

bioprinting is performed on the basis of a digital model

of the future biological structure. Systematic research

into bioprinting started in the first half and in the middle

of the 2000s.379 Bioprinting is considered an important

component of personalized medicine, since in the future,

it may enable direct digital fabrication of organs from

patient cells. Unlike scaffold-based tissue engineering in

which fabrication of scaffolds, immobilization of cell

cultures and subsequent cell growth are separate stages,

bioprinting by means of a special bioprinter furnishes the

whole biological structure in one operation. However, in

the case of bioprinting, the created biological tissue

should undergo a `maturing' stage, in which the physio-

logical and mechanical properties of the tissue reach

normal values. Currently, 3D-bioprinted biological struc-

tures are used for testing and searching for new

drugs,380 ± 382 studying the toxic effects of various com-

pounds 383, 384 and modelling of the course of diseases;385

however, the key goal of the development of bioprinting

is the creation of transplantable organs from patient

cells.

A promising material for 3D bioprinting is tissue

spheroids, i.e., spherical microparticles consisting of

cells of a particular tissue and a matrix. The spherical

shape improves the rheological properties of particles and

makes them convenient for bioprinting. In bioprinting, as

in other additive methods, a tissue construct is formed

layer-by-layer in accordance with the G-code. An impor-
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tant feature of tissue spheroids is the ability to coalesce

as they contact each other to give a homogeneous cell

tissue.386

A special bioreactor capable of controlling the flows

of physiological fluids in tissue constructs was proposed

for optimization of maturing conditions of the tissue

constructs prepared by bioprinting and to study the

influence of various compounds on the resulting tis-

sues.387 The bioreactor was manufactured by stereoli-

thography using a photopolymer composition suitable

for contact with biological tissues. The bioreactor was

meant to work with tissue constructs printed from tissue

spheroids. An array of thin metal needles was located at

the centre of the bioreactor chamber, and tissue sphe-

roids were threaded on the needle array during bioprint-

ing,388, 389 i.e., the tissue was printed directly in the

bioreactor chamber. After completion of printing, the

tissue construct was loaded on the needles, and the

subsequent operation of the bioreactor could be per-

formed independently of the bioprinter. In particular,

the bioreactor was connected to the liquid inlet/outlet

system and placed into an incubator for tissue perfusion

in the required liquid medium. This design of the bio-

reactor makes it possible to find the optimal perfusion

conditions for each type of biological tissue, to ensure the

best conditions for tissue maturation. The perfusion fluid

can contain various biologically active compounds, which

are used to study their effect on a particular living tissue;

this can markedly accelerate drug development and test-

ing.

A detailed consideration of bioprinting and bioprinter

designs is beyond the scope of this review, as a substan-

tive consideration of these issues would also imply a

comprehensive analysis of the biomedical context of the

application of bioprinting products.

A type of bioprinting is 3D printing using bioink

containing bacterial cells. Bacterial cells are efficient

producers of some valuable organic compounds, for

example, polyhydroxyalkanoates (PHAs), biopolymers

with relatively high physicomechanical characteristics,

which may become a promising biodegradable substitute

for plastics. These biopolymers are formed from renew-

able natural raw materials and meet all requirements for

green chemistry. In Nature, PHA serves as an energy and

carbon source for bacterial cells.392, 393 A specific feature

of potential future application of 3D printing with

bacterial bioink is that a substance should be produced

in a preliminarily formed geometry: first, an object would

be printed from a bacterial precursor and then it would

be converted to the product as a result of cell activity.

This eliminates the stage of isolation and purification of

the biomaterial and, in some cases, may be economically

appropriate. The vital activity of bacterial cells should

not be disrupted during 3D printing. For optimization of

bioprinting conditions with bacterial ink, a 3D printer

obtained by modification of an inexpensive desktop

FDM printer was proposed.394 In this design, liquid

bioink containing sodium alginate and an E.coli culture

is fed with a syringe pump through a tube to the printer

head (represented by a pipette tip). Printing takes place

at room temperature. Calcium chloride is applied on the

build platform of the printer and initiates cross-linking of

alginate molecules to give a relatively rigid structure as

an aerogel, which is sufficiently strong for supporting the

product being printed for a long period of time. Using

this simple device, it was shown that after completion of

printing, the bacterial cells retained viability and meta-

bolic functions for two days. This time is quite sufficient

for the cells to produce useful products.394 In addition,

the possibility of printing structures composed of layers

that contain different bacterial cells was demonstrated,

with clear spatial separation of the cells being retained 24

h after printing. The alginate gel can be dissolved without

damage to the useful material produced by the bacteria.

Bioprinting systems of this type can be used not only to

produce the final product, but also to automate optimi-

zation of the cultivation of bacterial cultures: the bioink

composition, printing support and thickness and shape of

the printed gel can be quickly changed without noticeable

technical complications.

Classical 3D printing methods are also employed in

cell technologies. For example, a microinjector produced

by DLP stereolithography (Fig. 19 a) makes it possible to

mix living cells with auxiliary components and form

equally sized spherical particles with similar highly

organized structures from this composition.390 Existing

methods give cell spheroids of different sizes. For exam-

ple, traditional procedures of cell cultivation in a Petri

dish result in a planar arrangement of cells, which does

not always correctly reproduce the physiological proper-

ties of a three-dimensional living tissue. The proposed

microinjector design furnishes spheroids of equal size

with the possibility of mass production. A microinjector

is a monolithic object requiring no assembly or posttreat-

ment after printing. The diameter of the channel in which

spheroids are injected is 0.2 mm. This spheroid size

provides cell viability, as it corresponds to the distance

of oxygen diffusion in living tissues. The components of

future spheroids are fed into the microinjector via coaxial

channels by syringe pumps. A cell suspension in the

extracellular matrix is supplied to the inner channel,

while a solution of sodium alginate is supplied to the

outer channel. The jet coming out of the injector after

coextrusion has a cell suspension at the centre and

alginate as the outer layer. The jet splits into separate

spherical drops, which retain a core ± shell structure. This

microinjector was used to obtain spheroids containing

human neuronal stem cells, which gradually converted to

neurons inside the microspheres. This gave a three-

dimensional neural microtissue inside the capsule, with

the outer alginate layer serving as the protective shell.

These spheroids can be used for studying the neuro-

a b

5 mm

Figure 19. Examples of 3D-printed laboratory equipment and
materials for biochemical and biotechnological applications:
(a) microfluidic mixer for the production of hydrogel microcap-
sules for cultivation of human neuronal stem cells;390 (b) micro-
fluidic system for detection of pathogenic bacteria.391
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toxicity of various compounds and as a base for the

formation of more complex three-dimensional tissue

structures for regenerative medicine.390 The proposed

technique is simple and can be implemented in any

laboratory. The microinjector efficiency is due, first of

all, to the high spatial resolution of stereolithography,

which allows fast fabrication of microchannel structures

of this type.

Semicontinuous and continuous cultivation are widely

used in biotechnology to grow cells (both bacterial

cultures and animal tissue cells). These approaches

imply the addition of fresh culture medium during cell

growth and removal of an equal volume of liquid from

the reactor. The removal of some of the medium from the

reactor decreases the concentration of cell activity prod-

ucts and thus increases the life cycle of cells. The with-

drawal of cells from the reactor during removal of the

medium can be prevented using various filtration systems

at the bioreactor outlet. SLA-printed flask lids were

proposed for bacterial cultivation with continuous stir-

ring for homogenization of the biological medium.395 The

lid design included two connections, one for injection of

the liquid components of the culture medium using a

syringe pump and the other for removal of the medium to

maintain a constant volume in the reactor and for

sampling. This design makes it possible to implement

the biotechnological process in a usual flask with stirring

on a rotary shaker and provides continuous injection of

components into the bioreactor and removal of the liquid

medium without interruption of stirring, which increases

the process performance and relevance for modelling

industrial processes of similar types. The cytotoxicity of

the material used to manufacture the lid was studied 395

for both mammalian cells and bacterial cells; it was

found that no toxic compounds were washed out of the

SLA components during the biotechnological process.

An interesting strategy of application of 3D-printed

bioreactors in regenerative medicine is cultivation of

living tissues in vivo, i.e., the bioreactors are implanted

directly into patient's body. This approach was demon-

strated in relation to reconstruction of a severely dam-

aged sheep mandibular bone.396 First, a 3D model of

bone damage was constructed using the results of com-

puted tomography or magnetic resonance imaging. FDM

printing from poly(methyl methacrylate) based on the

model furnished a bioreactor with the inner cavity geom-

etry exactly corresponding to the geometry of the lost

part of the bone. The open part of the reactor was filled

with a porous material that ensured the growth and

support of bone tissue cells. Then, the reactor was

implanted against the periosteum of the rib cage of the

patient (sheep) in such a way that the open face of the

reactor adjoined the periosteum. The periosteum is an

external layer covering the bone, in which active forma-

tion of bone tissue can take place. After several weeks,

the reactor cavity was filled with the bone tissue with

required geometry. The reactor was dismounted and the

resulting part of the bone was implanted into the site of

the mandibular defect.396 This approach simultaneously

solves two problems: fabrication of a graft from the

patient's own tissue (autologous graft), which leads to

its integration into the surrounding tissues without com-

plications, and formation of a graft of the desired

geometry personalized for a particular patient.

One of the most vigorously developing applications of

3D printing in regenerative medicine is the fabrication of

scaffolds both for transplantation and for biochemical

research.397 The procedure of formation of a scaffold-

based transplant includes several stages: first, a 3D model

of the future transplant is constructed using MRI data,

then 3D printing of this model is performed by one or

another additive manufacturing technique using a mate-

rial depending on the particular transplanted tissue; this

gives a scaffold. In the next stage, the scaffold is filled by

cells taken from the patient; the resulting piece is sub-

jected to maturing to give a tissue construct suitable for

transplantation. As in the case of bioprinting with tissue

spheroids, a scaffold-based tissue construct consists of

the patient's living cells, which facilitates transplant

integration, minimizes the probability of rejection and,

as a consequence, eliminates the need to take unsafe

immunosuppressive drugs.398 The scaffold geometry and

chemical composition should be favourable for multi-

plication of tissue cells, migration to provide cell ± cell

interactions, and cell differentiation to a particular bio-

logical tissue (since the scaffolds are seeded with stem

cells). The key element of the geometrical design is the

scaffold porosity and the possibility of contacts between

the pores. The character of scaffold porosity is highly

important for successful cell cultivation.399 For example,

a procedure for obtaining a controlled pore volume was

developed for FDM-printed scaffolds.400 The high poros-

ity of scaffolds provides efficient transport of nutrients

and signalling molecules between cells and enables

growth of the vessel network (vascularization), which is

a necessary condition for successful tissue implanta-

tion.401 The vascularization and innervation of scaffold-

based tissue constructs is a key problem in this type of

tissue engineering.402 There are procedures used to

enhance the porosity of the tissue scaffold, such as

etching and foaming. However, such procedures give a

random distribution of pores and provide no control over

the pore size. 3D printing gives way to generate pores of

a necessary size located at optimal distances. With the

assumption that a blood vessel would pass through each

pore, the distance between the pores should not exceed

the maximum distance of oxygen diffusion in the trans-

planted tissue to avoid the appearance of necrotic

areas.403 Excessively small pores hamper the growth of

the vessel network, while too large pores induce the

growth of tissue along the pore walls and do not promote

the formation of a three-dimensional structure of the

tissue. As a rule, effective vascularization of the tissue

construct requires that the scaffold pores be of

100 ± 250 mm size. The scaffold material should be bio-

compatible (i.e., possess no toxicity and cause no adverse

clinical response in the body) and bioresorbable (i.e., be

able to degrade in the body without the formation of

toxic products). The rate of scaffold biodegradation in

the body also depends on the porosity and should be

equal to the growth rate of the implant tissue. Scaffolds

can be made of both natural polymers (collagen, silk,

keratin, actin, fibrinogen, cellulose) and synthetic poly-

mers (polyesters, polylactones, etc.).404 Poly(lactic-co-gly-

colic acid) (PLGA) is a popular material for 3D printing

of soft tissue scaffolds using extrusion methods.405 Bone

tissue scaffolds are produced using both biodegradable

polymers supplemented by components inherent in bone

tissue and nonbiodegradable materials.406
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Organized substrates for cell culturing can be used not

only as tissue engineering scaffolds but also to solve

other problems of biotechnology. A highly productive

source of biomass, in particular for the production of

biofuel, plant protein and other valuable biological prod-

ucts, is benthic algae. Benthic algae are adapted for life in

the immobilized (immobile) state as biofilms on various

surfaces on the bottom of running water bodies. These

organisms are distinguished by fast growth, unpreten-

tiousness and relative ease of biomass harvesting. In

addition, immobilized algae can be used to purify water

reservoirs from toxic pollutants, both organic compounds

and metal compounds. To induce biofilm formation,

algae spores are attached to a substrate, and the outcome

of this stage under continuous water flow conditions

depends on the substrate surface roughness. The sub-

strate surface microrelief also affects the type of near-

surface water flow (laminar or turbulent), which in turn

influences the ability of algae to take up nutrients from

the environment and, ultimately, affects the intensity of

biomass growth. 3D printing is a versatile tool for the

fabrication of substrates of any topology and with con-

trolled surface roughness; this offers broad opportunities

for optimizing the cultivation conditions of benthic algae.

It was shown 407 that the surfaces of solid substrates

obtained by the PolyJet method from a photocurable

composition are actively populated by algae (mainly

filamentous Spirogyra communis) and produce more

developed biofilms than the surfaces of ceramic sub-

strates used for comparison. Artificial substrates were

tested both in a laboratory bioreactor with running water

and in a natural water body. Smooth surfaces of the

substrates correspond to the least active production of

biofilms, whereas the introduction of deliberately speci-

fied surface roughness during 3D modelling results in a

pronounced growth of the algae biomass. High efficiency

was found for substrates with a developed surface, for

example, in the form of a gyroid. In this case, all parts of

the substrate were populated with algal cells, including

the external surfaces and internal channels, i.e., the

substrate material can be compactly arranged without

the loss of cultivation productivity. Substrates of a

complex topology can be used to simultaneously cultivate

photophilic (on the outer surface) and sciophilic (inside

channels and cavities) organisms. Additionally, a spe-

cially designed geometry may provide different intensities

of water flow inside the substrate channels ranging from

the normal current velocity to completely stagnant areas,

which can also be a tool for substrate optimization

towards cultivation of various types of algae.407

It should be noted that for generation of a rough

surface by photopolymerization methods (SLA, PolyJet,

MultiJet printing), it is necessary to specify the roughness

optimal for attachment of algae spores (500 ± 1000 mm) in

the 3D model, since these methods produce rather

smooth surfaces. In this case, the FDM method may

prove to be more effective, since by using this method, it

is easy to produce a rough surface and to vary the degree

of roughness during preparation of the model for print-

ing (either by specifying different heights of printing

layers or by adjusting the infill pattern, which is a

network structure). Among the whole diversity of materi-

als suitable for FDM printing, it is possible to find

materials with sufficient biological stability able to retain

service properties over numerous cultivation ± biomass

harvesting cycles, such as polypropylene or ABS plastics.

In addition to `traditional' scaffolds, nanostructured

substrates for cell cultivation are also being studied. In

particular, a material was proposed consisting of 2.3 mm
polystyrene particles surface-functionalized with short

DNA chains (oligonucleotides).408 As the DNA chains

are linked according to their complementarity, the poly-

mer microspheres are attached to one another, also not in

a random way. Functionalization of microspheres by

various nucleotides gives rise to the possibility of con-

trolling the microstructure of the material formed upon

multiple binding of the microspheres to one another. The

gel-like material thus formed is a promising substrate for

cell cultivation. The microspheres can be functionalized

to enable controlled release of growth factors, morpho-

gens and other cell development regulators. 3D printing

can be used to impart an optimal geometric shape for

cultivation of the material. During printing, the material

is injected into the printer head with a syringe pump via a

system of tubes, and the printed structure is formed upon

extrusion. Analogous materials were obtained from

hydrogel particles and tested for cultivation of mamma-

lian cells. The inclusion of cells into the gel was accom-

plished by coextrusion during 3D printing. It was

shown 408 that, if the substrate is a gel composed of

particles linked by oligonucleotides, cells cultured in this

matrix form three-dimensional spherical colonies and

exhibit higher activity than the cells cultured on a clean

polystyrene surface; moreover, no cell colonies are

formed in the latter case.

One more application area of 3D printing in bio-

chemistry and biotechnology is fabrication of analytical

devices for detection of biological objects. An example of

the utility of the high resolution of stereolithography in

the analytical microbiology is a proposed microchannel

system for the detection of pathogenic bacteria in food

products (Fig. 19 b).391 The general procedure for the

detection of pathogenic bacteria in foodstuffs is cultiva-

tion of bacteria present in the test samples followed by

detection of cells by some method. However, cultivation-

based methods are too slow for today's turnover in the

food industry; therefore, faster microbiological control

methods, without the cultivation stage, are actively

developed. A promising method of fast microbiological

investigation is based on the binding of magnetic nano-

particles to bacterial cells and the subsequent separation

of the resulting complexes by inertial focusing. To enable

the bacterial cells to bind to magnetic particles (Fe3O4),

molecules of antibodies are grafted to the magnetic

particle surface. The nanoparticles are approximately

ten times smaller than the bacterial cells. The bacterial

complexes with magnetic particles and free magnetic

particles are separated from the food product sample by

application of an external magnetic field.

This mixture is then separated by inertial focusing,

which is a method to separate particles according to their

mass. The essence of this method is as follows: when a

liquid moves in a gently curved channel, two oppositely

directed vortices of the liquid (Dean vortices) are gen-

erated in the direction normal to the major flow, and the

intensity of vortices is dependent on the radius of

curvature of the channel.409 A microchannel separation

device as a spiral channel with a constant radius of

curvature and a trapezoidal cross-section was manufac-
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tured by laser stereolithography.391 The invariable radius

of curvature of the channel ensures the constant intensity

of Dean vortices (as opposed to spiral channels, the coils

of which are located in one plane and have different

radii), while the trapezoidal cross-section promotes more

efficient separation of particles by mass due to vortex

motion: heavier particles of bacterial cell complexes with

magnetic nanoparticles are concentrated near the inside

wall of the channel (closer to the centre), whereas free

magnetic particles are concentrated at the outside wall.

At the outlet of the spiral channel, the liquid flow

containing particle-bound bacteria and the flow carrying

only free particles are separated. The fabrication of a

leak-proof microchannel (the trapezoid height is 1 mm)

representing a three-dimensional spiral with an intricate

cross-section by traditional manufacturing techniques is a

complicated, labour-consuming, multistage procedure,

whereas 3D printing makes it possible to fabricate such

devices over a short period of time without mechanical

processing or assembly. The efficiency of this micro-

channel device was demonstrated by separation of

E. coli cells from milk with subsequent detection of the

cells by UV spectroscopy. The sensitivity of such micro-

biological assay is *100 CFU per mL.391 The method

demonstrated high selectivity, i.e., the possibility of

determining the content of a particular species of micro-

organisms, to pathogenic bacteria Ð a Salmonella species

(Salmonella typhimurium) and a Staphilococcus species

(Staphylococcus aureus).

Owing to high resolution, stereolithography methods

can be used to fabricate equipment for studying living

cells at the microscale. An analytical microchamber

(inner size of 20620620 mm; sidewall thickness of

8 mm; roof thickness of 3 mm) was manufactured by

multiphoton lithography. Only several cells can be encap-

sulated into the chamber, which allows studying cell

metabolism processes by scanning electrochemical micro-

scopy (SECM).410 SECM is a probe method; the probe

was represented by an ultramicroelectrode, which moved

above the test surface and detected redox active com-

pounds. This method is nondestructive and is suitable for

working with living biological cells at the microscale

without disrupting their vital functions. It should be

noted that the possibility of fabrication of microcon-

tainers capable of trapping single bacterial cells by multi-

photon lithography was demonstrated back in

2007.411, 412 The need to manufacture these analytical

cells is due to the high rate of bacterial growth, which

makes conditions of electrochemical measurements

poorly controllable; therefore, a container is needed for

spatial isolation of cells. The container can trap several

cells for studying the mechanisms of cell ± cell interac-

tions. The walls of the microcontainer were made of a

protein capable of forming a cross-linked structure under

the action of light. Owing to the chosen material, the

container walls contained pores and were permeable for

small molecules Ð products of bacterial cell metabolism,

which enabled the detection of these compounds using an

ultramicroelectrode in the close vicinity of container

walls.410 Even with these microdimensions, the perme-

ability of the container walls can be changed by control-

ling the printing parameters that determine the degree of

cross-linking of the protein materials and, hence, the

material porosity.

4.4. Additive technologies in pharmaceutics
One more area in which 3D printing is used for organ-

ization of matter rather than for the fabrication of func-

tional products is pharmaceutics.

Today, active studies are in progress on the use of 3D

printing for the preparation of new dosage forms and

drug delivery systems that provide more controlled drug

release in the human body than the traditional dosage

forms.413, 414 In other words, the challenge is to literally

print an effective tablet using the unlimited capabilities of

additive technologies in the creation of diverse items

from any material. The dosage form affects the kinetics

of release of the active ingredient. Drug release can be

prolonged, i.e., the drug is released gradually and slowly,

at a constant rate; delayed, i.e., drug release does not

occur immediately after drug administration, but starts

after some time period; and pulsed, i.e., the drug is

released in several pulses separated in time.415 A compar-

ison of dosage forms of the same size manufactured by

different methods Ð powder pressing, injection moulding

and the additive FDM method Ð showed that the

pressed tablets tend to rapidly release the drug, since

they are rapidly disintegrated in aqueous medium; in the

case of moulded tablets, prolonged release is most typi-

cal, since the moulded tablets have the highest material

density and no microporosity; and FDM-printed tablets

exhibit an intermediate drug release rate, since, on the

one hand, they are microporous due to the layered

structure and, on the other hand, they disintegrate at a

lower rate than the pressed tablets.416 The dissolution

rate of FDM tablets can be controlled over a broad range

depending on the printing settings: an increase in the

porosity promotes more intense release, whereas printing

of monolithic forms retards the process. Thus, 3D print-

ing is a tool for a highly flexible personalization of

dosage form dynamics.

The first studies dealing with the capabilities of 3D

printing in the production of drug delivery systems

appeared in the mid-1990s.417 In 2015, the US Food and

Drug Administration (FDA) approved the first drug (in

particular, levetiracetam, an antiepileptic drug for oral

administration), the tablets of which were manufactured

by 3D printing using binder jetting method. Due to the

absence of pressing, 3D printing afforded a highly porous

dosage form, which was completely dispersed upon con-

tact with water within 4 s; this was several times faster

than the dispersion of tablets obtained by conventional

methods. This FDA decision gave an impetus for the

implementation of additive technologies in pharmaceu-

tics.418

The benefits of 3D printing for the production of

drug delivery systems are, first of all, the possibility of

obtaining complex structures, production only on

request, and personalization of the dosage form taking

into account the treatment regimen of a particular

patient.419

The absence of restrictions on the geometric complex-

ity of printed products allows any arrangement of drugs

and excipients. A tablet can contain several drugs dis-

tributed as ordered zones, can have a shell structure and

can have any shape. The main goal of definite arrange-

ment of the substance in a dosage form is to attain a

controlled drug release in the body.

At present, FDM 3D printing is used most frequently;

therefore, studies on the design of new dosage forms by
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exactly this method are actively carried out. The FDM

printing of dosage forms consists of two key stages:

loading of the active ingredient into the printing material

and the proper printing of the dosage form. Thus,

materials for pharmaceutical FDM 3D printing are com-

binations of polymer matrix and a biologically active

substance [if the pharmaceutical is a part of the compo-

sition, it is often called an active pharmaceutical ingre-

dient (API)].

The polymer matrix being filled with the active

ingredient for FDM printing should have a melting

temperature not exceeding the decomposition points of

the loaded pharmaceutical agents. Obvious requirements

are polymer solubility in the body, lack of toxicity and

hypoallergenic properties. The introduction of small

amounts of the active ingredient may have no pro-

nounced effect on the applicability of the filled polymer

material for FDM printing; however, in the case of a

large amount of a drug, the mechanical properties of the

material are markedly deteriorated, and additional fillers

should be added as plasticizers to retain the possibility of

3D printing.428 Most often, poly(vinyl alcohol),420

hydroxypropyl cellulose,421 hydroxypropyl methylcellu-

lose,422 polycaprolactone 423 and some other polymers

are used as matrices for this purpose.424, 425

One of the methods for introducing the agent into the

FDM material is loading from a solution. For example,

keeping PVA in a saturated ethanol solution of predni-

solone for 24 h at a temperature of 30 8C followed by

drying affords a material containing *2 mass % active

ingredient.426 A similar approach to 4- and 5-amino-

salicylic acids and PVA provides a <1 mass % content

of the active substance in the material.427 A benefit of

this method is that prepared filaments are used for FDM

printing, i.e., there is no need to subsequently extrude the

material; however, obtaining a high content of the active

ingredient loaded from solution is problematic.

However, another versatile method for insertion of an

active ingredient into a thermoplastic material is hot-melt

extrusion (HME), which is widely used in the pharma-

ceutical industry and for polymer processing; in partic-

ular, it is employed to obtain the thermoplastic filament

for FDM printing.429, 430 In this case, the polymer is fed

into the hopper of the extrusion system as granules or

powder, and the drug is added. The mixture is trans-

ported from the hopper to the screw extruder barrel. In

the barrel, the material melts and is mixed and homo-

genized. The twin screw extruders, in which the mixture

is squeezed into the gap between the two rotating screws,

are most efficient. Under the action of high pressure and

friction and an additional heat supply (if necessary), the

mixture melts and is efficiently homogenized. Thus, hot-

melt extrusion ensures a homogeneous distribution of the

drug in the polymer matrix bulk. Unlike loading from

solution, in the case of HME, no solvents are used, which

rules out contamination of the finished product with

toxic compounds; hence, extrusion can be classified as a

green processing technology. Drug loding into a polymer

matrix increases the solubility and bioavailability of

poorly soluble drugs, since the polymer matrix keeps the

drug molecules in the discrete state attained during

extrusion and prevents them from agglomerating and

crystallizating.431 Melt extrusion can be combined with

FDM 3D printing in a combined production system;

furthermore, such a system can be compactly mounted

on a single laboratory bench, since there is a wide choice

of both desktop melt extrusion units and desktop FDM

printers.432 Melt extrusion may give high drug loadings

of materials. For example, FDM printing filaments con-

taining up to 50% paracetamol were obtained on the

basis of hydroxypropyl methylcellulose (water-soluble

amorphous polymer).433 The following drawbacks can

be noted for HME: during melting, API decomposition

or recrystallization may take place. To eliminate these

events, plasticizers are added to the material, reducing

the melting temperature of the mixture and hence short-

ening the residence time of the material in the extruder

barrel.434

Examples of complex dosage forms produced by

FDM printing are the layered and core ± shell forms

(Fig. 20); in some cases, 3D printed tablets are called

printlets.428 The drugs used in this example were para-

cetamol and caffeine (which are employed together in

antipyretic and analgesic medications), while water-solu-

ble and biodegradable poly(vinyl alcohol) served as the

polymer matrix. The FDM filament was prepared by

mixing milled PVA with the powdered drugs, and then a

filament with a diameter of 1.75 mm containing 5 mass%

and 10 mass% drugs was formed using a desktop extru-

sion system. The 3D design of dosage forms is performed

in the same way as the design of other items for 3D

printing using any computer-aided design system. Para-

cetamol and caffeine were successfully combined in one

dosage form owing to the use of a general-purpose desk-

top 3D printer with two extruders, which allowed simul-

taneous printing of two materials (no special bioprinter

was required to solve this task; printing was carried out

at 200 8C, and the layer height was 0.2 mm). The dis-

solution of the layered structure with parallel layers

(Fig. 20 a) under conditions mimicking a biological

medium shows equal release rates for different drugs.

The core ± shell type capsules (Fig. 20 b) are designed for

delayed release of the drug from the core and immediate

release of the drug from the shell. The dissolution of the

core starts after the dissolution of the shell; therefore, the

ba

c

Figure 20. Examples of 3D-printed dosage forms.428 (a, b) Models
of dosage forms containing two different drugs in the layers shown
in different colours; (c) finished dosage forms: the capsule on the
left contains alternating PVA+paracetamol and PVA+caffeine
layers; the capsule in the middle contains PVA+caffeine in the
outer shell and PVA+paracetamol in the central core; and the far
right capsule has PVA+paracetamol in the outer shell and
PVA+caffeine in the core.
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thickness of the shell may serve as a tool for controlling

the delay time before core dissolution. However, the

solubility of the drug-loaded material depends not only

on the solubility of the polymer matrix, although it is the

major component, but also on the interaction between

the matrix and the drug. In particular, if caffeine is

loaded in the outer layer of the capsule, paracetamol

starts to be released after 50 min, whereas paracetamol in

the shell results in a 130 min delay before caffeine release

from the core, i.e., the addition of paracetamol decreases

the solubility of the material. The core ± shell architecture

of the capsule is an example of a dosage form combining

delayed release for the drug located in the core and the

simultaneous delivery of several drugs.428

The pulsed release of API is implemented in the

dosage forms of a layered structure in which the layers

containing API (10% diltiazem, a drug for the treatment

of cardiovascular diseases) alternate with layers of API-

free polymer matrix (HPMC).435 Drug release from the

outer layer starts immediately after drug administration

into the body; the dissolution of the outer layer exposes

the layer of neat polymer, and the release is interrupted;

after the dissolution of the neat polymer, the release is

resumed. The number of layers, i.e., API release periods,

can be easily changed by adding more layers; the delay

time between the release periods can be adjusted by

varying the thickness of the neat polymer layers. As in

the above example, the diltiazem dissolution rate in the

body can be varied by changing the infill density: 100%

infill density results in the slowest drug release to the

external medium.435

The delayed drug release does not necessarily require

a dosage form fabricated from an API-loaded plastic; in

some cases, it is sufficient to fabricate only the shell,

which would prevent immediate dissolution of the drug in

the body. For example, it was shown that delayed release

can be achieved by using PVA capsules filled with

powdered or liquid API, which was placed inside the

capsule during FDM printing. Depending on the thick-

ness of the shell, drug release took place in different parts

of the gastrointestinal tract.436

In addition to monolithic dosage forms, assembled

structures consisting of several parts in which API is also

loaded as a powder were proposed for oral drug admini-

stration. As in the previous example, in these systems, the

material of the capsule does not contain API, and

controlled drug release is attained only due to the design

of the capsule. For example, dismountable H-shaped

capsules for the delivery of two drugs were proposed.437

A capsule consists of a cylindrical chamber separated

into two compartments by a partition. The compartments

are covered by caps. Owing to the different wall thick-

nesses of the caps, this design can ensure pulsed release

of drugs: the thinner outer wall is the first to dissolve,

and then the thicker wall is dissolved. The caps can be

made of materials characterized by different solubilities,

e.g., one cap is made of the PVA ± poly(ethylene glycol)

copolymer, and the other cap is made of HPMC, which

also provides time-separated release of two drugs. Syn-

chronous release is possible when the material and thick-

ness of the caps are identical.437

A similar design with an H-shaped central chamber

made of polylactic acid was proposed for the delivery of

the anti-tuberculosis drugs isoniazid and rifampicin as a

part of combined therapy for tuberculosis.438 In this

design, one compartment is fully open; therefore, the

first drug starts to be released immediately, whereas the

second compartment is closed by a PVA cap; the time of

cap dissolution constitutes the delay before the release of

the second drug.

Another design consisting of two concentric cylindri-

cal compartments closed by one common cap was pro-

posed, implementing an analogous pulsed mechanism of

drug release. When the capsule enters the body, the

external wall dissolves first, and the drug of the outer

compartment is released. Then, the inner compartment

(core) of the capsule is dissolved.439

The delayed drug release can be controlled by a set of

factors: type of matrix, shell thickness and matrix and

drug composite solubilities. It is noteworthy that the

effect of additives on drug composite solubility is intri-

cate and depends on numerous parameters: intermolecu-

lar forces in the polymer matrix and between the drug

molecules and the polymer matrix, the degree of disper-

sion of the drug and the amount of the drug in the

material.

Modified-release dosage forms were obtained by

FDM printing. The modified release implies that the

rate of API release from the dosage form into the body

has changed in comparison with that for the standard

dosage form. For example, a mixture of PVA with

Budesonide (an anti-allergic and anti-inflammatory drug

used for the therapy of asthma and inflammatory dis-

eases of parts of the digestive system) was prepared by

HME and then used to fabricate monolithic capsules for

oral administration. The capsules were coated by a

polymer that is used for coating solid dosage forms

widely present in the market. The commercial drugs

Entocort and Cortiment with the same active ingredient

were used for comparison. Using in vitro measurements,

it was found that the release of Budesonide from the

Entocort capsule is fast, whereas the release from the

Cortiment capsule is very slow. Drug release from the

FDM-printed capsule was found to proceed at an inter-

mediate rate suitable for the therapy of intestinal inflam-

matory diseases.440

It should be noted that the dynamics of API release

from FDM-printed dosage forms also depend on the

porosity of products obtained by the given 3D printing

technology. For example, for modified-drug release dos-

age forms containing the antimicrobial drug nitrofuran-

toin, a polymer matrix comprising a polylactic acid and

HPMC mixture was proposed. This matrix allows up to

40% content of the drug with retention of the possibility

of FDM printing. As the nitrofurantoin content

increases, the microporosity of the dosage forms manu-

factured as flattened cylindrical tablets increases.441 The

FDM technique allows for some degree of control of the

porosity of the resulting products using parameters such

as the extrusion width, volumetric feed rate (feed factor)

and layer height, while the macroporosity can be con-

trolled by varying the infill density of the products.

Therefore, varying the porosity of dosage forms during

3D printing can be considered an additional tool for

controlling the drug release rate.442

A set of dosage forms shaped like flattened cylinders

with different thicknesses (0.0, 0.4 and 1.6 mm) of the

shell containing no API and different infill densities

(20%, 80% and 100%) were proposed to illustrate the

effect of porosity on the API release dynamics.443 In this
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case, the matrix was made of HPMC, and paracetamol

served as the drug. Tablets with 100% infill density were

monolithic structures, whereas intermediate infill den-

sities give rise to a porous network structure: the lower

the porosity, the greater the fraction of voids in the inner

space of the product. The tablets with high porosity (20%

infill density) exhibit fast drug release, so that more than

90% of paracetamol was in the free state after 2 h.

Meanwhile, in the case of monolithic tablets, only

*40% of the active ingredient passed to the external

medium (data for a tablet without a shell). The variation

in the shell thickness also had a considerable effect on the

drug release rate: as the shell thickness increased, the rate

of release substantially decreased.443

For compositions consisting of an ethylcellulose and

HPMC blend (3 : 1) with Ibuprofen as the API, it was

shown that the optimal drug content is 20%, as this

provides the fastest drug release (within 24 h), with the

quality of 3D printing being slightly deteriorated.444 In

this case, water-soluble HPMC was added to the mixture

as a modifier of API release. The variation in the amount

of the modifier is a way to control the rate of release. The

addition of HPMC or sodium alginate led to the highest

rate of API release in comparison with the addition of

other modifiers, such as PVA or xanthane gum. The

increase in the infill density of the dosage form facilitates

an increase in the released dose of the drug as long as

water from the external medium is free to penetrate into

the porous internal scaffold structure, but as the infill

density approaches 100%, the drug release sharply slows

down.

In some cases, immediate release of a drug rather than

delayed or prolonged release is required. A block design

was proposed for FDM-printed capsules to accelerate

drug release.445 In this design, the cylindrical capsule

was composed of blocks (0.5 ± 1.5 mm wide) separated

by gaps and connected by thin bridges that kept the

blocks together. When this capsule entered water, thin

bridges rapidly dissolved, and the capsule was split into

blocks, which also rapidly dissolved because of their

small size. The highest rate of API release (theophylline

used to treat respiratory tract diseases) was attained

when the space between the blocks was no less than

1 mm.

Thus, 3D printing makes it possible to fabricate

objects with a specified porosity to control the rate of

drug release. This is difficult to attain using conventional

methods for the production of dosage forms.

One type of dosage form that may benefit from the

use of 3D printing is invasive implants that are used for

the chemotherapy of tumours. Antitumour drugs are

often aggressive compounds that have adverse effects on

the whole body. One of the therapeutic approaches for

decreasing adverse effects is the topical use of drugs. For

this purpose, a drug is placed into a capsule and

implanted into the injured tissue in which the active

ingredient is gradually released and locally destroys the

tumour cells. A challenge in the use of invasive implants

is to control drug release to achieve a stable antitumour

effect. For this goal, PLA implants fabricated by FDM

printing were proposed; they represented small (10 mm

high) capsules with an internal cavity and with prede-

signed square pores in the sidewall.446 The pores are

meant to increase the contact area between the implant

and the environment. To change the API release rate, the

implants can be coated by a PLA film from a solution of

the polymer in dichloromethane. The dynamics of API

release from these implants was tested in relation to

Cytoxan, an antitumour drug with a broad spectrum of

action. Drug loading was performed by immersing the

implant into a solution of Cytoxan in acetone followed

by drying. The drug release in vitro from the implants

without film coating took 4 h, whereas film coating

resulted in release times ranging from 4 days to 30 days,

depending on the film thickness.446 Thus, porous FDM-

printed implants are quite suitable for the controlled

release of pharmaceutical drugs over a broad range of

rates.

Pharmaceutical drugs can also be incorporated into

photopolymer compositions for the subsequent printing

of dosage forms by photopolymerization. However, the

number of relevant publications is still much smaller than

the number of publications describing FDM printing. In

particular, the addition of paracetamol (5.7%) and

4-aminosalicylic acid (5.4%) into a composition consist-

ing of PEGDA and diphenyl(2,4,6-trimethylbenzoyl)-

phosphine oxide as the photoinitiator did not hamper

photopolymerization, which resulted in the preparation

of solid dosage forms for oral administration.447 It was

shown that both APIs are released under conditions

mimicking the medium of the gastrointestinal tract. The

photopolymerization of PEGDA affords a network poly-

mer structure; therefore, the control of API release can

be attained by adding compounds that decrease the cross-

linking density in the polymer. For example, the intro-

duction of poly(ethylene glycol) (PEG 300), unable to

form cross-links due to the absence of acrylate groups,

considerably accelerates the release of API from the

finished dosage form; the higher the fraction of PEG

and the lower the fraction of PEGDA, the higher the

release rate.447 The successful release of model APIs

(paracetamol and aspirin) from the SLA-printed dosage

forms was demonstrated for a composition containing a

mixture of PEGDA and poly(caprolactone)triol mono-

mers.448 Poly(caprolactone)triol devoid of photopolymer-

izable groups was added for the same purpose as PEG,

namely, to decrease the cross-linking density in the

resulting 3D polymer network and, hence, to increase

the rate of API release.

A benefit of photopolymerization is the ease of add-

ing any API into the polymer since the initial composi-

tion is liquid, i.e., no additional preparation stage for the

API-loaded material (which is needed in the FDM

method) is required in this case. Additionally, photo-

polymerization methods do not require considerable

heating during printing, which rules out thermal decom-

position of drugs unstable on heating.

The fabrication of dosage forms by additive methods

may provide a high degree of personalization of pharma-

ceutics. Here, personalization consists of controlled drug

release, which means higher bioavailability and optimized

dosage. This benefit is largely a direct consequence of the

infinite possibilities of 3D printing in the manufacturing

of items of complex shape using several materials. Per-

sonalization is most relevant in the case of selection of

individual dosages of drugs. For example, a two-layer

dosage form, with one layer containing the antidiabetic

drug Metformin and the other layer containing the

antidiabetic drug Glimepiride, was proposed for the

combined therapy of type 2 diabetes mellitus.449 The use
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of two drugs for the treatment of type 2 diabetes mellitus

has a number of advantages over monotherapy: the

combined effect improves the control of the patient's

blood glucose level and allows one to reduce the dose of

each drug, thus Mitigating the adverse effects; moreover,

Glimepiride improves the therapeutic effect of metformin.

The dosage of antidiabetic drugs is adjusted individually

and depends on the blood glucose level, patient age and

other factors. In this case, fast 3D printing of dosage

forms with the required combination of drugs, taking

into account personal doses, may be in high demand.

One more example of the necessity of personalized

dosing of API is thrombus formation, which is treated

and prevented by pharmaceuticals that suppress blood

clotting, which are called blood thinners. The doses of

blood thinners should be adjusted personally for each

patient, since too high doses may cause haemorrhage.

The dose is selected on the basis of the patient's complete

blood count, considering the possible interactions with

other drugs. For Warfarin, a frequently used blood

thinner, FDM-printed dosage forms were proposed for

safer and more controllable dosage regimens.450

A convenient tool for personal dosing of API is the

coextrusion of a material containing API and a material

free from the drug.451 Coextrusion is fundamentally

different from multimaterial 3D printing using FDM

printers with two (or more) extruders. In the printing

with several extruders, a separate heating element and a

separate nozzle are present for each material, i.e., there is

clear boundary between the materials in the printed

product. In the case of coextrusion, both materials are

fed to the same nozzle, but the degree of their mixing is

relatively low. In this case, the pure polymer acts as the

diluent for the drug-loaded polymer. With this approach,

it is possible to avoid the manufacture of FDM filaments

for each drug concentration, but to prepare some amount

of filaments with a definite concentration in advance. The

change in the API content for personal use is performed

during additive manufacturing of the dosage forms.

One more important advantage of the 3D printing of

dosage forms is promptness, i.e., the possibility of print-

ing `on demand'. Since dosage forms are small items,

despite the relatively low speed of most additive manu-

facturing techniques, printing of a batch of tablets or

capsules would not take long time. However, the prepa-

ration of drug-loaded material, if the process implies the

use of a mixture of the matrix and API, should also be

included in the duration of the production. Even in the

case of FDM, which is the slowest 3D printing technol-

ogy, printing `on demand' is possible by combining the

production of the drug-loaded FDM filament and the 3D

printing of dosage forms in one manufacturing cycle in a

small space.

In view of the above-noted features of 3D printing of

dosage forms, this method can apparently be considered

a component of personalized medicine, but not a method

for mass production of therapeutic agents.452 ± 454

Currently, the 3D printing of drugs is still at the stage

of active scientific research and development. Presum-

ably, pharmaceutical 3D printing would enter people's

lives and would enable the preparation of a set of tablets

containing a combination of drugs prescribed by physi-

cians in personally adjusted doses.

4.5. Additive technologies in chemical education
3D printing has found extensive use in educational activ-

ity, and 3D printers are encountered not only in univer-

sities but also in schools, centres for professional

advancement and libraries (modern libraries have a spe-

cial publicly available space for research and engineering

activity, so-called makerspace, in which a set of tools and

equipment are present for public use 455). Whereas 3D

printers were used to teach proper additive manufacturing

methods until recently, 3D printing is currently a potent

auxiliary tool for teaching any discipline related to study-

ing material objects and phenomena. First, this refers to

education in the field of mechanical engineering and

architecture and design, both industrial and artistic.

Students can not only make drawings, illustrations or

models that require labour-consuming manual work but

also create any prototypes and functional models for

better demonstration and fine-tuning of their projects.

For example, in the field of industrial design, it became

possible to quickly make a small series of prototypes of

the designed device, without significant material expenses,

to verify the convenience of decive operation. Owing to

digital manufacturing, teachers can themselves produce

physical models most appropriate for a particular training

course with minimum expenses. Modern education offers

numerous examples of using 3D printing in biology

(models of biological molecules), chemistry, physics (func-

tional models of mechanical devices), engineering, phar-

macology (enzyme models), mathematics (geometric

shapes), anatomy, paleontology and so on.456 ± 458

Fundamental chemical research, e.g., study of reactivity

issues, is based on the concept of molecular structure, which

represents the spatial arrangement of atoms determined by

the electronic structure of a molecule or a crystal. A detailed

and logically complete interpretation of the reactivity of

compounds is gained by studying the spatial distribution of

electrons in the molecule, areas characterized by electron

accumulation or electron deficiency, types and energies of

chemical bonds and spatial accessibility of particular func-

tional groups in a chemical reaction. Mechanistic studies of

chemical reactions consist of determining of the possible

changes in the molecular structures of reactants resulting in

the formation of products. The reactivities of proteins and

other biological molecules are determined by their spatial

structures. The ideas of the spatial structure of molecules

crucially affected not only physical chemistry but also whole

chemical science, having become a part of its fundamentals.

Quite a number of chemical concepts, theories and consid-

erations are based on the geometry of chemical objects;

therefore, visualization is very important for chemistry

(Fig. 21).

Chemistry teachers often use molecular model kits for

the construction of ball-and-stick and other models of

molecules. These kits can serve not only for demonstration

of molecular structures but also for illustration of confor-

mational behaviour of molecules if the links between groups

are movable. A drawback of commercial molecular kits is

that the molecules can be built only of standard functional

groups that are included in the kit. If a teacher or a student

faces the task of assembling a nontrivial molecular struc-

ture, for example, a carbon nanotube, a fullerene or a metal

cluster (see Fig. 8 a and Fig. 22), a special molecular kit

containing the necessary parts would be needed; otherwise,

the only option is to demonstrate the model on a computer's

display. However, dealing with physical models, which can
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be handled, and, the more so, manual assembly of these

models, lead students to a more in-depth understanding of

the spatial structures of molecules than working with

electronic demonstrations.

3D printing is a very efficient and convenient tool for

the fabrication of any molecular model and other illus-

trative models in chemistry, while 3D printing is a

universal `molecular model kit'. The illustrative chemical

models are printed using general-purpose plastics, PLA,

PLA+ and ABS.

A 3D model of a molecule or a crystal can be derived

from the standard *.cif- or *.pdb file. Any other file

format for molecular structures, xyz, mol, mol2, etc.,

can also be used. The structure (i.e., coordinates of

atoms) can be determined by X-ray diffraction or by

quantum chemical modelling. Then, the `molecular' for-

mat can be converted to *.stl, or can be used for

preparing the model for 3D printing with the aid of

molecular visualization and analysis software such as

CCDC Mercury,460 VMD 461 or UCSF Chimera.462

Thus, the molecular structure model can be gained with-

out the use of conventional 3D graphics editors, i.e., in

this case, there is often no need to deal with the actual

3D modelling.

The model of a molecule can be fabricated either as a

whole or in parts, which are then assembled together. The

models are made in parts if it is necessary to construct a

large-size object to demonstrate in the classroom. The

built chambers of desktop 3D printers allow printing of

objects with outer dimensions up to *20 ± 25 cm. To

fabricate larger objects, the model should be cut into

pieces, each piece is printed separately, and then the

entire molecular model is glued together. The fabrication

in parts is also appropriate when the model is multi-

coloured: the atoms of different elements are printed with

plastics of different colours, if FDM printing is used. An

obvious disadvantage of assembling the models from

parts is laboriousness. The digital 3D molecular model

should be manually split into pieces that can be printed;

this is not always an easy task for a beginner in 3D

modelling if chemical bonds are connected to atoms at

intricate angles. However, software tools have recently

appeared for automated splitting of a complex molecular

model into fragments.463

Of course, the most facile method for fast production

of a complex molecular model is fabrication in one piece,

as a single whole object (see Fig. 22). As a rule, molec-

ular structures comprise overhanging parts; therefore,

printing of a model `as a single whole' requires the use

of supports (see Fig. 22 b). If postprocessing of the

printed model is not planned, then it is desirable to use

soluble supports, which would be separated from the

model without noticeable surface damage.

Physical models are very useful for studying the

symmetry properties of molecules,466 especially for com-

plex symmetric structures with high-order symmetry axes

such as the [B12H12]27 polyhedral dianion with a fivefold

axis corresponding to the Ih point group of symmetry

(Fig. 22 d ). The search for symmetry elements is much

easier in three-dimensional digital models than in static

drawings, but physical models embodied in a material

make elements of symmetry even more vivid and easier to

identify since the symmetry can be held in hands.

Crystal fragment models can be obtained directly

from the crystallographic data contained in the cif

file.467 The contrast between atoms of different elements

is achieved either by varying the sizes of the correspond-

ing spheres or by using different-colour plastics in the

case of FDM 3D printers with several extruders (Fig. 23).

Not only the molecular, but also the electronic struc-

tures of compounds can be visualized or interpreted using

material models. Rigid rod models illustrating the Wood-

ward ±Hoffman rules of conservation of orbital symme-

try in reactions of unsaturated organic compounds were

presented back in 1969.469

The planetary model of atom and models of atomic

orbitals were proposed as simple basic examples for high

school students and first-year university students

(Fig. 24 a,b). In the model of the atoms, the electrons

(blue) can move along the circular orbitals, which in turn

Figure 21. Spatial models of asymmetric molecules manufactured
by Jacobus Henricus van't Hoff in 1875 to explain the phenomenon
of optical activity of molecules.459

a b c

d e

Figure 22. FDM 3D-printed molecular models. (a) Digital 3D
model of carbon nanotube; (b) nanotube model printed using
PLA plastic with a support; (c) nanotube model after removal of
the support;464 (d ) [B12H12]27 polyhedral dianion of Ih group of
symmetry (ABS plastic); (e) germanium complex with N-hetero-
cyclic ligands [Ge(Pri2NHC)3]2+ (ABS plastic).465
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rotate around the axis passing through the atomic

nucleus (red). A set of atomic models is fabricated for

the lesson, and students are asked to determine which of

the elements of the Periodic Table is represented by each

of the models.

A model of a propylene molecule in which different

types of bonds are shown with different plastic colour

was proposed to illustrate hybridization of the atomic

orbitals of carbon (Fig. 24 c). In this model, students are

asked to identify the types of bonds, discuss the differ-

ences in carbon atom hybridization and show on the

model how these differences affect the geometry of the

molecule. Most students have a positive attitude towards

working with such models, but some of them note that

using the models resembles a lab, while at the lecture,

they would prefer to just listen to the teacher and take

notes; therefore, personal characteristics of students

should be taken into account while planning the

classes.470

In the concept of atomic structure in the physical

chemistry course, a fundamental issue is the spatial

structure of atomic orbitals. The atomic orbital models

proposed in commercial educational kits only mimic the

orbital shape, but they are not physically strict isosurfa-

ces of the electron density function. The combination of

relevant software and 3D printing enables the fabrication

of any atomic orbitals for analysis of their spatial

structure. The first stage is the construction of a strict

mathematical model of some hydrogen-like atomic orbi-

tals, which would be the square of the wave function,

resulting in the product of the squares of the radial and

angular parts of the wave function. The three-dimen-

sional model obtained in this way is exported to the stl

format owing to the ability of modern mathematical

software to convert a mathematical surface to the 3D

model geometric format. The three-dimensional model

obtained in this way is printed on a 3D printer

(Fig. 24 b).471 Certainly, atomic orbitals of the complex

shape (d and f) are most relevant for educational pur-

poses since the students are not always able to obtain a

full idea of the shape of these orbitals from a textbook

picture. The models of d and f atomic orbitals provide a

better understanding of the geometry of transition metal

complexes.

From the models of atomic orbitals, it is reasonable

to pass to molecular orbital (MO) models. The spatial

structure of molecular orbitals is of fundamental impor-

tance for determining the reactivity of a molecule.

Among all molecular orbitals inherent in a given molec-

ular structure, the most important are the frontier MOs:

the highest occupied (HOMO) and lowest unoccupied

(LUMO) molecular orbitals. In particular, HOMO char-

acterizes the electron-donating (nucleophilic) properties

of the molecule, while LUMO determines the electron-

withdrawing (electrophilic) properties. The geometric

match between the frontier MOs of the reactant mole-

cules is a key factor determining the occurrence of a

chemical reaction. For example, the models of ethylene

and 1,3-diene frontier MOs shown in Fig. 24 d clearly

show the spatial structures of the ethylene LUMO and

diene HOMO.472 Students who manipulate these models

by hand easily find the relative positions of two mole-

cules where the same signs of wave function match, i.e.,

the red-coloured HOMO of the diene coincides with the

red-coloured LUMO of ethylene. Thus, using models of

the frontier MOs of the reactants, students obtain a clear

illustration of the possibility for the Diels ± Alder reaction

(diene synthesis) to occur. The spatial structure of MOs is

derived from quantum chemical modelling. Most of the

popular program packages for quantum chemical model-

ling (both commercial and free packages) offer the option

for saving the spatial structures of MOs in a separate file,

which can be visualized using molecular visualization

software. After adjustment of the 3D view of the chosen

MO, the spatial model of the orbital can be exported to

the stl format (this option is provided by the VMD and

UCSF Chimera programs) for the subsequent printing on

a 3D printer.

The use of 3D printing in biochemical education has

some specific features. Many biochemical issues are

closely related to studying intermolecular interactions,

which determine the relative orientations of two separate

molecules or two moieties of the same molecule, i.e., the

supramolecular organization of compounds is highly

important for biochemistry. To teach the regularities of

this organization to students, dynamic molecular models

a

d
e

f

b c

Figure 23. Models of crystal fragments of various compounds
FDM-printed on the basis of crystallographic data.468 (a) Perov-
skite, (b) halite (salt rock), (c) spinel, (d ) spinel as a set of
overlapping spheres of different colours, (e) corundum,
( f ) fluorite.

a b c

d

Figure 24. FDM-printed models of electronic structures of atoms
and molecules. (a) Planetary model of the boron atom,470 (b) model
of 2py atomic orbital;471 (c) mechanical model of propylene
molecule illustrating different hybridizations of carbon atoms
(s-bonds are made of violet plastic, p-bond is made of orange
plastic);470 (d ) model of the lowest unoccupied molecular orbital of
the ethylene molecule and the highest occupied molecular orbital of
the 1,3-diene molecule (red and blue colours correspond to different
signs of the wave function).472
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have been proposed. Parts of the models are either fully

separated from each other, such as meccano parts, or can

move or deform, i.e., models of biological molecules

should not be static, like models of simple organic

molecules or crystals, but should be dynamic and inter-

active to enable studying of the molecular dynamics at a

simplified level.

For example, deformable DNA and RNA models

have been proposed, which allow students to view the

difference between the structures of these nucleic acids

and study the formation of nucleosomes by wrapping an

elastic DNA strand around a histone protein model to

gain an idea of the mechanisms of packing of DNA

molecules in chromosomes.473 An original model of bind-

ing of one transcription factor (a protein involved in the

formation template RNA based on DNA) to a definite

site of DNA molecule was proposed to illustrate the

initial stages of protein biosynthesis. In this model,

DNA atoms binding the protein were implemented as

spherical magnets, and similar magnets were present in

the transcription factor model. Some parts of the protein

model could be detached, together with magnetic holders.

This detachment of protein parts simulates protein muta-

tion. Protein mutations influence the attraction force

between the transcription factor and DNA site. Thus,

students can physically feel with their own hands how

much mutations affect biochemical processes.

Dynamic models are also useful for studying the levels

of protein organization in which the spatial shape of a

molecule is dictated by nonbonded interactions (mainly

hydrogen bonds) between parts of the polypeptide chain.

Researchers from the University of Texas used FDM

printing to develop a training model of a small protein

with mobile connectors between amino acid residues so

that side groups capable of hydrogen bonding could

approach each other in an optimal way to form a hydro-

gen bond network.474

Another type of molecular model also serving as a

demonstration of the supramolecular organization of

biological molecules deserves attention, particularly mod-

els based on molecular surfaces. In this case, the mole-

cules are too complex to be fabricated with atomic

resolution and are represented as a solid body described

by a surface accessible to a solvent, which is most often

water in biochemistry (other types of molecular surfaces

can also be used). The nucleophilic and electrophilic sites

are marked by different colours on the surface of the

molecule. Two molecules (e.g., enzyme and its substrate)

should be arranged in space to enable electrophilic sites

of one molecule to interact with nucleophilic sites of the

other molecule. By handling models of this type, students

easily learn the molecular recognition principle, accord-

ing to which proteins (e.g., enzymes) bind other mole-

cules.475, 476 This approach is actively used to study the

relationship between the protein structure and properties

and for the development of new drugs.

Although the use of 3D printing in chemical educa-

tion is mainly related to molecular models of various

types,477 ± 484 this versatile method is also used to fabri-

cate other physicochemical models, in particular, 3D

models of 2D NMR spectra,485 3D models of the time

dependences of concentrations of compounds derived

from the data of IR and NMR spectroscopic monitoring

of chemical reactions,486 models of block copolymer

organization at the micro-level,487 potential energy sur-

faces (PES),488, 489 etc.

A potential energy surface is the dependence of the

potential energy of a molecule on the coordinates of

atomic nuclei incorporated in the molecule. This depend-

ence is the main subject of discussion in mechanistic

studies of chemical reactions and is based on the results

of quantum chemical modelling. The PES has local

minima corresponding to intermediates, the global mini-

mum characterizing the most stable state of the reacting

system and saddle points corresponding to transition

states of a multistep process. By analyzing PES, one can

calculate the heats of reactions and estimate the potential

barriers for all steps. Potential energy surfaces of multi-

step reactions have complex shapes; therefore, scientific

publications and textbooks usually discuss only the PES

profile obtained as a cross-section along the reaction

coordinate and projected on the plane of the drawing,

rather than PES as a whole. Therefore, students often

conceive the reaction path as a planar line connecting the

reactants, the transition states and products. The actual

reaction coordinate is the minimum energy path, which

has a complex three-dimensional geometry even for

elementary chemical reactions. The planar two-dimen-

sional profiles of the reaction coordinates do not reflect

either the complexity of the coordinate shape or the

minimality of the energy characterizing the coordinate;

furthermore, they hide the possibility for the reaction to

follow several paths.

The 3D PES models for educational purposes were

developed back in the mid-20th century. An example is

the gypsum-made PES model of 1957, which was based

on the data of semiempirical calculations to describe the

reaction of a hydrogen molecule with a bromine atom

(H2+Br?H+HBr) (see Fig. 25 a,b).490 The arrowed

a b

c d

Figure 25. PES models for various chemical processes. (a, b) PES
model for the reaction of hydrogen molecules with a bromine atom
manufactured from gypsum by conventional methods;490 (c) FDM
3D-printed PES models for the formation of ozone molecules;491

(d ) FDM-printed PES model for folding of a protein molecule.492
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line shows a reactive collision of molecules, inducing

transition of the system to the valley of the products

(see Fig. 25 a), or a non-reactive collision of molecules,

which does not allow the molecules to pass over the

potential barrier and brings the system back to the valley

of the reactants (Fig. 25 b). Since the reaction follows the

minimum energy path, the shown lines represent the

trajectory of a ball rolling on the bottom of PES, since

a ball tends to occupy the lowest positions on the surface

to minimize its potential energy.

3D printing makes it possible to fabricate much more

intricate PES models with numerous local minima. Fig-

ure 25 c shows the models of two PESs corresponding to

the formation of ozone molecules upon the addition of an

oxygen atom to an oxygen molecule. This process is

highly important for studying atmospheric chemistry.

Both surfaces have two symmetrically located minima,

each corresponding to the reaction product, O3 . The

symmetrical positions of the minima are due to the

symmetry of the oxygen molecule: an oxygen atom can

approach the molecule from either of the sides, and both

cases give ozone. The PES shown at the back has reefs

(potential barriers) in front of wells, whereas the PES at

the front is corrected and has no such reefs. Due to this

difference, a ball corresponding to the oxygen atom,

while approaching the O2 molecule, is stopped by the

barrier in the first PES and cannot enter the well (no

ozone is formed), whereas the motion over the corrected

PES is not retarded in this way, and ozone is formed

without obstacles. The second, corrected PES better

corresponds to experimental data, since this process is

known to proceed at low temperature. These PES models

show students that even small changes in the PES can

significantly affect the course of chemical reactions.

If a chemical structure has many degrees of freedom,

then the processes involving this structure will be char-

acterized by numerous local minima. These systems can

be exemplified by protein molecules. The model of the

potential energy surface of folding of one of the protein

molecules is shown in Fig. 25 d. Each well on this surface

is a local minimum corresponding to the state that can be

acquired by a folded protein molecule; the molecule then

remains in this state unless some external impact forces it

out. The general view of the surface resembles a funnel,

the lowest point of which is the global free energy

minimum corresponding to the most energetically favour-

able protein structure. If upon folding, the protein

molecule remains in the local minimum, the biological

functions of this molecule can be disrupted.

Along with models pertaining to structural and phys-

ical chemistry, additive technologies are actively used to

fabricate educational equipment for experimental chem-

istry. Chemical reactors of various types,493, 494 accessory

equipment for colorimetric and polarimetric measure-

ments,495, 496 even the model of atomic force micro-

scope 497 and a lot of other engineering solutions can be

implemented using 3D printing by students or teachers

without specific engineering training. The key educa-

tional goal is to encourage students towards creative

engineering activity as applied to chemical experiments.

Although the purpose of this work is educational, the

strategy towards such design is the same as that used to

solve professional research problems. Students are

expected to design and manufacture, by their own, a

setup or its components to carry out a chemical experi-

ment with the highest efficiency and compare the benefits

and drawbacks of various approaches.

The application of 3D printing in chemical education

is evidently in high demand, as it supplements the educa-

tional process with a new teaching element unusual for

chemistry teaching, namely, the design of molecular

structures of any complexity and topology and the design

and creation of reactors and other equipment for exper-

imental laboratory work performed by students on their

own. A chemistry teacher, especially a university lecturer,

can ask students who are interested in printing 3D

models of various molecules as an extra assignment;498

i.e., students who still have no opportunity to perform

real chemical synthesis can `synthesize' structurally inter-

esting compounds using a 3D printer. This is highly

important for education, as it helps students to perceive

chemistry as a creative activity aimed at the design of

compounds.

It should be noted that teaching the fundamentals of

additive technologies using personal 3D printers may be

partly included in chemistry courses (or even fully

included, if additive technologies are not considered in

other education courses) as extra training, since this

subject covers many important chemical and physico-

chemical processes. Using FDM printing as an example,

it is possible to illustrate the behaviour of thermoplastic

polymers on heating and consider the extrusion process

as a method for polymer processing. The use of compact

systems for the extrusion of polymer filaments is perfectly

suited for the fabrication of polymer compositions with

various fillers and for studying the possibility of polymer

recycling by remelting products of poor quality or spent

support. Laser stereolithography methods provide the

possibility to become acquainted with photochemical

polymerization processes.

5. Conclusion

Until quite recently, personal 3D printing with inexpen-

sive 3D printers was mainly considered an interesting

hobby for enthusiastic makers. The advancement of

designs of personal 3D printers, expansion of the range

of printing materials and development of convenient

relevant software made personal 3D printing a full-

fledged production method, which is increasingly used in

various fields of chemistry and biochemistry (Fig. 26).

Most of the 3D printed products considered in this

review could have also been manufactured by classical

manufacturing methods, but in that case, the production

would have consisted of several stages and would have

taken much more time. Conventional processing equip-

ment (processing machines, casting moulds, etc.) is not

often encountered in a chemical laboratory since the use

of conventional methods for manufacturing objects with

intricate shapes requires a special workshop and high

production skills, absent in the vast majority of research

chemists. Due to the expected high time and material

expenditures associated with conventional manufacturing

methods, many design ideas of equipment promising for a

chemical experiment are never implemented in reality.

Additive technologies simplified the fabrication of intri-

cate objects to such an extent that the strategy towards

solving production problems has fundamentally changed.

Additive manufacturing methods with personal 3D print-

ers do not require special engineering skills of the user or
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a special workshop; therefore, the extrusion melting of

thermoplastic materials and various types of stereolithog-

raphy have become everyday tools in many chemical

laboratories.

The major advantage of additive technologies is ver-

satility. 3D printing is a flexible tool suitable for creating

any shape from a material. The manufacturing time

depends little on the complexity of the product topology:

a conventional test tube rack or a laboratory chemical

reactor with a coiled inner channel can be fabricated

using the same 3D printer on a laboratory bench.

An important benefit of 3D printing, which is espe-

cially inherent in extrusion methods, is the possibility to

fabricate materials adapted to solving particular research

tasks. This enables the design of catalytic systems with a

strictly ordered geometry, the production of new types of

adsorbents, the invention of more effective dosage forms

of drugs, and the printing of biocompatible scaffolds.

Owing to this feature of additive methods, a new trend

called bioprinting has appeared in regenerative medicine.

In view of the vigorous growth of the number of

scientific publications devoted to the use of additive

technologies in all areas of chemical science, the integra-

tion of 3D printing into the routine research activities of

chemical laboratories will undoubtedly continue since

new opportunities open up the way for the implementa-

tion of new ideas.
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The following acronyms are used in the review:

ABS Ð acrylonitrile butadiene styrene,

AM Ð additive manufacturing,

API Ð active pharmaceutical ingredient,

ASTM Ð American Society for Testing and Materials,

BJ Ð binder jetting,

CAD Ð computer-aided design,

CDLP Ð continuous digital light processing,

CFRT Ð continuous fiber reinforced thermoplastics,

CLIP Ð continuous liquid interface production,

DED Ð directed energy deposition,

DIW Ð direct-ink-writing,

DLP Ð digital light processing,

DMD Ð direct metal deposition,

DMLS Ð direct metal laser sintering,

DOD Ð drop-on-demand,

3DP Ð 3D printing,

EBM Ð electron beam melting,

FDA Ð Food and Drug Administration,

FDM Ð fused deposition modelling,

FFF Ð fused filament fabrication,

HDPE Ð high-density polyethylene,

HIPS Ð high impact polystyrene,

HME Ð hot-melt extrusion,

HOMO Ð higher occupied molecular orbital

HPMC Ð hydroxypropyl methylcellulose,

ISO Ð international organization for standardization,

LCD Ð liquid crystal display,

LDM Ð liquid deposition modelling,
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chemical concepts
and laws
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Figure 26. Key applications of additive technologies in chemistry and related fields. The additive manufacturing methods used most
frequently in each field are indicated.
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LENS Ð laser engineered net shaping,

LMD Ð laser metal deposition,

LOM Ð laminated object manufacturing,

LTP Ð low-temperature plasma,

LUMO Ð lowest unoccupied molecular orbital

ME Ð material extrusion,

MJ Ð material jetting,

MJF Ð Multi Jet Fusion,

MJP Ð MultiJet Printing,

MO Ð molecular orbital,

NPJ Ð NanoParticle Jetting,

PA Ð polyamides,

PC Ð polycarbonate,

PCL Ð polycaprolactone,

PDMS Ð polydimethylsiloxane,

PE Ð polyethylene,

PEEK Ð poly(ether ether ketone),

PEG Ð polyethylene glycol,

PEGDA Ð polyethylene glycol diacrylate,

PEI Ð polyetherimide,

PEKK Ð poly(ether ketone ketone),

PES Ð potential energy surface,

PETG Ð poly(ethylene terephthalate)-glycol,

PHA Ð polyhydroxyalkanoate,

PLA Ð polylactic acid,

PLGA Ð poly(lactic-co-glycolic acid),

POC Ð point-of-collection (diagnostics),

POM Ð polyoxymethylene,

PP Ð polypropylene,

PPSU Ð polyphenylsulfone,

PSI Ð paper spray ionization,

PVA Ð polyvinyl alcohol,

PVDF Ð polyvinylidene fluoride,

SDL Ð selective deposition lamination,

SEBS Ð styrene ± ethylene ± butylene ± styrene,

SECM Ð scanning electrochemical microscopy,

SFRT Ð short fiber reinforced thermoplastics,

SL Ð sheet lamination,

SLA Ð stereolithography apparatus,

SLM Ð selective laser melting,

SLS Ð selective laser sintering,

TEEE Ð thermoplastic ester ether elastomer,

TLC Ð thin layer chromatography,

TPU Ð thermoplastic polyurethane,

UAM Ð ultrasonic additive manufacturing,

VP Ð vat photopolymerization.
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