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ADDITIVE MANUFACTURING TECHNOLOGY

FOR MODERN PACKAGING

1. INTRODUCTION

Appropriate packaging is essential to protect products from

external contamination, physical damage, or food spoilage.

therefore, the packaging industry has been experiencing rapid

growth. the observed technological progress in the packaging

market is primarily due to lifestyle changes, rising consumer

spending, and improving exports on a global scale. the

requirements for modern packaging are determined by constant

changes related to demographics, lifestyle, level of health 

safety, ecology and production environment, as well as the

development of new markets [1]. recently, innovations in the

packaging industry have mainly been limited to the development
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of new barrier materials, i.e. new polymeric materials, composite

materials, or new green and environmentally friendly materials

[2]. however, recently, many scientists and manufacturers have

met the expectations of consumers and developed new active,

and/or intelligent (smart) packaging. this type of packaging

can extend the product's shelf life, keep it in good condition,

and help control the quality of food products. intelligent

packaging refers to packaging designs that use various sensors

to provide information about the state of the contents, and

active packaging maintains quality by adding, for example,

antibacterial or antioxidant agents. sensors, chemical or

temperature indicators, gas emission indicators, and microbial

growth indicators are all components of intelligent packaging

solutions. the new antibacterial packaging, designed to improve

food safety, is also interesting. this type of packaging extends

the growth retardation of microorganisms or reduces the

growth rate and final number of microorganisms [3]. there is 

a wide range of consumer opinions about intelligent and/or

active food packaging. smart package technology is perceived

by consumers as a way to guarantee food quality and safety

while also delivering real-time consumption information,

minimising food loss, and decreasing food waste – a huge

problem in the XXi century, taking into account the millions of

tons of food that are wasted year [4]. however, consumers are

worried about the expenses of this packaging, nevertheless.

they have stated that they would accept a 10% increase in the

product's overall cost as a reasonable margin [5]. On the one

hand, smart packaging is used for food authentication

(geographical origin, animal or plant species identification,

production method, etc.), which would reassure customers that

the products they get are from reliable companies. On the other

hand, the food sector, however, is now generally unable to

implement smart packaging since the existing technology

employed would result in a significantly bigger rise in product

costs than the 10% reported by consumers. manufacturers

and scientists are working to create fresh approaches to lower

production costs. currently, it seems that three-dimensional

(3d) printing, or rather additive manufacturing, is a leading

technology for creating packaging that meets consumer

expectations. Although the additive manufacturing has been

utilised in several industry sectors for about 20 years, interest

in and application of the technology have significantly increased

in the last years [6]. Additive manufacturing has ushered in 

a new era of innovation that has been spurred by its unique

potential because of its availability, versatility, performance,

and affordability. this has not gone unnoticed in the packaging

industry. Additive manufacturing is gaining popularity due to

its singular capacity to produce sophisticated designs that can

be utilised for mass manufacturing while having a favourable

influence on the economy and environment. this method

permits changes in the composition and structure of the material

through the printed product, modifying the physicochemical

characteristics of the packaging adapted to the expected

requirements. innovative package designs have been produced

using this technology, which includes die cuts and forms that

are personalised smart packaging. coaxial extrusion printing

has been utilised to create smart food packaging systems that

can track the quality of packed food and the environment in

real-time to fulfil the rising consumer demand for safe food [7].

this review reports on the latest developments and applications

of additive manufacturing in the production of smart food

packaging to provide the reader with a comprehensive

background for understanding the current state of knowledge.

2. ADDITIVE MANUFACTURING

Additive manufacturing has transformed the product creation

process in numerous industries. in contrast to traditional

processing methods such as subtractive manufacturing,

injection moulding, extrusion or casting, additive manufacturing

constructs objects layer by layer from a sliced digital model.

Because of this distinctive process approach, additive

manufacturing provides a manufacturing possibility with 

a high level of design flexibility. conventional manufacturing

techniques frequently limit the complexity of geometries, with

internal ones often being impossible to manufacture. By using

additive manufacturing, designers can produce intricate shapes

as well as customised products that were previously unfeasible

or economically impractical to manufacture. the complexity of

components usually can be increased to a certain level with no

influence on the production costs, depending on the chosen
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additive manufacturing process. this enables designers to

incorporate even minor details into products without diminishing

their complexity for the sake of lower production costs [8]. the

ability to produce a wide variety of components without requiring

extensive preparation beyond the computer-aided design (cAd)

model, printable material, and the machine itself is the biggest

advantage of additive manufacturing. in contrast, conventional

manufacturing can be both time-consuming and costly to start

production. for instance, in manufacturing, a single component

may require special tools or moulds with lead times of several

weeks. Additive manufacturing can eliminate such obstacles in

many cases, enabling designers to obtain a physical object that

corresponds to their cAd model within only a few hours of

production time. such a degree of flexibility allows for real on-

demand and on-site manufacturing, which can be advantageous

to the entire supply chain.

due to these advantages, the use of additive manufacturing

can be profitable from a purely economic point of view. this is

particularly true for low-volume productions when it is not cost-

effective to invest in expensive mass production equipment

such as moulds or tools. the literature provides several use

cases in the industry, for example in the medical, dentistry,

aerospace, and automotive industry [9,10]. in the context of

packaging, additive manufacturing is experiencing an increase

in attention. its capability of high design flexibility leads to

various possibilities, for example, the creation of individualised

or intelligent packaging [11]. despite these advantages, additive

manufacturing may not be appropriate for all types of

applications due to certain limitations in comparison to

traditional manufacturing. these drawbacks should be taken

into account when considering its usage. A major drawback is

the limited range of available materials, which lag significantly

behind those available for traditional manufacturing processes.

there are different additive manufacturing processes, which

are designed to work with specific materials. material extrusion

(commonly known as fused deposition modelling (fdm) –

trademarked by stratasys inc or fused filament fabrication

(fff) [12]) for example works with thermoplastic polymers, vat

photopolymerisation (stereolithography) with uV-reactive resins

that result in thermosets. in order to produce a wide range of

materials, several machines using different manufacturing

mechanisms are required [13].

Other factors determined by the additive manufacturing process

are the mechanical properties as well as the production speed of

products. in general, the time to produce a single part is

significantly longer than using mass production methods such

as injection moulding, which makes them not suitable for

manufacturing large volumes of identical parts. such mass

production machines can produce thousands of parts in a very

good as well as reproducible quality within a few minutes or even

seconds per part. With additive manufacturing however, it usually

takes hours to produce a component, while the manufacturing

time per part usually cannot be reduced. On top of that, the

manufacturing principle of the layer-by-layer build-up leads to

significant anisotropic properties regarding the dimensional

accuracy, mechanical properties as well as the surface quality

[14]. Accordingly, the definition and introduction of standardised

quality control, monitoring and assurance methods for additive

manufacturing processes is a big challenge [8]. 

to sum up, additive manufacturing can offer advantages over

traditional processing methods. the largest benefits are the

design freedom and the possibility to manufacture final products,

prototypes as well as tools on demand without any special

preparation or expensive tooling. the customisability inherent in

additive manufacturing, makes it a cost-effective manufacturing

method for a lot of low production volume use cases. 

the primary challenge to overcome is the implementation of

standardised, reliable, and reproducible component quality,

including suitable quality control and assurance techniques.

these standards must be developed and adjusted over years

of industrial use, regarding existing additive manufacturing

processes and materials as well as the upcoming ones in this

innovative field of the industry [15].

material extrusion is one of the methods of additive

manufacturing and a fast growing, relatively simple, technology

for producing almost any 3d object of any shape, with relatively

high resolution and low cost using cAd. Additive technologies

are dynamically developing in many industries in prototyping

processes, but also in the production of highly complex elements,

small-batch production and in the field of innovative solutions to
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the problems and limitations of traditional technologies, but also

increasingly in the case of personalised consumer products such

as packaging or everyday items. the process involves creating

components by adding building materials, usually layer by layer.

the rapid development of additive manufacturing technology

has enabled the development of the market for (bio)degradable

polymer “inks” in the form of fibres (filament), granules, powders,

solutions, and gels for the manufacture of specific products.

thermoplastics are the only group of plastics that can be

processed by both extrusion and injection moulding. Above 

a certain temperature limit, thermoplastics undergo a plasticised

state, in which they are capable of large deformations. this

enables pressure moulding as well as additive manufacturing.

the combination of additive manufacturing technology with

(bio)degradable polymers and/or renewable raw materials gives

almost unlimited application possibilities [16,17].

As additive manufacturing is increasingly used for personalised

consumer goods and processing can affect mechanical and

thermal properties, especially in the case of (bio)degradable

polymers, the behaviour of printed materials under different

environmental conditions is being studied. the extrusion

process often causes a decrease in viscosity and a decrease

in the average molar mass, which impairs the mechanical

properties. mixing time, temperature and drying also affect the

degradation of polylactide (pLA)-based plastics [18]. therefore,

it is important to determine the influence of printing conditions

and direction on the properties of the polymer. research was

carried out to find out the relationship between the processing

conditions and the direction of additive manufacturing on 

the geometry of the element (printing orientation: orientation of

the product relative to the printer's working platform, arrangement

of the filament in accordance with the algorithm used – in the

horizontal and vertical direction) and hydrolytic degradation tests

to see how the printed objects behave during degradation. the

usefulness of cosmetic applications of materials including

dumbbell-shaped bars, and packaging prototypes obtained by

additive manufacturing was also investigated [17].

commercially available (bio)degradable filaments, often

protected by patents, do not contain precise information about

the composition, and therefore their response to unfavourable

environmental factors (abiotic and biotic) is unspecified.

therefore, it is important to know the composition of the

filament made of (bio)degradable polymers and to predict the

properties of printed objects in order to be able to accurately

understand the impact of environmental conditions on the

properties of finished products and match appropriate raw

materials to specific applications. ex-ante testing of polymeric

materials to identify and minimise potential failures of new

(bio)degradable polymer products before they emerge is

extremely important [19].

processing (additive manufacturing) causes not only an

increase in the crystalline phase of the polymer after printing

compared to the initial filament, but also an increase related 

to contact with the heated printer build platform. After printing,

a slight increase in glass transition temperature (Tg ) was also

observed due to an increase in ordering, which may also

increase the stiffness of the material. not only does the contact

time with the 3d printer platform lead to an increase in the

crystalline phase during printing, but also smaller surface areas

of the dumbbell-shaped bars that accumulate more heat,

resulting in an increase in the degree of ordering [11].

similar relationships were observed in the case of printing

prototypes of cosmetics packaging (container) from pLA/phA

(phA – polyhydroxyalkanoate) and pLA. its individual parts

during material extrusion had a different time of contact with

the printer's working platform. the bottom of the container and

the lid had a longer contact time (15-18 min) and during this

time they were subjected to increased temperature causing

the growth of the crystalline phase in contrast to the walls set

vertically to the platform (melting enthalpy (ΔHm) and cold

crystallisation enthalpy (ΔHcc) were lower for the walls of the

container). therefore, the processing conditions, in particular

the printing orientation of the individual parts of the container,

influenced its properties, which may then affect the lifetime

and degradation process of the entire container [20].

the use of (bio)degradable polymers, especially in medical

applications, requires a proper understanding of their properties

and behaviour in different environments. components made

of such polymers can be exposed to changing environmental

conditions, which can cause defects. during standard tests of

revIeWed artIcle
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hydrolytic degradation, dumbbell-shaped bars made of pLA

and pLA/phA obtained by material extrusion technology

showed an unexpected phenomenon of shrinkage, which was

about 50% of the length of dumbbell-shaped bars, regardless

of the printing direction. typically, polymers such as pLA break

down already in the initial stage of hydrolytic degradation 

(at 70°c after 7 days). however, in this case, no significant

degradation occurred after 70 days of hydrolytic degradation

at 70°c. the phenomenon of shrinkage during degradation

resulted in the entrapment of amorphous oligomers and

hydroxy acids in the polymer matrix. Low-molar-mass

degradation products, due to lower water penetration into the

matrix, remained in it, increasing the molar mass dispersion,

while causing less disintegration of the dumbbell-shaped bars.

the additional stress caused by cutting the dumbbell-shaped

bars in half disturbed the degree of ordering of the polymer

structure and led to a further increase in the molar mass

distribution, which suggests that the cutting of both pLA and

pLA/phA dumbbell-shaped bars (both directions of printing)

obtained by material extrusion technology in the vertical

direction led to shrinkage compared to uncut, which further

limited water penetration [21].

determining the safe service life of products made of

(bio)degradable polymers, and optimising and understanding

the physico-chemical changes in their structure is crucial for

their numerous applications. the continual development of

new materials that are stronger, lighter or more versatile than

previous ones must not only lead to improved safety, but also

reduce environmental concerns as the complexity of recovering

the value inherent in a used product increases. today's product

design challenges lead to the development of polymeric

materials that are stable in use, yet susceptible to microbial

attack during organic recycling. for each application of

polymeric materials, understanding which polymeric materials

are optimal for their target applications allows accurate

prediction of behaviour and quality assessment throughout

their lifecycle, under real-world conditions. potential failures

can be avoided if all factors are taken into account at an early

stage of new product development, also obtained by material

extrusion.

2.1 Filaments FoR PackaGinG

there are a range of additive manufacturing techniques, 

such as material jetting and vat photopolymerisation but

extrusion based additive manufacturing technology seem to

be more appropriate for food packaging applications as this

can be made from a variety of thermoplastic biocompatible

materials. some of the bio-based or (bio)degradable polymers

that are used in additive manufacturing include, pLA, phA,

polycaprolactone (pcL), poly(butylene adipate-co-butylene

terephthalate) (pBAt), poly(butylene succinate-co-butylene

adipate) (pBsA) and poly(butylene succinate) (pBs) [22]. natural

polymers such as cellulose and chitosan are also suitable for

additive manufacturing packaging applications. however, since 

these are not thermoplastic polymers and the heating of 

a filament is used in the extrusion-based additive manufacturing 

process, processing temperatures must be controlled to avoid

degradation. in most cases these are mixed with other

(bio)degradable polymers. pLA is among the most popular

filament materials commonly used for material extrusion

printers. the popularity of pLA is due to its bio-based origin,

biocompatibility, and (bio)degradability as it is derived from

renewable resources, such as corn starch or sugarcane, 

and therefore offers not only good degradability and

biocompatibility, but also it has excellent printability and good

dimensional accuracy and less prone to retraction [23].

moreover, polymers like pLA can also be used to additive

manufacture objects that will be in contact with food as it is

approved by the us food and drug Administration (fdA) for

food and pharmaceutical applications. pLA-based filaments

have been used in additive manufacturing of intelligent food

packaging applications [24]. phA is a class of biodegradable

and compostable polymers produced by bacteria during

fermentation processes using renewable raw materials and is

also used in additive manufacturing applications. in general,

phA can offer the possibility to modify their properties such as

varying in toughness and flexibility depending on the specific

combinations of different monomer units included in the

polymer chain and therefore creating phA based polymers with

properties similar to other thermoplastics. phA filaments 

can be degraded in both industrial composting and soil
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environments. A common approach to modify and improve the

inadequate properties of (bio)degradable polymers is to produce

polymer blends. for instance, pLA is blended with phA to

produce a filament with improved mechanical properties 

and tailored biodegradability. Various filaments made from 

a combination of pLA and phA are available on the market as

a fully compostable alternative that can be home-composted

[25]. pBAt is another biodegradable polymer that has been

used for the production of filaments for additive manufacturing

applications. pBAt is derived from fossil fuels but can undergo

degradation in a composting environment. films based on

pBAt and silver containing nanoparticles were fabricated 

by additive manufacturing for antimicrobial food packaging

applications [26]. natural polymer such as chitosan has been

reported for 3d-printed intelligent food packaging systems [27].

these additive manufactured chitosan-based films exhibit

colour changes and were produced for both antibacterial and

antioxidant properties, as a way of controlling the quality,

freshness and preservation of cold meat. in another example,

Zhou et al. reported an intelligent food packaging system based

on cellulose nanofibers that was fabricated by coaxial additive

manufacturing [28]. the system provides dual functions of both

maintaining fruit freshness as well as visual monitoring.

Although the additive manufacturing process generates less

plastic pollution compared to the conventional manufacturing

processes, it nevertheless still is associated with a lot of plastic

waste, both in the initial extrusion process to produce filaments,

during printing, or failed prototypes, support materials and

because most printed parts are single-use models that are

discarded. moreover, the availability of cheap consumer additive

manufacturing has increased in the last 20 years, following the

expiration of previous patents for additive manufacturing

machines such as material extrusion technique. this leads to

demands for the use of more environmentally friendly filaments

that fit into the sustainability initiative's mantra of replacing

petroleum-based raw materials with bio-based compostable

filaments. there are efforts to tackle this issue by producing

filaments from recycled plastics, especially from non-

biodegradable polymers, to reduce the consumption of virgin

plastics and promote a circular economy [29]. in addition, this

initiative contributes to reducing the waste and energy

consumption associated with the production of new polymers.

in this process, the polymer material is collected, shredded,

remixed, and then homogenised back into reusable recycled

filament. pLA is one of the polymers that are recycled [30].

recycled pLA from food packaging and bottles is converted

into filaments and is commercially available.

3. ACTIVE AND INTELLIGENT PACKAGING

modern food packaging can be divided into (i) active packaging

or (ii) intelligent packaging [31]. the term active packaging

refers to packaging in which certain additives called “active

compounds” are introduced directly into the packaging material,

in a leaflet or on a label, or placed directly in the packaging to

interact directly with the product and/or its environment to

extend its shelf life. “Active compounds” contain active

functional groups that, interact with food, slowing down its

spoilage. Active packaging containing substances is most often

used [32]: antioxidants, (i.e., plant or oil extracts, flavonoids or

even green tea extracts); antimicrobials (i.e., nisin, chitosan,

and propolis glycolic); carbon dioxide (cO2) emitters (sodium

bicarbonate, citric acid, and ferrous carbonate); oxygen (O2)

scavengers (the most commonly used group of O2 absorbers

are solutions based on the oxidation of iron or palladium, 

which are deposited in a sachet placed in the package) and

ethylene scavengers (i.e. activated carbon, titanium dioxide,

and potassium permanganate). intelligent packaging, on the

other hand, is defined as a solution based on the interaction

between the packaging and the product (or its environment) to

inform the consumer about the freshness of the product. unlike

active packaging, these intelligent packages are designed to

detect and record information related to food quality [31]. it is

extremely useful to increase the efficiency of information

transfer throughout the product distribution chain and even in

the consumers’ homes by using intelligent temperature or ph

sensors or radiofrequency identification (rfid) tags. the main

purpose of freshness indicators is to signal when the quality 

of the packaged product is no longer acceptable. changes in 

their appearance are usually consistent with chemical or

microbiological changes to which the product is subjected.

revIeWed artIcle
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packaged products may release into the atmosphere e.g. 

cO2, amines, or ethylene. they can also release microbial

metabolites. the released substances react with the indicator

and change its colour, which proves the freshness of the

product. freshness sensors based on colorimetric indicators,

capable of changing colour by reacting with volatile compounds

produced on packaged food, have become the simplest, most

practical, and instrument-free solution that can detect the level

of freshness of the packed product with the naked eye [33].

similarly, the mechanism works for temperature indicators.

Because temperature is one of the critical factors affecting 

the quality and safety of food products from the moment of

production to final consumption. temperature and time are

important factors in the rate of microbial activity in food, often

deviating from specifications during production, distribution,

and storage. time and temperature indicators can be used to

assess the effectiveness of pasteurisation and sterilisation. 

As critical temperature ranges are established to control food

quality, it is important to monitor the length of time food is held

at or above the critical temperature. the temperature indicators

integrated with intelligent packages monitor the temperature

in or around food packages, as well as the time the food has

been exposed to undesirable temperatures. these indicators

display an irreversible visual signal. the indicators are in the

form of labels or small devices made of interconnected foil

layers that can be included in the package. thanks to this, they

can show the effect of time and temperature on the product,

which allows for correlating potential changes in food quality

with them. the scientific literature describes many examples

of indicators sensitive to ph or temperature changes, 

prepared by immobilisation of natural food dyes obtained from 

various sources, such as: anthocyanins, curcumin, alizarin,

shikonin, and betalains on polymeric materials. however, their

applications on different food types, including meat, seafood,

and dairy products are usually specific, e.g. anthocyanins are

most often used to determine the freshness of pork or chicken,

and alizarin is more often used to determine the freshness 

of fish [34]. recently, in an innovative approach to food quality

control, a tactile label that becomes rough when food is no

longer fresh is an example of a non-colorimetric indicator of

food freshness [5]. the discussion on modern packaging must

include rfid, which is currently the most important technology.

rfid is a technology that uses electromagnetic fields to

automatically identify and track product data. An rfid tag is 

a small device that can be attached to an object so that the

object can be identified and tracked [35]. the tag is composed

of a microchip, an antenna, and a substrate or encapsulation

material. the microchip stores data whereas the antenna

transmits and receives the data. the microchip and antenna

attached to the substrate are referred to as the inlay. the rfid

device transmits digital data, often an inventory number used

to identify the item, back to the reader when it receives an

electromagnetic interrogation pulse. the chip modulates the

waves that the device sends back to the reader which converts

the new waves into digital data. the inventory of products or

supply chain may be tracked using this number.

4. ADDITIVE MANUFACTURING 
IN MODERN PACKAGING

to monitor the internal atmosphere within a food package and

assist in food quality control, a sensor with composite polymer

filaments containing the O2-sensitive luminophore platinum (ii)

tetrakis(pentafluorophenyl)porphyrin was recently developed

[36]. the luminophore gradually changed from a bright red

colour to a pale pink colour with increasing O2 concentration.

silicon dioxide (siO2) nanoparticles were coated with the

luminophore and subsequently mixed with either polyethylene

(low-density polyethylene, Ldpe) or pLA to create the 

composite filament that was used in the additive manufacturing 

process. A material extrusion 3d printer was then used to 

print a 3d array of O2-sensitive luminophore/siO2/Ldpe or

luminophore/siO2/pLA dots on a poly(ethylene terephthalate)

(pet). As these indicators monitor O2 concentration in the

internal packaging atmosphere, they can be incorporated into

all types of food packaging to indicate a breach in package

integrity. to monitor the package integrity of bottled liquid food

products, a 3d-printed temperature-sensitive conductive

filament was incorporated into a pet bottle cap that was used

to measure the open and closed states of a sealed bottle as

well as the temperature. the cap was created out of an exterior
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cap that made it possible to attach it to a bottle and a spring

that kept the contacts and the filament-based sensor apart.

An electrical circuit is made by connecting the top and bottom

contacts to the top and bottom of the cap and the spring,

respectively. the method was developed by utilising an additive

manufacturing process. to create a conductive filament,

powdered conductive graphite was combined with a pLA

matrix. the rise in filament resistance with rising ambient

temperature served as the foundation for the sensing

mechanism. By closing the gap between the top and bottom

contacts, the circuit was completed, and this relationship was

used to determine whether the cap was in the open or 

closed. When the cap is closed, it registers a resistivity of

between 20-40 °c, but when it is open, it only registers 

a resistance of at all temperatures. this cap is designed to

analyse the open or closed condition of the cap to monitor the

package integrity of temperature-sensitive liquid products, 

such as carton-packaged or bottled milk or drinks. smartphones

can connect to it to check the data that is stored there [24].

Another example of a proposed smart component created 

by additive manufacturing is an rfid sensor comprised of 

an antenna atop a liquid crystal elastomer, prepared from 

1,4-bis-[4-(6-acryloyloxhexyloxy)benzoyloxy]-2-methylbenzene,

n-butylamine and photoinitiator (i-369) temperature-sensitive

array and a t-match impedance. this rfid device measures

food quality by monitoring ambient temperature. A 3d printer

was used to posit the temperature-sensitive liquid crystal

elastomer into a substrate to create a flat element array above

the sensor's ground plane. the elastomer array reversibly

actuated the rfid in response to the changes in ambient

temperature. As the ambient temperature rises, the flat liquid

crystal elastomer elements become dome-shaped, resulting in

an increase in the space between the rfid antenna and the

ground plane. When the temperature is decreased, the array

returns to its original flat configuration, resulting in a decrease

in the distance between the rfid antenna and the ground plane.

Any temperature above critical causes the rfid change in

operating frequency, which is communicated to nearby reader

devices. this simple rfid device can be attached to packaged

foods that pass through the cold supply chain, i.e., frozen

products, dairy products, or eggs [37]. Additive manufacturing

offers extraordinary opportunities in the design of complex

devices. recently scientists used additive manufacturing

technology to print a colorimetric sensor for detecting

Escherichia coli O157:h7 [38]. the developed biosensor was

based on gold nanoparticles, which were able to determine the

concentration of E. coli bacteria using the colour change of the

nanoparticles. A 3d printer was used to create a mould for

manufacturing a microfluidic device consisting of two mixing

channels, a separation chamber and a detection chamber. the

biosensor was made by mixing nanoparticles, catalase and

antibodies capable of detecting bacteria in the mixing channel

of a microfluidic device to form an Aunp-bacteria-ps complex

(Aunp – gold nanoparticle, ps – polystyrene). A cross-linking

agent (mixture of hydrogen peroxide (h2O2), tyramine and

horseradish peroxidase) was added to the obtained complex,

which changed the colour of the complex from red to blue.

then, the mixture obtained in this way was introduced into 

the detection chamber (package), where, with the increase in

the concentration of E. coli bacteria, the colour of the gold

nanoparticle complex changed from blue to red. depending on

the intensity of the colour, the concentration of the target

bacteria is determined. Additive manufacturing has also been

used to construct a biosensor for detecting the bacterium

causing gastroenteritis – Salmonella typhimurium [39]. the 

3d-printed biosensor consisted of a filter that prevented the

device from being blocked by large particles and allowed the

unhindered passage of bacteria to the second part – a linear

microchannel for observing and counting fluorescent spots.

the biosensor used a fluoroimmunoassay, a type of enzyme

immunoassay that uses fluorogenic markers. S. typhimurium

antibodies and iron-based magnetic nanoparticles were 

used to separate the target bacteria by forming magnetic

nanoparticle (mnp)-bacteria complexes. these complexes then

reacted with fluorescent microspheres to form fluorescent

mnp-bacteria complexes that were injected into the

microchannel of the printed devices. this biosensor worked

with a smartphone to detect the target bacterium online. the

light from the smartphone served as the excitation source,

while a video processing application monitored the fluorescence
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intensity moving along the microchannel and calculated 

the local concentrations of S. typhimurium in real time. Vat

photopolymerisation (stereolithography) was also used to

create a temperature-sensitive cO2 sensor by in situ optical

printing of photocrosslinkable poly(1-allyl-3-vinyl imidazolium

bromide) with a high number of imidazolium functional groups.

the stereolithography technique was chosen because of the

extreme precision of printing, thanks to which it was possible

to print the ultra-miniature sensors of fabry-pérot polymer

interferometers. this miniaturised sensor can remotely and

simultaneously measure cO2 concentrations and temperatures

in very small spaces, making it promising for many applications,

from off-gas detection to food quality control [40].

5. CONCLUsIONs AND FUTURE OUTLOOK

Additive manufacturing is playing an increasingly important

role in creating smart packaging that is equipped with advanced

features and interactive elements. this technology allows

sensors, electronics, and other components to be integrated

into the printing process itself, opening up new opportunities

for manufacturers and consumers. Additive manufacturing

allows the creation of smart packaging with built-in sensors

that can monitor various parameters. for example, packages

can be equipped with temperature, humidity, or force sensors.

this data can be used to track the storage conditions of

products to ensure their quality and safety. in the future additive

manufacturing, could make it possible to fabricate packaging

with interactive elements such as print buttons, touch screens,

or other user interfaces without having to assemble additional

parts. this allows for the creation of integrated packages, such

as rfid, which enables communication with mobile devices 

or other systems. smart packaging produced using additive

manufacturing can also have the ability to track and monitor

products in real time. thanks to built-in identification

technologies such as Qr codes, barcodes, or rfid tags,

manufacturers can track the origin, history, and authenticity 

of products. this can contribute to combating counterfeiting

and ensuring transparency and trust for consumers. in addition,

additive manufacturing enables the personalisation of smart

packaging, which can be important in marketing and customer

interaction. the manufacturer can create unique patterns, logos,

or labels that will distinguish the product on the store shelf

and attract the attention of customers. this individualisation

of packaging can be especially important for brands that 

focus on uniqueness and differentiation in the market. so far,

there are few reports on the use of additive manufacturing to

create intelligent packaging, but it seems that in the next 

few years, technology may be leading in the market. Additive

manufacturing technology is more energy efficient and

minimises the amount of waste because only the material

necessary to create the object is used. in addition, additive

manufacturing enables the creation of packages from recycled

materials or biodegradable plastics, which contributes to

reducing the negative impact on the environment. All in all,

additive manufacturing creates new opportunities for smart

packaging. it allows the integration of sensors, electronics, and

interactive elements in the printing process itself, which enables

the creation of monitoring, interactive and personalised

packaging. smart packaging based on additive manufacturing

can contribute to improving product quality and ensuring the

safety, traceability, and authenticity of products.
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