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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Printed Electronics (PE) involves additive deposition of functional materials on a substrate via printing processes to realize electronic circuits, 
interconnects, electrical components or devices. This methodology is opposite to the conventional microelectronics industry which is based on 
subtractive manufacturing techniques (e.g. etching). Some of the advantages of PE over conventional electronics are low prototyping costs, short 
time to market, less processing steps, etc. One of the features is the ability to manufacture flexible and customized products and devices. The 
applications of Printed Electronics apply to different sectors of industry like electronics, packaging, bio-medical, automotive, communication, 
etc. In this work, we present Aerosol Jet® Printing (AJ®P) and Screen Printing as two techniques for the realization of flexible and mass 
customized PE devices. Whereas the use of AJ®P is focused on rapid prototyping, Screen Printing allows to upscale for mass production. The 
two technologies are here implemented to realise conductive antennas on paper substrates, potentially to integrate into a delivery parcel box for 
the development of “smart packaging”. This antenna design is based on the 13.56 MHz working frequency, which lies in the frequency spectrum 
of HF RFID/NFC applications. The print quality, electrical resistance and the basic functional characterization (working frequency) of these 
paper-based antennas are here investigated and reported.    
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1. Introduction 

Printed Electronics (PE) is a production technological area 
which allows to deposit different types of materials on a wide 
range of substrates by various printing techniques. The purpose 
is to manufacture state-of-the-art electronic devices. It is not 
only restricted to printing and electronics, but it is a multi-
disciplinary domain, an amalgamation of material science, 
physics, chemistry, wireless communication, reliability 
engineering, fractural mechanics, and many more [1]. It is one 
of the most emerging technologies rising up these days [2]. 
According to the IDTechEx report in 2019, the market value of 
the whole industry will be more than 30 Billion US $ by 2020 
and expected to increase in the upcoming decade. The 

requirements of PE are a substrate, an ink, a printing technique 
and a sintering process in the end to create a fully printed device 
(Fig. 1). PE techniques are broadly divided in two categories, 
i.e. mask-based and mask-less printing. Some of the examples 
of mask-based are Screen Printing (SP), flexographic printing, 
gravure printing, etc. [1]. 

They require a stencil, a mask or a screen to deposit and 
transfer the ink onto a substrate in a desired pattern. Aerosol 
Jet® Printing (AJ®P) and inkjet printing, instead, are examples 
of mask-less techniques. They are also known as direct–writing 
techniques because indeed they do not require a mask or a 
stencil to print the desired pattern. These printing techniques 
are based on a digital platform which transforms a digital image 
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or a computer-aided design into a print pattern [1,3].  
Some of the printing techniques are compiled in Fig. 2. In 

this work, AJ®P and Screen Printing are investigated to 
manufacture a printed antenna on a flexible (paper) substrate, 
as basic electronics element to develop smart customized 
devices, such as smart/luxury paper based packages, smart 
textiles, flexible screens. This work in particular introduced the 
combined added value of the two techniques in the 
development of flexible customized smart applications, where 
the AJ®P technique is used as prototyping process while screen 
printing as technology towards mass customization. Details of 
these techniques are presented in the following section 1.1. 

1.1. Aerosol Jet® Printing and Screen Printing 

Aerosol Jet® Printing (AJ®P) is a non–contact, direct 
writing printing technique which allows to print a wide range 
of functional materials on many different substrates in any 
designed manner [4,5]. In this printing technique, an “ink” is 
aerosolized into an aerosol of ink droplets which typically have 
a diameter of 1-5 μm [6]. The generation of aerosol is done by 
an ultrasonic atomizer or pneumatic atomizer. In this work, an 
ultrasonic atomizer has been used for the generation of the 
aerosol. This aerosol is entrained in the nitrogen gas and 
transferred to the deposition head. In the deposition head, a 
sheath gas is introduced which aerodynamically focuses the 
aerosol for the printing at the substrate beneath the tip by 
flowing in the co–axial direction [7,8]. Such type of processes 
allows to print feature sizes of 10 µm till several millimeters 
and thicknesses of 100 nm to tens of microns [7]. Because of 
the two different atomizing techniques, (AJ®P) allows to print 
inks with broad viscosities (1-1000 cP) and materials, like 
metals (Ag, Cu, Au, etc.), conductive polymers (PEDOT:PSS, 
PANI), carbon based resistive materials, dielectrics, bio–
materials (gelatin, collagen [9]), etc. Furthermore, because of 
the adjustable stand–off distance, i.e. the distance between the 
nozzle and the substrate, it allows printing directly on 3D/free 
formed surfaces [5,10]. There are many different factors in 
AJ®P which affect the line width (µm), printing quality and the 
resultant electrical resistance (Ω) of the printed line. Some of 
the factors are the atomizer gas flow (sccm), the sheath gas flow 
(sccm), the focusing ratio (sheath gas flow/atomizer gas flow), 
the plate temperature (°C), the number of printing passes/layers 
(#), the printing speed (mm/sec), the sintering time (mins), the 

sintering temperature (°C), the nozzle diameter (⌀), the stand–
off distance (mm)…etc. [8, 11].  

Screen printing (SP) is a direct contact printing technique 
transferring ink onto a substrate (e.g. paper, glass, plastics, 
fabrics, etc.) by using a mesh screen with apertures. The open 
meshes result in the appropriate stencil or printing image while 
the impermeable coating of the surrounding area blocks the ink 
deposition [12]. This printing technique uses high viscous 
(100-100000 mPa.s), thixotropic (shear thinning) inks resulting 
in a rectangular cross-sectional morphology of the printed 
pattern [13]. A broad range of functional materials can be 
deposited, such as metal inks (Ag, Cu, etc.), polymeric inks 
(e.g. PEDOT:PSS), carbon-based inks, dielectrics… When 
applying an ink onto a substrate, the squeegee (rubber blade) is 
moved across the screen, thereby filling the mesh openings 
with ink. In this forward movement, the screen is momentarily 
forced to the substrate and the ink is deposited by capillary 
forces. The blade finally scrapes the ink excess to its initial 
position and the printing process can be repeated several times 
to print multiple layers. The maximum printing resolution is 
tens of microns and the layer thickness of one pass ranges from 
a few µm to 100 µm, depending on the screen’s mesh size. The 
main SP parameters include the screen dimensions (e.g. mesh 
size, mesh thickness…), the printing speed, the squeegee 
pressure and - hardness, as well as the snap-off distance [14]. 
In addition, rotary SP can significantly increase the printing 
speed (> 100 m/min) using a stationary positioned squeegee 
placed inside a cylindrical screen that rotates at the same rate 
as the web. This SP method is suitable for large-scale 
production because of its reliability, but on the other hand it is 
more expensive and challenging to set up [15]. 

Aerosol Jet® Printing is used extensively as a tool for Rapid 
Prototyping and customization in many different sectors of 
industries whereas Screen Printing is especially implemented 
for mass customization and production. Both techniques are 
well known but their output yield is still inferior when 
compared to the conventional electronics production 
techniques. AJ®P is successfully applied in 3D printing of 5G 
antennas for cell phone communication whereas SP is 
extensively used for batteries, screens and lighting 
applications. [16,17]. Section 1.2 discusses advantages and 
limitations of PE against conventional electronics production 
technologies, while  section 1.3 refers to the applications of PE. 

Fig. 1: Inks, substrate, printing technique and sintering are the building blocks 
of printed electronics (PE) 

Fig. 2: Printing technologies are essentially divided in mask based and mask 
less techniques. This work applies screen and jet based techniques to realise 
flexible mass customised smart applications. 
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1.2. Conventional Electronics Vs. Printed Electronics 
technologies 

Printed Electronics (PE) is a relatively recent technology as 
compared to conventional electronics manufacturing steps, like 
photolithography, etching, wire bonding, IC packing, etc.  

Still PE offers many advantages, such as low processing and 
manufacturing cost when dealing with prototyping, product 
development and small series production. Manufacturing is also 
more flexible with respect to design, materials and integration 
opportunities. Also, it does not need cleanroom facilities, unlike 
lithographic processes. The conventional electronics industry is 
especially  unable  to produce devices with a form factor – i.e. 
to fabricate electronic devices which can bend, flex or even 
stretch and that are integrated in a shapeless substrate (as 
flexible foil, paper, textile…).  

On the other hand, PE also offers a number of limitations. 
The resolution of the printed tracks is still way lower than the 
conventional electronics. As an example, the best resolution 
that AJ®P can provide is 10 µm whereas the current EUV 
(extreme ultraviolet) lithography step can provide a resolution 
around 20 nm. Even though processes like roll–to–roll can 
increase the production yield in printed electronics 
significantly, mass production along with the high accuracy is 
yet not par level with conventional production techniques. 
Other limitations of PE over conventional electronics are 
reliability, durability, down-scaling performance and high-end 
quality [1,18]. 

1.3. Applications of Printed Electronics 

Printed Electronics has a diverse range of applications: 
pressure, humidity, temperature, chemical, etc. printed sensors, 
antennas, thin–film transistors, photovoltaics, active and 
passive components, interconnects, batteries, etc. [3,18,19,20]. 
The application of PE is also extended towards Neural and 
Tissue Engineering [21]. 

Printing of radio frequency identification (RFID) antennas 
shows promising opportunities in the field of flexible mass 
customized applications, for example wireless interaction with 
packages during transportation. In [22], Xu et al. have printed 
an RFID antenna with working frequency of 13.56 MHz using 
AJ®P and an extra step of electroplating. The electroplating 
step is an additional step which was implemented on the printed 
tracks to reduce their printed track resistances. Yuxiao et al. 
have printed an 24 GHz antenna on a 3D printed substrate [23]. 
In contrast to AJ®P, the domain of screen printed antennas have 
already been frequently investigated in the recent period by a 
number of researchers. Shin et al. report the use of SP for the 
development of UHF RFID dipole antennas on PET substrate 
[24].The work of Fernández-Salmerón et al. presents a UHF 
dipole antenna, directly screen printed on a cardboard package 
[25]. Janeczek et al. instead investigate screen printing to 
deposit HF RFID antennas on flexible magnetic sheets and 
polymeric foils [26]. According to the research of A. Pereira et 
al., the potential of SP to develop near-field communication 
(NFC) tags on coated paper substrates has also been 
demonstrated [27]. 

However, this particular study of printed antenna layouts in 

the frequency spectrum of HF RFID/NFC applications on 
paper substrates is rather limited. In addition, the combined use 
of AJ®P for prototyping and SP for small serial production of 
customized smart applications has been just little investigated, 
especially when coming to the use of AJ®P technique. In this 
paper, this particular application is studied in details. Antenna 
printing is here taking as an example of PE application. The 
working frequency, bandwidth and type of an antenna can 
indeed easily be customized by changing layout, dimensions, 
and electrical requirements, etc. which is easier for PE rather 
than for conventional methods. 

2. Materials and Methods 

2.1. Inks and substrates 

The key topic of this study is to investigate antenna printing 
via Aerosol Jet® Printing and SP by using  conductive silver 
inks on fiber-based printing substrates. Hereby, p_e:smart 
paper type 2 (Felix Schoeller, Germany) and Algro Baress 
(Sappi, Southern Africa) were studied. P_e:smart paper type 2 
is a white opaque paper-based substrate with hydrophilic 
nanoporous surface coating, which is specifically made for 
printed electronics. As reference material, the Melinex series 
ST 506 transparent PET foil (thickness: 175 µm) from DuPont 
Teijin Foils and FR4 were used for Aerosol Jet® Printing. In 
this study, the substrates were not pre-treated. 

For the Aerosol Jet® Printing, conductive silver 
nanoparticle (AgNPs) ink ‘JS-A221AE’ from Novacentrix, 
Inc, USA was selected and investigated to print antennas. The 
ink has a sheet resistance of ~24 mΩ/sq/20µm. The viscosity 
of the ink lies in the range of 20 cP with the average particle 
size of 35 nm as mentioned in the datasheet of the 
manufacturer. 

For SP, two conductive nano silver inks were selected: 
‘Orgacon SI-P2000’ from Agfa-Gevaert (Belgium) and 
‘Loctite ECI 1011’ from Henkel (Germany). Both inks are 
highly conductive with a sheet resistance below 5 
mΩ/sq/25µm.  

2.2. Printing strategies and equipment  

An OPTOMEC AJ300 printer (ultrasonic atomizer) with a 
nozzle diameter of 300 µm was applied to investigate printing 
of RFID antennas on paper substrates. Nitrogen was used as the 
carrier gas. The printed samples were cured for 120 minutes at 
120°C in a thermal oven. The atomizer and sheath gas flows 
were optimized for good continuous printing lines with 
minimal overspray. Printing speed was in the range of 5 – 7 
mm/sec. This is crucial for controlling the deposition of the ink, 
wetting of the ink on different mentioned substrates and to 
avoid short circuits in the printed antenna. The printing was 
performed at room temperature, with 50% relative humidity.    

An ISIMAT 1000 PE semi-automatic screen printer with 
screen mesh: 140 T/cm x 31 µm PET fiber was applied to 
deposit 4 different antenna designs by SP. As a post-printing 
step, the ink was cured for 10 min at 150°C in a ventilated box 
oven. For the set of multilayer prints, the prints were just dried 
using nitrogen gas for 30 s before printing the next layer.      

 



	 Jarne Machiels  et al. / Procedia CIRP 96 (2020) 115–120� 117
 Jarne Machiels and Akash Verma/ Procedia CIRP 00 (2019) 000–000 
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photolithography, etching, wire bonding, IC packing, etc.  

Still PE offers many advantages, such as low processing and 
manufacturing cost when dealing with prototyping, product 
development and small series production. Manufacturing is also 
more flexible with respect to design, materials and integration 
opportunities. Also, it does not need cleanroom facilities, unlike 
lithographic processes. The conventional electronics industry is 
especially  unable  to produce devices with a form factor – i.e. 
to fabricate electronic devices which can bend, flex or even 
stretch and that are integrated in a shapeless substrate (as 
flexible foil, paper, textile…).  

On the other hand, PE also offers a number of limitations. 
The resolution of the printed tracks is still way lower than the 
conventional electronics. As an example, the best resolution 
that AJ®P can provide is 10 µm whereas the current EUV 
(extreme ultraviolet) lithography step can provide a resolution 
around 20 nm. Even though processes like roll–to–roll can 
increase the production yield in printed electronics 
significantly, mass production along with the high accuracy is 
yet not par level with conventional production techniques. 
Other limitations of PE over conventional electronics are 
reliability, durability, down-scaling performance and high-end 
quality [1,18]. 

1.3. Applications of Printed Electronics 

Printed Electronics has a diverse range of applications: 
pressure, humidity, temperature, chemical, etc. printed sensors, 
antennas, thin–film transistors, photovoltaics, active and 
passive components, interconnects, batteries, etc. [3,18,19,20]. 
The application of PE is also extended towards Neural and 
Tissue Engineering [21]. 

Printing of radio frequency identification (RFID) antennas 
shows promising opportunities in the field of flexible mass 
customized applications, for example wireless interaction with 
packages during transportation. In [22], Xu et al. have printed 
an RFID antenna with working frequency of 13.56 MHz using 
AJ®P and an extra step of electroplating. The electroplating 
step is an additional step which was implemented on the printed 
tracks to reduce their printed track resistances. Yuxiao et al. 
have printed an 24 GHz antenna on a 3D printed substrate [23]. 
In contrast to AJ®P, the domain of screen printed antennas have 
already been frequently investigated in the recent period by a 
number of researchers. Shin et al. report the use of SP for the 
development of UHF RFID dipole antennas on PET substrate 
[24].The work of Fernández-Salmerón et al. presents a UHF 
dipole antenna, directly screen printed on a cardboard package 
[25]. Janeczek et al. instead investigate screen printing to 
deposit HF RFID antennas on flexible magnetic sheets and 
polymeric foils [26]. According to the research of A. Pereira et 
al., the potential of SP to develop near-field communication 
(NFC) tags on coated paper substrates has also been 
demonstrated [27]. 

However, this particular study of printed antenna layouts in 

the frequency spectrum of HF RFID/NFC applications on 
paper substrates is rather limited. In addition, the combined use 
of AJ®P for prototyping and SP for small serial production of 
customized smart applications has been just little investigated, 
especially when coming to the use of AJ®P technique. In this 
paper, this particular application is studied in details. Antenna 
printing is here taking as an example of PE application. The 
working frequency, bandwidth and type of an antenna can 
indeed easily be customized by changing layout, dimensions, 
and electrical requirements, etc. which is easier for PE rather 
than for conventional methods. 

2. Materials and Methods 

2.1. Inks and substrates 

The key topic of this study is to investigate antenna printing 
via Aerosol Jet® Printing and SP by using  conductive silver 
inks on fiber-based printing substrates. Hereby, p_e:smart 
paper type 2 (Felix Schoeller, Germany) and Algro Baress 
(Sappi, Southern Africa) were studied. P_e:smart paper type 2 
is a white opaque paper-based substrate with hydrophilic 
nanoporous surface coating, which is specifically made for 
printed electronics. As reference material, the Melinex series 
ST 506 transparent PET foil (thickness: 175 µm) from DuPont 
Teijin Foils and FR4 were used for Aerosol Jet® Printing. In 
this study, the substrates were not pre-treated. 

For the Aerosol Jet® Printing, conductive silver 
nanoparticle (AgNPs) ink ‘JS-A221AE’ from Novacentrix, 
Inc, USA was selected and investigated to print antennas. The 
ink has a sheet resistance of ~24 mΩ/sq/20µm. The viscosity 
of the ink lies in the range of 20 cP with the average particle 
size of 35 nm as mentioned in the datasheet of the 
manufacturer. 

For SP, two conductive nano silver inks were selected: 
‘Orgacon SI-P2000’ from Agfa-Gevaert (Belgium) and 
‘Loctite ECI 1011’ from Henkel (Germany). Both inks are 
highly conductive with a sheet resistance below 5 
mΩ/sq/25µm.  

2.2. Printing strategies and equipment  

An OPTOMEC AJ300 printer (ultrasonic atomizer) with a 
nozzle diameter of 300 µm was applied to investigate printing 
of RFID antennas on paper substrates. Nitrogen was used as the 
carrier gas. The printed samples were cured for 120 minutes at 
120°C in a thermal oven. The atomizer and sheath gas flows 
were optimized for good continuous printing lines with 
minimal overspray. Printing speed was in the range of 5 – 7 
mm/sec. This is crucial for controlling the deposition of the ink, 
wetting of the ink on different mentioned substrates and to 
avoid short circuits in the printed antenna. The printing was 
performed at room temperature, with 50% relative humidity.    

An ISIMAT 1000 PE semi-automatic screen printer with 
screen mesh: 140 T/cm x 31 µm PET fiber was applied to 
deposit 4 different antenna designs by SP. As a post-printing 
step, the ink was cured for 10 min at 150°C in a ventilated box 
oven. For the set of multilayer prints, the prints were just dried 
using nitrogen gas for 30 s before printing the next layer.      

 



118	 Jarne Machiels  et al. / Procedia CIRP 96 (2020) 115–120
 Jarne Machiels and Akash Verma/ Procedia CIRP 00 (2019) 000–000 

2.3. Antenna design  

RFID is a two-way data transferring method of automatic 
identification and data capture, consisting of a reader device 
and a transponder or tag. This tag – with a unique ID – exists 
of a (printed) antenna to receive/send radio signals and a 
microchip (for data storage). In this study, passive high 
frequency antennas are developed resulting in a read range of 
approximately a few centimetres [28]. 

The investigated antenna designs are square-shaped, post-it 
sized loop antennas, each with their own specific number of 
tracks and track width. These passive HF RFID antennas 
resonate at 13.56 MHz base carrier frequency and should 
function with indium gallium zinc oxide thin-film transistor 
(IGZO TFT) microchips, both designed and developed by Imec 
(Leuven, Belgium).  The main electrical characteristics include 
the series resistance [Ω], inductance [µH] and RFID 
functionality by extracting the tags’ code with a reader device 
Fig. 3 shows four different loop antenna designs which are 
studied in this work.  

Because of the very limited literature on AJ®P printed 
antennas on paper, this printing concept was firstly validated 
by printing a common design of 2.4 GHz antenna (WLAN 
applications), and its Standing Wave Ratio (SWR) was 
compared  to the theoretical etched antenna; later on, the AJ®P 
strategy to prototype 13.56 MHz antenna on flexible (paper) 
substrates for smart packages was fine-tuned and prototypes 
were realized on various substrates. Sheet resistance of the 
AJ®P printed pattern was measured by a four-point probe 
device by Ossila Ltd, UK. The microscopic images were taken 
by a Hirox KH8700 optical microscope. Standing Wave Ratio 
(SWR) was measured by ENA series (E5061B), Network 
Analyzer from Agilent Technologies. Successively, the 
antenna layouts of Fig. 3 were screen printed on p_e:smart 
paper type 2 by using the Orgacon and Loctite nano silver inks. 
For each ink-paper-design combination, 25 different antennas 
were deposited for a total of 200 antennas, as show case of the 
ability of screen printing to scale-up customised smart devices 
to (small) serial production. The screen printed antenna’s 
layouts were electrically characterized on RFID functionality 
with the thin-film microchip by extracting the tag’s code.  

3. Results and discussion 

3.1. Aerosol Jet® Printed Antennas 

Comparison with etched antennas: Fig. 4 shows the Standing 
Wave Ratio (SWR) of a 2.4 GHz (working frequency (fc)) 
antenna by AJ®P with Metalon® ‘JS-A221AE’. The SWR 
(Standing Wave Ratio) was measured with a Network  

     

Fig. 4: Standing Wave Ratio (SWR) of a 2.4 GHz Aerosol Jet® Printed antenna 
on a FR4 board for the sake of comparison with conventionally etched antenna 
(i.e. on rigid substrates). A SWR of 1:1 means exact impedance matching and 
no loss in the transmission line.   

Analyzer. In an ideal case, SWR of 1:1 means exact impedance 
matching and no loss in the transmission line.  In our case, 
SWR is 1.08. This portrays the close match of the impedance 
of the load and the impedance of the transmission line carrying 
the RF signal between AJ®P and conventionally etched antenna 
design. This infer that the AJ®P can be enabling tool for the 
fabrication of any antenna layout. 
 

3.1.1. Electrical characterization of printed tracks on 
different substrates 

Fig. 5 shows the variation of sheet resistance vs the number 
of AJ® printed layers for various rigid and flexible substrates, 
including paper. The investigation is necessary to fine tune the 
AJ®P strategy to prototype printed antennas for customised 
applications on flexible (paper based) substrates, as luxury, 
smart packages, e.g. enabling to identify the content status. It 
can be seen that the sheet resistances decrease significantly 
until layer 4 and then starts to saturate relatively. This decrease 
of the resistance is due to the increase in the thickness of the 
printed tracks. All the substrates follow a similar trend, for 
exception of PET foils, as comparison, thefirst layer provides 
relatively high sheet resistance (576 ± 0.675 mΩ/sq) values as 
compared to the other substrates but starting from 2 layers, the 
sheet resistance values are in the same range as the other 
antennas. The reason for higher resistance value of the first 
layer of the Ag ink on the PET foil could be the first layer is 
not conductive enough due to less amount of material deposited 
and chemical interaction of ink-substrate. 

 
3.1.2. Prototyping of Antennas on different substrates. 
Fig. 6 shows the digital images of the printed tracks of the 

printed antennas (L6 design) on different types of substrates, 
including paper. The print quality is good, without overspray, 
fully dense and continuous. This also reveals the ability of 
AJ®P to print on a different class of substrates. Successful 
printing was done on FR4, PET and two different paper 
substrates. 

FR4 was chosen as positive reference against conventional 
etching process. The rest of the substrates, two different types 
of papers and PET, are intrinsically flexible substrates which 
provide the flexibility and bendability to the printed prototypes 
of the antennas. These prototypes were not characterized but 

Fig. 3: Designs of high frequency RFID loop antennas with number of turns 
ranging from 4 to 6 turns, variable linewidth from 500 µm to 1600 µm and 
interspace ranging from 400 to 500 µm. The total size is in the range of 40 mm 
x 50 mm. Lx labels are the specific label investigated. 
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they showcase the potential of AJ®P to be a successful 
technology for Rapid Prototyping of flexible devices.      

The series resistances of the antennas printed on Algro 
Baress, PET, p_e:smart paper type 2 and FR4 are 21 Ω, 51 Ω, 
65 Ω, 49 Ω, respectively. All the antennas except p_e:smart 
paper type 2 were printed with 4 layers. A number of 
limitations, in case of AJ® Printing of the HF RFID, were also 
identified: 

 
 Long printing time (~ 2 hrs for an antenna design) 
 Low sintering temperature preferred for paper substrates 
 Problems in adhesion and wetting with p_e:smart paper 

type 2   
 

Electrical series resistance meet the requirements for the 
functional antenna and good quality printing has been 
observed. 

 

Fig. 5: Sheet resistance vs  n.# of Aerosol Jet® Printed layers with silver ink JS-
221AE on different substrates.  

 

Fig. 6:  Digital images of AJ® Printed  L6 design antenna tracks on (a) Algro 
Baress (b) PET (c) printed tracks of antenna on Algro Baress 2 (d) printed 
tracks of antenna on PET 

3.2. Screen Printed Antennas      

Fig.7 shows the performance obtained for the screen printed 
antennas, in function of the particular design, ink and substrates 
used. As shown, due to the diversity in ink composition, track 
width, loop design and loop distance, the correct RFID 
functioning alters significantly for each ink-paper-design 
combination (Fig. 7).  

The L18 design did not generate functional antennas, i.e. no-  
communication occurred between the thin-film microchip and 
the reader device. The high track width of this design results in 
too low values of series resistance (19,3 ± 0,2 Ω) to pass the 
RFID functioning. In general, the L11 design does also not 
result in functional antennas while the other designs (L6 and 
L15) correspond moderately to the working range of the 
microchip’s bandwidth. The entire selection of L6 antennas 
printed with ‘Orgacon SI-P2000’ ink transmits any code from 
the microchip to the reader device. This ink-paper-design 
combination looks most promising for printed HF RFID 
antennas and for that reason, the L6 antenna design is selected 
for further investigation.  

As second step of the printed antenna development, the 
standard label material Algro Baress was investigated 
regarding printability of functional HF RFID antennas. Hereby, 
both conductive nano silver inks were screen printed 10 times 
referring the L6 antenna design. Based on the RFID 
functioning test, the series resistance and the inductance 
measurements, the antennas printed with ‘Orgacon SI-P2000’ 
ink showed unfavorable results: 90% of the antennas were not 
functional. The inductance of the non-working antennas was 
2,13 ± 0,17 µH resulting in too high values of the antennas’ 
quality parameter Q (Eq. 1) 

 
𝑄𝑄 =   𝑅𝑅/(2  𝜋𝜋 𝑓𝑓 𝐿𝐿)  (1) 

 
with R is the series resistance [Ω], f is the frequency [Hz] and 
L is the inductance [H]. Too low Q values indicate weak energy 
transfer and other limitations that prevent data from being 
filtered. In contrast, too high Q values (as observed) indicate 
that a big amount of energy is being captured by the antenna 
and for that reason, the antenna functions as a filter for the 
requested data. Nevertheless, one tags’ code of this ink-paper 
combination could be correctly extracted with the reader 
device; the antenna’s inductance and series resistance were 
2,92 µH and 48,3 Ω, respectively.  

In contrast to ‘Orgacon SI-P2000’, the deposition of 
‘Loctite ECI 1011’ ink onto the Algro Baress substrate led to 
100% of functional L6 antennas. The inductance and series 
resistance were 2,98 ± 0,01 µH and 23,4 ± 1,2 Ω, respectively. 
According to Eq. 1, the antennas has a Q factor of 0,09 resulting 

Fig. 7: RFID functioning of printed antennas on p_e:smart paper type 2 (A: 
‘Orgacon SI-P2000’ and B: ‘Loctite ECI 1011’ 
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2.3. Antenna design  

RFID is a two-way data transferring method of automatic 
identification and data capture, consisting of a reader device 
and a transponder or tag. This tag – with a unique ID – exists 
of a (printed) antenna to receive/send radio signals and a 
microchip (for data storage). In this study, passive high 
frequency antennas are developed resulting in a read range of 
approximately a few centimetres [28]. 

The investigated antenna designs are square-shaped, post-it 
sized loop antennas, each with their own specific number of 
tracks and track width. These passive HF RFID antennas 
resonate at 13.56 MHz base carrier frequency and should 
function with indium gallium zinc oxide thin-film transistor 
(IGZO TFT) microchips, both designed and developed by Imec 
(Leuven, Belgium).  The main electrical characteristics include 
the series resistance [Ω], inductance [µH] and RFID 
functionality by extracting the tags’ code with a reader device 
Fig. 3 shows four different loop antenna designs which are 
studied in this work.  

Because of the very limited literature on AJ®P printed 
antennas on paper, this printing concept was firstly validated 
by printing a common design of 2.4 GHz antenna (WLAN 
applications), and its Standing Wave Ratio (SWR) was 
compared  to the theoretical etched antenna; later on, the AJ®P 
strategy to prototype 13.56 MHz antenna on flexible (paper) 
substrates for smart packages was fine-tuned and prototypes 
were realized on various substrates. Sheet resistance of the 
AJ®P printed pattern was measured by a four-point probe 
device by Ossila Ltd, UK. The microscopic images were taken 
by a Hirox KH8700 optical microscope. Standing Wave Ratio 
(SWR) was measured by ENA series (E5061B), Network 
Analyzer from Agilent Technologies. Successively, the 
antenna layouts of Fig. 3 were screen printed on p_e:smart 
paper type 2 by using the Orgacon and Loctite nano silver inks. 
For each ink-paper-design combination, 25 different antennas 
were deposited for a total of 200 antennas, as show case of the 
ability of screen printing to scale-up customised smart devices 
to (small) serial production. The screen printed antenna’s 
layouts were electrically characterized on RFID functionality 
with the thin-film microchip by extracting the tag’s code.  

3. Results and discussion 

3.1. Aerosol Jet® Printed Antennas 

Comparison with etched antennas: Fig. 4 shows the Standing 
Wave Ratio (SWR) of a 2.4 GHz (working frequency (fc)) 
antenna by AJ®P with Metalon® ‘JS-A221AE’. The SWR 
(Standing Wave Ratio) was measured with a Network  

     

Fig. 4: Standing Wave Ratio (SWR) of a 2.4 GHz Aerosol Jet® Printed antenna 
on a FR4 board for the sake of comparison with conventionally etched antenna 
(i.e. on rigid substrates). A SWR of 1:1 means exact impedance matching and 
no loss in the transmission line.   

Analyzer. In an ideal case, SWR of 1:1 means exact impedance 
matching and no loss in the transmission line.  In our case, 
SWR is 1.08. This portrays the close match of the impedance 
of the load and the impedance of the transmission line carrying 
the RF signal between AJ®P and conventionally etched antenna 
design. This infer that the AJ®P can be enabling tool for the 
fabrication of any antenna layout. 
 

3.1.1. Electrical characterization of printed tracks on 
different substrates 

Fig. 5 shows the variation of sheet resistance vs the number 
of AJ® printed layers for various rigid and flexible substrates, 
including paper. The investigation is necessary to fine tune the 
AJ®P strategy to prototype printed antennas for customised 
applications on flexible (paper based) substrates, as luxury, 
smart packages, e.g. enabling to identify the content status. It 
can be seen that the sheet resistances decrease significantly 
until layer 4 and then starts to saturate relatively. This decrease 
of the resistance is due to the increase in the thickness of the 
printed tracks. All the substrates follow a similar trend, for 
exception of PET foils, as comparison, thefirst layer provides 
relatively high sheet resistance (576 ± 0.675 mΩ/sq) values as 
compared to the other substrates but starting from 2 layers, the 
sheet resistance values are in the same range as the other 
antennas. The reason for higher resistance value of the first 
layer of the Ag ink on the PET foil could be the first layer is 
not conductive enough due to less amount of material deposited 
and chemical interaction of ink-substrate. 

 
3.1.2. Prototyping of Antennas on different substrates. 
Fig. 6 shows the digital images of the printed tracks of the 

printed antennas (L6 design) on different types of substrates, 
including paper. The print quality is good, without overspray, 
fully dense and continuous. This also reveals the ability of 
AJ®P to print on a different class of substrates. Successful 
printing was done on FR4, PET and two different paper 
substrates. 

FR4 was chosen as positive reference against conventional 
etching process. The rest of the substrates, two different types 
of papers and PET, are intrinsically flexible substrates which 
provide the flexibility and bendability to the printed prototypes 
of the antennas. These prototypes were not characterized but 

Fig. 3: Designs of high frequency RFID loop antennas with number of turns 
ranging from 4 to 6 turns, variable linewidth from 500 µm to 1600 µm and 
interspace ranging from 400 to 500 µm. The total size is in the range of 40 mm 
x 50 mm. Lx labels are the specific label investigated. 
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they showcase the potential of AJ®P to be a successful 
technology for Rapid Prototyping of flexible devices.      

The series resistances of the antennas printed on Algro 
Baress, PET, p_e:smart paper type 2 and FR4 are 21 Ω, 51 Ω, 
65 Ω, 49 Ω, respectively. All the antennas except p_e:smart 
paper type 2 were printed with 4 layers. A number of 
limitations, in case of AJ® Printing of the HF RFID, were also 
identified: 

 
 Long printing time (~ 2 hrs for an antenna design) 
 Low sintering temperature preferred for paper substrates 
 Problems in adhesion and wetting with p_e:smart paper 

type 2   
 

Electrical series resistance meet the requirements for the 
functional antenna and good quality printing has been 
observed. 

 

Fig. 5: Sheet resistance vs  n.# of Aerosol Jet® Printed layers with silver ink JS-
221AE on different substrates.  

 

Fig. 6:  Digital images of AJ® Printed  L6 design antenna tracks on (a) Algro 
Baress (b) PET (c) printed tracks of antenna on Algro Baress 2 (d) printed 
tracks of antenna on PET 

3.2. Screen Printed Antennas      

Fig.7 shows the performance obtained for the screen printed 
antennas, in function of the particular design, ink and substrates 
used. As shown, due to the diversity in ink composition, track 
width, loop design and loop distance, the correct RFID 
functioning alters significantly for each ink-paper-design 
combination (Fig. 7).  

The L18 design did not generate functional antennas, i.e. no-  
communication occurred between the thin-film microchip and 
the reader device. The high track width of this design results in 
too low values of series resistance (19,3 ± 0,2 Ω) to pass the 
RFID functioning. In general, the L11 design does also not 
result in functional antennas while the other designs (L6 and 
L15) correspond moderately to the working range of the 
microchip’s bandwidth. The entire selection of L6 antennas 
printed with ‘Orgacon SI-P2000’ ink transmits any code from 
the microchip to the reader device. This ink-paper-design 
combination looks most promising for printed HF RFID 
antennas and for that reason, the L6 antenna design is selected 
for further investigation.  

As second step of the printed antenna development, the 
standard label material Algro Baress was investigated 
regarding printability of functional HF RFID antennas. Hereby, 
both conductive nano silver inks were screen printed 10 times 
referring the L6 antenna design. Based on the RFID 
functioning test, the series resistance and the inductance 
measurements, the antennas printed with ‘Orgacon SI-P2000’ 
ink showed unfavorable results: 90% of the antennas were not 
functional. The inductance of the non-working antennas was 
2,13 ± 0,17 µH resulting in too high values of the antennas’ 
quality parameter Q (Eq. 1) 

 
𝑄𝑄 =   𝑅𝑅/(2  𝜋𝜋 𝑓𝑓 𝐿𝐿)  (1) 

 
with R is the series resistance [Ω], f is the frequency [Hz] and 
L is the inductance [H]. Too low Q values indicate weak energy 
transfer and other limitations that prevent data from being 
filtered. In contrast, too high Q values (as observed) indicate 
that a big amount of energy is being captured by the antenna 
and for that reason, the antenna functions as a filter for the 
requested data. Nevertheless, one tags’ code of this ink-paper 
combination could be correctly extracted with the reader 
device; the antenna’s inductance and series resistance were 
2,92 µH and 48,3 Ω, respectively.  

In contrast to ‘Orgacon SI-P2000’, the deposition of 
‘Loctite ECI 1011’ ink onto the Algro Baress substrate led to 
100% of functional L6 antennas. The inductance and series 
resistance were 2,98 ± 0,01 µH and 23,4 ± 1,2 Ω, respectively. 
According to Eq. 1, the antennas has a Q factor of 0,09 resulting 

Fig. 7: RFID functioning of printed antennas on p_e:smart paper type 2 (A: 
‘Orgacon SI-P2000’ and B: ‘Loctite ECI 1011’ 
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in complete functionality with the thin-film microchip. Hence, 
the combination of ‘Loctite ECI 1011’, Algro Baress substrate 
and L6 antenna design is concluded to be successful for SP 
passive HF RFID antennas on paper substrates. Hereby, the 
antenna’s inductance value should be approximately 3,00 ± 
0,10 µH to meet the requirements of RFID functioning with the 
used IGZO-TFT microchip. The electrical resistance and 
inductance of this combination meets the requirements for the 
100% functioning of the multiple printed antennas with the 
microchip. It showcases the SP can be effective tool for 
producing reliable customized antennas. 

4. Conclusions: 

In the context of AJ®P, different rigid and flexible 
substrates were investigated with test designs. By using those 
parameters, design L6 was printed on four different substrates.  
This showcased the potential of AJ®P as a rapid prototyping 
method whereas SP is more favourable for end product for 
flexible mass customized applications.  

Flexible HF RFID antennas designs were printed by SP on 
fiber-based paper substrates and characterized successfully.  
This antenna is chosen as a single printed element out of 
numerous applications of PE. Different inks, substrates and 
designs were investigated to find out the optimal ink-paper-
design combination (Loctite ECI 1011, Algro Baress, L6 
design) for SP on the basis of printability, performance and 
antenna functionality. The functionality of this HF RFID 
antenna can be used in the “smart-packaging” applications of 
numerous products.      

The successful prototyping by AJ®P of fully printed 
customized antenna  and SP of functional antenna infers that 
these printing methods can be used as production method in the 
value chain. This implies that Printed Electronics can be an 
enabling technology for the development and manufacturing of 
flexible mass customized electronics applications and devices. 
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