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Gorazd Golob
Editor-in-Chief

E-mail: gorazd.golob@jpmtr.org 
journal@iarigai.org

A letter from the Editor

The latest issue of the Journal in 2020 rounds off the time when the lives of all of 
us have changed, but the authors, reviewers, editors, and users have enabled its 
smooth publication by their contribution.

This time, four interesting papers have been published in scientific content. 
The overview begins with the first original scientific paper dealing with a 
3D-printed spectral verification system for colorimetric biosensors, based on 
gold nanoparticles aggregation that changes their colour when cysteine analyte 
is added, which affects the spectral transmission of the sensor. In another original 
scientific paper, the optimization of the milling process for water-based printing 
inks is discussed based on the determination and optimization of parameters 
influencing the optimal specific energy consumption and the size of the dispersed 
pigment particles in the printing ink.

Two more research papers follow. The first is a report on an extensive survey 
of paper metrics as predictors of the quality of inkjet printers, and the second 
discusses the competencies and tools of higher education graphic communica-
tions programs. The content of both is non-conventional, as in the first case a 
large number of samples and several equipment manufacturers are included in 
the research, while in educational programs the emphasis is on the expectations 
and requirements of industrial partners and not primarily on the educational 
institutions.

The Topicalities are shorter for two pages of Events affected by pandemic sit-
uation and measures, however, Markéta Držková (marketa.drzkova@jpmtr.org) 
collected and edited some interesting information for us. Update on CIE publica-
tions and most important Fogra activities in the last year are presented in News 
& more section. In the overview of the Bookshelf, the books are listed from the 
fields of printed electronics, 3D printing materials, media, colour science, typog-
raphy, design, and history.

The overview of three interesting doctoral dissertations begins with the thesis 
defended by Titas Braukyla at the Kaunas University of Technology. The author 
investigated functional Tröger molecules for optoelectronic applications 
including perovskite solar cells and light-emitting materials. The second thesis 
was defended by Aditya Suneel Sole at the Norwegian University of Science 
and Technology in Gjøvik. The author investigated a self-designed image-based 
measurement setup for flexible packaging print materials with complex optical 
properties. The third thesis is based on the research of roll-to-roll reverse 
offset printed millimeter-wave antennas on flexible substrates, presenting their 
fabrication, methods for quantification of radiation performance, efficiency and 
stability of the chosen printing method, and materials used. The author Jianfang 
Zheng defended his thesis at Aalto University in Espoo. 
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The list of events is shorter than usual due to many conferences, seminars, and 
fairs canceled or postponed for a few months or even a year. Even the events 
which will be held in the next months are at least partly planned as online events. 
An overview of changes in the announcement of new dates or form of the events 
is added together with some information for attendees. Some new dates are 
considering the optimistic scenario, however, any further changes due to the 
pandemic situation cannot be excluded.

With 14 scientific contributions and one technical paper published in Volume 9 
(2020), we achieved the main goal of the Journal, the well-established channel 
dedicated to the dissemination of the knowledge and research results in the field 
known as print and media technology. We are optimistic also at the beginning of 
the new year. In the name of the editorial team, I wish you a healthy and happy 
new year 2021, with successfully fulfilled research and academic goals.

Ljubljana, December 2020
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1.  Introduction and background

There is a growing need to easily and rapidly detect spe-
cific molecules in a sample and biosensors are on the 
rise to fulfil it. The best-known example is the detection 
of the blood sugar level of diabetics, but there are many 
more applications in healthcare, consumer goods, or 
environmental protection. For instance, pathogens are 
being detected to stop the spread of illnesses (Ecker, 
et al., 2008), residues of antibiotics in food are being 
monitored to avoid antibiotic resistance (Wegener, 
2003), contaminations of water and air are examined 
to protect the environment (Justino, Duarte and Rocha-

Santos, 2017), and many more. We have picked a spe-
cific kind of colorimetric biosensor, which before only 
existed as a laboratory assay, to upgrade it into a ready-
to-use biosensor. After giving the definition of a bio-
sensor and introducing these colorimetric biosensor 
assays, we will state the specific aim of our research.

1.1  Biosensors

The International Union of Pure and Applied Chemistry 
(IUPAC) defined in Thévenot, et al. (2001) that a bio-
sensor is a device that transforms chemical informa-
tion, e.g. concentration of a specific analyte in a sample, 
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Development and validation of a 3D-printed spectral 
verification system for colorimetric-based biosensors

Jacqueline Balles1,2, Robert Reiners1, Dieter Spiehl1,2, Edgar Dörsam1,2 and Andreas Blaeser2,3

1 Technical University of Darmstadt, Department of Mechanical Engineering,� stamm@idd.tu-darmstadt.de 
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Abstract

We propose a method to transfer colorimetric assays based on gold nanoparticle aggregation from the laboratory to 
clinics, practices, or even to an application at home, by creating printed biosensors. While colorimetric assays need 
laboratory equipment and trained personnel, our printed biosensors (through manual pipetting) are storable, porta-
ble and usable from anyone anywhere. The method is verified using a model system for detection of the analyte amino 
acid cysteine (cys) and a spectral experimental setup in transmission. The model system consists of dispersed gold 
nanoparticles, which aggregate after cys addition. The biosensor is created by pipetting droplets of a gold nanopar-
ticle solution onto the carrier Hostaphan GN 4600. Its functionality is sustained during the drying process through 
an addition of glucose, which preserves the gold nanoparticles from aggregation through its amorphous state. The 
glucose mixture can be kept amorphous over a long time by controlling the surrounding humidity with silica gel beads 
in an airtight container. The sample mount for the experimental setup is 3D-printed and designed to measure the 
spectral transmittance of the biosensor before and after analyte addition. The characterization of the setup suggests 
to expect coefficients of variation below 1 %, which validates its use. The biosensor and transmission spectrometer 
are tested with analyte concentrations between 10 mM and 50 mM. After a successful verification the printed bio-
sensor would be ready to be evaluated without special equipment, meaning visually or with commercially available 
imaging techniques. Keeping in mind the possible application at home, the most obvious solution is using your own 
eyes or smartphone. These methods are discussed in the outlook.

Keywords: spectrometer, gold nanoparticle aggregation, color change, ready to use, printed biosensor
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into an analytically useful signal. To be more precise, a 
biosensor consists of several parts working together, 
as visualized in Figure 1. It represents what we plan to 
achieve in the future. In this paper we only analyze the 
transducer part. The recognition element works with a 
biochemical mechanism and is coupled via an interface 
to the transducer, which transforms the output from 
the recognition element into a measurable signal that 
is usually amplified.

Figure 1: Schematic representation of a specific 
colorimetric biosensor based on gold nanoparticles

1.2  Biosensor assays using gold nanoparticle 
aggregation

One way to realize colorimetric biosensors is by using 
gold nanoparticles (AuNP) and their color change 
through aggregation as transducer element. The phys-
ical phenomenon that enables the intense colors of 
AuNP ranging from red over purple to blue is called the 
localized surface plasmon resonance (LSPR). Details on 
the LSPR can be obtained in the review from Petryayeva 
and Krull (2011) amongst others. The essence is that 
the colors are caused by specific absorption spectra 
that are linked to the particle agglomeration size. 

Figure 2: Absorption spectra of gold nanoparticles 
dispersed (A) and aggregated after cys addition (B, C), 

measured in liquid state with a well plate reader, 
where (D) visualizes schematically the aggregation 

by cys; altered from Zhong, et al. (2004)

Figure 2 depicts the general idea: a well distributed 
solution of AuNPs in buffer solution absorbs wave-
lengths in the green region and appears red (A). If the 
particles get agglomerated or linked to bigger clusters, 
the absorption peak broadens and shifts to higher 
wavelengths; accordingly, the color shifts to purple (B) 
or blue (C). This so-called aggregation can be brought 
about in different ways, which can be categorized 
into specific and unspecific aggregation. Examples for 
unspecific aggregation are destabilization mechanisms 

or unspecific linkers, e.g. the amino acid cysteine (cys). 
Cys binds to the surface of AuNP with the NH3

+ and SH 
end groups (D) and creates links that form clusters. 

If AuNP are used as a transducer in biosensors, only 
aggregation as a reaction to the specific analyte is 
wanted. This is called specific aggregation and can be 
realized by functionalizing the AuNP surface with rec-
ognition elements. A good overview on the possible 
detector designs of AuNP based colorimetric biosen-
sors is given by Zhao, Brook and Li (2008). One recog-
nition element with high affinity and selectivity that is 
often used in this context are aptamers. They are single 
stranded DNA or RNA nucleic acids that bind through 
their complex 3D structure. Biosensors with aptamers 
as recognition element are called aptasensors. To give 
some examples on AuNP based aptasensors: Shi, et al. 
(2013) measured acetamiprid in soil samples, Song, 
et al. (2011) sensed the antibiotic kanamycin, Wei, et 
al. (2007) detected the protein thrombin, and Zheng, 
Wang and Yang (2011) determined dopamine levels. All 
of these biosensors have in common, that they are eval-
uated in liquid form using test tubes or micro plates 
and are dependent on the laboratory equipment and 
personnel. The absorption curves of the liquids are 
measured and presented as intensity ratios over ana-
lyte concentration and show either a linear or loga-
rithmic behavior. Therefore, we refer to these kinds of 
biosensors as assays. 

1.3  Printing biosensors

Generally, printing techniques can be divided into 
conventional and digital printing. Conventional print-
ing always needs a printing plate, while digital print-
ing has the advantage of easily adjustable layout and 
usually smaller dead-beat volumes (Rech, 2000). The 
different digital printing techniques differ in amount 
of transferred ink. Inkjet transfers droplets with vol-
umes of several pico liters (Hoath, 2016), pipetting and 
spotting are in the range of micro liters (Zhao, et al., 
2008) and pneumatic dispensing works by depositing 
lines or dots of micro liter volumes with a controlled, 
pressurized air source (Komuro, et al., 2013). Printing 
of biomaterials often means pipetting or dispensing. 
Here we use Eppendorf Research plus pipettes for 
manual pipetting to deposit the model system, but in 
future research this step can be automated.

1.4  Aim of research

The ultimate goal of our research is to bring biosen-
sor assays based on gold nanoparticle aggregation 
from the laboratory into small clinics and homes by 
printing portable biosensor test strips. The difficulty 
of printing these kinds of biosensors lies in preserving 
the dispersed status of the AuNP during the drying and 
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storing process. Without additives the water within 
the deposited AuNP droplets will evaporate and leave 
aggregated AuNP behind. In order to prevent prema-
ture nanoparticle aggregation additives are required. 
In the literature, different types of sugars have suc-
cessfully been applied for this task, e.g. in paper-based 
biosensors (Zhao, et al., 2008) or the conjugate pads 
of lateral flow tests (Choi, et al., 2010). Thus, the appli-
cability of different sugars as additives were tested 
within this study. 

The research described in this paper represents the 
first step: a printed unspecific biosensor, which can 
detect cys and a spectral measuring setup to verify its 
functionality. The idea is to start with an unspecific 
platform technology and later transfer it to a specific 
AuNP biosensor. In previous work we have been suc-
cessful with a similar transfer. In Jaeger, et al. (2019) we 
printed a biosensor onto filter paper detecting the anti-
biotic ciprofloxacin based on fluorescence. The work 
was based on printing DNA and DNA dyes as an unspe-
cific biosensor, which was presented at the IARIGAI 
conference in 2018 and published in the JPMTR one 
year later (Stamm, et al., 2019).

2.  Materials and methods

2.1  Construction of the transmission spectrometer

To verify the functionality of the printed biosensor 
we needed an experimental setup to measure the 
absorption spectra. In the liquid state AuNP absorp-
tion spectra are usually measured by absorbance 
microplate readers. For this we used the CLARIOstar 
Plus microplate reader from BMG LABTECH. It works 
by sending a light beam with intensity I0 through the 
probe and measuring the intensity I afterwards. The 
transmittance T is then calculated by the ratio of the two 
intensities and the absorbance A by the logarithm of T:

𝑇𝑇 =
𝐼𝐼
𝐼𝐼$
,														𝐴𝐴 = −𝑙𝑙𝑙𝑙𝑙𝑙,$𝑇𝑇 	 [1]

The printed biosensor could not be evaluated using a 
microplate reader, because it is only built for homo-
geneous liquids. We needed a setup that will average 
over the whole sample by using one bigger light beam.  
For this purpose, we created a transmission spectrom-
eter with a 3D-printed mount and a Nanocalc 2000 
UV-Vis-NIR spectrometer. The spectrometer measures 
light intensities in counts over wavelengths. Over and 
underexposure can be adjusted by varying the integra-
tion time. The wavelengths are covered in 1 nm steps 
between 201 nm and 890 nm. To operate it in transmis-
sion mode another UV-Vis-NIR optical fiber was needed 
(30–1 100 nm from Ocean Optics) and a 74-UV collima-
tor lens (Φ 5 mm; 185–2 500 nm from Ocean Optics). 

A mount was 3D-printed to hold everything together 
and specimen holders were also 3D-printed to enclose 
the sample and position it in the light beam. All parts 
were created with the 3D printer Prusa i3 MK3 and the 
material polylactic acid (PLA) through Fused Filament 
Fabrication.

2.2  Characterization of the transmission 
spectrometer

To validate the measurements with the transmis-
sion spectrometer it needed to be characterized. The 
warm-up phase could be derived from the average 
coefficients of variation (CV) between the light source 
spectra of increasing time. Crosstalk could be exam-
ined by using a laser diode from Laser Components, 
type: FP-D-450-1-C-C, with a peak at 450  nm and a 
peak width at half-height of 1–2 nm. The repeatability 
of transmission measurements could be validated by 
comparing the CVs of several measurements from fixed 
scenarios. For this purpose, we used the green optical 
cast plastic color filter from Edmund optics with the 
stock number 43-935. A time dependency was exam-
ined by 19 measurements of the same filter with the 
same specimen holder, without removing it, and with-
out calibration in between. This series was compared 
to a well plate reader measurement. The repositioning 
accuracy was tested for one and for different specimen 
holders, by reinserting it 19 times. Finally, a recalibra-
tion was made in between measurements to test its 
effect on the CVs. 

2.3  Biosensor fabrication

The model system used in this research was the well-
known AuNP aggregation by addition of the analyte 
cys, as introduced in Figure 2. The biosensor consisted 
of 3 µl printed ink droplets on a carrier material. The 
ink was a mixture of AuNP and additives. The pre-
treated side of polyethylene terephthalate (PET) foil 
Hostaphan GN 4600 from Mitsubishi Polyester Film 
GmbH was selected as carrier for the sensor system. 
The biosensor was evaluated by pipetting the analyte 
solution onto the dried AuNP droplets. 

2.4  Ink and analyte fabrication

The ink was prepared by blending AuNPs and additives 
by the mixing ratios of 1:1, 2:1 or 2:3 to reduce the orig-
inal concentrations. The additives were needed to pre-
vent premature aggregation of the AuNP during drying 
and storing. The AuNP were concentrated as follows: 

•	 The store bought AuNP (Sigma Aldrich, prod.
no.: 777137, USA) solution came in citrate buffer 
and had a concentration of 1.64 × 1012 particles per 
ml which equals 2.72 nM. The 10× and 20× solutions 
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were produced by centrifugation and removal of 
the supernatant; 10× equals 90 % removal and 20× 
equals 95 % removal. 

•	 The concentrations of the additives sucrose 
(Sucrose, Sigma Aldrich, prod. no.: S7903 USA), 
glucose (D(+)-Glucose, Carl Roth, prod.no.: X997.2, 
Germany), fructose (D(-)-Fructose, VWR, prod. no.: 
24282.290, Germany), agarose (Agarose, low gel-
ling temperature, Sigma Aldrich, prod. no.: A9414-
100G, USA) and alginate (Alginic acid sodium salt 
from brown algae, Sigma Aldrich, prod. no.: 71238-
250G, USA) were prepared in weight percentages, 
by being dissolved in osmose water. Isopropanol 
(Böttcherin IPA, Felix Böttcher, prod. no.: 10501, 
Germany) was used as delivered. 

•	 The analyte solutions were prepared by creat-
ing a stock solution and diluting it to the desired 
molar concentrations. A 1  M stock solution was 
prepared by dissolving 1.2116 g of cys (L-Cysteine, 
Sigma Aldrich, prod. no.: W326305, USA) in 10 ml of 
osmose water. Dilutions between 5 mM and 50 mM 
were used.

2.5  Drying and storage of biosensors

The phenomenon of amorph sugars crystallizing has 
been observed by papers on related research topics. 
Labuza and Labuza (2004) studied the stability of cot-
ton candy, which consists of sucrose. They found that 
by storing it at room temperature with reduced humid-
ity between zero and 11  % the cotton candy stayed 
amorphous for up to 2 years. As the humidity increases 
the time until crystallization decreases. The explana-
tion is that to stay amorphous the sugar has to stay 
at or above the glass transition temperature, which 
is related to the given relative humidity. Leinen and 
Labuza (2006) explored the possibility to add a small 
percent of another sugar to an amorphous sucrose sys-
tem to increase its stability. 

The drying behavior and storage over 4 weeks were 
investigated at the example of the additive sucrose. The 
ink was prepared by using 10× AuNP and 30 % sucrose 
at a mixing ratio of 2:1. There were four conditions 
used to dry 3 µl droplets of the ink on the Hostaphan 
foil: open, in the oven, in the fridge and dehumidified. 
The open samples were exposed to 25 °C and 45 % air 
relative humidity. The oven samples were dried for 
1.5 hours in a 60 °C oven and then stored in the open. 
The fridge samples were immediately put in a box and 
stored at 4 °C. The dehumidified samples were stored 
in airtight containers with silica gel beads (Carl Roth, 
prod. no.: 2440, Germany). The beads have an incorpo-
rated indicator, which changes the beads’ color from 
dark blue to pink at saturation. The humidity in the 

box was measured to be lower than 20 %, by the dig-
ital Thermo-Hygrometer (VWR, prod. no.: 620-0915, 
Germany). But the humidity could be considerably 
lower, as the color of the beads stayed blue for months 
when the box stayed unopened.

3.  Results and discussion 

The present study describes the development and val-
idation of a 3D-printed spectral verification system 
for colorimetric-based biosensors focusing on two 
objectives. First, the suitability of different sugars and 
polysaccharides as nanoparticle aggregation prevent-
ing additives were tested on an unspecific biosensor. 
Second, the development of a spectral setup to validate 
the functionality of the printed biosensor is presented. 

3.1  Experimentally optimizing the biosensor 
fabrication

We evaluated the suitability of the different additives 
qualitatively by observation with the human eye. The 
additives and the AuNP solutions were prepared as 
explained in Section 2. The ink was prepared by mixing 
both solutions in the stated mixing ratio. The suitabil-
ity experiment consisted of two steps.

First several 3  µl droplets of each ink were pipetted 
onto the foil and let dry for approximately one hour. 
The color is supposed to stay red. In a second step dif-
ferent concentrations of the aggregation analyte were 
pipetted on top. Only after the second step the color is 
supposed to change. In our experiments the first step 
was successful with sucrose, glucose, fructose and alg-
inate. Nearly homogeneous droplets were formed dur-
ing the drying process. However, in the second step the 
biosensor with alginate did not change its color after 
analyte addition.

Between the suitable analytes glucose was chosen for 
transmission measurements of the biosensor, because 
it yielded the fastest color change after analyte addi-
tion. Additionally, other additives and compositions 
were tested, which did not yield promising results. All 
results are summarized in Table 1.

While strong colors could be observed in reflection 
with 20× AuNP and mixing ratios of 1:1 with glucose, 
the absorption is too high for the transmission spec-
trometer to yield good results. This is why the mix-
ing ratio was reduced to 2:3. The color change of the 
biosensor used for transmission measurements is 
shown in Figure 3. The pictures before aggregation 
were obtained after a 24-hour drying period and the 
after-aggregation pictures were obtained 40 minutes 
after cys addition.
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Figure 4: Photographs of the results of the drying and 
storing experiment with 3 µl drops of 2:1 10× AuNP and 
30 % sucrose after four weeks; nine samples are shown 
for each condition: open, oven, fridge and dehumidified, 
which are either aggregated, crystallized or functional; 

one exemplary sample of each state is magnified

3.2  Buildup and characterization 
of a transmission spectrometer

The measuring setup and specimen holders are shown 
in Figure 5; the construction and light path are illus-
trated in Figure 6. The mount was constructed to meet 

Figure 3: Photograph of four pipetted unspecific 
biosensors: the droplets consist of 2:3 AuNP (20×) and 
glucose (50 %), they were captured under D65 lighting 

panel before and after aggregation with 3 µl of 
different cys solutions

The results of the drying and storing experiment for 
four weeks are shown in Figure 4. If the drops were left 
in the open, they aggregated (blue dots) or crystallized 
(lighter dots). At high temperatures even more drops 
crystallized. Storage at low temperatures lead to no 
visible change compared to the open. The best solution 
was storing the biosensors in airtight containers with 
silica gel beads. This way they could be stored at least 
four weeks and stay functional (red color). 

Table 1: Suitability of different additives

Additive
Concentration 
AuNP : additive

Mixing 
ratios Results Suitable?

Sucrose 10× : 30 % 2:1 Slow aggregation. Nearly homogeneous droplets. Yes
Sucrose 20× : 50 % 1:1 Slow aggregation. Nearly homogeneous droplets, 

preferable to 30 %.
Yes

Glucose 20× : 50 % 1:1 Quick aggregation with cys. Nearly homogeneous 
droplets.

Yes

Fructose 20× : 50 % 1:1 Slow aggregation. Nearly homogeneous droplets. Yes
Agarose 10× : 0.5 % 2:1 Highly irregular aggregation and color 

distribution.
No

Agarose 10× : 0.25 % 2:1 Highly irregular aggregation and color 
distribution.

No

Alginate 10× : 0.5 % 2:1 No aggregation of AuNP. No
Sucrose & Isopropanol 10×: 30 % : 99.9 % 2:1:1 Disintegration and running and reduced 

aggregation.
No

Sucrose & Agarose 10× : 30 % : 0.5 % 2:1:1 Less homogeneous than agarose alone. Moderately

a)                          b)
Figure 5: Measuring setup including (a) the NanoCalc 2000 spectrometer and the 3D-printed mount, 
and (b) the specimen holders, which enclose the biosensor and are inserted into the measuring setup
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several requirements, which are that the samples can 
be placed precisely at the same location, while the dis-
tance between light source and sample as well as sam-
ple and detector can be adapted. The conic light beam 
illuminated the entire hole with 2.5 mm diameter in the 
specimen holder and therefore the whole sample.

Furthermore, the samples were placed horizontally to 
enable measurements in the liquid state with the light 
path perpendicular to the sample. All components can 
be dismounted through screw connections, exterior 
light is shielded and it is possible to easily convert 
back to reflective mode. The whole setup will be called 
transmission spectrometer.

To validate the measurements with the newly created 
transmission spectrometer, a thorough characteri-
zation was carried out. A needed warm-up phase of 
10 minutes was derived from the average CVs between 
the light source spectra of increasing time. The first 
measurement differs from the others with an aver-
age CV of 0.027. But, after 10 minutes the CV is below 
0.0021. Crosstalk is examined by using a laser diode 

with a peak at 450 nm and a peak width at half-height 
of 1–2 nm. The measured spectrum exhibited a peak at 
451 nm with 7 nm width. This shows that the precision 
of the detector is indeed 1 nm, but the crosstalk is big-
ger. Finally, transmittance measurements of the green 
plastic color filter were carried out to test the repeata-
bility with five different test series. 

The first test series measured the time dependency 
after the warm up phase. The filter was measured 
19  times without removing it and without calibra-
tions in between. The average transmittance spectrum 
is shown in Figure 7. The average CV and percen-
tal standard deviation can be found in Table 2, test 
series 1. The CV is the highest for transmittance values 
below 470 nm, which are close to zero. Still the devia-
tions are very small, with a maximal CV of 0.075. For 
each test series the average CV is given for all wave-
lengths and for wavelengths longer than 470 nm. The 
later excludes transmittance values close to zero and 
is called “zero  excluded”. For the first test series the 
average CVs are 0.014 over all wavelengths, and 0.005 
for zero excluded.

Table 2: Average CV results from dividing the standard deviation by the transmittance values 
given from all values (overall) and excluding transmittance values close to 0 (zero excluded) 

for five test series conducted measuring the green color filter

Test series
Coefficient of variation 
Average overall    Average zero excluded

1: Time dependent variation, the sample is not moved (Figure 7) 0.014 0.005
2: Comparing the results of first series 
  with well plate reader measurements (Figure 8)

0.138 0.045

3: Repositioning accuracy by using the same specimen holder, 
  the sample removing and reinserting between measurements

0.019 0.009

4: Repositioning accuracy by using different specimen holders 0.024 0.013
5: Recalibration between measurements of fourth series 0.020 0.008

Figure 6: Schematic of the 3D-printed mount; A: front view, B: side view, 
C: cross section view, D: exploded view and E: optical light path
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Figure 7: First test series: average transmittance (blue) 
and CV (orange) of 19 measurements with the same 

specimen holder, same green color filter and no 
removal; the errors given by standard deviation are too 

small to be visible as error bars.

In the second test series the measured spectra with the 
transmission spectrometer were compared to the aver-
age transmittance measurement with the well plate 
reader CLARIOstar Plus of the same filter. Both average 
transmittance spectra are shown in Figure 8, including 
the CVs of the CLARIOstar measurements and the CVs 
of both average transmittance spectra to give a com-
parison between them. The CLARIOstar measurements 
consisted of two data sets, which each consisted of 22 
averaged data points taken. The average CVs over all 
wavelengths of the CLARIOstar measurement are 0.035 
and with zero excluded 0.004, although the maximal 
CV reaches a value of 0.85. These high CV values are 
rare and do not matter since they only occur for values 
close to zero. In a next step the average spectra of both 
measurement methods were compared. The average 
CVs between the two average spectra are overall 0.138 
and with zero excluded 0.045. Both values show an 
increase of more than the power of ten compared to 
the other test series. In Section 3.3 these values magni-
tudes will be compared to the magnitudes of measured 
biosensor samples. 
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Figure 8: Second test series: average transmittance of 
the green color filter from own setup (blue) and from 

well plate reader CLARIOstar (grey); the CVs are given 
for the CLARIOstar measurements (yellow) and for the 
deviation between the average transmission spectra of 

both measurements (orange)

In Table 2 the results are summarized, including three 
additional test series. Later when measuring the trans-
mittance spectra of the biosensors will be removing 

and reinserting samples (test series 3) with different 
specimen holders (test series 4). This will increase the 
errors, while a new calibration in between these meas-
urements (test series 5) will reduce the error. The max-
imal CV, excluding test series 2, resulted while using 
different specimen holders and without calibration 
between measurements. It amounts to 0.024 over all 
wavelengths. 

3.3  Biosensor measurements

Finally, the transmission spectrometer was tested with 
the biosensor. For the following experiment a new cali-
bration was made in between different samples. As 
these transmittance spectra do not get close to zero 
an average CV of 0.008 is expected resulting from the 
measuring setup. Forty biosensors with the properties 
described in Section 2 were created. Here we use 20× 
AuNP and 50 % glucose in a mixing ratio of 2:3. Twenty 
samples were measured after drying for 1 hour and the 
other 20 samples after drying for 24 hours. Figure 9 
shows the average transmittance spectrum and cor-
responding CVs at the example of the AuNP measure-
ment after 24 hours. Additionally, the spectra of the 
two samples with minimal and maximal transmittance 
are included. At smaller wavelengths below 500 nm the 
CV is around 0.13, it increases and reaches a maximum 
at 560 nm with 0.16. Afterwards the CV decreases con-
stantly and reaches 0.06 at 650  nm. This shows that 
the crucial region, where most of the spectral change 
happens is below 650 nm. For the other samples the CV 
is more constant over the whole spectrum.
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Figure 9: The average transmittance of the AuNP-after-
24-hours measurement including the corresponding CVs 

and the transmittance spectra of two samples with 
minimal and maximal transmittance

After the measurement of samples dried for 24-hours, 
the analyte was added: 3  µl of four different analyte 
solutions were pipetted onto the dried AuNP drop-
lets. The concentrations of the analyte solutions were 
10 mM, 25 mM and 50 mM cys in water, as a reference 
only water was used. This way, 10 identical biosensors 
for each analyte concentration were tested. One hour 
after analyte addition the color change was complete 
and the transmittance of the biosensors was measured 
again. Figure 10 shows the average transmittance spec-
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tra of all different measurements. The absorption peak 
becomes a transmittance valley in this representation. 
The higher the analyte concentration the broader the 
valley and the greater the shift to bigger wavelengths. 
At the same time the slope connecting the transmit-
tance valley and higher wavelengths gets less steep.

Only considering concentrations higher than 25  mM 
another phenomenon can be observed: the overall 
transmittance increases, making the sample more 
and more translucent. The transmittance curve of the 
AuNPs without any analyte also shifts to higher wave-
length while being stored for one day and the water 
addition increases the transmittance a little bit, while 
the slope gets a little less steep. These three transfor-
mations are signs that a little bit of aggregation was 
already taking place, without analyte addition. The 
average CVs of the AuNP spectra are: 0.125 (1  hour), 
0.113 (24 hours), 0.111 (10 mM cys), 0.115 (25 mM cys) 
and 0.096 (50 mM cys). These values should be com-
pared to the CVs with zero excluded from Table  2, 
because here we have no values close to zero.
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Figure 10: The transmittance curves of AuNP after 
drying for one hour and for one day, after the addition 
of osmose water, 10 mM cys, 25 mM cys and 50 mM cys

To conclude the analyte concentration from measured 
transmittance spectra of unknown samples, a simpler 
relation is needed. In literature usually a ratio between 
two points of the transmittance or absorption spec-
trum is formed and plotted over the analyte concen-
tration. One point describes the red fraction, the other 
the blue fraction. The exact wavelengths are chosen 
according to the sample.
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Figure 11: Ratio of the transmissions from 530 nm (red) 
to 630 nm (blue) over cys concentration taken from the 

transmission spectra shown in Figure 9

In Figure 11 we used the transmittance at 530 nm for 
the red value and the transmittance at 630 nm for the 
blue value. As this was a proof-of-concept experiment, 
we did not measure enough different analyte concen-
trations to precisely describe the course of the trans-
mittance ratio over cys concentration. But, from these 
values it is possible to derive the region of interest. In 
future research we will focus on the region between 
10 mM and 25 mM.

Usually the light source spectrum should be cancelled 
out in the transmittance spectrum, which is calculated 
by dividing the light intensity after and before passing 
through the probe (see Equation [1]). But this is only 
true if the detector counts are linear with increasing 
intensity. The linearity of the spectrometer detector 
was examined by measuring a series of spectra with 
increasing integration time. For exemplary wave-
lengths the counts were plotted over the integration 
time and it was found that its course was only linear up 
to 2 500 counts from maximal 4 096 counts. This means 
that measurements should only be carried out in the 
lower 61 % region of the maximal counts and not up to 
80 % as the producer states. 

4.  Conclusions and outlook

With this research we showed that it is possible to print 
and dry AuNP biosensor assays when using glucose or 
sucrose as additives, to store the printed biosensors 
and to spectrally evaluate the analyte concentration 
based on a model system consisting of dispersed gold 
nanoparticles, which aggregate after cys addition. 

One disadvantage of this method is the crystallization 
which can occur if the biosensors are stored at high 
humidity. We chose to use silica gel beads in an air-tight 
storing box to decrease the humidity and slow down 
the crystallization process. Another solution could be 
using additional sugars such as trehalose and raffinose 
or vacuum-packing the biosensors individually, but 
the latter would need a mechanical protection around 
the AuNP droplets. Another disadvantage is that after 
analyte addition the droplets are in liquid form and 
prone to running while handling the biosensor. This 
could be solved by creating depressions in the carrier 
material which hold the liquid at its original position. 
We experimented with this, which yielded good results 
for visual and imaging processes, but not for the spec-
tral measurements, because the depressions enhance 
the lens effect of the droplets. Moreover, we analyzed 
the occurring bumps in the transmittance spectra at 
656 nm and 580 nm. We found that the linearity of the 
detector is only given in the lower 61 % region of the 
maximal counts. Future research should consider this 
and receive no bumps in the spectra.
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As an outlook we have some ideas how a biosensor 
created based on our method could be evaluated after 
analyte addition in a home application. A user-friendly 
method would include either visually evaluating the 
changed color or using a smartphone as measuring 
equipment. The later could use the built-in camera 
to take a picture. Research would be needed on if 
the automatic picture enhancements are hindering 
or helpful. The RGB values of the droplets could be 
compared to a data base with pictures of known ana-
lyte concentrations or an algorithm could be found to 
directly calculate the concentrations. Either way a cam-
era calibration will be needed at some point to make 

up for varying environmental conditions and different 
types of installed cameras. The visual analysis as well 
as the smartphone based one would need a reference 
color chart for comparison, which could be printed on 
a reference piece from the same material as the carrier 
material of the biosensor.

Another idea for visual analysis includes printing several 
droplets on one biosensor that have increasing sensi-
bility for the analyte. The user would only have to judge 
for each droplet if it had changed color or not and the 
analyte concentration would lie between the last drop-
let which had changed color and the first which had not.
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1.  Introduction

The dispersion process of ink involves complete wet-
ting of the pigment surface and then their uniform 
distribution in the application vehicle. Thus, the dis-
persion process includes the breakdown of pigment 
particles, agglomerates (with primary particles touch-
ing each other at the corner), and aggregates (with pri-
mary particles having surface to surface contact), into 
smaller particles and their distribution in a vehicle, 
leading to a colloidal suspension. A colloidal suspen-
sion is characterized by the behavior that the finely 
divided particles do not settle under their gravitational 
forces. 

The dispersion of pigments in printing inks is impor-
tant for several reasons as it improves the color 
strength of pigment, increases the transparency of 
pigment, affects rheological behavior and flow prop-
erties of the ink, provides more gloss and finally, it 
provides stability to ink throughout its shelf life (Pal 
and Fleming, 2006; Simpson, et al., 2015). For getting 
maximum benefits of pigment, it is recommended to 
get the maximum reduction of pigment size as pos-
sible to its primary particle size. The color strength 
of pigment depends on its exposed surface area, so 
the smaller the particles, the higher the surface area 
and thus stronger the color (Herbst and Hunger, 2007; 
Klein, 2010). 
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Abstract

Water-based ink, used in production of a new type of green packaging material has an efficient application in the 
flexible packaging industry to resolve the environmental issues related to volatile organic compound. To get the 
best possible application properties of dispersed pigment whose performance is mainly measured by the particle 
size distribution, it is essential to reduce the size of agglomerates. Concentrated dispersed material is manufac-
tured by using a stirred bead mill, which is an energy-intensive process. The process of dispersion must be done 
efficiently and in the shortest possible time to draw out of the pigment its maximum color properties at the min-
imum cost. The grinding-energy efficiency is a significant parameter in bead milling as that affects the amount 
of energy used during grinding of pigment particles. The milling process needs to be optimized to reduce energy 
consumption. The objective of this study is to determine optimum dispersion process parameters to optimize 
energy consumption to achieve the narrowest pigment particle size distribution of rubine red pigments used in 
water-based ink. Experiments were conducted for fine grinding of organic rubine red pigment using a vertical bead 
mill. The experiments were conducted for varying sizes of grinding media from 0.5 mm to 1.0 mm, for two pigment 
loadings of 30 % and 37 %, and by extending milling time from 4 h to 6 h. The pigment particle size distribution 
and power consumption during each trial were measured to optimize process parameters with minimum energy 
consumption. Response surface design was performed to analyze data. Analysis of variance (ANOVA) techniques 
were used to check the significance of factors and the interaction of factors. The regression model for specific 
energy consumption was developed and tested; validation trial for dispersion process parameters concludes that 
30 % pigment loading and mixed grinding media size provides narrowest pigment particle size distribution of 
128 nm with minimum energy consumption of 1.67 kWh/t.

Keywords: pigment dispersion, bead milling, grinding efficiency, transparency, regression analysis
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Concentrated dispersed material is manufactured by 
using a stirred bead mill. Stirred bead milling is how-
ever an energy-intensive process. Along with this, the 
high prices of raw materials make it essential to look 
the efficiency of the dispersion process (Weber and 
Langlois, 2010). The process of dispersion must be 
done efficiently and in the shortest possible time to 
draw out of the pigment its maximum color properties 
at the least cost (Klein, 2010).

Pigment dispersion process by using a bead mill is the 
major energy-consuming process during the manu-
facturing of water-based ink. Milling process param-
eters like milling time, size and density of grinding 
media (GM), pigment loading, and speed of machine 
are majorly affecting the pigment particle size distri-
bution and energy consumption during the milling 
operation. Therefore, the milling process parameters 
need to be optimized to increase the milling efficiency 
to achieve the desired particle size distribution with 
minimum energy consumption. (Zheng, Harris and 
Somasundaran, 1996; Hamey, 2005; McDowell, 2006; 
Choi, Lee and Kim, 2009; Weber and Langlois, 2010; 
Inam, Ouattara and Frances, 2011; Schmidt, et al., 2012; 
Ohenoja, Illikainen and Niinimäki, 2013; Senthilkumar 
and Akilamudhan, 2014; Simpson, et al., 2015)

The researchers highlighted that the use of chemical 
additives during wet dispersion improves the surface 
and mechanical properties of individual particles such 
as surface energy and flow of medium which improves 
the efficiency of the grinding process. (Farrokhpay, 
2004, p. 147; McDowell, 2006; Nsib, Ayed and Chevalier, 
2006; Choi, Lee and Kim, 2009)

Kwade’s model (Kwade, 2004) summarized that the 
milling efficiency of a stirred media mill is a product of 
stress intensity and stress frequency. The best milling 
efficiency is obtained by selecting GM size, the density 
of GM, and mill speed as these parameters approach to 
an optimum stress intensity and the maximum stress 
number (Choi, Lee and Kim, 2009; Weber and Langlois, 
2010; Simpson, et al., 2015). During the pigment disper-
sion, specific energy is the amount of energy or work 
required to grind a pigment agglomerate to a desired 
particle size. The most common units of specific energy 
are J/kg or kWh/t of slurry. The amount of specific 
energy required to grind a particular solid to a desired 
particle size is a fixed value, only dependent on the effi-
ciency of the equipment, milling time, density of GM, 
and mill base (McDowell, 2006). Various studies were 
conducted to analyze the influence of materials of GM of 
different specific weights, sizes of GM, stirred tip speeds, 
milling times, and solid concentrations on particle size 
and particle size distribution with optimum energy 
consumption. (Weber and Langlois, 2010; Ohenoja, 
Illikainen and Niinimäki, 2013; Simpson, et al., 2015)

Weber’s rule predicts that when the particles are 
of 0.4  µm to 0.7  µm in size they provide the maxi-
mum scattering for wavelengths between 400  nm 
and 700 nm. Thus maximum scattering from pigment 
particles is observed if the size of the pigment is equal 
to its wavelength. Exactly opposite to this for maximum 
transparency is that the pigment particle should be as 
small as possible. (Herbst and Hunger, 2007) 

Therefore to achieve maximum transparency and 
maximum color strength it is important to obtain the 
narrowest pigment particle size distribution during 
dispersion.

The milling process needs to be optimized to reduce 
energy consumption. Energy consumption can be 
different as per the mill base properties. Energy con-
sumption during the resin-free dispersion of the pig-
ment to achieve narrow particle size distribution as 
well as the effect of the pigment particle size distribu-
tion on transparency are relatively unexplored.

In this study process parameters like milling time, GM 
size and pigment loading were optimized to achieve tar-
get pigment particle size distribution. During each trial, 
power consumption was measured to optimize process 
parameters with minimum energy consumption. The 
optimum value for the GM size, milling time, and pig-
ment loading were determined to obtain the narrow-
est particle size distribution with the optimum stress 
intensity and lowest specific energy consumption.

2.  Experimental procedure

2.1  Materials

Rubine red pigment (PR 57:1) manufactured by 
Sudarshan Chemical Industries Ltd. was used for the 
pigment dispersion process. Dispersing additive, poly-
dimethylsiloxane based antifoaming agent, was pro-
vided by BYK. Constant percentages of a dispersing 
agent, and antifoaming agent were used during the 
resin-free dispersion process. De-ionized water was 
used as a solvent in the grinding experiments and used 
to adjust the pigment loading of the mill base. Grinding 
media of different size ranges were used, purchased 
from M/s Jyoti ceramics. 

2.2  Premixing of material

To prepare a premixture, initially, a mixture of deionized 
water, dispersing agent, and the antifoaming agent was 
prepared and later slow addition of pigment was allowed 
under low shear rate by using a stirrer (make-REMI). 
Prepared premixture was allowed to soak for 24 h. The 
formulation used for mill base is provided in Table 1.
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Table 1: Formulation of a mill base used during 
a resin-free dispersion of PR 57:1

Ingredient Specification
Amount 
(%)

Purpose of 
ingredient

Pigment PR 57:1 25 to 30 Coloring agent
Dispersing 
agent

Disperse BYK 7 to 8 Dispersion 
of pigment

Antifoaming 
agent

BYK 019 0.35 to 4 Rupture 
of the foam

Deionized 
water

DI Water 60 to 68 Acting 
as a vehicle

2.3  Variables for experiment

Experiments were conducted to fix the levels of few 
parameters such as the speed of the stirrer, the den-
sity of GM, range of GM size, and pigment loading. The 
significant parameters and their levels for the pigment 
particle size distribution were screened and consid-
ered as input parameters to optimize the energy con-
sumption. Higher density of GM as 6.2  g∙cm−3, speed 
of the machine as 2 600 rpm, and GM size as 0.5 mm 
to 1  mm were determined to be the more efficient 
values for the reduction of the pigment particle size. 
Response surface design of experiments (DOE) was 
generated to evaluate the energy consumption for 
narrow particle size distribution. The experimental 
design consists of three factors, namely GM size, mill-
ing time, and pigment loading, and different values of 
each factor (called levels of the factors). In the design it 
includes three groups of sizes of GM (zirconox beads): 
0.4–0.6 mm (named as 0.5 mm), 0.8–1.0 mm (named 
as 1  mm) and 50 : 50 ratio of both 0.4–0.6  mm and 
0.8–1.0 mm (named as 0.75 mm), two pigment loading 
percentages: 30 % and 37 %, and three milling times: 
4 h, 5 h and 6 h. Thus, the total trials in the design were 
18. The detailed experimental design along with input 
parameters and their levels are indicated in Table 2. 

2.4  Equipment 

Most of the mills used for grinding of pigments are 
vertical and horizontal bead mills due to their high 
efficiencies, low energy consumption, and high unit 
output. The lab-scale vertical bead mill equipped with 
a stationary grinding chamber, a high-speed stirrer 
with cowl blade fixed on a drive shaft which rotates 

at 2 600  rpm (tip speed is 6  m∙s−1) was used for pig-
ment dispersion. The capacity of the grinding cham-
ber is 1.5  liter. After dispersion 600 mesh was used 
to separate GM from the dispersed material. For lab 
scale 500 g of premixture was prepared. To maintain 
the constant temperature of mill base as 25 °C to 27 °C 
during dispersion, the grinding vessel is equipped with 
a water jacket. The particle size distribution of dis-
persed samples was measured by Malvern particle size 
analyser (Zetasizer Nano s90 model) at M/s Sudarshan 
Chemical Industries. Two watt meters were connected 
to the power supply to measure active power during 
the dispersion of the material.

Initially power consumption for the unloaded mill 
(empty mill) is measured from reading observed in two 
watt meters W1 and W2. It was measured ten times for 
every ten minutes. The average value of active power 
provides the value of N0. Active power was measured 
throughout the dispersion process and for each trial 
power consumption was calculated. 

2.5  Calculations

Width of particle size distribution (WPSD), transpa-
rency, specific energy consumption (SEC) and stress 
intensity (SI) were calculated by using Equations [1] 
to [5].

Width of particle size distribution, which provides a 
size range of pigment particles which occupies a total 
80 % volume of the dispersed material, was calculated 
by using Equation [1].

WPSD = D90 − D10	 [1]

where D90 and D10 are the particle sizes in nanometres 
representing the 90 % and 10 % values in the cumu-
lative volumetric size distribution (Ding, et al., 2013; 
Barth, Schilde and Kwade, 2013).

Transparency was determined by ASTM D344-11(2016) 
method for visual assessment (ASTM, 2016), and 
instrumental ASTM D2805-11(2018) standard method 
(ASTM, 2018) used to calculate opacity. The BYK opac-
ity chart (Figure  1) was used to calculate opacity by 
using Equation [2]. A uniform ink drawdown by using 
bar coater no. 1 was applied on a black/white contrast 
chart. After air-drying the drawdown, a spectropho-

Table 2: Variables and their levels used during optimization of resin-free dispersion process for PR 57:1 

Variables Level 1 Level 2 Level 3

Zirconox beads 0.4 mm to 0.6 mm (0.5 mm) 0.8 mm to 1.0 mm (1 mm) Mixture of both (50 : 50), (0.75 mm)
Pigment loading 30 % 37 % –
Milling time 4 h 5 h 6 h
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tometer (make: Gretag Macbeth, model: Eye-One Pro) 
was used to measure Y (tristimulus value) against white 
and Y against black of contrast chart. Transparency 
was calculated by using Equation [3].

Figure 1: Byko-chart Opacity 3B (BYK, n.d.)

Opacity	(%)	=	 -
𝑌𝑌(against	black)
𝑌𝑌(against	white)8 × 100 

 

	 [2]

where Y is a tristimulus value.

Transparency (%) = 100 − Opacity (%)	 [3]

where opacity is calculated from Equation [2].

Specific energy consumption was determined by using 
two wattmeter method, which was used to measure 
the power throughout the dispersion process time. 
Power data was measured after every 10 min from both 
wattmeters to calculate power consumption for each 
design of the experiment. The power was recorded 
during grinding and SEC was calculated (Equation [4]) 
as the power input integrated over the grinding time tG 
and divided by the mass of slurry (m), 

SEC = ∫(N – N0)∙dtG  / m	 [4]

where SEC (kWh/t) is specific energy consumption, 
N (kW) is necessary electrical power running the filled 
mill with beads and slurry, N0 (kW) is necessary elec-
trical power running the empty mill, (N − N0) (kW) is 
active electrical power, and m (t) is a mass of slurry.

The stress-energy or stress intensity of GM describes 
the maximum kinetic energy of two colliding grinding 
beads. Optimum stress intensity and maximum energy 
utilization will happen when the stress intensity is just 
sufficient to break the particle. The stress intensity of 
the GM (SIGM) was calculated using Equation [5].

SIGM = 𝑑𝑑GM# ∙ 𝜌𝜌GM ∙ 𝜈𝜈T%	 	 [5]

where SIGM (Nm) is stress intensity of the GM, d (m) is 
bead diameter, ρ (kg/m3) is specific weight of GM, and 
νT (m/s) is stirrer tip speed.

2.6  Analysis of the impact of WPSD on 
transparency of water-based ink 

The effect of WPSD on the transparency of water-
based ink was analyzed. When there is one categorical 
independent variable and one quantitative dependent 
variable, one-way analysis of variance (ANOVA) is pre-
ferred statistical technique. It tells us if the dependent 
variable changes according to the level of the indepen-
dent variable (Vik, 2014).

In this experiment WPSD is considered as independent 
variable and transparency is dependent variable. For 
the analysis, WPSD is the only factor considered; so, 
one-way ANOVA is used to predict the effect of WPSD 
on transparency of water-based ink. Above model with 
one predictor is referred to as simple linear regression 
model.

3.  Results and discussion

3.1  Effect of WPSD on transparency 
of water-based ink 

Dispersion experiment based on different pigment 
loading, GM size, and milling time provides varying 
widths of WPSD, which were measured by using par-
ticle size analyzer. Figure 2a presents the normal dis-
tribution of data measured for transparency of various 
formulations. Figure 2b describes the negative linear 
relation between WPSD and transparency of water-
based ink. Narrower WPSD provides higher trans-
parency. This is attributed to the fact that narrowest 
WPSD provides more surface area to interact with light 
and improves the absorbency of pigment. The amount 
of light scattering which influences the transparency 
depends strongly on the particle size of the pigment. 
Very small particle scatters very little light. Scattering 
increases with increasing particle size until the parti-
cles are about the same size of the wavelength of light 
and then it decreases for still larger particles. Thus, 
less scattering power of smaller particles, results in a 
higher degree of transparency, which is very import-
ant in four color conventional printing processes to 
achieve the higher strength of colors.

The regression result (Table 3) tells that particle size 
is significant for transparency because of their low 
p-values. Particle size distribution account for 97.5 % 
of the variance of transparency. For each 1 % increase 
in the amount of transparency, the percentage of WPSD 
is expected to decrease by 0.07 %. 
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observed that with longer milling time the WPSD is 
reduced.

Referring to Figure 2b narrow WPSD provides max-
imum transparency. Hence narrow WPSD is rec-
ommended which will provide higher strength for 
dispersed pigment. The pigment dispersion process 
to achieve narrow WPSD is least expensive when the 
grinding process works for 37 % (Figure 3b) it is for 
largest GM at the minimum of the SEC. It is observed 
from Table 4 that minimum specific energy was con-
sumed to achieve narrowest WPSD for 30 % pigment 

3.2  Effect of GM sizes on WPSD and SEC 

The effect of three different GM sizes on WPSD and 
cumulative SEC were analyzed. The GM used for the 
experiment was zirconium oxide with different levels 
of varying bead diameter named as 0.5 mm, 1 mm, and 
0.75 mm. 

Figure 3 indicates the effect of GM sizes on WPSD and 
cumulative SEC for two different pigment loading 
percentages. It is seen from Figure 3a larger GM size 
provides wider WPSD than smaller GM size. It is also 

a)                                                b)
Figure 3: Effect of GM size on WPSD and cumulative SEC for three different milling times at two different pigment 

loadings: (a) for 30 % pigment loading, and (b) for 37 % pigment loading

 

 

 

 

Table 3: ANOVA, regression analysis and regression equation for transparency
Regression analysis: transparency (%) versus WPSD (nm)

Analysis of variance for transparency

Source DF Adj. SS Adj. MS F-value p-value

Model   1 68.9 68.9 633.4 0
Pure error 16   1.7   0.1
Total 17 70.6

R-sq = 97.5 %    R-sq(adj.) = 97.4 %
Regression equation:

Transparency (%) = 84.04 − 0.07 WPSD (nm)

a)                                                b)
Figure 2: (a) Histogram of transparency, and (b) negative linear relation between transparency and WPSD

69 

Fitted Line Plot 
Transparency (%); 84.04 − 0.07 WPSD (nm) 

120 130 140 !SO 160 170 180 190 200 210 

WPSD (nm) 

S 0.329807 
R-Sq 97.S% 
R-Sq(adi) 97.4% 



222� S. Anchawale, M.(P.) Raghav Rao and Y. Nerkar  –  J. Print Media Technol. Res. 9(2020)4, 217–227

loading and when milling continued up to 5  h with 
0.75  mm GM size. But if milling extended for 6  h it 
increases the WPSD with increased SEC. The 0.5 mm 
GM size also provides moderately narrow WPSD but is 
slightly higher than 0.75 mm GM size with low energy 
consumption. Higher GM size consumes less energy 
but provides wider WPSD which reduces the overall 
performance of pigment. Smaller GM size of the same 
density as larger GM size dramatically increases the 
number of grinding beads per liter of the mill work-
ing volume. Along with this the kinetic energy of the 
grinding beads is increased by the ratio of the specific 
weight of the bead material by equal stirrer tip speed 
in the mill. Both parameters, reduction in bead size 
and using beads with higher specific weight, improve 
the milling efficiency because the increased surface 
area of beads achieves more contact points where 
impact, shear and compression forces takes place 
between the beads and pigment particles; along with 
this higher kinetic energy generated helps to reduce 
particle size effectively. Due to increased surface 
area of GM, utilization of free material was observed, 
which increases the viscosity of mill base and needs 
more energy at a specified tip speed for the momen-
tum of the mill base.

Large-sized grinding beads have different motion paths 
and speeds compared to a smaller one due to their 
mass difference. Single GM size provides monotonous 
movement among the material. The 0.75 mm GM size, 
as it is the mixture of both 0.4−0.6 mm and 0.8−1.0 mm, 
provides rise to two different momentums as a result 
of the different mass of the beads, which breaks the 
monotonous movement between them and increases 
the irregular movements. This will help to break more 
effectively the pigment particles and provides higher 
rate for reduction of WPSD value in comparison with a 
single size of GM, hence it reduces the dispersion time 
and indirectly reduces the energy consumption. Thus 
the 0.75 mm GM size optimized the energy consump-
tion to provide narrowest WPSD.

3.3  Effect of pigment loading on WPSD and SEC

The effect of different pigment loading for three differ-
ent GM sizes on the WPSD is presented as a function of 
a cumulative SEC as shown in Figure 4.

Narrow WPSD is observed for the lowest solid concen-
tration i.e. 30 % with minimum energy consumption. 
This result is applicable for 0.5 mm and 0.75 mm GM 
size when used for dispersion. But for the 1  mm GM 
size (Figure 4c), narrow WPSD is observed at higher 
pigment loading (37 %) with moderately less energy 
consumption. This is attributed to the fact that 1 mm 
GM size i.e. higher GM size reduces the number of 
grinding beads required in a specified volume. 

 a)

 

 

b)

 

 

c)
Figure 4: Effect of two different pigment loadings on 
WPSD and cumulative SEC at three different milling 
times with constant GM size: (a) for 0.5 mm GM size, 

(b) for 0.75 mm GM size, and (c) for 1 mm GM size

Along with this it also reduces the surface area of 
grinding beads, which reduces the ratio of the surface 
area with material volume. More free moving material 
is present, which provides unused collisions of the 
grinding beads inside the mill. When pigment load-
ing is increased it consumes the free moving material 
and provides the required viscosity to mill base which 
utilizes the maximum collisions of grinding beads to 
reduce the particle size. Thus, when 1 mm GM size i.e 
higher GM size and 37 % i.e. high solid percentage are 
used for dispersion it provides narrow WPSD with 
moderately less energy consumption. For the 0.5 mm 
GM size (smaller GM size) as well as the 0.75 mm GM 
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size (mixed GM size), ratio of surface area to the mate-
rial is very high, which reduces free-flowing material; 
so when pigment loading is 30 % it provides sufficient 
viscosity to mill base to utilize the maximum collision 
of GM, which helps to reduce the particle size distri-
bution. But for higher pigment loading (37 %) viscos-
ity gain is observed, which restricts the free motion of 
grinding beads and ultimately reduces the frequency 
of collisions; hence wider WPSD is observed even 
though high energy is consumed during dispersion. 
The 0.75 mm GM size provides narrowest WPSD after 
5 h of milling time with minimum energy consumption.

 

 
Figure 5: Stress intensity with optimum (marked by the 

green arrow) of GM with respect to WPSD and 
cumulative SEC

The stress intensity of GM corresponds to the max-
imum kinetic energy of two colliding grinding beads 
at the stress events. When the maximum utilization of 
kinetic energy takes place at stress events to break the 
pigment particles then it is an optimum stress inten-
sity. Stress intensity for different solid percentages of 
dispersion remains constant as it is assumed that the 
velocity of the mill base is equivalent to a tip speed of 
stirrer. Figure 5 shows the WPSD at different SEC as a 
function of stress intensity. It can be seen from Figure 5 
that the lower the stress-energy, the lower the particle 
size. When energy consumption is considered, the opti-
mal stress-energy is seen to be around 6.9∙10−5  kWh 

(written as 6.9E-05 kWh in the legend in Figure 5) to 
the low energy consumption with narrowest WPSD. 
The stress-energy 2.9∙10−5 kWh (2.9E-05 kWh) can also 
be considered as optimal stress energy as it also pro-
vides moderately narrow WPSD with slightly higher 
energy consumption than 6.9∙10−5  kWh stress inten-
sity. Thus, the most efficient grinding is observed at 
the smallest GM size, but the optimum condition is 
observed at mixed GM size. 

3.4  Statistical analysis of SEC

Histogram of the residuals (Figure 6a) is an explora-
tory tool to show general characteristics of the residu-
als including typical values, spread, and shape. It shows 
the normal distribution of samples. Normal probability 
plot (Figure 6b) of residuals shows that the points in 
this plot form a straight line, which means that the 
residuals are normally distributed.

3.5  Main effect plot and interaction plot

Main effect plot (Figure 7a) explains the significance of 
GM size, milling time, and pigment loading on specific 
energy consumption. The 0.75 mm GM size, higher pig-
ment loading i.e. 37 % and higher milling time provide 
higher specific energy.

In the interaction plots (Figure 7b), the upper-left one 
consists of non-parallel lines representing there is an 
interaction between GM size and pigment loading. 

The ANOVA table (Table 4) summarizes the linear terms, 
the squared term and the interaction. Higher F-value of 
linear terms compared to square term and interaction 
term, indicates that the model is majorly explained by 
the linear terms. The p-values from the ANOVA table, 
which are below α value of 0.05, indicate that all the 
main factors such as GM size, pigment loading and mill-
ing time are significant for energy consumption. The 
higher F-statistics values for pigment loading, GM size 
and milling time indicate these are the most significant 
factors that influence energy consumption. The inter-

a)                                                b)
Figure 6: (a) Histogram of SEC residuals, and (b) normal probability plot of residuals for SEC response
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action of GM size and pigment loading is significant 
for energy consumption at a 95  % confidence level. 
Table 4 shows a higher percentage of R-sq., indicating 
that 97.07 % of the variability could be explained by 
the model at a 95 % confidence level. The adjusted R-sq 
of 93.87 % indicates a significant improvement of the 
model by using three parameters. The predicted R-sq 
of 95.85 % indicates that the model predicts new obser-
vations nearly as well as it fits the existing data. The 
regression equation describes the statistical relation-
ship between dispersion process factors and energy 
consumption. Table 4 provides the regression equa-
tion that helps to predict new observations for desired 
particle size distribution with energy consumption. 

3.6  Optimization from regression model

The optimization plot (Figure 8) shows the effect of 
each factor ie. GM size, pigment loading, and milling 

time on the cumulative energy consumption to achieve 
the desired particle size. The vertical red lines on the 
graph represent the current factor settings. The num-
bers displayed at the top of a column in a square bracket 
show the current factor level settings. The horizontal 
dash lines and numbers represent the responses of 
WPSD and energy consumption for the current factor 
level. Minitab software calculates the narrowest WPSD 
and minimum energy consumption for two hold values 
of GM size, namely 0.75 mm and 0.5 mm. 

Figure 8 explains that when the same amount of 
energy consumption is considered it is observed that 
0.75 mm GM size will provide narrowest WPSD com-
pared to 0.5 mm GM size. Hence 0.75 mm GM size, 30 % 
pigment loading, and milling time of 5.63 h are the opti-
mized parameters which will provide narrowest WPSD 
with minimum energy consumption as shown in the 
Figure 8. 

a)                                                b)
Figure 7: (a) Main effect plot of SEC and (b) interaction plot of SEC, both for different GM sizes (in mm), 

pigment loadings (in %) and milling times (in h)

Table 4: Response surface regression model for energy consumption
Response surface regression: energy consumption versus GM size, pigment load, milling time 

Stepwise selection of terms      α to enter = 0.15, α to remove = 0.15
ANOVA for energy consumption

Source DF Adj. SS Adj. MS F-value p-value

Model   5 3.86 0.77   79.56 0.00
Linear   3 3.33 1.11 114.57 0.00
GM size   1 0.86 0.86   88.68 0.00
Pigment loading   1 1.90 1.90 195.50 0.00
Milling time   1 0.58 0.58   59.53 0.00
Square
  GM size * GM size   1 0.44 0.44   45.69 0.00
2-way interaction
  GM size * Pigment loading   1 0.08 0.08     8.39 0.01
Pure error 12 0.12 0.01
Total 17 3.97

R-sq = 97.07 %    R-sq(pred.) = 95.85 %    R-sq(adj.) = 93.87 %
Estimated regression coefficients for energy consumption:

Energy consumption = −2.22 + 3.76 GM Size + 0.02 Pigment loading + 0.21 Milling time 
− 5.33 GM Size * GM size + 0.09 GM size * Pigment loading
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Additionally, as presented in Table 5, summarizing the 
optimization results the confidence interval (CI) indi-
cates the 95 % confidence that the mean of the WPSD 
at these settings is between 117.39 nm and 140.31 nm, 
and the SEC is between 1.51 kWh/t and 1.73 kWh/t. The 
prediction interval (PI) indicates 95 % confidence that 
WPSD of a single new observation will fall between 
103.44  nm and 154.26  nm and SEC will be between 
1.37 kWh/t and 1.86 kWh/t.

3.7  Validation trial

A validation trial was conducted for the optimized set-
ting (Table 6). The WPSD of 128 nm was achieved with 
1.67 kWh/t SEC. These values are close to those esti-
mated using the model (see Table 5).

Table 6: Response predicted values 
for optimum energy consumption

Variable Setting 
WPSD 
(nm)

SEC 
(kWh/t)

GM size (mm)   0.75
128 1.67Pigment loading (%) 30.00

Milling time (h)   5.63

4.  Conclusion

Width of particle size distribution (WPSD) shows neg-
ative linear relation with transparency of water-based 
ink. Narrower WPSD provides higher transparency. In 
the bead milling process size of grinding media (GM), 

a)                                                b)
Figure 8: Optimization plot from the regression model for the smallest WPSD and minimum SEC: (a) hold value 

0.75 mm GM size, and (b) hold value 0.5 mm GM size

 

 

                    

 

Table 5: Multiple response prediction for 0.75 mm hold value of GM size
Response optimization: SEC, WPSD

Optimized value

Variable Setting

GM size 0.75 mm
Pigment loading 30 %
Milling time 5.63 h

Solution

Solution GM size
Pigment 
loading

Milling 
time

WPSD 
fit

Energy 
consumption fit

Composite 
desrability

1 0.75 mm 30 % 5.63 h 1.62 128.85 0.93

Solution

Response Fit SE fit 95 % CI 95 % PI

SEC (kWh/t)     1.62 0.0497 (1.51, 1.73) (1.38, 1.86)
WPSD (nm) 128.85 5.2600 (117.39, 140.31) (103.44, 154.26)
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the pigment–binder ratio, and milling time have a 
significant effect on the milling rate and efficiency of 
the milling process. Smaller GM size provides narrow 
WPSD with minimum energy consumption. Mixed GM 
size provides a slightly higher rate of WPSD reduction 
with the lowest energy consumption. Percentage of 
pigment loading should be sufficient enough for the 
maximum utilization of collisions of grinding beads 
which affects the rate of particle size reduction and 
energy consumption. The model showed more than 
96.57 % predictability. Validation trial for dispersion 
process parameters concludes that 30 % pigment load-
ing, mixed GM in wide range of sizes (named 0.75 mm, 

and milling time of 5.63 h) provide narrowest pigment 
particle size distribution of 128  nm with minimum 
energy consumption of 1.67 kWh/t. 

In this research the regression model was developed for 
a specific type of pigment. Research can be continued 
in a direction that would include energy efficiency and 
optimization of pigment particle size distribution for the 
grinding of other process colors as well as special color 
pigments. Also, the optimization of percentage of dis-
persing additive for resin-free dispersion for all process 
color pigments is recommended to develop cost-com-
petitive stable pigment dispersion for water-based ink.
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1.  Introduction

For traditional printing where ink is pressed onto 
paper, we have observed as an industry that some 
physical behaviour of paper such as its ability to absorb 
ink quickly or the smoothness of its surface correlate 
well with print image quality. Paper properties have 
been identified that correlate with this physical behav-
iour, for example porosity (air permeability) and gloss. 
Paper manufacturers make measurements of these 
paper properties as part of the production process and 
use these to communicate with printers to help with 
paper selection.

For inkjet printing where ink is jetted onto paper, it has 
been observed that these conventional paper properties 
do not predict print image quality well. Understanding 
the physical interaction between ink and paper contin-
ues to be very important, and there are many scientific 
approaches in order to understand the physical inter-
actions and their mechanism, for example Blohm and 
Åslund (2004), Kettle, Lamminmäki and Gane (2010), 

and Gigac, et al. (2014). The effect of calcium carbonate 
coating is explored in Možina and Franken (2018) and 
surface chemistry in general in Moutinho, Ferreira and 
Figueiredo (2010); the effects documented by these 
projects may be related to the surface measures in 
this paper. Krainer, Saes and Hirn (2020) explored the 
relationship between contact angle and ink spreading. 
These research projects have established some general 
principles that can be applied to the design of paper, 
however, the relationship between image quality and 
paper properties cannot yet be clearly described.

High-speed inkjet presses generally include two stages. 
In the first stage the paper is coated and in the second 
stage ink is jetted onto the coated surface. The first 
stage (precoating) modifies the characteristics of the 
paper surface to widen the window of paper proper-
ties that produce good print image quality. This is not 
intended to make the surface condition the same for 
all papers and the original paper properties still have 
a substantial influence following precoating. The time 
between precoating and inking is very small and usu-
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ally the precoating does not completely dry before 
inking, therefore precoating and inking are continuous 
and dynamic processes and should not be considered 
separately. In addition, the method of precoating varies 
from one press to another as it is specific to the way 
in which ink is jetted onto the paper surface. For this 
reason, all measurements of the papers in this study 
were made before any precoating. From a practical 
perspective, it may be sufficient to find a direct cor-
relation between measured properties (before any 
precoating step) and print acceptability based on print 
image quality.

The research described in this publication is one of the 
outcomes from a summit meeting held in April 2018 
in conjunction with an ISO/TC 130 meeting where a 
range of industry experts discussed how the process 
of paper selection for high-speed inkjet presses might 
be improved. Attendees included representatives from 
paper manufacturers and from inkjet press manu-
facturers. In that meeting it was reported that con-
siderable work had been done to try to find a simple 
metric that can be used to predict print image quality 
for inkjet presses without any success. At that meet-
ing a group of industry experts including representa-
tives from a number of inkjet press manufacturers (an 
ad-hoc group) agreed to work together to work on this 
problem. One inkjet press manufacturer, Fujifilm, con-
ducted the research reported herein.

As this publication will show, while a single metric that 
predicts print image quality has not been identified, 
combinations of a relatively small number of metrics 
have been identified that enable prediction of print 
image quality with a high degree of confidence.

A study was conducted on a large set of papers printed 
on a single inkjet press (referred to as ‘large study’) 
to establish principles and methods of prediction. 
A second study was conducted on a small set of papers 
printed on three different inkjet presses (referred to as 
‘multi-press pilot study’). The results show that in all 
cases, a small set of predictor metrics produces high 
confidence in the prediction of print image quality. The 
best set of metrics for one press may not be the best 
set for another although there is significant overlap 
between these sets.

2.  Methods

2.1  Paper selection

For the large study, a range of 250 commercially availa-
ble papers were used, including cardboard, decorative 
and glossy papers. In a few cases, papers from different 
production lots were treated as different paper types.

For the multi-press pilot study, a set of 20 papers were 
selected by 7 inkjet press manufacturers. Each manu-
facturer selected at least one paper that produced good 
results and at least one that produced poor results 
using the best known press settings for that paper. The 
method of assessment in each case was the manufac-
turer’s quality assurance process which was not dis-
closed and probably different for each manufacturer.

Papers were stored and measured in environments 
having temperature of 23 °C ± 1 °C and relative humid-
ity of 50 % ± 2 %.

2.2  Measurement of paper properties

For the large study, all measurements were made by 
Fujifilm. For the multi-press pilot study, paper proper-
ties were measured in different laboratories that were 
made available to the project based on the capability of 
each laboratory. The set of paper properties measured 
for the large study and the set used by the multi-pres 
pilot study were slightly different from each other and 
the two sets of measurements made are described in 
Annex A.

2.3  Printing and visual assessment

For the large study, papers were printed on the 
Fujifilm Jet Press 720 which was optimised for each 
paper to produce the best reproduction possible in 
each case using Fujifilm’s standard method. The over-
all print image quality was assessed using Fujifilm’s 
standard quality assurance method. This was assessed 
from various perspectives such as image quality, qual-
ity of text, quality of solid areas and then each paper 
was classified as ‘Accepted’ or was assigned another 
category. The second category included a range from 
those that are never acceptable to those that may be 
acceptable for some uses. For the purpose of analy-
sis, this second range of papers were combined into 
a single category.

For the multi-press pilot study, each paper in the set 
of papers was printed by three press manufacturers. 
In each case, the manufacturers applied their standard 
procedure for identifying the most suitable press setup 
for each. The way in which these presses were config-
ured are not disclosed and this is likely to have been 
different for each manufacturer.

2.4  Prediction of print image quality

2.4.1  Background

The first step was to use a traditional approach and to 
look for a simple correlation between one of the paper 
metrics and print image quality assessment for each 
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set of papers. When no such correlation could be iden-
tified, two possible options were considered.

The first option considered was to develop a new 
paper metric that provides a better correlation with 
print image quality. To date, it has not been possible to 
identify any existing metric or to develop any new met-
ric of this kind that predicts print image quality. Steps 
to explore this option continue and may be fruitful in 
the longer term.

The second option was to look for correlation between 
print image quality and a combination of paper met-
rics. The initial investigation of this seemed to be 
promising but it was clear that at least three metrics 
are required to obtain a satisfactory prediction.

2.4.2  Model construction and prediction accuracy 
assessment

Logistic regression, a standard statistical method using 
linear regression for dimensionality reduction, was 
used as the method of prediction for this work. KNIME 
(see KNIME, 2020) was used as the platform to perform 
this analysis. Details of the use of logistic regression 
are described in Annex B.

For both studies, the method involves using a subset 
of papers to build a prediction model (the training set) 
and then testing the accuracy of this model using the 
remaining papers (the test set).

For the large study this was straightforward as it was 
possible to select 80 % of the papers at random as the 
training set used to build the model and then used the 
remaining 20 % of the papers as the test set to estimate 
the prediction accuracy of the model.

The technique used for the multi-press pilot study was 
different because of the small number of papers used. 
In this case, all of the papers except one were used as 
the training set to build the model and then the single 
paper was used as the test set to estimate prediction 
accuracy. This process was repeated for each paper 
in turn and so produced 20 predictions (one for each 
paper). This entire set of predictions was used when 
considering the overall accuracy of the model. This is a 
variant of k-fold cross-validation known as ‘leave one 
out cross-validation’ (LOOCV).

When considering logistic regression with more than 
three parameters, the method used to construct the 
model involved finding the minimum value of a multi-
dimensional function and this can produce slightly dif-
ferent results each time and so it was also important 
to repeat each set of predictions to ensure consistent 
results.

2.4.3  Deciding which paper metrics to use

Since there are 16 paper metrics to choose from and 
if (for example) 4 metrics are selected for the model, 
there are almost 2 000 choices and it is not always prac-
tical to test every combination. It is therefore desirable 
to reduce the set of options and one way to do this is 
to identify the parameters that are independent from 
other parameters.

To do this the variance inflation factor (VIF) was calcu-
lated for the set of parameters and the parameter with 
the strongest correlation with other parameters was 
removed from the set. In this way the set of parameters 
was reduced to a more manageable set. The remain-
ing metrics were then tested individually to determine 
their influence and the least important metric was 
removed.

3.  Results

3.1  Traditional approach

When simple 2D plots were made, such as shown in 
Figure 1, in order to explore the relationship between 
the physical parameters of paper and parameters 
of image quality no clear correlation was apparent. 
Figure  1 shows an example of a 2D plot for a set of 
papers from the large study between a physical param-
eter of paper (the ink to paper contact angle recorded 
in 300 ms after the landing of ink) and a parameter of 
image quality (the maximum optical density of cyan). 
The dashed lines have been added to show slight 
trends in the data, for example there is a slight trend 
for a smaller contact angle to produce a higher maxi-
mum optical density, but these do not model the mech-
anism for ink−paper interaction.
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Figure	1:	The	2D	plot	of	cyan	maximum	optical	density	against	ink	contact	angle	
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Figure 1: The 2D plot of cyan maximum optical density 
against ink contact angle

There may be a way to analyse such a relationship 
between the simple physical interaction between 
paper and ink, but as yet no satisfactory theory has 
been established.
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Statistical approaches were also tested, an example 
of which is shown in Figure 2 for the same measured 
parameter, namely ink contact angle. In this case, each 
dot represents assessment of print image quality 
for a single paper, being given a value of either 1 for 
accepted and 0 for not accepted. The green line shows 
the logistic regression curve in respect to ink contact 
angle after 300 ms after landing of ink, and it can be 
seen that many points would have been incorrectly 
classified based on this single parameter. Across all 
such parameters, no single parameter was found which 
could give a reliable prediction for the acceptability of 
print image quality.

1 
 

	

	

Figure	2	Example	of	logistic	regression	for	the	ink	contact	angle	300	ms	after	the	landing	of	ink	
Figure 2: Example of logistic regression for the ink 

contact angle 300 ms after the landing of ink

3.2  Use of multidimensional linear methods

3.2.1  General approach

Since a simple relationship between parameters such 
as shown in Figure 1 could not be found an alternative 
approach was needed and multidimensional analysis 
was explored to determine whether this shows such a 
relationship.

(3 mm flow cup DIN 53211)

Instead of looking for a relationship between physical 
parameters and image quality parameters a high-level 
approach was adopted. In this case it was assumed that 
the details of printing and assessment are unknown 
and that all that is known are the paper metrics and 
the result of assessment of print image quality. It was 
assumed that care has been taken to establish the best 
printing conditions for each paper and that a consist-
ent process has been established for the assessment 
of print image quality. These assumptions mirror what 
happens in practice when manufacturers assess a new 
paper type for their press.

3.2.2  Prediction using all data sets and parameters

Logistic regression analysis was applied to the data. 
For the large study, predictions were calculated for 
200 combinations randomly selected from the data set 
as the training set. An average accuracy of 0.80 and 
Cohen’s kappa of 0.54 (Cohen, 1960) were obtained 
using the metrics shown in the first column of Table 1.

The first and second row of the table shows a good 
accuracy value, but a low value for Cohen’s kappa. This 
difference indicates that the set of papers used to make 
predictions included more papers from one assess-
ment category than the other. Since the selection pro-
cess was random this was to be expected.

3.2.3  Removal of correlated parameters

In order to reduce the set of parameters used by the 
prediction model their independence was checked by 
calculating their VIF with all other parameters. The 
test results are shown in Table 2.

Table 1: Improvement in prediction accuracy and Cohen’s kappa for each step

Condition All metrics VIF test Test 1 Test 2 Test 3

Remove two papers 

(58 and 63)

Accuracy 0.803 0.808 0,827 0.833 0.840 0.869
Cohen's kappa 0.537 0.554 0.602 0.616 0.629 0.690
Contact angle (ink, 300 ms)      

Contact angle (ink, 10 000 ms)      

Contact angle (ink, 30 000 ms)      

Contact angle (H2O, 300 ms)      

Contact angle (H2O, 10 000 ms)      

Contact angle (H2O, 30 000 ms)      

Surface pH      

Roughness      

Thickness of coating layer      

Si component      

Al component      

Ca component      

Ti component      
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was repeated three times (Test 1, Test 2 and Test 3 of 
Table 1) and each time the set of metrics with the best 
score was selected. Test 1 showed that removing the 
thickness of coating metric improved the accuracy and 
Cohen’s kappa to 0.83 and 0.60, respectively. Test 2 
showed that removing the surface pH metric improved 
the Cohen’s kappa to 0.62. Test 3 showed that remov-
ing the contact angle (ink, 300 ms) metric the accu-
racy and Cohen’s kappa improved to 0.84 and 0.63, 
respectively.

It was further observed that two papers seemed to 
be substantially different from the others in the set 
(papers 58 and 63). When these two papers were 
removed from the assessment, the accuracy and 
Cohen’s kappa increased substantially to 0.87 and 0.69, 
respectively, as shown in the last column of Table 1. 
The reason for this is not completely clear and further 
investigation of this aspect is needed. It is possible 
that the visual assessment was incorrect or that there 
is some fundamental difference in these papers com-
pared to the others.

4.  Discussion

4.1  Prediction

These values for accuracy and Cohen’s kappa seem to 
indicate that this provides a good basis for a prediction 
method for print image quality.

Strong correlations (VIF > 5) can be found between ink 
contact angles (300 ms and 30 000 ms), between water 
contact angles (10 000 ms and 30 000 ms) and between 
metal components (Si and Al). Based on this analysis, 
contact angle (ink, 30 000 ms), contact angle (H2O, 
30 000 ms) and Al component were removed from the 
model.

The results of predictions following the removal of these 
parameters are shown in the third column of Table 1. 
There is no dramatic change to the accuracy but the 
value of Cohen’s kappa is improved. Following this 
step, the average of accuracy was 0.81 and the average 
Cohen’s kappa was 0.55.

3.2.4  Removal of additional metrics using k-fold 
cross-validation

A method based on LOOCV was used to identify metrics 
with a low or negative effect on the model. For each 
LOOCV iteration, a single paper was used as the test set 
and all other papers used to build a logistic regression 
model. The prediction was recorded for each paper 
and this prediction compared with visual assessment. 
An LOOCV accuracy score was assigned for the set of 
metrics tested in this way as the ratio of correct pre-
dictions to the total number of papers.

This test was repeated multiple times, and each time 
one of the metrics was removed. The set of metrics 
with the highest LOOCV score was identified. This test 

Table 2: Variance inflation factors (the values above 2, 5 and 10 marked in green, yellow and red, respectively)
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Contact angle (ink, 300 ms) –
Contact angle (ink, 10 000 ms)   4.034 –
Contact angle (ink, 30 000 ms) 10.692 4.049 –
Contact angle (H2O, 300 ms)   1.367 1.269 1.300 –
Contact angle (H2O, 10 000 ms)   2.833 1.918 2.070 1.401 –
Contact angle (H2O, 30 000 ms)   2.861 1.996 2.257 1.407 23.454 –
Surface pH   1.122 1.085 1.125 1.050   1.128 1.129 –
Roughness   1.173 1.148 1.212 1.480   1.209 1.222 1.092 –
Thickness of coating layer   1.031 1.015 1.038 1.013   1.004 1.004 1.037 1.003 –
Si component   1.016 1.019 1.004 1.057   1.052 1.041 1.232 1.063 1.001 –
Al component   1.012 1.016 1.003 1.044   1.039 1.030 1.373 1.052 1.011 5.953 –
Ca component   1.006 1.001 1.012 1.000   1.005 1.007 1.872 1.039 1.007 2.063 2.170 – –
Ti component   1.007 1.001 1.002 1.034   1.033 1.028 1.642 1.018 1.085 1.262 1.575 1.613 1.000



234� T. Sato and C. Revie  –  J. Print Media Technol. Res. 9(2020)4, 229–241

The studies considered only measurement values of 
physical paper properties when making predictions, 
but when data directly relating to image quality such 
as whiteness and gloss are also used in the prediction 
a different direction may be found.

Further investigation of this aspect is necessary includ-
ing other measures such as those included in the 
ad-hoc data sets.

4.2  Verification of this prediction method

In order to confirm that this prediction method works 
well with data and assessments other than Fujifilm 
(the large study), predictions were also made using 
the data measured by the ad-hoc group. These predic-
tions were done using 20 types of paper collected by 
the group. In this case, the number of data sets is very 
small and it is therefore necessary to reduce the set of 
parameters used for prediction. 

Although VIF analysis is one direction to remove the 
parameters, only four parameters were eliminated 
from these data sets. Since k-fold cross-validation 
reduces the size of data sets, it is not an effective 
method for this prediction with small data sets. In the 
Equation [B.1] of logistic regression explained in Annex 
B, the coefficient βi determines the extent to which the 
variable xi contributes to the prediction. Therefore, if 
the coefficient βi is close to zero, the variable xi does 
not contribute to the prediction, and those parameters 
can be eliminated from the prediction. Table 3 shows 
the list of coefficients βi for the printers by three dif-
ferent manufacturers.

Table 3: Coefficients obtained for each printer

No. Parameters

Coefficient βi 

Printer A  Printer B  Printer C

1. Whiteness −2.016     1.758 −0.454
2. Gloss −8.953   −8.100 −7.439 
3. Opacity −2.722     5.899 −7.317
4. Surface pH   1.688 −14.573 −2.134
5. Liquid penetration   5.067   −3.184   0.662
6. Setting homogeneity −0.931     0.065 −2.976
7. Surface roughness   7.060     1.348   3.220
8. Mercury porosity −3.187     0.507 −0.768
9. Al component   2.659     6.619   0.944

10. Si component −0.425     9.345   0.988
11. Ca component   7.976     1.905 −2.339
12. Ti component   4.744     0.466   0.388 
13. Hygroexpansivity −0.707   −7.721   4.507
14. Contact angle 300 ms   5.967     0.862   1.943
15. Contact angle 1 100 ms   4.749     1.830   2.760
16. Contact angle 3 100 ms   6.315     0.853   3.399
17. Constant −3.845     7.415   2.193

Even with the same parameter, the coefficients are dif-
ferent depending on the printer. Here, the parameters 
with coefficients less than 1.0 were eliminated from the 
prediction. Tables 4 to 6 shows the results of the pre-
diction using a small data set that has undergone the 
processes reducing the parameters used. 

Table 4: The results of predictions for small-size data 
for printerA 

Results of assessment P (Acc) P (NA) Prediction

1 Acceptable 0.6492 0.3508 Acceptable
2 Not acceptable 1.0000 0.0000 Acceptable
3 Acceptable 0.9984 0.0016 Acceptable
4 Acceptable 1.0000 0.0000 Acceptable
5 Acceptable 1.0000 0.0000 Acceptable
6 Acceptable 1.0000 0.0000 Acceptable
7 Not acceptable 1.0000 0.0000 Acceptable
8 Not acceptable 0.0000 1.0000 Not acceptable
9 Acceptable 0.6347 0.3653 Acceptable

10 Acceptable 1.0000 0.0000 Acceptable
11 Not acceptable 0.0041 0.9959 Not acceptable
12 Acceptable 1.0000 0.0000 Acceptable
13 Acceptable 1.0000 0.0000 Acceptable
14 Not acceptable 0.0000 1.0000 Not acceptable
15 Not acceptable 0.9999 0.0001 Acceptable
16 Acceptable 0.0000 1.0000 Not acceptable
17 Not acceptable 0.0000 1.0000 Not acceptable
18 – – – –
19 – – – –
20 Acceptable 0.6181 0.3819 Acceptable

Table 5: The results of predictions for small size data 
for printer B

Results of assessment P (Acc) P (NA) Prediction

1 Acceptable 1.0000 0.0000 Acceptable
2 Acceptable 0.9998 0.0002 Acceptable
3 Acceptable 0.9999 0.0001 Acceptable
4 Acceptable 1.0000 0.0000 Acceptable
5 Not acceptable 0.4306 0.5694 Not acceptable
6 Not acceptable 0.0000 1.0000 Not acceptable
7 Not acceptable 0.0000 1.0000 Not acceptable
8 Not acceptable 0.0000 1.0000 Not acceptable
9 Not acceptable 0.0038 0.9962 Not acceptable

10 Not acceptable 0.0000 1.0000 Not acceptable
11 Not acceptable 1.0000 0.0000 Acceptable
12 Acceptable 1.0000 0.0000 Acceptable
13 Not acceptable 0.3097 0.6903 Not acceptable
14 Not acceptable 0.0000 1.0000 Not acceptable
15 Acceptable 0.0389 0.9611 Not acceptable
16 Not acceptable 0.0513 0.9487 Not acceptable
17 Acceptable 0.5966 0.4034 Acceptable
18 Acceptable 1.0000 0.0000 Acceptable
19 Not acceptable 1.0000 0.0000 Acceptable
20 Not acceptable 0.0717 0.9283 Not acceptable
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A yearly update on CIE publications

Among the publications from the International Com-
mission on Illumination (CIE) issued since the previ-
ous overview provided in JPMTR 8(2019)4, the full  

papers of the presentations from the three-day technical conference held in 
June 2019 in Washington, DC, USA are collected in Volume 1 of the Proceed-
ings of the 29th Session of the CIE (CIE x046:2019), comprising the majority 
of over 1 900 pages the proceedings have in total. Volume 2 with the quad-
rennial officers’ and technical reports, as well as the reports on workshops, 
is freely available on the CIE website.

The new technical reports include CIE 236:2019, published at the end of 2019 
and providing a summary of empirical data on lighting for pedestrians as 
a basis for future revisions to lighting design standards, CIE 238:2020 deal-
ing with optical measurement methods, instrumentation and procedures 
to reproducibly characterise AC-driven light-emitting diodes for solid-state 
lighting applications thanks to accurately set and controlled junction tem-
perature, and CIE 241:2020, which provides CIE recommended reference 
solar spectra for industrial applications (this document cancels and replaces 
CIE 085-1989). To facilitate systematic investigations of responses to light 
influenced by ipRGC (intrinsically-photosensitive retinal ganglion cells), CIE 
prepared freely available technical note CIE TN011:2020 with the guidance 
what to document and report in studies on this topic. 

In reaction to COVID-19 pandemic, CIE made temporarily available for free 
two of its relevant documents: CIE 155:2003 Ultraviolet air disinfection and 
CIE 187:2010 UV-C photocarcinogenesis risks from germicidal lamps, down-
loaded by more than 14 thousand users. Also, the Russian translation of the 
latter publication was issued. Now, the content of these publications is sum-
marised in the new CIE Position Statement on the use of ultraviolet radiation 
to manage the risk of COVID-19 transmission, explaining the most important 
aspects of the use of UV-C radiation (100–280 nm). While UV-C is highly ef-
fective in disinfection and sterilisation, it can be very hazardous to humans 
and animals as well as to cause photodegradation of the exposed materials. 
On the other hand, UV-C products that are safe for general use may not be 
effective in reducing the risk of virus transmission.

In cooperation with the International Organization for Standardization, name-
ly with its technical committee ISO/TC 274 Light and lighting, CIE works on 
the revision of ISO 11664-2:2007 (CIE S 014-2:2006) to be released as the 
first edition of ISO/CIE 11664-2 Colorimetry – Part 2: CIE standard illumi-
nants. The document defines the CIE standard illuminants A, D65 and D50 
along with the sources for realizing these three illuminants. It also provides 
the appropriate theoretical and experimental basis and correlated colour 
temperatures for both daylight illuminants. The illuminants’ relative spec-
tral power distributions are included in Annex, with values at 1 nm intervals 
from 300 nm to 830 nm.

The sections on the next page present the publications that are more of 
interest to the field of print and media technology.

Research and other activities  
of Fogra in 2020

From the areas covered 
by Fogra, almost half 
of projects in the 2020 

research programme were concerned 
with prepress technology. The project 
investigating the possibilities for 
improving the readability of barcodes 
and matrix codes with regard to 
high-speed inkjet printing ended in 
spring. According to the results, the 
best performance was achieved with 
the barcodes aligned parallel to the 
print head and output in true black; 
the quality was also influenced by the 
bar width reduction. A tool developed 
for the corresponding PDF data 
verification is available free of charge 
within Callas software pdfToolbox.
The agreement between the reading 
devices decreased with lower-quality 
codes. Recently has been finished 
the project focused on a colour-
accurate soft proof for 3D objects, 
which involved characterisation of 
the process to acquire the material 
data, development of the rendering 
algorithm and integration of both into 
the iccMAX- framework. 

The area of full-colour 3D printing is 
further explored in an ongoing project 
aiming to significantly streamline 
the characterisation and profiling 
processes thanks to the optical 
characterisation of the components 
produced by Polyjet and Multijet 
fusion technology. Another ongoing 
prepress project deals with colour 
communication in multi-primary 
printing. The new project running 
since June 2020 in cooperation with 
the Institute of Imaging & Computer 
Vision at the Aachen University 
aims to utilise machine learning for 
dynamic evaluation of image style, 
helping to select images suitable for 
a given purpose. The second project 
that started this year is also related 
to prepress technology; its goal is to 
design a standardisation concept to 
improve colour communication in 
digital textile printing.
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In other areas of research, the topics 
currently studied at Fogra cover the 

classification of papers for high-speed 
inkjet printing, modelling of changes 

in colour appearance due to both 
matt and gloss coatings of known 
thickness, and improved bending 
analysis of smart cards for better 
predictability of their service life. 

Among the recently finished Fogra 
projects, three comprised the research 

on characterisation and testing. The 
two lasting till spring 2020 include 

further development of the laboratory 
method for the determination of the 
residual strength of papers for heat-

set web-offset printing, in order to 
meet the current conditions of print 
production, and the new test system 
for the evaluation of wettability and 

surface purity, which is based on two 
ink sets intended for surfaces that 
are predominantly either polar or 

non-polar and a so-called master ink 
to determine which set to use. This 

project also involved the development 
of a standardised method for ink 

application and software-supported 
evaluation procedure. The third 

one, finished this autumn, aimed to 
develop a method for characterisation 

of metallic prints. To establish 
objective parameters that correlate 

with their visual appearance, the 
work included the colour and 

gloss measurements of metallised 
print samples together with the 

development of a viewing technique 
allowing a clear assessment of the 

metallic effect. The last project that 
ended in the past months was carried 

at the Materials & Environment 
department of Fogra. It was dealing 
with a printable primer system for 

direct printing on glass, in particular 
on reusable beverage bottles, with 

the aim to achieve optimum adhesion 
both to the substrate and the UV-

curing inks, and thus sufficient 
durability of the print.

During the past year, Fogra has also 
started the new one-year Fogra Web 

Academy as an additional option 
to the established on-site training 

courses. The one-hour online 
webinars in English are offered on 

Mondays since September 2020 and 
include 15 sessions, with each of 

them covering one fundamental topic 
and one special topic.

CIE S 017/E:2020 – ILV: International Lighting Vocabulary

This is the 2nd edition of the International Lighting Vocabulary published 
as a CIE standard. This version cancels and replaces CIE S 017/E:2011 and 
CIE S 017-SP1/E:2015. The vocabulary, which was first published in 1938, 
provides the definitions and essential explanations for radiation, quantities 
and units, vision, colour rendering, colorimetry, emission, optical properties 
of materials, physical detectors for radiometric, photometric and colorimet-
ric measurements, actinic effects of optical radiation, light sources, compo-
nents of electric light sources and auxiliary apparatus, lighting technology 
and daylighting, luminaires and their components, visual signalling, and im-
aging. The online version of the vocabulary is available on the CIE website. 
Since 2015, all activities regarding the ILV are coordinated by CIE JTC 8. That 
includes maintaining and updating the terms and definitions by CIE Divi-
sions 1–6 and 8, as well as their harmonisation with IEC 60050-845 Inter-
national Electrotechnical Vocabulary – Lighting and ISO 80000-7 Quantities 
and units – Part 7: Light and radiation. The new ILV from December 2020 
comprises 248 pages and presents the definitions of 1 347 terms.

CIE 237:2020 – Non-linearity of optical detector systems

This technical report prepared under Division 2, Physical Measurement of 
Light and Radiation, reviews the reasons for non-linearity of detectors, their 
operating circuits, measurement conditions, detector signal measurement 
modes and preamplifier output measurements. It also covers the non-line-
arity of detector arrays and avalanche photodiodes. The last part discusses 
the methods and approaches for the determination of linearity.

CIE 239:2020 – Goniospectroradiometry of optical radiation sources

Another technical report elaborated under Division 2 deals with the meas-
urement of the spectral distribution as a function of the emission angle of 
the source. It describes conditions, equipment and methods for goniospec-
troradiometric measurement, calculation of radiometric, photometric and 
colorimetric quantities, calibration, and measurement uncertainties.

CIE 240:2020 – Enhancement of images for colour-deficient observers

Prepared by the appointed committee under Division 1, Vision and Colour, 
this technical report summarises on over 60 pages the methods used to 
enhance images to be easily recognised by colour-deficient observers. The 
document presents use cases and their requirements for image enhance-
ment for colour-deficient observers and details the enhancement techniques 
based on recolouring, edge enhancement and pattern superposition, along 
with their comparison. It also provides three types of images (a natural image, 
a scientific visualisation and an office document) for testing of the enhance-
ment techniques and describes different evaluation methods. The annexes in-
clude assessment and groups of colour-deficient observers, colour-difference 
metric and a glossary with the relevant terms.

CIE 242:2020 – Photometry of curved and flexible OLED  
and LED sources

This technical report from Division 2 reflects the progress in the field of 
flexible products and describes the methods of measuring photometric and 
colorimetric quantities for curved sources, including luminance, luminous 
flux, colour, reflectance and viewing angle.
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Organic Flexible Electronics 
Fundamentals, Devices, and Applications

This new book with 70 contributors aims to bring a comprehensive and timely review 
in the field, from basic concepts of organic electronics to novel approaches to the design 
and fabrication of different electronic devices making use of new materials, technolo-
gies and architectures. The volume also presents a number of innovative and promising 
applications of flexible organic electronics.

The first chapter introduces the fundamentals of organic electronic devices, such as the 
charge-carrier transport and metal–semiconductor interfaces, and presents the main 
differences between organic and inorganic electronics. The next eight chapters deal with 
the materials for flexible organic electronics and their properties, detailing the develop-
ment of conjugated polymers, electronic and ionic transport, chemical doping, interface 
energetics in organic electronic devices, thermoelectric and mechanical properties, as 
well as the encapsulation of flexible devices employing suitable barrier structures to 
ensure the long-term stability.

The next part explores the advances in flexible organic devices, namely the most sig-
nificant achievements in the inkjet-printed organic and perovskite solar cells together 
with the remaining challenges for inkjet fabrication of active layers and electrodes, the 
thermoelectric generators for the energy harvesting of waste heat, the materials and 
designs of flexible alkali-ion batteries, the progress in 3D integration of organic printed 
transistors and circuits with a focus on modelling and simulations for their develop-
ment, the amplifier topologies employing organic thin-film transistors including both 
unipolar and complementary solutions, the ultra-conformable organic devices for dif-
ferent purposes, and the stretchable electrodes for highly flexible electronics.

Finally, among the novel applications, one chapter discusses the organic biosensors and 
bioelectronics, especially the biosensors based on electrolyte-gated organic transistors, 
their mechanism and specific applications such as the detection of proteins. Another 
one presents the use of flexible organic electronics for the development of neuromor-
phic computing systems, mimicking and implementing essential concepts of the brain 
in hardware. Also here, in a future outlook, a particular focus is on interfacing with bio-
logical environments. The next chapter is dedicated to the emerging technology of flex-
ible and large-area imagers using solution-processed organic photodetectors, including 
the recent developments towards the curved X-ray detectors and biometric scanners. 
The last chapter reviews the progress in the area of organic, flexible and wearable moni-
toring systems for biomedical applications, presenting the most interesting devices and 
systems in biomechanics, clinical electrophysiology and bioelectronics, which can be 
more easily and possibly imperceptibly integrated directly onto a human body.

Editors: Piero Cosseddu, Mario Caironi

Publisher: Woodhead Publishing
1st ed., October 2020
ISBN: 978-0-12-818890-3
664 pages
Softcover
Available also as an eBook
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Pioneers of Color Science

This book presents the history of colour science through brief descriptions 
of lives and scientific work of almost hundred pioneering figures in the field, 
having background mainly in physics or psychology, but also in chemistry, 
mathematics, optical engineering, physiology and art. The content is organ-
ised chronologically into five parts, dedicated to the era of antiquity, the 
Islamic Golden Age, the Middle Ages and the Renaissance, the Age of En-
lightenment, and the period from the 19th century to present. The last part 
comprises about two-thirds of all essays. The span illustrates the collage by 
the first author, beginning with a part of the painting ‘School of Athens’ by 
Raphael depicting the antique philosophers with Plato and Aristotle at the 
centre, and ending with the photograph of David L. MacAdam and Gunter 
Wyszecki (with Ernst Ganz and Alan R. Robertson who are not presented 
in the book) taken by Fred W. Billmeyer at a CIE Meeting, which is merged 
with the CIE chromaticity diagram. The text includes several contributions 
from other authors, which were modified for this book after being published 
in the first edition of the Encyclopedia of Color Science and Technology, see 
this section in JPMTR 5(2016)3, or which are planned to appear in the sec-
ond edition of the encyclopedia.

Media Selling 
Digital, Television, Audio, Print and Cross-Platform

The current edition of this classic textbook on media selling by Ch. Warner 
has been thoroughly updated to reflect the vast changes in the media and 
advertising that took place since the fourth edition published a decade ago. 
The fifth edition includes the chapters ‘Researching insights and solutions’ 
and ‘Google and search’ by B. Moroz and the chapters ‘Programmatic mar-
keting and advertising’ and ‘Measuring advertising’ by W. Lederer. It also 
covers cross-platform selling, Facebook and other social media, podcast-
ing, etc. Overall, the book focuses on personal selling and the changes in 
approaches and skills it requires, while emphasising sales ethics. The book 
includes a glossary for digital advertising and links to materials available 
on the accompanying website; also, instead of future outlook, it provides 
links to the sources where readers can follow the news relevant to the topic.

Discrete Wavelet 
Transformations 

An Elementary Approach  
with Applications

Author: Patrick J. Van Fleet

Publisher: Wiley
2nd ed., April 2019

ISBN: 978-1118979273
624 pages
Hardcover

Also as an eBook

The changes in the second edition 
of this textbook are based on the 

feedback received for the original 
one. After introducing wavelets 

and providing the basics of vectors, 
matrices and digital images, the text 

explains the Haar and Daubechies 
wavelet transformations, wavelet 

shrinkage and its application to signal 
denoising, biorthogonal wavelet 

transformations, complex numbers 
and Fourier series, filter construction 

in the Fourier domain, wavelet 
packets, lifting, and the JPEG2000 
image compression standard. The 

book includes numerous exercises 
and basic statistics in the appendix. 

Handbook of Multimedia 
Information Security 

Techniques and Applications

Editors: Amit Kumar Singh,  
Anand Mohan

Publisher: Springer
1st ed., August 2019

ISBN: 978-3030158866
808 pages, 369 images

Hardcover
Also as an eBook

The content of this book is organised 
into three parts that review the topics 

in multimedia security, processing 
and applications. Several chapters 

deal with biometrics, encryption 
and watermarking methods, image 

processing techniques for various 
purposes and the use of multimedia 

in medicine and the Internet-of-
Things. The book also presents the 
face identification system, analysis 

of streaming data, digital image 
forensics with the methods for 

forgery detection, and more.

Authors: Renzo Shamey, Rolf Kuehni

Publisher: Springer
1st ed., November 2020
ISBN: 978-3-319-30809-8
431 pages, 198 images
Hardcover
Available also as an eBook

Authors: Charles Warner, William A. Lederer, Brian Moroz

Publisher: Wiley-Blackwell
5th ed., August 2020

ISBN: 978-1-119-47739-6
576 pages
Softcover

Available also as an eBook
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The Bookshop of the World 
Making and Trading Books in the Dutch Golden Age

The authors of this volume on Dutch book history provide rich information 
about the topic over the course of 150 years, building on comprehensive 
research and detailed analysis that allowed to show the interesting points 
and reveal new insights. The content documents the importance of print and 
the Dutch bookselling industry in early modern Europe. In the 17th century, 
the most books per capita were published in the Dutch Republic; the book 
industry products were bought by its citizens, contributing to a literate and 
well-informed population, and also constituted one of the major exports. It 
was possible thanks to the important innovations in print marketing and 
selling, which included newspaper advertising and book auctions, where 
millions of books were traded. Besides the books produced by the Dutch, 
their international book trade also involved large numbers of imported and 
re-exported books. 

While many of the books published in this Dutch era belong to the master-
pieces, the authors pay attention to all kinds of printed matter of that time 
to get a complete picture and better understand the evolution of the society. 
The survey includes the newspapers, different non-commercial prints, such 
as official ordinances or student dissertations, as well as the books intended 
for practical use, most of which had worn out and become forgotten. The text 
is complemented by carefully selected illustrations. The softcover edition of 
the book is available since September 2020.

Inside Paragraphs 
Typographic Fundamentals

This book demonstrates the role of space within a letter, a word, a line and a 
paragraph through lucid descriptions and illustrated examples, generously 
presented on page spreads in a landscape format. The author explains the 
essential typographic concepts and terms in relation to readers’ experience 
in an effective and engaging manner. After several translated editions issued 
since its first publication in 2012, the book is now available in the updated 
English edition and with a new preface.

Advances in Design and  
Digital Communication

Editors: Nuno Martins, Daniel Brandão

Publisher: Springer
1st ed., November 2020
ISBN: 978-3030616700
617 pages, 276 images
Hardcover
Also as an eBook

The contributions in the Proceedings 
of Digicom 2020, the 4th International 
Conference on Design and Digital 
Communication held this November 
as an online event, are divided into 
four parts focused on digital and 
interaction design, design strategies 
and methodologies, pedagogy, 
society and communication in design 
practice, and graphic design and 
branding. The topics include, among 
others, the display issues with the 
Indian typefaces in digital platforms, 
a new tool for type design education, 
the future of film posters, the 
marketing and design perspectives 
on brands and rebranding, the soft 
skills developed in the transnational 
graphic design education in Sri Lanka, 
the benefits of visual representation 
of design process, and also the effect 
of visual communication in COVID-19 
prevention and risk mitigation.

Perspectives on Design and 
Digital Communication 
Research, Innovations and Best 
Practices

Editors: Nuno Martins,  
Daniel Brandão, Daniel Raposo

Publisher: Springer
1st ed., July 2020
ISBN: 978-3030496463
238 pages, 87 images
Hardcover
Also as an eBook

This volume includes 15 chapters 
from the authors of the best papers 
presented at the 3rd edition of 
Digicom, the conference mentioned 
above, held in November 2019 in 
Barcelos, Portugal. They discuss, for 
example, the intersections between 
printed and digital media and the 
design of interactive narratives.

Authors: Andrew Pettegree, Arthur der Weduwen

Publisher: Yale University Press
1st ed., April 2019
ISBN: 978-0-300-23007-9
496 pages, 70 images
Hardcover

Author: Cyrus Highsmith

Publisher: Princeton  
Architectural Press

2nd ed., August 2020
ISBN: 978-1-61689-941-7

104 pages, 62 images
Softcover
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Hybrid Organic-Inorganic Perovskites

The authors of this timely book review the recent developments of hybrid 
perovskites enabled by the homogeneous integration of organic and inor-
ganic components at an atomic level. The opening chapter provides the 
background on perovskite oxides and the incorporation of organic compo-
nents resulting in hybrid organic-inorganic perovskites, along with their 
classification and chemical variations. This chapter also outlines the struc-
ture, crystal symmetry, tolerance factor and physical properties of different 
hybrid perovskites, dependent on their composition, and explains the pro-
cesses involved in their phase transitions.

The main content is clearly organised into eight chapters describing the indi-
vidual types of hybrid perovskites – their synthesis, structures, phase transi-
tions and specific physical properties. These include five chapters dedicated 
to hybrid halide, formate, azide, dicyanamide and cyanide perovskites, a joint 
chapter on hybrid dicyanometallate and borohydride perovskites, another 
one on hypophosphite perovskites, and the last one, which reviews other 
perovskite-like hybrid materials, namely the hybrid organic-inorganic per-
chlorates and tetrafluoroborates, and metal-free perovskites. Finally, the last 
chapter discusses the future research directions, challenges and opportuni-
ties in the field.

Flexible and Wearable Electronics for Smart Clothing

The first two parts of this book review the applications in sensing, presenting 
wearable organic nano‐sensors, stimuli‐responsive electronic skins and flex-
ible thermoelectrics, and the applications for energy harvesting and storage, 
which include triboelectric nanogenerators, solar cells and supercapacitors, 
and lithium‐ion batteries. The third part deals with the interaction of smart 
clothes with the human body, discussing thermal and humidity management, 
functionalisation of fibre materials, and flexible microfluidics for wearable 
electronics. The last part begins with a chapter on piezoelectric flexible bio-
integrated electronics and then explores various processes and materials for 
fabrication of flexible and printed electronics for smart clothes, including the 
strategies of production upscaling.

Plastics 
Microstructure and  

Engineering Applications

Authors: Nigel Mills,  
Mike Jenkins, Stephen Kukureka

Publisher:  
Butterworth-Heinemann

4th ed., February 2020
ISBN: 978-0081024997

336 pages, Softcover
Also as an eBook

The current edition of this classic 
textbook on the properties and 

engineering of plastics, emphasising 
the specific aspects of mechanical 

design, has been substantially 
revised to reflect the progress in the 

fields relevant for plastic materials, 
including new insights into their 

microstructure and electrical 
properties, 3D printing, ageing, 

sustainability, life-cycle analysis and 
waste disposal considerations. 

Polylactic Acid 
A Practical Guide for the 

Processing, Manufacturing, and 
Applications of PLA

Authors: Lee Tin Sin, Bee Soo Tueen

Publisher:  
William Andrew

2nd ed., June 2019
ISBN: 978-0128144725

422 pages, Hardcover
Also as an eBook

This guide begins with the overview 
of biodegradable polymers; then, it 

details the synthesis and production 
of poly(lactic acid), followed by 

its thermal, chemical, mechanical 
and rheological properties, as well 

as degradation and stability. The 
second edition also covers the use 

of additives and processing methods 
for poly(lactic acid), including their 

recycling requirements. One chapter 
is dedicated to injection moulding 
and 3D printing, which is further 

discussed among the applications 
of poly(lactic acid) in the next 

chapter. The last one then reviews 
the environmental assessment and 
international standards of polymer 

biodegradation.

Authors: Wei Li, Alessandro Stroppa,  
Zhe-Ming Wang, Song Gao

Publisher: Wiley-VCH
1st ed., October 2020

ISBN: 978-3-527-34431-4
292 pages
Hardcover

Available also as an eBook

Editors: Gang Wang, Chengyi Hou, Hongzhi Wang

Publisher: Wiley-VCH
1st ed., June 2020

ISBN: 978-3-527-34534-2
360 pages
Hardcover

Available also as an eBook
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Doctoral thesis – Summary

Author: 
Titas Braukyla

Speciality field: 
Chemistry

Supervisor: 
Vytautas Getautis

Defended: 
20 September 2019,  
Kaunas University of Technology, 
Faculty of Chemical Technology, 
Department of Organic Chemistry  
Kaunas, Lithuania

Contact: 
titas.braukyla@thermofisher.com

Doctoral thesis – Summary

Author: 
Aditya Suneel Sole

Speciality field: 
Colour Imaging

Supervisors: 
Peter Nussbaum  
Ivar Farup

Defended: 
5 December 2019, Norwegian 
University of Science and Technology, 
Faculty of Information Technology and 
Electrical Engineering, Department of 
Computer Science  
Gjøvik, Norway

Contact: 
aditya.sole@ntnu.no

Synthesis and Investigation of Functional Tröger’s Base Molecules  
for Optoelectronic Applications

This thesis contributes to the research on organic compounds applicable in 
optoelectronic devices. Namely, it deals with tetracyclic Tröger’s base mol-
ecules with two tertiary amine groups, exhibiting a specific rigid V-shaped 
chiral structure. The aim of the thesis was to synthesise and investigate 
novel functional Tröger’s base compounds to be used as charge-generating 
double-acceptor dyes for dye-sensitised solar cells, solid-state light-emitting 
materials for organic light-emitting diodes, and well-performing amorphous 
hole-transporting materials for perovskite solar cells. The dissertation re-
views the synthesis of Tröger’s base, its reactions and analogues along with 
their use. The main part describes the series of experiments comprising the 
synthesis and characterisation of novel Tröger’s base compounds. Four chap-
ters explore their application as hole-transporting materials. Here, Tröger’s 
base core was combined either with triphenylamine moieties that could 
be further extended by phenylethenyl moieties, or with TPD (N,N′-bis(3-
methylphenyl)-N,N′-diphenylbenzidine) moieties, or with enamine-linked 
diphenyl branches. For all types, derivatives having methyl- or methoxy- 
substituents were prepared as well. The work presents thermal, optical and 
photoelectrical properties of all synthesised compounds. Except for the first 
type with the smallest molecules, their performance in perovskite solar cells 
was also successfully tested. Next, two chapters deal with metal-free sen-
sitisers for dye-sensitised solar cells based on Tröger’s base scaffold with 
triphenylamine and rhodanine-3-acetic acid moieties and their improve-
ment by phenyl-branched hydrazone units. Then, the light-emitting materi-
als containing tetraphenylethenyl moieties and Tröger’s base core are pre-
sented. All measurements and materials are detailed before the conclusions. 

Image-Based Bidirectional Reflectance Measurement  
of Non-Diffuse and Gonio-Chromatic Materials

The general focus of this thesis was on a time- and cost-efficient way for 
optical characterisation of flexible packaging print materials that require bi-
directional measurements. The aim was to investigate the possibility to use 
an image-based measurement setup to perform bidirectional reflectance 
measurements of flexible and homogeneous packaging print materials with 
complex optical properties. The thesis was also concerned with an analyti-
cal estimation of the bidirectional reflectance distribution function (BRDF) 
of materials using different reflectance models and a representation of ma-
terial appearance from the data obtained using this measurement setup. 

The dissertation provides the background on visual appearance and pack-
aging print materials, bidirectional reflectance measurements and repre-
sentation of BRDF, with an emphasis on the analytical BRDF models, and 
then presents the research work. The image-based measurement setup em-
ployed a halogen tungsten lamp of a film projector as a uniform point light 
source, illuminating the sample fixed on a cylinder of known radius, and a 
commercially available digital single-lens reflex camera as a detector. The 
positions of the light source, the detector and the sample were fixed, with 
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