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Abstract 
This work presents the approach of directly stabilizing the metrology lasers of a long-range nanopositioning 
and measuring machine to an optical frequency comb. The frequency comb is referenced to a GPS disciplined 
oscillator. This way a direct and permanent link of the laser frequency to an atomic clock is created allowing 
direct traceability to the SI meter definition. Furthermore the longterm stability of the individual comb lines can 
be transferred onto the metrology lasers enhancing their longterm stability by three orders of magnitude. 

Keywords: nanopositioning machines, optical frequency comb, He-Ne-laser, traceability 

1. Introduction 
The increasing impact of nanofabrication techniques in research and industry requires high performance 
distance measurement and positioning systems to provide resolving capabilities down to the sub-nm-range over 
several hundred millimetres of measurement range. This can be accomplished by using nanopositioning- and 
measuring machines (NPMM). The NPMMs can be equipped with a variety of different sensor systems or tip- 
and laser-based nanofabrication tools making them suitable for a characterization of surface topographies or the 
realization of new approaches in the design of three-dimensional nanostructures [1,2]. 

In recent years the next generation of nanopositioning and measuring machines (NPMM) was developed at the 
TU Ilmenau. The NPMM-200 currently provides a measuring range of 200 mm x 200 mm x 25 mm with a 
positioning repeatability ≤ 4 nm over the whole measurement area and a positioning resolution of 20 pm [1,3]. 
This performance sets new demands on the frequency stability of the He-Ne lasers and their corresponding 
wavelength used as a measuring standard in the underlying fiber-coupled laser interferometers.  

Currently the 24 h-longterm frequency stability of these lasers is limited to 2∙10-9 resulting in a measurement 
error of 0.4 nm for a maximum measurement range of 200 mm. Furthermore the absolute frequency of these 
lasers can change during their lifetime operation due to degradation effects that can cause a drift of the center 
frequency up to ± 5MHz / year (Δf/f = 10-8/year) [4]. Therefore the metrology lasers of the NPMM-200 have to 
be periodically measured against a BIPM compliant frequency standard, e.g. an iodine stabilized He-Ne-laser 
[5], to control their absolute frequency and thus avoid systematic length measurement errors over long-time 
operation of the NPMM.  

To eliminate the influence of frequency fluctuations on interferometric length measurements in the long-range 
NPMMs, measurement errors due to frequency fluctuations will prospectively have to fall below the electronic 
resolution limit of the interferometers that can reach up to 5 pm resulting in a relative value of 25∙10-12 when 
the operational range of 200 mm is considered [6]. To additionally control the absolute frequency of the 
metrology lasers a permanent link to a frequency standard is desirable. 

These requirements can be met by means of an optical frequency comb. In this study we present the approach 
of directly stabilizing a He-Ne laser to an optical frequency comb to create a metrology laser with high power 
output and an ultrastable, traceable vacuum wavelength for the interferometric length measurements in the 
NPMM-200. 
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2. Comb-referenced metrology laser 
The basic implementation of a comb-referenced metrology laser is depicted in fig. 1. As an optical frequency 
comb (OFC) a commercial system (Model:FC1500-250-WG, Menlo Systems) with an additional unit for 
frequency conversion down to 633 nm is used. The comb is referenced to a GPS disciplined oscillator (GPSDO). 
The GPSDO uses the signals received from GPS satellites to control the frequency output of a local oscillator. 
This way the longterm accuracy is given by the GPS signal which is traceable to the UTC (NIST). In our case 
the manufacturer guarantees a relative accuracy of 8∙10-12 in 1s with a relative stability of 4∙10-12 in 1s [7].  

The current metrology lasers of the NPMM-200 are embodied by a fiber-coupled He-Ne heterodyne source [8]. 
This heterodyne source consists of two independent commercially available He-Ne lasers (model: SL02/1, SIOS 
Meßtechnik GmbH) with an output power of approximately 1 mW prior to fiber coupling. One of the lasers of 
the heterodyne source is used to generate a beat-note with one of the comb modes and serves as a “Secondary 
Standard”. Due to the low power of a single comb mode (usually below 100 nW) nearly all of the laser power 
of the secondary standard after fiber coupling is used to generate the beat signal which is measured with an 
Avalanche photodiode (APD). The beat signal has a limited SNR of 30-35 dB and is processed with a FPGA-
based control system based on a phase measurement whereas the resonator length of the He-Ne-laser tube serves 
as an actuator of the control loop [6]. The second laser of the heterodyne source serves as the actual metrology 
laser and is locked onto the secondary standard. For this purpose some µW optical power of the secondary 
standard and the metrology laser are used to create a high SNR beat signal of at least 50 dB that is processed 
with a FPGA-based control system based on a frequency measurement. The beat frequency can be adjusted 
between 0.1 – 20 MHz. A detailed description of the control electronics and the locking procedure can be found 
in [6,8].  

The residual power of the metrology laser is then used to feed the two long-range interferometer axes of the 
NPMM-200. 

 
Fig. 1: Schematic of the basic setup for locking the metrology lasers of the NPMM-200 to a single mode of an 

optical frequency comb. Abbreviations are explained in the text. 

3. Results 
In fig. 2a) the deviation of the beat signal from its mean value (ΔfBeat) between the secondary standard (SS) and 
an optical comb mode prior and after locking the SS to the comb line is shown. The grey curve shows the SS 
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in its internal stabilization regime based on a two-mode comparison. In this case the frequency comb serves as 
a stable reference laser and the frequency fluctuations are completely determined by the SS. The maximum 
frequency deviation within a time window of 24 h can reach up to 1.1 MHz (2.3∙10-9). The resulting relative 
Allan-deviation is presented in fig. 2c) and shows a distinct increase for integration times higher than 100 s. 
When locked to the comb line the frequency fluctuations of the SS are eliminated (light blue curve in fig. 2a)). 
In this case the beat signal indicates how the SS follows the comb line. The same is true for the metrology laser 
(ML) that is depicted as a dark blue line in fig. 2b). The frequency deviation of these two beat signals mainly 
depends on the chosen control parameters of the two servo loops used to lock the He-Ne lasers to the comb line. 
The chosen data in fig. 2b) possesses a maximum frequency deviation of 2.3 kHz (176 Hz) over a time window 
of 1h for the SS (ML) corresponding to a relative frequency deviation of 4.8∙10-12 (3.7∙10-13). The corresponding 
relative Allan deviations are shown in fig. 2c). The red curve indicates the frequency stability of the OFC limited 
by the frequency stability of the GPSDO that is used to reference the comb [9]. As can be seen in fig 2c) the 
relative Allan deviation of the locked SS and ML fall below the Allan deviations of the comb line. This 
demonstrates that the SS and ML are able to follow the comb line properly. For an integration time of 10 000 s 
the relative Allan deviation of the comb falls down to 5∙10-13. Compared to the internally stabilized He-Ne-
lasers with a relative Allan deviation of 4∙10-10 at the same integration time an increase in longterm stability of 
three orders of magnitude can be achieved.  

 
Fig. 2: Frequency stability of a comb-referenced metrology laser. a) Deviation of the beat frequency between 
the Secondary standard (SS) and a comb line prior and after locking the SS onto the comb line, b) Deviation of 
the beat frequencies between the SS and a comb line as well as the metrology laser (ML) and the SS when 
locked to the comb line, c) Respective relative Allan deviations and d) Influence of frequency changes on the 
interferometric length measurement demonstrated with the comb-referenced metrology laser. 

In fig. 2d) the influence of frequency distortions on the length measurements in the NPMM-200 is finally 
demonstrated by using the comb-referenced metrology lasers. The metrology laser was fed to the x-
interferometer axis of the NPMM-200 and the beat frequency between the metrology laser and secondary 
standard was intentionally changed at a constant position of the positioning stage of 100 mm. Therefor the drive 
system of the NPMM-200 was deactivated and the positioning stage was mechanically fixed. The introduced 
frequency jumps of 625 kHz should cause an ostensible length change of 132 pm at a measurement length of 
100 mm. As can be seen in fig. 2d) these frequency jumps can clearly be resolved in the length data obtained 



Proceedings of the Nanotech France 2021 International Conference and Exhibition 
Paris, France – June 23 – 25, 2021 
DOI: https://doi.org/10.26799/cp-nanotechfrance2021 

Page 4 

from the interferometers where an average length change of ΔLmean = 133.5 pm with a standard deviation of 9.9 
pm was obtained. 

4. Conclusion 
Ultrastable traceable laser sources for interferometric length measurements in nanopositioning and measuring 
machines are gaining more importance as the positioning ranges of those machines are steadily increasing. 
Currently the largest of these machines at the TU Ilmenau is the NPMM-200 which provides a measurement 
range of 200 mm x 200 mm x 25 mm. Using the approach of a comb-referenced metrology laser it is possible 
to create a direct and permanent link of the interferometric length measurement within the NPMM-200 to an 
atomic clock. This way additionally the longterm stability of an individual comb line can be transferred onto 
the metrology laser. Nevertheless the resulting high frequency stability of better than 10-12 can currently only 
be achieved for integration times longer than 1000 s. Since high positioning dynamics require a high short-term 
stability (usually integration times below 1s) as well, future work will concentrate on extending this high 
stability performance into the kHz range.  
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Abstract: 

The wettability aspect of the multi-walled carbon nanotubes (MWCNTs) based nanofluid was investigated for 
different nanoparticle MWCNTs concentration, sonication times, and surfactant concentrations. The wettability 
was experimentally evaluated using the contact angle method based on L9OA orthogonal array. The analysis of 
variance (ANOVA) showed that the MWCNT loading is the most influential factor followed by surfactant 
concentration and sonication time, respectively. Besides, the contact angle was found to be increased with 
increasing the MWCNTs concentration. However, decreasing the surfactant concentration increases the contact 
angle. This study provides insights about the underlying physical mechanism of nanofluid wettability and makes 
progress towards solving the conflicting theories proposed in the open literature.  

Keywords: Nanofluids, MWCNTs, Wettability, Contact angle, Mechanisms.  

Nomenclature 
L9OA Latin hypercube orthogonal array 
MWCNT Multi-wall carbon nanotubes 
NF Nano fluid 
NP Nanoparticles 
SWCNT Single wall carbon nanotubes 

1. Introduction 
Nanofluids are now considered as an ultra-high performance fluid in different applications. This is due to their 
unique thermo-physical properties. One of these properties is nanofluid wettability, which defines nanofluid 
spreading on a given surface. The addition of nanoscaled particles is known to significantly alter this property 
(Estellé et al. 2018). This has been reported in different studies in the open literature. However, it is not globally 
agreed upon whether the nanoparticle addition is enhancing or hindering the fluid spreading. This is evident 
from the contradicting reported trends in the open literature. One reason for this global inconsistency is the 
discrepancy in the reported mechanism and theories behind the role of nanoparticles in nanofluid wettability. 

Three reoccurring theories for nanoparticles' role in nanofluid wettability are related to (1) the intermolecular 
force (cohesion) manipulation due to the addition of nanoparticles (Lu, Duan, and Wang 2014; Karthikeyan, 
Coulombe, and Kietzig 2017; Harikrishnan et al. 2017). (2) surface modification due to the deposition of 
nanoparticles and its effect on contact line dynamics. (Sefiane, Skilling, and MacGillivray 2008; Radiom, Yang, 
and Chan 2010) (3) the intermolecular force manipulation due to the existence of surfactant molecules 
associated with the added nanoparticles (Ranjbar et al. 2015; Kumar and Milanova 2009). In general, the 
wettability of nanofluid has not been focused on compared to other physical properties in the literature. 
Moreover, there are very few studies, if any, on MWCNT, in particular. In one of the studies, it was found that 
the addition of single-wall carbon nanotube (SWCNT) to water increased surface tension while increasing the 
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surfactant showed the opposite effect (Kumar and Milanova 2009). On the contrary, the contact angle was found 
to be negatively correlated to the MWCNT volume concentration for palm oil seeded with MWCNT nanofluids 
(Li et al. 2017). The results from these two studies are showing contradicting effects, and no underlying theories 
were provided. On the other side, the Van der-Waal’s force between NP on the gas-liquid interface was held 
responsible for increasing the surface tension on MWCNT seeded fuels (Tanvir and Qiao 2012).  

Based on the reviewed literature, a very limited number of studies have addressed the effect of MWCNT on 
nanofluid wettability. This number is even less for the effect of surfactant concentration, and to the best authors’ 
knowledge, no studies have been conducted on the effect of sonication time on wettability. In this study, these 
three factors are experimentally investigated, and a new mechanism has been proposed to explain them. Besides, 
the reported experimental finding has also been used to evaluate the applicability of the existing theories in the 
literature. The work proposed in this study aims to a better understanding of the wettability characteristics of 
MWCNT nanofluid by assessing the contribution of the diverse proposed mechanism in the open literature.  

2. Experimentation 
In this study, both mechanical (i.e., sonication and stirring) and noncovalent techniques (surfactant) were 
applied for stabilization. Since the utilized base fluid is organic (vegetable oil), non-ionic surfactant (Triton X 
from Sigma Aldrich) was used. Elicarb MWCNT purchased from Thomson Swan (UK) with an average 
diameter between 10-12 nm, and lengths of tens of microns were used in the present study. The nanofluid was 
prepared via two steps sonication to prompt the unzipping mechanism (Strano et al. 2003) and assure uniform 
surfactant adsorption on the MWCNT surface.  

The contact angle was measured using KRUSS drop shape analyzer 25B. A constant volume of 10 µl 
(microliter) was dispended using a micro-syringe, and measurements were repeated at least nine times for every 
sample. All measurements were taken after one minute of placing the droplet on the surface. The same surface 
and pre-conditioning procedures were used for all samples to eliminate any noise in the results. In this analysis, 
the effects of three control factors, nanoparticle (NP) loadings, sonication times, and surfactant concentrations, 
on the contact angle were investigated utilizing the L9OA design, as shown in Table 1. The relation between 
the control factors and the contact angle was computed by using the response graph (Main effect plot) 
(Montgomery 2012). 

Table 1: Experiment array and corresponding contact angle 

Run 
MWCNT Loading (X) Sonication Time (Y) Surfactant Concentration (Z) Contact angle 

(ml MWCNT per 
ml oil %) (min) 

(gm surfactant per 
gm MWCNT) (Degree) 

1 0.1 5 0 22 
2 0.1 10 0.1 25 
3 0.1 30 10 17 
4 0.4 5 0.1 30.6 
5 0.4 10 10 28 
6 0.4 30 0 40 
7 0.7 5 10 30 
8 0.7 10 0 35 
9 0.7 30 0.1 37 

3. Results and Discussion 
In this section, the contact angle measurements in Table 1 are analyzed. The main effect plot in Figure 1 is used 
to show the correlation between each of the three studied control factors and the contact angle.  

Figure 1 (a) shows that the increase of nanoparticle loading caused an increase in the contact angle. The 0.7% 
NP loading led to a 37.2% higher contact angle compared to the 0.1% loading. The exact mechanism which 
controls the influence of nanoparticles on the contact angle is not agreed upon. The contact angle is directly 
related to surface tension, which is a force generated from the cohesion between fluid molecules working on 
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minimizing the surface of a given droplet volume. The increase in contact angle indicates an increase in this 
force. Many theories have tried to relate the addition of nanoparticles and the change in this force. In the next 
part, the applicability of these theories on the current experimental finding will be discussed. 

A cohesion-related theory was proposed for functionalized nanoparticles in polar solutions (Karthikeyan, 
Coulombe, and Kietzig 2017). The argument in this theory is based on the fact that functionalized groups 
attached to the surface of MWCNTs lead to increasing the attraction force (cohesion) between the polar solution 
molecules. This cohesion leads to an increase in the surface tension and can be attributed to the increase in 
contact angle as the nanoparticle loading increases. Since un-functionalized nanoparticles (as in the current 
study) showed an increase in contact angle, then the effect of functional groups could not be solely responsible 
for this increase in contact angle and surface tension, and it does not apply to the current experimental findings. 

 

Figure 1: Main effect plot of control factors on the contact angle 

However, cohesion from the functionalization is not applicable in the case of a non-polar solution; another form 
of attraction between the MWCNT and molecules of a non-polar solution may lead to a similar effect. The 
existence of nanoparticles in the base fluid is associated with an ordered layer of base fluid molecules around 
the nanoparticle (Yu and Choi 2003; Xue et al. 2004). The reason behind the generation of this layered fluid is 
due to the high particle-to-liquid molecule interacting forces. This force leads to attracting and organizing the 
liquid layer in a strong solid-like structure. Thus, at this ordered layer, liquid particles are forced to get closer, 
forming a packed organized structure that is difficult to disturb or separate its elements. Such a constrained 
structure can be thought of as an immobilization mechanism for NF droplet spreading (wettability). This is due 
to the fact that spreading requires the liquid molecules to be flexible to move around freely and to be re-oriented 
to form a thin film maximizing the wetted surface area. The effect of forming these ordered nanolayers 
resembles an extra cohesion force between layered molecules. On the other hand, the extra MWCNT to 
MWCNT Van der Waal’s attraction force will enhance the internal attraction between molecules inside the 
droplet. Thus, it further works on immobilizing the relative motion between differently formed nanolayers 
around different MWCNT particles boosting the fluid cohesion and lowering its wettability even more. 

Another theory, aside from the increase in cohesion, is related to the contact line dynamics (Radiom, Yang, and 
Chan 2010). The authors pointed out that the droplet spreading is controlled by the displacement of the contact 
line on the solid surface. The contact line will spread by moving between absorbing sites until it reaches 
equilibrium at one of these sites (Blake and De Coninck 2002). Based on this theory, it was postulated that the 
increase in the contact angle is due to pinning the contact line at these adsorbing sites under the influence of 
nanoparticles (Radiom, Yang, and Chan 2010). According to this theory, the nanoparticles support the bulk 
fluid of the droplet and roughen the surface of the solid, leading to a higher contact angle. However, this theory 
suggests that nanoparticles lead to lower spreading; there are still others that have reported the opposite. It was 
suggested that the existence of nanoparticles enhances the spreading of contact line by rolling and lubrication 
effect, thus facilitating spreading and advancing of contact angle (Sefiane, Skilling, and MacGillivray 2008). 
This point of view is suggested for spherical nanoparticles owing to their high rolling capabilities. The difference 
in the form (spherical and tubular) might be the reason behind the different effects between the two nanoparticles 
on contact line dynamics. However, this theory represents a good argument; it is only limited to explain the 
spreading of a droplet on the surface. In other words, this theory is not applicable to explain the change reported 
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in the surface tension in various studies (Ranjbar et al. 2015; Wang, Mitrašinović, and Wen 2012) using the 
pendant drop method, where the droplet is not in contact with any surfaces. This indicates that this theory may 
be valid in the current case; however, it is not the main contributor to the effect of nanofluids on wettability. 

Another theory is built on the fact that the nanoparticles dispersed in a dispersant will experience a collision 
with the dispersant molecules leading to a series of reflections, forcing particles to move in a random motion, 
known as Brownian motion. In this theory, the authors reported that the Brownian motion might lead to 
decreasing the cohesion between fluid molecules and reducing the contact angle (Murshed, Tan, and Nguyen 
2008). However, this does not agree with the current experimental finding, as shown in Figure 1. The Figure 
indicates that adding more nanoparticle increase the contact angle. So even though adding more particles to the 
fluid increases the collision rate of the nanoparticle due to a higher probability of collision (higher Brownian 
motion), the contact angle still declines. This indicates that this theory is not applicable in the current case. This 
is because even though the existence of Brownian motion is an agreed-upon fact and has a considerable effect 
on altering the physical properties such as the thermal conductivity (Keblinski et al. 2001; Yang and Han 2006), 
it has been suggested that the Brownian motion role is insignificant in the case of MWCNT. This insignificant 
role is due to the fact that the aspect ratio of MWCNT is very high (its length is much longer than its diameter), 
and it has been suggested that the Brownian motion effect tends to fade away for particles like MWCNT 
(Huaqing et al. 2011; Prasher, Phelan, and Bhattacharya 2006; Yang and Han 2006). This is why reduction of 
surface tension by Brownian motion is not a valid theory for MWCNT, even though it can be for spherical 
particles with a small aspect ratio (~1). In conclusion, in the current study, the proposed mechanism related to 
the cohesion enhancement due to nanolayering as well as the contact line pinning proposed in (Radiom, Yang, 
and Chan 2010) were consistent with the current findings for the effect of nanoparticle loading on the contact 
angle. 

On the other hand, the sonication time and surface amount showed a relatively lower contribution according to 
the contact angle. The sonication time, Figure 1 (b) shows that increasing sonication time leads to increasing 
the contact angle. This can be explained by the fact that increasing sonication will (1) decrease the amount of 
sedimented MWCNT (2) detangling the agglomerates. The first effect resembles adding extra nanoparticles to 
the solution, which, according to Figure 1 (a), is expected to cause the contact angle to increase. The second 
effect (detangling the agglomerates) will increase the exposed area of the MWCNT particle. This should 
enhance both liquid nano-layering and particle to particle van der Waal attraction force. Besides, it can be argued 
that detangling the agglomerates can improve the contact line pinning theory (Radiom, Yang, and Chan 2010) 
since more particles could penetrate to adsorption sites and attach to them. So based on this discussion, the small 
increase in contact angle in Figure 1 (b) (13.8% increase from the 5 min to the 30 min) can be adequately 
explained by the newly proposed mechanism in this study as well as by the contact line pinning theory (Radiom, 
Yang, and Chan 2010). Regarding the surfactant effect, Figure 1 (c) shows that increasing the surfactant 
concentration decreases the contact angle. This is because, in the absence of any nanoparticle, adding a 
surfactant to the base fluid will lower its surface energy (Kumar and Milanova 2009). Additionally, it works on 
generating repulsive force between nanoparticles (Tanvir and Qiao 2012), negating the particle to particle 
cohesion due to van der Waal attraction force.  

4. Conclusions  
In this study, the effects of the MWCNT loading, sonication time, and surfactant amount were studied. It was 
found that increasing any of the MWCNT loading or sonication time lead to an increase in the contact angle 
while increasing the surfactant showed the opposite. A new physical mechanism involved the effect of liquid 
layering, and Van der Waal attraction force between particles has been proven adequate to explain the current 
experimental finding. Besides the applicability of other theories related to contact line dynamics, Brownian 
motion and nanoparticle functional groups have been checked, and the contact line dynamics were proven the 
most effective among them in the case of MWCNT oil-based nanofluid. This study provides scholars with 
better-detailed explanations and comparisons between different theories explaining the wettability of nanofluid 
in general and MWCNT in particular.  
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Abstract 
In this work, the thermal stability and heat resistance of the Ti-Cr-N, Ti-Cr-N-Ni and Ti-Cr-Mo-N-Ni arv-PVD 
coatings were studied. Coatings with a high titanium content are prone to rapid oxidation. An oxide film is formed 
on the surface of the coatings, consisting of TiO2 and Cr2O3. At concentrations of 8% Ti and 42% Cr, the coatings 
retain their structure, and the thickness of the oxide film is less than 100 nm. To study thermal stability, all 
samples were subjected to high-temperature annealing in vacuum at temperatures of 650 and 850 ℃. 
Due to the high solubility of TiN and CrN nitrides, the structure of TiCrN and TiCrNiN coatings 
degrades over the entire temperature range. The introduction of nickel with a concentration of 2.5% into 
the Ti-Cr-Ni-Mo-N, as well as molybdenum, which forms nitrides with a relatively low solubility in 
titanium and chromium nitrides, increases the thermal stability of the coatings. 

Keywords: arc-PVD, nitrides, thermal stability, ceramics, coatings, thin films, wear 

1. Introduction 
Nowadays multicomponent coatings based on nitrides of transition metals are actively studied. This 
interest is associated with the high and unique properties of coatings that can be obtained. Of particular 
interest are the (Me,Me)N-Ni/Cu systems, where, because of the complete solubility of the components 
in each other, nitride grains of alternating compositions are formed in the nickel matrix. In this work, 
the thermal stability and heat resistance of the Ti-Cr-N, Ti-Cr-N-Ni and Ti-Cr-Mo-N-Ni systems 
prepared by the arc-PVD method were studied.  

2. Methods 

The investigated Ti-Cr-N, Ti-Cr-Ni-N and Ti-Cr-Ni-Mo-N coatings were prepared by the arс-PVD 
method. The deposition of coatings was carried out on a unit equipped with three evaporators, described 
in detail in the work [1, 2]. X-ray phase analysis was carried out on a D8Discover device from Bruker 
AXS. A copper anode with a wavelength of 0.154186 nm was used as electron radiation. The survey 
was carried out at a fixed angle of 3 degrees using the sliding geometry method and a step of 0.01°. The 
macro stress of the coatings was studied by the sin2ψ method at an angle of 2 degrees. The binding 
energy and composition of the coatings were studied by X-ray photoelectron spectroscopy (XPS) on a 
VersaProbeII spectrometer (ULVAC-PHI). Monochromatic AlKα radiation with a power of 25 W was 
used to excite the photoemission. The diameter of the analysis area was 100 μm. High-resolution spectra 
were recorded at a transmission energy of 11.75 eV and a data acquisition density of 0.1 eV/step. The 
elemental composition, surface morphology before and after oxidation were studied using a scanning 
electron microscope equipped with X-Ray spectroscopy. Structural transformations and phase analysis 
were investigated by transmission electron microscopy. Thin lamellas of the EK61 alloy coating 
prepared by ion etching were used as samples. 

3. Results and Discussion 

Coatings composition before and after oxidation presented at table 1. It can be seen that the samples of 
the Ti-Cr-N and Ti-Cr-N-Ni systems undergo the greatest oxidation compare to Ti-Cr-Mo-Ni-N 
coatings. It is possible that the high heat resistance of the coatings of the third system is associated with 
a large amount of chromium [3, 4]. 

Table 1: Element composition of coatings before and after oxidation at 650 °C 
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Coating Element concentration, at. % 
Cr Ti N Ni Mo O 

Ti0,43Cr0,57N0,89 23,0 19,5 33,9 - - 19,8 
Ti0,34Cr0,66N0,75 – 0,1 Ni 28,7 18,3 33,0 1,5 - 19,6 
Ti0,15Cr0,85N0.75-Mo2N – 2,5 Ni 41,7 6,5 39,4 1,5 7,3 3,6 

 
The data of X-ray microanalysis are also confirmed by the concentration profiles of the coatings after 
oxidation and X-Ray diffraction. After oxidation of TiCrN coatings phase composition of the coatings 
includes Cr2O3 and TiO2, the appearance of titanium oxide indicates destructive oxidation [5]. 
According to the profiles, presented on figure 2, on the surface the ratio of titanium and oxygen 
concentrations corresponds to the TiO2 phase. Since it is characterized by high oxygen permeability, it 
can be assumed that with prolonged annealing, the depth of the oxide layer will continue to increase up 
to the substrate. With an increase in the chromium concentration to 36% and 42% in the Ti0,34Cr0,66N0,75 
– 0,1 Ni and TiCrMoN-2.5% Ni coatings, respectively, the thickness of the oxide layer is already less 
than 100 nm. At the same time, oxygen practically does not diffuse into the coating, which indicates the 
high heat resistance of these coatings. 

 
Fig. 1: Concentration profiles after oxidation at 650 ℃ 

 
To study thermal stability, all samples were subjected to high-temperature annealing in vacuum at 
temperatures of 650 and 850 ℃. For TiCrN and TiCrN-Ni samples with a low nickel content, the 
splitting of diffraction lines during annealing is observed in the diffraction patterns (fig. 2).  this is due 
to the processes of mutual dissolution of nitrides in each other with the formation of phases enriched in 
titanium and chromium. In this case, in the process of annealing, recrystallization occurs because of the 
decomposition of nitride grains into nitrides enriched in titanium and chromium (fig.3). For the 
Ti0,15Cr0,85N0.75-Mo2N – 2,5 Ni coating, the diffraction pattern did not reveal the splitting of the 
diffraction lines; however, there is a clear tendency to the formation of one diffraction line from the CrN 
phase in the coating. 
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In addition, the performed TEM analysis (figure 3) for TiCrMoN-Ni coatings established that the layered 
structure of the coatings is preserved after annealing, while the modulation period for all coatings after 
annealing approximately corresponds to the modulation period before annealing. This indicates the 
absence of processes of dissolution of layers in each other. Nevertheless, structural transformations 
occur within one layer, which consist in the formation of single-crystal sublayers. According to the 
calculations of the plasma flow, these layers correspond to the layers enriched in chromium, that is, 
formed by direct passage of the substrates opposite the evaporator with a chromium cathode. Taking 
into account the XRD and TEM data, it can be assumed that during annealing, chromium diffuses into 
chromium-enriched sublayers with the formation of the CrN phase, as well as the growth of these nitride 
grains. Consequently, the broadening of the diffraction lines, which were observed before annealing, is 
associated with the formation of Cr1-xMexN phases in the coating, where x depends on the position of 
the substrates in the coordinates of the rotating table. The phases enriched in titanium and molybdenum 
are, in all likelihood, X-ray amorphous. These data clearly demonstrate the role of nickel in the thermal 
stability of coatings. Since nickel is present only in sublayers formed by passing the substrates opposite 
the Mo evaporator and, to a greater extent, TiNi. Nickel tends to form an X-ray amorphous shell around 
nitride grains, which serves as a diffusion barrier during the recrystallization of coatings during the 
entire annealing [6]. 
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Abstract 
The aim of the present work, in the framework of the LIFE project NanoExplore, is to develop and demonstrate 
the feasibility of an integrated approach to conduct biomonitoring studies, characterize exposure levels and 
elucidate possible health effects deriving from exposure to engineered nanomaterials (ENM) in indoor 
workplaces and urban areas. This approach addresses current environmental, health, and safety questions about 
ENMs, by considering the integration of human biomonitoring studies with measured data on particle number 
concentrations (PNC), mass and particle size distributions (PSD) in the personal breathing zone (PBZ) as an 
instrument for developing consistent risk management guidelines for use by stakeholders from government, 
industry, NGOs, or the general public. To this aim, relying on a systematic review of the available literature, a 
panel of candidate biomarkers of nanomaterial exposure and effects via inhalation has been identified and 
biomonitoring studies for assessing possible health effects were planned. A standardized protocol for 
harmonizing the approach among the Partner’s Countries has been implemented and has gathered the consent 
of Ethical Committees. In parallel, the design of a wireless sensor network of 20 unattended, low-cost, portable 
and battery-powered devices that cooperatively monitor the concentration of ENMs and relevant physical 
environmental conditions in indoor workplaces and urban areas has been implemented. A risk analysis of 
possible effects on human health deriving from exposure to ENMs will be carried out in 5 case studies and a 
refinement of currently available Recommended Exposure Limits (REL) for metal oxides and low soluble 
carbon-based materials will be suggested. In the long-term, the main goal of this study is to reduce potential 
adverse effects derived from the exposure to ENMs by setting up a harmonized health surveillance system, and 
support a EU policy for the safe and responsible use of ENMs. 

Keywords: ENMs, nanomaterials, biomonitoring studies, biomarkers, risk analysis, health effects, wireless 
sensor network, exposure levels 

1. Introduction 
NanoExplore [1] focuses on the possible effects derived from exposure to ENMs, understood as a new type of 
chemicals of concern, whose properties differ significantly from those of bulk chemicals of the same 
composition due to their much larger specific surface area and surface activity [2] or much larger deposition 
rate in the respiratory systems [3], which may lead to unanticipated effects in human health, like pro-
inflammatory effects or development of fibrosis and /or cancer [4], as well as to significantly alter ecosystems, 
causing adverse effects on the metabolism of a living being [5]. 

The environmental problem targeted is due to the increasing worldwide use of ENMs in products, the lack of 
information on current exposure levels on both workers and population, and the scarcity of ENMs potential 
negative effects data on human health and the environment. 

The project aims to improve the understanding of levels, nature and possible adverse effects after ENMs 
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exposure in indoor workplaces and urban areas, considering the integration of human biomonitoring studies 
with measured data on the Particle Number Concentration (PNC), mass and Particle Size Distributions (PSD) 
in the Personal Breathing Zone (PBZ) as an instrument for developing consisting risk management guidelines. 
So, it proposes the implementation of a network of measurement devices for ENMs levels in air together with 
the use of biomarkers selected and validated to detect early effects on pulmonary and cardio-vascular system. 

There is also still a lack of precise recommended exposure measurement strategies which can be easily 
implemented and generalized. Moreover, data on 8-h time-weighted averages of specific ENMs from (PBZ) 
samplings is currently lacking, hampering the development of job-exposure matrices for making tentative 
assessments of the exposure-outcome relationship. Under this context, the exposure assessment approach 
validated under the project is based on the generation of job-exposure matrices containing large series of data 
on the concentration of ENMs in the personal breathing zone, area samples (far field measurements), respirable 
fractions, inhalable fractions and total suspended particles. 

Nowadays, WHO and EU are monitoring PM2.5 and PM10 and reporting on their negative health effects and 
their ability to penetrate our lungs and cause respiratory and cardiovascular morbidity and disease. However, 
there is a lack of data on the effects of PM1 to deadly diseases like heart attacks, lung cancer, dementia, 
emphysema, edema and other serious disease, leading to premature death. In this context, projects like LIFE 
IMPROVE or LIFE NanoMONITOR have started to provide data on the concentration of particles in the 
nanometer range in relevant outdoor areas. Similarly, current projects conducted under the FP7 and H2020 
research programs such as NanoREG, GuideNANO or NanoFASE compiled relevant data on the concentration 
of ENMs in workplaces. In spite of this, the consideration of the background levels, or background aerosols 
(BA), is still a limitation. 

Therefore, NanoExplore will provide evidence of the potential detrimental effects of UFPs and ENMs on human 
health, as well as robust devices to measure the exposure, considering a high progress beyond current laboratory 
measurement devices. Table 2 shows the ENMs specifications considering in the development of that 
measurement devices. 

To date, toxicity of ENMs to aquatic organisms at different trophic levels such as bacteria, algae, and fish has 
been widely investigated. Growth inhibition parameters and different levels of effect concentrations, uptake, 
transport and ENMs distribution in various organisms have been reported [6,7]. There is also scientific 
agreement that ENMs production, use and disposal lead to environmental release of ENM [8], accumulating in 
soil, water or biota, endangering the health of living organisms and ecosystems [9]. 

Regarding effects on human health, several adverse effects have been observed for a number of different organs 
and organ-specific cell lines, including human epidermal cells, human embryo kidney cells and human 
bronchial cells, causing cellular toxicity [10] and DNA damage [11]. Pulmonary disease and death were 
observed in mice, as well as dose-dependent inflammatory reactions [12, 13]. 

Routes of exposure are well characterized, being inhalation the most common one. Dermal is has also been 
investigated, but studies have shown little to no transdermal ENMs absorption [14]. Recent studies show the 
most extensive ENMs exposure occurs in the workplace, particularly research laboratories, start-up companies, 
pilot production facilities, when ENMS are handling. 

Therefore, there is an urgent need to provide stakeholders, including regulatory bodies and companies, with an 
integrated approach to generate robust data on the exposure levels and related health effects, supporting the risk 
assessment. An adequate evaluation of ENMs is a major concern being addressed by regulatory agencies from 
all EU Countries, and international organizations (e.g. OECD), in order to ensure that society can benefit from 
novel applications of nanotechnology, whilst a high level of protection of health, safety and the environment is 
maintained. 

2. Aim and objectives 
The project addresses relevant issues related to the European environmental policy and legislation, including 1) 
the elucidation of possible ENMs adverse effects posed by means of validated biomarkers, 2) the definition of 
a quantitative exposure limit value for a set of ENMs for workers and the consumers protection, and 3) the 
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generation of data on the levels of exposure to ENMs in workplaces and urban areas by setting up a robust 
wireless sensor network for the real-time remote monitoring of the concentration of ENMs. The concept of 
NanoExplore is shown in Figure 1. 

Moreover, the scheduled activities within the project support the implementation of the 7th Environment Action 
Programme (Union Environment Action Programme to 2020). NanoExplore could be placed in the third key 
action area of the programme, which covers challenges to human health and wellbeing, such as water pollution, 
and sets out a long-term vision of a non-toxic environment, proposing to address risks associated with the use 
of chemicals in products and chemical mixtures. On the other hand, the theme addressed by the project is aligned 
with the priorities published by the EU NanoSafety Cluster on March, 2017, as well as with the information 
published in the EUON, launched by EU authorities, where it is stated that ENMs are covered by the same 
rigorous regulatory framework that ensures the safe use of all chemicals. Within REACH, the EU defines an 
exposure level below which no adverse effects are expected (DNEL). Under the EU ‘Framework Directive’ 
(89/391/EC) on occupational health and safety requirements, indicative Occupational Exposure Levels (OELs) 
have to be applied. Moreover, when substances have hazardous properties, CLP requires them to be notified to 
ECHA and labelled and packaged so the substances can be used safely. 

The overall aim of NanoExplore project is to develop and demonstrate the feasibility of a harmonized approach 
“model” to monitor nanoparticles and their possible effects deriving from exposure to engineered nanomaterials 
(ENM) in indoor workplaces and urban areas.  

The NanoExplore project builds a harmonized approach to overcome current data gaps and barriers limiting the 
implementation of REACH regulation and the use of chemical monitoring data in the protection of human 
health and the environment when dealing with particles in the nanometer range (1-100 nm) by combining long 
series of robust data on the concentration of ENMs measured by a wireless sensor network (WSN) of 
monitoring devices, appropriate biomarkers, and a tailored designed software application. This approach 
addresses current environmental, health, and safety questions about ENMs, providing stakeholders from 
government, industry, NGOs, or the general public, with reliable data on the concentration and effects of 
particles in the nanometer range (1-100 nm). 

In detail, the specific objectives of the project are: 

• To define a panel of biomarkers of nanomaterial exposure and effects via inhalation and dermal uptake 
• To develop a wireless sensor network of unattended, low-cost, portable and battery-powered devices 

that cooperatively monitor the concentration of ENMs and relevant physical environmental conditions 
in indoor workplaces and urban areas.  

• To develop a web-based software application aimed at supporting heath surveillance and the 
acquisition, management and processing of data on the concentration of ENMs monitored by the 
wireless sensor network in industrial settings and /or relevant urban areas.  

• To carry out a risk analysis of possible effects on human health deriving from exposure to ENMs in 
5 case studies.  

• To refine currently available recommended exposure levels (RELs) for metal oxides and low soluble 
carbon based materials.   

• To validate and demonstrate the feasibility of the NanoExplore approach for the risk assessment 
of ENMs in Europe by implementing a pilot study in 5 European countries. 
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Figure 1: Figure depicting the impact of the project results and the interrelationships 

between the target audience, stakeholders and the project. 

3. Materials and methods 
The project includes the following main actions: 
3.1 Development of the measuring device 
Development of a prototype to collect and measure nanosized and ultra-fine airborne particles from an aerosol 
stream on a collection plate or filter. To this end, a pump-based sampling system was integrated in the 
monitoring station. The main characteristics of the monitoring station design and functionality are depicted 
below: 

a. Compact and portable with a weatherproof box.  
b. Flexible design, subsystems included: 
c. Unattended and remote operation  
d. Battery powered for indoor use and solar cell for outdoor use 
e. Data storage 
f. Ability to provide an appropriate flowrate of the sample to be analysed with TEM grids  
g. Tailored designed software to control the instrument settings 
h. Operation under extreme temperatures -10ºC to 40ºC  
i. Low-cost. 

Considering the system requirements, the selected design concept is based on a “matriuska” concept where 
some functionalities are in one enclosure and other are in another enclosure. When we need all the 
functionalities, we can place one enclosure inside the other. The two enclosures are housing the different 
functionalities listed below 

• Indoors enclosure: It has the measurement units and also the electronics to have a totally operative 
instrument for indoors use, compact, small, with the Human machine interface, the measurement 
sensors (NP, PM and Particle collection), the functionalities to enter information and the possibility to 
send data in a wireless manner. 

• Outdoors enclosure: This enclosure packs the functionalities needed for outdoor measurements: 
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§ IP65 enclosure with isolation, that is bulky to prevent excessive heating of the sample. 
It also keeps the screen protected from vandalism. 

§ Cooling and heating unit: A peltier system, able to keep the temperature of the sensors 
and electronics in an acceptable range. 

§ Batteries: Not needed for indoors use since power supply is normally available. 
§ Solar cell: to feed the batteries in case no power supply is available. 

3.2 Development of a web platform 
To design and develop the NanoEXPLORE intelligent web-based platform aims at supporting the acquisition, 
management and processing of data on the concentration of ENMs monitored by the sensor prototype network 
in industrial settings and the environment. The web-based platform is developed as a private and public hybrid 
enabler allowing the stakeholders to have their own private space and at the same time some of the data to be 
accessed by the public. 

To ensure reusability of the hybrid web-based platform, a multitenant platform enabling other environmental 
projects to create their own private virtual space and share their public data with the public was developed. 

The Application Development Interface (API) will enable the platform to collect, manage and share data 
measurements as well as to analyze and display all environmental data in an easy-to-read dashboard and be able 
to make recommendation based on the information it gets and predictions. 

3.3 Validation of candidate biomarkers 

Considering candidate biomarkers, a pre-selection of biomarkers applied in air pollution studies related with 
combustion-derived UFPs [14], as well as of interest on the basis for relevant health endpoints that have been 
tentatively ascribed to ENMs including cardiovascular, pulmonary, and inflammatory effects: inflammatory 
biomarkers (e.g. Interleukin 6 - IL-6, Glutathione Peroxidase activity - GPX) and peroxydated products in blood 
(e.g. eicosanoids, such as 8-isoprostane and LTB4); Oxidative Stress Biomarkers, including oxidation of nucleic 
acids (8-OHdG, 8-OHG) and of nitrosative stress (3-Cl-Tyr, NO-Tyr) in blood and urine; Pro-inflammatory 
biomarkers in urine (e.g. Leukotriene); and pulmonary effects biomarkers, including the analysis of CC16 
(Clara cell protein) or FENO (Fractional exhaled nitric oxide) in exhaled breath condensate (EBC), and the 
determination of the Oxidative Potential in Exhaled Air (OPEA), a non-invasive metric related to lung 
inflammation. 

  
Figure 2: Physical layout of NanoExplore device 
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3.4 Implementation of field campaigns 

The main goal is to conduct a pilot biomonitoring study to assess the feasibility of the hamonised protocol of 
the collaborative study and refine the NanoExplore integrated approach in a well-characterized limited number 
of unexposed and exposed workers, including 30 workers from production facilities, 20 workers from office 
positions, 30 individuals working in civil infrastructures, and 20 control participants. 

This task comprises the following subtasks:  

a) Recruitment of the study participants 
The standardized protocol including standardized questionnaires translated into corresponding language 
were applied for worker selection, and inclusion into the study, after obtaining permission from the 
corresponding national Ethical committees. The expected size of the study population is about 100 
workers. For each worker, the following eligibility criteria will be verified: 
- Written consent for participation in the study, inclusion into cohort and follow-up including sampling 
of EBC, exhaled air and urine. 
- Known occupational exposure to any of the ENMs selected. 
- Suspected exposure to carbonaceous agglomerates (soot and/ or ash) coming mainly from the 
combustion of engine fuel and lube oil. 
- Availability of medical reports. 
- Availability of information on associated occupational exposures. 
- Availability of information on potential confounding factors. 
- Availability of information on exposure duration and frequency. 
- Isolation from production areas in office positions.  

b)  Exposure assessment  
This task deals with the characterization of the exposure in the workstations where exposed workers 
perform the task of concern. ITENE will conduct exposure measuring campaigns to elucidate the nature 
and extent of the exposure in the Personal Breathing Zone (PBZ). 
The main parameters to be reported will be: 
- Number of Particles / cm3 
- Mass concentration in mg/cm3 
- Surface Area in μg/ cm3 
- Particle diameter in nm 
- Particle Size Distribution in nm 
- Mass of NMs / Filter mass in ng/mg of filter 
- Relevant physicochemical information: surface chemistry, agglomeration /aggregation state 

c) Measurement of biomarkers and of their relevance with respect to nanoparticles 
This task is focused on the sampling and analysis of the effect biomarkers in biological fluids, including 
exhaled air, exhaled breath condensate (EBC), urine, buccal epithelium, in order to detect potential early 
effects on the pulmonary and cardiovascular system. 
The samples will be analysed in laboratory. In parallel, the characterization of the health status of 
workers, creation and completeing of a log-book of exposure activities will be performed. 
The same biomarkers will be measured twice, considering 6 months between campaign in order to 
identify any significant difference in any of the biomarkers.  

d) Data validation and statistical analysis of the relationship between nanoparticles exposure and selected 
biomarkers 

3. Results 
The main outcome of the project will be an integrated system for the assessment, monitoring and surveillance 
of the exposure and effects deriving from exposure to engineered nanomaterials (ENM) in indoor workplaces 
and urban areas, by setting up a new health impact assessment model based on the combination of a wireless 
sensor, proven biomarkers and a tailored designed software for data acquisition and management. In detail, the 
expect near-term results are the following:  
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• A list of 6 prioritized biomarkers of exposure to and effects from nanomaterials in the pulmonary and 
cardiovascular system to be used in occupational health practice.  

• A functional wireless sensor network of 7 unattended, low-cost, portable and battery-powered devices for 
the real-time remote monitoring of the concentration of ENMs in indoor workplaces and the environment.  

• An on-line software application based on a flexible, modular, and extensible client/server architecture to 
support the access and processing of data on the concentration of ENMs and the continuous collection, 
analysis and interpretation of health-related data needed for the planning, implementation, and evaluation 
of public health practice.  

• A well-defined list of recommended exposure levels (REL) for metal and metal oxide based ENMs and 
low solubility carbon based materials.  

• A robust European airborne nano-pollutants map useful for epidemiological purposes  
• Implementation and demonstration of the applicability and transferability of the health impact assessment 

model  in 5 pilot cases studies, including 2 SMEs, 2 urban areas and one public research organization.  
• A complete guidance on the use of human biomonitoring and exposure data in indoor workplaces and the 

environment for REACH regulation implementation and epidemiological purposes.  
• Recommendations for measures and policies to protect worker and population from the health effects of 

airborne nanopollutants. 
• Dissemination actions by means of international conferences, seminars, webinars and workshops to 

support the training of SMEs, consumers and stakeholders for the sustainable use of ENMs.  

In the medium to long-term, the knowledge of the total exposition to ENMs will contribute to healthier 
lifestyles, and to science-based health and environmental policy at EU Member State and European level. It has 
been estimated a reduction by a 20 % of diseases related to exposure to ENMs.  

Human biomonitoring and wireless sensor networks might become a particularly important tool for decision-
makers looking at maximum concentration levels for certain substances, as the case of ENMs.  

4. Conclusions 
In this work, the environmental problem targeted is due to the increasing worldwide use of ENMs in products, 
the lack of information on current exposure levels on both workers and population, and the scarcity of ENMs 
potential negative effects data on human health and the environment.  

Recent studies show the most extensive ENMs exposure occurs in the workplace, particularly research 
laboratories, start-up companies, pilot production facilities, when ENMS are handling. Therefore, there is an 
urgent need to provide stakeholders, including regulatory bodies and companies, with an integrated approach 
to generate robust data on the exposure levels and related health effects, supporting the risk assessment. 

The NanoExplore project builds a harmonized approach to overcome current data gaps and barriers limiting the 
implementation of REACH regulation and the use of chemical monitoring data in the protection of human 
health and the environment when dealing with particles in the nanometer range (1-100 nm) by combining long 
series of robust data on the concentration of ENMs, measured by a wireless sensor network (WSN) of 
monitoring devices, appropriate biomarkers, and a tailored designed software application. This approach 
addresses current environmental, health, and safety questions about ENMs, providing stakeholders from 
government, industry, NGOs, or the general public, with reliable data on the concentration and effects of 
particles in the nanometer range (1-100 nm). 
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