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3D tribo-nanoprinting using triboreactive materials

Abdel Dorgham®, Chun Wang, Ardian Morina and Anne Neville
Institute of Functional Surfaces, School of Mechanical Engineering, University of Leeds, Leeds LS2 9JT, United Kingdom

Tribology: the science of friction, wear and lubrication has never been associated in a positive way with the ability to manufacture at the
nanoscale. Triboreactivity, when the contact between two surfaces promotes a chemical reaction, has been harnessed’in this study to create
highly tenacious nano-features. The reported 3D tribo-nanoprinting methodology has been demonstrated for organi¢ and inorganic fluids on
steel and silicon substrates and is adaptable through the interface tribology. The growth rate, composition and shape of the printed features
were all found to be dependent on the nature of the printing liquid and shearing interfaces in addition to the'applied temperature and contact
force. The reported methodology in this study opens unprecedented future possibilities to utilize thesnanoprinted films for the expanding
fields of microelectronics, medical devices, flexible electronics and sensor technologies.

Keywords: 3D tribo-nanoprinting, ZDDP antiwear, DDP, tribopolymerization, AFM

Introduction

Scanning probe techniques such as AFM have been used
since the first invention of Scanning Tunneling Microscope
(STM) in the early 1980s [1] to image and manipulate
molecules on surfaces. Furthermore, using these techniques,
complex structures can be built up through a series of selec=
tive nanoetching [2—4], nanoshaving [5, 6] and nanografting
[7, 8]. In addition, these techniques have often been usedsto
externally induce self-assembled monolayers in orderito cre-
ate patterned and selectively chemically functionalized lay-
ers on a wide range of surfaces [9]. These broad classes of
technologies, which use scanning probe techniques such as
AFM to create patterns on surfaces, are referred to,as Scan-
ning Probe Lithography (SPL) [10]. Several extensive re-
views of nanopatterning using SPL techniques. are already
available [10-13].

In addition to nanopatterning, the. AFM as a particular
variation of scanning probe methodologies.has been used in
the last few years to advance the understanding of key tri-
bological processes at the single-asperity<contacts. For in-
stance, Dorgham et al. [14, 15] used the AFM probe as
a mechanical indenter to /assess the rheological properties
of the reaction film that forms on lubricated contacts when
tribo-induced chemical reactions oceur at high applied con-
tact pressures and temperatures. In a seminal paper by Gos-
vami et al. [16],.they quantified the formation kinetics of
these triboreactive films,and their ability to form under rub-
bing between the AFM probe and different substrates in a
range of contact conditions.

A manufacturing revolution continues to take place as

*Corresponding author:
Abdel Dorgham (a.dorgham@leeds.ac.uk)

new 3D pprintingsmethodologies are devised to work across
a range of scales;and with the suitability to create high fi-
delity. structures’ 3D printing at the nanoscale is currently
dominated by local oxidation [10] and dip-pen [17-19] nano-
lithography processes. In addition, direct writing techniques
have ‘also been developed to create unique sub-100nm 3D
structures by converting surface bound molecules of various
organometallic precursors into the gas phase then redeposit-
ing‘them by a focused electron beam [20, 21].

A different and new approach to achieve 3D tribo-
nanoprinting, in the form of a scanning probe writing
methodology, is also possible through combining the knowl-
edge of tribochemistry and harnessing this as a manufactur-
ing process. The principles of this newly proposed 3D tribo-
nanoprinting are the following:

— "tribo" activation of a reaction occurs by the influence of
contact and shear rate between the scanning tip, the sur-
face and the chemical constituents of the carrier fluid.

— Reactions do not take place without the influence of
contact/tribology, which enables selective tribochemical
growth.

— Contacting conditions of applied load and temperature can
be used to control the growth rate of the printed tracks.

In this paper, we will demonstrate the capabilities of this
proposed 3D tribo-nanoprinting methodology by printing
different inorganic and organic layers on steel and silicon
substrates. Furthermore, we will present how the layers form
as a function of applied load and temperature, and discuss
how this can be harnessed as a versatile and controllable
means of producing cheap 3D architectures for many ex-
panding fields including flexible electronics and sensor tech-
nologies.
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Materials and methods

Tribo-nanoprinting relies on building 3D structures from
the intermediate contact between an asperity scale tip (here
the AFM tip), a substrate and the reactive component in the
liquid medium. For the tribo-nanoprinting to be fully ex-
ploited, there is a necessity to understand the link between
the tribocontact conditions and resulting growth of the layers
for a range of substrates, e.g. steel and silicon, and triboreac-
tive media, e.g. organic and inorganic, as discussed in detail
below.

Organic liquid media

Three mixtures of low concentrations (3.0 wt.%) were pre-
pared using three organic monomers of butyl acrylate, vinyl
acetate and diallyl phthalate, as listed in Fig. 1a. The carrier
fluid for the monomers used in this study was hexadecene
(CH,5(CH,),,CH;). The monomers and fluid carrier were
commercially available from Sigma-Aldrich. Apart from di-
allyl phthalate (purity > 97%), the remaining monomers have
high purity (> 99%) with a small amount, i.e. 3-60 ppm,
of monomethyl ether hydroquinone as inhibitor to prevent
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auto-polymerization. The inhibitor can be removed by wash-
ing the monomer solution using the method described else-
where [22]. However, this was not followed in order to in-
vestigate whether the tribopolymerization proceeds by pure
tribochemical reaction between the monomer and substrate
or by thermal initiation.

Inorganic liquid media

Three inorganic liquid mixtures were prepared; one con-
tains secondary zinc dialkyldithiophosphate (ZDDP), the
second contains a 50:50 wt.%. binary mixture of ZDDP and
molybdenum dithiocarbamate (MoDTC), and the third con-
tains ashless dialkyldithiophosphate (DDP) additive, as listed
in Fig. 1b. The amount of inorganic components were added
such that the concentration of phosphorus in the carrier fluid
is fixed at 0,8 wt.%. The carrier fluid used to mix the inor-
ganic components was‘poly-a-olefin (PAO) synthetic oil of 4
¢St kinematic viscosity at 100 °C.

Substrates

To investigate the effect of substrate on the 3D tribo-
nanoprinting capabilities, two surfaces were used. One is
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Figure 1.”Structures of the different materials used in this study in their monomeric and polymeric forms. a) Monomeric
and polymeric forms of butyl acrylate, vinyl acetate and diallyl phthalate mixed with hexadecene carrier fluid. b) Monomeric
ZDDP,; DDP and MoDTC additives mixed with PAO base oil and the composition of the formed triboreactive films of polyphos-

phatedinder rubbing.
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a standard AISI 52100 bearing steel, which is polished to a
nominal root mean square (RMS) roughness of about 10 nm
and has average hardness of 64 on Rockwell scale. The sec-
ond substrate is a polished crystalline silicon wafer of RMS
roughness better than 0.2 nm.

AFM setup

The tribo-nanoprinting was performed in the carrier flu-
ids using an in-house developed high temperature AFM lig-
uid cell. The cell consists of an aluminum body where the
sample under study can be glued in the center. Bolts were
also used to fix the sample to avoid any drift due to the high
contact pressures used during the nanoprinting. The liquid
cell itself was mounted on the stage of Dimension Icon AFM
(Bruker, USA) using magnets. The AFM tips used in this
study were Rtespa 300 (Bruker, USA), which have a nomi-
nal radius of 8 nm and are made of antimony (n) doped Si.
The AFM cantilevers were made of the same material as the
tips and have a nominal spring constant of 40 N/m.

The tribo-nanoprinting was performed using AFM contact
mode. Using this mode, the raster scanning was performed
using different numbers of lines, i.e. from 1 to 64 lines. The
scanning speed was fixed at 400 um/s. After a certain number
of scanning cycles, the nanoprinting was interrupted in ordet
to image a bigger area using a much smaller contact force,
< 100 nN, capturing the rubbed and non-rubbed areasat,a
small scanning speed < 40 umy/s.

The captured images were analyzed using Gwyddion
v2.47 software. The analysis of the tribo-nanoprinting pro-
cess included that quantification of the Kineties of the 3D
track build-up, the shape of the track and the link between the
"tribo" (contact) conditions and growth of the printed tracks.

Results

It was from the study of ZDDP and DDP as antiwear
additives and the importance of] tribochemistry as such that
the idea of tribo-nanoprinting has emerged. Hence, we first
report triboreactive printing using inorganic additives under
different applied pressures/and temperatures on steel and sil-
icon substrates. These include ZDDP, DDP and a mixture of
ZDDP and MoDTC. Following thisythe tribopolymerization
of different organic monomers will be discussed.

ZDDP triboreactive films

To demonstrate, the/3D tribo-nanoprinting capabilities,
Fig. 2 shows different features printed using the ZDDP ad-
ditive in [PAO base oil. For instance, in Fig. 2a, three let-
ters (I, F and,S); which are the initial letters of Institute of
Functional Surfaces, in addition to letter E were printed at
different scales. The build-up of the printed track on a single
line formed/by a repetitive action is shown in Fig. 2b for up to

19000 cycles of rubbing. Furthermore, the changes'in topog-
raphy over sliding cycles across and along'a single printed
line are shown in Fig. 2b. It is evident that the line thickness
and area increase rapidly as rubbing cycles increase. The
rates of formation of the tracks are discussed later. The in-
crease in area suggests that the tribofilm does not only form
under the AFM tip but can also flow to the sides. /Another
observation is related to the uniformity of ‘the formed line.
Over the sliding cycles, therformed triboreactive film ap-
pears uneven and patchy along its length. One explanation
for this behavior can be related to the disruption caused by
the reciprocating motion.of the AFM tip over a very short
period of time while thefilmyis susceptible to deformation.
In addition, this can be related to load instability [23] as the
AFM tip changes ditection‘as well as to any surface hetero-
geneity [16]. It should be noted that the build-up of these
printed tracks is'being achieved by a tribochemical reaction.
The controlling factors are the contact forces, rubbing mech-
anism (smoothsliding or stick/slip) and the resulting triboac-
tivation of reactions that occur between the tip and surface.
Furthermore; the physical and chemical nature of the surface,
ife. mechanochemical properties, has already been shown, in
several tribology-related publications, to affect the nature and
kinetics'of the tribofilm build-up [24, 25].

To.test the effect of substrate, Fig. 2¢ and d show the evo-
lution of the structure of different printed ZDDP triboreac-
tive films on steel and silicon substrates, respectively, using
2, 4 and 8 lines raster scanning an area of 5 x 5um?. The
formed films whether on steel or silicon substrate showed
several distinctive features. Initially, the edges of the formed
films appear to be thicker than the areas in the middle. This
continues to be the case until the end of the printing process.
The reason for this enlarged thickness can be related to the
larger number of sliding cycles experienced near the edges
due to the narrower gap between the adjacent scanning lines,
which causes double rubbing action at these regions as the
scanning lines get closer to each other and finally overlap
when moving towards the edges. Another possibility can be
related to the change in the direction of scanning near the
edges, which can change the speed profile such that the lu-
brication regime near the edges becomes more severe, i.e.
boundary lubrication. Harsher conditions are known to cause
a higher formation rate [26].

One of the main differences between the films formed on
steel and silicon substrates is the smaller formation rate in
the case of silicon compared to steel. For instance, after 6000
cycles, the thickness of the formed tracks on steel was about
30 nm (Fig. 2c¢) compared to only about 5 nm in the case of
silicon substrate (Fig. 2d). Same observation can be found
by comparing the thickness of the formed tracks after 18000
cycles, which was about 120 nm in the case of steel (Fig. 2b)
whereas only 10 nm in the case of silicon (Fig. 2d). The
low reactivity and formation rate on the silicon substrate can
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Figure 2. AFM images of 3D tribo-nanoprinted:tracks after different rubbing cycles at 80 °C and 7.3 GPa using ZDDP additive
in PAO base oil. a) Different printed letters on steel substrate at various scales, b) Single printed track on steel substrate and its
profile evolution across and along the printed line over rubbing cycles. ¢) and d) Different printed features on steel and silicon
substrates, respectively, and their profile:evolutions across the printed tracks over rubbing cycles. The shown scale bar on all
the AFM images represents 2 ym.

explain the reason behind the maintained good quality of the
AFM images without much effect of any films formed on the
AFM tip, as it is madesof silicon and thus small films can be
formed on it. The good quality of the AFM images can also
be related to the low tenacity.of the films formed on silicon,
as shown Fig. 2d, that can be easily removed.

Another feature appears specifically in the films formed
on the steel substrate, which is related to the high roughness
of these films compared to the one of the films formed on
silicon. It seems that this behavior is causes by the higher
roughness of the steel substrate, i.e. about 10 nm, than the
Si_substrate, 1.e. better than 0.2 nm. The enhanced rough-
ness of the printed triboreactive films indicates that they are
formed initially on the contacting asperities at which higher
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local loads and temperatures are encountered. Load and tem-
perature are known to cause drastic increase in the growth
rate of the triboreactive films [15, 16, 27]. It follows that
thicker localized areas of the film will grow before others
on the rough steel surface, which eventually results in the
formation of films with high surface roughness.

ZDDP and MoDTC triboreactive films

One of the measures to reduce friction in engineering
components, e.g. engines for automobile, is the use of oil ad-
ditives such as MoDTC. The MoDTC molecules decompose
at high temperature and under shear to form MoS, sheets on
the contacting surfaces, which reduce friction due to their
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Figure 3. AFM images of 3D tribo-nanoprinted tracks formed on silicon substrate after differént rubbing cycles at 80 °C and
4.6 GPa using a 50:50 wt.% mixture of ZDDP and MoDTC additives in PAQ,base oil.»a#d) Printed films using 8, 4, 2 and
double 2 scanning lines, respectively, and their profile evolutions across the‘printed tracks over rubbing cycles. The shown

scale bar on all the AFM images represents 2 yum.

low shear strength [28] originated from the facilitated inter-
layer sliding by the large interlayer Coulombic repulsive in-
teractions [29]. The formed sheets are typically few molecu-
lar layers thick [30]. Apart from the antiwear ZDDP additive,
adding MoDTC as a friction modifier can help protect the
probe and facilitate printing for elongated periods. In order to
examine the effects of these sheets on the tribo-naneprinting
capabilities, Fig. 3 presents the evolution of different,printed
features on silicon substrate using a binary 50:50 wt.% mix-
ture of ZDDP and MoDTC. The formed films showed sev-
eral distinctive features. First, similar to the ZDDP films, the
edges of the formed films appear to be thicker than the ar-
eas in the middle, which can be related to the larger number
of sliding cycles experienced near the edges'as the scanning
lines overlap when the AFM tip moves towards the edges.
Second, the large edges can be easily removed over slid-
ing cycles, which indicates that the films are’ soft. Third,
the formed films appear discontinuous and have high surface
roughness compared to the smooth ZDDP films formed on
silicon substrate (Fig. 2d). As thissbehavior is typically ob-
served in the case of formed films on rough surfaces (e.g.
ZDDP on steel in Fig. 2c)/ thismay suggest that the MoDTC
adsorbs initially to thesilicon substrate, decomposes to form
MoS, discontinuous sheets on the contacting surfaces [30]
and subsequently forms interlocked layers of MoS, and zinc
phosphate of large effective roughness. The MoS, impreg-
nated in the phosphate containing tracks has important prop-
erties such as lowsshearstrength [28] as discussed earlier and
diamagnetic characteristics [31]. This brings the potential for
the printed tracks to have different functional behavior.

DDP triboreactive films

In order to investigate the effect of Zn and Fe cations on
the printing capabilities, different features were printed using
ashless DDP additive in PAO base oil rubbed on steel and sil-
icon'substrates, as shown in Fig. 4. In the case of large num-
ber of lines, i.e. 8, are printed on the steel substrate (Fig. 4a),
the DDP films formed during the early stage of printing ap-
pear to have larger thickness near the edges compared to the
central region, which is similar to the case of the ZDDP films
formed on steel substrates. The non-uniform thickness seems
to depend mainly on the initially formed regions, which keep
growing more than the rest of the triboreactive film. The
double rubbing action at these regions due to the overlapping
scanning lines as they get closer to the edges appears to be
the main reason behind this phenomenon, as discussed ear-
lier. As rubbing cycles progressed, further shearing seems to
induce more formation in the central regions until matching
the ones on the sides.

When a fewer number of lines, i.e. 4, were printed on
the steel substrate (Fig. 4b), the film did not appear to have
larger thickness near the edges compared to the central re-
gion. Instead, a uniform and continuous film structure was
formed throughout the tribo-nanoprinting. Using 4 instead of
8 scanning lines raster scanning an area of 5 X 5 um? results
in a maximum separation distance between the adjacent lines
of about 1.25 um instead of 625 nm. The doubled distance
ensured that less overlapping between the adjacent lines oc-
curs near the edges, which in turn results in a more uniform
tribofilm.

Rubbing seems to increase not only the thickness but also
the width of every printed line as suggested by the profile
evolution across a single line as shown in Fig. 4c. Wear and
smearing of the printed DDP lines under high contact pres-
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Figure 4. AFM images of 3D tribo-nanoprinted tracks after different rubbing cycles at 80 °C and 4.8 GPa using DDP additive
in PAO base oil. a,b) Different printed features on steel substrate using 8 and 4 scanning lines, respectively, and their profile
evolutions across the printed track over rubbing cycles. c) Single printed track on steel substrate and its profile evolution
across and along the printed line over rbbing cycles. d) and e) Different printed features on silicon substrate using 2 and 32
scanning lines, respectively, and their profile evolutions across the printed tracks. The shown scale bar on all the AFM images

represents 2 um.

sure might be responsible for enlarged width although there
is a lack of evidence to support it. “Another possible cause
can be related to the flowability. of the formed lines, which
is supported by the centinuous spread of the formed films
until they fill the whole segion even between adjacent lines
where no rubbing occuts. Finally, as rubbing progressed, the
thick areas along'the lines can disintegrate into smaller ones.
This becomes evident by noticing the change in the profile
between 7000 and, 10000 cycles.

To test/the effect of substrate, Fig. 4d shows the evolution
of the structure of the printed DDP triboreactive film on a
silicon substratesising 2 and 4 lines raster scanning an area
of 5 x 5 um?. The formed films appear to be of low rough-
ness compated to the ones formed on steel. As discussed in
the case of ZDDP, this behavior seems to originate from the

higher roughness of the steel than silicon substrate.

It is interesting to observe that when the printed DDP
lines were scanned under large contact pressure of about 4.8
GPa, the ultrathin lines in the lateral direction become wider
(Fig. 4d). This was not observed in the case of the ZDDP
films. This behavior can be related to the phosphate type
forming the main bulk of the printed film. The formed tri-
boreactive films in the case of ZDDP on silicon substrates
consist mainly of long chains of zinc phosphate whereas in
the case of DDP on silicon a phosphate matrix of mainly
short chains, which possibly contains Si as modifier cation,
is formed instead. Thus, the type of available cations during
the decomposition of the additive seems to affect not only the
composition but also the structure and tenacity of the printed
tracks.
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Figure 5. AFM images of 3D tribo-nanoprinted tracks after different rubbing cycles ati25 °C and 4.6 GPa on silicon substrate
using different monomers in hexadecene carrier fluid. a-c) Different features printed using diallyl phthalate, vinyl acetate and
butyl acrylate, respectively, and their profile evolutions across the printed tracks. The shown scale bar on all the AFM images

represents 1 pum.

Monomer tribopolymerization

As demonstrated in the previous sections, printing inor=
ganic layers from the ZDDP and DDP molecules is possi-
ble and relies on an inorganic polymerization to form phos-
phate glass. In this section, we exploit the idea ofytribo-
nanoprinting by tribopolymerization of organic polymers,
which to our best knowledge has never been implemented
before. The tribo-nanoprinting of different features using
several monomers is shown in Fig. 5 for the’case of diallyl
phthalate (Fig. 5a), vinyl acetate (Fig. 5b) and butyl acrylate
(Fig. 5¢). The tracks are formed through the tribopolymeriza-
tion of the monomers by the action of fubbing [32-35]. The
biggest growth was observed in the case/of diallyl phthalate
(Fig. 5a) as sliding seems to enhance the polymerization of
the monomers to the extent that itvappeared as if covering
the entire scanned area including the areasbetween the scan-
ning lines where no rubbing took place. This behavior can
be related to the flowability and solidification of the printed
polymer as it is formed.

The limited growth/of the polymers inthe cases other than
diallyl phthalate can be/mainly related to the small amount,
i.e. 3-60 ppm, of monomethyl ether hydroquinone inhibitor
in the monomer!

Discussion

Nanoprinting méchanism using inorganic P-based addi-
tives

The 3D tribo-nanoprinting discussed in this study relies
on utilizing the tribological rubbing to induce chemical reac-
tions/between reactive additives in a fluid carrier and rubbing

surfaces. The schematic diagrams shown in Fig. 6 helps ex-
plain the evolution of the 3D nanoprinting mechanisms over
rubbing cycles. In the case of printed triboreactive films us-
ing inorganic P-based oil additives such as ZDDP and DDP,
the formation of the films seems to undergo three main stages
as shown in Fig. 6b. The proposed mechanism suggests that
the first step before forming the printed films is the adsorp-
tion of the additive molecules to the substrate, whether a
steel [15, 16, 36] or silicon [16] surface. Rubbing under
high contact pressure and temperature can then cause the ad-
sorbed molecules to decompose partially on the contacting
asperities by losing sulfur to form a discontinuous sulfur-rich
layer, which can be considered as active sites on the surface
that help promote the subsequent growth steps [15, 37-46].
Further rubbing causes the adsorbed molecules on the active
sites to decompose completely to form phosphate species in
the form of a two-dimensional network of chains progres-
sively increasing in length [37, 38, 47]. The formed phos-
phate films in the case of ZDDP rubbed on Fe or Si substrate
consist mainly of zinc phosphate of relatively long chains,
i.e. n = 2 — 5 [48]. On the other hand, in the case of DDP
on Si or Fe, a phosphate matrix of short chains, which might
contain Si or Fe modifier cations, is formed [49-53]. Any
harsh conditions of high temperature and large contact pres-
sure or even just long rubbing or heating time can cleave any
formed long phosphate chains into shorter ones [54].

During the tribo-nanoprinting process, the decomposition
reaction of P-based additives to form triboreactive films was
found to be activated using heat and/or shear at high con-
tact pressure, as shown in Fig. 7 for the case of ZDDP and
DDP. Thus, the full control of the formation kinetics and di-
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mensions of the printed features is possible by utilizing the
synergy between these two factors.

Nanoprinting mechanism using organic monomers

The results of this study show that the different tested
monomers can be polymerized under rubbing to form thin
films of polymeric nature at the contacting surfaces, which
is in line with the findings of several previous studies [32-
35, 55-58]. The rubbing-induced polymerization process
is called tribopolymerization [33]. The tribopolymerization
of monomers and how it is initiated and propagated under
rubbing conditions to form polymeric films on the contact-
ing surfaces can be explained according to the negative ion-
radical action mechanism (NIRAM) [56], as demonstrated
in the schematic diagram in Fig. 6c. The NIRAM model
suggests that initially rubbing causes electrons to be gener-
ated from the contacting surfaces. The exoelectron emission
was verified for different surfaces [59]. The emitted elec-
trons appear to have low energy, i.e. < 5 eV. These elec-
trons, which may fall under different categories depending
on their origin and energy [60], can contribute significantly
to the tribochemical reactions [55, 56, 59, 61-64]. First, as
they leave the metal surface, they create positively charged
activation sites. Second, they can react with the monomer
molecules, which results in the formation of anions and rad-
icals. Third, the formed anions can react with the positively
charged activation sites to form a polymeric film. Thus, tri-
bopolymerization appears to be initiated under rubbing by
the low-energy exoelectrons and propagated by the radicals’
formation kinetics. This process explains the polymerization
of the different monomers used in this study. For instance,
the butyl acrylate monomer is highly reactive and can poly-
merize easily especially under heat and rubbing [57]. This
was suggested to follow a free-radical addition polymeriza-
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tion leading to the formation of poly(n-butyl acrylate) (PBA)
with very high molecular weight (HMW) [22, 57]. Other
monomers like vinyl acetate [34, 62] and diallyl phthalate
[62] were also reported to be able to tribopolymerize under
rubbing to form poly(vinyl acetate) and poly(diallyl phtha-
late), respectively, on the contacting surfaces.

The limited growth of the polymers in the cases other than
diallyl phthalate can be related to the small amount of hydro-
quinone inhibitor, i.e. 3-60 ppm, added by the manufacturer
to the monomers in order to prevent auto-polymerization.
Nonetheless, the ability of the monomers to polymerize un-
der rubbing despite the inhibitor’s presence indicates, as dis-
cussed earlier, that the tribopolymerization process initiates
by pure tribochemical reactions between the monomer and
substrate rather than due to mere thermal activation.

Conclusion

A novel methodology was reported in this study that can
be utilized to print small features at the nanoscale. Using
this methodology, it was possible to print organic and inor-
ganic features on different substrates including steel and sil-
icon. Furthermore, it was possible to study the formation ki-
netics of some of the formed films under different operating
conditions of temperature and contact pressure. Although
the printed films were non-conductive, they can be easily
made electrically conductive by dispersing amounts.of, for
instance, multilayer graphene [65] within the printing bath.
In order to achieve electrical conductivity, the added volume
fraction must be chosen such that it is above the percolation
threshold.

The findings of this study broaden the horizon to utilize
the presented tribo-nanoprinting methodology in, amengst
other things, printing cheap nano-electronics on different
hard and flexible substrates.
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