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Si/a-C:H(Ag) multilayer films with different modulation periods are prepared to test their potential applications in
human body. The composition, microstructure, mechanical and tribological properties in the simulated body fluid are
investigated. The results show the concentration of Ag first decreases and then increases with the modulation period
decreasing from 984 nm to 250 nm. Whereas the C content has an opposite variation trend. Notably, the concentration of
Ag plays a more important role than the modulation period in the properties of the multilayer film. The a-C:H sublayer
of the film with an appropriate Ag concentration (8.97 at.%) (modulation period of 512 nm) maintains the highest sp>/sp?
ratio, surface roughness and hardness, and excellent tribological property in the stimulated body fluid. An appropriate
number of Ag atoms and size of Ag atom allow the Ag atoms to easily enter into the contact interface for load bearing and
lubricating. This work proves that the Ag nanoparticles in the a-C:H sublayer plays a more important role in the tribological
properties of the composite-multilayer film in stimulated body fluid condition.
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1. Introduction

Hydrogenated amorphous carbon (a-C:H) films possess
advantages of high hardness, chemical inert, low friction
and wear, and anti-corrosion, implying great potential ap-
plications in many fields, such as biomedicine, ocean, and
space.!l:?] However, the high internal stress and low adhesive
strength limit the practical applications of the film.’] What
is even worse is that the tribological properties of the film
are environment-sensitive. It shows that there exist high fric-
tion and wear in liquid and oxygen environment. This can be
solved by designing composites or multilayer films.*>! For
example, Ag nanoparticles, each with a face-centered cubic
structure and small elastic modulus than the a-C:H, incorpo-
rated into a-C:H film demonstrates that it is a promising can-
didate for the protective layers due to its low internal stress,
hemo-compatibility, antibacterial properties, low friction co-
efficient, and wear rate in both air and vacuum.®-*! Inevitably,
this film usually still has relatively low hardness, which limits
its practical applications.!!%)

Multilayer structure is alternative design to improve the
mechanical and tribological properties of a-C:H film. The film
combined with the soft layer can provide low friction and hard
layer to achieve bearing capacity. The interface between dif-
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ferent sublayers can effectively prevent the crack and absorb
dislocation from growing. As reported before, the Si/a-C:H
multilayer film with moderate modulation period exhibits high
hardness, low friction, and wear in liquid lubrication.!'") The
micro-scaled a-Si/C multilayer thin films (1.1 pm) used as an-
ode materials for lithium ion batteries also showed a good cy-
cling performance.!'>!3] Based on the Si atom able to bond
with C atom and thus forming SiC at the interface, it can also
increase the hardness of the multilayer film. This shed light on
the method to synthesize films that have combined advantages
of each sublayer without changing the properties of them.
Bearing these in mind, the combination of the compos-
ite and multilayer structure may reduce the internal stress
and improve the tribological properties of the a-C:H film
in liquid environment without degrading its harness. How-
ever, researches on this method are rare indeed. The few re-
searches have proved that the combined structure owns excel-
lent properties,['*13! for example, the alternating multilayer
diamond-like carbon (DLC) films [(Cr, N)-DLC/DLC] shows
low internal stress, high toughness, good adhesion.!'®! There-
fore, it is necessary to investigate such a structure further.
Here in this work, a-C:H(Ag) composite sublayer and
Si sublayer deposited by magnetron sputtering technique, are
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combined together to achieve high hardness, low friction, and
wear in biological environment. The influences of different
modulation periods on composition, structure, mechanical and
tribological properties of the film are discussed.

2. Experimental details
2.1. Film deposition

Si/a-C:H(Ag) multilayer films with different modulation
periods were deposited on silicon wafers and stainless-steel
substrates by magnetron sputtering. Two circular targets
(®50.3 mmx5 mm) consisting of Si and graphite/Ag were
used alternatively during the deposition. The Si target was
connected to a medium pulsed DC power supply operated at
80 W and 80% duty circle with sputtering gas of Ar (the gas
flow rate was 62 sccm and the corresponding pressure was
0.7 Pa). While the graphite/Ag target was connected to an
RF power supply operated at 150 W with Ar and CH4 plasmas
(the Ar gas flow rate was 40 sccm and the CHy4 gas flow was
= 20 sccm, pressure = (0.7 Pa). The substrates were cleaned
ultrasonically in an acetone bath and dried in air and then
etched with Ar" ions in the vacuum chamber to remove the
contamination from the surface. Consequently, different sub-
layers (Si and a-C:H(Ag)) were deposited alternatively on the
substrate. To vary the modulation period of the film, the alter-
nate deposition times of different films on each sublayer were
45 min, 30 min, 20 min, and 15 min, which are denoted as A1,
A2, A3, and A4, respectively. The total deposition time was
3h

2.2. Microanalysis and testing methods

The chemical composition of the film was examined by
x-ray photoelectron spectroscopy (XPS, ESCA-PHI 5500),
with Al-Ko radiation as the excitation source. The Au 4f at
84.7 eV was used to calibrate the binding energy of Ag (3d)
and C (1s). Raman scattering spectroscopy with an excitation
wavenumber of 532 nm was used to detect the carbon bond-
ing. The functional structure was obtained by Fourier trans-
form infrared spectroscopy (FTIR, Bio-RAD FTS 40). The
surface and cross-sectional morphologies were obtained by
atomic force microscope (AFM, MFT-R4000) and field emis-
sion scanning electron microscopy (FESEM, S-5500, with
acceleration voltage of 10 kV), respectively. The crystal-
lographic structures were obtained by glancing angle x-ray
diffraction (XRD, Jobin-Yvon HR-800) spectra with Cu-K o
radiation at the working power of 40 kV x40 mA.

The mechanical properties (hardness and elastic modu-
lus) were evaluated by a nanoindentation (MZT-4, AKASHI
Co.) and the maximum indentation depth was controlled to be
about 100 nm (less than 10% of the film thickness) to min-
imize the effect of the substrate. The thickness and curva-
ture of the film deposited on Si wafer were measured by a

Micro XAM 3D non-contact surface profilometer (ADE shift,
USA). The internal stress was evaluated by substrate curvature
method and calculated from Stoney equation:

oo B (B\(1 1
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where o is the internal stress, the V4 and Eg are the Poission
ratio and Young modulus of the silicon substrate, respectively,
ts and #; are the thickness of the substrate and film, respec-
tively, R is the curvature of the film deposited on Si wafer.
The curvature of the Si flat wafer (R;) before deposition of
the films is assumed to tend to be infinite. Young’s modulus
of 131 GPa and the Poisson ratio of 0.278 are adopted for Si
p(111) substrate.

The tribological properties of the films were tested on the
reciprocating ball-on-disk tribometer (MFT-R4000) in simu-
lated body fluid with a 5-mm-diameter Al,O3 steel ball as
counterpart, normal load of 2 N, sliding time of 30 min, os-
cillation frequency and amplitude of 2 Hz and 5 mm, re-
spectively. The contact area was filled with simulated body
fluid, which is composed of the following ingredients: 8.035-
g/L NaCl, 0.355-g/L. NaHCOs3, 0.225-g/LL KCl, 0.231-g/L
K>HPO4-3H,0, 0.311-g/L MgCl,-6H,0, 1.0-M HCI (39 ml),
0.292-g/LL CaCl,, and 0.072-g/L Na,SOy in deionized water
and the pH was adjusted to 7.4 by adding 6.118-g/L trishy-
droxymethyl aminomethane (Tris) and 1.0-M HCl at 37 °C.!'7]
Friction experiments were conducted thrice under each exper-
imental condition. The wear track on the film was observed
by MicroXAM-3D surface profiler. The worn surfaces and the
counterpart balls were observed by a scanning electron micro-
scope (SEM), operated at an acceleration voltage of 20 kV and
equipped with an energy dispersive spectrometer.

3. Results and discussion
3.1. Film composition and structure

The typical cross-sectional FESEM images of the mul-
tilayer films with different modulation periods are given in
Fig. 1. It can be seen that the multilayer film shows a homoge-
neous and dense microstructure, without any obvious defects,
or pores or pinholes on it. The modulation period decreases
from 948 nm to 512 nm to 357 nm and to 250 nm) with the
deposition time of each sublayer decreasing from 45 min to
30 min to 20 min and to 15 min. Meanwhile, the columnar
crystal-like Si sublayer is a little thicker than the composite
C:H(Ag) sublayer due to the higher sputtering yield. Espe-
cially, two sublayers with very small thickness difference in
A3 may be attributed to the most serious poisoning of the tar-
get in this alternative deposition time. The absorbed CH4 and
related species (CHs-, H-, CH;-, CH-, efc.) can cause the cov-
erages of both targets to increase during the deposition of the
a-C:H(Ag) sublayer. Therefore, the sputtering yields of these
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targets are initially low until the surface layer is removed. Here
in this work, the thickness of Si decreases whereas the thick-
ness of a-C:H increases. However, the thickness of the whole
multilayer film, i.e., the total thickness, is about 1.7 um, in-
dicating that the deposition time of sublayer has little effect
on the total thickness of the film. The interface between the
sublayers is combined well without any obvious defects.
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Fig. 1. Typical cross-sectional FESEM images of multilayer films with dif-
ferent modulation periods.

The effect of different modulation periods on the chem-
ical composition of the multilayer film is analyzed by XPS,
and the corresponding results are given in Table 1. It is noted
that the C content increases to 82.33 at.% and then decreases
to 80.93 at.%. The O content shows the same varying trend
with C content, indicating that some O atoms may react with
C atoms on the surface. The O atoms can derive from the sur-
face adsorption. Whereas, Ag atoms show an opposite trend
with modulus decreasing. Generally, the nanoparticle Ag in
the composite film can hinder the film from oxidizing.

Table 1. Chemical compositions of multilayer films with different mod-
ulation periods.

Chemical composition/at.%

Sample
C content Ag (0]
Al 62.82 28.92 8.27
A2 82.21 8.97 8.82
A3 82.33 0.57 17.10
A4 80.93 10.01 9.06

Combining the XPS spectra of Ag 3d in Fig. 2, two char-
acteristics peaks centered at 367.6 eV and 373.6 eV are as-
signed to Ag 3d5/2 and Ag 3d3/2, respectively. The difference
between these peaks is 6.0 eV, inferring that Ag species incor-
porated into the films are in metallic form.!"8! Additionally,
the intensity of Ag in A3 sample is nearly zero, indicating less
Ag content. The resulting composition of the film depends
on sputter yield of the film. The sputter yield depends on the
target element, the sputter gas, ion incident angle, sputtering

time, etc. The sputter yield varies with sputter time. Especially
for the film deposited with Ar and CH4, which can cause the
composite target to poisoning during the deposition. There-
fore, the Ag content varies significantly with the modulation
period. The most serious poison of the target causes the target
element to produce the least sputtering yield and thus the least
Ag content in the film.
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Fig. 2. XPS spectra of Ag 3d in multilayer film.

The C 1s peaks in Fig. 3 can be fitted with Gaussian dis-
tributions, and the peak centered at about 284.5, 285.3, 287.8,
and 288.5 eV correspond to sp>-hybridized C, sp>-hybridized
C, C=0, and O=C-OH bonds, respectively. The dominance
of the distribution centered at ~ 284 eV indicates that all films
are rich in sp? C bonding. The high sp? C content can be ex-
plained by the fact as given below. First, the sputtering of the
graphite target inclines to the forming of sp> C: incident ions
on the film surface are decomposed by the low-energy CHy
during the film growth, and are likely to form sp> C. Second,
although none of Ag particles in the film bonds with C parti-
cles, many Ag particles aggregating large enough can interrupt
the C network and induce the sp? C to form. Third, the sput-
tered particles with low energy are too weak to penetrate into
the subsurface of the film, and then they tend to form more sp?
C bonds.
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Fig. 3. XPS spectra of C 1s peaks in multilayer film fitted by deconvoluted
peaks.
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To further analyze the phase information about the mul-
tilayer film, the XRD pattern of the film with the highest and
lowest C content, which are in accordance with that of Al
sample and A3 sample, are given in Fig. 4. The broad hump
in the region 20°-26° can be assigned to the amorphous C
sublayer.l'’l All patterns present two peaks assigned to Ag.
The relative intensity of Ag in the A3 is much lower than
that in the Al sample, demonstrating a reduced Ag content
in the A3, which is confirmed by the XPS result. Addition-
ally, other two peaks illustrate the existence of Si (320) and Si
(331) planes, corresponding to the Si sublayer in the multilayer
film. There is also a peak assigned to SiC (007) at 50.6°, in-
dicating the formation of SiC at the interface of the sublayers.
Obviously, the relative intensity between Si and SiC diffrac-
tion peak demonstrates an increase with modulation period de-
creasing, indicating that the volume fraction or crystallization
of Si and SiC crystal increase.?’! Since the SiC forms at the
interface of the sublayer in the film, the increased number of
the interlayer in A3 as shown in Fig. 1 can cause the fraction

of SiC to increase.

Si (320)

Intensity/arb. units

20 40 60 80
20/(°)
Fig. 4. XRD pattern of Al (highest C content) and A3 (lowest C content)
sample.

Raman spectra can give the carbon features of the a-C:H
based film. Figure 5 shows the Raman spectra including de-
convolution peaks, obtained from the Si/a-C:H(Ag) multilayer
films. The G-peak centered at ~ 1590 cm™! is due to in-plane
stretching of sp?>-bonded C atoms existing in olefinic chains
and aromatic rings, while the D-peak centered at ~ 1350 cm ™!
is due to the breathing mode (out-of-plane stretching) of sp?-
bonded C atoms existing only in the aromatic rings. A third
peak at 1470 cm~! can be identified with semicircle stretching
vibration of carbon atoms in benzene or benzene clusters, ?!!
indicating a high sp? C in the composite film, which is con-
sistent with the XPS results. The relative intensity of D peak
and G peak, corresponding to Ip/Ig ratio and G position, are
widely used to identify the sp>/sp? ratio amorphous carbon. [>?!
The increase in Ip/Ig ratio and G peak frequency indicate the

decreasing of sp/sp ratio and graphitization of the film.[?>%3]

As given in Table 2, the Ip/Ig ratio and the G peak position
first decrease first and then increase. The A2 sample has the
highest sp’/sp® ratio. Whereas, the A1 sample has the lowest
sp>/sp? ratio. Combining XPS spectra, A1 sample contains the
highest Ag concentration, Ag nanoparticles in the film induce
sp> C to form. Although the A3 sample contains the least Ag
nanoparticles in the sample, the O in the film may cause higher

concentration of sp”> C than in the A2 sample.
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Fig. 5. Raman spectra, including deconvolution peaks, obtained from Si/a-
C:H(Ag) multilayer films.

Table 2. Ip /I ratios and G peak positions of multilayer film.

Sample Al A2 A3 A4
G peak position/cm ™! 1596 1569 1571 1590
Ip /I ratio 2.21 0.73 1.07 1.26

The FTIR spectrum can be used for identifying the differ-
ent vibrational modes in the a-C:H multilayer film. Figure 6
gives the FTIR information of the multilayer film. The absorp-
tion peak at 610 cm~! is attributed to stretching vibration of
C-C. The absorption peak at ~ 784 cm™! is ascribed to the
vibration of Si—C mode, indicating the formation of SiC at the
interface of sublayers for each of all these multilayer films.
The absorption peak at 875 cm ™! is assigned to C-O stretch-
ing bond and the peaks appearing at 1000 cm—!'~1100 cm™!
belong to the -C—O—C— groups.[?*! The absorption peaks in

! are caused by C-

a range from 2700 cm~! to 3100 cm™
H stretching in CH, CH;, and CHj3 groups,lzs] indicating H
mainly bonded with sp* C in the film. The two peaks located
at 2877 cm~! and 2958 cm™! are corresponding to the sym-
metric stretching vibration of sp> CH3, and the peak located at
2922 cm~! is assigned to the symmetric stretching vibration
of sp? CH,. It is no doubt that the hydrogen atom is mainly
bonded with sp? C in the films.

The AFM images of an area of 3 um x3 pum of the mul-

tilayer films with different modulation periods are shown in
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Fig. 7. There are little differences in surface roughness among
these films. They are mainly composed of small spheres with
some acicular-like particles on it. The surface roughness of
the film can be a combined result of modulation period, sp> C
and Ag nanoparticles content on the surface. Generally, high
sp®> C, low Ag content and small modulation period conduce

to forming the low surface roughness of the film.[2%->7]
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Fig. 6. (a) Curves for FTIR information of multilayer film and (b) their
partial amplification.
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Fig. 7. AFM images of 3 um x 3 pum area of multilayer films.

3.2. Mechanical properties

Figure 8 shows the values of hardness and elastic mod-
ulus of the multilayer films. A2 sample shows the highest

hardness. The modulation periods, Ag nanoparticle and sp> C
content play an important role in the hardness. The dense in-
terfaces between the sublayers can contribute to the high hard-
ness. More interfaces in the multilayered films act as energy
dissipating and crack propagation reducing sites, and thus im-
proving the mechanical properties of the film.[*8] It was re-
ported that when the nanocrystalline/amorphous system has
an appropriate size of crystalline grains dispersed and sepa-
rated by 1 nm-3 nm amorphous matrix, the hardness of such
a system will be elevated by restricting the dislocation oper-
ation and crack propagation.!*®! However, high nanoparticle
content would aggregate and degrade the connectivity of the
carbon network, cause low hardness consequently. Therefore,
the high hardness of A2 and A4 samples can be attributed to
the appropriate Ag content. While too few or too many Ag
atoms in the film can weaken the hardness of the film. A large
number of interfaces parallel to the substrate surface have a
hardening effect in the multilayer film.3% Furthermore, the
highest sp> C content in A2 sample can increase the rigidity
and improve the connectivity of the amorphous carbon net-
work, hence increase the hardness of the film. The lowest
hardness of the A3 sample can be attributed to the oxidation
of the film because of the highest O content as given in the
XPS spectra. The sufficient O atoms on the surface can com-
bine with C atoms, causing terrible oxidation and reduce the
connectivity and rigidity of the C network, and thus the film

shows the lowest hardness.
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Fig. 8. Hardness and elastic modulus of multilayer films.

The calculated internal stress values corresponding to A1,
A2, A3, and A4 sample are 0.79, 0.37, 0.23, and 0.15 GPa,
respectively. All the multilayer films maintain relatively low
internal stress. The decreasing of internal stress in the film can
be attributed to the increase of the number of the sublayers in
the film. Because different multiple sublayers of alternating
deposition can neutralize internal stress, and more interface in
the film can effectively prevent the micro-crack and disloca-
tion slip from being pregnant and growing, The resulting film

can have a lower internal stress.
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3.3. Tribological properties

Figure 9 presents the frictional curves of the multilayer
films measured by the tribometer on the reciprocating ball-on-
disk tribometer in simulated body fluid against Al,O3 steel
ball at room temperature. As shown in Fig. 9, A3 sample pos-
sesses the most fluctuating and highest friction coefficient in a
range of ~ 0.09-0.23. This relatively large fluctuation in fric-
tion coefficient indicates the extensive surface damage (wear)
and the entrapment of a greater number of wear debris at the
sliding interface. Al sample shows higher friction coefficient
in a longer running-in period, indicating a severe wear at first.
Whereas, A2 and A4 samples show steady friction coefficient
of about 0.1 during the test.

0.24

0.20F
Al

0.16 A3
A2

0.12

0.08F A4

Friction coefficient

0.04F

1 1 1 1

0 5 10 15 20 25 30
Sliding time/min

(=]

Fig. 9. Frictional curves of multilayer films, measured by tribometer on re-
ciprocating ball-on-disk tribometer in simulated body fluid against Al,O3
steel ball at room temperature.

In order to gain more insights into the friction and wear
mechanism, the three-dimensional (3D) optical profile images
of the worn film surfaces and the SEM images of correspond-

1.6 1.2 0.8 0.4 0
z/um

ing Al,O3 ball surface are shown in Figs. 10 and 11, respec-
tively. Although the friction test is performed in the simulated
body liquid, there is no obvious sign of corrosion on the coun-
terpart except for Al sample. This can be confirmed by the
high and fluctuant friction coefficient (Fig. 9) and relatively
high wear of Al (Fig. 10). The wear track of the A2 sample
is the shallowest with some plows on it, indicating the lowest
wear volume and wear rate. The transfer film on its counter-
part is dense with a few aggregate wear debris on it, which
can irritate the plow on the film. In contrast, the wear track of
A3 is the widest and deepest, indicating the highest wear vol-
ume and wear rate. The transfer film on the counterpart ball
consists of some bumps aggregated by wear debris, and even
peel-off debris. These imply an intensive wear and high fric-
tion during the friction test. The friction and wear of the Al
and A4 are medium. Comparatively, the wear of Al sample
is more intensive than that of the A4 sample, some corrosion
signs exist on the transfer film. Additionally, there are more
plows on the wear track of Al.

Generally, modulation periods, number and composition
of the interface, Ag nanoparticles, surface roughness, hard-
ness, etc. can influence the tribological properties of the mul-
tilayer film. The multilayer design can inhibit crack propaga-
tion at the interface due to the energy dissipation and make
ions in solution encounter a more tortuous path in travers-
ing the film.[*!32) The surface roughness can affect the real
contact area of counterpart, and thus the vertical force on the
aspires, and then the friction behavior of the film. However,
when tested in solution, it has little effect on the frictional be-
havior of the film, especially for the film with little difference
in surface roughness.
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Fig. 10. The 3D optical profile images of worn track on film.

Combining the chemical composition of the transfer film
on the Al,Os ball (Table 3), it can be seen that there are
no Si nanoparticles in the transfer films except the A3 sam-
ple film. Although Si nanoparticles play an important role in
the solution friction and wear, Ag nanoparticles and hardness

seem to play a more important role in the friction and wear
behavior of the multilayer film. As reported before, when
nanoparticles were used as friction modifiers, they displayed
four behaviors:*3 rolling of nanospheres,?*! tribofilm forma-
tion as a result of tribochemical reactions, 3] mending effect
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because of the minimal size, % and polishing.*”! Especially,
the soft Ag nanoparticles on the counterface can possess low
shearing stress and avoid severe failure. Furthermore, the ap-
propriate size of Ag allows them to easily enter into the con-
tact interface for load bearing and lubricating. High surface-
to-volume ratio enables them to react with their environment.
The nanoparticles will undergo sliding and rolling process,

and thus the low friction and wear (as shown in Fig. 12).138]

Fig. 11. SEM images of the corresponding Al,O3 ball surfaces.

Table 3. Chemical compositions of transfer film on Al,O3 ball.

Chemical composition/at.%

Sample
C Si (0) Na+Cl+Mg+Ca+Al
Al 53.39 0.00 20.90 25.72
A2 44.80 0.00 23.25 31.96
A3 51.44 2.58 22.16 28.85
A4 68.07 0.00 15.24 16.68

Notably, compared with the Si/a-C: H multilayer film, the
Si/a-C:H(Ag) multilayer films can reduce the sensitivity, fric-
tion and wear in salt solution.[®! Furthermore, the film with
appropriate Ag content (such as Al and A4 films) maintains
relatively high hardness and thus can provide low friction and
wear during the test. For the Al sample, the a-C:H (Ag) sub-
layer is the thickest, and the highest sp> C content and Ag
nanoparticles in the surface sublayer reduce the connectivity
and rigidity of the carbon network, and thus increasing the cor-
rosion and wear. When the a-C:H (Ag) sublayer is worn out,
the SiC interface and Si sublayer can provide a much steady
and less wear. Therefore, the friction coefficient is fluctuant
and high at first, and then becomes lower and steadier. The A3
sample with low hardness cannot afford high bearing capacity

and thus high friction and wear. Summarily, the incorporat-
ing of adequate Ag nano-crystallites into a-C:H sublayer can
improve the mechanical and tribological properties of the mul-
tilayer film.

applied load

direction
—

I
Si
substrate

Fig. 12. Schematic illustration of tribological mechanism of A2 sample in
stimulated body fluid.

4. Conclusions and perspectives

The Si/a-C:H(Ag) multilayer films with different mod-
ulation periods are deposited on stainless steel and silicon
substrate by magnetron sputtering and their composition, mi-
crostructure, mechanical and tribological properties are exam-
ined. Incorporating Ag into the a-C:H sublayer is to improve
the film properties, and it proves to play an important role in
the properties of the multilayer film. In this study, with the
modulation period decreasing from 984 nm to 250 nm, the
concentration of C atoms first increases and then decreases.
While the concentration of Ag atoms shows an opposite vari-
ation trend. Each sublayer in the film is combined well by
the SiC formation on the interface. However, the a-C:H sub-
layer of the film with an appropriate Ag atom concentration
(8.97 at.%) (modulation period of 512 nm) maintains the high-
est sp>/sp” ratio, surface roughness and hardness, and excel-
lent tribological properties in the stimulated body fluid. An
appropriate number and size of Ag nanoparticles allow them to
easily enter into the contact interface for load bearing and lu-
bricating. High surface-to-volume ratio enables them to react
with their environment, and thereby provoding a low friction
and wear.
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