Active Friction Control in Lubrication Condition Using Novel Metal Morphing Surface
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Abstract

We propose a new active friction control method with a morphing surface using a unique diaphragm structure
consisting of 60-um thin metal film. In poor lubrication, the friction coefficient dropped significantly from
0.19 to 0.03 when the surface changed from concave to convex. Optical in situ observations revealed that the
oil collected at the convexity due to capillary force and meniscus. In addition, results of electric characteristic
measurements revealed that the solid contact area decreased with the convexity. In conclusion, the reduction
of solid contact due to improvement of lubrication condition was likely the friction reduction mechanism of
the convex shape. Because active friction control realizes minimal friction loss and multifunctionality, the

morphing surface can contribute to future machine development.
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1. Introduction

Friction control is an important challenge in tribology engineering. In general, the tribology surfaces
of mechanical elements are designed for best performance in steady operations. For example, some surfaces
have texturing to reduce friction losses under certain conditions, resulting in better fuel economy and high
wear performances [1-10]. On the other hand, a real machine has many operations (e.g., start-up, stop-end,
slow speed, and full-power operation) [11,12]. In each operation, tribological conditions (e.g., load, sliding
speed, and oil temperature) differ. In addition, because the environment around the machine changes (e.g.,
temperature, humidity, and vibration), the tribological conditions can differ even with the same operation.
Moreover, disturbances (mixing foreign particles, and external shock) also affect tribological conditions. These
facts mean that a tribology surface that is optimal for steady operations is not necessarily optimal for the others
[13-15]. Here, we consider a tribology surface that actively changes its properties as a future technology for
adaptability, high efficiency, energy saving, robustness and multifunctionality [16-22].

In nature, many flora and fauna have unique strategies for survival. Among other things, the surface
morphology of living things gives engineers many interesting tips on surface design. The most famous surface

in the field of tribology engineering is the lotus leaf [23-27]. The leaf surface has many protrusions covered



by wax, resulting in a superhydrophobic surface. Due to its superhydrophobic nature, water droplets can
remove dirt and dust, resulting in a self-cleaning surface. There are other examples of animal and plant skins
that exhibit unique properties (e.g., hydrophilicity, low hydrodynamic resistance, strong adhesion, and optical
characteristics) [28-34]. Many researchers and engineers are currently attempting to apply micro/nano
functional surface morphology to engineering surfaces [35-42].

Another characteristic of living things is their morphing ability. In nature, the environment changes
moment to moment. Therefore, flora and fauna must adapt to change. One common strategy for adapting to a
changing environment is morphing. For example, raptors fold their wings for high-speed flight in hunting and
expand them for long flight [43]. When engineers apply this type of adaptability to machine components, the
machine should show better performance in any environment and operating condition. Some morphing
technologies are already used in industrial products (i.e., airplanes) [44-48]. However, surface morphing
techniques have not yet been applied to tribology surfaces.

Industrial morphing surfaces have many applications in the optical engineering field. Many of them
consist of piezoelectric actuators and optical mirrors [49]. The mirror is supported by actuators, which distort
the surface morphology of the mirror by pulling or pushing on it. The distortion is used to cancel the optical
distortion of the system (i.e., fundus examination), resulting in clear images [50,51]. However, the morphing
surfaces are less robust, and are thus not suitable for tribological surfaces.

Ohzono et al. developed a novel morphing surface using the internal stress mismatch of layered
material. Wrinkles appear on an elastomer surface covered with a very thin hard coating during compression
[52-55]. They found that the amplitude of wrinkles increased with compressive force, and when the force was
released, the surface profile returned to flat. The wrinkles were able to transport liquid droplets and
microparticles [56,57]. Subsequently, another type of morphing surface was developed using flexible material
(i.e., fiber and fabric) to realize friction control [58]. Experimental results showed that the larger the wrinkle
amplitude, the higher the friction coefficient, enabling friction control.

Recently, we developed another type of morphing surface, aiming to replace conventional industrial
components. Traditionally, morphing tribology surfaces have been composed of elastic material (i.e., rubber,
elastomer, and fiber). On the other hand, many mechanical applications need to be made of hard material (i.e.,
metal, resin and ceramics). In order to realize a morphing surface for practical use, a novel morphing surface
made of acrylic resin was developed using additive manufacturing [59]. The surface with a diaphragm structure
realizes surface morphing using hard material. The surface achieves a deformation amplitude of 600 pum.
Consequently, by morphing, the surface was able to vary its friction coefficient over a wide range (0.3—1.0)
under a dry friction condition.

In the present paper, we develop a novel morphing surface using metal material, and clarify its
tribological characteristics under oil lubrication. The combination of metal and oil lubricants is widely used in
engineering components. Therefore, this new challenge represents the feasibility of morphing surfaces in real
products. In addition, the present paper reveals the unique features of the metal morphing surface. In a poor

lubrication condition, the convex shape on the surface significantly reduces the friction coefficient. Finally, in



situ optical observations and electrical measurements are used to clarify the unique friction reduction

mechanism.

2. Experiments
2.1. Morphing surface specimen composed of thin metal film

In a previous report, a novel morphing surface was realized using additive manufacturing [59]. Due
to the diaphragm structure of the surface, it achieved surface morphing from concave to convex, and vice versa.
The method used acrylic resin cured by ultraviolet ray as the manufacturing material because of its flexibility
and availability. On the other hand, the resin material showed poor oil resistance due to dissolution in oil. In
actual machine operations, many parts are still lubricated with oil. Consequently, the need for a metal morphing
surface is urgent.

In the present study, we constructed a metal morphing surface with the diaphragm structure using
metal thin film. First, we made a metal base with eight holes (Fig. 1). Subsequently, 60-um thick aluminum
film was glued to the base with epoxy adhesive (Araldaite AR-R30, Huntsman International LLC, U.S.A) (Fig.
2a). The thin film and metal base performed as a diaphragm and supportive structure, the configuration of
which has been described in elsewhere [59]. Compressed air was supplied to the metal base, which applied
pressure to the backside of the metal film through the holes, leading the thin film to function as a diaphragm
structure. As the air pressure on the backside of the diaphragm increased, the diaphragm morphed to a convex
shape (Fig. 2b). Similarly, as the pressure decreased to less than atmospheric pressure, the diaphragm shape
returned to concave (Fig. 2c). A precision air pressure regulator (RP1000-8-07, CKD corporation, Japan)
controlled the pressure loaded to the diaphragm.

A surface profilometer (SV-3100, Mitutoyo Corporation, Japan) was used to measure the diaphragm
shape at different backside air pressures from -0.1 to 0.2 MPa (air pressure is described as gauge pressure).
The measurement results in Fig. 3 show that the metal morphing surface achieved large transformations of
more than 500 um (from the bottom of the convex shape to the top of the concave shape). The amplitude was
the same level as in our previous study, even though the new structure was made of metal. After cyclic
deformation (using -0.1 MPa to 0.2 MPa), some plastic deformation (<170 um) was observed. However, the
deformation amplitude was smaller than that of 0.1 MPa (180 pm or more). Therefore, within the range of our
experimental conditions, the surface shape returned to the same convex/concave shape when a different
pressure was applied. We also made a flat specimen to highlight the performance of the morphing surface. The
flat specimen also consisted of thin aluminum film and a metal base except for holes on the base. The root

mean square roughness of the aluminum film was R,=0.4 pm.

2.2. Friction test
We used a thrust cylinder type friction tester to reveal the tribological properties of the metal
morphing surface (Fig. 4). We used a transparent borosilicate glass plate as a mating material to observe contact

conditions between the two surfaces. The morphing surface specimen was fixed to a 6-component force sensor



(SFS016XS300U, Leptrino Inc., Japan) onto which a 3-N deadweight was loaded. The force sensor and a
specimen holder were connected through a spherical sliding bearing to avoid partial contact between the
morphing surface specimen and glass plate. The central axes of rotation of the glass plate and morphing surface
specimen were aligned. The arithmetic surface roughness and root mean square roughness of the glass plate
was R,=3.2 nm and R,~4.4 nm, respectively.

A speed control motor (SCM315GV-JA, Oriental Motor Co., Ltd., Japan) connected to a gear head
(3GV6B, Oriental Motor Co., Ltd., Japan) rotated the rotary table and glass plate through a timing belt. When
the glass plate rotated, a friction force was generated by the morphing surface against the glass plate, which
was measured by the force sensor. The sensor measured the force as a torque 7, from which it was possible to

calculate a friction force F and friction coefficient ¢ using Eq.(1) and Eq.(2) as follows;

T=F-r=u-W-r Q)
T
w=y (2)

where r is a radius representing a middle value of the outer and inner radius of the cylinder specimen (19 mm),
and W is the normal load.

We also used elastohydrodynamic lubrication (EHL) theory to calculate the film parameter, which is
the ratio of oil film thickness to surface roughness. Previously, four types of lubrication mode (i.e.,
piezoviscous-rigid, piezoviscous-elastic, isoviscous-rigid, isoviscous-elastic) have been proposed, and the
contact conditions determine the lubrication mode. The relation between the contact conditions and lubrication
modes is described as a lubrication regime map [60]. To determine the lubrication regime of the tribosystem,
it is necessary to determine the Young’s modulus of the morphing surface. We measured it using a force-
displacement curve of the structure, showing a Young’s modulus of 30 and 43 MPa at 0.1 and 0.2 MPa,
respectively. The lubrication regime map indicates that the lubrication regime of the condition should be in the

isoviscous-elastic regime. Therefore, the soft EHL theory is used to calculate the oil film thickness [61].

Hpin = 7.43(1 — 0.85¢ 7031k y o065y -0.21 (3)
ﬁmin
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where H is a minimum-film-thickness, & is the ellipticity parameter, U is a dimensionless speed, W is a
dimensionless load parameter, and ¢ is a room mean square roughness of each surface. In our tribosystem, the
entrainment velocity shows a positive value depending on the rotation speed of the disc specimen. In addition,
the slide-roll-ratio (SRR) shows a value of 2 due to the simple sliding condition. The morphing surface shows
the same surface roughness with different shapes. Therefore, the lambda value is calculated using the surface
roughness of the aluminum film (R,=0.4 pm) and the glass plate (R;=4.4 nm). In general, the lambda value A
is able to classify lubrication conditions as follows: the boundary lubrication where continuous solid contact

occurs (4<1); hydrodynamic lubrication where hydrodynamic pressure separates the two surfaces (4>3);



mixed lubrication where both solid contact and hydrodynamic effects dominate (1<4<3).

We conducted friction tests with varying amounts of oil (from 10-3000 pl) to examine the tribological
performance of the morphing surface, especially in a poor lubrication condition. A poly-a-olefin (PAO4) with
a viscosity of 9.0x107 Pa-s at 23 °C was the lubricant oil used in this research. A metallurgical inverted
microscope (GX71, Olympus Corporation, Japan) observed the difference in friction state due to morphing.

All experiments were conducted in ambient air in a temperature-controlled room at 23 °C.

3. Low friction in poor lubrication condition with morphing surface

We conducted various friction tests at a deadweight of 3 N with different sliding speeds (from 30—
530 mm/s). The air pressure was increased from 0 to 0.2 MPa by 0.1 MPa per min, and then decreased by 0.1
MPa per min to -0.1 MPa. After the morphing surface changed to a convex shape, it would not return to a
concave shape even if the pressure dropped to 0 MPa. Therefore, we used a rotary pump (GVD-050A, ULVAC
KIKO Inc., Japan) to reduce the backside pressure to -0.1 MPa, resulting in a concave shape of the diaphragms.

Fig. 5 presents the novel results for active friction control in the oil lubrication condition using the
metal morphing surface. The figure shows representative friction curves with varying amounts of oil at a
sliding speed of 120 mmy/s. In the poor lubrication conditions (10- and 90-pl PAO4), friction coefficients in the
first min were around 0.17 with the concave shape. When the morphing diaphragms changed to convex, the
coefficient decreased drastically. Subsequently, as convexity increased with the backside air pressure, the
coefficient decreased more. In the case of 90-ul PAO4, which showed the lowest friction coefficient in this
study, the coefficient decreased from 0.19 to 0.03. This result indicates that the morphing surface was able to
achieve 86% friction reduction. In other words, wide-range friction control under a constant operating
condition was realized.

In the case of 3000-ul PAO4, at which the oil bath was sufficiently full to totally sink the surface, the
friction coefficient in the first min was lower than that for poor lubrication conditions due to better lubrication
with enough oil. In addition, friction reduction was also observed with the convexity. However, since the
decrease was small, the minimum friction coefficient was 0.06, which was 79% higher than that of the 90-pl
condition. This result is interesting because, in general, the better the lubrication condition, the lower the
coefficient of friction. Thus, the results should be consistent with the contact and lubrication conditions of the
surfaces in contact. We therefore discuss the mechanism in the next section using the in situ surface observation
during friction tests.

A morphing surface is able to control a friction coefficient even in a constant sliding condition. In
the present research, we changed the sliding speed to investigate the effect of morphing on friction in detail.
We varied the sliding speed from 30 to 530 mm/s with different amounts of PAO4 oil.

Figs. 6a-c show the effect of the morphing shape on the friction coefficient with various amount of
oil. Figs. 6a, 6b, and 6¢ display the condition of 10 pl, 90 pl, and 3000 pl, respectively. The morphing surface
with the concave shape and the flat specimen typically showed higher friction coefficients compared to convex

shapes. In the case of 10 pl, the difference reached up to 0.27 at a sliding speed of 300 mm/s (Fig. 6a). In most



cases, the coefficient decreased as the sliding speed increased in a speed range below 120-200 mm/s, and then
the coefficient increased. This tendency matched the theoretical friction prediction with lubricant (i.e., the
Stribeck Curve [62-67]), indicating the lubrication condition shifts from the boundary or mixed lubrication
condition to a hydrodynamic lubrication condition. The calculated film parameters indicate that the lowest
sliding speed (30 mm/s) leads to a lambda value of 0.9 with a concave shape of 0.2 MPa, indicating the
boundary lubrication. When the sliding speed reached 60 and 200 mm/s, the values increased to 1.4 and 3.1,
respectively. This suggests that mixed and hydrodynamic lubrication occurs at slide speeds of 60—-120 mm/s
and 200 mm/s and above, respectively. Fig. 7 shows a typical tribological trend; the boundary lubrication
shows higher friction (30 mm/s); the coefficient of friction decreases with increasing sliding speed (30-200
mm/s); and the coefficient of friction is dominated by hydrodynamic effects (200-530 mm/s). These results
clearly show that the convexity of the morphing surface develops the hydrodynamic effect in the high-speed
region even in a poor lubrication condition.

As the amount of lubricant increased, the reduction in the friction coefficient due to morphing
decreased, primarily due to improved lubrication for the morphing surface with a concave shape or flat surface.
On the other hand, when the surface morphology was convex, especially at 0.2 MPa, the friction coefficient
with 90-ul PAO4 showed the lowest value (¢=0.033) despite the smaller amount of lubricating oil compared
to 3000 pl (4=0.061).

Here, we are able to see that the morphing to convex not only reduces the friction coefficient, but
also the variation in the friction coefficient (see error bars of plots in Fig. 6). This result also indicates that the
convex shape should improve the lubrication condition between surfaces in contact. Fig. 7 shows the effect of
convexity on friction with different amounts of oil. In the most severe poor lubrication condition (with 10 pl),
the coefficient value was comparably higher except for the case of 3000 pl. For most sliding conditions, oil
amounts of 30, 90 and 300 pl produced the lowest friction coefficients. It is interesting that there is an optimal
amount of oil (not too much or too little) to realize low friction. The results should be consistent with
lubrication conditions and hydrodynamic resistance of the system. Therefore, we discuss these factors in the
following sections.

We conducted a 1-hour friction test to examine the wear characteristics of the morphing surface. In
the test, the specimen with the convexity of the 0.2-MPa backside pressure was rubbed against the glass disc
at a deadweight of 3 N, oil amount of 90-pl, and a sliding speed of 120 mm/s. A 3D measuring laser microscopy
(LEXT OLS5000-SAT, Olympus Corporation, Japan) measured a wear volume, and then the wear volume was
divided by the normal load and the sliding distance to calculate the specific wear ratio. As a result, the specific
wear ratio showed 8.7 X 107 mm?*/Nm. The value indicates that the contact point of the metal film will be
completely worn after 120 hours of friction. In addition, when using a 200-um thick metal film, it has a

durability of 1300 hours or more.

4. In situ observation of morphing surface

The advantage of the friction tester we developed is that it enables observation of the contact and



lubrication condition between surfaces in contact. We mainly observed the friction state using the optical
microscope system by the contrast of reflectance light.

First, we investigated the effect of the surface morphology on the friction state from the appearance
of the friction state. Here, we consider the observation results at a sliding speed of 120 mm/s, oil amount of 90
pl, and a deadweight of 3 N. The lambda value at a sliding speed of 120 mm/s and 0.2 MPa is 2.2, indicating
a mixed lubrication region. Fig. 8 shows the spread of oil at the contact point. In the figure, the oi-air boundary
is indicated by red dotted lines. When the surface morphology was flat, we could not see a uniform oil film in
the flat position (Fig. 8a). Subsequently, when the morphology became convex at 0.2 MPa, the oil collected at
the convexity, and the contact position was fully covered by oil (Fig. 8b). In general, convex geometry develops
a hydrodynamic pressure facilitating lubrication in the EHL region. The effect plays an important role in
reducing friction under lubrication. In addition, Fig. 9 clearly shows that the oil is collected at the contacting
point with the convex shape (Fig. 9d) compared to the flat shape (Figs. 9a-c). Due to both effects, the convex
shape of the morphing surface provides low and stable friction even in poor lubrication condition. The friction
coefficient decreased due to the convex shape even in the boundary lubrication condition (sliding speed of 30
mm/s: 4=0.9) (Fig. 6a). These results clearly indicate that not only the hydrodynamic pressure is the only
reason, but also the oil collection effect is important to reduce friction in the poor lubrication condition.

Because Fig. 6 suggests that the amount of oil strongly affects the friction coefficient, we conducted
in situ optical observations to determine the difference in friction state. At a slow speed of 30 mm/s, the
condition with 3000-ul PAO4 showed better oil film with the flat shape (Fig. 9¢), whereas the 10-pul condition
showed poor oil film (Fig. 9a). The 90-ul PAO4 showed an intermediate state with few air pockets (Fig. 9b).
This satisfactory oil film due to the larger amount of oil should prevent solid contact of the surfaces, reducing
friction (Fig. 6). However, as discussed in section 3, the friction coefficient with the convex shape showed a
different tendency, with a rich oil condition (i.e., 3000 pul) showing the highest coefficient and the 90-ul
condition showing the lowest friction (Fig. 7). Fig. 10 shows the difference of the friction state with various
amount of oil. The in situ observation revealed that a convex morphology was able to collect a satisfactory
amount of oil over the contact area of the convexity regardless of oil amount (Fig. 10a-c). Consequently, every
condition showed low friction coefficients (less than 0.061). In the case of hydrodynamic lubrication, the
tribosystem is strongly affected by the hydrodynamic resistance against a sliding motion [62-65]. In our
research case, the lubrication condition up to 90-ul oil was improved as the amount of oil increased. On the
other hand, further increase in oil did not contribute to decreased friction because a sufficient amount of oil
was already supplied to the contacting points. Paradoxically, a larger amount of oil increased the hydrodynamic

resistance of the system, resulting in an increase of the friction coefficient.

5. Measurement of real contact area using electrical characteristics of contacting surface
The in situ observation and friction results suggested that improvement in lubrication condition was
the primary reason for the reduction in friction due to morphing. Here, we measured the ratio of the real contact

area to the apparent contact area to determine the mechanisms. Subsequently, we demonstrate the effect of the



real contact area on the friction coefficient. In this paper, we call this the breakdown ratio, based on previous
studies [68,69]. The parameter was measured using the electrical property of the two surfaces in contact. We
used an LCR meter (3522-50, Hioki E.E. Corp., Japan) to measure the electrical properties (i.e., electrical
resistance and capacitance). The LCR represents inductance L, capacitance C, and resistance R, and the LCR
meter calculates each parameter from the impedance Z measured with an accuracy of 0.08% rdg. In the tests,
we used a SUS304 (equivalent to ASTM standard A312) plate (arithmetic surface roughness of R,=9.6 nm) as
the conductive material instead of the glass plate. The oil amount and normal load were 30 pl and 3 N,
respectively. The measuring and analysis method were developed previously [68,69]. In our test case, we put
insulator jigs on the metal base and SUS304 plate to create a closed circuit, and then connected them to the
LCR meter.

Fig. 11 shows the breakdown ratios with different surface morphologies. The breakdown ratio for the
concave shape at slow speed of 30 mm/s was 36%, and it decreased to 13—14% with convex shapes, resulting
in an approximately 73% reduction due to morphing. The friction coefficient also decreased drastically when
the surface shape changed from concave to convex. At a speed of 120 mm/s, the breakdown ratio decreased to
6—7% with the convex shape. Fig. 12 clearly shows that the friction coefficient is strongly consistent with the
breakdown ratio. Therefore, the reduction of solid contact between two surfaces in contact (i.e., improvement
of the lubrication condition) due to the EHL effect (sliding speed of 120 mm/s) and the oil collecting effect
(both 30 and 120 mm/s) is likely the mechanism of friction reduction in the convex shape.

Any liquid substance has a certain surface energy (a surface tension) that is the origin of the capillary
force and meniscus. In the case of a convex shape contacting a flat surface, the gap gradually narrows toward
the tip of the convexity. The narrow gap must generate capillary force and build meniscus of oil due to a
balance of surface energies, resulting in oil collecting at the contact points. This must be the origin of the
friction reduction using the morphing surface in the boundary lubrication condition. Moreover, the convex
shape develops a hydrodynamic pressure, resulting in low friction. The combination of the oil collecting and
hydrodynamic effects due to the convexity reduces the friction coefficient even when the tribosystem is in the
poor lubrication condition (Fig. 6a).

The previous sections show that too much oil increases the friction coefficient (Fig. 7). That may be
because of hydrodynamic resistance due to the viscous force and drag force. Here, we measured hydrodynamic
resistance in our tribosystem. To measure the resistance force, we detached the morphing surface slightly from
the glass plate (meaning 0 N normal load); the force meter then measured the rotation torque. Fig. 13 contains
amodified graph of Fig. 7 by subtracting the hydrodynamic force. As a result, the friction coefficient decreases
with a large amount of oil, indicating the friction itself was similar regardless of oil amount. Consequently, the
10-pl condition showed the highest coefficient in most cases.

In conclusion, the present research indicates that the combination of two important factors is
important for realizing low friction; one is realizing a hydrodynamic lubrication condition, and the other is
reducing hydrodynamic resistance. For the first, the convex morphology can collect lubricant even in a poor

lubrication condition. Fig. 14 shows a schematic of the oil collecting effect in a convexity, resulting in an



improved lubrication condition. On the other hand, a flat shape shows a poor lubrication condition due to lack
of oil film. Subsequently, the poor lubrication condition shows less hydrodynamic resistance due to the small
mass of oil. The metal morphing surface we developed achieved such effective friction reduction due to the
unique morphing system consisting of the diaphragm structure. Moreover, the friction control results (wide
range of friction coefficients ranging from 0.3—-0.03) demonstrate the feasibility of a novel active friction

control system that adapts to both the high and low friction required for certain operations.

6. Conclusions

The present research shows the friction controllability of the metal morphing surface we created. The
morphing surface consisted of 60-um thick metal thin film and a supportive structure, coupled to form a
diaphragm structure. By changing the backside air pressure of the diaphragm, the shape of the diaphragm can
change from concave to convex, and vice versa. The amplitude of the morphing reached more than 500 pm,
the same level of morphing amplitude as our previous morphing surface made of resin.

In the friction tests lubricated by PAO4 oil, we found that surface morphology strongly affected the
friction coefficient. When the surface shape changed to convex, the friction coefficients showed the minimum
value in all cases. In addition, the higher the convexity, the lower the coefficient. In the poor lubrication
conditions (10 and 90 pl), friction coefficients were around 0.17 with the concave shape. When the morphing
parts changed to convex, the coefficient decreased drastically. Subsequently, as the convexity increased with
backside air pressure, the coefficient decreased more. In the case of 90-ul lubricant, which showed the best
performance in this research, the coefficient decreased from 0.19 to 0.03. This reduction indicates that the
morphing surface achieved an 86% reduction of friction. In other words, the surface achieved wide-range
friction control in a constant operating condition.

The friction state was observed using an optical microscope through the transparent glass plate, which
was the mating material in our friction tests. When the surface shape was flat, we could not see a uniform oil
film in the poor lubrication condition. Subsequently, when the morphology changed to convex, the oil collected
at the convexity, and the contact area was fully covered by the oil. The in situ observation clearly showed the
mechanism of friction reduction due to changes in lubrication condition by morphing.

Finally, we measured the breakdown ratio, which indicates the ratio of a solid contact area to an
apparent contact area, by measuring the electrical property of the two surfaces in contact. The breakdown ratio
with the concave shape at a slow speed of 30 mm/s was 36%, and decreased to 13—14% with a convex shape,
an approximately 73% reduction due to morphing. The friction coefficient also decreased drastically when the
surface shape changed from concave to convex. A relation similar to the breakdown ratio to the friction
coefficient was observed in the case at 120 mm/s. The statistical analysis clearly showed that the friction
coefficient is strongly consistent with the breakdown ratio. Therefore, the reduction of solid contact between
two surfaces in contact (i.e., improvement of the lubrication condition) due to oil collecting at the convexity
was likely the mechanism of friction reduction with the convex shape. These two findings (i.e., in situ surface

observation and breakdown ratio) clearly indicate that the unique morphing method that we propose provides



effective friction control by controlling lubrication conditions.

In conclusion, we clearly showed the novel availability of the metal morphing surface in the present
research. The surface is able to maintain low friction by changing its surface morphology. When the amount
of lubricant is rich and the operation needs a slow sliding speed, the surface can select a concave shape; when
the amount of oil decreases due to long-term operations or external accident, the surface can be changed to a
convex shape. This kind of active friction control system is considered important to future machines for fuel

efficiency, high performance, personal customized use, and high robustness.
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Fig. 1 A drawing of the metal base. Thin metal film was glued on the left side of the side view (right).
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Fig. 2 (a) Photo image, and cross-section schematics of the metal morphing surface specimen with (b)

convex and (c) concave shape.
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Fig. 3 The diaphragm shapes at different backside air pressure values.
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Fig. 4 A schematic of the thrust cylinder type friction tester. The rotation fix bar stops the rotation of the cylinder

specimen and transmits the friction torque to the force meter.
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Fig. 5 Friction coefficients of the metal morphing surface with different amounts of oil at a sliding speed of 120

mmy/s.
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Fig. 6 Friction coefficients at different sliding speeds with varieties of surface morphology under oil lubrication

condition of: (a) 10 pl, (b) 90 ul, and (c) 3000 pl.
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Fig. 7 Friction coefficients at different sliding speeds with the convex morphology at 0.2 MPa backside pressure.
The plotted points are slightly shifted along the x-axis by the amount of lubricant for visibility (the 90-pl line shows

the correct value in sliding speed).
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Contact akea

Fig. 8 The friction state of (a) flat and (b) convex shape at sliding speed of 120 mm/s and 90 pl of oil. The red dotted

lines indicate the boundary between oil and air.
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Fig. 9 The differences of the friction state at a sliding speed of 30 mm/s with the flat surface with oil amounts of:
(a) 10 pl, (b) 90 pl, and (c) 3000 pl. And (d) the friction state with the convex shape at 0.2 MPa and 10-pl oil is also

shown. The red dotted lines indicate the boundary between oil and air.
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Fig. 10 The differences of the friction state at a sliding speed of 120 mm/s with the convexity of 0.2 MPa in oil
amounts of: (a) 10 pl, (b) 90 ul, and (c) 3000 pl.
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Fig. 11 The breakdown ratio with different surface morphology. Every value is the average of last 30 sec during the

friction test. The normal load of 3 N and sliding speed of 30 or 120 mm/s was used in the friction test.
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Fig. 12 The decrease in the friction coefficient with breakdown ratio. The normal load of 3 N and sliding speed of

30 or 120 mm/s was used in the friction test.
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Fig. 13 Friction coefficient obtained by subtracting hydrodynamic resistance from the friction coefficient shown in
Fig. 7 (convex shape). The plotted points are slightly shifted along the x-axis by the amount of lubricant for visibility
(the 90-pl line shows the correct value of sliding speed).
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Fig. 14 Schematics of the friction reduction mechanism due to collection of oil with convex shape and hydrodynamic

effect.
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