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We demonstrate an optical method to modify friction forces between two close-contact surfaces
through laser-induced shock waves, which can strongly enhance surface friction forces in a

sandwiched con¯nement with/without lubricant, due to the increase of pressure arising from

excited shock waves. Such enhanced friction can even lead to a rotating rotor's braking e®ect.
Meanwhile, this shock wave-modi¯ed friction force is found to decrease under a free-standing

con¯guration. This technique of optically controllable friction may pave the way for applica-

tions in optical levitation, transportation, and micro°uidics.
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1. Introduction

Lasers have become a powerful and convenient tool for micro/nanoparticle manip-

ulations, enabling optical tweezers,1 trapping,2,3 levitation,4 and optical atom cool-

ing,5 where the radiation pressure of laser can exert forces upon sub-microscopic

objects like atoms,5 cells,6 molecules,7 bacteria and viruses,1 and droplets.8 Such

laser-enabled optical manipulation methods bene¯t from the noninvasive feature,

remote control, and high accuracy, enabling a wide range of applications in

biomedicine, physics science, and nanotechnology. The profound development of a

high-power laser has further pushed the limit of laser manipulation into macroscopic
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scale, allowing high-power laser interactions with macroscopic objects. This tech-

nological leap for high-power lasers has led to intriguing applications such as laser

propulsion,9–12 laser peening,13–15 laser cleaning,16,17 laser adhesion test,18 laser

processing and fabrication,19–21 where high-power lasers bring up precision and new

functionalities into these traditional industry branches. Many of these techniques are

associated with laser-induced shock wave generations, which are frequently en-

countered phenomena when high-power lasers interact with matters.22 The strong

absorption of incoming laser pulses can directly induce sudden ionization and va-

porization of the target materials, simultaneously generating high-density and high-

temperature plasma.23 As a result, the quick thermal dynamical expansion of such

laser plasma triggers the generation of shock waves with high pressure and density,24

a crucial step for interaction with macroscopic objects like in laser propulsion and

laser surface cleaning processes in the free space.10,16 On the other hand, the internal

shock waves can penetrate into the target in a similar manner along with a high-

pressure wave propagation, which can strengthen the materials internally in the laser

peening application.13 Besides, studies of laser-induced shock waves are also inves-

tigated, where lasers meet two objects at their interface, for instance laser shock

peening in the con¯ned situation.25

Two contacted objects generate resisting friction force, proportional to the normal

pressure between the two objects, i.e., the famous Amontons' laws.26 This is one of

the oldest problems but with high importance in many areas like transportation,27

°uid dynamics,28 and aerodynamics.29 The recent development of micro/nanotech-

nology has advanced this ¯eld into the microscopic regime, i.e., the science of tribol-

ogy,30 where the microscopic origin, for example, interatomic bonds and nanoscale

roughness,31 for such interface, friction is still under debate, but prior studies have

shown the possibility for optically controlled friction or °uid viscosity through pho-

toinduced state change at themolecular level.32 But at themacroscopic level, there has

not been much process for reducing friction, except the focus on lubrication studies.33

One interesting solution using ultrasonic vibration has shown a potential for friction

reduction, given the idea of reduced contact areas.34,35 Inspired by all of these works,

we are interested in the problem of laser-modi¯ed friction at the interface.

Here, we experimentally demonstrate optical modi¯cation to surface friction

through laser shock waves, which are induced by the excitation of laser plasma

between two contacted surfaces. A strong enhancement of such friction forces can be

realized in a sandwiched con¯nement owing to the increase of pressure deriving from

excited shock waves. The enhanced friction increases with the input laser power,

which can be further increased to \brake" a rotating motor. Similar dynamics have

also been observed, but with less e±ciency, in the presence of lubricants. Moreover,

under the con¯guration of two free-standing objects, a reduction of friction is ob-

served instead due to the decreased contact caused by pressured shock waves at the

interface. This technique of optically controllable friction may pave way for critical

areas like levitated hyperloop transportation36 in the macroscopic scale and also for

micro°uidics application.37
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2. Principle

An intense pulsed laser focuses on a solid target's surface, e.g., metal, which leads to a

rapid temperature increase at the focal spot. The accumulated heat can ¯nally lead

to ionization and vaporization of the material in the form of high-temperature and

high-pressure plasma.23 Consequently, plasma expansion further escalates into shock

wave generation,24 containing both high density and high pressure in the wavefront.

In the experiment, metallic material is always chosen to generate shock waves for its

small ionization energy. While for other materials, shock waves can also be generated

by the ionization of air surrounding the target. Previously, such shock waves have

enabled many intriguing applications like laser propulsion and laser cleaning,10,16

but, mainly in free space. However, it has also been shown that a structure with

con¯ned geometry can further enhance internal pressure P induced by such laser

shock waves as the con¯ned con¯guration retards plasma expansion, meanwhile,

extends the interaction time between the laser shock and the target.38 For example,

laser peening through shock wave generations can induce compressive residual

stresses to materials, enhancing fatigue resistance of materials.13

Inspired by these works, we are interested in the laser shock wave at the interface

between two solid objects, especially on their e®ect to surface friction. As shown in

Fig. 1, in our experiment, an intense pulsed laser is focused onto a metallic target

through a transparent glass plate at their interface, where the shock wave can be

excited with su±cient input power. The induced shock waves are well-con¯ned in-

ternally as the metallic target is in close contact with the glass plate. As a result, this

laser shock wave-induced pressure on the target can be greatly enhanced in the

con¯ned situation, and the pressure of the shock wave can be expressed as39

P ¼ 0:01� �

�þ 3
ZI

� �
1=2

; ð2:1Þ

where � indicates the fraction of plasma internal energy devoted to thermal energy,

Z indicates the reduced shock impedance between the glass and the target, and I

(a) (b)

Fig. 1. (a) The schematics of the laser shock wave-induced pressure on the surface of the two close-

contact targets. (b) Friction increases due to the increase of pressure drawing from shock waves under
clamped con¯guration.

Optical brake induced by laser shock waves
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indicates laser intensity. � is considered as constant for the laser with a certain

wavelength.40Z is dependent on the material of the target and con¯nement layer.41

As a result, the pressure can be modulated by laser intensity.

Consequently, this laser shock wave-induced pressure can increase the contact

force normal to the surface between the two objects as shown in Fig. 1(b), this e®ect

can be further enhanced when the shock waves penetrate the solids predicted by

prior work.13 When the target is sliding on the glass, friction force resists the relative

motion. Since shock wave pressure can increase the normal force, the surface friction

force is expected to be altered by the new additional force Fshock. According to

Amonton-Coulomb's law, the friction on the target can be expressed as

Ff ¼ �ðFglass þ FshockÞ ¼ �ðFglass þ P � sÞ; ð2:2Þ
where � represents the friction coe±cient, �Fglass is the original friction between the

metal and the glass plate, �Fshock indicates the additional friction induced by laser

shock waves, P is a pressure term associated with the laser shock wave, while s is a

stress area. Since the pressure of shock wave follows a Gaussian spatial distribution,

the radius of stress area is usually considered as
ffiffiffi
2

p
times of the laser spot radius,42

which is about 100�m in our experiment. Note that both the metal and the glass

plate are externally clamped by solid supports to ensure a constant contact force

Fglass, this allows the investigation of shock wave-induced pressure and the friction

variation.

3. Results and Discussion

3.1. Laser-induced friction increase in a clamped con¯guration

In our experiment (Fig. 2(a)), a rotating metal rotor mounted on a DC motor is

placed in close contact with a transparent glass plate, which allows an intense pulsed

laser to be focused onto the contacting regime for shock wave generation. The rotor is

made of steel, with width of 1mm, outer diameter of 3mm, and inner diameter of

1mm. Here, a 1064 nm Nd:YAG laser with 8 ns pulse length and 10 kHz repetition

rate has been used, while its power is varied for controlling the shock waves. The

shock wave-induced pressure enhances the friction force onto the metal rotor causing

a rising internal electrical current inside the DC-powered circuit. Experimentally, we

can measure such changes by reading out the voltage variation across an inter-circuit

resistor (R ¼ 20�Þ. As the friction force exerted on the motor increases, the voltage

rises along with the driving current. In this way, the dynamics of friction force

between the rotor and the glass can be monitored, precisely. Using an oscilloscope,

the temporal evolution of voltage due to laser-induced shock waves can be obtained

to read out the change of friction.

Figure 2(b) shows the dynamics of driving voltage before/after introducing laser

shock waves under the two scenarios with/without lubricants. When the metal rotor

is irradiated by the pulsed laser, the voltages rise and stabilize at a larger constant

value within several seconds, indicating an increase of friction at the interface.

Q. Kang et al.
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Besides, after turning o® the laser, the voltages decrease and stabilize at the initial

value. Even for the case with a lubricant, i.e., water, noticeable changes have also

been observed but much weaker than the former one without lubricants. Note that

the initial voltage level with lubricant is lower than that without lubricant, indi-

cating the reduction of friction due to the lubricant and the validity of the current

method.

To be more precise, we explore the friction force variation under di®erent laser

powers. As shown in Fig. 2(c), the friction force increases gradually with the laser

power. The red line is the theoretical line predicted by Eq. (2.1), which shows the

friction force increases as power1=2. The deviation between the red line and experi-

mental data may be explained by the variation of surface condition during di®erent

tests. Here, the friction force is calibrated by the voltage reading and a force meter in

a separated experiment, where the friction force is measured by the force meter. As

the friction force exerted on the motor increases, the voltage increases accordingly.

(a)

(b) (c)

Fig. 2. (Color online) (a) The experimental setup of friction increase induced by the laser shock wave. (b)

The voltage increases and stabilizes at a larger constant after turning on a laser with the power of 3.72W.

The green line and black line indicate voltage change in the situation with/without water lubricants,

respectively. (c) The friction increases monotonically with the laser power.

Optical brake induced by laser shock waves

2050010-5

J.
 N

on
lin

ea
r 

O
pt

ic
. P

hy
s.

 M
at

. 2
02

0.
29

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 S
H

A
N

G
H

A
I 

JI
A

O
T

O
N

G
 U

N
IV

E
R

SI
T

Y
 o

n 
05

/2
7/

24
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



Recording the friction force and the voltage simultaneously, the friction's one-to-one

correspondence to the voltage variation can be set-up. As the laser power increases

from 0.76W to 3.08W, the friction force rises from 5.6mN to 17.0mN without

lubricant. In comparison, the lubricated case only shows an increase from 1.1mN to

2.3mN, much smaller than the dry case. Clearly, this e®ect of friction enhancement

induced by laser shock waves has been weakened in the case with lubricant. This can

be understood from the friction coe±cient � in Eq. (2.2), which is supposed to reduce

under the presence of externally added lubricants. As a result, both the initial laser-

o® friction and the slope of friction increase when tuning up the laser is smaller in the

lubricated case, as shown in Fig. 2(b).

3.2. Laser-induced optical braking

Moreover, such an increase of laser-induced friction forces can further lead to the stop

of the rotating rotor, namely, \optical brake". Here, the driving force from the DC

motor reaches the balance with the total friction, i.e., Fdrive ¼ �ðFglass þ FshockÞ, we
can expect the optical brake when the induced shock wave force exceeds this balance.

Under a constant driving condition, i.e., ¯xed DC motor voltage at 0.4V, an incident

laser with 2.68W power can brake the rotor within a second as shown in Fig. 3(b),

where the initial contact friction force, i.e., �Fglass is calibrated to be 9.5mN. Ex-

perimentally, this brake phenomenon can be visualized by observing the black paint

on the motor's axle in Fig. 3(a). To monitor the brake phenomenon clearly, half of

the axle is painted black. When the motor is rotating, the paint on the rotating axle

turns blurry and indistinguishable, once the motor is braked by the laser-induced

shock wave, the black paint on the axle becomes visible again. Furthermore, the

initial friction force can be varied through adjusting the initial contact force, i.e.,

Fglass, in this manner, the inverse dependence of the two force components in

Eq. (2.2) can be explored under the constant driving force. Figure 3(c) shows the

relationship between the required laser power for optical brake and the initial friction

force: the larger the initial friction is, the less power is required to realize optical

brake, which is consistent with the theory predicted by Eq. (2.2). Combining

Eqs. (2.1) and (2.2), we can express the laser power needed to brake the motor as

Power � �Fglass � Fdrive

� �
2, where �Fglass is the initial friction force. This dependence

is ¯tted by the red line in Fig. 3(c).

3.3. Laser-induced friction decrease in a free-standing con¯guration

Surprisingly, this laser-induced shock wave can also suppress the friction force under

an unclamped con¯guration in sharp contrast to the previous case. Here, if the

original supporting stand on the top of the rotor is removed, we ¯nd that the ¯nal

friction force settles down to a lower level compared to the initial one (Fig. 4(c)). In

this con¯guration (Figs. 4(a) and 4(b)), the external support of the rotor no longer

provides the balanced force against Fglass, Fshock, as a result, the contact force Fglass

cannot be treated as a constant like in the former case. Moreover, when the shock

Q. Kang et al.
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wave force is strong enough to lift up the rotor, this action can introduce a separation

gap between the rotor and the glass, reducing the contact area, much like the case

using acoustic wave-induced friction reduction.34,35 The gap between the rotor and

the glass can act as an air cushion, which dramatically reduces the friction coe±cient

�. In an ideal case, the air gap should totally reduce the solid-contact friction down to

zero. However, due to the pulsed scenario for the laser, the gravity can bring down

the rotor right after the breakout, so that we may expect a temporal-averaged e®ect

of friction reduction with the input laser power.

Figure 4(c) shows the temporal trace of the friction force through the driving

voltage during a laser turn-on process. The voltage rapidly rises at ¯rst and quickly

falls back, settling down to a stable level, when turning on a laser up to 1.42W. Here,

the spike may be explained by a similar argument like the previous clamped case

when the rotor is still in close contact with the glass before the breakout. At ¯rst, the

rotor is not lifted by the shock wave, and the shock wave can also enhance the

contact force. While after a very short period of time, the oscillations of shock waves

induce the separation between the rotor and the glass. And the ¯nal friction is

(a)

(b) (c)

Fig. 3. (a) The rotating motor is braked by the laser which can be visualized by observing the black paint
on the axle. (b) \Optical brake" is realized within a second under the condition of 2.68 W laser power and

9.5 mN initial contact friction. (c) The required laser power for braking reduces when increasing the initial

contact friction force.

Optical brake induced by laser shock waves
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reduced due to the separation action. We record the stable voltage drop during the

laser turn-on process and measure the reduced friction when varying input laser

powers. As the power of the laser increases from 0.76W to 3.72W, the friction

decreases from 17.4mN to 7.3mN as shown in Fig. 4(d). The friction force has

dropped by half from the initial value (without laser) when the input laser reaches

around 3.72W. We believe the friction force can also be reduced to zero, i.e.,

achieving levitation4 if enough laser power can be supplied, which requires further

investigation.

This demonstrated technique of controlling friction by laser-induced shock waves

may have wide applications. Compared with traditional ways to control friction, this

method is more °exible and well regulated by input laser power. This may o®er an

alternative way for modifying friction properties besides the lubricant approach.

(a) (b)

(c) (d)

Fig. 4. (a) The schematics of shock wave-induced separation between contacted surfaces. (b) Friction
declines for the reduction of contact area under an unclamped con¯guration. (c) The voltage drops and

stabilizes at a lower value after turning on the laser with the power of 1.42 W. (d) The friction reduces with

increasing laser power.

Q. Kang et al.
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With the advantages of tunability and precision, we envision that the method of

optically controllable friction may have practical applications in critical areas, for

example, in levitated hyperloop transportation,36 instead of using the magnetic re-

pulsion to levitate and propel trains, the optical technique provides a potential

method to control friction between trains and tracks if high-power laser technology is

mature in future. In micro°uidics,37 where the °uid viscosity can be considered as

internal friction force generated between adjacent layers of °uid in relative motion,

our technique of optically controllable friction may be also useful in manipulating

micro°uidics, while the traditional methods controlling °uid viscosity lay on the

temperature control or the surface structure of microchannel.

4. Conclusion

In conclusion, we have demonstrated an optical technique to modify surface friction

by laser-induced shock waves. The increase of surface friction can be realized through

the induced pressure from laser shock waves in a sandwiched con¯guration. The

enhanced friction increases monotonically with laser power and ¯nally leads to an

optical brake to a rotating rotor. On the other hand, under the condition of two free-

standing objects, friction reduction is observed instead. This optical friction con-

trolling method may be applicable for practical applications, such as levitated

hyperloop transportation36 and micro°uidics.37
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