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To create something new,

you have to be disconnected

from your past.
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To attend the true in life

we must discard all the
ideals that we were taught
and reconstruct the entire
system of our knowledge.
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» Experience and exploration
outside textbooks
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A journey to nature (p *} 2_ *z)
A vision to future (& X 2_£)
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3 ml water +
3 drops of HCI
= dilute HCI solution

v

Add 2 drops
of universal
indicator.
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Studies of cell elasticity by nonlinear
damping (2011, Intel 2" Award)
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Nonlinear diffusion dynamics measured by 7 couow

simple light-transmission method
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An investigation on the mechanics of Zebrafish eggs and their
biological features with a uniquely-designed magnetic oscillator
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» Self-propelled energy resource from geometrical symmetry
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An Investigation on the Mechanics of Zebrafish Eggs and Their
Biological Features with a Uniquely-Designed Magnetic Oscillator

aﬂﬁlﬁ!lﬂ nEBB‘liﬂ!h*ﬂ&&!l%&HElﬂ!#ﬂiTﬁ] ﬁTlnﬁfHﬁ*QEﬁlfbﬂ! THEEFER
REREMFENSGE - ARRENTAKAME  APNFEREAGHABERTE - TXBL—-SUEEREHRLSH
HRRRENNE - LRI DCHENEEERN - RRBEHNEREBENON—EE ) BOREREY - HHIW
HEBERBENAH - THRILUERNERBETEINRENECRNES - TE—5FRITNIREENENE
BEENEHes -

. s
EII!SEHHi#JE!ﬂﬂH

NSRS . m}zaaunauaaammmzwx
BRR . RKNEHE}E@EE&?‘J‘#EQE‘IN(&V

RERMEET

(Z) - KB

(Z) - ARREERT

1RSI : SRR

OFRERFEL2S
ELBNEREL TR

Wi RENERSENN

Introduction

The compartments of cell organization can frequently be associated with their
adhesive and elastic properties [1, 2]. To study elasticity of the membrane and
viscosity of the cytoplasm in various stages of embryonic development [3], we
constructed an electromagnetic oscillator [4] coupled to an optical lever to enhance
the viscoelastic responses (Fig.1.b.). This device allows us to extract the elasticity
coefficient and viscous damping coefficient of the cells in various stages of
embryonic development, through nonlinear damping processes.

Materials and methods

1. Apparatus
l(a)

screen

Fig.1. (a) Photo image and (b) schematic plot of the home-made electromagnetic oscillator.

Ind! b) Additional
(@) :a;c;:;" (52;“ d:;:;ed ® Force on sample can be adjusted by the current

—ioeclistion oscillation through the induction coil. (Fig.2.a.)

® Sample deformation is largely amplified by the
optical lever.
' - ® Sensitivity on deformation is between 0.5 pm and
e 2.5 mm.
— ® Forces on probe: electromagnetic induction,

Fig.2. Schematic plot of the (a)  gravity, cell stress ,and cell adhesion

induction damping and Measurement: cell elasticity and cell adhesion
(b) additional stress damping. i ¥

2. Physical parameters
Equation of motion:

MX = kX — bx + fc(t Ad) Retarded by drag forces
»
® . forces from the cell \\f\'“““c“o“ damping only
® Ad: cell deformation Advanced by
s ’: repulsive forces

X(t) Aexp(—at?)sin (wt + ) b ] o p

A: amplitude of the oscillation ! | R
® ¢ phase constant 0 T4 1 - time
® w=(k/M)"2: angular frequency, reflecting

the elasticity of the cell t<t, =t= {ﬂ'ﬂ with B<1
® a=b/2M : damping constant, reflecting — 4B .

the status of internal structure L>6 =671 with>1

® 3 :dimensionless temporal exponent,
reflecting the surface condition of the
cell (Fig.3.)

3. Stages of embryonic development of zebrafish

Fig.3. Physical meaning of nonlinear
temporal exponent.

. Zygote Period . Cleavage Period Blastula Period . pyration
l

0 Single cell stage Mulllplecell stage 130 Shaping epilayer stage 3;5 (min.)
CXONIE

Fig.4. Development stages of zebrafish (Danio rerio) embryo.
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(1) Electrostatic soliton:

N\ A N

@‘J’{‘\:_' = (SOlltOH) 2 P z ;—J!L g =

" = S n i y- n — =
> 3= ' - '\~ Soliton i h S, T S
(L B8 1) e e N W

> ¥ * 3 : well-defined : ! &

: - e Y

= AN — i’ A =':'

mass or charge or energy Cl I— Y NN i ———Ad =
J\L‘Lsahm _}\m Soliton

> ‘\‘ ‘\\P ? iﬁ l 1 ﬁ
Nonlinear effect:
N A& | @ ~ ~ ~ - -
F’ A ~ . Excite the system by a pulse that carries a Gaussian charge package. The pulse has a higher density

than the background density

iw ? i3 “i?fﬂ* PGl s An I s With logic

W = HWHM of the initial pulse.

‘ﬁ;—" ?r,‘ )iﬁl% ..i 73/{% o /\ —t= Osec Initial pulse.

-3
2 he pul d
— t=100 sec The pulse spreads out.
w @ e pulse sp
& ' 1]

A A — t=200sec Two solitons traveling in opposite

directions are clearly visible.

P L o

= At R=6, the two solitons generated from the
s j\ pulse continue to spread into more solitons.
- ] 3 L W4 . \E ‘} " Lo .
5 3 E. )\ N ‘/ NS N $ ! = At R=6, the initial pulse carries more energy
5 /i | thanthe R=3 case. The speed of the solitons
o

”, Soliton ‘ ‘ generated at R=6 is 2 times faster than which
generated at R=3.
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Studies of cell elasticity by nonlinear damping
(2011, Intel 2"! Award)
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Biological Features with a Uniquely-Designed Magnetic Oscillator
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Introduction Results and Discussion 3. Self protection

The compartments of cell organization can frequently be associated with their Physical Analysis 3‘2'" Zebrafish embryo ® In the single cell stage, B gradually
adhesive and elastic properties [1, 2]. To study elasticity of the membrane and . ) E 5 i i Stress increases to reach unity. The
viscosity of the cytoplasm in various stages of embryonic development [3], we 1. Oscillation curve s H damped retarded drag forces weakening in
constructed an electromagnetic oscillator [4] coupled to an optical lever to enhance Lo UL PR i istinqui . H r :
the viscoelastic responsei (Fig.1.b.). This[ d]awcep allows us tpo extract the elasticity E 2 S * ;Véixlz—gg:lea;r;:;lrzegi:"\seu;tg:::h\g\?\/‘e’?n % " l‘éH! \i} Y T:I:hzecf':lddwwm stage, B increases
coefficient and viscous damping coefficient of the cells in various stages of S portion and a stress damped regime at the ‘é“ i : ) 5 enam e o b g QI . -
embryonic development, through nenlinear damping processes. E’ ! top. s Single 3 Multiple 3 epu:yef ’f\ urther to become repulsive (8 >1).

E 0 ® The damping oscillation can be described el tagey e} shue k ¢ Interestingly, self-protection
- 0. L e
-~ N 50 75 100 125 150 1756 200 225 responses are ohserved, as the cell
Mate rlals and met dS . by forced oscillation but requires an - Duration of development ¢ (min.) enerates a resistive reaction to the
-g exponent S for the temporal parameter in g
1. Apparatus 2, - each regime. Fig.9. Variations of the temporal parameter external pressure.
(a) (b) Induction damped rogims Fig.5. A typical oscillation curve of the optical in the developing periods.

L1
o 1 2 3 4 5 & 7 lever.
Duration of oscillation ¢ (sec.)

. . 4. Effects of pH pollution
2. Nonlinearity

probe scresn ® The oscillation profile is significantly
;. 26 . . .
‘Cail fil= E _ s 35 min. ® gand Scan be used to identify the cell ‘E'“EfEdj if the embryo is developed in
N - == = 24} A=Agexpi-at) : stress and adhesion. a solution with a pH value smaller
— |- < St et | @ aw< gjindicates the stress force from the than 6.8 (0.2M NaH,PO,-Na,HPO,
Fig.1. (a) Photo image and (b) schematic plot of the home-made electromagnetic oscillator. % 22p =0.7114) cell againat tha motion of lh? probe. Buffer). . . ;.
2 A, =254(2) mm ® (> B, shows that the adhesive force from ® Developing the embryo in an acidic
a) Inducti b) Additional . g 20} th: Nt ki inst the d i i i
{a) induction  {B)Additorsl . @ Force on sample can be adjusted by the current £ 2T \nduction damped "X ; c °ef © “t’:’ ”“Q fga'”s te ,a':p‘r“? solution results in increases in the
oscillation oscillation through the induction coil, (Fig.2.a.) 2 2= 0.13(3) sec” orce from the eleclromagnetic induction. retarded drag forces from the
“:" ® Sample deformation is largely amplified by the E” : f:‘:;; o Fig.6. Direct comparisons of the damping 0t embryo.
optical lever. a o,nu' “; T mam amplitudes observed in the two regimes J Dur:tion of :scillati:n t(sec”) ® Apparently, H*/H,O" ions can open
® Sensitivity on deformation is between 0.5 ym and Duration of oscillation t (sec.) i up channels on the outer shell of the
nucnc ol 25 Fig.10. Damping amplitudes taken on the . .
-2 mm. = = embryos developing in various acidic cell, which allow ions to diffuse into
: : ® Forces on probe: electromagnetic induction, Appllcatlons solutions. or out of the interior.
Fig.2. Schematic plotofthe (a)  gravity, cell stress ,and cell adhesion " .
':d"';g? da:np‘ung a:d . ® Measurement: cell elasticity and cell adhesion 1. Mechanical hyStereSIS
(b) additional stress damping. — T T v T - ® Interestingly, mechanical hysteresis in the Conclusions
2. Physical parameters E 1.0} Zebrafish embryo -O-Q-m cell compressing and pressure releasing
o ) = 0sp  Stress o ) routes is clearly observed.
Equation of motion: E releasing curve /0./. ® The appearance of mechanical hysteresis . . ) )
MX = —kX — bX + fc (C, Ad] — Retarded by drag forces R o8t //o o p reflects the existence of adhesive forces 1. Cell elasticity and adhesion of_ zebrgfrsh embryo‘have been measured using
& 1 - forces from the call - Induction damping only E oal O ] from the cell to the probe. It's magnitude can a home-made electromagnetic oscillator. Damping constant a, lempor;l
N N i L _On” : e exponent B, and angular frequency w can be used to study the deforming
® Ad: cell deformation ~. Advanced by 7} o’ A Compressing be identified from the enclosed area of the h A
. BY i e repulsive forces T g2} o curve J curve. force, adhesion, and elasticity of the cell.
X(t) = Aexp(—ac )sm (wt +¢) | g //- i i . . 2. The existence of cell adhesion is clearly demonstrated as the mechanical
® A amplitude of the oscillation i e | 4 Flg.T. MechAamcaI hysteresis curve observed in the hysteresis curves appear in the damping routes.
@ ¢ phase constant o t 1t 1 time 00 o1 02 03 04 ping epilayer stage. 3. Self-protection of zebrafish embryo is observed, as it generates resistive
® w=(k/M)"2: angular frequency, reflecting Contact time { (sec.) reactions to the external pressure throughout the development.
the elasticity of the cell t<t, =t= tf with B<1 2. Cell stress 4.  Aslight change in the pH environment can significantly affect the embryo
® a=b/2M : damping constant, reflecting 4B ) ) ) development.
the stat £int | struch >t =t=t" withp>1 ® |n the single cell stage, the damping constant
. g; atus o ':-‘ amta struc Iura t ) . . ‘ % s Zebrafish emb weakens in the course of development,
ﬁ,ﬂ |rpens|;:m esr: empnr:texpu?te: . Fig.3. Physical meaning of nonlinear ﬁ, ebrafish embryo /{\"i reflecting that the movement of cytoplasm References
reflecting Ihe surtace concition ot the temporal exponent, 5" 04 Stress damped toward the animal pole will increase the
cell (Fig.3.) - ! Shaping L
: - £ oafSinglecell Multiple epilayer stage elasticity of the cell. i (1] M. Krieg, Ph.D. thesis (Technische Universitét, Dresden, 2009).
3. Stages of embryonic development of zebrafish < stage | cell stage ® The cell elasticity remains essentially ' ; N ‘
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cell developing period.

Fig.4. Develog t stages of zebrafish (Danio rerio) embryo. Photos taken by authors
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Antroduction

An Euvuvu, a bamboo blade connected to a
string, was once used for message delivery by
ancient Tsou aborigines in Ali Mountain, Taiwan.
It is nowadays still used to announce the opening
of the Fona Festival, the most important annual
event of Tsou aborigines. Fascinated by the
sound produced by the Euvuvu, | then go through
a series of studies to find the physics behind.

erials and Methods
Setup

Figure 1 displays the components of the apparatus used in this study.

. String connected to a chopstick, which
serves as a fixed pivot point for rotation.
Decibel meter (Lutron SL-4001).

Voice recorder (CREATIVE MuVo TX FM).
Digital video camera (JVC GR-D93U).
Photoelectric counter (UPM-MF 2).
Laptop, equipped with Cool Edit 2000.

Fishing line

Fig. 1. Photo of the apparatus
used in this study.

Operation

The Euvuvu is driven by a motor (Fig. 2) and the sound produced by an
Euvuvu is recorded with a voice recorder (Fig. 3).

ool AT otk o

.F>g. 2. An Euvuvu in rotation.

Fig. 3. (a)
periodic nature in the sound frequency. (b) Sound produced

Sound produced by an Euvuvu, revealing a

by the background.

Parameters

. Motor rotational speed (3.4 ~ 6.0 rps)

2. Shape of Euvuvu (blade, hemi-cylinder, cylinder,
rectangular bar, triangular bar) (Fig. 4)

. String type (twistable, untwistable)

. Length of string (20 ~ 50 cm)

5. Diameter of string (0.313 ~ 0.533 mm)

AResul
Sound producers

The rotational modes and the capability in sound production of various
Euvuvus are listed below.

-

w

B

Fig. 4. Shapes of the
Euvuvu used in this study.

Type of Twistable Untwistable
string i
Shape Nylon Elastic | 00 Rotitqble Copper
of biad _sting i,

Revolution + spinning, + spinning, i

sounding, sounding, no sound,
automatic transition no transition no transition

s Revolution, Revolution, Revolution,

. no sound, no sound, no sound,
= na transition no transition no transition

P> Only those Euvuvus that spin during revolution produce sound.

Transition between modes

Fig. 5. Three rotational modes (a), (b), and (c) observed on the
Euvuvu consists of a blade connected to a soft twistable string. (d)
Sound produced by automatic transitions between modes (a) and (b)
through mode (c). (e) No detectable sound is found in the mode (c).

(e)

During clockwise revolution, clockwise
spinning of the blade results in revolution at an

altitude lower than the pivot point [Fig.5(a)], while
counterclockwise spinning gives a revolution
above the pivot point [Fig.5(b)]. A periodic

Spinning rate (rps)

P> The progressive decrease in the spinning rate simply reflects the twist
torque gradually accumulated in the string.

P> Whenever a string that can preserve twist torque is used, automatic
transition between the spinning modes becomes feasible.

P> No variation in the sound frequency is found in the Euvuvu connected to a
untwistable string.

Lifetime of rotational modes

A shorter lifetime of revolution is
observed when a twistable string of a
larger diameter is used, as can be seen
in Fig. 9. This is consistent with the fact
that a string of a larger diameter is harder
to twist.

8

*—d=0313mm
o a=0415mm

g

8

]

Both the lifetimes of the m, = 1 and that
of -1 modes are found to vary with the

variation in sound frequency is observed in
association with the spinning of the blade

[Fig.5(d)]. A mode where the blade is not spinning
[Fig.5(c)] is also found. It revolves at an

intermediate altitude and produces no detectable
sound [Fig.5(e)]. The rotational modes are

A spin triplet state is observed ( $=1)
No Counter
Clockwise | goinning | clockwise
Spinning
Ay | —E
” Below Around Above
Revolution | Liwor point | pivet point | pivet paint
Spinning
mode (m,) - o 1
Sound Yes No Yes

summarized in Fig. 6.

P> The higher the revolution speed is, the louder the sound becomes. The longer the string

is, the louder the sound becomes.

Fig. 6. Characteristics of the three spinning modes.

R = Air flow generated by revolution. R Lo
=
S = Air flow generated by spinning. >
|
Viewpoint CV f
Pt _
= R
Sy — == 5

y o=t

forca

Fig. 7. lllustration of the forces that give rise lo the three revolution modes, when viewed from the pivol point.

P> It is the flows of the air near the edges of the Euvuvu that define the resulting vertical
force. A downward, an upward, and no net vertical Bernoulli forces may be created, that

in turn produce the three possible revolution modes, as shown in Fig. 7.

P> The appearance of a periodic variation in
the sound frequency shows that the
spinning rate of the Euvuvu varies
periodically, as shown in Fig. 8.

Loudness (dB )

-

The frequency of the sound produced is
found to be exactly twice the spinning rate
of the Euvuvu, as can be seen in Fig. 8.
This indicates that the sound produced is

H

Spinning rate ( rps )
g

(a)

directly associated with the spinning of o

!

Lifetime T (s)

the Euvuvu, rather than with its revolution.

(zH ) Aouanbauy punog

7

L
Time stamp (s )
Fig. 8. (a) Sound wave produced by a bambao blade
connected to a fishing line. (b) A direct comparison
between the spinning rate of the Euvuvu and the
frequency of the sound it produces.

string diameter as T« d” with n = 3, as
shown in Fig. 10. This shows that the
energy needed to twist the string is
proportional to d’. Itis this energy stored
in the string that initiates the automatic
transition between rotational modes.

Tim‘e stam;;(s)

Fig. 9. The effect of string diameter on the
spinning rate of the Euvuvu.

o

m=-1
41~a=0.063
n=3.05

5

Add-dependency of the twist torque on
string diameter is expected for static
twisting. The ds-dependency observed in
the Euvuvu signals that it is the dynamic
twisting which governs the energy
transfer rate between the blade and the
string.

o

m.=1
a=0.070
n=2.86

>

e

03 04 0s [ o7
String diameter d ( mm -

9 ( ) No obvious energy dissipation to the
Fig. 10. Variations of the lifetimes of the ~String is found in the time period studied.
rotational modes with string diameter.

AConclusions

1. The sound produced by the Euvuvu is a direct result of the spinning Euvuvu
beating the air. An unspinnable Euvuvu produces no sound.

2. The rotational modes associated with an Euvuvu are in fact controlled by the
spinning of the Euvuvu.

3. Three rotational modes are found. Automatic transition between the modes
can be created by using a twistable string that serves to store and release
the spinning energy.

4. In ancient times, the Euvuvu was used by the Tsou aborigines as a tool for
message delivery. Thus, it is important to maximize its loudness. A long flat
piece of bamboo connected to a twistable string makes a perfect Euvuvu for
message delivery. | admire the aborigines' scientific wisdom,
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Nonlinear diffusion dynamics measured by
simple light-transmission method
(2010, Intel 3rd Award)
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INTRODUCTION

Refractive index of a liquid depends strongly on the concentration
of the solution. It is known that a concentration gradient will be
generated in the interface regime when two different liquids are
brought in contact. When a line laser beam is directed onto the
interface of the two different liquids, it will produce a Gaussian line
upon transmission [1]. The transmitted Gaussian profile is very
sensitive to the concentration gradient in the interface regime [2]. We
set up a simple apparatus which is able to measure this transmitted
profile timely. By measuring the time evolution of such transmitted
Gaussian profiles [3], the diffusion dynamics between two different
liquids can then be revealed.

MATERIALS AND METHODS

He-Ne laser Glass rod

@ Physical parameters : Container

C : weight concentraﬂon
n : refractive index of the liquid
D : diffusion coefficient

t : duration time
T
a

: temperature

: the width of the container

r : the distance between the screen and container
y : the shift of the dip along reference line Fig. 1 Schematic of the
z : the vertical shift of the dip experimental setup

screen

Y
oy

® Assuming the diffusion coefficient is independent of

concentration of the solution, the Fick’s law gives

dC _n,-n, [ »?
—=exp| ———
a’1 2vahr 4Dt )
t=
L]
T dn _Z
i If\' B ar 'B'E;Eﬂcs line
| : optical path the refering dip [z
o tan (aly)
Container screen ¢, the refractive angle
Fig. 2 Time evolution
of the transmitted laser
\ line profile.
I\ N
. ' .
Before diffuse t=0 t=4,020 t = 9,060 sec

The transmitted line profiles taken at a specific time reflect the
inter diffusion behavior at that time.

dn/dy (em)

RESULTS AND DISCUSSION

The phenomenon of diffu

012

e
2

o1 2 3
v-axis displacement ( cm )

Fig. 3 Direct comparison of dy/dn
along the y-axis direction for water to
diffuse into the two solutions.

sion

@ The asymmetric profile of the dy/dn line observed

for the water/glycerol-water solution (Fig. 3, filled
squares) showing that the diffusion in such a
system occurs in both directions, where water and
glycerol molecules can effectively diffuse into each
other.

® The symmetric profile of the dy/dn line observed

for the water/sodium thiosulfate-water solution (Fig.
3, filled circles) reflecting that the diffusion occurs
only around the interface regime.

(@) t=0 t>0 (b) t=0 t>0
Yimax =0 Ymax = 0 Ymax =0 Yimax =0
water water i N
=) waer < water
) 4 , !
sodium sodium Tt
thiosulfate- =| thiosulfate- glycerol-water N, = .
water water " glycerol-water

Fig. 4 Schematic illustrations of diffusion dynamics of (a) Sodium thiosulfate-water solution.

(b) Glycerol-water solution, whi

ere Y., indicates the postion of the maximum of dn/dy along y-axis.

Potential barrier for diffusion

Water/Glycerol-water solution € = 60%
— 6} DT=A -BeplTTy
._; T,=303(DK
s A, = 3501410 el Ks
g B-0d6(l)
= & = 023K
£ %%

3
88 92 6 0 301 08 312

Temperature (K)
Fig. 5 Temperature dependence of the
diffusion coefficient of water/glycerol-
water solution.

T,=303K
k5T, =26, meV

W
Thermal,

assist i
Increase T

Fig. & Schematic illustration of the
potential barrier for forming water-
glycerol complex.

J81Uq UOISIYIQ

® The thermal diffusion coefficient of the glycerol-
water solution exhibits a sharp increase above
303 K (Fig 5), which can be described using an
exponential increasing function (solid line).

® The changes can be originated from the breaking “®

of glycerol-glycerol bond, which allows the
formation of hydrogen bonds between water and
glycerol molecules to form  water-glycerol
complexes.

® The temperature constant T, = 303 K obtained
from the fit represents the temperature above
which the thermal energy can effectively break the
glycerol-glycerol complex to form water-glycerol
complexes. (Fig. 6).

® The D/T of water/sedium thiosulfate-water solution
exhibits a linear increase with increasing
temperature, showing that there is no critical
potential barrier for the diffusion in the room
temperature regime. This character of D/T may
reflect the diffusion to occur mainly in the interface
region.

® The higher diffusion coefficient for the
solution with a higher glycerol concentration
reflects that the interaction between glycerol
and water molecules is noticeably stronger
than that among glycerol molecules.

The amount of water diffuses into the
glycerol-water solution decays exponentially
with duration of diffusion but reduces to a
finite value (Fig 7), showing that there are

E) e
Duration of diffusion t (5)
Fig. 7 Variations of diffusion
coefficient of water/glycerol-water
solution with duration of diffusion.

WaterGhvcerotmater | el two mechanisms that control the diffusion.
T=300C ”""“”"‘"‘+ ® |nterestingly, the diffusion coefficients of all
Regime Il : solutions reduce to the value of the C=70%
o pinkd : * solution.
I R % .- E + ® The diffusion coefficient exhibits a sharp
£ increase as the glycerol  weight
B % W 5

concentration is higher than 70%, at which
the molar ratio of glycerol/water is about

coefficient of water/glycerol-water

solution with weight concentration. 13 (F|g‘ 8)-

The mechanism behind the diffusion

Reglmel C > 63%, intermolecular interactions ® There are three OH groups available for

inter molecular bonding in each glycerol

Weight concentration ( % )
Fig. 8 Variations of diffusion

molecule
“W ‘/ oc® Regime | : Diffusion controlled by inter-
.o molecule interactions. In the present
it is the formation of hydrogen

case,

Regime Il C < 53% we\ght density diffusion
bonds between glycerol

and water

’) O }) 1—> ‘i ch molecules that trigger the diffusion (Fig.

» N "‘ > 9).

" & u“l ‘. — r® Reg]me II: Dlﬁuspn conlrQIIed by the
> similar but slight difference in water and

v — .
— chea glycerol densities.
[+

& 8

;_‘Ls;‘ *) s
&

CONCLUSIONS

® \We provide a simple setup and an easy method to quantitatively
determine the variation in diffusion coefficient during the process,
which can qualitatively reveal the diffusion barrier.

® A thermal energy higher than T;=303 K can effectively break the
bonding between glycerol-glycerol molecules.

® Two mechanisms that trigger the diffusion in glycerol-water solution

have been identified. Inter-molecule interactions control the diffusion in

high concentration, whereas the weight density differences between

the liquids drive the diffusion when inter-molecule bonding have been

saturated.
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g) "'- Fig. 8 Schematic illustration of the two mechanisms
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Introduction

It is known that a liguid droplet can stand on an extremely hot plate for a long
period of time, by means of the formation of an insulating vapor layer underneath.
This vapor layer limits heat transfer between the droplet and the hot plate [1, 2]. A
self-propelled engine that consumes the atomic binding energy can be manufactured
by breaking the geometrical symmetry of the droplet. This self-propelled engine is
demonstrated by setting the droplet to climb against gravity on an asymmetrical saw-
tooth surface. The self-propelled machinery can also be triggered by edges to
generate damped oscillations of the droplet on a hot smooth plate.

Materials and Methods

I The phenomena

1 Climbing against gravity (1) A droplet at 25 °C can climb against

gravity on a 10%inclined saw blade at

e
teg, 300 °C (Fig. 1). The climbing speed can
reach as high as 20 cm/s.
e 10° — (2) Once the droplet reaches the unheated

Fig. 1 Superimposed time-lapse photos of
adroplet that is climbing against gravity

region of the plate, the droplet is rapidly
evaporated.
2 Deformation and oscillation

E’;‘Q _"M' = (1) An oscillator can be formed on an inclined
TulFe 3y smooth surface at 200 °C (Fig. 2).

.___’_I% (2) An edge on a hot smooth surface can
%a. t=1ds 12085 reverse the sliding-down droplet to climb
B Y ; ~ againstoravity.
W (3) The droplet oscillates back and forth at the
— e

e " expense of its own mass before reducing to
Fig. 2 Superimposed time-lapse = B
photos of a droplet that is oscillating a critical small size of ~ 4 pl.
©on a hot smooth surface

IT Critical parameters
1 Heat shielding

(1) The temperature of the plate is critical for the
formation of a supporting vapor layer underneath.
_1 This layer protects the droplet from being violently
evaporated (Fig. 3).
(2) Aplate at 300 °C can generate a heat shielding
vapor layer of 0.1 mm thick.

(a)

Fig. 3 Droplet-vapor profiles on a (a) 200 °C and (b) 300 °C hot
= saw-tooth surface

2 Uneven vortices
B (1) A droplet on a symmetrical saw-tooth surface (Fig. 4a)
slides down

(@ A=

my  (2) Adroplet on an asymmetrical saw-tooth surface (Fig. 4b)

deforms into an uneven dumb bell shape of circulating
(b} liquid vortices and moves against the long segments of
A>B the saw teeth.

Fig. 4 Schematic drawings show the conformations of droplets
on (a) symmetrical and (b) asymmetrical saw-tooth surfaces.

Self-propelled Energy Resource from

Geometrical Symmetry Breaking

Results and Discussion
1 Self-propelled engine

1 Dynamical vortices

(a) t=0ms t=17 ms t=34ms

- g AR«
() t=0ms  t=34ms  t=68ms
A5
- =

Fig. 5 Internal flows of (a) the large and (b) the
small vorfices of a droplet on a 2*-inclined
saw tooth surface at 300 °C

- \* > -’

Q
[ ©,

Uneven vortices Even vortices

Fig. § Momentum generated by vertices
that are circulating above various axes

2 Asymmetrical competition
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]
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3 Thermal perturbation
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Fig. 8 Variations of the climbing speed of a
water droplet with time at various temperatures

(1) The liquids in the uneven dumb-bell shaped droplet
are circulating separately about horizontal axes, but
in opposite directions and at different speeds (Fig
5). Average angular speeds found for the large and
the small vortices are »; = 201 and ®, = 225 =
rad/s, respectively (Fig. 6).

(2) It is the evaporated liquid at the contact that drives
the circulation of vortices above.

(3) The momentum difference generated between the
large and the small vortices (Fig. 6) results in a
driving momentum, which triggers the droplet as a
whole to roll towards the large vortex side.

(4) Two vortices of similar sizes can not generate strong
enough net driving momentum for rolling along a
specific direction but moving around (Fig. 6).

(1) The climbing speed of the droplet is found to be
saturated as the angular speed of the large vortex is
increased further (Fig. 7).

(2) The saturation follows the Langevin profile, showing
that the phenomenon can be described by a driving
parameter o, from the large vortex and a dragging
parameter o, from the small vortex and friction.

Fig. 7 Variations of the climbing speed with the angular speed of

the large vortex, where different symbols indicate observations

from various ratios of the two segments. The solid line indicates
the Langevin profile obtained from data fitting.

(1) The climbing reaches equilibrium at ~0.04 s. The
climbing speed can reach as high as 18 cmi/s,
which is found to be significantly reduced, rather
than increased, as the temperature of the droplet
approaches the boiling point (Fig. 8).

(2) It is the boiling of the liquid that disturbs its
circulation, which results in a reduction of the net
driving momentum, hence the climbing capability.

(3) Significant reductions of the climbing speed appear
before it stabilizes. This shows that the small
vortex stabilizes after the large one.

IT Damped bound state
1 Single trigger

‘t=0s (1) Adroplet sliding down on an inclined smoath surface
———— | . can be bounced back to become climbing up by an

m’" t f edge on the surface. It oscillates back and forth on the

_— ccm— surface (Fig. 9).

t=030s

(2) The droplet deforms and evaporates, in some degree,
once reaches the edge, which produces upward force
to generate a clockwise vortex.

Fig. 9 A series of photos Indicates a 30-yl droplet oscillating
on an inclined smooth surface.

- =] (1) Adroplet larger than 50 pl requires two
LT 1 edges to trigger a larger deformation
®) ELd m— for reversing its motion (Fig. 10).
t" 2| 1 #. _ (2) The vortices generated by the two
t=0ms ' Jt=33ms " Jt=d47ms = | edges are circulating along opposite

Fig. 10 Internal fiows of (a) the large and (b) the directions (Fig. 10).

small vortices of a droplet
3 Energy resources
3 | (1) The sizes of the climbing droplet as well as

1 oscillating one are found to be gradually reduced
1 upon rolling on the surface (Fig. 11a)

Red ink droplet
85w,25°C,
3t 2" nclined plate st 200 °C

Diameter (mm)

1 (2) The amplitude of the oscillation is also found to be
] reduced in association with the reduction of its
own mass(Fig. 11). This behavior can be due to

E
§ u the reduction of the vortex sizes that limits the
§ 2 circulation and driving momentum.
g
H
2‘ : Fig. 11 (a) Diameter and (b) displacement of a dropiet
Ol AVTRIRIVENINY occinating on a smooth surface
0 5 10 15 20 25 30
Duration (s)
Conclusions

1 A supporting vapor layer underneath the droplet can protect it from being violently
evaporated for a self-propelled engine of droplets on a hot surface.

2 The key is to produce two uneven liquid vortices that are circulating about horizontal
axes in opposite directions and at different speeds.

3 It's the atomic binding energy released from evaporation that provides the energy for
vortex circulation and droplet motion.

4 Vortex instability from local turbulence can significantly reduce the self-propulsion
capability.

Potential Application

Delivery of cold liquids into the remote or hard-to-reach cores of hot sources
for temperature control or emergency cooling of the cores at specific spots.
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