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Abstract

An electric point contact is used to identify the physical deformation of an object
initiated by a nondestructive impact. The detection of electric signal allows a spatial
sensitivity that is two order-of-magnitudes higher than those through video or audio
detection, with a temporal response that is an order-of-magnitude faster than those from
piezoelectric response. The electric contact on insulating object is made possible by the
deposition of a very thin layer of graphite powder from a 2B pencil on the surface.
Surprisingly, 37 consecutive rebounds in 2.06 sec of a free-fall ping-pong ball from an
initial height of as low as 4 cm, with a final rebound reducing to as short as 10.3 pum,
can be clearly resolved. An ultra-small deformation for 7.36 um can also be detected
more efficiently. The non-linear behavior of the bouncing probe, resulted from the
surface adhesive and body softness of a soft object, was used to study the viscoelasticity
and surface adhesion of soft materials. A piece of thin silicone wafer was utilized in
order to distinguish the external surface adhesive and internal body viscoelastic of
dough without affecting to the premise of natural properties. A critical exponent that
indicates the fermentation of dough was extracted from the non-linear bouncing motion.
The non-linear damping oscillation of dough was also able to observe through a
reflection amplification, and found that the damping constant of dough is indeed not a

constant.
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Introduction

The project identifies an ultra-small deformation of the object by using an electric
point contact through a unique device, which is simple but accurate. This advantage is
used to study the energy exchange upon impact, initiated by surface potential barrier,
elastic deformation and absorption. By looking into the bouncing motion, the properties
of the material are fully observed. Furthermore, the experimental method is able to
detect surface adhesive and body vicoelastic responses caused by the subtle changes in
biological structure or chemical reaction, which can be revealed by its physical

characteristics.

Motivation

When playing table tennis, | was fascinated by the rapid bouncing of Ping-Pong
ball and the tapping sounds it made when hitting the table, | was inspired to ascertain
answers to the following: how many times does a ping-pong ball bounce in a short
period of time, from the beginning to the end? And what is the feasibility for its future

application? To solve these problems, I conducted the following experiments.

Research Goals

The project aims to develop a new experimental method, that is easier and more
accurate than those from piezoelectric response to understand the non-linear bouncing
motion of the probe, which is the ping pong ball in the study. And apply this method not
only on hard materials, but also on soft material such as fermented dough, to investigate

its property changes during fermentation.
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Design of experimental device

Initially, a high-speed camera was used to record the tapping sound and the
bouncing motion of the ball. However, due to it’s light mass and high frequency of

bounce, it was unsuccessful.

Then, an electric switch type is created by the ball’s contact with or detachment
from the object. When they are in physical contact, the switch is on. On the other hand,

when it leaves, the switch is off.

Therefore, a function generator is connected to the ball with an ultra-thin magnet
wire, and the wooden board is connected to the computer. Theoretically, this set-up
would send the signal to the computer; however, both of the ball and the wooden board
are insulating objects. This problem is circumvented by applying a very thin layer of
graphite with the thickness of 500(nm) from a 2B pencil on their surfaces without
affecting to their original physical properties.(Fig.1) After solving this problem, the

set-up has been successfully established.(Fig.2)

Function
generator

} input ——

Fig. 1: Resistance between a piece of Fig. 2: Photo image of the experimental
wood and a ping-pong ball in contact (a)  setup

without and (b) with graphite powder on

their surfaces
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Audacity software

Audacity, an audio recording software, has great capability to select microscopic
time intervals up to six decimal points of the data. Therefore, it is used to record the

high frequency of the bouncing probe in the study.

The result recorded by the software can be characterized in the following :

Fig.3: Electric signals detected\iﬁ fre f'all'p ng pdng ball
bouncing back-and-forth on a wooden board

(A) Number of bounce: From Fig.3(A), each strip of blue line represents each

number of bounce.

(B) Contact time: Fig.3(B) indicates the magnification from Fig.3(A), in which the
signals can be clearly observed, and the width of the signal represents the
duration of the probe that is in contact with the testing material. For example,

during the Nth bounce, its contact time is 0.000851(sec).(fig.4 )

s HEIE)
Bh Elx Yo bowt Qe Bt bubs Bib

7] ] 0 YEEDR BT : R =
Pie WO )W) ) 8 |t et A
24420 24400 £ 4460 24500 240 2450 24600 .
-mmm' B i
P
:

The N# impact

duration of contact

[
Projoct ot 96000 TA44T800 - 244700 00630 soc) [Snap-To O] |

CLT ERIcY e e e [G e Py Hrmpdes - Mawnt Hord | o[G0 e % SRS B8 TR RH
Fig.4.: selected section from the contact time
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(C) Time of flight: the interval between two consecutive signals is the duration of
the instant when the probe leaves until it contacts with the object again. For
example, during the Nth to the N+1th bounce, its time of flight is

0.026213(sec).( Fig5)

HEIE
En Ba Tew bomi Guon S dmbon fip

JlEe £ i E C—— g
Bot 0099 ) e et
o=

(—

The N+1t impact.

Audacity shows the total time of the selected section,

The Nt impact

which is how long the Ping-Pong ball was in the air

[ amg o mm v
ot re: 00| (Snee-To0r
L] Dlemriee- wemor o [[Are SO kACIaEe 88 TF 0

Fig.5.:selected interval from the time of flight
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Physical quantities:

The values of contact time and the time of flight are the keys to calculate a
plethora of values in physics such as velocity, rebound height, contact force,

deformation, energy loss, the spring constant, and the coefficient of restitution.

The deformation and effective spring constant can be calculated shown in the

following (Fig. 6.):

(1) Point A: point of first contact, at speed V can be calculated from the probe’s

free fall.

(2) Point B: point produces least resistance, at which the speed reduces to zero,

VBZO.

(3) Maximum deformation Ad= (Va?/ 2a) = (VaAt /2): the distance traveled from

point A to point B.

(4) The energy absorbed by the object on impact can be characterized by an
effective spring constant k, which can be obtained by:
average acceleration during contact: a = (Va / At),

effective spring constant k = (ma/ Ad) = [2m / (At)?].

Fig.6: Electric signals detected in one contact.
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Results and discussion

1. The motion

€ :3 Free-fall ping pong ball on wood
331\ h = h exp(-bN) 1
< | \ = 4.11(1) emy
el | ~
£ | Y/:=o.17(4) 5 |y
Ke) 2 - < 20 4
T 5
= [ i e
' =

T i E
€ i §
3 nii Z 1
r-B
9 fhi
o

0 L

0 5 10 15 20 25 30 35 40

Rebound sequence N

Fig. 7: Variations of rebound height at each rebound.

The bouncing motion of the Ping-Pong ball in relation to the rebound height at

each rebound can be described by the following equation :
f (N) =h,exp(—bN)

The physical parameter hg represents the initial falling height, and b represents the

level of energy absorption of the material under study.

Surprisingly, 37 consecutive rebounds can be identified within 2.06 sec of a
free-fall ping pong ball onto a wooden board with an absorption coefficient of 0.17 and

initial falling height of as low as 4.0 cm.

Fig.7. indicates the last few rebound height(from the 34™ to 37" bounce), all of
which do not exceed 25um. Especially the final rebound height ,which is reducing to as

short as 10.3um, can still be clearly identified.

The result shows that this method has great capability in physical measurement, as

well as high sensitivity to signal detection.

41



N
S

2. Surface barrier: @ T
20 Lor exp{[Hhhgm ]}
This set-up also allows to detect <4 L, =0.36(2)
0 20 - =
@ a = 0.08(2)
. . . L2 h, = 0.026(7) mm
the properties of materials by looking § 18l h, = 220 mm
m b
into the exponent vy, o, which can be RTINS
L 00O ©
extracted by the characteristics of their N
200 + (b) t=t -+t exp{ -(h/hp)’} g
. . =3.32(9) 1.2
potential surface barriers. T 1~ 0.84) mscc\ 4 3
S 150r o h,=3.043) mm ¢ 11 g
= ~—
_ . < =
Surface barrier is defined as factors & 100+ 10 @
E £
: E 5
that hinder a ball’s rebound. Factors that 5 s} 1% &
. . 6 ‘ 4 40.8 5
contribute to the hindrance are levels of 0

315 3;0 215 21!] 1.‘5 110 0.‘5 0:0
Falling height h (cm)
Fig. 8. Variations of (a) energy loss and
potential barrier will be triggered only (b) contact time with falling height

elastic and adhesive of materials. This

when the probe is in contact with the testing material.

The percentage of energy loss and contact time increase rapidly in the low falling
height regime. This phenomena occurs when the energy needed to trigger deformation is

becoming comparable to impact energy (Fig. 8a) .

Both the L(h) and T(h) curves can be described by a exponentially decaying law,
but need an temporal exponents y ,a. for 0.22 and 0.08 respectively into the expression.
However, both of y and o aren’t 1, which shows that (cm) is not the proper unit for

linear descriptions.

Deformation value of the probe can be identified of as small as 7um .The
deformation curve departs from the linear behavior for h lower than ~0.5 cm, below

which all L, T, and Ad display dramatic changes when h is further reduced.

Non-linear behavior of L(h), T(h) and Ad(h): an energy is needed to initiate

deformation on impact. This energy is better revealed at low impact energy.
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Application

This experimental method proposed in this project has a wide range of application.
It enables me to further examine the fermentation mechanism of dough. Fermentation
process is an extremely complex redox reaction, which involves a lot of internal
biological and chemical property changes in dough. In this research, | explore the
characteristics of fermentation from the perspective of physics which were only visible
under an extensograph will be represent by the o, b and k values  revealed by the

surface adhesion, viscoelaticity, and structures of the tangled gluten chains.

1. Experimental procedures:

(1) The dough: evenly mixed flour, sugar, water, and yeast of mass ratio
100:6:50:1.25 at a room temperature of 23 °C. A free-fall ping-pong ball is
dropped from 5 cm directly above the dough, results are recorded every 15

min.

(2) The changes in visoelasticity and adhesion of a dough through fermentation

are investigated.

(3) Instead of observing the volume changes of the dough during fermentation,
the exponents and k are used to characterize the dough at various fermentation

stages.
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2. Results

100 T T T T T T T

Energy loss reaches as high as 93%

before fermentation, and has increased to 96%

70 -

Energy loss L (%)

after fermentation. (Fig.9) . However,

fermentation only generates 3% changes in o 15 30 45 80 75 90
Duration of fermentation (min.)
Fig 9.Variations of energy loss on

each fermentation stages

energy loss, which is unnoticeable. Therefore,
it is required to investigate the internal and

external factors separately.

3. Screening the surface adhesion

. Ping pong ball

Later on, a small piece of thin silicone wafer SR
with the thickness of 0.5(mm) is placed horizontally
on top of the dough utilizing it as a buffer to screen Thie Dough
the surface adhesion from the free-fall ping-pong Fig. 10. Schematic drawing of the

. setup to screen surface
ball. This setup allows to detect the effects other P

than surface adhesion.(fig. 10.)

4. Weakening of surface adhesion and Enhanced of viscoelasticity

The combination of energy loss 100 — : : : : : :

measured with and without a silicon wafer is £ gl i

.| r  Measured
. . .- n I without

shown in Fig.11. The blue curve indicates the & g L asibuffer ]
> L
o

impact of internal viscoelasticity, and the red S 700 1
uc_j [ Measured with

curve indicates the total effect. The sl a Si buffer ]

difference between the blue and red curve 0 15 30 45 60 7§ 90

Duration of fermentation (min.)
reveals the impact of energy that is needed to Fig. 11. Energy loss measured with and

without a Si screener of the dough
at various stages of fermentation

44



break the surface adhesion.

Base on the result, energy needed to break the surface adhesion before
fermentation is 35%, but was reduce to only 9% after fermentation. This phenomenon is

caused by the evaporation of the moisture settling on top of the surface.

As for the viscoelasticity , 59% of energy is found to transferred into the dough
even before fermentation. This energy would trigger a slow oscillation in the dough,
which links to the viscoelasticity of the protein chains, known as gluten, of the dough

(Fig. 11).

A 30% change in energy loss through fermentation is found when surface
adhesion is screened, showing that the viscoelasticity of the dough has been largely

enhanced (Fig. 11).

g
=

{\a) T T T T T —~
; = Free-fall 3 8
5. Non-linearty E ping-pongball b g
é‘ L6 on dough -« =
The three parameters that indicate the & Measured with ‘e
. . E 1.2 | aSibuffer §
details of fermentation are used to e b
characterize different stages of < s E
. . 0.24 *(i:,) 2.5
fermentation process. (Fig.12a,12b)
3 2.0
E 0.22 - -~
The absorption coefficient b % 15
E 0.20
mentioned in fig.8. represents the level of g 1.0
_§ 0.18 - os
energy absorption of dough. & )
0.16 L ! L ! L L .0
0 15 30 45 60 75 920
Parameter o is the rate of decay from Duration of fermentation (min.)
energy loss. This constant mainly Fig. 12. (a) Absorption coefficient,

inverse density and (b) exponent
o and k at various stages of
fermentation.

contribute to understand the variation of
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viscoelasticity in dough.

Spring constant k: The numerical of the spring constant reveals levels of elasticity
in dough caused by the surface adhesion and viscoelasticity changes through

fermentation.

Results

Interestingly, even though the density of dough is stabilizing in the last few
fermentation stages, when the carbon dioxide produced by yeast starts evaporate and
approach saturation of expansion, the absorption coefficient continues to largely
increase. This occurs because the entanglement of the gluten chains in the dough is still
settling after expansion, which echoes that wakening of the dough is needed before

baking. [Fig.12(a)]

Fermentation drives the effective spring constant k and rebound exponent  «, b to
increase progressively, but each with a noticeably higher increase rate in the earlier
stages, known as the yeast breeding period, at which the number has an exponential

growth rate after its glucose absorption [Fig. 12(b)].

Surprisingly, k is reduced by as large as 80% through the fermentation. The less
tangling of gluten, caused by fermentation expansion, largely enlarge the viscoelastic
responses of the dough to external impact. Base on the result of the experiment, the

values of the three exponents can accurately control the quality of fermentation.

6. Damped oscillation

According to the aforementioned experiment, factors that cause energy loss is an
important point to discuss. It’s known that energy is consumed to trigger deformation,
break the surface adhesion and body viscoelasticity. In addition, the dough is rich in

elasticity especially a fermented dough. Therefore, it doesn’t revert back to the same
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shape after deformation immediately, but it oscillates back and forth. In the research, a

reflection amplification is designed in order to observe its small up-and- down motion

after a ball’s collision.

The set-up:

1. Alight reflector placed on the side of the

dough and a laser beam continues to hit

the reflector.

2. One end of the light optical lever is fixed on a fulcrum and the other end is fixed

Reflector

Fig. 13. Schematic drawing of the
setup for the detection of
slow oscillation.

on top of the dough. Results are observed from a screen far away. This device is

used to magnify the small angular displacement of the dough. An amplification

factor of 80 was obtained directly without using the trigonometry theory.

Non-linear damping

A damped oscillation of the top
portion of the dough triggered by the

impact is expected.

Four cycles of oscillation with an
exponentially decaying amplitude and
a progressively shortened frequency

are observed (Fig. 14).

The decay rate of the amplitude in the pressing branch is 83% higher than that in

the releasing branch.

Displacement (mm)

Duration (sec)
Fig.14. Amplified displacements of the

dough in damped oscillation

All these behaviors show that the damping constant of the dough links indeed to

the amount of dough that is in oscillation.
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Conclusions

The vertical impact-and-rebound motion of a ping-pong ball falling onto the object
under study is turned into electrical-switch type of signals by applying a thin layer

of graphite, from a 2B pencil, on their surfaces.

A rebound as low as 10.3 um, a deformation as small as 7.36 um, and a contact time

as short as 1.77 msec. are identified through the simple device.

3. Fermentation expansion of a dough largely enhances the effective spring constant

for body oscillation and greatly reduces the surface adhesion.

4. Damped oscillation in the fully fermented dough is observed through reflection

amplification to reveal that damping constant of the dough is indeed not a constant.
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