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Abstract: In this paper we present accurate measurememg&stic modulus of thin quick-vibrating wire sangpley

Searle’s pendulum. We provide detailed statisacallysis of measurement of one "non-traditionaihga - with a
rectangular cross-section. In our paper we pretenimeasurement of Young's modulus at quick-vibgagamples
where vibrations are registered and analysed bgtreldc sensor or camera. Also, other necessanyuimgnts
(micrometre, calibre, weight) were on an electrdrésis, which was a guarantee of high accuracy uneeents. The
degree of an accuracy being achieved was subjbgtadietailed theoretical analysis, using knowleolggheory of the
uncertainties.

1 Introduction In the case of pendulum device it is, however, a
Elastic modulus (also called tensile modulus oflisadvantage that this procedure can only be usethih
Young's modulus)E belongs to the most importantsamples of wire or fibre form. Additionally, using
material constants. It determines the relation betw Standard optical techniques (that is monitored and
mechanical stress along the axis, and strainat axial accounted oscillations by the eye), the area ofulise

loading, in the formo = Ee, which is valid in the range S@mples would be further reduced to the set in fwitie

of Hooke’s law. Higher loading of the sample masuie V|brat!on movement is relatlvely slow, and such the
in exceeding the limits of elastic behaviour of th&ounting of oscillations is manageable "by the dake
material. eyes’.

There exist several ways for measuring this quantit N our paper we present the measurement of Young's
The best know methods are as follows: mechanitati¢s Modulus at quick-vibrating samples where vibratians
and dynamic), acoustic, ultrasonic, resonant, aptietc. registered and analysed by electronic sensor oerzam
Mechanical methods are the most suitable for meagur AlSO, other necessary instruments (micrometre boali
elastic modulusE of thin samples, such as rods, wiresweight) were on an electronic basis, which was a
columns, fibres, etc. Application of the static hwets 9uarantee of high accuracy measurements. The defree
(e.g. direct prolongation, two- and three- poinhdiag an accuracy being achieved was subjected by aletbtai
etc.) however, is rather disadvantageous, as taey dheoretical analysis, using knowledge of theorytiod
hardly reach accuracy better than 10 % [1]. uncertainties.

Greater accuracy can be achieved using dynamic
methods. Elastic modulugE can be determined with 2 Description of measurement
several per cent accuracy by means of vibratingpkesn Dynamic method of measuring the modulus
at single - or three-point bending [2], or by bakarof of elasticity with usually used bending oscillagorn
apparatus so called as Searle’s pendulum [3], [4].
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single- or three- point bend brings one disadvantéige whereinl is the length of the sample with the radius

oscillations are too fast, and therefore diffidolmeasure. T means the oscillation period of the system, anid
The situation would be simpler if we should reduc¢éhe moment of inertia of the flywheel with respéot

their frequency somehow. the perpendicular axis passing through the cetttis is

the same as the direction of the hinge yarns) tir@tess

2.1 Searle’s pendulum used samples with a rectangular cross-sectiofdi is
One such method has been invented by American

physicist G.F.C Searle [3], [4]. He suggested apfm 2412l

idea - to attach the ends of the measuring sanopteet E= @BbT2 %)

flywheel housings. These subjects "remove from the

powder" a part of their vibratory mechanical eneagyl

thus significantly slow down the process to theelenf

electronically readable, sometimes even to thedake.

wherea andb are the width and height of the sample (this
is the flywheels detained in height direction, ire. the
direction in which bending vibrations are possible)
But now we must differentiate the type of flywheels
T T too. In the case of cylindrical flywheels, as walin our
picture, the moment of inertia is given by the know

relationship
I* B
J=m (ﬁ + T) 3)

The parameter® andL are the diameter and length of
flywheels, andn means their (single) mass. In the case of
square flywheels it would be

Figure 1Searle’s pendulum. 1
1 — hanging threads, 2 — cylinder flywheels, 3—snead =—m(A? + B?)
wire (arrows indicate the direction of the osdiltms) 12 4)

Such a device - known as Searle’s pendulum - it jghereinA andB are the length and the width of the prism.
suitable for measuring samples with a small cresian.

It consists of three main parts (Figure 1): betwea 2 5 The experimental assembly for measurement
hinge yarns 1 are fixed horizontally the flywheels \ye ysed thélustrated apparatus (Figure 2). It consist
(cylindrical or prismatic) 2, they are connected B of tyo homogeneous steel rollers in the role offigels,
measured sample 3; this one basically represems {yqh having a mass= 0,72 kg, a length = 137 mm and
element of "coupling”. Usually it is in the form ofire, 5 radjug = 14,6 mm. Size of moment of inertia of each of
but it can also be a thin rod, thread or thin pesmtape. them determined from the relation (3), had a vali=
Symmetrical deflection of the flywheels in the kontal 1 15 y 103 kg.n%. We performed measurements of
direction by the angle performs the bending oscillating geyeral samples of wires with circular cross sectiad
movement of the sample that is reversely transthilte e of them with rectangular section. All the saeaghad
the oscillating rotary motion of flywheels - and®iversa. ihe same "active” length (i.e. the distance betwtben

Both parts of a pendulum - i.e. flywheels and sampl points of attachment to flywheels) = 0,295 m.
oscillate synchronously, with the same frequencyd an

phase.

For information — such apparatus in miniature foisn
currently used in textile industry for examinatiofithe
elasticity of fibres, or in botany for the analogou
research of plant stalks.

Dynamic analysis of the process [2], [3] gives tloe
measured modulus E of routinely used samples with
circular cross-section, a final relationship

8l B .. '%

== ]2 Figure 2 Experimental assembly. Vibrating wire sngrosses

r4T 1) the infrared beam of an optical sensor (prismatdywith the
shape of figure U in the centre of operation)
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3 Results of measurements dimensions, oscillation periods, together with tiedues

Main parameters of the Samp|es and results @[felastiCity modulus are summarized below (Tat)lel
measurements, including the cross-sectional gearaktr

Table 1 Parameters of samples and the results aSanements

- . Modulus of elasticity Table valued
Sampls Period of E)s)cﬂlatlon T (measured) Eoeas parameter i,
S (GPa) (GPa)
Steial I - circle 0,209 1945 200 + 10%
7= 1,00 mm
Steil II — circle 0,138 201,5 200 + 10%
r=1,22 mm
Stee_l III — circle 0,129 210,1 200 + 10%
»= 1,25 mm
Co;iper — circle 0,271 116,3 115+ 10%
»= 1,00 mm
Alumi.mum — circle 0.355 67,4 70 + 10%
y=1,00 mm
Brilss — circle 0,099 104,7 95 + 10%
»=1,70 mm
Steel — rectangular
axb=(0,79 x 2,50) mm 0,596 185.6 200 10%

E modules have been obtained using equation (1) and In the next section we shall carry on a detailed
(2). We can see that the measured valisggcorrespond analysis of the results of the steel wire sampté varely
to the table oneR, in all cases they are lying within theoccurring rectangular cross section with dimensions
corresponding intervals. (We recall a knowrof 0,79 mm x 2,50 mm; in other words — with geometr
technological fact that the existence of thesetikglly of a sort of certain "prismatic strip". This measuent
"wide" intervals is related to factors such asealéght has been executed by stepwise procedure — i.ehédy t
methods of preparation, types and quantities ofd usenethod commonly used in the pendulum experiments.
ingredients, etc.). We also see that all vibratiorese Finally, we had determined the percentage unceytain
relatively quick - with periods of the order of tea in the results.
of a second - so that we can benefit fully the athges We performed measurements of 100 oscillation acts.
our measuring apparatus, e.g. the opportunity ts it is known, a stepwise procedure is the method
electronically capture the rapid oscillations. which we record the splits, in this case every ttokes.

Table 2. Results of measuring of the vibrationstbpwise procedure. The first and the third colugixe the number
of oscillations, the second and the fourth colunefiect the relevant times. The fifth column préséme difference of them, and
corresponds to the time of 50 oscillations

iy | Ty(8)| in | Ty (8) | Ty — Ty = T, (8| AT, = T;  — Tgo(s) (AT)%(s?)

10 [ 5,965 60 | 35,790 29,825 -0,001 0,000 001

20 |11,925] 70 | 41,755 29,830 +0,004 0,000 016

30 [17,895| 80 | 47,725 29,835 +0,004 0,000 016

40 [23,360| 90 | 53,685 29,825 -0,001 0,000 001

50 [29,830] 100 | 59,650 29,820 ~0,006 0,000 036
— .
byp = 238206 Z(AT(-) = 0,000 070

The results will be listed in the table (Table 8)oi will do the differences of both of them and recitrih the
two columns: the first one represents the first pathe third column; so we get 5 different values corresog
measurement, i.e. range of 0 - 50 oscillations,datmer to 50 oscillations. These results can be evaluated
corresponds to the second part from 60 to 100ett0k/e statistically (see last two columns + additional
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calculations). "Philosophical" principle of this thed - a24»rrzl] 5
opposite of the method of arithmetic average - itiethe 0E _94g3pT2 _ 721
fact, that the single measurement of 100 osciltatigill da 6(1 a*bT?
be replaced by five 50-wobble measurements. Statist getie L 241 2
‘ . X 0E a3bT2 24m?l]
evaluation applied here would be more precise amed t —_—= =-—55-3
resulting uncertainty would be lower, too. ob ab 2l a*b?T
We had received an average value for one period OE _ g2au o a3bT2 _48m2l
=150 _ 5965 9T 9T a3bT3 (6)
50 .
The corresponding uncertainty can be derived #sein It is necessary to clarify the uncertainty of thement
case of physical quantity being measured by thectlir of inertia u, (7). This quantity has been not measured

(T -T,)? directly, but - as seen from the equation (3) -sita
= i% m = 0,000037 s function of the directly measured quantits L, R,and
route , wherein its uncertainty must therefore also be determingd b
n =5 means the number of measurements. This numimeeans of the partial derivatives:

can be considered as the size of the uncertairtiypefA,

too. It is clear that this value is too small fastineable aJ 2 aJ aJ 2
evaluating of overall uncertainty af. Even if we should Uy = ( . ) ( UL) ( UR)
consider the impact of uncertainty of type B, thmaty be om’ oL" OR ,

represented by the accuracy of the device in tdercof e g.
five thousandths of a second, and the total tim
uncertainty we took as a sum of them, it will bas-we [2 R2 ¥ L\ B A
shall see later - still too little value to be stoty reflected % = ((12 + ) U, ) + (mg-uL) + (mz-u;z)
(see calculation of overall uncertainty according t @)
equation (5)).
We get for measuring modulus of elasticity (2) For a determination the uncertainty of time we have
24m>%%3 1073m. 1,148. 103 kg.m? estatblished an uncertainty of type B, referred apie.
= (0,79.10-3m)3-259_10-3m. (0,5935)2 = 185,64 u,= 0,005 s. Other quantities measured by directerout
(fywheel length L, its radiusR and massm, length

Evaluation of the corresponding uncertainty tihat samples and the cross-sectional dimensi@nandb) had
will be a little lengthier. Here we must consideattthe been measured once time, only; therefore we fadt th
determination of the modulus of elasticity - as barseen precision of measuring instruments for applying the
from equation (2) — is a function of five variablgs uncertainties of them as the size of the smallésteg
epn their scales. So:

= 0,1 mm (sliding ruler)
= 0,01 mm (micrometer)
=1 mm (ruler)

Ua, U= 0,01 mm (micrometer)

un=1g=0,001 kg (laboratory scales).

Substituting into (6) gives a value of = 1,5 x 1C°
kg.n?. As we can see after further substituting intot()
last three members in the roof are some orders
of magnitude smaller than the previous two membsws,

2 2 2 2 5 that we can neglect them. It recognizes the valie o
(Eu) ul +(E ) +(Eu ) +(Eu ) a numerical expression of uncertainty = 5,94 GPa,
a ! ! a ah ? . which represents about 3,2% against the size of the
®)  module being measured.
, o So, the final result can be written Bs= (185,64 +
The relevant partial derivatives are 5,94) GPa, resiE = 185,64 GPa +3,2 % .

The value of total uncertainty is given by the sum
of partial uncertainties of types A and B. As weokn
from the theory of measurement, the causes of taingr
A are unknown. However, the causes of uncertainityid

namerE =fU.],a,b,T) | this case — in accordanc
with theory of measurements - the uncertainty vegiby
a root, containing partial derivatives with respecall of
the relevant variables and uncertainties of thioohg
variables:

24m?l
0E _ 0 aBbTZ] 24m?]

al ~  al_  a®bT?

2
9 0 f{;’ng! 24772] not difficult to determine, they related with arcaracy of
o = EJ] = 3bT2 instruments, uncertainty in the readings and aiistance

against the vibrating motion. Other factors, sugkaa&on-
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uniformity of wire thickness, directional moment tbie Some benefit of our paper is the fact that we
hanging threads, heating the samples as a result paifformed measurements with  "non-traditional"
oscillations etc. are negligible. rectangular pattern. Other priority is related tighler

degree of precision being achieved - because ofirie
Note: Searle's pendulum can be used - after smaillas measured by an electronic detector or fast mgame
adjustments - as a torsion pendulum, too. It wiffise to respectively. This was reflected in a small error
remove the hanging threads and one of flywheelst letof measuring (3,2%) and in the fact that all thiies.

hang freely at the end of the measured wire. Afng In the near future we plan to extend the measuremen
displaced, the flywheel will be performing the korital on inhomogeneous samples, for example to examine ho
oscillations due to torsional forces of wire (FiguB) the surface coating will affect their module.
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This relationship is substantially identical witm a
equation (1), but the oscillation periods Tof Young's

modulus in the denominator is replaced by torsiofR€View process _ _
oscillation period . Single-blind peer reviewed process by two reviewers

Using known values of E and G it is possible to
determine a next important material constant — the
Poisson’s numbei (9) as

H=26~ ).

The measurement of these parameters, however, has
not been a filling of our work.

Conclusion

Searle's pendulum, though a simple and fairly ateur
device to measure elastic modulus, is used relatiesy
(unfairly in our opinion). Additionally, it shouldbe
mostly in the cases of "slow oscillating" samples
of circular cross section. Either as the applicetio
in textile industry and in botany, mentioned abois,
rather exceptional.
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