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DETEEMINING THE COEFFICIEINT OF RESTITUTION
OF APPLES AT DIFFEEENT IMPACT VELOCITIES

Zhigriew Stropek, Krzyeztof Gotack

Departmert of Macline Theory and Automatics, Uriversity of Life 5 clences in Lubhin

Summary. [n the articls nonlive ady decreasing relationslup betoreen the ooeflicient of wstitnton and impact
velooity for theee apple vaneties was determmred . In addibon there was pedormed an attenpt commectng the
coefficlent of mstbitom as well as other pararmeters characterizing impact course mach as: impact welocity,
rebomnd velocity, vpact ererpy, rebound ererzy and absorbed ererzy during impact with boose quanhty of
apples. The broise quartity was estabbished throigh measurement of apple contact surface aea as a vesalt of
mvpact on rgid, fat and fizeed plane.
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INTRODUOCTION

The coefficient of restitution ¢ is defined rmost often as the guotient of rehourd welocity to
irepact welocity or the quotient of aquare root of kinetic energywbody after and be fore a collision. It
iz usually a me asure of kinetic energy losse s during an rapact and found application in many irgpact
studies as a pararneter describing the extent of elasticity or plasticity of & given body DleGlone
[MIeGlone of ol 1997a], on the basis of apact force course measurernents during two consec-
tive rebounds, determined the coefficie nt of restitution which he next wsed to determine kiwi fruit
mass. This method served to assess Inpact centrality and ncrease firmress assessment accuracy
deterrrined on the basis of impact force course measrements nsing alteration including mass infin-
ence. Ivlere dith [Ivkredith ef ol 1990] correlated the coefficient of restitubion with maxirmum walue
of impact response: foree being a meamire of peach firvess. Mext, he tred fo use fhis relationehip
to create a method which ina divect, fast and non-destructtee way would ensble o asseas the state
of fruit on sort lines. LoCowrto [LoCowrto ef al. 1997] stadied sovm beans coefficient of restitution
impacting thern on three materials: aluriniur, glass and acrdic at theee drop heights and at two
raoisture content levels. He stated the decrease of the coefficient of restitution with the growth of
moisture content and its constane v depe nding on rapact welocity in the subjected range of drop
height comesponding to irapact velocities frora 1,710 3,2 ra-s” . The measured coeffcient of resti-
tution walue s were next used as ingmt data to algonthens describing the behaviour of a single sova
bean during the rebound. Rataj [Rata) ef @l 1999 deterrnived the wanability of the coeficient of
restiution of chickpea seeds de fine d as the synare root of guotiznt of rebound height and drop height
depe nding on their molstare cordent. Gan-Ivor [Fan-Ivlor & Galili 2000] took up the developrment
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of a mode] describing the collision of wisroelastic product with an elastic plate. The studies were
airmed at separating stones fror potatoes during a mechanical harvest. The npact energy of stones
was absortbed by elastic plate and as a result the coeffeient of restitution decreased. The decrease
of stone s coefficient of restitution was sufficient to erable their separating from potatoes. The final
effect was the design of'a machine for separating stone s and groand from potatoes. Van linden [Van
linder ef @l 2006] deterrnined the parameters nfluencing the bruising of tomatoes as a result of
tre chanical irpact. One of thern was the coe ficient of restitntion. He obtained the negatiee correla-
tion 1= -0,36 between bruise susceptibility and the coefficient of restitotion. Dintwa [Dinbaa of ol
2002], in order to assess the absorbed energywalue during apple irpact, determined the coefficient
of restitotion at different itnpactwelocities. Mext he defined three warions forms of the coe ficient of
restitution so as to establish erergy losses developed as a result of action of elastic oscillation and
losses caused by the influence of viscons properties. That allowed the dete rraination of wiscoelastic
properties of apples and gquality assessmment of fiuit bruise through the measure ment of dbsorbed
energy dwing the impact.

Oftena simplifiing assuraption was rade, that the coefficient of restitution is constant and
depends only on material kind of colliding bodie s, However, more insightful studie s showed, that
it iz dependant on elastic properties, dimensions and velocity values of the vestizated bodies
participating in the collision. Vou can distingnish three mecharisns of body energy loss during the
collision, which canse that the coefficient of restitotion is less than 1:

1} Bodies cacillaions inthiate d by the irmpact. &lso vibrations of surronnding air contribute

(to a srall extent) to losses.

2}  Energy losses because of plastic deformations or bodies cracking in the case when the

mazirann stess created inbodies during the impact exceeds the wield point.

3y Dispersion erergyconnected with viscoelastic properties of colliding bodies, which oc-

curs below plastic deformations. Thiz mechanisra of'e nergy dispersion iz often rodelled
through paralle] cormection of a spring and a dashpot.

The airn of the researches was the determination of the coefficient of restitution de pending
on irparc tvelocity in apples. In addition, there was performed an atterapt to cornect the coefficient
of restitution and other parameters characterizivg impact conrse such as: irmpact veloeity, rehound
velocityy impact energy rehound energyas well as the energyabsorbed during irmpact with brise
uantity of apples. The bruise quantity was established theough measarerme nt of apple contact s
face area, which develops as a result of the frapact on the rigid, fatand fixed plane .

MEAZTRING 3TAND

The pendulura prineiple was nsedat the measring stand for rnpact tests and an apple was the
shiking element. The pendulurm consisted of a pair of supported fisking live each 1m long to which a
plastic plate with two tangs was fixed. Anoapple was fized o the pendulurm by the tangs. & titardon
plate of & saall mass and high stiffhess was screwed into a sliding case, which next, by e ans of
a clarnp cormec ion, made one whole with a thick steel plate fized perrnanently to a concrete wall.
The sliding case and the clarmp-joint made it possible to arvange the fhuit (fxed to the pendubora)
n a vertical position to the plate at the impact moreent, therebyr the perpendicular divection of the
imyact force to the rapact surface was obtained. The stand was also equipped with control sorews
which allowed to arrange a givder (the pendulurn rotation axis) in a posiion in which the rrgect
force went through the center of the finit mass. In that way the central collision conditions i the
force sersor axis were met. Lnapple was placed at a reguested drop height and rermaived there by
tneans of a suction panp. When the parng was turned off the fiuit was released.
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MATERIAL AWD REEEARCH METHOD

The subject of the studies were Rabin, Jester and Freedom apples vareties. The reasurerre nis
were carried outin October 2008, After the harvest the frmit was stored in a cold roorm and camied
to the roorn with the ternperature of 20°C a daybefore the research. To elirdnate the influence of
fruit size (curvabore radins) ondy the apples of mass from 185z to 190 g were chose n for ressarches.
Ln additional selection was carried out through testing the maxirmowm apple dismete r on calibrator.
It could not be srnaller than 20 ron and larger than 25 mm. On the basis of the preliranary stod-
les it was stated that the changes of the coefficient of restitation walues are the highest for small
imypact velocities. Hence the measurernents were perforrned atweloeitie s whichereated the decreas-
ing georettical progression with the gquotient 203, The maxivr iwgact welocity obtaired at the
toe asirerae it stand arourded to 1,5 mes” and it was at the same tiree the first tere of georne trical
progression. Thus the measurernents were carried out at the following velocities: 1,5; 1, 0,66; 0,44,
0,3, 0,2 r-s™ . Therebyr a higher variability of the coefficient of re stitttion course was achieved for
srall velocities, which enabled to deterraine more accurately the coefficient of restitution course.
The drop height was deterroived by reans of a svale with plotted quantities corresponding to the
specified 1mpactwelocities.

For each warety 20 apples were tested. Each apple was kit 6 times, which corresponded to
the assumwed nurvber of different impact velocities, Sfter each impact, the fimt was toned 30°
aronnd the wertical awiz going through the calye and the floral bottor. Thereby, an apple at each
drop struck its urbrnised part on the flat swrface.

The welocity measurernent took place owing to teo pairs of diodes placed opposite each
other and positioned at a distance of 15 mn from each other. The diode s emitted taro light bearas
which were hidden at drop and revealed at reboand. &5 a result, the diodes connected to the TDS
1002 Tektrordk cormpany digital oscilloscope released averficall v increasing and decreasing siz-
nal, appropriatel v Using additionally Open Choiee coramunication prograza it conld be determined
what time was covered byran apple in the nrestigated distance of 15 rwm during the drop and the
rehouyd. While determining the velocity walue, sivaplifying assumptions were made, namely that
an apple raoved along the straight-line at a constant welocity. The length of the pendulum arm was
lrm and was mouch lamger than the distance between the diodes armounting to 15 rarn. Hence, it
could be assurned, that the arc length at such a short distance was a straight line . The diodes were
placed 50 as the second diodes pair occwrred just before the irapact plane, which caused that at the
raornent of the rapect the penduborn arrn had a vertical position. At small angles of the pendubon
atn desiation from the vertical position, the changes of tangent acceleration were amall and at the
wery vertical position the tangent acceleration was 0. Therefore, it weas also assumed that an apple
in the irweestizated segrnent of 15 mem moved at a constant welocity

The measmrements aitne dat the determimation of apple bruise size at different velocitie s were
alan carvied ont. The studies were perforrned on Bubin apples warety doing 10 repetitions for each
recordedvelocityalues. Be fore the irpact on the area of anexpected apple braise, the diluted weater
latex paint was applied to deterrnine the surface area ofthe frnpact contact. The contact swface was
caleulated by means of the forrla for the ellipss surface area:

F = mabh, oy

where: @, b — are the radinses of the major and minor of the ellipee axes.
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RESULTS AND DIRCTTAEION

O the bagis of the carried out Dinpact tests nonlivear decteasing relationship between the
coefficient of restitution and the inpact velocity was obtained (Fig. 1) The highest increase of
the coefficient of restitution walues ocowred for lower irmpact welocity walues. Soft apples (Jester
and Fabin vardeties) had a higher walue of the coefiicient of restitation than hard apples (Freedorm
wvariety), amounting to 0,6 for the highest impact velocity 1,5 ms” . For the hard apples, the cosf-
ficient of restitution for the sarne irmpact welocity armounted to 0,55
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Fiz. 1. The relationship betarsen the coeffiment of restitition and inpact velocity for heee apple vanetes

It canbe seen, that at higher irnpact welocities apples with harder flesh are more susceptible
to bruises. Additionally; it was noticed, that for each wariety for the impact welocity arnourting to
0,4 ra-s™ ooours a large value of standard deviation of the coefficient of restitution. It corfirras the
supposition, that for the irpact velocitybeing close to 0,4 8™ | there exists the value of an appls
vield point. & wide range of the coefficient of restitufion values results fror the fact that one part
of the apples during the impact deforrns elasticall v which corresponds to the high coefficient of
restitntion values and another part of the apples obtain Dreve raible deformations cansing the lower
coefficient of restitition values. Certainly, this is an appeoximate way of the eld point de terrmina-
tiory, becaus: it requires an ncrease of measurerment point raabers in an expects d velocity range
as well as including the impacted fiuit mass MWeGlone of @f 1997h, Stopek & Golackd 2007].

In the case of Rubin variety during the irmgmact tests there was also measured an apple contact
surface area with the flat, rizid swrface being the measure of frmt brise size. Mext, brnse smface
area values were correlated with different parameters characterizing the impact such as: rrgmct
veloeity rebound velocity impact eneigy, rehound eneigy, sbaotbed evetey during irpact and the
coefficient of restitution.
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High comelation coefficient walues at the significance level lower than 0,05 were obtained.
The correlation coefficient walne s hetween the indradual guantities were showed in Table 1.

Ewen though the highest correlation coefficient walues for irmypact welocity and rebound we-
loeity were ohtaired, it seerms that better pararneters characterizing apple bruise during the irgmct
will be: irepact energy rebound energy and absorbed energy during inpaet becanse thess values
additionallyinclode the influence of npacted fiuit mass [Brosewitz & Bartsch 1989]. During those
studies apple mass was nearly the sarne on account of the established experirmental assuraptions,
which was explained at the beginring of the article.
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CONCLUSIONE

The coefficient of restitution of apple decreased in a nonlinear way depending on irgpact
velocityy morecver the highest increase of the coefficient of restitution values ocowrred for lower
i pact welocityvalues. The coefficient of restitation had walues frorm 0,55 o 0,2 for specific apples
varieties in the stodied welocity range.

Depending onapple warie ty there were stated differences of the coeffieie nt of restitution walue
for apples with hard and soft flesh at the highest irapact velocity araounting to 1,5 r-8” . It shows
larger bruise susce phbility of apples with harder flesh at higher inpact velocity:

The deterrnivation of the coefficient of restitotion conrse depending on rapact welocity en-
dhles to approximately establish the wield point area

High correlation coefficients were obtained describing the 1w lationship betaeen bnuse surface
area and impact parameters such as: impact velocity rebound welocity irmpact ernergy rebound
energy; absotbed ene gy during irnpact and the coefficient of restitation.
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WYZNACZANIE ‘ﬁ-’SP@LCEYNHIKﬁ RESTYTUCI JABEER
FRZY ROZNYCH PREDEOSCIACH UDART

Stresremende. W oartylnile wormaceono melimmowo maleaey zalesnose ws pitezymika wstytngl od predloia
uderzeria dla t=ach odmian jdlek . Dod atlkoaro dokonano prdh v poanigzama wspdlezmmuka st ol oms i
wych parametrder charaktermygowh przebiezuderzerna talachyak: medhoscuderzerma, predkesc odbicia, erer
zia uderzeria, everzia odblcla cias erermia pochioineta podozas ndermenia =wrielkodeiy chicla jablek oloves lang
popr=s poniar pola powlawcun stylo jabdhaw vl udermerma o sshrama, plasks, memachormg phseomyene.

Showra lhwerowe: wspolemmrnk restybioy, jablko, obicie, udevzeme, predkose, enerzia



