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Strawbenies hove very thin skin that i prone w damage ducing posi-hareest hoodling. The
strength of this frug mass tissue has & difference betwesn vortical and  horizontal
directwirs. Therefore, thes stedy nmmied o compare the strength of the stawherry mass
tizsue hetaeen vertical amd harizantal dingetors using o csmpressive test sl differsnt
gpeods and compeessbility leveds, The meeearch was conducied by placing a load on ihe
saumple fom the vertical and borteontal dorecsons, The variations in comgprossion speed
were X, 4, and 6 mm’s, ond the compresibility evels were &, 12, LK, 24, and 3%,
respoctively, The resulis showed that she compacting froem the vertical direction ebiained a
combined mechanical response between the fruit stroclure and mass e cells while
frem the borsandnl direction the machanical respanse was anly ohiained from the frut
struntume, Adong with the duraton of the compacting, mass tissaee danoge bes stamsl o
cecut, I chis phase, the Tl edls begen i break dvsn o thiz skei causkg the aass s
damage te decrmse. The resudts of this shady can be used bo develop o moce efficient and

effeetive pockoging made] for strewherries that has sever been disclosad before

1. Intraduction

Fruit mass tssue damape & ope of the most onbiend
atidbutes in evaluating consumer accepdandgs of the
quality of siaberty el (Frrporde amamoese Duch.y
{Rasmah er ol 2020; Huang of af., 2020}, This fruit is
very sisggptible to damage during i pos-hariest
cquaativy handling (Llang ev o, 2200, Damage can oocur
durmg picking m the lond, the distrbution process o
trders o consumers, ond the storage process in the
supply chaii (La Scalka o ol 20060 Kelly e af , 20198
Ha of b, 2020, Hnnsed domage can couse accclerated
dmmage to the whole fruit during subsequent handiing
(Li and Thomas, 2004), Many fruit with seaminghy
minor damsge durirg barvest are then discanded by
mraders which results in waste and can affect econsmic
benefia For farmens and cradiers (Yan e al, 30085,

For Foad techiobegy, dammpe 10 fri tieae © the
behaviewr of tmsue damage o cell mass when the frog
was exposed 10 exeessive fmpact (Li, Amcrews  and
Wamg, 2007, Honson e af, 200%) Frot mass fisswe
damage = highly  dependent  on fruit bexiun
{Sirisomboon ef af, 301F)L Therefore, o ix wvery
i pertand 1o mesure the mess tiesue damapge oF the froi
o asmsaess the quality of postharyest P { Duarte-BMoling
o al 01T, Conbigiani er ol 28] Several researchers

e ponding auber
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have provieusly estimated the s danage wo the fruir
mass during ihic h.ur'.'n-l.mg process (Li e al, 2015; Le
Mian and Arndresas, 20070 The rewits showed kar the
hardness and strengih of the temaio tissoe wesbed by the
puncture methed usmg a probe varsed between 137 and
235 MPa nnd DU ond 1158 MPa.

Food bass of numrmional contem due 10 mass asie
damapes  greatly  altects  consumer scoophance  and
purchasing power, Fruit thot has been damaged i= sold ax
a chespy 22l ling price. LI and Thomas {2014 repormed thar
frut tissuc damage resulted i price rechictions of up 1o
0% An effort o minimize the damage (o moss tissue in
th Fruit & an iwportat thing 1o de in oeder @ mamtais
the quafiy and effickency of apricultuml  products
Previous studies related o causing damage 10 the sunfies
of thie fruit have been mbesigated by Li of ol (2005 by
stoming the it for several diys and then evaluating it by
tonch, Jongs (Z010) deseribad a mehoed for evauaiing
bruises an wematoes using mechanical mpuet paemeders
reluted e the energy shsorhed. Brimel o ol 2020}
reported that damage mochanics can provide an adequate
descripton af ductibe faibure in small-scale experiments.
Besides, there are severnl stwlies on the calcaltion of
the velums of tssae damags o the miss of fist after
harvest by messuning frub anaomy, such o apples
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(Celik or i, 2011, pranues (Thuere and %lghemenn,
2007y, pa.'l.:li-an. frwit { Ansar et af, 2009, bt ihis method
is mod suitshle for strawhemies hecmse of the colour of
ke mass tissue, the braken and the undamuged foak the
SUIme.

Aleasgarion of al. (2003) reporied that the 'Selvy’
vadety of sorawberrios cannmt be soll i the skin hag
abmskns or bnvses on the surkace and maoee than 507 of
b strawherries cannor be sold doe w damage cansed by
inpact  durkng Transpomaion. Chalwong and  Bighop
{2015) reported 1hat a wibmison frequercy ranging from
Y 5 He alfecied the qualiny of the ‘Elsama’ srawhermy
Killy e af, {2009} oxplanad that the guality of the
strawberries con bhe mumbuned by kooping  the
temperaure sonstnt during post-harvest handling

The resules of ressuch an the quality of stawbermes
warre mone domoraned by changes m Tt quality daring
pust-harvest, such as the Inoshness of stmeharies
dependding oo the fruit wriery {(Fham and Liow, 2017;
Zelion of ol 2018 sorage fime and condifions (La
Scalin ot al.. 2008 stomge method (Contigian et al..
I0IE; Yoo ey al, 209 Shang of al, 2018}, whabe the
effizet of vibmtion affezs fust Gmoeess (Chaiwong and
Hishiop, 2005, The Oommess of the fmail B oo physsal
churacleristic that describes the mast nportant qualities
af o stawherry, Mooy faciors influeace the fimneess of
arawherries, such ns gonelcs, growing condinons, level
af maturity, size. postharvest handlmg, and intemal
temperwmre (Doving amd Moge, 2002) Fruit strength
dara & also inffuenced by ibe tesn method ased and weil
now there s o standard est method for the exiure
strempth of stvwhernies P e o, 2008}

Infmation aboai the damage w0 the mess tissue of
sirgwhberrwes cansed by compressson, the deection of
loading, wnd the percenlzge of il mass tssue damage
is =il firndied, Asa resul, B s difficol @0 quantiativeby
asseae the mass tigsoe damage and defomation of the
stawhbery  fuit. Accondiog o An e wl (2020)
simawberries are very susceptible iv machanical damage
when subjected w0 lomds, eapecially in the direction of the
ralial axis. This gap abie hinders ibe development of nan
-festructive methode for o quality anolysis (Lude-
Sasee ¢f aly 2009 wnd lTimitz the  opporiunity
irvestigape the nfluence of eatenmal sresses during
harvest &hmny of @f, 201%), appropriale packamng and
imnsportotion methods for distibabon processes Li
Adidiews aid Wi, D007 Tlenelobe, this soudy ainmed
io compare the strength of the swbermy fnnt moss
bevween the vertical and horizenial disectiors using o
compreaive stoar diffeeit speods and levels of
compressibiliby.
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1. Materisls and methoads
I Mareraly

The ingrslicnts wsed e srawberbs with Sweet
Charde wvaneties. The fnot was  obbmined  fom
agricubiral  farmers 0 Sembulun, East Lombok,
Inclaniesta, The strawhemry il sanple used bas a
maturity boved of Bi%, memsumng 3 © 2.5 am with an
mverage weight of 3375 g (Figure 1) Afier being
carefully transported 1o the Bioprocess  Engencering
Labomtary of the Universiiy of Mataram, West Musa
Tenggarn, Indonesia. the froit was then clesmed manmBy
withy water and checked agrin to make sure & was o
damaged mnd not mfecbed by baclera. The lesl was
caffind oan withis 24 hea at oony temperatine (294190
and RH f0-65T,

b Sam

Figiing 1. The s ewbeimy =ies uyed Sor 1esling porpsascs
2.3 IRfareurtion Sl

The sample defoomation test nsed the T3 e
anal yer I:mudcl af CT3-1HL brand of Broakiield, US4
with i kol range of 0-00d g (Fipure 23 The npe of
probe uspd was evlindrical, Loading wes done from the
wertical and boneonial directions {An e o', 2020). The
wAnmwrE m onmpression speed aee 1, 4, amd 6 mms,
atdl the comproasibiline bovels ane &, 12, 18, 24, and 3%,
mapoctnvely. Each fesi was repeated 3 jmmes, The
detfpmmuotion curve of the dest resufls was recorded in read
-t

(1. (1]

Figire 2 Sirawherry fnin defermation ted, [A] congdession
trom ke werbeal direction, amd {B) compression fram the
herizontal directiom
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2.3 Davorminanan of the pervoenuge of feuit deformeation

The percentpe of  fruit deformaton afler
comprezsaon ean be caleulobed using Equation (1)
{ Tatwcy ardl Duew, 20200

£ — 2 % 100 (e

whene o is the fuil deformation (%61, AL is the
difference in sample lkeogpth before and afier tesding
{mm), und L is tho il kength of the sample (mmij
{depending on rhe ditestion of compaction)

2.4 Determumaden nf e percenirge of il moss i
dirmrge

Alter beng compressed, each sample was alved
and then placed on a tabbe for 5 bes do wait dier the
enzvinatic browning reaciion, Furnbemwne, the tissue
dapnage 10 the sample mass matked swicth brown colour
was scperated and then weighed wsmg oo electronic
sl

Thee rako of woter loss () during 5 hws of sworuge For
the wnprocessed frud geoup (contral) was caleulaned
using Equateon (2} {An of al, 202K}
g="4""

"y

Where my, & the initinl mmss of fnait belore storage
and rie 5 e mass of Tesh G after 5 lus ol storage i
b corrol groap.

[

The Brown mass fssue wis associated with the mass
tsmae-of the frun mas damaged dunng compresson and
b pop-brown mass tasue was assogated with the moss
i of the feoit mass that was noed damaged.
Compressed fruit has the sumae miz of water loss within 5
hr= after splitting. Therefore, the m, mass of the
damagsd maes e in cach satple and the pereentage
of dmmaged mass mssue (B} woe cakoulaied 'us-.i:ng
Equntions {5 and (4p (%0 erpf, HO6k

My =Ty — W — My =W WY — (3}

Ro= 0 100% i

where my & the miial mess of fresh fruin in the
experignental group (gl m; 5 e mass of waner o< in
ihe compressed fnat afler 5§ hrs of stomge (g}, my s the
miss of urelamaped desue mass i the compressad frum
after & b of storage {ob, My =8 the mass of tksue mass
damaged in the compressed fnEt after 5 hrs of storage
{13, ani K 5 the perceniage of the mass of domogsd fron
1mea nffter 3 his of staroge { =),

25 Frartseal anodisis

Two-facinr onalysis of varionee [ANDW A using
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(i

SPSS (Stutistical Prodwct and Serace Salutions | version
16.0 to amalyse the mtw of fissue damge o the mass of
strawherries © between the  verfical  omd  hoszoind
directiors  allter bong  compresssd wwbh dafferent
cosrpressun speeds amd leveds of comspressibiliy. The
difference was considersd sipnificant if the probability
waliee wog lese than 0L03 (P05} Ansar of ., 20200,

A, Hesults and d scusslen

A0 Effect af compicsnian directan an il mise e
danage

Frun comspressed fram the vertical divection showad
fess tixsue mass damape when compared oo the
harizomtal direction  (Figune 3}, This is presomobdy
bz the strawhernry fruit iz elliptical which cuess 1the
curvala e conlout b the bodaontal diection w be mucl
greater than m the wemial difcction, As a mesalt, the
number of colls compressed mihe borwondal divection is
mrre Chan b be vernecal directbon and the damage in the
hanzontal directiom s greater than in the vertical
dircetion. The resulis showed  that the compresseon
directiin had n mgnificant effect (P0.05) on the fruit
mass Mz damage.

B W T S —
40000 00000
By = i i - e R - -
Q0000 00000
=l i Ly - s s - =
‘00006 02000
Figure 3. Fruit mns tesee damage afier compression, (Ad,
A2 mwl AN} compreswn rom the otz dirscbon, aml {81,

B, aad B3) compoession from the bortontal dinecion at
ve b ey 2, &, arml & mimys

Fruit mess Oessws domages abwoss ocous in oas in
divect comact with the probse. The mass tigsue damage an
the equuior = alwoys greater than that in the frun stafk.
This wias celated o the carvaune of tee frufl comiur ag
the ecuubar, where ithe confact surince was smuller than
that of the frunt stalk. These resubis weore I agreement
with those sepocted by An e ol (303N in whick the
percentage «of froit mass tissue damage was lower in the
fruit stalk compared o the mass tissue damage that was
ner e probe which sas compressed ino the vertical
directin.

Abthe beprmining of the keading. the suter mass fissus
mome guickly receives b compnesoe force when
compressed from the verticol ditection because the outer
lawer was chose o the fruir flower. When compegssed
frum the bodamial dicction, the probe caens o
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campressive foree om the oaler mass isswe Therefare,
when the fror wae in the phsce deformation stage
duning compression, the peak force was higher fam the
vertical than in the horiznaial direction. Hesides, becaose
b sirwwberry wae elliptical, the curvatme of the froi
fromn the wenbcl was ooch smatler than the comour
fmm the honmronial. This shoows that stenwberries are
e - AscspiEhle o mess tissus domages when kooding
was Carried out froan e hodsorgal directson thian Dom
the vertionl direction.

At the tmee of looding the probe was only able bo
copnpress & small porion of the mass nerwork that was
from e wverieal ditection and compress. the mass
nebaork more widely when bading from the horizntal
direction, As a resuli, strawbermies 1l eapensence a
teendimng foree fromm the horlzeaml diection show' a kigher
rosistance  than from  the wvertical direchion. These
findings inelicate hi the percamiage of tissue damage o
e mase of srawbkeries can e minenized Of the fron
was amanged vertically in the package. Smmdar nosulls
have been found by Sadmin e @ (M0ER  for
watctmelons, Lo of of. (215} for tomatoss, Perez-Lopas
edad, 2004 for peaches, and Leu e al (2019 for apples.

When the fouit was compressed, b frait olls m the
b of The probe expenence  a lizh oompression
curvie, whibe the adipeent cells expericnce tensian o
bendimg. The direction of compression has a slgnifican
effict an tlssue damage io the P mass. The damage to
the fruf mmss bssue woas greaker nothe honennial
divection than o the vetical divectknr, Compiession
from the direction of the vertical direction produces o
combined mechanical response between  the  Burt
gractune and coll tssue mass. However, compnession
fram the direcoon of the honzontal dimecton of the
mechanical response only resuhs fom the strociure of
ihe fPubt These resulis wene bn aprectent with those
repoctead by Li er wf, (2004) in which the compression
from the harizantal direction anly provides a mechanical
rempans from the dense mass of bismsienal nssue 38 a
result of which the Fruit cell structure becomss woak.

Thiz findivg was vary useful becase evaluating the
percentage of fuil mass Hssee dunage was tadious and
challenging v prodice sccarmle dat, whereas the energy
absorbed waes cosily mensured by sumply o conp ressive
test. The same thing was revenled by Mimei-Ashion o
al. [H19) thot the tssue damape to it moss was
closely refated wo fruin mechanics which can be measined
quamitatively osimg  the parnmeters of the energy
abanrbed,

clB8M: 158031 62

Ir Efect af compression speed an it mires fieane
Jn.lrlrr.l,gf'

The abservational data shasoced that the compresson
cabe hod & significant effect on the tssue damage te the
it mass. Froit suffers o bege percenizze af damnge ar
high Eading speeds. Frut compressed from the verticol
direction and the horceontal direction alwoss had «
gresder percentoge of damage ot 2 compression speed of
& ani's than & 4 and 2 mimds (Figare 43,

= Vientical s, 2 ey
LT = Wemenl ias. J s
3 - Wetiond s, G ne’s "
i 15 | +-Honmoinial asis, 2 s = z
i & - Homriisl asts, 4 miins & -
g | s Homamilil iois. & muinw - #
=" 15 | - e
E : : :
5 19 o
- -

o . =
5 bl pd Y

i 5 I I8 1 T L]

Percemmmps: of coseasai| "

Figure 4, Periemage surve of [Tuil ass fssws demegs ot ihe
compresion mieol 1 4, asd & mnvs

Tl mesulles of ik asalyss of vanance show that the
F-count vahe (7HO%] was greater tham the Foorit vaine
(27700 Thes weans Chat ibere was a significant effect
(P05 of compression speed o the damage o frui
mass bssue. When the frus is compressed from ihe
directin of 1the vertical of hortepoia divection, the
damage o the fnut hssue al a compression rabe of & mm!
= wus nbways greater than that of 4 and 2 mmd's. Thes was
presimably bevaise when the frull was eoonprcssed, the
mass tissue of the frut experences o volume reductson
in 4 shoert ond fast tme. Conseguenty, the fmi peevides
a high defensive force to the probe becanse the impulscs
applicd are the some for all compres@en mies of 2, 4,
a6 s

Anather thng that noods o be cuprossed was thet the
strawherry fruit was elliptical ond when compressed ot
high speed., the compresaed fruin eclls pet bigeer (Figune
Ap The perceniape of denage gadually ncreases witl
ncreasing  compression spesd. The phenomenon of
ingreasang the pemcentoge of frum mnss tisswe damoge is
simbbar o the resulis of stodbs reportal by Kolydma o
af. (23} thot the tEmie moss of strawhernes when
commgressed at high speed always shows large tissue
damage. The tesue domnge o the mass of Sewherries
compressed ot high  gpread was  prester  than  thos
conmprzasd al low speed (Smgh e of, 2004) Thercfene,
the process of digrbuting fnait from agriculuml land fo
markets peeds to be dose cavefully 10 avel collEsm
Basad on teese resulis, i1 was mecessary o consider the
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compreszion hoad threshold b maipain the qoeal e of the
fit during  posi-horvest handling, pockaging,  wnd
T R T

3.3 Bty o commpresaibifiey feved om fudd s Rl
dirsmirge

The sudy shawed that the comprescbility level had
a gignificant effeet (P05} en the perceriage of From
neRs Ussue damwge (Figure 3% AL tbe begiitning of
camprezzion, the percentge of frus mnss Hesue damage
mergasas rapedfy  and  then  decrenses showly. The
percenEage of (sl mess ssue daksspe hat s inodisect
coptact with the surfice of the probe conkact oreas
icrensss pradully during losding before  pemsnent
isne damage ooourss Likewsse, the nomber  of
compressed cells increases gradually, und o the end, the
fait wklergoes 3 phuses of deformation, nomely elastic,
nlestic. and permuonent mass tissue domage. The three-
phase deformation of the fruit during compression has
abo been explained by Moo et al (3003} ihat when the
fnait coltides with each other, there will be o change m
ahape knceaen a5 plastic deformation, elastic deformation,
and acomhimaton of Both, ramely shapse deformation

Rasedf om the nmalysis of vanance, it was known bt
the F-count vabue (430571} wee groater than the F-Crit
value (3.5} This shovas tbowt the Frun has difenam cedl
structones due to the different physical characteristics of
e doet with  differest  losding  dercetiors. This
phemwimenan is mportant as the basis for debomaning the
it transpon design meadel.

Collisions always ocour dunmy posthamvest handling
anil tEmnapartation because the fruit of the botom of the
cantairer can be subjectal w additional compressive
forces from the container. Froit mass Hssoe damage can
oggr i the compressive foree eneceds the threshokl
sireneth of the fnil mass tssee. D 1o s viscoelastic
nature, the mass tssue of the fruit cin be damaged even
with the slighiesi impact bui eoours repeansdfy {Link o
al, I0IHY The compresiiod imovement thal oecurs
repeatedly carsiss of 2 madels, namchy compression
bevaeen it and fruit smd compression from solsd o
fnit

2.4 Srrawterme frudt deformeation

The study showed that during compression; there
was defarmation and the surace cenlet area merenses
with incrcasmg compression foree (Fynore 51 This
phenomenan can be ilfnstroted 1ming o circubr contoct
plone theory approach, whess the sk of the contact arca
is smalle more than e radins of e contsel sulace.
Jubanbakhshi or ol {2008} hayve explained that contact
plane theory can be oused oo prediet the collision
Dehavions Betwee Toround pheces dirking sompnession,

clB8M: 158031 62

bt it & difficuh to measire and valldaw the compressive
forees and  fruit  defonnations  that  occur  duning
OIS

|
W |
| I
8 i i
E 4 | fua
h | H
= Is - it
£ "
L] i
£ |
il in m = 1 L

Pervominme chefrommtum 9. |

Figure 5. Delommaten ams ol e smprescd: sinmdbemy
fluk from e vertical direciin al differss speeds  sd
compreszsibilny kvels.

Thee compacssibilay kovel was 6%, U defonmmbon
purve was close 4o linear and no brown color appeared
o Ehe Tomgzitudival equatoriul pact of the frui at any boad
iFigune ah This showed ke the compressibibn level
wis 6% @ the alastic defenmation hmi For compresseon
in the: direction of the vertical direction with velegities of
2, 4, and & mm's, Befon the milection pomt, the
defommation qurve looks Bosar, Afier the inflection point
was tenched, the defoemation percertage ne lomger
mereases, akhough the leading foree terds w0 morense.
However, the perceptage of bmown cobor m the
longitudital equasorial poetion of cach sampbe inereased
very rapadly with increasing fnait deformation.

L]

| 124
1M
1 | 1%
P | 1"
E m| ! 3
7l
é 17 ]
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g |
| 2
g kK 1 1
il I b | l id l

Pearrmiiee el o bon S5

Figure & Deformation  corde of  steodemy which s
oomprewsad fom te bonzontnl demcxm o difforent spods
wrdd coampressibility levels.

Figure & shows ihe  deformaton cove of a
stramvherry frull compressed {iom the horgontal brectson
at different speads and degnees of onnpnessbadiy bavang
a stmilar pacern % the compressed sample from the
vertical direclion, where the deformation of 6% was
comsadered the elastic. defomotion B, The indkecteon
Pkt Wi segn a0 8 compression speed of 2 mm's and a
compressihiling lovel of 6% The point of this curve is
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the limit of the plasice deformotion susceprbility of the
sumple o the load from the honzamal directson.

The compressibil ity bevel of 24% wos the limirof the
puercintage of plasic deloomation that causes danage w
the mrer bssee of the fut when compressed from the
hoqzeatal direetion sl speeds of 2, 4, and & o'z, When
ihe compregabiliny level was more than 24% &l o
campressxn spead of 2 mmee or 30% ot a compression
speed al 6 mms, the pereniage of frun brown increoses
with the  inereasing  percemtage of defemnation. [n
contrust, the percentage of brown cobour deceases at the
lomginedieal equotor when the compressibiliey is less
kan 24% af a comprossien ik of 2 mme's or 20% at a
compressin mie of 6 mm's. The =ane study had
reparied by Bramn and eanew (20200 that the dafference
in catcome berw een ool Biees was meng pronouaneed of o
e damage percentge. However, the datference
herwasn the three cell myes chews o waration of not
rsiee thar &% and the highes percentage of damape was
aroneenl S0Rs,

Amerther inerestmg phenomenon dunng compaction
was that the combined mechmecol responss betwesn the
it strocture ard the mess tissoe: eells accurs in the
vertical directon, whensas 1w comprissien Gom the
homizomal direchon was  only  obigined from the
mechonkcal response of the Fruit soactune, 1o addition,
il Frust undergoes 3 deformation phasis, remsely elastic,
plastic, mnd penmmmert mass bsue danege. In the dastic
deformagion phose. the fruit has pet been domaged. As
ORISR 1 INCTeAsEs, Pemament  mass  is=sae
domage begins to cocur. In this phose, the frunt cells
hegin o break and break on ihe skin, cousimg damage o
b Fruit atraciure.

4. Conclusion
Srrawiserry  frulk  wodergoes  thnee siages ol
deformation during  compression, namely  sastic

deformscion, plesticiy, and permanent domags o tssae
nigs, . Thie amount of erergy absofead depends ai the
directiom of the darection and the speed of compression,
wheteas the percerrtage of mass damaped depends only
ai the dapecison of the compression direction. Fruar miass
taeae damage i preater when eompressed from the
honizominl  direction  than  the  venical  direction
Compresedon from the direction of the venical directon
produces o combined mechanical resporse hetween the
il swwetire and coell Oesie smass However, o the
henzeatal dimechan, the mechamesl regponse results
atkly From the fruil struciure,

The puber muss Hasue of o soawbary is more
susceptinle o damage than the deep mass fissue,
Therefam, the poat-hanast  handling  process  from

cl88M: 158031 62

agricufhmal land te the hande of consumers reguires
gertle hancdbing 1o reimain P guality, The pacenisge
of mass tissue damage of striwhermies can be mmimired
i mrrangad vertically en the package. The perceniape of
fruil mass fsase damage chimped from this study can be
uwad Ee predict change: in frud walome
destactiviely, These Rudimps provide the mformaton
needkedt 10 develop a primary padaging design Ul can
provent damage wn the stemwbermy mass tissue.
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