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Abstract
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devel oped robotic sample preparation prototyrg
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The platform exhibited significant <correl a

reference tests (0.79 and 0.55 for sedi ment i

duplicate measWhielmenwisi t(e @Pa@Bii) ole efewsrstr teark art @ D¢
the results suggest the potenti al to provide
platformdbs novel ability to monitor sedi ment

for rapidf sdirep®Bheiglbedwitngydagi tation resulted
hi gher sediment height than shager a@irteahydma t
may yield different rehydration qualities. Re
anldower amplitude to agitation in the swir/|l S

could inform future updates to international
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(Renfrew et al ., 1 20D08; d&wBDgm&skod® pi mi mnal bpe @3t
bene(fMatrst i n et al ., 2016 ; .ThTohreprke fnosroen, alnAd uKnhda
quality control to ensure compl i(avrecd iwi telt nmadt.

A kpgwder p B dgseiritiyty to completely and qui

rehydratedstbdhoam anbdomogeGoow!l spl et i ah. , 2016
2023 )However, It Iis challengdHogekampchndv&chii
Vari ous rehydration stages I nfl uence powder

di spersi bi |l i(tFy,r ngyn ce.ts ®h a b g R&OtIpMt)y of rehydrat i
factor s, Il ncluding water temperature, energy
met hods (the processing steps and conditions
sttcture of the( Ppirtodpaterdi cpko wadteral . , P2wWder, s Fwirtn
rehydration quality can exhibit sever al unde
excessive f(%ma rfma matt iaanlrd. ,p e2rOsli2s)t ent{ Tankd kaseh\
al ., 1 B01L8¢ prepared mixture.

Powder rehydration tests used for gual it
st andar dh osuesde omfielti et Ky, 2012;. Sthaixc&k tedstad .ar
measure powder rehydration stages or attri buf
sedi ment( Shalrumme et Hdweve2r0,12t)hese met hods are
sample preparation and visual i nspect(iMunni ri nett

al .,. 20i&dnefore, their results may vary depen

24



(Schober and Fiampgatheclub2edb) ve i-nebydratat
(Munir ettt ails ,nedelsrg)ary t o standardi se measur e
approach to all ow objective (cMumpiarr iesto nasl .b,e t2n0el

A powder that rehydrates wel/l i n a | abor at
by awsemd (e. Fangt ethodk)er eX 0 &), during rehydr
to consider the realistic conditiofdeantdet wt
2010; Richardl mts aime , suz®Bxix@¢ § er eheesndre taken
rehydratingethe, pobwdegd Heotwvweabr , @aesgpite certai
guant tufsyerened r or regarding thd Romeuwnktr aozorgd wadc
the water (Gemper at utalter, e 202t )been no systemat
agitation to detsermiagetwhetomestghe affects re
agitation preferences may be influencede by n
powder réRadrantoat al,. ,0r2 02l ;cuWHQ,r a2l @S h g a& o
et al. ,Qraéartliufsyeirngodand e agitation parameters
amplitude) and understanding theshobh&thdaddr enss
to provide measurable insights for regul ator’
recommendatusens ba epddi mal( crfe h ydrrateindan egr ad t. i,
A studyusodfotadmdet ati ons would all ow manufacturt
rehydrati dmasl ehuwsa eeandds . | t optl isopgréoediupcst iioann pr oc

evaluating bhycbbfpeotsti serbdiscbypa pll iec mebgrietigeetnitaesn (e

using robotics). The number of studies charac
i's currently limited, and none appear to ha
Therefore, tfhec hanpaaottemicei nog bottle agitatio
understudied despite the fact that I'F is a p
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sensitive diBa&kshve es$ yamide ndse20 23) ons from opt.i

could adveuseignfFetenergt al ., 2021; Renfre
To address the subjectivity 1issue, some r €
assessing rehydration quality. These include

measurE@meneéet ,altuyr RiOd({6@ag)i asreinsednngd | st at2i0cd0 5)i gh
( Mi mouni et RBRM (2f000@uUsed beam reflectance n
resistance( Xuw neotg rfaadp. h,ym)@mwi2t4gr i ng t he rehydratio

(CV) for d(iDsipnegr séthbibangy QUOU28bYygeg2t008BHat t hes

particularly those which incorporate a mix of
and reproducible than traditional qualitative
rehydgaal omy can be increased.
Chapmansggg@es8sy)ed that robotics can increase
| aboandusepetitive | aboratory procedures in t

Robots are expected to be employed more often
mor e affordabl e(,Chaanpdmamo,rlel OnBoddjluiltairon, sever al (
devel oped for the automatic inspection, cl as
(Aggarwal and M&rearn, | 20 k0; abanz a2 ;etSadla.z,ar?2
et al. ,l ”20dé&ntrast, only a | imited number of

i n the analysis dfDilnfg pdwddr. ,r 0y2dDrbgt iLdroyd et

1. Research Objectives

The purpose of the work described in this the:c
platform using robotics and CV system to ass
hypot hesi s was that CV al doyr iguamst icfoyu |l fdo abme hue
height, and undi ssol ved particl es, after st

approaching that of manual vi sual i nspection.
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The key research questions addressed wer e:
1.1s it possible to develop an automated p
commercially avail able baby bottl e, aut oma
to quantify key rehydration attriblbeeba@abyVh
bottle is to provide similar conditi-wanesr (e
during rehydration.

2.1s there a relationship between automati ca

| aboratory measurements conducted for C he

e X

au

S e

be

re

5.1 s

au

pected that the answer to thisamgded®bDwor
tomated measurements can compl ement or 1
di ment , and unhydrated particles. Additi
t ween the automated measuramenmmayampdovh:e
sights into the rehydration process.

it possible to develop a predictive mod
automatically quantified rehydration at
mul taneous!ly with esti mat ipnogs stihbel er ethoy dsraas
sources by providing poedumi ngel absrghos
it possible to characterise human bott]
has been reported that different peopl e
e same instructions. But whpaar taibcowlta ralgyi t
ergy, differ significantly between indiyv
t he darspea,bleée bédImaghydr ati on.

it possi bl el itkbe g emcetrtaltee aichiutmeatni ons wi t h

tomated measurements of rehydration qual

humanke swir/| and shake agitatiosis@nilfti cwc
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The

di

re

.0On

.Th

p o
be

.0On

ro

.Th

fferences, however, any possible differ

gul atory bodies) agitation styles that f

. Bhesi s scope

cope of the thesis was I imited to the fo
| v -Istiamgfeant f or mula powder was consi der ec
roughout the thesis, deionised water wit
Il quid medium for rehydration. The vol ume

nual |l vy, not by the automated plabohor ml | &

ensure consistency i(ncfwatGrri bvbadleu neet waansd. |

Il thin the scope of this thesis to examin.

|l umes on rehydration.

en though some pilot plant powders were
s conducted on the effect of processing
ncerning this are based solel yweomprbdhbae
wder s. The scope of this thesis does no
t ween the processing parameters and the
l'y one type of commercially availabl e be
bot .

e scope of this thesis included the des
ncluding selecting all hardware compone
tegrating them with the robot, afishuamafnben
kedo robotic agitations. The robot for tt
|l ected as partAldfhotulwd ¢ Wi semtobtoh e cciowu.l d
I tation paths, due to itsh moherfrtequearec
celeration change in the | ear neudp tvrearjseicotr
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Thi

of these paths to achi eve tthreajsebreo tahge stnactri
the robotic agitations used in Chapters Th
O6Shea et. aHowev(e2Q2lL)he programme was i mpr c

with the developed vision system and to ro

.The automated measurements were based sol e

attr,jjamadt e dhe robot used only an RGB camer a
of other types of cameras (such as ther mal

(such as wultraviolet or infrared) was outs

.This thesis investigated the effects of swi

as described i n (tWeOWHDOAVM)ihtoaigphapgeédrer e may
agitation movements in different( Oddthretar ieds

2021)xamining their effects was beyond the

ot was outside the scope of the current t

across different demographics. The partici
i ntended to represent a specridgicverro,uporofpe

di fferent cities or countri es.

. Bhesi s contributions

s thesis contributed to a better under st an

.The devel opment of an objective rehydratioc

through chapter three was, to the best of

analyser that combined robotics and a CV s

.The devel opment of modi fied |l aboratory t
performance of the automated platfor m. T h e
performed better than traditional hestoat
would normally pass through the sieve in t
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.The

devel opmeganeafat ddgirtedlelryence i mages [

participantsdé ratings of white particles.

themsel ves may be usef ul I n futdur @ eptriecksieand
range of observations that could be made i
subjectively.

.Obtaining deeper insights into rehydration
results with those of the | aboratory test
I mportant factor in rehydrationstprecepsin
rehydration process, before it iIs wetted.

Devel oping a predictive rehydration model

met hod than the standard test) based sol el
devel oped platfor m. The platfor m ctoiunhed fnoorn
first time in the |iterature and use this
predicting sample dispersibility as a rapi
Characterising human bott-bUsemngbtagi basi and
shake and swirl agitation styles. This stu
agitation parameters, i n e@darhy ciunmairvitdwea lagr
have already highlighted the i mportance of
scooping behaviour or the water temperatur
.Devel opi-magusaen ment hod f or |l earning the domi
participants for swirl and shake styl es. L
humans, this method provided a bsoithhg!lsewirre p
shake styl es. It enabl-leidk et haeg irtoabtoito ntso i me re
objective manner. It was demonstr altiekde fsowi r
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Thi

agitation results i n Heiskse dsihsaskoel vaegdi tsaotliiodns

results, shake agitation increasessrtshe 1| ik
. BPhesis outline

S thesis consists of six chapters intended
Chapter 1 (Introduction): provides an ove
research questions, scope, contributions,
Chapter 2 (Literature review): revi ews the
for 1 deal rehydration and emphasises the n

objective and automated met heodl.atTehsits aphpalpite
for objectively measuring rehydration of
powder s, or a wider range of powder s, suc

| atest robotic r eselairkeh0o inmosvpeama&so rrmeivi ge wiekldu r

whet her these techniques could be applied
Chapter 3 (Platform devel opment): focuses
quality estimation platform by i rhtoeugsreatG W
system. I n this chapter, details &r avapreovii
a commercially availabl e baby bottl e and
Additionall vy, It contains the method for d
to theapbobhoed i mages of the premdarnted sfean m
hei ght, and the number of undi ssol ved part

performance against the ratings of eight p:
used by the automated platfor m.
Chapter 4 (Pl atform evaluation) ai mad¢itng | i

t he pl atf ornm Gheavpetleorpelchr ee t o traditional t
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(i) evaluating whether the automated qual.
with the traditional | aboratory measur emen
and (1i1) devel ogirngea mopddl c thievde seaatsautr ee se
based on automated quanti i incathiicshwafapft ehl
traditional tests needed modification to i
automated estimates and traditional me as ul
process.

Chapter 5 (Towards standardi sed character.]
agitation) sought t o -ugsaeirn bneehwa vuinoduerrss tdaunrdiinng
iI's a critical consideration wheygy dewasluopm
met hodol ogi es. The <chapatnedr ainnvioMWwe g eerassa rd g
participantsd hand movdnedhawsardaatr yngadohtee
contingenamymrnoevaesdurtien nec es s a wy roas f ft ihgeu alraitn eyr
foarnal. Yylke skey attrbodtetgdet adfi omsmavrer e i dent i
demonstration technique was devel oped for

swir | and shake boftst lae i satgii d i@l Wi ybannk e @ rymr ed d
agitations. Finally, the chapter used the

effects of 4dikfedr agti tdahuomas on rehydration
rehydration qualitywivwoulad db e regfuiltath cmtgh booam
Chapter 6 (Concluding remarKks): summari ses

for future research
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Chapter 2: A review of qual
powder rebymgageolpgnol ogi es

A manuscript based on t hsiusb nd hsébp wend 4i0$ nb &iomg [
Technas$ogy
T Mozafari, B. , VillAi mgviRw, odndua@adbhega,asNes

powder rehydration using emerging technol o

2.1lntroducti on

Most food powders must be mixed wi(tFhi twaptaetrr iocr
Ahrn®, Reh)dration, however, is a complex pro
(Richard ,etand .i,dentli3gf)yi ng these parameters a
chall eHggegamp and Schubert,. 2I0t03hasSeboaeanul yag
use of emerging technologies for monitoring
gaining a better under(sRamgientg alf. ,po2n0d0e&) r ehy

The present chapter provides an overview of
aspects of rehydrationheiqual xt wgof atnBanpihepghy
it reviews studies that attempt to make mi Xi
met hods for objectively evaluating rehydratio
i nclude dairy, f ood, plar noacheeurt iscianmi)l apro w(dee.rgs ,

regar di ngpopploitceanttiioanls aipro wde fTdaret pfuompmslea of t hi

overcome the |l imitations of existing ¢obobwdiees,
the | imy ahdawer resul ted from i nhedriggntt ad h aslaltd n
the vol ati I& trye goui Dema mstescrtidgret al ., 2018)
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The chapter begins with highlighting some ¢
highlighting the review questions. Robotics
technol ogi es itnhadurarreentt rleintde rnagt(wWlreemaaon i hoo et d i
Meenu et .Rdbot 20e2alr)ni ng f r wmia®l raxshati rqautei otnh at
i ncreasingly popu(Raviianhamdart iiests dailsscaias@eie) bl
for performing realistic mixing. Then the cha
the potenti al benefits ofFamg egtr adli.ng 20®8 ,gi M

address current research chall enges

2. ll."Mportance of studying powder r ehy

Most materials manufactured by p(rDewislsl @ natusa
Mi xing powders with |iquids is aapplmppétiaens r
2012)For ex afmpd &el omultyhee de tu(gisih a d k & 0t3 )dark dsat,ri 1210 1
(Duan etiattust Rr0O8) understanding potwdeermguerhy

t hat mae eg.i al sut rciatni ocbne odreldrvdge)lngspowdemnddd

expected delivery time and dilution).
I n the food industry, drying has been a t|
processing, packagingli fetoamde!|l daInncoeaspte d

transportati{ Bahmaén.,prT2h0ed @xoswd @ mr efeédodofdo rine ogfopul al
occupies even | ess space whipcrho daald@dehrasn cdann in ge f
201 3; Ski bstedseta ales,ul201Q@)hroughout history,
fl our made fr aoml ki fpfoandesgpt] cgersa)i diesa,ved olpean f or i

d ome s t(iBch aunsdea r i et al . ,. 2013; Kelly et al ., 2 C
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2. 1FRo2o0d powder rehydration

Domestic and indusotodi parwe elansialacdantoisd & agiewg € r s
first be di smediVead gi.n avaltefi bpdtorriec ku.seefrd oAhr
powders may contain oi/l ands ooltuhbelre ,i nwhriecdhi emd ¥
i nteracti(dHmgekfimpc waintd . Sdhubesr tt,hex0e0f30)re neces
di fferent food particles may be given the opp
(Bhandar i et al ., .200h2; ridhydy aeéi oal pro2668) c.
mi xing conditions, as wel |l as the chemical C C
(Richard .#tor ald.iffofpeddveddeirtsher e may be a di fferen
temperature required fordapgondickgaod bowpmetlk
present | gFthepapowidek et al ., 2016)

Food powder rehydration i s c drPsaird ehraescar a b |
Anandharamakri Sheaproé&d4dg)has mai(nlliy ebte eandb .c,| a:
fogFang et al ., 2008; Ji et als.t,ag2®kl 6 bna med hyo
sinking, di sper(Bi g@g)ddasdmidngsbhatnghe | iquid
remain undtengpednuder performance at each of th

its rehydn&tcihar kqgwdl Hadlwe,ve2xQl2due to their ove

i ndependent(ISy |l iosnudiyfaf iedc¢ulatl ., 2023)
C H H I
Fi g2d¥YRehydration of powder particles is typically characteri

di ssol ution
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Further to theHadarndwi dtamadlo pma xdd BT )eolee gyand Fi
200megnt ieareldi er , powder pr ospiegrntiirfe $ceatmigenhmys bl av teis ¢
prodeMasum et.There 2D2€&Yyi dence that powder beh
I's i nfluenced bdye ppeemydsaimdda |c h(esnircuha tp §ncabgnmpto s & it i o @
the poSvdlRrober and Finefpatredkt o 2895physi echem
chemical/ physicodlKemil galet. pdlb.p,ee 2 h&a&)e been S
Il nvestigating how powder producti on me(tkeoldisy c
et al ., 2002; Kim et ,alas, we009;asVihgomo Iploensd eert pa
can i mpact t he( Anredheyrdsrsaadn oent satla.g,es2019; Forny e
and FitzpatSom&k ,oR2l0®d5)studi es have attempted t
with manufact(Fehbowlarameakers 2020; Ji et al
Rodr2guez Arzuaga et al ., 0202T;edWeartnctkhee aned yK

optimise the powd&r mprbduoehnortqabl it 2015)
2. 1ll."3p.ortance of i nfant formula powde

As mentioned in thesiatmadutacbunrettapoed, dé&i
substitute wimen khumamnnaaveaadtabl e or insufficie
bi ochemical tohdaruaatme f(bikfisetaisctst ended t o provide
i nfants from bir(Bakeht heeealear 2088 ; aghhiosmp ki
particul ar t ynpaey tofe fsomlde psoomdreteeniyof amtus r i whioah f
significandc®&aevemadr datae.e nf cers tPhriess sr,e a2s000M,) i t
governi t¢gFRod2e€24; Choceax, RDABBI oBBRI yr,adtfehd Fpr
powder conti mMlhes stectiomcrnesape.oj ected to grow &
over 10% between 2022 and 2030, driven by i

mal nutrition cases;clppsaematruwrwa nigi ritnhc,o mmisd d laen c
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nutr(iBalosnihi et |l al h2e0 2210 @ X a | | F mar ket reached

Paci fic | earddsn g xiprecseaeldest,o surpa¢®8R1720@3bil |

2. 1ll.rdp.ort anceemydr ati on of infant for

An i mportant quality par anfectfe.r Sefl olnfu liysaf eetis a
nut raansomgni fi i mpamwiyledmpr ope(Feehydndt Fahci , 19¢
2017, Renfrew et ,alpagt en0tOi3a | |WH QcSauugsti 8nrg) adnedh yadnrd
1979)adi(phlstiaazyan et al ., 2 0 109; rFeadrurceimtg efte eal .c
del i very of (fiartcheet edd smswtlrvieedntssol i ds i n )watthkeus a
compromi sing(FbAan20394 owkFdin and FalcThe 1899
gui detlyipniecsal sywaknhsagr oct s Wigarotulnygi t hehdopowder

di sso6MOBEd 2022;:, WHO, K2®A@dterreduce the risk o
(Grant et al ., X024 WHOI a200adApitation styl es
geographic@d Sheagi onsiatl .has20Rkdgn shown t hat di
agitation styles may resul't i n (WMaorzywifrag | ammd u raf

Schober and FEitzpatrick, 2005)

2. luUnslesirable infant formula rehydra

|l deally, the rehydrated I F powder (shouPdOseekupg,]
and compositional pr o(fCrl ewlody /p r7obt @ Ynisc ea,n di tmi in
possible to observe undesirable (Rhydchy, jaodlh
reducing one may reqWMotzaifrariinkengz#de 1 g 280DRALt) keesr

the undesirable rehydration attributes.
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Figid2Teree examples of undesirable rehydration attribute

Any foam or poorly soluble powddMasium réehadrat

exampl e, undi ssolved particles, including dam
rehydflatopd et al ., 2019 Al Boi,kk dhreenm edteasle. 0of2
can be | imited if the powder forms sedi ment

di ssqlFaendy et. alf , s@loddipl ity, which can Dbe coc
rehyd¢(8el omul ya, et sapopr 2623) nsufficient ener
sedi ment (mayzpatmick et al .. .Foanieé,g Mesz afnart ih ee
rehydration attribut e,Hugpspeirtt zmahy Olheddad d tde eanerdo
to infapbpba¢leemadahsceEvah.th@Q0dB)energetic agit
solids, it may also result in a greater amoun
of air dur(iMog ad cuirti aTehtw sa)l .p,o0 wd0e2r4 )r ehydr ati on s
with the | east amqRntchat dagteamphas i2rnBddgy he

understanding how powder physicochemical prop
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2. 1Sc6ope of the present review

This nlarraenawieew aiems$ ol iimj tati ons of commonl
i ievalrucabtoet i cs as a means of obtaining repeat al
use of computer vision techniques for quantit
i V) expl or bothdogwethatmaom techni ques may be tran
techniques such as Iteoarorbitrag nf rreema | d esmha rcs trreahtyida
enbser bottle agiTle ioeavibewawillurfinally disc.t

associated with integrating emerging technolo

2.Qhall enges associated with unde

To evaluate the rehydration performance of | F
standards (such as | SO: |l nternati onal Organi z
Feder(aTtainronme), olr@@ e met hods, sOhesemkyg ded@l dDpe
by manufacturers oucheas® atr ltd Ltil eosyttdi deat ¥ Hardwnds\e(ad Qbly
using these methods, the main rehydration st ac
subjecMurnityet al ., 201&ndRwmpihl 3 i mé Meat ralpea
2017, Pi secky, 201 2A1 sSteww o Mmulhg acemmanly 2O9ed)r
subjective tohddcoen daircd leydd tashcvmed al ., ,20h®;r ePi

uncertiamnadityg the source of .oblredrevead amehyndr athi

Il nteraction between water and | F powder s r
mini mise the variation in the nutrit{(Bomrbhr knd
et al ., 2018; Hardy et al ., 200 2; Schuck et a

Usual ly, | F powder is produced by dissol vin
and oils in water or skim milk, adding miner al

homogeni sati on, and sprayadm@sisreg kwiTh20 &f 2oyrhmuh
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before drryiimgowmdémdd j ng, transportation, and
physi ochemi(chMds pmogtarmddi,.e,ss R0s2e0quent | y(, Sdhisc k ed
al ., . FROhm6)he producotbfhonmpkeappedsctardn par amet
can play a role in the physicochemical proper
powdeRrodr 2 guez Ar z.ualuae etto atlhe [2a0r2gle) number of
production, it can be difficult to pipnhRiocmar d
et al.Desd»p012) t hdahsee ncahnaul fl acetguersej toyf |hF gphowder r e
understanding of the relationship between t he
final powder rebMadmiat i eh pPBpinhappe Bt0idaddi ng t hese
I nform mawbhtact pr@eaes adjpu o duerep swideelh consi s
rehydrati ¢Mupiopett iaés, 2017)

The formul ations are becoming increasingly
products to meet specific digestion née8dbuaekd
et al ., 2016; . Wdhehereduakd, ppwdé)y contains m
and carbohydrates, as we(é. @as, mAmgdDmijieg ige)ns $ r
cal ci um, zinc), and ot her addi(tMiassarsn iemp oalt.a,
Thompkinson and TiKderamwl, at2i0oOn7 )compl exi ty preser
opti mal r e hy(dvaastuinonetpradc.ess20.E0r 8Sxhmpkeet palc
composition can @Kf mcet iabnkd. ywseoffl Guldom yg i teitymeplr.o,t e O
i nteractions during rehydration(&chdckieg pt
Toi kkanen athdaf oam2Btaf jsatainodn Ku laonzdi kp, o w2dCelr3 )p a |
di stribution and aggl omer(@%$dlmbecrananadnfRintdnpgeat
di sper(sGabialniit yePtr oale.i,ns2 plrlo)vi de essential ami nc¢
be obtained from plant so(Masam( et.chHoavwse v20r2 D

source of protein can signi(fle aaux d tmplaicht o utgh
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protein content can dire¢tliyet mpatche 2@radkbtberihry d

various | F powders may vary, mai nly due to
digestibility of( Masfuner retn Failpsr ,oitretdeérdteydpCtdo o$ up
i nféemtesr gy ( Maesuwm et, abut, 2020hherently insolu
(mainly | actose) are also a vital source of e
of probi dtMac ubm cett.e rail a , 2020)

I n addition to formulation, several manufac

rehydration quahomoygentpdinress ui @acl|l mdenber of p a:
(temperature and ti me), spray dryi atgeagio mdidt i
speed) , powder handling and packagi(rsh amenah ed s
2012, Thompkinson and Kharbllhe2 @@7 ;vaTtaiek kya noefn
parameters and formulations can make wunder st a

Apart from the physiochemitdbtalimsean & plsanlt e@rs | o fe
ti4mensuming, apdngubpegdiicae | vy, human anal yst s
preparation following specific procedures 1inc
and the durati on Padfs emikxyi,RieghQad2 )gptaiucsn nwar i abl es
and time) and vortex for mat(iScrhoibrefrl vaenrdc eF itthzep
Consequentl vy, i nherent subjectivity and wvar.i

experi ment(aHanogutecto neelg.e,n 208&8)ests evaluating t

wett abGaiiatnyi et al . ,, 29i0rbkBbMub eky dizPprEORA) ] et
al . ,, 280818 )g wlaulainlii ety al ., 2005iglchofttktleé¢ wadri
bottl e faagcittoartsi ofhe. g. , agitation time or ener
i nstruments), as well as the | imitations of t

l i mi ted oblbmbegepseffer enge ismaagnedsar di sati on of n
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di fferent | aboratorieélLboddaenl gbts ROHI1OHIit &mn
l i mits their a@pmpd imanufoanc tf(wurli cogdt penio caels.s,e s2019)

While the mixing method wused iIin manual e X |
(Fitzpatrick et al ., 2017; Pisecky,, 2a0 w2 ;d eS cvhac
of mi Xxi ng i metshtdidr@rdieragnt et ,eti mpledd ha@e®) and Fi
2005)and s¢gMicifCiac a hiyo)e th aavle. .beZ2®ml £)mpl oyedt he i mg
ompowderhydr at iVWhn | per oecxeasnsi-wd tnegr pionmdesrract i onns ac
user agitation Kféeladiyolwn iahdnesddéndgrexcent st ui
t hilsl oyd et al ., 20180 ®OyShemakritcaanal 28R4) has
whet her current mi Xi ng methods andhsseomani aigt
rehydration t o atnhdeh emivxairnget me toff o énti hxii envgi nrge trheor
measurements of @Eekhdrast isdbowdtyt di s té ¥cianng bpea r

di f f(iBcouilatr ki nge®epea@ilal, |l 20d@Bbbegd|l aboaht pr263§9)

2. Bobotic systems in food sector

Robotics is one of the keyLezcbmel|l ®amdaIsnd w0

(Akyazi et al ., 202I0t; iMuheuxpgecettedalt.o 1i2mclr9¢ as e
traceability, and consistency, as well as ena
(Wallin, The97®)ood industry is increasingly de

provided they <can hrearkd Ineg  caonngphl gelIr abepckild) iaa re
oper atkiloenrsk x and Rose.KI 20%k&; aWali |IRiem,ei X RPBA)0) ob
recterneand for enhancing sustainability through
Whil e robotics has( Eesxiodtad da ns iamae tGehuanpaf, 9 52€081t
food industry has been rel ati(®Baedegr lamd tRahiumit
Bogue, 20009; Cal dwel I , 201 3; Fernando et al .,

1997, 1995; . WAmeng, tB&1main concerns for t he
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i nvest ment , hygiene requirements, and chall en
and sticky) and size or shape variations of

(Cal dwelTrad20ildhpnal industri al robots typicaldl
al gor i trhumsetf ttheedle pl oyed i n cages drn gbahi red sw4df
Programming them may requi (¥i tbasi d@tl d llbe,rtalt th
robot s (cobot s) ar e d e gni g,rad il @at®ur alnlge vriealtaet i t
component s, more sensitive sensors (B8&ogs., P O

This is of particul ar -siimpeodr teannt cee( pimoin ssenzatl (1.8 MaEnsd)

I n recemtboyear s,yst ems in food processing
applications in fresh produce, meat and poult
have been wused for harvesting, cutti nogf,t ,p accrk

granul ar mat eefifaed st omrbotclt &@ndsuction cups,
all ow fl-axmbbaee pofcki r(ragnuigl aet .sehildpwses28622) a qu

measurement of the fAen@i wee¢ gintdg ®)ti psr erpeeqrutiireesd c

o
D
(0]

i gn -edf e etnar s, papitdlciun g raawmd A e clppl i cat i«

ronment without (cWanpg oeri.saTnhg, of dbdbid2 9geunasl oirtsy

0]
>
<

| oops, robots can be programmed to consistent

—~
T
@D
-

mi er et al . | 200 3; Wa kacrhda uarwet cemhatad . di f2f0e2r3e

ampl e preparation, i nc(lFReari mige rwehl bg hea bnngp, a il §

5
(7]

with manual met hods, they can d(i BRopdraGoeu zaxl peezr ie

Th@l9)mproved repeatcaabn Ipirtoyv e ne stpheec ieaxlpleyr i uns

Q

tests since scooping | F powdern Alndrmauzalnl.glomay . |
advanced comdagmdblse sttleensradaopt gtra sfpoody gtoi f fn
fragility, and (sBuaadfearc ea ncch aRaahcitneirfiasrtd , 02Nt MNa

systceams monitor and regulate robotic interact
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and gELeaddwel |, 2023l nWatnhgi se twaayl,. ,t h222nnay be

consistent powder scooping in |IF rehydration

2. 3Rolb.oti cs in the measur ement of | F

O0Shea etasadless(eadll0zh)e feasappdoxiymateutshagmave
agi twhiiloem rehydrating I F powder. The cobot sir
to right, swirl, and figure 8. However, the s
performed by humans.

Al t hough T imited iIinsedtordsai mygivssf ocusgdoaoigiobpt
measur egmer ampleev,alfuart i on ,66ndaleez qViiadgdi@vyelt o md d
RoboB®ERI ni mi se the vari abepouylhaeg swoadsiod tnet de gwia
with video recording (dua omatmodi temmplhtoenre) viag
MATLAB to measure foaming properties (maxi mul
bubble size). The sensorscoertentdedt empebatude
carbon di oxi de r enheeaassuerde. meThh es Roablst eabi EnEeRdes feild | h g
classify beers based on their quality and fer

Despite thkeeclhae | @efngreeshotti cs i s anticipated
(Duong et al ., 2020; LIl oy.dnettight, 0201%he O
subjectivity of some of the cul(Péstckeghuysdhir)
robot that mimics an expert operat o(rMinsaiymii nectr

2018)

2. Mutomating the rehydration of
rehydration quality

Despite the importance of understanding the

remains difficylSteloomubwyanGudnalitthaetmigy 28t), adnd
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di g{Mahir etapgplr.o,ach@-k7 )grreo vmodmee c ¢ lejd eadntainvhea ntc @ s |
understanding of the rehydration behaviour of

Sever al studies have been conducted on aut
rehydgaalFiatmy et eMal,ugt2ze0d 8di f f er ent met hods ¢
rehydration properties of food powders, with
ot reemmer mehbods devised totbegenpmeuciead idnynnam
measurements and turbidity sensors. However,
I mper f €etngeoends f or specific experiment condi ti
character), samnmidomi dfementdittyipeess noafy froeoqdu icroemnoob
for their specific end use.

To address the | ack of repeBoiadi ki(dh@lugsie ddl s
t wo methods to measure particle size: sieving
sieving, upper and | ower | imits for fine and
i ncorporated the ffowmmd ptamat ctleel paiticlTheygi zi
di spersi-opdditfyi wmdt iiomin powders with 97% accur a:
positive rate of -bfpoe ovihfeinc ptrieadm cpowdemo.ut

I n an attempt to reduce Rtiimpidd@d@hbhijnenp icd d tag t. @ d
sedi ment values of milk powder using manufact
of fline | aboratory analysi s, 13 specific plan
temperature and presisnudreepewmaerat spredti ed oas . T
probability distribution to production data f
trained model could be applied to controlling

Heni han et naksti( @g8tl®d azs efdl lmorad sysemrce or r ar
solubl e proteins. Compared to reference met ho

the reproducibility was affect-adglbgymgoecahtyeddsa.t
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Consequentl vy, they recommended devel opingaa
rel at eldle rsithuadny ,esuggest(ed 18hat powder fl uoresc:
estimate parameters such as powder -fsrtea afgeet .t i

LIl oyd et deaelv.e,]l op2@1%A) mi xe-usdrmhat e ang dni & timaahne e
analmetilsod to objectivel gl gulaps opfayitadgeal |l Isgasr t i
develnepehdd hewas ev al wmat-leau saeg ali anlsar at ory test. v
for sample preparation and computer Vvision wa

t he 1| magienvaanealyusails t hr e s.h 0B edc aaudsp aunsa &hjetnld it sbhehretr e

may still be some degree pofoceslsjectivity in t

There are stildl several gaps i n current I N
repr oducFiamigl igty al ., 2008, tSred oambs g ac ee-ugsfal sy«
rehydcharao(éelnrdyi es al ., 2,00&nd Ltl b df ait| warl e |,

the influence of powdert hpebggdcacii&®kmimpatbéepnepe
2015)Due to the unrel i abifdlpirtoyx yofmetapseu.pgeleyerna rstio n
powder di spersibilit)y( Boaolaelky nhyhaivtes Ibpamt2i@ckl¥ee
However, these approaches al sbe hawdersroaner elsie

systemati c charuascetrern esfay d ot iloafry depneda a tad c. d 9 n2i 0t 1¢

alignment with | ab measurement resu(Bsiarkiaa
al ., 2018; LI oOpd eectt iavle. ,r ehyldI)at i owotr éslt somndat
are sti(MHamredyguetreal ., 2002s ¢tcadoyidmptowaée .t he&O0d¢

production f r(oCGmlbdaweclhl ,t 02 ®1ald)c h

2. Gomp wit etb@arsfeodod qual ity measur e me
CVsystems have also been increasindglDpuomgedctin
202@0nNfdood @cMdc e€Cygrthy. etUntaill ,a20&4®) decades ago

sensors restri cCtvedst amsapp! t(bceaft.f oPoeddoefrnSdeunscterlyp 6
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exhibits a variety @W¥mesthhaopdess caannd (bfPea t cehia Il te naghii.
However, thanks to recent advances in softwa
ubi qu(iMeoeunsu et al ., 2021)

There is considerabWwepbnenguieal tboobfjleet us:

attributes of ffood( Barnads magmr iamud tsurma,l 220 ®4,ucks

2013, Pat el et al .., SWclh2 ;s Wéut eadneds 8Stulng i 2¥0ely3 ) h a ¢
effective quality assessment solutionégPahat a
al . ,. 2M@dR2y food products including fruits, Vvect

produBtesnan and Sun, 2004, Ma heatv ealb.e e n2 0i1n6s;p
Il mage analysis fcool ssuus d a@me, o omtghivhaersest, allh.i,s 20
met hod al so has beeal iatpyp | atetdr it utqausanafi fgai ry
in HmiXlilong et abuntieg®Mg@gorbbmpb, etnlaydraOr2dpdr et
al ., 2019, Mo z ab ad(i Moeszaanfaal r.i, aePt0 2aRl).p, 0 w2d0eZ ¥4 ¥roe h y ¢
i nt egCdgysntgems wi th robotics is a promasdng
objectivity of f(oModz agfuaarlii.teyt eavlia.l,u a2tOi 204n)s

CVcan process colour data at the pixel |l ev
colour, quantify the area and colour of irreg
mul tiple objects, and(Mieanhd SofbeRedBytsitimst
various quality attributes such as size, shap
of accBrasyan and Sun, 2004; Ma Tdita sasld.acsau2 @ In@;n
process using this method cpmpceéesegbsngmagmaageq
feature extraction andMegegl edt iadn,, &a&md Baglr aPsagieft
preprocessing step, some common problems such

nowmni form il l uminatBromns mary ord cdPum,ec2 @@4)
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As il 1 ubBitgk3} etdy piCWaystem for evaluating foo

mai n components: domgptaedwar e,n Yaghat ashefradw.a,r e2 0 1

al ., 2012; Wang and Sun, 2002)
C 1J
Fig&k3GQomponents of computer vision systems: (a) | ight sour
Selecting the camer a, l ens, and | ighting, i s
affects the sysBtreomdsanp earnfdo rSmannc e 004; Ma et al
al ., 2012; WuFoande xwemp,t @2net&H) resol uti on can he

the quality of the image and (Gebeicidi lAdisy,, o
the il lumination should be designed carefully

of the efBromesenanwsteam Sun, .2 Bb4ne PRIt @lheetf aalt.o,r

design i nclude type of Il i ght (incandescent ,
(backlighting, front | ighting, side |lighting)
(Pat el et Rdr. , exXdm@Rl) e, front l ighting is wuse
defects), whil e backl| tsquhbtsiumrg aice w93 e de lidgica erhead

chi cken( Bprioescneasn) and Sun, 2004)

The softwaferalC¥omiai hing di vi MladhinéolLedrmasin
appro@obdashony et Gaher al2l0M9)cl assi cal approac
devel opment and have a | ower computational co:¢
al so be subject to the effects of the tstuirmg.n
ML techniques, on t her @it tmeamggd Iscaarrdt ohroewd e h t e f yno |

within pixels. Howevet at isé ine @a htbhye tshieaes & @ & toime qnu
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exampltetlBey can be expected t o PpA opvoisdsei bd ree atsesr
some machine | ear miasign tyemp roatc aredsle ea riweth indoihf f i c ul
the cause of the weak algorithm perfor mance.
Both monochr craenelasae coé @emrappl i ed i n sever a
(e.cgl.qur cameras for t heer dmedatc tq wad nafy ms presapberdd
cameras for the déBeosinam afdtOfdeangti @@Dr=ighqaste s

have been applied to milk pdwddhwpmer sg&ih@amafed c

al . ,,u2@2@)sound, infrared, CT (computed (tMamogr
et al, ,ar@¥R) (&gl deowel | i VRI3Yt i on a€¥says tceanmse,r
along with advanced signal processi-hgmedeguaks

measur ement s, product dMatkicth@g,ur a&nfd tohmad ieecre® @i2 8

mat er i alispatkok atgheed( @a lodwelt Is, 2023)

2. 5CVWbased sensing of powder or rehyd

The quality of I F powder has been quantified
Munir etussded HyymdrBgpectr atli menamo migt § HiISh g & for mir
Based on the HSI resul ts, It was possible to
they originated-pfrrocre.s sTelde haywtelrsrpse cprremleftdat a8
from the i magneosr. mallliesredda taa swasndard nor mal- var.
| evedcccuor r entisei Pmgitmaixpal CompC€Rhaemmh r Aenadjitua i 8 s (

regression, t he HSI d bted wekieofcesmh iud ga.y tlddmdtc r i

squaregression method was successful in predic
which fsndament al fHonvetviea o a tho pg bpermatuy .hor s, H.
l i mitations in the anal ysi scoonipamieldk tpoo wodtehre rs a

mi |l k powder has a consistent texture and subt
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Ding et wuasled i(nma0g2e0 )anal ysi s to quantify the
They testedl hsttanbr Whdbk(eWMiRinld Bowderd t he pow

Ssi ze cCdqt<e gtodr0i 8&HGM, andem. 3Blbe I mages were cap

mi croscopy, and the geometric descriptors wer
di spersibility waNse wdetearl minrdemi au(sPdn g atdhipmaC A 2 01 2
parti al | east squares regression, and artific
bet ween shape factor and dispersibility. It
particle dispersibilipygrtdidiferseinze ycatepgeaondy .ng
evaluated four powder brands, which may not b

2. 5CVbased food quality assessment <ch

Il n contrast t o hummaas eedv atl ava@aht nioqmwseg s ioeami mgo Vv i
measurements of sever al guaddiesyract { Mezméanegi
al . ,. 20B@2w¥wegver, since they can be sensitive to
consistent and constrained viewpoints (abndigspe
2021, Mozaf ar iTleMsyaslt.ems2®24) associated with
designing and selecting the appropriBtesmah uan
Sun, 2004, Paatse |l i leltulsa g BBt e MoIrXR)ov er , food proc
homogeaedwsalne ati ons in shape and si zéBrcasnpwo:
and Sun, 2004 ; . MWue amhda ISluenn g € 0alsBinsge sa nbye cnaeuws eo bgs
(e. g., urs,i zlei,ghctoilnog, texture) requires an i ncr ¢

devel opment, whicthe(@®&invared r IDes,priatlel st)hese chal

offVin the food industry has continued to grov
contr ol and prdcessanptainMdi Saitni, o200 4 ; Ma et al
al ., 2012, Wu dahd 8bn|i29P18j this technoel ogy
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i nvasive quality assessments makes it an att

guality food fPoodudcihdauisetr tydnle. ag2016)

2. Botenti al gap bet-wsen agt oambted

I n many ( sudaopthtaarsmeas; e ¢ o isanadoipa,u n d e rasntda nndii mmilgeek i n
mi xing behaviour of consumers i S necessary to
(Hardy et al ., 2002; LI oydHewewaér ,v é#2d0elmea aiandi
number of studies syussemappowaemdy mmkimbgehbdpgeawn
2019; OO6ShebnestahdardOPRPaporatory methods, di
refl ectusheorws ernedh ysdt ahnlempbewdensei of s @optwval &i |
nutritionalurdenfgistcizagrescicagd opymypde uc alde yied a&lpPmendto

and Deweyomikidi#dhe fact that | F may bseomenkeannsy
(National Academrine maRrpd 4, 2@®@N0O4 ) riarn ti eomdteadi e nrt e
i n thepawbteul arly i mportant. More research is
for rehydrationalltestepmelsent @iall & satpopitl ipeedvdtea o u
and watend bysemse ( wtheodhtd emsaiinvtiagaiyni.ndd study of t
i n other research fields, such as t(Ka mdirs dl u

2018)

2. Mi.mi cking human bottl e agitatio

The methods wused to fAmimicod human arm moV e meé
system@Ranvatchagndar Tehissake mat Rits2ebgupocrcetda ke 1 nto
t he possibility of ot her similar movements
generalisability of the | earned movements. Hc
mi xi ng of powder (alnldoy d qeuti dals.u,bj2e0tl %Dy ddgSIh ead .e

conducted mar ket research by asking consumers
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mi xer was then modified to achieve residue |
consumers6 samples. This resulted in a mixing

clockwise and 13 times counHeweleckwt e wituldy

=)
—
o
—

mati on regarding the market research <co
met hods. Additionally, the comparison of the
of particlilpamawdams, mor the methodsCodéonduaeniahg
subjective approach ifmper maupns ¢ bi ndpet e fagicuatily
objective methods for r o(bPawi cthoa nndi ammi €eoth vasl & @ mp
while the robotés degrhiegh odndmiemido ma (Domg n sthn
with increased DORavvaaohaaeda h areolbeoatlgsion greod 200r)s mze

agi |

(¢

t han (hHioomagn emuBsectlaeyss 2028 ) di f f erences i n p
and humans often behave difBerlkatdyand Grcdoal kem
Machine | ear miamg atl soh rbiequaepspl i ed t o ot her
problamshe food industry,( Miuxihmia se krtoaiost,i cc@ @&
use machine | earning technidateas praoncdenscsh énags @

gener al i e oiun it gBwatl s.uhie®@lcOh)ni que s, researcher

application of | earning from demonstRavtvi omand.
et al. ,L2D203% a strategy in robotics that all/l
skill sdemoos.gh@ahi ®#napproach, i f its i mpl emen

intended to reduce the time &mal lcMesdnduamz e d ut
Ent er g<SMBseist h hi gh product v dKioaleitl iatly. ,amRd 1159
2018)

CVcombined with LfD has also shown promi si ng
vi debisu et .Falr. ,e x2a0mpd )e , basedmibiwnd&dDvVvi - ®alkmimidiR G

tactil eMif eiemibaetk ralnsfEe20x&) the skill oTfhdéaiamd,I
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| earning approach based on SVM enabled a si X
through around five hundred tel eoper astFeodr de
automated measurement of I F rehydration qual.
preparing the formula and, t hen, train model
prodef8sito et a&mMong2@dh@se patterns are agita
amplitudes, (akhudl afkr,e g2dDe2tld)i eéesan yi el d the most

according to hdymdn &e mdnsutlrddd arlss ,paz2@22)ul arly

desired robotic motion is not wel(lRa&wioowna nachadr
2020)

Meanwhi |l e, cobots have been employed to r e
set t(ien gs , Zaatwartih etepelat,ab2021)y that( L.s Ldiiu fe
al . ,. 20”kR)ke traditional robotic motion progr

to bridge human expertima@rwidiulcer algot ia¢c i pneci $

(as the motions are |l earned from human demons
performed by a robot). However, as LfD typical
demonsd rmayompose algorithmic challenges in t

par ameReaewvwischandar Tehtinpbeb!| @ R4 tciocnwsli ddrelgyip B @ d
agitations and the need to encode or | earn a
demonstrations t o motRiaon sc heaxnedcaut aeltl eal by r200R2dt)
LfDcaemncompass-|l boéh heaghni ng, which involves
actions requirtevfedr | @atramskh,g,amdchilchwf ocuses o
of a( Kwars&r i ni .Rdcauds e huwWnmadn)s and robots inter
fundament al | y( Bdil fl faeg rde natn dw aGgrsotl alinma nd e n2o0nls3t)r at i
require remapping the demonsticart ees garsdke nfcoer |

AccordFngaene demonstration methods can be ¢
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Kinesthetic Teaching: this method involves th
the required task. It is commonly used in tea:t
angles. I n this approaclhhbltemdr e aind nhefidce@emarcde]

technical traini ngZhw arednoh(sitirmaQ ESItecep @ raastki on :

robot is controlled remotely by an operator u
for teaching complex trajectories, repetitive
hazaud cof®Riavi chanda;r and a(li.i,i )20Ra0gsi ve Obser:

robot mimics teachers based on m0OVWVbeanseendt) .dat a

QO
‘ =
N_

C H H
Figd4dThree main demonstration methods: (a) Kinesthetic Teachi
the robot arm, (b) Tel eopreermacttieo nc,o nwjhroocl¥it ai raxk€osi ovgesst rtaht ee u shee o fe
Passive Observati on, which involves collecting data from

The observed action sequences are then mapp
Acorrespondence probl emo (bRawi ecehna mdiafahne taPnadé sri,ov
Observation method seems to be most appropri a
data by observing the bottle in hand, rather

observing bottletmovemehtsi hsobspevneédon of mi
(e.g., the influence of fluid dynamics on bot
participantods hand on their percepfTeancéi agdmeE
not capture realistic agitation frequencies,

the use of a tool such as a haptic in the Tel e

agitation of the bottl e.

54



To |l earn from the observations, a wide wvar

commonly used techniques include: (i) Gaussi a
variability of demonstrati ons aennde fethyarbd rei nrio beo
20%29)(1 i) Hi dden Markov Models (HMM): these m

di fferent sequences of actions by (eKkyroariinmi se

20%9) i ii) Dynamic Movement Primitives (DMP):
motions by storing motor skills in &@&RBosrmaandl
et al. ,TRORO®)are advantages and disadvantages
|l earning task. For example, a GMM approach al ¢

and frequency o(fcfl.F Voqgttt le&dd eagt.t, a 2edblhry), since

designed to | earn sequences, they may have di
Since-bpbBasemethods such as DMP can | earn both
more sui tmibdge rMhyt Ewiae st asles al ., saCkh2;asKulFak
agitati on nHoweenveenrt,s it has been common in rec

t hat i ncorporate the(kKudvahtatgeasl of 2&2Z0; aYpgto

Al t hough LfD has demonstrated some [Kroo mitse
al . h2@b%) ghted some difficulties LfD may enc
accuracy requirements, repeatability, adapt at
overcome these issues, t hey preopfolseexdi ba | €gr r
accuracy nared eslpeneddustri al applications. Recen
techniques for detecting and eliminating inco
of teacher s, drd penmdmlrilnd erachhetds t asks i n new
traini(Kgrdaatai et al . ,. 2019; Mi simi et al ., 2
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2.18nt egafateamerr gi ngantdbeslymelr gg ies s

The food processing and agricultural aut omat i
driven by emer(ghenrgo stseic hento |l alg.i,es202 3; Kadal age
Sane,. 2I0Rtlggration of these technologies has t
mani pul ation of food objects. Roboti cs, advan

resol uti on maarhd rnaeshlaeparnd sndge dt is@omer eevoi ousl y un

chall enges associated with characterising f ot
hand(l Dergos si et al ., 2023, Sane and Sane, 202
Numerous studies have i1 ntegrated emerging

chall enges i nLitlhlei d omokdi aulsd destr oglo.t i(c2 Os2y2S)t e ms w
i mage analysis, and machine | efaainientg radq | d(eeade
scooping food by wusing robotfiact pwv ec @® sRoabpottoi ot
systems equipped with soft grippers and 3D v
produbBersossi .etMiailhger20r2ddwttachahdssensing,
i nteracting with deformable and soft objects
(Kadal ager e Samplant ht heet aagir.i,c w210t2u3r)e sector, rob
have been applied t o Sawnmteo naarn de . Barjoepn dhZze0rylegstt i an
presented a fruit harvesting sys€CV¥gwy sttheamt fionrc |
identification, and a method for motion plann
However, i n practice, developing manipul at.
si A&Ksaadal agere Sampathhetetr oglg.mMeadnBs2sd b jeccartasl ns &
chall engiTrhge pcrhoadd sesnnges associated with robot
many tasks in the food industry sti-ilnt drsinge p
subject to (IMirsgiemivaaRaadtiioghusl2®rl18y in the food i

require complex operations to be performed by
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mai ntainingMcenmi sedoapddr 2948)he chall enges
food and agricultural p r obdoutcht si, n i tnd re(mbreard desdshianro
al ., anh@2 39o(fFavme eand Sane, 2@2h; bBaibeatef A€l a
architectures can be flexible, precise, and f

i ndustry. For exampl e, t he i n(tTeagir adteda lpd jags & 2

modul es that encode interaction dat a, captur
properties-sttmeguiobe®tirealscooping actions. Mo
technol ogies can | ead toed mpasstved @omadduotr ga
(Der ossi et al ., 2087 e a etehuascaftl d KeaudgQivlde® & )m

may i ncrease productivity and minimise the ¢
di fficulties I n establishing c o m(muenii dceant ki roann t

West brandtolre2D@®ggration of sensor s( Mingiomit heet

2018)

2.0@oncl usi on

A review of current met hods ifdantwiad adlt | :nlgo 1l tFc
il ncluding subjectivity, poor reproducibility,
emerging technol ogi @¥t os upcrho vasd er csbodtuitcisonand pr
chall enges exi st relating to module design a
Howewerensture consistent prodeset qealdstymoort
represent atoinvequrad h it d/r athd stesvy edo@i ngqgqaiut ®anat ed
could provide a more objective understanding
on | F powder rehydration.

|l fhe robot has the neces saardyc todmléercotlrposnmpepceheahmyi
desi,gmdadt s can be programmed to mimic human

systematically <characterised agitations. Thi
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alysis. Furthercheaerseatrerhi Ses mhemesshogyoltte ao

i tati ceamnsmmbgamanstagitations. The process of m
e variability bet ween demonstrations pose
tomation mMMWykéemsyuchtass crucial to compar
thods for validation.

Computer vision is codesteuvetdi am mbjbotdi ve
asurements of guality attributes. There ar e
stem components. Al so, t hrei bvuatrd aitn ommlse i cha it rh
oducts (e.g., shape and size of the defect
ssibility of new observations (e.g., size,

obser ngt iadngsorduhmhim devel opment , whi ch <can

all enges, the use of computer vision in the
e potenti al for objective quality control a

Transformbogt managiintad i ant esmytl e protocol s
searghocess exngnneres,i ngpanntd od a tsaBsdcramanlsyes | 50 W (
hydration preferences may vary accdr fiftrogut o
vel op a unHowewswead, potl @nt ioml for a robotics
¢ h nangdu ebsg & tsa tbi aosdeedmoonns t r ati ons from di ffereni
at f or hme rceofud rdep tencpi ofw dce r rsfydegardhess of t he
cation. I n addition, identical rehydration

searchers use the same robot and progr am.
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Chapter 3 (Platform develop

for Assessing I nfant For mu|l
Parts of this chapter have been published in:
T Mozaf ar@®hed, , N.O Fenel on, M. , Li, AR. , D
automated platform for measuring infant
coll aborative robot i.ntleoguraneald onfi tFo occd
p.11222%9s://doi.org/10.1016/j.)jfoodeng. z

T Mozafar®heda, , N.O Fenel on, M. Tawar a&vd | | ma

ProcebBasaead Quantification of White. Plamt i

2022 33rd Il ri sh Signal s and -6S)y.stémBEE.

https:// www. doi .org/10.1109/1SSC55427.20

3.0lntroducti on

The purpose of this chapter is to describe th
the rehydration quality of | F powder. The aut
computer Vvisi on-hsowsstee m Tdenvseelddopbeodr wwgns epar i ng t
standardi sed manner. I n this chapter, the cok
used in another study ©0006Shda ¢e.hekdwreower0 d 1t) hte
program was enhanced to handle the bottle for
particles in the bottleds bIFagRA)leeddhep xaoanp(ud .e
system was wused to assess the quality of t h
properties that may be undesirable in a rehyd

After describing how the platform was dev

assessment of the platform by comparing its e
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people using a random -sapsetedfi mhge s.amé@h autt
subsequent evalwuation of the platform in comp

The findings of the present chapter provi de
I n this thesis. Therefore, although benchmark
i n food and dairy science mwasbaoitc clombarcadtdr ¥
were performed to ensure that platform measu

| aboratory tests (such as particle size and d

3.Rel ated wor ks

As described in Chapter Two, the rehydration
product quality and end user acceptance. | dea
I n water and resembl e mil kHoiwmevappeadrnanrceal a ft

demonstrate some wundesirable rehydration att

part(iMdsesm et al ., 2020Th8hafmaeegt | Bl ppw@éd2y
gual ity tests to determine how well the powde
propefPRi®esoky , Fo20 leX)ampl e, wettability and di :

used to assess the different stagegq Shfarmahyydr
2012)
Currently, powder rehydratiof Masise s €iie natl . r

depending on the amount of agitation e(lelrgyd us

et al ., 2019; addS haena ientdiavli.dua2 ®@x1)i ntEelklpoyd ae t
al . ,. 2MM199bjective method is required (Mubette
et al.,E@@€1gd)ng technol ogi es, such as comput e

objectivity, reproduci(brialnigt yet. aallch ¢ a geQuOmBx)a yy @ fi
human evaluations are stil/l widely wused for

digital data col(lMwniironeti saFlah,ah2@mgyag appro
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hardware, and data managetmemd datsda earsplayneies, e ga
to justify their investments when i mplementi n
and require interMuinsicri pelti naar.y, e2xOple/r)t i s e
Recentl vy, some studies have sought to add
measur dimerytds etdavel  2&dd 99 CV algorithm to mea

Abul k particlesd and a mixer that mimicked th

during powder rehydration. To count thednambe
fl ow cel |l with a dark background to increase
l ighting). Their image processing methodol ogy
a binary image using andnaperaf diymised ezteadnndctee
with a threshold on particle area. A recent !

undi ssol vfeldo ditsium dg( afwazratfiacrlie.seoflT hal st ud@22evel ope
ver si on efenfediagietdaol Iryef erence i mages based on
measurements obtained from a confocal mi cr os.

vision al guartiitnlgm pfacrt icd es was devel oped and -

i mages based on the reference i mages. Ot her r
of I'F powders, such as foaming and tseldy meang ad
using a CV approach in the |literature to date

Despite the | imited number of such studies
other studies have applied the image analysis

met hods include man(g&rumpstsensmentl of Wiotalg ets Ne
aid of computer app(lScchanteiiodnesr, sedtc hail & &, c il 2atialg2d) é u |
( ANN(sGonzal ez Viejo et al ., 2018; Momeldl €l af
met hods. While ANNs can be more flexible thar

experiments to obtain(tHhangeeces RBdrnpsskdOd)fapmpr
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been applied to meas@iCemi i ) efoam. heR@H&Bi neNy
(Cond® et afiBEwerRt01&9 al ., 2016 ;( iM¢)n cphaorwt iectl ea |
powdée&n ng et; alnd, (2021)) curdli©@Br awnd estdalment 2(

The cl assical met hods used to measure rehyd
conducted by2Cohmpl® yead atthe circl e Hough trans
foam bubbles in wine. The algorithm computed
I mage. However, it is possild{Walfsaonm affod®8199 ha

I n another study on the f énacmhionw (egtb iglp.dt iae s

threshold pixel i ntensity approach to measur e
di fferent fat or protein content. They coll ec
stability of f oafnr oftrhobnkl denaf nipelreesn.t Istt evaarts r epor

decreased the dependency of measurements on h
for understanding the i mpact of different mil
wasewd before thresholding to increase the con
be used to detect some other rehydration attr.i
Brown (t0oa®8ly.essed the curdling of soy milk in

Fourier transformonarhet imagesnbadbhaéeded fron

the images wusing Fourier transformttioneypalowat
However, their report does not provide detail
whet her the i mages were captured or analysed

3.Ri.ms of the present study

The present study aimed to develop and eval ua
i ndi cators of rrehwdrsatriucnt | ¢y ®ea laintdy oibj ea@t hge
rehydration quality tests and c¢a&l §g omi zseudb jierc

automating them is a chal(lMunngier featr Hdh. & ud2a0kiniyg w

6 2



this is the first time an automated platform
attributes using the same rehydrated powder s
three classical vision appcobohegs &®od atadyl &
(1) foam height; (1 i) sedi ment hei ght ; and (
Awhite particleso in this document). The rese
(i1i)aautamly capturing images of the rehydrat
l maging rounds using an industrial camera i nt
CV algorithms to quantify theevdadlreat irrediydV ae¢ s
three visible rehydration attributes i n comp:

random sel ect i ocnapotfurtehde ismaangee sc.ob o't

3. Aut omated platform devel opment

3. 4Pllat form overview

The platform cemrsm sYweMi odold aldomaati ve robot
Switzerland) with seven degFrheoeuss eo fd efvred eodpcend ovn
(Fig8&Y)e The cobot was used to ensure that the
used during the preparation of the mixtures. |
and duration of bottl e agi tdetri cano aned atdhdee dn u nob
process of heating and adding water to the em

the automated platform).

6 3
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FigsgtkRl atform architecture for preparing mixtures a

As mentioned in Chapter One and the overvi
described in this chapter were previously dev
robot program was enhanced by waddi b arsaut drma

3.4. 2

3.4.n2t.,egrated computer Vvision system

Al t hough the YuMi robot wused in this study wa
cameras on each arm and Co(gAnBeBx, i2nMxaglea)p mooas s

indi cated that the resolution of t he camer as

(Fi g3 e
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SRSHFBO S 50

Fi g82lemages aut omavtuil&Caolglnye xt aAkEe3n chaymer a wi th internal il 1l uminese
used in this study

Additionally, the camera was monochr ome, (.
therefore necessary troe sionlcuotripoon avties iaonn esxytsetrenna
The visibility of rehydrs,tiwas aduvali baitteeds ,f isrpset
80D camera (Canon Inc., Tokyo, Jadanmmbdbuiad.B.Ssw

a result of this evalwuation, it was possibl e

camer &@anand hlat could be incorporated into the
camera, the size and resolution of the i mage
i mage sensor (and pixel sizei)l lwami pateife@mr rwidt h
signal gain (which can result in noise in im
analysis algorithms, particularly for particl
taken into iaoaedawiddergathiiognh, resol ution (usually
determined by the quality of its glass mater.
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di stance (because the vision system has to fi
a close distance), an adequate field of view
mi ni mum focusing distahdejtoaedsargreahgdrdep

despite the curvature of the bottl e).

The vision system included a 5536 1 3692 |
3800CP Rev. 2. 2, i DS | magi ng, Germany) with a
1S, Fujinon, Fuj i Photo Film Co.n [Ja&@Bar)m) awid
LED strips (2 I 550 LM) secured on top (insi
l i ghting. The camera communicated with the <co

and TCP/ I P Bvg¥3) &Etloecaet ufe the iIimages aut oma

The vision system evaluated the rehydration
baby bottle (Philips Avent, Gl emsford, Engl an
ensure that the conditionsasnciwbsehashpomskbl
by the end user. Two specific objectives wer e
bottle: i) ensuring a realistic fluid dynamic
of the minxttlhre same bottle without further di:
di spl acement-dasgesasdiomenntioet he mi xture). Con.
were required to handle the preBelhlcewiof g ctomme
preliminary evalwuation of the platform qual.

participants was possi bl e.

The overall pl atf orFmga&frcchdt ecotur 40i ssimsdoame
in the | ightbox for positioning the |l ens to c
di stance between the | ens-nambert hef boheél e ws s v
create a Ifaregledr cdoenpptahr eodf t o t he | ensds maxi mun

6 6



from the glossy bottle, the inner sidewall s of
for the black background behind the bottl e.
The bottle holder (inside the | ightbox) was
shadows at the bottom of the bottle and i mpro
attached to the bottl e ehnotl dheeri gthot e(vdad sutasd el éf do ai

3.5).5.2

3.4.n"8aage acquisition

After agitation, the cobot placed t hFei goBdtet | e

and waited 10 s for the mixture to stabi-lize.
6 700HQ) over the socket to capture an i mage u
ms, and the signmlnsmsei seti amph e frieesdogl éust. i OEna cche
l mage was <cropped three ti mes, once for each
separ atemi meegnesyi bbe changes in rehydration a
di sruption during the iIimaging process. After

bottle around the Z (vertical) axitdhi Byamedd At a

capture process until iwp oii ma gge 0 ff rtchne ebpu all ley
si x Iimages constituted a single iIimaging round
reduce the disturbance of the mixture. Al In

ratingsmagebe were converted from BMP to PNG

schematic IiFs g@Besented in
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Fi g83Rl atform communication schematic

To ensure data integrity and maintain electro
Par{WLhter and Hwhkkeaecya pcoo&y) I mage was saved i

exact time and d-mmeehimmstshe Tfthaoromath oaft ywyhe proj

net work was used to back up images to .ermsure«t
file was also provided as metadata explaining
expected visible defects in images, and fol de

The entire i magi ng-ppreqaeadcudr enifkd umegdmyod e
(each comprising of six images frbobmrdtrofuedent

were used to monitor the chanffehdnl asajm modnsd

count white particles. Before the fifth rounc
i nclined and rotated it for visualisation of
Thfei rstroumadeeof 1 magi ngmwerees$ol peweddbtyoaalBl o
The same viewpoints were used to capture 1 mag

3. 4Codmputer vision algorithms

Python and th¢BOpdekWerl 2bwWsigd t o cali brate th
i magrocessing software. The calibration was
chessboard pattern psintddpapemappsdorRgmathel y a

di st ance ast hehesnampraesi.ngFor the devel opment ol
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P2, c1l, cz2, and C3) were randomly selected.

these mixtur eflsab8kxn be found in

Tab3lldhe mixtures used for developing the algorithms al

Mi xtur. Foam Sedi mer White Pa
Cl1 Hi gh Low Low
c2 Medi um Medi um Low
Cc3 Medi um Medi um Medi um
P1 Low Hi gh Medi um
P2 Low Hi gh Hi gh

Al gorithms were developed for estimating e
are describdedt @ndséicBa osmaptwoleat i mages obtaine
round and the Region of Interest (ROI') (i.e.,

i1l ustFri gBddcd 1 n

Fig84sxi x different bottle viewpoints in an imaging round. Tt&t

Particles algorithmgd @dnien iBlluues t(rsactleidd ilni nlenya,g eGrlee(n (dott e

The three I mage processing algorithms began r
were captured. The results of the i mage analy
Whil e the algorithms wereobatbgsitmg Hloet | mad
seconds plus ten seconds O08. Xekb oObmain athae
Therefore. the software used for t he fipihnyasgiec aa n
countommmarctan be eomeeBb®@eardefirefhael sof 2Wadp w.

with a parallel architecture, which enabled t
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anal ysed, preventing the image analysis soft
i maging of the sampl es. Moreover, since the o
can be processed using any Toa hemhanrce ntilgaiesr
experiment s, it is beneficial to have data st

through foo@Sdrgréendispvaoaet al., 2019)

3.4 Fbalmn Hei ght Estimation Al gorithm

During a preliminary evaluation prior to deve
to be elliptical rather than <circulFarg,Gsehil e
According to the l|iterature, foafmhWaubblas &¢88

...n'; Yom ‘@

Fi g8sBubble si-mextaodefbawmndary in different mixtures (Il eft: !

el i pticiani xhwblelsew)ere prepared and photographed autor

Therefore, a derivative filter convolution we
regardless of the shape and size of tRkegbubkbbl

36 The purpose of this algorithm was to deter
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7

8

The

The

1

2

A fixed threshold was manually set for seg

boundaries in the processed I mage.

After detecting the boundary between the |

were fully detected. The foam height was

mill i metres.

3.4.54.d2 ment height estimation algorithm

sedi ment algori tFhing3ptiepel ine is illustrate
sz [0 | [Ty |
{SAShL o q ey e |
aSy
| d8d {+008
Oz | [Owwos | (@ (o3 ety
{SRYS/U | | KGR || 2 VRS
| SEKGABXA hdd_da2F a Ryl ds
2YYO {BLantyRp 08/ 2(dy’y
Fi g8&7*edi ment height estimation algorithm
steps of the sedi ment algorithm are as fo
.The i mage was cropped accofFdig®4g et o sedi men
.The Dblack background visible through the t

using Otsu threshol ding.

.Connected component analysis was perfor med

was detected without any remaining noise i

foam al gorit hm. The | ower pi xel ofdyt rod It dre
mi xture and possible sedi ment, was then se
.The median Hue | evel of each i mage col umn

col our space.

A sliding window of 1 mm with a 0.5 mm ove

and calcul ate the Hue medi an.
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6 . Whenever the median Hue of a sliding wind
exceeded that of the col umn, the window w
sediment in that column (as sedi menttuire th
on top, it was assumed to have a higher Hu
within the ROI

7. The sedi ment height was then calculated in

3.4 Numdber of White Particles algorithm
The detection of white particles was based on
I Mozafari etThée .al(@dr2i2)hm Fi g&&F iene 1 s il 1l ustr.
" oo f{z’{g@gg; Yf%%’{i@yé'?
@/ma St 1C) .
v 12l
tFNEISwh L] thNIESA
Fi gB8Neumber of white particles detection algo
The steps of the white particles algorithm ar

1. The i mage was cropped accoFdg&igeto particl

2.Mean shift was used to classify the col our
was approxemmaitrel i 28,0 which was in the ex
(Toi kkanen. et al , 2018)

3.The pixels that fell inside a manually sel
< V < 255), were segmented (choosing the
exami npagtot akesr s in the devel opment dat as
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4 A connected component analysis was applied
hei ghtemof 01 @0 mm and a sur-tf micred ao fe at lgeierat wir c
retained.

5.Unsharp masking with a kemr wals aippe efd app
regions in the 1 mage. It was expected that

6. The | ogi cal conjunction between steps 4 an

Il n this algorithm, particles were counted. I

participant ratings, the assigned numbers by
scal e as Mioezsacfrairbie deti nal (2022)

3.Bl.L.atform evaluation based on vi
This section presents the methomdwalfiodatee atl ueat
of CV for visually estimating foam height, sec
people and CV algorithms would produce si mil
captured i magesweé€&@hetagr €¥mantt beman esti mat e:
descri be®. bRebsteicadnedmcr i bes how I mages were cap

3. 5Palr.tici pants (demographics)

Eight participants were recruited to rate i ma
the CV algorithms. Al p arretliacti epda nftise lwdesr.e Trheesye .

consent

t AppamnrRdioat pans

(t he relevant ethical a

3. 5.n2f,ant formula powder s
Twemtiyne -1stlalFgepowder s wer e ustehseheloff phwdéer sl 4an
|l rel and or the Netherlands, and 15 were pil ot
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Fermoy, Co. Cork, Ilreland. Throughout this do

to Cl14, and the pilot plant powders as Pl to

3. 5Re3hhydr ati on process using robotic

The cobot prepared two mixtures for each pow

Shake (the | atter i's redeheadet)aalds efi 2p@r2ola)e d t

conducted as foll ows.

1.0n the cobot pendant, an operator (the aut
of scoops of a powder, and the agitation d
study.

2.180 ml of water (38AC) was manually added
the start button on the cobot pendant was

The platform performed the rest of the expe

the powder, (iri1) 1T maging of the bottl e, and (
algorithms. The Shake agitthaet | wi rwasagmotraet | @ m:
preliminary analysis of data collected from t
robotic scooping, |l evel ling of powder i n scoc

designed te appsexiomha humans during bottl e pre

movements in comparison to human movement i s

3.5.Mf.ant formula powder and miXxtur e

The foll owing properties of these powders and

Powder Particle SiThe DPISDt roif b wetaicdhhn pORVIIR): wa
Mast ek Si0D&®&r | aser diffraction machine (Malver
Measurements were performed in triplicate by

1% and 5 %, refractive index 1.45,. absorption
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Liquid Particl eThS zBSDDi et r ielawcthi omi: xt ur e W |
MastekEs30@@r (Malvern Instruments Ltd., Mal vern
i n triplicate by the machine with the obscur e
1.45 (1.333 for water as dispersamQ@ )RPMbsor pt

Target Tooltoalca$cacluiilchd e the target tot al sol ic
manually filled with powder, |l evell ed with a
by the number of scoops recommendeur &yt d hcke tmal
the . TTS

Di ssol vAd sSmlgil s di ssol ved solids (DS) meas:!
using a ESmMaEM TCGarcpor ati on, NC, USA). The sampl
the centre of geometry for each mixture.

Transferring the prepared mixtures for meas

hand rather mhasemibg itmtod dedyctioon of additional

t he i ntroduction of vi brati on i nto t he pr ej
measurements, particularly when measuring s ma
DSWVi brations can -daspersedi menthet oni xeur e, ma

consi stent mi emttise for measurem

3. 5Rar.ticipant i nstructions and suppc
To reduce the number of images and make the r
four imaging rounds in each mixture (which ai

selected randomly and croppég &bamhert epdamédn
the fifth imaging round (which aimed to count
was performed so all Il mages were cropped to b
per rehydutae iwenr eatghufbf |l ed and distributed ra

each participant rated 36 i mages per rehydrat
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with a Standard Operating ProcdoppeddifIPF) adav
the three rehydration attributes, t he SOP i nc
expectations Bfyorustimeg dwyttdhome.and t he OpenCV ||

waisncreased to enhance the visibility of rehy

3.5 Fo.aln. hei ght

A ruler visible in the iIimages was used by par
participants to zoom into the iIimages to count
foam height in the rpgbeenbhias. cPastitbpahesra
with a resolution of 0.5 mm in case they dete

3.5.82.d2.ment height

As with the foam height measur ement , partici f
resolution of 0.5 mm and fAas close to the rul

Il nto I mages.
3.5085enhtification and rating of white pal

Fi g39id |l ustrates six digitally generated refer

of white particles. Co(nvpoazraefda rwi ttdhta toaulu.s g d2eM2 20)tu
and microscope data for developing the refere

i mproved to show particles with a similar sha
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3. Besults and di scussi on

The results of the powders and prepar3e.d6.slamg
Additionall vy, this section discusses the pos
di ssol ved soli dsS8S.i@m2nd.cdhparees .t IBee cd 9 toinmati ons ¢
bet ween CV algorithm8. &mB@ @pla&ra idii spcanstsse.s Stehcet i1
style on the rehydration attributes estimated

estimati ons, powder particle size, and dissol

3. 6Polwder and mixture properties

Accor di ngTathdl2ePShei M90 of commerci al powders w
[ ) maxi mumi[i)4,78armrd 3Bvier pigle t(h3abn7 t>h axx 1l 0o f pil c
Similarly, D[4, 3] of commerci al [&p)o,wdnearxsi nsuhno W«
> 2[thp, and averampetph202thalt7d8f pilot plant po
commer ci al powders in this study were often |

due to a | arger primary particle size or bett

Tab3l2@hysical properties of the powders

Powder cC4 C5 Cé6 C7 (OF C9 Ci10Cl1l1 C12C13 C14 P3

D[ 4rowd®m) 153 286 169 142 190 244 182 173 254 177 255 194
D9 wde®m) 282 478 306 252 316 426 308 317 468 318 451 361

Target Tot 16. 16. 15. 16. 14 14. 15. 16 13. 16 14. 13.

Powder P4 P5 P 6 P7 P8 P9 P10 P11 P12 P13 P14 P15

D[ 4powd&®Pm) 205 170 119 102 146 192 191 178 204 192 180 173
D9 wde®m) 397 323 237 202 290 330 327 305 346 313 306 296

Target Tot 14. 12. 13. 13. 12. 12. 12. 12. 11. 13. 12. 12.

Ji et ale.po(r2@®@d6)t hat the PSD of a powder pl a
rehydration attributes. This can be a measur
absorption. Therefore, it can af freactte tdfe rreah yec

8 0



For exampl e, aggl omeration can increase the s
more water to be absorbed in a shorter period
(Ji et .alDue 2tOol 6tbhhe f act that the cobot prepa
seconds and identical agitations (for either
show the possible relationshdmpatbiedwe@wna.|lPeSID¥y af(
explains this further).

Accor dlianb@2et of TS ranged from 11. 7% t odue .t7d,

variations in powders (e.g., particle size) |
powderTshe TTS indicates the percentage of sol
sampl e. Rehydration requirements, both in ter
TTE6Fitzpatrick et al., 2016; Wal she et al ., 2

Tab33gi ves the PSD and DS for the rehydrate

agitations.

Tab33®@hysical properties of the mixtures prepared usir

Mi xture C4 C5 C6 c7 (OF C9 Cl10Cl11 Cl12 C13 C14 P3

D[ 4mix3ud &m 0.5 42. 0.7 4.1 2.3 2.4 27. 1.1 4.8 49. 1.7 2.7
D9 xturd &wn) 0.8 167 1.2 0.9 6.8 7.4 130 1.2 0.7 169 4.6 5.9
D[ 4wmixBue( &m 0.5 23. 0.7 1.0 2.3 2.3 23. 1.1 0.5 24. 1.8 2.3
D9 xture( &m) 0.8 129 1.2 0.8 7.0 7.1 123 1.2 0.7 116 5.0 4.9
Dissol ywe(d%) 9.2 8.4 11. 11. 12. 12. 12. 12. 12 11. 10. 14.

Di ssol wha(®) 13. 13. 14. 14. 13. 13. 14. 14. 13. 13. 13. 14.

Mi xtur e P4 P5 P 6 P 7 P8 P9 P10 P11 P12 P13 P14 P15

D[ 4mix3ud &m 2.1 2.7 2.1 2.5 2.5 68. 68. 1.0 1.5 1.5 4.3 1.5
DO xturd &) 3.9 5.7 6.1 6.9 5.3 203 203 1.7 3.3 2.9 3.2 2.8
D[ 4mixBue( &m 2.3 1.2 1.4 1.9 2.1 22. 22. 0.9 1.4 1.6 1.2 1.4
DOV xture( &m) 5.0 2.3 3.7 5.2 4.5 124 124 1.6 3.2 2.9 2.4 2.6
Di ssol ywe(d%) 11. 10. 8.7 7.4 11. 7.2 7.7 7.2 7.9 10. 10. 8.8

Di ssol whae(®) 15. 12. 14. 13. 13. 11. 8.3 9.5 10. 11. 12. 11.
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There have already been studies using the DS

mi xture PSD t o Faistszepsast rdiicskp eertsiadn.l n20h 6 ; c Mir men
the difference between TTS and DS was observe
3.6.Bf the DS is |l ess than the TTS, it can be
and have therefolrte wastolkesenwvwed ftl loatt edn . aver a
hi gher DS than Swirl agitation, as a result c
Swi r | agTfThat D8nin mixtures P3, P4, and P6 pr e
the TTS. Perhaps this is due to the high com
measured manually. When powder i s smooepe¢dgwitt
scoop, resulting in a hagtea pbidwder AWE®Bglan ien
Crowley et Aasl .par2011o4) the Chapter 4, the cobot
greater consistency.

PSD D90 values of the mixtures prepared by
1208mand 0. 7im, toe8PB8cf(ively. The results indica
sizes in the mixtures. I n addition, mixtures
particle sizes than those prepacredDDy aofh eSltsavk
Swi r | agiatb3ei o Acc olrabh83eghet oD90 i n mi xtures obt.
agitation had a [h)owaend mewe raaighg 4t h&.A3 Bhe3 Ini Xt u
with the Swirl agitation. This may be due to
agitation, which could result in more rehydra
bonds bet weRmc lpaet i &lb.eve v2erQ 7 )f urt her studies a

of the powder PBBnkovrehwddaBaaoman, 2009)

8 2



3. 6C2mpari son between the foam heigh
participants
For evalwuation purposes, the foam height est]i
(six 1t mages from different viewpoints) of eac
CV. This was done becausanyhei hghm heewghoi ast
expected to slightly vary, and the objective
than from a single mage. The CV estimates fc
exhibitresdbnacPeael ation of 0.82 (p < 0.001) w
met hod was considered, this correlation was O
for Shake agiFiagd#llm as shown in
© Shake Swi r |
I Cl.l
' R=0.8 6p=7.9e-0 8 R=069p=000017
814
o
LL
c 91 1
o /7
_ /7
] 7
o ! = P4
> 4
51 P10 .Cg// cs c6 .P3
o o7l 2/06 P13C7 P8 C14 1
- P5 2 co€ Cl4
S 37 , 8‘5123 Cs B2 C:.cu
a p) P7
= E’fl 1,55(:8 3 C7 01%7/3192 812
o 1_”./ o PYBL
O P6“P1 5 pg P14
1 3 5 7 9 1 3 5 7 9

FigBXrEompari son

using

The

prepared

t

he

Parti chpamtHei ghtmnEsti mate

andapauriedi pamageso&dmr hei ¢

(right)

participants

agitationunBaoh

and

dot

compu

CV

of computer vision
Shake (left) and Swirl
sinmgilxture estimated by
foam height esti mates
using the Shake agi
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using Swirl agitation were on average found
measure) than those prepared using Shake agi-t
considering the results folr s$sampfFeamwéaeegémalkk

becomes more sensitive to the accuracy of the

participantsd ratings in this study was | i mit
(some viodwpmpointet smi xtures), the CV algorithms g
correct; this was observed in mixtures C4 and
the Swirl agitation. There could bencaudumbed
conditions, bottle marks, and the colour of t

As expl ai n2dsFiSy8&¥®aol yoshows one randomly se
each mixture that was evaluated by participant
hei ght over time (during the first four i mag

rel gt ihveglh i ncrease in foam hé&ighhrPkat two cons

T P
Fig&tMdManual validation of increased foam height over ti me
c8 (from time 5 (c) to 10 (d) minutes) illustrated alongs
arrows mamau &leldy) subjectively shows how the | ower and

't is in agreement with t he pHuepnpoemetnzhri @df1l Ofed a

to the process of | iquid separation and migra

8 4



Fig3#r®hows Bl and Al tman graphs assessing th

for foam height estimates.

>

-10 )

Di f f eme)nce
[ )

Di f f eme)nce
o
1
[ .
|
I

Fig&r®8l and Altman graph for foam height estimatedaby parti

individual i mages (without averaging).

When the foam height estimates were averaged
95% confidence interval (Cl) bet ween the foa
agreement between participant sagaensd, GQVhe Whle nwa
The | arger ClI (and hence | esser agreement) on
and CV made estimations from slightly differe
area near thevreul,emwhem!| t)he Howm esti mates we
around the bottl e, much of that difference di
worth notFiiglrghthe apparent diagonal structur e
l mages i s a side effect of the participant fo
suggests that the difference bet wenecnr enaesaessur elm
bottle viewpoints, the participant may r ate S
smal | (e. g., because the participant only me

performs averagingwaeno<€¥/phetecgipaaeatR@kbkesr a
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3. 6CoBmpari son between the sedi ment h
and participants
Similar to the foam height estimate, the sedi
round (si x i mages from different Vi ewpoi nt s)
participants and CV. The CV csoerdriemeantti ohne iogfh tO .e
with participant estimates when the agitatio
agitati dcn g@rthodvs that the correlatiof. Was (0.
= 0.45) for Shake.
T
E Shake Swi r |
S | R=T1016p=045 R=07 8p=7.5e-0 6 Cle ¢C4 Plg
$7- Pé,
e
7
25_ pg  C7 7 P11
_ PLO py 5
@ .ClA/Cl/‘P12C5
;3.P14P10 Pl4‘99/
8 1 P8 "7 ps P8 - P13
= Cl}cep ® s C6
o ch4011)1p11 1 o
= 14 5-(:5\' ) PISCI3 Cf2p3
g_ jjplgo“ P12 c P4y
= Cl0
o 1 3 5 7 1 3 5 7
(6] Parti ¢S edinmhesnt Hei@mt Esti mat e
FigBX¥&€&ompari son of computer vision and -paptturcda d ainnma ges i frern t
prepared using the Shake (left) and Swirl (right) @amitation
i magingarcumd | @ef mi xture estimated by participants

It appears that

the Shake agitat

which resul ts i

participant sedi

correlation

n |

when

the detection of sedi ment hei

ion. The reason for this may

essmsadiumest BSeimny adet ect dda

me nt estimates were | imited t

smal | amounts of sedi ment ar

8 6



r

S

Il n most powder s, sedi ment decreased when a
ehydration (i .e., Shake agitation). Gener al l
evels for mi xtures prepared witbahi &hakdhiagi f

upported by the fact tha&aabld3aeeDBi mbasuf emefBh

Considering all mi Xtures, it was found that t

0.

(0]

ntroduced but not dissolved) was correlated

001) ansgl pamartioipantp < 0.001). This rel atdi
aw of conservation of mass, I f the added pow
houl d show sedi mentFi(tozrp aturmpcsk)b.®€ ¢ ocaré de x(d2rdll 6ani

solate with high sediment content had | ow sc
Il ssolved solids (using an oven) with the ini
i gni fi cant eceonr rtehleatp comdse rbepamr ti cl e si ze D90
gitation, bothOa44prpgisng0tO3CNVaddl, partiC.i @a).
f Shake agitation, 0.nle3i,t hper> CQO. 5¢)s tmiaotradtsped4 ri(irp i)
. 5) demonstrated a significant correlation.
ontribute to higher sedi ment l evel s if a su
ehydration. Thi sl adierheadri bywrt lceo ufl @ctbet eaxtp s mal
ap between (or within) thdmm, mdakiang ,wa&t0edr6 bp e
Fig3#r®hows Bl and Al tman graphs assessing th

or sedi ment height esti mates.
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Figgtr®l and Al tman graph for sedi ment height estimated by pa
individual i mages (without averaging).
When averaged across an imaging round as norm
Assessing i mages individually results in a CI
Cl i's expected since partntipantsdighdl ¢Vdméeéa
I mage. Il n some mixture 1 mages, the sedi ment
bet ween participants and CV can be rather | ar

structureeresplldisnedns3omé.larly to section

3. 6Codmpari son wheittwee emmartthiecl e ratings
participants

White particles were counted by CV but counti
Hence white particlesi6webygy patepgorpantsy (bwgnt
reference i mage8. 8 5cBi bbieldai nt g etcheé ofnoam and s
and participant ratings of white particles co
were averaged separately. Therefore, thes aver
bet ween existing categorical values and is tr
I Il ustHiagBtd® itrhe correlations between the CV

ratings were 0.6 (p = 0.0019) for Shake and O

8 8



-0 .
© _ Shake Swi r |
X o Cc7
By g
o-10100R=06p=00019 R=056p=00045
-
n o
>C 86 C10
o
5 P12
o 6 @ c1.0
e ®. 12 !
= P7 /09 c11§ <
€5 44 . - CB. lﬂ(
05 7 C%
®) P4 - P14
) P8 P13
2 C1g2 5/P14‘P3 s )
c4 P9 P};PlZ 17 Pe 57 C5P5‘|=3
Clap, 7 C1& P10 cs cs e CT p15@
&'ps @2 P11 P4
01 “P6 ce Cl4
1 2 3 4 5 6 1 2 3 4 5 6

Part i ¢Retainn ¢
(score from one to siX

Figer@omparison of white particles counted by computer visi:c
i maging round)

Accordi ngFao@anhEgerper hesi s, human perception fu

(Fechner .etThaer.ef olr9e6,6 )t he results of the CV de

i n a | ogarithmic manner in siXx scoMoezsaf(atrhe ea

(20)2.2)Accorngrrgg u®ing this approach, the corre

ratings increased to 0.67 (p < 0.001) for Sha

of the agitation method, the CV and O0Op.alOOli)c.i pa
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O Shake Swi r |l
= © c7 c7 c&o
o R=06 7p=0.00035 c9 R=0.7 2p=8.1e-0 5 P12
._54 P N1 d P c.12 L
o) } c8 PLOPL A
n P7 > Cl1 Z P13
— P15 e -~ 1 i
S ps P14 _ P8 P o
3 P4 c12—§§11 PL2P3 P13 ca cs 7
o ° c1 ®
- C4 ~  P5
o = 2, Pg/ -~ C5 P9 P# P15
o, é - 8 g e /c&/e, P11 P4 P3
5 © -~ P11 ~Cl4
2 Cé6
O~
= 7 Sad
o 11 ] ] ] ] L ] ] ] ] ]
O 1 2 3 4 5 6 1 2 3 4 5 6

Part i ¢cRetainn ¢

(score from one to six
FigBX*rEategorized computer vision rmpaimigeiapdmigsi te part
Al 't hough agitation style appears to affect CV
0.018) (in the first imaging round, i.e., bef
ratings of white parmbetes(pbath. 2) t@manss ©od r d
to be significantly affected. 't i s possible
di ssolve white particles sinckel onheyetaral i nh20
et al., 2018)
Fig3#r&Il |l ustrates a Bland Al tman graph based
this is an ordinal rating). The magnitude of
o o
o Tttt R
62 [ ] .0
® [ ]
3 [ ]
— e o
« 0 .
o
[ ]
2 3 4 5
Me as c Or e
Figsgrx®Il and Altman graph for an average of white particles
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For individual i mages, Krippendorff ds Al pha w
number was O0.54 if the average of the 1 magi nc¢
expected to reduce the var ieareinotn oefs preatiiand sy

Il maging round different participants rated t

l ncrease suggests that there iIis a higher agre
when a complmrdei s magn igdermaid rather than indiyv
stil |l falls below the threshold for reliabl e

Krippendorffdéds Al pha for the part3chpwater bt
di fferent vi ewpoints of the same sampl e), w a
di fferent participants rating the same sampl e

bet ween the automated and participantsd ratin

3.Concl usi on

This thesis chapter aimed to provide an auton

l ncorporated into a | aboratory or manufactur.i
rehydrate I F in a commertiaal tbohowet hieneadmas
It at home, and (i1i) objectively and nondest
attributes. As far as the author is aware, the
been exphtdoreediiterature to date, and this plat
objective insights into powder rehydration.
The CV foam height esti mates, sedi ment hei

compared with those of -cpaprttuirecidpamtagesn utsteel s a

correlations were 0.82, 0.77, danfd el.eth&,e rbed we

Total Solids and Dissolved Solids of the mixt
(r = 0. 70) sedi ment hei ght esti mat es. These
contributesmati csredi Ameaditt fomal 'y, for Swir/| (1
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size D90 showed weak but significant negative
=-0.44) and pardBipantsugogests that powders w
to rehydrate without @, suiéiefieme)] yresnelrigiengc
hei ght . The results of both participantsd and
more energetically (i .e., Shake agitation) i n
affretnumber of white particles significantly.

Even though the algorithms performed satis
particularly for the foam and whrietlea tpeadr tfiacclteos
the flexibility of CV ratinhgseamaynbetempnogad:
the same fAdigitally generatedod particles used
for the detection of white particles.

The results of the current chapter show th

rehydrate | F powders and objectively estimate
Moreover, except in the &aseaeagaoft astze dinmernther @d w
both correlate and agree well with those of h
bet ween CV estimates and commonly wused | abor

slowly disse®l vMoge paert,j céven though the cobot
this study were designed to approximate the m

to characterise the ar n umoev etnheen trsad l@dfti idae nonaptetl e
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Chapter 4 (Pl atform evaluat
I nf ant formul a powder prop

usi ng an automated pl atfor

A manuscript based on tmliubméssptowew dioBvbeFongdp
Emerging Ta&shnol ogi es
1T Mozafari, B., Villing, R. , Fenel on, M. Li

of I nfant Formula Powder Properties on Reh

4 . 1lntroducti on

This chapter aimed to answer two research qu

pl atform performance and the insights it may
First, continuing from Chapter Three, the |
any relationships between automatically quant

| aboratory tests on powdersdaend (bBechomasespadrl
di spersibility, and particle size of powder a
that analysing the relationship between aut om:
provide newliantsfioghtt sp eirnftoor mance and rehydratic

and particle size measurements which were al s

expected in the present chapter.

Secondl vy, based on the relatively extensiyv
powder samples have not been reported in the
|l aboratory tests, this chapteinngl sdhei messutitga

| aboratory tests, specifdaoans umnyi ndg sgnred Bsukajl & dt tyi
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et al, ,b29dd )excl usively on the automated esti
sedi ment height, number of white particles,
Predictions based on measured midxtowrtd cpat o psecre
met hods) have already been r ggLdretne d nidn athide dl, i
accu(r@aleet emewhod. 2BOWever, such a predictio
using vVvisual mani festations of rehydration at
rehydration attributes simultaneous!| y,besumi

unhydr at gdMomaarftairal,eest t amay B6é2d4yvant ageous.

As mentioned in Chapter Two, I F powder rehy
adversely impact the nutritional val ué Mas ai at
et al., 2016; Masum et al ., 2020T,heRenefhryedw aetti oc
of |l F powders are strongly influefG€edwbgy,f o2/

Munir et, adnd t2h0el 79gi tatioseendugy n@Bietézngyaltr raihc

al ., 2017; O6SBethethalinpnigDall)formulation an:
transform the | iquid concentrate into powder
the final physicochemical <charact d@riagti ioms pa fo pi

(Schuck et Haolwsmeg il 6 hedOn,au gOhtaipthadtriovbej ect i ve a
are required to better correlate powde(Diphy si
et al., 2020b; Munir et al., 2017)

As il |l ubkitgéltedheni deal rehydration of infart
rapid and complete progression through the f
cont act with water; (i) sinking of weaft ed
aggl omerates into discrete primary particles
Il nt o water ((FRaongubetl iasla.t,i 02n0)0 8; SOcchcoabsero naand yFi t

wettabi hkadhi speysibility, and solubility 1isst
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process, resulting in sunddédsiarsalslea i Mmemy ért atoing n
flecking or slowlMagdumsett vaing, pa020cl 8bar ma e

2018)

C )

a b c d
Fi g&XFour rehydration stages of dairy powde®d sshtiifchn) wet t i n
There are sever al physical and compositional
rehydration, including:

Parti cSnealsliezre particles possess a greater s|
However, smal l er particles can (kFamnmgasd cdhe
O6Donoghue .Ehteyalal,so0201lex)ult in small er spaces
penetrat iAon oditfifmadulptarti cl e2 ®th,zedepemaedipong terd
typ&aiani et al., 2011; Sharma et al ., 2012)

Particldeidéeesi particle density is reported
(Fitzpatrick et al ., 2017; .FrCenudtihge eott haelr. ,h aln9c
is associated with higher aggl omeraddiog ., etr eslu

Particle morpbaoalagyparticle shapes and i nt e

trapped air during dr(yGanigandaneti napr.o v e2 Owlelt;t ahHbai

200K99wever, ¢ arneesguwlltagisghtlfyavpionwg{ d&ru et .al ., 2012)
Surface cHypooipthidmec compounds (e.g., | act
water interactions during the wetting stage,
wettabKilmtegt .all.ncrz2@G2)d f at l owers wettabil i
detrimental Fihapabuli kkfat al ., 2017)
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Protein cbBngbat/ typpal protein, especially
Al 't hough whey proteins disfdédriseteadHagwg2WeLhGei)s
studies have not (oWaslerhvwee dtt hails. ,b eh0a2vii)our

To assess dairy powder rehydration proper
| aboratory t ech(nPiigsueecsk yalr 2 GeIn2pd otyeesdt s, t he powo
are inspected visually. Among these tests are
and some sedi ment measur ement tteecshtdsp e rwhei pcthi oanr
the degree of obser(vPeds ercekyy, d r2sdulizoer pfropmerk owes
a high degreéCooédwlsapbjectabhi ty20We6t h Ll ogsie emet
di fficult to detectposvabelelbydr it e den meysmip et waele.r
Al so, measurement of some paramet exmns wmicrhg afse

technician since the sample must be monitored

met hods have | imitationsnp, isabpdchgvitnygufpodoo
reproducibility, |l aborious, time consuming, a
(Fang et al ., 200Bor dower, emanay .of 20A& )t radi ti

of rehydration and do not <closely repl(iHaartdey t
et al ., 2002; WRiene ak ypowdleer2)does not perform
rehydration, that does not necessarily mean t
pro¢dMMzSweeney .etMaaluf ac2@®@2ky s may obtain more
i f they have a better undePissaoakypagazoizuhart g

the procedure ($Haddhyethalend2209er LIl oyd et a

As discussed in Chapter Two, and illustrat
rehydration platform requires specialised exp
processing, computer programini ng¢chmaladgyy,tiwlsi

wi despread adoption of these pl atMomims eth dlh.e
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SerazetdinowvaDuwd tad .t,h e 0cllPal | enges associ ated
i ntegration, requirement of additional skills
and dat a), only a | imited number toft aautveenhayt ead
the rehydrati dmMumfi rdeitr yalpaowdd?elrls/)

Recentl vy, some rehydration properties have
technbllgaued .et dave|l op2d1l18) met hod for identifyi
that combi-amedi snaecchi meconstructi on, flow cell

algorithm. Authors of the present stusyr eémert

platform, incorporating a cobot integrated wi
foam and sedi ment height, and the number of u
t he mi(xMowradsari .etEiglht, p2aGda4d)ci pants evaluat ec

estimate algorithms us-capgtaredliemagye s. bAacdiitni

l mages were digitally generated, and thecpeaest
i n theapbbhotd I mages. To maintain the scale b
i mages, a webpage was developed for participa
white particles, and at @lrley i gnéenmar gt vecersedpar o

devel oped in a pr ev(iMouzsa fsatru d.ye tflblhya | t.phter paoudt2h oa fs
was to reduce the subjectivity associated wi
rehydr at i o npgr oepte rédteéivees.d ReO® 03 model to predic
sla@Wwssol ving particles using particle morphol
found that particle shape metrics were a key

Despite the challenges, it i's i mperative t
benefits of Process Analytical Tethmel gqaiaeads i (
data while reducing éMbpectevebhhumd@D&vahuath

of robotics and CV may enable more reproducib
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experimental datasets that ar éSmonmneectidkelbyat e
I n thisrwaprdwdl data and quantitative attri bi
obtained, something that conventional met hods
be developed that may bethuesefvat en nt haendfeer u
rehydftad@8chowak eandalgui d2iOnlgo)powder-gqpabidugtpowdasr
detect gdMuenarr! iegr asdvin@0ln&3ources.

I n response to the first research question
study ai med t o: (i) validate the performance
estimating sedi ment hei ghst iam dc anhpea rniusnobne rt oo fs
met hods commonly wused in the | aboratory; and
physi cochemical properties (obtained usi ng t

properties qaamnmemdt ed glyattfhoer m. Regarding t he

present chapter, the study proposed and evalu
di spersibility reference method basedosaol elag
rapid screening method. Measuring dispersibil
process, as it requires adherence to using a
( GEA, 209&wer al studies have already attempte
(Boiarkina et al., 2017; Ding et al ., 2020a)

4. Materials and Met hods

4 . 2l.nif.ant For mul a Powder s

Twe Athyr eel sltlRgepowder s were analysedCl9)nhcdndi g
pil ot #L&Nt poOWler s. Three types of measur emer
commonly wused |ia.beemMea ssunrceememettshToddbd-le a(cicior dnmondgi

reference met Talbde axzmcadr diiinig) tdaut omated pl atfo
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t he measurement s, first, a comparison was ma
met hods and the output from the CV system on
esti mat es. Secondl vy, a model dol apabehethodseaan
met hods solely based on the automated platfor
Il nterhuman variation, each measurement was to

was arcchti feoredi nsrod uppdritiiteyl e density measur ement .

4. 2Co2mmonly Used Lab Measurements ( Re

Tab4ld i sts the eighteen physicochemical powde
properties that were measured.

As a measure of the presence of Tuanbdiles stohHev e
di fference between TTS and DS was wused. Sol i
di ssolved should manifest as undi Moz afear imae t
2024)However, for the DS measurement, it I's i
mi xture rather than from any region near sedi
where the mixture may be tbButker ThAedeéohiebi th
DS measurements were collected from the bott]l
i n the rehydrated samples at an identical dep

bottl e) .t oMoarveooivde rd,i st ur bing possible sedi ment

collected gently (the pipette vacuuming proce
The span parameter, which is used f{Bhanlamra
et al, ,w29168al cul ated dAccoodexgmitiowe Eggupbdobssenbl

powder particle size distribution with the re

e OWT Op T 4.1
Nwe —/7— (4.1)
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Tabdlei st

of t he

commonly

used

| aboratory measurements

and their corresponding prepared mixtures

number Measurement Met hod

1 Powder moi sture was measured in diupddwcradtee
met h(o@BHA, .2006a)

2 Particle density wa s determined in Huplit
Mi cromeritics | nc., USA0)GRA,co02@0tlg) t o t he G

3 Bul k vol ume measurements were made (iGEAduRIOi
Powder insolubility was measUrGEd,i @ 0dwml)i c a

5 Powder flow index was determined in duplica
I nc., MA, USA).

6 Protein content of powders was quantified i
machine (LECO Inc., USA) with a protein con

7 The measurements of wettability were conduc
water, but the powder was dropped usi(n@EAMm, p

8 A duplicate measurement of dispenSGERI | 210 5=

9 Target Tot al Solids (TTS) for each powder W
powder using the robot. A TTS was deter mine
water and the powder.

10 A duplicate comparison was made between t
manuf &c tcuames , and that of the robot scoop.
powder to the bottle, to prepare the sampl e
on the packaging. For v olwenieg hceodmpbaarsiesdo nosn, tt
water they could hol d.

11 The percentage of Di ssolved Solids (DS) i n
Smar tET(rGaEcM Cor por ati on, NC, USA) that wutilidi
determine weight differences.

12 The Dumas combustion method via the LECO mn
protein content in the sedi ment once (prot
collected in aluminium f oi losr atnhdr eder ideady si,n dag
of sediment in each sample. A pestle and mo
sedi ment was fed into the machine for prote

13 The particle size distribution of powdEer Maw
I nstruments, UK) in duplicate. The obsftuaat
of 1. 45, absorption index .ofln0Othe xmudreaint
di scussed as a descriptor of powder particl

14 The particle size distribution of reconsti
308p Malvern Instruments, UK) in duplicate
l evel of t hrreed rtaoc ttievne penrdceexnto,f 1. 45 (1. 333
of 0.0 the current study D90 is primarily

15 Powder particles morphol ogy parameters wer g
current study focused on circularity, conve

16 Lactose content was measured in duplicaRierib
(19.83)

17 The powder surface free fat was measur e(dGEH
200Wh) ch uses petroleum ether as the sol ven

18 Powder <col our was measured in-4d8QplChcama Me
Tokyo, Japan) after calibration with its wh
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4 . 2Mo3d.i fi ed Reference
For sedi ment measur ement ,
finer fractions of sedi ment
filtration (e(Ri.sedkhyye,
al so have refplkelavpdi ¢.i tTyH e rsesfadersed,)

benchmar k

Consequently,

sedi ment)

benchmar k

Tabd2e i st

f

of

modi fied

reference

630 udlge omeekods f

Met hods

current

, and they do

t hese

for assessing t he perfor mance
these met hdadd2eieor ei

and repeatability (for whit e

or the mixtures evaluated usi

met hods

Met hods AvaillModi fied Methods (based on the methods
Literature Before performing the tests:
1. The robot prepared the sampl es
systdet) 4.Hut without performing an
2. There wars naittehrreeest period for
potential c¢clumps on the surface of
Sl owly Di ssolPresence of White Particles (WP) test:
(SDPDI oyd et 1. Within one minute, the mixture
* % Hi ghl i ght € of a glass funnel closed at the bo
The glass tu was used for the SW test.
from bottom r 2. After three minutes, the stopp
sink (discarded).
3. Five minutes | ater, the presen
was compared against the pictures
from one to five was assigned.
SludgePiTesetky|Sedi ment Weight (SW) test:
* ok Hi ghlight € 1. After sample coll edgthionsf @orf ttH
A What man f il the top to the 60 ml mar k on t
a vacuum pum duration) vacuumed from the to
rat her &nhasni ea done to prevent tiktd offgkdemwi t h
particl es.
2. A vacuum pump and Wani)mawe rfei |utsee
remainder of the mixture (60 m
3. The weight of sediment remaini
of the sediment on the filter
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Some standard tests recommend that when a sam
the high6EA, s2060.6eT, huws0,05tco) mai ntain the ordine
the results were rounded to the higher iIintege

Unl i ke the modified reference Tadd2eodbef or i b
met hods do not require the samples to be prep
were prepared in a baby bottle to ensure that
that wused by end users as possi bl e.

For benchmarking purposes, samples for thes:s
pl atform and baby b4t 2.1 €A ddceosrcdriinbge dt oi nt hsee crte foe
(LI oyd et lailqui 20sd®mppl es should be collected I
Il nto a sink. Il n the original form of the tes:

adhere to the glass surfaceii nHogevemp,eatthadl| @ut

chall enging using this test, |ikely due to a ¢
i nverting the tube, since they tend to fl oat
a glasesnpipew@abuused instead of a glass tube,

of the pipe by removing a stopper.

The reference method for the SW test step 2
em( Pi secky , Adadadit2)onal l vy, in the SW test step
reported (the remaining sediment in the beake
a sizemowa$00Doo | arge for our apmbreati boteadd
the sedi ment that had smaller particles. Al s
filtering the mixture could compromise the ac
with the refeC¥nmeametbdododal asvisible sedi mer
destructively without neglecting anythiamg. Th

pore size) and a vacuum pump wer e usleidmiftoerd s(e€
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t h

ed

s h

of

s h

Th

Ch

e filtration rate of di fferent sampl es can
di ssolved crystals or protein), and it cont
ges when feasible. Hobwévemati bar umaoat!| gampbl
ould be noted that a fAsedi ment disco was al
the SW test. However, a preliminary eval ua
owed et Wntat mbn filter could considerably in
asurement s. Sedi ment wei ght using the Whatn
di ment hei ght i n the bottle (mewburcéadwman ms
omi sing compared t-0. @7 nfegrati ve seoedirmémat i dins

4. 2Aust.omat ed Measurements by Rehydrat
4. 2 Rbbbtic Platform
e current study used the same automated r ¢
apter Three. The mixture preparation and i m
4. 2. Chmputer Vision Met hods
e detailed information on the CV algorithms

assification was used to assign an ordinal

Il cl(eMozatmrs .etl nalthe 2Z@W22)nt study, the p:
categoritetditve matoch ntgh e nloatbdée . ma healc uWP etn

not aim to evalwuate the performance of ¢t

current study was <colour measur ement-c gt utrheed

| madgiles.accomplish this, a horizontal strip of

of

t

he i mages, under the trademark on the bot

software environment (and t hiens@mapteéenr*DbDhr eo.
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4. 2Dabt.a anal ysi s

Python was used to analyse the results statis

rel ation
rel ation
ordinal

(Hauke a
signi fic
tested u
(RMSE) a

di viding

S

S

n

n

a

(7]

hi ps between the

results of t he modi

hi ps between mpowdser aplhy siehygdhamii oal |

ature of t he WP

test, the Spear man c

d Ko svéaolwseksi ,we2rOel luysed t o assess the s

nce of the difference between the 1

i-tnegs tS.t uTdoe netvoasl utat e t he r dpaat 8qubr eyeE

d Normali sed Root

the RMSE by the

Mean Square Error

standard ¢©&wviajiti2ale

4. 2Muel.t i vari ate Model Devel opment

A multivari ate

predictive

mo d e | based on- rand

| ear n (IPieldmr ®@rgyo sa. eA raadndon Oflolr)e st consists of

from random sel ections

sedi ment

trees in

i nteractions bet ween t he

observations (i .e.,
etc.). The reason for choosdeqi sai orna
identifying feature interactions (as

rehydration attribu

observations i n t he ethraavii miumg csaet b(ea s ornesh ydcerr aatb

to powder). A total of 40

23 rehydrated samples. To

| emdfd split of four and

Out ©&radgssgdation (LOOCV)

correlation was used to
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determine whether there were significant diff

styl e.

4 Besults and di scussi on

4. 3Evial uati on of the Pl atform Measur e

Using the automated platform, sediment height
guantitatively characterised. For the evaluat
were compared with SW r efheirteen cpea rtteisctl,e samnwder@V

referemna2eest (

4. 3.Sk.di.ment height esti mates

The sedi ment height estimated by -itCh.el prmtifnortnt
i maging round when the sediment has settled)
ranging-20crédmgl.1The corgwilralt,i olhh.s8 Wefrer 0s W&k d ,0
of the agitation style (p < 0.001).
Tabd3presents the correlations, the RMSE, ar

measurements for both the CV and reference me

Tabd3®Rel ati onship between duplicate measurements of sedi.
met hods for sedi ment weight
Correl a Coeffici d
RMSE, NRMSH _ _
bet ween q . varil ati on
bet ween duplic
measur en measurem
Swir Shak Swi r | Shake Swirl Shak
CV 0.9 0.9711.22mm, 0.98mm,0.41,{0. 51,
SW te 0.9y 0.9 2.52¢g, 0.89g,/0.59,/0. 57,

Even though the pl atefiogrhnl , & shtei ndal € ce sd e dnemmerutr e d
similarity of the coefficients of wvariation (

duplicated measurements for both CV estimates
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me

thods is comparabl e. Further mor e, the repe
mparabl e to that of the SW test. These fin
di ment I mage analysis algorithm.

A Ilimitation of the current CV based sedim
ti mat esdifmeomi bwal i mages may not accur at el
pol ogy.

4. 3. Pre3dence of White Particles

e CV counts were |l ogarithmically <c¢classifiect
Il ewpoi nt s, and rounded to the nearest i1 ntege
st (which has ordinal rexul The basedeloat ifon
tegorised CV particle counts and the manual
dependent of the agitation style. The weak
tings weed tageagot hmi caldl.y2 . a4sT Bdee sWPr itbeesd ,i mhc
t include any systematic evalwuation of the
icture. Il n addition, the reference method d
ference i maigepes ftmomhanyl|l aslsi trary viewpoint
i form on the surface of the pipe). The pl a
I ewpoints. These differences make i tpraeitf ftihce
sults. There may also be other reasons for
tect particles | arger than expected (the e;
servation of the tirmg ntimeg alag arsietth myh ear diernvhe
e two approaches. For exampl e, the platfo
i sualisation of white particles, as wel/l as
assl ,fuwihniech may explain the differences in p

particle Aadhesiond and Atrappingod behaviour
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materi al and sy¥Upenainan Tlhanawk aAxatl® 7Me a9 7@f i
particles in the present study, as part of th
into the sink via removing the stopper, where
The Atrfappamgidcloes on the surface may be i mpa
of the bottle or the pipe (which impacts the
surface materi al (e.g., glass arl w aparitci)c | & o
bottl ebébs blank headspace despite receiving a

have the highest |IFeivgei2) eof particles present)

Fi g4&2White particles in sample C17. The plastic bottlebds bl a
shake (a) and swirl (c) agitations. There are small partic
Tabd44epresents the correlations, t he RMSE, anoc

measurements for both the CV and WP reference
with the WP reference method, s@Vpil &t wegse fawrer
l ogarithmically classified to produce ordinal
duplicate measurements separately. The CV repc¢

scores) decmwaaded atna ®.. 86 (shake) due to the
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format (from counting the particles to cl assi
the particles resulted in a relatively a rel
number of particles repogtedt hant hhe-5apmr otahgel

reference met hod. Despite this, its normali se

Tabd#d®el ati onship between duplicate measurements of white par
white particles

Correl ati ( RMSE, NRM Coefficient
dupl i ca bet ween di for dupl
measur em measur eme measur eme
Swir| Shak Swir Shak Swir Shak

CV par

0.93 0.87119.7,| 8. 2, 1.23,] 0. 98,
count
CV cl a

0.71 0.640.84,/0.54,/0.39,[{0.40,
scor e

WP t e o.73 0.791.02,/]0.83,{0.37,{0.31,

I n the current study, the presence of particl e
of particles may differ from person to person,
taken by di(ffleoryednte tpealp.i,enpaCk®)tani d olmummamo mpar i
i ncreasing the s6coarsi nign sCchaalpet e(re .Tgh.r,eet)o nmlay hel
relationship between the platform and human r
dscretisation for the scoring of par tb cslceosr ibnyc
scale, the numerical particle counts of the p
samp(lLelsoyd et BY. pr@oiL@8)ng reproduci bl e quant
reduces subjectivity. Despite these findings
algorithm failure in the detection ofdedgtreg
determine how particles adhere to one another
CV algorithm may somatti i melse coampomeémies inmni ma

foam or droplets). WwWai scomayekantonbhbéeweent hle:
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i n shake agitation (which generates more foar

human raters in the reference test also had ¢
particles in some sampl es.hilnneprloevaerdnianigg oma yt hp
flexibility 1 n particle detection in future

particles provides numeri cal -5r egrud disn gt hsad a |aer ¢
reference tladtati Bwmr tshaurdi ed woul d be benefi ci

performance.

4. 3Re2l.ati onshi ps Bet ween Powder Pr o

Rehydration Metrics

As a secondary objective, the automated platf

physicochemical properties and rehydration be

4. 3. R2ltionships with Platformds Sedi ment

Compared to swir/l agitation, shaking agitat:i
wei ghtOs 00O ). For swirl and shake agitation, C
with the difference between target total soli

0.80, respectively. Thi s( Aiitnzdp antgr ii,cskagezstn Laus.t ,e m2

studjozafari .etltali.s, p20s2s4i)bl e to explain this
conservation of mass. Powder, when added to a
sedi ments, or other undissolved f or nsse.diAmse n toend
It is expected to be detected by ctlhsmpdlnVv.t HHe wtec
as any other unhydrated materi al t hat has no

modi fied reference metthadi nasgsumnmemematsed tlme Oc
The | ower correlations for t he CV estimates

measurements (filtration catches any wundi ssol
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whereas CV only det

met hod i s unable to

ects settl

perceive

repeatabiTahbd4¥e riensduilctast e( t hat

objective estimation of sedi ment and moni

ed material), al

the compl ete

3D

t he pdeadtfrourant icvaen,

Accor dAingg#3teoi n s wi r | moti on, sedi ment

(aver agme, i e, 0 mainm) 3 .a5al

mi n: mén, O maxnm)Q. 12

decreased

tor

hei gh

f ormnm,wo s

A O
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of sediment height

sedi ment
time zero)

changes.
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Q== C4 Q- C16
1.8 == C5 =Q- C17
Q- C6 =—Q— C18
E =—Q— C7 =—Q-— C19
< —0— C8 o P
= 1.6
-S' =—Q=— C9 =0 P10
-g Q= C10 =@ PI1
4&: Q== C11 - P12
]
E 1.4; —0— C12 =@ P13
E Q= C13 =@ P14
8 =—Q-— Cl4 - P15
Z —0— C15
© ]
gl.z
@]
=2
1.0
0 5 10 15
Time (minutes)
Fi g&4Nor ma leids elkend@ hfover ti me for swirl samples mdmittaooed |
sampl es s etdh meingdasirmhal | er t htheen gthhe i ni ti al
The unusual pattern in sample C7 can bemelxlpl a
sedi ment heights. When the numbers are small e
any reason (which is explained | ater in the ¢

height ratio.

As il luBtgax edni shake motion, sediment incr
mm, mi mm, 0 m&3mm)5 .aln2l decreased f or nsnevenmm ns:a nop.
mm, ma xmm)Ri. gMGseh otwlmmeor mal i sed sfecskrameinés hei gpar
s haakgei t.at i on

The duplicated sedi ment height &«8tDfMhha)ebyf o
(swirl) and 0.85 (shake). It appears that the

measurements, which suggests that they are no
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Normalised Sediment Height (h/ho)

Sediment Height Estimate (mm)
N
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20 —0— C8 o P
' —@— C9 =@ P10
—Q— C10 ~—@ P11
—0— Cl1 —@ P12
151 —0— C12 —@ P13
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Fi g&BNor mal i sed sedi noevretr shheaskgempfloérd / moni t ored by tlhre compu
sevseanmpl es, the final sedi ment height was smaller
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The increasing or decreasing behaviour of S €

undi ssol ved powder s, such as visible clumps.
study, it was observed thatseadimoesrt atlilorrs almpd e
on their surface. Il n support of this hypothes
one to four i n samples prepared wi-0 h65 wwirt h a
sampl es prheep asrheadk ewiatghi ttati on. Thi s may indicat
i n a higher | evel of dissolved (hiltdpatricak set
or any smaller undissolved powder structures

surfldce et .alThi s20ils6afjurther supported by the
TTS in swirl and shake motions were 0.07 and
more effective at dissolving pameénmntcd easnd ndlemnmdj
presence of more dissolved solids can also in
powder being miWaelds hvei teht vealt.e e p2sCe2liwe et abldnd ¥ (
i ncrease the | ikel(iKhaoobdktofalcl,um@® 0f20r mat i on
When performing the modified sedi ment refer
Tab42 some clumps were observed to sink into
whereas other clumps were observed to rise t
from the sedi ment at the bottom)fodmdebypl ahlt
the shape of the observedFisgeldfienemme anldu mp 1 mpts|
resemble the shape of the powder scoop that
rehydration. The added pbBwg4d e rag maifned ibreia g

the scoop and had not spread properly across
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Fi g&fS*ampl e P11 prepared by the cobot using the Swirl motion
clumps on the surface after robotic rehydration, fd$)afitldrust
suref accl umps were discarded using a scoop and the mixture was

Ta b42e .
As il luBitg@% edni mddi tion to particle physioct
seems to be an i mportant factor in rehydratio
i Ri g44r e Powder s that spread easily owatetrheowa!
area and are more |ikely FRKiog4dlpe ome wet (i . e.,

Fi g4&8Rowder flowability appears to be a critical faater in i

interaction of (a) low flowability and (b) high f
Consequently, a scoop of added powder may bec
powder (Mnscbddel |l . ettt adppe@2i0d5)hat some se-di men

shaped Filgusipesc )(, suggesting that a clump may
penetrates it and makes it heavier thiMntthel s

et al .gs (wel1l5) who reported two types of clu
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sedi mented cl umps, -lwihk &€ haddregggateegane.d GlIfd mkse a
a viscdhkstaghpalthrickTlke rad phrat@gddl 7fxll askmgg may be t
shell of a clump that has Il ost its dry powder
due to more energetic agitation that hmeathberdoKk e
this does not necessarily indicate that there
explore this aspect further).

Dilution of the viscous |l ayer in the cl ump
over time in some sampl es. The viscous shell

scoops of powder with a pobirg4th o d&adthdt+8aiet YA drea ve

clump (denser than the solvent l i qui d) may b
sedi ment together. Over ti me, if the bond bet
some reason (e.g., dighatiromr,)| umpbmatyi 6 hoaet ¢ 0)
i n a decrease in visible sedi ment height at t
clumps may separate fr onf Mietdcihmeelnlt e#h dadr,.i,s e2 Otldb
study, it was observed that most samples that
two for swirl and four out of seven for shak:i

worst dispersiwasitgrr ®&®&i apedswbt hi apsolute va

i n the sevenFisdhaekeyn 0s.anBpl(eps = 0. 002). This rel
the two swiFilgddes amelred or e, in powders with
di sturbance introduced by rotation of the bot

todieseperse Ai 0tiat mBBedi MOB&Bapensi on. The fi
composed of powder particles that are slight/|
di ssolved during agitation. Conse@iqspepetseg, wit bk
disbance (e. g., robotic bottle rotation). |t

to both the formati oRi 9éckedilM@bh2)x and cl umps
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Sedi ment height was weakly and negatively,
(swird.:38&, =p = 000692, eohake: 001 as well as ¢t
-0. 33, p = 0.-00.2476, sphakx eduldt0 I ug gt sr et hat p O W
properties may rehydrate more effic(&nmlet (at
2022) but additional work outside the scope of
this further. It has been suggested that poor
during the rehydndtaizomrtaf. edlatiadhya,sp &l dsebr) sbeen r ¢
with poor rehydration properties may (Posmckyt
2012)

The observed relationship between fl owabil
Il mportance of flowability in the rehydration
Il ncreased porosity do nOo€Cr owlvayi.atbHAuwr ti nepr2od/reg ,
free fat may not necessarily be a | imiting pa
war mer than the melting point of (Kam e€Conmnmtrar
surface free fat showed a significant positiywv
stickiness of particles cannot be directly re
on the tot@Ni jfdaam caomd elmdnrdg rpi asrht, iNwdgGe0Oobk)o z @ t al
Therefore, surface free fat does not appear
relatively |l ess fat codKienet osguclhF.28 s ktihme mirle
flow index was primarily affected by piy SHilc al
(p0.002) with interstitial air (GEAlL k)20®0Di6d ne @ .

(p0. 009) correlation with particle morphology

with |l actose content (r = 0.30, p = 0.17).
I n general, the platform ability to monito
provide wuseful i nformation regarding the statl
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powder structures such as clumps or inadequat
high reproducibility and ability to distingu
sedi ment height change oveontal mmgt heweds¢chmhayg m
new rehydration characteristics.

There was a weak butO0.s31gn(ipfi=<a.t0 X)o rlrestl vad @ It

D90 and CV sedi ment hei ght in swirl agitatio
agitatiOo5(r p== 0.09). Oneabséeecprefakinemnges
small er powder particles may(Ebhezpabut.e kWheitlhea I
a small powder particle s{EFEetzpatepoktetd awab.d:
199808BnNd increase( Fiumppdtorimak i en al .,, a2g90ilt7at i Mint

appears to be influenti a(l Wuo nett haeh dw edtPt6ilnlgp toifo ns i
(Fitzpatri.ck et al ., 2017)
4. 3. R2l2ationships with Platformbés Foam Est

The foam height in the first imaging round (w

shake agitation compared to swi-wvdl ueegiwast i mel

—

hreshold for being highly significant (p < 0
I n shaken samples, CV foam height estimati c
di stribution span index (ranged from 1.30 to
span index represents theibeltabobinye whidthhiaef i nht
factor s, including powder manuf act(uruigng epar ar
2017)For exampl e, homogeni sation before dryingc
i nfl uence the cbO6Meeroanatte aanpdant hke@ B0 of r ehy
fat gl obul e s({za&carnoncogmtcwhmlitclat @923 ) ncrease t
(Huppertz, 2010anii e p(ddactanrbdn ,etA@2A@), di2rOgRl3y), f

i n shaken samples correlated with sedi ment he
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0.52, p = 0.01) sampl es, and D90 of swirled (
sampl es. Specifically, fat gl obul es have a g
melting poihHuppeund, 4DACO; iXicolnugdientg atlh. e n2iOx2t(
study. Therefor e, according to the <correlati
produce foam under more energetic agitation.
negative chhrpredotaei mnA0c.obnt,eng £ r0.=004) . Al t houg
contribute {Xibogmestfabami®r2M@agti on may not be
content . Foamability is also affected by the
be considered whegmMoc cemp aaliAtg Bsx@uidgire spr ot ei n
Vi scosi t(yWalnschree aestewdli .c,h 2n@d/1 ) nhi bit air di ff uc

and account for the negative correlation betw

4. 3. R2l&Aationships with Platformbés White Pz

White particle ratings were not significantl’
counting the particles (p = 0.26) and the WP
st dWwozaf ari aetd alas, ex@P24)rY ed since these part.i
(Toi kkanen. et al ., 2018)

For swirl agitation, the number-Oo#O0Owlhpt e pP:
with the difference between TTS and DS. This
-0.25, p = 0.09). Accordirnglsyngpawders tmhatr geit
to have more white particles visible on the
i neffective agglomeration. Although the agglo
and redeane , sedi mnefficient, it can over heat
(Schmi dmei er Altsal .whem®l1l8yY ratings are repl ac
reference method ratings,-0tbB& ¢oe+#f elllat(isdhmhsk er)

sedi ment weight -Dn5Bw{(sW®i mid) (aimad k ah dewibteht weheen
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TTS and DS.
an@.40 (p =
I n t he

significantly i

Based

0.006)

mp act

on the

wi t h

same

t he

powder

reasoinmg,(pg h=e

CV white

man uff ialcht @ad e miof k f mowder s,

col our ,

particl e

di fferent

sur f ace

contributing (Bi nheg&n {f otHDakivem202h)e current
significant correlation between surface free
perspective of the CV (swirl r = 0.18, p = 0.
p 0= 2; shake: r = 0. 34, p = 0.1).
4. 3.02.her -Retwgdrati on Properties Relati on:
As discussed earlier in the introductiBingurmpew
49i | l ustrates some of the significant relati o
and sedi ment Tiamd5s¢ri esdrs drhreowse.f er encdds git8re r el a
Tabds®et ail of tFieg&9edf erences in
[ 3Scho
[ 1QFreu¢|[ 20Ki m ¢ [ 40Gai a|] [ 5QFang [6(QTami| [7(Gai a
and Fit
al ., 1 2002) al ., 2/ al., 2 20009) al ., 2
2005)
[12]: [ 13]: [14]:
[80Shar [ 9(Mitch [1@Pi € [1I1Pi e
(Fitzpal (Fitzpa (Toi kka
al ., 2| al., 2 2016a 2016b
al ., 2 al ., 2 al ., 2
[15]: [16]:
[T Murpg [1&Han|[19Wal s|[2Q@Wu e| [ 2XHan
(Schmid (Oé6Dono
et al . al ., 2 al ., 2 2021) al ., 2
et al . et al .
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Fig&9Tehe | iterature already reports some relationships betw
properties (wataergei)nt g@roavdteiron (bl ue and purple), and rehydr e
arrows ourdifciantdei ngs that are not well considered in literat

relationshipbBe retcepeencesl greeamenali ninwhle @déds dnTaashbklipet svi ded i

Il n the present study, insocl.ud3d I (4@9iL 2R)dexhdheown
sedi ment wei ght (i .e., ne-ga82véboehasiwbnbhiaps
di fference between tarpetdspPoéd (swirdy and 0i
CV sedi ment height estimates. AccordimnhBang dth
al ., , 20a;m&) insolubility i ndex does not appe:
sedi mentati on, cl ump formati on, or di ssol utii
AsolubilisaFiompabrickyetbwnl ., (20.16N)t aapmpeMar
i nsoluble particles are only a fraction of t1
sol FPlugl i ese . etfThal pregemhép of insoluble part
necessarily indicate the powd®aclomi dsnoeliuebri | ettty
|l nefficient aggl omerati on, for exampl e, can

denaturation, which can redq®lcthminmen ol Dedd @il e
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the presence of insoluble particles, the aggl

rehydration behaviour.

Il nsolubility can be influenced by several
salts, |l actddFangard mmUmidi2t0OWB8; hdat kkaprabhment g
of |l actic acid or addition of heat stabilisin:

I n t he( Phraortnea net nmaln.e;r a20 Ico)nt ent s, and Md anoweln t

et al ., 2009)

4. 3Pr3e.di ction of Reference Met hod Res

As a final step, a multivariate model was deyv
di spersibility test based solely on the rehyd
4. 3. D3 spbersibility Prediction

Based on platform metriFaog4ip wasdadmvEboDpset
di spersibility deter mi nNeGEARyY 2t0Méagmandedr d npDI
automated platform measurements for change i
l maging rounds (time O to 5 minutes) and mixt.

While the modelbipi ¢ég¢gi oviddc dins pReMSsE o f 3. 53%,

di spersibility test with respect to duplicate
Il nvali d measurements) was 1. 9 %. Despite the |
thahat of the reference met hod, It still fall
to | DF method repeatability criteria. The <col
measurements was O0.29. Alcated h&ctcwalr ediagpemsi
The advantage of wusing a predictive model S

takes approximately ten minutes to conduct t !

Il magowmigds) versus about half an hour on the s
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Thus, the automated pl-at her smic magnibreg umetdh oads,
estimating the three rehydration attributes,
and samples whose dispemsimaVyibg sentl bggeldeb

anal ysi s.

Predicted (red) Vs. Actual (blue) Values

102 -

100 A

98 -

96 -

94

Dispersibility (%)

92 A1

90 A

Powder Name

Fig#t®esults of the random forest regression model

't i s possible that the current model inputs
|l ncorporating powder properties such as powd
composition may enhancevemodetithegemwerrradnts at e ®m
machine | earning techniques can potentially b
on automated platform metrics. Consequently,
rapi d mebtehmcdh mfacgrki ng powder di sperxinsiulmi thyg @&

subjective | aboratory experiments.
4. @@oncl usi ons

The current study aimed to compare the rehyd
automated platform (using two agitation styl
commonly used reference met hodso.f Ipr eadd decittiinogn ,t

of di spersibility reference test sol ely base
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algorithms for sediment height, foam height,
comparable to standard reference measurements
(1) reduced subjectivity commar e(d epeagahbilitn
met hods may al so be decreased i f different 1in

destructive method for monitoring the estimat

—
o

just endptosi nitn niehaes ureefneerne nce met hods; (P i)
i n the quantitative metrics for white particl

(1 v) conducted the rehydrati on-tfssdlsf ,i nt o¢ hreai

greater similarity between the tests and proc
By detecting subtle changes in foam and se:
some insight could be gained into the kineti

sedi mentati on. These insightbBe woahgsli dargge sas t

rehydration stage in -Rddwhioehydrptevnosstbaygest:
rehydration process wil/l have five main stage
and (vpasolbwbi AiFIl owi ngo i s directly associate
i ndex) and will be defined as the ability of
when the powder is exitingethdosempmaamndehitht
flow index compared to wettability, it 1 s I mg

i nformation about how the powder behaves whe
nor mal ly not ciolnistiyd etreesdt si,n wwheetrtea bt he p dvEeAr, i s
2009)fn the wettability tests, the powder may
dropped into the water, thereby disregarding
they reach the water s seehaael ach Dhe adiegen:

i mportance of flow index in the rehydration |
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conducting | aboratory experiments that did no
scooping behaviour.

Using the platform rehydration properties
could predict-ctomsumeé sl tds spfersimel ity referer
hi ghlighting the potentiabppflfi ¢éatei pnsat fbDatma fc
reference experiments and the automated pl at
parameters such as surface free fat, flowabil
the thregdstatdioadateéhi butes.

There is a possibility that the diversity,
continue to iIimprove with the addition of new
maj or commdr ciinaflangt afgoer mul a paormddeasd atviae | &Nl «
addi tional rehydration properties metrics, an
demonstrated the potenti al of the automated
associated with tedfjierdg. v8y gpalbivi @i inge rapi d,
rehydration data in a digitalised method. The

may enhance traceability and assist in opti mi
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Chapt elrowdrisdasandardi sed char

roboeptiocfathhuooman bottl e agi

5.lntroducti on

The préadasgamitenmed hdaoaectin@lees bottle agmdaevahubdtet
possi budiing taofriomiottat e. t @Go mp bbtedhravviosiron was US
mi xi ng, and robotics and a statdgwhseguemntelayx wio
agitation styles GQeawactenitedndyamdmmagl asai s
i n gaining valuable insight into the diversit
main tthaeds aWnidteartsitoannsd.i ng t hese patterns can
guality testswbhbhtd vuefigecoft pewdeak. For powd
tests are needed to design productwss éd aitn reihfyf
cultures Anmdiltooatail é yamad e omentewdemont hi s chapt
and four by evaluating the effects lof tthies |cehaa
the fluid dynamics oWwasbe examumedj nags dehi her ¢
the scope of the currendont hsetsuidsy.i nRga tthheer , motvheeme
3D space during agitation, as demonstrated by
was placed inside therabotftlluei dt od yanvaomi dc sa fafnedc tti«
particul arl yoff ohrdi médoempawii slonand shake awiitthat i

results from chapters three and four.

5. 1ll."Mportance of -wsnedrerbsatatnldd nagg ietnadt i o

Mi xing i s a common operation in process eng
homogeneity for infant formula). The duratior

mi xtur e( Kiumag ,i t ¥96 6 ; Ri. c hlTehrucs , eti tali.s, 12mMplI )t ant
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understand how the powdenr swirl¢lRyrdehfay ddr .@ttlenawsheme
| aboratory tests, the purpose is to simulate I
by t Rues eePnidsec ky Hoav@ENV2) , since the tests are p
human agitation highlightsttohensaeed ftdhratmobese
I n rehydratioeflbehtavpowder propertimes Alagder
menti oned in Chapter 2, it IS necessary to as
manner based on how the -pogudseoydseteblydrated?9

For the food powder industry, it is I mporta
such as energy, fluid dynamics of solvent |igqg
on the rehydRathamdpreotBads er 20d@¢usdrandeée mygd rt ¢
behaviour, particularly considering possi bl €
geographi egq Odrbsch e@u lett ugaadrs ,h e p2 lIppowder manuf act
powders that meet the expected functionality.
However, considerable knowledge cdiribepatnair al
Ahrn®, 2005)

Al sedi sacussetapters threetwhd haue, at Begagf
on the quality of rehydrati on, Spoamet ipcouwdaerrl ymi
par amenelrsdi ng water t(ekmpreg,atla@tt)anido g ADWPH ¢ vy a
2023; Ri chardoretexdct &2mdBnt of water or scoo

(Farrent ceatn aclo.mp r2o0n2 1s)e mAIxtt uo g th osmegemali t gt ud

the i mpact of temperatur e, scoapiemg amd rwahtydr
i nfant( Farmeht et al ., 202agi Ratenohr o dapeatna telt
et al, ,ardlédgi(tRatciham dsieylkal eslist2 a3yl i maleners how
with the same powder, temperatur e, and agita:

i mpact on how much powd(eMo z asf ariis.bsentl aadld.it, th 2adtide)
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more energetic adiscsabi oddrigewkhes iijicrki mamey .al 2

i n other rehydration atMozdbfuaris. stuchl as 2 024

5. 1Li2mi t ati on off odurcrhanmdaraseetrh cdhdosh ¢ | e

behaviour

Research on agitation during rehydration of
namely from the perspectif@e.(ichobemi aald Fninoce
and from the -psespecg(peepgkleodzamdet al ., 2019)

To address the research gap in understandi
Ll oyd (20l1lé&ylal,uated typical domestic rehydrat.
rehydrate a range of milk powders. They measul
a mixer to mmmnixc npga oryio coebgkaaniensi ng a sToni dlatrail re
fisi molleavrel of residue, t hdy mioxtiantge dp atdhdel emelc3h atnii
13 times anticl ocKiwe seéetbleeeirr emarhkse tmerdeosredegr.acrht e
characterisationr enettlhyod maelaossrean othlgadti@inido n be
characterising agitation behaviour introduces
considers theasaghltaactki obno xp rtohcaets sonl y haswiasput s
affecdwhidiay iivnhpel e memmettahtoido nf or o bstaampn ienogn bag | sbitynyi
adjusting the numbesubf eagndd dreaey rnootta tcioonnssi dveerr e
realistic . fluid dynamics

O6Shea(26tuspdd ,a col | adbpprad einrea e blwdt ttloe agi
more realistic alternative to the traditional
was SulAmectei egstematic approach is required t
and robpsuchaasmsdegrees of freedom and the fur

mot i(oBnisl | ard and)d@&r mloltmahn . nd2013)he resplication
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Despite the importance of <charlak tpeaavwddears i 0w,
there are only a .f ehvowd wadri ,e sumdertshteandipng rehy
of powddmsprhyaer.nga.c,eut f eat sl i sers) both for i ndt

has beemCasdoud2 @d5; R iBcehcaaruds ee to falc.o,mp2l0elx3i)t y of

behaviour during agitations, many studies si-r
mi xiimg beeskemg Computational FIl u(i Ha nDsypnaal mi eets 4 I
H°r mann et al ., 2011; IWadtnleer k@aasetofal i nf a2mtl z
simulations can be even more compl ex, consi de

shap&kicthfard et halgher2Co3npl exity of fluid dyn:
may also result 1 n a turbulent state in whict
with currently available hardwanéebe glomgiav eds it
human bottle agitation compared to miXxing mac

There are several studies that do not co
di ssol uti onpobnedheard € oudi Dffer ent agitation par al
produced by n(dé&gualzprat mi xkures al . , 2016 ; Jeant
Schober and FitEhpaytrmaknl 200&Ye not consi der
perhaps due to chall enges Doefs pridtaelmnatenibe ra gift st
conducted to date, etnrllebet t ke &admbodiqieocrtt tilevaes wyr e
et al ., 2002; LIl oyd et. aHowev2e(rl9;di@a Shad a deatt

processing of diverse agitations between huma

5. 1Po3t.ent i al of adapting motion tr ack

Al though rare in the food powder i ndustry, t
mo v e ment behaviour, for exampl e, for devel opi
running, or object graspi nmc.onTthaec tc utrercehnnti gtueecsh
or | R appr oacM e%loe ot c wae @irsatdEeMpBs ensor s connect
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human body (without being too heavy and intel
tracing. Such technigues may have WubBerpbedmati
during food powdert re hygwdaialtalmline Hommereai al s o
particularly thosegeteldathdearre ame @R aradt. e Rd0e2v0e)l o
| oavost sbpDtutsohedessesalsayltlhenges associated witt
such asspeleidghagvhi mayomngdwi rdeevel opmeingnalf pracdae
sol utions

Rehydration c¢amanfyac tad fppotdeedg lpywapert pesetr
changes in solubility ressuthn@Sifedm rem va md nSn
2008)and mech@aRichardneargagiles Ra&1LE8)examined ho
(mechanical i npu{ Fenepgyriaokl eur at i)pna2n0dl 6s y sRi
geometry (containerRiamdr dmpgelilaefrl pdke2s0idg3np owder
mechafdhemi nteraction ofcaalfdse tmddha i cdayln afma oct:
formation, turbulldednde,padmnd crha g tarl anMd2®irlt 6o;r i Wac
the bottle movememdmmp winsi3dn s@raceenusamgy can pr
trajectory of agitations, which can provide
frequencyi amme peweunift dfhitsi mean enable the po
domi nant agitation behaviour among participan
fluid dynamics of the mixture inside the bott
be expected to be simislear atgo ttahooeasobtfaitshed sia

user i s used.

5. IModt.i vati on forbotetpliet @dat iomg wh o mam@

Al though the selection tohfeFadhleomipdtecasslalsa moit a tp

robots with a maximum payload of 5 (KMg&Mma RWOf2a89
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Tabstlden col

| aborati ve

robot(si watl gpth apbaeytli ccaad 9 wyladnsys ntahnaunf afcitwer ek g

Maxi mu Degre Maxi mum

Cobot Manuf act

Payl oac Freed Speed
YuMid405( ABB 0.5 7 1.5
AUBO3 AUBO 3 6 1.9
COBOTTA Denso 0.5 6 ~ 0
E0509 Doosan R« 5 6 ~ 1

CRi A FANUC 5 6 1
LBR iis KUKA 3 6 N/ A
Sawyer Rethink I 4 7 ~ 1
TM5900 TECHMAN 4 6 1. 4
URS3 Uni versal 3 6 ~ 1
Mot o MI N YAS KAWA 0.5 6 N/ A

Pri(ge Referen
(
3, 00 (ABB, 20
1®00 ( AUBO, 2
.10 100 (Denso,
100 (DOOSAN,
32,01 (FANUC,
2900 ( KUKA, 2
.5 33, 01 (RR, 20
2®00 (TM, 20
22,01 (UR, 20

13,00 ( YASKAWA,

*Piicref or mat i on,masy apapryo xbigpmmattaer E @tc | purde\di @ fevel rtehnec e s .

YuMs s mal | payl oad may | Hnmikte tahje wdget wiedl ro. pamewndn o
of freedom may increase the | ikelihoo8i mde sac
human arm is believed t o( Harvteh iskeovteen , Ndaegbaer eadf saV
robot , whi ch also has seven degrees of freeda
the end usersoé ar m.

The current trieidy de aatteiean atgastasnbp o n svi deell,syoi dut
aut omahewedoovoelsypeade matLi opdl gt lafl . t,he 0tléd9t i s
observed rehydration quality cannot directly
or variability in human agitation. Obtaining
powder manoufraicntiucs earnsca¢gi t ati on behaviour (as t
humans) in a repeatable manner (as the agitat
have sever al benefits for researshamndarodi spactw
Areal i sticd agitations among the rehydration
plants, especially considering the | arge dive
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possibility to edit a specific characterised

frequency obtained from participants) and mor

enabling cholardictfeeiremati baman agitation styles
style on rehydration attributes. Such controc
understanding the mechanisms | inkingeagThiasi ©

hel p | dercteisf 4 hmtaotpt i mi se rehydration and fac
from the recommended rehydration procedure (u

regul arisation of the recommended rehydration

5. 1RoHotic |l earning from human demons

Learning rhythmic motions has traditionally

Dynamic Movement @EPlrjisnpaeenvteset( DMPs) 2002ao0r 20

probabili 6Huangeéehodbk. , 2021; thRatasackobdbasedalb
basis functions and have | imitations i(nhKuwlagh ul
et al. ,T&0@&Wgrcome these | imitations, Fourier

underlying frequencies i Kudamwkoms.t @Mhst i toh2i9s2 @ngertel

not need an estimated dynamical mo d e | for the
the demonstrated signal, there is no subjecti
functions. Us i nlge dt htihse arpopbroota ctho ewliapbee i @ hwh isthalp
starting from different initial positions.

Al t hough l earning based on FMPs i s appl
demonstrations, inKtuhakf et,mailtmph{agsthetwoe d ibnyi t at
being applicable in our casael.l tohwer gto,b oal tshaugh
points, the robot ulti mately goes to the | eal
Il nterest of our study is to learn the agitat]
where in 3Dcltspmasi t(ioon whn front of the camer a
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the method | earns all frequencies in the demo
cycle of the rhythmic demonstration to the ot/

these patterns, it enigppl noat bensef paterestarl

5.Rxperiment to track and charact

Regardl ess of t he robot perfor ming t he agit
demonstration by humans, their agitations wer
As it is the first ti me ssicsh wad ae xhpmeveet ek etno ct
understanding of the expelh e svtasreicattiioonn sp riens ehn
for bottle pose detect, doant ad epm@msptsreahtaegda cliyer p a1
bottl en abge t.aavtHlem @i ons t o characterise two- wide
user baby bottle agitation styles, swirl and
I nter and intra human agitation and find th

frequency) and deter mine whether the human va

5. 2P alr.t isci pant

Ten participants were randomly recruited for

University. The participants included five ma
gave their I nf or med cpalrsteind ie ptaon t ®alr thiacviipnagt ep r
preparing infant formul aj; however, this was r

i nclusion criterion was being above 18 years
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34 Male
Female

N

Number of Participants

.

X o % R
Age Ranges
Fi gbYfge and gender distribution of ten participan:
Since the present study was a preliminary a
preliminary evalwuation by the author was wused

expected that a | arger poolui todd piamtikbéephaotaer e
out comes ofhtet hciusr retnudysampl e of ten particip:

purposes )f this study

5. 2Mo2.i on acpappatruarteu s

A 260 mi commer ci al Philips Avent baby bott
i nstrument ed -pwiitrht ecdu scFoongpBeB3de Ap s( OTagsa, &2md 1an
l neMeaabri@gnm@Mis en@E®hi mmer 3DUMUI opi tTrtheel adredsi gn ¢
to track bottle motions during agitation wit
computeffovissbmembott cempuiteee tvagilml der s wer
FreeCADeeCAD, 3D0DP2) nted from PLAAC caomrdH gt & eoh e
52, the first and rbitghgee smitdhdélgeb do H 8 e g wtalsle tloMla |

sensorwo twgmomoltdher si ght and Wwerdel , t meadt o proan
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The five April Tags were from the tag36hll cl a

fremall angl es t&avi ¢ w(enéOl stodmnggs 2 @8mhda ) a

Fi gb2(ea) and (b) show the five April Tags connected to the ser
|l Mdensor slides into the holder (the two side April Tag hol de

axes.

A unique tag was uselOhcdas eag ¢ la n spié dne pusth ot ehee tbaog
to be visible at the same time as the tags w
other (can be i magined as five unigue faces o
and the sensgprawtioghédo?2336.6 g.

The bottle was filled with 180 ml of mil k

studies which used 180 mnjofofpowateer Al osoaghat

in our previous study increases the overall n

study to not increase the bottle weight con

simplificatedns are consider

i) The added powder wil/l i ncrease the volum
results in mixture more than 180 ml. Howe

the sensor and sensor/tag holder weeddt o

Il ncrease the total bottle weight resultir
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i i) Sensor was placeanduittss deweit et bwoall @ ger
moment of inertia which is different frori
was ignored since attaching the | MU to t

ensuring anyomgparattii oinpamtta was not mi sse

The 180 ml volume was chosen to not deviate
the Dbottle and how the bottle feels in part
participantsd perception froonns.t he presence of

The sensor holder was designed to have a |
to the bottle while still allowing participan
65 mm away from theimpaumenedf st béd b otetrlte .a DhHe

antdhe t algdliseeasorwenekewgner edght wei ght and wer e

significant i mpacCoonsaidgrtagi ohedpoaml esmass
contained 180 ml of milk (with density of aro
sensor and sensor holder, and the bottle cap,

estimated at around 265 gr ams.

5. 2Bo3t.t |l @ngpomerdtiiomat i on

Given that the relative podi¢et Apmi dfTalgst wlee et o

feature extraction for estimat.Togdehectdt othteti

pupi |l _dPruiplittagsdb 9,r a2 2 2vaa)s used eitre clByntahhd re.t Ala
makiawmere noise due to camera resolution | imit
a space | imit for the tags not to increase th

as not to interfere with dt hteh éhsabteutrraeexwiatyt pfao t |
and right tags (tags number 4 and 5)ef ftdret 4 avge

madeo have a bleartgear dteag cftdaron oh meé c@a sh andg stpesecn
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i ncreased to compensate for the | imitedThlei ght
sizes of tagl to tagb (which i s Abpefiil Rodbpdg ctsl
were 52, 37, 23, 28, and 28 mm. The distance

known, and the tags were in planes perpendicu

Fi gbb3Goordinate system of April Tags used to determine the bot

an exampl e)

The corners of dn A)de-d)lg -HAJ P&re | atL albhse, t2a0g2 -
coordinate systhamd orldloewswitthhe x (tdnrti il Rloboéa nads
which i sFisghb8Bwenamah t he di stance of the bottl e

each tagFisghbszfea )i mnd (b) for tagl to 5 in the
were (0, 0, 70) , (0, -B4,50), 29D, M&ligedlB eatchdebr4
rotations of the bottle relative to the/2coord

0, '@@),, O( "/20,) ,0-)(2Q ,( @), .
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The algorithm pipeline for estimating the p

Al gor iEs h min8a ti fPddgsder om Vi deo s
| nputdieo of Dbottle agitation in a parti(
Out patt i me seesrtiiensatoefd posi ti on nard merriae rctog
duri mgitthag i on diedeoastrati on

load camera calibration parameters
ini tialise Aprposletga dett e@d @d lamldesc h |
fofeach frame in video

if(antyags )found
cal cul at e pwd itatinielo o e nheansteagtaiodnn t a g

1

2

3

4 detect April Tags in i mage

5

6

7 st oeeti mated pose based on each tag
8

el se:
9 st ore( NatN a wWalmbeesrd)at a st orage | i sts
10 end
11 end

l12foreadgh pmeitntesti mated poses$(based apgg
position and orientation across tags)
13 calcul ate mean position and earcitheaiba t
pose I(iiste., bottle position and ori
l4end
15for(each ttimeogdi)dtipese computing bott|
16 botithead velocit-ypyosi(tponi[tti{tgingie [tX]i)mj|
17 botthbeaelar velocityori eatbéenbattipmegll t
18end

Using this algorithm, bottle posi tweormdgt airnedt .

each frame of the recorded 240 fps video (i .e

5. 2Dadt.a c Qlrloecotdidcmmot i on capture setu

AnSOP was developed for participants on expect

(attadppedi xXAs there are two agiitmdtiromc tsedyli
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gui del i ney pWorvli d edle a [(tWHOQr radtOh7e)at s bady onl y me
agitation styles (however, sbabadpmesi bbé why
apprdasbiinbedi spott aeirdiyii tdilultngo doiff stehaesioon camer a,

tag posivtoiimnesnwiierh t he wawo ug ar tnhaat iugr aatl hiTep baovtoti | de

l naut hentic instructions, the SOP was designe
commer ci al ly avlan |tahplaeStOiFw eppe@amad simse at ed t hat nAY
preferences wild/l ul ti matel yYwidetd ar mit e mameal f det

noaddi tiinosntarlucti ons were provided regarding t
capturing natur al bottle agitations according

Partiwepanadasked to demonstrate each agitat
per demoAsta artddowmlrte were three shake and t hr ece
parti Tanpantmhiemepact of fatigue, participants h:
demonstrations as much as they needed. Verbal
of each deTnmoenys tsrtaotoidoni.n front of a table moun
(GoPro Inc., USA) in the robotics | aboratory
agitation movements. The video was retcotdd&dpa
whi ch was the maxi mumthesofubamamedWashadbhéamer
to ensure the frames were bright enough for t
| SO wi || i ncrease the chance of noi se absorp
settings was testsedl endamgeherfé agheattopased t

nor mal |l ighting or background (white wall) av

5. 2Dhast.a anal ysi s

The video frames were (Bradesxkldich r2a00y0nign t et O @
algorithm was also developed (HarPytshetmo aWer, ki &

with FFT, and( Paéer Sgo katteetharrdalrey 2®@alugsi an Mi xt
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the grid search. To find the peak and trough i
demonstration anallW¥srspapnenwatsSalisky . ROBeEex mry sul

using the M4gtHulndtelri, b 210i0krn ar vy
5.183earning a single agitation cyc

This secti ormrndiDs ctuescshedse ghacevwo wa & danad obtain one

(domi nant) agitation cyclfe ofmoralbotphargwicnlpaan

Mor eover, I t tWdwlsecaursmseeds chyooMd etshewer e mapped ont
|l i ke agitations. This section also extracts t|
cycles as a statistical apprdackinbmesaeéadid ®tini &Gn
movementss rmaukmeanwhen agitating a bottle in 3D
rhythmic cycles we are interested in studyin
drifting from side to side). Rat hebot hahoukdr

to reproduce the rhythmic movementofrot has Ipbdm
only one agitation cycle should be obtained o

because t he plmalfyosrine atilmes rteohyadr ati on perfo

systematically, and it should perform identic
rehydration time is set to 5 s or 10 s,aldlhe to
show the i mpact of agitation duration on the

il ncluding the agitation path and agitation cy

Considering participants may have | arge va
no | imitation for them on shaking/swirling t
counterclockwise), detectosngi bl sirbegthurivisegsat est |

apprddehl earning algorithm must be capable of
shake the Dbot trlieg hhto)r iaznodn toatlhleyr -d(olsehfptk e h et samet m

opposite agi-tatgbnhsadbefgighhtrefctl ockwi se and coc
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| earnabltdewiotplp®sd atnec epaltihnnoppnBbeobobat n the most

agitation, bottle velocity was wused rather th
|l earned, bottle position was calculated from t
posi td otpnheadtpi t € many robotic problems that nee
B, in the case of this study, 1t 1 s | mpelrdtainve
to its previous state) rather than f oWwurskinmgg o

with bottle position needs data shifting (e.g

cleaning while it is best in LfD pr okAd eansr @ soul
posi tion may not contain clean features for | ¢
space which is not a Merdavem,arfaimediereg ftohes aadg
position data can be challenging because the
data (e.g., the bottl-aximaywlihlaemgeotdi yettt-c bang
axis).

There were three requirements for the outco
1.0nly repe esagi atit vefnr oary cd aacehe dsetdy [teo) be | ea
demonstrations (flreocrawmd d taa-hd kd heagettba h.u man v
2. lwasssential t hat otbhed raegpietaattkido ne tchyectlhelvg r d s |,
position, speed, and acceleration must be
to ensureotulhe pPpakdmbhmhgi t ati o os mamty h Idyu r
desired)

3.The amplitude and frequency of the out come
any des{troedproiviele platform users with the
di fferent agitatiomu@aarnamgeters on rehydrat
Al s o, in LfD problems, there is a tendency

as much as possible to ensurEeKulhak oatt caolme, i 230 .
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i n

ag

re

t h

To satisfy the first requirement, it 1s ne
di cates the start Tahnek | eorcd twafs stuhgee dd  iotr alt i macre
I tation is at haéayvaimonce endpsv ethog ncahhange directi c
peat. Therefore, i n any agitation cycle the
e same reason, v e | ooscciitlylr atuienggn a2 eraout @amét do ak
eprocessing.4athiissf yaltshoe hseelcpond requi rement |
ans | ess signal warp and a closer gap bet we
An al t sronattiiven for finding such a feature
sition on any ofsitnhcee tthhree eb catxtelse. pHoosw etvieorn ¢ a
rovided it is waouliceh nmeercae svsiaerwp otiontpr,ociess t h
e low frequency and bring all dAednda nt si tomaatl il oy
tremum may not happen simultaneously in the
To satisfy the third requirement, not only
en obtained (the first two requirements mus
st be included in thejleedromiyng Thlgornitt hwm | tl

botic agi tsatticeen Iferaerqueedn ctyi mi ng det eamedednb

camera frame rate).

Three techniques were used to satisfy the tF
1.Vel ocity signal was used instead of positi
agitation cycle, it wildl be possible to fi
2.Fast Four i &FWds amsddrtmro encode the agitatio
cycl es.

3.AGaussian Mi(&MMwaes Miosdeed on the first two | a
the FFT parameters for the dominant vel oc

vel ocities.
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We dafaisng he number of frequen@ielBh iehs)el ect
as he | inear ancdo mapnognuelnatrs vienl oecaicthy de moostsr @ thieo |
number of data pandas time anwmmegrl eofc ydcdmagnstr at

For each cycle in ea¢@Hbroh ht he), 6wsei gpmFaFTo c mmm{

OQ 0o (5.1)

~

whewei s t hdeo maiimme s @nal i as ddforneagiune rceypr esent a

We sel ecttwbtrheeq utdbmme) wist h t hma d mintguederheequency

spec,y raulmong with their: corresponding amplitud:¢
Qs 244 ) IdQ (5.2
The most i mport anmte dammdnl danrtgse safgovdgsh e es i n

For each compoadnte,quaedf mmgclotrhraeedsepsondil mg geet t

magni tude peakussiinng tEWES) astgbditntsr u m

QG QOE Qs (5.3)

¥ Q% (5.4)

V)

Then we create a feature vector for each <cy

O OB RO BB (5.5)

whet ed o¢(@frequencies for eacan®©frephesénicoi

frequeampl andde feature components.

We fit a GMM to the frequencies and ampl it

5o "o » I (56)
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whenme s the number o f camporernthe imm xt hee G
B 0 ppand O ‘h arGaussian distri mntdi carosy awii tam cree

The idea is to group similar patterns rega
For example, two agitation cycles from two di
shape but start at diff eg exntta gpeh,aswee .c aBry ri gnog
similar signal s.

We select the GMM component whose sum of

hi ghaesstt he representative pattern in the agita

T Ol QEOd QO (5.7)

whebes the number of de mo fMsitsr atthi eo nisn d eaxg i d fa
componematx seniAe sum of posteriomycbhpa®BRphpisithes
posterior probd&pgivenhytbot Etomporeoy aidd ampl it
This equatianr emrnepdacdmbtigsrei lifesfeh @ n@MM component

the highest sum offegpastdéessr opr ovin@b ihleirt it s e

across many cycles or. concentrated in fewer <c
No w, we consider the phase to be able to r
was not included in the | earning features. We
T r pme:
% NI OGEOQ RAQ (5.8)
hae T = Qo (5.9)
0

Finally, for each of the 6 components, we
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DARI Do O WEE D o (51D

wheQand are from the repres®nt &halrvee tGVEM avoem
phases.

As a hesululkwayning approach was designed so
of agi(tEgtuiggnPovas possi ble in case the user of
Il mpact of frequency and amplitude on rehydrat

The f ol l owipnrgo wiadea ga anpahtsh e mat i c al anal ysi s
from this |Ilearnhag meé hddebatgi damiorodlphdeantall ¢ S i s
demonstrates how botlkaGWMivalt kethegiendpeand oFRTh

I f agitation cycles are spli@ at zero cros

ot 0°Y T 511}

whe'Yieshe period of @emonstration cycl e
According to the Ceswufdl ciiemitt dEmMB®aGHt mat wi

distribhgttanipenhi oysl eonverges to ademmtad di s

Voo Y (517

Thimean 'Ygi.s, i dent i f i(eudsibnyg otuhre GiMGBE PeNrOAeBd)ITe p a
as a unique dominant period of human bottl e a

Since all demonstration cycles are periodi

are multiples of thASIObimeéasmerdtr@lgufemedesn cyn

ot hrough GMM cl uthtee IFiFrEg.«c elmpaor (kaf notr € ¢ (.4 Pt lmat

generate the | earened tagiehra tmuo itih eyl Xklseni na-ndgg fr e
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"0 Wh Q  pfB M (51 B

As a oesmabtgonsti tuted c@GmPonent in Equatio

WE ¢ QY

our
a r

j er

cyc

%o WEC Q % WE%H WECQ T %o (5.1 %

Thi s meakhesr ¢ conis grmeanticutrends t o @i ts starting va

For an

Waii Yoo WAAI oo (515p

y recownsitmg cExAWA e gmiadouib @ rAl y @ nidn

theelderivati ves orci gpiregreatvieonsh er earm& 8o ng &

esul t,
k  wi | |
The me

|l es i s

given sufficient agitation demonstrtr
remain closed smooth trajectories
thod for | earning a single agitation

as foll ows:

1

2

Al gor iLtehamzii ng a Single Agitation Gycle f
| npthte: t
Al gori t hml)

Out pad ti :me oshbeatitelse position and orientat:i

import
( Al go
fonleac
appl
freq
freqg

cal culliarteal o@wthy) and angul @rh v el ofdiotir

posi
cal c
aver

for

f ofireach dattlaeoiidcdant:infied signal

i me series of bottle position a

bottl e posi tion aposeastti enmt atoi
rithml)
h agt yshweirgln ainrd ouhyalkicas e, f eat ur e
y-oad&rdButterworth filter from
uency of 0.04 (equivalent to 4.

uency range, calcul ated as 0.04

ti on auwnsiNwugn@yngtraatdiioennt f uncti on
ul alteent e |ii near v eMhoocsiet yc yccd nepso r
age pacorwiesleatciroons sbhEewhwieeinf @ &< $ wio

S hakegxpected
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7 fi nadnd st ore zéreo i mrdd sceisngpsf where th
t o pois.imairvkee n(g t he beginning of eac
8 end
9 for (indices of zero crossings):
10 splihgeisxi gnal . , l i near aindt padni gvai gdaut a
cycl es
11 end
12 for (o.fo,fo,fo 0. hand,) :
13 for (each split cycle):
14 per fFoFrtling i Engqgu a t(5.1p n g52¢
15 extract and store the top 2 frequ
FFT
16 end
1 end
18 combine the extracted components [
demonstrations [ 24 (i.e., 6 moti on
19 for(o.fo ho,fw. w0, ha nd,) :
20 compahnhe storecdulhaeroftahveersaaigendlo plea su
reconstructing the signal s)
21 end
22end
23 forfleach array of (exwirralctaendd feldkeat eian n
mo dfedr cl ustering agiitngtliaon patterns
24 identidptitmae usGMM -valriodand asetd-10 Gau
di stributions and 4 covariance type:¢
2 fit the identified model to the ffeal
26 end
27 for(eadchmai nefsmbdkel and s heékeeciomsantglued &
VA A hamd)
28 fi ntdnmeo st ¢ ommofn tcH eu sttrearisnee d tnso tmeel @ naensd
frequency and amplitude
29 for (oo fo,fwfo . ha nd,) :
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30 reconstruct t h es udrier@g nse dn us iotg meelp ulB b |

frequamampelsi t uadwerpahgae§ @ al cul at ed at
31 end

32end

33for | eorhmmgw.hand,in each ag(itaeionr &d
|l earned bottle position and orientat.

34 obtain thepbesatnhned bgtiheéegrat ionhgh

35 obtain the dreiagmteadtti bgntghhye | eagoéedr
(¢ h h)

36 cal cumeadieam nagrt q@ldish—(f rom oagigti miaddbma
them the reconstitut eod ioerniveafti &t o0 n

37end

5. 3Malp.pi ng etakeh magothti on cycles onto

The <current sie}ct updatae medbdto: agitatio#hi beogr
agi tatnidonwial i date the updated agitations comp:
To map the | earned position of the bottle
the robot tool for halrdni ng.t he iHen dadrce tpeearsas ane)f
a partici ghaamtdewlgs breif phte mapping to the robot
was reflected relative to the XZ plane in t

transformati on:

p T T T
o m p T T
U R TOmopom B51p
m 1T TP
We define the following coordinate systems:

w: Worl d
0: Camer a

Y §(Eg piB )
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0: Bottle (representing human hand)

Y. Robot base

w0l awQ Wor k Object

OO0 End Effector

Y60 Tool Centre Point

Fi gb4iel l ustrates the defined coordinate sy

camera to the robot space.

Figb4(ea): Bottle pose relative to camera coordinate syste
system(s) and then the tag pose(s) in camera coordi na@aé esyst
systexnplaasi need in the text. (b): The coordinate systems for
coordinate systems for WObj and TCP in (b) were defiimesd to 1

show hixceden

When trafhsbmramnpgcodtdjifacet spateédmanadnt matRO txe

mat r’¥ xt hieshe transformation Matri x i s:
v Y O (517
m p
For simplicity, first, we imagine only one
t he equation to handle more identified tags.
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I n case of detecting only one random tag,

hand i s as:
N Y ETY BTy 513

And the transformation for robot TCP (where

Y Yty oty tvy (GCN)
The | earning approach all ows scaling of hun
to the robot, in case an operator wishes to s

the path of human demonstrationsst Tatei osncafl o

mi micking can be defined with option to scale

i m T T
. T i T T
Y , 5.2
m i 7 2P
T 7T T P
For the robot to mimic agitations | earned f

the relative position and orientation of t he

orientatYbdm afhet Worl d, after (if required) sc

Y 0 FotY M O B 521
Expanding this wusing the full transformati o
Yty oty oty 0 FoETY Y £TY €TV D i k2%

I n case more than one random tag is i1identi:
each tag i s aver agedt haemotnrga nt shfeo rtnaagtsi.o nT hMarterfioxr
hand wil | be:

y ¢ ovtyity (52 3
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whelries the number of visible tags.

l nputting this to equation for transfor mat

and scaling (i f required), the equation wil!/
0 ﬁt‘s— YtY t'Y t™ 0 R 52%
Therefore, if there are more than one tag Vv

Yty oty oty

(52 p

™| O

YEY Y t™ O i

Definicxigidbbedi nate system and calcul ating t
a cleaner approach in programming the robot a

be as simple as changing the posiits oeinalmlde © rtih

to perform the | earned trajectory starting fr
entire trajectory falls within robot workspac
wé @l atMoweootrali nate system was done in a way |

Bottle to Camerdaocompdemabnhe s8ketemtions on Yu
(Robot Studi o) was used to ensure all the safe
robot native I(ABBYyaRdaddgmapARIDE | earned agitat
the points of the representative agitations

fr obt adagteat ype which is a common way to define
orientation of the robot end effector at that
the point. Pythonowaaogsets (Dhgehermae requir

| earned points.

150



As agitation is relatively a high frequen
movements were implemented i MoyvyeAbm&®JRPBRELPE. wiih
are also some other syntaxes Moovre)lcont Mav(@)e d g(
paths, but these syntaxes are performed sl owe
Al so, to get thhiegipffepdedr f @ d wa m tViogveeApis g 8 h e ob ot
i n joint space was already calculated and sto
calculating the inverse kinematics during per
embedded Calsda deinntti& Pl D was used. Il n case the
i nvemsanaki c s, t he preferred robot configur at
configuration was used in all points which wa:
t he same agChaeaplikeodds swsdddaitnt he arm was in the
and therefore there was no need to modify the

I F can, etc.) for safety and preventing possi

5. 3Ev2al uation of robotic agitation pe

Al though it may be possible to access the |joi
the robot position in the simulation environm
for the following reasoms. fBirrsnonitloen @agwadea
due to organisation | imited | evel of access t
as wi || be discussed i wases nb upefrsfeacrenm otnhtep thhieg h
acceleration changeootegghentkegrnaed agpéeatedns
needed to be scaled up to be adapted to the r
the | earned agitations. This needed triabktand
agitation power to that of t hCeonlseagrureend | agi tf at
purposes, we relied solely on the simulation

replica of the robot that wutil i s esThtehec osnameolcdo
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of the robot was identical to that of t he

environment was used to obtain the path of ro
By extracting the trajectoryi nufl athensobawnt de:i
trajectories, the applied power to tthleatbowa ule

be appglitéhde robot could perform the original I

5. 3.R2hydration power calcul ations

Rehydration power, either from the | earned t
simulation software (and exported as trajectc

| nsamendpeed and acceleration at each ti mest am,

O L O 0 O L O 52%p
Q 0 . QD o0 . Q) 0
. . . 59
W o QOhooo ,Qbhooo 9% G2y
WO W o W 0 W o 528
And i nstantaneous power being trasnisdgrtrea 4

magnitudes of sm@mesed and acceleration

06 aditvotho (529
Therefore, the average power over the ti me
5 p T\I,x
0 =, LOMO 53D
Y
P e
~ Atbotwo™o 531

As a ,resnultthe current probl em that contair

average power transferred to or from the bott
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5 Uﬂ 66 Uﬂ Gtoo ido (53 P

Whetds the number of datapoints during the

power .
I n the above formulations, the bottTheand
average amplitude of the agitations was <calcu

2 o 6 (53 3
whet es ntuhmdndr hal f adfitrami paok gthd asd Varciealvle

Ww a@&aade the distance bottle travel lhehd add t he

not necessarily happen at the same ti me.

5.Mssessment of rehydration attr.i

The | ast part of this <chapter evaluated whe
demonstrations resul ted i n cdoinfipfaerreedn tt d etvheel aodfi
Chapters JIhendehydration attributes esti mate
devel oped in Chapter 3. Also, the percertage
(CEM Corporation, NC, USA) as another suppor
evaluating si gmilfuibddndeg @fs mowdkesruld of t he urg

i n this chapter were P11 to P15, and each was

5.Besults and di scussi on

5. 5Chlaracterisation of human agitatic

A few of the participants were observed to c¢

demonstration (e.g., changing the bottle orie
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shake, or changing the swirling direction). H
for demonstration. Thi s observation was t he
demonstrations in the presenstsestudpy, Aheexplaa

was designed to handle variations of this nat

5.5Ag.itation amplitude patterns

The agitation amplitude in swirl style was si

average of 66.6 mm and 99.2 mm for swir/l and

Boxplot of Amplitude by Agitation and Participant

Participant
1751 [
? = 2
— 3
1501
—_ == 5
E 125 = 6
; [
T 100 = I 8
2 i . 9
g 75 = mEm 10
< a
] = 'IE?_
251 = ===
Shake Swirl
Agitation

Fi g&5lendi vi dual boxpl ot of agitation amplitudes der
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Box plot of Amplitude by Agitation (all Participants)

¢
175-
1501
¢
'€ 125
£
S
gloo-
g
< 75
501
25
Shake Swirl
Agitation
Fi gb6Qverall boxplot of agitation amplitudes demon
5.5.AQgi2.ation frequency patterns
|l nterestingly, there was no significant diffe

shake styles, with average of 3.66 Hz aagdvén7i:
the significantly di,ther eemtqguangeirtaahtsifoenr r@amp Idiutr
agitation was significant(lpy < oOweér 1t ghyaeriw.adider i onfg

for swi 'Wf oarn ds h2a. k9e8.
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Frequency (Hz)

Frequency (Hz)

5.0

4.51

B
o

w
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w
o

2.51

Boxplot of Frequency by Agitation and Participant

LB .
T'I'-I-i éﬁ =

T - ?

;

Participant

H O 00 ~NO U B~ WN

o

1

5.0

4.5

o
o

w
(e

w
o

2.57

Shake Swirl
Agitation

Fi g&7%lendi vi dual boxpl ot of agitation

Box plot of Frequency by Agitation (all Participants)

frequenci es

¢
¢
¢

Shake Swirl
Agitation

Fi gb8Qverall boxplot of agitation frequencies
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5.5 0h4pAr tici pant variability analysis

Anot her i nteresting observation was that botl
agitation, the | ower the frequency of agitati
for swirdl and O.BbgH¥)addhtkietn awgd sy aot bi soenrsv e(d t h
performed by various individuatlt Bercanwas faesi
di fferenpar bist weaan d hnei naempl i tude and frequenc

for swirl (p < 0.001 and p < 0.003, respectiyv

Swirl Shake
o Correlation: -0.80 Correlation: -0.86 Participant
175 e 1
2
150 3
4
5
EIZS 6
E ° 7
g1oo ® 5
=] ® 9
=75 ® 10
Q
€
< 50
25
0
2.5 3.0 3.5 4.0 4.5 50 3.0 32 34 36 38 40 42 44
Frequency (Hz) Frequency (Hz)
Fi gb9Rel ati onship between frequency and amplitude of al

Tkeinverse relationship betcwadnd dmplb e cuadues ea nsc

i ncreasing the frequency and ampli tsapgeedofanad
acceleration of the bottl e, whi ch demands mo
| i mitations of applying more power i s outside
from the natural waybatpheticipant agitates t

5. 5Qu2t.comet heed I|ceyacrine s
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Swirl Cycles
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As expected, al | six |l earned velocity signals
they Adttaent .t he integration of the | ear neas si g
obtai ned FRisgbll&dovanorn chi ng tlme ttheajféeguory points
cycle end at ahntdhee sttraansintgi qgproifnrtom t he | ast tr a
one agitation cycle to thealnsemaolthhh.eni shéeénr al ¢

wi t hantahlgyrsétmmpu a t(5.ldiné.1band t he smooth compl ete Vv
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i ki gbY@s a result, the obtained trajectory p

swirl agitation over any desired ti me
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illustrated relative to the 3D bottle orien

Regardi ng t hehe hgarkaep hasg i afadtilweniginyxl d edarr epB®ddBo wn
I n the same way, the |l earned signals end at t
smooth compleoeablel dsfferenceii.se)t,hehiveht haas

absolute peak and tro@¢ghgbr® vues than swirl ag
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FigtrtZhe six components of all shake agitation cycles (tr

After the integration of the | earned signal s
agitwaasbtnai ned &cghbX 3igrag nt, o it I's noteworthy t
cycle for shake is a complete and smooth <cycl
also illustrates the | earned change inlrnthanor
i nteresting observation, the vertical axis of
the bottle is moving down (i.e., towards the

ground). This may be udnaen twa itsihe oan atoo myh eo ff atch
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