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'

  The  smallest  recognizable  particle size oi' foods in the mouth  and  the size range  of djstingnishable

partieles were  examined  seusori]y  for different food sarnples.  These  two  factors were  evaluated  in

relation  to the physieal  pToperties  of  the food samples,

  Samples in the  form  of  aqueous  suspensions  -ere  preparcd from  nine  pulverized food materials  by

passing  thern in ivateT  through  standard  sieves  wiiich  resulted  iii a  geometrical size  ratio  of  approx.

1. 19.

  The  smallest  recognizable  partic]e size, which  depended  ]arge]y on  the material,  ivas  ]east in cellulose

(34,u m)  and  most  in l%  agar  gel {380,am). Excepting hanpen and  bread, food particles  differing in size

by 1.2 tinies oii  average  were  distinguishable when the particle size was  abeve  a  certain  ]evel (the
smailest  distinguishable particle size),  The  srnallest  distinguishable particle size  depended  on  the food

material.

  The  smal]est  reeognizable  particle  size  and  the  smaliest  distinguishable particle  size  were  associated

with such  physical preperties of the mateTials  as  the -ater  content,  the deformation coefficlent,  and  the

density,

 The  smal]est,  recDgnizable  partictle size  and  the  srriallest  disti]rguishable particle size  wEre  subjected

to a  multiple-regressien  analysis  t.o express  Ihem  nuinerica]ly  by  using  the physical properties of  each

material,  The  srnallest  recegnizable  particle size  and  the  srnallest  distinguishable paTticle size  could  be
expressed  by  multiple-regression  equations  with  the  defarmation coefficient  etc.

                     Uleceived Oetober 3, 1997; Aecepted  in revised  form  December  15, 1997]

Keyvvords: sensor}'  evaluatiop,  pliysical preperty,  food particle, particle  size.

               INTRODUCTION

  Man/g vpe$ of food are  made  up  of groups of

particles of  various  sizes  or  composed  of  partlcles
which  are  dispersed  in a  ]iquid. FoT  i]istance, cooked

granular meat  and  boiled rice  are  groups of large

partieles, "hile  dango  Cpounded rice  cakes)  and  anko

Cbean paste) are  in the group of  particles rangmg

from  tens  to hundreds  of  microrneters. Potage  also

consists  of particles dispersed in "eter  of  ]ess than

ig m  to hundreds of,u m  across.  Part.icles thus p]ay an

iniportant ro}e  by chara[terizing  a  food and  contribut-

ing to its physicai properties und  taste quality. Jn

some  foods, a certain  level of  paruele  size  is required
for goc,d taste quality, Dango  (Katsuta 1987) and  anko

(Yajita et  aL  1972) eomprising  particles of  approx,  100

   
-150"in

 are  both  more  desirab]e than  when  eompris-

   ing larger or smaller  partic]es. In mise  soup  with

   soybean  grains (Okuda et  al. I987}, the soup  with

   about  25 96 of  particles over  150Am  had a  smoother

   texture  aTid  -es  niore  desirable than  that with  about

   4e%  of the sarue  partiele size, but  the  soup  with  abollt

   10%  of the same  particle size  was  too smDoth  ta be

   deslrable. On  the other  hand,  chocolate  Mostagno
   1969)  and  lee cream  CF'ukushjma and  Kimura 1992)

   become  undesirable  when  particles can  be  perceived

   in thc mouth.  Therefore, it is useful  to examine  the

   smallest  particge size  that a  peTson can  recognize  and

   the smallest  difference in particle' size  that a  person

   ean  disttnguish, particularly when  these examinations

   can  be relatecl  to the physical properties of  a food,

     Other than  the above-mentioned  foods, several
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stvdies  on  peanut butter (Muego et  al, 199d)),
margarine  CX:aise.v-Genser et al. I989), fondants

C"'aodruff and  Gilder 1931), soups  (Moteki and

Ya:namoto 1987; MaLsumoto  and  Mineki 1981: Yos-
hlza"m  1984), amd  bean paste products CSu and

Chang 1995) have  exainined  the  preparation condi-

tions "ith  the object  of obtaining  [he  most  desirabEe

particie serLsation  for each  produc/t, although  none  of

thcse studies  made  a  general investigation into the

relationship  bet"een  the sensatiDn  froin the panicle
size  and  the physical properties of tlre food,

  There have  also  been  some  dentistrv studies  on  the

rer:ognitioii  of  substances  iii the mnuth.  Ka"amura

C1976) has reviewed  that the rni]iimum  particle size  of

metal  foil pei'ceivable  by the  teeth  svas  20-30um  for                                    '

sensitive  peeple  and  100  
,um

 for insensitjve people.
Teeth  could  also  distingutsh a  difference in the

thickness of  s',ntlLeL･ie resins  as  smali  as  O.18 mm

"inen  the mouth  "us  open  5 inni  svide  (Nlanly et  at,

1952). Tl'Le threshold value  for distinguishing the

diameters ot' t}vo steel  "tires  "es  O.2 nun  for "ires  ]ess

than 3 mm  in diafueter, and  O,3 nmi  for -ires  niore

than  4 mn't  in diaineter, svith a LVeber ratio of O.1 t'or
corrtplete  distinction CKa-umura and  Watanabe 1960),

These  studies  used  metals  for the  tests and  were

lintited to the sensation  bv  the  teeth,                   '

  A  pharrnacologica] study  (T}rle et at.  1990) has

exsntined  the iuouth  feeging by using  several  types of

sample  svith  djfferent physical properties. In that

experiment,  three particle sizes  each  of three t)pes of

materia]  -'ere  dispersed iii a ]iquid to evaluate  the

texture  im five steps  from ''siuooth" to 
'`gritt.v,"

 The

harch'.ess nnd  shape  of  each  sample  depended  on  the

rnarerial  used.  
'I-he

 studv  concluded  that the hard and                  '
angular  materials  became grttt.v as the partic]e size

irLcreased, svi'Lile soft, spherical  materials  and  fiat,

some-inat  hard materials  Temained  smooth  regardless

of  the particle size, Sinee the study  emp]oyed  onl,v the
L'hnrdness"

 as  a  physical property  and  the particle size

ranged  only  to a small  extenl,  however,  it "-s  not  a

systematic  examination  on  the parLicle size  and

physical properties of materia]s.

  The  object  of  this study  is to investigate sensorU.v

the  mouth  feeling, part,icularly the smallest  size  "hich

cait be recognized  as  a  part.iele and  the  distinguish-
ab]e, range  of  particle size,  by  iismg  particles from
tens  of  Ain  to 1 mnFL,  "ilieh  represents  the range  of

particle size  found in foods, and  to exa]tine  "diich

physical properties oi  foods have  an  effect  on  the

particle sensation,
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         MATERIALS  AND  METHODS

Materials

  An  aqueous  suspension  of each  sampie  -us  used

because  a  dry po-rier markedly  changes  its physical

properties when  it rnixes  "ith  saliva  in the mouth,

Eight ma[eria]s  "'ere  selected  for the fo]louing
reasons:  1) they undergo  no  physica] change  such  as

clisseiution  after  the  sample  has been  prepar'eci; 2) it
is practicable tQ prepare  particles of aroimd  20-1,OOe

,Ldn in sizc;  3) tltey are  uniform  materials,  having  the

saine  coinposition  "lth  different particle sizes; 4) they
are  avaitable  in a vvide  range  of physLcal and

gcometrical properties. The eight  materials  selected

were  albumin  (fiTst grade reagent,  flakes inade  from
egg,  Wakojunyaku  Kogyo),  casein  (reagent, made

from  milk,  Karitokagaku), agar  (povsder, "iakojunyakv

Kogyo), shirataki  (noodles made  from  devil's tongue

starch,  Shitnonitake), cellulose  (mi/:rocrystalline t)pe,

avevage  particle size  pf 20-700ym,  Asahi  Kasei

Kogyo). tofi (firLe-grained bype, Sunshop Yamazakj),

bread Ooat cut  into eight  slices, Yamazaki Seipan),
and  hanpen  (fish cake,  Kibun Foods). Each  of these

niaterja]s  "as  prepared  into uniform  sa]np]es  "ith  a

particle silze in the 20-1,OOO,iim range,  "hich  were

free froin chaiiges  in physicak properties such  as

dissolution after the sample  had been prepared.  The
different particle sizes  caused  no  difference in the
eoinponents  of the materials.

Sample  preparation
  Albumin  swas  heated  in beiling vHter  for 5 min,  and

after  ehangins  the "Rter  a fevv, tinies to remove  the

odor,  the resi,duahvater  "Rs  removed  at  105 ℃ for 5 h

in a  drier, The  resulting  dry materia]  was  crushed

"ith  a  grMder, and  the  resulting  powder z-as addeci  te

-eteT  ancl allo"?d  to soak  overnight.

  Casein "as  crushed  "ith  a  gri-dev, and  the

resulting  powder  "ns  added  to -ater  and  a]le"ed  to

soak  eveTnight.

  Agar ge] (1 %)  svas prepared  by adding  about  600 g
of  distilled wuter  to 5 g of  agar  po"der,  allovLlng  it to
s"ell  for 1 h, heatlng wirile stirring  for 30 nrin to

dissolve and  boil do"n  to 500 g, cooling  to room

temperature,  and  leaving at 20℃
'

 overnight,  The

resulting  gel "u's  cut  into approx,  3-cin c-hes,

suppletnented  iviIh  uater  and  pulverized "･ith  a mixer

(NMX-0701, Koizumi  Seiki).

  Agar  gel (2 9b' ) "us  prepared  iri a stmilar  "ny  and

pulverized with Lhe niixer.

  Shirataki was  heated  in boiltng -eter  for l min  and

then  pulverized -ith  the  ntixer,
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  Cellulose "us  added  to water  and  allowed  to soak

overnight.

  Tqflt "us  added  to "ater  and  puls'erized -ith  a

cooklng  cutter  (CQ-30(A), Toshiba),
  Each  slice  of  bread  xvith  the crust  removed  ivas  cut

into four pieces, and  the moisture  -es  removed  at 105

℃ for 30 min  in a drier. The  dried bread swas

pulverized  (Konahikisan SK-l800,  Yamamote  Denki

Kogyo) and  added  to suzter  for soaking.

  Hbnpen  "es  cut  into approx,  3-cin cubes,  added  to

u･nter,  and  pulverized "ith  the  inixer.

  Eaeh of these  nine  materials,  after  being "'ell

soaked  and  pulverized, were  passed  through  standard

sieyes  CJ]S) in "ater,  These  standard  sieves  "ere  ef

23 typ(･s ranging  from 23 to 1,OOOxtm in mesh  size

"ith  a  geometrical size  ratio  oi  about  1,19. Each

resulting  suspension  Lvas  poured  into a 100-mi tall
beaker and  left for about  1 h, The  supernatant  -ns

discarded to obtain  about  200 types  of  sample  "ith  a

particlc: content  of  30-50%  (Ww) ,

  Aqu{ious suspensions  were  used  for the sensory

evalualion,  and  t.he particles were  removed  from the

samples  for physical property  measurements.

Particle size  and  geometrical  eharacteristics

  An  ca)tical  or  stereo  microscope  -zas  used  to take

pictures of the samples,  and  a  SIP: IMC-S12V8

color-irnage  alialytical processing  device wlth  the
SPECTRUM  irnage anal>zer  program  (Mitani Shoji)
was  use{l  to determine the area  of about  100 partic]es,
the  diameter  (assuming a  circular  forrn), the  degree

of circularity,  the volume,  the maxirnum  length, rhe

lengths, of the ]ong and  short  axes,  and  the ratio

between  the ]ong and  short  axes,

  The  diameter  (assuming a  circuiar  form)  is

referred  to as  thE  particle size  for each  sanip}e.

Water  content

  Sinee the siater  content  "?s  presumed  to be the

sanie  arnong  different particle sizes,  partic]es of

apprex.  400-600Bm  were  ehosen  from each  mal.erial.

The  waler  content  was  measured  by the heat-drying
method  at  105℃  under  normal  pressure  by using

plastic tilm (diatom-earth addition  fil{n method,  Nihoii

Shoku}tin Kogyo  Gakkai Syokuhjn Bunsekiho Henshu
Iinkai CFood Analysis EditQrial Committee of  Japanese
Societ} for Food  Science and  Technology) 1982),
Density

  The  clensiB'  was  also  presunied  to be  the  same

among  different particke sizes, so  particles uf approx.

200-400ym  "ere  chosen  from each  materjal,  The
densies' "es  measured  by  the liquid immersion  method

by  a  pye.nometer  (FIJntai Kogakkai (Society of  Power

   Technology)  and  Nihon Fuiitai Kogyo Gljutsu Kyokai

   1985).

   Precipitatiort test in water

     A  small  amount  af particles was  dropped  inte water

   C20℃ ) filling a glass tube  (5 cm  iR diarr}eter and  l m

   in height), and  the  t.ime was  measured  fDr the

   particle.s to precipitate from a  pognt 20 ein  dowri frorn

   the  top to a  point 50  cm  further down, With the agar

   ge]s, a stop  wutch  was  used  to measure  the time, while

   for rhe  experiments  with the other  samples,  a

   videotape  was  reeorded  for later analysis  of the

   precipitation tirne.

     I'articles of more  than  500ptm  -ere  used  because

   measurement  "ns  difficult for smal]er  particles,

     With  each  sample,  I5-40  particles "ere  used  for

   ineasuring  the pTecipitation rate  (cm!s).
   Compressior1 test

     A  Rheorobot CKA300PV precisien type, Kyowa

   Seiko) was  used  for the compressioil  tests, The

   load-cell plunger  mounted  on  the upper  paTt of  the

   device was  ]o-ered on  to a  particle placed  an  the

   measurement  p]ate, aRd  after  determining the height

   of  the parLicle, a  load was  applied  to the particle, The

   Rlieorobot digitali.v detects the ioad on  the partie]e

   and  the change  in particle height witit tiine. The  load

   eells  used  were  2 kgf, 100 gf, or  2 gf, depending  on

   the material  being  tested, ivhile the plunger  was  2 mm

   in diarneter, and  the loading rate  was  467pt m/min,  40-

   50 particles being measured  for eaeh  materia].

   Sensory  evaluation

   ]. Particlerecognition  test

     AppTox.  O.1 %  vanilia  essence  was  added  to each

   sample  Lo ininimize  the effect  of  odor.  A  sample  of

   approx.  1 rnl was  placed Dn  an  approx.  2-in] plastic

   spoon,  whieh  was  then  placed  on  a small  plate to

   serve  to each  panelist, Each  pa"elist put the entire

   sample  into the  mouth,  and  used  the tongue  and  the

   roof  of  the  mouth  to deterinine whether the partic]es

   dispersed in the sample  could  be  recognized  as  such.

   After doing this, t.he sample  was  spat,  oLtt  and  the

   mouth  rMsed  with distjl]ed water,

     A  panelists djd not  recognize  particles if the sample

   was  perceived  as being a  smooth,  unjform,  and

   continuous  liquid without any  particle sensation.  The

   panelists were  also  instructed not  to recognize

   particles, even  when  they  feLt somethjng  other  t,han

   pure  Nvater,  if they  could  not  perceive  the presence of

   a  sized  particle.

     The data were  treated by the probit raethod,  and

   t,he particle size  at  which  5e%  of the panelists

   recognized  partieles is designated  as  the Tnii'iiinum
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1. Values  fer t,he physical propertLes of each  rnaterial

DCJwc'DE,PJc･t I,' I.-

19b' agar  gel

2%  agar  ge]

AlbuntinBreadCaseinCe]lulose

HanpenShirataki7?lfLl

O,691O,367O,

 7･ 25O,638O,714O.884O.295O,580O.741

99,398,279,286,270,849,79L195,99L9],022].O07l.0521

 079.]

 0771
 23]1
 087]
 O]9]

 035

l.25L26L2O,

 64l,04I,l31,15i.781.06

  4.96

  4.705.43

× 10']

  3. 0T･7
 14× ]O "

Ll 50 × lo 
'i

  5. I4

  3,75

  3,97

  }.73

  1.741.3Sxlo-s

  L  :･33
 l2× 10'!

2 13× lo 3

  1.69

  L57･

  I.74

"

 Degrce  of  cireu]arit}',  
L'
 XVatep  content  (?e). Density (gXcm3 ).

rate-particie  size  coefficient.  
'
 DeformatioM  coeffiaieiit.

"
 Pr･ecip]tation

recognizab]e  size of  [he  particles,
2, Particle size  distinction test

  Tbe  paired distinction method  -as  used  to
determine  -hether  tsvo different particle sizes  for
eaeh  Jnateria]  Nvere  distingujshable. A pair of  samp]es

were  served  to each  panelist, the partjcles of  one  of

the pair being  about  l.19 times  larger than the other,
The  sarrLples  wern  prepared in the same  svay  as that
used  for the par[icie rccognition  test in paragraph ],
The twu  samples  -'ere  served  in the same  right-and-

left posi[ion to half of the panelists, and  similar

samples  were  served  in the opposite  position to the
other  half of the  pane}jsts.

  Each paneiist put one  of the sarnp}es  in the  mouth

and  used  the region  around  the incisor papilla at the
anterier  of the hard palate, ;whieb,  has acute  abilit.v

CSuzuki 1994: Arai and  Yamada  1993), aiid  the

tongue  to recognize  partiele size. After doing this, the
sample  -es  spat  out  and  the  mouth  rinsed  utth

distilled -eter.  The panelist then put the ether  samp}e

in the mouth  jn the same  "av  to determine "ttich

sample  had  the Iarger particles.

  The  binornial test "-s  used  for anal}7ing  the

resulTs,

  Sensory evaluatioiis  of  both the particle recognition
tesl Cparegraph 1 above)  and  the partiele size

djstinction tast Q]aragraph 2 above)  vaere  conducted

in individual compartments  of  a  sensory  evaluation

t'oom  under  red  ]ight to rnake  the samples  less
visually  distinguishab]e, These evatuations  "ere  con-

du:ted t'rom 10/OO to 11,30 a.m.,  1/OO to 3:OO p,m,, and

5/OO [o 6/OO p.m, The  paneljsts -'ere  20 mernbers  of

the Cookery Science Laboratory of Oehanomizn
University ranging  iJ't age  from  21 to 25.

24 (246

Statistical treatment

  ExceL  ver.  5,O for Macintosh Ov{jcrosoft) -as  used

for the regression  analysis,  and  Stat,istica ver.  4,1 for
Maclntosh (Statsoft) was  used  for the correlation  and

multip]e-regression  anali  ses.  SPSS 6,IJ for Maeintosh

CSPSS Japan) "es  used  for the  probit method,

         RESULTS  AND  DISCUSSION

  Since some  of the particles in our  samples  "ere  as

smali  as  tens of 
,(tm

 and  comprised  varjous  compo-

nents  and  shapes,  it ivas  difficult to accurately

nieasure  physical properties. In order  to examine  t,he

effect  of  the  pity,sical properties of a  food  on  the
mouth  feeliJig, however, ue  tried  to obtain  the

physical propErties of  particles in as  objective  a  "ey

as  possib]e.

Physical  properties

  Table 1 lists the clegree of  circu]arity,  water

eontent,  density, precipitation rate-partie}e  size  coeffi-

cient,  deformation  eoeffjcients  kL and  k2 for each

materia).

1. Degree ofcirc/ularity

  The eight  parameters  for the  geametrical  charac-

teristics that "ere  measured  -dth  the image process-
ing device "ere  examined  to determine "inteh

expressed  mest  accurately  the shape  of  a  materLal.

Cellu]ese and  hanpen resulted  in outstfinding  pietures:
the particles ef  cellulose  "ere  al]nost  cornpletely

eircular,  u'hile  those  of  ftanpen were  mostly  amorphous

and  looked  }ike ckimps  of fllaments or stark  trees

covered  with ice. The  differenee "as  refiected  more

in the degree  ef  circ:ularity  than  in any  other

parameter.  The  degree  of circularity  was  ealeulated  as

the  value  of 4ff Xarealcireunifereiice2.  XVith this

foTmula, the degree of circularity  of  a  perfeet circle  is

IF
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r'..-
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Sg,  l,
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 -1-1.5

 -2-?,5

 
-3

   5.5 6 6.5 7

         Ln(particlesize) ("m)

Relationship between the precipitation rate

and  paTticle size  for tofi

1. Proyided that the area  is the same,  the  degree of

circularity  approaches  O as the circumference  tn-

creases.  The degree of  cireularity  "ns  thus ernployed

to express  the particle shape  of  each  san)p]e,  Since

the  degree of  circularity  did not  depend on  the

particle size, the degree  of  circularity  for each

material  "es  calculated  as  the average  of  a]1 particle

samp]es  of  the sanie  material.

  Ce]lulose had  t.he largest degree of circularity  at

O.884, "hile  hanpen had  the  smallest  at O,295, the

values  foT the other  materials  being in the range  of

O.58-O,74. Jn titis wey,  the difference in shape  svas

found to be an  objective measurement.

2. Watercontent

  Cellulose had the lowesL water  content  at  49.796,

follovaed by  casein  at 70.896,The wnter  content  ivas

mostly  over  80%  for the other  materia]s,  most  of  them

thus having an  extremely  high  water  content,

3, Density

  Cellulose had the highe$t density at 1.23 g!cm], the
others  Tanging  fTom  1,Ol glcm3 for the 2%  agar  gel to

1.09 g/･:in3 for hanpen, Broadly speaking,  the materials

ivith the lo-est density had an  extremely  high water

content,  although aibumin  and  tQfu had veTy  different
-ater  ec  ntents  in spite  of  their similaT  density, Casein,

bread and  hanpen also  had  different water  eentents,

but had similar  densitv,
4. PTecipitation rate-particle  si2e  eoeffteient

  ln general, ]arger particles precipitate faster in a

given liquid ii the particle density is the same,  and  if

the density increases, so  does  the ratio  of  the change

in the pre¢ ipitation rate  to the  chaRge  in the particle

size  (Kousaka 1987), that is, the precipitation rate-

partic]e size  coeffieient  in our- expertment  (refer to

Fig, 1).

  The  coraplex  shapes  and  structures  of  the  ma-

terials. ho-ever,  mean  that the density cannot  be

simply  assumed  to be  associated  with the preclpita-

tioii rate  in our  experiment.  As just one  of  the

physical pToperties of  each  material,  the pTecipitation

rate  of particle$ iR water  was  measured,

  Ngure  1 shows  the relabionship  betiveen the

precipitation rate  and  the particle size  ef  ttzfii. Like the

ease  of  tqfu shown  in Fig. 1, the other  matertals  also

had increasing precipitation rate  with  increasing

particle size, although there was  seme  variance.

However,  the ratio  of  the change  in the precipitation
rate  t,o the change  in the parbicle size  depended

largely en  the materjal.  In order  to clarify  the

difference among  materials,  a  regression  analysjs  was

made  coneerning  the precipitation rate  and  the

   particle size  for each  material  to obtain  a  regression

   line, The  regression  slope  is designated as  the

   precipitation rate-partie]e  size  coefficient,  which  is

   ofie  of  the  characteristic  values  for eaeh  material.

     The results  are  shown  in Table !. T[he eoeffieient

   was  largest in shirataki  (1,78) and  smallest  in bread

   CO.64). The  others  had the coefficient  in the range  of

   1.04-1,26.

     No  high  correlation  was  feund bet-een the

   precipitation rate-particle  size  ceefficient  and  the

   density. This possibly resu]ted  frorn the complex

   physical pToperties ef  the partieles in our  experiinent.

     The  precipitation rate-partic}e  size  coefficient,

   however, is usefu1  in our  expertment  as an  index  of

   the physical properties of  eaeh  material.

   5, Deformationcoeffieient

     The  compression  test measured  the particle height

   and  the change  in the  applied  load with time, The

   original  height of all particles was  different, so  the

   ehange  in particle height was  divided by the ortginal

   hetght to obtain  the strain  (E,%), whieh  was  then

   used  to obtain  a  load-strain curve  for each  particle.

   F}igure 2 shoims  the load-strain curve  for one  parti¢ ]e

   of  each  of  the nine  safnples.

     As is shown  in Iillg, 2, the load-strain curves  for

   almest  all the particles monotonieally  increased

   K-ithout  any  fracture point. This  monotonic  lncrease

   was  presumably caused  by the moistness  of the

   particles which  underwent  gradual eompression  rath-

   er  than  a  sudden  fracture under  a  given load.

   Therefore the fracture strength,  iwhieh  is generally

   given by fracture or  coffipression  tests, iAas  not

   obtained  in this experinient,  Neither was  Young's

   modulus  obtained  because  of the unpredietable

   cQntinual  change  in the cross  section  of  the paTticles.

     We  attempted  to express  the load-strain eurves  by

   one  equation,  Trial and  erTor  produeed  an  ex-
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ponentiali funcllon, in which  the  ]ogarithin of strain

-as  roughly  proportional to the load. In the proeess  of

obtaining  this exponential  function, the inspection of

eaeh  lead-strain curve  resu]ted  in the  following
observatiens/

  1) As is sho-n  in Fig. 2, the strain  of almost  all

the parti,".les did not  reaeh  100 %  and  -us  likely to
have  a  finite limit (E.,). This 1tmit for eaeh  partic]e
seems  to have been approximately  the sarne  for the
same  material.

  2) The  starting  point (E,D of the curve  varied  svith

particles even  in the same  inaterial.  This variatton  in
Ea  is attributable  to the varied  shape  of  eaeh  particle,
which caused  the  particles to $tart to resist  coinpres-

sion  ar  different Linies.

  eur  experinnent  can  be  expressed  by  the  fo]lo"ing

Kuno  equation  (Kubo et  ai. 1985)/

      tuo-E=  CE ..  
-eo)

 e'  
"'.
 if= loadl (1)

  This exponential  equation  is generally used  in

engineeriiig  to give the rnaterial  characteristjes  for
eornpression  ruling or  tamping  fi11ing.

  We  decided to use  the  exponential  equation

because lt applies  well  to e..  and  co  of our  compres-

sion  experimeiit,  consideriing  that the sample  par{,icles
of  our  experiment  are  made  up  of  even  finer
partieles. In Eq. (l), k is a constant  swhich  alloivs for
the factors of  shape  and  size  of the particles; the

shapes  of  all  the particles were  different from  each

26

other  and  cannot  be  expressed  numerieally.  In

addition,  the cross  section  changed  continually  under

compression  and  cannot  be expressed  nunierica]ly  or

by  an  equation,  either.

  ErJ,E.,,  and  k Lvere  obtained  from the Iead-strain
curve  for every  partiele. Eo  was  the  starting  point of

the curve  an･d  -es  read  frotn the graph, uinich  agreed

with the  strain  under  a load of  about  ]%  of the tota1
toad, E.  vvas ealculated  to have  the largest correlation

eeefficient  betsseen iri(E ..  
-c

 ) andf  (load), The  value

of k -es  then  obtained  as the slope  Df  the  regression

equaOon.

  Equation  (1) iwas  a  straight  line dropping to the

right  with slope  k, "d]en  plotted vLri t.h ln (E .. -E  ) for tiie
Y-axis aiidffor  the X-axis. This equation  is sornetimes
sho}vrL as  a  curved  ltne instead Df a straight  rine
(Hayaka"z et  ai. 1973).

  Fggure  3 is an  example  of  the results  of our

experiment.  As  is sho-u  in Fig. 3, many  particles
resulted  in curved  lines instead of  complerely  straight

lines,

  The  valne  for slope  k,- was  obtained  for eaeh  curved

line. kf is termed  the  
''deformation

 coefficient"  be-

eause  it sho"s  the  resistance  to the deformation  af

the sarnples  at stage  
"i,"

  When  ki -as  obtalnted  for every  particle of each  ef

the materials,  many  of  the  partides  produced  k:,, k7,

and  k3, -hich  are  composed  of three curved  hries.

[.248)
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Some  samples  with relatively  short  particles resu]ted

only  kb and  others  had k/ and  kz, Among  the  nine

rnaterials,  many  paTticles of  albumin  had ki, k2, k:. and

even  k4, Although  the ideal value  for k3 should

approxiJnate  to O, that is, parallel to the X-axis

aecording  to Eq, (1), k3 in our  expertmeTiL  teiided to

be  larger than  k2 as  is shewri  in the fjgure. This  may

be attributab]e  to the  small  ntunber  of  measllring

points and  the seatt,er of the measurements,  swhich

would  be  more  likely to infieence k3 than  k] or  k2.

Further investigation of  t,his should  be made  in

another  study.

  This  study  used  k! and  k2, "ittich are  thought  to

show  lhe deformat,ien resistance  in the first alld

seeond  stages,  For eaeh  materiul,  k] values  had a

large scatter  and  k2  vaiues  had a sma]1  scaLter.

ExceptLng ki for cellulose,  ki and  k2 for each  ]naterial

Au1gNv["

4

3

2

1

o

1

k,

.--k2.･

.kl

        O O.5 1 1,5

                     Loact {gfi
Fig. 3, Relationship between the load and

       for the 2%  agar  gel

E.  is the  lirniting value  for stratn (b),

AIbumin

Casein1

 %  agar  ge

   2

]n(E za Je  )

yvere  independent of  the height  of  the particles.
Consequently, the average  values  for k] and  k2 of  each

material  expressed  as  ki and  k2 as  shewn  in Table 1,

  ki was  larger than  k2 for every  material.  Both  ki and

k?were  very  small  in the order  of cellu!ose,  albumin

and  casein,  wirile ki and  kz for the other  six materjals

were  about  50 times wr)re  than  those for the first

thi'ee materials  just mentioned.  Among  the six

materia]s,  k2-as abeut  the  same  (1.33-1.74), but ki

 (3.07-5.14) varied  according  to the materiaL

Sensory evaluation

1. Smallestrecogntzable particlesize
  The  smal]est  recognizable  particle size  resulting

from the sensory  evaltiation  is showri  in Flg. 4. The

value  depended  largely en  the material,  cellulose

having the smallest  value  at 34 ym,  fol]oiNed by

albumin at  43Ii m,  easein  at  61pm,  hanpen at 160gm,

bread at 219y m,2%  agar  gei at  299"m,  tojit at  320

,u
 m,  shirataki  at 351Am,  and  l%  agar  gel at 380#m,

  The smallest  recognjzabie  particle size  is compared

with the physical properties in Table 1. Cellulose,

a]bumin  und  casein,  whch  had  extrernely  sma]1  values

for {he srnallest  recognizable  particle size,  had a

markedly  lower deformation  eoefficient  and  water

centent  than  the  other  materjals,  Shirataki, tojit, 1 %

agar  ge], and  2%  agar  gel, which  had  large va!ues  of

more  than  about  30e"m  for the smaliest  recognizable

particle size,  had  higher water  content  and  lower

density than  the other  materials.  Between  the

materia}s  having large values  of  more  than  30eptm for

the  srnallest  recognizable  particle size  and  those

materials  having medium  values  for the smallest

d eNNNINN"I
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 recognizable  particle size (httnpen and  bread), there

 zaas  no  specific  relationship  bemoen  the deformation

 coefficient  and  the  precipitation rate-partic]e  size

 eoefficient.  In all the materjals,  there -us  no  specifi:

 link bet"een the  smallest  recognizable  partjcle size

 and  the  degree of  circuiarit}'.

  In our  experiinent,  the  smallest  particle size

reeognizable  by the mouth  was  therefore found to be

related  Lo such  physieal properties as  the -ateT

content,  the deforrnation coefficient,  aiid  the densit}'
of  the niaterial.

  In conneetion  "ith  foods requiring  smoothness,

several  stlldies  have examined  the particle size  so

that  the  foods can  be considered  as srnooth,  No one

could  perceive  particles of  approx.  8gm  across  in

chocolate,  but a  small  percentage  of  people  could

perceive  particles ot' approx,  13"m  acress  (Cook
 1982). The tongue  eollld  perceive  partic]es i]i
chocolate  -hen  20 9b or  more  of the cr)rstals  of  cocoa

butter were  over  22,um (Rostagno 1969), The
srrtallest partiele pereeiyable by the roof  of the  mouth

"es  fouiid to be  around  2S,u m  in size  CHinton 1970),

Most  chocolate  produc[s  are  considered  smooth  if the
crystals  are  iess than  25,urn (Bernard 1980),

Fondants are  consiclered  smooth  if the raaximum

particle size  of  the  crystaLs  is i9,5ge m,  but the Erys  tals
eould  be perceived  if they  were  over  25.5um  in size                                 J
(Woodruff and  Gj]der l931). Crystals in margarine

eeuld  be pereeLved  Nshen  they ivere  over  22,t.tm in size

(Xiaisey-Genser et ai.  1989),

  These values  are  close  to that of  cei}ulose  in our

experiment,  although  our  value  "as  s]ightly  larger.
This  diffe.rence probably  resulted  from the fact that

our  panelists "'ere  trained not  to recognize  partic}es
-inen  they  could  not  sense  the substance  size, even  ii'
they  felt soJnethjng  Iike grittiness due te a  substance

dispersed  in the sample,

  The  physical properties of  the  pnrtieles -ere  thus
found  to have  the grentest influence on  the smallp.st

recognlzable  particie size.
2. Distlnguisable size  raiTge  of partide$
  In addition  te the  smal]est  recognizab]e  particle
size  for each  materiul,  ptg, 4 also  shoxs  sviiether  the

particle size  could  be  djstinguished between two

samp]es  of different paTticle sizes,  one  of iwhich  -as

1.19. times the  size  of the other.

  Exc/epting hanpen  and  bread, the  samp}es  of

different partie]e size  eould  be distinguished uinen  the

partieles svere  aboyft  a  certain  critieal size, They  could

not,  ho-'ever, be distinguished up  to the critical  size,

swhich  depended  on  the n)at.erial, This critical  point is

 2S i

VoL49  No,3  /119981,
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 designated as  the sma]est  distinguishable particle

 s ±ze  and  is sho"ii  in Fig. 4,

  In the general relationship  between stlmulus  and

 sensat.ion,ARIR  (Weber ratio)  is constant  wiien

 st,imutus  R  of a moderate  degree  is distiiLguishable

 frorn A R. In our  expeTiment,  the particle size  of one  of

 the  compared  samples  "･as arouJid  1.19 rirnes that of

 the other,  witich means  that  the Weber  ratio  vvas

 around  O,19. 0ur  experimenta]  results  show  that the

 "'eber  Tatio  for partic]e size  distinction Lvas  not  more

 than O.19 above  a certain  critical  point, However, the

 Weber  ratios  for hanpen  and  bread  were  found  to be

 more  than  O19, iwhich  suggcsts  that  the Weber  ratio

 for partic]e size  distinction "es  infiuenced bv  the

 difference in ph.ysica] properties of  the  food mat5ria]s.

  Referring to the Webei' ratio  for various  sensations                                          '

 the figuTe for the  sensation  of taste is O,15-025. scttieh

 is said  to be larger than  that for the  sRnsation  ol'

touch  or  "eight  CSato 199]). The WebeT  ratio is

O,OO3-O.088 for the sensation  of sound,  0.136 for that
ef pressure, O.O16 for that of lightness,O,200 for that
of  taste,,and O.104 for that of  smell  (Tasaki and  Oga"a

 l989). A YV'eber ratio  of  O.1 was  found necessary  to

coinp]etely  distinguish the difference in size  of

substances  b.v biting viith the teeth CKa"amura and

Watanabe  1960>  Therefore,  the Weber  ratio  for
distinguishing partic]e size  is though[  to bo Larger
than  that for the sensation  of  sound  or  vision,

probably  s[nal]er  than  that  for the sensation  of Uiste,
and  approxi.inate]y  equal  to that  for the  sensations  of

sme]1.  pressure, and  biting with the  teeth.

  T-v  samples  differring in  particie size  by  l.19 tiines
-'ere  not  clistinguishable  for hanpen  and  bread, The
reason  for this can  be proposec] in respect  of the

physical properties shosmi  in Tab]e  1, The  relevant

factor may  have beeii the partiele shape  of  hanpen,

;vhjch  appeared  in the form of filaments or  stark  trees
coiJered  "ith  ice, having the  smaliest  degree of

circularit],r  among  the rnaterials.  Bread, on  the other

hand, had the smallest  precipitation rate-particle  size

coefficient  among  the materials,  The  porous  structure

of bread, "hich  "as  not  evident  in  the  degree of

circularity,  may  have  influenced the  precipitatien rate

Ln "Eter.  The reason  for the undistingutshable

particles differing in size  bb, 1.19 times Jnav  thus be
attributable  to the  effeet  of the shape  or  internal
structure  of  hanpen  and  bread.

  The  smallest  disbinguishable particle sizc  ssas 73ym
fur casein,  78,am  for cellulose,  156,um for alburnin,

317/tm for toft, 355  /tm  for the 2%  agar  gel, 359,u m
for shirataki,  and  397 

,u
 m  for the 1 96 agar  geL. The

11
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2, Cerrelation matrix  of  physical propert.v variables  ehosen  for the multiple-regression  analysis

   values  were  the physical properties which  are  deerned  to

Variable1 2 3 4 5

DC  
e
 ].

SXtCt2

DE,3

P-C  
,i
 4

klE5

k2･ 6

--O.52-o.

 so

 O.30

 O.S5--O,12-O,72･-O.58-O.

 53-O.5]-O,55

-O.91-O,95

 O.28 -O.31

 O.44 -O.35

 O.85 -O.57

 O.87 -O.68

 e.86 -O.61

 O.87 -O,68

O,l9O,38O.!8O.40o.pse,99

-'
 ef Table 1. Vpper  figure/ correlation  coefficient  for

lhe  smallesL  recognizable  particle size.  Lo"er  figure/

cori'elation  coefficient  for the  ssnallest distinguishable

particle size,

smallest  distinguishable particle size tended  to

increase as the  smallest  recognizable  partie]e size

increased. Therefore, the smallest  distingu}shable

particle size  is thought  to have been influeneed by the

physica] prepertles ef each  rnaterla]  which  a!so

affected  the smallest  recognizable  partic]e size.  As  far

as the results  of our  experjmeiit  nre  eonce}-ned,  the

releva]it  physical properties were  the "eter  content,

the deformation coefficient,  and  the densitsT of the                       t p
materia].

Smallest  recogiiizable  particle size  and  smallest

distingnishable  particle  size  expressed  niumerical-

ly by the  physical  propenies  of  the  panicles

  Sinee the smallest  reeognizable  particle size  and

the sii/ial]est  distinguishable particle size  perceivecl in

the mouth  -ere  found  to depend large]y o"  the

]naterial, a multiple-regression  analysis  "as  applied  to

express  these factors numericaliy  by such  ph,ysical

properties of  a  material  as  the "zter  content,  the

deformution coefficient,  and  the density.

  Prior to thjs mu]tip]e-regression  analysis,  a  coeffi-

cient  ana]ysis  -ns  made  bet-?en  the  physical

properties of the marerials,  "tth  the results  sho"n  in

Tab]e  Z'. The  upper  coluinn  in Tab}e 2 shows  the

correl:Ltion  inazrix  "inen  using  the nine  materials  for

the smallest  recognizab]e  particle size, and  tlie Iewer

column  shows  t,he corTelation  matrix  when  using  the

seven  rnaterials  for the smal]es{  distiJiguishable

partic]e size, According  to Table  2, the  explanatory

   have  beefl independent of each  other.  The  ex-

   planatoTy variables  for the smallest  recognizable

   particle size  iveTe  the four factors of  the degree of

   circu]arity,  density, precipitation rate-particle  $ize

   coefficient,  and  ki value.  The  expianatory  variab]es  for

   the smallest  distinguishable partiele size  were  the

   three  factors of  the degree of  circularity,  precipttation

   rate-particle  size  coeencient,  and  k]value. The

   dependent vaTiahles  were  the smallest  recognizable

   particle size  and  the smallest  distinguishable partiele

   size, The  multiple-Tegression  analysis  by tl'Le stepwise

   method  CE.=Fli.t=1) resulted  in the foUowing

   multiple-regression  equations  and  multiple-correlation

   coefficients  (R), with  the partial standard  regression

   coefficient  sheivn  in parentheses:

     Natural logarithrn of  the smallest  recognizable

       particle stze

       ==e,39  k] -4.1 density+1.5  (degree of  eircularity)

         (O.89.-) C-029) C026)
         +72  R=e.96'+.

          c)
     Natural logarit,hm of  the smallest  distinguishable

       particle size

       =028  ki+O.52  Cprecipitation rate-particle  size

         (O,87i4) CO,18)
         coefficient)  +4.e  R=O.95i'.

                    (Ii)
     

i.p<o.ol,.*,p<O.OOI.

     The smallest  recogRizable  particle size  was  ex-

   pressed  clearly  by the equatien  involving the

   deformation  eoefficient,  density and  degree of  circ-

   ularity, The  srnallest  distinguishable particle size  vaas

   expressed  by the equation  involving the deformation

   coefficient  and  precipltation rate-particle  size  eoeffi-

   cient.

     These results  provide  iniportafit anforrnation for

   examjning  the relationship  betNseen  the physical

   properties of a food sample  and  the  feeling of  food

   particies in the mauth.

     The  authors  gratefully aeknowledge  the help  of  Dr,

   Motoji  Jinbo, Professor  Emeritus of Nagoya Universi-

   ty, wiio had  gave us  valuable  advice  on  analyzing  the

   results  of the compression  tests,
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　口 腔 内 で 食 品粒子 を粒子 と して 認識す る際 の 最小粒 度お よ び 粒子 の 大きさの 識 別 の 程度に つ

い て 官能的 に 明 らか に し，さ ら に そ れ ら と食品物性 との 関係を検討 した．細 砕 した 9種類 の 食

品材料を約 1．2 倍 の 等比 間隔 に あ る 標準 ふ る い を用 い て 水中で ふ る い 分け し，試料 （水懸濁液）

と した ．認識 最小粒 度は ，セ ル ロ
ー

ス の 34 μ
m が 最 小 で ，最大は 1 ％寒天 ゲ ル の 380 μm で

あ り，材料 に よ っ て 著 しく異な っ た．また粒度の 識別の 程度は，は んぺ ん とパ ン 以外 は，あ る

粒度以 上 に お い て 平均 L2 倍異 な る 粒度 の 識 別が で きる こ と，また，そ の ある粒度 （識 別最小

粒度 とする ） は材料 に よ っ て 異 なる こ とが明らか に な っ た．以上 の 認 識最小粒度お よ び認識最

小粒度 は，材料 の 物性値 の うち水分含量，変形定数お よび密度等の物性値 と関係が深 い と考え

られ た，そ こ で 認識最小粒 度 と識別最小粒 度を，材料の物性値 を用 い て数値化す る こ とを重 回

帰分 析を用 い て 試み た と こ ろ ，それぞれ変形定数 な どを用 い た重回帰式で表すこ とが で きた，

キーワ
ー

ド　官能評価 ，食品物性 ，食品粒子，粒 子径．
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