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Confocal Microscopy of a Dense Particle System

E. H. C. Bromley and I. Hopkinsdn
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE, United Kingdom

Received May 21, 2001, accepted October 1, 2001

] - ] able which enabled a realization of a confocal microscopy whic
We report experiments utilizing confocal microscopy to deter- \yas suitable for routine use. Since this time several generatio
mine the position of cornflour starch granules in a paste, as a func- of microscopes have been produced. Such microscopes h:
tion of distance from a wall. The granules have an average diameter been used very widely in biology (8), but it has only been mor
f1 . If a solvent is ch hast i 1 h th . N . .
of 15 jum. Ifa solvent is chosen such as to approximately match the recently that the potential for application to problems in physic

refractive index of the granules then images of them can be obtained d chem has b lized and q 9. 10
to a depth of 120 m, which is the limit imposed by the working 21d chemistry has been realized and acted upon (9, 10).

distance of the x40 oil immersion lens used in the experiment. An The key feature of the confocal microscopy is that a pinhole i
algorithm is presented which successfully identifies the particlecen-  the detection optics excludes light from all but the focal plane
ters in 3D. In addition to experiments on static systems we show This is in contrast to conventional (or wide-field) microscopy
how measurements of particle number density and velocity can be ~ where light from the focal plane is mixed with out of focus
obtained from images of a system in pipe flow. We find that par- light from above and below the focal plane. This feature make
ticles are depleted from the wall over a range of around 100 um. it possible to acquire a three-dimensional picture of a samp
© 2002 Blsevier Science at high resolution. In general image acquisition requires that
Key Words: confocal microscopy; suspension flow; wall effects. laser be scanned over the sample intheplane and the sample
stage translated in tteedirection to acquire a 3D volume of data.
Acquisition times are of the ordd s perx-y plane and around
1 min for a stack of 50 images. Images can be acquired at vid

The behavior of particle-bearing systems is of very WidéEites (50 Hz), by using a Nipkow disk instrument, which replace

spread industrial interest; such systems exhibit non-Newtonid |Ir?r?i|r? S(;‘;ist:(om\yvg\'g?g{?C\;]V'it:s?jrlgglrisp;g\‘gterfen&?sl;rg\?:n?;
and complex flow behavior (1, 2). There is vigorous theoretic%f 9 ) :

and simulation activity in understanding the flow behavior of, poor light efficiency and fixed pinhole size (11).

in particular, granular media and colloidal suspensions. Exper—There are a number of alternatives to confacal microscopy

imentally the rheology of such systems has long been studiggtermmlng the microscopic structure and flow behavior of pa

: . ficle suspensions. MRI can directly image flow fields in comple
Light scattering has been used to probe the structure of SUSpéqc_)metrFi)es (12). Acquisition timeyis cgmparable to the coF;n‘c

sions, particularly colloidal suspensions, under flow (3). In ternts

of granular materials the geometric arrangement of particles a(f% e>_<per|n|16nts_we lerese?'F Te;et') R’tﬁsol_utlonf ![f] limited, ?Et b
their contacts is important (4). imaging volume is only restricted by the size of the magnet bor

Here we presentimages and analysis of a cornflour paste, ? ay tomography also offers a method to image particle bec

INTRODUCTION

stationary and under flow acquired using confocal microsco t ) a particular adyantage i_s that granular materials in air c:
The advantages of this technique are high spatial resolution dlmageq..Resolluthn and imaged volume are both good
relatively short acquisition time when compared to other dire glta acquisition time Is slow ar_1d data analysis is complex.

imaging techniques. The disadvantages are the requirement fog;(_)rnﬂ_our is composed entirely of stargh granules 15-2
a close refractive index match between particle and suspendﬁﬂg N d.|ameter. They were chosen for this study for.severe
medium and a restricted imaging volume. In contrast to scatteFasons: cornflour_/water IS a weII—knoyvn non-Newton|an SY:
ing methods, microscopy does not volume average so that loc (14), and particles are small, relatively monodlsperse, a
behavior, such as the high mobility of a small fraction of the sarfi- < 2F- Starch granules are composed of a mixtures of long-ch
ple as it approaches a glass transition, can be identified (5, ezolysaccharldes with varying degrees of branching along wi

Confocal microscopy was originally proposed by Minsky (7) range of minor components. Structurally the polysaccharid

however, it was not until the 1980s that technology became avﬁ)]r—e orgamzeq n aItgrnatmg crystall!ne and gmorphous grow
rings (15). This is ofimportance to this work, since it means the

the interior of the granule is heterogeneous in refractive inde

1To whom correspondence should be addressed. Fax: +44 (0)1223 337 0od/Ve anticipate tWO p_rOblemS in att_empti_ng to image starc
E-mail: lan.Hopkinson@phy.cam.ac.uk. granule pastes. First, if the solvent in which the granules a
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suspended is not refractive-index-matched to the granules then
there will be strong reflections from the interfaces. If we wish to
image a significant distance into the paste then this will require
light to traverse many such interfaces and so minimizing the
refractive index step will be critical. Secondly, the interior of the
granule may scatter light through its heterogeneous structure.

Y

MATERIALS AND METHODS

Confocalimages were acquired using a Zeiss LSM510 upright
confocal microscope. 0.1 wt% Nile red was used to fluorescently
label the continuous phase. The dye was excited at 543 nm,
and light from the sample was filtered by a 560 nm long pass
filter before detection using a PMT. Images were acquired with
an x40 oil immersion lens with 12@m working distance and
NA = 1.3. Acquisition times were typicalll s perx-y image
and 1 min for 3D stacks.

Commercial grade cornflour was used throughout with no
further processing. Preliminary experiments were carried out tdIG. 2. x-y image of a starch-benzyl alcohol paste using x40 objective
identify the best suspending solvent, and suitability of a solverftm below upper surface (scale bar s).
was measured by the ability to image through several layers ) o
of starch granules. Candidate solvents were selected on the b4* Simple “pipe flow” cell was constructed, this is shown
sis that the best would refractive-index-match the starch graniighematically in Fig. 1. The cell comprises a brass monolit
We estimated the refractive index of starch granules to be aroRProximately 30< 10 x 100 mm with a 7-mm-diameter circu-
1.54, based on the refractive index of sucrose (which is cherljt cross-section hole drilled down the center, along the longe
cally very similar to starch). Benzyl alcohol (R! 1.5404) was dimension. A 40-mm-length insert was removed from the to
found to be most suitable. A mismatch between the refractive fi- the block, revealing a rectangular face of the hole. A larg
dex of the objective immersion oil and the sample leads to sphéiass coverslip was glued over the exposed pipe. Cornflour pa
cal aberration (16, 17). The Zeiss immersion oil used in this wo¥@S Pumped through the drilled hole using a syringe pump. A
has a refractive index of 1.518. Trial images taken using eth{flough a nominal flow rate could be applied the actual flow rat
4-ethoxybenzoate as the suspending medium, which exactly féctuated considerably. Sequences of siximages were acqui
fractive index matches the immersion oil, showed marginalf'c€ flow had been established, this process was repeated fc
better depth penetration than that observed in benzyl alcoHd#mber of different distances from the coverslip. _
However ethyl-4-ethoxybenzoate was less readily available and™i9ure 2 shows ar-y image of a static sample, acquired us-
given it only provided a slight improvement in image qualitynd the x40 objectlye. Particles appear dark and the suspendi
benzyl alcohol was used for the remainder of the work. sc_)lvent appears brlghF dueto t_he presence of the quorescent d

Samples used for static imaging were prepared by mixing tfigure 3 shows a vertical section through a paste which exten
desired weights of solvent and starch granules thoroughly and
placing the resulting paste in “deep well” cells. These comprised
aring or plate glued onto a glass slide. The well depth was 3 mm
and the diameter 10 mm. A coverslip was then placed on top of 7
the paste, where it was held by capillary forces. Where an oil
immersion lens was used small spots of clear nail varnish were
used to hold down the coverslip.

Coverslip

_________ I

| P~ TT T T T T L 20 microns

FIG. 1. Schematic diagram of the flow cell in cross section. Broken lines FIG. 3. Vertical section X-z) through starch-ethyl-4-ethoxybenzoate paste
indicate internal bore. (scale bar 2Qum).
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being lumped together as one. This type of problem is often ove
come using a “watershed” algorithm (18); however, this resul
in the identification of too many particles—with single particles
being split. We use an algorithm, described below, which he
some similarity to the “watershed.” The algorithm was imple
mented in both 2D and 3D:

(1) Images are thresholded at the mean image intensity f
each slice, with a cut off “minimum?” threshold.

(2) A Gaussian blur is applied to the image, the width o
which depends on the sample and spans several particle diar
ters. For the 3D algorithm the convolution is applied in 3D.

(3) Particle centers are then identified with local maxima i
the blurred image, a minimum separation radius is defined whi

FIG.4. Vertical section X-2) through starch-ethyl-4-ethoxybenzoate past@revents the identification of multiple adjacent centers whic
with each horizontal line contrast enhanced (scale barrap can arise from broken starch granules. In the 3D algorithm th
locates the particle centres with an §, z) coordinate.

to the working distance limit of the objective used, 120. Al- Figure 5 shows an example of the centers identified by tt
though there is substantial darkening of the image with depf algorithm in a typical image. The white points appear to lo
some contrast between particle and suspending solvent doeggée the centers of particles with a fair degree of accuracy.

main. This is illustrated in Fig. 4. Here each “horizontal” lingfome cases objects which would be identified as two particl
in the image is independently contrast-enhanced and structdi to their irregular perimeter are identified as a single particl
is clearly revealed to the working distance limit. Image qualitgonversely some single particles are marked with two prospe
is reduced toward the bottom of the image. Contrast was alé¢ centers by the algorithm. In this 2D image of order 4% o
observed in reflected light images, and the cores of some stapétiticles are not marked, and around 1% are double marked. T
granules appeared as speckled patches of light. This effect arg#égctiveness of the algorithm in 3D is rather more difficult tc
from the heterogeneity in refractive index of the starch granul8ustrate but appears to be atleast as good as the algorithmin 2
Reflected light contrast indicates that light is being scatteredThe particle center data can be used to determine the rad
by the granules and as such it is probably responsible for tistribution function; this is shown in Fig. 6. We see that ther
degradation of image quality and brightness at increased dep$rain exclusion zone to Zm which corresponds to a minimum

Although this is an interesting effect we do not utilize it further igranule size and that there is a peakin the distribution function
investigating the structure of our suspensions because the cbixm which corresponds to the “mean” first coordination shell
trast does not arise in all particles and does not delineate fHese data are consistent with the bond length distributions
whole starch granule.

RESULTS AND DISCUSSION

Itwas possible to image cornflourin benzyl alcohol pastesto a
depth of around 10@m. Typically an imaged volume contained
around 800 granules, as identified by the 3D particle-finding
algorithm described below. The overall average phase volume
of the starch granules was around 0.45, although this covers a
variation from around 0.35 at the upper surface to 0.55 at depth.
These volume fraction figures are somewhat tentative since it
depends on the thresholding of the images.

Ideally we wish to extract particle centers and contact points
from volume images such as those illustrated in Figs. 2 and
3. The first step in this process is to identify and separate the

individual particles in the paste. Simple intensity threshold al- % hd % s’,
gorithms do not work on this system. This is because of the @ﬁ: o ", ; °°0° 3 ‘
Rt o .{-ﬂp‘)ay - 92

close packing of the particles and the variation in intensity of in-
FIG.5. x-yimage of starch-benzyl alcohol paste with particle centers (whit:

dividual particles which leads to either underthresholding with

inquidual particles much reduced in_ size .and many partid%ﬁots) and interparticle contacts (black spots) identified using the algorith
missed completely or overthresholding with several particl@sscribed in text (scale bar 50n).
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Distance, r/pum contacting particles although not necessarily the contact poir

The errors in identifying particle centers described above lec
to a number of contact misidentifications.
We now turn to the identification of contacts in 3D. Fig. 7

obtain below and with direct observations of particle size. BEhows the prospective center to center lines (or “bonds”) t
yond the first coordination shell there is no structure to the radifie first shell of contacting particles for a single particle
distribution function. In a system of monodisperse spheres tffigure 8 shows images aligned along the bonds illustrated
could be interpreted as indicating that the system was “gaseoldd. 7. These bonds were identified using a cutoff distance ¢
However in a System of p0|ydi5perse irregu|ar partic|es itis |eg9 ©nm, chosen with reference to the radial distribution functior
clear that this would be the case. which indicates a first coordination shell at A&. Cutoff dis-

In addition to identifying particle centers we would like tdt@nces larger than this tended to give unphysically large numbe
identify the network of contacts between particles. This is @f contacts. In this instance a high threshold value was used
difficult task for irregular particles. We can make an approximédentify contacts. Figure 9 shows the effect that the threshol
tion by selecting the nearest neighbors of a particle up to soif@ue has on the coordination number distribution. The broke
distance. A line between the centers of the two particles is diie shows the distribution for a very high threshold (i.e., all
amined. If the intensity along the line rises above a user-defin@gighbors identified as contacts). The solid line shows the di
intensity then the particles are deemed not to be in contact sifideution for a lower threshold level, which excludes many of the
the rise in intensity corresponds to the presence of fluorescBftghbors from being identified as contacts. Both curves sho
solvent lying between them. If the intensity does not reach tR@me sort of maximum at a coordination number of 6, consiste
threshold value then the contact is marked as the point of math the radial distribution function which suggests liquid-like
imum intensity along the line of centers. Figure 5 includes tHghavior.
contacts identified in a 2D system in this way. Around 10% of
marked contacts are spurious. They serve to identify prospective

FIG. 6. Radial distribution function for a starch-benzyl alcohol paste.
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Coordination number
y fum -20 -20 x/um FIG. 9. Coordination number distribution (a) contacts identified by

threshold (solid line), (b) all neighbors within 20m identified as contacts
FIG.7. First coordination shell for a selected starch granule. (broken line).
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FIG. 10. Bond length distribution plot; 2@em cutoff is imposed. FIG. 11. Bond order parameter distribution relative to surface noral (

and prediction for isotropic distribution (line).

The images in Fig. 8 (and analysis of similar images) su%—, o
gest that in approximately 50% of cases contact is not seen Jgure 11 shows the measured order parameter distribution fur

the center to center line, although it is possible that two irregulté?n r.elgtive to the normal direction, along with a.theoretical
particles can touch away from this line. Some confusion is intrBrediction from [2]. We can see that the match is very goo

duced by the presence of small particles, which bridge betwepgesting that the bonds to the first coordination shells in tf
identified particles. system are oriented isotropically.

The bond length distribution is shown in Fig. 10. It has a We were also able to acquire data from the cornflour syste

maximum at 18:m with the imposed cutoff apparent at 2n. under flow. It was found that the starch granules sediment.ed
The distribution is extended on the low size side. The bond Iengﬁﬁnzyl alcohol and the _ﬂOW opserved tended 10 be of a high
distribution should be related to the particle size distribution, aife'omogeous nature, with regions of aggregated starch granu
qualitatively this is the case. The extended tail of smaller sizH8dergoing little or no flow and other regions of lower densit
is consistent with the presence of smaller starch granules arlf'¢€rg0ing rapid flow. We were able to observe some unifori
few granule fragments. flow near the upper face of the sample cell and it is on these d:

In summary our algorithm for identifying contacts is not parWe perform further anaIyS|s.' ,
ticularly successful. The bonds generated are effectively the! "€ Overall volume fraction for the data analyzed here i
nearest neighbor coordination shell rather than the neesest around 0.5. Figure 12 shows a comparison between the :
tacting neighbor coordination shell. Confounding factors are

the irregularity of the particles which means that the contacts

do not necessarily lie on the center to center line upon which 35 xt0? . : : .
the contact check is made, variations in the maximum intensity . +
between particles make thresholding difficult, and finally iden- 3.0 + i
tifying contacts “by eye” is not easy making it hard to confirm +
the efficiency of any particular automatic algorithm. 257 o
Despite these provisos we can still calculate the nematic order’g ©
parameter distribution for these bonds to the nearest neighborss ~ | . o © °
although we should be clear that this is not the distribution func- é’ 15k o
tion for contacts. The nematic order parameter is defined as 2
1.0 o o
1
Qn = 5[3cos(gn) — 11, e
[0]
where ¢, is the angle made with the reference vector. For an 00, 10 20 20 20 %0 50
isotropic distribution of bond directions the expected distribution Distance from wall, z /um

function is given b
g y FIG. 12. 2D number density of particles from the upper surface of the

sample, for a static paste-J and for a paste in flow). Including a prediction

P(Qn) =1//6Q, + 3. [2] forthe static case from geometric exclusion (line).
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25 - - - , ' are unimportant—as would be expected for such large particle
The shear rate is below the rate at which shear thickening h
o0l o been observed in starch suspensions of this volume fraction,
is of a similar order of magnitude (14).
vl-ll)
g 15r SUMMARY
IS o ®
%10 I o + ¢ % We have shown that confocal microscopy can be used to in
§ o i + o+ age significant numbers of irregular particles in a paste, althou
o + careful selection of the suspending fluid was required to avoi
5 o problems arising from a refractive index mismatch between pa
N + ticle and fluid. We have developed algorithms which can be use
o . . . . . to successfully identify particle centers. A simple algorithm tc
0 10 20 30 40 50 60 find contact points between particles was not very successfi
Distance from wall, z /um Images of the cornflour paste under flow were also acquired a
FIG. 13. Particle velocity profiles in the vicinity of the wall for two inde- flow profiles in the vicinity of the wall were determined. There s

a depletion of particles from the wall during flow over arange o
around 10Qum. However, the flow field was very heterogenous
and it will require further work to make a more definite conclu-

number density of granules close to a wall for a static sa ion. The onset of sedimentation represents a clear challenge

ple and for a sample undergoing flow. The static sample shot flow measurements; however, to overcome this problem it
a depletion of particle centers from the wall which can be moll
eled entirely by simple geometric exclusion. Under flow thef®
is a clear depletion of particles from the wall extending over
at least 6Qum, Linear extrapolation would suggest a depletioii‘
layer of around 10@m. We can measure a velocity gradient ir%
this region, and this was done by acquiring a sequence of 6 ¢
secutive images in the plane of interest and then estimating fE . . .
vector required to overlay the images. A refinement of this inY\_/ould only occur where differently labeled particles are in clos
tial guess vector is then made using a computer program whi %ntact.

maximizes the intensity correlation functic@(t, t'):

pendent experiments on a 0.5 vol fraction starch-benzyl alcohol paste.

ecessary to both density match and refractive index match
aintain viewability.

The identification of interparticle contacts is a difficult prob-
m and would probably be best addressed by a method in whi
e contact points were “physically” labeled. This could be don
I§jng fluorescent energy transfer in a dual-labeled particle sy
m. Fluorescence of the acceptor excited at the donor frequer
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