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bstract. Toner is a critical material in printing and copying pro-
esses. Compared to the conventional pulverized toner, polymer-

zed emulsion aggregation (EA) toner provides more precise control
ver the shape and surface roughness of particles. Due to its round-
ess and low surface roughness, the near-spherical EA toner ap-
ears to adhere more strongly to flat substrates, which is desirable

or efficient toner transfer and development. However, in the clean-
ng and transport processes, due to enhanced adhesion, it is difficult
o remove the residual EA toner from surfaces of the photoreceptor
nd transport belt. To reduce the adhesion of the EA toner in a
ontrollable manner, the surfaces of the toner particles are coated
ith silica nanoparticles with a diameter range of 15–32 nm. In the
urrent study, a technique based on the rolling resistance moment of
he particle-substrate adhesion bond is utilized for quantifying the
ffect of nanoparticle surface coating on the adhesion of individual

oner particles. With the aid of a custom-made nanomanipulation
ystem, an increasing lateral pushing force was applied to an indi-
idual toner particle adhered to a silicon substrate while the pre-
olling and rolling motions of the particle in response to the lateral
ushing force were recorded. The work of adhesion between the

oner particle and silicon substrate was extracted from the corre-
ponding lateral force-particle displacement curve. The technique
as used to characterize the adhesion properties of both uncoated

bare) and nanoparticle-coated model toner particles with a speci-
ed surface area coverage of 50%. It is found that the work of ad-
esion values between the surface-coated experimental toner par-

icles and the silicon substrate are almost an order of magnitude
ower than those for the bare ones. © 2010 Society for Imaging
cience and Technology.

DOI: 10.2352/J.ImagingSci.Technol.2010.54.2.020501�

NTRODUCTION
n printing/copying applications, the adhesion bond of toner
articles to the surfaces of photoreceptor, transfer belt, and
aper plays a key role in the overall performance of printers
nd copiers. The adhesion property of toner particles is thus
critical factor for controlling the quality of resulting im-

ges. In the printing/copying process, toner particles are
ransferred from a cartridge to the photoreceptor drum, then
rom there to the transfer belt, and finally to the surface of
aper. For conventional pulverized toner, the transfer effi-
iency is reported to be in the range of 85%–90%.1 The
esidual toner particles are left on the photoreceptor surface
nd have to be mechanically removed. In the past decade or
o, new generation chemical toners such as the polymerized

eceived Feb. 25, 2009; accepted for publication Nov. 25, 2009; published
nline Feb. 26, 2010.
s062-3701/2010/54�2�/020501/7/$20.00.

. Imaging Sci. Technol. 020501-
mulsion aggregation (EA) toner have become available.2

uch toners are energy efficient to produce and provide
ighter particle size and shape distributions. Consequently,
hey have the potential to form sharper images with better
esolution on the photoreceptor than with the pulverized
oner. However, the near-spherical EA toner is more difficult
o clean because such toner particles appear to adhere more
trongly to the photoreceptor surface than the irregular-
haped (jagged) pulverized toner particles with the same ef-
ective diameters. To reduce adhesion in a controllable man-
er and improve the toner flowability and transfer efficiency,

he near-spherical EA toner particles are surface-coated with
n external additive such as silica nanoparticles, which can
ignificantly reduce the particle-substrate adhesion. For con-
entional pulverized toner, the influence of additive coating
n its adhesion has been studied by a number of researchers
ith colloid probe, centrifuge, and electric field detachment

echniques.3–5 However, prior to the reported investigation,
he adhesion property of the EA toner and the effect of
anoparticle surface coating on the adhesion of the EA toner
ave not been systematically characterized at an individual
article level.

The particle-substrate adhesion has been theoretically
nvestigated in the past few decades, and several contact me-
hanics models such as the Johnson, Kendall and Robert
JKR) model,6 Derjaguin, Muller and Toporov (DMT)
odel,7 and Maugis and Dugdale (MD) model8 have been

roposed. Experimentally, several particle adhesion charac-
erization techniques have been used to study the toner par-
icle adhesion, including the colloid probe technique, electric
eld detachment method, and centrifugal detachment
ethod.1,9–12 Among these techniques, the electric field de-

achment and centrifugal detachment methods can provide
nly the (bulk) adhesion properties for a large group of
oner particles. While with the colloid probe technique with
n atomic force microscope (AFM) the adhesion property of
n individual toner particle can be studied, it is quite labo-
ious to attach a particle to the probe and it is also a de-
tructive method.

In current study, we present a method for adhesion
haracterization of an individual toner particle using a re-
ently developed rolling resistance moment-based
echnique13 involving a custom-made nanomanipulation

etup under an inverted optical microscope. The rolling re-
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istance moment acting on a particle to obtain detachment
as been traditionally used as a criterion for predicting the

nitiation of rolling-based detachment of the particle. This
riterion assumes no resisting moment to rolling at the ad-
esion bond prior to rolling. In 1995, Dominik and Tielens
nalytically showed that the adhesion bond between a
icroparticle and a flat surface indeed generates a resistance

gainst the rolling initiation of the particle prior to free
olling.14 Recently, Cetinkaya and co-workers experimentally
onfirmed the existence of the rolling resistance moment of
n adhered polystyrene latex (PSL) microsphere using a
oncontact acoustic excitation technique.15,16 Previously, this

echnique was adopted to investigate the adhesion between
he PSL microspheres and a silicon substrate in the vacuum
hamber of a scanning electron microscope (SEM).13 In the
urrent study, the technique is employed to characterize the
oner particle adhesion in the ambient under an inverted
ptical microscope and to investigate the effect of
anoparticle coating of the toner particles on the strength of
article adhesion. While the spatial resolution of the optical
icroscope is inferior to that of the SEM, performing mea-

urements in the ambient can avoid the complications and
ossible inaccuracies associated with the charging of the
onconductive toner particles by the SEM electron beam.
oreover, working in the ambient provides the flexibility to

xplore the effects of certain realistic operational parameters
uch as the temperature and humidity on particle-substrate
dhesion, which is also important for toner adhesion char-
cterization but difficult or impossible to achieve in high
acuum.

The surface roughness of the particle and the substrate
as a significant effect on the particle-substrate adhesion. In
ost contact mechanics-based adhesion models, both the

article and the substrate are assumed to have perfectly
mooth surfaces. For a particle with a rough surface settled
n a flat substrate, the contact area between the particle and
he substrate is much smaller than that between a smooth
article of same diameter and the substrate, which results in
significantly lower particle-substrate bond strength. Be-

ause of its practical importance, the effect of surface rough-
ess on particle-substrate adhesion has attracted consider-
ble research attention in recent decades.1,3,5,12,17–19

ignificant reduction in adhesion force has been observed
ith the increase of the surface roughness of the particle

nd/or the substrate.

XPERIMENTAL
aterials and Experimental Setup

he schematic of the rolling resistance moment-based lateral
ushing experimental setup is depicted in Figure 1. When a

ateral pushing force is applied to an adhered particle, the
tress distribution in the particle-substrate contact area be-
omes nonuniform. Such nonuniform stress distribution
reates a restoring moment (also referred to as resistance
oment) to resist the free rolling motion, and this moment

s proportional to the angle of rotation of the particle.14
hen the applied lateral force exceeds a certain threshold, c

. Imaging Sci. Technol. 020501-
he rolling resistance moment is unable to resist the free
olling motion and the particle begins rolling on the sub-
trate surface. The accurate prediction at this rolling thresh-
ld is still an open problem.

In the current work, three types of model toner particles
re considered, including uncoated (bare) polymer particles
ith nominal diameters of 6.0 and 9.0 �m and surface-

oated polymer particle with a nominal diameter of 6.0 �m
nd a 50% nominal surface area coverage (SAC) of silica
anoparticles. The outer layer of the bare polymer particle
onsists of a polyester resin, cyan pigment, and wax. The
verage diameter of the silica nanoparticles used in this
tudy is approximately 24 nm, but the nanoparticles occa-
ionally can form aggregates as large as 100 nm in effective
iameter. All the model toner particles are prepared by the
A process and, subsequently, surface-coated with silica
anoparticles using a toner blender at the Xerox Research
enter (Webster, New York).2 SEM observations reveal that

he bare polymer particles have fairly smooth surfaces at the
anometer scale and are nearly spherical (Figure 2), while, as
xpected, the surfaces of the nanoparticle-coated polymer
articles are bumpy (Figure 3).

For the particle-substrate adhesion study, the toner par-
icles are used as-received with no additional aging and/or

igure 2. SEM image of a bare polymer particle on a silicon substrate
ith a 10 nm gold layer coating for charge dissipation during SEM

maging �at 10,000� magnification�.

igure 1. An adhered particle subjected to a lateral applied force �F�
enerating a resisting moment �My� to the free rolling at a lateral transla-

ion of ��� �contact area is not to scale�.
hemical treatment. They are dry-deposited on a plasma

Mar.-Apr. 20102
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leaned [p-type doped (100) oriented wafer] single-crystal
ilicon substrate immediately before the experiments. The
xperimental setup is composed of two opposing xyz linear
ositioning stages (122–1135/1155, OptoSigma Inc., Santa
na, CA) mounted on top of an inverted optical microscope

Epiphot 200, Nikon, Japan). These positioning stages are
riven by six piezoelectric actuators (MRA 8351, New Focus,
nc., San Jose, CA) that provide linear motion with a dis-
lacement resolution of approximately 30 nm. A piezoelec-
ric bender (CMBP 05, Noliac A/S, Denmark) that provides
ne positioning at a sub-nanometer resolution is mounted
n one of the axes of the xyz-linear stage. The positioning
nd particle pushing processes are monitored through a
00� objective lens using a high-resolution 10 megapixel
igital camera (DXM 1200, Nikon, Japan) attached to the
ptical microscope. For pushing experiments, the base chip
f a tipless AFM cantilever (CSC 12, length 350 �m, nomi-
al force constant 0.03 N/m, MikroMasch, Inc., Wilsonville,
R) is attached to the free-end of the piezoelectric bender,

nd the silicon substrate with particles deposited is mounted
n the opposing linear positioning stage [Figures 4(a) and
(b)].

In the lateral pushing experiments reported here, a dc
oltage increased in discrete steps was applied to the piezo-
lectric bender to displace its free end. The tipless AFM
antilever beam attached to the free end of the bender was

igure 3. SEM images of a polymer particle coated with silica
anoparticle �50% SAC� and a 10 nm gold layer coating for charge
issipation during SEM scans: �a� the top view at 14,000� magnifica-

ion; and �b� the close-up of the particle surface at 50,000�
agnification.
ctuated to push the particle adhered to the substrate. Dur- h

. Imaging Sci. Technol. 020501-
ng the test, the pushing force was increased in discrete steps
5–15 nN/step) due to the deflection of the cantilever beam
ith a time interval of approximately 30 s (for image record-

ng and voltage increase). By acquiring a series of digital
mages, the entire pushing process was recorded for each
article tested. The AFM cantilever served as the force sens-

ng element, and the applied force �F� was calculated from
he relative cantilever deflection with respect to the cantile-
er base using the linear bending stiffness of the cantilever
eam. The relative deflection of the AFM cantilever beam at
ach pushing step was obtained with a piezoelectric bender
esponse calibration procedure;20,21 and the stiffness con-
tant of the AFM cantilever beam was calibrated in the am-
ient prior to the test with a resonance method developed by
ader et al.22 The displacement of the particle in the x di-
ection ��x� was obtained from the processing of recorded
mages by tracking the pixel positions of the left edge of the
article in each recorded digital image with an image analy-
is software, IMAGEJ.23 The digital images taken by the 10

egapixel digital camera under the 100� objective lens were
840�3072 pixels in size, and the corresponding pixel res-
lution is �35 nm/pixel. Because of the small depth of

ocus of the optical microscope, it is difficult to precisely
osition the polymer particle along the central axis of the
FM cantilever probe. However, the error induced by pos-

ible “off-center” load on the cantilever deflection should be
egligible because the AFM cantilever beam has much

igure 4. �a� A photograph of the optical manipulation setup; �b� an
ptical image of lateral pushing test experimental setup; �c� an optical

mage of the pushing of an adhered polymer particle with a tipless can-
ilever probe.
igher torsional stiffness relative to its bending stiffness.

Mar.-Apr. 20103
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HEORY
ith the pushing force and particle displacement informa-

ion at each pushing step, a lateral force-displacement
F-�x� curve can be constructed for each particle tested.
he work of adhesion between the particle and substrate can

hen be extracted from the lateral pushing force-
isplacement curves.13 For the lateral pushing test experi-
ent, assuming no sliding, the slope of the force-

isplacement curve �k� can be approximated in a
isplacement range corresponding to the pre-rolling phase
f motion as

k =
F

�x
=

M/�D/2�

��D/2�
=

4M

�D2
, �1�

here M is the moment generated by the pushing force with
espect to the particle-substrate contact area, � is the angle
f rotation of the particle with respect to the center of
article-substrate bond, and D is the diameter of the spheri-
al particle. According to Dominik and Tielens,14 the rolling
esistance moment as a function of the angle of rotation �
an be approximated as

M � 6�WA�D/2�2� , �2�

here WA is the work of adhesion between the particle and
ubstrate. Therefore, from Eqs. (1) and (2), the work of ad-
esion is directly proportional to slope of the force-
isplacement curve, i.e.,

WA =
k

6�
. �3�

t is noteworthy that, with this approach, no knowledge of
he particle diameter is required for extracting the work of
dhesion between the particle and substrate.

ESULTS AND DISCUSSION
he experimental procedures detailed above were applied to

he three types of polymer particles of different dimensions
nd surface roughness conditions. The force-displacement
elationships of uncoated (bare) polymer particles with the
ominal diameters of 9.0 and 6.0 �m are presented in Fig-
res 5(a) and 6(a). The force-displacement curves of coated
olymer particles with 50% nominal SAC are presented in
igure 7(a). While the displacements of the particles kept

ncreasing with increasing pushing force, the slopes of the
orce-displacement curves decrease significantly after the
rst few pushing steps. This behavior is consistent with pre-
iously reported observations13 in the SEM experiments.
ased on these data, we believe that at the first few loading

teps there exists a resistance against the rolling initiation of
he particle, and the initial particle displacement is due to
he pre-rolling motion of the particle. The decreases in
lopes following the first few pushing steps indicate that the
dhesion bond between the particle and the substrate is bro-
en and the adhesion bond cannot resist free rolling any
onger. The particle begins free rolling on the substrate. l

. Imaging Sci. Technol. 020501-
The characteristic results for the three types of experi-
ental polymer toner particles are summarized in Table I.
he work of adhesion between the polymer particle and

ilicon substrate is calculated from the pre-rolling slope of
ach force-displacement curve [Figs. 5(b), 6(b), and 7(b)].
s reported in Table I, the work of adhesion between un-

oated polymer particles and silicon are in the range of
.3–34 and 9.0–37 mJ/m2 for the 9.0 and 6.0 �m par-
icles, respectively. The average work of adhesion values for
hese uncoated polymer particles are around 20 and
3 mJ/m2, respectively. A two-tailed Student’s T-test with a
onfidence level of 95% shows that there is no significant
ifference between the work of adhesion for the 9.0 and
.0 �m particles. Based on the JKR adhesion model, the
orresponding average pull-off forces for the 9.0 and
.0 �m particles are around 420 and 330 nN, respectively.
hile there is no other adhesion measurement data for these

pecific toner particles in literature, the measured work of
dhesion values are close to those of similar toner particles,24

nd the estimated pull-off forces are comparable to the pull-
ff forces measured with AFM for other types of toner
articles.3,4

For the coated polymer particles with 50% SAC, the
ork of adhesion between the particle and silicon substrate

s in the range of 1.2–12 mJ/m2, with an average value of
pproximately 4.0 mJ/m2, nearly an order of magnitude

igure 5. �a� The lateral force-displacement curves of four uncoated
bare� polymer particles with a nominal diameter of 9.0 �m under the
ateral pushing force F, and �b� the close-up of the initial portion of the
urves.
ower than that for the uncoated ones. A one-tailed Student’s

Mar.-Apr. 20104
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-test with a confidence level of 95% shows that the work of
dhesion of silica-coated polymer particle to silicon is sig-
ificantly greater than zero. However, note that the reported
ork of adhesion between the surface-coated polymer par-

icle and silicon substrate is calculated with the smooth par-
icle adhesion model and thus is an “effective” value for the
ork of adhesion. Because of the silica nanoparticle coating,

he actual particle-substrate adhesion is dominated by the
ilica nanoparticle-substrate interaction rather than the di-
ect polymer particle-substrate contact. These “effective”
ork of adhesion data provide a means to directly compare

he adhesion performance of a toner particle with and with-
ut surface coating, and such measurement is valuable for
he toner design in order to optimize its adhesion and print-
ng performance. Accurate modeling of the actual work of
dhesion between the nanoparticle and substrate is also im-
ortant, but is outside the scope of the current study.

ONCLUSIONS
he effect of the surface roughness due to silica nanoparticle
oating on the adhesion properties of near-spherical model
A toner is investigated with a recently developed rolling
esistance, moment-based adhesion characterization tech-
ique in the ambient environment. A lateral pushing force
as applied to an adhered polymer particle with a custom-
ade nanomanipulation system under an inverted optical

igure 6. �a� The lateral force-displacement curves of four uncoated
bare� polymer particles with a nominal diameter of 6.0 �m under the
ateral pushing force F, and �b� the close-up of the initial portion of the
urves.
icroscope. The response of the particle displacement to the

. Imaging Sci. Technol. 020501-
ateral pushing force was obtained, and the work of adhesion
etween the particle and silicon substrate was deduced from
he slope of the pre-rolling part of the force-displacement
urve. Three types of toner particles with different sizes and
urface roughness conditions were studied, and the corre-
ponding particle-substrate adhesion properties were deter-

ined. The experiments on silica-coated EA particles with
0% SAC revealed that silica nanoparticle coating on the
olymer particle surface can significantly reduce the adhe-
ion between the polymer particle and silicon substrate,
hich provides a means for optimizing the toner perfor-
ance by controlling its surface roughness. The adhesion

eduction provides a technique for optimizing the near-
pherical EA toner design to achieve higher transfer effi-
iency and better removability. Utilizing this knowledge of
oner adhesion property, we can improve the quality of re-
ulting images by arbitrarily modifying the surface rough-
ess of the toner particles. Compared with other adhesion
haracterization techniques, the current method has several
dvantages: (i) it measures the adhesion properties of indi-
idual particles rather than average properties of a group of
articles; (ii) it requires no attachment of a particle to the tip
f a probe and is thus nondestructive for the particles; and
iii) no particle diameter data is required for determining the
ork of adhesion between the particle and the substrate.

igure 7. �a� The force-displacement curves of four surface-coated poly-
er particles �50% SAC� with a nominal diameter of 6.0 �m under the

ateral pushing force F, and �b� the close-up of the initial portions of the
urves.
Mar.-Apr. 20105
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