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The direct imaging of flow induced microstructural changes in complex fluids can have advantages over
the use of scattering methods, since localized phenomena can be observed directly and more mechanistic
insights can be obtained. This is useful in particular for materials with hierarchical or multiscale structures
such as aggregated dispersions. Rheoconfocal instruments are ideally suited for this purpose but were, as
yet, limited to relatively low imaging rates. In the present work, a stress-controlled rheometer was coupled
to a fast scanning, instant structured illumination confocal microscope which uses a multi-array illumination
and detection scheme. A second motor is integrated in a custom-made rheoconfocal instrument to achieve
the counter-rotation of the lower glass plate. The resulting stagnation plane can be moved within the shear-
ing gap in real time and allows the stable imaging of micro-structural features under steady shear. Velocity
profiles were measured to validate the performance of the mechanical components, using particle image
velocimetry on a sterically stabilized suspension. Structured illumination optics yielded an excellent in-
plane spatial resolution, while the multipoint scanning allows speeds as high as 1000 frames per second at
full frame resolution. However, for rheological studies the 3D structure should ideally be resolved. The
mechanical refocusing using a fast piezo stage at high speeds led to deformations of the lower thin glass
plate. To circumvent this bottleneck, a focus-tunable lens was incorporated in the setup to acquire 3D image
volumes at video rates. The excellent combination of temporal and spatial resolution under flow is demon-
strated here using selected results from aggregated colloidal dispersions. The microstructure of a model
depletion gel is studied over a broad range of shear rates under strong to moderate flow conditions. The abil-
ity to measure rheological properties while imaging the time-dependent microstructure is demonstrated with
particles dispersed in a more viscous PDMS matrix. Transient rheology is reported simultaneously with high
resolution imaging of the microscopic structural recovery. This novel tool enables the direct imaging of rhe-
ologically complex materials under conditions relevant to processing, to elucidate the physical phenomena
underlying nonlinear rheology and thixotropy.
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structure

1. Introduction

Soft materials are found in a variety of technological

applications, consumer products and industrial processes.

They typically exhibit interesting rheological properties,

especially when deformed beyond the linear response

limit. This is often exploited in application (Bhattacharjee

et al., 2015; Gallegos and Franco, 1999; Wang et al.,

2008) and it is the reason these materials are called com-

plex fluids. In other cases, non-Newtonian behavior can

lead to difficulties in industrial processes, such as the

pumping of crude oil (Chang et al., 1999) where flow

assurance remains an important aspect. Examples of mate-

rial classes with interesting nonlinear rheological proper-

ties include emulsions, surfactant solutions, polymer melts,

and colloidal suspensions. Their common trait is the pres-

ence of a complex microstructure that determines the

mechanical properties. As the microstructure is altered by

deformations and flows, a nonlinear mechanical response

is observed. The relevant length scale of such structural

rearrangements ranges from the entanglements of polymer

molecules to the size of colloidal aggregates, which can

grow to hundreds of micrometers. The case of aggregated

colloidal suspensions is in the focus of the present work.

These materials represent a challenging research topic, as

they show a combination of a multiscale structure and an

important role of localized microstructural deformations.

Elucidating structure-property relationships and their
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dependence on flow history is crucial for the rational

design of soft materials. Scattering techniques have been

widely employed in the study of the flow microstructure

of complex fluids, and of colloidal gels in particular

(Eberle et al., 2011; Helgeson et al., 2014; Hoekstra et al.,

2005; Varadan and Solomon, 2001). Depending on the

type of scattered radiation, samples can be investigated at

different length scales and the different origin of scattering

contrast obtained from neutrons, X-rays and light can be

exploited. Furthermore, the length scale of observation

can be varied by changing the scattering angle. Micro-

structural information is obtained in reciprocal space,

intrinsically averaged over sample sizes much larger than

those of the elementary particles. Therefore, the resulting

data cannot resolve events involving limited numbers of

particles. The interpretation of scattering data is usually

not straightforward, as the inversion from reciprocal to

real space is a mathematically ill-posed problem and data

analysis often relies on fits to specific microstructural

models. Finally, for time resolved measurements using X-

ray and neutron scattering, access to large scale synchro-

tron and neutron source facilities is typically required.

Laser scanning confocal microscopy has emerged as a

key technique to directly observe the microstructure of

bulk samples, because of its optical sectioning capabilities

(Brujić et al., 2007; Koehler et al., 2002; Prasad et al.,

2007). 3D image volumes can be obtained by axial refo-

cusing, which is typically achieved by the mechanical

repositioning of either the objective or the sample. In the

case of colloidal suspensions, single-particle resolution is

attainable by using micrometer-sized particles. Subse-

quent quantitative image analysis allows their localization

and tracking over time (Crocker and Grier, 1996). Such

detailed microstructural information proved pivotal in the

study of fundamental state transitions like crystallization

and glass transition (Gasser et al., 2001; Kegel and van

Blaaderen, 2000; Weeks and Weitz, 2002), where colloidal

particles can be viewed as model atoms as well. This

methodology has also been valuable in the study of col-

loidal gels, where it provided insights on their quiescent

structure and dynamics (Dibble et al., 2006; Lu et al.,

2008) and on their mechanisms of yielding and flow

(Hsiao et al., 2012; Koumakis et al., 2015; Rajaram and

Mohraz, 2010).

The quiescent structure and its relation to the rheology

of colloidal gels has been extensively investigated. In the

case of dilute gels, the mechanical properties are modeled

in terms of rigid bonds able to carry stresses. Such con-

nections can be located either between particles in the

same cluster or at the contact point linking two separate

clusters (Shih et al., 1990; Studart et al., 2011; Potanin et

al., 1995; Zaccone et al., 2009). On the other hand, con-

centrated attractive suspensions are typically described

using mode coupling theory concepts (Chen and Schweizer,

2004; Ramakrishnan et al., 2005), originally developed

for glasses, where the suspensions are viewed as being

arrested systems composed of colloidal clusters. The rhe-

ological properties of colloidal gels are, however, less

understood in steady state or transient flow conditions. Yet

for many applications, the response to flow is more rele-

vant than the rest structure, because it determines import-

ant properties like the thixotropic recovery and the yield

stress. To study the microstructural details of such shear-

induced transitions in colloidal suspensions and other

complex fluids, different kinds of shear cells for confocal

microscopes have been described in the literature.

Sliding parallel plates geometries represent a simple, yet

effective option to construct stand-alone shear flow cells

that can be fitted on an inverted microscope (Besseling et

al., 2007; Boitte et al., 2013; Lin et al., 2014; Shereda et

al., 2010; Vermant et al., 1994; Wu et al., 2007). With

respect to rotational devices, a disadvantage is the limited

attainable total strain that impedes true steady-shear

experiments and versatile pre-shear conditioning proto-

cols. On the other hand, the implementation of counter-

movement of the plates is simpler, allowing the visualiza-

tion of samples under shear at a stagnation plane (Boitte

et al., 2013; Wu et al., 2007).

Rotational shear cells were developed either in fully cus-

tom-made designs (Chan and Mohraz, 2013; Derks et al.,

2004), or by mounting commercial rheometers on confo-

cal microscopes (Besseling et al., 2007; Besseling et al.,

2009; Boukany et al., 2015; Dutta et al., 2013; Kirchen-

buechler et al., 2014; Koumakis et al., 2015; Paredes et

al., 2011). The rotational motion removes the limit of

maximal strain and a cone-plate geometry is typically cho-

sen to ensure homogeneous flow. This results in a constant

shear rate, radially across the sample, which is indeed nec-

essary in the study of complex fluids that are sensitive to

the targeted nonlinear deformations. The integration of a

rheometer can result in a more flexible platform, as all of

the standard rheological tests can be performed, including

steady-shear, oscillatory, and creep measurements. Usu-

ally, stress-controlled rheometers are chosen because of

their compact design, which is concentrated in the upper

tool, where torque is applied and strain is measured with

an optical encoder. The lower tool can therefore be mod-

ified to allow imaging through a transparent plate, without

losing any of the rheometer functionalities. The rheolog-

ical response can therefore be obtained concurrently with

the microstructural information from microscopy.

As mentioned for parallel plates designs, introducing a

counter-movement of the shear surfaces represents an

attractive approach to observe microstructural features

under shear for long times (Boitte et al., 2013; Derks et

al., 2004; Wu et al., 2007). In a standard setup, where the

lower glass plate remains stationary, features quickly tra-

verse the field of view, so that they cannot be observed
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and tracked over extended periods of time. Therefore,

shear rates at which confocal imaging can be obtained are

limited to low values, unless the focal plane is placed very

close to the glass plate, where the velocity approaches

zero. This issue has been mitigated somewhat by advances

in fast scanning confocal imaging, which have brought the

acquisition to video rates and above, typically by exploit-

ing multipoint illumination techniques (Winter and Shroff,

2014; York et al., 2013). Still, previous studies have been

typically limited either to slowly evolving systems like

dense suspensions, or focused on low shear rates. To

resolve fast rearrangements taking place under intense

shear in highly heterogenous soft materials such as col-

loidal gels, a combination of fast scanning confocal micros-

copy and a counter-rotating shear setup is called for.

In the present work, a rheoconfocal setup overcoming

many earlier limitations is presented. We coupled a com-

mercial dual motor stress-controlled rheometer with a fast

scanning, instant structured illumination (iSIM) confocal

microscope. The second motor, which is integrated and

works in concert with the rheometer, was mounted in a

custom-made setup for counter-rotation of the lower glass

coverslip. We therefore achieve an unprecedented combi-

nation of acquisition speed and resolution in the imaging

of sheared complex fluids at a stagnation plane. We val-

idate our setup and demonstrate its capabilities by inves-

tigating selected colloidal model systems, both stable and

aggregated suspensions.

2. Materials and Methods

2.1. Design of a counter-rotating rheoconfocal shear

setup
A rendering of the rheoconfocal setup is shown in

Fig. 1a. It consists of a TwinDrive-ready Anton Paar MCR

502 WESP (with exposed supporting plate), whose elec-

tronics are located in an external control box. An inte-

grated TwinDrive second motor placed in a separate

holder is used for counter-rotation of the lower glass plate.

The rotation of the second motor is transmitted to the

shear cell by a toothed belt. The use of a plate-plate (PP)

or cone-plate (CP) measuring geometry creates flow in a

gap that is orthogonal to the imaging axis, and images are

obtained in the velocity-vorticity plane of shear flow, as

depicted in Fig. 1c.

The confocal setup comprises an instant structured illu-

Fig. 1. (Color online) Schematic representation of the rheoconfocal setup for high speed confocal imaging. (a) Sketch of a rheometer

coupled to a confocal microscope in a custom setup, with the second motor positioned on the side for counter-rotation of the lower glass

plate. (b) Picture of the shear cell in measuring position. (c) Cross section of the cone-plate measuring geometry with corresponding

velocity , velocity gradient , and vorticity  direction of simple shear flow shown. The dashed line indicates the position of the

stagnation plane during counter-rotation. The clamping of the coverslip with a threaded ring is shown on one side. (d) Technical drawing

of the shear cell assembly that is mounted on the rheometer flange. Ball bearings are shown in green.

v  
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mination (iSIM) confocal scanner by Visitech Interna-

tional coupled to a Nikon Eclipse Ti-E inverted microscope.

The stage, the condenser, the nosepiece and the eyepiece

are removed from the microscope body, in order to leave

sufficient space for the rheometer. The objective is then

brought to the height of the shear cell with an adjustable

extension tube, which is connected directly to the micro-

scope focus drive. A piezo stage (Mad City Labs Nano-

F200S) is inserted at the bottom of the extension tube,

providing relatively fast mechanical refocusing in the

axial direction. The only contact point between imaging

and shear setups is the objective tip, which is in contact

with the coverslip of the shear cell in the case of immer-

sion objectives. The absence of such a mechanical cou-

pling with the microscope resulted in no visible vibrations

in the images. Vibration damping is provided by assem-

bling the setup on a Newport RS 4000 optical table, lying

on laminar flow isolator legs Newport S-2000.

The shear cell is fitted on the flange of the rheometer as

shown in Fig. 1b. The advantage is that the flange can be

used as the reference for alignment. To enable confocal

imaging during counter-rotation, a fully transparent lower

plate is necessary. A further constraint on the glass thick-

ness is imposed by the use of high numerical aperture

immersion objectives, which are typically designed for

#1.5, 170 μm thick coverslips. Therefore, the shear cell

was set up to house standard round coverslips with a

diameter of 22 mm, which are clamped down with a

threaded ring, as illustrated in Fig. 1c and in an assembled

version in Fig. 1d. This ensures sufficient rigidity, so that

no wobbling is observed, even at high shear rates. How-

ever, bending of the coverslip does restrict the ability to

quickly mechanically refocus in the axial direction, as will

be detailed further. Standard plate or cone upper geome-

tries are used, with a diameter of 15 or 25 mm. The cone-

plate arrangement was always chosen for the study of col-

loidal gels because of its homogeneous shear field. A rel-

atively steep cone angle β of either 6° or 4° was chosen,

paired with a small truncation height of 50 μm, so that a

wide range of shear gaps could be investigated with little

displacement of the imaging axis with respect to the axis

of rotation.

The shear cell is screwed on a rotating tube, which is

kept between two high-precision angular-contact ball

bearings, highlighted in green in Fig. 1d. The timing belt

pulley is attached at the bottom of this tube and the motion

is transferred by a belt to a corresponding pulley in the

transmission assembly on top of the second motor. The

transmission system was designed to minimize lateral

forces acting on the second motor. To this end, a double,

precision universal joint with needle-roller bearings is

connected to the pulley, while the whole transmission

assembly is placed between angular-contact ball bearings.

The second motor is engaged with two pins, which can be

lowered into the corresponding slits of a geometry locked

in the fixture of the motor. The motor is placed in a cus-

tom-made housing, where it lies supported by the top

plate. This arrangement mimicks the standard positioning

of the motor on the rheometer flange. The top plate of the

housing is mounted on rails and attached to restoring

springs, so that the timing belt can be easily placed and

tensioned. The counter-rotation of upper geometry and

shear cell can be controlled during a steady shear exper-

iment by tuning their relative velocity. Therefore, the stag-

nation plane can be moved in real time along the shearing

gap by adjusting the ratio of the two velocities with a dial,

which is integrated with the rheometer software.

There are several means to align the entire assembly.

The rheometer is placed on a custom-made stage to allow

fine positioning of the rotation axis with respect to the

imaging axis. A precise reading of the imaging position in

radial direction is then obtained by using a digital scale

unit with a sensitivity of 10 μm. The rheometer is screwed

to a support plate, which is sliding on precision rails. Its

position can be finely adjusted by turning a regulating

screw. The alignment of upper and lower tool was tested

mechanically and optically, using the confocal imaging

setup. The concentricity of the two axis of counter-rota-

tion was fixed by fitting a collar with adjustment screws

around the shear cell housing. The center of rotation of

both tools was tracked optically by imaging fluorescent

particles adsorbed to the plates. After locking of the final

position, the concentricity could be adjusted to within 5

μm. The orthogonality of the coverslip with respect to the

rheometer axis was tested with a dial gauge at a radial

position of 7.5 mm from the center. Coverslips were

clamped reproducibly in the shear cell using a torque

screwdriver set at 1 N/m, consistently yielding an orthog-

onality with deviations smaller than ±1 μm. The standard

routine for the determination of the zero-gap could be

used on the #1.5 coverslip without adverse effects. The

normal force at contact was set to 0 N to minimize bend-

ing of the glass surface. The error in the zero-gap deter-

mination was checked optically to be within 2 μm for

cone geometries.

2.2. Fast axial scanning with an electric focus-tun-

able lens
To access the microstructural changes in the velocity

gradient plane, fast axial scanning is required. Piezo stages

are currently the most commonly used option to perform

axial scanning in confocal microscopy. When moving in a

stepwise profile, their settling time at the desired height is

the time-limiting process. The settling time totals 15 ms

for the piezo stage used here, essentially independent of

step size. In order to reach faster acquisition rates in axial

direction, the piezo has to be moved in a triangle wave

profile, which is devoid of steps. The axial position of the
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focal plane for each camera exposure can then be recon-

structed assuming a linear movement profile.

However, piezo stages are strongly limited in the achiev-

able axial acquisition rate when oil immersion objectives

are used. These lenses are the preferred choice in the study

of colloidal dispersions in organic media, because of their

high magnification and high numerical aperture, leading

to the best available optical sectioning and axial resolu-

tion. However, during mechanical refocusing, the thin film

of viscous immersion oil (Cargille HF, 700 mPa·s) has to

flow in and out of the gap between the objective tip and

the coverslip. Such a squeeze flow can lead to large

stresses, which deform the thin coverslip and slow the set-

tling. This results in increased delay times and incorrect

assignment of axial positions to the camera exposures,

effectively limiting achievable acquisition rates to about

20 frames per second. Therefore, video rate acquisition of

full 3D stacks cannot be obtained.

In order to circumvent the issues linked to mechanical

axial refocusing, we implemented a fast electric focus-tun-

able lens in the imaging setup. A 16 mm wide-aperture

lens EL-16-40-TC from Optotune with an optical power

range of 2 to +3 diopters was chosen. The shape of this

lens is controlled by a voice coil, which forces an optical

fluid in and out of a flexible polymeric reservoir. The lens

can therefore transition from a plano-concave to a plano-

convex shape, producing a diverging or converging beam

of light from a parallel one, respectively. After focusing

through an infinity corrected objective, the desired change

in axial focus is obtained, as schematically shown in

Fig. 2. To drive the lens with custom waveforms, either

continuously or by an input trigger, a Gardasoft TR-

CL180 controller was used. Continuous optical refocusing

can be achieved over the full optical power range by run-

ning a triangle wave input current profile, at frequencies

up to 25 Hz.

The lens was first placed at the back-aperture of the

objective, the simplest option in terms of integration ease.

While this position allows straightforward mounting and a

large axial refocusing range, it is suboptimal with respect

to spherical aberrations. Furthermore, placing the focus-

tunable lens directly behind the objective leads to non-

telecentric imaging conditions. As a consequence, the

magnification and the numerical aperture effectively change

over the focusing range. To maintain telecentric condi-

tions, the lens has to be positioned at the conjugate pupil

plane of the objective, which can be reimaged to an acces-

sible location by inserting a 4f-relay system in the optical

path. We therefore designed such a relay system placed

between the microscope body and the confocal scanner.

Two aspheric apochromatic doublet relay lenses designed

in-house were used. Their focal length of 150 mm resulted

in a total additional path length of 600 mm. Care was

taken to place the tunable lens horizontally with respect to

the ground, to avoid gravity-induced comatic aberrations.

2.3. Confocal microscopy and image analysis
The Visitech iSIM confocal scanner allows acquisition

rates up to 1000 full frames per second. Images are

acquired with doubled resolution with respect to conven-

tional confocal microscopes, using an analog, fully optical

implementation of the structured illumination concept

(York et al., 2012; York et al., 2013). Typically, structured

illumination requires a reconstruction step to attain sub-

diffraction resolution. Yet, no such post-processing is

required in this case, so that the high acquisition speed

stemming from the multipoint illumination can be main-

tained. The resulting resolution is of 180 nm in the objec-

tive plane and 440 nm in the axial direction perpendicular

to it, as determined on our setup by imaging sub-diffrac-

tive beads of 100 nm and subsequently estimating the

point spread function of the optical system. The insertion

of the 4f-relay system containing the focus-tunable lens

did not decrease the resolution significantly, in the case of

a flat profile of the lens membrane. However, at large cur-

vatures of the focus-tunable lens a degradation of the

image quality was observed. A dual camera arrangement

allows to image at either very small pixel sizes, with an

ORCA flash 4.0 V2 from Hamamatsu, or at the highest

acquisition rates by using a Lambert Instruments HiCAM

540 M/S. Photons are directed to either one of the two

cameras by inserting or removing a mirror in the optical

path.

Samples were imaged with high magnification, high

numerical aperture Plan Apo λ Nikon objectives (60x, 1.4

NA or 100x, 1.45 NA), yielding large fields of view of

150×150 and 100×100 μm, respectively. Standard algo-

rithms for particle tracking were used for the subsequent

image analysis (Crocker and Grier, 1996), providing par-

ticle coordinates with sub-pixel resolution, that can be

linked into trajectories in consecutive frames. Flow veloc-

ities were extracted by particle image velocimetry (PIV)

Fig. 2. (Color online) Principle of optical refocusing using a tun-

able lens and infinity corrected objectives. Changes in the focal

plane are obtained by fast shape modulation of the illumination

laser beam.
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(Thielicke and Stamhuis, 2014), a robust method based on

cross-correlation of subsequent images, where locating

single particles is not necessary. For these experiments, a

20x Plan Apo VC air objective with a long working dis-

tance of 1 mm was used, in order to image the full depth

of the shearing gap.

Sample movies of sheared colloidal gels (see Fig. 6) can

be found on the YouTube channel of the Soft Materials

laboratory at ETH Zürich.

2.4. Preparation of model test systems
The model system studied here consists of monodisperse

poly(methyl methacrylate) particles, sterically stabilized

by a grafted polymeric brush of polyhydroxystearic acid

(PMMA-g-PHSA). The preparation of the macromono-

meric stabilizer and the particle synthesis are described

elsewhere (Antl et al., 1986; Palangetic et al., 2016). In

the present study, particles with diameter 2a = 1.1 μm or

1.4 μm and limited polydispersity < 5% were used. The

fluorescent dye (Rhodamine B) was functionalized and

copolymerized during particle synthesis following the pro-

cedure outlined by Klein et al. (2013). Particles of 1.1 μm

were suspended in a mixture of 80% wt cyclobromohex-

ane (CHB, Sigma Aldrich) and cis-decalin (Tokyo Chem-

ical Industry) to match their density and refractive index.

This way, a first stable model systems was obtained. The

particles were slightly swollen by CHB and reached a

final diameter 2a = 1.2 μm, as determined from the cor-

respondence of volume fractions obtained by tracking par-

ticles in 3D volumes.

Depletion was induced to obtain a second model system,

by mixing a stock suspension of particles with solutions of

a non-adsorbing polymer (polystyrene, PS, Mw = 925 kDa,

Polymer Standards Service GmbH), reaching a final vol-

ume fraction  = 20% and a polystyrene concentration of

4.64 mg/mL, which corresponds to 87% of the overlap

concentration in this solvent mixture (Dibble et al., 2006),

which corresponds to an attraction of about 19 kT. An

organic salt, tetrabutylammonium chloride (TBAC, Sigma-

Aldrich) was added to screen the electrostatic repulsion

imparted by dissociation of the CHB (Royall et al., 2003).

Finally, particles with diameter 2a = 1.4 μm were dis-

persed in a low molecular weight poly(dimethylsiloxane)

(PDMS, Rhodorsil Oils 47, Mw  50 kDa, η = 5 Pa·s),

reaching a final volume fraction  = 10% and a mass frac-

tion of cis-decalin of 16% in the solvent mixture. From an

initial concentrated suspension in cis-decalin, the particles

were added in four successive steps, which were necessary

to ensure a good degree of dispersion. During each step,

the sample was first mixed by hand, then by high shear

mixing with an ultra-turrax device at 3800 rpm. Because

of the higher medium viscosity, this final sample enabled

combined structural and rheological measurements.

3. Results and Discussion

3.1. Validation of the velocity profiles
A stable suspension of 1.1 μm PMMA particles at a vol-

ume fraction  = 1% was used to check the homogeneity

of the flows, and to evaluate possible effects of misalign-

ment, by using the rheoconfocal system as a particle

image velocimetry setup. PMMA particles stabilized by a

densely grafted polymer brush were dispersed in an

organic solvent mixture matching their density, thus elim-

inating difficulties arising from sedimentation (Derks et

al., 2004). In this mixture of cyclobromohexane (CHB)

and cis-decalin, the refractive index is nearly matched as

well, which is important for such samples to be imaged at

sufficient depth. The flow profile over the whole shearing

gap was verified for both plate-plate and cone-plate geom-

Fig. 3. (Color online) (a) Representative velocity field in plate-plate configuration, with the magnitude of the in-plane velocity vector

growing from blue to yellow in radial direction. (b) Velocities in the flow-vorticity plane over a measuring gap of 0.4 mm, with a PP15

geometry, at an angular velocity Ω = 0.1 rad/s. The corresponding shear rate at different radial positions is indicated in the legend. The

continuous lines show the theoretical linear velocity profiles.
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etries. Images taken with a 20x air objective were ana-

lyzed by confocal particle image velocimetry (cPIV),

yielding velocity fields as exemplified in Fig. 3a for a

PP15 geometry, a gap of 0.4 mm, and an angular velocity

Ω = 0.1 rad/s. Here, upper and lower geometry were

rotated at equal velocity, but in opposite directions. Dif-

ferent radial positions of the objective with respect to the

rotation axis were obtained by moving the rheometer with

the stage. Performing the cPIV analysis at different heights

by changing the focal plane in the gap yields the linear

velocity profiles displayed in Fig. 3b. As can be seen, the

counter-rotation of the lower glass coverslip was effective

in moving the stagnation plane to the center of the shear-

ing gap. The expected shear rate was obtained and the lin-

ear flow profiles confirm the absence of slip. Despite the

scattering of light decreasing the signal at large depth, cor-

rect velocities were obtained over the entire gap of 0.4

mm.

In a cone-plate geometry, in order to maintain a constant

shear rate in the whole sample, the gap size increases with

radial position. As a result, the stagnation plane in a

counter-rotation experiment is not parallel to the objective

focal plane, as is the case for plate-plate arrangements.

Instead, it is placed diagonally in the shearing gap. There-

fore, a frame focused with the stagnation line at the center

of the image contains portions that are slightly above and

below the stagnation plane. This is highlighted in the cPIV

results shown in Fig. 4 for a CP15 geometry with 6° cone

angle, 54 μm truncation, and an angular velocity Ω = 0.1

rad/s, corresponding to a shear rate = 1 s1. In this case,

the magnitude of the velocity is shown for three radial

positions in the same field of view. The profiles were lin-

ear and corresponded well to the expected ones.

To image colloidal particles with sufficient resolution

for positional tracking, high magnification objectives with

high numerical aperture have to be used. These lenses typ-

ically have limited working distances, so that only a por-

tion of the shearing gap can be imaged. Also, the unavoidable

light scattering, especially in dense suspensions, decreases

the quality of the images as one penetrates deeper into the

sample. It is therefore necessary to place the stagnation

plane close to the bottom glass coverslip. By varying the

relative velocities of the counter-rotating geometries, while

keeping their sum constant, the stagnation plane can be

easily moved over the entirety of the shearing gap, whereas

the shear rate is maintained constant throughout. This is

shown for PP15 and an angular velocity Ω = 0.1 rad/s in

Fig. 5. By tuning the ratio of upper and lower velocity,

features of interest can be kept trapped at the stagnation

plane without the need to refocus.

3.2. Sheared colloidal gels
The flow-induced microstructure in a model depletion

gel was studied under steady shear conditions in counter-

rotation experiments. Such gels are commonly used model

systems for confocal microscopy studies. Importantly, the

interaction potential for particles interacting through deple-

tion attraction is well known (Asakura and Oosawa, 1954)

and the range and strength of attraction can be easily var-

ied by changing the depletant size (Rg) and concentration,

respectively. The shear history experienced by a reversible

colloidal gel plays a crucial role in determining its micro-

structure. This is shown in the confocal images of Fig. 6,

which were acquired at the stagnation plane during flow.

The investigated steady state structure during shear flow

was reached after a step-down from a pre-shear rate of

100 s1, necessary to ensure a fully dispersed suspension.

At a shear rate = 50 s1, the microstructure remained flu-

idized and no large aggregates were observed. The further

·

·

Fig. 4. Velocities along the measuring gap of a CP15-6 geometry,

at an angular velocity Ω = 0.1 rad/s. Different radial positions in

the used field of view are indicated in the legend. The expected

shear profiles based on the shear rate of = 1 s1 are indicated

by continuous lines.

·

Fig. 5. Position of the stagnation plane for a PP15 geometry, at

an angular velocity Ω = 0.1 rad/s. The expected position based on

the ratio of velocities of upper and lower tool is indicated by the

continuous line.
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growth of aggregates was opposed by shear-induced

break-up, as hydrodynamic forces dictating break-up out-

weighed attractive ones. The Péclet number for an indi-

vidual particle was Pe = 100, much larger than unity. At

more moderate shear rates of 10 s1 (Pe = 20) and 5 s1 (Pe

= 10), increasingly larger aggregates were observed at the

stagnation plane. However, the shear flow was still suffi-

ciently intense to prevent the formation of a network. At

the lowest shear rate = 1 s1 (Pe = 2), a transient network

was observed as shown in Fig. 6d. The shear flow molded

the microstructure, through densification of aggregates

and opening up of large voids, leading to heterogeneities

at length scales on the order of the field of view size.

Quantitative information was obtained from the confo-

cal micrographs of Fig. 6 by particle localization and

tracking algorithms. From the resulting particle coordi-

nates, the radial pair distribution function g(r) was calcu-

lated, as shown for selected examples in Fig. 7. A minimum

number of frames was analyzed to ensure sufficient aver-

aging, such that the resulting curves did not change any-

more by considering additional frames. The difference

between a molten microstructure at high shear rates and an

aggregated suspension at lower rates clearly emerged from

g(r) at small interparticle distances (Fig. 7a). The transient

network formed at 1 s1 was characterized by a tall contact

peak, followed by well-developed maxima representing

second and third nearest neighbors. The split in the peak

at r/2a = 1.7 and 2 indicated a resemblance with hexago-

nal close packing. The tight local packing resulted from

the densification of aggregates induced by low shear rates.

In contrast, the fully dispersed structure under intense shear

showed a significantly less tall contact peak, followed by

a single shallow maximum at r/2a = 2. This demonstrated

the presence of small aggregates at the stagnation plane,

but also the lack of structuring beyond the second nearest

neighbor.

The pair distribution function is typically only employed

as a local scale descriptor in random heterogeneous mate-

·

Fig. 6. Confocal micrographs of the microstructure during steady shear flow for a model depletion gel at c/c* = 0.87, corresponding

to about 19 kT, showing the effect of steady state shear rate on microstructure for four different shear rates (from high to low). The

images are snapshots from an acquisition at the stagnation plane, with shear rates of (a) 50, (b) 10, (c) 5, and (d) 1 s1. The field of

view has a size of 100×100 μm. The flow and vorticity directions are shown, according to Fig. 1c.
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rials. Usually, longer length scales only provide useful

information in the case of crystalline arrangements. How-

ever, in our data the structural heterogeneity of depletion

gels induced by shear emerged from g(r) as well. Fig. 7b

shows the evolution of the pair distribution function at

length scales extending to the field of view size, for 10

and 1 s1. For the higher shear rate, where aggregates tum-

bled at the stagnation plane, but no transient network was

formed, g(r) quickly approached the value of 1 expected

for a homogeneous distribution. In contrast, a more com-

plex evolution was observed for the microstructure at 1 s1,

where large voids and densely packed regions occurred.

The pair distribution function first decreased under the

value of 1, reaching a minimum at about 30 particle diam-

eters. This size indicated the average distance between

particles in the aggregates and the voids. Eventually, g(r)

increased to values above 1 again, a transition correspond-

ing to the spacing of dense regions separated by large

voids. Therefore, in the case of a transient network, the

microstructure exhibited heterogeneity at length scales

comparable to the size of the observation window. The

wide field of view used here, which extends to about 80

particle diameters, is therefore critical to resolve the

microstructure at the relevant large length scales. As a

comparison, small angle light scattering measurements are

typically possible in a q-range extending from tens to hun-

dreds of particle diameters (Hoekstra et al., 2005), when

using nanoparticles of diameter 2a = 25 nm. For the same

particle sizes, small angle X-rays and neutron scattering

operate at much smaller characteristic length scales, less

than 10 particle diameters (Eberle et al., 2011; Hoekstra et

al., 2005), which can be extended to about 50 diameters at

ultrasmall angles using synchrotron X-ray scattering (Hoek-

stra et al., 2005).

As can be appreciated from the movies of gels sheared

at the stagnation plane, the flow of these materials is a

complex three-dimensional phenomenon. To access the

full information on their flow behavior, the gradient direc-

tion of shear has to be accessed. We tackled the issue by

using a fast scanning focus-tunable lens. The 3D flow of

a depletion gel at c/c* = 0.87 is shown in Fig. 8 for the

startup of shear at 1 s1. In order to obtain a reproducible

initial structure, the sample was pre-sheared at 100 s1 and

let to rest and recover for 5 minutes prior to starting the

experiment. The yielding of the gel microstructure was

followed in real time, by acquiring confocal volumes

composed of 25 in-plane slices (total height 5 μm) at a

speed of 14 stacks per second. The corresponding in-plane

acquisition speed was 350 fps, and the focus-tunable lens

was driven on a triangle wave with a period of 140 ms. In

these conditions, the in-plane acquisition rate was the time

limiting step, and not the changes in shape of the focus-

tunable lens. The particle indicated by a red arrow was

found at the tip of a chain of particles aligned with the

velocity direction of flow. Upon startup of shear, the chain

was deformed and compressed. Eventually, the high-

lighted particle drifted out of the shown image projection.

Similar structural rearrangements due to compression and

Fig. 7. (Color online) Radial pair distribution function g(r), com-

puted from the particle coordinates of depletion gels under steady

state conditions in Fig. 6. (a) For short interparticle distances, a

comparison is shown between a fluidized microstructure and a

heterogeneous one (50 s1, Fig. 6a and 1 s1, Fig. 6d). (b) The

evolution of g(r) at long length scales reveals heterogeneities on

the order of the field of view size, for 10 s1, Fig. 6b and 1 s1,

Fig. 6d.

Fig. 8. (Color online) Startup of flow at 1 s1 on a depletion gel

at c/c* = 0.87. Projections in the velocity-gradient plane of shear

were reconstructed from fast axial scanning with a focus-tunable

lens (left). In-plane exposures in the velocity-vorticity plane at

half height in the stack are shown for selected time points (right).

The red arrow indicates the same particle, which drifted out of

the selected orthogonal planes. The imaging volume size was

48×11×5 μm and the time step between shown acquisitions was

70 ms.
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extension in shear underlie the response of colloidal gels

to flow at moderate shear rates. Further coarsening and

densification eventually leads to highly heterogeneous

microstructures as shown at the stagnation plane in Fig.

6d, for the same shear rate and at steady state.

Even though the depletion gels described above repre-

sent interesting model systems for microscopic studies,

their rheological properties are difficult to measure, because

of their weak attraction, large particle size, and low sus-

pending fluid viscosity. To demonstrate the simultaneous

measurement of the mechanical properties and of the

microstructural evolution underlying the thixotropic

response, an attractive suspension of PMMA particles dis-

persed in PDMS and cis-decalin was studied. High shear

rates broke up the aggregates, so that a fluidized micro-

structure was obtained in this case as well. The stress

recovery following a step-down in shear rate from 100 to

0.1 s1 (Pe = 400,000 to 400) is shown in Fig. 9, along

with confocal micrographs from a time-lapse sequence

acquired concurrently. Following the start of flow at 0.1 s1,

the shear stress increased reaching a new steady state after

about 175 s. This upturn in the viscosity of the suspension

resulted from the orthokinetic flocculation of the particles

when the shear rate was decreased, as could be directly

observed by the simultaneous imaging. The slight decrease

in shear stress after reaching steady state was due to slip

at the shear surfaces. Its onset could be clearly detected by

microscopy as well, by the shift of the stagnation plane

from the expected position in the gap.

4. Conclusions

The design and practical realization of a counter-rotating

rheoconfocal setup were described. A commercial rheom-

eter with an integrated additional motor for counter-rota-

tion of the lower geometry was coupled to a fast-scanning,

instant structured illumination confocal microscope. The

resulting combination of spacial and temporal resolution

allowed the study of fast dynamics under intense flow

conditions. To this end, the ability to image at a stagnation

plane greatly extended the range of accessible shear rates,

up to values of 100 s1. The integration of a focus-tunable

lens granted the acquisition of image volumes at video

rates of up to 30 stacks per second when using oil immer-

Fig. 9. (a) Transient stress recovery after a shear rate step-down experiment from 100 to 0.1 s1, performed on an attractive dispersion

of PMMA particles in PDMS. (b-d) Confocal images corresponding to the time points indicated with arrows are shown, highlighting

the flocculation process underlying the measured increase in suspension viscosity. The confocal micrographs are 100 μm wide.
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sion objectives. We demonstrated the capabilities of our

rheoconfocal setup by investigating both stable and aggre-

gated colloidal suspensions. Confocal particle image veloci-

metry of a stable suspension confirmed the linearity of the

velocity profiles in the shearing gap, as well as the ability

to move the stagnation plane along it. The shear rate

dependence of the steady state microstructure of a model

depletion gel was demonstrated, highlighting the balance

of breaking-up and aggregation under flow at the stagna-

tion plane. Finally, the structural recovery of an attractive

suspension of PMMA particles in PDMS was investi-

gated, by following the stress recovery after a step-down

in shear rate, while simultaneously imaging the micro-

structure.

The rheoconfocal setup presented here shares with ear-

lier designs the relative simplicity of the integration of

rheometer and microscope (Dutta et al., 2013). However,

it adds the possibility to study structural evolutions with

higher resolution and for longer times at a stagnation

plane, a concept demonstrated previously using a separate

flow cell (Derks et al., 2004). Additionally, due to advances

in imaging technology, increases in both temporal and

spatial resolution are obtained, with imaging rates going

into the hundreds of frames per second at full resolution.

In terms of speed this is a one to two orders of magnitude

improvement compared to earlier instruments. A signifi-

cant progress is the use of a focus-tunable lens replacing

the traditionally used piezo stages (Chan and Mohraz,

2013; Derks et al., 2004; Dutta et al., 2013), which removes

the typical limitations of z-scanning and increases the

acquisition rate from a few stacks per second to about 30

per second. Further work remains to be done in visualiz-

ing the 3D data and deformations better, improving tem-

perature control, and lowering the axial compliance of the

lower plate when strongly elastic samples need to be stud-

ied. This setup could be further used to obtain detailed

comparisons of structural data with simulation studies,

which now have strikingly similar resolution limits.
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