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Abstract (in English) 
 

 

 

The subject of this research is the systematic study of the dependence of water slippage inside 

microfluidic channels on the morphology and chemical nature of the solid wall. 

A low-cost Micro Particle Imaging Velocimetry (μ-PIV) apparatus has been designed and 

developed to perform the experimental characterization of the microflow dynamics. 

The set-up is sufficiently versatile to image a pretty wide range of flow conditions present in 

microfluidic devices, allowing the determination of fluid velocity fields both in the bulk of the 

fluid by epifluorescence microscopy and at the interface with a transparent solid surface by the 

use of total internal reflection fluorescence microscopy (TIRFM). 

We initially tested our apparatus against the recent results obtained by leading groups in the 

application of the μ-PIV technique to the study of liquid-solid boundary conditions. In particular, 

we measured water slip length on flat surfaces as a function of the liquid-solid contact angle. 

Then, we investigated water slip dynamics in microchannels presenting a patterned floor. 

Measurements on isotropically patterned surfaces, presenting a regular grid of pillars or dots as 

to model superficial roughness on the micron scale, generally showed a decrease in the value of 

the slip length with respect to the flat substrate. 

Measurements performed as a function of the orientation of micrometric canals impressed on the 

floor of a microchannel with respect to the main flux direction, lead to new interesting 

experimental evidences. A confirmation of a reduction in the value of the slip length due to wall 

micropattering was obtained and, moreover, the effect that the anisotropy of a pattern on the 

floor has on the flow direction was investigated. By changing the orientation and the modulation 

of linear microstructures on a solid wall, it was possible to modify the flow direction even inside 

planar lithographic-made microchannels with a constant pressure gradient applied at both ends. 
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Abstract (in Italiano) 
 

 

 

L’argomento di ricerca riguarda lo studio sistematico della dipendenza dello scivolamento di 

acqua dalla morfologia e dalla natura chimica della superficie della parete su cui scorre il liquido 

all’interno di dispositivi microfluidici. 

E’ stato progettato e realizzato un sistema ottico a basso costo per misure di Micro Particle 

Imaging Velocimetry (μ-PIV), per la caratterizzazione sperimentale della fluidodinamica su 

microscala. La versatilità dell’apparato è tale da permettere lo studio di flussi nelle diverse 

condizioni riscontrabili all’interno di dispositivi microfluidici: infatti, consente di determinare i 

campi di velocità del fluido nel bulk, utilizzando microscopia ad epifluorescenza, e 

all’interfaccia con una superficie solida trasparente, con microscopia a fluorescenza in 

condizioni di riflessione totale interna. 

Le prime misure hanno riguardato la verifica di alcuni risultati recentemente ottenuti dai gruppi 

leader di μ-PIV. In particolare, sono state effettuate misure della lunghezza di scivolamento di 

acqua su superfici piane al variare dell’angolo di contatto fra il liquido e il solido. 

In seguito, è stata studiata la dinamica dello scorrimento dell’acqua all’interno di microcanali, in 

presenza di microstrutture impresse sulla superficie di base. 

Misure su superfici che presentano strutture disposte isotropicamente (pilastri e buche), a 

simulare rugosità superficiali su scala micrometrica, hanno dimostrato in generale una riduzione 

della lunghezza di scivolamento rispetto alla superficie piana. 

Misure effettuate al variare dell’orientazione di canali micrometrici impressi sulla base di un 

microcanale rispetto alla direzione del flusso, hanno portato a nuove interessanti evidenze 

sperimentali. E’ stata ottenuta una conferma della riduzione nella lunghezza di scivolamento 

dovuta a microstrutturazione delle pareti ed, inoltre, è stato analizzato l’effetto che una 

strutturazione disposta anisotropicamente nel canale determina sulla direzione del flusso. 

Cambiando l’orientazione e la modulazione di una strutturazione lineare superficiale, è stato 

possibile modificare la direzione del flusso anche all’interno di canali microfluidici planari, 

fabbricati con tecniche litografiche, alle cui estremità venga applicato un gradiente di pressione 

costante. 
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Introduction 
 

 

 

Microfluidics is an emerging, highly interdisciplinary field of research, lying at the interface 

between physics, chemistry, engineering and molecular biology, that presently attracts great 

industrial and academic interest due to its numerous potential applications and its scientific 

fascination. 

Microfluidics is the science and technology of systems that process or manipulate small (10–9 ÷ 

10–18 litres) amounts of fluids, using channels with dimensions of tens to hundreds of 

micrometres [1]. The possibility to extend liquid manipulations to small volumes, with precise 

dynamic control over concentrations, discovering and exploiting new phenomena occurring in 

fluids at the microscale level, represents microfluidics ultimate strength. 

Miniaturization technology gives birth to this science in the 1990s: it is originally based on 

silicon micromachining, highly developed by the microelectronics industry. Since mid-1990, 

microfluidic fabrication technology moves towards plastic and polymer-based micromachining, 

together with the introduction of soft-lithographic techniques, that allow low costs and rapid 

prototyping for the devices. 

A common feature to all microfluidic chips is their large surface-to-volume ratio. Accordingly, 

flow properties at the solid boundaries become a key factor in understanding the motion of 

liquids in microchannels. 

A recently explored topic is the validity of the no-slip boundary condition, motivated both by the 

important role that drag reduction could play in microfluidic channels and by the recent 

availability of accurate methods to measure the boundary slip lengths. The slip length is the 

distance behind the interface at which the liquid velocity extrapolates to zero. On nominally flat 

hydrophobic surfaces, it is generally rather small and lies in the range from tens to hundreds nm, 

which explains why the no-slip boundary condition is considered a good approximation in 

macroscopic flows, but the effect of a finite slip length on the fluid dynamics becomes important 

in channels of micrometer or nanometer size. 

Moreover, very large slip lengths (up to a few μm) are observed on highly corrugated 

superhydrophobic surfaces. The origin of large slip lengths on these surfaces is related to the 
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trapping of extended zones of vapour between the wall and the liquid, inside the cavities of the 

surface roughness, that restricts the direct contact of the liquid with the wall to a very small 

fraction of the interfacial area, leading to the superhydrophobic properties of these surfaces. 

Micro Particle Imaging Velocimetry (μ-PIV) is an optical technique, that is widely employed in 

microfluidics to characterize flow patterns inside microchannels, and several authors have 

recently shown it to be very useful also for the determination of the slip lengths of water on 

different surfaces. Unfortunately, the price tag of most μ-PIV systems is still rather high, due to 

the use of expensive components such as high-power pulsed, single or dual, laser sources, high-

end CCD cameras and synchronizing electronics. 

 

The objectives of this PhD project were: 

• the design and development of a low-cost μ-PIV system, that could be sufficiently versatile 

to image a range of flow conditions in microfluidic devices and that could allow the 

determination of fluid flow velocities both in the bulk of the fluid and at the interface with 

a solid surface; 

• the study of water slip dynamics over flat surfaces and in particular the determination of 

water slip lengths on different substrates, to test the validity of our μ-PIV measurements 

when compared to the results of other research groups, leader in μ-PIV, present in 

literature; 

• the application of the μ-PIV system to the study of water slippage over micro and 

nanostructured surfaces, measuring water slip lengths on variably patterned substrates and 

characterizing the effect that interface pattering might have on the flow geometry inside a 

microchannel. 

 

The thesis is structured as follows. 

Chapter 1 introduces the physics of the fluids at the micron scale, including the hydrodynamics, 

the problem of the liquid-solid boundary conditions and a brief presentation of interface 

phenomena. Chapter 2 deals with the experimental characterization of slip and provides a 

picture of the present results of boundary condition investigations. Chapter 3 presents the 

fundamentals of μ-PIV, an high spatial resolution optical technique to characterize microscopic 

flows. Chapter 4 provides a detailed description of the μ-PIV system that we have designed and 

developed and that we use to study water slippage in microchannels. Chapter 5 shows the 

results of our μ-PIV investigations on water slip dynamics over flat substrates and, in particular, 

presents slip length estimates on different substrates as a function of the contact angle. Chapter 
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6 collects the results of our μ-PIV investigations on water slippage over patterned substrates, 

dwelling on the calculations of slip length on the differently microstructured substrates and on 

the effect that interface pattering has on the flow geometry in a microchannel. The final chapter 

Conclusions summarizes the main conclusions of this project and points out the future work. 
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