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Abstract 

 
The separation of microscopic particles and biological entities such as proteins, viruses, and bacteria, is often carried 

out using membrane filtration. This process uses a filter, typically made from a flexible polymer membrane several 

micrometers thick, with cylindrical or prismatic pores having parallel sidewalls. At the micro and nano-scales, 

filtration through these traditional membrane systems can take significant time due to the high flow resistance arising 

from the membrane thickness and the geometry of the pore sidewalls. Modeling flow rates through different types of 

pore geometries using computational fluid dynamics techniques, we find large increases in the speed of filtration by 

replacing pores having parallel walls with pores having angled sidewalls. We have developed a process to fabricate 

membranes with significantly reduced thickness, possessing pores with suitably tapered sidewalls. These silicon 

nanomembranes are thin suspended sheets of single crystal silicon, with high strengths despite having thicknesses 

lower than a micrometer. We use a focused electron beam and selective, anisotropic etch processes to create nanoscale 

openings in the membranes that possess pyramidal sidewalls for reduced flow impedance. This paper focuses on fluid 

dynamics simulations of these micro and nano-scaled pore structures in silicon nanomembranes. 
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1. Introduction 

 
The separation of particles and macromolecules from liquids is carried out in a variety of fields, from biomedical 

diagnostics and drug discovery to water sampling and purification. These separations are carried out through one of 

several techniques such as chromatography1, mass spectroscopy2, electrophoresis3, inertial focusing4, and membrane-

based molecular weight cutoff filtration5. Membrane filtration is commonly used due to its low cost, relatively high 

selectivity, and ease of setup. Precision membrane filters several micrometers thick with parallel-walled prismatic 

pores can take significant time to filter even small volumes of fluid due to the high flow impedance arising from the 

sidewall geometry. Advances in semiconductor nanofabrication have yielded the ability to fabricate thin, nanoscale 

membranes from silicon, that can be etched to create porous filters6,7. More recently, nanomembranes have been 

fabricated from single-crystal silicon that possess mechanical properties comparable to much thicker polymeric 

membranes8. Furthermore, these single-crystalline nanomembranes can be anisotropically etched to create micro- to 

nanoscale pores with pyramidal sidewalls. We explore the potential flow rate benefits of replacing prismatic pores in 

traditional microscale polymeric membranes with pyramidal pores in single-crystal silicon nanomembranes. 
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2. Methods 

2.1. Fabrication of Porous Nanomembranes 

A silicon membrane is a thin, flat, suspended sheet of crystalline silicon fabricated by photolithography and etching, 

from a larger single crystal wafer of silicon-on-insulator (SOI)8. These nanomembranes are often tens to hundreds of 

nanometers thick and are formed from the silicon device layer of the parent SOI wafer, as described in Ref. 8, and 

shown in Fig. 1(i) here. Additional process steps, described in detail in a separate manuscript, including 

photolithographic patterning and selective etching are used to first create a membrane structure, as depicted in Fig. 

1(ii). Subsequently, electron beam lithography and anisotropic etching are used to create pyramidal pores (see Fig. 

1(iii)) that are micrometers to nanometers in opening size. Fig. 1(iv) is a scanning electron microscope image showing 

400 nm wide pore openings at the bottom of a 100 nm thick silicon nanomembrane, created using this process. 

 

i.     ii.  

iii.        iv.        

Figure 1. Nanopatterned openings in 100 nm thick silicon membranes 

2.2. Fluid Flow Modeling 

The flow rates of pure water through three different pore geometries were estimated using analytical approximations 

and computational fluid dynamics (CFD) simulations. The pores we examined include: (i) prismatic pores in thick 

membranes, with pore length (i.e.: membrane thickness) much larger than the pore width, (ii) prismatic pores in thin 

membranes with pore lengths comparable to pore widths, and (iii) pyramidal pores in thin membranes, where the pore 

length is comparable to the size of the opening on the narrower end of the pyramidal pores. In all subsequent 

descriptions, we refer to these pores respectively as (i) deep prismatic pores, (ii) shallow prismatic pores, and (iii) 

shallow pyramidal pores. A comparison of the pore geometries is shown in Fig. 2.  

 

Figure 2.  Membranes with (i) deep prismatic pores, (ii) shallow prismatic pores, and (iii) shallow pyramidal pores. 
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The Hagen-Poiseuille’s law was used on each of the pore geometries. Equation 1 shows the generalized form of the 

Hagen-Poiseuille’s law that describes the volumetric flow rate, Q, for prismatic pore configurations with circular cross 

sections9. 

 

 

       𝑄 =
∆𝑃𝜋𝑟4

8𝜇𝑙
                                                                                                                                                              (1) 

 

 

Here, ΔP represents the pressure difference across the membrane, r is the pore radius, , µ is the viscosity, and l is the 

length of the pores, which, in all of the cases examined, is equal to the thickness of the membrane. When using pore 

openings other than circles the radius can be determined by the hydraulic diameter. Equation 2 shows a modified form 

of the Hagen-Poiseuille’s law applicable for conical pores, derived by considering the variation in the pore width due 

to angled sidewalls. We use this to approximate the flow rate through pyramidal pores10.  
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       𝑟(𝑧) = 𝑟𝑜 + 𝑧 tan 𝜃,                                                                                                                                               (3) 

 

where r(z) is the changing radius of the pore as a function of height, z, measured from the membrane bottom surface 

where the radius is ro, and θ is the sidewall angle measured from the membrane normal, and is typically about 35° for 

single crystal silicon membranes. 

   The CFD simulations were performed using STAR CCM+ under steady state conditions with laminar flow and the 

no slip boundary condition. Additionally, a segregated finite volume solver was used, and mesh analysis was 

performed. All simulations have been performed under the assumption that flow through a single pore is independent 

of the flow through neighboring pores in the membrane. In order to make a comparison, all tests in both the analytical 

and CFD models were run with pore openings between 100 nm and 500 nm, and a pressure differential of 1 atm to 

best replicate experimental conditions commonly encountered in the use of these membrane filters.  

 

 

3. Results 

 
Both the analytical and CFD simulations results show a significant decrease in the resistance to flow for the pyramidal 

pores as compared to the prismatic pores. When looking at the CFD results for each of the pore geometries the 

Poiseuille flow velocity profile is observed, as seen in Fig. 3. 

 

Figure 3. Scalar velocity plots and generalized Poiseuille flow profiles for (i) shallow prismatic pores, (ii) shallow 

pyramidal pores, both with 300 nm bottom opening sizes the average flow velocity for the prismatic pores is 2.97 

m/s, while the pyramidal pores average flow velocity is 4.38 m/s. 
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Fig. 4 compares analytical and numerical models of each of the set ups in terms of velocity. Shallow pores offer 

significantly reduced flow impedances compared to deep pores in proportion to the pore length and can easily reach 

an order or two of magnitude reduction. When compared with prismatic pores, pyramidal pores offer a further 

reduction of impedance up to an order of magnitude when pores are below 100 nm across. These reductions become 

significant when comparing the deep prismatic pores present in traditional polymeric membranes, with the shallow 

pyramidal pores possible with single crystalline nanomembranes. 

 

 

Figure 4. Comparison of analytical and numerical results for each pore shape. 

The improvement in flow rate through pyramidal pores becomes most noticeable at pore opening sizes comparable or 

smaller than the membrane thickness, making this style of membrane filter particularly valuable in the trapping and 

detection of sub-micron objects such as viruses. 

 

 

4. Conclusions 

 

As shown by both the analytical and CFD results, shallow pyramidal pore structures can decrease the amount of time 

needed to carry out filtrations in the micro to nano-scale regimes, by orders of magnitude compared to prismatic pores 

in traditional polymeric membranes. Due to this significant decrease in flow impedance, several membranes with 

varying pore sizes can be stacked in series to simultaneously separate species of different sizes in a single filtration 

cycle. These characteristics make nanomembrane filters promising candidates for use in detecting waterborne 

pathogens like viruses and bacteria11,12 or disease-causing prions in livestock and wildlife13. 
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