Microfluidic simulation of a colonial diatom chain reveals oscillatory movement
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Diatoms are single-celled organisms with rigid parts in relative motion at the micro- and nanometer length scales. Some diatom species form colonies comprising many cells. In this manuscript, the results of a two-dimensional finite element computer model are presented. This model was established to answer the question if diatom colonies subjected to water flow start to exhibit some kind of “pumping” behaviour. The diatom cell size is assumed to be 140 μm * 34 μm, the distance between the cells is assumed to vary between 10 μm and 20 μm, and the colony is assumed to be comprised of single units comprising 10 cells each that are repeated endlessly (this simplifies calculations). In this first simple model, undisturbed fluid flow is allowed for between the single cells. The cells do not move actively, and are solely moved by the water. The initial fluid velocity is assumed between 0.01 m/s and 1 m/s. A computational result that does not change anymore with time is called stationary solution. Starting the computer simulation from a state where all diatoms are spaced equally results in a stationary solution where there the acting forces force the formation of cell pairs with less distance to each other compared to the initial situation. On the other hand, starting the computation from already paired cells shows the opposite effect: the pairs tend to aspire the equidistant state again. This computer simulation suggests that a diatom colony subjected to water flow exhibits some kind of oscillatory movement.
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Introduction

Diatoms are single-celled organisms with rigid parts in relative motion at the micro- and nanometer length scales. This makes them interesting for nano- and microtechnological applications (GEBESHUBER et al. 2005, GORDON et al. 2005, CRAWFORD and GEBESHUBER 2006, GEBESHUBER and CRAWFORD 2006, GEBESHUBER 2007, GEBESHUBER et al. 2009). Some diatom species form colonies comprising many cells in form of long chains (ROUND et al. 1990). Rutilaria philipinnarum is an example for such a species (ROSS 1995). R. philipinnarum is a mainly fossil colonial diatom of inshore marine waters (CRAWFORD pers. comm. 2008). In this species, the single diatoms connect by linking spines and by a complex siliceous structure termed the periplekton. These linking structures on the one hand keep the cells together, but on the other hand also keep distance between the cells. The shape of the spines allows expansion of the chain to a certain maximum distance and compression to a minimum distance, in which case there is still some fluid between the cells. The links allow movement of single cells in the chain against or from each other in a rather one-dimensional way (GEBESHUBER and CRAWFORD 2006). Such elaborated linking mechanisms inspired the question what would happen to such a diatom colony subjected to water flow. 

A diatom chain subjected to fluid flow orthogonally to its length axis is finally being moved as a whole with the flow. However, in situations where the flow direction changes or where the velocities of flow change, the inertia of the diatom chain prevents immediate acceleration according to the new flow condition. In this situation, water flows through the gaps between the single cells creating relative motion between water and the chain. 

To analyze the problem, the method of Computational Fluid Dynamics (CFD) is used. CFD is one of the branches of fluid mechanics that uses numerical methods and algorithms to solve and analyze problems that involve fluid flows. The governing equations that need to be solved consider the conservation of mass, momentum, pressure and turbulence (OERTL 1995). Indeed, these equations are so closely coupled and difficult to solve that it was not until the advent of modern digital computers in the 1960s and 1970s that they could be resolved for real flow problems within reasonable timescales. Nowadays, CFD has become an indispensable part of the aerodynamic and hydrodynamic design process for planes, trains, automobiles, rockets, ships, submarines; and indeed any moving craft or manufacturing process that mankind has devised. A basic introduction to fluid mechanics for the interested reader is given by CHORIN and MARSDEN (1990). Numerical methods used to solve the governing equations in fluid mechanics can be found in LEVEQUE (1998). 
The computer simulations presented here shall inspire biologists working on diatoms to perform experiments validating the results, and thereby initiate interdisciplinary research involving groups from technical and biological backgrounds (GEBESHUBER and DRACK 2008).

Materials and Methods
As a basic start to prove the principle a simple two-dimensional finite element model of a model diatom chain was created. This model chain does not contain linking spines or periplekton or exact surface conditions of the diatoms, but solely concentrates on primary aspects concerning the boundary conditions of multiple gaps. The problem investigated here has remote similarity to the circumfluence of the river Thames on the pylons of the medieval London Bridge (Figure 1). Of course the length scale differs: the diatom cell size is assumed to be 140 μm * 34 μm, the distance between the cells is assumed to vary between 10 μm and 20 μm, and the colony is assumed to be comprised of single units comprising 10 cells each that are repeated endlessly (this simplifies calculations). The chain of model-diatoms is surrounded by water. 

In this simple isothermal model (i.e. no temperature change takes place), undisturbed fluid flow is allowed for between the single cells. The cells do not move actively, and are solely moved by the water. Fluid flow models need inlet and outlet conditions. The inlet fluid velocity is assumed between 0.01 m/s and 1 m/s. As an outlet condition an averaged static pressure of one bar is assumed, this corresponds to the pressure a depth of ten meters below the water level. 

For solving the problem the software package ANSYS CFX 11.0 is used. As various other commercial software packages it uses the finite-volume-method, a standard technique where the equations are solved on discrete control volumes. The models consist of up to 308283 volumes. This mesh of elements was created in ANSYS ICEM CFD 11.0. 

In fluid mechanics, the Reynolds number is a dimensionless number that gives a measure of the ratio of inertial forces to viscous forces and consequently quantifies the relative importance of these two types of forces for given flow conditions. Reynolds numbers are also used to characterise different flow regimes, such as laminar or turbulent flow: laminar flow occurs at low Reynolds numbers, where viscous forces are dominant, and is characterized by smooth, constant fluid motion, whereas turbulent flow occurs at high Reynolds numbers and is dominated by inertial forces, which tend to produce random eddies, vortices and other flow fluctuations.

Even though the Reynolds Number in the problem investigated here is very low, the more challenging (and more exact) k-ε-turbulence-model is utilised to analyze the problem. This widespread model was introduced by LAUNDER and SPALDING in 1974 and uses two partial differential equations to describe the development of the turbulent kinetic energy and dissipation rate in fluids. 

Results
In the simulations, stationary solutions (i.e. a computational result that does not change anymore with time) are calculated. As described above, stationary solutions reveal the fluid dynamics given a certain pre-set configuration of the model diatom chain. As described below, two such pre-set configurations are investigated.

There are two possible ways of the fluid to flow: along the chain and across the chain. All other possible fluid flows are simple superpositions of these two cases. The first case, when the fluid flows along the chain, only reveals a simple elongation of the chain. This is the reason why this case is not investigated any further.

On the other hand, fluid flow orthogonal to the chain is worth being dealt with in more detail: The first pre-set configuration investigated has equidistant model diatom cells (i.e. all model diatom cells have the same distance to their neighbouring cells, Figure 3). The second pre-set configuration investigated has alternating distances of the model diatom cells (dmin between A1 and A2, dmax between A2 and A3, dmin between A3 and A4, dmax between A4 and A5, and so on, with dmin being 10 µm and being dmax 20 µm, Figure 4). In both computer simulations, stationary solutions are calculated with the same flow boundary conditions (inlet: velocity in x-direction, outlet: average static pressure). 

The resulting acting forces grow proportionally with the velocity but do not change in direction with the different velocities investigated (0.1 m/s – 1 m/s). Therefore, the influence of different incoming flow velocities turns out to be not significant for the specific behaviour investigated. Even though the acting forces in flow direction (x-direction, see Fig. 2) are about ten times larger than the forces orthogonal to the flow direction (y-direction, see Fig. 2) mainly results for the forces orthogonal to the flow direction are presented. The reason for this is that the solution for the forces in x-direction is trivial: the whole chain of model diatoms accelerates in the direction of the flow. 

Forces on the cells strongly correlate with the static pressure of the surrounding fluid, which again corresponds to the velocity of the fluid in the gaps due to Bernoulli’s principle. In fluid dynamics, Bernoulli’s principle states that for an in-viscous flow, an increase in the speed of the fluid occurs simultaneously with a decrease in pressure. Bernoulli's principle is named after the inventor Daniel Bernoulli (1700 - 1782).
Equidistant model diatoms: Figure 3 shows the result for an inlet flow-velocity of 0.1 m/s in positive x-direction. The white boxes represent the model diatoms. The fluid velocity is coloured from blue (slow) to red (fast). Even though all gaps between the cells are equal, water velocity clearly differs. This behaviour correlates to the forces acting on single diatoms. Table 1, that includes diatoms counted from A1 on the lower end to A10 on the upper, shows the specific forces acting on each diatom in x- and y-direction. Note that the ends (A1 and A10) are not the real end of the chain, because the chain itself has infinite length (periodic boundary conditions). So these ends only build the bounds of an endlessly repeated sequence. To assure the same height of all model diatoms in the simulated chain, the first (A1) and the last (A10) diatom are modelled with half the height (because of the periodic boundary conditions). 

The velocity distribution in the gaps shows clear interferential phenomena (as can be seen from the different colours, i.e. different velocities in the gaps between the model diatoms, see Figure 3).

Forces: As can be seen from Table 1, the force acting on diatom A1 is negative (FA1 = -37.25 nN, 1 nN=10-9 N) and the force acting on diatom A2 is positive (FA2 = 1.38 nN). This means that – if the model diatoms were allowed to move freely – A1 would move in negative direction and A2 would move – but less, because the absolute value of the force is smaller – in positive direction. Therefore, the gap between these two model diatom cells would increase, since FA2 - FA1 (38 nN-(-37.25) nN) gives a positive value for the increase of the gap. The force acting on diatom A2 is positive (FA2 = 1.38 nN), as already mentioned above, and the force on model diatom A3 is negative (FA3 = -4.05 nN), and forces the cell into negative y-direction. Therefore, the gap between these two model diatom cells would decrease, since FA3 - FA2 gives a negative value. In this way, the changes in gap widths (if the model diatoms were allowed to move) can readily be calculated. 

The tendency if one performs these calculations (with data from Table 1) is that the single gaps alternately increase and decrease. However, as the simulation shows, attraction and repulsion do not always alternate, but there are some cases where more than two neighboured gaps act the same way: e.g. the gaps A5/A6 and A6/A7 increase, as well as the gaps A8/A9 and A9/A10. Perfect alternating increase and decrease of neighboured gaps gives the highest possible frequency the oscillatory system, as it is proposed, can have. This leads to the second case investigated, paired model diatoms.

Paired model diatoms: In the second case investigated, the distance between the cells is fixed and alternates between the minimum (10 μm) and the maximum distance (20 μm) our model diatoms can achieve. Again, there is an inlet flow of 0.1 m/s in the positive x-direction. Also in this case, interference phenomena in the velocity distribution appear, but this time they are negligible compared to the effect that the velocity in the larger gaps is much faster than the velocity in the smaller gaps. Therefore the static pressure is much lower in the larger gaps and acting forces tend to readjust the chain into equidistance. The fact that a non-equidistant state tends to establish the equidistant state is however a more conceivable effect than the first case investigated. Table 2 shows acting forces in two different directions. The alternating algebraic sign for forces directed in y-direction shows the described behaviour. 

Remarkable are the small differences in forces in x-direction, a result that does not appear in case of equidistance. 

Conclusions, Discussion and Outlook

This work is a numerical simulation. Experimental verification of the results is highly desirable. Even tough there is a high grade of convergence in the simulations, numerical failure can never be excluded. The following interpretation refers to the results from the numerical approximations as described above. 

The stationary result of the equidistant state forces the chain into imbalance of distance between cells. The stationary result of a non-equidistant state forces the equilibrium as shown in the other exemplary solution. This leads to the conclusion that there may be an additional oscillatory movement to the expected acceleration in the flow direction during the time of relative motion between chain and fluid. It is a behaviour that is comparable to the so called flutter mechanism in turbine flows (NOWINSKI and PANOVSKY 1998), even though the flutter mechanism is mainly described as an aero-elastic phenomenon and therefore relevant in gas-flows. In the examples described here, it would be an example of hydroelasticity that is concerned with the motion of deformable bodies through liquids (BISHOP and PRICE 1979). Oscillatory movement increases the advective diffusion through the surface of the diatoms and therefore increases nutrient supply in a homogeneous nutrient solution (PAHLOW et al.1997). 

The question how a linked diatom chain gets the signal to build end valves has long been discussed in the diatom community (e.g. FRYXELL 1976). The computer simulation results presented here indicate various velocities of the water in the gaps and variance in the forces acting on the model diatom cells. This might provide a needed “signal” for building end valves (KOOISTRA pers. comm. 2008). 

A comparison of these results with a non-turbulent (laminar) solution with the same boundary conditions shows the same effect but with forces a tenth of the strength as when using the k-ε-turbulence method. This leads to the proposition that turbulence modelling plays a mayor role for solving such problems close to reality. The existence of a similar interference in a laminar calculation also shows that the modelled effects are not only turbulence phenomena, but inherently have to do with inner elastics of water. More detailed modelling approaches as well as experimental corroboration of the modelling results are needed to verify if real diatom chains exposed to conditions as described above also exhibit the oscillatory movement that results from this modelling study. 

Acknowledgements

The authors thank R. Willinger and W. Leitner for their expert introductions to fluid dynamic simulations, J. Beigelboeck from the Central Computer Services (ZID) of TU Vienna for expert help concerning the software package, Dick Crawford for continuous empathic support concerning all biologic and taxonomic questions concerning the diatoms as well as literature supply, W.H.C.F. Kooistra for visionary possible applications of this model in diatom science and D. Williams for literature supply. Furthermore, the authors thank J.F. Harper for discussion of this microfluidic model. Part of the present work has been funded by the ‘Austrian Kplus-Program’ via the ‘Austrian Center of Competence for Tribology’, AC2T research GmbH, Wiener Neustadt.
References

BISHOP, R.E.D., PRICE, W.G., 1979: Hydroelasticity of ships. Cambridge University Press. http://www.cambridge.org/us/catalogue/catalogue.asp?isbn=0521017807
CHORIN, A.J, MARSDEN, J.E., 1990: A mathematical introduction to fluid mechanics. Springer, New York. 

https://www.alibris.co.uk/search/books/isbn/0387973001
CRAWFORD, R.M., GEBESHUBER, I.C., 2006b: Harmony of beauty and expediency. Science First Hand - A good journal for inquisitive people (published by the Siberian Branch of the Russian Academy of Sciences) 5(10), 30-36.
 http://www.iap.tuwien.ac.at/~gebeshuber/SCIENCE_FIRST_HAND.PDF
FRYXELL, G.A., 1976: The position of the labiate process in the diatom genus Skeletonema. Br. Phycol. J. 11, 93-99.
 http://pdfserve.informaworld.com/630279_768420410_771013897.pdf
GEBESHUBER, I.C., 2007: Biotribology inspires new technologies. invited article, Nano Today 2(5), 30-37.
 http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B82X8-4PSK1YN-F&_user=103677&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_version=1&_urlVersion=0&_userid=103677&md5=75366d1134397bfbb8fe033cccb58f2f
GEBESHUBER, I.C., AUMAYR, M., HEKELE, O., SOMMER, R., GOESSELSBERGER, C.G., GRUENBERGER, C., GRUBER, P., BOROWAN, E., ROSIC, A., AUMAYR, F., 2009: Bacilli, green algae, diatoms and red blood cells – how nanobiotechnological research inspires architecture. In: “Bio-inspired nanomaterials and nanotechnology” (tentative title), directed by Dr. Yong Zhou, Nova Science Publishers, in press.

GEBESHUBER, I.C., CRAWFORD, R.M., 2006a: Micromechanics in biogenic hydrated silica: hinges and interlocking devices in diatoms. Proceedings of the Institution of Mechanical Engineers Part J: Journal of Engineering Tribology 220(J8), 787-796.
 http://www.ingentaconnect.com/content/pep/jet/2006/00000220/00000008/art00014;jsessionid=1bfxyh041g4wh.alexandra?format=print
GEBESHUBER, I.C., DRACK, M., 2008: An attempt to reveal synergies between biology and engineering mechanics. Proceedings of the Institution of Mechanical Engineers Part C: Journal of Mechanical Engineering Science 222, 1281-1287.
 http://pep.metapress.com/content/f327514p43w87007/?p=1b73816b9c3840d684fce1a553e3ebc5&pi=0
GEBESHUBER, I.C., STACHELBERGER, H., DRACK, M., 2005: Diatom bionanotribology - Biological surfaces in relative motion: their design, friction, adhesion, lubrication and wear. Journal of Nanoscience and Nanotechnology 5(1), 79-87.
 http://www.ingentaconnect.com/content/asp/jnn/2005/00000005/00000001/art00011;jsessionid=1ti1detx5fo23.alice?format=print
GORDON, R., STERRENBURG, F., SANDHAGE, K. (editors), 2005: A special issue on diatom nanotechnology. Journal of Nanoscience and Nanotechnology 5(1), 1-178.
 http://www.ingentaconnect.com/content/asp/jnn/2005/00000005/00000001
LEVEQUE, R.J., 1992: Numerical methods for conservation laws. Birkhäuser, Basel.
 http://www.cfd-online.com/Books/show_book.php?book_id=111
NOWINSKI, M., PANOVSKY, J., 2000: Flutter mechanism in low pressure turbine blades. Journal of engineering for gas turbines and power 122(1), 82-88.
 http://www.springerlink.com/content/m138351835453h08/
OERTEL, H., 1995: Strömungsmechanik – Methoden und Phänomene. 31-53 Springer.
 http://uvka.ubka.uni-karlsruhe.de/shop/product_info.php/info/p12349_Str--mungsmechanik--Methoden-und-Ph--nomene--Originalver--ffentl--im-Springer-Verl---Berlin--1995.html/XTCsid/0796640a2ba51d944b4384393bd822fa
PAHLOW, M., RIEBESELL, U., WOLF-GLADROW, D.A., 1997: Impact of cell shape and chain formation on nutrient acquisition my marine diatoms. Limnology and Oceanography 42(8), 1660-1672.

http://cat.inist.fr/?aModele=afficheN&cpsidt=2315273
ROSS, R., 1995: A revision of Rutilaria Greville (Bacillariophyta). Bulletin of the Natural History Museum Botany series 25, 1-93.
 http://www.algaebase.org/browse/taxonomy/detail/?taxonid=4298
ROUND, F.E., CRAWFORD, R.M., MANN, D.G., 1990: The diatoms: biology and morphology of the genera. Cambridge University Press.
 http://www.textbooksrus.com/search/BookDetail/?isbn=9780521714693
Figure Captions
Figure 1: Medieval London Bridge. Copyright free material from http://www.gutenberg.org/files/19699/19699-h/images/bridges_6.png
Figure 2: The white boxes counted from A1 to A10 symbolize the model diatoms. The model diatoms have one degree of freedom of movement, namely in ± y direction, indicated by the arrows in cells A5 and A6. The x- and y-axes of the coordinate system used are given on the right. The size of the model diatoms is 140 µm * 34 µm, the distance between them is 15 µm. In the gaps between the boxes water flows into the direction marked with the bold arrows. The brighter area in the middle of the figure represents the “unit cell” of the endlessly repeated sequence. This is indicated by the darker areas on the left and the right. 
Figure 3: The model diatoms (white boxes) are in the equidistant state, i.e. the distances between the single model diatoms are all the same. In this state, the stationary solutions of the computer simulation are velocities - coloured from red (fast) to blue (slow) - that are not the same in all the gaps between the model diatoms, although the distances are the same. This result is caused by interference phenomena (similar to patterns on a river after a bridge with equidistant pylons).

Figure 4: The model diatoms (white boxes) are in the paired state, i.e. the distances between two model diatoms are fixed and are alternately small or large. A stationary solution of the computer simulation is calculated. Velocity - coloured from red (fast) to blue (slow) - is distinctively larger in the large gaps compared to the velocity in the small gaps. This velocity distribution leads to higher static pressures in the small gaps. Furthermore, the cells are forced to reduce the distance of the larger gaps while enlarging the smaller ones.

Table Captions

Table 1: Forces acting on model diatom cells numbered from A1 to A10 for incoming flow conditions of 0.01 m/s in positive x-direction. Due to symmetric boundary conditions the first and the last diatom of the chain (A1 and A10) are only designed half so that forces in x-direction are also half of the actual value.  
Table 2: Forces acting on diatoms numbered from A1 to A10 for incoming flow conditions of 0.01 m/s in positive x-direction. Due to symmetric boundary conditions the first and the last diatom of the chain (A1 and A10) are only designed half, so that forces in x-direction are also half of the actual value.  
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Figure 4

	Diatoms
	Force FAi in y-direction [nN]
	Force FAj in x-direction [nN]

	A1
	-37.25
	12.62

	A2
	1.38
	25.24

	A3
	-4.05
	25.24

	A4
	2.16
	25.24

	A5
	1.17
	25.24

	A6
	1.18
	25.24

	A7
	2.55
	25.24

	A8
	-4.46
	25.24

	A9
	1.40
	25.24

	A10
	35.94
	12.62


Table 1
	Diatoms
	Force in y-direction [nN]
	Force in x-direction [nN]

	A1
	-45.5
	13.75

	A2
	3.79
	30.11

	A3
	-6.33
	30.13

	A4
	2.61
	30.15

	A5
	-3.11
	30.13

	A6
	3.09
	30.21

	A7
	-2.79
	30.14

	A8
	2.41
	30.19

	A9
	-3.59
	30.11

	A10
	43.7
	10.65


Table 2






