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Abstract

The aim of the paper is the formulation of boundary conditions for liquid velocity and friction forces in nano scale 

and presentation of analogies between boundary conditions for super thin liquid layer about 100nm height around 

cultivated cell of cartilage human joint in bioreactor and boundary conditions for thin lubrication layer in micro 
bearing with no greater journal diameter than 2mm. 

To be considered flow of viscous liquid with non-Newtonian, viscoelastic properties in super thin boundary layer 

in direct contact with superficial layer of cultivated cells. Such flow is caused by the cell growth, weeping and suction 
process of the liquid from boundary thin layer into porous cell body. Liquid properties inside super thin layer depend 

above all from physical properties of bodies and surfaces which are restricted the thin liquid layer. It is specific 

feature of thin liquid layers which distinguishes such flows from lubrication flows where gap height reaches several 
dozen micrometers .Apparent viscosity of such liquid depends on shear rate which occur in thin boundary layer. 

Additional the dynamic viscosity of the liquid depends on Young modulus of cell superficial layer and on geometrical 
structure of the cell. 

Presented model of boundary conditions enables its application to the research connected with the optimal 

lubrication in slide micro bearings [6], [8]. 
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WARUNKI BRZEGOWE NA POWIERZCHNI BIOKOMÓREK
DLA NANOSMROWANIA MIKRO O YSK

Streszczenie

Tematem pracy jest sformu owanie warunków brzegowych dla pr dko ci cieczy i si  tarcia w nanoskali oraz 

przedstawienie analogii pomi dzy warunkami brzegowymi dla super cienkiej warstewki cieczy o wysoko ci poni ej
100 nm op ywaj cej hodowane komórki chrz stki stawowej cz owieka w bioreaktorze a warunkami brzegowymi dla 

cienkiej warstwy smaruj cej w mikro o yskach o rednicy wa u nieprzekraczaj cej 1mm. 

Rozpatrywany jest przep yw cieczy lepkiej o w a ciwo ciach nie Newtonowskich, lepko-spr ystych w super 
cienkiej warstwie granicznej wyst puj cy w bezpo rednim otoczeniu warstwy wierzchniej hodowanego chondrocytu. 

Taki przep yw jest wywo any mi dzy innymi wzrostem komórki, a tak e procesem przes czania si  cieczy od ywczej 

z cienkiej warstwy granicznej do porowatego cia a komórek. W asno ci cieczy w super cienkiej warstwie zale  przede 
wszystkim od w a ciwo ci fizycznych cia cianek lub powierzchni ograniczaj cej tak cienk  warstewk . Jest to 

specyfika przep ywu w super cienkich warstewkach odró niaj ca te przep ywy od klasycznych przep ywów
smaruj cych gdzie wysoko  szczeliny osi ga kilkana cie mikrometrów. 

Lepko  pozorna takiej cieczy zale y od pr dko ci deformacji, a wi c od pr dko ci przep ywu tej cieczy w cienkiej 

warstwie granicznej. Ponadto lepko  takiej cieczy zale y od modu u Younga warstwy wierzchniej oraz od struktury 
geometrycznej powierzchni hodowanego chondrocytu. Przedstawiony model warunków brzegowych umo liwia jego 

zastosowania do bada  zwi zanych z optymalnym smarowaniem mikro- o ysk lizgowych.

S owa kluczowe: Warunki brzegowe, si y tarcia, nano-skala biologiczne komórki, mikro- o yska lizgowe
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1. Introduction 

The most excellent slide bearings are the biological bearings which are shaped through the 
nature over the many thousand years of evolution. Human joint cartilage creates slide surfaces of 
such bearings which have properties similarly to good bearing alloy namely hard crystals on the 

soft basis. Cartilage joint is simultaneously soft and deformable and has properties of the hard bed. 
Such properties of bearing alloy are desired in slide micro-bearings where the diameter of bearing 
shaft is smaller than 2mm.To know the secrets of nature concerning the construction of the such 
ideal bearing material we can see on the Fig.1 where the cell structure of human joint cartilage in 
nano-level is shaped by the chondrocytes [7],[9].
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Fig.1. Pictures of chondrocytes: a) 7 days after cultivation obtained by virtue scanning microscope (enlargement about 5000×)[9], 

b) 7 days after cultivation obtained by virtue AFM microscope (enlargement about 8000×)[7] where we denote (A) chondrocyte; 

(B) bladder; (C) matrix; (D) joint capsule (E) cell layer; (F) duckweed 

Rys. 1. Obrazy chondrocytów: a) po 7 dniach hodowli uzyskany z mikroskopu skaningowego (powi kszenie 5000×)[9], b) po 

tygodniu hodowli uzyskany z mikroskopu elektronowego (8000×)[7] gdzie:(A) chondrocyt; (B) p cherzyk; (C) macierz; (D) jamka 

(E) warstwa komórkowa; (F) rz sa

The main component of the joint cartilage is water about from 65 to 80 percent, collagen from 
10 to 30 percent and proteoglycans from 5 to 10%. Remainder components are non-collagen 
proteins and a few lipids. Chondrocytes i.e. cells of cartilage constitute about 2-10% of tissue 
volume. During to grow old of human joint is observed the decreasing of the number of cells in 
cartilage. In this time average surface section of chondrocytes attain value 90 [ m2] in new born 
child (see Fig.1a) and increases to 370 [ m2] in the third decade of human life (see Fig.1b).  

In cytoplasm occur the strongly developed net of the inter-plasma and a lot of bubbles. Cell 
membrane of chondrocytes has many insertions and small protuberances. Directly around the cells 
occurs the cell matrix which is separated by the border from the territorial matrix. This border is 
known joint capsule or cavity. In the each cavity we can find some chondrocytes to come into 
being by the fission of the one cell. Chondrocytes lying in the one cavity create the chondron as a 
new structural unit. Fine net of fibres on the chondron surface secures the cells against the action 
of mechanical forces and give the elastic and hyper-elastic properties for the tissue.  

The Massachusetts Institute of Technology micro-engine robots are supported by journal and 
thrust micro-bearings [4], [6], [8]. The performance of such bearings can be influenced by 
geometric non-uniformities which arise in the process of micro-fabrication. To enable height speed 
operation of the micro-devices it is important to quantify these effects. Moreover the bearing 
clearances, orifice diameter and profiles occurring in micro-bearing must be adopted in each case 
to the work conditions of the micro-devices. Author hopes that the experiences gained during the 
study of cell lubrication enable to give good applications in micro-bearing- constructions [6], [8]. 
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2. The weeping flow velocity boundary conditions of the viscous liquid in the super thin layer 
with growth effect  

Fig. 2 presents the boundary conditions in super thin liquid boundary layer about 100 nm tricks 
for the flow caused by the weeping of the liquid into molecular micro-porous surface of the cell 
body. Additional the flow is caused by the growth and reproduction of the cells. 

Lower surface of the liquid boundary layer coincides with the upper surface of the cell 
superficial layer. This surface is motionless in horizontal direction. Hence velocity component in 
horizontal direction is equal zero. 

Nonzero value of the velocity vector component directed vertical to the lower liquid surface on 
the cell  is caused by the growth of the cell superficial layer and by the simultaneously weeping 
of the liquid into the cell pores. 

The upper cell surface grows in the time period i.e. the height  of the liquid boundary layer 
changes in the time t. The changes of the liquid boundary layer generate the arising of the vertical 
component of the velocity vector inside the thin liquid layer. Hence we have: 

t
)z,0y,x(v

*

y ,              (1) 

where:

*  the height of the cell superficial layer in the length unit.

Upper surface of the liquid boundary layer moves in horizontal and vertical plane accordingly 
to the extortions caused by delivering of external liquid.

Fig.2. Illustration of the boundary conditions for weeping of the liquid and growth of the cell
Rys. 2. Ilustracja warunków brzegowych dla przes czania cieczy oraz wzrostu komórki. Oznaczenia: powierzchnia 

chondrocyte (surface of chondrocyte), przes czanie i wzrost komórki (weeping and growth of the cell), ci nienie 
w mikrosporach (pressure in micropores) 
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3. The viscous liquid velocity conditions in the boundary layer between microporous cell and 
potential flow  

We take into account the case, where boundary layer of viscous, nutrient liquid is limited from 
the lower side by the permeable superficial layer of the chondrocytes and from the upper side by 
the movable non viscous potential flow or motionless non loaded free liquid surface [4], [5].After 
Beavers investigations [1], [2] for both above cases the boundary conditions for liquid velocity are 
presented in Fig.3. In both cases liquid velocity distribution depends on the gradient of the 
pressure in pores pp.

In the case presented in Fig.3b the liquid velocity additional depends on the potential flow 
which drifts motion in boundary layer and depends on pressure p which occurs in potential flow. 
In the case presented in Fig.3c not occurs the influence of the pressure p from potential flow on the 
liquid velocity. 

The origin of the Cartesian coordinate system is assumed on the level of the external surface of 
chondrocytes see Fig.3. In the case if boundary layer of nutrient liquid is limited from the bottom 
by the permeable superficial layer of chondrocytes body and from the top by the movable liquid 
layer of potential flow in bioreactor (see Fig.3a) then the boundary Beavers conditions for velocity 
liquid components are as follows:  

vx = x dla y = ,            (2) 

vx = vxb dla y = 0,             (3) 

,Vv
c

c

dy

dv
bxb

k

x  dla y = 0,          (4) 

.
x

pc
V pk

b              (5) 

The function x in [m/s] describes the known horizontal component of velocity vector in 
potential flow. Symbol vxb unknown velocity value in [m/s], which attain velocity vector 
component tangential to the porous cell surface. This value will be determined from the additional 
conditions (4), (5). Symbol Vb denotes liquid flow velocity in horizontal direction x on the porous 
cell surface caused by the gradient of pressure in pores pp. Dimensionless value c  depends from 
the surface porosity degree. The flow presented in Fig.3b is caused as well by the pressure and 
liquid motion in potential flow as by the pressure in pores and liquid flow in pores. 

In the case if boundary layer of nutrient viscous liquid is limited from the bottom by the 
permeable cell superficial layer and from top by the motionless and non loaded free liquid surface 
(see Fig.3c),then in this case we put x = 0, and the flow in boundary layer is caused only by the 
flow and pressure in pores. 

The thin boundary layer of the lubricant in micro-bearings has the height non greater than 100 
nm. This layer swims round the shaft porous surfaces where the journal diameter is smaller than 
1mm in micro-bearings. In such micro-bearings the boundary conditions for the lubricant flow are 
similar to the conditions which occur above in bio-bearings and in bioreactors. 
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Fig.3. Illustration of the boundary conditions in thin liquid layers: a) thin liquid layer flow around a chondrocytes, 

b) liquid layer restricted with the permeable wall of porous cell body and with the zone of movable potential flow, 
c) liquid layer restricted with the permeable wall of porous cell body and with the non movable and non loaded free 

liquid surface 

Rys. 3. Ilustracja warunku brzegowego przep ywu w cienkiej warstwie cieczy; a) op yw chondrocytu cienk  warstw
cieczy, b) warstwa cieczy ograniczona ciank  przepuszczalnego porowatego cia a komórki oraz stref  ruchomego 

przep ywu potencjalnego, c) warstwa cieczy ograniczona ciank  przepuszczalnej porowatej powierzchni oraz 

nieruchom , nieobci on  powierzchni  swobodn  cieczy. Oznaczenia: przenikalna komórka (permeable cell), 
warstwa wierzchnia komórki (superficial layer of the cell), warstwa graniczna cieczy od ywczej (boundary layer of the 

nutrient liquid), przep yw potencjalny (potential flow), nieruchoma nieobci ona powierzchnia cieczy (motionless non 
loaded liquid surface), porowata przepuszczalna warstwa wierzchnia (porous permeable superficial layer), warstwa 

graniczna p ynu lepkiego (boundary layer of viscous fluid), ruchoma lub nieruchoma dolna warstwa przep ywu

potencjalnego (motion or motionless lower layer of potential flow) 

4. Boundary conditions for the viscous flow in the micro channels in cells between permeable 
and not permeable surfaces

After Beavers investigations [1], [2] and accordingly to the Darcy law, the vector velocity 
component vx of the viscous liquid in the thin boundary layer is described by the following 
equation [3]: 

.1
2

2

x

p

y

v px
          (6) 

b)

a)

c)
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In this case the liquid flow in boundary layer depends only from the pressure pp in micro-pores 
and depends from the adhesive and cohesion forces which occur between biological liquid 
particles in micro-canals with mean diameter about 0,01 do 0,1 micrometer. The origin of the 
coordinate system was assumed on the permeable surface. Axis y is situated in the height direction 
of the liquid layer (see Fig.4). 

Fig.4. Illustration of the boundary conditions in thin liquid layers inside pore micro-canals which are restricted with 

the surface of body cells and not permeable layer of collagen fibres: a) structures of micro-canals in micro-porous 
superficial layer of the chondrocytes, b) model of micro-canal 

Rys. 4. Ilustracja warunku brzegowego przep ywu cieczy w mikro-kana ach porów ograniczonych przepuszczaln

powierzchni  cia a komórki oraz nieprzepuszczaln  warstw  w ókna kolagenowego; 
a) struktury mikro-kanalików w mikroporowatej warstwie wierzchniej chondrocytu, b) model mikro kana u.

Oznaczenia: warstwa wierzchnia (superficial layer), nieprzenikalne w ókno we warstwie wierzchniej ( non permeable 

fiber in superficial layer),warstwa graniczna cieczy w mikro-kanaliku ( liquid boundary layer in micro-canal), 
warstwa przenikalna ( permeable layer) 

In the case if boundary layer of nutrient liquid is limited from the bottom by the permeable 
superficial layer of chondrocytes body and from the top by the non permeable cell surface then the 
boundary conditions for velocity liquid components are formulated as follows: 

vx = 0 dla y = ,            (7) 

vx = vxb dla y = 0,             (8) 

,
x

pc
v

c

c

dy

dv pk
xb

k

x  for y = 0.         (9) 

To determine unknown horizontal component of the liquid velocity vxb on the permeable 
surface of chondrocytes in the place y = 0, then we use Beavers condition (9) which determines the 
angle pitch value of velocity profile on the permeable surface. 

The boundary conditions presented in Fig.4 for the liquid velocity depend only from the 
pressure and liquid velocity in micro-pores. Dimensionless value c  depends from the degree of 
micro-porosity of surface structure. Symbol vxb denotes the unknown velocity value in [m/s] which 
attain the component of liquid velocity vector tangential to the micro-porous cell surface. 

b)a)
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5. Conclusions and Applications 

Scientific effort contained in this elaboration presents an impact to the domain by deliver of 
some comparisons data between boundary conditions for lubrication flow in super thin boundary 
layer lying on the external surface of biological cells of joint cartilage and boundary conditions for 
micro-bearing lubrication, where the shaft has the diameter smaller than 2 mm.  

Numerical calculations are performed by the Computational Fluid Dynamics Methods, Neural 
Network Analysis and Molecular Dynamic Calculation Methods. 

Presented description of comparisons between biological cells and micro-bearings was adapted 
to the optimization of tribological effects using computer analysis. Obtained results can be applied 
to solve tribological problems in micromanipulators [10], [11] (see Fig. 5). 

Fig. 5 Micro-manipulator 

Rys. 5. Mikromanipulator 
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