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Abstract 

In this work drug flux through microporated skin was modeled using detailed numerical 

solution of the diffusion equation. The results of the modelling were compared to previously 

published simplified and easy to use analytical equations. Limitations and accuracy of these 

equations were investigated. Appropriate modifications of the equations were identified to 

expand them to wider practical applications when pores shape is not circular. Numerical 

simulations have shown a good accuracy of the new simple equations when these are used 

within their limits of application.

Keywords: microporation, transdermal drug delivery, numerical simulation, diffusion 

process, flux prediction
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1. Introduction

Transdermal drug delivery (TDD) is the method of drug administration which has 

been extensively investigated over the last four decades 1. For appropriate drugs, delivery 

across the skin is an efficient and preferred route due to its controlled character, ability to 

avoid first pass metabolism specific for oral administration, and non-invasiveness in contrast 

with injections or infusions. However, substantial barrier properties of skin, necessitated by a 

permanent contact with the environment and mainly defined by its outermost layer – stratum 

corneum (SC) 2, often cause significant limitations to passive permeation of a topically 

applied drug through the skin and into underlying tissues 3. To avoid formidable barrier 

properties of SC, which practically restricts TDD of large (> 500 Da) and hydrophilic 

molecules, the technique of skin microporation was developed 4. 

As the technique of physical TDD enhancement, microporation is minimally invasive, 

targeted and meets major safety requirements. Based on creation of micron-sized pores in SC 

by the application of solid removable microneedles 5,6, laser ablation 7, electroporation 8, 

radiofrequency ablation 9, or heat ablation 10, and a subsequent facilitated permeation of a 

topically applied drug through the created pores, the technique provides a significantly 

enhanced rate of TDD in comparison with the delivery across intact skin 11. However, even 

though the mathematical principles of drug permeation through intact skin are currently well 

understood and had been described by Scheuplein and Blank back in 1971 12, until recently it 

was difficult to predict the drug flux enhancement through microporated skin due to the lack 

of an easy to use mathematical model. Recently such model, and a corresponding simple 

equation, were developed and validated with literature data 13 and then with new 

experimental data 6. This simple model and equations were based on the mathematical 

approach previously proposed to describe evaporation of water across leaf stomata 14.  This 

approach claims that near stratum corneum drug flux can be considered as distributed in 

domains with the funnel-like structure (Fig. 1).

According to this model pore radius (rp), pore density (np) drug concentration in the 

vehicle (Cv) and drug molecular weight (MW) were identified as the key parameters which 

define drug flux across circular pores in microporated skin. The scope of this paper is the 

investigation of applicability limits of the simple model, and reliability of the subsequent 

simple equation for prediction of drug flux through microporated skin using more detailed 

mathematical calculations that rely on direct numerical solution of the diffusion equation. 
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Additionally, the paper addresses the applicability of the simple model for the prediction of 

non-circular pores with various shapes as in practice pore shapes often deviate significantly 

from a circular form 6.

2. Materials and methods

2.1.  Problem statement

The mathematical model by Rzhevskiy et al. was developed to predict the flux of a 

drug passively diffusing from an aqueous vehicle across microporated skin, with the circular 

pores distributed over the microporated area of the skin in a regular manner 13. Due to several 

assumptions and simplifications, the model resulted in a simple and convenient equation for 

the drug flux estimation:

 (1)0.60.36 p p vJ n r MW C

where rp, np, Cv and MW are pore radius, pore density, drug concentration in the vehicle and 

drug molecular weight respectively. In Eq. (1) and it’s analogs in this work cm should be 

used for ,  for  and  for Cv to yield  for the flux.pr 2cm
pn 3g cm 2 1g cm h 

The precise equation of the drug flux through the microporated skin, based on the 

“funnels” (Fig. 1) model 13 has the following form:

 (2)

1

1 2
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where lp is spacing between the neighbouring pores, hsc is the thickness of the SC, hs is the 

depth below the SC where concentration is assumed to be zero, hv is distance above the SC 

where drug concentration in the vehicle is assumed constant and hf .  2 / 8p pl r 

Additionally, Dv and Ds are the drug’s diffusivities in the vehicle and viable skin, 

respectively, and Ks is the partition coefficient of the drug between the viable skin and the 

vehicle. Finally, u(x) is the unit step function (  if , and  if ). ( ) 1u x  0x  ( ) 0u x  0x 

Using a very similar approach, the corresponding equation for cases of elliptical and 

rectangular pores can be obtained:
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Here a and b represent semiaxis or semisides of elliptical or rectangular pores (  for a

major and  for minor),  , ,  for elliptical and b  1 2 / 8f ph l a   2 2 / 8f ph l b   

 for rectangular pores respectively. 4 

In the current study, we compare with the numerical simulations the accuracy of 

prediction for drug flux through the microporated skin given by the simple Eq (1) and more 

complex Eq (2). Further, we indicate the applicability limits of the model for pore density, 

pore radius, various pore shapes and properties of a drug vehicle. 

2.2. Finite element model

The general approach used and equations for the diffusion in 3D are presented in 

Appendix A. Regular rectangular array of pores (Fig 1) was used as it yielded simple periodic 

boundary conditions and allowed using a small computational domain within a single pore 

due to additional symmetry conditions. Additionally, a majority of instruments used for skin 

microporation (rollers, patches and laser ablators based on diffraction gratings) produce a 

rectangular array of pores. For the rectangular array of pores the unit cell is represented by a 

square prism with the side of the square equal to  and with pore located in the center of the pl

prism. Further, as the concentration field in the computational domain is symmetrical, ¼ part 

of the unit cell can be used. In the considered steady-state problem following boundary 

conditions are used: constant concentration  on the top surface of the vehicle, zero vC

concentration on the bottom surface of the dermis and zero flux through other boundary 

surfaces. For the subdomain contact surfaces the condition of ideal contact is used. The 

diffusion coefficient of the model solute in the vehicle and in the skin were assumed to be 

 and  respectively.vD s sK D

The computational domain was divided into two main subdomains: viable skin and 

vehicle subdomains. According to Fig. 2, these subdomains were additionally decomposed 
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into several parts in order to make the mesh generation process as simple as possible with 

mesh quality enough to resolve drug flux features. Since SC was considered non-permeable it 

is not necessary to build specific domain and generate mesh for SC. CAD representation of 

the computational domain and finite element model presented in the Fig. 3 were built in 

Siemens NX and built-in MAYA HTT solver was used to obtain simulation results.

2.3. Numerical simulations

To investigate the applicability limits of the simplified model of drug diffusion 

through microporated skin, several series of numerical experiments were carried out using 

values for parameters presented in Table 1. 

In Table 1 the value for the diffusivity in the vehicle (Dv) and skin ( ) were s sK D

calculated using equations that were assumed in deriving Eq. (1), that is 

 and  (see Eq. 11 in 13 and the  4 0.6 2 -12.0 10 cm sv aqD D MW    6.2s s aqK D D

paragraph below it ) with  MW = 225 g/mole. 

3. Results and Discussion

3.1. Variation of circular pores parameters

3.1.1 Pores density variation

In this series of simulations, we’ve investigated the flux dependency on pores density. 

It is significant to determine the limits caused by this factor because at high pores density the 

simple analytical Eq. (1) is not expected to perform well and the performance of Eq (2), 

which is also an approximation, needs to be analysed.

Calculation were performed with parameters as in Table 1 and for circular pores with 

radius . Pores density ( ) from 100 to 104 were investigated.25 μmpr  pn

In Fig. 3 flux prediction from numerical simulation and analytical models are 

presented. It can be seen that prediction based on Eq. (1) starts to deviate from the numerical 

simulation and Eq. (2) near the point where pores density is equal to . This 21000 cmpn 

deviation is expected as a result of neglecting in Eq. (1) terms describing resistance in the 
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skin and vehicle where “funnels” intercept. However, Eq. (2) is still valid even for a very 

high pore density ( ).21000 cmpn 

3.1.2 Pore radius variation

In these simulations, we investigate how pores radius variation in a wide range effects 

the drug flux prediction.

Calculations were performed with parameters as in Table 1 and pores density ( ) of pn

400 cm−2. Circular pores with radius ( ) from 1 to 100 µm were investigated.pr

This portion of simulations were performed with relatively small value of pores 

density  to minimize the impact of effects which were discussed in section 3.1.1. Results pn

of simulations with varying pores radius are shown in Fig. 4 and demonstrate that Eq. (2) 

shows a good prediction of the flux values obtained with numerical approach over entire 

range of rp values. Eq. (1) gives good approximation only when pore radius is not too small    

( ), which is expected as resistance in the pore was neglected to obtain this 10μmpr 

simplified equation.

3.1.3 Vehicle thickness and permeability variation.

Vehicle parameters such as  and  do not have significant influence on the drug flux vD vh

when .  being comparable or lower than , results in substantial v sD D? vD s sK D

contribution of the vehicle into microporated skin resistance as expected. Therefore while Eq. 

(1) gives good approximation when , Eq. (2) needs to be used when  is v sD D? vD

comparable or less than .s sK D

3.2. Variation of pores shape

Skin treatment can be conducted with microneedles of non-circular base. Moreover, 

even after the treatment with circular base microneedles pores often appear to have a non-

circular shape 6, requiring the investigation of the influence of the pore’s shape on the 

predicted flux. One of the common deviations of the pore from circular shape is elongation 

along one of the axes, which leads to the elliptical-like shape. 
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The analytical prediction of the drug flux can be calculated by Eq. (3). However, the 

complex form of this equation together with the need to determine vehicle and dermis 

diffusion coefficients (Dv and Ds) often make it impractical. Thus, a simple approach, such as 

applying Eq. (1) is of a significant interest. The analysis of Eq. (3) that describes flux though 

pores with elliptical and rectangular shapes shows that the outer dimensions of the single pore 

(e.g.  and which represent ellipse semi-major axes) have the effect on the flux, but retain a b

some features of the Eq. (2) for the circular pores. This observation leads to the idea that the 

equivalent value of the circular pore radius  could be used in the Eq. (1) to predict the flux pr

in case of the non-circular pores. 

In order to investigate the influence of pore elongation, a series of numerical 

simulations were performed. The calculations were performed with the same parameters as in 

section 3.1.2.

In Fig 5 results of the numerical simulations were compared with the analytical 

prediction given by Eq. (4):

 (4)0.60.36
2p v

a bJ n MW C   
 

which is identical to Eq. (1) with  replaced with .pr   2a b

Fig. 5 shows that predictions given by Eq. (4) are accurate with the relative error in 

determining the flux compared to numerical simulations less than 40% and for larger pores (

) less than 15%. It needs to be noted that the pore radius needs to be   / 2 25 μma b 

greater than the SC thickness (taken to be in our simulations) for Eq (1) to be a valid 15 μm

approximation 13, therefore Eq. (4) should only be applied to approximate flux through larger 

pores. Considering that in practice the main contribution to the error in flux prediction will 

result from rough estimation of skin diffusion coefficient (Ds) in Eq. (1), taken to be a sixth 

of that in water 13, these errors are acceptable. 

The approach of using the effective pore radius is suitable not only for elliptical pores 

and can be applied if minimum and maximum outer dimensions of pores can be established. 

Consequently Eq. (4) can be used for drug flux prediction, which is supported by its 

successful use in our previous analysis of experimental data 6. 
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3.2.1. Cross-shape pore 

Even when simple conical shape microneedles are applied to the skin, somewhat 

irregular shape pores appear in the skin6 perhaps due to uneven tear of the SC, thus deviations 

from the perfect circular shape could be quite significant. It is therefore important to consider 

pores that significantly deviate from the circular shape. For the case of a more complex 

pore’s shape, where the outer dimensions of the pore can’t be determined in a simple way, 

area or perimeter of the pore could be used to estimate the effective radius of the equivalent 

circular pore. Once this radius is calculated, Eq. (1) can be used to evaluate the drug flux. To 

investigate which characteristic of the pore (area or perimeter) gives better prediction, we 

have considered pore with the shape represented by two rectangles combined as a cross (Fig. 

6). This is a model case which represents high deviation from the circular (or elliptical) 

shape. Another noticeable difference of this shape is that it is non-convex.

There were two cases investigated:  and . Calculations were 13.1μml  25 μml 

performed with the initial data similar to pore radius variation case. For flux estimation two 

equations were used:

 (5)  0.60.36p v p vJ k C n S MW C  

 (6)  0.60.36 2p v p vJ k C n P MW C  

where  and  are the area and the perimeter of the pore respectively. S P

The results of numerical simulations and analytical predictions, given in Table 2 

shows that Eq. (5) yields the flux value which is very close to the one given by the numerical 

simulations. Therefore the area of the pore should be used to estimate the effective radius of 

the equivalent circular pore and then used in Eq. (1) for better flux prediction.

4. Conclusion

In this study, we investigated limitations of the simple model derived previously 13, 

and compared the accuracy of prediction for the drug flux through microporated skin given 

by the subsequent simple Eq (1) and its more complex predecessor Eq. (2). In the modelled 

case, it was indicated that the accuracy of prediction given by Eq (1) was limited by the pore 

density at 103 cm-2 and also provided maximally effective drug flux enhancement due to low 
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rate of interception of the “funnels” created by a drug flow through each pore. Pore shape 

variation can be considered by taking  in Eq (1), as a half of the mean of maximum and pr

minimum pore’s outer dimensions (Eq. (4)). For cases when it is not feasible to identify these 

dimensions Eq. (1) with  equal to the radius of a circular pore with the area equal to that of pr

the pore can be used, leading to Eq. (5). 

All analytical equations demonstrate the deviation from the numerical solution which 

doesn’t exceed 20 % within limitations of the simple model. Thus, the explored limitations of 

the model and features of the simple Eq (1), Eq. (4) and Eq. (5) signify a high potential of the 

equation to be applied for the drug flux prediction in real practical cases. The simple model 

can be further adapted and is convenient for the prediction of drug flux through pores in 

membranes other than the human skin. A regular rectangular arrangement of pores was 

investigated in this study, but different pore arrangements and a random pore distribution is 

possible, especially for the case of electroporation and sonophoresis. Additional investigation 

would be needed to expand the simple analytical model as well as the detailed numerical 

calculations to expand the current approach to random pore arrangement.   

Skin microporation is currently a promising technique for enhancing transdermal 

delivery of topically applied drugs. The technique is non-invasive (laser) or minimaly-

invasive (mironeedles), safe, cost-effective and provides very high rate of drug delivery 

enhancement among the existing physical techniques designed for compromising skin barrier. 

However, in part due to the lack a simple way to predict flux of microporation-enhanced 

transdermal drug delivery (TDD), the technique has not yet been officially approved by 

regulatory authorities. The current study describes the approach providing a more precise 

prediction of the drug flux through microporated skin, and supports previously developed 

simpler mathematical model. The described approach allows researchers in academia and 

engineers in industry to develop microporation devices in respect with the desired rate of 

TDD enhancement, and therefore help to provide relevant recommendations of how to use 

the devices by clinicians or patients in case of self application.
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Appendix A

The diffusion process in the isotropic medium can be described by the following 

diffusion equation:

 (7)
     r,

r, r,c
C t

D C t q t
t


  



where  denotes concentration of the substance in the point with radius-vector  at the  r,C t r

time ,   – diffusion coefficient (or permeability),   – volumetric substance sources,  t D  r,cq t

 – Laplace operator.

There are several analytical, numerical-analytical and numerical solution methods of 

eq. (7) 15. But for the complex domains, with different permeability subdomains, only 

numerical methods such as finite element and finite difference methods (FEM and FDM, 

respectively) allow to make detailed analysis of the substance distribution in the medium.

The fact, that diffusion equation belongs to the global class of heat equations, makes 

possible to use thermal FEM solvers after modifying boundary, initial conditions and medium 

properties into terms of the heat equation. Thermal FEM solvers usually operate with the heat 

equation in the following form:

 (8)
     r,

r, r,p t
T t

C T t q t
t

 


  


where  – density of a medium,  – specific heat of the medium,  – thermal  pC 

conductivity coefficient,  – volumetric thermal flux,  – temperature in a given  r,tq t  r,T t

point at the given time. Error! Reference source not found.A demonstrates the equivalence 

of medium properties for thermal and diffusion statements.

For the steady-state problem, which is considered in this paper, the equations (7) and 

(8) take the following forms respectively

 (9) r 0C 

 (10) r 0T 

In this case, the temperature (or concentration) field is defined by boundary 

conditions. Equivalence of boundary conditions for equations (9) and (10) are presented in 
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Error! Reference source not found.A. Thus, after the thermal equivalent of the diffusion 

problem was stated the thermal solvers can be used to obtain the concentration field of the 

substance.
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Figure legends

Fig. 1. Schematic representation of pores in SC plane (A) and side view (B) with 

relevant dimensions according to the model by Rzhevskiy et al. (from 13).

Fig. 2 Computational domain (A) and Finite element model (B)

Fig. 3. Comparison of prediction of drug flux at various pore densities, given by 

numerical simulation (solid circles) and analytical models. Solid line represents the 

flux values predicted by Eq. (2) and dashed line – by the simple Eq. (1).

Fig. 4. Flux dependency on pore radius variation, given by numerical simulation and 

analytical models. Solid line represents the flux values predicted by Eq. (2), dashed 

line – by the simple Eq. (1).

Fig. 5. Predictions for drug flux given by Eq. (4) (solid line) and numerical simulation 

results for elliptical pores with  (circles),  (squares) and  2a b  3a b  4a b 

(diamonds).

Fig. 6. Computational scheme for cross-shape pore
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Table 1. Parameter values for numerical calculations

Parameter (dimension) Value

3(μmolecm )vC  200

Dv (cm2 s-1) 8.3×10-6

(cm2 s-1)s sK D 1.3×10-6

hs (µm) 300

hv (µm) 200

hsc (µm) 15
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Table 2. Simulation results for cross-shape pore

, μml 2, μmarea , μmperimeter
 

2
μmole,
cm ×h

( defined by
Eq.(5))

J

J  

2
μmole,
cm ×h

( defined by
Eq.(6))

J

J

2
μmole,
cm ×h

(Numerical)

J

13.1 858.1 157.1 1.88 3.04 1.86

25 3125 300 3.97 6.35 3.90
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Table 1A. Equivalence of the properties for heat and diffusion statements

Heat equation Diffusion equation

pC 1

 D

 r,T t  r,C t

 r,tq t  r,cq t
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Table 2A. Equivalence of boundary conditions

Type of the 

boundary problem
Heat equation Diffusion equation

Dirichlet problem ST const SC const

Neumann problem
ns

S

TJ const      ns
S

CJ D const    

Robin problem  0n S

T T T      
 0n S

CD C C     

Ideal contact
1 2

1 2

1 2
1 21 2

n n

S S

S S

S S

T T

J J

T T 



  

    
         

1 2

1 2

1 2
1 21 2

n n

S S

S S

S S

C C

J J

C CD D
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Fig. 1. Schematic representation of pores in SC plane (A) and side view (B) with relevant dimensions 
according to the model by Rzhevskiy et al. (from 13). 
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Fig. 2 Computational domain (A) and Finite element model (B) 
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Fig. 3. Comparison of prediction of drug flux at various pore densities, given by numerical simulation (solid 
circles) and analytical models. Solid line represents the flux values predicted by Eq. (2) and dashed line – by 

the simple Eq. (1). 
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Fig. 4. Flux dependency on pore radius variation, given by numerical simulation and analytical models. Solid 
line represents the flux values predicted by Eq. (2), dashed line – by the simple Eq. (1). 
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Fig. 5. Predictions for drug flux given by Eq. (4) (solid line) and numerical simulation results for elliptical 
pores with   (circles),   (squares) and   (diamonds). 
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Fig. 6. Computational scheme for cross-shape pore 
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