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the unsteady state condition, because negative drug concentrations occur due to the
inappropriate assumption of the model. Therefore, in this paper, we propose a
modified mathematical model, so that the model is consistent, and the solution is
nonnegative for both steady and unsteady state conditions of the drug diffusion
problem in the dermal layer of human body. For the steady state condition, the exact
solution to the proposed model is given. For unsteady state condition, we use a finite
difference method for solving the models numerically, where the discretisation is
centred in space and forward in time. Simulation results confirm that our proposed
Boundary condition; diffusion; finite model and method preserve the non-negativity of the solution to the problem, so the
difference; steady state; unsteady state solution is more realistic than that of the old model.

Keywords:

1. Introduction

There are several ways of medication. Some of them are by injection, pills, and topical
medication. Each of them has its advantages and disadvantages. Medication by injection can make
the drug directly follow the blood flow, but the injection needle causes pain. Medication by pills can
make the drug follow the digestive system and follow the blood flow, but pills usually taste bitter, so
they make inconvenient sensation. Topical medication may need more time for drug to be absorb in
the human body. However, topical medication does not produce pain in general and it does not give
bitter sensation, as the drug is placed on the surface of the skin.

A number of researchers reported their research results on topical drug diffusion problem in the
dermal layer in human body [1-10]. Some of them use the molecular nanotechnology point of view
[11-14]. In line with them, Sharma and Saxena [15] worked on finite element modelling in
transdermal delivery system of drug especially when the case is at the steady state condition.
Khanday and Rafiq [16,17] in a couple of papers reported their modelling and simulation modifying
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the model of Sharma and Saxena [15], so that the model is applicable for both steady and unsteady
state conditions. However, we shall show that these existing mathematical models are unrealistic for
some cases, because negative drug concentrations occur due to the inappropriate assumption of
those models. Therefore, a new mathematical model preserving nonnegative drug concentration in
the dermal layer should be proposed.

Our contributions in this paper are three folds. First, we show that the aforementioned existing
models may produce unrealistic solution of the topical drug diffusion problem in the dermal layer in
human body by showing that negative drug concentration may be produced by the existing model.
Second, we propose a revised mathematical model for the topical drug diffusion problem in the
dermal layer in human body, in which we consider one dermal layer of human body. Third, we provide
finite difference numerical methods for solving these models, so that numerical simulations can be
conducted.

The rest of this paper is arranged as follows. We begin with explaining the problem description
of some existing models and the proposed resolution by revising the models, then we provide finite
difference numerical scheme for solving the models. After that, results and discussion are presented.
The paper is finally concluded with some remarks.

2. Methodology

In this section, two existing models of drug diffusion in the dermal layer are recalled. These
existing models will be shown to have unrealistic solutions for some cases, as negative drug
concentrations may be produced by the existing models. Therefore, we propose a modified model
for the drug diffusion problem in the dermal layer. A sketch of one dermal layer of human body is
shown in Figure 1, where the depth of the skin is from 0 to 1 unit of length. The drug is applied on
the surface of the skin at space point x = 0. The drug diffuses downwards to points below the skin
surface.
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Fig. 1. A sketch of one dermal layer
of human body where the depth x of
the skin is from 0 to 1 unit of length.
Here the skin materials on the
considered space domain are
assumed to be homogeneous with
respect to the drug diffusion process
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Some assumptions are taken as follows. In Figure 1, the surface of the skin is epidermis, where
the thickness is up to about 0.1 mm. Below the epidermis is the dermis (dermal) layer, which is the
domain of this paper. The dermal layer has the thickness of about 2 mm. As the domain of this
research is the dermal layer, and we know that the epidermis is much thinner than the dermal layer,
we assume that the position of the epidermis is at x = 0. Now, the thickness of 1 unit of length in
Figure 1 can be obtained using scaling, that is, the depth positions of the original dermal layer are
scaled by the maximum possible depth of the dermal layer. That is, 1 unit of length in Figure 1 is
equivalent to 2 mm.

2.1 Existing Models and Their Weaknesses

Two existing mathematical models for describing drug diffusion in the dermal layer of human
body are expressed in a general form

au(x,t)_i ou(x,t) a4
at _ax(D ax) A-B, (1)

where x is the space variable, t is the time variable, u(x, t) represents the drug concentration, D
denotes the mass diffusivity, A represents the rate of drug absorption by the tissue, and B is the rate
of drug intake by the blood. Similar forms to Eqg. (1) were given previously by Crank [18] for some
diffusion problems. Eq. (1) was used by Sharma and Saxena [15] for the case of the steady state
condition of drug diffusion in the dermal layer of human body, where A and B are assumed to be
positive constants.

In addition, Eq. (1) was used by Khanday and Rafiq [16,17] for the cases of steady and unsteady
state conditions of drug diffusion in the dermal layer of human body. Khanday and Rafiq [16,17]
assumed that 4 is based on the law of mass action, that is, the rate of drug absorption by the tissue
is a decreasing function with respect to the drug concentration, so is assumed to be

A = exp(—ku), (2)

where for one dermal layer, k is assumed to be a positive constant. Sharma and Saxena [15] as well
as Khanday and Rafiq [16,17] took D to be a positive constant.

Let us analyse Eq. (1). Physically, the value of D is dependent on, x, and t, but taking D a positive
constant is still reasonable, as the layer of dermal region is very thin and one layer can be regarded
as a uniform homogeneous material. However, taking A and B positive constants is unrealistic;
because if we have zero concentration of drug, then Eq. (1) is inconsistent, as it becomes

0=-A4-B. (3)

Furthermore, taking A as defined in Eq. (2) is still unrealistic because of a similar reason; that is,
when we have u(x, t) = 0, then Eq. (1) becomes

0=-1-B, (4)
which is an inconsistent equation, as B is defined to be nonnegative.

In the next subsection, we write our proposed model to overcome these inconsistent equations
due to the inappropriate assumption in the existing models.
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2.2 Proposed Model

Recall that A represents the rate of drug absorption by the tissue, and B is the rate of drug intake
by the blood. The terms A and B should be dependent on the drug concentration u(x, t), instead of
constants. We assume that

A = kyu(x,t), (5)

where k; is a positive constant. Eq. (5) means that the value of A is proportional with the drug
concentration. In addition, we assume that

B = k,u(x,t), (6)

where k, is a positive constant. That is, the value of B is also proportional with the drug
concentration.
Therefore, our proposed model for drug diffusion in the dermal layer of human body is

ou(xt) D 9%u(x,t)
at dx2

— ku(x, t) — kyu(x, t), (7)

where k; and k, are positive constants and the mass diffusivity D is assumed to be constant. For the
steady state condition, model (7) becomes

d?u(x)
dx?

0=D

— Ku(x), (8)

where K = k; + k,.
Suppose that we consider the drug diffusion problem with the space domain [0, 1], as illustrated
in Figure 1, where the boundary conditions are

u(0,t) = q, (9)
and
u(l,t) =B, (10)

in which @ and 8 are nonnegative constants. For the steady state condition, the exact solution to the
proposed model (7) can be obtained by solving Eq. (8). The exact solution to model (7) for the steady
state condition is

u(x, t) = ¢, exp(mx) + ¢, exp(—mx), (11)
where

m = .,/K/D, (12)
and
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_ _aexp(-m)-B
€= exp(—m)—exp (m)’ (13)
as well as
;= aexp(m)-f (14)

exp(m)—exp (-m)’

For the unsteady state condition, it is easier for us to implement numerical methods for solving
both the existing equation model (1) and the proposed equation model (7), as we provide in the next
subsection.

2.3 Numerical Methods

This subsection is devoted to numerical methods for solving the existing and proposed models.
We implement finite difference methods, where discretisation is forward in time and centred in
space. Suppose that the space domain is [0, L] and the time domain is [0, T], where L represents the
depth of the skin (dermal region) of interest, and T is the final time of the simulation. The space
domain [0, L] is discretised into a finite set of points {x, = 0, x4, X, X3, ..., X;, = L}, where Ax =
x; —xj_, fori =1,2,3,...,m. The time domain [0, T] is also discretised into a finite set of points
{t° =0, t*, t2,t3, ...,t" =L}, where At =t/ —t/~ for j = 1,2,3,...,n. Here, x; = iAx for i =
0,1,2,..,mandt/ = jAtforj =0,1,2,...,n. We denote u} = u(x;t/).

2.3.1 A finite difference method for the existing model

Using finite differences for derivatives, Eq. (1) can be discretised as

j¥1__ J
i % p T
At (Ax)?

JoqJ
2u;+u;_

L — (A+B). (15)
Rewriting (15), we obtain the finite difference scheme for solving Eq. (1) as follows

. DAL, . .
ul-]+1 = ul] + @(ui]+1 — Zui] + u{_l) — C At, (16)
where C = A + B. For zero concentration of drug everywhere, finite difference scheme (16) matches
with the inconsistent Eq. (3).

2.3.2 A finite difference method for the proposed model

Similar to the previous discretisation of Eq. (1), we discretise Eq. (7) using finite differences for
derivatives, so we have

jr1_J J
i % plin

At (Ax)?

JoJ
—2u;tup_y

Rewriting (17), we obtain the finite difference scheme for solving Eq. (7) as follows
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j+1 _ j , DAt ¢ j J j j
i T Wt e (ulyy — 20 +ui_,) — K At u), (18)

u
where K = k; + k,. We observe that finite difference scheme (18) leads to a consistent equation
when we have zero drug concentration everywhere.

As our numerical methods are explicit, in the numerical implementations, the value of time step
At must be taken not too large by considering the value of space step Ax. This is so as to stabilise the
finite difference methods.

3. Results and Discussion

In our simulations, quantities are dimensionless, where their corresponding dimensional units are
as follows: length is measured in micrometers (um); time in seconds (s); mass in miligrams (mg);
concentration in miligrams per meter (mg m™1); A and B in um™%; and D in um?s~1. With these
conventions, we shall not write the units for simplicity of writings. We take L = 1 and T can be taken
based on the time of interest. The boundary conditions are

u(0,t) =5, (19)
and
u(1,t) = 0. (20)

3.1 Results and Discussion for the Existing Models

We provide two test cases of the existing models. The first is based on the work of Sharma and
Saxena [15]. The second is based on the work of Khanday and Rafig [16,17].

For the first test, we consider Eq. (1) where A = 0.0001, B = 0.002, and D = 0.00068, as taken
by Sharma and Saxena [15]. In the finite difference method, we take Ax = 0.01 and At = 0.5Ax. The
results of this simulation are shown in Figure 2 and Figure 3. Figure 2 seems to show realistic results.
However, we observe that Figure 3 (which is a magnification of Figure 2 around the x-axis) contains
negative concentration in the dermal layer, which is unrealistic. The drug concentration is
nonnegative everywhere in reality.
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Fig. 2. Simulation results of the model of Sharma and Saxena [15] at time t = 1. These
results seem to be realistic, but in fact, unrealistic when they are magnified as in Figure 3,
because it contains negative drug concentrations
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Fig. 3. A magnification of Figure 2 around the x-axis at time t = 1. These results are
unrealistic, because of the negative drug concentration occurrence

For the second test, we consider Eq. (1), where k = 0.4, B = 0.002, and D = 0.00068, as taken
by Khanday and Rafiq [16,17]. In the finite difference method, again, we take Ax = 0.01 and At =
0.5Ax. The results of this simulation are shown in Figure 4. We observe without any magnification
that Figure 4 contains negative concentration, which is also unrealistic.
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Fig. 4. Simulation results of the model of Khanday and Rafiq [16,17] at time t = 1. These
results are unrealistic due to the negative drug concentration occurrence

Drug concentration in the dermal layer

3.2 Results and Discussion for the Proposed Model

In this test, we consider Eq. (7) where k; = 0.02, k, = 0.002, D = 0.00068. In the finite
difference method, again, we take Ax = 0.01, but At = 5Ax, so that the computation is faster.

The results of this simulation are shown in Figure 5 illustrating the computational results at time
t = 1,3600,36000. There is no negative concentration in this figure, even when we magnify Figure
5 to be Figure 6, we do not observe negative concentration. In this test, we consider the solution at
time t = 1, that s, 1 second after the drug is applied on the skin; we obtain that the solution is more
realistic than those of existing models, as the solution is a decreasing function, and no negative value
of the solution occurs.

T T T T
—a—Drug concentration at t=1
—=—Drug concentration at t=3600
4 —=—Drug concentration at t=36000 -
—o— Exact solution at steady state condition

Drug concentration in the dermal layer
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Fig. 5. Simulation results of the proposed method at time t = 1,3600,36000. These are
realistic, as the solution is a decreasing function, and no negative value of the solution
occurs
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Fig. 6. A magnification of Figure 5 around the x-axis at time t = 1,3600,36000. These are
realistic, as the solution is a decreasing function, and no negative value of the solution
occurs

After 1 hour (3600 seconds), the solution has achieved the steady state condition. This steady
state condition is confirmed with the fact that even when we continue the simulation until, say, 10
hours (36000 seconds) the solution does not change. We obtain that the solution at time t = 3600
coincides with the solution at a later time, such as at time t = 36000. In fact, both finite difference
solutions at t = 3600 and t = 36000 coincide with the exact solution (11) up to the machine
precision. All of these solutions are realistic, as they are decreasing with respect to the dermal depth
x connecting the concentration value at the surface x = 0 and the concentration value at the deepest
point x = 1, and there is no negative concentration occurrence on the spatial-temporal domain.

With the success of our strategies involved in the proposed model and method, we believe that
these results could be extended further in other fluid mechanics and heat transfer areas as well as
initial-boundary value problems. One could implement our strategies to various problems (to
mention some of them, see Alawi and Kamar [19], Bindu et al., [20], Ewis [21], Ferdows et al., [22],
Ghani and Jami [23], Giap and Kosuke [24], Jamil et al., [25], Mohamed et al., [26], Sahak et al., [27]
and the work of Mungkasi [28,29] as well as Mungkasi and Roberts [30]). Each of these problems
could be explored and solved in their own rights.

4. Conclusions

We have achieved three objectives of this paper. First, we have shown that two existing
mathematical models of drug diffusion in the dermal layer of human body produce unrealistic
solution for some cases due to the negative drug concentration occurrence. Second, we have
proposed a revised mathematical model for drug diffusion in the dermal layer of human body. Third,
we provide finite difference schemes for solving the mathematical models. We obtain that our
proposed mathematical model solved using the finite difference method produces a more realistic
solution for drug diffusion problem in the dermal layer of human body. Further research direction
could incorporate laboratory experiments to obtain accurate parameter values regarding our
proposed model.

47



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 86, Issue 2 (2021) 39-49

Acknowledgement

The author thanks Assoc. Prof. Dr. Phang Chang of Universiti Tun Hussein Onn Malaysia for all his
assistance in this work. Discussions with Ms. Elyza Krisnasari Puspandari at the Master’s Program of
Mathematics Education of Sanata Dharma University are also acknowledged by the author.

References

(1]

(2]

3]

(4]

(5]

(6]

(7]

(8]
(9]

(10]

(11]

[12]

(13]

(14]

[15]

[16]

(17]

(18]

Takeuchi, Issei, Akira Kagawa, and Kimiko Makino. "Skin permeability and transdermal delivery route of 30-nm
cyclosporin A-loaded nanoparticles using PLGA-PEG-PLGA triblock copolymer." Colloids and Surfaces A:
Physicochemical and Engineering Aspects 600 (2020): 124866. https://doi.org/10.1016/j.colsurfa.2020.124866
Rabiei, Morteza, Soheila Kashanian, Seyedeh Sabereh Samavati, Shahriar Jamasb, and Steven JP Mclnnes.
"Nanomaterial and advanced technologies in transdermal drug delivery." Journal of Drug Targeting 28, no. 4 (2020):
356-367. https://doi.org/10.1080/1061186X.2019.1693579

Zhang, Qihong, Carol R. Flach, Richard Mendelsohn, Leanne Page, Susan Whitson, and Mila Boncheva Bettex.
"Visualization of Epidermal Reservoir Formation from Topical Diclofenac Gels by Raman Spectroscopy." Journal of
Pain Research 13 (2020): 1621. https://doi.org/10.2147/JPR.5253069

El-Assal, M. I. A. "Acyclovir loaded solid lipid nanoparticle based cream: a novel drug delivery system." International
Journal of Drug Delivery Technology 7, no. 01 (2017): 52-62. https://doi.org/10.25258/ijddt.v7i1.8917

Siddique, Muhammad Irfan, Haliza Katas, Mohd Cairul Igbal Mohd Amin, Shiow-Fern Ng, Mohd Hanif Zulfakar, and
Adawiyah Jamil. "In-vivo dermal pharmacokinetics, efficacy, and safety of skin targeting nanoparticles for
corticosteroid treatment of atopic dermatitis." International journal of pharmaceutics 507, no. 1-2 (2016): 72-82.
https://doi.org/10.1016/].ijpharm.2016.05.005

Witting, Madeleine, Alexander Boreham, Robert Brodwolf, Katerina Vavrova, Ulrike Alexiev, Wolfgang Friess, and
Sarah Hedtrich. "Interactions of hyaluronic acid with the skin and implications for the dermal delivery of
biomacromolecules." Molecular Pharmaceutics 12, no. 5 (2015): 1391-1401. https://doi.org/10.1021/mp500676e
Marepally, Srujan, Cedar HA Boakye, Punit P. Shah, Jagan Reddy Etukala, Adithi Vemuri, and Mandip Singh. "Design,
synthesis of novel lipids as chemical permeation enhancers and development of nanoparticle system for
transdermal drug delivery." PloS ONE 8, no. 12 (2013): e82581. https://doi.org/10.1371/journal.pone.0082581
Qin, Geng, Shengyong Geng, Liping Wang, Yanqun Dai, Bin Yang, and Jin-Ye Wang. "Charge influence of liposome
on transdermal delivery efficacy." Soft Matter 9, no. 23 (2013): 5649-5656. https://doi.org/10.1039/c3sm50522g
Kakkar, Shilpa, and Indu Pal Kaur. "A novel nanovesicular carrier system to deliver drug topically." Pharmaceutical
Development and Technology 18, no. 3 (2013): 673-685. https://doi.org/10.3109/10837450.2012.685655
Russell-Jones, Gregory, and Roy Himes. "Water-in-oil microemulsions for effective transdermal delivery of
proteins." Expert Opinion on Drug Delivery 8, no. 4 (2011): 537-546.
https://doi.org/10.1517/17425247.2011.559458

Laurinavicius, Valdas, Feliksas Ivanauskas, and Anatolij NeCiporenko. "Drug delivery mathematical modeling for
pressure controlled bioreactor." Journal of Mathematical Chemistry 57, no. 8 (2019): 1973-1982.
https://doi.org/10.1007/s10910-019-01050-z

Arockiaraj, Micheal, Sandi Klavzar, Shagufa Mushtaq, and Krishnan Balasubramanian. "Distance-based topological
indices of nanosheets, nanotubes and nanotori of SiO2." Journal of Mathematical Chemistry 57, no. 1 (2019): 343-
369. https://doi.org/10.1007/s10910-018-0956-8

Arockiaraj, Micheal, Sandi Klavzar, Shagufa Mushtaq, and Krishnan Balasubramanian. "Topological indices of the
subdivision of a family of partial cubes and computation of SiO: related structures." Journal of Mathematical
Chemistry 57, no. 7 (2019): 1868-1883. https://doi.org/10.1007/s10910-019-01043-y

Govil, Sachin, and David F. Katz. "Deducing mucosal pharmacokinetics and pharmacodynamics of the Anti-HIV
molecule tenofovir from measurements in blood." Scientific Reports 9, no. 1 (2019): 1-10.
https://doi.org/10.1038/s41598-018-36004-z

Sharma, Archana, and V. P. Saxena. "Finite element modeling of drug distribution in transdermal drug delivery
system." Indian Journal of Biomechanics (2011): 26.

Khanday, M. A,, and Aasma Rafiq. "Variational finite element method to study the absorption rate of drug at various
compartments through transdermal drug delivery system." Alexandria Journal of Medicine 51, no. 3 (2015): 219-
223. https://doi.org/10.1016/j.ajme.2014.09.001

Khanday, Mukhtar Ahmad, and Aasma Rafig. "Numerical estimation of drug diffusion at dermal regions of human
body in transdermal drug delivery system." Journal of Mechanics in Medicine and Biology 16, no. 03 (2016):
1650022. https://doi.org/10.1142/50219519416500226

Crank, John. The mathematics of diffusion. Oxford University Press, 1979.

48


https://doi.org/10.1016/j.colsurfa.2020.124866
https://doi.org/10.1080/1061186X.2019.1693579
https://doi.org/10.2147/JPR.S253069
https://doi.org/10.25258/ijddt.v7i1.8917
https://doi.org/10.1016/j.ijpharm.2016.05.005
https://doi.org/10.1021/mp500676e
https://doi.org/10.1371/journal.pone.0082581
https://doi.org/10.1039/c3sm50522g
https://doi.org/10.3109/10837450.2012.685655
https://doi.org/10.1517/17425247.2011.559458
https://doi.org/10.1007/s10910-019-01050-z
https://doi.org/10.1007/s10910-018-0956-8
https://doi.org/10.1007/s10910-019-01043-y
https://doi.org/10.1038/s41598-018-36004-z
https://doi.org/10.1016/j.ajme.2014.09.001
https://doi.org/10.1142/S0219519416500226

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 86, Issue 2 (2021) 39-49

[19]

[20]

[21]

[22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

(30]

Alawi, Omer A., and Haslinda Mohamed Kamar. "Performance of Solar Thermal Collector Using Multi-Walled
Carbon Nanotubes: Simulation Study." Journal of Advanced Research in Micro and Nano Engineering 2, no. 1 (2020):
12-21.

Bindu, M. D., P. S. Tide, and A. B. Bhasi. "Numerical Studies on Temperature and Material Flow During Friction Stir
Welding using Different Tool Pin Profiles." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
83, no. 1(2021): 91-104. https://doi.org/10.37934/arfmts.83.1.91104

Ewis, Karem Mahmoud. "Effects of Variable Thermal Conductivity and Grashof Number on Non-Darcian Natural
Convection Flow of Viscoelastic Fluids with Non Linear Radiation and Dissipations." Journal of Advanced Research
in Applied Sciences and Engineering Technology 22, no. 1 (2021): 69-80.

Ferdows, Mohammad, Mohammed Shamshuddin, and Khairy Zaimi. "Computation of Steady Free Convective
Boundary Layer Viscous Fluid Flow and Heat Transfer towards the Moving Flat Plate subjected to Suction/Injection
Effects." CFD Letters 13, no. 3 (2021): 16-24. https://doi.org/10.37934/cfd|.13.3.1624

Ghani, Nik Rashida Nik Abdul, and Mohammed Saedi Jami. "Dynamic Adsorption of Lead by Novel Graphene Oxide-
polyethersulfone Nanocomposite Membrane in Fixed-bed Column." Journal of Advanced Research in Experimental
Fluid Mechanics and Heat Transfer 2, no. 1 (2020): 1-9.

Giap, Sunny Goh Eng, and Noborio Kosuke. "Richards' Equation: Transition Between Constitutive Equations and the
Mechanics of Water Flow in Unsaturated Soil." Journal of Advanced Research in Applied Mechanics 73, no. 1 (2020):
11-19. https://doi.org/10.37934/aram.73.1.1119

Jamil, Dzuliana Fatin, Salah Uddin, Muhamad Ghazali Kamardan, and Rozaini Roslan. "The Effects of Magnetic
Casson Blood Flow in an Inclined Multi-stenosed Artery by using Caputo-Fabrizio Fractional Derivatives." Journal of
Advanced Research in Fluid Mechanics and Thermal Sciences 82, no. 2 (2021): 28-38.
https://doi.org/10.37934/arfmts.82.2.2838

Mohamed, Muhammad Khairul Anuar, Siti Hanani Mat Yasin, Mohd Zuki Salleh, and Hamzeh Taha Alkasasbeh.
"MHD Stagnation Point Flow and Heat Transfer Over a Stretching Sheet in a Blood-Based Casson Ferrofluid With
Newtonian Heating." Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 82, no. 1 (2021): 1-11.
https://doi.org/10.37934/arfmts.82.1.111

Sahak, Ahmad Sofianuddin A., Nor Azwadi Che Sidik, Siti Nurul Akmal Yusof, and Mahmoud Ahmed Alamir.
"Numerical Study of Particle Behaviour in a Mixed Convection Channel Flow with Cavity using Cubic Interpolation
Pseudo-Particle Navier-Stokes Formulation Method." Journal of Advanced Research in Numerical Heat Transfer 1,
no. 1(2020): 32-51.

Mungkasi, Sudi. "Numerical verification of the orders of accuracy of truncated asymptotic expansion solutions to
the van der Pol equation." Journal of Mathematical Chemistry 59, no. 1 (2021): 216-223.
https://doi.org/10.1007/s10910-020-01191-6

Mungkasi, Sudi. "An order verification method for truncated asymptotic expansion solutions to initial value
problems." Alexandria Engineering Journal 61, no. 1 (2021): 175-184. https://doi.org/10.1016/j.2ej.2021.04.068
Mungkasi, Sudi, and Stephen Gwyn Roberts. "Weak Local Residuals as Smoothness Indicators in Adaptive Mesh
Methods for Shallow Water Flows." Symmetry 12, no. 3 (2020): 345. https://doi.org/10.3390/sym12030345

49


https://doi.org/10.37934/arfmts.83.1.91104
https://doi.org/10.37934/cfdl.13.3.1624
https://doi.org/10.37934/aram.73.1.1119
https://doi.org/10.37934/arfmts.82.2.2838
https://doi.org/10.37934/arfmts.82.1.111
https://doi.org/10.1007/s10910-020-01191-6
https://doi.org/10.1016/j.aej.2021.04.068
https://doi.org/10.3390/sym12030345

