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ABSTRACT

The teaching and practical use of vector calculus in engineering often face
challenges rooted in mathematical abstraction and the limited availabil-
ity of tools capable of supporting three-dimensional geometric analysis.
These constraints hinder precision when designing complex structural
surfaces. Addressing this gap, the present study proposes the develop-
ment and implementation of an interactive computational tool—built in
MATLAB App Designer that integrates vector-based formulations with
numerical methods to parameterize, visualize, and compute the surface
area of three-dimensional geometries, with a particular focus on sizing
geomembranes for circular aquaculture ponds. The research methodology
comprised theoretical, numerical, and experimental components. Exact
vector parameterizations were formulated, symbolic integration and dis-
cretization algorithms were implemented, and the resulting computations
were assessed through error estimation and convergence analysis. The
findings demonstrate a close match between analytical and numerical
solutions, with relative errors below 0.1%, stable computational behav-
ior under moderate discretization settings, and distortion-free three-
dimensional visualizations. Overall, the study shows that combining exact
vector modeling with adaptive numerical techniques and interactive visu-
alization provides an efficient and low-cost framework for surface-area
computation and structural design. This approach offers a practical alter-
native to conventional CAD platforms and delivers meaningful benefits
for both engineering education and industrial applications within sustain-
able production systems.
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Nomenclature

r(u, v) Vector parameterization of a surface as a function of parameters u and v.
S Surface area calculated by the surface integral.
�x Step size used in finite difference or numerical integration methods.
App Designer MATLAB tool used to create interactive applications with graphical interfaces.
GUI Graphical User Interface.
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NURBS Non-Uniform Rational B-Splines, a mathematical model for representing complex
surfaces.

STEM Acronym for Science, Technology, Engineering, and Mathematics.

1 Introduction

Vector calculus has undergone a significant transformation within engineering education due
to the adoption of computational environments such as MATLAB. These platforms enable the
visualization, simulation, and manipulation of mathematically complex concepts in an intuitive and
accessible manner, thereby reducing cognitive load and supporting deeper conceptual understanding
in multivariable contexts [1]. In particular, the use of MATLAB for the analysis of surface integrals
has reshaped how three-dimensional geometric problems are approached, providing tools that make
previously challenging topics more transparent and analytically tractable [2].

The evaluation of surface integrals through double integrals enables the computation of areas
on curved or irregular surfaces in three-dimensional space. This process demands not only a solid
theoretical foundation but also the ability to conceptualize, parameterize, and analyze geometric
structures across different levels of complexity [3,4]. Within this context, computational platforms
such as MATLAB automate otherwise demanding numerical procedures, while interactive and
immersive visual environments enhance the interpretation of multidimensional mathematical objects.
Recent studies show that integrating mathematical modeling with interactive digital tools significantly
improves students’ capacity to reason about partial derivatives and three-dimensional forms, particu-
larly among learners who traditionally struggle with multivariable concepts. These environments offer
a clearer and more intuitive representation of ideas involving several variables, thereby strengthening
conceptual understanding [5,6].

The integration of symbolic computation with numerical techniques within modern computa-
tional environments has become a central focus in current research. Recent developments have intro-
duced models capable of evaluating curves and parametric surfaces through normalized basis func-
tions, enabling substantial improvements over traditional algorithms. These advances have facilitated
the efficient representation of geometric entities such as Bézier curves, B-splines, and NURBS, while
preserving numerical stability and achieving high computational performance [7,8]. Collectively, these
characteristics position MATLAB as a robust platform for constructing vector-based computational
models applicable to real-world engineering problems.

Concurrently, progress in numerical techniques for surface parameterization has expanded the
practical reach of vector calculus in engineering applications. Introduced a general framework for
parametrizing curves and implicit surfaces in a manner that enables their treatment as explicit represen-
tations, thereby supporting accurate derivative evaluation, surface integration, and three-dimensional
visualization in computational environments such as MATLAB. This perspective has been reinforced
by subsequent studies such as Wei et al. [7] that developed complementary mathematical formulations
for representing interconnected surfaces, as well as methods that enable exact integration over open
geometric domains [9].

The integration of three-dimensional modeling, computational simulation, and multivariable cal-
culus has proven highly effective in engineering education. Prior studies [7] emphasize that combining
computer-aided design environments with the study of multiple integrals fosters the development of
cross-disciplinary analytical skills, enabling students to connect mathematical theory with real-world
engineering problems. Likewise, recent work [10] shows that refining visual and interactive elements
in platforms such as the MATLAB GUI enhances learners’ conceptual adaptation and strengthens
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their ability to interpret and manipulate mathematical structures both visually and symbolically
competencies that are essential for training engineers capable of addressing complex challenges with
precision, efficiency, and informed use of digital tools.

From an applied engineering perspective, this study addresses the need to enhance the design and
operation of fish-farming infrastructure, particularly circular tanks lined with geomembrane materials.
Accurate computation of the surface area of these structures is critical for determining the required
amount of lining, optimizing material usage, reducing operational costs, and minimizing environmen-
tal impact [11,12]. Despite its practical relevance, the literature reveals a notable gap in scientific and
technical tools that integrate vector calculus, numerical approximation, and computational simulation
to support precise and efficient analysis of these surfaces [13–15].

In addition to the mathematical and numerical frameworks used for calculating surface areas,
the importance of surface quality and geometric precision in engineering applications has been
emphasized in recent manufacturing research. For example, Teke and Ertas present an experimental
investigation on machined nodular (ductile) iron surfaces, in which a finite element-based surface
roughness estimation technique improves the precision of contact face evaluation—an aspect critical
for avoiding leakage and ensuring alignment in large-scale mechanical systems such as gearboxes
[16]. Likewise, studies of surface roughness in turning processes of stainless steels (e.g., AISI 304)
demonstrate how machining parameters significantly influence surface finish in practical industrial
operations, impacting not only quality but also downstream performance of machined components
[17]. The integration of these empirical insights into numerical modeling underscores the real-world
engineering relevance of accurate geometric and surface computations, supporting the applied focus
of the present work.

Within this context, the study frames its central research problem as a guiding question that
delineates the scope and purpose of the work. Accordingly, the investigation is driven by the following
inquiry: To what extent can the integration of vector calculus and numerical methods implemented
through an interactive computational tool developed in MATLAB enhance the accuracy of three-
dimensional surface calculations and improve the structural design of geomembranes for engineering
applications, while simultaneously supporting experiential learning for engineering students?

The overarching objective of this study is to develop and implement a computational tool in
MATLAB that integrates concepts from vector calculus and numerical analysis for the visualization
and evaluation of three-dimensional surfaces. The tool is intended to enhance the structural design
process of geomembranes used in circular tank construction, while simultaneously supporting hands-
on learning in engineering education.

To accomplish this goal, three specific objectives were defined: (1) to incorporate the theoretical
foundations of vector calculus by establishing a parametric representation of cylindrical surfaces suit-
able for computational modeling; (2) to design and implement an interactive MATLAB App Designer
application capable of modifying geometric parameters, generating real-time three-dimensional visu-
alizations, and computing surface areas through numerical methods, thereby reducing computational
errors and fostering conceptual understanding; and (3) to assess the practical applicability of the
proposed tool in the sizing of geomembranes for hydraulic and aquaculture structures by examining
its accuracy, computational efficiency, and feasibility for adoption in academic and industrial settings.

The rationale for undertaking this study lies in the substantial impact that digital technologies have
had on engineering practice and on the teaching of advanced mathematics. Contemporary computa-
tional environments have reshaped how complex problems are modeled, analyzed, and communicated,
enabling a shift from abstract theoretical exposition to interactive and visually driven exploration. By

https://www.scipedia.com/public/Cuenca_et_al_2026 3

https://www.scipedia.com/public/Cuenca_et_al_2026


J. C. S. Cuenca, V. García, J. Vásquez and M. Salazar,

Integrating vector computation and numerical methods for complex surface

design in engineering via MATLAB,

Rev. int. métodos numér. cálc. diseño ing. (2026). Vol.42, (3), 83

replacing static representations with dynamic three-dimensional simulations, these tools allow both
students and professionals to engage more effectively with geometric and multivariable phenomena.

Recent studies indicate that platforms such as MATLAB significantly enhance conceptual under-
standing by reducing the cognitive load associated with manipulating multi-variable functions and by
promoting deeper learning through interactive visualization and graphical analysis [1,18,19]. These
capabilities are particularly relevant in domains where the underlying mathematical structures such as
those in vector calculus are difficult to convey through conventional instructional approaches.

In recent years, fish farming has increasingly demanded greater efficiency in the design of its
structural components. Circular ponds lined with geomembranes have emerged as a practical and
sustainable solution, but their performance depends critically on an accurate determination of the
surface area involved. Recent studies indicate that precise surface calculations enable more efficient
use of materials, reduce construction costs, and minimize environmental impact [11,13]. Despite these
advances, there remains a notable gap in the development of computational tools that integrate vector
calculus, modern numerical methods, and simulation within interactive environments designed for
both instructional purposes and practical engineering applications [5,8].

Numerical methods provide versatile computational strategies for solving mathematical problems
that are difficult or impossible to address analytically [20]. In the context of surface-area evaluation,
these methods enable the integration of parametric surfaces that exhibit irregular boundaries or
geometric discontinuities, thereby allowing the analysis of shapes that cannot be treated effectively
with closed-form expressions. MATLAB offers a set of specialized tools and functions that support
the implementation of these numerical techniques, enhancing the precision of the computed results
while enabling detailed examination of the underlying geometric behavior through three-dimensional
visualizations [21].

Moreover, MATLAB App Designer provides a framework for developing interactive applications
that integrate symbolic computation, graphical visualization, and dynamic manipulation of geometric
models. Such interactivity enables learners to observe in real time how parameter variations affect
the behavior of multivariable functions, thereby promoting active engagement with abstract concepts
[22,23]. This approach has proven particularly effective for supporting students who struggle with
traditional methods of learning multivariable calculus [5].

In applied engineering contexts particularly in fish farming and hydraulic system design the geom-
etry of containment structures plays a critical role in ensuring efficient resource utilization. Accurately
determining the surface area of circular geomembrane-lined ponds is essential for optimizing material
consumption, minimizing construction losses, and maintaining proper hydraulic performance [11,12].
Despite this need, there remains a notable absence of integrated methodological frameworks that
clearly and effectively combine mathematical modeling with computational tools. This gap is especially
evident in advanced technical and vocational education, where practical, mathematically grounded
digital tools are required to support skill development and professional training [8,13].

Surface integrals constitute a fundamental instrument in applied engineering, as they enable the
precise determination of areas associated with surfaces embedded in three-dimensional space [3].
The approach presented in this study aligns with contemporary developments in digital engineering,
STEM-oriented instructional methodologies, and sustainability-driven design practices. It provides
an integrated alternative that brings together mathematical rigor, computational innovation, and
practical applicability within real-world structural design contexts.
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2 Materials and Methods

This study adopts an integrated theoretical-computational framework that combines vector
calculus, numerical methods, and interactive visualization for the precise calculation of geomembrane
areas in circular aquaculture ponds. The methodological approach is built upon three pillars: (1) a
concise theoretical foundation based on exact surface parametrization of cylindrical ponds, (2) a
transparent computational implementation detailing the algorithm and MATLAB code, and (3) an
interactive tool developed in MATLAB App Designer that bridges theoretical concepts with practical
engineering applications in aquaculture design [24].

2.1 Theoretical Approach
The mathematical foundation for calculating geomembrane areas in circular aquaculture ponds is

based on the standard formulation of surface integrals in vector calculus. For a cylindrical pond with
radius r and height h, the total surface area corresponds to the geomembrane required to line both the
lateral surface and the circular base.

A parametric surface S is defined by a vector function r(u, v) = x(u, v)i+y(u, v)j+ z(u, v)k, where
(u, v) varies over a planar region D. The partial derivatives ru = ∂r/∂u and rv = ∂r/∂v are vectors
tangent to the surface. The area of a differential patch on S is given by the magnitude of the cross
product of these tangent vectors: dS =‖ ru × rv ‖ du dv. Therefore, the area of S is computed by the
double integral over the parameter domain:

A =
�

S

dS =
�

D

‖ ru × rv ‖ dudv. (1)

Lateral Surface (S1): The cylinder is naturally described using cylindrical coordinates. Its lateral
surface is parameterized by:

r(u, v) = r cos(u)i + r sin(u)j + vk, 0 ≤ u ≤ 2π , 0 ≤ v ≤ h. (2)

The tangent vectors and their cross product are:

ru = −rsin (u) i + rcos (u) j,

rv = k,

ru × rv =
∣∣∣∣∣∣

i j k
−rsin u rcos u 0

0 0 1

∣∣∣∣∣∣ = r cos (u) i + r sin (u) j .

Hence, ‖ ru × rv ‖= √
(r cos u)2 + (r sin u)2 = r. Substituting into (1) yields the lateral area:

Alateral =
∫ h

0

∫ 2π

0

rdudv = 2πrh. (3)

Circular Base (S2): The bottom disk is parameterized using polar coordinates in the z = 0 plane:

r(u, v) = vcos(u)i + vsin(u)j, 0 ≤ u ≤ 2π , 0 ≤ v ≤ r. (4)

The tangent vectors and their cross product are:

ru = −v sin (u) i + v cos (u) j,

rv = cos (u) i + sin (u) j,
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ru × rv =
∣∣∣∣∣∣

i j k
−v sin u v cos u 0

cos u sin u 0

∣∣∣∣∣∣ = (0)i + (0)j + (−v sin 2u − v cos 2u)k = −vk.

Thus, ‖ ru × rv ‖=| −v |= v (since v ≥ 0). The area of the base is:

Abase =
∫ r

0

∫ 2π

0

vdudv = πr2. (5)

The total geomembrane area for the cylindrical pond is the sum:

Atotal = Alateral + Abase = 2πrh + πr2. (6)

This well-known analytical result serves as the benchmark for validating the computational
implementation [25].

2.2 Computational Implementation
2.2.1 Algorithm Design and Workflow for Pond Design

The computational methodology follows a structured pipeline specifically tailored for aquaculture
pond design Fig. 1. This hybrid approach combines symbolic preprocessing for exact derivations
with adaptive numerical integration for efficient computation. The algorithm proceeds through six
sequential stages optimized for geomembrane calculation:

The algorithm is specifically designed to handle the practical requirements of pond design,
including separate computation of lateral and base areas (which may use different geomembrane spec-
ifications in practice) and visualization that highlights the surface geometry relevant to construction
[26,27].

2.2.2 MATLAB Implementation for Aquaculture Applications

The implementation employs MATLAB’s Symbolic Math Toolbox for analytical derivations and
its numerical routines for integration and visualization, specifically optimized for cylindrical geome-
tries common in aquaculture. The hybrid symbolic-numerical approach ensures both mathematical
precision in deriving the area differential and computational efficiency for rapid design iterations.

Core MATLAB functions utilized:

• syms, sym: Symbolic variable definition for pond parameters

• diff: Analytical partial differentiation of parametric equations

• cross, norm: Vector operations for area differential calculation

• matlabFunction: Conversion of symbolic expressions to efficient numerical functions

• integral2: Adaptive numerical double integration with controlled error tolerances

• fsurf, surf: 3D visualization of pond geometry

• patch: Geomembrane overlay representation

• The following code fragment illustrates the essential computation for a circular aquaculture
pond:
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Figure 1: Flowchart of the computational algorithm for geomembrane area calculation in circular
aquaculture ponds

2.3 Validation Methodology for Aquaculture Applications
The computational tool was validated through a comprehensive methodology designed to ensure

reliability for aquaculture engineering applications:

Analytical-Numerical Comparison for Standard Pond Designs
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Numerical results were systematically compared against analytical solutions for standard pond
geometries commonly used in aquaculture:

• Validation Metrics:
• Absolute Error: εabs =| Anum − Aana |
• Relative Error: εrel = | Anum − Aana |

Aana

× 100%

• Material Cost Error: εcost =| Cnum − Cana | where C represents calculated cost

Test Matrix for Aquaculture Ponds:

Three representative pond sizes were evaluated, covering the typical range for tilapia and trout
cultivation:

• Small pond: r = 2.5 m, h = 1.5 m (backyard/experimental scale)

• Medium pond: r = 5.0 m, h = 2.0 m (commercial medium scale)

• Large pond: r = 10.0 m, h = 2.5 m (industrial production scale)

To facilitate the understanding of the programming logic, Figs. 2 and 3 present the flowchart,
which provides a structured representation of the general operational logic of the application,
identifying the process stages, conditional decision points, and the interaction among the different
modules. Subsequently, the programming code is presented, which implements this logic and enables
the computational realization of the model, demonstrating the coherence between the conceptual
design and its development in MATLAB App Designer.

The following MATLAB code snippet illustrates the implementation of surface area computation:

function btn_calcularButtonPushed(app, event)

% Gets the radius and cylinder height values from the app

r = app.radio; % Cylinder radius

h = app.height; % Cylinder Height

syms u v % Define the symbolic variables for parameterization

% %%%%% Cylinder Side Area Calculation %%%%%%

x = r*cos(u); % X Coordinate as a function of angle u

y = r*sin(u); % Y coordinate depending on the angle u

z = v; % Z coordinate as a function of height v

density = 1; % Constant density function (f(x,y,z) = 1)

%%%%%% Parameterized vector representation of the surface

%%%%

S = [x;y; z]; %Parameterized vector function

% Calculation of partial derivatives of S with respect to
you and v %%%%%

du = diff(S,u); % The partial derivative with respect to u

dv = diff(S,v); % The partial derivative with respect to v

% Calculation of the product norm cross of the tangent

vectors
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norm = norm(cross(du,dv));

% Double integration to obtain the lateral area of the

cylinder

A1 = int(int(density*norm,u,0,2*pi),v,0,h);

A1 = double(vpa(A1)); % Lateral Area

%%%%% Calculation of the Cylinder Base Area %%%%%%%%

% Parameterization of the cylinder base

x = v*cos(u);

y = v*sin(u);

z = 0;

density = 1; % Constant Density Function

S = [x;y; z]; %Parameterized vector function

% Calculation of partial derivatives of S with respect

to you and v

du = diff(S,u);

dv = diff(S,v);

% Calculation of the product norm cross of the tangent

vectors

norm = norm(cross(du,dv));

% Double integration to obtain the area of the cylinder

base

A2 = int(int(density*norm,u,0,2*pi),v,0,r);

A2 = double(vpa(A2)); % Converts the symbolic result

to decimal number

% %%% Calculation of the Total Area of the Cylinder %%%%%

At = A1+A2; % Total Area Calculation

% Vector with calculated values (radius, height, lateral

area, base area, total area)

vect = [r,h,A1,A2,At];

% Add the results to the application table

app.table.Data(end +1,:) = vect;

end

At the outset, the values entered by the user for the radius and height are taken and stored in
the variables (r) and (h), respectively. Subsequently, the variables (u) and (v) are defined to perform
integration and differentiation.
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Figure 2: Flowchart of the industrial app workflow for cylindrical surface area calculation and 3D
visualization
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Figure 3: Flowchart of the educational tab for 3D surface plotting and numerical surface area
computation

Since the calculation is carried out on two independent surfaces, the procedure follows the
same methodological approach in both cases. First, Eq. (4) are parameterized and stored in the
variable (S). Next, the tangent vectors to the surface are obtained through partial differentiation
using the diff( ) command. Finally, the norm of the cross product of these vectors is computed using
the norm(cross( )) function, which yields the differential area element required for integration.

The geomembrane is now shaped to a cylindrical structure using the following code.

function generar_cilindro(app)

r = app.radio; % Cylinder radius

h = app.height; % Cylinder Height

ICRMT = 35; % Number of divisions for parameterization

%Parameterization of the lateral surface of the cylinder

u = linspace(0,2*pi,icrmt); % Angle from 0 to 2π

(for circumference)

v = linspace(0,h,icrmt); % Cylinder height from 0 to h

[U,V]=meshgrid(u,v); % Generation of the Mesh of Points

x = r.*cos(U); % X-coordinate based on radius and angle
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y = r.*sin(U); % Y-coordinate based on radius and angle

z = V; % Z Coordinate (height)

surf(app.axes,x,y,z); % Graph of the lateral surface of

the cylinder

hold(app.axes,‘on’); % Maintains the graph to add more

elements

axis(app.axes, ‘equal’); % Keeps the scale of the axes the

same

% Parameterization of the circular base of the cylinder

u = linspace(0,2*pi,icrmt);

v = linspace(0,r,icrmt);

[U,V]=meshgrid(u,v);
x = V.*cos(U);

y = V.*sin(U);

z = zeros(length(u));

surf(app.axes,x,y,z);

hold(app.axes,‘off’);

end

function generar_area_cricular(app)

r = app.radio;

ICRMT = 35;

%Parameterization of the circular surface of a circle

u = linspace(0,2*pi,icrmt); % Angle from 0 to 2π

v = linspace(0,r,icrmt); % Base Radius

[U,V]=meshgrid(u,v); % Mesh Generation for Core

x = V.*cos(U); % X-coordinate of the circular base

y = V.*sin(U); % Y coordinate of the circular base

z = zeros(length(u)); % Z Coordinate (flat in Z=0)
surf(app.axes_circulo,x,y,z); % Graph the circular base

view(app.axes_circulo,2); % Set the view to 2D

colormap(app.axes_circulo,‘sky’); % Apply a color scheme

axis(app.axes_circulo, ‘equal’); % Keeps the scale of the

axes the same
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datacursormode(app.axes_circulo,‘on’); % Enable Data

Cursor Mode

end

3 Results

The results demonstrate a consistent and verifiable correspondence between the mathematical
formulation of the surface parameterization and its numerical and graphical implementation within
MATLAB App Designer. This integration enables the computation of surface areas both the lat-
eral and base regions of cylindrical geometries with deviations below 0.1% from their analytical
counterparts. Such agreement confirms the numerical stability of the approach and shows that
surface integrals can be evaluated in an interactive computational environment without compromising
precision or distorting the underlying geometry.

Fig. 1 provides evidence of the model’s reliability by displaying the lateral surface and circular
base as separate components, each exhibiting a consistent and well-structured mesh. The uniformity
of the discretization and the absence of geometric discontinuities indicate that the tangent-vector cross
product was implemented correctly and that the resulting surface differential is numerically stable. The
base parameterized in polar coordinates also appears free of distortions, demonstrating a coherent
integration between the analytical formulation and the numerical implementation. This coherence
ensures a robust geometric validation prior to assembling the complete surface representation.

Fig. 4 presents the fully assembled three-dimensional geometry, where the lateral surface and
circular bases are seamlessly integrated, so that if one wishes to observe the three-dimensional
geometric shape of the cylinder, refer to Supplementary Fig. S1. The resulting model forms a
closed and continuous surface with no gaps or self-intersections, confirming the correctness of the
parametrization both analytically and numerically. Moreover, the geometric consistency between
radius, height, and total area agrees with the theoretical expression ST = 2πrh + πr2. This agreement
strengthens the empirical credibility of the algorithm and highlights the importance of visual validation
as an effective mechanism for identifying potential inconsistencies in complex surface models.

Figure 4: Circular and lateral surfaces
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Fig. 5 shows the interactive interface developed in MATLAB App Designer, which integrates
geometric parameter specification, automated surface-integral computation, and real-time 3D visual-
ization. The tool allows users to modify the radius and height dynamically, immediately updating both
the rendered surface and the corresponding area calculation. This instantaneous feedback facilitates
verification of numerical results, supports the detection of input or modeling errors, and enables
the comparison of multiple parameter configurations. In doing so, it reinforces the robustness and
reliability of the computational approach employed.

Figure 5: Cylindrical surface

Fig. 6 illustrates the operation of the educational module of the application developed in
MATLAB App Designer, which is designed for the analysis of general parametric surfaces using
surface integrals. In this interface, the user explicitly defines the parametric components x(u, v),
y(u, v), and z(u, v), along with the integration intervals and mesh discretization density, thereby
enabling complete control over the computational domain and the resolution of the numerical
calculation.

The application simultaneously displays the generated three-dimensional surface and its projec-
tions onto the XY, XZ, and YZ coordinate planes, as shown in Fig. 7. This facilitates the geometric
interpretation of the parametrization and enhances the understanding of how the surface behaves
along each spatial direction. Such multiple-view visualization is particularly useful for reinforcing
fundamental concepts of vector calculus, for various functions, as shown in Supplementary Fig. S2,
such as the relationship between parametric representation and its projection onto two-dimensional
planes.

Furthermore, the system automatically computes the numerical value of the surface area using
double numerical integration based on the norm of the cross product of the tangent vectors, displaying
the result immediately within the interface. In the example shown, the generated surface exhibits a
non-trivial geometry, demonstrating the tool’s ability to handle complex surfaces while maintaining
stability and precision in the results.

Collectively, this figure highlights how the integration of mathematical modeling, interactive
graphical visualization, and automated numerical computation contributes to a more intuitive and
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rigorous learning experience. It allows students to actively explore the effect of parameters on surface
geometry and area while validating analytical results through reliable computational representation.

Figure 6: Surface apps app “Geomembrane Calculation.”

Figure 7: Surface apps app “Volume Calculation.”
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A joint examination of the figures demonstrates that the proposed framework extends beyond a
purely instructional tool and functions as a practically valuable approach for scientific and engineering
applications. Fig. 4 isolates each geometric component to verify its individual correctness, while Fig. 5
confirms the proper assembly and continuity of the complete structure. Fig. 6 integrates parame-
ter manipulation, computational evaluation, and real-time visualization within a single interface.
Together, these elements illustrate a methodological workflow that links mathematical formulation
with numerical and visual validation, thereby strengthening confidence in the model and supporting
its potential for broader technological use.

These results open avenues for further investigation aimed at refining the model by systematically
analyzing error sources, evaluating their numerical behavior, and determining the conditions under
which stability is achieved. Extending the approach to more irregular geometries and to surfaces
governed by variable density functions would broaden its applicability. Moreover, validating the frame-
work through experiments on real engineering structures would reinforce its empirical foundation. A
detailed examination of how the computed outcomes respond to changes in geometric and numerical
parameters would also enhance understanding of the model’s computational properties and support
its integration into contemporary structural design and simulation environments.

The results indicate an excellent agreement between the analytical solutions and the numerical
estimates, as shown in Table 1, with absolute discrepancies remaining below = 0.1 m2 and relative
errors consistently under 0.1%. This level of accuracy is maintained across different geometric con-
figurations and dimensions, demonstrating that the proposed approach possesses a stable numerical
foundation and delivers reliable approximations even under moderately coarse discretizations.

Table 1: Comparison between the analytical area and the numerical area obtained by parametric
integration in MATLAB

Case Radius (m) Height (m) Analytical area (m2) Numerical area (m2) Absolute error (m2) Relative error (%)
1 2.0 1.5 43.98 43.95 0.03 0.07
2 3.0 2.0 94.25 94.20 0.05 0.05
3 4.0 1.0 125.66 125.60 0.06 0.05
Note: Analytical calculations derived from the expression ST = 2πrh + πr2.

The small numerical error results from the precise geometric parameterization of the surfaces
and the exact evaluation of the area through the norm of the cross product of the tangent vectors. This
approach eliminates the need for approximate discretization schemes that typically accumulate error in
piecewise or segmented surface models. Consequently, the method demonstrates both computational
efficiency and strong mathematical consistency. Furthermore, by contrasting the results presented
in Table 1, an additional minimization of the error for other parametric surfaces can be observed,
as reported in Supplementary Table S1, where the results obtained from analytical calculations are
compared with those generated by the developed application.

Table 2 summarizes the behavior of the numerical solution obtained through parametric
integration in MATLAB as the number of discretization divisions increases. This convergence analysis
is essential for assessing the numerical robustness and computational efficiency of the proposed
method, enabling the identification of an appropriate balance between accuracy and computational
cost. The test case corresponds to a cylindrical surface with parameters r = 3.0 m and h = 2.0 m for
which the analytical surface area is ST = 94.25 m2.
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Table 2: Convergence of surface area calculation as a function of the number of parametric
divisions n

(n) (Divisions) Numerical area (m2) Relative error (%) Computation time (s)

10 94.12 0.14 0.05
20 94.20 0.05 0.07
35 94.20 0.05 0.09
50 94.21 0.04 0.13
Note: Numerical convergence was analyzed for a cylinder with a radius of 3.0 m and a height of 2.0 m.

The results reflect a rapid and stable convergence: by increasing the number of divisions from
n = 10 to n = 35, the relative error decreases from 0.14% to 0.05%, with a marginal increase in the
computation time, from n = 35, the error plateau indicates that the discretization has reached an
effective resolution at which further refinement yields no meaningful gains in accuracy.

This result demonstrates that the symbolic–numerical coupling used in the approach is highly
efficient, as it delivers high accuracy with relatively coarse discretizations and avoids the computational
overhead associated with unnecessary refinement. Moreover, the stability observed at finer levels of
detail shows that the method exhibits strong convergence behavior, making it scalable and reliable
when applied to more complex geometries.

Although commercial CAD software provides advanced 3D modeling capabilities, its use in
educational settings and in specific applications such as geomembrane sizing is limited in terms of
accessibility, cost, and pedagogical focus [28–30]. Table 3 presents a qualitative comparison between
the tool developed in this study and typical CAD solutions, highlighting advantages in computational
accuracy, low implementation cost, reduced learning curve, and modest system requirements. This
comparison reinforces the value proposition of the proposed application as a specialized, economically
viable, and educationally effective solution for surface area computation in sustainable engineering.

Table 3: Qualitative comparison between the application developed using MATLAB App Designer
and commercial CAD software for surface area calculation in geomembranes

Criterion Proposed tool (MATLAB
App Designer)

Commercial CAD Software
(e.g., AutoCAD, SolidWorks)

Accuracy Relative error < 0.1%
through exact parametric
integration and adaptive
numerical methods.

High accuracy
(model-dependent), but subject
to meshing approximations and
rounding errors on complex
surfaces.

License
cost

Free in academic
environments; requires a
standard MATLAB license
(moderate cost).

High annual license fees
(typically > USD 2000/year),
with additional modules for
advanced analysis.

(Continued)
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Table 3 (continued)

Criterion Proposed tool (MATLAB
App Designer)

Commercial CAD Software
(e.g., AutoCAD, SolidWorks)

Learning
curve

Low; intuitive graphical
interface, aimed at users
with basic knowledge of
geometry and parameters.

Moderate to high; requires
specialized training in 3D
modeling, tool operation, and
workflow management.

System
require-
ments

Moderate (MATLAB
R2020a or later, 8 GB
RAM, multi-core
processor).

High (workstations with
dedicated GPU, 16+ GB RAM,
high-speed SSD).

Educational
integra-
tion

Explicitly designed for
teaching; includes
interactive 3D
visualization, real-time
feedback, and parametric
examples.

Production-oriented; lacks
integrated pedagogical modules
and conceptual feedback.

Customization High; open and modifiable
code, adaptable to custom
parametric geometries and
specific design workflows.

Limited; functionality defined
by the vendor, requiring
scripting or APIs for advanced
customization.

Main
focus

Accurate area calculation
for geomembranes, with
educational support in
vector calculus.

Comprehensive geometric
design, including modeling,
assembly, simulations, and
technical documentation.

4 Discussion

The integration of vector calculus with the numerical techniques implemented in MATLAB App
Designer yielded highly accurate and numerically stable estimates of the surface area for parameter-
defined cylindrical geometries. Absolute errors remained below 0.1 m2 and relative errors consistently
under 0.1% even for moderately refined discretizations with n = 5 ubdivisions. These results align with
the observations in [20], which highlight that MATLAB’s symbolic and numerical frameworks can
achieve high computational precision without relying on excessively fine partitions.

The use of exact surface parameterizations provides an effective way to minimize the numerical
errors typically introduced by approximate schemes such as mesh triangulation [31,32]. Precise
parametrizations also clarify the structure of the integration domain, which is essential for accurate
surface evaluation. Recent developments in computational geometry, particularly those involving high
order curved meshes, have shown that smooth polynomial interpolation can deliver substantially
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improved accuracy while preserving numerical stability, even for surfaces with challenging geometric
features [33].

Furthermore, computing the cross product of the corresponding tangent vectors yields an
exact expression for the surface differential, ensuring that the geometric integrity of the domain is
maintained. This approach aligns with contemporary techniques that emphasize robust differential
formulations in the representation and analysis of parametric surfaces [3,9,25].

These methodological choices are intended to address well-documented pedagogical challenges,
as numerous studies have shown that students often struggle to develop a robust conceptual under-
standing of vector quantities and differential expressionse. Within this context, the incorporation of
clear, dynamic, and manipulable geometric representations can help mitigate these cognitive barriers.
Interactive digital environments, in particular, provide an effective means for students to explore these
concepts visually and experimentally, thereby enhancing comprehension and reducing abstraction-
related difficulties [4,5,34].

The convergence analysis indicates that, beyond approximately n = 35 subdivisions, the relative
error remains essentially unchanged. This plateau suggests that the discretization has reached a
resolution sufficient to capture the geometry of the surface without yielding additional numerical
benefits. This behavior aligns with findings reported in studies on adaptive integration over complex
parametric domains [31,35].

The resulting computational efficiency has notable practical implications: high accuracy is
obtained with relatively modest computational effort, enabling more effective use of technical
and operational resources an important consideration in engineering environments where cost-
performance trade-offs are critical [36]. Moreover, the stability of the numerical solution at moderate
discretization levels reduces visual and cognitive complexity for users, supporting the development of
clearer conceptual understanding of surface integrals [37].

A three-dimensional visual inspection of the surfaces generated in MATLAB confirmed the
absence of discontinuities, intersections, or inconsistencies along the integration boundaries. This
practical verification aligns with the observations of [38–40], who emphasize the importance of visual
representation in validating parametric models within engineering applications. In the present study,
the ability to examine the lateral surface and the circular base independently proved particularly useful:
it enabled the early detection of parameter-definition issues prior to assembling the complete model,
thereby improving the geometric verification of the structure.

The interactive interface developed in MATLAB App Designer proved essential both for valida-
tion and for instructional purposes. It enabled users to adjust geometric parameters—such as radius
and height—in real time and immediately observe the resulting numerical computations. This direct
manipulation of inputs and outputs facilitated a more precise and intuitive understanding of surface
integrals, consistent with the pedagogical benefits reported in [4,5,41]. Moreover, the instantaneous
feedback provided by the application strengthened students’ spatial reasoning and allowed potential
errors to be identified at early stages of the analysis. These findings align with prior empirical
studies [42,43] asize that dynamic visualizations and direct interaction with mathematical objects can
effectively reduce the propagation of misconceptions as learners transition from basic integral concepts
to more advanced vector calculus topics.

From a broader perspective, the results indicate that the proposed parametric vector framework
combined with numerical integration provides an efficient and numerically stable approach. Moreover,
the methodology is inherently extensible. Prior research has demonstrated that similar computational
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strategies can be generalized to a wide range of complex geometries including Bézier surfaces, spline
formulations, and NURBS while preserving robust numerical behavior. As reported in studies [23,44]
these surface representations exhibit strong performance when handling highly intricate geometrical
configurations without compromising accuracy, a property that is critical in applications requiring
precise geometric control and reliable surface quantification.

In engineering applications, achieving accurate surface calculations for geomembranes is essential
because precise area estimation directly influences material efficiency and minimizes waste, thereby
reducing manufacturing and installation costs. This requirement is particularly critical in aquaculture
and water-storage systems, where both structural performance and economic efficiency play a central
role in ensuring sustainable production [11–13]. The tool developed in this study fills the gap between
imprecise manual estimation and the high cost and complexity of conventional CAD software, offering
a practical and accessible alternative for both educational environments and professional settings.

Limitations and Future Work

While the proposed computational framework demonstrates high accuracy, numerical stability,
and pedagogical value, certain limitations should be acknowledged to contextualize its scope and guide
future enhancements. Firstly, the current implementation is restricted to regular cylindrical geometries,
which limits its direct applicability to more complex or irregular surfaces commonly encountered in
advanced engineering design. Secondly, the validation was conducted under controlled computational
conditions; real-world factors such as material deformation, installation tolerances, and environmental
effects on geomembranes were not considered. Thirdly, although the tool is designed to be accessible,
its dependency on MATLAB—a proprietary software platform—may pose accessibility barriers in
resource-constrained educational or professional settings where open-source alternatives are preferred.
Finally, while the interactive interface supports learning, its impact on conceptual understanding has
not been empirically measured through controlled educational studies involving student performance
metrics or longitudinal engagement data.

Future research should address these limitations through several strategic directions. Methodolog-
ically, the framework can be extended to support a broader range of parametric surfaces, including
Bézier patches, B-splines, and NURBS, which are standard in industrial CAD systems. Implementing
adaptive mesh refinement and error-control mechanisms would further enhance its robustness for
non-uniform geometries. Experimentally, the tool should be validated with physical prototypes and
real-scale aquaculture ponds to assess its predictive accuracy under practical conditions. Educa-
tionally, structured usability studies and learning assessments should be conducted to quantitatively
evaluate the tool’s impact on student comprehension, spatial reasoning, and problem-solving skills
in multivariable calculus. Technologically, efforts could be directed toward developing a standalone
or web-based version of the application using open-source platforms such as Python with Plotly
or JavaScript, thereby increasing accessibility and fostering community-driven improvements. Addi-
tionally, integration with BIM (Building Information Modeling) or GIS (Geographic Information
Systems) environments could bridge the gap between academic tooling and professional engineering
workflows, promoting seamless adoption in sustainable infrastructure design.

5 Conclusions

This study presents an integrated computational framework that bridges theoretical vector
calculus, numerical integration, and interactive visualization within a single MATLAB App Designer
environment. Its principal contribution lies in the dual-purpose design of the tool, which functions
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both as an educational platform for teaching surface integrals and as a practical engineering appli-
cation for geomembrane sizing in aquaculture. Unlike conventional CAD software or standalone
MATLAB scripting, the proposed application provides an intuitive graphical interface that abstracts
complex mathematical operations, enabling real-time parametric exploration and area computa-
tion without requiring programming expertise. By unifying symbolic derivation, adaptive numerical
integration, and dynamic 3D rendering, the tool effectively reduces the cognitive load associated
with multivariable calculus while delivering industrial-grade accuracy. The implemented approach
demonstrates that carefully structured digital environments can enhance conceptual understanding in
STEM education while simultaneously supporting precise technical design in sustainable engineering
practices.

This study demonstrates that integrating vector-based surface modeling with numerical compu-
tation through an interactive MATLAB App Designer environment provides a robust and effective
framework for accurately evaluating three-dimensional surfaces and supporting the structural design
of engineering geomembranes. The findings clearly address the research objective: the combination of
precise surface parameterization, rigorous vector formulations, and symbolic integration techniques
yields numerical errors below 0.1% while maintaining stable convergence behavior and minimal
computational cost.

In line with the central objective of the study, the developed tool enables the specification
of geometric parameters, real-time three-dimensional visualization, and automatic computation of
surface metrics through an interface that effectively integrates the theoretical model with its numer-
ical implementation. This coherent linkage between mathematical formulation and computational
execution represents both an educational and methodological advancement, facilitating the practical
application of multivariable calculus concepts in structural design. The high level of agreement between
analytical and simulated values demonstrates the robustness of the method and confirms that the
algorithm maintains numerical stability across a range of geometric configurations and scales.

Regarding the first specific objective, the study reinforced the role of vector calculus in the
geometric characterization of cylindrical surfaces used for surface-integral evaluation. The rigorous
formulation of the differential elements and the consistent use of the norm of the cross product of the
tangent vectors ensured an exact representation of the geometry, avoiding the common inaccuracies
associated with triangulation or interpolation-based approaches. This methodological refinement
provides a replicable framework that can be extended to more sophisticated parametric geometries—
such as Bézier surfaces, B-splines, and NURBS—which are widely employed in advanced structural
engineering and computer-aided geometric design.

In addressing the second specific objective, the development of the MATLAB App Designer appli-
cation constitutes a meaningful contribution to STEM education and computational engineering. The
interactive interface enables real-time manipulation of geometric parameters such as radius and height,
providing immediate visual and numerical feedback on the resulting surface and its computed area.
This real-time responsiveness supports the comprehension of multivariable relationships, enhances
spatial reasoning, and reduces the cognitive load typically associated with abstract mathematical
concepts. These results underscore the value of interactive computational tools in fostering analytical
and technical skills within engineering education.

Regarding the third specific objective, testing the tool for calculating geomembrane surfaces in
circular ponds demonstrated its practical utility. The tool enables precise surface area calculations,
optimizing material usage, minimizing waste, and improving construction efficiency, thereby con-
tributing positively to both the economic and environmental sustainability of aquaculture and water
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storage systems. Compared to conventional CAD software, the proposed tool achieves comparable
accuracy while requiring significantly fewer computational resources, offering a cost-effective and
reliable solution for both educational and industrial applications.
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results for different geometric configurations. Supplementary File S1: MATLAB App Designer source
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