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Abstract
In this paper, an elementary exercise that can strengthen computational thinking in
engineering analysis and design is outlined and discussed. The exercise is a simple
finite element assignment designed for the M.Sc. students in Mechanical and Civil
Engineering. It comprises a two‐member frame with a variety of loading that can be
solved manually without using any computer programming. Individual data is
allocated to each student, and they have been asked to report their results like
reaction forces, reaction moments and stresses. Thereafter they have modelled the
same frame structure in commercially available finite element method (FEM)
software ABAQUS, from which a substantial output file is created for such a simple
problem. In the final stage, each student highlights the ABAQUS results that can be
compared and commented upon with the results obtained from their manual
calculations. Since the assignment is individual, it provides a justifiable connection
between computational thinking of an individual mind, with printed outputs of a
complicated FEM software. Implementing this assignment in M.Sc. finite element
course at Aberdeen University has been very successful. This enabled individual
students to relate their computational thinking, with the results of complicated
FEM software in engineering. It is concluded that such exercises can stimulate
computational thinking in engineering education. Moreover, they can be used in
other engineering fields where FEM is applicable, either at the university level or
Professional and Career Development courses in engineering.
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INTRODUCTION

Science, Technology, Engineering, and Mathematics (STEM)
education is an important issue in the 21st century. The aim
is to strengthen the self‐efficacy of future employees in this
highly competitive industrial age. Harvesting computational

thinking in teenagers' minds is the starting point for this
goal, whereby robotic and computer games may be
used [13].
Recently, maker activities have been arranged by a
variety of tools like electric circuits, E‐textiles, Makey
Makey, Circuits on Breadboards, and Arduinos in
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which the end goal is STEM learning in engineering
and physics [21]. Then the outcomes of those can be
integrated with computational thinking (CT).
A variety of methods are under investigation to
integrate CT with STEM. Recently, some of those
activities are reported in [12] in the field of K‐12
education. Moreover, teachers also should be trained
for fostering CT in K‐12 educators, and the mechanisms of their training are explained in [10].
It is obvious that CT is a fundamental skill that
some graduate students should learn. This is necessary when graduates choose a career in engineering
and computer‐based industries. To learn this in
advance, CT skills in middle school ages, are implemented in some schools by using agile software [8].
This method of CT teaching has been recognised
as an effective tool for training future software
engineers [7].
Recently, new effective techniques using Gamification [18] and Scratch and App [19] tools are also
developed to improve computational and programming skills in secondary education.
It is well understood that computational thinking acquisition (CTA) is a necessary prelude for end user developer
(EUD) that can be grown to end user programmer
(EUP) [16].

1.1

| CT in engineering education

It is obvious that CT skills cannot be limited to K‐12
education only. It is proved that in Undergraduate
(UG) and Postgraduate (PG) university education,
refreshing and fostering CT skills in students is vitally
necessary [9]. The students will be targeted for CT
skills, in modelling and simulation practices, which
they do in UG and PG engineering courses [15].
This refreshes their knowledge in CT before their
employment.
An important topic for engineering students in UG
or PG studies is finite element analysis (FEA). This
course helps them in the analysis and design of
machines and structures. They continue using FEA
later, in many industries during their career, via
sophisticated and commercially available software
like ABAQUS [6]. To interpret the substantial outputs
of such programs, they need to have prefostered CT
skills to understand the computational mechanics
behind the software.
To prefoster the above CT skills, substantial effort
has been made by publishing a variety of finite
element method (FEM) books for different branches
of engineering. Only a few books discuss the

relationship between modern FEM software and the
underlying theories in computational mechanics [11].
The author herein believes that CT skills can be improved significantly if students do particular FEA
assignments in civil and mechanical engineering degrees. Many individual assignments have been practiced previously in other courses [2] and resulted in
successful outcomes. Can we extend the practice to
include CT skills?
The research question in this article has been, “How a
particular FEA exercise for engineering students can include
the elements of computational thinking?” This article
describes the elements of computational thinking of such
exercises. To prove it, the intrinsic details of the assignment
are examined. It is shown that the exercise in this article is
closely tied with computational thinking.

2 | B AC K G R OU N D A N D
CONTRIBUTION
In this article, a particular FEA assignment is designed and
allocated to M.Sc. students. It is shown that by doing the
assignment, students' CT skills will be improved. The assignment is about a simple frame structure. Each student
received different dimensions of that structure in a PG finite
element course. First they have to implement their CT skills
to construct the overall stiffness matrix, and calculate the
reaction forces, moments, displacements, and stresses. In the
next step, they have to model that structure on a well‐known
FEM software ABAQUS [6]. Thereafter, they have to extract
some results from the output files, to compare them with
their manual calculations.
The importance of FEM in engineering education is the
main reason to promote CT by such exercise. Any FEM
exercise intrinsically is a CT problem because it can be
programmed in a way to be solved computers. Further
connections between FEM and CT are discussed in [5]. A
particular feature of the exercise is that it can be done by
both ABAQUS (commercial software) and also by CT steps
used by individual students. Upon completion of the exercise, students have a tool (ABAQUS) to verify their results.
It can check if the CT steps they have used in this exercise have been implemented correctly and successfully.
A group of 12 distance‐learning students with another
group of 8 on‐campus students participated in a FEM exercise that is described in the next section. Each student
provided a calculation code for the solution of a simple
structure. The algorithm of that code includes all steps of
computational thinking. To test the successfulness of the
practice, they have compared their results with the outputs
of FEM commercial software for the same simple structure.
It is shown that students can evaluate their CT skills and
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For each element there is a local stiffness given by
this [1]:

KEi

FIGURE 1

(3)
In the above matrix E is the modulus of elasticity, Li is
the length, Ii is the second moment of beam cross section.
For a pipe cross section, we have:

A frame with two elements

strengthen them by successive trials, which are explained in
the following sections.

3 | C O M P U T A T I O N A L ST E P S F O R
A N A L Y S IS O F A SI M P L E F R A M E
In Figure 1, a simple frame is shown with two elements No.
1 with nodes numbers 1 and 3 and length L1 and No. 2 with
nodes numbers 2 and 3 and length L2. The angles θ1 = 300
and θ2 = 450 are the orientations of the elements with
horizontal axis X.
For each element there exist a transformation matrix that
converts the local to the global coordinate, with the following
detail [14]:
0
0
0⎤
⎡ cos θi sin θi 0
0
0
0⎥
⎢−sin θi cos θi 0
0
0
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0
0
0
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⎥
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Each element has a connectivity matrix by which we can
assemble the individual stiffness matrices in global coordinate; these matrices are:
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In which Di is the outer diameter and ti is the
thickness of the pipe. The parameter ϕi is:

ϕi =

12EIi
GAi Li2

(5)

In (5), the G is shear modulus and is given in terms of
Poisson ratio ν by:

G=

E
2(1 + υ)

(6)

The global stiffness matrix of each element is [11]:
K*Ei = TTi KEi Ti i = 1, 2

(7)

The overall global stiffness matrix for this frame
is [5]:
K G = aET1K*E1aE1 + aET2K*E2aE2

(8)

This simple frame has three nodes only, and each
node in the plane beam has 3 Degrees Of Freedom
(DOF), that is, linear displacements u i and v i and rotation φi . According to Figure 1, the two elements are
welded at node 3. Further 7 DOF's are fixed denoted
by r e and defined by:
re = [u1 v1 φ1 u2 v2 φ2 v3 ]T

(9)

The remaining DOFs are not fixed, noted by rf and
defined by:

rf = [u3 φ3 ]T
(2)

(10)

Based on constrained and unconstrained DOFs,
the global stiffness matrix K G can be partitioned into
four parts as follows:
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⎡ K G11
⎢ K G21
⎢ K G31
= K G 41
⎢
K G51
⎢
K G61
⎢⎣ K

K G12
K G22
K G32
K G 42
K G52
K G62
K G82

G81

K ef

⎡ K G17
⎢ K G27
⎢ K G37
= K G 47
⎢
K G57
⎢
K G67
⎢⎣ K
G87

Kfe =

K G13
K G23
K G33
K G 43
K G53
K G63
K G83

K G14
K G24
K G34
K G 44
K G54
K G64
K G84

K G15
K G25
K G35
K G 45
K G55
K G65
K G85

K G16
K G26
K G36
K G 46
K G56
K G66
K G86

K G18 ⎤
K G28 ⎥
K G38 ⎥
K G 48
⎥
K G58
⎥
K G68
K G88 ⎥⎦

K G19 ⎤
K G29 ⎥
K G39 ⎥
K G 49
⎥
K G59
⎥
K G69
K G89 ⎥⎦

4 | CT STEPS I N T HE EXERCISE
CT is the procedure for formulating a problem and expressing the solution in an approach that can be programmed by
computers. It consists of four major steps, which are explained in [3].

4.1 | Decomposition
(11)

⎡ K G71 K G72 K G73 K G74 K G75 K G76 K G78 ⎤
⎣ K G91 K G92 K G93 K G94 K G95 K G96 K G98 ⎦
Kff =

⎡ K G77 K G79 ⎤
⎣ K G97 K G99 ⎦

4.2 | Pattern recognition

The external force‐moment vector Rf applied to the
frame is applied to node 3 (see Figure 1) and is given to
all student like this:
Rf =

⎡ R7 ⎤ ⎡ F3x ⎤ ⎡ 1MN ⎤
=
=
⎣ R9 ⎦ ⎣ M3z ⎦ ⎣−2.4MNm ⎦

(12)

Further common data given to the students are
D1 = 800mm and t1 = 20mm for the first element,
D2 = 600mm and t2 = 15 mm for the second element, together with numerical values like E = 200 GPa and
υ = 0.3. However, different lengths L1 and L2 are given to
students according to the following table to report different
results.
Then they have been asked to use sequence of formulas
from (1) to (11) to find the resulted linear and angular displacements (in node 3) via this formula by considering re = 0
in (9):
u3
rf = ⎡ φ ⎤ = K ‐ff1 (R f ‐Kfere)
⎣ 3⎦

In this step, a large or complex problem (multielement model of a system) can be solved by breaking
it down into some smaller problems (single elements)
in which the solution for it is much easier. This step is
inherently embedded in any FEM exercise, including
the one in the previous section.

(13)

Moreover, they report reaction forces Re forces considering re = 0 in (11) from the following formula:
⎡ R1 ⎤ ⎡ RF1x ⎤
RF
⎢ R2 ⎥ ⎢ 1y ⎥
RM
⎢ R3 ⎥ ⎢ 1z ⎥
R e = R 4 = ⎢ RF2x ⎥ = (K ee‐K ef K ‐ff1 Kfe)re + K ef K ‐ff1 Rf
⎢ ⎥
RF2y
R5
⎥
⎢ ⎥ ⎢
R6
RM2z
⎥
⎢⎣ R ⎥⎦ ⎢
8
⎣ RF3y ⎦
(14)

In this step, the patterns or trends in all small problems (single elements) should be identified. The
common features for each element in this exercise are:
The transformation and connectivity matrices for each
element shown in Equations (1) and (2).
The constrained and unconstrained DOF expressed by
(9) and (10)
The stiffness matrix for each element given by Equations (3)–(6).

4.3 | Abstraction
In this step, we identify the similarities and differences between small problems (elements) and work
out the solution based on that. In this exercise, the
main similarities are transformation and stiffness
matrices in (1) and (3). However, the main difference
is the connectivity matrix for each element given
by (2).

4.4 | Algorithm design
It is a procedure by which the step‐by‐step solution of
the problem can be described. In this exercise, the
procedure consists of:
Converting the local to the global stiffness matrix for
each element via Equation (7).
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Assembling the individual stiffness matrices to find
the global stiffness matrix KG for the whole system
by using Equation (8).
Partitioning the global stiffness matrix into four submatrices Kee, Kef, Kfe, and Kff according to (11).
Finding unconstrained displacements from (13) and
the reaction forces from (14) by using the above
submatrices.
All of the above steps are summarised in Figure 2,
in form of a flow chart. In this flow chart, the ABAQUS verification of the CT practice is also included so
that a complete picture of the CT practice in the exercise can be demonstrated.

N1x = 1 ‐

5.1 | Verification of further practical
results
To reveal further practical results, a deeper analysis is
required. To express the transversal and rotational DOF
in (9), the following shape functions are defined:
N1y =

1
1
(2x3 − 3x2L + L3) N1φ = 3 (x3 − 2x2L + xL2)
L3
L

1
1
N2y = 3 (−2x3 + 3x2L) N2φ = 3 (x3 − x2L)
L
L

(15)

To express the axial DOF in (9), the following shape
functions are defined:

N2x =

x
L

(16)

From the above shape functions, the compatibility
vector B, the strain ε, and the stress σ can be found via
the following expressions:
ε = Bu σ = εE

(17)

More detail about the relationship between compatibility,
strain, and displacement in (11) is given by the formula:
⎡ u(x) ⎤
d2
d
⎡
⎤
ε= ⎣
‐y dx2 0 ⎦ ⎢ v(x) ⎥
dx

 ⎢φ(x) ⎥
⎦
⎣
[∂]
⎡ r1x ⎤
0 N2x 0
0 ⎤ ⎢ r1y ⎥
⎡ N1x 0
φ
= [∂] ⎢ 0 N1y N1φ 0 N2y N2φ ⎥ ⎢ r 1 ⎥ (18)
2x
⎢ 0 dN1y dN1φ 0 dN2y dN2φ ⎥ ⎢ r2y ⎥
⎣
⎦
dx
dx
dx
dx


⎢ ⎥
φ
N
 ⎣ 2 ⎦

5 | F EM SO F TW A R E F O R
A N A L Y S IS O F T H E SA M E F R A M E
The same frame has been analysed in commercially
available FEM software ABAQUS. We have used two
beam elements type B22 with pipe cross section, with
similar dimension and material properties. To achieve
higher accuracy instead of three nodes in the previous
part, we have used five nodes. As an example, we have
used the data L 1 = 8 m and L2 = 6 m from Table 1. The
displacement map of the frame is shown in
Figure 3 and is obtained via ABAQUS.
The students have used sequence or formulas
(1)–(11) and found the results from (13) and (14).
Those results are displayed in the second column of
Table 2 below. Moreover, in the third column of
Table 2, the corresponding result via ABAQUS are
also shown. The comparison shows that differences
are negligible, which means that an individual student has successfully done the assignment with accurate CT.

x
L
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⏟

B

u

Which result in the following compatibility vector:
B = ⎡⎣ −1
L

−2y
L3

(6x − 3L)

−2y
L3

(3x − 2L)

1
L

−2y
L3

(−6x + 3L)

−2y
L3

(3xL − L2) ⎤⎦

(19)
From (17) and (10) the maximum bending stresses can
be found, and in Table 3, it is compared with FEM software
results. The determination of such mechanical stresses is an
important part of mechanical and civil engineering
education.
In this study, all students have been asked to provide
results similar to Table 3. For example, this case indicates
around 2% difference in stress levels calculated via ABAQUS
and the exercise formula (17)–(19). This can be due to the
difference between the result of numerical integration
(in ABAQUS) and the exact integration that resulted in
formula (3). When the structure is complicated and loading
is multiaxial and distributed, derivation of stiffness matrix‐
like (3) and the force vector (14) are formidable tasks. When
software results and calculated results are reasonably close,
any student has completed the CT cycle shown in Figure 2
flowchart. Many students completed the cycle by multiple
attempts.

6 | M E T HO D O L O GY OF T HE
RESEARCH
The methodology of this study is based on a FEM exercise
that can strengthen the computational thinking in individual
students. Each student has been given an assigned data, and
they are allowed to discuss in groups. Moreover, weekly
workshop sessions are arranged to guide them via practicing
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Flow chart of the computational thinking in the exercise
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TABLE 1
Last name

Allocated lengths
First name

TABLE 2
L1 (m)

L2 (m)

Comparison of some results
Result obtained via
formulas (1)–(11)

Result obtained via
ABAQUS

11

9

9

7

u3

12

10

φ3

−0.265° degrees

−0.279° degrees

8

6

RF1x

−0.69589 MN

−0.69547 MN

15

11

RF1y

−0.76672 MN

−0.76008 MN

10

7

RM1z

−0.83196 MN.m

−0.78829 MN.m

8

6

RF2x

−0.30411 MN

−0.30452 MN

14

10

RF2y

0.54980 MN

0.54621 MN

11

6

RM2z

−0.33884 MN.m

−0.32126 MN.m

17

13

RF3y

0.21691 MN

0.21387 MN

16

12

13

11

12

8

a mock assignment. A mixed route has been used such that
regardless of group discussions, individual report submission
is required. Students are asked about the effectiveness of the
scope. All of them confirmed that such an exercise enabled
them to understand the details of the computational techniques and compare them with the results of the software.
Therefore via such methodology, research goals have been
achieved. At the start of the course, the methodology is
discussed with students. Based on the feedback received,
weekly workshop sessions have been arranged in which
many issues, even ethical considerations, have been discussed. The theoretical background is summarised in a flow
chart in Figure 2, which thoroughly describes a CT‐based
stimulation procedure. This will help students to complete
the CT cycle much better.

FIGURE 3

Parameter

Deformed frame with two elements in ABAQUS

37

0.9293 mm

0.9257 mm

In total, 20 students participated in this assignment practice. They were in two groups but did the
assignment individually according to the data in
Table 1. The first group included eight on‐campus
students who attended the lectures and workshops in
person. The second group included 12 online students
who watched the recorded workshop sessions and did
the assignment. Both groups had performed well and
the average mark in each group was very close. This
indicates that regardless of the teaching method, the
exercise was effective for both groups and produced
the desired learning outcomes.
Since the exercise is CT‐orientated in nature, all
students used four elements of computational thinking in it. In the result section, the snapshots in
Figures 4 and 5 indicate some samples for abstraction,
decomposition, pattern recognition, and algorithm
design.

38
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Comparison of principal stresses

Parameter

Result obtained via formulas (17)–(19)

Result obtained via ABAQUS

Maximum σxx element 1

202.1 Mpa

197.5 Mpa

Minimum σxx element 1

−161.8 Mpa

−157.5 Mpa

Maximum σxx element 2

156.9 Mpa

152.8 Mpa

Minimum σxx element 2

−200.8 Mpa

−196.5 Mpa

FIGURE 4

sample of the students' work on pattern recognition (left) and decomposition (right)

7 | S A M P L E S O F ST U D E N T S '
RESU LTS
All students have followed the steps of computational
thinking, as shown in Figure 2. Therefore, they practiced a
sophisticated CT exercise. Herein, the snapshots of the students' solution in which the elements of the computational
thinking does exist are demonstrated.
From the beginning of the course, the assignment
is released to students with the heading shown in
Figure 7a. Thereafter, a weekly workshop is arranged
in which various steps, as shown in Figure 2, are
practiced via a mock assignment. When four workshop sessions are ended, students are given further
4 weeks to do the assignment. In Figure 7b, the cover
sheet of the submission is shown, indicating that the
assignment is not group work but an individual effort.

FIGURE 5

Figure 7c shows the sample table of contents, and a
typical numerical calculation is shown in Figure 7d.
Students in this study did an FEM exercise. The
explicit form of “pattern recognition” and “decomposition” is shown in Figure 4. Also, Figure 5 shows
the explicit form of “abstraction” and “algorithm
design.” Moreover, the verification by ABAQUS is
demonstrated in Figure 6. Therefore, they have done a
full CT cycle by completing the assignment.

8 | CONCLUSIONS A ND
DISCUSSIONS
There are three main drivers for computing and CT, namely science, technology, and society [20]. Therefore, as demands in society change toward complicated machines and

sample of the students' work on abstraction (right) and algorithm design (left)
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FIGURE 6
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sample of the students' work on verification of CT practice in Figure 2 via FEM software ABAQUS

structures, engineering education is faced with new challenges, as witnessed during past decades. To overcome such
challenges, the FEM course has been included in postgraduate and also undergraduate studies since the early
1990s [17].
It helped students to analyse the complicated engineering problem, where a substantial amount of computation together with computational thinking was
required. Considering FEM courses as a platform to boost
the CT skills in engineering students has not been found
in the literature. Instead, the existing research mainly

focuses on curriculum reform [22]. However, in this
study, the FEM course has been described as an excellent
platform to improve CT skills at the university level.
Therefore this paper fills the gap in this field.
As shown recently in [4], FEM lecturers believe
that the content and style in teaching FEM should be
reformed. This paper introduces a CT‐orientated style
of FEM teaching for the first time. Each student solves
a simple structure by his/her own CT skills and does
the same problem by the inbuilt CT in ABAQUS. Then
compares results via Tables 2 and 3. This indicates if

F I G U R E 7 Snapshots showing the features of the assignment. (a) Assignment title, (b) cover sheet of the submitted work by students,
(c) table of content of the submitted assignment, and (d) typical numerical calculations
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the cycle of CT practice in the flowchart (Figure 2) is
completed or not.
The students are taught formulas (1)–(19) during the
course, by which the second column of Tables 2 and 3 is
determined. It is shown that how the STEM knowledge
combined with CT skills can provide the second column in
Tables 2 and 3. When the second column is compared with
the third column (created by ABAQUS), it provides a sense
of self‐efficacy to the students. They will use such software
for design and analysis in their future industrial careers. This
would help them to handle such software easily.

9 | LIMITATIONS A ND
RECOMMENDATIONS FOR
FUTURE STUDIES
The present study has been practically implemented
in a class with 20 students. This included eight on‐
campus full‐time and 12 online distance‐learning
students. There are two allocated data columns in
Table 1, for two lengths L1 and L 2 (see Figure 1). In
mass courses, with a substantial number of students,
further data columns can be added to Table 1. This
enables more than two parameters plus different
boundary conditions to be allocated to each student.
The consequence will be further strengthening of
their CT skills. Moreover, classes up to 300 students
can be accommodated in the course, and the assignment may be assessed digitally. Digital assessment
procedure has been described previously in [2].
It can be recommended that such kind of assignment can be used in other fields of engineering education. It should be remembered that the mechanism
of data allocation in Table 1 strongly depends on
the practical implications. The emphasis here is
strengthening CT skills in the individual rather than
the group. It is obvious that more complicated assignments can be designed via a similar style to
be allocated to groups of students rather than
individuals.
Future research can be done to strengthen CT
skills in the blended learning environment. Presently,
in COVID 19 pandemic situation, a mix of campus
studies and online learning are practiced in many
universities, and the author is involved in such
activities both in undergraduate and postgraduate
studies at the University of Aberdeen.
Further research is needed, to extend such CT
skills in big group projects where the monitoring
procedure of CT aspects is complicated. The author
is planning new research to accommodate CT‐
orientated group projects in near future. The structure
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of such assignments for group work will change
substantially.
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