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Abstract. The paper reports on the design of an augmented reality (AR) appli-
cation for structural analysis education. Structural analysis is a significant course
in every civil engineering program. The course focuses on load and stress distri-
butions in buildings, bridges, and other structures. Students learn about graphical
and mathematical models that embody structures as well as to utilize those models
to determine the safety of a structure. An often reported obstacle is the missing
link between these graphical models and a real building. Students often do not
see the connection, which hinders them to utilize the models correctly. We
designed an AR application that superimposes real buildings with graphical
widgets of structural elements to help students establishing this link. The focus
of this study is on application design, especially on the question whether students
prefer an application that guides them when solving an engineering problem or
whether the students prefer to explore. Students were asked to solve a problem
with the application, which either instructed them step-by-step or allowed the
students to use all feature on their own (exploring). The results are inconclusive,
however, tend to favor the explore mode.
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1 Introduction

The goal of our research is to help students to better understand structural analysis using
Augmented reality (AR). Structural analysis is a significant course in any engineering
program. Students learn about load and stress distributions in buildings, bridges, and
other structural elements. The course program incorporates the structural models such
as beams, trusses, and others, as well as their utilization to determine the safety of a
structure. All structural models, also called members, usually have a graphical compo-
nent and a mathematical description. The first one allows students and engineers to
sketch the load elements of a structure, the second one allows for analyzing the struc-
ture’s load. Figure 1 shows an example of a frame structure. Students learn in a course
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how they can use it theoretically. However, to connect it to a building such as the one
Fig. 1 illustrates remains challenging.
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Fig. 1. (a) A typical frame structure engineers use to analyze the load and deformation of
buildings. (b) The frame can represent parts of the building. Students often struggle to see the
relation.

The struggle for novice learners is twofold: First, it is difficult for students to identify
the correct member for a particular building (i.e., beam, truss, frame). Second, even if
they found the element, it is often not clear how one has to represent a real building
using the graphical and mathematical components. More massive structures incorporate
multiple connected elements, connected by supports and other means. As a consequence,
most novices in this course do not appear to gain the required understanding of funda-
mental concepts, such as load effects and load paths. They also cannot visualize the
deformed shape of simple structures, a necessary skill to conceptualize structural
behavior beyond formulas and methods [1, 2]. The prevailing theory attributes those
learning deficiencies to the ineffectiveness of the traditional lecture-mode of teaching.
Instructors spend much effort on the analysis of discrete members, and less on under-
standing the behavior of the entire structure in a three-dimensional context.

We developed an AR application denoted as iStructAR to supplement traditional
structural analysis lectures. The application superimposes a building or any other struc-
ture with graphical widgets indicating members, supports, loads, and other elements.
The application is interactive. Students can change, for instance, the magnitude of a load,
its distribution, and other required elements to solve an engineering problem. We
initially introduced the application in [3, 4]. This research focuses on the mode of
instruction: Guiding or Exploring. Students of an introductory structural analysis course
are novices to this topic. Consequently, an instructor guides the students through the
problem-solving process before he or she encourages them to solve a problem on their
own accord. Following this notion, the application may also guide the students. On the
flipside, it may just act as a facilitator that encourage the students, nevertheless, requires
them to know the problem-solving process. iStructAR implements the second option.
However, it encountered opposition when students of an initial study [1] reported they
“Idid not know what to do.” To further assess these options, we realized a second, guided
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application mode, which takes the students through a step-by-step procedure. Students

that participated in a study had to either use the guided mode or the exploring mode.
The next section introduces the application. Section 3 explains the study and reports

the results. The last section closes with a conclusion and future aspects of this research.

2 iStructAR - Application Design and Scenarios

iStructAR is an application designed for an Apple iPad. Its interface and entire design
utilize the standard Apple UI widgets (Sect. 2.1). To support typical lectures, it imple-
ments a set of structural analysis scenarios that supplement the problems instructors
assign to students (Sect. 2.2). Each scenario addresses a different aspect of structural
analysis.

2.1 Application Design

Figure 2 shows a screenshot of one of the application scenarios. The application operates
in landscape model and shows a video of a selected building. Here, it shows a skywalk,
the structure of interest. The graphical interface follows a typical border layout with the
center area in the center surrounded by interaction widgets along the border. Since the
application utilizes AR, the central area displays a video captured by the iPad’s back
camera, which the renderer superimposes with 3D models representing different struc-
tural members. Several graphical widgets along the border allow a user to control the
application. All widgets are organized by functions groups. The bar at the bottom
contains widgets that allow the user to control the app. These widgets include, for
instance, button icons to change the load situation. Since the load situation changes for
different scenarios, the definition of these buttons can change. The right side of the
bottom bar hosts control button icons. A user can control the usage mode (stand along,
indoor, outdoors). At the upper left corner, the user can find several switches to turn on
or off visualization widgets. These switches allow a user to enable or disable particular
load visualizations, independently from the load itself. Depending on the task, the
display can become cluttered with graphical widgets. Thus, a student might lose track
of all the different items on the screen. Being able to switch specific features on and off
helps to maintain the overview. Besides using button icons and switches to interact, all
loads widgets on the primary display are also gesture controlled. The user can change
the location and the magnitude of a load with his/her fingers.

From an application point-of-view, students should work with the application in front
of a physical building'. The application works with object recognition. Thus, it recog-
nizes when a student points the iPad towards, e.g., the skywalk, it calculates the pose,
and instantly populates the image with 3D models indicating the load, reaction forces,
and other scenario-dependent items. It is possible for a student to freeze the video feed

" Avideo demonstrating the usage can be found on YouTube: https://www.youtube.com/watch?
v=kANM-r5FhOk.
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Fig. 2. The interface structure of iStructAR.

and work with the last image instead. Pointing the iPad towards a building is tiring, so
this option allows a student to work in a more comfortable posture.

The application also supports an indoor mode. During winter times or severe weather
conditions, students can work with printouts of the structure. Although this solution is
notideal since they see the building from one perspective only, it is an acceptable tradeoff
between good-weather and not using the application at all. The last mode is a so-called
demo mode. This mode only shows a prepared image of the building. It acts as a demon-
strations scenario to quickly show the application features. Students should not use it.

2.2 Application Scenarios

Currently, the application content is still under development. However, students can
already practice their skills on three engineering application scenarios. Each application
scenario is either related to a particular structural member (i.e., beam, frame, truss) or a
load situation (i.e., static load distributions, wind load, seismic load).

Figure 3 depicts the beam application scenario. The objective of this scenario is to
explain beam deflection under load. Every solid surface deflects when one exerts load
to it. In this scenario, the load comes in the form of a so-called dead load, which is due
to the weight of the structure, and a live load, due to the people crossing the skywalk.

Students need to understand how different load situations affect the deflection, espe-
cially the form of the deflected beam. For that reason, an instructor would usually assign
a task to students that asks them to draw the deflected beam for different load situations
and to compare the form of the beam. Instead of drawing, the application allows the
students changing the load, its distribution and magnitude in particular, and to observe
the differences. The essential point here is that students can instantly relate the form of
the deflection to the concrete skywalk and notice the critical locations. When comparing
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Fig. 3. The Skywalk scenario features a beam (blue line) Students can change the load, the
application calculates and visualizes the response (deflection and reaction forces). (Color figure
online)

multiple load situations, students should be able to develop an understanding which
sections of a skywalk are the most critical once and how a beam member allows them
to identify these critical points.

Figure 4 demonstrates a seismic load scenario. Earthquakes exert a seismic load on
buildings. It appears as an oscillating load, which shakes the building. The challenge
here comes in the form of the technical definition of the seismic load. Civil engineers
employ a seismic map which states characteristic factors for every region of a country.
Although these characteristic factors encode the load, engineers need to translate them
it into an oscillating load first. Thus, those factors have no natural meaning. The AR
application visualizes the load and the deflection. Load distribution and deflection
change quadratic and can exceed a critical tolerance at a certain point. In this example,
using a bell tower, the particular point is a certain height. Using the AR applications,
students can observe the tower from multiple directions and notice the critical heights.
Furthermore, they can change the characteristic factors. Changing factors technically
means they virtually place the bell tower in a different location. Again, they can compare
the different critical loads and deflections and analyze whether a bell tower build for
Towa would also last in California, for instance.

The hypothesis is that the AR application facilitates learning because the students
can better associate a structural member or a response to a load to a building. Further-
more, the application should engage students to work on the topic. Therefore, the appli-
cation design follows three principles, which were often favored in the related studies
[5-7]: The content is semantically context-related, interactive, and provides instant
feedback. Registered 3D models of members and load realize semantically context-
related content. We hypothesize that this will allow students to better understand how
they can utilize structural members. Instant feedback to interactive changes should also
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Fig.4. Seismic load on atower. This scenario shows how a tower is modeled with beam members.
The scenario shows the reaction forces and deflection due to seismic stimulation.

allow them to better learn the effects of load changed. Students can experiment with
load situations and compare the results on structures.

3 Study

We encountered a challenge pertaining application usage during our initial study [1].
Students reported they were unsure how they can use the application to solve a problem
the instructor assigned to them. With this result faced, we decided to test whether
students would prefer a more guided approach. One that tells or asks them step-by-step
what to do. Although this might betray the purpose of the entire class, students of this
course are still novices and might be overwhelmed when already left alone with a
problem after one first example. In an ideal case, students should experiment and explore
until they can solve problems on their own accord. To better understand the struggle,
we prepared two applications modes denoted as guided-mode and explore-mode
(Sect. 3.2). Students were asked to solve a problem (Sect. 3.1) using one of these modes.

3.1 Problem

The problem incorporates three questions that the students had to solve using the appli-
cation.

Question 1: “If auniformly distributed load was placed over the structure shown below,
how would each span deflect? Draw the deflection shape on the diagram
below” (Fig. 5a).
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Fig. 5. a-b: Supplementing figures that visualize the load situation of the
problems.

Question 2: “If students were to walk across the entire Skywalk, or stand on the entire
Skywalk, what type of load could be used to model their effect on the
structure? And, how would this load affect the deflection? Draw the
deflection from the additional load on your original deflection image.”

Question 3: “The diagram below has the same span lengths as the modeled Skywalk
in the app. The third span length is 55 feet. If a uniformly distributed dead
load of 1.2 k/ft was on the entire structure, and a uniformly distributed live
load of 0.8 k/ft was on the third span, what would the reaction at the fourth
support (shown as Ry) be? Remember that each individual span is simply
supported.” (Figure 5b) shows the supplementing sketch

A student can solve all three questions with the application by adjusting application
parameters until they match the stated situation. The first question requires the student
to adjust the load on a beam. Hence, the student needs to identify a beam (Skywalk
scenario) and adjust the load. As a result, the graphical beam would deflect and demon-
strate the deflection. The procedure to solve the second question does not deviate much
from the first one. Here, a student is required to know how he or she can model group
of scattered people on a Skywalk. A solution for that is also part of the application
scenario. Likewise, the last question asks the student to set the load parameters correctly.

Each question imposes two problem-solving aspects to a student. He or she first
needs a minimum understanding of structural analysis. This aspect pertains structural
analysis. Secondly, he or she also has to identify the graphical widgets allow one to
change load parameters and visualization settings, which is a usability aspect.

3.2 Guided-Mode Vs. Explore-Mode

We prepared two versions of the application denoted as guided-mode and explore-mode.

The guided-mode provides step-by-step instructions as text to a student (Fig. 6). All
instructions appear on the lower bottom of the screen. A “next” button icon allows the
student to move through all instructions for this task. With “previous” they can step
back. Currently, the application does not verify whether a student completed a step
correctly. A student can also browse through all instructions first before attempting to
solve the problem.
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Fig. 6. a-b: A window at the bottom of the screen conveys instructions.

The explore-mode allows the students to use the application as it is; as described
before. We did not add any additional hints. This mode requires the student to possess
some problem-solving skills or at least, need the student to be explorative so that he or
she can understand how s/he can use the application to solve the problems.

On a difficulty scale, we consider the three questions as simple, on the right level for
novices who just start to learn about structural analysis.

3.3 Experiments and Results

We recruited students from the civil engineering department to conduct experiments
following a between-subject design. Upon arrival, each volunteer read and sign an
informed consent document. Next, an experimenter introduced the tasks, the equipment
and the procedure to the student. Next, every volunteer completed a brief prequestion-
naire which record age, sex, level of education, and field of study or profession. The
student could ask questions. The experiment started when the student had no further
questions. There was no time limit imposed, although the experimenter asked the student
to be as fast as possible. Each student completed a questionnaire afterward. The ques-
tionnaire asked 16 questions (Table 1). We used a 5-point Likert scale. Students were
also asked to take screenshots.

Table 1 shows the results of the questionnaire. We calculated the mean and standard
deviation for each question, split into the guided mode and explore model. The overall
mean for the guided mode is p, = 4.08 (std. dev = 0.62) and for the explore mode p, =
4.40 (std. dev = 0.67).

The results are inconclusive. However, students tend to favor the unguided mode.
Although the mean values for all questions do not yield any significant results, the
variance indicates a particular trend towards the unguided mode. For unknown reasons,
the students that used the guided mode tends towards problems finding the right buttons
and graphical widgets that they need to solve the problem. The questions 1, 4, 6 and 7
indicate this trend given the variance within all answers. In general, all results indicate
that the students only had little problems to use the application to solve the given prob-
lems. We initially assumed that students might have problems identifying beams or may
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Table 1. Results of the post questionnaire.

No Question Guided mode | Explore
mode
Mean | Std. | Mean | Std.
dev dev

1 I could identify the functionality of the available options | 4.00 | 1.00 | 4.33 | 0.58
through icons

2 I could select the desired functions on the app all the time | 4.00 | 0.00 | 4.67 | 0.58

3 I could easily undo/redo any action if I felt to do it 4.67 | 0.58 | 5.00 | 0.00

4 I could easily figure out what to do next given the 4.00 | 1.00 | 5.00 | 0.00
instructions from the test facilitator

5 I could understand the messages that appeared in the app | 4.67 | 0.58 | 5.00 | 0.00

6 I was not confused or lost while performing the tasks 3.67 | 0.58 | 3.67 | 0.58

7 I could enable the visualization of the load 4.33 | 0.58 | 5.00 | 0.00

8 I could easily distinguish the different types of load on | 4.67 | 0.58 | 4.67 | 0.58
the screen

9 I believe the arrows are appropriate representations of | 4.67 | 0.58 | 5.00 | 0.00

loads on the structure
10 I believe the curved line (the blue color line) is a good | 4.33 | 0.58 | 4.67 | 0.58
representation of the structure’s deflection
11 I could easily read the distributed load values, reaction | 4.67 | 0.58 | 5.00 | 0.00
force values, and deflection values on the screen
12 I could easily take a screenshot of the app screen 3.33 | 0.58 | 4.00 | 1.00
13 I could easily change the load to a certain magnitude 3.00 | 1.00 | 3.33 | 2.08
given by the test facilitator
14 I could easily manipulate the location of the distributed | 4.33 | 0.58 | 3.67 | 1.53
load to a certain position
15 When I manipulate the location of the distributed load, I| 2.33 | 0.58 | 3.00 | 2.00
prefer dragging the load on the touch screen over clicking
button icons

16 The definitions of dead load and live load contained 4.67 | 0.58 | 4.33 | 1.15
within the app interface helped me to understand the
different types of loads

struggle to distinguish the different types of load. The results to question 9 and 10 indi-
cate the opposite, regardless of which mode a student worked with. Despite the fact that
this result is also not significant, the overall trend also shows that the interface design
complies with the students’ expectations for graphical representations of structural anal-
ysis members. A surprise to us was the students’ problem to take screenshots using an
iPad; they were asked to take a screenshot to document their results. The application
interface had no button to save screenshots at this time and we assumed that students
know how they have to operate an iPad to record screenshots. Apparently, this assump-
tion was wrong.

A limitation of this study is currently the number of scenarios that were tested.
Students had to solve a beam problem only. Thus, other members such as frames and
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trusses remain untested. Although we currently see no essential differences from a
problem-solving perspective, no data is available to underpin this assumption.

4 Conclusion and Outlook

Due to the insignificant results, we cannot state any certain conclusion. However, the
initial plan for this project intends to use an explore mode, which allows students to gain
a better understanding by exploring a solution on their own accord. The results at hand
do not indicate any difference. Thus, the authors will maintain the explore mode solution
for future studies. Additionally, and despite our initial doubts after testing, the authors
also do believe that allowing students to explore a solution to a problem is a better
teaching strategy. Guiding students is almost comparable to giving them a solution.
Almost, since the students still have to connect the dots, e.g., identify a truss or beam
and the effects of load on those structures on their own. Nonetheless, it denies them the
experience to determine the procedure on their own accord.

A next step is a study in a classroom with two sections of a structural engineering
class at Iowa State University. One section, the students, in particular, will pose the
experimental group working with the iPad, the other the control group. We scheduled
the study to be conducted during the Fall 2018 term.

Please visit web.me.iastate.edu/istructar for future update.
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