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ABSTRACT

Although there have been many attempts to increase student engagement and interaction in
class through virtual reality and augmented reality (VR/AR), structural engineering has remained
as one of the disciplines that lacks interactive learning. There was an earlier attempt by the
authors to improve student learning in structural analysis and dynamics through a student-centric
cyber-physical system (SCPS) that reacts to student movement and outcomes structural behavior.
This system used mobile devices as sensors and sent data to be processed by a server. As a result,
it suffered from the inherent limitation of Transmission Control Protocol/Internet Protocol
(TCP/IP)—Ilags and instability. Therefore, this paper presents the development of a new SCPS
tool with a new system architecture that is much more stable and provide better user experience.
This SCPS captures and uses student movement (i.e., walking, turning, and jumping) as point
loads on a virtual bridge. As students move around, structural behavior (i.e., deflection) is
simulated and visualized in real time.

INTRODUCTION

Although there have been many attempts to increase student engagement and interaction in
class through VR/AR (Bressler and Bodzin 2013), structural engineering has remained as one of
the disciplines that lacks interactive learning. The authors (Yoon et al. 2019) have attempted to
improve student engagement and interaction through a SCPS that captures and reacts to student
movement and provides game-like visualization. This SCPS turns students into point loads on a
virtual bridge and simulates and visualizes structural behavior in real time as students move
around. A mobile app was developed to record student movement (i.e., walking, turning, and
jumping) and stream them via TCP/IP connection to a server that simulates structural behavior
and visualize the bridge movement and student movement.

The objective was to use this SCPS as a learning tool that would help students build a
“sense” or “intuition” for how structural components (i.e., simply supported beam, cantilever,
etc.) behaves under different loading conditions. By visualizing how a structure reacts/behaves in
real time as students (point loads) move, they can learn how their movement affects the behavior
of the structure. This learning tool, however, suffered from constant lagging and connection
instability due to the use of TCP/IP for connecting a mobile device with MATLAB. To
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overcome these limitations, this paper presents new Android-base mobile app development with
a new system architecture and configuration. This new SCPS provides much better stability and
user experience. This paper focuses on presenting the development process and the tool itself.

SYSTEM OVERVIEW

The overview of the proposed system is shown in Figure 1. (Yoon et al. 2019) developed a
similar system, however, it suffers from lagging and instability issues due to the inherent remote
execution of structural analysis utilizing TCP/IP protocol for communication. The proposed
system is developed as a gaming application in android that students can interact, without any
TCP/IP communication, to understand structural responses due to natural movement of a
dynamic load. The mobile application builds on accelerometer sensor to detect the movement of
a player. The movement detection module classifies the accelerometer signal as either step or
jump. The structural dynamics analysis module is based on structural models like simply
supported beam. It also calculates the dynamic live load based on mass of the player that is
collected in prior and processed acceleration values obtained from movement detection module.
The visualization module updates dynamic movements of the structure on the mobile screen in
real-time based on a player’s movements. The fact that the system is developed as a gaming
application allows students to use this system and observe the changes happening to a structure
in real-time in an interactive as well as immersive fashion thereby enhancing their engagement in
class. The remainder of this section will explain each module of proposed system in detail
including the algorithms governing the respective modules along with open challenges and
possible directions for enhancements. Experiments were conducted and corresponding results
described in the paper were obtained using Google Pixel 2 smartphone.

Movement Structu_ral _—
Accelerometer S dynamics Visualization
analysis

Figure 1. System overview
Movement Detection Module

The movement detection module is for tracking player’s movements in a virtual space where
they constantly apply live load on the structure. Since we focus on the finite element analysis of
1-D problem, we need to track movements pertaining to 1-D problem. Likewise, the movement
detection module recognizes steps and jumps made by the players. The details are described in
following sections.

Processing Raw Sensor Data
Players use a smartphone to interact with the proposed system. Hence, processing raw sensor

data coming out of accelerometer sensor becomes a critical part of the system. Conceptually, a
smartphone identifies the acceleration (ar) applied on it by measuring the forces that are applied
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onto the sensor itself (Motion Sensors 2021). For this reason, when the phone is placed on a table
(not accelerating) the sensor gives out a magnitude of a = 9.8m/s?. Hence, it becomes necessary

to remove environmental factors such as gravity (g).

Figure 2 shows the difference between raw accelerometer readings with and without

gravitation components.
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Figure 2. Accelerometer data with & without force of gravity

Similar to a data preprocessing technique suggested by (Yao et al. 2020), we use a 4-th order
low-pass digital butter-worth filter with a cut-off frequency of 0.2 to 1) remove interference
and noise 2) smoothen the signal output. Figure 3 shows resulting filtered output of raw
accelerometer readings. Figure 4 presents screenshots of movement detection module taken from
the developed mobile application.

Accelerometer readings

Figure 3. Output of 4™ order butter-worth filter with jumps & steps
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Figure 4. (left) Accelerometer readings; raw accelerometer data (right top) accelerometer
data with gravity component removed & filtered (right middle) peak picking performed on
filtered accelerometer data (right bottom)

Movement Detection Algorithm

In general, there are variety of algorithms to capture activities that can be categorized into
time-domain, frequency-domain, and feature clustering approaches. The time-domain approach
has variety of methods including peak-estimation (Ying et al. 2007) (Chen et al. 2015),
threshold-based (Alzantot et al. 2012), zero-crossing (Jayalath et al. 2013), dynamic time
warping (Li and Yang 2013), auto-correlation (Kappi et al. 2001) (Ailisto et al. 2005). While
thresholding comes with its own shortcomings of choosing an optimal threshold (Kang et al.
2018) in uncontrolled settings, (Yoon et al. 2019) proposed an empirical method for activity
detection based on thresholding that performed well in a controlled setting. We build on a similar
movement detection technique as shown in figure 5. We employ a minimum difference threshold
of 1 between positive & negative peak for step detection and a minimum threshold of 4 for jump
detection. Since jump activity produces residual false-positive steps for short period, we force
the movement detection algorithm to pause for about 0.5 seconds after each jump activity
detection to reduce misclassifications. The algorithm was evaluated using 3 different players’
data for jump and step detection. Each player’s accuracy for step detection varied from 95.34%
to 98%, while jump detection accuracy varied from 94.89% to 97.45%.

Structural Dynamics Analysis Module
Once player’s movements are determined, we create and apply live load on a pre-defined

structure based on a configurable mass and exerted acceleration. The overview of the structural
dynamic analysis module is as shown in Figure 6.

© ASCE



Computing in Civil Engineering 2021 338

o

Accelerometer Preprocessing Determine peaks Peaks Cut-off value Jump

o

Figure 5. Movement Detection Algorithm

Live load x =Ax +Bu

u y=Cx+Du Visualization

Player position X Initial condition

Figure 6. Structural dynamics analysis

We assume the number of modes to be 5 for our experiment. We constraint all our
evaluations to the structure of a simply supported beam. Hence, the shape functions
Y1 (x), Y,(x),P3(x), Ya(x), Ws(x) are appropriately selected (in case of simply selected beam

Y (x) = sin(z%)). The mode shape matrix ¥ is then determined by combining all individual

mode shapes. Figure 7 shows 1) possible configurations that can be done to structure and
dynamic load i1) & iii) structural dynamics solver’s results.
The equations of motion can be represented as shown equation (2),

Mq(t) + Cq(t) + Kq(©) = G (2)

where M is the mass matrix, C is the damping matrix, K is stiffness matrix, and G is the force
matrix. K and M are determined using following equations (3) and (4)

K= [ Elp" " dx (3)

M= [, pAppTdx 4)

where E is modulus of elasticity of the beam, I is moment of inertia, p is density, and A is area of
sections of given structure. Damping ratio ¢ is assumed to be 0.2. We employ java’s common
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math library for necessary computation. Based on above two matrices, we can estimate natural
frequency w, and the mode shape ¢ using equation (5). Modal matrices are calculated using
mode shapes after which damping matrix C is calculated using equation (6).

[wn, ¢] = eig(K, M) ()
M, =yTMy
K. =yTKy

Cr(i, D) = 28V K (0, D) My (i, )
C=yp~cy™ (6)
The constructed models are represented as state space models using (7). We select

displacement, velocity, and accelerometer to be the output of the system. Now the system
matrices are represented using (8), (9).

) , . I 0 0
A= _ymg _yeaclBe=[Cg) 6= PP L _OG] ™
X = Z = A, [g] + BG (8)
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Figure 7. (left) Configurable parameters of system, (center) (right) structural dynamics
module output
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We solve the state space model and obtain y as a vector of displacement, velocity, and
acceleration. The displacement of the structure v at any position x is given by equation (10).

v=qyx) (10)
Visualization

One of significant differences compared to the previous approach proposed by (Yoon et. al
2019) is that rendering of structural response happens in real-time in the mobile device. Once we
obtain the displacement values at each x of given structure from the structural dynamic analysis
module (i.e., a simply supported beam), we refresh the screen by plotting the new positions of
each nodes on the screen using android’s OpenGL (Android OpenGL 2021) graphics library.
Figure 8 shows the visual rendering of a structure in the form of a bridge and a dynamic moving
load as a small black mass.

Figure 8. Visualization of structural responses with black mass acting as live load

CONCLUSIONS

This paper presents a new SCPS app that can capture student movement on a virtual bridge
and simulate and visualize structural behavior as students move around. This tool is designed to
be an interactive tool that will help students build a “sense” or “intuition” for the behavior of a
bridge (i.e., simply supported beam, trusses, cantilever, etc.). A future work will focus on
assessing effectiveness of this tool in learning structural engineering concepts.
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