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Development of a low-cost, compact, and portable experimental kit for online

engineering statics courses (Work in Progress)

Abstract

Online education is expanding rapidly. The ongoing COVID-19 pandemic has forced many
universities to move from conventional, face-to-face instruction to hybrid or entirely online
instruction. To overcome this unprecedented situation, instructors have modified course content
and laboratories to be available virtually while trying to make them as interactive as possible.
Virtual laboratories are either mostly pre-recorded experiments or involve controlling
physical/virtual equipment through an online interface. None of these methods provide an
adequate hands-on learning experience, which is essential for understanding fundamental
engineering concepts. For online and distance learning programs, hands-on activities in a
laboratory classroom setting are not always feasible, generating a strong push to develop low-
cost, compact, and portable experimental toolboxes and Kits that individual students can obtain.
A group of faculty, students, and staff at the University of Indianapolis has developed an
experimental toolbox that allows students to visualize engineering statics fundamentals. The
experimental kit and a list of experiments complete with instructions will be made available to
the students at the beginning of the course to perform the laboratory-style experiments at home.
Students will be able to collect an experimental kit from campus with an appropriate deposit
(each kit costs approximately $180 to $200 US). The university can also ship Kits to students'
addresses upon request with an additional delivery cost. Students can return the experimental kit
at the end of the course and have their deposits returned. Performing laboratory style

experiments at home using these kits will provide a valuable hands-on learning experience.

Introduction:

Originally, the main thrust for this work lied in the fundamental assumption that hands on
experiences universally lead to greater student outcomes in introductory mechanical engineering
courses [1]. We operated under parameters set forth by Benson [2], Dollar [3, 4], and others that

even under the best of circumstances, online curriculum are usually a substitute or at least a mild



panacea for in-person, kinesthetic activities [5]. Of major importance to many of these works is
the persistence of the dreaded if students simply engaged in more “real engineering” thought
monster that arises as a panacea any time the community embarks upon a journey of self-analysis
and reinvention. This of course is not an ubiquitous truth, and is fraught with exceptions. The
primary counter-argument to the tug of war encompassing real engineering is that while many
works assume students will naturally have greater outcomes when their interests are engaged,

what happens when this house of cards collapses?

The times and situation we currently inhabit have radically changed over the past year, and this
has forced us to reflect upon how our apparatus will affect student outcomes when the social
development of our apprentice engineers does not include the typical college experience, forgoes
regular lab instruction, and reinforces different cognitive pathways and habits. Within this
world, the sociological and social psychology notion of zero acquaintance takes on new and
more powerful meaning [6]. Just as with Vygotsky’s premise of changing cognitive pathways
being initiated by a major revolution or other cultural phenomenon, our approach to providing a
portable, at-home apparatus for introductory statics cuts two ways [7]. First, this setup becomes a
key step in bridging the gap between the traditional lab’s in-person experience and potential at-
home or remote experiences. In today’s post-COVID world, a viable lab setup can help maintain
continuity of lab work over an extended period of time. Second, as students entering their major
courses have not yet been exposed to real engineering yet, this apparatus helps us provide a
normalizing factor that will make the eventual transition back to normalcy in the classroom less
abrasive. One such problem at hand is the risk of normalizing procrastination due to extended
online or at-home learning [8]. When the actual, real setup used in the classroom is now
available at home, it potentially attenuates this phenomenon. This also removes one of the main
barriers studied in earlier online learning theories created when students or faculty are thrust into
a new virtual space — one mimicked by when entire universities are compelled to close shoppe

abruptly and go virtual [9].

We adopted the idea — and still maintain this notion — that a nuanced and iterative approach to
bolster student proclivity with introductory lab equipment is a viable and effective way of
increasing student outcomes in mechanical engineering. This hybrid approach has the potential

to not only bolster student outcomes, but provide much needed grounding for students during



this unstable and uncertain period in higher education. The seminal education researcher Astin
has been known for promoting the idea that the most important data point in the study of higher
education is the institution itself [10], but we are not in normal times. In times of mass change,
the way through can be a return to fundamental concepts taught with the most effective means at

hand. We aim to empower faculty to ground students and provide stability through this work.
Development of the portable experimental kit:

A work panel is an essential piece of equipment in an engineering statics-teaching laboratory.
Sarker et al. [11] previously developed a work panel made with aluminum plates and aluminum
extrusion frames. It was envisioned for use in a lab classroom setup. In light of the COVID-19
pandemic, a low-cost, compact, and portable experimental kit for online engineering statics
courses was developed. Preparing the Kit requires the construction of a lightweight work panel,
collecting all of the necessary tools, and demonstrating experiments typically covered in an
engineering statics course. Students will acquire this kit at the beginning of the course and return
it at the end of the course, which can then be redistributed to students enrolled in subsequent
offerings of the course. The students will be required to make a deposit equivalent to the total cost
of the kit, which will be returned upon returning the kit. The per-unit cost of the experimental kit
has not yet been fully determined as only one prototype has been constructed. However, it is
expected to cost between $180 to $200 US.

All the materials were purchased locally. The machine shop at the University of Indianapolis was
used as needed. A lightweight work panel was constructed similar to the one reported previously
by Sarker et al. [11] but using plexiglass instead of aluminum for a lower cost, without
compromising any functionality. Figures 1 and 2 show the work panel. The work panel is easy to

assemble, and it can be folded flat to ship inside a cardboard box.
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Figure 2: (a) A Fully assembled work panel, and (b) a disassembled work panel.

In this lighter version of the work panel, various add-on tools, including pulleys, clamps, cords,
weights, and weight hangers, can be used to demonstrate statics experiments in two and three-

dimensional spaces.



The following experiments were demonstrated using the proposed Kit:

Force equilibrium in two-dimensional spaces
Force equilibrium in three-dimensional spaces
Demonstration of a vector dot product
Demonstration of vector cross product

Beam reactions

Center of gravity of an area and volume

N o gk~ w npoe

A spaghetti bridge construction project

Sarker et al. [11] presented some of the experiments listed above (2, 3, and 4). The remaining
experiments have not yet been used within a course. The work panel is not limited to the
experiments mentioned above; it is highly customizable and it is feasible to create many other
engineering mechanics-related experiments with appropriate add-on tools. The three grid plates of
the work panel were made from 0.25” thick, 12 X 12” plexiglass sheets using a water jet cutter.
These plates can also be manufactured with other materials, such as plywood sheets, and cut using
a laser cutter. The grid plates were connected by tight-clearance piano hinges, a 3D printed L-
shaped PLA polymer bracket, and four 0.25” diameter by 12” long acrylic rods. It should be noted
that the acrylic rods are fairly brittle and an alternative material for these components is currently

being investigated.

Force equilibrium in two-dimensional spaces

The work panel was used to demonstrate a force equilibrium in two-dimensional spaces, as shown
in Figure 3. Either of the vertical panels can be used as to mount the add-on tools, including
pulleys, keyrings, twine, weight hangers, and weights. Students can sum all forces to zero to

determine any unknown resultant forces.



Figure 3: Demonstration of force equilibrium in two-dimensional spaces.
Force equilibrium in three-dimensional spaces
The demonstration of a force equilibrium in three-dimensional spaces is shown in Figures 4 and

5. Figure 4 shows a typical textbook exercise problem in this topic, which was reconstructed with

the kit using pulleys, cords, weight hangers, and weights attached to the work panel (Figure 5).
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Figure 4: A sample problem to demonstrate force equilibrium in three-dimensional spaces.




Figure 5: Reconstruction of the sample problem presented in Figure 4 using the work panel with
the corresponding free-body diagram.

This demonstration uses three weight hangers (W, , W,, and W5) to balance the fourth one (IW/,)
using twine and low friction pulleys. Two weights (W;, and W,) and a center weight (IW,) are
fully covered with painter’s tape to represent unknown tensions on the two cables and the
unknown weight of the crate. One weight (I#/3) was visible to represent a known tension on one
of the cables. To determine the unknown weight (W,) of the crate, an equilibrium condition can
be applied.

Typical textbook exercise problems (such as the one shown in Figure 4) usually provide the
coordinates of the points but finding the coordinates in the reconstructed setup (Figure 5) is not
straightforward. At this point students may realize the difficultly of measuring angles in three-
dimensional spaces compared to two-dimensional spaces. An eyeball measurement of angles
using a protractor will lead to large errors. Furthermore, the angle at which the cord leaves the
pulley depends upon the equilibrium conditions. Therefore, to get accurate coordinates of the
points, the previously published procedure is recommended [11].



Demonstration of a vector dot product

In engineering statics, the vector dot product determines the angle between cables in three-
dimensional spaces. For the hands-on activity, one sample configuration of cable attachments on
the work panel is shown in Figures 6 and 7. Any point on the work panel can be selected as the
origin of a Cartesian coordinate system, and the position coordinates of the points 4, B, and C can
be found using a ruler scale or a measuring tape. The vector expression and magnitude of AB and
AC can be used in a vector dot product expression to find the angle between AB and AC. This
experiment introduces an otherwise more abstract concept using visualization, which has been
shown as a desirable means to improve learning [12]. A detailed explanation of this experimental

procedure was previously published [11].

Figure 6: Two different views of a vector dot product demonstration on the work panel.



Figure 7: Demonstration of a vector dot product experiment on the work panel.

Demonstration of vector cross product

A hands-on exercise for reducing a system of forces (parallel forces) into a force-couple system
was developed using digital weight scales, a transparent plexiglass sheet, weights, weight hangers,

and leveling feet. Figures 8 and 9 show the demonstration of the vector cross product.

Figure 8: Schematic demonstration of vector cross product with an equivalent force-couple
system.



Figure 9: Demonstration of a vector cross product with an equivalent force-couple system using
the experimental Kit.

Three leveling feet were placed on top of the three weight scales. A transparent plexiglass sheet
was then placed on top of the leveling feet. The readings of the scales were zeroed at this point. A
marker was used to mark the points on top of the plexiglass, touching the leveling feet’s top faces.
Three weight hangers with different weights were then carefully laid on top of the marked points
on the plexiglass. The corresponding reaction forces were measured using the digital scales. The
readings in grams were later converted into forces. A ruler scale, measuring tape, or slide calipers
can measure the coordinates of three different points where the weight hangers were placed. The
origin of the coordinate system can be any point on top of the plexiglass sheet. The position vector
of the resultant force was calculated by reducing the three parallel forces into a force couple
system. The detailed experimental procedures of this demonstration have been previously reported
[11].

Beam reactions

A simply supported beam was demonstrated to show the effect of load and moment along the beam
by its reaction forces. A one-foot length of perforated square tube was used as a beam, and two
leveling feet were attached at both ends. A 3D-printed angle bracket was also placed on top of the
beam to apply a force moment on the beam. The beam was then placed on top of two digital weight
scales, and the scale readings were zeroed at this point. Figures 10 and 11 show the demonstration

of the beam’s reaction forces.



Figure 10: Schematic demonstration of beam reaction.

Reaction 2

Figure 11: Demonstration of beam reaction using the kit.

The weights were attached to two more leveling feet and then placed on top of the beam. This was
made to ensure the loads are applied at the center hole of the beam. A ruler scale and slide calipers
were used to measure the distances between the load, reaction points, and hole diameter. Digital
measuring scale readings were also recorded to compare with the analytical solution of the reaction
forces of the beam. The load at point C needs to be applied to point D with an equivalent force and
moment calculation. After interpreting the free-body diagram, the equilibrium conditions can be
applied to find the reaction forces at points A and F. In order to reduce the error to less than 5% a

careful measurement of positions is required.



Center of gravity of an area and volume

To demonstrate the center of gravity of an area and volume, a 0.25” thick plywood sheet was
used to cut composite areas by a laser cutter. After making the composite areas, the leftover
pieces of plywood were glued together to make different volumes. Figures 12 and 13 show the
demonstration of the center of gravity for a composite area and volume, respectively.

Figure 13: Demonstration of the center of gravity of composite volumes.



To measure the dimensions of the composite areas, students can trace the parts on paper and then
measure the dimensions using a ruler, slide calipers, and protractor. Students can also use any
CAD software to represent the dimensions of the areas and volumes. The CAD software can also
identify the centroid for areas and volumes, which can also be used to compare with the

analytical solutions.

Assuming the plywood is uniform in thickness, and homogeneous, the center of gravity
coincides with the centroid of its area. Also, assuming the composite volume made with plywood

is homogeneous, the center of gravity coincides with the centroid of the volume.

Spaghetti bridge project

A design challenge to construct a spaghetti bridge can also be performed by students with design
constraints provided and with minimum supervision. The feasibility of constructing a bridge with
1 Ib of dry spaghetti pasta was examined. It is possible to design, construct, and test a spaghetti
bridge with particular design constraints, including maximum length, height, and width
constraints. A glue gun can provide better bonding between the joints, but one might not be
available to students, or may rise safety concerns. To avoid this, a sample spaghetti bridge was
constructed using Play-Doh and white glue. The Play-Doh can be used to make the joints, and
the white glue can be used to join spaghetti sticks together to create a bridge floor. It is
recommended to make two trusses separately and join the two trusses while the Play-Doh is still
soft and easy to form. It is also recommended to wait overnight before attaching the bridge floor
with white glue. Figure 14 shows the testing of a spaghetti bridge made with both a hot glue gun
and Play-Doh.



Joint Failure

ade with play-doh

Figure 14: Demonstration of the spaghetti bridge project.

Figure 15 shows all of the contents of the kit. Each student will have access to a similar box to
perform the experiments remotely with minimum supervision. Some of the consumable items
need to be replaced once the students return the boxes, including a box of spaghetti, Play-Doh,
white glue, twine, and batteries before future distribution. Table 1 lists of all of the materials
with corresponding notes.



Figure 15: The contents of the experil kit.



Table 1: A list of materials to be included in each Kkit.

# Item Note
The grid plates were cut from a 0.25” thick plexiglass sheet. These
1 | A lightweight work panel plates can also be made with plywood sheets and cut with a laser
cutter to reduce the cost. The acrylic rods are fragile and can be
replaced with wooden dowels. Drawings available upon request.
Printed with PLA polymer filament. This bracket holds the vertical
2 3D-printed bracket grids of the work panel. This 3D-printed part can be replaced by
corner braces and screws.
These low-friction ultra-pulleys are the most expensive components
(www.vernier.com). Super-pulleys (www.pasco.com) are also used
3 | Ultra-pulleys (3 pulleys) for mounting on a vertical plane (Figure 3) and in any other
inclined planes. The super-pulleys are slightly more expensive than
the ultra-pulleys.
) ) These were purchased from www.tecquipment.com. The weights
4 | Weights and weight hangers are 10 g each. These parts can also be replaced by any other
weights and hangers.
LuckyStone Wh-B05 Electronic Digital Kitchen Food Scale
5 | Digital kitchen scale (www.amazon.com). These cost less than 10 USD/scale with a
(3 scales) capability to measure up to 5 kg with 1 g resolution. Any other
digital weight scales can also be used instead.
6 | Perforated square beam Steel bolt-together framing (www.mcmaster.com).
7 | 3D printed frame to apply Printed with PLA polymer filament. Drawings available upon
moment on the beam request.
PIvwood sheet to make A 0.25” thick plywood sheet was cut using a laser cutter to make
8 coyn\1N osite areas and volumes composite areas and the leftover pieces were glued together to
P make volumes. Drawings available upon request.
These are purchased from www.mcmaster.com. Four feet were
9 . mounted below the acrylic legs of the work panel. The rest of the
Leveling feet (10 feet) feet are required to connect with the beam and apply loads. These
can also be replaced with any other leveling feet.
10 | Tape measure
11 | Slide calipers
12 | Protractor
13 | Ruler (1)
14 | Twine
15 | Scissors
16 | Keyrings Purchased locally.
17 | A transparent plexiglass (16” x
12”)
18 | Marker
19 | 1 Ib spaghetti box
20 Play-Doh
21

White glue



http://www.vernier.com/
http://www.pasco.com/
http://www.tecquipment.com/
http://www.amazon.com/
http://www.mcmaster.com/
http://www.mcmaster.com/

Method

To assess the impact of the at home lab kits on virtual student learning, the team will be
comparing student understanding with the kit in a virtual learning environment to student
understanding with equipment in a traditional lab setting. During the Statics course, which the kit
has been designed to support material coverage, we will adopt a hybrid lab schedule. This will
create opportunities for students to learn in both the non-traditional virtual environment and the

university’s Statics lab.

Due to smaller class sizes, our courses typically do not exceed one section of Statics
offered per semester. This presents a situation that virtual and in-person learning evaluation be
conducted within the same and only course section. We can examine the efficacy of the at home
kit through multi week lab topics and performance collection. Consecutive labs covering topics
of which the at home kit supports instruction and learning (i.e. force equilibrium in three-
dimensional spaces and demonstrations of a vector dot product) will be offered to directly
compare student comprehension of the material via the low-cost kit and specialized university
lab equipment. One portion of the multi week lab will be covered with the at home kits and
limited virtual instructor interaction (e.g. virtually communicated questions and answers), while
students are either off campus or in a simulated virtual environment such as multiple work rooms
with kits and personal laptops. The other portion of the multi week lab will consist of a
traditional lab setting with sophisticated equipment and ample instructor interaction typically

available during such lab settings.

Performances in the virtual and in-person lab environments will be captured through lab
assignments and student reflections. Contingent on the ability to assemble enough kits for the
statics lab over the summer months, this assessment will be conducted during the next academic

year.
Conclusion:

A low-cost, compact, and portable experimental kit for online engineering statics courses has
been developed. The kit will bolster student proclivity with introductory lab equipment, which is
a viable and effective way of rising student outcomes in mechanical engineering. Next, the kit

will be distributed to students and its efficacy on student outcome attainment will be assessed.
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