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Abstract
A new closed-loop educational paradigm is introduced that bespeaks high student engagement
through a practically-focused engineering curriculum using as its principle teaching tool a “system
of systems” familiar to students. The approach is called TOP-DOWN-TOP (TDT). In each TDT
class, students are first presented with a familiar paradigmatic system of systems {TOP}. They
then focus down on a subsystem relevant to the class they are taking, learning the principles
underpinning its operation {DOWN}. Finally, they return to the overall system to discover how
the subsystem just studied works with other subsystems to impact the function of the device
{TOP}.
TDT will be taught across several courses in an engineering curriculum tied together by one
common overall system studied in each class. This approach allows students to connect theoretical
learning to practical systems as well as see how individual courses in the engineering curriculum
relate and build upon each other. The recommended ensembled system presented here is an
automobile; a complex engineered device with subsystems relevant to every engineering
discipline.
A preliminary example of data collection for a TDT Thermodynamics lesson is described. A 2008
Toyota Highlander was augmented with a Tire Pressure Monitoring System. One tire was
intentionally deflated to the minimum safe level while the other three remained correctly inflated.
The vehicle was then driven on the highway while temperature and pressure for all four tires as
well as ambient temperature, pressure, and humidity were collected at regular intervals. Gas
mileage was also monitored. These measurements were compared to similar data collected while
driving on four correctly-inflated tires. A Thermodynamic model was then developed linking
automobile fuel efficiency (a parameter of the overall system) to tire running temperature (a
subsystem parameter). The model uses measured tire temperature to correctly predict reduced fuel
economy when an automobile subsystem, a tire, is operated away from its specified ideal range.
Keywords
Top-Down-Top, Project-Based Learning, Thermodynamics Education, Automobile, System of
Systems
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Introduction
Here presented is a new educational approach called TOP-DOWN-TOP (TDT), which reimagines
and synthesizes a variety of successful educational techniques to encourage high student
motivation and engagement. TDT is a practically-focused, multi-scale engineering curriculum
using as its principle teaching tool one paradigmatic “system of systems” familiar to students from
their daily experience. TDT’s first unique attributes is a selected system of systems unifying all
courses in the TDT curriculum; it appears again and again in each TDT class.
The second unique TDT attribute is its closed-loop approach to presenting the system of systems
to students. An automobile is the representative system of systems used here (Figure 1). In each
TDT class, students are initially presented with the selected system of systems; an automobile
{TOP}. The class then focuses down on a subsystem relevant to the topic, learning the math,
science, and engineering principles underpinning its operation {DOWN}. Finally, they return to
the whole system of systems (the whole automobile), to discover how the subsystem just detailed
works with other subsystems to create a working car {TOP}.
TDT provides more than a theoretical analysis of the automobile and its subsystems. The third
unique attribute of this pedagogical method is its hands-on, project-focused, laboratory-based
approach to teaching and learning. Students work with a real automobile and its subsystems by
instrumenting components, designing and carrying out experiments, and analyzing the resulting
data to develop a practical understanding that buttresses and complements classroom theory.

Figure 1: The automobile is a paradigmatic TOP-DOWN-TOP engineered system of
systems familiar to students. This image is in the public domain [1].

The educational hypothesis underpinning TDT is that by 1) utilizing as a teaching laboratory a
complete, familiar, real-life system [an automobile] that contains many sub-systems {TOP}, 2)
identifying subsystems relevant to courses in the curriculum and teaching how those components
function via fundamental science and mathematics {DOWN}, and 3) returning to the full scale
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system to examine how changes to the subsystem impact performance {TOP}; students experience
a high level of confidence and excitement for learning arising from inspiration, engagement,
motivation, and persistence. While TDT has not yet been implemented as part of an engineering
program, we describe here an example module to showcase how TDT might be practically carried
in an engineering course.
Background
Many researchers call for drastic transformation in engineering education to replace traditional,
lecture-dominated, and narrowly-focused curricula [2-9]. A new generation of engineers is needed
who are technically adept, broadly knowledgeable, flexible, culturally aware, innovative, and
entrepreneurial [10]. To increase the effectiveness of education, the National Research Council
has recommended that engineering education have components that are hands-on and discoveryand demonstration-based [11]. Students’ interest in the subject matter, perception of its usefulness,
general desire to achieve, self-confidence and self-esteem, as well as patience and persistence are
among the factors that affect motivation [12,13].
Hands-On, Project-Focused, Laboratory-Based Active Learning
A critical component of learning is deliberate practice coupled with targeted feedback; in fact,
‘students learn what they practice and only what they practice’ [14,15]. Universities have been
researching how to meet the transformation demand, and many approaches have been suggested:
demonstrative teaching techniques [16], project-based learning [17], competency-based
learning[18], collective learning [19], cooperative learning in a classroom environment [20],
service learning [21-23], experiential learning [24], distributed project-based learning to address
globalization [25-27], learning in a multidisciplinary environment [28], constructivist learning
[29,30], and laboratory-based learning [31].
Closed-Loop, Multi-Scale Teaching Shows Sub-Systems’ Effect on Overall System
Despite the many transformative education approaches reported, the majority are focused on a
traditional bottom-up approach – starting from fundamental science and mathematics and building
to the system level. In the conventional paradigm, students are persuaded that they will eventually
learn about what really excites them AFTER completing basic and theoretical studies that seem to
have no obvious applications. This approach can leave an enormous gap in understanding between
engineering theory and it is applications [31,32]. Most students never internalize information
taught in this style because practical application of knowledge happens too long after it is imparted.
Knowledge remains inert unless and until it is “conditionalized” [33,34], that is put into use.
Familiar System of Systems Unifies all TDT courses
In traditional engineering educational programs, students learn about each field separately. This
outcome remains true even when utilizing various hands-on pedagogies including project-based
learning, lab-based learning, peer perspective learning, team-based learning, multi-modal learning,
or discussion-based learning [35-38]. Even Capstone courses, which attempt to tie prior but
separate fields together, often cannot convey the complexity of interdisciplinary systems-level
thinking if students have not been previously exposed to this approach. Certainty, there exist
integrated engineering curricula where different aspects of one unifying paradigmatic system or
approach are studied in multiple courses; for example, “Living with the Laboratory” [40],
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“Building as a Learning Tool” [41], and “Servant Leadership Projects,” [42]. However, these
examples lack the beneficial closed loop and multi-scale attributes central to TDT.
Example Module
A preliminary example lesson illustrating
how TDT will be implemented was
developed. A dedicated automobile is not
yet available to modify and instrument for
this purpose. So, a variety of aftermarket
sensors easily added to personal vehicles
was considered, and an aftermarket Tire
Pressure Monitoring System (TPMS) with
four external cap pressure / temperature
sensors monitored wirelessly by a Vesafe
Universal Solar M2 data display was added
to a 2008 Toyota Highlander (Figure 2).
When TDT is implemented at scale,
embedded sensors will likely be more
customized, and some data will probably be
collected directly from the car’s onboard
diagnostic system. Many modern cars have
built-in TPMS and automatic gas mileage
calculation capabilities, making data
collection more facile if a newer model
automobile were used.

Figure 2: An aftermarket Tire Pressure Monitoring
System (TPMS) was installed on a test vehicle to
measure tire temperature when driving with one tire
underinflated. Inset A shows the cabin display from
which TPMS data were collected while driving. Inset
B shows the wireless caps and solar-power receiver
before installation. Inset C is a close-up of one
TPMS cap installed on a tire’s Schrader valve stem.

The example lesson takes place in an undergraduate Thermodynamics course. As stated
previously, the automobile will be introduced as the system of systems being studied {TOP}.
While there are many automotive attributes interesting to a Thermodynamics course, this lesson
focuses on conversion of gasoline into mechanical power to overcome a variety of friction sources
to keep the car moving at the speed desired by the driver. A common measure of car efficacy is
gas mileage, the distance traveled per volume of fuel. All other things being equal, a car’s gas
mileage is maximized when impeding friction sources are minimized. This lesson focuses on the
tires as the automotive subsystem of interest {DOWN} and their friction contribution through
rolling resistance. Tires functioning correctly minimize rolling resistance within constraints
imposed by their other functions: provision of traction, facilitating vehicle turning, absorbing
bumps from road irregularities, etc. Incorrectly underinflated tires impose a higher-than-ideal
rolling resistance. Improperly inflated tires deform more as they roll compared to tires at correct
pressure. Thermodynamically, extra deformation means the poorly-inflated tire is experiencing
extra work done to it by its surroundings, and the tire rubber should therefore increase in internal
energy (temperature) above correctly inflated tires. Completing the closed-loop analysis of this
system returns to the perspective of the overall automobile and how an underinflated tire impacts
its performance {TOP}. Since the under-pressure tire is deforming more, it is absorbing extra
energy that would otherwise have gone to propelling the car forward. a car with an underinflated
tire therefore experiences poor gas mileage.
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Theory
To develop a simple thermodynamic model for the
tire’s energy transfer processes, the solid portion of
the tire is treated as a closed system, shown in Figure
3. The thermal mass of the air within the tire is
assumed negligible with respect to the thermal mass
of the tire, and energy transfer between tire material
and the hub is assumed negligible. In rolling contact,
energy is stored during compression then released
via relaxation of the elastically deforming tire
sections. Due to hysteresis, some of the rolling
resistance energy is converted into heat by the
viscous nature of the tire rubber [43]. In other words,
the process of a tire rolling inputs mechanical power,
𝑊̇𝑖𝑛 , due to hysteresis as the tire deforms and
restores its shape at the local road contact point.

Figure 3: A closed system is established
upon a car tire, enabling a First Law energy
balance. The tire absorbs mechanical
power from its surroundings, warms up,
and releases heat back to the environment.
In steady state, absorbed mechanical
power matches outwardly convected
thermal power, and the tire’s temperature
The resulting input energy increases the tire’s
remains fixed.

internal energy, 𝑈(𝑇), which is a function of
temperature only as the tire is a deformable solid. The tire temperature rises until it reaches steady
state, the point where heat transferred to the surroundings, 𝑄̇𝑜𝑢𝑡 , offsets mechanical work input.
The First Law of Thermodynamics models these energy processes,
𝑑𝑈(𝑇)
𝑑𝑡

= 𝑊̇𝑖𝑛 − 𝑄̇𝑜𝑢𝑡 = 0

(1)

Following Persson et al, the work term becomes the product 𝜇𝑅 𝐹𝑁′ 𝜐 where 𝜇𝑅 is the rolling
resistance, 𝐹𝑁′ is the normal force acting on a single tire (approximately the weight of the car
divided by the number of tires) and 𝜐 is the car’s velocity [44]. The heat term becomes the sum of
heat transferred from the tire to the air plus from the tire to the ground. Rewriting the First Law in
these terms gives
𝜇𝑅 𝐹𝑁′ 𝜐 = 𝛼𝑎𝑖𝑟 𝐴𝑎𝑖𝑟 (𝑇 − 𝑇𝑎𝑖𝑟 ) + 𝛼𝑟𝑜𝑎𝑑 𝐴𝑟𝑜𝑎𝑑 (𝑇 − 𝑇𝑟𝑜𝑎𝑑 )

(2)

where 𝛼𝑎𝑖𝑟 is the tire-air heat transfer coefficient (~200 W/m2-K), 𝐴𝑎𝑖𝑟 and 𝐴𝑟𝑜𝑎𝑑 are the tire
contact area with the air and road respectively, 𝑇𝑎𝑖𝑟 and 𝑇𝑟𝑜𝑎𝑑 are the air and road temperatures, 𝑇
is the tire temperature, and 𝛼𝑟𝑜𝑎𝑑 is the tire-road heat transfer coefficient (~10 W/m2-K).
Since 𝛼𝑎𝑖𝑟 > 𝛼𝑟𝑜𝑎𝑑 and 𝐴𝑎𝑖𝑟 ≫ 𝐴𝑟𝑜𝑎𝑑 , it is reasonable to neglect heat transfer to the road and
recast Equation (2) as
′
𝜇𝑅 𝐹𝑁
𝜐

𝛼𝑎𝑖𝑟 𝐴𝑎𝑖𝑟

= 𝑇 − 𝑇𝑎𝑖𝑟

(3)

Applying this simple thermodynamic model for a rolling tire to a 5800-pound (25,800 N) 2008
Toyota Highlander driving at 70 miles per hour (31.3 m/s) on the highway with four correctly
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inflated tires (𝐴𝑎𝑖𝑟 ≈ 0.523 𝑚2 [45] & 𝜇𝑅 ≈ 0.011 [46]) gives Δ𝑇 = 21.2 𝐾. In other words, in
steady state, the tires will register about 20 K hotter than ambient. While the installed TPMS
monitoring system does not measure the tire material’s temperature directly, temperature
measurement of the air inside the tires is taken as a reasonable proxy.
Also of importance for TDT is analyzing Equation (3) in reverse, using measured tire temperature
to estimate rolling resistance
𝜇𝑅 =

𝛼𝑎𝑖𝑟 𝐴𝑎𝑖𝑟
′𝜐
𝐹𝑁

(𝑇 − 𝑇𝑎𝑖𝑟 )

(4)

Thus, the measured elevated tire temperature resulting from an improperly inflated tire can indicate
the associated change in tire rolling friction. Since tire rolling friction accounts for between 6.7%
(SUV’s) and 6.9% (cars) of power consumed on the highway [47], 𝐸̇𝑡𝑖𝑟𝑒𝑠 = (0.067)𝐸̇𝑠𝑢𝑣 , and
Equation (4) can be used to link tire temperature to automobile’s energy consumption
𝐹𝑁 𝜐(∑4𝑖=1(𝜇𝑅 )𝑖 ) = 𝐸̇𝑡𝑖𝑟𝑒𝑠 = (0.067)𝐸̇𝑠𝑢𝑣

(5)

where 𝐹𝑁 is the weight of the vehicle equally supported by all four tires. If 𝐸̇𝑠𝑢𝑣 then serves as an
inversely proportional proxy for gas mileage, 𝜂𝑚𝑝𝑔 , then
′
𝐸̇𝑠𝑢𝑣
̇
𝐸𝑠𝑢𝑣

=

𝜂𝑚𝑝𝑔
′
𝜂𝑚𝑝𝑔

(6)

′
′
where 𝐸̇𝑠𝑢𝑣
is the power required to keep the car moving with an underinflated tire (𝐸̇𝑠𝑢𝑣
> 𝐸̇𝑠𝑢𝑣 ),
′
′
and 𝜂𝑚𝑝𝑔 is the fuel economy of the vehicle with an underinflated tire (𝜂𝑚𝑝𝑔 < 𝜂𝑚𝑝𝑔 ).

To put this model into context, consider a Toyota Highlander with properly inflated tires getting
22.5 mpg fuel economy in long-distance highway driving. Its tire temperatures read 21.2 K above
ambient, indicating 𝜇𝑅 = 0.011 rolling friction. One of its tires begins running very hot, 31.8 K
above ambient [𝜇𝑅 = 0.0165 per Equation (4)]. The resulting flat tire produces a ratio
3×0.011+0.0165
4×0.011

= 0.889, which gives

𝜂𝑚𝑝𝑔
′
𝜂𝑚𝑝𝑔

′
𝐸̇𝑠𝑢𝑣
𝐸̇𝑠𝑢𝑣

=

= 1.125 and a resulting diminished fuel economy of 20

mpg.
Experiment
As shown in Figure 4, a team member planned a personal trip from Nashville, TN to Gainesville,
FL (about 578 miles) and on to Ft. Lauderdale, FL (about 315 miles) the following day. This longdistance drive, completed entirely on highways with few intermittent stops, provided an
opportunity for quantitative data collection with the TPMS. Starting in Nashville, one tire was
intentionally deflated to the minimum safe level (30 PSI) while the other three were inflated to the
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recommended pressure (40 PSI). The vehicle was
then driven from Nashville to Gainesville while the
temperature and pressure for all four tires were
measured via TPMS at regular intervals.
Simultaneously, the ambient temperature,
pressure, and humidity were collected using a
Kestrel 4500 pocket weather station held out the
car window and read via Bluetooth-connected
laptop inside the car. Gas mileage was obtained by
monitoring distance covered and fuel volume at
fill-ups. The average result was 20.29 miles-pergallon. These measurements were compared to
similar data collected while driving on four
correctly-inflated tires between Gainesville and
Fort Lauderdale, FL where the average resulting
gas mileage was 23.29 miles per gallon. As a check
on fuel consumption validity, the stated highway
fuel economy of a 2008 Toyota Highlander is 23 –
25 mpg [47]. Processed data for both trips is given
in Table 1.
Results
Processing Table 1 data using the method outlined
the Theory section yields the following rolling
resistances for the Gainesville to Ft Lauderdale trip Figure 4: The highway route followed to
facilitate TDT data collection totaled ~893
leg (with four fully inflated tires): 𝜇𝑅,𝐹𝐿 = 0.0109, miles with ~578 miles on an underinflated
𝜇𝑅,𝐹𝑅 = 0.0109, 𝜇𝑅,𝑅𝐿 = 0.0102 and 𝜇𝑅,𝑅𝑅 = tire followed by ~315 miles on properly
0.0111. The Nashville to Gainesville trip leg (with inflated tires.
the Right Rear tire underinflated) yields the
′
′
′
′
following rolling resistances: 𝜇𝐹𝐿
= 0.0109, 𝜇𝐹𝑅
= 0.0109, 𝜇𝑅𝐿
= 0.0110 and 𝜇𝑅𝑅
= 0.0165.
These results produce a power ratio to maintain driving speed at 70 mph between the two tire
inflation states of

′
𝐸̇𝑠𝑢𝑣
𝐸̇𝑠𝑢𝑣

=

𝜂𝑚𝑝𝑔
′
𝜂𝑚𝑝𝑔

= 1.1451. When applied to the 23.29 miles per gallon fuel economy

of the fully inflated travel leg, the model predicts fuel economy for the travel leg with the
underinflated tire at 20.34 mpg. This result is only 0.24% above the actual measured fuel economy
for that part of the trip, 20.29 mpg. Given the model’s simplicity, agreement between theory and
experiment is surprisingly close. Moreover, if experimental errors were propagated through the
calculations (they were not propagated in this analysis), theory and experiment would likely match
within experimental uncertainty.
Discussion
In this example, the TDT system of systems that would be presented to students is the automobile.
A car was selected because used automobiles are relatively inexpensive compared to educational
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laboratory equipment. Some cost only a few thousand dollars, making them accessible to most
engineering programs.
Table 1: Tire temperature and pressure data collected from the TPMS are given along with
ambient conditions from the interstate drive. The Front Left (FL), Front Right (FR), and Rear Left
(RL) tires were correctly inflated to 40 PSI (2757.9 hPa) at the drive’s start. *On the Nashville-toGainesville travel leg, the Rear Right (RR) tire was under-inflated to only 30 PSI (2068.4 hPa),
and it was restored to 40 PSI for Gainesville to Ft. Lauderdale leg.

Ambient Relative Ambient
Temp Humidity Pressure TFL
PFL
TFR
PFR
TRL
PRL TRR*
[K]
[%]
[hPa]
[K] [hPa] [K] [hPa] [K] [hPa] [K]
Nashville to Gainesville (578 Miles) -- RR Tire Underinflated
286.2
37.3
999.9 306.9 2757.1 307.9 2895.0 309.9 2895.0 318.9
285.9
42.2
998.5 307.3 2826.1 308.9 2963.9 308.0 3032.9 319.0
285.7
31.0
993.3 305.9 2826.1 305.4 2963.9 305.9 3032.9 317.9
284.6
32.6
979.5 307.4 2826.1 306.4 2963.9 305.4 3032.9 317.4
285.0
21.3
980.7 305.4 2826.1 305.1 2963.9 305.4 3032.9 315.4
285.6
30.8
996.4 306.4 2826.1 305.3 2963.9 305.4 3032.9 315.4
Gainesville to Ft. Lauderdale (315 Miles) -- All Tires Correctly Inflated
282.7
42.5
994.0 305.4 2688.2 305.9 2826.1 304.9 2826.1 305.9
284.1
30.4
995.2 305.3 2826.1 306.2 2963.9 304.4 3032.9 303.4
290.0
42.2
995.4 310.3 2826.1 309.2 2963.9 309.4 3032.9 312.4
289.3
49.1
1003.7 309.0 2895.0 308.9 3032.9 305.9 3101.8 309.9

PRR*
[hPa]
2068.4
2137.4
2137.4
1999.5
2068.4
2068.4
2826.1
2895.8
2895.8
2964.7

Proposed Class Implementation
As stated above, this exercise is a sample lesson to illustrate the utility of TDT in an engineering
classroom. This method has not yet been implemented in a live class or over an entire curriculum.
The impact of TDT on student learning and engagement, therefore, has not yet been evaluated.
Given the experimental and hands-on nature of the TDT curriculum, it is envisioned that students
will develop and carry out their own test protocol in consultation with course instructors.
Depending on the location and facilities of the school implementing TDT, the instrumented car
could be driven around a predetermined paved circuit within the campus or at greater speed around
one of the many interstate highway beltways surrounding most major U.S. cities. If even greater
speed and/or consistency is desired, the instrumented car could be driven between the campus and
industrial or government partner facilities when faculty travel for meetings; it could be driven
between campus and class fieldtrip destinations; and/or it could be driven to far-flung ASEE
regional and national conference locations when students and faculty attend to present research
results. If resource limitations, liability concerns, or other factors prevent an instrumented car from
being obtained and/or driven for data collection, universities implementing TDT can use the data
in Table 1 of this paper to facilitate quantitative analysis.
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Implementation Addresses the Three Key TDT Attributes
The first TDT differentiating attribute is a study of the same unifying system of systems in many
courses across the curriculum of a degree-granting program. From a curriculum-development
perspective, a department-wide commitment and consensus on which system to study are essential.
While somewhat unusual, integrated engineering curricula where one unifying system is studied
across multiple courses do exist; either organized from the department leadership down [48] or
developed organically from the faculty up [49]. Importantly, the selected TDT system need not be
an automobile; other paradigmatic systems considered by this research team were 1) cellular
phones, 2) drone copters, and 3) buildings. The major requirement in selecting a TDT system is
that it is rich, complex, and made up of enough varied sub-systems to warrant detailed study.
Certainly, TDT system selection must be governed by a program’s curriculum to ensure a logical
connection between course topics taught and subsystems evaluated.
This paper’s example also demonstrates the full-circle approach taken in TDT, the second unique
attribute of this pedagogical approach. Initially, the familiar automobile system of systems {TOP}
is introduced. Next, the focus is placed on the tire subsystem which is quantitatively analyzed in
detail {DOWN}. Finally, the overall automobile system is revisited to demonstrate how changes
to the tire subsystem impact performance {TOP}. While the overall system is set, subsystem
selection in each course can be left to instructors, enabling a degree of faculty creativity and
flexibility on par with the autonomy granted in non-TDT classes. A tire was selected in this
Thermodynamics class example due to ease of monitoring via aftermarket TPMS add-on.
However, the car’s heating and air conditioning system or its internal combustion engine could
have also been the examined subsystem. In a Fluids course the fuel pumping system, engine
coolant circulation system, or windshield fluid sprayers might be analyzed. In a machine design
class, it might be the crankshaft, the transmission, or the door hinges. The correct overall system
selection provides a rich variety of subsystems to study.
TDT provides for more than just a theoretical analysis of the automobile and its subsystems. The
third unique TDT attribute illustrated here is a hands-on, project-focused, laboratory-based
approach to teaching and learning. In this example, a real automobile and its tire subsystem were
instrumented. An experiment was designed and carried out. Resulting data were analyzed to help
develop practical understanding that will buttress and complement classroom-taught theory.
Conclusions
A new closed-loop educational paradigm called TOP-DOWN-TOP (TDT) is reported. The
educational hypothesis underpinning TDT is that by 1) utilizing as a teaching laboratory a
complete, familiar, real-life system [an automobile] that contains many sub-systems {TOP}, 2)
identifying subsystems relevant to courses in the curriculum and teaching how those components
function via fundamental science and mathematics {DOWN}, and 3) returning to the full scale
system to examine how changes to the subsystem impact performance {TOP}; students experience
a high level of confidence and excitement for learning arising from inspiration, engagement,
motivation, and persistence.
Here, a preliminary example of data collection for a TDT Thermodynamics lesson is described. A
2008 Toyota Highlander SUV was augmented with TPMS to monitor tire pressure and
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temperature. The SUV was then driven ~587 highway miles with one underinflated tire and ~315
highway miles with all tires correctly inflated. Tire pressure and temperature data were collected
at regular intervals as were ambient outdoor conditions. A Thermodynamic First Law energy
balance model was developed showing how the underinflated tire runs at elevated temperature due
to excessive mechanical deformation, which increases tire rolling resistance. Increased tire
temperature was then correlated to reduced fuel economy with a predicted reduction from 23.29
to 20.34 mpg. This modeled result compares very well with the 20.29 gas mileage actually
measured when the SUV ran on one underinflated tire.
The analysis is presented in the context of three unique attributes differentiating TDT from other
pedagogical approaches.
1. One selected system of systems unifies all courses in the TDT curriculum by appearing again
and again in each TDT class.
2. A closed-loop, multi-scale approach is used to present the selected system to students
3. The teaching approach is hands-on, project-focused, and laboratory-based
Finally, a brief discussion is provided about how an example system of systems should be selected
and how TDT might be practically implemented on the scale of an academic engineering
department.

References
[1] Cutaway Drawings, “Toyota MR2 W20 Cutaway,” URL: https://conceptbunny.com/toyotamr2-w20/ accessed 11/17/2017.
[2] S. D. Sheppard, K. Macatangay, A. Colby, W. M. Sullivan, “Educating Engineers: Designing
the Future of the Field,” Jossey-Bass–Carnegie Foundation for the Advancement of Teaching
San Francisco, CA, USA, 2009.
[3] G. W. Clough, “The Engineer of 2020: Visions of Engineering in a New Century,” National
Academies Press, Washington, DC, USA 2004.
[4] A. Norman, “Rising Above the Gathering Storm: Energizing and Employing America for a
Brighter Economic Future,” National Research Council, Washington, DC, USA, 2005.
[5] D. Wince-Smith, “Innovate America: Thriving in a world of challenge and change,”
Proceedings of the Global Innovation Ecosystem 2007 Symposium, URL:
www.jst.go.jp/crds/sympo/gies2007/en/symposium/materials/summary/Summary_DWS.pdf.
[6] J. J. Duderstadt, “Engineering for a Changing World: A Roadmap to the Future of
Engineering Practice, Research and Education,” Ann Arbor, MI, USA, 2008.
[7] The Boyer Commission on Educating Undergraduates in the Research University,
“Reinventing undergraduate education: A blueprint for America's research universities,” 1998,
URL: http://eric.ed.gov/?id=ED424840, accessed 11/17/2017
[8] Sigma Xi, the Scientific Research Society, “An Exploration of the Nature of Quality of
Undergraduate Education in Science, Mathematics, and Engineering,” 1989.
[9] Project Kaleidoscope, “What works: building natural science communities,” STAMATS
Publishing, Washington, DC, USA,1991.
[10] A. G. Continental, “In Search of Global Engineering Excellence: Educating the Next
Generation of Engineers for the Global Workplace,” Hanover, Germany, 2006.

© American Society for Engineering Education, 2018

2018 ASEE Southeastern Section Conference

[11] Project Kaleidoscope, “Recommendations for Action in Support of Undergraduate Science,
Technology, Engineering, and Mathematics: Report on Reports,” Washington, DC, USA, 2002.
[12] R. V. Small, “Dimensions of Interest and Boredom in Instructional Situations,” Proceedings
of the National Convention of the Association for Educational Communication and Technology,
Indianapolis, IN, USA, 1996.
[13] R. B. Barr, J. Tagg, “From Teaching to Learning -- a New Paradigm for Undergraduate
Education,” Change: The magazine of higher learning, Volume 27, Number 6, pp. 12-25, 1995.
[14] S. A. Ambrose, M. W. Bridges, M. DiPietro, M. C. Lovett, M. K. Norman, “How Learning
Works: Seven Research-Based Principles for Smart Teaching,” John Wiley & Sons, Inc., San
Francisco, 2010.
[15] S. A. Ambrose, “Undergraduate Engineering Curriculum: The Ultimate Design Challenge,”
The Bridge on Undergraduate Engineering Education, Volume 43, Issue 2, 2013.
[16] W. Lewin, “For the Love of Physics: From the End of the Rainbow to the Edge of Time - A
Journey Through the Wonders of Physics,” Free Press - A Division of Simon and Schuster, Inc.,
2012.
[17] C. L. Dym, A. M. Agogino, O. Eris, D. D. Frey, L. J. Leifer, “Engineering Design Thinking,
Teaching, and Learning,” Journal of Engineering Education, Volume 94, Number 1, pp. 103120, 2005.
[18] E. A. Jones, R. A. Voorhees, K. Paulson, “Defining and Assessing Learning: Exploring
Competency-Based Initiatives,” NCES Report 2002-159, U.S. Department of Education,
National Center for Education Statistics, Council of the National Postsecondary Education
Cooperative Working Group on Competency-Based Initiatives., Washington, DC, USA, 2002.
[19] M. D. Laat, R. J. Simons, “Collective Learning: Theoretical Perspectives and Ways to
Support Networked Learning,” European Journal of Vocational Training, Volume 27, pp. 13-24,
2002.
[20] D. W. Johnson, R. T. Johnson, E. J. Holubec, “Circles of Learning: Cooperation in the
Classroom,” Interaction Book Company, Edina, MN, USA, 1990.
[21] J. A. Hatcher, R. G. Bringle, “Reflection: Bridging the Gap between Service and Learning,”
College Teaching, Volume 45, Number. 4, pp. 153-158, 1997.
[22] W. C. Oakes, E. J. Coyle, R. Foretek, J. Gray, L. H. Jamieson, J. Watia, R. Wukasch,
“EPICS: Experiencing Engineering Design through Community Service Projects,” Proceedings
of the 107th ASEE Annual Conference and Exposition, St. Louis, MO, USA, June 18-21, 2000.
[23] M. Lima, W. Oakes, “Service Learning: Engineering in Your Community, 2nd Edition,”
Oxford University Press, New York, NY, USA, 2014.
[24] D. A. Kolb, “Experiential Learning: Experience as the Source of Learning and
Development,” Prentice Hall, Englewood Cliffs, NJ, USA, 1984.
[25] D. Dutta, V. Weilbut, “Team Teaching and Team Learning on a Global Scale: An Insider's
Account of a Successful Experiment,” Proceedings of the Networked Learning Conference,
Berlin, Germany, 2002.
[26] M. Grimheden, H. M. Van der Loos, H. L. Chen, D. M. Cannon, L. J. Leifer, “Culture
Coaching: A Model for Facilitating Globally Distributed Collaborative Work,” Proceedings of
the 36th Annual IEEE Frontiers In Education Conference, San Diego, CA, USA, pp. 15-20,
2006.
[27] L. J. Leifer, J. Culpepper, W. Ju, D. Cannon, O. Eirs, T. Ling, D. Bell, E. Bier, K. Pier,
“Measuring the Performance of Online Distributed Team Innovation (Learning) Services,”

© American Society for Engineering Education, 2018

2018 ASEE Southeastern Section Conference

Proceedings of the 2002 eTEE Conference, Davos, Switzerland, August 11-16, pp. 111-125,
2002
[28] L. E. Carlson, J. F. Sullivan, “Hands-on Engineering: Learning by Doing in the Integrated
Teaching and Learning Program,” International Journal of Engineering Education, Volume 15,
Number 1, pp. 20-31, 1999.
[29] C. T. Fosnot, “Constructivism: A Psychological theory of Learning,” Chapter 2 in
Constructivism: Theory, Perspective and Practice, Columbia University, New York, NY, USA,
1996.
[30] E. von Glasersfeld “A Constructivist Approach to Teaching,” in L. P. Steffe & J. Gale (eds.)
Constructivism in Education, Erlbaum, Hillsdale, NJ, USA, pp. 3–15, 1995. URL:
http://cepa.info/1460
[31] L. D. Feisel, A. J. Rosa, “The role of the laboratory in undergraduate engineering
education,” Journal of Engineering Education, Volume 94, Number 1, pp. 121-130, 2005.
[32] J. D. Vermunt, “The regulation of constructive learning process,” British Journal of
Educational Psychology, Volume 68, Number 2, pp. 149-171, 1998.
[33] T. M. Welsh, “Designing environments for constructive learning,” Volume 105, T. M.
Duffy, J. Lowyck D. H. Jonassen (Eds.), Springer Science and Business Media, 1993.
[34] R. Glaser, “Expert knowledge and processes of thinking,” in Enhancing Thinking Skills in
the Sciences and Mathematics, Lawrence Erlbaum Associates, Hillsdale, NJ, USA, pp. 63–75
1992.
[35] H. A. Simon, “Problem solving and education,” in Problem Solving and Education: Issues
in Teaching and Research, Lawrence Erlbaum Associates, Hillsdale, NJ, USA, pp 81–96, 1980.
[36] J. S. Krajcik, P. C. Blumenfeld, “Project-based Learning,” in The Cambridge Handbook of
the Learning Sciences, Cambridge University Press, 2006.
[37] B. J. Barron, D. L. Schwartz, N. J. Vye, A. Moore, A. Petrosino, L. Zech, J. D. Bransford,
“Doing with understanding: Lessons from research on problem and project-based learning,”
Journal of the Learning Sciences, Volume 7, Number 3-4, pp. 271-311, 1998.
[38] J. R. Savery, T. M. Duffy, “Problem based learning: An instructional model and its
constructivist framework,” Educational Technology, Volume 35, Number 5, pp. 31-38, 1995.
[39] J. A. Colliver, “Effectiveness of problem-based learning curricula: research and theory,”
Academic Medicine – Philadelphia, Volume 75, Number 3, pp. 259-266, 2000.
[40] K. Crittenden, D. Hall, P. Brackin, “Living with the Lab: Sustainable Lab Experiences for
Freshman Engineering Students,” AC 2010-1268, Proceedings of the 117th American Society for
Engineering Education (ASEE) Conference and Exposition, Louisville, Kentucky. USA, June
2010. URL: https://peer.asee.org/16427
[41] L. E. Carlson, R. F. Reitsma, M. J. Brandermuehl, J. R. Hertzberg, J. F. Sullivan, S. G.
Gabbard, “Exploiting an Engineering Building as a Unique Distance-Learning Tool,”
International Journal of Engineering Education, Volume 19, Number 3, pp. 379 - 388, 2003.
[42] M. J. Traum, D. Howell, L. Newman, “Engineering Design, Project Management, and
Community Service Connected Through Servant Leadership,” Proceedings of the 120th
American Society for Engineering Education (ASEE) Conference and Exposition, Atlanta, GA,
USA, June 23-26, 2013.
[43] K. Holmberg, P. Andersson, A. Erdemir, “Global energy consumption due to friction in
passenger cars,” Tribology International, Volume 47, pp. 221-234, 2012.
[44] B. N. J. Persson, B. Lorenz, A. I. Volokitin, “Heat transfer between elastic solids with
randomly rough surfaces,” European Physical Journal E, Volume 31, Number 1, pp.3-24, 1984.
© American Society for Engineering Education, 2018

2018 ASEE Southeastern Section Conference

Goodyear, “2008 Toyota Highlander Tires” URL: https://www.goodyear.com/enUS/tires/toyota/highlander/2008 , accessed 11/17/2017.
[45] G. Descornet, “Road-surface influence on tire rolling resistance,” Surface characteristics of
roadways: international research and technologies. ASTM International, 1990.
[46] K. J. Kelly, “Modeling Tools for Predicting the Impact of Rolling Resistance on Energy
Usage and Fuel Efficiency for Realistic Driving Cycles,” Transportation, Volume 13, 2000.
[47] Edmunds, “2008 Toyota Highlander Consumer Review,” URL:
https://www.edmunds.com/toyota/highlander/2008/consumer-reviews/ accessed 11/19/2017.
[48] D. E. Hall, S. R. Cronk, P. D. Brackin, J. M. Barker, K. B. Crittenden, “Living with the Lab:
A Curriculum to Prepare Freshman Students to Meet the Attributes of ‘The Engineer of 2020’,”
Proceedings of the American Society for Engineering Education Annual Conference and
Exposition, Pittsburg, PA, USA, June 22-25, 2008.
[49] M. J. Traum, V. C. Prantil, W. C. Farrow, H. L. Weiss, “Interconnecting the
Mechanical Engineering Curriculum Through An Integrated Multicourse Model Rocketry
Project,” Proceedings of the 120th American Society for Engineering Education (ASEE)
Conference and Exposition, Atlanta, GA, USA, 2013.

Matthew J. Traum
Dr. Traum is CEO at Engineer Inc, an engineering education start-up. Before founding Engineer
Inc, Dr. Traum was a well-known higher education administrator, fund raiser, educator, and
researcher most recently appointed as Associate Professor and Director of Engineering Programs
at Philadelphia University. His previous full-time faculty appointments include the Milwaukee
School of Engineering and the University of North Texas – Denton. Traum received his Ph.D. and
M.S. degrees in mechanical engineering from the Massachusetts Institute of Technology and two
bachelor’s degrees from the Universibty of California – Irvine: one in mechanical engineering and
the second in aerospace engineering.
Muhammad K. Akbar
Dr. Akbar is an Assistant Professor in the Mechanical and Manufacturing Engineering Department
at Tennessee State University. He is involved in engineering curriculum development, educational
and fundamental research in wide range of engineering topics. He worked as a senior research
associate in Northrop Grumman Center for High Performance Computing Center at Jackson State
University before joining at Tennessee State University. Currently his graduate students are
working on morphing wing design and development, hurricane storm surge model development,
wind turbine performance improvement, etc. related research. Dr. Akbar received his Ph.D. from
the Georgia Institute of Technology.
Mohammad Habibi
Dr. Habibi is an Assistant Professor in the Department of Mechanical and Manufacturing
Engineering at Tennessee State University. Earlier he worked as Data Manager with the State of
Tennessee and as Project Manager with DSP Merrill Lynch Power Division in India. He has
authored and presented research papers on Stochastic Control and Dynamic Systems, and
Predictive Analytics using Computational Intelligence Techniques. Habibi received his Ph.D. in
Robotics and Computer Integrated Manufacturing and M.S. in Systems Engineering from
Tennessee State University, and B.S. in Electrical Engineering from India.
© American Society for Engineering Education, 2018

2018 ASEE Southeastern Section Conference

Fatemeh Hadi
Fatemeh Hadi is an assistant professor of mechanical engineering at Tennessee State University.
She received her B.Sc. and M.Sc. in Aerospace Engineering from Sharif University of Technology
in 2007 and 2009, respectively and her Ph.D. in Mechanical Engineering from Northeastern
University (NU) in 2016. Before her Ph.D. studies at NU, she worked for aerospace industries
organization, Tehran, as a research engineer. Her current research interests mainly focus on
computational fluid dynamics (CFD), turbulent reacting flow modeling, large eddy simulation
(LES) and high-performance computing.
S. Keith Hargrove
S. Keith Hargrove, currently serves as Dean of the College of Engineering at Tennessee State
University. He received his BS in Mechanical Engineering from Tennessee State University, MS
from the Missouri University of Science & Technology in Rolla, MO as a National GEM
Consortium Fellow, and the PhD from the University of Iowa. Dr. Hargrove has worked at several
research laboratories including Battelle Pacific Northwest Lab, National Institute of Standards &
Technology, and Oak Ridge Laboratory. He has also worked at Boeing, General Electric, and
General Motors as a manufacturing engineer. Dr. Hargrove has conducted research in advanced
manufacturing, materials, cyber-security, and engineering education. He is also an Associate
Member of the Society of Manufacturing Engineers, Institute of Industrial Engineers, American
Society of Engineering Education, Tennessee Academy of Science, and the Tennessee Society of
Professional Engineers.
W. Yeol Joe
Assistant Professor W. Yeol Joe, Ph.D. worked as a Research Associate at Florida State University
(FSU), FL and as a full-time faculty at Embry-Riddle Aeronautical University (ERAU) before
joining as a faculty at Tennessee State University (TSU), Nashville TN in fall 2014. Currently he
is the Director of ARM (Aero, Robotics, and Mechatronics) Laboratory at TSU. He has earned his
Ph.D. degree in Learning Control at Columbia University, NY and received degrees of Electrical
and Mechanical Engineering from Korea Institute of Science and Technology (KIST) and New
York University (NYU) in 2003 and 2006 respectively. His current research interests include
Learning Control (LC) and applications of small unmanned aerial vehicles (UAV). He is a member
of IEEE, AIAA, and ASME.

© American Society for Engineering Education, 2018

