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The present study examines the effects of hands-on low-cost desktop learning modules (LCDLMs) in a fluid mechanics

class consisting of 27 junior-level chemical engineering students. The LCDLM is a miniaturized venturi meter with

standpipes that aid in visualizing pressure trends through the device. Pre- and post-assessment questions were

administered to evaluate learning gains across different levels of Bloom’s Taxonomy: remember, understand, assess,

analyze, and evaluate. Findings show that the LCDLMs produce statistically significant pre/post effects at higher Bloom’s

level questions compared to the lecture group. Additionally, questions that incorporate the LCDLM design and

associated experiments show higher significance in comprehension gain in comparison to questions that are not as

closely related. These findings suggest that although the LCDLMs are effective in enhancing student performance at

higher Bloom’s levels, the design of the assessment questions and how they relate to the LCDLM is an important factor in

properly assessing the effects of our novel teaching device on student performance in the fluid mechanics course.

Theoretical and practical considerations for these findings andwhat theymean for future assessments of the LCDLMs are

discussed in this manuscript.
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1. Introduction

Interactive and hands-on learning approaches have

been researched extensively to enhance undergrad-

uate engineering education and promote indepen-

dent, higher-level thinking. As our world advances

and is faced with more complex issues, there is an
undeniable need for engineers to develop and use

skills beyond what the technology we have created

can accomplish. A computer, for example, can be

used to store information in a database, perform

lengthy calculations or analyses, and learn through

repetitive inputs. The ability of these devices, how-

ever, is dependent on its creator. Although compu-

ters are able to analyze data, their aptitude for
synthesizing information and making connections

among ideas is incomparable to humans – this is

what separates engineers from the technology they

use on a regular basis. The abilities of a computer,

though, sound remarkably similar to today’s aver-

age engineering student; they store information in

their brains, plug-and-chug numbers into equa-

tions, and learn through repetition in lecture and

coursework. Operating at these low levels of the

cognitive domain would not only warrant engineers

to be replaced by technology, it could eventually

lead to a plateau in technological advancement [1].

What is needed for students is better learning

approaches that stimulate independent thinking

processes and promote engagement of higher
levels of learning. One such approach is hands-on,

interactive learning as touted by Prince for its use in

promoting student engagement and increasing

retention of material [2] and by Freeman et al.

because of their meta-analysis of 225 active learning

studies showing that ‘‘students in traditional lecture

courses are 1.5 times more likely to fail than

students in courses with active learning’’ [3]; how-
ever, what is of paramount importance is the

provision of exercises that promote the associated

learning and use of cognitivemeasurementmethods

to assess the anticipated impacts of hands-on learn-

ing.

A system used to classify depth of knowledge of

concepts and material is Bloom’s Taxonomy. It is a

framework consisting of six levels of mastery that
build on each other: remember, understand, apply,

analyze, evaluate, and create [4]. These Bloom’s

levels are referred to in a hierarchical order, and

further description on each level based on our

interpretation of how each relates to the activities
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associated with hands-on learning implementation

in our own context are outlined in Table 1. Results

from previous studies support a premise that tradi-

tional lecture approaches are useful for mastering

material with learning expectations at the lower

Bloom’s levels such as remember and understand

[5, 6]. However, when it comes to being able to
apply, analyze, evaluate, or create, alternative

methods such as hands-on, interactive learning

are necessary.

Interviews with fluid mechanics professors reveal

that many students struggle in describing the true

meaning of continuity and the relationship between

flow work and kinetic energy, including those who

have already completed the course [5]. This suggests
a lack of deeper understanding of key concepts in

the fluid mechanics curriculum, and acts as the

motivation behind rectifying the knowledge gaps

maintained after lecture-based instruction.

To bridge the core-concept knowledge gaps per-

sisting in a fluid mechanics classroom after tradi-

tional lecture, our group examined hands-on

learning tools called low-cost desktop learning
modules (LCDLMs) using an interactive group-

learning approach to complement standard lecture

in an attempt to demonstrate an enhanced learning

experience by superimposing the more effective

interactive approaches espoused by Felder et al.

[7] onto a hands-on learning context. This study

required expertise from both engineering and edu-

cational psychology, and with our team, we were
able to delve into crucial aspects of engineering

education implementations. Although in a previous

study from our group we showed hands-on learning

to havemore of an effect at higher Bloom’s levels on

student comprehension [5], a major limitation in

drawing more concrete conclusions was the small

number of questions at each Bloom’s level; in this

study, we produced a 28-question pre- and post-
assessment. The reader will find a brief overview of

how our LCDLMs are designed andmanufactured,

the process of identifying common misconceptions

to produce valuable pre- and post-assessment ques-

tions, and classroom implementation methods.

Furthermore, we explore two major hypotheses

tested using more comprehensive data from the

aforementioned expansion of pre- and post-assess-

ment questions. Succinctly, we predict that: (1) a

hands-on learning approach will result in the same
outcome as a lecture-based approach at lower levels

of Bloom’s taxonomy but will result in better out-

comes at the higher levels of Bloom’s taxonomy;

and (2) as a result of using a venturi LCDLM with

five standpipes rather than three to better visualize

pressure trends, students in the experimental

LCDLM group will have a better understanding

about the relationship between pressure and velo-
city through a contraction and expansion than

students in a control lecture group. Finally, we

situate findings related to Bloom’s levels within

Chi’s and Wiley’s Interactive Constructive Active

Passive (ICAP) framework [8] and Sweller’s cogni-

tive load Theory (CLT) [9–11].

2. Concept Design & Theoretical
Background

2.1 Identifying Common Misconceptions

In a closely related Washington State University

(WSU) study, Brown et al. [12] identified common
misconceptions pertaining to open channel flow in a

water resources engineering class. This was shown

to be a key component in designing an experiential

learning model. We then applied this same

approach in a chemical engineering fluid mechanics

course, i.e., to identify misconceptions related to

continuity and Bernoulli principles, core fluid

mechanics concepts that can be exhibited in a
venturi meter. Students who had already completed

a fluid mechanics class and professors who had

years of experience in teaching fluid mechanics

courses were interviewed, as reported at the Amer-

ican Society for Engineering Education (ASEE)

annual meetings [6, 13]. To circumvent the need

for the reader to locate documents through the

ASEE website, we briefly summarize some of the
major conclusions here in this section. The students

were asked to briefly explain what each term in the

mechanical energy (ME) balance, depicted in Equa-

tion (1), means and draw how pressure and velocity

change through a venturi nozzle. Professors, on the

other hand, were asked to note the misconceptions

they have seen displayed amongst students while

teaching the ME balance and continuity.

ð1Þ

While we find students capable of performing
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Table 1. Bloom’s taxonomy descriptions in our context

Bloom’s Level
No. and Term Description

1 – Remember Recalling basic, fundamental facts
without thought

2 – Understand Relating facts to fundamental concepts

3 – Apply Utilizing fundamental concepts to
solve more complex problems

4 – Analyze Breaking down technical phenomena
in complex problems

5 – Evaluate Justifying answers to complex
problems with sound reasoning

6 – Create Synthesizing information to contribute
to a novel idea



associated calculations after taking a fluid

mechanics course, we still notice persisting miscon-

ceptions highlighted below:

� Many often do not have a full understanding of

the full meaning of the terms in the energy

balance, e.g., the P/� term is often thought of as

a pressure rather than a flow work term, i.e. the

work required to push fluid into or out of a

system set apart for study.
� A significant number may continue to think fluid

is squeezed by the narrowing diameter as it goes

through the throat, resulting in a pressure

increase rather than decrease. In a similar

manner, they believe this ‘‘squeezed’’ pressure is

released as the pipe diameter increases.

� One may continue to think velocity will increase

or decrease along the length of a pipe of constant
cross-sectional area when one or the other side of

the pipe is elevated due to gravity.

� One can think velocity will vary linearly as fluid

flows through a constriction whose diameter

varies linearly with distance. However, because

the variance in the velocity is proportional to the

area through which fluid flows it therefore is a

function of the square of the ratio of upstream
and downstream diameters, i.e. with (D1/D2)

2.

� One can think pressure will also vary linearly as

fluid flows through a linearly decreasing diameter.

However, the pressure in the flow work term is

related to the kinetic energy, and because kinetic

energy is a function of the velocity squared,

pressure varies as a fourth-order function

decreasing with the ratio of downstream to
upstream diameters, i.e. with a term that includes

[1-(D2/D1)
4].

For the above set of misconceptions, a series of

questions was devised. Questions were developed to

evaluate understanding at different Bloom’s levels

so we could assess where the learning innovation

and its implementation, described later, were most

effective.

2.2 Designing Questions at Varied Bloom’s

Taxonomy Levels

As noted byNasr andRamadan, there is a tendency

for engineering students to plug values into models

and equations without a deeper understanding of

the terms, which led them to implement a problem-

based learning approach in an engineering thermo-

dynamics course [14]. A lack of conceptual under-

standing of fundamentals can make it difficult for
students to deal with new problems and limits them

in reaching higher levels of learning associated with

the framework in Bloom’s taxonomy [4]. Dealing

with new situations and applying a fundamental

understanding of phenomena in new contexts,

however, are inseparable parts of engineering

careers and are critical in promoting creativity in

solving problems [15, 16]. As a result, proper

assessment of learning regardless of teaching

approach is vital to engineering education.

As in our previous papers [5, 6], we used pre-and
post-assessment models to check the efficacy of the

implementation in reducing pre-identified miscon-

ceptions. To have well-distributed questions, from

simple to complex, we developed pre-and post-

assessments based on the revised version of Bloom’s

taxonomy [4], which consists of six main categories

defined by verbs in the cognitive domain of learning

as described in the introduction. Our goal was to
include questions from each level of the taxonomy

in our pre-/post-assessments. To do so, we first

came up with the pool of questions regarding

continuity, Bernoulli’s principle, and head loss.

Then, using a mini-Delphi method [17, 18] with a

post-doctoral fellow, two professors from the Voi-

land School of Chemical Engineering and Bioengi-

neering, and one professor from the College of
Education on the panel, we discussed and decided

the Bloom’s level of each of the proposed questions.

Each member on the panel was provided with a

copy of Bloom’s taxonomy. Having one question

per Bloom’s level leaves the risk of students not

understanding the question. To make results more

reliable, multiple questions from each Bloom’s level

where considered for pre-/post-assessments.
The post-assessment consisted of 28 questions,

each belonging to a particular Bloom’s level; the

questions asked are included in the Appendix along

with a detailed rating rubric for assigning scores.

Two questions at Bloom’s Level 3 were omitted

from pre- to post-assessment in the process of fine-

tuning the assessment methods. Because the pre-

assessment is treated as a covariate in the statistical
analysis, all questions from the posttest were eval-

uated whether or not it was included in the pre-test.

Statistics were performed on SPSS using either the

analysis of variance (ANOVA) or analysis of cov-

ariance (ANCOVA)methods – the latter used when

the question appeared in both pre- and post-assess-

ments.

The outcome of a Bloom’s Level 1 question is to
recall basic facts. To assess students at this level,

they were given a set of multiple-choice questions to

define each term in the Bernoulli equation: P=�,
�v2=2, gzH, hf , and �Wp. Additionally, they were

asked to write the equation for velocity as a func-

tion of mass flow rate. At the second Bloom’s level,

understand, students should be able to identify and

describe basic concepts. To assess students at this
level, they were asked to select the correct descrip-

tion for three basic concepts.

At Bloom’s Level 3, students are expected to be
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able to apply their knowledge to scenarios they may

have not seen before. To assess students at this level,

they were asked to select the correct option for

pressure, velocity, and flow rate between two

points in the pipe. These questions were not

included in the pre-test and were therefore analyzed
using the ANOVA method.

By Bloom’s Levels 4 and 5 – analyze and evalu-

ate, respectively – students are able to break down

technical phenomena in complex problems and

explain or justify the solution to those problems.

Many of the questions to assess comprehension at

the higher Bloom’s levels were grouped together in

a single question with two parts. For example,
students were asked to select the correct graph for

velocity verses distance in a venturi meter, and in

the second part, were asked to justify their answer

whether that be through equations or words.

Although some of the questions were thought to

identify as Bloom’s Level 6, create, when the

authors first started analyzing data, it was decided

that those questions did not reach the expectations
for how we describe this highest level in Table 1.

2.3 Theoretical Underpinnings

Chi and Wiley’s ICAP hypothesis is critical in

shaping our hypotheses on the effectiveness of the

LCDLMs on student comprehension and in design-

ing the LCDLM experiments and associated work-
sheets to further amplify the potential cognitive

gains. ICAP is an acronym that stands for inter-

active, constructive, active, and passive modes of

learning. The hypothesis is used to extend beyond

the binary active or passive descriptors for learning

approaches, allowing us to further categorize the

level of interaction with material students experi-

ence across the different forms of active learning,
such as the difference between conducting an

experiment alone versus conducting an experiment

in a group [8]. In a 2013 Chi associated study,

Menekse et al. report on applying the ICAP

hypothesis within an engineering context – for the

first time since Chi developed ICAP – to assess

comprehension gains in an introductory materials

science engineering course before and after different
types of in-class experiments. From the results of

the short-term assessments, the researchers found

that the ICAP hypothesis proved to be true, where

the interactive experiments were more effective in

producing comprehension gains than the construc-

tive experiments and the constructive experiments

were more effective than the active experiments [19].

The LCDLM activities are inherently designed to
be constructive because they are experiment-based,

but the associated worksheets with thought-pro-

voking questions where students are required to

collaborate and exchange ideas makes the imple-

mentation of the LCDLMs interactive. The results

from Menekse et al. studying the ICAP hypothesis

in an engineering context further contributes to our

hypothesis that students who use the LCDLMs will

outperform those in the traditional lecture group

because it is an interactive implementation.
Sweller’s CLT is another major notion in educa-

tional psychology that provides us a framework for

analyzing the varied Bloom’s level questions in our

assessment to determine the effectiveness of the

LCDLMs on student comprehension gains. The

CLT takes into account how the number of con-

ceptual elements associated with new material

affects the transition from working memory to
long-termmemory in learners processing new infor-

mation [9–11]. In other work by Sweller’s group,

Kalyuga et al. outline how the level of the learner in

a particular domain is a critical factor in the ability

of the learner to use information stored in the long-

term memory to reduce the working memory load

when presented with new material within the same

domain [20], which will be useful in the analysis of
our results because we are assessing junior-level

students. General CLT and how the level of learner

affects cognitive load in the workingmemory will be

used to help explain student response results in

relation to the hands-on learning context for the

various Bloom’s level questions in the assessment.

3. Experimental Design and Assessment
Methods

3.1 Venturi LCDLMManufacturing

To minimize common misconceptions related to

continuity and the ME balance, a venturi meter

was considered as an ideal engineering tool for use

in the classroom. The venturi meter provides a
consistent means of visualizing phenomena demon-

strating both continuity and ME principles, along

with the ability to fit on top of a classroom desk.

Based on these criteria, an ultra-low-cost venturi

meter was designed and developed – the manufac-

turing process is further explained in a former paper

[21]. To describe fabrication briefly, two separate

halves of the venturi meter are 3D printed using
acrylonitrile butadiene styrene (ABS) and we

vacuum form polyethylene terephthalate glycol-

modified (PETG) thermoplastic sheets over the

top of the 3D-printed structure. The two halves

are then joint together using SciGrip’s Weld-On 3

Acrylic Glue. The whole venturi with all accessories

including the pump, batteries, and tubing costs on

the order of $50 to $100 to manufacture – around
the cost of, if not lower than, an average engineering

textbook making it reasonable for purchase.

As mentioned previously, students tend to think

pressure increases at the throat of a venturi because
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fluid would have to ‘‘squeeze’’ to pass the smaller

area. To reduce this conceptual misunderstanding,

vertical standpipes included for visualizing static

heads at the inlet, throat, and outlet of the venturi
were expected to be of help. In the hands-on section,

each group of students was provided with the

system shown in Fig. 1a. Moreover, based on our

previous results with an older model (Fig. 1b), we

had noticed that students believed pressure linearly

changes through the venturi. To reduce the pre-

valence of this conceptual difficulty, we made a

venturi meter with two additional standpipes, one
between the inlet and the throat and another

between the throat and the outlet.

3.2 Course Implementation

In a junior-level, 3-credit FluidMechanics andHeat

Transfer (ChE 332) course at WSU, students were

split into two sections. The group receiving lecture

on the venturi meter consisted of 35 students; the

venturi LCDLMgroup consisted of 27 students. All

were allowed to self-select into one of the two

sections. Both groups met together on Mondays

and Wednesdays in a large lecture hall. On Fridays
they were split into two groups that met in a smaller

room with tables that could accommodate the

miniature hands-on equipment. Both groups had

prior hands-on activities in the use of a hydraulic

loss system. Both had an initial Wednesday lecture

on flow measurement using orifice and venturi

meters, and other flow measurement systems. On

the subsequent Friday, both had additional expo-
sure to concepts related to the venturi meter, one

through an LCDLM venturi hands-on, interactive

session and the lecture group through a lecture

covering the same content. To counterbalance

exposure and ensure fairness of success in the

course between the two groups, the venturi

LCDLM section received lecture on heat exchanger

concepts while the venturi lecture section received a
heat exchanger LCDLM.

Even though both venturi lecture and LCDLM

groups received a nearly identical worksheet, the

lessons for each group were taught differently. In

the lecture group, the instructor walked students

through the fill-in-the-blank worksheet exercise

solutions. In the LCDLM group, the instructor

prompted the students with each successive ques-
tion, allowed students to discuss solutions in teams

of three or four, volunteer group answers, and

briefly correct any misconceptions with professor

input via document camera. The only difference in

the worksheets was for tabulated data. The lecture

groupwas given reservoir volumes, liquid collection

times and static manometer heights to enter into a

table. They were then shown, step-by-step, how to
calculate volumetric flow rates and pressure drops.

The LCDLM group was given a brief set of experi-

mental procedures, and they used the venturi

LCDLM to collect and obtain such data. In the

hands-on section, to encourage students to actively

take part in teamwork and make them think and

analyze what they had just observed, we made sure

each student team member had a role, as suggested
in Oakley et al. [22], i.e., an equipment manipulator

who controls the flow valve and holds the measur-

ing cup, a moderator/facilitator who leads group

discussion following the worksheet prompts, a

summarizer/recorder who writes out group answers

and data collected, and a reflector who works

closely with the moderator/facilitator to answer

thought questions more in depth.
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Fig. 1. (a) Venturi LCDLM with additional standpipes to better indicate hydrostatic pressures and (b) an older model of the venturi
LCDLM with only three standpipes.



3.3 Worksheet Principles

The main purpose of our venturi meter worksheet,

briefly, is to provide students with various exercises

and problems to assist them in learning targeted

concepts related to continuity, theME balance, and

head loss. A full eight-page worksheet similar to
that used in this implementation can be down-

loaded from our website (https://labs.wsu.edu/

educ-ate/worksheets-2/). Based on the interview

results, students struggled to understand energy

balance or continuity between two distinct points

in a system. We believe such misconceptions arise

from the fact that students have a hard time in

defining a closed-system and designating its border.
As a result, we started the worksheet with a pre-

paratory thought section, in which we asked stu-

dents to apply continuity to different points in pipe

flow and discuss how velocity changes in a pipe with

a constant diameter. One of the main reasons we

chose pipe flow as an example was that students

tend to think pipe friction causes liquid to slow

down as it travels down the pipe. We hoped having

this example would reduce the prevalence of this

misconception and help students understand that

mass for any open or closed system, with no nuclear

reaction, is conserved. We continued by providing
the ME equation and asking students to reduce it

between the points for which they had applied

continuity. The reason behind this is students

have difficulty in correlating velocity and pressure

changes as fluid flows through a given system.

The worksheet continued with a blank table with

spaces for collected volumes and times to determine

flow rates, and corresponding manometer heights
for the venturi inlet, throat and exit, fromwhich one

can determine pressure drops for two regions of the

venturi, between the inlet and throat and between

the inlet and outlet. The worksheet continues with

exercises for applying the continuity equation to

these two regions as well as the mechanical energy

Efficiently Assessing Hands-On Learning in Fluid Mechanics at Varied Bloom’s Taxonomy Levels 629

(a)

(b)
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balance and then continues with questions on how

velocity and pressure vary within these regions, as

well as why one will not see full recovery of the

initial inlet pressure at the venturi outlet. Next there

is space for showing how to combine continuity and

energy balance relationships so that the throat
velocity can be determined. Following is a section

on why a venturi coefficient, Cv, is needed and how

to determine it graphically from the data. The

worksheet is followed by homework exercises to

write a summary on what was learned under each

objective and submission of a note set with all the

associated calculations and percent deviation from

venturi meter equation calculated volumetric flow
rate to that determined experimentally.

3.4 Data Analysis

An ANCOVA statistical analysis was performed

using SPSS to examine variances in understanding

between pre- and post-assessments between the
lecture and LCDLM groups with the pre-assess-

ment as the covariate and post-assessment as the

dependent variable. Two assumptions were tested

prior to running statistics that: (1) values of the

covariate cannot vary significantly across groups;

and (2) for each independent variable, the relation-

ship between the dependent variable and the cov-

ariatemust be linear, also known as homogeneity of
regression. P-values and partial eta squared �2,
small, 0.01–0.09, medium, 0.09–0.25, and large,

>0.25, effect sizes are reported [23].

4. Results

Although easier to design, lower Bloom’s level

questions do not have positive gains nor losses in

testing the effects of using LCDLMs on student
comprehension. For Bloom’s Level 1, we asked

students to define each term in the ME balance

equation, and for Bloom’s Level 2, we asked

students about the relationship between velocity,

flow rate, andmass conservation – see Appendix for

the exact questions asked.

As shown in Fig. 2a four of the six questions
under the Bloom’s Level 1 category show small

effect sizes, two positive and two negative; however,

when comparing the difference in magnitude of the

posttest averages, none of the differences are statis-

tically significant at a 95% confidence level. Similar

results appear in Fig. 2 for the Bloom’s Level 2

questions, where one of the three shows a small

effect size, yet none show statistically significance
differences. In other words, there is no apparent

cognitive gain at these lower levels in conceptual

understanding while using the LCDLMs. More

importantly, there is no loss in understanding;

therefore, if analyses at the higher Bloom’s level

questions show significant differential gains, there is

considerable benefit in using LCDLMs.

At amid-level, Bloom’s Level 3, we begin to see in
Fig. 3 an impact on student performancewhen using

LCDLMs interactively. Although the first question

shows no statistically significant difference between

posttest scores, the second shows a statistically

significant increase at the 95% confidence level (p

= 0.01) and a medium effect size with a partial �2 of
0.104 for the LCDLM over the lecture groups.

For the statistically significant question, we
asked students to apply continuity and the mechan-

ical energy balance to two points, both after a

pump, to decide how flow rate, velocity, and

pressure vary between the points (see Appendix).

We developed this type of question because, based

on the interviews with professors [6], many students

have a misconception that fluid velocity at an

upstream location is higher than that at a point
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Fig. 3. Comparison of average posttest scores for Bloom’s Level 3 questions between the
lecture and experimental groups using ANOVA analysis. No pre-test scores are available to
treat as a covariate. (* p < 0.05; ^^medium effect size).



further downstream despite the pipe having con-

stant diameter. Rationale for the misconception is

based on the incorrect thought that wall friction

slows down the flow. While higher friction down-

regulates the flow rate at all locations between two
points, the flowrate still remains constant and the

previously mentioned misconception defies conti-

nuity; the correct conceptual understanding is that

mass input and output flow rates are constant in a

steady-state process, and, therefore, velocities are

constant if the cross-sectional areas are equal. We

surmise that the LCDLM group significantly out-

performed the lecture group on the particular
question discussed due to the constructive nature

of the LCDLM itself, where students had the

opportunity to set-up a basic pump system as part

of the module, in conjunction with the interactive

approach of the LCDLM implementation with the

complementary worksheet and group experiments.

Now considering Bloom’s Levels 4 and 5, we see

an increase in the number of questions with statis-

tically significant differences between the LCDLM
and lecture groups and notable effect sizes in Fig. 4.

The three questions that stand out in this data set

are 4, 4R, and 10. Questions 4 and 4R have p-

values of 0.003 and 0.002, respectively, and their

effect sizes are both in the medium range (partial �2

= 0.143 and 0.164, respectively). In this two-part

question, we asked students to select the correct

graph for pressure versus distance in a venturi, then
we asked them to justify their choice by explaining

the energy transitions with a summary of the two

questions and graphical choices for the first ques-

tion illustrated in Fig. 5. For the same reason as to
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(a)

(b)

Fig. 4. Comparison of average posttest scores for Bloom’s Levels 4 (a) and 5 (b) questions
between the lecture and LCDLMgroups usingANCOVAanalysis, treating the pre-test as the
covariate. Questions labeled ‘‘#R’’ in (b) are the reasoning or explanation portion of the
Bloom’s Level 4 question, hence making it Bloom’s Level 5. (*p < 0.05, **p < 0.01; ^ small
effect size, ^^medium effect size).



why we developed the statistically significant

Bloom’s Level 3 question, this question is used to
test a common misconception in the fluid

mechanics classroom related to pressure versus

distance in a venturi. As mentioned in section 2.1,

students typically believe the pressure increases

through the throat of a venturi because the fluid

has to ‘‘squeeze’’ through a narrower section of

tubing. The other statistically significant question,

10, is used to test the same concept, but in an
opposite scenario – an expansion versus a contrac-

tion as shown in Fig. 6. The p-value for this

question is 0.02, with a small effect size of 0.083.

From the aforementioned results, we can see a

clear increase in statistically significant differences

between the LCDLM and control groups with
increasing Bloom’s level. An additional finding we

did not expect to see within each set of Bloom’s

questions, however, is the type of questions that

show statistical significance at the higher Bloom’s

levels and that the nature of the question and its

relation to the physical LCDLM may be another

factor in showing significant differences between

the two groups. In the following section, the reader
will find how we relate our results to comparative

literature and theoretical underpinnings and how

our findings in addition to others’ affects future

hands-on implementations and assessments.
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Fig. 5. Joint Bloom’s Levels 4 and 5 question on pressure versus distance in a venturi with statistical significance.

Fig. 6. Bloom’s levels 4 question on pressure versus distance in an inverse venturi, or expansion in a flow system, with statistical
significance.



5. Discussion

5.1 Lower Bloom’s Levels: 1 & 2

The lack of statistical significant between the

LCDLM and lecture groups at lower Bloom’s
levels is not unexpected, as previous work by

Burgher et al. [5] shows that out of five Bloom’s

Level 1 and 2 questions, none were significant at a

95% confidence level between control and experi-

mental groups, and the research suggests that an

interactive approach may not be more effective than

a passive approach – terms derived from the ICAP

hypothesis proposed by Chi and Wiley [8] – when
testing students at these lower cognitive levels. The

results at Levels 1 and 2 are consistent with what

one would expect based on cognitive load theory

(CTL). Each concept has a number of elements

associated with it, and element interactivity is a

measure of how each element within that concept

relate to one another. Concepts with high element

interactivity require comprehension of more infor-
mation, while the opposite is true for concepts with

low element interactivity. For example, the concept

of velocity alone is easy for students to grasp, but

the concept of velocity changes in a venturi requires

students to integrate the knowledge they have of

velocity with cross-sectional area changes in a

venturi, hence higher element interactivity exists.

In CLT, higher levels of element interactivity in
concepts add to the foundational intrinsic cognitive

load [9–11], i.e. that which is inherent in the material

and cannot be altered by variations in teaching

approaches. Because lower Bloom’s level questions

are used to test concepts with low element inter-

activity, such as defining each term in the mechan-

ical energy balance equation, they can be assimilated

as easily through lecture and note-taking, and this
low level of element interactivity may be one reason

for the lack of significant difference between the two

groups. Additionally, as outlined in the Theoretical

Underpinnings, the foundation of knowledge the

learner already has is a critical factor in using long-

termmemory to reduce working memory load when

presented with new information in a domain with

which the learner is familiar [20]. Because the
students in this study are juniors and had taken an

introductory transport phenomena class the seme-

ster prior, both groups most likely already had the

basic concepts tested at the lower Bloom’s levels

stored in their long-term memory; therefore, the use

of the LCDLM did not enhance the transition of

such information from the working memory to the

long-term memory for the students in the LCDLM
group because they may have been spending the

capacity of their working memory to learn concepts

not already in their long-term memory.

Due to the lack of statistical significance, these

lower Bloom’s level questions may not be necessary

for studying the effect of LCDLMs on performance

and comprehension in junior- or senior-level

courses, and there is support for removing them

from pre- and post-assessments to focus valuable

class time on more important assessments. Such
questions may be more suitable in assessing the

effectiveness of the LCDLMs on first- and second-

year students, as they have not been presented with

enoughmaterial from the domains being tested that

they would not have a long-term memory base to

pull from to reduce their working memory load. If

there is time in the higher-level courses, though, the

lower-level questions could be used as a control in
the pre-assessment to determine if the lecture and

experimental groups are starting at the same pre-

knowledge level and are roughly equal in their

ability to learn. Based on theory, we expect at

higher Bloom’s levels corresponding to higher ele-

ment interactivity, having hands-on systems in

front of students will reduce the cognitive load of

information in the working memory.

5.2 Mid Bloom’s Level: 3

As seen in the results, out of the two Bloom’s Level

3 questions, the LCDLM group significantly out-

performed the lecture group on a question (see in

Appendix Bloom’s Level 3 Q2) about whether

velocity changes between two successive points
after a pump; this may be due to the interactive

learning experience, as the lecture group did not

have the same experience of assembling and using

the LCDLM in a team-setting. During the LCDLM

experiment, the students followed the correspond-

ing worksheet in their groups to assemble the

hands-on learning module, making this an inter-

active or constructive form of engagement within
the ICAP framework depending on whether the

student was conversing with a peer to put the

module together. In addition to assembling the

LCDLM, students were required to collect flow

rate data at four different valve positions. Because

the valve on the LCDLM is placed just after the

pump but upstream from the pressure standpipes,

students may have realized that lower flow rates are
correlated to the additional frictional losses intro-

duced by the partial closing of the valve rather than

incorrectly thinking that flow is faster just after a

pump, and then slows down due to friction in the

pipe; this may partially account for the statistical

significance for the second Bloom’s Level 3 ques-

tion with the pump scenario.

Regarding comparative literature, we note a pre-
to post-assessment comparison conducted by Ferri

et al. [24] that falls in line with the ICAP framework,

on the effects of an interactive, team-based, hands-

on circuit board learning environment in a junior-
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level class on student performance. Though they

did not have a lecture group, they found similarly,

that ‘‘A’’ and ‘‘B’’ GPA-level students, who com-

prise 72% of the students in the study, performed

statistically better by 14.2% on average on what we

determined to be Bloom’s Level 3 questions that
related more closely to the hands-on experiment

over performance on control questions they used.

We note that while the comparative study questions

are not explicitly defined as being at Bloom’s Level

3 we deemed them to be based on a sample question

presented by the authors where students were asked

what the time constant is for a given plot of an

output for a circuit; therefore, students had to apply
their knowledge base to a new scenario that is still

similar to the hands-on circuit board experiment.

Based on the results of the current study at this mid-

Bloom’s Level 3 and comparative literature, we

expect to see at the higher Bloom’s Levels 4 and 5

that questions relating more closely to the LCDLM

and complementary materials will show statistical

significance more frequently compared to those
that do not.

5.3 Higher Bloom’s Levels: 4 & 5

As seen in our results across Bloom’s Levels 3, 4,

and 5 and comparative Bloom’s Level 3 results from

Ferri et al. [24], Cirenza et al. [25] also found that

student test results showed statistically significant
differences on questions that correlate more closely

with activities performed in a workshop, where the

researchers studied the effect of hands-on, compu-

ter-based workshops to assist in student under-

standing of heat transfer concepts. For example,

the experimental group conducted a hands-on

experiment by feeling two separate heating plates

of different material at the same temperature, and
scored significantly higher by 26.1% compared to

the control group when tested on the concept of

radiation for different emissivity and reflectivity

values of two different surfaces at the same tem-

perature. Relating back to the CLT and ICAP

hypothesis, interactive or constructive modes of

learning with a physical or interactive learning

device may prove more effective than active or
passive modes for higher Bloom’s level questions.

This is because the visualization provided by inter-

action with the device leads to storage of a mental

image uponwhich conceptual understanding can be

superimposed. Therefore, one does not need to

store the physical geometric elements, especially in

the LCDLM case, as they are easily viewed in front

of students or by a mental image of the device
available on instant recall. This lowers the

demand onworkingmemory and allows the student

to focus on themore difficult conceptual elements as

they relate to the geometrical system.

Constructive exercises are different from interac-

tive ones, however, because the interactive level

requires the exchange of ideas between two or

more parties. Our current LCDLM experiments

are interactive because we require the students to

work in groups to conduct mini-experiments for
data collection and discuss results led by a group-

designated facilitator as they fill out the worksheet

together. Similar group-approaches were also used

in studies by Ferri et al., where students worked in

pairs to complete a worksheet corresponding to the

hands-on activity with instructor guidance [24], and

Cirenza et al., where students were split into groups

of two or three in challenge-based instruction to
promote team discussions [25]. It may not be

necessary, however, for the students to work

together to learn at these higher Bloom’s levels;

the questions from Bloom’s Levels 4 and 5 with

statistical significance can also be answered by

direct visual observations, or straight-forward

applications, of what is seen during the LCDLM

experiment. Finding studies to prove such a point
on significant increase in performance at only a

constructive mode of activity, though, has proven

difficult, as most hands-on activities are performed

in group settings for a number of reasons such as the

cost of learning devices, space in a classroom

setting, and time available.

The question about velocity in a venturi, on the

other hand, did not show a statistically significant
difference between the LCDLM and lecture control

groups; however, both groups performed well, with

average scores above 90%. Perhaps this is attribu-

table to the fact that many times within the course,

students need to determine velocity from a flow rate

as a function of cross-sectional area, and that by the

time of the posttest, this understanding has been

cemented into their thinking. One can, however,
make the LCDLM velocity profile more visual by

introducing velocity tracers. This was actually done

in an in-front-of-class demonstration using a docu-

ment camera and overhead screen during the class

by inserting small alginate beads for the LCDLM

group, and could offer some explanation for the 6%

increase in scores for the LCDLM group while the

lecture group remained at 91%, but again, given the
high scores and associated standard deviations for

both groups, a much larger sample size would be

needed in future studies to determine if this truly

has an effect.

6. Implications, Conclusions, and Future
Work

Although the 28-question pre- and post-assess-

ments took an entire lecture period each, they

served as a valuable means for assessing what
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types of questions at each Bloom’s level are more

appropriate for testing comprehension gains with a

hands-on learning approach. Supporting our first

hypothesis, lower Bloom’s level questions do not

show significant differences in growth between the

lecture and LCDLM groups in the junior-level
course, and in this circumstance, would only be

necessary if the implementer has the time and is

interested in using it as a control. Lower Bloom’s

level questionsmay bemore suitable in assessing the

effectiveness of the LCDLMs on first- and second-

year students, as their long-termmemory base is not

as developed as junior-level students. It is also

shown collectively across Bloom’s Levels 3, 4, and
5 that the design of questions and their correlation

to the LCDLMs is an important factor in assessing

statistical significance between the lecture and

LCDLM groups, further aligning with our hypoth-

esis and what the ICAP framework would predict

based on the interactive/constructive/active nature

of the LCDLM and its corresponding activities.

The second hypothesis is also well supported as
conceptual understanding of flow and pressure

profiles is aided by the visualization afforded by

additional standpipes thereby reducing cognitive

load as a mental image of the process is readily

stored aligningwith the old adage that ‘‘a picture (in

this case a physical image) paints a thousand

words.’’

We also find that there is the potential that
students could simply see the LCDLM in a lecture

demonstration and still outperform traditional lec-

ture students on visual, higher-Bloom’s-level ques-

tions; although, there are more important benefits

to having students work in groups. Working in

groups promotes growth in communication skills,

an important skill for working on typical engineer-

ing projects that is normally lacking amongst engi-
neering students. It is important to note the

potential ability for students to still outperform a

lecture group by just seeing the LCDLM at the

constructive level, though, because this means the

application of the learning device can extend to

institutions who may not have the resources to

purchase enough LCDLMs for their students to

form groups of four or five.

The potential to enhance comprehension of engi-

neering concepts just through the visual aide of the

LCDLMs can also be useful in instances where

distance-learning is necessary. Currently, in the

time frame of writing this paper, we are faced with

the coronavirus pandemic (COVID-19), which has
caused universities to switch to online lectures.

During this time, to follow-up with the idea that

the LCDLMs can still increase performance at the

constructive or active learning levels of Chi’s theory,

we are implementing the modules via step-by-step

videos that the students can watch of the imple-

mentation and fill out the worksheet as they

typically would. In the virtual LCDLM implemen-
tations, we expect the students will significantly

outperform the virtual lecture group due to the

ability of the LCDLMs to reduce working

memory load when learning new material not

already stored in the long-term memory, as seen

in the results of this study relating to CLT.

Because we have developed a better understand-

ing of question quality in assessing the effectiveness
of our novel hands-on learning tool, a major

implication from this study is pre- and post-assess-

ments can be shortened significantly to only include

questions that directly correspond to key concepts

learned through use of the LCDLMs. So rather

than the 28-question test used in the present study,

though beneficial in elucidating which concepts are

best learned in our approach, we can improve
classroom efficiency by eliminating questions that

are ineffective in assessing conceptual growth, or

those at lower Bloom’s levels where our results

support that lecture is just as effective as the

hands-on activities. New pre- and post-assessments

consisting of 4 to 6 questions have been designed for

our ongoing implementations and will provide data

for future studies.
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Appendix: Full Set of Pre- and Post-Assessment Questions and Scoring Rubric

Bloom’s Level 1:
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Bloom’s Level 2:

Bloom’s Level 3:

Bloom’s Levels 4 and 5:
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