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While learning effective problem-solving is an important goal of engineering education, ‘‘how should we teach problem-

solving to engineering students?’’ is an ongoing challenge. In our previous works, we identified themain practices involved

in solving a novel technical problem involving electrical circuits. Among these practices were reflective practices that

regulate the problem-solving process by making more intentional and informed decisions. Expanding on that work, we

examine in this study whether we can improve students’ problem-solving by prompting their use of reflective practices.

The study presented here consists of two experiments. The first experiment was conducted with 16 undergraduate students

in a mechanical engineering course. Students were introduced to problem-solving reflective practices and then received

prompts to engage in these practice as they worked on their weekly projects. The quality of their problem-solving was

evaluated pre- and post-course using interactive electrical circuit problems embedded in an educational simulation. The

improved performance in problem solving in the mechanical engineering context was observed to transfer and to improve

problem-solving in the context of the electrical circuit problems.We conducted the second follow-up experiment to confirm

that this improvement was the result of the prompted reflection, not simply repeated practice on the test and/or learning

about electrical circuits in between the pre- and post-course evaluation. For the second study, 70 undergraduate students

were randomly assigned to one of two conditions: practice solving electric circuit problems with prompted-reflection (PR)

or receiving extra repeated-practice (RP) solving such problems, but without reflective prompts. Student problem-solving

in the PR condition improved nearly twice as much as in the RP condition. Overall, the results of the study show that

prompting students to reflect on their problem-solving produces problem-solving benefits greater than repeated practice

and these benefits transfer across disciplines.
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1. Introduction

Effective engineering education goes beyond teach-

ing content knowledge and includes training pro-

blem-solvers who can use their knowledge to solve

novel problems. Over the past two decades, the

engineering and science education communities

[1–8] have acknowledged the significance of train-

ing good problem-solvers and called for including

teaching problem-solving practices in the curricu-
lum. However, there remain the essential questions:

‘‘What are the characteristics of good problem-

solving?’’ and ‘‘How can problem-solving be

taught?’’ [9, 10].

In the classic literature on problem-solving, a

problem has been defined as a goal-oriented task

for which a set of required actions to reach the

desired goal is not known in advance [11–14].
Extending this definition, we characterize problems

in engineering and science domains as goal-directed

tasks that: (1) require employing scientific and

engineering knowledge; (2) the set of actions

needed to reach the goal is not known in advance;

and (3) encompass multiple parts and has multiple

possible solution paths.

In our previous works [15], we examined pro-
blem-solving processes of individuals with a wide

range of backgrounds as they worked on novel

problems, which they have not seen before, in an
interactive simulation to figure out a hidden com-

bination of electrical components. We qualitatively

analyzed the problem-solving of these individuals

to identify the main problem-solving practices they

employed, and we identified a set of practices that

distinguish effective and ineffective problem-sol-

ving and characterized different levels of strength

in each of these practices. This work resulted in an
empirical framework for characterizing, assessing,

and teaching problem-solving. The problem-sol-

ving framework has eight main practices divided

into two categories: execution practices and reflec-

tive practices. Execution practices are what a pro-

blem-solver does to solve a problem and include:

problem definition and decomposition of the pro-

blem into suitable sub-problems, data collection,
data recording, data interpretation. Reflective prac-

tices are how a problem-solver decides what to do to

solve a problem and include: reflection on problem

definition and assumptions, reflection on knowl-

edge (what is known and what needs to be known),

reflection on effectiveness of strategy being used to

solve the problem, reflection on solution, including

testing and verification of the solution. In other
words, reflective practices are regulative processes
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in which a problem-solver engages to make inten-

tional and informed decisions about what to do to

solve a problem. These four reflective practices were

further validated by Price et al. [16], when they

interviewed a series of scientists and researchers to

identify decisions they engage in while solving a
problem.

While, many but not all problem-solving prac-

tices of the above problem-solving framework have

been noted and discussed in previous works related

to engineering education, for example: problem

definition and decomposition of the problem into

suitable sub-problems [17]; data collection [18];

reflection on knowledge (what is known and what
needs to be known) [19]; and reflection on solution,

including testing and verification of the solution

[20]; the reflective practices and the teaching of

them have received relatively little attention. As

Turns et al. [21] stated, ‘‘Although reflection has

not historically received great attention in engineer-

ing education, the recent efforts call for more

emphasis on the role of reflection in engineering
education. Ambrose [22] calls for curriculum

change by arguing that ‘‘students learn by doing,

but only when they have time to reflect – the two go

hand in hand. Why, then, don’t engineering curri-

cula provide constant structured opportunities and

time to ensure that continual reflection takes

place?’’ (p. 1).

The current work presents two experiments that
examine whether it is possible to teach students the

reflective practices identified in [15] by providing

them with reflective prompts as they work on novel

problems. For example, students were prompted to

reflect on their problem-solving strategies by being

asked to consider ‘‘different strategies for solving

the problem’’, and to consider ‘‘criteria to compare

and contrast these different strategies.’’ Previous
studies have shown the benefits of reflective training

in contexts such as reading [23], programming [24–

26] mathematical reasoning [27, 28], and engineer-

ing [29, 30]. In other cases, researchers considered

the questions posed during peer feedback sessions

as prompts to encourage reflection [31]. The reflec-

tive trainings in such studies were quite general.

Students were encouraged to think about questions
such as: what were they doing? why were they doing

it? and whether they should change what they were

doing. The effectiveness of such general reflective

training highly depends on the quality of questions

posed by students and/or their peers. In the study

presented here, we provided the students with a set

of specific, and clear reflective prompts, asking

them to think about how they could improve on
specific problem-solving practices, as listed above.

We then measured if their problem-solving did

improve as a result of these prompts as they

engaged in solving problems. Providing students

with specific and clear reflective prompts not only

encourages student reflection during engineering

problem-solving, but also makes sure the effective-

ness of reflection does not depend on students’

ability to pose helpful questions during reflection.

2. Research Questions

The research questions for this study are:

RQ1. Can students’ problem-solving improve by

prompting reflective practices during problem

solving?

RQ2. Do the benefits of learning reflective practices

in one context transfer to different contexts?

RQ3. Does reflection increase the probability of

students correctly solving the problem?
RQ4. Would students perceive the reflective

prompts to be helpful?

These research questions were examined through

two experiments. In the first experiment, we exam-

ined whether receiving reflective prompts during

mechanical engineering course projects would
improve students problem-solving as measured by

pre- and post-course tests. In the second study, we

compared the effect of reflective prompts with

repeated practice of similar problems across two

conditions: in one condition students solve two

electricity problems and received reflective prompts

in between, while in the other conditions they

practiced solving three similar problems. The
details of methods and participant population is

presented in the following.

3. Methods

3.1 Problems Used in the Experiments

To study problem-solving, we needed a family of

similar novel problems such that they are suffi-

ciently unstructured to call upon a variety of pro-

blem-solving practices, but also are constrained

enough to be solvable in a fraction of an hour and

allow problem-solving methods to be readily com-
pared. These novel problems also needed to be

challenging across different experience levels in

the problem domain: not to be a routine exercise

for experienced problem-solvers, nor be impossible

to solve for less experienced problem-solvers. The

problems also needed to be authentic and to call on

content knowledge in a domain, but that knowledge

should be reasonably familiar to a wide-range of
problem-solvers. We designed a family of problems

about simple electrical circuits, embedded in PhET

Circuit Construction Kit (CCK) interactive simula-

tion environment [32, 33] to satisfy these criteria. In

these problems, a black box hides an electrical
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structure [15]. The task of the problem-solver is to

infer the hidden electrical structure by using the

tools provided in the simulation interface and

collecting data from the four wires protruding

from the box (Fig. 1).
The black box problems also have all the char-

acteristics of engineering and scientific problems

listed earlier: (1) to solve this problem one needs

to use content knowledge about electrical circuits:

knowledge about Ohm’s law, structural character-

istics of circuits, as well as characteristics of differ-

ent electrical components, (2) the set of required

actions to solve the problem is not clear in advance,
(3) the problem has multiple parts and multiple

possible solution paths. To solve the black box

problem, the problem-solver needs to decide on

what information to seek, how to get that informa-

tion, and then how to interpret and use the informa-

tion that they attain. Therefore, the solution path

for the black box problem involves many decisions

to be made and different problem-solving practices.
At the same time, the number of possible paths was

sufficiently constrained that all these possible paths

and their associated practices could be character-

ized. Embedding the problems in an interactive

simulation allows the problem-solver to autono-

mously make all the above-listed decisions.

3.2 Methods and Participants

Experiment 1 – This study was implemented in a

project-based upper-level mechanical engineering

course at Stanford University. During the course,

students completed seven weekly design projects.

The first five projects were completed individually,

and the last two were completed in groups of two or

three students. On Wednesday of each week, parti-
cipants would receive a project definition sheet as

well as reflection prompts to use as they worked on

the project. On the following Monday, they would

give a 15-minute oral report on their progress to the

instructor and receive feedback. On the next Wed-

nesday, they would submit slides and final design

files for their project. The course had 17 senior

undergraduate or beginning graduate students in
mechanical engineering (10 females, 7 males). All

except one student was tested using the CCK black

box problem at both the start and completion of the

course. That student was excluded from the study.

Nine students had taken only two courses covering

anything about electrical circuits, which we label as

the ‘‘low experience’’ group. The other seven stu-

dents (‘‘high experience’’ category) had taken mul-
tiple courses providing them with extensive

backgrounds in working with electrical circuits.

As shown in Fig. 2, the study had three main

components: pre-course problem-solving test at the

beginning of the quarter, reflection prompts

throughout the quarter, and post-course problem-

solving test at the end of the quarter.

Pre-test. Students completed the pre-test for
problem-solving in the first week of the quarter

before they had done any assignments. They first
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Fig. 1. Illustration of the black box problem.The back box is hiding an electrical configuration, and the task of the problem-solver is to use
the tools provided in simulation interface to identify the hidden configuration. Each pair of four wires protruding from the black box is
either: (1) not connected, (2) connected by awire, (3) connected by a resistor, or (4) connected by a battery. The goal of the problem-solver
is to identify these connections and their values, if applicable.



got familiar with the PhET CCK interface and then

they solved at least one, and up to three, black box
problems, thinking aloud as they did so, spending a

total time of 45 minutes. We collected audio and

video recordings of the tests, along with the notes

that the students took, and a screen-capture video

of the simulation.

Reflective prompts. After students had handed in

their first project in the second week, the instructor

presented the aforementioned problem-solving fra-
mework, explained each of the eight practices, and

gave examples of a good and bad performance of

each practice in the context of a mechanical engi-

neering project. The instructor also emphasized

that the practices are generalizable to contexts

other than mechanical engineering projects. For

the next four projects, students received the project

definition along with a worksheet called Strategiz-

ing (Appendix A). They worked on this sheet for the

last 10 minutes of the class. The goal of this work-

sheet was to teach reflection on problem-definition

and assumptions. In this worksheet, students were

explicitly asked to reflect upon how they had

defined and decomposed the problem. The work-

sheet asked students to write down: the definition of

the problem; what they already knew that would
help them design this project and what they

assumed about the problem (problem definition);

how to break down the project into more manage-

able sub-projects; and how to budget the time

across these sub-projects (problem decomposition).

Students were encouraged to refer to this worksheet

while working on the project.

At the end of the class, students were given a
second worksheet named Reflection worksheet

(Appendix B). The goal of this worksheet was to

teach reflection on strategy, knowledge, and solu-

tion. In this worksheet, students were asked what

strategies they were going to use to carry out the

design project, why this strategy was chosen (reflec-

tion on strategy), what knowledge they already had
that would be useful for this project, if they were

missing a piece of knowledge how they could get

that knowledge (reflection on knowledge), how they

decided the project was finished, whether the

designed product met the constraints of the pro-

blem definition, how their design could be tested,

whether there was any other possible design, and

finally, how they predicted their design would fail
(reflection on solution). Students were encouraged to

refer to and complete this worksheet as they were

working on their projects. Students would hand in

this worksheet and the strategizing worksheet along

with their assignments. Students did not receive any

reflection training for the first project, as we wanted

the first project to be a preparation for future

training [34]. Not having a reflection prompt for
the first project versus having it for the next project

created contrast and helped students appreciate the

important role of reflection in working on an

engineering project. As one of the students noted:

‘‘For [the first project], I found myself getting caught
up working on unimportant details or trying to re-
CAD components as my design evolved. By the time I
got through the initial CAD work, I had run out of
time for the most important design considerations
(manufacturability, spec’ing components, material
choices, etc.) [For the second project and using reflec-
tive prompts], by gathering my thoughts and planning
the core concepts before attempting to design a solu-
tion, I was able to avoid many time-traps such as
frequent redesigning of components. This also helped
me get more out of the assignment, as I was able to
better distribute my time across the various aspects of
the project.’’

The two reflective prompt worksheets were not

given out for the last two projects.

Post-test. After finishing all the course require-

ments, students completed the post-tests. The post-
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Fig. 2. The design for Experiment 1. The experiment was implemented in a project-based under-
graduate mechanical engineering course. The course had seven projects and 17 students, 16 included
in the study. Nine students had low experience in electricity and seven students had high experience.



tests were conducted in the same way as the pre-

tests, but test time was shortened to 30 minutes.
Students worked to figure out hidden circuits that

were similar, but not identical, to the pre-test

circuits. They had similar components, circuit

structures, and number of connections but were

connected differently as shown in Fig. 3. Students

solved at least one and up to three problems in the

post-test.

We then analyzed the quality of problem-solving
practices and accuracy of final solution on the pre-

and post-tests of all the students.

Experiment 2 – The second experiment was

carried out in a laboratory setting with 74 students,

each participating in a single hour-long interview

session. We only recruited low-experience students

through a pre-study survey to avoid the ceiling

effect observed in study 1. We were able to have

both treatment and control conditions in this study
to compare the effects of reflective prompts with

simple additional practice at the task. Finally,

implementing the study in a single experimental

session ensured that the students were not learning

about electrical circuits outside the study setting.

The study design is presented in Fig. 4. Students

were randomly assigned to the PR or RP condi-

tions. In both conditions, students first read and
signed a consent form, then completed a short

tutorial to become familiar with the features of

the simulation used for the black box problems

and to review basic circuit knowledge (Ohm’s law).

In the RP condition, students worked on the first

black box problem (black box A), drew their

answers to the hidden circuit structure on paper,

and then were told whether their solution was
correct and shown the correct solution. They then

attempted to solve black box problems B and C,

without seeing the answer to either. In the PR

condition, after doing the tutorial, students

worked on black box A, drew their answers on

paper, and were then told if their solution was

correct. Students then answered two open-ended

reflection questions: ‘‘what do you think is wrong
with your solution?’’ and ‘‘what could you do about

it?’’. Afterwards, they were shown the correct solu-

tion for black box A and answered the six reflective

prompts shown in Fig. 5. After answering the

reflection questions, the PR students attempted

black box C.

In both conditions, after finishing black box C,

Impact of Prompting Engineering Undergraduates to Reflect on Their Problem-Solving Skills 657

Fig. 3. Problem sequences used for pre- and post-tests of the first
experiment. The top row shows the black-box problems used in
the pre-test, and the bottom row is the problems used in the post-
test. The order of attempting the problems was from left to right,
e.g., in the pre-test, students would start with the problem shown
on the top left corner, and if time allowed, would proceed to the
one shown in the top middle, and then the one on the top right
corner. The pre-, post-problemswere chosen to be similar but not
identical, and the difficulty level increased from the first to the
third problem.

Fig. 4. The design for experiment 2. Students were randomly assigned to the PR or RP
conditions. All students at the beginning attempted black box problem A, and then were
shown the correct solution. Also, at the end all students answered few demographic and
descriptive questions. After seeing the correct solution to black box A, in the Repeated
Practice (RP) condition, students attempted to solve black box problems B and C, without
seeing the answer to either; in the Prompted reflection (PR) condition, students answered the
six reflective prompts, then attempted black box C.



students answered five open-ended descriptive

questions about how they solved black box C.
They also answered demographic questions about

their gender, year in college, major or intended

major, and courses taken covering electrical cir-

cuits. Students had up to an hour for the study: a

maximum of 15 minutes for each black box pro-

blem, a maximum of 15 minutes for the open-ended

and reflective prompts, and the remaining time

spent on the tutorial, descriptive and demographic
questions. The Qualtrics online survey platform

was used to administer the questions and to collect

the student answers. Students were asked to think

aloud when working on the black box problems.

Audio, video, screen-captured, backend data from

the simulation, and notes students took during the

study were collected.

Fig. 6 shows black box A, B, and C used for this
study. These black box problems were used because

they were challenging for these students to solve in

the allotted time. This was particularly true for the

first problem A because we wanted their struggles

with the problem to motivate them to self-reflect

and answer the reflective prompt questions.

For the two subsequent problems we used black

box B and C, because these two problems are
conceptually very similar while structurally not

identical. Each hides a battery and a resistor con-

nected to two pairs of wires sharing a commonwire.

While students in RP condition did not have the

explicit reflective prompts to correct their short-
comings in solving black box A, they had an extra

opportunity to practice with a problem quite simi-

lar to black box C. Also, the similarity of these two

problems allowed us to compare the students’

performances on the two problems.

To recruit participants, we sent out an online

form to different Stanford students’ mailing lists. In

this form, students were asked about their major as
well as the courses they had taken in high school or

college that covered electrical circuits. From the

students who filled the forms, we recruited 74

students (43 females, 31 males) with some, but not

extensive, background in electrical circuits. This

included students who had taken a high school or

university physics course covering simple electrical

circuits but not majoring in electrical engineering or
physics, as those majors would give them more

exposure to circuits. We excluded four of the

participants: one of them had surgery less than 24

hours before the experiment, the other one (despite

their answer to the recruitment form) had no

electricity background, one had to leave before

finishing the experiment, and one had already

participated in one of our other studies with black
box problems. The remaining 70 students were

rated by their level of experience with electrical

circuits: students who had taken high school physics

course covering electrical circuits (HP), students

who had taken honors or advanced placement high

school physics courses covering electrical circuits

(HAP), and students who had taken introductory

undergraduate courses covering electrical circuits
(UN). The number of students in each level across

the two conditions is shown in Table 1.

To analyze students’ problem-solving, we used

the audio, video as well as screen-captured data. To

analyze their final solutions, we used the solutions

students drew on paper. We used similar but not
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Fig. 5. The reflective prompts that the students answered after working on the first black box problem in PR condition.

Fig. 6. Black box problems used in study 2. Black box A and C
were the first and the last problem attempted by all students.
Black box Bwas only attempted by the students in RP condition,
between the first and the last problem.



identical procedures for measuring the quality of

problem-solving practices demonstrated by the

subjects in the two experiments.

3.3 Practice and Problem-Solving Score

Experiment 1 – Students received a score from 0 to 3

for seven of the eight problem-solving practices,

depending on how effectively they performed that

practice in each black-box problem they attempted
to solve. We did not score them on data-interpreta-

tion because we have seen that performance of this

practice is dominated by their experience with the

content. The practices’ scores were added together

to define the problem-solving score for each stu-

dent. Students’ problem-solving score is the sum of

students’ scores for these seven practices, ranging

from 0 to 21. Finally, each student’s scores of
specific practices as well as their overall problem-

solving scores were averaged for the number of

problems attempted during the pre- or post-test.

The details of the scoring rubric for each of the

individual practices is discussed in [13].

Experiment 2 – The sample size of this study was

significantly larger than the previous studies, and

we had tomake the video coding scalable to analyze

the data of 70 students. Therefore, we shortened

and adjusted the coding scheme to focus on the

practices that were directly addressed by the

prompted reflection questions in our study. We

coded for the following practices: problem defini-
tion, problem decomposition, data collection, data

recording, and solution reflection. For each

attempted problem, we coded students’ perfor-

mances in each of these practices. Depending on

their performance, the student received a score of 0

to 3. Students’ problem-solving score is the sum of

students’ scores for these five practices, ranging

from 0 to 15.

4. Results

4.1 Experiment 1: Pre- to Post-Test Change in

Problem-Solving Practices Scores (RQ1 & RQ2)

Fig. 4 shows the progression of average problem-
solving scores from pre- to post-tests for the high

and low experience level groups. The scores

increased for both levels, and the increase was

larger for the low-experience students, probably

because of the ceiling effect for the high experience

group. To analyze the statistical significance of the

improvement seen in Fig. 7, we ran a mixed model

repeated measure regression of the problem-solving
practices score on the fixed effects of test and

experience level, while controlling for the random

effect of students. The analysis showed that the

problem-solving score of all students increased

from pre- to post-test. Low experience students

increased by an average of 5.52 points (1.31 S.D.)

(p = 0.0007). The increase for high experience

students was 1.23 points (0.2 S.D.) (p = 0.044). In
the post-test, the high experience group achieved

scores that were very close to the maximum score

attainable, so the measured improvement in the test

can be considered as a lower limit of their actual

improvements.

4.2 Experiment 1: Improvement of Specific

Problem-Solving Practices (RQ1)

Fig. 8 shows the changes in specific problem-solving

practices’ scores between pre and post-tests. Scores

mostly increased. This was especially the case for

low-experience students who had the most room to

improve. To statistically verify the patterns

observed for individual practices, we used a

mixed-model repeated measure regression to pre-

dict the score of each practice based on experience
level, tests (pre- versus post-test), and the interac-

tion term. After adjusting for Bonferroni correction

for seven practices, all changes are statistically

significant at the p < 0.05 level, except for reflection

on problem-definition and reflection on knowledge.
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Table 1. Number of students in each experience level across
conditions

HP HAP UN

RP 6 17 12

PR 5 15 15

Fig. 7. Problem-solving scores across experience levels and the
pre- and post-tests. Panels correspond to the experience level.
The experience listed here is based only on what courses they
have taken covering the electricity content. Low experience level
is shown by the blue solid line and high experience level is shown
by the green dashed line.



Reflection on solution showed the most pro-

nounced improvement across both experience

levels, with an average improvement of 1.38

points from the pre- to post-tests (padjusted =

0.007). This is likely because reflection on solution

is the least complex and hencemost straightforward

reflection practice to improve. This may also be due

to more training on this practice. For each project,
the instructor asked, ‘‘If and how would your

design break (fail).’’ This question is a manifesta-

tion of reflection on solution. In the post-test, after

arriving at a tentative solution, several students

said, ‘‘let me see how I can break my solution.’’

4.3 Experiment 1: Percentage of Correct Solutions

(RQ3)

There was a substantial variation in how many

hidden circuits were correctly determined by each

participant in pre- and post-tests. However, every-

one attempted at least the first problem. Fig. 9

shows the percentage of correct solutions for the

first problem across experience levels and tests. The

mixed-effect repeated measure logistic regression

was used to analyze the probability of solving the

problem correctly based on test (pre- or post-test)

and experience level, while controlling for the
random effect of students. The high-experience

students performed better on both pre- and post-

tests. Overall, the probability of students correctly

solving the first problem increased from the pre- to

post-tests (p = 0.028). This increase was not sig-

nificantly different across experience levels and

problems. The results were similar when we ana-

lyzed the solutions to the first two problems
attempted in each interview. So, students not only

improved in their problem-solving practices, but
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Fig. 8. Problem-solving scores across experience levels, practices, and pre- and post-tests. From left to right the
practices indicate: problem definition and decomposition, data collection, data recording, reflection on problem
definition and assumptions, reflection on knowledge, reflection on strategy, and reflection on solution (verification
of solution). When a participant had attempted more than one problem in either test, the score for each practice
would be averaged across the attempted problems. Low experience level is shown by the blue solid line and high
experience level is shown by the green dashed line.

Fig. 9. Percentage of the correct solution for the first attempted problem across different experience levels, and pre- and post-tests. Note
that high-experience students all achieved the correct solution for the first problem of the post-test, so there is a ceiling effect. They might
have shown more improvement had we used a harder problem.



this improvement also carried over to their solution

of the problem.

4.4 Experiment 2: Change in Problem-solving

Practices Scores (RQ1)

First to last problem comparison. Fig. 10 shows the

progression of the problem-solving practices scores
from the first to the last black box problem across

conditions and experience levels. It can be seen that

while both conditions improved, the slopes were

steeper for the PR condition across all experience

levels.

We used multivariable linear mixed-model

repeated measure regressions to analyze the statis-

tical significance of the differences in the progres-
sion of students’ problem-solving scores across

conditions and experience levels. To find the sim-

plest best fitting model for the data, we started from

the basic additive model with the main effects of

condition, experience level, and black box problem

(first (A) or last (C)), and the random effect of

students. To this basic model, we added interaction

terms between main effects, one by one, to test
whether any of these interaction terms would

improve the model fit significantly. The model fits

were compared using chi-square tests. Adding the

interaction between problem and condition signifi-

cantly improved the model fit (�2(1) = 5.77, p =

0.016). No other interaction term further improved

the fit; and the fit of the most complex model with

all the interactions between problem, condition,
and experience level was not significantly different

from the model with only the interaction between

problem and condition (�2(6) = 2.99, p = 0.810).

Therefore, the model with problem, condition,

experience level, and the interaction between pro-

blem and condition is the simplest best fittingmodel

to describe the data. Table 2 presents the results of
this regression model.

The regression analysis shows that students

across the two conditions started similarly and

their problem-solving scores for the first black box

was not different (p = 0.515). While both conditions

showed improvement in problem-solving, this

improvement was about two-fold higher for

prompted reflection (PR) compared to repeated
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Fig. 10. Progression of the problem-solving score from the first(A) to the last(C) problem across conditions and
levels of experience. The maximum problem-solving score is 15, and the error bars represent standard errors.
Repeated Practice (RP) is shown by the blue solid line, and Prompted Reflection (PR) is shown by the green dashed
line.

Table 2. The results of regression analysis for the progression of
problem-solving score from the first to the last black box
problem. The results are based on the simplest best-fitting
regression model. The problem-solving score is normalized.
The baseline for the condition variable is set to RP, and the
experience level is set to HP. The numbers in parentheses present
standard errors of regression coefficients. Themost relevant term
is the last one, which shows the difference in improvement
between the two conditions.

Predictors Progression of Normalized
Problem-solving Score (first to
last)

(Intercept) b = –1.04 (0.26)
p = 0.0002

Condition
(RP = 0, PR = 1)

b = –0.14 (0.21)
p = 0.52

Problem
(first = 0, last = 1)

b = 0.52 (0.12)
p < 0.0001

HAP Experience Level b = 0.70 (0.28)
p = 0.01

UN Experience Level b = 1.09 (0.29)
p = 0.0003

Condition * Problem b = 0.40 (0.17)
p = 0.02

Observations = 140
AIC = 335.57



practice (RP) condition. The average problem-
solving score in PR condition improved by 0.92

standard deviation (p = 0.018) from the first to last

problem, while this improvement was 0.52 standard

deviation for RP condition (p < 0.0001). While the

initial scores varied with student experience level,

the improvements were comparable across all

levels. These results indicate that giving students

specific reflection prompts about their problem-
solving led to substantially greater improvement

in problem-solving compared to simply providing

them with opportunities for repeated practice of

problem-solving.

First to second problem comparison. The results

above were based on the first to last problem and

comparingmore opportunities to practice in the RP

group with time for reflection prompts in PR group
(three problems vs. two problems plus prompts).

Alternatively, we can compare the effect of prompts

versus no prompts for the same amount of practice

by comparing the problem-solving improvement

from first to second problems across conditions.

The analysis is the same as above for the PR group,

except for RP group it is analyzing improvement

from problem A to problem B, instead of to
problem C in the previous analysis. By design,

problems B and C were very similar and equally

difficult. Fig. 11 shows the problem-solving scores

from the first to the second black box problem

across conditions and experience levels.

Table 3 presents the results of regression analysis

for the problem-solving progression from the first

to the second problem across conditions. The
simplest best fitting model of this analysis was the

same as in the previous analysis. However, this

time, the average problem-solving score of students

in the RP condition increased 0.25 standard devia-

tion (p = 0.040) from the first to the second problem
(A-B), which is about one quarter as large as the

0.92 standard deviation improvement (A-C) seen

for the PR students (p = 0.0002).

Table 4 summarizes the progression of problem-

solving scores across conditions. The PR problem-
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Fig. 11. Progression of the problem-solving score from the first(A) to the second (B/C) problem across
conditions and levels of experience. The maximum problem-solving score is 15, and the error bars represent
standard errors. Repeated Practice (RP) is shown by the blue solid line, and Prompted Reflection (PR) is
shown by the green dashed line.

Table 3. The results of regression analysis for the progression of
problem-solving score from the first to the second black box
problem. The results are based on the simplest best-fitting
regression model. The problem-solving score is normalized.
The baseline for the condition variable is set to RP and the
experience level is set to HP

Predictors Progression of Normalized
Problem-solving Score (1st to
2nd)

(Intercept) b = –0.95 (0.26)
p = 0.0006

Condition
(RP = 0, PR = 1)

b = –0.13 (0.21)
p = 0.51

Problem
(first = 0, second = 1)

b = 0.25 (0.12)
p = 0.04

HAP Experience Level b = 0.67 (0.28)
p = 0.02

UN Experience Level b = 1.08 (0.29)
p = 0.0003

Condition * Problem b = 0.67 (0.17)
p = 0.0002

Observations = 140
AIC = 339.97

Table 4. Summary of the progression in problem-solving scores
for prompted-reflection (PR) and extra repeated-practice (RP) in
units of standard deviations

Progression of problem-
solving score

RP PR

1st to last problem 0.52 0.92

1st to 2nd problem 0.25 0.92



solving condition improved about twice as much as

the RP condition when comparing first to last

problems. When comparing results for the same
number of practiced problems (first to second

problem comparison), students in the PR condition

improved nearly four times more than students in

the RP condition.

4.5 Experiment 2: Improvement in Specific

Practices (RQ1)

Fig. 12 shows the progression of different problem-

solving practices across conditions and levels of

experience. The practices of data recording and

solution reflection showed the greatest improve-

ment. This is consistent with the results from
study 1. To statistically verify the patterns described

above, we used a mixed-model repeated measure

regression to predict the score of each practice

based on experience level, black box problem (first

versus last), condition, and the interaction between

condition and problem. The improvement for the

data recording is significant for both conditions

(padjusted = 0.003) and the improvement is larger
for the PR condition. The improvement in solution

reflection, while not significant for theRP condition

(padjusted = 0.22), is significant for PR condition at

the p < 0.05 level and remains significant after

multiple comparison correction (padjusted = 0.002).

The average data collection score is low across

problems and conditions. This is not surprising as

participants in this study have only limited back-
ground knowledge and experience in circuits.

Deciding on what data to collect from the black

box and how to effectively collect them is strongly

influenced by experience. If one has very limited

experience with voltmeters, it would be difficult to

use it to appropriately to measure suitable voltage

differences and resistances between wires. Data
recording and reflection on solution are less experi-

ence-dependent practices and showed the most

improvement in these two studies. A simple

prompt to think about how to keep better track of

their data and to think how to confirm their

solution is enough to have students to engage in

these practices effectively.

4.6 Experiment 2: Progression of Correct

Solutions (RQ3)

This study was mainly focused on teaching a subset

of problem-solving practices. While we examined

and reported the number of students across condi-

tions who had the correct solution for each pro-

blem, the result is secondary in this study. Although
students’ problem-solving practices improved, the

improvement in the probability of obtaining the
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Fig. 12. Progression of problem-solving practices from the first to the last problem across conditions. The
maximum score for each practice is 3, and the error bars represent standard errors. From left to right, labels
indicate: problem definition, problem decomposition, data collection, data recording, and solution
reflection. Repeated Practice (RP) is shown by the blue solid line, and Prompted Reflection (PR) is shown
by the green dashed line

Table 5. The distribution of students who correctly solved black
box problems across conditions

Incorrect Correct

Black box A
(First black box)

RP 34 1

PR 34 1

Black box C
(Last black box)

RP 29 6

PR 31 4

2nd Black box

RP 33 2

PR 31 4



correct solution was not large, primarily due to the

limited time available. We gave participants a fixed

amount of time to work on each problem for a

number of practical reasons. This time duration
was chosen to be long enough to evaluate their

problem-solving practices but not sufficiently long

for most students to solve the problems. A student’s

success at achieving a correct solution depends on

having sufficient time for their level of experience.

Unlike in study 1, where students had sufficient time

for a substantial fraction of them to solve the

problem, here relatively few did, and hence their
improved practices had little impact on the prob-

ability of producing a correct solution as shown in

Table 5.

4.7 Experiment 2: Student Perception of Reflective

Prompts (RQ4)

Perceived helpfulness of the reflective prompts. At

the end of each session, we asked the students in the

PR condition: ‘‘Did you find the questions you
answered between black box [A] and [C] helpful at

all?’’ and ‘‘Do you think there was any added value

in answering those questions besides seeing the

black box [A] answer?’’ Table 6 shows students’

answers to these questions.

As shown in Table 6, a significant majority of

students thought the reflective prompts were help-

ful (p < 0.0001). As one student replied:

‘‘Reflection questions helped me realize how narrow-
mindedmy approach was, and I should usemore of the
tools provided. Forcing to reflect is helpful; and if I just
saw the answer, I would just say okay, I amwrong, and
I would not try many different possibilities without
answering the questions. I had so much difficulty in
high school physics and answering the reflective ques-
tions would have helped me.’’

Similarly, an overwhelming majority of students

believed there was added values in answering the
reflection prompts (p = 0.0007). As one student

said:

‘‘Seeing the right answer was not enough because I am
more interested in the process, and the reflection
questions helped me realize how the right answer was
achieved.’’

Or as another student mentioned,

‘‘There was some added value. Once I saw the solution,
I realized immediately what I was doing wrong, but the
questions served more so as thinking further about
how I can change my problem-solving approach for

the next [problem], and test and use voltmeter and
ammeter.’’

Overall, students believed the reflective prompts

were helpful and there were added values in answer-

ing them. They explained that either the prompts

helped them think more in depth about the process

of solving the problem or writing down the answers

helped thembetter commit to their approach for the

next problem.

Problem-solving practices reflected vs. improved.

Of the 30 students who answered both debriefing

questions, 24 mentioned recognizing their short-

comings in some specific problem-solving prac-

tice(s) and said that the reflection prompts helped

them realize they needed to improve in these

practices. An average of 2.1 practices per student

was mentioned. For each of these 24 students, we

examined their scores on the practices they men-
tioned. From the first problem to the last, they

showed improvement in the scores on the practices

they mentioned 84 percent of the time; no change 6

percent of the time, and a decline 10 percent of the

time. This result indicates that nearly all students

successfully acted on the reflective prompts that

revealed their weaknesses to them.

Overall, the analysis of students’ responses to the
debriefing questions suggests that students found

the reflective prompts helpful and were mostly

successful in improving the specific practices that

they noted in their reflections.

5. Discussion

In the two experiments presented in this study, we

examined whether students can be taught to be

better problem-solvers by engaging them in reflec-

tive practices via prompts. The two experiments
together show that prompting students to reflect

would improve student overall problem-solving.

Prompting students to reflect would benefit stu-

dents different problem-solving, particularly their

reflection on solution and data recording, as these

practices are less content dependent and simply

prompting students to reflect upon them can lead

to improvement. On the other hand, problem-
definition, decomposition and data collection prac-

tices showed smaller improvement, as the effective-

ness of engaging in these practices is content

dependent, and mere reflection on these practices

would not be enough to sufficiently improve. These
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Table 6. Students’ reply to the debriefing questions of experiment 2

No Maybe Yes

Did you find the reflection questions helpful? %18 %3 %79

Was there any added value in answering reflection questions? %19 %3 %78



experiments together show that improvement

gained from prompted reflection can transfer

across contexts and outweighs the benefit of

repeated practice of similar problems.

In the first experiment, the reflective prompts

were implemented in the context of working on
mechanical engineering course projects. Before and

after the course, students attempted similar elec-

trical black box problems to evaluate their pro-

blem-solving. After the course, students had

significantly higher problem-solving scores and

were more likely to solve the problem correctly.

All students significantly improved after the course.

These improvements show that not only can pro-
blem-solving be taught, but that the reflective

practices transcend across disciplinary boundaries.

Both of these results are notable. These results

underscore that we can train students to become

more reflective problem-solvers through course-

work. Furthermore, such training would have a

broad educational impact as students can transfer

such skills to different contexts. This finding sug-
gests that these reflective practices and the benefit of

prompting and practicing them during instruction

are generalizable across very different contexts and

can be used to teach problem-solving practices.

The second experiment was a follow up experi-

ment to check the effects of repeated practice on the

results of experiment 1, and make sure the observed

improvement in students’ problem-solving was
because of reflective prompts, not mere repeated

practice of similar problems in pre- and post-test.

This second experiment compared the effect of

receiving reflective prompts with repeated practice

of similar problems. Within one hour of lab experi-

ment, one condition solved two black problems,

while receiving reflective prompts in between the

first and second problems to consider improvement
in their problem-solving. The other condition

attempted three black box problems without any

reflection prompts in between. The result of this

experiment showed that students who received

reflection prompts on specific practices acted on

and improved the practices that they were able to

note in their own reflections. This improvement was

substantially greater than the effect of simply
having more practice in doing problems. This

result also confirms that the pre- to post-course

improvement observed in the first experiment was

mainly due to the reflective prompts resulting in

improved problem-solving practices rather than

other factors such as repeated practice of solving

black box problems in pre- and post-test. By

repeatedly practicing different instances of the
same problem, people are capable of reflecting on

their own problem-solving practices and thereby

improving without any explicit training. However,

this benefit of repeated practice is less than the

benefit provided by prompting student to reflect

on specific aspects of their problem-solving during

problem solving process. We conjecture that most

students would be unable to adequately identify

and address their shortcomings in the absence of
such prompts because of the complexity of pro-

blem-solving process [35].

This finding has implications for instruction. It

highlights that teaching students to become better

problem-solvers, particularly with regard to reflec-

tive practices, is best done by explicitly scaffolding

problem-solving practices, rather than just having

students practice solving problems. The prompts
used in the two studies focused on reflective prac-

tices with a relatively light-touch approach. These

prompts only asked students to engage in different

reflective practices to identify any possible improve-

ments in their problem-solving. This instruction

made students more intentional about the decisions

they made in their problem-solving, but it did not

guarantee studentswouldmake better decisions and
use more effective practices. Making better deci-

sions requires reflection on the decisions to bemade,

knowing the alternative choices for those decisions,

and recognizing how to choose the best choice. As

we saw in both experiments, for some practices like

data collection, only receiving reflective prompts

did not lead to much of an improvement. As for

effective data collection practice, one needs content
knowledge about the problem to evaluate different

alternative choices. Therefore, just as providing

more opportunities to solve problemswithout expli-

cit problem-solving training would not be sufficient

to improve problem-solving, neither would teach-

ing problem-solving practices in a content-free and

abstract fashion. The intertwined nature of content

knowledge and problem-solving practices requires
students to acquire content knowledge as well as

understand how this knowledge manifests itself in

better choices for problem-solving practices. This

can be achieved by providing students more just-in-

time feedback about the decisions they make, and

the knowledge required to make such decisions.

6. Limitations

The study presented here has a number of limita-

tions that should be addressed in future works.

First, while we helped students to identify what to

reflect upon by giving them specific reflective

prompts, and in the second study we also scaffolded

when to reflect by providing the prompts between
the first and the second problem; we did not train

students on how to reflect. In other words, we did

not provide students feedback on their answers to

reflective prompts. Second, we did not provide
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students with content knowledge that was needed in

some cases for more effective reflection. For exam-

ple, we did not provide students with required

electricity content knowledge that could have

helped them with more effective reflection upon

data collection strategies for solving the black box
problems. Future studies should expand on this

work by further examining the effect of not only

prompting students to reflect, but also providing

feedback on the quality of their reflection as well as

providing further required knowledge to improve

their reflection.

7. Conclusion

The results of this study show that students found
being prompted to reflect helpful for their problem-

solving and these reflective prompts improve their

problem-solving in science and engineering

domains. The reflective prompts encourage student

to evaluate their problem-solving processes and

consider how to improve them. The improvement

transfers across contexts, as in the first experiment
students received reflective prompts during their

four mechanical engineering course projects, and

they showed improvement in solving electric circuit

problems from pre- to post-course test. The benefit

of reflective prompts also outweighs repeated prac-

tices of similar problems, as shown in the second

experiment, the students who received reflective

prompts improved more in their problem-solving
compared to the ones who attempted more similar

problems but without any reflective prompts.
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