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Promoting the Transfer of Math Skills to Engineering Statics

Introduction

It has been well documented that students face difficulties in transferring their knowledge and
skills learned in prior courses to other areas of the curriculum. These problems with transfer are
exacerbated by foundational courses being taught outside the major, as well as the fact that many
engineering courses are taught in silos, with little connection being made to the engineering
curriculum as a whole. At the same time, engineering graduates are moving into an ever more
interdisciplinary workplace where the ability to transfer knowledge across disciplines and
contexts is highly valued [1-5].

These problems students face when tasked with transferring knowledge have been cited
previously by various authors. In particular, the (in)ability of students to utilize fundamental
concepts they learned in mathematics and physics in the context of thermodynamics have been
described by both the mathematics and physics communities [6-9]. In these studies, students
were shown to have only a cursory understanding of the core math and physics concepts at play
to view these ideas as isolated elements lacking connections to other aspects of their curriculum.
An important conclusion of this work (that was not studied) was the idea of promoting prior
knowledge activation as a mechanism for potentially remedying these issues [6].

In the field of mathematics, Orton [10] provided a summary of student understanding of
mathematical concepts and ability to transfer knowledge while noting student difficulties in
using fundamental skills such as integration in new contexts outside of mathematics. Orton
suggested weaving these important concepts throughout the curriculum as a method for
reinforcing these fundamental ideas. Rebello and colleagues [11-13] discussed the idea that
students may possess the basic math skills they require, but struggle to see how it applies in new
situations. Their work suggested that student knowledge structures needed to be built out to forge
the necessary connections to see these applications and allow knowledge to be transferred
successfully. Schoenfeld suggested that specifically showing students applied examples and how
to recognize similarities in problems might be a remedy to this problem and would aid the
development of more expert knowledge structures [13].

Within the field of engineering, there exists a body of literature related to knowledge transfer and
applied problem solving. Typically, however, this work is used to evidence problem based
teaching approaches [14-16] or to examine the depth of students’ conceptual understanding of a
topic [17,18]. Further work is, therefore, needed to better enable students to see the connections
between their courses and transfer the requisite knowledge and skills from prior classes to other
areas of the curriculum, and in their careers.



This investigation aims to address this need by building on a prior study [19] that used a series of
think-aloud, problem-solving interviews to assess the barriers and challenges students face in
transferring knowledge from prior mathematics courses into an applied engineering setting. In
this prior work, participants were tasked with solving a rigid-body equilibrium problem typical
of an engineering statics course but which required integration skills, as well as knowledge of the
centroid, to solve. In the course of this study it was found that participants could not solve the
problem as they could not determine the centroid of the object in question. Participants cited
issues such as a lack of applied problems being taught that used centroids, the use of tabulated
data for centroids, and forgetting governing equations as major barriers to being able to solve the
problem. A majority of participants did, however, believe that being shown a general equation
used to calculate centroids would have improved their problem solving success.

Based on this prior study, as well as suggestions in the literature [6,13], we aim to examine the
effectiveness of an equation-based prompt used to activate relevant prior knowledge on student
problem solving success.

Methodology

Grounded in the results of prior work [19,20,21], a problem solving activity and intervention was
devised in which the participants would attempt to solve an engineering statics problem. The
statics problem used is detailed in Fig.1a and is classified as a rigid body equilibrium. This
particular problem requires integration to find the area of the plate and the location of the
centroid and thus requires mathematical skills to be transferred in order to be solved. Based on
the suggestions from prior work, if participants struggled to find the location of the centroid, they
would be provided with the equation-based prompt shown in Fig.1b. Both the problem used in
this study and the equation based prompt come from the Engineering Statics textbook of
Hibbeler [22], which is used for the engineering statics class the participants have taken and as
such, should be familiar in terms of formatting and language to the participants of the study.

A semi-structured interview protocol was developed around this activity in which the
participants would “think-aloud” [23-26] and verbalize their problem solving process as they
completed the problem solving activity. Both this interview protocol, and the associated data
analysis, were grounded in the knowledge transfer framework of Belenky & Nokes [27,28],
detailed in Fig.2 and which breaks down the knowledge transfer process into five stages:

1. Generating the Frame
Activating Knowledge & Interpreting the Environment
Arriving at the Current Representation
Solution Generation
Solution Evaluation
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A steel plate (V=490 Ib/ft’) has a [
thickness of 0.5 in and is supported by

a pin at A and a rope at B. Determine

the magnitude of the reaction forces at

the pin and the tension in the rope.

(a) Engineering statics problem used in think-aloud interviews [22].
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(b) Equation based prompt from Statics textbook [22]

Figure 1: Engineering problem and prompt used in this study
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Figure 2: Sense-making framework of knowledge transfer. Adapted from [28].

This framework was chosen based on its agreement with the authors understanding and
conceptualization of the knowledge transfer process, and for the structure it provided in
developing the interview protocol - questions and stages of the protocol were based in stages of
the chosen framework. The think-aloud interviews were conducted individually and in-person by
one member of the research team. Any artifacts produced by the participants - typically
paper-based solutions to the problem - were recorded as well as an audio only transcript of the
interview.

Participants

Statics problems such as that considered here (Fig.1a) are taught as part of the first semester,
sophomore year Statics course at UD and as such, any student from the second semester,
sophomore year and above was eligible to participate in this study. As such, the research
population initially consisted of 5 undergraduate mechanical engineering students. One male,
sophomore level student and four juniors (three male, one female) chose to participate in this
phase of the study.



Data Analysis

Data was analyzed using thematic analysis [29,30] with both the participant solutions to the
problem and interview transcripts being analyzed using a rubric based on both the stages of the
knowledge transfer framework (Fig.2), the problem solving process, and the themes observed in
prior work such as the language and symbols used by the participants [19]. Emergent themes
were also developed from the data. Two members of the research team independently read and
analyzed each transcript and solution before integrating the resulting themes and patterns into a
single dataset.

Positionality Statement

While the research team is split by gender (male/female), we recognize that we are all white and
come from positions of privilege. Our decision to investigate the topic of knowledge transfer is
driven by our belief that students should be able to complete tasks such as that we set for them
here. This belief provides a clear direction for the research which is further refined by our choice
to use a particular framework of knowledge transfer (that we personally agree with). We also
recognize our position of power in asking our students to solve problems in front of us - there
have been several instances of students seemingly wanting to perform well in front of the
research team or feeling embarrassed that they could not solve the problem in front of us. While
steps have been taken to mitigate all of these factors, such as explaining how participation was
voluntary and not tied to any class or grading as this was purely a research exercise, we
recognize that these factors impact the results of this study and that the findings we present are
highly contextualized.

Findings - Equation Based Prompt

Five mechanical engineering undergraduate students completed think-aloud interviews using the
equation based prompt. One male, sophomore level student and four juniors (three male, one
female) chose to participate in this phase of the study. All had GPAs above 3.2 (4.0 scale) and
had recorded either an A or B grade in both Engineering Statics and Calculus. Of these five
participants, only one was able to solve the problem correctly without guidance. None of the
other students (four) were able to solve the problem, even after the provision of the prompt.

In terms of the stages of the knowledge transfer framework; (1) Generating the frame; students
correctly identified the need to solve for the sum of the forces and moments in order to determine
the correct answer. Comments such as “I¢ looks like statics [problem]... I'm gonna have to do
sum of the moments. Start with a freebody diagram...” were typical of student thinking at this
stage.

(2) Activating Knowledge & Interpreting the Environment; four of five students recognized the
need to use mathematical skills to solve the problem but only three students observed the need to
find the centroid. Three of the participants clearly had memorized the centroid locations for



simple shapes such as squares and triangles; “So like a triangle is 1/3” but could not recall or
formulate an equation to find the centroid of more complex geometries.

(3) Arriving at the Current Representation; all five participants drew a correct free body diagram
of the problem and set up their equations for the sum of the forces correctly. Only three students
wrote correct equations for the sum of the moments however.

(4) Solution Generation; three participants solved for the area correctly while only two managed
to determine the weight of the plate correctly. Several students referred to using tabulated data or
simpler shapes in other courses to find the centroid and this lack of practice with equations being
a barrier to success in solving the problem used in this study which does not use a simple shape;
“So you have areas which you can find by, by just like simple shapes. And then those have like
known centroids. And then you can just do sum of centroid times area divided by sum of area for
this because your thing is modeled by an equation, you can't do that. So my dilemma now is
remembering the formula.”

(5) Solution Evaluation; the only student to obviously display reflective and evaluative practice
was the individual who correctly solved the problem without any additional guidance (male,
sophomore); “This does make sense. An important part of engineering problems is asking
yourself if it does make sense. This does make sense because we know that as we go more left by
the equation, we're taking off more and more mass. So then it would be on the left side of the
exact midpoint of three feet. So it'd be less than 1.5 feet, and I'm, I'm thinking this is like
1.125...”. In this quote the participant is comparing their answer for the location of the centroid
to a square. They correctly reason that their numerical answer should be less than 1.5 feet based
on this reflection. The participant displays higher level, critical thinking skills in doing this that
were not displayed by the other students. Also of note is the fact that this individual was able to
link their understanding of centroids to similar topics such as distributed loads, which use the
same mathematical formulations, again an ability that was unique to this individual.

Two of the other participants displayed interesting behaviors when presented with this problem.
One of them (female, junior) stated the following when presented with the prompt: “So, since [
don't know how to use that, and I don't remember how I was taught irregular shapes. I'm just
going to, like, fudge it and be like this is a regular shape because it's close enough to a triangle
that I'm like, this seems relatively okay.” As a first approximation, this choice of treating the
shape as a triangle is perhaps an ok assumption. The final answer will however be incorrect.
Again this quote speaks to the students' use of simple shapes in other classes and lack of
mathematical understanding of centroids in general. The fact that this student is still able to make
some headway in solving the problem without a correct numerical answer is good, however, in
that it is indicative of a degree of conceptual thinking at a greater level than the other
participants. One other participant (male, junior, older than typical college students) did not



display higher level thinking skills compared to the other students but did give the impression
that they would have continued trying to solve this problem for an extended period - their
interview had to be terminated by the researcher simply based on the time it was taking. This
observation only relates to a single student but is clearly

Finally, The equation based prompt used with these participants (Fig.1b) was examined and
participants were asked whether this prompt was helpful or not as part of the interview process.
Generally we observed that this prompt was unhelpful and perhaps even created additional
confusion amongst the participants than prompting their prior knowledge. Comments from the
participants often stated that the prompt added confounding ideas that they found difficult to
resolve. Examples of these confounding issues included the inclusion of equations in multiple
dimensions when only the location of the centroid in the horizontal direction is required to solve
this problem, as well as the labels and symbols used in the mathematical prompt being different
from those presented in the problem.

Findings - Class Notes Based Prompt
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Figure 3: Prompt based on Statics course notes [31].

Based on peer debriefing and discussion within the research team, the decision was made after
conducting the five initial interviews using the equation based prompt to change the intervention
to utilize a more applied prompt rather than a purely mathematical formulation. To this end, an
excerpt of the notes from the Statics class taught in the mechanical engineering department at



UD was chosen for use as the prompt when students struggled to find the centroid. The reasoning
for using this prompt was the belief within the research team that the mathematical prompt was
too abstract and that a more applied prompt would be more relevant to the students in that it used
terminology that they would have used in class and could be more effective in activating prior
knowledge. The excerpt of the class material provided to the students as this applied prompt is
detailed in Fig.3. Aside from the change in the material used to prompt the participants, the
interview protocol and procedure remained the same. Six mechanical engineering undergraduates
participated in this second phase of the study. All six of these students were male; five were
sophomores and one was a junior. All participants except one had GPAs above 3.3/4.0 and had
received A and B grades in prior statics and mathematics courses. Four of these students were
able to solve the problem correctly, although all of them required provision of the prompt in
order to do so. The other two participants were shown the prompt but still failed to solve the
problem.

(1) Generating the frame: students correctly identified the need to solve for the sum of the forces,
moments and centroid in order to determine the correct answer. Comments such as “/1t is] A
static reaction forces problem but it's also got complex geometry. So I believe that's going to
have to require me finding the centroid of it” were indicative of student thinking at this stage.

(2) Activating Knowledge & Interpreting the Environment: all six students recognized the need
to use mathematical skills to solve the problem as well as the need to find the centroid. Again,
several students made comments about using simple shapes in the past and knowing centroid
locations for objects such as squares and triangles. “I'm trying to remember how to do centroids
of like with complex geometries because we've done like squares is easy, that's the center and
we've done triangles.”

(3) Arriving at the Current Representation: five of the six participants drew a correct free body
diagram of the problem and set up their equations for the sum of the forces and moments
correctly. The two students (different) who had initial problems with setting up their equations of
static equilibrium were eventually able to solve the problem after being given the prompt.

(4) Solution Generation: all six participants solved for the area of the plate correctly but only
four correctly determined the weight of the plate. All six participants required the prompt to be
provided in order to progress to a calculation of the centroid but only four participants could
solve the entire problem correctly after being shown the prompt. The two students who still
could not solve the problem were not able to correctly interpret the prompt and apply the given
equation for the centroid in this case, although both were close to being able to do so (minor
math errors in their method in each case).



(5) Solution Evaluation: none of the students in this phase of the study using the applied prompt
displayed significant reflective or evaluative practice concerning their answers. Note that this
was despite questioning at the end of the problem solving process as to the correctness of their
solution. Answers such as “why wouldn t it be” or “I could check with, like the professor, ask if,
like it was supposed to be like that or [ask] a TA if they did like a similar process to me” reflect
the kind of responses that students gave to this prompting.

Again, participants were asked how they felt about the prompt at the end of the process and what
about it aided their thinking in solving the problem. It appeared that the division by area to find
the centroid was something of a triggering condition in this regard; “/ remembered I need to do X
times something but like, I felt like I was missing dividing by something because like if I,

because I didn't remember correctly, which was the area”.

Discussion

Findings suggest that undergraduate mechanical engineering students struggle to determine the
centroids of complex geometries i.e. shapes that require application of a mathematical equation
to find the location of the centroid rather than geometries for which the centroid location might
be tabulated or otherwise determined.

The use of a mathematical, equation-based-prompt to promote problem solving success and
determination of the centroid was unsuccessful. It is possible however that the form of this
prompt was confusing and that a simpler, fully mathematical prompt may be successful in
helping students solve the problem - the prompt used in this case came from a textbook example
and contained extraneous information concerning the centroid locations in additional dimensions
for example. This additional information may have posed additional cognitive load and should
perhaps be removed as it is not required to solve the problem (though the equation does not differ
in these dimensions, only the symbols change, i.e., X,y,z).

An applied prompt based on prior course notes was more successful in enabling participants to
find the centroid and solve the problem - four out of six undergraduate students were able to
correctly solve the statics problem when the applied prompt was provided. It was unclear,
however, if the prompt was successful in its intended purpose of activating prior knowledge and
whether participants fully understood the conceptual and mathematical underpinning of the
prompt. It is possible that the participants were able to copy the “pattern” and elements of the
prompt rather than use it based on a full understanding of the mathematics. Some students
appeared to only need to see the form of the equation to proceed to a solution, suggesting this
equation is something they do not use frequently enough to have internalized. Clearly this
uncertainty is problematic in terms of the goals of this study which are to activate existing prior
knowledge in order to allow its transfer, rather than reteach concepts or allow students to copy a
problem solving method. Evidence that the prompt was not fully understood includes the fact



that two of six participants still could not solve the problem even with the prompt, and that
several other students asked clarifying questions regarding the prompt and seemed to indicate in
their verbalizations that they were filling in terms in the equations rather than grasping them
conceptually. Further work will be undertaken in the future to examine student understanding of
centroids and the mathematics behind their determination.

A common theme in why student participants were not able to solve the problem was the lack of
mathematical formulations for concepts such as the centroid being used in their courses. A
majority of participants cited using either simple shapes (squares, triangles, etc.) or tabulated
data to determine centroids in the past. This lack of practical application of mathematical
concepts calls into question the existence of the correct mathematical prior knowledge in the
minds of the students if it is not learned deeply or reinforced in subsequent classes. One of the
participants also referred to this lack of use of various concepts in the program; “Because it's
statics. We've done a lot more complicated stuff since then. I think maybe this emphasizes the
point of your of like that statement that I read that I agreed with. Like, it's difficult to transfer
knowledge between courses. I think this kind of shows that like, you learn the specific knowledge
for the course. And then like kind of when the course is over like or like when the exams are over,
you kind of maybe don't retain it.” While this statement indicates a welcome degree of
metacognition on behalf of the student, it does not change the fact that this participant was
unable to solve the problem and indicated that these important concepts are not being utilized in
other areas of the curriculum or reinforced (a claim made by the participants and that we agree
with based on our observations of the curriculum) - mechanisms suggested as best practices in
the literature [9-13].

The chosen theoretical framework of knowledge transfer used in this study (Fig.2) includes a
solution evaluation stage at the end of the problem solving process in which the participant
reflects on their solution. This evaluative practice was rarely observed here, however, and when
participants were prompted to examine the accuracy of their solution, the resulting answers were
unconvincing. Notably, the only student who displayed any meaningful reflections during their
problem solving process was the only participant who fully solved the problem without aid. This
student was also the most clear in describing their solution method and demonstrated the most
thorough understanding of all the concepts involved in solving the problem. This observation and
the general lack of reflective practice among the unsuccessful problem solvers, coupled with
results from prior work [19] which also suggested the importance of reflection in solving the
problem, seem to indicate that an increased emphasis on teaching evaluative and reflective skills
could improve problem solving ability. It is also possible that this lack of reflective practice is a
symptom of the lack of conceptual understanding held by the participants in that it may not be
possible to evaluate an answer which one does not fully understand the origin of.



Persistent problems with (English) units and a lack of utilizing a formal problem solving method
were also observed in both implementations of the prompt. When participants did try to calculate
the area of the plate, only three students used the specific gravity and the symbol gamma (y),
which would have been physically correct, while four students used the density and the symbol
tho (p). While this use of terminology did not always lead to a numerical error in the solution it
is notable that only students who used density (and p) made mistakes in calculating the weight of
the plate. Typically these students followed an “SI units approach” in which the density is
multiplied by both volume and acceleration due to gravity to find a weight. These fundamental
issues with units and misunderstandings concerning the English system of units were observed in
prior work [20] and indicate the lack of true conceptual understanding of basic physical
principles that are taught early in the engineering program. Again a possible cause of these errors
is the lack of follow-through in using the concepts taught in lower level courses; “we also don't
tend to use as many British units so that would be I don't think that's a slug, or it's either a slug
ora, is it a slug?”.

Conclusion

The use of a prompt to prime prior knowledge transfer and promote problem solving success was
examined using a think-aloud interview protocol in which participants solved an engineering
statics problem. Initially, five undergraduate mechanical engineering students attempted to solve
a rigid body equilibrium problem that required mathematical skills such as integration and the
determination of the location of the centroid in order to be solved correctly. Based on prior work,
a mathematical, equation based prompt was prepared to aid the students in solving the problem,
should they need it.

Only one of the five students was able to successfully solve the statics problem without the need
for the equation-based prompt. None of the other four students could solve the problem, even
with the aid of the supplied equation. Based on these results, the decision was made to alter the
prompt to use a more applied equation based on the course notes from an engineering statics
class. A further six undergraduate mechanical engineering students were then recruited into the
study to test this new prompt. Four of these students were able to solve the problem, although all
required the new prompt to be provided in order to do so.

Key findings from this study relate to the lack of conceptual understanding of both mathematics
and physics displayed by the students and which hampered their problem solving success. Many
participants made reference to the fact that the skills required to solve this problem, in particular
the determination of the location of the centroid, were not repeated throughout the curriculum or
used in later courses after they had been initially introduced. Participants also displayed a lack of
reflective and evaluative thinking that may have enabled them to assess the accuracy of their
solution and notice errors in their work. This lack of evaluation and reflection is perhaps linked
to the lack of true conceptual understanding of the principles at play.



Future work will examine student conceptual understanding of centroids as well as their
understanding of the mathematical formulations used to find the centroid. The use of reflective
practices in problem solving and their impact on problem solving success will also be explored.
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