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A Creative Experience for Chemical, Food, and Environmental
Engineering Students in a Material Balances Course

Abstract

Creative thinking includes the capacity to combine or synthesize existing ideas, images, or
expertise in original ways and the experience of thinking, reacting, and working in an
imaginative way characterized by a high degree of innovation, divergent thinking, and risk
taking'. Despite all that has been demonstrated regarding problem solving and creative thinking,
many engineering schools are still relying on the traditional lecture-homework-quiz format of
well-defined problems and single correct answers. Unfortunately, while efficient, this format has
not shown to be effective at producing the critical, innovative thinking skills needed to solve
difficult technological problems™>.

This paper describes a module for promoting students’ creativity in a Material Balances second
semester required course for Chemical, Food, and Environmental Engineering at Universidad de
las Américas Puebla (Mexico). Major goals include stimulating and strengthening student
cognitive flexibility that could allow them to be creative thinkers. The proposed four class-
sessions module is an active and cooperative experience that was implemented as course final
project. Students explored creativity through multiple representations of a problem that should be
presented in written, graphic, and audio-visual manner to an expert audience for its evaluation.
According to the Cognitive Flexibility Theory™’, multiple representations of knowledge promote
the transfer of abstract knowledge to different contexts while cognitive flexibility is one of the
four base elements of creativity®. For the design of the learning environments of the module, we
followed Jonassen’. Final projects were presented to experts in the field that assessed student
creative thinking by means of a rubric adapted from the Investment Theory of Creativity
developed by Sternberg and Lubart®®°, which provided a multidimensional assessment of
creativity. Additionally a Fluency Rubric was developed, which was divided into four modules
that correspond to each project deliverable (dossier, poster, video, and oral presentation).

Students were able to build concrete examples of a material balance in an everyday situation and
represent them in many ways (physically, verbally, symbolically, and by means of a multimedia
presentation). Mean values from rubric assessment of final projects were 3.13 for creative
performance, 3.80 for knowledge of domain (application of formal and informal knowledge),
3.31 for intellectual style (includes indicators such as autonomy and rules), 3.28 for motivation
(level of commitment, project pride, and interest in task), 3.02 for intellectual processes (which
includes indicators such as sensitivity, problem identification, ideation, ability to recognize ideas
that have potential to be valued, as well as ability to sell your ideas effectively and persuade of
its value), and 2.90 for creative personality (with indicators such as tolerance for ambiguity, risk
taking, will, and perseverance). The vast majority of students attained final project expected
outcomes at an acceptable level.
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Introduction

Creativity is an intellectual skill that every engineer should possess and practice in order to be
adequately prepared to face modern world requirements'’. The challenging problems facing our
society are not likely to be solved by conventional means. To the extent that these problems are
technological, creative engineers are needed to solve them”. However, in engineering schools
students are primarily taught analytical sciences, based on theories and concepts, where
creativity has no place'"” '?. Therefore it is very likely that most students will become purely
analytical thinkers that never reach a creative and innovative solution in solving problems".
Besides, even when teachers can engage engineering students to interpret the physical world in
mathematical terms, they find a great difficulty to relate mathematics to objects around them or
in real life problems'*. This is because most engineering courses related with mathematical skills
are still presented in a traditional teaching format, "lecture-homework-exam", that even if it is an
efficient way to present a lot of information in a reduced time, it definitely does not prepare
students to solve real problems”. Some colleges have developed a number of programs to
increase student exposure to these crucial skills, for instance the Professional Practice Skills
Program at Rose-Hulman Institute of Technology, the McMaster Problem Solving Program, and
the Dartmouth Project for Teaching Engineering Problem Solving, as well as specific courses
such as Problem Solving, Troubleshooting and Making the Transition to the Work Place at the
University of Michigan'’.

According to Guilford '* " every individual has two ways of thinking, convergent and
divergently. Divergent thinkers have the ability to look a situation from different perspectives,
while convergent thinking is referred to people's skill to solve well-defined problems with a
unique solution. In some cases people can use and switch both kinds of thinking, this ability
determines the level of creativity that an individual might possess because this flexibility is the
most important process of creativity.

A creative person develops the following processes: cognitive fluency, cognitive flexibility,
originality, cognitive elaboration, and redefinition'®. Therefore, it is essential to have an open
mind, without prejudices that limit the cognitive processes, and consequently allows achieving
original responses'’. Spiro et al.” suggest that in order to assimilate a complex knowledge, this
complexity must be broken down in small units, analyzing them through multiple perspectives
(flexible representations), which facilitate a better understanding of the topic under discussion.
This flexibility will be reflected in the students' ability to demonstrate the relationships between
same elements in different ways along different conceptual contexts or in the ability to form
different representations of a same situation depending on the task®. Flexible representations
have three levels of learning: image level, which refers to the initial holistic image of a concept
or a phenomenon; schema level, where people outline images as a result of the search for
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regularities in their experiences; and a theoretical level where theory is constructed in relation to
the scheme, including a logical explanation of features™'.

The aim of this work was to design a creative experience for a Material Balances course. A
material balance is the mathematical representation of the law of conservation of mass, and
constitutes the basis of process engineering. In this area, achieving the proficiency at expert level
involves going through various courses and learning experiences, thus the general objective of
this first course is to create a flexible conceptual base that enables students to move onto the next
stages of subject knowledge. Therefore, the purpose of this study was to design an active
learning environment as a constructivist approach based on problem solving experiences” ** that
allow students to achieve a level of cognitive flexibility in order to establish relationships
between what they learn in class and what they can experience in life itself, giving meaning to
the course contents and contextualizing them from a holistic and creative approach.

Methodology

Material Balances is an introductory course that was taught in a traditional format, "lecture-
homework-exam", which constitutes a pillar course in Chemical, Food, and Environmental
Engineering curricula at Universidad de las Américas Puebla, and corresponds to the second
semester of these three undergraduate programs. As many courses in engineering science, the
subject content is usually presented as abstract knowledge, where the attained knowledge is
conditioned to the styles of learning and intelligence possessed by each student, factors that
make it impossible to maintain a consistent teaching pace. In the proposed new learning
environment, a change on the traditional format of teaching is introduced through an active-
creative experience, where the main goal is that students reach the level of knowledge required to
solve material balances, strengthen their cognitive flexibility while achieving a level of fluency
that allow them to perform and explain various representations of a material balance to an expert
audience.

The final grade for this course was determined according with the following criteria: 45%
corresponded to mid-term exams, 15% for quizzes, 20% for homework, and 20% for the final
team project. Mid-terms were used to evaluate knowledge of material balance principles, quizzes
were used to assess key concepts by means of short online questions, homework were divided
into traditional exercises and project oriented assignments. The final project grade was obtained
through the Fluency Rubric average score, taking into account self-, peer-, expert-, and instructor
assessments (See Appendix A). The Investment Theory of Creativity Rubric score was used as
extra credit to enhance students’ motivation.

The assigned final project was carried out in two stages (Figure 1). Thirty-eight students (from
the three undergraduate programs) were grouped in teams of three to four members. Learning
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objectives for the proposed learning environment include: 1) Identify material balances in
everyday situations, 2) use appropriate terminology to describe a material balance, 3) draw and
completely annotate a flow chart, 4) choose a calculation basis to solve a material balance
problem, 5) identify the overall system and subsystems in a material balance process, 6) identify
the appropriate equations to calculate the missing process variables, 7) prepare a professional
report of a material balance process, 8) demonstrate ability in oral communication to describe a
material balance process, and 9) think creatively.
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Figure 1. Outline of the proposed learning environment

In the first stage, in order to activate the process of flexible representations at three levels as
previously described®’, we asked students to individually initiate a process of generating ideas
and identify two material balances problems in their everyday (image level), that were of interest
for them and from which they could demonstrate the mass conservation (that is accessible for
representation and with enough information available). Subsequently, these problems had to be
schematized in flowcharts (schema level), and solved (theoretical level) as a team; then by means
of a multi-voting process, they chose the most feasible to be carried out experimentally. During
four class sessions teams worked with total autonomy. In a second stage, we focused on re-
activating the processes of flexible representations at three levels, analyzing the same item
several times, in different contexts and for different purposes™*'. At this second stage students
went through every step of problem solving; based on their ideas, made decisions as a group,
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performed a logical planning process, evaluated materials to represent the material balance in
oral, written, graphical, and symbolic ways (ideas representation)'®. During this process students
developed a video of their chosen process and conducted a photographic sequence of the mass
balance to document the process in a dossier (graphical representation). The students prepared a
poster that included a flowchart of the material balance processes, as well as their systems,
subsystems, and constitutive equations (symbolic representation). Finally, they documented the
material balance process in a written report form (part of the dossier) and the entire team
presented their material balance to an expert audience, explaining the material balance aided by
their posters, videos, and dossiers (oral and written representation).

Final projects were presented to experts in the field (chemical, food, and environmental
engineering teachers and senior undergraduate students) that assessed student creative thinking
by means of a rubric adapted from the Investment Theory of Creativity (ITC) developed by
Sternberg and Lubart™®®, which provided a multidimensional assessment of creativity. The ITC
Rubric assessed six areas: Knowledge domain (formal and informal), Intellectuals styles
(autonomy and tolerance for ambiguity), Motivation (level of commitment, pride, and interest in
the task), Intellectual processes (sensitivity to problems, ideation, ability to identify potential
ideas, and ability to sell their ideas and persuade about its value), Creative personality (tolerance
of ambiguity, risk taking, and perseverance), and Product (originality, quality, relevance, and
feasibility). Possible performance levels were from exemplar (value of 4) to benchmark (value of
1). Additionally a Fluency Rubric was developed, which was divided into four modules that
correspond to each project deliverable (dossier, poster, video, and oral presentation), and
assessed fluency of ideas, verbal fluency, as well as graphical and symbolic fluency.

Fluency Rubric performance level ranged from 4 (excellent) to 1 (insufficient), where 3
represents sufficient and 2 deficient performances.

Each project was evaluated in the following way: 1) Self-assessment, the Fluency Rubric should
be self-assessed by the team; then 2) Peer-assessment, every team assessed another team
deliverables (to compare theirs to other projects, recognize the contributions of other team, and
learn to evaluate a material balance) by means of the Fluency Rubric; 3) Expert-assessment with
both tested rubrics, a group of ten experts were visiting the exposition stands of projects (two
projects for each expert); 4) Instructor assessment, every project was assessed by the course
instructor by means of the /7C and Fluency Rubrics.

Results and discussion

Students were able to construct concrete examples of a material balance from an everyday
situation (preparing pancakes; home-produced recycled paper; fruit juice extraction; cocktail
making; sweet potato candy —camote— production; homemade cheese, pineapple marmalade, and
gummy bears; lemonade making; preparing dulce de leche, and so on) and represent it in many
ways (ideas, figures, iconic/symbolic, oral, and written). See Appendix B for specific examples.
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Fluency Rubric

1) Ideas: Students achieved an average score of 3.6/4.0 in the generating ideas aspect; 90% of
students were able to undertake an ideation process, participating with several proposals for the
team project. This assessment includes sensitivity to problems in context and decision-making;
every team reached a consensual agreement on the mass balance process for their final project.
Interestingly, most teams chose some type of food processing for their project.

2) Figures: the average score obtained in this process representation was 3.5/4.0. Regarding
flowchart development students obtained a mean grade of 3.3/4.0, although in some cases
students did not identify in which process step the mass was lost; therefore, they were not able to
represent it on the diagram.

3) Symbols: Most teams (70%) were able to perform a proper symbolic representation of their
selected process. However, 13% of the class population failed to explain the reasons why in
some cases there exists a "loss of mass", so they needed to made inferences and adjust numerical
fractions in order to make the required calculations. 90% of the class population was able to
define the constitutive equations for their mass balance process; even so their numerical
solutions were scored with a mean of 2.8/4.0.

4) Oral: According to the experts’ assessments, students successfully described the problem
definition and solution and the group average score was 3.8/4.0. Only 30% of the teams were
ranked as sufficient while 70% were scored as excellent.

Investment Theory of Creativity Rubric

Table 1 summarizes the obtained results regarding the /7C Rubric. It is important to remember
that knowledge of domain includes application of formal and informal knowledge, which
considers the ability to use factual, conceptual and procedural knowledge (formal) as well as the
knowledge based on their experiences (informal). Intellectual styles includes indicators such as
autonomy and rules, where they create their own rules and follow them, considering that their
decisions must be constrained by the problem context and that their performance will be
subjected to others' judgment. Motivation assesses the level of commitment, project pride, and
interest in the task, which must be reflected on the presentation and defense of each deliverable.
Intellectual processes include indicators such as sensitivity, problem identification, ideation,
ability to recognize ideas that have potential to be valued, as well as ability to sell their ideas
effectively and persuade of its value. Creative personality involves indicators such as tolerance
for ambiguity, risk taking, will, and perseverance, demonstrating that they are able to overcome
obstacles and persevere to achieve their main goal, as well as their willingness to continue
growing and creating.
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Table 1. Summary of Investment Theory of Creativity Rubric results

Mean values Stat'ldz?rd Team #

deviaion 1 2 3 4 5 6 7 8 9 10
Intellectual processes 2.94 0.44 3.00 3.43 3.29 329 2.00 2.71 2.71 3.14 3.29 2.57
Knowledge of domain 3.10 0.77 3.50 2.50 4.00 4.00 3.00 3.00 2.50 3.50 3.50 1.50
Intellectual styles 3.23 0.47 3.67 3.00 3.67 3.67 2.67 3.00 2.33 3.33 3.67 3.33
Motivation 3.38 0.52 3.75 3.00 3.75 3.75 2.75 3.00 2.50 3.75 4.00 3.50
Creative personality  3.28 0.51 3.25 375 3.50 3.75 2.50 2.75 275 3.50 4.00 3.00
Product 2.95 0.67 3.75 3.50 3.25 3.75 2.00 2.25 2.00 3.00 3.25 2.75

As can be noticed from the obtained results, most teams achieved a high score (>3.0/4.0) in
every assessed criterion. Motivation was the best-judged criterion (3.38/4.0), therefore the video
and project presentation allowed evaluators to identify a high level of project pride and interest
in task. Students’ motivation was much higher than in previous semesters’ final projects.
Another criterion with a high score was creative personality; although most teams chose some
type of food processing for their every day situation, most of them were able to analyze their
processes from different perspectives, including creative ideas in order to develop a professional
material balance project, for instance naming their cookware as processing equipment (stove as a
heater, blender as a mixer, spoon as an agitator, etc.). Intellectual processes and the product itself
were the lowest scored features; in the case of the former, these lower grades are related to the
lack of variety in their initial ideas; although formal knowledge was properly utilized, they were
not able to use more widely their informal knowledge in order to look for more diverse
examples. The obtained product was evaluated in terms of originality, technical quality,
importance, and viability.

As can be observed in Table 1, seven of the studied teams (1, 2, 3, 4, 8, 9, and 10) achieved a
similar score (> 3.0/4.0) for every assessed criterion, while the other three teams (5, 6, and 7)
obtained lower scores. An interesting observation regarding these last result was detected
through students’ comments during the self-assessment stage: in these teams with lower
performances, the commitment level of some team member(s) was not the adequate throughout
project development, which was reflected on the quality of requested deliverables, including the
final presentation.

The Consensual Assessment Technique (CAT) is a powerful tool used by creativity researchers
in which panels of expert judges are asked to rate the creativity of creative products such as
stories, collages, poems, and other artifacts'™ >, In our case, experts in the domain (chemical,
food, and environmental engineering teachers and senior undergraduate students) in question
(material balances) served as judges. The CAT is based on the idea that the best measure of the
creativity of a work of art, a theory, a research proposal, or any other artifact is the combined
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assessment of experts in that field. The CAT is a powerful tool for assessing creativity. It has
been well validated and is used widely in creativity research™. In our case, inter-rater reliabilities
using /TC and Fluency Rubrics and the CAT, for the different assessed criteria ranged from 0.72
to 0.89.

It is worth mentioning that the proposed learning environment did had an effect on the learning
objectives since students’ performance was close to exemplar or excellent with regards to
objectives: 2) use appropriate terminology to describe a material balance, 3) draw and
completely annotate a flow chart, 4) choose a calculation basis to solve a material balance
problem, 5) identify the overall system and subsystems in a material balance process, 7) prepare
a professional report of a material balance process, and 8) demonstrate ability in oral
communication to describe a material balance process; while for objectives 1) Identify material
balances in everyday situations and 6) identify the appropriate equations to calculate the missing
process variables, student performance was assessed as sufficient. As can be inferred from the
ITC and Fluency Rubrics’ results, the proposed learning environment enhanced creative thinking
while material balances’ problem solving.

Furthermore, reflections integrated in the final project dossiers, suggest that this project allowed
students to strengthen their learning and understanding of key concepts regarding course learning
objectives, expand their notion of a material balance and link this knowledge to real life. Some
relevant thoughts that teams included in their dossiers are as follows:

"It helped us to understand in a practical way a material balance ... and completely finish

learning the concepts of mass, mass fractions, equations and subsystems"

* "We realized many things ... in real life a material balance doesn't always fit perfectly, in
some cases equipment retain material and inlets are not equal to outlets"

* "It was really helpful to see how to put into practice the material balances course"

* "Making this project gave me the experience that I could not get in class, see how you
can use this stuff in real situations"

* "It helped me to see the entire scenery of the wider material balances"

e "It helped us to understand more deeply"

* "I learned that everything around us is related to material balances"

* "It is not the same when you do not get all the data"

Final remarks

It is not new that there is a wide difference between active and traditional learning environments;
even so it is gratifying to confirm this on a course that is traditionally based on the mathematical
representation of different processes. In every case, students were able to build concrete
examples of a material balance for an everyday situation and represent them in many ways
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(physically, verbally, symbolically, and by means of a multimedia presentation). The vast
majority of students attained final project expected outcomes at an acceptable level. Regarding to
transfer of learning, students clearly were able to create a link between abstract knowledge and a
real context, demonstrating an appropriate understanding.
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APPENDIX A: FLUENCY RUBRIC

Team D‘ ‘ Project name

I ‘ Date
Items Excellent Sufficient Deficient Insufficient
The work is presented stapled, it has a cover The work is presented stapled, it has a The work is presented in a folder, it has | The work is presented in a folder, it
-6 page with the names of all team members and cover page with the names of all team a leaf at the beginning with the names has a leaf at the beginning with the
x project name. There is a context that guides the members and project name. There is a of all team members and project name. | names of all team members and
8 o |reader. The work is professional, legible, correct | context that guides the reader. The work is | There is a context that guides the project name. There is not a
'-03 = | and clean. Content refers to what is proposed in | professional, legible, correct and clean. reader. Work has misspellings. Content | context that guides the reader.
"o~ — | the context, it has a photographic sequence Content refers to what is proposed in the refers to what is proposed in the Work has misspellings. Content
Q S ibing the process ied by their context, it has a photographic sequence context, a photographic sequence has refers to what is proposed in the
© ‘= I ion. There is a ion and ibing the process ied by no iption. There is a i context, a photographic sequence
®© & | final thoughts. It i the rubric | their respective di: ion. There is a has no description
o s3 conclusion.
O F |5 [_Pairs [ Teacher [ Experts ||[ [_Pairs [ Teacher [ Experts || |_Pairs | Teacher | Experts || | Pairs [ Teacher [ Experts |
A | [ [ [ [T T 1
- Integrate the two proposals made each of the team) Integrate the two proposals made each of Present some problems of the team Only present the problem
- - £ members, the problems are properly resolved. the team only some p . Present the represented in the flowchart
O Q@ | There is a written statement that mentions how are resolved. There is a written statement problem in writing and integrates the
§ -g they agreed on the problem to rep The that i how they agreed on the flowchart.
c a chosen problem is in writing and integrates the problem to represents. The chosen
3 ® flowchart. problem is in writing and integrates the
O flowchart
a %’ i [_Pairs | Teacher | Experts i i i Pairs i Teacher i QL"S' ’M'm'.&mu.’.&m‘ ’M’.&a@.’.ﬁa‘hﬁﬁmj
A poster flowchart where all elements of the A poster flowchart where the elements of A poster flowchart where the elements | The poster is not presented in the
process is p(openy presented, indicate the overall | the process is presented, indicate the of the process are identified and their exhibition, only can be checked in
system and its subsystems if any properly overall system and its if any are the dossier.
= identified. The basis of calculation clearly at all properly identified. The basis of calculation | The basis of calculation is not
.g stages is identified. Realize an analysis of degrees| clearly at all stages is not identified. identified nor did the analysis of
of freedom of the overall system and the possible | Realize an analysis of degrees of freedom | degrees of freedom.
E subsystems. of the overall system.
[T
i i Pairs i Teacher i Experts i i i Pairs i Teacher i Exber_ts_i i i Pairs i Teacher i %‘ Selfassessment|_Pairs | Teacher | Experts
‘ The ions used to late the vari Expose and identify equations that are the | Only use rule three in all stages of the | Cannot be identified the type of
g « |determined by the process are clearly identified. problem, but does not identify what stage process. equation are used.
= € | (matter, mols) and the important terms. The were used.
7 E_g equations are presented in the order they were
e -a © used and in each of its stages.
3
c
o
8 © [[Selfassessment| Pajrs Teacher | Experts isaﬂassessmsmi Pairs i Teacher i Experts i i i Pairs i Teacher i Experts 'ﬁ i Pairs iTeachev i Experts
—_—— The used is clearly i ified, the The name of the ical or i The i ion about the i The or
8 8 C | way it operates and clearly exposes the method is identified, and its justification is used can be extracted of the syntax or | used are not clearly.
==.Q | simplifications, justifying the "order” of the indicated. memories.
>0 5 | method.
g £ 5 |[Selfassessment| _Pairs | Teacher | Experts | [_Pairs [ Teacher [ Experts ||| |Pairs | Teacher | Experts ||[Sefiassessrent| Paj Experts
=
<27| L [ [ [ T [ |
The video shows the names of all members in The video does not cover or show team The video shows the names of all The video does not show the
173 the end. All members participate in both: the t ; in both: in the end. Not all members names of members in the end. It
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Scores

EXCELLENT  Teams must have gotten excellent at least
SUFFICIENT  Teams must have gotten excellent at least
DEFICIENT Teams are deficient in three sections
INSUFFICIENT Teams are insufficient in two sections

six sections and one sufficient (there are seven sections)
five sections and any insufficient.

Excellent
Sufficient
Deficient
Insufficient
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Figure Al. Fluency Rubric
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APPENDIX B: EXAMPLES OF STUDENT WORK PRODUCTS

T ———

i =mE

TEIM ca s a0 T

Figure B1. Video for pancake processing

Figure B2

. Dossier (in Spanish) for pancake processing material balances
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Figure B3. Video for a recycled paper process

aron 25.4g de papel como base de célculo para el proceso, el cual se
los siguientes subsistemas, en el orden en el que se resolvieron:

Figure B4. Dossier (in Spanish) for material balances of a recycled paper process

YT 0¥tz abed



