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Abstract
This work explores the design and application of argumentative-driven assessments (ADA) within the context of challenge-
based learning as amechanism of feedback and evaluation of knowledge and competencies. It discusses a combinedmodel that
integrates the essential elements of challenge-based learning with the Toulmin argumentative structure. This work attends the
need for a step-by-step guide and overall recommendations for the ADA design (including an evaluation rubric) that includes
a mid-term ADA in the Mechanical Vibrations challenge based on the proposed guidelines. The ADA’s implementation
showed that the students developed competencies related to critical thinking, problem-solving, engineering design, and data
analysis. The students proposed different solutions to the open-engineering problem while backing each assumption with
relevant information and calculation. ADA offers the students the opportunity to demonstrate their ability to predict and
discuss different scenarios in the challenge. The ADA-challenge design and implementation’s results suggest that contextual
argumentationwith immersion is essential to promote a sense of purpose in the students. ADAs are essential tools that facilitate
identifying and evaluating the development levels of various competencies while providing a forum for students to discuss,
express, and apply acquired knowledge. ADAs can also improve the students’ learning experience by providing continuous
feedback in the context of conceptual and structural scaffolding. The ultimate goal is to give the students the relevant feedback
that correctly identifies their achievements and monitors their progress and opportunity areas in their learning process.

Keywords Argumentative-driven assessment · Challenge-based learning · Formative evaluation · Logical argumentation ·
Competencies development · Educational innovation

1 Introduction

In any teaching–learning technique, the evaluation of com-
petencies and knowledge is challenging for teachers. The
design of an evaluation system is a key element to verify that
the student is learning. A course’s overall evaluation system
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comprises self-evaluations, co-evaluations, diagnostic eval-
uations, formative evaluations, and summative evaluations.
While diagnostic evaluations are designed to estimate the
future academic performance and potential of the student
given their knowledge background in a subject, the formative
evaluations seek to systematically assess the learning process
of the student to improve it and to verify the development of
the competencies needed to solve a given problem [1, 2]. For-
mative evaluations help the students acquire self-knowledge,
learn responsibility, and develop self-esteem. Along with
their professor and peers, the students develop action plans
to reinforce and apply concepts learned [3].

Formative evaluation is a fundamental mechanism to
continuously validate knowledge acquisition and develop
competencies while providing relevant and timely feedback.
This type of evaluation could be seen as a teachers’ instru-
ment to evaluate the transfer of knowledge and adapt the
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learning activities to meet the students’ expectations, objec-
tives, interests, and learning needs [4]. Therefore, formative
assessments are synonymous with feedback and adaptation.

A proper formative evaluation system should contain
continuous evaluation instruments, such as small activities,
material review, and verification evaluations that give the
class a great sense of dynamismwhile encouraging the review
of additional material [5]. A typical form of quick and con-
stant evaluation for a recently learned key concept is the use
of brief quizzes (duration time: fiveminutes or less) weighted
as extra points for future aid. These extra credit quizzes have
twomain purposes: 1) to evaluate and document the continu-
ous learning process of the students and 2) engage, motivate,
and encourage the students in their learning process. More-
over, this type of evaluation allows gamification elements
and e-quizzes to create a virtual community and competition
[6].

Formative evaluation is a key component in the devel-
opment of competencies in various student-centered peda-
gogical models. In models based on the Challenge-Based
Learning (CBL) framework (such as the TEC211 educational
model), engineering students assume the role of experts who
need to solve real-world industrial problems (challenges).
In a CBL framework, the students apply theoretical knowl-
edge and empiricism to develop and implement solutions
for various high-impact industrial problems of the twenty-
first century [7, 8]. Under this model, the students acquire,
strengthen, and apply the necessary competencies, skills,
and engineering knowledge to reach a solution. A key com-
ponent for a successful implementation of the challenge
is the context or background of the problem. This context
must be meaningful and engaging, so the students feel that
the knowledge learned has a meaningful purpose [9, 10].
Argumentation and contextualization in a challenge become
crucial in students’ motivation and immersion. Formative
assessments and evaluations must be oriented to develop,
apply, and evaluate competencies aligned with the chal-
lenge’s context. The competencies and assessment criteria
should be defined as clearly as possible, considering that
competencies are achieved gradually. Thus, an instrument of
a formative evaluation system is needed to track the level of
development of different competencies in a CBL framework.

Argumentative-driven assessments or examinations
(ADA) consist of a series of research-based queries that the
student answers, explaining scientific/engineering phenom-
ena, backing the arguments with calculations, providing
evidence from trusted sources (research), and applying
concepts, competencies, and skills acquired during the
course [11, 12]. In an ADA, the students are encouraged to
demonstrate conceptualization and substantiate claims as
they deliver coherent and convincing reasoning to validate

1 https://tec.mx/en/model-tec21.

their problem resolution [13]. Thus, engineering exams
should become academic/industrial challenges that lead
the students to reflect, find missing information and data,
deduce, propose solutions (innovate), justify the answers,
and promote scenarios [8, 14]. Argumentative examina-
tions evaluate competencies, such as content knowledge,
reasoning, and critical thinking [15]. Students validate their
knowledge through a series of logical and mathematical
arguments, having a forum to interpret their acquired knowl-
edge. A proper scientific argumentation gives the professor
insight into the students’ mastery level in a given subject.
Moreover, ADAs allow personalized feedback that helps
students identify their achievements and those elements and
concepts that need improvement. It is noteworthy that the
CBL framework uses mainly conceptual, metacognitive,
and strategic scaffolding [16] to reinforce the students’
argumentation during the learning process.

Although argumentation has been used as a form of com-
petency evaluation in engineering courses, most of them are
well-defined and structured problems with data or informa-
tion given to the students. In this work, an argumentative-
driven assessments (ADA) as an evaluation tool under a
challenge-based learning (CBL) framework is proposed to
address the need for the proper evaluation of competencies in
engineering courses while providing an opportunity for the
students to search and interpret missing information while
backing each step taken (through arguments). Moreover, this
study presents both challenge-based learning elements and
the general structure of argumentative-driven assessments
with a general step-by-step design guide and an evalua-
tion rubric. A case study of a mid-term ADA design and
implementation of a problem solution to a challenge posed
in a Mechanical Vibrations course is presented. It includes
discussing and identifying the key elements of the argumen-
tation structure underlying the students’ proposed solution.

2 Challenge-based learning
and argumentation

Challenge-Based Learning (CBL) is a student-centered
learning technique developed by Apple Inc. [7, 17] in which
students are asked to solve real-world problems in a col-
laborative and hands-on framework. Under this learning
technique, the students develop and strengthen competencies
and knowledge acquired during lectures and asynchronous
activities to solve twenty-first-century problems [7, 8, 18].
CBL allows the students to apply fundamental engineer-
ing knowledge in an active learning environment to address
socio-technical problems or open engineering problems.
CBL not only promotes critical thinking as a competency but
also fosters innovation, creativity, teamwork, self-learning
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Fig. 1 Elements of challenge-based learning

(learning to learn), and problem-solving skills, thus, mov-
ing from a theoretical to a more pragmatic approach. These
competencies are required to solve various open-engineering
challenges.

CBL involves the contribution of threemajor stakeholders
for its design and implementation:

(1) Academic mentor (Professor): Responsible for the
course design and the required activities, the syn-
chronous and asynchronous content, guiding students to
develop competencies, and co-designing the challenges
with the industrial research mentor.

(2) Industrial research mentor: Responsible for co-
designing the challenge and aligning it with the course
syllabus and the company’s primary objective. The
industry mentor is a leader and expert in solving real-
world problems related to a company, research field, or
industry and provides continuous advice and feedback
based on their experience while acting as the "client"
[19].

(3) Students: The main actors during the challenge. The
students must engage in their learning by applying
the knowledge and concepts learned from lectures to
propose a feasible solution thatmeets the industrialmen-
tor’s requirements. Students assumedifferent contextual
roles and responsibilities as they undertake the chal-
lenge.

During CBL, the students receive mentoring sessions from
the academic and industrial mentors and receive continuous
feedback from them on their progress reports. The elements
that comprise the challenge are presented in Fig. 1.

Thefirst element, Big Idea—Challenge, involves the prob-
lem context, the principal issues to solve (challenge), the
main objective proposed by the industrial mentor, and the

Fig. 2 Structure of Toulmin’s model of argumentation [22]

purpose and significance. The challenge should be engaging
and immersive and instill a sense of purpose [9, 10, 20, 21].
Moreover, this element encourages the students to discuss
what information and concepts are needed to start solving
the challenge.

The second element, research, and road map can be con-
ceived as a hybrid element of the challenge. The academic
and industrial mentors could provide different conceptual
queries or arguments that demonstrate the minimum require-
ments and steps that the students need to follow. Basic
information, elements, or problem schematics are given to
the students to begin. The students are encouraged to research
various missing information, concepts, or materials needed
to propose a solution. Each decision and all information pro-
vided by the students need cited sources and arguments that
validate their methodology.

During the third and fourth elements of the challenge,
solution proposal—refinement, the students actively work
on the challenge by following the proposed methodology
and answering each essential question. The students pro-
pose different solution scenarios based on assumptions and
required calculations. Like the second challenge element,
every assumption to simplify the problem and all calcula-
tions must be backed either by a reference in the literature or
estimation and discussion of a parameter within a valid range
(provided by the industrial mentor). Once the students obtain
the first approximation of a solution, they consult the men-
tors to validate the simplifications made and then make the
adjustments necessary to approximate a good solution to the
challenge that meets the company’s requirements. This can
be done, for example, by including more variables, higher
degrees of freedom, and nonlinearities, among other things.

The last element of the challenge is the solution presenta-
tion, which involves composing a technical report detailing
each element, the decisions made, calculations, discussions,
and analysis for each proposed solution. Moreover, the stu-
dents are encouraged to present the results decisively and
convincingly to a panel of experts (mainly to the industry
experts and mentors).
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Fig. 3 Argumentative-driven
structure in a challenge-based
learning framework. The arrows
represent the main path of CBL
approach, while auxiliary lines
represent the steps or activities
needed to reach the next
milestone. These activities are
crucial points for argumentation
(italic font) and for feedback

Fig. 4 Step-by-step guide for the ADA design

The elements mentioned above follow a logical outline.
All challenge components are subject to logical argument
and critical thinking, demonstrating the students’ mastery
of these key competencies. The argumentation follows the
Toulmin argumentative model [22] shown in Fig. 2.

Facts/data are required to validate a certain state-
ment/hypothesis; warrants are the reasons needed to justify
the link between facts and conclusions (logical argumenta-
tion). These justifications must be supported by some basic
knowledge (backing) under a certain set of conditions in
which the claims are or are not valid (qualifier). Even though
the students reach a conclusion or claim, their arguments
are subject to a rebuttal in which counter-arguments/data are

provided to indicate the boundaries and limitations of their
conclusions.

Furthermore, facts/data are explicitly mentioned through-
out the challenge’s argumentation, while warrants could be
expressed explicitly or implicitly. Both elements must be
present in each argument by the student. In contrast, back-
ing information/calculations and modality may not be used
in each argument. In other words, a backing is only used
when the warrants cannot be directly accepted and need fur-
ther discussion [22, 23]. Rebuttal arguments can be seen as
the exemption of the rules or different perspectives that con-
tribute to the claim’s acceptance or rejection (because it may
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require further study or validation). Consequently, the valid-
ity of a claim or concluding argument could be strengthened
or weakened (in case of rejection) by a modal qualifier.

Argumentative-driven reports and assessments (ADAs)
could be used to easily identify and evaluate the development
of competencies in a CBL framework. The combined model
of challenge and Toulmin argumentative elements developed
is showed in Fig. 3. It can be seen that different elements of
argumentation characterize each element of the challenge.
Rebuttal arguments are typically observations from the men-
tors’ feedback that could take the style of what-if questions.
Initially, the facts/data and warrants are linked to the first
solution proposal or the first approximation of the challenge.
Next, come the mentors’ rebuttals, needed to improve the
solution proposal, strengthen the discussion (modality), and
reach valid conclusions for the challenge.

The assessment of ADAs and technical reports gives the
students the necessary feedback to reflect on their knowledge
and limitations and promote the search for missing informa-
tion and data to improve their methodology. The students
can then auto-assess their proposed solution/model, improv-
ing it considering different scenarios and perspectives (see
dotted lines in Fig. 3). Thus, we highly suggest conceptual
and strategic scaffolding during the challenge to help students
improve their argumentative skills [11, 16, 24].

Lastly, it is worth emphasizing that ADAs should be
designed in a CBL framework that demonstrates the strong
relationship between the knowledge learned through lectures
and the various applications, perspectives, critical thinking,
and solution approaches that simplify theproper evaluationof
competencies and knowledge acquisition. Moreover, critical
thinking and the ability to argue are key competencies eval-
uated in an argumentative assessment. These competencies
are developed through continuous feedback and examples
from the professor.

3 ADA design guidelines

This section presents a series of steps (guidelines) and rec-
ommendations for the design of an argumentative-driven
assessment (ADA). Figure 4 provides a quick guide and ref-
erence of the elements required by each step and an easy tool
to design an ADA.

Step 0 Planning—Planning is the key to a successful ADA
design. The professor and the industrial mentor co-design a
challenge segmented into thoughtful, conceptual questions
that emerge from a complex system. ADA design planning
starts by defining the object of study: Which system of the
company presents a problem that requires analysis and solu-
tion by the students? Once the object of study is defined,
it is necessary to determine which competencies and con-
cepts are required to resolve the challenge. The contextual

competencies and concepts to be evaluated must align with
the challenge and the coursematerial provided to the students
synchronously and asynchronously. The challenge must pro-
mote critical thinking skills while strengthening the students’
understanding of concepts and knowledge.

ADAs can be designed as a collaborative or individ-
ual activity, depending on the challenge’s complexity and
scope. For collaborative assessments, the challenge must
be sufficiently significant in scope that the team members
adopt different roles in contributing to the challenge solu-
tion. Individual assessments typically involve splitting up the
challenge into smaller problems, so the component of each
student’s challenge is shorter.

Lastly, the professor must define the evaluation criteria
and the number of points that each question will weigh in the
final assessment score. Evaluation sheets that rate the level
of mastery of each competency are highly suggested. Table
1 shows a template for the evaluation sheet developed by the
authors. Both the professor and the industrial mentor com-
plete these evaluation sheets to arrive at a global perspective
of the students’ performance. Moreover, we suggest that the
professor shares the evaluation criteria and rubric with the
students, so they know what is expected from them in their
solution proposals.

It is worth emphasizing that ADAs in the CBL framework
are open engineering problems with possible multiple solu-
tion proposals or conclusions, depending on the students’
analyses and assumptions. Part of the evaluation assesses
how the students reach the solution, including their argu-
ments and decisions that back their solution proposal to the
open problem.

Step 1 Context and Motivation—The first element of the
assessment describes the students’ challenge. In this intro-
ductory phase, elements of "role play" could be added to
encourage student engagement. Next follows a statement of
the company’s overall problem/big idea and the challenge
that the students are expected to solve. It is noteworthy that
context and background play an important role in the stu-
dents’ engagement and motivation. Therefore, the challenge
must allow argumentation to easily identify the relevance
and implications of the challenge and the necessity to solve
it, giving the students a sense of purpose in their work.
Likewise, it is recommended that the company or the pro-
fessor provide some empirical insights on the challenge,
perhaps discussing their experience with the problem, pro-
viding information about faulty components, or imparting
approaches to a numerical model.

Step 2 Additional Information—Following the context
and problem statement, additional information must be pro-
vided to the students. Flow or process diagrams, for example,
might illustrate the problem’s basic elements as a visual aid
for the students to understand the problem and the system
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Table 1 Competency evaluation rubric used in the ADA

under analysis better. Similarly, equations, models, or addi-
tional explanations of the diagram’s components should be
given to the students as a starting point. However, this does
not imply that all the information should be given to the
students. ADA requires that the students make assumptions
based on their research and data discoverable in the litera-
ture. Thus, the additional information might include at least
one reference to the literature or reference material as a
starting example for their research. One common mistake
in ADA design is to assume that the students know how to
obtain or extract information from research papers, books,
and proceedings. A means to minimize this problem is to

prepare workshops and exercises that teach research and crit-
ical thinking skills. (See the template for analyzing research
papers developed by Paul and Elder.) (2003) [25].

It isworth noting that the industrial and professor’s context
and additional information follow the Toulmin model, i.e.,
in these sections, facts, data, warrants, and basic backing
information are provided to the students.

Step 3 Conceptual Questions—The evaluation of specific
concepts, competencies, and skills learned throughout the
course must be carried out after designing thoughtful assess-
ment questions aligned with the challenge. These questions
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must evaluate the basic competencies needed to solve com-
plex problems and prepare the students for arguing rebuttals.
For instance, it is required to evaluate whether the student
can propose a numerical analysis in MATLAB for a different
phenomenon. Hence, the assessment question designed must
evaluate 1) the overall understanding of the phenomenon, 2)
the capability of the student to represent i the system to solve
in mathematical expression, and 3) their numerical and soft-
ware skills in arriving at a solution.Moreover, these questions
could consider simple elements or sub-systems of the chal-
lenge under a controlled environment with specific data. The
main objective is to evaluate the students’ understanding of
the concepts and their competencies.

In a conceptual question, the students have the limited
information given in the context presented to encourage them
to search for missing data or find similar models in the litera-
ture to make the assumptions needed to solve the question. It
is important to remember that the questions and the students’
solutions must function in the context of the challenge and
meet the overall challenge conditions.

Step 4 Rebuttals (What if questions)—After the concep-
tual questions, a series of rebuttal conditions or questions
(the Rebuttal element in the Toulmin model) are given to
the students to evaluate their capability to identify and use
the information to propose methodologies and approaches
to solve complex systems. The rebuttal questions do not
necessarily contemplate the students reaching a specific
numerical solution. Instead, the students are asked to iden-
tify new elements, make different assumptions, propose a
new methodology, and evaluate the previous solution in
terms of feasibility and risk minimization. The students are
encouraged to propose a solution or design algorithm, using
flowcharts, diagrams, schematics, or graphics to back their
argumentation. One key idea to consider when designing
rebuttal questions is to create a forum in which the students
express, discuss, and apply the "learned" knowledge from
the conceptual questions in the context of the challenge. The
rebuttals must be open questions in which the students argue,
discuss, and back with information the viability of the new
scenario proposed by the professor or the industry mentor in
their feedback. It is expected that the students provide war-
rants and backing information to reach a conclusion.

4 ADA implementation: case
study—mechanical vibrations challenge

Argumentative-driven assessments (ADA) were carried out
in a case study in the Mechanical Vibrations 2020 course
(Tecnologico deMonterrey, 2020) as part of themid-termand
final evaluations of the course. This course uses challenge-
based learning (CBL) and Flipped Classroom (FC) as the
main teaching–learning techniques. Initially, the students

solve specific or model problems to apply the concepts
learned and develop the competencies necessary to solve a
real-world problem. However, these problems were struc-
tured as challenges with increasing complexity as the course
approached presenting the main industrial problem. The stu-
dents had to present a specific numerical result and the
methodology and decisions to reach their solutions.

The following section presents an argumentative-driven
assessment applied in the mid-term exam of the Mechani-
cal Vibrations course. For this assessment, the students had
one week to reach a solution and justify each decision and
assumption. Moreover, the competencies evaluated involved
problem-solving, interpreting physical phenomena, apply-
ing engineering criteria, and critical thinking. The specific
skill required to solve the ADA required numerical modeling
and analysis using MATLAB or similar software. The study
object was the absorber and suspension design of vehicles
with 1, 2, and 4 degrees of freedom (DoF).

Note that ADA implementation is not restricted to a
specific course, study program, or degree. However, its
application should be carried out for courses that follow a
challenge-based learning model since ADA’s main contribu-
tion is to evaluate competencies to solve real-world problems.
ADA complexity depends on the student’s level and degree.

4.1 Challenge context andmotivation

The context of the mid-term Mechanical Vibrations Chal-
lenge Assessment 2020 (MVC) is presented below. The
role-playing elements are noteworthy; also, the challenge is
an open-engineering problem directed to a plausible design
proposal from the students.

Let us assume that you are the Vibrations Engineer
in a prestigious heavy-machinery company respon-
sible for designing a shock absorber system for the
company’s newest product. The company has received
many complaints from current customers. They argue
that the suspension system is "too hard" and that they
expected better "comfort" when riding on uneven sur-
faces (roads, which can resemble sine wave signals).
Your job is to conduct a study to redesign the shock
absorber systemand select the appropriate systemcom-
ponents (c and k). The redesign should please upset
customers and improve the suspension system to feel
"less hard".

4.2 Additional information

The additional information with facts, data, warrants, back-
ing information, and diagrams is presented below for the
MVC course:
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Fig. 5 Additional Information: different models for the suspension sys-
tem used in the ADA

The company provides you with a series of technical
materials and elements (shown in the figure below).
This figure illustrates the different ways to model the
suspension system of the heavy machine. The models
vary from the simplest one with only 1 degree of free-
dom to a more complex model. A) A first approach to
the damping system’s design problem is to consider
the simplest model, corresponding to one degree of
freedom (Fig. 5A). This widely studied model corre-
sponds to a mechanical vibratory system given by the
differential equation Eq. 1 (Warrant), where variable
m (mass) corresponds to the total weight of the vehi-
cle; k corresponds to the stiffness of the four springs
(two for eachwheel), and c corresponds to the four total
shock absorbers, as shown in Fig. 5A (Facts). The force
F0 represents the amplitude of the forces caused by a
certain profile of disturbances that excite the damping
system; these are caused by the irregularities in the sur-
face (Facts, Data). Initially, it can be considered that the
excitations have an oscillatory harmonic shape (Eq. 2).
Therefore, the vibratory system would take the form of
Eq. 3 (Warrant, Backing).

4.3 Conceptual questions

It is worth noting that, during the six-week, real-world,
industrial challenge, the additional information given to

the students is limited (not as complete as the above mid-
term challenge). Therefore, the students must propose the
assumptions, guiding activities, and methodology, and prop-
erly solve the problem with their justifications. This includes
approaching a complex problem by dividing it into simpler
components or systems and deciding the equations they need
to use. In contrast, for the mid-term ADA, the academic and
industrial mentors design specific questions that relate the
concepts learned during the course with the challenge. These
questions must support evaluating competencies needed to
solve complex problems, as described in Sect. 4. The fol-
lowing questions were used in the mid-term ADA. In the
questions below, additional information is given to the stu-
dents; however, questions are designed to encourage them
to use each argumentative element of the Toulmin model
(Figs. 2, 3).

(I) Please calculate the values of c and k for the vehicle
whose weight is 370 kg (Data). Assume that the range
of F0 forces varies from 500 to 1000 N, and the range
of frequencies varies from 20 to 200 Hz according to
the surface of the uneven road (Need Backing Informa-
tion). (II) Perform the analytical study. Use MATLAB
simulations to demonstrate that your proposed redesign
causes the damping coefficient to be over-damped by
a slightly larger damping factor than 1, for example,
1.05 (Need Backing Information and Modality). (III)
What is your opinion about designing the suspension
system if we consider a damping factor value < 1, such
as 0.95? What would the behavior of the forces spec-
ified above be? (F0 of 500–1000 N and the frequency
range of 20–200 Hz) (Need Warrants and Conclusion).
(IV) Study the Bode diagram (frequency response) as
an analytical tool and present the simulation’s various
responses over time. (V) Finally, justify your results
extensively and establish your conclusions and techni-
cal analysis (Need Backing and Rebuttal Information).

These questions are framed so that the students discuss
their decisions and search for the information needed to
improve the ride "comfort." Even though these questions
seem like straightforward calculations, the students must
answer them to meet the challenge conditions.

4.4 Rebuttals

A second and a third set of questions were used in the
mid-term ADA to evaluate the students’ ability to iden-
tify, evaluate, and discuss higher-level-complex systems. For
these questions, the students will not reach a specific numer-
ical solution; however, they will be asked to identify the new
elements needed to reach a solution, such as the variations
between systems, newer assumptions, and the relationships
and similarities among components, as described in Sect. 3.
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Additionally, these questions aim to evaluate the students’
ability to predict how the system will react or change with
a given perturbation or variation in the parameters without
using calculations. The following second set of questionswas
used in the mid-term ADA.

(B) A second approach to the problem of design-
ing the damping system is to consider the moderately
more complicated model, i.e., to use the two-degrees-
of-freedom model (Fig. 5B). (I) Obtain the differen-
tial equations of this two-degree freedom model. (II)
Explain what the two masses represented in the model
correspond to, and the constants, k, and c. (III) Assume
the same F0 force conditions when using the model of
one degree of freedom (Eq. 2). (IV) What would be
your process for designing the shock absorber system
for this two-degree of freedom model? Just describe
how you would solve it conceptually and qualitatively.
(Do not solve it, just describe your approach.) You can
use a flowchart, process chart, or a graphic scheme to
support your explanation.

Finally, the third set of questions used were:

(C) A third approach to design the shock absorber sys-
tem is to consider themore complex but more complete
model, which would mean using the four-degree-of-
freedom model (Fig. 5C). (I) In your opinion, what
would be the contribution of having a complete model?
(II)Howwould the analysis bemodified? (III) Towhich
physical parameter corresponds each mass, spring, and
shock absorber shown in Fig. 5C? Please justify each
question technically.

These questions are framed so that the students discuss their
decisions and search for the information needed in terms
of the ride "comfort" that needs to be improved (Warrants
and Conclusions). Even though these questions seem like a
straightforward calculation, the students must answer them
to meet the challenge conditions.

4.5 Students’ solution

The next step is for the students to solve the challenge while
documenting their methodology, decisions, calculations, and
conclusions, following the basic argumentation steps pre-
sented in Sect. 2. Initially, the students need to assume certain
values and establish the facts and warrants while backing
every assumption and calculationmadewith the basic knowl-
edge learned in the course. Moreover, the students establish
the basic methodology or steps they will follow to reach each
inquiry’s solution. This corresponds to the big idea, chal-
lenge, essential questions, and guiding activities sections of
the industrial challenge (Fig. 1). The first solution to the con-
ceptual question solution is shown below.

Fig. 6 Students’ analysis: schematic of body vibrations modes. Each
element provides the needed data

To determine the total mass, one must add the mass of
the rider and the vehicle chassis. Assume a weight of
100 kg (Data) for the rider and 370 kg for the vehicle
chassis, so the total weight is 470 kg. This informa-
tion was obtained from the company clients’ average
weights (Backing). So then, m = 470 kg. The natural
frequency of vibration is extremely important, and it
is a fundamental parameter in calculating the vehicle’s
suspension parameters (Warrant, Backing). Once we
determine the natural frequency, we can directly calcu-
late the spring constant, k, using the equation wn

2 =
k/m. Now, the problem is summarized to find an ade-
quate natural frequency of oscillation of the vibratory
system. We consider that the human body’s sensitivity
is between 3 and 20 Hz, so we want to avoid the oscil-
lations occurring in this frequency range. It is where
the human being feels more sensitive to vibrations.

The above argumentation clearly states the basic data needed
to start the computations. Even though the students begin
by arguing the importance of the human body’s sensitivity,
more information is required, specifically the sensitivity of
three main body parts: chest plus stomach, head, and internal
organs. Therefore, the following argumentation from the stu-
dents (in the formof a schematic diagram, Fig. 6) provides the
information needed regarding the vibration modes from the
human body while discussing and qualifying each element
in terms of the solution (Modality, Rebuttal, and Warrants to
reach a Claim). Research-based inquiries such as the above
encourage critical thinking while the students develop com-
petency in information searches of peer-reviewed journals,
technical reports, proceedings, and others.

After all the required information is stated and backed,
the students begin making decisions concerning the main
challenge, namely, the passenger’s comfort while riding in
the vehicle. The students present a series of calculations and
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Fig. 7 Students’ analysis: results of damping factor and natural fre-
quency evaluation

computations to validate their assumptions and reach a solu-
tion. This corresponds to the first approach to the industrial
challenge’s solution and claim (Figs. 1, 3).

We have two options: designing a suspension with a
natural frequency greater than 20 Hz or selecting a nat-
ural frequency of less than 3 Hz to avoid the human
sensitivity frequency range (3–20 Hz). For example,
if we select a vehicle suspension with a natural fre-
quency between 1 and 3Hz under this criterion, thenwe
would have the spring constants of 18.55 kN/m (natural
frequency of 1 Hz), or 74.4 kN/m (natural frequency
of 2 Hz), or 166.9kN/m (natural frequency of 3 Hz),
derived from the equation: k = mω2

n. (Remember that
total mass m = 470 kg).

Once this selection has beenmade, we can calculate the
appropriate damping factor that allows an adequate and
smooth suspension, c = 2&!nm. That is, it meets the
comfort criteria of the rider. Remember that the rider
has a certain tolerance to vertical vibrations; the most
sensitive range is between 3 and 20 Hz (Modality). To
illustrate this analysis, consider Fig. 7.

It is noteworthy that the students’ results shown above
illustrate every methodological step, rebuttal condition, and
calculation in an argumentative structure that focuses on the
design criteria of comfort. Every decision made by the stu-
dents is backed by computations and discussions of their
implications for the clients’ comfort. The arguments illus-
trated in Fig. 8 respond to the inquiry about the damping
coefficient; the students analyze its performance considering
the obtained results.

The following graph shows that the proposed redesign causes
the damping coefficient to beover-dampedbya slightly larger
damping factor, above 1, as requested (Backing, Claim).

Fig. 8 Students’ analysis: evaluation of vehicle suspension and perfor-
mance

Moreover, the proposed vehicle suspension and its perfor-
mance are shown in Fig. 8 (Backing, Modality, and Claim).

Finally, for the first set of conceptual questions, the students
reached a solution that satisfied the company and their cus-
tomers’ demand by showing the suspension performance at
the different conditions (damping factors). The students gave
the final suspension design recommendations for the one
degree-of-freedom system.

As it can be seen (Fig. 9), if we consider a damping fac-
tor below 1, the overdamped suspension systems protect the
driver from hard vibration; however, the response is slow,
and, consequently, the rider’s comfort does not improve
(Rebuttal, Warrants, and Claim). Therefore, it is recom-
mended that the vehicle suspension be designed using the
values mentioned above to increase the rider’s perception of
comfort (Conclusion).
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Fig. 9 Students’ analysis: the proposed vehicle suspension

Note that the students make a recommendation or solu-
tion proposal. In this challenge, the students are exposed
to multiple generations of possible solutions involving a
design that considers a vibratory mechanical system’s rel-
evant parameters. Students are encouraged to present their
design proposals (responses to the challenge) based on
the validation of their decisions using solid engineering
arguments associated with mechanical vibrations (damping,
vibration isolation, response, and response speed) and on
important physical quantities in a vibratory mechanical sys-
tem (displacements, speeds, and accelerations in each mass,
or inertia). In this cognitive-learning exercise, students are
exposed to real engineering design situations where they
must make decisions and propose different solutions or sce-
narios. There is no one particular answer but rather a set of
valid answers within a domain of solutions presented in a
computational model.

For the conceptual questions (the second and third sets of
ADA questions), the students identify the new components
and their implications. They evaluate the information needed
to propose a methodology to solve a complex problem: the
two and four DoF systems. During this part of the evaluation,
the professor uses conceptual and strategic scaffolding to link
concepts and knowledge previously acquired to new models

and provide insight into the complex models. Students are
encouraged to critically argue the methodology developed in
the previous solution and its validity for complex models.
Critical thinking is crucial for the successful performance of
the students during the ADA. The students’ answers, shown
below, clearly indicate the new components added while pro-
viding insight into how the system can be modeled and how
different solutions change the dynamics. The elements of
this argumentation correspond to the rebuttal, warrants (and
backing if required), and conclusions. Thus, theADAmethod
can be seen as very useful in the solution, improvement, and
solution implementation of the industrial challenge (Figs. 1,
3). Students’ argumentation:

The sprung mass (mvehicle-mrider) represents the
mass of the vehicle + the rider’s mass. The 4kstrut rep-
resents the vehicle’s resorts (stiffness), and the 4cstrut
represents the vehicle’s dampers. The unsprung mass
(2mwheel) represents the mass of the wheels. Lastly, the
2ktire represents the equivalent stiffness of the tires. The
displacement of the sprungmass (mvehicle+mrider) will
oscillate with the same frequency of the input (Force)
but with a different magnitude and phase. Even though
the new systems consist of a two DoF model, with the
above elements in consideration, the shock absorber
design follows the same methodology as the one DoF
case (assuming the same rider weight, same conditions
of overdamping coefficients, and the human vibrations
modes).

Finally, the third set of questions involves the rebuttal argu-
ments of the implications of a complete model. The students
had been prepared with two DoF systems and, with the given
information, could analyze the difference between systems,
parameters, and equations (involved).Moreover, the students
can argue how the system could consider different dynamics
not taken into account in simpler models. The final students’
argumentation is showed below.

Having a complete model means the addition of two more
degrees of freedom. This may result in analyzing other
motions and factors, such as the acceleration and braking
motions, the dynamics of the chassis, the tires’ dynamics,
and the effect of vibrations on human riders. Moreover, the
methodology proposed for one and two DoF will be modi-
fied since the system has two extra degrees of freedom, and
it requires at least four differential equations plus a pitch
motion. These equations must include the following param-
eters: the mass of the rider (mrider), the stiffness of the driver
(krider), the damper of the driver (crider), the mass of the vehi-
cle chassis (mvehicle), the stiffness of the suspension (2kstrut)
and dampers (2cstrut), and finally, the masses of the wheels
(mwheel).
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Overall, the application of a mid-term ADA resulted in the
proper evaluation of the students’ competencies. The stu-
dents generally showed their capability to solve real-world
open engineering problems by segmenting them into simpler
models while validating their knowledge that supported their
facility in proposing and developingmethodologies for mod-
els of varying complexity and precision. The students became
aware of the importance of applying physics and mechanical
lawswhen theymust generate simplifications and hypotheses
to validate their proposed models.

Further analysis of the ADA showed that the students
developed critical thinking, teamwork, and problem-solving
competencies. The students identified the problem and
applied physical and mathematical principles in different
engineering design criteria in problem-solving. Additionally,
the students’ argumentation made it evident that they devel-
oped competencies related to acquiring and applying new
engineering knowledge to support complete and validated
solutions. (This is related to the conceptual and strategic scaf-
folding discussions during lectures with the professor.)

5 Conclusions and final recommendations

This work described the elements and criteria of the design
and application of argumentative-driven assessments (ADA)
in a challenge-based learning framework. During the project,
we continuously assessed the students’ development of
competencieswhile documenting their learning process. Dif-
ferent components of the argumentative assessment based
on the Toulmin model were adapted into the challenge
structure and context. The key components of a success-
ful implementation of ADA in a CBL structure are planning
and contextualizing the problem background. ADA planning
involves the object of study, the competencies to bedeveloped
by the students and evaluated, the duration of the assessment,
and the evaluation criteria. Contextual argumentation and
immersion play a fundamental role in engaging the students
and giving them a sense of purpose. Students are motivated
to solve complex problems because all the knowledge and
skills they acquire are meaningful and purposeful.

A mid-term ADA was carried out in the Mechanical
Vibrations course as a case study for STEM students. The
students were asked to design a suspension for a vehicle
that would improve rider comfort. The students success-
fully proposed different solutions, backing each assumption,
additional information and data, and calculation. Moreover,
the ADA results showed the students’ ability to predict and
discuss how the systemwill be affected by changes in param-
eter values, additional forces, or systems with extra variables
(acquisition of new knowledge).

For a successful ADA design and application, the profes-
sor should consider the following recommendations:

1. Challenges must be aligned with the competencies and
concepts to be evaluated.

2. The evaluation rubricmust assess the level ofmastery of
each competency. The professor and the mentor could
perform this evaluation together.

3. Each level of mastery must be defined and provided
to the students for them to know what is expected and
understand the levels.

4. A complex challenge that requires more than six weeks
to resolve could be evaluated by dividing it into smaller
ADA assessments, such as a mid-term evaluation. The
duration of the ADA must be congruent with the com-
plexity and scope of the challenge.

5. The context and background of the real-world challenge
should be novel and engaging, preferably enriched by
the industrial mentor’s insight; it should include role-
playing elements.

6. The additional information and the conceptual ques-
tions give the students clues about how to begin tackling
the challenge.

7. Emphasize the open nature of the challenge. The
students must be encouraged to conduct information
searches, form assumptions, make decisions, and pro-
pose a solution under open conditions.

8. Before engaging in theADA,design activities that foster
literature research and critical thinking.

9. Conceptual questions should point to a straightforward
evaluation of a concept or skill.

10. Rebuttal arguments and questions should promote dis-
cussions among team members.

Finally, ADAs are useful tools for the evaluation of compe-
tencies, skills, and concepts. ADAs could be implemented in
any course or discipline that uses a challenge-based learn-
ing framework as the main teaching–learning technique to
develop competencies.
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