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Case Study Introducing the Knowledge, Capabilities, Mindsets (KCM) Framework
1. Introduction

Engineering education has traditionally prioritized technical knowledge and analytical
problem solving. Although these competencies remain essential, contemporary engineering
practice increasingly involves ill-structured problems, diverse stakeholders, and complex
sociotechnical systems [1], [2]. Human-Centered Engineering (HCE) responds to this reality by
positioning human needs, values, and contexts as integral components of engineering design

rather than as secondary considerations addressed after technical decisions are made [3].

Despite broad consensus on the importance of human-centered approaches, educators often
struggle to operationalize HCE in courses and co-curricular settings. Learning objectives may
reference empathy or societal impact, yet instructional activities and assessments frequently
remain focused on technical outputs alone. This misalignment can obscure expectations for

students and limit opportunities to develop the reasoning practices associated with expert design.

This paper introduces the Knowledge, Capabilities, Mindsets (KCM) Framework as a
structured approach for designing, implementing, and analyzing HCE learning experiences. The
framework synthesizes findings from design expertise research, cognitive psychology, and
situated learning theory into a form that is actionable for instructors. A short case study of an
undergraduate workshop is used to illustrate how the framework can guide lesson design and

assessment in practice.

2. Background and Theoretical Framing

2.1 Expertise in Engineering Design



Studies comparing novice and expert designers consistently show that expertise involves
qualitative differences in problem framing, information use, iteration, and stakeholder
engagement, not merely greater technical knowledge [4], [5], [6], [7]. Experts devote more effort
to early conceptual phases, construct richer problem representations, and strategically revisit
earlier decisions. Novices, by contrast, often converge prematurely on solutions and rely on
surface features of problems. These findings suggest that design education must address more
than procedural competence. It must also support the development of adaptive capabilities and

orienting values that shape how designers approach complex, human-influenced problems.

2.2 Cognitive and Situated Learning Perspectives

Cognitive Load Theory emphasizes that learning depends on the construction of organized
knowledge structures that reduce cognitive load and support transfer [8], [9]. From the
perspective of Predictive Coding, learning can be understood as iterative model refinement
driven by feedback and error [10]. Situated Learning theories further highlight that knowledge
and skill develop through participation in authentic activities and social interaction, with
reflection playing a central role in consolidating experience into transferable understanding [11],
[12]. Together, these perspectives support instructional approaches that emphasize contextualized
tasks, external representations, collaboration, and reflection, all of which are central to human-

centered engineering pedagogy.

2.3 Other related frameworks

Across education and workforce psychology, many related frameworks represent the same
shared idea; expertise develops through the interaction of what people know, what they can do,

and how they orient themselves toward action. Each of these frameworks uses slightly different



Table 1 — Related Frameworks

Framework Knowledge Capabilities Mindsets

KSAO [13] Knowledge Skills, abilities Other characteristics
Bloom domains [14] Cognitive Psychomotor Affective

OECD Learning Compass [15] Knowledge Skills Values, Attitudes
OBE/CBE [16], [17] Knowledge Skills Other components

language to better situate their representation in their own domain or discipline, see Table 1. The
KCM Framework similarly extends this prior work to better capture the breadth of Human-

Centered Engineering and offers additional clarity and grounding to modern psychology.

Typically, the first domain represents knowledge or cognition. The second domain often
captures skills, abilities, or some form of applied practice. The third domain captures what is
often left over and may include the affective layer, values, attitudes etc. In the KCM framework
we have chosen to adopt the label capabilities rather than skills or abilities to imply growth along
with spectrum rather than attainment of binary attributes. The selection of the term mindsets was

in alignment with prior Human centered design terminology.

3. The Knowledge, Capabilities, Mindsets (KCM) Framework

The KCM framework organizes learning goals into three analytically distinct but interrelated
domains: Knowledge, Capabilities, and Mindsets. The purpose of this separation is not to suggest
independence, but to make differences explicit so that instruction and assessment can address
each intentionally. An example representation of the KCM framework as it relates to Human

Centered Engineering Design learning is shown in Figure 1.
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Figure 1 - Example representation of the KCM framework as it relates to Human Centered Engineering Design learning




3.1 Knowledge

Knowledge refers to information encoded in long-term memory that can be brought to bear
during design activity. In engineering education, this includes both declarative knowledge, such
as principles and concepts, and procedural knowledge, such as methods and processes [18]. Of
particular importance is conditionalized knowledge, meaning that learners understand not only
how to apply a method, but when and why it is appropriate [19]. Human-centered learning
experiences emphasize contextualization and social situatedness. Technical concepts are
anchored to real or realistic needs, and people are treated as legitimate sources of information
alongside quantitative data. Reflection and comparison across cases support the development of

richer mental models and facilitate transfer.

3.2 Capabilities

Capabilities describe what learners can do with their knowledge in practice. These include
framing and reframing problems, generating and transforming ideas, evaluating alternatives, and
translating ambiguous information into actionable design requirements [20], [21]. Drawing on
design cognition research, capabilities can be characterized as divergent, transformative, and
convergent activities that occur throughout the design process [22]. In HCE contexts, capabilities
are developed through experiential activities that require learners to externalize thinking through
sketches, diagrams, prototypes, and models. Immediate feedback and structured reflection help

learners connect actions to outcomes and build adaptive expertise.

3.3 Mindsets

Mindsets refer to enduring orientations that shape how and why learners engage in design

work. In human-centered contexts, these include empathy for stakeholders, comfort with



ambiguity, ethical awareness, collaborative orientation, and curiosity [23], [24], [25]. Mindsets
influence which knowledge and capabilities are activated in a given situation and how tradeoffs
are navigated. Mindsets develop over time through repeated experience, social cues, and
reflection. Instructional strategies that surface value tensions, encourage perspective-taking, and

normalize uncertainty are particularly important for cultivating human-centered orientations.

4. Case Study: Renaissance Artifact Workshop

4.1 Context and Objectives

The KCM framework was applied in an extracurricular workshop designed for undergraduate
students from multiple engineering disciplines. The workshop centered on a Renaissance-era
mechanical bookwheel, selected because it embodies clear human needs while requiring minimal
prior technical expertise. Learning objectives were mapped to the layers of the KCM framework,

as shown in Table 2.

Mapping the workshop to the KCM framework clarified alignment between objectives,
activities, and assessment. Knowledge goals included understanding the distinction between

needs and solutions, familiarity with the Function—Behavior—Structure modeling, and the role of

Table 2 - Learning Objectives from KCM Framework

Knowledge: | DK1 Needs outlast solutions

DK2 Definitions of function, structure, behavior as in FSB Framework

DK3 Utility and meaning of problem framing

DK4 Utility and meaning of abstraction

DKS5 Utility and meaning of needfinding

PK1 How to use FSB to explore alternative problem framing through abstraction

PK2 Ways to consider the interaction between problems and solutions

PK3 Need-finding methods

Capabilities: | DCI Ideation by analogy (analogical thinking)

DC2 Need-finding

TCl1 Problem framing

TC2 Abstraction and decomposition

CCl1 Qualitative analysis - observation and description
Mindsets: Ml Collaborative

M2 Human Centered

M3 Creative




abstraction in problem framing. Capabilities emphasized qualitative observation, abstraction,
analogical reasoning, and reframing. Mindsets included empathy, comfort with ambiguity,

collaboration, and creative engagement.

4.2 Workshop Learning Activities

Students worked in small groups to model the function, structure, and behavior of the book
wheel [26]. One group focused on function, identifying the underlying needs addressed by the
device. A second group examined structure, considering components and construction. A third

group analyzed behavior, including user interaction and assumptions embedded in use.

Groups then reframed the artifact at different levels of abstraction and identified
contemporary analogues addressing similar needs. Throughout the activity, students externalized
reasoning through sketches and diagrams and participated in facilitated discussion. For examples

of participant’s thoughts on the underlying needs met by the bookwheel, see Figure 2.



Figure 2 — Post its showing participant thoughts on the underlying needs met by the bookwheel

4.3 Workshop Outcomes

Evidence for the efficacy of this alignment was drawn from multiple data sources collected
during the session, including pre- and post-lesson questionnaires, artifact-based responses, and
facilitated group discussion. The questionnaire data (n = 11 respondents) showed consistently
high post-lesson ratings for engagement, instructional quality, and perceived learning. A
summary of questionnaire results can be found in Table 3, and the questions as they were
provided to participants are included in the appendix. Mean ratings for engagement,
informativeness, and instructional quality were all in the upper range of the 10-point scales used,

with most students reporting that the session was better than or far better than an average



Table 3 — Summary of (guestionnaire Results

Section | # | Question Scale Mean | Mode
1 I can explain the difference between Function, Structure, and Likert 5381 )
- Behavior (FSB) in the FSB framework. Lo(1)-Hi(5) )
S ) I can apply FSB modeling to analyze an unfamiliar artifact or Likert 781 )
g % system. Lo(1)-Hi(5) )
§ % 3 I understand how problems and needs interact with design Likert 379 4
- < solutions. Lo(1)-Hi(5) )
L5 4 I understand how abstraction helps deepen insight into need Likert 3.45 4
A n finding. Lo(1)-Hi(5) '
5 My pre-lesson self assessment was accurate (True / False). If True/False n/a w/a
not, please explain.
6 | Briefly describe the purpose of the lesson in your own words. Open-ended n/a n/a
7 On a scale from 1 (low) to 10 (high) how engaging was the Numerical 763 3
session? Lo(1)-Hi(10) )
s |3 On a scale from 1 (low) to 10 (high) how informative was the Numerical 2.09 3
E session? Lo(1)-Hi(10) )
2 o On a scale from 1 (low) to 10 (high) rate the quality of the Numerical 872 10
& instructional material. Lo(1)-Hi(10) )
= . . . Likert
3 ; 10 | Group discussion helped me better understand the material. Lo(1)-Hi(5) 3.81 4
: i 1 The use of a historical artifact as an example helped me better | Likert 463 5
S E understand the material. Lo(1)-Hi(5) )
g & 12 | This learning experien Likert 4.09 4
P AS) g experience was average Lo(1)-Hi(5) .
« | 13 | Applied function modeling Open-ended n/a n/a
S [ 14 Applied structure modeling Open-ended n/a n/a
g 15 | Applied behavior modeling Open-ended n/a n/a
. %’ How do abstraction and problem framing contribute to Open-ended
92 < | 16 | effective design, and do you see yourself applying them in your n/a n/a
S E future engineering design work? Explain.
g E 17 Desc'ribe how problems and needs interact with design Open-ended n/a n/a
solutions.
18 The activity encouraged me to think creatively and make Likert 418 4
connections. Lo(1)-Hi(5) )
When identifying unmet needs, it is important to consider Likert
19 | many varied options and perspectives even if the problem Lo(1)-Hi(5) 4.72 5
appears well-defined.
20 The activity encouraged me to consider the human impact of Likert 472 5
design work. Lo(1)-Hi(5) )
When designing engineering systems, human impact is one of | Likert
21 | the most important considerations even when the system does Lo(1)-Hi(5) 4.45 5
not have human end-users.
T % | 22 | The collaborative format contributed to my learni Likert 390 |4
g3 e collaborative format contributed to my learning. Lo(1)-Hi(5) .
g 5 23 Itis i.m.portant'to work closely with others while learning and Likert ' 436 5
practicing design. Lo(1)-Hi(5)

learning experience. Likert-scale items further indicated strong agreement that group discussion

and the use of a historical artifact supported understanding.




Direct assessment items provided evidence of knowledge and capability development. In
post-lesson responses, students were generally able to distinguish between function, behavior,
and structure when modeling an unfamiliar artifact, and written explanations reflected increased
use of abstraction and problem framing language compared to pre-lesson need-finding responses.
Artifact-based comparisons of initial and final post-it notes showed a shift from surface-level
descriptions of the bookwheel toward more abstract statements of underlying needs, such as

information organization, accessibility, and parallel task management.

Mindset-related items indicated strong agreement that the activity encouraged creative
thinking, consideration of human impact, and collaborative learning. Open-ended responses and
group discussion further reinforced these findings, with students frequently noting that the
historical context helped them recognize their own perspective-driven assumptions and

appreciate how needs persist even as solutions change.

Assessment relied on triangulation across self-report, performance evidence, and discussion
rather than technical correctness alone. This approach made explicit to students that human-
centered reasoning, abstraction, and reflection were valued outcomes of the activity, consistent

with the goals of the KCM framework.

5. Discussion

The case study illustrates how the KCM framework can make the distinctive aims of human-
centered engineering explicit. By articulating knowledge, capabilities, and mindsets separately,
instructors can design learning experiences that extend beyond technical skill development and

assess outcomes that are often implicit or overlooked.



The framework also supports transfer and reuse. While specific artifacts and contexts may
vary, the underlying KCM mapping provides a reusable template for designing other lessons,
modules, or workshops, particularly in early design settings where students may lack technical

depth but can meaningfully engage with human needs and context.

6. Conclusions and Future Work

Human-centered engineering requires more than adding empathy-focused activities to
existing curricula. It demands explicit attention to what students know, what they can do, and
how they orient themselves toward design work. The Knowledge, Capabilities, Mindsets
framework offers a practical, evidence-informed approach for aligning learning objectives,

instruction, and assessment in HCE education.

Future work will examine how these dimensions develop over time across courses and co-
curricular experiences and how the framework can support longitudinal assessment of human-

centered learning outcomes.
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Appendix

Pre-Lesson Self Assessment

1. | can explain the difference between Function, Structure, and Behavior (FSB) in the FSB
framework.

Strongly Agree Agree Meutral/Mo Opinicn Disagree Strongly Disagree
2. | can apply FSB modeling to analyze an unfamiliar artifact or system.

Strongly Agree Agree Meutral/Mo Opinion Disagree Strongly Disagree
3. lunderstand how problems and needs interact with design solutions.

Strongly Agree Agree Meutral/Mo Opinicn Disagree Strongly Disagree

4. lunderstand how abstraction helps deepen insight into need finding.

Strongly Agree Agree Meutral/Mo Opinicn Disagree Strongly Disagree




Post-Lesson Questionnaire

Section A: Clarity and Engagement

1. My pre-lesson self assessment was accurate (True / False). If not, please explain.

2. Briefly describe the purpose of the lesson in your own words.

3. On a scale from 1 {low) to 10 (high) how engaging was the session?

4. ©On a scale from 1 {low) to 10 {high) how informative was the session?

5. On a scale from 1 {low) to 10 (high) rate the guality of the instructional material.
6. Group discussion helped me better understand the material.

Strongly Disagree Disagree Meutral/Mo Opinion Agree Strongly Agree
7. The use of a historical artifact as an example helped me better understand the matenal.
Strongly Disagree Disagree Meutral/Mo Opinion Agree Strongly Agree
8. This learning experience was ______ average

far worse than worse than about the same as better than far better than




Section B: Direct Assessment

9. Consider the phillips head screwdnver shown below:

Using the FSB framework, briefly (1-3 sentences each) describe its:

a. Function:
b. Structure:
c. Behavior:

10. How do abstraction and problem framing contribute to effective design, and do you see
yourself applying them in your future engineering design work? Explain.




11. Describe how problems and needs interact with design solutions.

Section C: Mindsets
12. The activity encouraged me to think creatively and make connections.
Strongly Disagree Disagree Meutral/Mo Opinion Agree Strongly Agree

13. When identifying unmet needs, it is important to consider many varied options and
perspectives even if the problem appears well-defined.

Strongly Disagree Disagree Meutral/Mo Opinion Agree Strongly Agree
14. The activity encouraged me to consider the human impact of design work.
Strongly Disagree Disagree Meutral/Mo Opinion Agree Strongly Agree

15. When designing engineering systems, human impact is one of the most important
considerations even when the systemn does not have human end-users.

Strongly Disagree Disagree Meutral/Mo Opinion Agree Strongly Agree
16. The collaborative format contributed to my learning.

Strongly Disagree Disagree Meutral/Mo Opinion Agree Strongly Agree
17. Itis important to work closely with others while learning and practicing design.

Strongly Disagree Disagree Meutral/Mo Opinion Agree Strongly Agree

Section D: Open-Ended Questions

18. What stood out to you about this lesson (positive or negative), and what suggestions do
you have for improvement?




